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Abstract 

In this thesis I explored the role of the transcription factor CEBPA in 

leukaemogeneis by creating novel cebpa mutant zebrafish lines modelling 

mutations found in sporadic AML. These recapitulated the two well-described 

categories of CEBPA mutation: CEBPA Nterm, mutations in the N terminus 

of full length CEBPA inducing a frameshift mutation prior to the internal 

reading frame, and Cterm, encoding an in-frame defect in the bZIP DNA 

binding domain coded in the C terminus. Primitive and definitive 

haematopoiesis were studied during embryonic development in both biallelic 

and heterozygous mutants. This revealed marked defects in production of 

mature granulocytes and monocytes in all biallelic mutants. Myeloid 

progenitor cell numbers in all biallelic mutants and N term heterozygotes 

were also markedly reduced. Distinct phenotypes were also seen between 

the two mutations highlighting their functional differences. Biallelic mutants 

with cebpaNterm showed an increase in HSPCs expressing myb, presumed to 

have undergone myeloid priming. However, early HSPC numbers expressing 

cd41 and runx1 showed no alteration in number. 

Haematopoiesis was also studied in juvenile and adult zebrafish. Survival 

was poor in biallelic mutants, with leukaemia developing in the presence of 

cebpaNterm before eight weeks of age. This was not seen in cebpaCterm/Cterm, 

where expansion in HSPCs and myeloid progenitors was observed without 

subsequent leukaemic transformation. 
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Impact statement 

In this work, I have studied the effects of two types of mutation found in 

CEBPA that are observed in up to 10% of sporadic Acute Myeloid 

Leukaemia (AML), as well as familial leukaemia predisposition kindreds. The 

findings presented in this thesis contribute to the understanding of cebpa 

function during development and the role of different CEBPA isoforms in 

leukaemogenesis. The effects of each mutation, both alone and in 

combination, were studied in embryonic primitive and definitive 

haematopoiesis, as well as in surviving juvenile and adult zebrafish. My 

findings build on existing zebrafish and mammalian models of CEBPA loss 

and mutation and provide unique germline models of both C and N terminal 

CEBPA mutation that faithfully reflect the biology observed in humans with 

these mutations. 

The model, having been validated within this project, shows significant 

promise for future techniques we are developing in the Payne laboratory. 

This includes small molecule screening for drugs effecting the phenotype 

delineated in this project. Importantly, exploiting the strengths of the 

zebrafish model together with the rapid rate of onset of leukaemic 

phenotypes, these models provide a platform for the future analysis of third 

and subsequent hits in the development of leukaemia, which is biologically, 

technically and financially challenging using murine models. This will then 

have a significant impact on future understanding of human CEBPA-mutated 

AML and the manner in which it is treated. 
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1 Introduction 

1.1 Overview of Haematopoiesis 

Diseases such as Acute Myeloid Leukaemia (AML) and Myelodysplastic 

Syndromes (MDS) can be more easily understood by considering how they 

disrupt normal haematopoiesis. Haematopoiesis describes the formation of 

different blood components from haematopoietic stem and progenitor cells 

(HSPCs). Under the control of various key genes, HSPCs transition through 

states of increased differentiation and decreased pluripotency. Current 

understanding of haematopoietic lineage establishment has been refined in 

recent years following the advent of single cell RNA sequencing1 (RNAseq). 

Classically,  multipotent progenitors (MPPs), comprised of long-term and 

short-term haematopoietic stem cells (LT-HSC and ST-HSC respectively),  

produce common myeloid and common lymphoid progenitors (CMP and CLP 

respectively). CMPs then differentiate into megakaryocyte/erythroid 

progenitors (MEPs) and granulocyte/monocyte progenitors (GMPs) before 

further maturing into terminally differentiated forms (Figure 1.1, adapted from 

Tenen 20032). Lineage commitment in adult tissues in more recent studies 

appears to occur in two phases with cells exhibiting multipotent or unipotent 

potential and very few intermediate oligopotent stems cells. This challenges 

our understanding of the step-wise pyramidal structure of classical lineage 

commitment.  

In humans this occurs primarily in the bone marrow (BM) in adult life. 

Mutations in multiple critical genes including transcription factors such as 
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CEBPA can severely disrupt the process of differentiation and bias lineage 

commitment potential.  

Figure 1.1: Differentiation of haematopoietic lineages 

 

Figure 1.1: Differentiation of haematopoietic lineages from haematopoietic stem cells. 
Adapted from Tenen 2003. HSC=haematopoietic stem cell, MPP=multipotent progenitors, 
CLP=common lymphoid progenitor, CMP=common myeloid progenitor, 
GMP=granulocyte/macrophage progenitor, MEP=megakaryocyte/erythroid progenitors. 

1.2 Developmental Haematopoiesis  

In vertebrates, developmental haematopoiesis occurs in two key stages, the 

primitive and definitive waves. In primitive haematopoiesis, transient 

monopotent progenitor cells primarily produce erythrocytes to enable rapid 

growth during development. Subsequently, definitive haematopoiesis 

produces HSPCs, giving rise to all adult blood lineages3.  
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1.3 Acute Myeloid Leukaemia and Myelodysplasia 

AML affects around 3,000 adults in the UK per year, with its overall incidence 

rising by 28% since the early 1990s (Source: CRUK). At present a diagnosis 

is made based on morphological and immunophenotypic criteria. However, 

subsequent to increased understanding of recurrent cytogenetic and 

molecular mutations within AML clones and the impact this has on the 

prognosis of the patients whose disease harbours these genetic changes, 

the World Health Organisation (WHO) diagnostic classification has been 

amended to incorporate several of these as a distinct diagnostic entity (Table 

1.1)4-6. The WHO classification is regularly updated as further advances into 

leukaemia diagnostics and treatment are made, and has now replaced the 

French American British (FAB) classification which was based solely on 

morphological features (Table 1.2) and adds no further prognostic value in 

cases unclassifiable by cytogenetics7. 
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Table 1.1 Classification of Acute Myeloid Leukaemia and related neoplasms6  
AML with recurrent genetic 

abnormalities  

 

AML with t(8;21)(q22;q22.1);RUNX1-RUNX1T1 

AML with inv(16)(p13.1q22) or 

t(16;16)(p13.1;q22);CBFB-MYH11  

APL with PML-RARA 

AML with t(9;11)(p21.3;q23.3);MLLT3-KMT2A 

AML with t(6;9)(p23;q34.1);DEK-NUP214 

AML with inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); 

GATA2, MECOM AML (megakaryoblastic) with 

t(1;22)(p13.3;q13.3);RBM15-MKL1  

Provisional entity: AML with BCR-ABL1 

AML with mutated NPM1 

AML with biallelic mutations of CEBPA 

Provisional entity: AML with mutated RUNX1  

AML with myelodysplasia-

related changes  

 

Therapy-related myeloid 

neoplasms  

 

AML, not otherwise specified 

(NOS)  

 

AML with minimal differentiation  

AML without maturation  

AML with maturation  

Acute myelomonocytic leukemia  

Acute monoblastic/monocytic leukemia  

Pure erythroid leukemia  

Acute megakaryoblastic leukemia  

Acute basophilic leukemia  

Acute panmyelosis with myelofibrosis  

Myeloid sarcoma   

Myeloid proliferations related to 

Down syndrome  

Transient abnormal myelopoiesis (TAM)  

Myeloid leukemia associated with Down syndrome  
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Table 1.2 French American British Classification of Acute Myeloid Leukaemia  
M0  

 

Undifferentiated acute myeloblastic leukaemia  

M1  Acute myeloblastic leukaemia with minimal maturation 

M2  Acute myeloblastic leukaemia with maturation 

M3  

 

Acute promyelocytic leukaemia  

M4 Acute myelomonocytic leukaemia 

M4eo Acute myelomonocytic leukaemia with eosinophilia 

M5 Acute monocytic leukaemia 

M6 Acute erythroid leukaemia 

M7 Acute megakaryoblastic leukaemia 

 

Current knowledge has led to a model of AML pathogenesis where a normal 

dividing HSPC acquires a stepwise collection of genetic abnormalities, 

leading to clonal expansion. The selective advantage attributable to 

pathogenetic mutations leads to effacement of normal bone marrow 

production with leukaemic blasts and loss of normal haematopoiesis. The 

consequence of this is that, without treatment, patients become rapidly 

unwell with cytopenias. Typical symptoms include fatigue secondary to 

anaemia, bleeding and susceptibility to severe and atypical infections in 

association with neutropenia. 

Next generation sequencing (NGS) of samples from patients with AML has 

identified over 250 recurrent genetic changes, with each case possessing 

between 5-20 mutations8. While some mutations have been shown to convey 

either a good or bad prognosis5, this is at present largely utilised to balance 

the risks and benefits of bone marrow transplantation. In order to guide 
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targeted therapies in this complex genetic landscape, the epistatic 

relationships and cellular consequences of mutational combinations need to 

be explored and interrogated in validated animal models, exploiting 

information already harvested from NGS analysis of patient samples.  

The recurrent genetic and epigenetic abnormalities of AML can be 

categorised into broader groups. A classical view differentiates between so-

termed “Class I mutations” which affect cell signalling and result in a 

proliferation advantage in the resultant clone versus “Class II mutations” 

which affect transcription factors involved in haematopoietic differentiation, 

thus impairing normal maturation. Whilst the majority of AML cases are 

sporadic, arising from somatic mutations, some cases are familial, 

associated with heritable predisposition genes. In the case of familial AML, 

we know beyond doubt that the inherited germline mutation is the initiating 

event. The inherited mutations found in AML kindreds are predominantly 

Class II mutations. Further evidence to support Class I mutations as the 

initiating events in AML leukaemogenesis has come from analysis of patients 

relapsing subsequent to achieving an initial complete remission (CR) with 

chemotherapy, who conserve Class II mutations but often display Class I 

mutations distinct from those found at presentation9 10. 

1.4 CCAAT/enhancer binding protein-∝	 

1.4.1 Structure and function of CEBPA 

CCAAT/enhancer binding protein-∝ (CEBPA) is a basic leucine zipper (bZIP) 

transcription factor known to play a critical role in myeloid differentiation. It is 
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encoded by CEBPA, a single exon gene on chromosome 19q13.1 with a 

short 5’ untranslated region (UTR) and longer 3’UTR (see Figure 1.2).  

A single mRNA is transcribed from CEBPA, from which two isoforms are 

translated. Full length p42 (42kDa) is the predominant isoform, initiated from 

a canonical AUG within the N Terminus of CEBPA. This full length protein 

consists of three N terminal transactivation domains (TADs); TAD1, TAD2 

and TAD3 (although TAD1 and 2 are sometimes referred to together as a 

single contiguous transactivation domain11,12). These domains mediate 

interaction with other proteins such as the transcription factor TBP and cyclin 

dependent kinases CDK2 and CDK4 to influence transcriptional control13.  

The C terminus contains a basic region (BR) and bZIP leucine zipper. The 

BR directs site-specific DNA binding and carries the protein’s nuclear 

localisation signal. 3’ to this, the bZIP domain contains a leucine zipper motif 

responsible for dimerisation of CEBPA, required for DNA binding. CEBPA 

undergoes both homodimerisation and heterodimerisation with other bZIP 

family members.  

A shorter p30 (30kDa) N terminal truncated isoform is also translated from an 

internal AUG codon within the same reading frame14. p30 lacks the first 117 

N-terminal amino acids and is produced in lesser quantities than p42 under 

usual physiological conditions15.  The mechanism for production of the 

shorter p30 isoform is regulated by ribosomal scanning by ribosomal 40S 

and the use of upstream open reading frames (uORF)15,16. Specifically, bZIP 

transcription factors carry conserved upstream uORFs that regulate protein 

translation. In the case of CEBPA, sufficient nutrient supply permits an 

increase in translation from uORF which in turn leads to re-initiation at the 
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p42 AUG. Stress responses governed by phosphorylation of EIF2 alpha at 

serine 52 or hyper-phosphorylation of EIF4 interplay to alter the ratios of p42 

and  p30 isoforms produced. In the case of N terminal mutated CEBPA, re-

initiation of translation at the p30 AUG regulates the increase in this 

isoform12. Figure 1.2 shows the internal ATG start site from which p30 is 

translated and a schema of its structural elements, demonstrating that this 

shorter isoform lacks TAD1 and 2 but retains TAD3 and the BR and bZIP C 

terminal features.  
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Figure 1.2: Structure of human CEBPA and zebrafish Cebpa isoforms 

 

Figure 1.2: Structure of human CEBPA and zebrafish cebpa.  
a) Schema of human CEBPA gene and mRNA. cDNA is marked in green with untranslated 
regions (UTRs) in light blue.  
b) Protein isoforms of human CEBPA with p42 and p30 (below)structural elements below. 
Numbering shows amino acid location of structural elements. TAD1-3 transactivation 
domains. BR basic region. bZIP leucine zipper. 
c) Schema of zebrafish cebpa DNA and mRNA with three internal ATG translation initiation 
codons.  
d) Zebrafish Cebpa full length p36 (36kDa) together with the three short isoforms predicted 
from internal ATG codons within the 3’ TAD. Zebrafish Cebpa isoforms show annotation of 
structural elements as in human orthologs. 
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Chromatin immunoprecipitation sequencing (ChIP-seq) studies have shown 

that within HSPCs CEBPA binds to over 400 regions including principal 

promoters and distal regulatory regions of genes associated with a myeloid 

phenotype17. These include other myeloid transcription factors and genes 

such as myeloperoxidase (MPO) and lysozyme C (LYZ) known to be 

responsible for the formation of cytotoxic granules. CEBPA binding also 

shows significant overlap with the targets of other transcription factors 

involved in myeloid development such as PU.1. Other ChIP-seq data in an 

HSPC cell line delineated CEBPA’s major enhancer, situated at +41 kb in 

humans (+37 kb being the equivalent region in mice)18,19. This has been 

shown to bind a range of transcription factors, including GATA2, PU.1, 

LMO2, RUNX1 and CEBPA itself 20. CEBPA is preferentially expressed in 

granulocytes, monocyte/macrophages and eosinophils versus 

megakaryocytes, erythroid and lymphoid linages cells21. Its expression is 

detected early in definitive haematopoiesis, with CEBPA mRNA transcribed 

in HSPCs (Lin-, Sca-1+, Kit+ / LSK cells) at a low level. Recent single cell 

analysis suggests that while its expression can be detected at this early 

stage in haematopoiesis, it is limited to a small proportion (<10%) of 

haematopoietic stem cells (HSCs)22. CEBPA mRNA levels then double 

during the transition to CMPs before peaking in GMPs23. CEBPA 

transcription then steadily falls as myelocytes undergo terminal 

differentiation.  

The effects of CEBPA on haematopoiesis vary dependent on the stage in 

myeloid differentiation, as demonstrated in existing animal models24; for 

example when CEBPA is knocked down selectively in GMPs only 
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granulocytes are decreased but monocytes develop normally, but in a 

germline complete knockout (KO) mouse myelopoiesis is generally impaired 

25. As well as being necessary for normal granulopoiesis and monocyte 

development, CEBPA has been shown to be expressed in adipocytes and  

the liver26,27. Its critical role in glucose homeostasis is demonstrated in 

CEBPA null mice, who die soon after birth due to hypoglycaemia27.  

In addition, CEBPA appears to have a more general effect on cell 

proliferation, first noted by the discovery that its expression is reduced in 

hepatoma samples as compared with wild type specimens28. It has since 

been shown to have a number of interactions with cell cycle regulators such 

as the cyclin dependent kinases CDK2 and CDK4 and E2F13,26. E2F is 

known to activate transcription of the c-MYC oncogene, consequently 

blocking granulocytic differentiation. Although CEBPA directly interacts with 

E2F via amino acids at the edge of its C terminal basic region 29 30, N 

terminal elements are also essential for CEBPA’s repression of E2F as cell-

cycle progression is not halted by the p30 isoform31.  

1.4.2 CEBPA mutations in sporadic AML 

CEBPA mutations are identified in around 10% of cases of sporadic AML, 

most commonly morphologically undifferentiated FAB type M1 and M2 (see 

Table 1.2) with a normal karyotype. Multiple groups have screened sporadic 

AML samples for CEBPA mutations11,29,32,33. Approximately 50-70% of 

CEBPA-mutated AML cases carry biallelic mutations while the other 30-50% 

of cases have monoallelic mutations. Biallelic cases, or double allele mutant 

(dm), have been consistently shown to convey a good prognosis11 33 32. The 

significance of this good prognosis has led to their inclusion as a distinct 
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diagnostic entity in the WHO haematological malignancies classification 

(Table 1.1)6. Single allele mutated (sm), also referred to as monoallelic 

cases, have standard risk disease for their karyotype. 

In these studies, it was consistently found that in CEBPA-dm cases 

mutations clustered with one mutation at the N terminus and one mutation at 

the C terminus. In over 90% of CEBPA-dm cases, N terminal mutations 

created a premature termination codon between the first and second ATG 

codons (amino acids 1-120), either through an out-of-frame deletion/insertion 

or nonsense point mutation. These led to sole translation of the p30 short 

isoform from this allele11. C terminal mutations are tightly clustered within the 

basic region and bZIP domain (amino acids 285-350), particularly around 

their junction. Around 80-90% of C terminal mutations are small in-frame 

insertions and deletions. In CEBPA-sm cases mutations are more widely 

distributed throughout CEBPA’s coding region. However, the character of N 

terminal and C terminal mutations is conserved. Most reported CEBPA-sm 

case N terminal mutations 89-100%) within the first 120 amino acids caused 

frameshift or nonsense coding changes11,32,33. C terminal mutations appear 

to be less frequent than N terminal mutations in CEBPA-sm cases, with 75-

81% being either small in-frame insertion and deletions or point missense 

mutations. The frequency of mutations occurring in the central region of 

CEBPA (amino acid 121-277) is increased in CEBPA-sm cases. The nature 

of these mutations is not as highly-conserved as N and C terminal mutations, 

but frameshift insertions and deletions predominate, predicted to produce a 

truncated non-functional protein11. 
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Across sequencing reports of sporadic AML, 75-92% of CEBPA-dm sporadic 

AML cases have an N terminal mutation predicted to lead to translation of 

p30 isoform only and a small in-frame insertion or deletion within the BR-

bZIP C terminal region11,33. Double N terminal mutations are rarely seen (4-

7% of CEBPA-dm cases) and less than 1% of CEBPA-dm cases have two C 

terminal mutations11,32,34.  

Given the marked conservation of these particular mutations and their 

pattern of combination, each is likely to play a distinct and necessary role in 

the pathogenesis of AML. N terminal mutations lead to sole translation of the 

short p30 isoform11. As previously discussed, p30 lacks TAD1 and TAD2 via 

which CEBPA can interact with co-activators such as PU.1 and exert its 

repression of E2F (Figure 1.2b). p30 retains the ability to heterodimerise with 

both p42 and other leucine zipper transcription factors, meaning that once 

the p30/p42 ratio is disrupted it can act in a dominant negative manner 12 15 

as well as forming homodimers which compete for CEBPA DNA binding 

sites. p30 homodimers have also been shown to have novel DNA binding 

sites, distinct from those bound by p4235. While p30 may not be able to 

inhibit cell proliferation due to its loss of E2F repression26, it maintains the 

ability to influence apoptosis via the NFKB/BCL-2 pathway36. 

Conversely, C terminal mutations show in-frame alterations which are tightly 

clustered within the DNA binding and dimerisation region. This is predicted to 

lead to translation of both p42 and p30 CEBPA isoforms, without alteration to 

their usual physiological ratios. However, both isoforms will have an 

alteration in their ability to dimerise and/or bind DNA and therefore their 

capacity to induce transactivation of CEBPA target promoters. The effects of 
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in-frame C terminal mutations found in sporadic AML cases have been 

functionally evaluated29. All mutations investigated were found to have 

reduced DNA binding and transactivation potential at the CSF3R (GCSF 

receptor) promoter, a known target of CEBPA. However, they did not 

attenuate the transactivation of wild type (WT) CEBPA, putatively due to the 

loss of their ability to dimerise. 

Treatment of AML in the UK is currently based around both fitness to tolerate 

intensive chemotherapy and a risk stratification for relapse, based on 

karyotype and FLT3 and NPM1 mutational status37-40. The majority of 

CEBPA mutated sporadic AML cases (approximately 70%)32, are of normal 

karyotype, placing them in the intermediate risk classification. Patients who 

are considered fit enough to tolerate curative chemotherapy undergo two 

cycles of intensive inpatient-based chemotherapy, usually a combination of 

anthracycline and cytarabine. Patients achieving a morphological remission 

following their first cycle would remain in the intermediate risk group, and 

would not therefore be considered standard to proceed to haematopoietic 

stem cell transplantation (HSCT). Instead, patients receive two further cycles 

of intensive cytarabine-based consolidation chemotherapy.  

1.4.3 Other dysregulation of CEBPA in sporadic AML 

CEBPA dysregulation in AML has been reported to occur via multiple 

alternative methods of dysregulation24, as well as through mutations within 

its coding region. An overview of these mechanisms is presented in Figure 

1.3. 
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Figure 1.3: Mechanisms of CEBPA dysregulation in AML 

 

Figure 1.3: Mechanisms of CEBPA dysregulation in AML. 
As well as mutations within CEBPA, its normal function is dysregulated by multiple 
mechanisms characteristic of various recurrent genetic subtypes of AML. These can occur 
at all levels of CEBPA regulation, including epigenetic, transcriptional and translational 
inhibition and post-translational modifications. Well-characterised examples of each of these 
mechanisms are illustrated as above. 
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RUNX1T1. This has been shown to prevent positive autoregulation by 

CEBPA at its own core promoter, thereby reducing its transcription43. 

RUNX1-RUNX1T1 also binds directly to CEBPA’s +42kDa enhancer, 

disrupting regulation by wild type RUNX1 seen in normal myelopoiesis18,44. 

Inhibition of translation of CEBPA mRNA has also been found in AML. The 

cytogenetic abnormality inversion 16 (inv(16)) is seen in in 8% of AML cases, 

often with an eosinophilic AML subtype (FAB M4Eo, Table 1.2)45. This 

structural change in chromosome 16 creates the novel fusion protein CBFB-

MYH11. CBFB-MYH11 is able to bind directly to and inhibit RUNX1, thus 

decreasing its activation of CEBPA cis elements45. However, it has also been 

shown to have an indirect post-transcriptional effect on CEBPA. CBFB-

MYH11 expression leads to upregulation of the resident endoplasmic 

reticulin protein calreticulin, which in turn binds to GC-rich regions in CEBPA 

mRNA, preventing its translation24. 

As for CEBPA-dm AML the translocations t(8:21) and inv(16) are 

distinguished within the classification of AML (Table 1.1). When grouped 

together they are referred to as the “core binding factor” leukaemias and 

carry a favourable prognosis. Both cytogenetic abnormalities are mutually 

exclusive with CEBPA coding mutations in sporadic AML cases. 

Post-transcriptional repression of CEBPA function is also seen in Chronic 

Myeloid Leukaemia (CML), where BCR-ABL (a novel fusion protein formed 

by t(9;22)) upregulates the RNA binding protein hnRNP E2. This binds to 

CEBPA mRNA which reduces the half-life of CEBPA transcripts and inhibits 

translation46.  
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Post-translational modifications of CEBPA have also been described in AML. 

An example of this is seen with FLT3 internal tandem duplication (ITD) 

mutations. Activation of ERK leads to CEBPA serine 21 phosphorylation, 

inhibiting its homo and heterodimerisation and thus its transcriptional 

activation47. 

The frequency and wide variety of mechanisms in which CEBPA expression 

and function is dysregulated in AML highlights its integral role in 

leukaemogenesis. It is notable that some CEBPA function appears to be a 

prerequisite for development of AML given that  

- Mutations found in sporadic AML are rarely null mutations 11 

- Some CEBPA mRNA is detected in all subtypes of AML32,48  

- KO and conditional KO Cebpa-/-  mice do not develop leukaemia25 

- Other models of leukaemogenesis fail to develop leukaemia when 

combined with Cebpa knockout49-51 

The role of CEBPA in leukaemia initiating cells (LICs) has been studied in 

several mouse models of leukaemogenesis. MLL-AF9 and MOZ-TIF2 are 

fusion genes shown to induce leukaemia in mice50,52. However, in both these 

models leukaemia development has been shown to be dependent on 

concurrent expression of CEBPA50,53. Tribbles homolog 2 (TRIB2) has also 

been shown to induce AML in mice via inactivation of CEBPA54. However, 

despite this mechanism, some CEBPA function remains essential for 

leukaemia development49. 

1.4.4 CEBPA mutations in familial AML 

Around 10% of cases of CEBPA mutated AML have a germline mutation. In 

all but one reported kindred these are N terminal mutations55, with 
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conservation of the predicted sole translation of the p30 minor isoform. 

Around 75% of affected individuals acquire a secondary sporadic C terminal 

mutation and develop AML55. Germline N terminal mutation results in 

autosomal dominant inheritance of leukaemia predisposition with a latency 

of, on average, 46 years 56 57. Indeed, the drive to acquire a second C 

terminal mutation is so strong that patients who have achieved a first 

remission subsequent to chemotherapy can relapse with distinct C terminal 

mutations55. It is thanks to this paradigm that we can say N terminal mutation 

of CEBPA is likely to be an initiating driver mutation for the development of 

AML, and we can also determine C terminal mutation as its “second-hit”. 

These predictable leukaemia initiating events lend themselves to animal 

modelling through germline mutation induction. Inherited C terminal 

mutations have also been rarely described33,58, with some of those affected 

acquiring secondary N terminal mutations and AML, albeit at a reduced 

penetrance when compared with germline N mutation cases.  

Clinical features of germline-predisposition associated CEBPA mutated AML 

are similar to those seen in sporadic, with the majority of cases being of 

normal karyotype and displaying undifferentiated morphology in leukaemic 

blasts55. As with sporadic AML with biallelic CEBPA mutation, cases of AML 

with inherited AML mutation carry a good prognosis in terms of predicting 

achievement of CR following induction chemotherapy. However, assessment 

of their mutational landscape at relapse shows that individuals often have 

distinct clones at relapse, indicating a secondary de novo AML55. Due to 

these findings, despite favourable outcomes to first-line chemotherapy, 

HSCT must be considered in first CR according to availability of donors. 
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1.5  Other transcription factors in myelopoiesis and 

interplay with CEBPA 

1.5.1 PU.1 

PU.1 is a member of the ETS (E26 transformation specific) family of 

transcription factors. It is expressed in all early haematopoietic cells and has 

been shown to have a bidirectional antagonism with GATA1 in the switch 

between myeloid and erythroid lineage fate determination in MPPs2. Pu.1 -/- 

mice show a complete absence of B lymphocytes and monocytes and a 

marked reduction in neutrophil numbers59. Loss of Pu.1 leads to a two stage 

differentiation block, both at the HSC to CMP/CLP stage and later in 

differentiation, where it prevents the differentiation of GMPs to monocytes 

and macrophages. The bZIP domain of CEBPA has been shown to directly 

interact with the β3/β4 region of PU.1,  displacing its co-activator C-JUN and 

thereby reducing PU.1’s transcriptional activity60. This is likely to be 

responsible for a CEBPA/PU.1 switch between neutrophil vs monocytic fate 

in GMPs, with high levels of PU.1 favouring monocytic differentiation. 

1.5.2 CEBPA and other CEBP family members in humans and 

zebrafish 

CEBPA is said to be the founder member of the CEBP (CCAAT enhancer-

binding protein) leucine zipper family of transcription factors61. Structural 

features of CEBP family members and a schema of their expression in 

haematopoiesis are summarised in Figure 1.4. All family members share the 

C terminal basic region and leucine zipper domains. However, they differ in 

the positioning of N terminal transactivation and regulatory domains, with 
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CEBPE containing internal ATG codons predicting isoforms lacking the N 

terminal TAD, as seen for CEBPA62. 
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Figure 1.4: CEBP family members. Comparison of functional elements 

and expression in human myelopoiesis. 

 

Figure 1.4: CEBP family members. Comparison of functional elements and expression in 
human myelopoiesis. 
a) Comparative schemata of functional elements of CEBP family members CEBPA, CEBPB, 
CEBPD, CEBPE and CEBPG. TAD=transactivation domain, RD=regulatory domain, 
BR=basic region, bZIP=leucine zipper dimerisation domain

62-64
. b) Expression of CEBP 

members during haematopoiesis. Above is a representation of stages of differentiation in 
maturing myeloid cells, with cells maturing left to right. Below is a qualitative representation 
of the relative levels of expression of CEBPA (blue), CEBPB (green) and CEBPE (red), at 
the corresponding cell types directly above

65
. 
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CEBPA, CEBPB and CEBPE all play critical roles in definitive myelopoiesis 

and are expressed sequentially throughout the process of granulocytic 

differentiation (see Figure 1.4b), where myelocytes gain cytoplasmic 

granules and nuclear segmentation to become mature neutrophils which 

migrate to peripheral tissues 62,63,66,67. CEBPA is primarily responsible for 

development of primary granules and as previously stated is expressed as 

early as the HSPC stage. CEBPB is next to rise, with CEBPA itself known to 

bind to its promoter and induce its transcription. CEBPB expression remains 

high from the myelocyte stage to terminal differentiation. CEBPE is 

expressed in a transient wave within the myelocyte to metamyelocyte 

stage68, being largely responsible for the formation of secondary granules 

required for terminal maturation. Like CEBPA, CEBPE is able to bind E2F to 

block cell proliferation and promote differentiation69. 

Zebrafish cebpa has been mapped to chromosome 7, a single exon 2880bp 

(base pair) gene produces a 867bp mRNA70 - syntenic with both mouse 

Cebpa and human CEBPA. The translated full length 288 amino acid (aa) 

protein has predicted functional domains similar to human CEBPA, as shown 

in Figure 1.2, producing a dominant 36kDa full length isoform, equivalent to 

human CEBPA p42. However the zebrafish protein exhibits three internal 

AUG sites all within TAD3 in the same reading frame. By comparison two of 

these appear to have evolved to CUG at the corresponding human residues. 

Studies of the zebrafish cDNA transfected into cells suggest that all three 

AUG sites produce a protein products of 170, 185 and 193aa 70. The  longest 

isoform is the closest in structure to the human p30 with the two shorter 



 52 

isoforms predicted to truncate TAD3. Therefore the functional significance of 

each of these isoforms is currently not known. Mapping of other family 

members in zebrafish has shown orthologs of CEBPA, CEBPB, CEBPG and 

CEBPD, as well as a putative novel CEBP transcription factor Cebp171, using 

a probe encoding part of CEBPE. Cebp1 was found to have strong 

transactivation activity, with its expression restricted to developing myeloid 

cells. There is strong synteny between all zebrafish CEBP family members 

and their human and murine counterparts, with logarithm of the odds (LOD) 

scores of between 9 and 17, with scores of 3 or greater considered an 

indication of genetic linkage. Conservation of amino acid sequences was 

also strong, with 83%, 70%, 73% and 70% correspondence for CEBPA, 

CEBPB, CEBPG and CEBPD respectively. This was further enhanced in the 

BR: 99%, 99%, 76% and 86%71. 

1.6 Second-hit mutations in CEBPA-mutated AML 

Over the past decade, the landscape of second-hit mutations in CEBPA-

mutated AML has revealed a distinct mutational signature. Several groups 

have sequenced multiple cases of sporadic and familial AML with both 

monoallelic and biallelic mutations, a number of genes have been identified 

as recurrently mutated  in multiple sequencing studies defining them as 

second hits32,55,72-75. Additionally, distinct patterns of second hits have been 

found between the monoallelic and biallelic cases. In CEBPA-dm cases, 

mutations in WT1, GATA2 and CSF3R are enriched, all of which are 

infrequent events in sporadic AML cases without CEBPA mutation32,75. 

Conversely mutations in NPM1, FLT3-ITD, ASXL1 and RUNX1 have been 
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found to be significantly more frequent in CEBPA-sm AML compared with 

CEBPA-dm cases32,75. The comparative frequencies  of the mutations found 

in CEBPA-dm, CEBPA-sm and CEBPA unmutated sporadic AML cases in 

these studies are summarised in Table 1.3. This suggests a distinct 

pathogenesis of AML development in biallelic cases, as also implied by their 

superior survival outcomes when compared with CEBPA-sm and CEBPA 

unmutated cases11. 

Table 1.3: Frequency of recurrent mutations in sporadic AML with comparison 
of CEBPA mutational status32,72,75 

Second-hit gene  % mutated according to CEBPA mutational status 

sm dm unmutated 

WT1 30 40 6 

GATA2 0 20 0 

CSF3R 3 10 0 

NPM1 25-50 2 27 

FLT3-ITD 40 20 28 

ASXL1 20 6 10-20 

RUNX1 10- 0-2 10 

TET2 40-45 35-40 10 

IDH1/2 25 0 20 

STAG2 25 0 2.5 

 

The transcription factor GATA2 is of particular interest, given that it is 

exclusively mutated in double hit CEBPA-dm AML (8-41% of cases) 76 and 

not found in CEBPA-sm or CEBPA unmutated cases. These mutations are 

highly-conserved, appearing almost exclusively in the first zinc finger domain 
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(ZF1). These are distinct from the ZF2 region mutations found in the 

inherited immunodeficiency monocytopenia with atypical mycobacterial 

infection syndrome (monoMAC), mediated by GATA2 haploinsufficiency77. 

monoMAC is a rare immunodeficiency syndrome with autosomal dominant 

inheritance, characterised by B and natural killer (NK) cell lymphopenia as 

well as monocytopenia. Those affected have frequent opportunistic infections 

as well as a predisposition both to virally mediated malignancies and 

predisposition to MDS and AML. Mutations in the gene encoding the G-CSF 

(granulocyte colony stimulating factor) receptor, CSF3R, are also almost 

exclusively associated with CEBPA-dm cases74.  

Epigenetic modifiers commonly mutated in CEBPA unmutated AML are also 

frequently mutated in both CEBPA-dm and CEBPA-sm cases. The most 

commonly affected gene in this category is the DNA demethylation regulator 

TET2 (ten-eleven translocation 2), with mutations occurring in over 30% of 

CEBPA-mutated cases72.  Mutations in WT1 and IDH1/2 are also frequent 

events, although interestingly they occur in a mutually exclusive fashion with 

TET2 mutations. This highlights the importance of epigenetic dysregulation in 

CEBPA-mutated AML, as does the development of distinct epigenetic 

mutations at relapse in familial CEBPA mutated cases55. 

Other genes such as FLT3 and NPM1 appear far less frequently mutated in 

CEBPA-dm vs CEBPA unmutated AML. Whole exome sequencing has been 

performed in 9 familial55 and 13 sporadic 8 cases of CEBPA mutated AML. 

This data shows mutations in further less renowned oncogenes in AML, 

which might prove unique mediators of CEBPA mutated AML pathogenesis 

with future delineation. 
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1.7 Zebrafish haematopoiesis 

1.7.1 The zebrafish as a model for haematopoiesis 

The teleost zebrafish (Danio rerio) model has now been widely adopted as a 

high-throughput animal model, ideally suited to studying defects in 

haematopoiesis. Large numbers of offspring can be generated, with each 

mating pair generating over 200 embryos per week and reaching sexual 

maturity within three months, similar to murine models. Embryos are 

externally fertilised and show optical clarity, allowing detailed visualisation of 

developmental haematopoiesis with high resolution imaging in vivo. 

Transgenic reporter lines have also been developed where haematopoietic 

gene promoters drive expression of fluorescent protein, allowing observation 

of cell numbers and individual cell fate mapping in vivo78-80. 

Haematopoietic pathways are remarkably conserved between humans and 

zebrafish, with it being one of the most primitive organisms to possess both 

an innate and adaptive immune system. Orthologs exist for the majority of 

transcription factors established as having a role in haematopoiesis. Due to 

its external development it is highly amenable to genetic manipulation. Large 

scale forward genetic screens have been performed either via random viral 

insertion or chemical mutagenesis (most commonly with ethyl nitrosurea 

(ENU)), identifying several novel genes influencing haematopoiesis81. 

Reverse genetic screening can also be easily employed to manipulate 

specific genes at all stages of development. Genes can be transiently 

overexpressed or knocked down by the injection of mRNA and antisense 

oligonucleotides (morpholinos (MO)) respectively. Target genes can also be 

permanently manipulated by genetic editing tools such as zinc finger 
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nucleases, transcription activator-like endonucleases (TALENs) or by the 

CRISPR/Cas9 system (clustered regularly interspersed palindromic repeats), 

with resultant mutagenesis transmitted via the germline into stable mutant 

lines82-85.  

The zebrafish model has also been used to identify novel treatments for 

study in mammalian models, via high-throughput drug screens of bioactive 

compounds observing for alleviation of mutant phenotypes86. Another widely 

used investigational tool in the developing zebrafish is whole mount in situ 

hybridisation (WISH), with which the spatiotemporal expression of genes can 

be determined. 

The zebrafish has also been used to investigate drivers of AML, such as by 

the use of a transgenic line with heat-inducible human RUNX1-RUNX1T1 

overexpression87. Transgenic expression of this fusion oncogene is 

embryonic lethal in mice, thus the effects of it in early haematopoiesis are 

more challenging to assess, making the zebrafish an ideal model for its 

study. RUNX1-RUNX1T1 expression in zebrafish embryos leads to an 

expansion of myeloblasts, permitting analysis of the mechanism of 

leukaemogenesis using mRNA rescues and morpholino knockdown. This 

paper also highlights another strength of the zebrafish model, that of drug 

discovery with treatment in vivo of early phenotypes. Here the histone 

deacetylase (HDAC) inhibitor Trichostatin A is found to restore normal 

haematopoiesis in a limited drug screen87.  

1.7.2 Phases of vertebrate haematopoiesis 

Haematopoiesis in the zebrafish, as in all vertebrates, occurs in two waves; 

primitive and definitive haematopoiesis88. Primitive haematopoiesis is 
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transitory, allowing generation of unipotent cells: both erythrocytes to 

facilitate rapid growth and monocyte/macrophages to provide the earliest 

pathogen response. These cells are transitory and have no capacity for self-

renewal. In humans and mice, the primitive wave of mammalian 

haematopoiesis originates from the yolk sac, external to the embryo89.  

In zebrafish, primitive haematopoiesis also occurs in mesodermally derived 

tissues, an area adjacent to the yolk sac3 known as the intermediate cell 

mass (ICM).   Two stripes of primitive haematopoiesis develop within the 

mesoderm during somitogenesis, expressing the primitive markers runx1 and 

lmo2. These arise from bipotent endothelial haemangioblasts, which have 

the ability to differentiate into either vascular or primitive haematopoietic 

cells. Primitive erythroid cells emerge from the posterior ICM, a region within 

the posterior lateral mesoderm, which also gives rise to infrequent myeloid 

cells. The anterior lateral mesoderm is the site of primitive myelopoiesis, 

where primitive macrophages emerge from the rostral blood island, migrating 

over the yolk sac by 18 hours post fertilisation (hpf) as they differentiate. 

These cells can be identified by their expression of primitive myeloid markers 

such as pu.1 and cebpa. Circulating cells in the zebrafish, primarily primitive 

erythroid cells from the ICM, are first observed shortly after circulatory 

development has established main blood vessels and beating heart, at 

approximately 24-26hpf. Blood flow then stimulates the onset of definitive 

haematopoiesis90.   

As in mammals, primitive erythropoiesis in the zebrafish is regulated by the 

transcription factor Gata1. The importance of this gene in zebrafish primitive 

erythropoiesis is demonstrated by the bloodless mutant, where a Gata1 
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nonsense mutation renders primitive haematopoiesis completely absent91. In 

mammals the appearance of SCL expression, is thought to mark the 

emergence of bipotent haemangioblasts within the yolk sac during primitive 

haematopoiesis. In zebrafish disruption of scl expression in the cloche 

mutant causes a severe disruption of both primitive haematopoiesis and 

endothelial cells92.  

Vertebrate definitive haematopoiesis occurs later in development, generating 

multipotent cells from HSPCs. These are defined by their capacity for both 

self-renewal and differentiation into myeloid, lymphoid and erythroid 

lineages. In mammals the aorta-gonad-mesonephros (AGM) is the initial site 

of definitive haematopoiesis. In the zebrafish, HSPCs first emerge from the 

haemogenic endothelium, within the ventral wall of the dorsal aorta (i.e. AGM 

equivalent site)3,80,93. Definitive haematopoiesis in zebrafish is commonly 

described as occurring in two distinct waves3. The first wave occurs from the 

posterior blood island (PBI), giving rise to a transient erythro-myeloid 

progenitor (EMP) population expressing lmo2 and gata1a94. The first HSCs 

which emerge during human haematopoiesis also appear in close 

geographical association with endothelial cells95. 

During the second wave of definitive haematopoiesis in the zebrafish, the 

same anatomical location as the PBI is referred to as the caudal 

haematopoietic tissue (CHT), situated dorsal and posterior to the yolk sac 

extension. This is equivalent to the foetal liver, where definitive 

haematopoiesis continues in mammals following migration of HSCs from the 

AGM3. Definitive HSCs established within the CHT and foetal liver are 

pluripotent3, giving rise to all haematopoietic lineages found in the mature 
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animal. In mammals, this occurs via defined stages of differentiation and 

maturation as seen in Figure 1.1. While a similar pattern of gene expression 

in each haematopoietic lineage has been described in zebrafish to 

mammals96, characterisation of each stage of differentiation is less 

developed, partly due to lack of established flow cytometric panels.  Further 

discussion of transcription factors involved in mammalian and zebrafish 

definitive haematopoiesis is presented in Chapter 4. 

As the zebrafish develops, HSCs from the CHT enter the caudal vein and 

seed the pronephros where definitive haematopoiesis continues. The CHT in 

turn becomes the kidney marrow, equivalent to human bone marrow. T cells 

migrate to the thymus and establish lymphopoiesis there by three days post 

fertilisation (dpf), as in mammals.  

A summary of the sites of each phase of zebrafish haematopoiesis and cell 

types generated is presented in Figure 1.5, overleaf.



 60 

Figure 1.5: Overview of haematopoiesis in the zebrafish 

 

Figure 1.5: Overview of haematopoiesis in the zebrafish 
Schemata of the sites and timing in development of primitive (red), transient definitive (yellow) and definitive (blue) waves of haematopoiesis in the developing 
zebrafish embryo from fertilisation to seven days, adapted from Chen and Zon

96
. The boxed area shows a key of cell types generated by each wave of 

haematopoiesis in demarcated locations in cartoons of representative embryos at 24hpf (left) and 5dpf (right). ALM=anterior lateral mesoderm, 
PLM/ICM=posterior lateral mesoderm / intermediate cell mass, PBI=posterior blood island, AGM=aorta-gonad-mesonephros, CHT=caudal haematopoietic 
tissue.
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1.8 Existing CEBPA-mutant animal models 

Loss of CEBPA has already been studied in several vertebrate animal 

models. A KO mouse with deletion of the entire Cebpa coding sequence was 

developed in the 1990s27, exhibiting defects in adipose tissue and liver 

metabolism. It was observed that death occurred within the first eight hours 

of life secondary to hypoglycaemia. These KO mice were later shown to 

have defects in myelopoiesis and G-CSF signallingi25. HSCs extracted from 

foetal livers in Cebpa KO mice have also been transplanted into 

immunodeficient recipients, where they were observed to exit a quiescent 

state with subsequent loss of self-renewal17. Conditional KO mice were later 

developed, using the Mx1-cre element to produce IFN-inducible (interferon-

inducible) knockout of Cebpa in adult HSCs25. This circumvented embryonic 

lethality but, whilst hypocellularity of bone marrow and expansion in the 

HSPC compartment were seen, these mice consistently failed to develop 

AML17. This is as some residual CEBPA function is required in AML 

pathogenesis53. In zebrafish, a cebpa mutant has been generated via an 

ENU mutagenesis screen79. This model harbours a 10kb insertion within the 

cebpa C terminus, subsequently being found to have markedly reduced 

neutrophil and macrophage numbers, but again no leukaemia development 

was observed. These models most likely do not develop leukaemia because 

they do not faithfully recapitulate the genetic lesions, i.e. C and N terminal 

mutations, seen in human AML.  

Targeted mutations to disrupt specific regions of CEBPA have also been 

studied in the mouse. The CEBPABRM2 mutant97 is disrupted in the basic N 



 62 

terminal region containing TAD1, preventing its repression of E2F, a 

transcription factor family involved in G1 to S phase cell cycle transition in 

mammalian cells. Young CEBPABRM2/BRM2 mice initially show neutropenia 

and later develop a myeloproliferative disease, but without subsequent fatal 

transformation to AML. N terminal mutants (CEBPALp30+ or L allele) and C 

terminal mutants (CEBPAK313KK or K allele) have also been developed98,99. 

L/L mice with homozygous germline N terminal mutation displayed significant 

perinatal lethality, with only 14% of predicted Mendelian ratios being 

retrieved due to presumed hypoglycaemia, as seen in CEBPA KO mice. 

Those surviving uniformly developed splenomegaly and BM failure98. Foetal 

liver cells from L/L, L/K and K/K mice were competitively transplanted into 

lethally irradiated recipients, with all three mutational combinations giving rise 

to lethal leukaemias99. In these studies, the L/K combination of N and C 

terminal mutations, that is seen in human AML, gave rise to leukaemia with 

the shortest latency period. Interestingly, K/K tumours showed a delayed 

onset and more immature phenotype, with 75% staining negative for MPO, 

whereas almost all K/L and L/L tumours were granulocytic and stained 

positive for MPO. Mice with at least one K mutation were seen to have a pre-

leukaemic expansion in LSK cells with an associated reduction in their 

quiescence signature. 

1.9 Background to project hypothesis and research aims 

CEBPA’s function and its role as a tumour suppressor gene have already 

been extensively studied in human and murine models, as described above. 

However, in cases of sporadic AML, N and C terminal CEBPA mutations are 
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highly conserved. Each type of mutation also shows distinct patterns of 

disruption of haematopoiesis and leukaemogenesis in murine models. Due to 

the poor survival of animals carrying germline CEBPA mutation, effects of 

combined N and C terminal mutation were limited in mice to transplantation 

assays99. Mammalian models also carry limitations in characterisation of 

potential effects of these mutations in developmental haematopoiesis. The 

zebrafish has previously been used extensively as a model for 

haematopoiesis, particularly lending itself to investigating defects in early 

haematopoiesis due to extra-corporal development of embryos and their 

optical transparency. Use of WISH can also delineate expression of critical 

haematopoietic controllers at the various sites of haematopoiesis within the 

same embryo. Large numbers of embryos per cross also provide 

heterozygous and wild type siblings for comparison to mutants, particularly 

important when comparing large numbers of potential leukaemogenic driver 

mutations. I therefore considered that creation of zebrafish models of 

CEBPA-mutated AML would add to the existing knowledge of its human 

disease counterpart as challenges faced in mammalian models would be 

overcome due to the cost effectiveness of the model and external fertilisation 

allowing interrogation of early haematopoiesis. 

CEBPA-dm AML has also been found to have a conserved set of second 

and third hit mutations which require further study to elucidate their role in 

leukaemogenesis. It is challenging to study the landscape of second and 

third hits in mammalian models due to the cost of the numbers of animals 

required. Both the cost effectiveness of the zebrafish model and its 

amenability to genetic manipulation would mean a stable model of CEBPA 
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mutated AML in the zebrafish would allow for further study of these second 

hit mutations. Both TET2 and GATA2 (in biallelic CEBPA-mutated cases) 

have a high frequency of co-mutation with CEBPA and available zebrafish 

mutant lines. I will therefore proposed to utilise an established tet2 model100 

and a gata2a model101 to study their combined effect on haematopoiesis and 

leukaemogenesis100,101. 

 

With this knowledge in mind I proposed the following hypotheses: 

1. Biallelic germline mutations analogous to C and N terminal mutations 

humans introduced into the zebrafish cebpa will faithfully model leukaemia 

observed in humans 

2. There is a selective pressure from a C or N terminal mutation that leads to 

the development of the opposite mutation . 

3. This selective pressure results from dysregulation of gene expression in 

HSPC and myeloid lineages during the developmental period. 

4. Second hit mutations co-operate with C and N terminal mutations through 

distinct mechanisms to initiate leukaemogenesis.  

 

To address these hypotheses, I set out the following aims:  

1) To create germline mutated zebrafish lines with stable mutations in 

Cebpa analogous to the conserved N terminal and C terminal CEBPA 

mutations found in human sporadic AML. 

2) To study the effect of germline Cebpa N and C terminal mutation in 

primitive haematopoiesis. 
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3) To investigate the effect of germline Cebpa N and C terminal mutation 

in definitive haematopoiesis. 

4) To observe juvenile and adult zebrafish carrying monoallelic and 

biallelic N and C terminal Cebpa mutations for the development of 

additional phenotypes such as MDS and AML. 

5) To define the effects of combined mutation of cebpa with the 

secondary driver mutations such as tet2 and gata2. 

 

I postulate that the biallelic Cebpa will produce a defect in myelopoiesis in all 

phases of haematopoiesis. However, given the different phenotypes seen 

with combinations of biallelic Cebpa mutation in murine models, and the 

conservation of N and C terminal mutations seen in human sporadic AML I 

predict that N and C terminal mutations in zebrafish will lead to varying 

defects in myelopoiesis. I will further delineate how their effects are unique to 

the mutations carried by embryos in the following results chapters. 
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2 Materials and Methods 

2.1 Zebrafish husbandry 

Zebrafish (Danio rerio) were raised in the UCL fish facility with experiments 

undertaken in accordance with Home Office approved project licence 

70/7391. Embryos were obtained using natural spawning in breeding boxes 

(DC-96, R&D Aquatics) and raised according to standard procedures and UK 

Home Office regulations. The wild type strain AB was used as a background 

for creation of the novel mutant strains described herein and for non-mutant 

controls.  

For visualisation of haematopoietic lineage in vivo and quantification in flow 

cytometric experiments, transgenic lines were also utilised. Transgenic 

strains are an established tool in zebrafish due to their ease of genetic 

manipulation, where an exogenous gene has been added to their genome. In 

the transgenic strains I utilised transgenic reporters encoding an expression 

detection protein such as green fluorescent protein (GFP), under the control 

of the promoter of a gene involved in haematopoiesis, such as pu.1. 

Therefore, cells of a haematopoietic lineage in which this promoter is active 

can be detected by reporter protein expression. The strains bred for use in 

this project were Tg(cd41:GFP)102, Tg(pu.1:GFP)78 and Tg(lyzC:mCherry) (a 

kind gift from Stephen Renshaw, unpublished data). More detailed 

descriptions of their properties follow in individual results chapters.  

Embryos were collected following natural spawning and placed in E3 media 

(composition in Table 2.1 below) in petri dishes.  
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Table 2.1: Composition of E3 medium 
Reagent Final concentration 

NaCl 5 mM 

KCl 0.17 mM 

CaCl2 0.33 mM 

MgSO4 0.3 mM 

Methylene blue 0.1% v/v 

pH 7.0 (at 25 °C) - 

 

Embryos were raised at 28.5oC in an incubator and transferred to UCL fish 

facility nursery prior to the onset of independent feeding at 5dpf 

developmental stage. Staging of embryos was carried out by light 

microscopy according to Kimmel et al 1995103. 

2.2 Inhibition of pigment formation 

To prevent the formation of pigment in developing embryos, phenylthiourea 

(PTU) (Sigma-Aldrich, P7629) was added to E3 medium following 

gastrulation to achieve a final concentration of 0.2mM. 

2.3 Dechorionation of embryos 

Zebrafish chorions were removed prior to WISH. This was carried out either 

manually or chemically. Manual dechorionation was carried out at any point 

prior to embryos naturally hatching. It was performed under direct 

visualisation by dissection microscope using watchmaker’s forceps, with 

dechorionated embryos placed in fresh E3 medium following dechorionation. 

Chemical dechorionation was carried out on embryos from 18hpf-35hpf using 
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Pronase (Sigma-Aldrich, 10165821001). Five drops from a pasteur pipette, 

of pronase at 1mg/mL (approximately 1ml) were added to each plate of 

embryos. After five minutes, embryos were agitated using a Pasteur pipette. 

This was repeated every two minutes until dechorionation was induced (10-

20 minutes). Once dechorionation had commenced, pronase was washed off 

using E3 medium to prevent digestion of embryos. 

2.4 Fixation of embryos and juvenile zebrafish 

4% w/v paraformaldehyde (PFA, Sigma-Aldrich, P6148) was used for fixation 

of specimens prior to immunohistochemical stains and whole mount in situ 

hybridisation (WISH) experiments. WISH was utilised to study embryos at 

developmental stages up to 5dpf. Embryos were first immobilised with 

placement on ice, then placed in 1.5ml Eppendorf tubes with as much E3 

medium removed as possible. 1ml 4% PFA was then added to each tube 

and embryos were fixed for one hour at room temperature with gentle 

agitation, or overnight at 4oC. In embryos at developmental stages under 

24hpf, 4% PFA is able to penetrate the chorion; however, in embryos later 

than this time point dechorionation was carried out as above prior to fixation. 

In juvenile zebrafish fixation was carried out following confirmation of death. 

A stab incision was made in the ventral abdomen prior to transfer into 15ml 

falcon tubes. 4% PFA was added to submerge the entire fish and specimens 

were fixed for at least one week and no more than six weeks. Specimens 

were then placed in paraffin blocks without the need for decalcification for 

juveniles up to six weeks post fertilisation. Paraffin embedding and 
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preparation of sections for haematoxylin and eosin (H and E) and MPO 

staining were kindly carried out by the UCL Histopathology Department. 

2.5 Bleaching of zebrafish embryos post fixation 

In embryos not developed in PTU-supplemented E3, bleaching was carried 

out prior to imaging. For embryos with robust staining and fixation (i.e. O-

dianisidine and Sudan Black (SB) treated embryos >3dpf) a hydrogen 

peroxide based protocol was used. Following staining, embryos were 

incubated in 0.5% KOH, 3% H2O2 in 1x phosphate-buffered saline (PBS) 

with 0.1% v/v Tween 20 (Sigma-Aldrich, P1379) (PBST) with gentle agitation 

until required pigment removal had occurred. Embryos were then washed in 

1x PBST. 

For younger more delicate embryos (24hpf-3dpf) and those post WISH, a 

gentler formamide bleaching protocol was used. Embryos were placed in 5% 

v/v H2O2, 0.5x SSC (saline sodium citrate), 5% formamide at room 

temperature without agitation. Incubation was carried out until pigment was 

removed, followed by 3 x 5 minute washes in PBST. 

2.6 Sudan Black staining 

Sudan Black has been used extensively for the staining of myeloid cells in 

many organisms, including zebrafish104. With this stain, a black precipitate is 

formed in the cytotoxic granules present in neutrophils and eosinophils. Up to 

50 larvae per 1.5ml Eppendorf tube were fixed at specific developmental 

time points in 1ml 4% PFA for one hour at room temp or overnight at 4oC. 

After removal of PFA, embryos were incubated with gentle agitation for 20 

minutes in Sudan Black staining agent (Sigma-Aldrich, CAT 3801). Following 
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staining, embryos underwent 5 minute washes in 70% ethanol until non-

specific background staining had been completely removed in the desired 

imaging location. Embryos were then washed in PBST three times for 10 

minutes, following which pigment was removed if required.  

In measuring Sudan Black staining cells in the CHT, a standard area was set 

from the somite level with the end of the yolk sac extension to the tip of the 

tail and below the midline. To account for variability in staining intensity 

between experiments, numbers were adjusted against the comparative mean 

number of cells within wild type embryos between experiments. 

2.7 O-dianisidine staining 

O-dianisidine staining was used to label erythrocytes in embryos, exploiting 

the oxidation of haemoglobin in the presence of H2O2 to produce a dark-red 

substrate105. Non-fixed embryos were anaesthetised in tricaine at 

approximately 50-100ug/mL in E3 solution following dechorionation at the 

relevant stage of development and placed in staining solution (0.7ml/ml O-

dianisidine in methanol (D9143, Sigma); 12mM sodium acetate (Sigma-

Aldrich, S2889); 0.7% v/v H2O2). Embryos were incubated at room 

temperature in the dark with gentle agitation for 20 minutes, then briefly 

viewed under a dissection microscope to ensure colour development. After 

staining had been confirmed embryos were washed three times in 1x PBST, 

then fixed in 4% PFA (1 hour at room temperature or 4oC overnight). 

Embryos were again washed in 1x PBST, then placed in increasing glycerol 

concentrations prior to imaging and genotyping.  
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2.8 Gamete collection from adult male and female zebrafish 

A day prior to gamete collection, male and female fish were separated, with 

the early morning feed being omitted prior to the procedure. Male and female 

fish were anaesthetised in a small breeding box with 4ml 4mg/ml Tricaine 

(Sigma-Aldrich, E10521) per 100ml system water. Once anaesthetised, 

female fish were placed on their side on individual squares of parafilm. A 

gloved hand applied light pressure from anterior to posterior along the belly, 

resulting in oocytes being expelled from the cloaca. Fish were then 

immediately recovered in fresh water and transferred into a genotyping box. 

Collected eggs were scraped into a 96 well plate, with each well containing 

20ul nuclease free water (nfw) (HyClone, Fisher Scientific, 10307052). 

Male fish were placed under a dissection microscope following anaesthesia, 

lying on their dorsal side on a moist surface (sponge or tissue). A capillary 

tube was used to nudge the paired anal fins away from the midline, then the 

cloaca was gently dried with tissue. A capillary tube was then placed near 

the cloaca and ejaculate collected while gentle pressure was applied on the 

ventral side of the fish, anterior to the cloacal opening. Each fish was then 

immediately recovered from anaesthesia in fresh system water and 

transferred to a genotyping box. Ejaculate collected was transferred into 20ul 

nfw by application of a micropipette bulb attachment to the capillary tube with 

gentle pressure until the collected contents had been expelled directly into 

the nfw.  DNA was extracted from gametes using embryo lysis buffer and 

proteinase K (ProK, see below).  
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2.9 Design of gene editing guides 

As part of this project, stable mutant lines with Cebpa C terminal and N 

terminal mutations were created, as described in Chapter 3. The design of 

gene editing guides was performed by Elspeth Payne prior to my 

commencement of the project.  

For the N terminal mutant TALEN, the region of interest between the first and 

second ATG start sites was submitted to the NIH zebrafish TALEN 

collaboration. The TALEN pair TAL3040 and TAL3041 (Addgene plasmids 

#41214) were kindly produced by Keith Cheng. The CRISPR was designed 

using ZiFiT Targeter software (Zinc finger consortium) inputting the same 

target region. This was then synthesised by IDT. 

A TALEN was also designed against the zebrafish region analogous to that 

surrounding L317dup, a recurrent C terminal mutation in human sporadic 

AML. This was performed by Elspeth Payne using TAL effector nucleotide 

targeter (Cornell University). Plasmids were created by Catherine King in the 

Cancer Institute Genome editing facility at UCL, using Golden Gate cloning 

into RCIscript-GoldyTALEN106.  

2.10  mRNA Transcription 

Following linearisation of template plasmids, mRNA transcription was carried 

out using mMessage mMachine kits (Ambion, Thermo-Fischer technology) 

for the appropriate RNA polymerase for plasmid and sense or antisense 

orientation (see Table 2.2). 
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Table 2.2: RNA polymerases for mRNAs transcribed 

mRNA 
Relevant 

RNApol 

CEBPA SP6 

CEBPA N term mutated SP6 

CEBPA C term mutated SP6 

Cebpa SP6 

GFP T7 

C term L and R TALEN T3 

 

Transcription reactions were assembled at room temperature according to 

Table 2.3, to a total volume of 20ul. T3 and T7 reactions were incubated for 

one hour at 37oC, whereas SP6 reactions were incubated for four hours at 

37oC. 

Table 2.3: RNA polymerase reaction components 
Reagent Amount 

nfw To 20ul 

2x NTPs 10ul 

10x reaction buffer 2ul 

Linearised template DNA 0.1-1ug 

Enzyme mix 2ul 

 

Following incubation, 1ul TURBO DNase was added to the reaction and 

incubated at 37oC for 15 minutes. Then mRNA from the in vitro transcription 
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was purified for microinjection using the RNA Clean and Concentrater-25 kit 

according to manufacturer’s instructions (Zymo Research, R1018).  

Table 2.4: Components of RNA clean and concentrator-25 kit 
Reagent 

RNA binding buffer 

RNA prep buffer 

RNA wash buffer 

Zymo-spin IIC Column 

Ethanol 

 

Concentrations were measured using a NanoDrop spectrophotometer (ND-

1000, Thermo Fisher). 

2.11 Microinjection of zebrafish embryos 

Zebrafish embryos were microinjected with mRNA between the one cell and 

four cell stage. Pairs of the desired background genotype were placed in 

breeding boxes with dividers, with these dividers removed on initiation of 

daytime lighting the next morning. Embryos were aligned in a pre-moulded 

plate of 1% agarose dissolved in E3 medium. Components of microinjection 

fluid in individual experiments are detailed in the relevant sections below. 

2.12  Whole mount in situ hybridisation (WISH) 

WISH was carried out in fixed embryos from 16hpf-5dpf in a method adapted 

from Thisse et al107. 
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2.12.1 Preparation of antisense probes 

Plasmids encoding cDNA for genes of interest were linearised and cleaned 

prior to transcription of antisense probes. Plasmids were obtained from the 

Look and Wilson laboratories, with the exception of gata2a which was 

generated in the Payne lab (Supplementary Figure 2) and apoeb and irf8, 

which were designed and ordered from IDT in the pIDTBlue plasmid 

(Supplementary Figure 3). Probes were transcribed using 3’ end RNA 

polymerase sites using the appropriate MAXIscript or MEGAScript kit 

(Ambion, Thermo-Fischer technology). Reactions were assembled at room 

temperature as follows: 

Table 2.5 Components of WISH probe transcription reaction  

Reagent 
Volume per reaction 

[µL] 

nfw 0-9 

Cut plasmid template 5-14 

FITC/DIG labelled NTPs 2 

10x RNA pol buffer 2 

10x Enzyme mix 2 
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Table 2.6: WISH probes made and RNA polymerases  
RNA Labelled dNTP Enzyme for antisense probe 

coronin DIG T7 

l-plastin FITC T7 

cebpa FITC T7 

cebpb DIG T3 

runx1 DIG T3 

irf8 DIG T3 

apoeb DIG T3 

myb DIG T7 

gata2a DIG Sp6 

gata2b DIG Sp6 

myoD DIG Sp6 

gata1 DIG T7 

lmo2 FITC T7 

pu.1 DIG T7 

 

As specified for each probe in Table 2.6, probes were cleaned using the 

RNA Clean and Concentrater-25 kit as above and eluted in 50ul nfw.  

Concentrations were measured using by NanoDrop and recorded, after 

which 100ul hybridisation buffer (HYB) with tRNA (HYB+) (HYB- (see below) 

with additional 50ug/ml heparin, 500ug/ml RNAse-free tRNA [Ribonucleic 

acid from torula yeast, Sigma R6625]) was added and the probe was then 

stored at -80oC until use. DNA sequences for plasmids used for in vitro probe 

synthesis are given in Supplementary Table 2. 
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2.12.2 Preparation of embryos for WISH 

Embryos were incubated under standard conditions and observed with 

microscopy until they had reached the desired stage of development, 

according to Kimmel et al103. Embryos were then fixed in 4% PFA following 

dechorionation. After fixation, samples were washed three times in PBST, 

then underwent gradual dehydration in Methanol (MeOH). Samples were 

then stored for up to a year at -20oC until use in WISH. 

Immediately prior to the probe hybridisation protocol, embryos were 

gradually rehydrated in PBST. Embryos were then permeabilised with 

proteinase K (Invitrogen, 25530-015) according to developmental stage as 

per Table 2.7, with gentle agitation: 

Table 2.7: Proteinase K schedule by developmental stage 

Developmental stage ProK (ug/ml) Time of digestion [mins] 

<24 hpf Nil n/a 

24-32 hpf 10 10 

36-48 hpf 20 20 

3 dpf 10 30 

4-5 dpf 10 45 

 

ProK was removed with three brief PBST washes, before further fixation in 

4% PFA overnight at 4oC. 

2.12.3 In situ hybridisation procedure  

PFA was removed from embryos with three 5 minute PBST washes. 

Prehybridisation buffer (HYB-: 5x SSC (saline sodium citrate), 50% v/v 

formamide, 0.1% Tween 20 at pH 6.0) was warmed in a water bath at 65oC 
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for at least 30 minutes. 1ml HYB- was then added to the embryos and 

allowed to equilibrate at 65oC for at least 30 minutes. HYB- was then 

exchanged for pre-warmed HYB+ and embryos incubated at 65oC for a 

further minimum of two hours. Approximately 50-150ng of probe (optimised 

according to probe) was then added to each tube and incubated overnight.  

The following day, probes were recovered for repeated use and stored at -

20oC. Embryos were washed as follows, all at 65oC: 

2 x 15-30 minutes in 2x SSCT (saline sodium citrate with tween)/ 50% 

formamide 

1 x 15 minutes in 2x SSCT 

2 x 30 minutes in 0.2x SSCT 

Then at room temperature: 3 x 5 minutes in MABT (100mM Maleic acid, 

150mM NaCl, 0.1% Tween, Tris-HCl to pH 9.5). 

Samples were then blocked at room temperature for one hour in blocking 

solution (1x MABT, 2% sheep serum, 2% bovine serum albumin [BSA, 

Sigma-Aldrich, A9418]).  

2.12.4 Detection of RNA expression and development 

Following blocking, embryos were incubated at 4oC overnight with either anti-

DIG (11093274910, Roche) or anti-FITC (11426338910, Roche) (depending 

on which labelled NTP was used in probe transcription, see Table 2.6) 

alkaline phosphatase (AP) fragments at 1:5000 final dilutions. Following 

incubation, embryos were washed in MABT three times for 30 minutes at 

room temperature with gentle agitation. Embryos were transferred from 1.5ml 

Eppendorf tubes into 12 well plates for the final MABT wash. 
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Embryos were then washed four times for five minutes in the appropriate 

staining buffer. 

For NBT/BCIP (4-Nitro blue tetrazolium chloride [Roche,11383213001]/5-

Bromo-4-chloro-3-inodolyl-phosphate [Roche,11383221001]) stains alkaline 

phosphatase (AP) buffer (100mM Tris-HCl, 50mM MgCl2, 100mM NaCl, 

0.1% Tween-20 pH9.5) was used. After the fourth wash, staining solution 

was added (337.5ug/ml NBT, 175ug/ml BCIP in AP buffer pH 9.5) and 

embryos were incubated in the dark without agitation until sufficient staining 

had occurred. For weak probes, staining was enhanced by incubation at 

28.5oC.  

Once sufficient staining had occurred, embryos were washed three times in 

stop solution at room temperature (1x PBS, 1mM EDTA 

(ethylenediaminetetraacetic acid), 0.1% Tween 20, pH 5.5). If non-specific 

binding of the probe had caused background staining, embryos were 

gradually dehydrated into 100% methanol and gently agitated until maximal 

removal was achieved. 

2.12.5 Double in situ hybridisation 

Dual probe in situ hybridisation was performed as above with some 

modifications. Both DIG and FITC labelled probes were added 

simultaneously in HYB+. Post-hybridisation, anti-DIG and anti-FITC were 

added sequentially, with the weakest probe developed first with BCIP/NBT. 

Following the methanol stage to remove background staining, embryos were 

re-hydrated in PBST and incubated with the second antibody. Embryos were 

incubated briefly at 65oC in 1x MAB + 10mM EDTA for 10 minutes to 

inactivate the first antibody, followed by two 10 minute washes in MABT. 
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Embryos were blocked for a further hour, following which they were 

incubated in FastRed overnight at 4oC (Sigma-Aldrich, 10mg tablet 

reconstituted in 2ml PBST). Following FastRed staining, background staining 

was not removed with methanol due to this dissolving the stain. 

2.13  Identification of mutant zebrafish 

2.13.1 Primer design 

Primers were designed using Geneious version 7.1.9, which integrates 

Primer3 for primer design. MiSeq primers were designed aiming for product 

length of 200bp with region of interest as close as possible to the middle, 

plus standard Universal Tags to permit multiplexing (see below), achieving a 

melting temperature of 60-65oC (Illumina). 

Universal Tag F 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 

Universal Tag R 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 

The overhangs correspond to Illumina nextera transposase overhangs and 

allow indexing of individual samples when amplified and sequenced using 

Illumina kits using Nextera XT as used in UCL Core Facility MiSeq. See 

Supplementary Table 1 for sequences of all primers used. 

2.14 Methods of obtaining DNA for genotyping 

2.14.1 Embryo cell suspensions 

Cells from residual samples post flow cytometric analysis were re-

suspended. 200ul of this suspension was then transferred into 8x 200ul 
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micropipette strips. Strips were microcentrifuged and residual Dulbecco’s 

PBS (DPBS, Gibco 14190-094) discarded, leaving a cell pellet for DNA 

extraction as below. 

2.14.2 Live embryos 

From 3dpf, live embryos could be genotyped by tail-clipping under dissection 

microscope. The method for this was adapted from Wilkinson et al108. Larvae 

were anaesthetised and laid out on an opaque surface with excess egg 

water removed by Pasteur pipette. The end of circulation within the tail tip 

was visualised, and the tail tip beyond this removed with a microdissection 

scalpel. Fish were recovered in 24 well non-sterile plates until genotyping 

had been completed. 

2.14.3 Adult zebrafish 

DNA from adult zebrafish was obtained via fin-clipping. Adult fish were 

anaesthetised in tricaine in breeding boxes and transferred onto parafilm 

following loss of their righting reflex and prior to any gill hyperaemia. 

Microdissection scissors were used to cut a small piece of tailfin, after which 

fish were immediately recovered in genotyping boxes containing fresh 

system water. Finclips were placed in a polymerase chain reaction (PCR) 

plate as per genotyping box layout, with atmospheric drying if necessary 

prior to DNA extraction. DNA concentrations were not formally measured 

prior to genotyping but consistency was maintained by approximately 

equivalent sized finclips being obtained. 
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2.15 N terminal mutant genotyping using CEQ 

A 5bp deletion in the N terminal region of zebrafish cebpa at K75 (cebpaK75fs) 

was generated to recapitulate human N term mutations, see Chapter 3. To 

resolve this size difference, I used the CEQ-8000 Genetic Analysis System 

(Beckman Coulter).  

A fluorescent reverse primer (Sigma, see Supplementary Table 1 for 

sequence) was used in a standard PCR reaction. 

Table 2.8: Components of PCR for N terminal mutant identification  

Reagent 
Volume per 

reaction [µL] 

5x Phusion HF Buffer 4 

10 mM dNTPs 0.4 

10 µM Cebpa geno for 0.5 

10 µM Cebpa geno rev (fluoro) 0.5 

Phusion HF Polymerase 0.2 

genomic DNA (1:20 dilution) 2 

nuclease free water 12.4 
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Table 2.9: Cycling conditions used in PCR for N terminal mutant identification 
Phase Temperature [°C] Time [s] 

initial denaturation 98 30 

27 cycles 

denaturation 98 10 

annealing 64 20 

extension 72 20 

final extension 72 5 minutes  

 

PCR products were then then capillary electrophoresed in batches of eight 

against a fluorescent size standard (CEQ size standard 400, Beckman 

Coulter, 608098) and controls of known genotype as per machine standard 

operating procedure (SOP) 

(https://beckmancoulter.com/wsrportal/techdocs?docname=A16637aa.pdf) . 

Results were analysed by Beckman Coulter software under the fragment 3 

protocol at the end of the run to assess the sizes of DNA fragments eluted. 

Genotypes were assigned according to size peaks as per Table 2.10. 

Table 2.10:  cebpaNterm genotypes and CEQ size peaks 
Genotype Fragment size peaks (bp) 

WT 328 

Heterozygote 328 + 323 

Homozygote 328 

 

  



 84 

Figure 2.1 shows typical traces for cebpaWT/Nterm mutant and wild type sibling. 

Figure 2.1: Example CEQ traces for N terminal mutant genotyping 

 

Figure 2.1: Example traces of test DNA genotyped by CEQ. The taller blue peaks show test 
DNA detected and red peaks show size standard from which the length of test DNA 
detected are calculated. The upper trace shows a single peak at 328bp in a wild type 
embryo while the lower trace shows two peaks at 328bp and 323bp in an N terminal 
heterozygote.  

2.16 Restriction digest genotyping 

Standard PCR methods followed by restriction digest with fragment analysis 

were used to genotype the mutations below. Full sequences of all primers 

used are detailed in Supplementary Table 1. 

2.16.1 Genotyping of potential F1 C terminal mutants 

C terminal mutants were identified using standard PCR followed by AciI 

digest (New England Biolabs, R0551). 
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Table 2.11: Components of PCR for C terminal mutant identification  

Reagent 
Volume per reaction 

[µL] 

5x Phusion Buffer 4 

10 mM dNTPs 0.4 

10 µM C term F2 1 

10 µM C term R2 1 

Phusion HF Polymerase 0.2 

genomic DNA  2 

nfw 11.4 

 

Table 2.12: Cycling conditions used in PCR for C terminal mutant 
identification 

phase temperature [°C] time [s] 

initial denaturation 98 120 

35 cycles 

denaturation 98 20 

annealing 66 20 

extension 72 30 

final extension 72 5 minutes  

 

Successful PCR was confirmed by gel electrophoresis of 5ul of PCR product 

on a 2% agarose gel. 

It was identified that the additional Leucine (add L see section 3.3.7) in the 

plasmid donor sequence created a novel AciI recognition site, therefore PCR 

amplification of this 200bp fragment across the TALEN recognition site was 

followed by AciI digestion. 
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Table 2.13: Reaction mix for AciI digestion of PCR products 

Reagent 
Volume per 25 µL reaction 

[µL] 

10x NEB CutSmart 2.5 

AciI enzyme 0.4 

PCR product 20 

nuclease free water 2.1 

 

Table 2.14: cebpaCterm genotypes and AciI digestion patterns 

Genotype Number of bands 
Band sizes 

[bp] 

Wild type (+/+) 2 
142 

60 

 Add L (het) 4 

142 

100 

60 

42 

Digestion was carried out in the above conditions at 37oC for 60 minutes. 

10ul of digestion product was run for 30 minutes at 180V on a 3% agarose 

gel. Any embryos identified as having a fragment pattern deviating from the 

wild type pattern above were raised to adulthood for MiSeq analysis. 

2.16.2 Genotyping for cebpaCterm 12 base pair deletion 

cebpaCterm genotyping was carried out using the same primers and PCR 

programme as per above. However, the 12bp deletion was sufficiently large 

to be detected by size alone therefore AciI digestion was not required to 
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assign genotypes. Following PCR amplification, products were loaded ono a 

3% agarose gel and run for one hour at 140V.  

Expected sizes:  

Wild type: 202bp  

Heterozygote: 202 + 190bp  

Homozygote: 190bp  

Heterozygotes also display a band paradoxically appearing larger than 

202bp due to heterodimer formation. 

2.16.3 Genotyping for tet2zdf20 

Genotyping primer sequences for tet2zdf20 were provided by the Look lab at 

Dana Faber Institute (See Supplementary Table 1 for primer sequences). A 

PCR protocol was optimised for use with RedTaq® (Sigma-Aldrich, R2523) 

which contains red loading buffer in a pre-mixed Taq polymerase, dNTP and 

salt 2x solution as below.  

Table 2.15: Components of PCR for tet2 mutant identification  

reagent 
Volume per 

reaction [µL] 

2x RedTaq mastermix 10 

10 µM Tet2F 1 

10 µM Tet2R 1 

genomic DNA (1:20 dilution) 3 

nuclease free water 5 
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Table 2.16: Cycling conditions used in PCR for tet2 mutant identification 

Phase Temperature [°C] 
Time 

[secs] 

initial denaturation 95 60 

35 cycles 

denaturation 95 15 

annealing 64 15 

extension 72 15 

final extension 72 300  

 

5ul of PCR product was then run on a 1.5% agarose gel to confirm 

successful amplification of the expected 300bp product. This was followed by 

digestion with HpyCH4V (New England Biolabs, R0620) for two hours at 

37C. 

2.16.4 gata2aum27 genotyping 

Gata2aum27 was genotyped using a standard PCR for a 409bp fragment 

around the deletion. Sequences for primers gata2forgeno and gata2revgeno 

are listed in Supplementary Table 1. PCR reaction was carried out as per 

tables 6.4 and 6.5 with Standard Taq Polymerase (New England Biolabs, 

M0273). 
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Table 2.17:  Components of PCR reaction for gata2aum27 genotyping. 

Reagent 
Volume per reaction 

[µL] 

Final 

concentration 

10x Standard Taq buffer 2.5 1x 

10 mM dNTPs 0.5 200 µM 

10 µM gata2forgeno 0.5 0.2 µM 

10 µM gata2revgeno 0.5 0.2 µM 

Standard Taq Polymerase 0.125 0.625 units 

genomic DNA 2 variable 

nuclease free water 18.875 - 

 

Table 2.18:  Cycling conditions for gata2aum27 genotyping PCR 
phase temperature [°C] time [s] 

initial denaturation 95 30 

35 cycles 

denaturation 95 15 

annealing 64 30 

extension 68 30 

final extension 68 5 minutes 

 

Following confirmation of PCR products by electrophoresis on 3% agarose 

gels, restriction enzyme digest was carried out with MspA1l (New England 

Biolabs, R0577S). This was performed for two hours at 37C with reaction mix 

as per Table 6.6. 
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Table 2.19: Reaction mix for MspA1I digestion. 

reagent 
Volume per 

reaction [µL] 

10x CutSmart buffer 2 

MspA1I enzyme 0.2 

PCR product 10 

nfw 7.8 

 

Fragments from DNA digestion were then electrophoresed on a 3% agarose 

gel and genotypes assigned based on bands present. 

Expected fragment lengths for each genotype are as follows: 

Wild type: 2 bands, 258bp and 151bp 

Heterozygote: 3 bands, 398bp, 258bp and 151bp 

Homozygote: 1 band, 398bp 

2.17 KASP™ genotyping 

To increase throughput and allow simultaneous genotyping for both N and C 

terminal mutations a novel method of genotyping was developed using 

Kompetitive allele specific PCR (KASP) chemistry (TM, LGC Biosearch 

Technologies). This method uses allele specific forward primers designed 

based on the specific mutation of interest. Forward primers bind specifically 

to either wild type or mutant alleles, with a common reverse primer. 

Following the initial round of PCR where forward primers competitively bind 

wild type or mutant sequences, allele-specific tail sequences on the forward 

primers are elongated. From the third round of PCR onwards FAM and HEX 

bound oligos complementary to the allele specific primer tails are 
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incorporated into PCR product, releasing the fluor from its quencher and 

generating a fluorescent signal. 

Specific primers were designed using LGC software and ordered from IDT 

(see Supplementary Table 1). Primers were reconstituted to 100uM stock 

concentrations. Allele specific forward primers are termed x (wild type), y 

(mutant) and reverse primer c. Working primer mixes were made from fixed 

proportions of 100uM individual primer stocks: x 12ul, y 12ul and c 30ul. An 

8ul PCR mix was prepared from each DNA sample in an opaque 96 well 

PCR plate (STARLAB, E1403-0209) as per Table 2.20. 

Table 2.20: Reaction mix for KASP genotyping 

reagent 
Volume per 

reaction [µL] 

2x KASP master mix* 4 

Primer mix (x+y+c) 0.11 

nfw 3 

HotSHOT ext. DNA 1 

• KASP mastermix (LGC V4.0 standard ROX, KBS-1016-003) contains specially 

modified Taq polymerase, free nucleotides, MgCL2 and FAM and HEX FRET 

(fluorescence resonance energy transfer) cassettes 
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PCR reactions were then carried out according to a standard programme: 

Table 2.21: Cycling conditions used in KASP genotyping 

Phase Temp [°C] 
Time 

[secs] 

Hot-start activation 94 300 

10 cycles 

 

denaturation 92 20 

Anneal/extend 
61-55 

(dropping 0.6/ cycle) 
60 

30 cycles 
denaturation 94 20 

Anneal/extend 55 60 

Hold <40 n/a 

 

Following completion of cycling, plates were cooled to <40oC and 

centrifuged. Plates were read on a qPCR machine (Biorad C1000 touch 

thermal cycler) within two hours of cycling and genotypes assigned based on 

FAM vs HEX fluorescence on the allelic discrimination programme (Bio-Rad 

CFX manager 3.1). 

KASP genotyping was deemed successful if fluorescence readings were 

appropriately clustered into groups (three groups for an in-cross, two for out-

cross) according to FAM vs HEX emittance (see Figure 2.2 showing typical 

KASP reaction plate readings (a and c) and genotype assignment (b) for 

both an in-cross and an out-cross). Three or four non template controls 

(NTCs) were also included in each plate (indicated by red crosses on the 

plate reader plots), both to ensure the absence of contamination of 
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environmental DNA and to calibrate background fluorescence of both 

unincorporated FRET cassettes and the plate. 

Figure 2.2: KASP genotyping example assignment plots 

 

a) Typical genotyping assignment chart from an in-cross; blue=homozygotes, 
green=heterozygotes, orange=wild type, red=NTC/failed to amplify 
b) Assignment plot of genotypes for each well generated by Biorad software 
c) Typical genotyping assignment chart from an out-cross; blue=heterozygotes, orange= 
wild type, red=NTC/failed to amplify. 
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2.18  C term MiSeq amplicon preparation 

MiSeq primers were designed as above, with sequences listed in 

Supplementary Table 1. Following high fidelity PCR (Phusion Hotstart II - 

Thermo-Fisher, F549) amplification for 30 cycles, reaction products were 

cleaned. For low numbers (under approximately 15 samples) the QIAquick 

gel extraction kit was used (Qiagen, 28704), whereas for larger numbers of 

samples AMPure XP beads (Beckman Coulter, A63882) were used 

according to standard protocol with 0.9:1 beads:sample ratio for 300bp 

amplicons. Samples were assessed for DNA concentration using NanoDrop 

and diluted to 15-25ng/ul if required. 

Table 2.22: Components of PCR for cebpaCterm MiSeq PCR  

Reagent 
Volume per 

reaction [µL] 

Phusion GC 5x buffer 4 

10 µM CtermMiSeqF2 0.5 

10 µM CtermMiSeqR2 0.5 

10mM dNTP 0.4 

Phusion HotStart 0.2 

nuclease free water 12.4 

genomic DNA  2 

DNA dilution: 1:20 for embryos and eggs, neat for sperm. 
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Table 2.23: Cycling conditions used in PCR for cebpaCterm MiSeq amplicons 

Phase 
Temperature 

[°C] 

Time 

[secs] 

initial denaturation 98 120 

35 cycles 

denaturation 98 20 

annealing 65 20 

extension 72 30 

final extension 72 2 minutes  

 

Then 5ul of each PCR product was then loaded onto a 2% gel to confirm 

successful amplification of a 300bp product (200bp plus 2x 50bp MiSeq 

overhangs). PCR products were then purified and diluted as above. 

2.19 DNA extraction 

2.19.1 NaOH 

Genomic DNA from WISH, tailclips and younger than 5dpf embryos was 

extracted initially using a sodium hydroxide (NaOH) based method. 50mM 

NaOH was prepared fresh for each DNA extraction from 1M stock and nfw 

prior to each DNA extraction. 20ul of 50mM NaOH was added to each well 

containing an embryo. Embryos were washed in PBS if submerged in 

glycerol for imaging prior to genotyping. Wells were then incubated at 95oC 

in a thermocycler for 20 minutes, then cooled to 4oC. After cooling, 2ul of 

Tris-HCl (pH8.0) was added to each sample to neutralise the basic NaOH. 

Samples were briefly microcentrifugated to mix, with dilution as specified in 

specific genotyping methods. 
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2.19.2 Embryo lysis buffer 

Embryo lysis buffer (ELB) was used to extract genomic DNA from finclips of 

adult fish and gametes following sperm and egg squeezing. 40ul of ELB 

(composition in Table 2.24) was added to dry fin clips or collected gametes in 

20ul nfw. Cell lysis following addition of ELB was achieved by a 10minute 

incubation at 98oC. 

Table 2.24: Composition of embryo lysis buffer 

Reagent 
Final 

concentration 

KCl 50 mM 

Tris-HCl 10 mM 

Tween 20 0.3%  

NP40 0.3%  

 

Samples were then digested with ProK, with 1ul of 10mg/ml ProK added to 

each sample followed by a 16hour incubation at 55oC. This was followed by 

a 10 minute incubation at 98oC to inactivate ProK prior to use of extracted 

DNA in PCR. 

2.19.3 HotSHOT 

As KASP genotyping chemistry is inhibited by high sodium concentrations, a 

potassium hydroxide (KOH) DNA extraction method had to be substituted for 

my initial NaOH based extraction protocol above. Stocks of 50x Base 

solution and 50x Neutralisation solution were composed as per Table 2.25. 
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Table 2.25: Composition of HotShot Base and Neutralisation solutions 
50x Base solution 

Reagent Final concentration 

KOH 1.25 M 

EDTA 10 mM 

  
50x Neutralisation solution 

Reagent Final concentration 

Tris-HCl 2 M 

 

Fresh 1x Basic and Neutralisation solution was made for each extraction. 

Equal amounts of 1x Basic and 1x Neutralisation solution were used for each 

sample, but amounts varied according to DNA source as seen in Table 2.26. 

Table 2.26: Volumes of HotShot Base and Neutralisation solutions used for 
each DNA source. 

DNA source Volume (uL) 

Fresh embryos 30 

Fixed 

embryos 

<24hpf 15 

>24hpf 25 

Finclips 50  

 

Embryos or finclips were placed in 200ul PCR tubes with all liquid removed 

by Pasteur pipette or evaporation. 1x Basic solution was added and 

incubated at 95oC for 30 minutes. Samples were then cooled to 4oC and an 

equal quantity of 1x Neutralisation solution was added. Following a brief 
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microcentrifugation, DNA was ready for use in PCR reactions or KASP 

genotyping. 

The protocol for cells post flow cytometry differed slightly. Sample volumes 

were reduced to 5ul, then 5ul 2x Basic solution was added. Samples were 

heated at 95oC for only 10 minutes, then cooled and 10ul 1x Neutralisation 

solution added. Prior to use in KASP genotyping DNA required 1:4 dilutions 

in nfw, due to the sodium content of the DPBS cells were suspended in. 

2.20  Plasmid amplification and extraction 

Plasmids were grown in One Shot TOP10 chemically competent E.coli 

(Invitrogen, C404010). Plasmids maps for all plasmids utilised are found 

within the appendix. Following the manufacturer’s instructions, 1-5ul of 

ligated plasmid was pipetted and mixed gently into a thawed vial of cells. 

Following incubation on ice for 30 minutes, vials were floated in a 42oC water 

bath for exactly 30 seconds, then placed directly onto ice. 250ul of pre-

warmed super optimal broth (SOB) medium was added to each vial, then 

secured with tape to a shaking incubator at 37oC for one hour. 20-200ul of 

SOB was then spread onto separate pre-warmed Luria broth (LB) agar 

plates with appropriate antibiotics for plasmid resistance genes. After 

incubation overnight, individual colonies were picked and placed into 

miniprep tubes containing 5ml of LB broth. These tubes were incubated 

overnight at 37oC in a shaking incubator and extracted the following morning 

using the PureYield Plasmid Miniprep System (A1222, Promega). This was 

carried out according to manufacturer’s instructions. 600uL of bacterial 

culture was added to a 1.5ml microcentrifuge tube with 100ul cell lysis buffer. 
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This was mixed by gentle inversion, followed by addition of 350ul 

neutralisation solution and repeated inversion. This mixture was then 

centrifuged at maximum speed for three minutes. The resulting supernatant, 

approximating 900ul, was transferred to supplied minicolumns with care 

taken not to disturb the cell debris pellet. Centrifugation was repeated for 15 

seconds, after which flowthrough was discarded, with minicolumns returned 

to the same collection tubes. Washes were then performed, first with 200ul 

endotoxin removal wash, then 400ul column wash solution, followed by 

microcentrifugation for 30 seconds. For elution of plasmids, minicolumns 

were transferred to a clean 1.5ml microcentrifuge tube and eluted with 30ul 

of nfw applied directly to the membrane. After standing for one minute at 

room temperature, minicolumns were centrifuged for 15 seconds, with eluted 

plasmid DNA stored at -20oC. Following extraction selected clones were sent 

for sequencing to confirm faithful sequence to the original plasmid. 

2.21 CEBPA and cebpa cloning 

2.21.1 Cloning of wild type and cebpaNterm zebrafish cebpa sequences 

Primers cebpafullF1 and cebpafullR1 were designed to amplify the entire 

cebpa gene, incorporating the 5’UTR and a proportion of the 3’UTR, creating 

a 1506bp product (1501bp in N terminal mutant) (see Supplementary Table 1 

for primer sequences). Inserts were amplified using Phusion Hotstart II 

polymerase from homozygous mutant and wild type DNA as per tables 2.8 

and 2.9, with the appropriate primers and a modified extension time of 60 

seconds. Following this, ‘A’ overhangs were added to make the PCR product 

inserts compatible with the TOPO cloning vector were added using a 
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10minute cycle with standard Taq polymerase. The PCR products were then 

cloned into a commercially available vector TOPO vector (pcDNA3.1/V5-His-

TOPO, Thermo Fischer, see Supplementary Figure 4) as per manufacturer’s 

instructions. 3ul of PCR product was added to 1ul salt solution and 1ul 

vector, then incubated for 5minutes at room temperature after gentle mixing. 

The reaction was then placed on ice and I proceeded to transformation using 

the One Shot Top10 kit (C404010, Invitrogen) as above. Following 

inoculation into LB media and plating, nine plasmids of each genotype were 

purified using the PureYield miniprep system (Promega, A1222,) according 

to standard instructions as above. Clones were screened for insert presence 

by double digestion and restriction fragment analysis. Clones with the correct 

fragment pattern were sent for Sanger sequencing to confirm faithful 

sequence (Source Bioscience).  

2.21.2 Cloning of human wild type and mutant CEBPA into pCS2 for 

mRNA transcription 

cDNA sequences of human wild type as well as N and C terminal mutant 

CEBPA sequences cloned from sporadic AML cases were received cloned 

into murine stem cell virus (MSCV) vector (PhD thesis, Dr Claire Green, UCL 

Discovery). In order to position sequences upstream of a RNA polymerase 

site to permit in vitro transcription of mRNA for microinjection, these inserts 

were subcloned into a pCS2 backbone. pCS2 containing GFP was cut with 

EcoR1-HF and Xho1 to obtain a linearised empty vector. Linearised pCS2 

was then treated with Antarctic phosphatase (New England Biolabs, M0289) 

(5ul 10x buffer, 1ul enzyme, 44ul plasmid in 50ul reaction) for 60minutes at 

37oC, followed by a five minute inactivation at 70C. MSCV vectors were also 
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cut using EcoR1 and Xho1. The bands corresponding to CEBPA inserts 

were excised from agarose gel and purified using Qiagen Gel extraction kit. 

Empty pCS2 (50ng) and CEBPA inserts (66.6ng) were incubated with 10ul 

quick ligation buffer and 1ul quick T4 DNA ligase (New England Biolabs, 

M2200) for 10minutes at room temperature, then chilled on ice. Ligation 

mixes were transformed in Top10 cells as per methods and plated on 

Ampicillin impregnated LB agar plates. Individual colonies were then purified 

by PureYield miniprep and sent for sanger sequencing with cebpagenofor 

and cebpagenorev primers (see Supplementary Table 1 for sequences) to 

confirm correct orientation and sequence. 

2.22 Protein extraction and quantification 

2.22.1 Protein extraction from whole embryos and zebrafish tissues 

Embryos were placed in 1.5ml Eppendorf tubes and centrifuged for one 

minute. E3 media was completely removed before embryos were snap 

frozen in liquid nitrogen and stored for up to two months at -80oC. Prior to 

protein extraction, snap frozen embryo pellets were thawed on ice and re-

suspended in 25ul for single embryos or 150ul for pooled embryos of Novex 

Tris-Glycine SDS sample buffer (sodium dodecyl sulphate Laemmli lysis 

buffer). Larvae were homogenised with an electric handheld pestle and 

boiled for three minutes at 95oC then transferred to ice. Embryos were then 

spun at 12000g for one minute at 4oC, following which supernatant was 

transferred to a fresh Eppendorf tube and transferred for storage at -80oC 

until further use. 
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To obtain separate cytoplasmic and nuclear protein fractions the NE-PER 

nuclear and cytoplasmic extraction kit (Thermo Fisher, 78833) was used as 

per manufacturers instructions. For embryos and dissected organs the tissue 

preparation protocol was used. Kidneys and livers were roughly dissected 

into approximately 3mm x 3mm portions within Eppendorf tubes prior to the 

addition of CER1 (cytoplasmic extraction reagent).  

2.22.2 Measuring protein concentration 

Protein concentrations were measured using the Bicinchoninic Acid (BCA) 

protein assay kit (Novagen, 71285-3). Colimetric results were read by a 

Varioskan Lux plate reader and plotted against a standard series of BSA 

concentrations to determine concentration. 

2.22.3 Western blotting 

Protein samples were incubated at 95oC for three minutes with 1,4-

Dithiothreitol (DTT, Sigma) and sample buffer, then loaded at standardised 

total protein concentrations to a maximum protein total of 40ug and 

maximum volume of 25ul into 4-12% pre-cast polyacrylamide gel 

electrophoresis (PAGE) gels (NuPAGE Novex, Invitrogen) with 8ul of protein 

standard (Novex Sharp Pre Stain protein standard, Invitrogen). After protein 

separation in the Novex transfer buffer at 140-200V for 30-60 minutes the 

proteins were transferred to nitrocellulose membrane using a semi dry 

method. Protein transfer was confirmed using Ponceau S immersion prior to 

blocking for one hour at room temperature in 5% milk in PBST.  

Following incubation with primary and secondary antibodies (see 

Supplementary Table 3 for antibody details), nitrocellulose membranes were 
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washed in PBST (2x quick, 3x 10minute washes), then coated in enhanced 

chemiluminescence substrate (ECL) for 60 seconds. Excess ECL was gently 

blotted prior to imaging. Nitrocellulose membranes were coated in Saran 

wrap and transferred into the ImageQuant LAS4000 (GE healthcare life 

sciences) for imaging. Both brightfield and 10 x chemiluminescence images 

at one minute intervals were taken in the first instance, with further images at 

20 and 30minutes taken if expected bands had not yet been visualised. 

2.23 Zebrafish whole kidney marrow, blood and whole 

embryo flow cytometry and fluorescence-activated cell 

sorting 

2.23.1 Sample preparation from adults, juveniles and embryos <5dpf 

In juvenile and adult fish individual kidneys were dissected for flow cytometric 

(FCM) analysis. Fish were first lethally anaesthetised with Tricaine in E3. 

After confirmation of death, fish were removed and lightly dried, then 

weighed and photographed against a ruler for calculation of length. The head 

was removed with dissection scissors before midline incision and removal of 

non-kidney internal organs (http://www.jove.com/video/2839/dissection-of-

the-adult-zebrafish-kidney) to allow fixation with dressmakers pins to a 

dissection board. The kidney, adherent to the dorsal body cavity, was then 

removed completely under direct visualisation with a dissection microscope 

and watchmaker’s forceps. Kidneys were placed immediately into a tissue 

dissociator MACS tube (TM Miltenyl Biotec) containing 5ml of DPBS with 1% 

foetal calf serum (FCS) on ice.  
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For flow cytometric analysis in embryos up to developmental stage 5dpf, 

whole embryos were transferred into MACS tubes on ice containing 3ml 

DPBS with 1% FCS. Effort was made to transfer as little E3 medium as 

possible, aided by prior immobilisation of embryos by either cold incubation 

or Tricaine.  

Harvested kidneys and whole embryos were placed in MACS tubes, then 

homogenised on a gentleMACS Octo dissociator (130-095-937, miltenyl 

Biotec) and macerated with standard programme B_1, with inversion of 

tubes between two rounds. The resultant suspension was transferred 

through a tube with strainer (Corning, 352235) compatible with flow 

cytometer use. All flow cytometry tubes were centrifuged for five minutes at 

4oC with strainers removed, after which supernatant was discarded. Volumes 

were normalised to exactly 339ul with addition of DPBS 1% FCS, before 10ul 

of flow-check fluorospheres were added (Beckman Coulter, 6605359). 1ul of 

Hoescht (Invitrogen, 33342) diluted 1:10 with DPBS was added immediately 

prior to analysis. 

2.23.2 Collection of blood for flow cytometry and morphological 

analysis 

Fish were culled in Tricaine prior to blood sampling. In juvenile fish (a term 

used to describe fish between one and two months of age), due to their small 

size blood sampling was performed by cardiac puncture. In adult fish, those 

older than two months, blood sampling was performed from the posterior 

cardinal vein. Prior to blood sampling, scales overlying the puncture site 

were lightly dried with tissue. Non-filamented pulled microinjection needles 

were cut obliquely with fine scissors under a light microscope to a diameter 
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of approximately 0.1-0.2mm. Needles were then placed gently in Heparin 

dissolved in saline at 1000 units/ml until capillary action had allowed the 

heparin to fill approximately 3cm of the needle. Heparin was then blown out 

with a pipette and needles were allowed to air dry.  

At time of sampling, microinjection needles were first attached to rubber 

piping. Needles were inserted at a 30-45o angle positioned just ventral to the 

spine in the same orientation as the pigmented stripes of the zebrafish body. 

Needles were then gently advanced while suction was applied to the tubing. 

Once blood was observed within the tip of the needle, advancement was 

halted and gentle suction was applied to the attached tubing until a sufficient 

quantity of blood had been collected. Suction was stopped prior to removal of 

the needle and blood was subsequently expelled from the needle with a 

pipette bulb onto a piece of parafilm. 1ul blood was aspirated with a pre 

heparinised fine pipette tip and transferred into 338ul of DPBS, ready for flow 

cytometric analysis. Any excess sample was transferred onto a glass slide 

and spread for May Grunwald Giemsa (MGG) staining. 

A video of the method on which this technique was based is available at 

https://www.jove.com/video/53272/repeated-blood-collection-for-blood-tests-

in-adult-zebrafish. 

2.23.3 Flow cytometric analysis 

Single cell suspensions were prepared as above before being loaded onto a 

LSRFortessa X20 cell analyser machine (BD Biosciences).  Voltages were 

set according to preliminary experiments for sample type and the 

fluorophores expressed by transgenic reporter proteins present in the lines 

from which the specimens had been prepared. Gates based on forward 



 106 

scatter (FSC) and side scatter (SSC) were validated at my chosen voltages 

using FACS (fluorescence-activated cell sorting) and cytospin to confirm cell 

type by morphology (see section 6.3.3).  

Data was analysed using FlowJo Version 10 (FlowJo). Comparisons 

between genotypes were made based on proportion of parent group 

(%parent), and total cells per sample. In dissected kidneys from adult 

zebrafish, comparison was also made based on total cells per mg body 

weight of intact animal. 

2.23.4 Cytospin 

Poly-D-lysine slides (ThermoScientific, Superfrost Plus) were labelled and 

placed within a disposable cytospin funnel (EZ double cytofunnel, thermo 

scientific, A78710005). Slides were pre-moistened with 100ul DPBS 

containing 1% FCS and spun for two minutes at 350g. Cells were then added 

on either side of the funnel and spun for two minutes at 400g.  

2.23.5 FACS 

Single cell suspensions were prepared for cell sorting as per flow cytometry. 

Populations for sorting were determined based on normal controls, with up to 

four distinct populations collected at once. Cells were sorted into 500ul of 

either DPBS 1% FCS (for subsequent cytospin) or Trizol (Invitrogen, 

15596026) (for subsequent RNA extraction). 

2.24 May-Grunwald Giemsa staining 

Kidney blots, cytospins and blood films made on polylysine slides were 

stained with an MGG stain to assess for morphology. Slides were fixed in 

100% methanol for five minutes and left to air dry overnight. Slides were 
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placed in neat May-Grunwald solution (Sigma-Aldrich, 63590) for five 

minutes, then rinsed in mQ H2O twice to remove excess stain, avoiding 

direct contact with adherent cellular material. Slides were then placed in 

Giemsa solution (Sigma-Aldrich, GS500) (1:10 dilution in milliQ H2O) for 15 

minutes, before rinsing was repeated. Having been fully air dried, slides were 

mounted using Permount (Electron Microscopy Services, 17986-01) and a 

cover slip (VWR, 631-0137). 

2.25 Immunohistochemistry in zebrafish embryos 

Immunohistochemistry was carried out in zebrafish embryos to detect GFP 

(in Tg(cd41:GFP) fish) and cMyb. 3dpf wild type embryos carrying 

Tg(cd41:GFP) were fixed in 4% PFA then dehydrated in increasing methanol 

concentrations before incubation in 100% methanol overnight. Following 

rehydration in PBST embryos were treated with 20ug/ml of ProK for 35 

minutes, then re-fixed in 4% PFA for one hour at room temperature. 

Following three brief washes in PBST, embryos underwent antigen retrieval, 

with Tris-HCl pH 9.0 added for five minutes at 70oC. Embryos were then 

blocked in 10% goat serum at room temperature for one hour. Antibodies for 

myb (mouse anti-v-myb/c-myb, MCA1793, Biorad) and GFP (rabbit anti-GFP 

polyclonal, A6455, Invitrogen) were then added simultaneously in block at 

1:500 and 1:1000 respectively and incubated at 4oC overnight. Following 

retrieval of the antibody aliquots, embryos were re-blocked. Secondary 

antibodies were added serially, goat anti-rabbit Alexa 488 (A32731, 

Invitrogen) 1:1000 followed by anti-mouse Alexa 568 (A-11004, Invitrogen). 

Each secondary antibody was incubated for four hours at room temperature 
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or overnight at 4oC.  Specimens were then washed 3 x 5 minutes in PBST 

before visualisation to confirm successful staining.  

2.26  Imaging 

2.26.1 Light microscopy 

Light microscopy was carried out using a Leica M205 FA fluorescence 

stereoscope with a Leica DFC 365 FX camera. Appropriate filters were used 

for fluorescent transgenes expressed. Images were analysed as previously 

described109 for zebrafish WISH using Fiji version 1.49u. 

2.26.2 Fixed embryos 

Fixed embryos were stored in 4% PFA post staining at 4oC. Prior to imaging, 

embryos were washed in 1x PBST for 3 x 5 minutes, then in increasing 

proportions of glycerol with gentle agitation (20%, 40%, 60%, 80% glycerol) 

before re-suspension in 100% glycerol before imaging. Embryos were 

transferred in glycerol using a Pasteur pipette into a glass bottom dish 

containing 100% glycerol for imaging and positioned using a gel loading tip. 

2.26.3 In vivo imaging of zebrafish embryos 

Live embryos and juvenile fish in E3 were anaesthetised with Tricaine until 

motionless. Embryos were placed on a microscopy slide in a drop of 1.5% 

methylcellulose. A gel loading tip was used to gently reposition embryos if 

more than one orientation of interest was to be imaged. Embryos were then 

recovered in E3 + PTU, to allow for serial imaging. 
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2.26.4 Confocal imaging and analysis 

Prior to imaging, embryos were mounted in low melting point agarose in 

identical orientations on glass bottomed 2cm plates. Embryos were then 

imaged on a Carl Zeiss LSM 880 Confocal microscope using a 63x Plan-

Apochromat 1.4NA lens in the UCL microscopy core facility. 

2.27 Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 6.0 for 

Mac OS X (GraphPad Software, San Diego, CA, USA). Data summarised in 

each figure is presented as individual data points with bars showing the 95% 

confidence interval of the mean of each group. The probability threshold for 

statistical significance was set at p<0.05, with all tests being two-tailed. 

Potential statistical significance between means was calculated by ordinary 

one-way analysis of variance (ANOVA) test with Tukey’s multiple 

comparisons test where more than two groups/genotypes were available for 

comparison within the same experiment. An unpaired t test was performed 

where only two groups were available for comparison. D’Agostino and 

Pearson’s normality testing was carried out where appropriate to ensure 

parametric analysis could be used. If non-parametric testing was required, 

statistical comparisons were made by Kruskal-Wallis test. 

For survival curves, potential differences in survival across the curve were 

compared between two selected groups using the Log-rank (Mantel-Cox) 

test. 
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3 Generation and validation of C and N terminal 

cebpa mutant models 

3.1 Introduction 

3.1.1 Preparatory work on the creation of cebpa mutant lines prior to 

my research 

Prior to my commencement of the project, TALEN and CRISPR guides 

against the N and C terminal regions were designed by Elspeth Payne, see 

section 2.9 in Chapter 2: Materials and Methods. Further preparatory work to 

create the N terminal mutant line was carried out by Greg Pietka, a 

postdoctoral fellow in the Payne laboratory. N terminal TALEN and CRISPR 

guides were transcribed and microinjected into 1cell embryos. Surviving 

embryos were pooled and DNA extracted for MiSeq analysis. This showed 

70% efficiency of the TALEN pair compared to 0% with the CRISPR. Mosaic 

fish injected with the N terminal targeting TALEN were cared for until 

adulthood, then finclipped. Further MiSeq on DNA from finclips identified two 

adult F0 fish mosaic for a 5bp deletion within the TALEN cleavage site. This 

deletion was predicted to create a frameshift mutation at K75, that would 

prevent translation of full length zebrafish Cebpa (see Figure 3.1a). This was 

formally named cebpaK75fs but is herein referred to as cebpaNterm. These 

mosaic fish were out-crossed to Tg(cd41:GFP) and F1 fish for cebpaNterm 

identified by further MiSeq on finclips.  
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Plasmids encoding a TALEN pair targeting the C terminal region of cebpa 

were also designed and created by Elspeth Payne and Catherine King 

respectively as per section 2.9.  

3.1.2 Zebrafish models of CEBPA mutation 

The function of Cebpa in zebrafish has been previously studied, with different 

modes of disruption to wild type coding sequence and post-translational 

modifications. The molihkz7 cebpa mutant was generated in a large ENU 

forward genetic screen looking for mutants with disruption of embryonic 

myelopoiesis as assessed by neutral red (endocytosed by monocytes) and 

Sudan Black staining79. molihkz7 mutants possess a 10kb insertion in the 

single exon of zebrafish cebpa, resulting in a truncation with loss of the entire 

bZIP domain. This mutant is therefore predicted to have lost the function of 

Cebpa dimerisation and DNA binding. The mutant showed absent neutral red 

and SB staining cells at 3-4dpf and WISH showed complete absence of lyzC 

expression at 36hpf, therefore mature myeloid cells were absent without C 

terminal function as seen in KO mice. The same group also validated the 

effects of this cebpa null mutation by creating two further cebpa frameshift 

mutants. Mutant lines cebpaSUM2 and cebpaSUM3 were created using TALENs 

directed after the first internal reading frame, which were similarly presumed 

to result in truncated isoforms lacking the entire bZIP domain. These also 

showed an absence of mature granulopoiesis from 36hpf. In the molihkz7 

mutants, the group defined the defect in myelopoiesis created by cebpa loss 

as being present in EMPs, which they defined by early pu.1 expression. They 

carried out terminal transferase UTP nick end labelling (TUNEL) to label 

apoptotic cells. However, no increase in apoptosis was observed in pu.1 
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expressing cells. Bromodeoxyuridine (BrdU) incorporation assays showed 

that the number of cells in S phase was increased 2-fold in mutant embryos. 

The group also stated that there was no obvious phenotype in heterozygous 

mutants. Therefore, without Cebpa C terminal function, zebrafish are unable 

to produce mature granulocytes and at the EMP stage of differentiation cells 

show a defect in cell cycle progression but no increase in apoptosis. 

Yuan et al created the cebparj31 mutant using TALEN pairs directed against 

cebpa sequence within the internal reading frame110. This mutant has a 2bp 

deletion causing a frameshift and truncated protein without the C terminal 

bZIP domain, similar to molihkz7.   However, it has a conserved site for 

sumoylation at lysine 125, shortly after the internal ORF ATG site at aa118. 

Homozygous cebparj31 mutants showed no difference in HSPC numbers at 

3dpf as assessed by WISH for myb. This group also performed reverse 

transcription PCR (RT-PCR) showing that cebpa is expressed in stem cells 

but not erythrocytes at 72hpf. Further analysis of haematopoiesis in 

homozygous mutants showed normal erythropoiesis and lymphoid 

development at 5dpf as assessed by WISH for hbae and rag111. 

The cebparj31 mutant line was also found to have severe defects in hepatic 

development112. Hepatocyte proliferation was found to have a 2.5 fold 

increase in G2/M phase cells at 2-3dpf, with subsequent increase in 

apoptosis by TUNEL at 3dpf, with RT-qPCR (quantitative polymerase chain 

reaction) showing activation in components in the p53 pathway. 

These are all effectively KO Cebpa models, lacking the important functional 

bZIP domain present in both full length and shorter isoforms of Cebpa. Liu et 

al70 sought to specifically emulate the N terminal mutations seen in humans. 
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However, rather than creating a stable mutant line, they performed 

microinjection of N terminal mutant zebrafish cebpa mRNA. This was 

intended to result in dominant negative interference with endogenous full 

length Cebpa isoforms. The group cloned wild type zebrafish cebpa into a 

pCS2+ plasmid, subsequently utilising site-directed mutagenesis against the 

cytosine base within the phenylalanine residue at amino acid position 65, 

termed zD420. This was designed to be analogous to the C395 N terminal 

CEBPA mutation previously found in sporadic human AML, within TAD1. 

Both wild type and zD420 plasmids were transfected into CV1 cells and 

lysates blotted to a rabbit antiserum created by the group to Cebpa. This 

showed a full length isoform of zebrafish Cebpa detected at approximately 

36kDa, whose expression was restricted to wild type Cebpa lysates. Three 

smaller isoforms were also detected in both wild type and mutant lysates, 

which were reported to correspond to three predicted internal ORFs in the 

zebrafish cebpa coding sequence. While the full length 36kDa isoform was 

absent in zD420 lysates, the smallest two isoform bands appeared to be 

upregulated. This pattern of Cebpa isoform expression is analogous to the 

increase in p30 and absence of p42 seen with N terminal mutations in 

human sporadic AML17. 

There are no existing models in the zebrafish germline or conditional mutants 

that successfully emulate those mutations, either C or N terminal, found in 

familial and sporadic AML. Germline models of C and N terminal CEBPA 

mutations created in mice have very poor survival98,99 necessitating the 

transplantation of foetal liver cells into immunocompromised hosts for their 

study. However, the microenvironment of these cells during embryonic 
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development may also be altered given that hepatocytes are also 

independently affected by Cebpa mutation. This has been shown in 

zebrafish, where embryonic haematopoiesis takes place independently of 

hepatic development112. Developmental myelopoiesis is also very 

challenging to study in mice due to their in utero development, thus this is 

another reason I hope to gain insight into the distinct functions of C and N 

terminal CEBPA mutations by creating novel germline zebrafish models. The 

cebpaNterm mutant created by the Payne laboratory (see section 3.1.1) shows 

a very similar mutation to that cloned by Liu et al70, an out-of-frame deletion 

at 429-433bp upstream of the first internal ATG translation initiation site. 

However, by creating a stable germline mutant line, the complete absence of 

the full-length p36 isoform can be studied throughout haematopoietic 

development. While stable Cebpa mutant zebrafish lines have been 

previously created as above, these are functional KO without DNA binding of 

dimerisation capacity. cebpaNterm is predicted to retain the function of the 

shorter Cebpa isoforms and will therefore provide insight into how their 

function in zebrafish corresponds to that seen in human N terminal CEBPA 

mutations, where only the p30 isoform is expressed. 

3.1.3 Aims of the experiments described in this chapter 

1) To confirm the presence of K75fs in F1 cebpaNterm mutants  

2) To investigate whether a haematopoietic phenotype exists in 

cebpaNterm mutants and if this is attributable to the loss of full length 

Cebpa isoforms 

3) To create a novel mutant line cebpaCterm, modelling CEBPA C terminal 

mutations found in human sporadic AML 
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4) To investigate whether a haematopoietic phenotype exists in 

cebpaCterm mutants 

3.2 Results 

3.2.1 Confirmation of cebpaNterm mutation in F1 fish 

PCR amplification was performed across the site of cebpaNterm mutation 

using primers cebpagenofor and cebpagenorev (see Supplementary Table 

1). Amplified DNA fragments were subsequently Sanger sequenced across 

D Rerio cebpa in individual F1 fish. This confirmed the 5bp K75fs 

heterozygous mutation in two F1 adults (Figure 3.1a). This loss of five 

nucleotides results in a frame shift mutation that predicts a premature stop  

codon 60 amino acids downstream of the mutation. These fish were then 

out-crossed (bred to Cebpa wild type adult fish) to wild type strain AB and 

the transgenic reporter lines Tg(cd41:GFP)102, Tg(pu.1:GFP)78 and 

Tg(lyzC:mCherry) to propagate the line and assist in investigation of the 

mutations’ effects on haematopoiesis. 
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Figure 3.1: Sequences of cebpaNterm, cebpaCterm and alternative C 

terminal mutants 

 

Figure 3.1: Sequences of cebpaNterm, cebpaCterm and alternative C terminal mutants.  
a) DNA (upper) and amino acid (lower) sequence of zebrafish cebpa surrounding the N 
terminal TALEN cleavage site. Orange annotation corresponds to the 5bp deletion K75fs 
(cebpaNterm), upstream of the first internal ATG start site, in purple. Beneath the 
corresponding DNA and amino acid sequences of wild type and mutant cebpaNterm 
sequences until the novel stop codon are shown. 
b) DNA (upper) and amino acid (lower) sequence of zebrafish cebpa surrounding the C 
terminal TALEN cleavage site. Alongside the TALEN binding site, the upstream silent C to G 
mutation in the donor C terminal mutation plasmid is shown. Orange boxes label the sites 
within cebpa C terminal sequences where investigated C terminal mutations were 
positioned; from top to bottom 24bp deletion, 12bp deletion (cebpaCterm), 12bp insertion and 
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3bp insertion. Blue annotations below mark conserved amino acids between zebrafish 
Cebpa and human CEBPA where recurrent CEBPA C terminal mutations have been 
described in sporadic AML. Beneath the corresponding DNA and amino acid sequences of 
cebpaCterm around the TALEN site is shown. 
Annotations: Bright yellow=cebpa cDNA, green=cebpa gene, pale yellow=TALEN binding 
sites, base pair numbering within cebpa cDNA is shown at the top of each sequence. 
 

3.2.2 CebpaNterm mutants have reduced mature granulocyte numbers   

Following confirmation of a stable N terminal mutant line, I proceeded to 

investigate heterozygous and homozygous cebpaNterm mutants for a 

haematopoietic phenotype. Given the absence of granulopoiesis previously 

described in both mouse and zebrafish germline mutants, I first interrogated 

for the presence of mature granulocytes in definitive haematopoiesis. N 

terminal heterozygous mutants were in-crossed i.e. male and female fish of 

the same genotype bred to one another, generating homozygous mutants at 

Mendelian ratios. Resultant embryos were incubated in E3 until 5dpf. At 5dpf 

embryos were fixed in 4% PFA followed by Sudan Black staining. Individual 

embryos were then imaged and the number of Sudan Black staining cells 

counted, followed by DNA extraction with NaOH and genotyping by CEQ 

(Figure 3.2). Figure 3.2a shows tail and CHT imaging of representative 

embryos of each genotype, while 3.2b shows quantification and analysis of 

numbers of stained cells in a single experiment. In cebpaNterm/Nterm mature 

granulocytes, as determined by Sudan Black staining of myelocytic granules, 

were completely absent in all embryos. This was highly statistically 

significant by one-way ANOVA testing (p<0.0001). Interestingly, there was 

also a significantly reduced number of mature granulocytes in cebpaWT/Nterm 

vs cebpaWT/WT (p<0.05). These results were recapitulated over three 

replicates at the same developmental time point (Figure 3.3), with increasing 

significance for the reduced myelopoiesis seen in cebpaWT/Nterm vs 
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cebpaWT/WT (p<0.01). One-way ANOVA with multiple comparisons also 

showed a highly significant linear trend for reduction in myelopoiesis with 

acquisition of cebpaNterm (p<0.0001). 

Figure 3.2: Sudan Black staining in 5dpf cebpaWT/Nterm in-cross 

 

Figure 3.2: Sudan Black staining in 5dpf cebpaWT/Nterm in-cross  
Sudan Black staining was carried out in a cebpaWT/Nterm in-cross at 5dpf to delineate numbers 
of granulocytes. Figure 3.2a shows whole tails (left) and magnifications of caudal 
haematopoeitic tissue (CHT, boxed area) in representative embryos. Scale bars = 200uM. 
Figure 3.2b shows quantification of SB staining cells in individual embryos which have been 
subsequently genotyped. cebpaWT/WT n=9, cebpaWT/Nterm n=13, cebpaNterm/Nterm n=12. Error 
bars show 95% confidence interval for mean no. of cells per embryos for each genotype. 
Statistical comparisons were carried out by one-way ANOVA. 
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Figure 3.3: Sudan Black staining in 5dpf cebpaWT/Nterm in-cross across 

three replicates 

 

Figure 3.3: Sudan Black staining in embryos from a cebpaWT/Nterm in-cross at 5dpf. Data from 
three replicate experiments is presented in the same figure. 
Sudan Black was used to label granulocytes in embryos generated from a cebpaWT/Nterm in-
cross at 5dpf. Cells staining within the CHT were manually counted then individual embryos 
genotyped. Three separate experiments have been combined by averaging wild type mean 
cell counts and adjusting by their factor of difference. cebpaWT/WT n=21, cebpaWT/Nterm n=36, 
cebpaNterm/Nterm n=26. 
Statistical significance was calculated by one-way ANOVA. Error bars show 95% confidence 
interval for mean no. of cells per embryo for each genotype. 

3.2.3 Erythropoiesis is not affected by N terminal mutation  

Having confirmed a severe defect in definitive haematopoiesis, I wished to 

investigate whether the haematopoietic defect was restricted to the myeloid 

lineage. I next investigated development of erythrocytes using O-Dianisidine 

staining. Embryos from a cebpaWT/Nterm in-cross were stained at 48hpf and 

4dpf to highlight primitive and definitive erythropoiesis respectively. All 

embryos stained at 48hpf were noted to have normal haemoglobinisation, 

with representative images of each genotype shown in Figure 3.4. At 48hpf 

in wild type developing zebrafish embryos, haemoglobin stains areas across 

the ventral yolk sac and along the dorsal aorta (DA). Individual cells can also 

be seen in the CHT region. 



 120 

Figure 3.4: Erythropoiesis in N terminal mutants at 48hpf 

 

Figure 3.4: Erythropoiesis in N terminal mutants at 48hpf. Representative images for each genotype post o-Dianisidine staining in a cebpaWT/Nterm in-cross at 
48hpf. Images a-c show ventral yolk sac, lateral whole embryo and magnified CHT respectively in a wild type embryo. Images d-f show the same views in a 
heterozygous cebpaNterm mutant and g-i in a homozygote. Numbers in bottom right corners of lateral views refer to number of embryos observed with normal 
staining as a proportion of total embryos stained and examined. Scale bars = 200uM. 
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At 4dpf cebpaNterm/Nterm embryos remain indistinguishable from cebpaWT/WT 

siblings (Figure 3.5). Ventral views show normal vascular development of the 

heart and branchial arches, and lateral views highlight normal developmental 

and erythrocyte circulation in intersegmental vessels throughout the body 

and tail of each larvae. The complex distribution of haemoglobinisation 

unfortunately did not allow for quantitative analysis of staining. However, all 

embryos stained for each genotype were qualitatively assessed as having 

normal haemoglobinisation at both time points.
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Figure 3.5: Erythropoiesis in N terminal mutants at 4dpf 

 

Figure 3.5: Erythropoiesis in cebpaNterm mutants at 4dpf. Representative images for each genotype post o-Dianisidine staining in a cebpaWT/Nterm in-cross at 
4dpf. Images a-c show ventral head, lateral whole embryo and magnified lateral tail respectively in a wild type embryo. Images d-f show the same views in a 
homozygous cebpaNterm/Nterm mutant. Numbers in bottom right corners of lateral views refer to number of embryos observed with normal staining as a 
proportion of total embryos stained and examined. Scale bars = 200uM. 
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3.2.4 In vivo genotyping using the transgenic reporter line 

Tg(lyzC:mCherry). 

As such a striking phenotype had been seen in cebpa
Nterm/Nterm homozygotes 

with completely absent mature granulopoiesis, I believed that in vivo 

genotyping would be possible and sought to test this and quantify its 

reliability. Identifying homozygous cebpa
Nterm/Nterm mutants by phenotype 

would lead to several advantages. It would save time and costs by avoiding 

the need for DNA extraction and amplification techniques, these being 

significant given the laborious CEQ genotyping required for cebpa
Nterm 

genotyping due to the small size of the deletion and lack of a target 

restriction enzyme site created or deleted by the mutation. It would also allow 

in vivo observation of the growth, development and survival of homozygous 

mutants compared to heterozygous and wild type siblings.  

I therefore sought to exploit the absence of mature granulocytes in 

cebpa
Nterm/Nterm larvae seen by SB staining to facilitate genotyping of N 

terminal homozygotes in vivo. I predicted, given the overlap in expression of 

lyzC and Sudan Black in developing zebrafish, that I would be able to identify 

homozygous mutants as those lacking any mCherry-expressing cells in the 

Tg(lyzC:mCherry) transgenic113. I therefore crossed cebpa
WT/Nterm to the 

Tg(lyzC:mCherry) transgenic line, (a gift from Prof Stephen Renshaw – data 

unpublished). Lysozyme C is a bacteriolytic granule component usually 

expressed from the myelocyte stage of differentiation in granulopoiesis114. 

Therefore in wild type animals possessing the transgene Tg(lyzC:mCherry), 

all mature granulocytes fluoresce red. Expression of mCherry in primitive 

haematopoiesis can be detected as early as 22hpf over the anterior yolk sac, 
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but this is weak and restricted to a small number of cells113. However, by 

48hpf as definitive haematopoiesis is becoming established, mCherry 

expression is stronger and can be detected over the head, yolk sac and 

within the developing CHT. I first confirmed the verbal communication from 

Professor Renshaw’s group that the pattern of expression of lysozyme C 

previously described by WISH was mirrored by mCherry expression in 

Tg(lyzC:mCherry) from 48hpf to 5dpf. I focused my observations on the CHT, 

the site of definitive granulopoiesis. I observed that individual cells 

expressing mCherry could be observed in the CHT of wild type embryos 

between 36hpf and 5dpf, shown in Figure 3.6a. However, autofluorescence 

in pigment made individual cells hard to delineate, therefore all future in vivo 

genotyping experiments were carried out with incubation of embryos in PTU. 

Next, I proceeded to validate in vivo genotyping based on the presence or 

absence of mCherry expression within the CHT in zebrafish embryos with 

Tg(lyzC:mCherry). cebpa
WT/Nterm;Tg(lyzC:mCherry)+/+ adult zebrafish were 

bred to cebpa
WT/Nterm; Tg(lyzC:mCherry)-/- such that all progeny would 

possess a single copy of Tg(lyzC:mCherry). Embryos from this cross were 

then screened for mCherry expression daily from 48hpf until 5dpf. Embryos 

were segregated according to the earliest day on which mCherry expression 

was observed within the CHT, with DNA extracted and genotyped for 

individual embryos at 5dpf. The results are summarised in Figure 3.6c 

together with representative images of CHT mCherry expression in wild type 

(a) and homozygous (b) embryos.  

As hypothesised, all N terminal homozygous mutants had absent mCherry 

expression at 72hpf in the CHT, with no embryos subsequently expressing 
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mCherry until end of observation at 5dpf. All heterozygous and wild type 

siblings expressed mCherry within the CHT by 72hpf. 72hpf was duly chosen 

as my time point for in vivo screening of cebpa
Nterm/Nterm phenotype. There 

was a significant trend to delayed expression of mCherry in heterozygotes 

with 70% mCherry –ve at 48hpf vs 17% in wild type embryos (p<0.05 by N-1 

Chi-squared test). However, given this was also observed as a normal 

variant in a proportion of wild type animals it was not a robust enough 

phenotype for in vivo differentiation of cebpa
WT/Nterm vs cebpa

WT/WT animals. 
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Figure 3.6: In vivo genotyping of N terminal mutants by 

Tg(lyzC:mCherry) expression at 3dpf 

 

a) and b) show representative magnifications of merged brightfield and mCherry 
fluorescence within the CHT (boxed area on whole embryo brightfield image above) of wild 
type (a) and cebpa

Nterm/Nterm embryos carrying Tg(lyzC:mCherry) at 3dpf. Homozygous 
mutant b shows completely absent mCherry expression within the CHT. Scale bars = 
200uM.  
c) Proportions of cebpa

Nterm
 genotypes in embryos expressing mCherry at 48hpf, those who 

developed expression between 48hpf and 72hpf and those with persistently absent mCherry 
expression at 72hpf. Each genotype is represented by a different colour as per genotype 
key. 
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3.2.5 Identification of Cebpa isoforms in cebpaNterm/Nterm mutant fish 

To further validate my model of CEBPA N terminal mutation, I sought to 

confirm the predicted absence of full length zebrafish Cebpa protein in 

mutant animals. As previously discussed, while previous zebrafish Cebpa 

germline mutant models have been created these were functional KO 

models. It was therefore important to establish that my model faithfully 

recapitulated the biochemical environment seen in human disease, where 

only the p30 shorter isoform is translated in the presence of CEBPA N 

terminal mutations17. 

Zebrafish Cebpa has been previously shown to have three predicted internal 

open reading frames (Figure 1.2 b), as shown by cloning of full length WT 

cebpa and expression in CV1 cells (monkey kidney cell line), using a non-

commercial antibody raised by the investigational group70. The group also 

cloned and transfected a similar N terminal frameshift cebpa mutant, which 

expressed only the three smaller minor isoforms initiated from each of the 

internal reading frames. Unfortunately, the antibody raised by the group 

reporting the zebrafish isoform pattern has been destroyed and no other 

published data or commercial anti-Cebpa antibody validated in zebrafish 

exists. 

Investigation of available commercial antibodies showed that unfortunately 

all are raised against non-zebrafish species (human or mouse) and no 

published data on their use against zebrafish Cebpa is available.  I therefore 

began by testing antibodies where the peptide sequence targeted by the 

antibody was predicted to be homologous with zebrafish Cebpa. To test 

efficacy of the antibodies against Cebpa I boosted protein levels by injection 
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of embryos at the 1-4 cell stage with cebpa mRNA at concentrations of 

10ng/ul and 100ng/ul. Protein was extracted from injected and non injected 

embryos at 5dpf.  

I initially tested antibodies 2843S (Cell Signalling Technology, human p42 

specific monoclonal raised in rabbit) and 8178S (Cell Signalling Technology, 

human and mouse reactive, raised in rabbit, reactive against all CEBPA 

isoforms). Both membranes were incubated with test primary antibody at 

1:2000 concentration in 5% milk PBST overnight at 4oC. This was followed 

by incubation with anti-rabbit HRP linked secondary (Cell Signalling 

Technology, 7074S) at 1:5000 concentration for one hour at room 

temperature. The membrane was imaged at two minutes and one hour with 

no bands visible with either antibody at either time point. This method was 

then repeated on the same protein extracts with a polyclonal CEBPA primary 

antibody (Cell signalling 2295, Rabbit anti human antibody) at 1:1000 

concentration, and again no bands were seen.  

Given these disappointing results I wanted to discern whether the lack of 

observed protein bands was due to a lack of cross reactivity of the anti-

CEBPA antibodies with Cebpa or due to a technical issue. I therefore 

obtained lysates from human cell lines to act as positive controls for the 

antibodies and tested these lysates alongside my zebrafish embryo total 

protein extractions. Lysates from ME-1, AML-3 and dd.528 cells lines were 

used as positive controls and the process repeated with 1:1000 anti-2295 

Cell Signalling Technology primary antibody. Again, no bands were seen at 

predicted sizes of 42kDA and 36kDa, as was still the case when the 

membrane was re-incubated with 1:250 primary antibody concentration 
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(Figure 3.7a). However, successful transfer of proteins was confirmed by re-

staining with alpha actin (Figure 3.7b), showing a clear band in AML-3 and 

dd.528 cell line lysates, as well as in wild type zebrafish embryo total protein 

extracts at the predicted size of 42kDa. However, this failed in the ME-1 

samples, perhaps due to the age of the lysate and protein degradation, 

which was subsequently discarded. 

Figure 3.7: Western blotting of CEBPA and actin in human cell lysates 

and whole zebrafish embryo protein extracts 

 

Figure 3.7: Western blotting of CEBPA and actin in human cell lysates and whole zebrafish 
embryo protein extracts. Both blots show the same membrane with samples run from three 
human cell lines (ME-q, AML-3 and dd.528) and whole protein isolate from wild type 5dpf 
zebrafish embryos injected with cebpa mRNA (WT D rerio), labelled beneath. Membrane 
was incubated with a) anti-CEBPA (Cell Signalling Technology #2295) and b) anti-alpha 
actin.  No bands were seen with anti-CEBPA in any sample. The expected band for alpha 
actin is seen at 42kDa in cell lysates from AML-3 and dd.528 cells and zebrafish embryo 
protein isolates, but not ME-1 lysate. Corresponding protein sizes are indicated between the 
two blots. 
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Due to the absence of CEBPA detection in the human cell line lysates I 

discussed further optimisation with my collaborators in the Gale laboratory. 

They had extensive experience in measuring CEBPA levels in the presence 

of wild type and mutated CEBPA from previous studies11. While they found 

the Cell Signalling Technology 2295 antibody to be effective, they had 

difficulty achieving successful CEBPA detection from whole cell lysates 

which they postulated was due to the low levels of CEBPA usually 

expressed. Successful detection had been achieved by cloning of human 

mutations into cell lines.  I obtained a sample of their lysate from cells 

transfected with wild type CEBPA to use as an alternative positive control (a 

gift from the Gale lab). This was Western blotted alongside cebpa mRNA-

injected and uninjected embryo protein lysates, using 1:1000 2295 Cell 

Signalling Technology anti-CEBPA. This showed the expected bands at 42 

and 30kDa in the cell line lysate (Figure 3.8a). However, no bands were seen 

in the zebrafish extracts. Restaining of the membrane with anti-actin 

confirmed successful protein transfer in all wells (Figure 3.8b). 
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Figure 3.8: Successful detection of CEBPA but not Cebpa 

 

Figure 3.8: Successful detection of CEBPA but not Cebpa. Western blots of protein extracts 
from cell line transfected with human CEBPA (human lysate) and whole zebrafish embryos 
at 5dpf with (D rerio injected) and without (D rerio uninjected) prior microinjection with cebpa 
mRNA. a) shows blot incubated with anti-CEBPA antibody and b) the same membrane after 
stripping and reincubation with anti-actin. Corresponding protein sizes are indicated between 
the two blots. 
 
Given that the Gale group had required cell transfection with CEBPA-

encoding plasmids to achieve a sufficient CEBPA protein concentration for 

successful detection I hypothesised that the absence of bands in the 

zebrafish protein samples was due to insufficient levels of Cebpa in the 

samples at maximum total protein concentrations for the SDS-PAGE gels. I 

therefore used the same strategy as both the Gale group and Liu et al70, and 

cloned the entire cebpa sequence from both cebpa
WT/WT and cebpa

Nterm/Nterm 

zebrafish and transfected them into the 293T cell line to achieve higher 

levels of Cebpa in test protein samples. 50% confluent cells in 10cm 
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diameter plates were harvested in 470ul serum free medium (OptiMEM) with 

30ul genejuice, and incubated for 5minutes at room temperature. 10ug of 

plasmid was then added and mixed by gentle pipetting, prior to 10minutes 

incubation at room temperature. Cells were re-plated and nuclear and 

cytoplasmic protein fractions were extracted 26hrs post transfection.  As a 

further positive control, and to indicate the levels of protein expression 

achieved by mRNA injection, I injected human wild type CEBPA mRNA into 

wild type zebrafish embryos at the 1-4cell stage. Both nuclear and 

cytoplasmic protein fractions were extracted at 5dpf from pooled embryos.  

I first compared cytoplasmic and nuclear extracts from the injected embryos 

to wild type and N terminal mutant cebpa transfected 293T cells (Figure 

3.9a) by Western blotting with 1:1000 anti-CEBPA 2295 Cell Signalling 

Technology. Multiple bands were seen in all samples tested, with a similar 

pattern but increased concentration in the nuclear fractions. The strongest 

band in all lysate wells was at approximately 42kDa, corresponding to the 

band seen in nuclear fraction of protein extracted from zebrafish embryos 

injected with human CEBPA mRNA. I therefore hypothesised that this band 

corresponded to intrinsic expression of human CEBPA p42 in the 293T cells, 

rather than representing full length zebrafish with retained expression in the 

presence of cebpa
Nterm. I therefore performed a repeat blot of extracts from 

untransfected 293T cells alongside those transfected with wild type and 

mutant cebpa (Figure 3.9b). This confirmed that the band at p42 was present 

in non-transfected cells also and was likely to represent endogenous 

expression of p42 CEBPA in 293T cells.  
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I then examined bands underneath that are likely to represent the predicted 

and previously reported isoform sizes of zebrafish Cebpa isoforms in both 

blots to infer how patterns of zebrafish Cebpa isoforms were affected by 

cebpa
Nterm. Discounting any bands seen in the non-transfected cells as 

intrinsic human CEBPA expression in the 293T cell line, the transfected cells 

also have bands discernible at approximately 36kDa and 20kDa. The bands 

seen at 36kDa and 20kDa appear to be increased in both the cytoplasmic 

and nuclear extracts from cells transfected with mutant cebpa sequence. 

Taken together, I interpret these bands to represent the smaller Cebpa 

isoforms being upregulated due to cebpa
Nterm, as has been previously seen 

when translation of full-length CEBPA is disrupted by N terminal mutations70. 

However, I was unable to demonstrate a band present in wild type but 

absent in mutant cebpa transfected cells. Unfortunately, it is likely that this 

co-locates on the blots performed with human p42 CEBPA present in the 

293T cells used for zebrafish cebpa transfections. However, there is 

evidence of smaller isoforms at 36kDa and 20kDa not present in 

untransfected 293T cells being upregulated in zebrafish N terminal mutant 

transfected cells, as has been previously seen when translation of full-length 

CEBPA is disrupted by N terminal mutations70.  Further strategies to optimise 

detection of zebrafish Cebpa alone are presented in this Chapter’s 

discussion. 
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Figure 3.9: Detection of Cebpa in transfected 293T cells 

 

Figure 3.9: Detection of Cebpa in transfected 293T cells. a) anti-CEBPA blot in cytoplasmic 
(Cyto) and nuclear (Nuc) protein extracts from 293T cells transfected with cebpa sequences 
from wild type (WT) and N terminal mutant (Nterm) zebrafish, alongside protein extracts 
from wild type 5dpf zebrafish embryos injected with human CEBPA mRNA. b) anti-CEBPA 
blot in cytoplasmic (Cyto) and nuclear (Nuc) protein extracts from 293T cells transfected with 
cebpa sequences from wild type (WT) and N terminal mutant (Nterm) zebrafish, alongside 
non-transfected 293T cells (NT).  
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3.2.6 Rescue of N terminal mutant phenotype with mRNA injection 

In the experiments above, I was not able to convincingly show the pattern of 

Cebpa isoforms expected by protein detection when transfected into  293T 

cells or in zebrafish  lysates. As a single mRNA is transcribed from cebpa 

and the smaller isoforms are produced due to altered ribosomal scanning, I   

was not able to define the different isoforms using qPCR in the presence of 

cebpa
Nterm.  I therefore proceeded to undertake mRNA rescue experiments to 

further validate that my model faithfully recapitulated N terminal mutations 

seen in human disease. I sought to rescue the absence of myeloid cells seen 

in cebpa
Nterm/Nterm by microinjection of wild type cebpa mRNA. In humans and 

mice, CEBPA full length isoforms (p42 and p30 respectively) are known to be 

produced in far greater amounts to the N terminal truncated isoforms from 

the internal ORF following transfection into U937 cell line12. This shorter p20 

isoform in mice has been found to act in a dominant negative manner, 

blocking wild type CEBPA from DNA binding12. I hypothesised that wild type 

zebrafish cebpa or human CEBPA, but not mutant forms should rescue the 

phenotype seen in N terminal mutant embryos. Plasmids of human wild type, 

N terminal mutant (p.Q83fs) and C terminal mutant (p.K313dup) DNA in a 

MSCV backbone were obtained from the Gale group at UCL (Claire Green 

doctoral thesis). The CEBPA inserts were subcloned into a pCS2 plasmid as 

detailed in Chapter 2, with truthful incorporation confirmed by Sanger 

sequencing (Source Bioscience). Human wild type, N mutant and C mutant 

CEBPA as well as zebrafish wild type and N mutant cebpa were linearised 

with Sap1 and transcribed using the appropriate mMessage mMachine RNA 
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polymerase kits for sense start sites (see Table 2.2). Following cleaning with 

RNA clean and concentrator kit they were stored at -80oC.   

As high mRNA concentrations are known to be toxic to developing zebrafish 

embryos70, I first undertook experiments to assess survival of embryos 

undergoing microinjection of cebpa mRNA at increasing concentrations, 

alongside efficacy of these concentrations in achieving phenotypic rescue. 

Cebpa
WT/Nterm; Tg(lyzC:MCherry)+/+ adults were crossed to cebpa

WT/Nterm; 

Tg(lyzC:mCherry)-/- with resulting embryos microinjected with zebrafish wild 

type cebpa mRNA at 20ng/ul and 200ng/ul.  

Table 3.1: Mortality comparison at increasing mRNA concentrations 
Concentration 

mRNA  (ng/ul) 

No. of embryos 

 RFP +ve        RFP -ve 

 

Mortality (%) 

20 55 11 24 

200 16 4 60 

uninjected 45 18 14 

 

The proportion of rescue (i.e. deviation from expected 25% proportions of 

embryos with homozygous phenotype) at both concentrations of injected 

mRNA was equivalent. However, an increase in mortality was seen with 

microinjection of the higher mRNA concentration. Future experiments 

therefore used 20ng/ul mRNA concentration. I also co-injected GFP mRNA 

to ensure successful injection of all embryos, and to control differences in 

survival in injected and uninjected embryos. This showed equivalent mortality 

between both experimental groups (Table 3.2). No increase in mortality was 
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attributable to cebpa mRNA toxicity at this dose, and survival was similar to 

that seen in previous groups’ phenotype rescue attempts70,110.  

Table 3.2: Survival comparison with GFP coinjection  

Test group 

SB +ve 

embryos 

No/% 

SB –ve 

embryos 

No/% 

 

Mortality (%) 

WT cebpa  76/80 19/20 26 

GFP 29/67 19/33 26 

 

The experiment was repeated to achieve statistical significance due to the 

incomplete rescue of the phenotype seen at tolerated mRNA injection 

concentrations. I also conducted experiments using SB staining instead of 

mCherry expression as the endpoint, hypothesising that this might be more 

sensitive to observation of low numbers of granulocytes. However, no 

difference in rescue proportion was observed. Results of mRNA rescue 

experiments are summarised in Table 3.5, where p values refer to N-1 Chi 

squared testing against the null hypothesis that proportions of embryos with 

agranulocytic phenotype are equivalent in embryos with and without wild 

type cebpa microinjection. 
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Table 3.3: Rescue of cebpaNterm homozygous phenotype with wild type cebpa 
injection 
Observed 
endpoint 

Injected 
WT cebpa 
mRNA 
concn 
(ng/uL) 

No. of 
embryos 
positive 

No. of 
embryos 
negative 

% 
negative 
embryos 

p value   

lyzC;mCherry 
expression 

20 183 47 20.4 0.0278 
200 41 11 21.2 0.1703 
0 64 30 31.9 n/a 

Sudan Black 
staining 

20 106 25 19.1 0.0023 
200 28 12 30 0.0414 
0 67 39 36.8 n/a 

Combined 
methods 

20 289 72 19.9 0.0001 
200 69 23 25 0.1051 

0 131 69 34.5 n/a 
  
As I had suspected, SB staining appeared to achieve greater sensitivity to 

partial rescue than screening for absence of mCherry expression, as judged 

by the greater difference in the proportion of negative embryos in injected 

and uninjected embryos. This is potentially seen as embryos with weak 

mCherry expression due to partial rescue of phenotype had been 

disregarded as showing autofluorescence from residual pigment. However, 

both methods show significant rescue at microinjection of 20ng/ul when 

proportions of screening negative injected and uninjected embryos are 

compared by Chi-squared testing. Significance was only shown at 200ng/uL 

in the SB experimental group. This higher concentration did show a 

consistent trend to reduction between experiments, however, sufficient n 

numbers for statistical significance were not achieved due to the toxicity of 

the higher concentration in developing embryos.  

Overall a p value of 0.0001 was achieved across all embryos injected at 

20ng/uL, showing significant rescue of the cebpa
Nterm/Nterm phenotype. This 



 139 

assures that the phenotype observed in cebpa
Nterm/Nterm mutants is 

attributable to the cebpa
Nterm

 mutation.  

3.2.7 Generation of C terminal Cebpa mutant line 

After these undertakings to validate the N terminal mutant line and 

establishment of a clearly phenotype in homozygotes, and in order to 

faithfully recapitulate the alleles present in human CEBPA-dm AML, I 

proceeded to generation of a C terminal mutant line. This is because the 

majority of biallelic CEBPA-mutated human AML cases show the 

combination of N terminal and C terminal mutation11. The goal of generating  

this mutant was to permit interrogation of the mechanism behind this 

combination of mutations being so heavily selected for in leukaemia 

development.   

The cebpa C term TALENs were synthesised using the golden gate cloning 

system into the pRCIscript-Goldy vector by the UCL CAGE facility as 

described in Chapter 2. The C term TALEN was designed by Elspeth Payne 

to be in close proximity to the region of L317dup (see Figure 3.1b), a 

recurring C terminal mutation seen in both sporadic and familial AML with 

biallelic CEBPA mutation55,115. In order to create a stable germline mutant 

with cebpa C terminal mutation, I prepared the TALEN plasmids for mRNA 

transcription. Right and left C term TALENs were cut with BamHI, cleaned 

and transcribed with T3 mMessage mMachine RNA polymerase kit (Life 

Technologies, AM1348). Following transcription, 1ul DNAse was added to 

the reaction followed by lithium chloride (LiCl) based RNA purification, 

resuspension in nfw and measurement with nano photospectometry.  
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As C terminal mutation are frequently in-frame insertions, I strategised how 

to create a knock-in mutation analogous to human CEBPA C term mutations. 

K313dup and L317dup are recurrent single amino acid duplications found in 

sequencing of human AML samples. Both amino acids are conserved in 

zebrafish Cebpa within the DNA binding C terminal domain, see Figure 3.1b. 

I designed a 54bp single stranded DNA oligonucleotide encoding zebrafish 

Cebpa with an additional lysine at the equivalent amino acid as the human 

L317dup C terminal mutation (L oligo), which was synthesised by IDT. This 

was coinjected with the TALEN pair mRNA. My aim was that following 

TALEN endonuclease induced strand breaks during non-homologous end 

joining, the donor oligonucleotide would be incorporated into cebpa, thus 

creating a “knock-in” model.  

Wild type embryos at the one cell stage were injected with the following 

mixture to a volume of approximately 0.125 of their yolk sac diameter: 

Table 3.4: C term creation microinjection 1 

Component 
concentration 

[ng/µL] 

Right TALEN 300 

Left TALEN 300 

 L oligo 50 

 

Injected embryos were incubated until 4dpf, when a sample was pooled for 

DNA extraction. PCR was performed with MiSeq-specific primers across the 

C term TALEN site (cebpaMiSeqF and cebpaMiSeqR, see Supplementary 

Table 1 for sequences). PCR products were purified using the QIAGEN 
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minElute gel extraction kit. Sequencing confirmed approximately 30% 

TALEN efficiency but no reads were detected showing insertion of L317dup 

from the oligonucleotide DNA guide. As TALEN efficiency was lower than 

expected, C term TALEN RNA was re-purified using clean and concentrator 

columns, on the basis unincorporated nucleotides might not have been 

removed in the lithium chloride based purification measure, leading to falsely 

high nanodrop concentrations. 

I also sought to increase the probability of incorporation of donor sequence 

following TALEN endonuclease activity. It has been reported that longer 

homology arms flanking endonuclease sites on a plasmid leads to greater 

success at donation of potentially neomorphic mutations in zebrafish116,117. I 

therefore designed a plasmid (see Supplementary Figure 1) where the donor 

cebpa C term sequence (including the p.L317 dup equivalent sequence, add 

L 3bp insertion) was flanked by equivalent TALEN sites for its excision post 

microinjection, in turn flanked by 500bp homology arms. To prevent binding 

of the TALENS to the donor template, further mutations were added to the 

cebpa sequence; one within the internal TALEN site to prevent internal 

endonuclease cutting post potential incorporation into genomic DNA and one 

silent mutation (see Figure 3.1b, c.922C>G) to identify donor plasmid DNA 

from wild type DNA in future MiSeq analysis. Repeat injection was performed 

with the following revised mixture, including Phenol red to confirm 

microinjection visually. 
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Table 3.5: C term creation microinjection mix 2 

Component 
concentration 

[ng/µL] 

Right TALEN 300 

Left TALEN 300 

add L plasmid 15 

Phenol red 1:20 v/v 

 

2 pools of 10 embryos were interrogated by MiSeq following PCR and gel 

extraction, with their injected siblings raised to adulthood. These showed 

improved TALEN efficiency (approximately 70%), and presence of the 

plasmid sequence with its silent mutation and add L 3bp insertion. 

3.2.8 Identification of F0 parents and F1 generation of C terminal 

mutants 

Once successful incorporation of plasmid DNA had been confirmed in 

microinjected wild type embryos, these mosaic F0 generation fish were 

grown to adulthood. The process of establishing a stable germline model is 

summarised in Figure 3.10. F0 C terminal TALEN injected fish that had 

reached sexual maturity at 2-3 months were assessed for germline 

transmission of C terminal mutations by sperm squeezing in males and egg 

squeezing in females (see section 2.6). Gametes were screened using 

MiSeq for germline transmission of the add L sequence. Two adult fish were 

identified as having significant germline transmission of add L from the 

plasmid; one at 2% and one at 5% frequency of total MiSeq reads on their 

gametes. Several small in-frame deletions and insertions were also identified 
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as transmitted to germline, created by TALEN endonuclease activity without 

subsequent donor sequence incorporation. These were termed “3bp del”, 

“12bp ins”, “12bp del” and “24 bp del”, annotated in Figure 3.1b. Fish with 

germline transmission of these in-frame mutations were also raised to 

adulthood, given that they were all present within the bZIP domain of cebpa 

and in-frame. These were deemed appropriate alternative C terminal 

mutants for faithful modelling of human disease given that they showed 

conservation of these features seen in human CEBPA-dm AML C terminal 

mutations. 

When F0 fish with germline transmission of selected mutations had reached 

adulthood they were crossed to cebpa
WT/WT; Tg(cd41:GFP)+/+ fish, with 

resulting offspring grown to 3dpf. At this stage, larvae were anaesthetised 

and tail-clipped to obtain DNA as per methods. Each embryo was 

interrogated by PCR and Aci1 digest (see Methods 2.16.1) with those 

identified as having restriction fragment signatures for one of the desired 

mutations raised until adulthood. Once adults, putative F1 fish were tail-

clipped and cebpa C-term sequences were analysed by MiSeq. 

Unfortunately, in two consecutive batches of 50 embryos raised to adulthood, 

no add L fish survived to adulthood. Due to the limited timescale of the 

project, I therefore proceeded with investigation of the alternate C terminal 

mutations for potential phenotypes.  
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Figure 3.10: Creation of C terminal mutant lines. 

 

Figure 3.10: Creation of C terminal mutant lines. The above flowchart depicts the method for 
creation of the novel C terminal cebpa mutant. First, wild type AB embryos were injected 
with TALEN and donor sequence encoding add L. MiSeq was performed on pooled embryos 
to ensure TALEN efficacy and incorporation of donor sequence. Mosaic putative F0 fish 
were raised to sexual maturity, then gametes collected. F0 mutants were chosen based on 
presence of appropriate founder mutations transmitted to gametes. F0 fish were crossed to 
transgenic reporter lines and progeny were tailclipped at 3dpf. Possible add L founders and 
other in-frame insertions and deletions were selected by AciI digestion and grown to 
adulthood. F1 fish with stable heterozygous C terminal mutations were confirmed by MiSeq 
on finclip DNA when they reached adulthood. 
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3.2.9 Defective myelopoiesis is observed in all C terminal mutant lines 

Having confirmed heterozygous mutations in the F1 generation of the four in-

frame insertions and deletions across the C terminal TALEN recognition site, 

I took these forward for phenotype screening. These were: 3bp deletion with 

concurrent single amino acid alteration (herein referred to as 3del), 12 bp in-

frame deletion (12del), 12 bp in-frame insertion (12ins) and 24 bp in-frame 

deletion (24del) all within the BR-bZIP domain; see Figure 3.1b for their 

location alongside zebrafish cebpa sequence and the C term TALEN 

recognition site. 12del, 12ins and 24del were all in-crossed and, given the 

myeloid phenotype seen in the cebpa
Nterm/Nterm mutants, embryos were 

stained with Sudan Black to identify any defects in myelopoiesis at 4dpf. 3del 

occurred at lower frequency and all F1 progeny were male, preventing an 

initial in-cross. This was instead out-crossed to cebpa
WT/Nterm. Stained 

embryos were imaged with subsequent quantification of SB staining cells 

before genotyping. Results are depicted in Figure 3.11 a-c.  

After genotyping it was revealed that 12del, 12ins and 24del homozygotes all 

showed marked defects in myelopoiesis at 4dpf. However, unlike 

cebpa
Nterm/Nterm embryos, cebpa

12del/12del (Figure 3.11a) and cebpa
24del/24del 

(Figure 3.11b) did retain some myelopoiesis, albeit at vastly reduced 

numbers. cebpa
12ins/12ins had no mature myeloid cells in the CHT at 4dpf 

(Figure 3.11c). In order to confirm this was not due to a delay in development 

(as seen in N terminal heterozygotes), SB staining was repeated at 5dpf 

(Figure 3.11d). All homozygous mutants had maintained absence of SB 

staining, indicating persistent absence of mature granulocytes. While I could 

not generate cebpa
3del/3del mutants due to all F1 mutants being male, 
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cebpa
3del/Nterm compound heterozygous mutants showed complete absence 

of SB staining cells at 5dpf.   

It was decided to establish the 12bp deletion as my C terminal mutant line 

(herein referred to as cebpa
Cterm). I reasoned this was the most promising 

model as I had shown homozygotes had a pronounced phenotype, yet this 

was distinct to cebpa
Nterm/Nterm as some residual mature myelopoiesis was 

maintained.  While 24del also showed this phenotype and was in-frame, 

smaller mutations are more commonly found in human sporadic AML11. 3del, 

12ins and 24del were all preserved by sperm freezing carried out by UCL 

fish facility staff, with embryo stocks at various stages of development 

preserved in methanol for future investigation. 
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Figure 3.11: Sudan Black staining in C terminal potential F1 mutants 

 

Figure 3.11. Sudan Black staining in C terminal potential F1 mutants 
Sudan Black staining of embryos at 4dpf (a-c) and 5dpf (d). Graphs depict number of SB 
positive cells in CHT of individual embryos. a) 12bp deletion in-cross at 4dpf, cebpa

WT/WT 
n=4, cebpa

WT/mut n=10, cebpa
mut/mut n=5 b) 24bp deletion in-cross 4dpf, cebpa

WT/WT n=3, 
cebpa

WT/mut n=9, cebpa
mut/mut n=5 c) 12bp insertion in-cross at 4dpf cebpa

WT/WT n=3, 
cebpa

WT/mut n=6, cebpa
mut/mut n=3 and d) at 5dpf, cebpa

WT/WT n=4, cebpa
WT/mut n=15, 

cebpa
mut/mut n=5.  

Bars show mean cell count for each genotype with 95% CI. Statistics show calculations of 
one-way ANOVA. *=p<0.05, **p<0.01. 
 

3.2.10 Further characterisation of cebpaCterm  

I carried out further screening for defects in mature granulocyte numbers and 

to confirm predicted normal erythropoiesis. This allowed me to draw 

comparison with results described in cebpa
Nterm/Nterm mutants. In addition to 

the residual myelopoiesis in 12del and 24del homozygotes, heterozygous 

mutants in all C terminal lines differed from their N terminal mutant 

counterparts. Whereas in N terminal heterozygotes SB staining cells were 
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decreased, in initial screening experiments in all four C terminal lines there 

was a trend to an increase in SB staining cells in heterozygotes, although 

this was not statistically significant at the low numbers of embryos in these 

experiments (see Figure 3.11). I therefore interrogated this finding further in 

my chosen 12del cebpa
Cterm mutant at 5dpf, the equivalent time point to that 

chosen in cebpa
Nterm (shown in Figure 3.12). Representative images of each 

genotype are shown (Figure 3.12a), as well as quantification of two replicate 

experiments shown separately (b and c), then combined (d).  As seen 

previously, cebpa
Cterm/Cterm mutants had variable amounts of residual SB 

staining, with one experiment (replicate 2, c) showing staining cells in all 

embryos at 5dpf. These values were significantly higher than zero when 

analysed using a one sample t test (p=0.0007) over both replicates (Figure 

3.12d). However, mature granulocyte numbers remained greatly reduced 

compared to both wild type and heterozygous siblings (p<0.0001). 

Morphological analysis of the CHT myeloid cells in C terminal heterozygotes 

(Figure 3.12a, lower panels) suggested that although numbers of SB staining 

granules were increased, they were in general smaller than those in wild type 

siblings. Their distribution extended over the same anatomical spread, 

suggesting cebpa
Cterm did not result in defective granulocyte migration and 

chemotaxis. The trend to increased numbers of SB staining cells was 

maintained, and shown to be statistically significant across two replicates at 

the same 5dpf time point (p<0.01; cebpa
WT/WT vs cebpa

WT/Cterm). 
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Figure 3.12: Sudan Black staining in C terminal 12bp deletion 

“cebpaCterm” 

 
Figure 3.12: Sudan Black staining in C terminal 12bp deletion “cebpa

Cterm”. Representative 
images and quantification of Sudan Black staining cells in cebpa

WT/Cterm in-crossed embryos 
at 5dpf. Pictures in (a) show representative embryos of each genotype, with whole tails (left 
panels) and magnifications of CHT (right panels, boxed area in schema of whole embryo). 
Scale bars = 200uM. 
Figures b-d show counts of SB staining cells in individual embryos grouped by genotype. b 
and c show individual replicates, combined and re-analysed in d. a) cebpa

WT/WT n=12, 
cebpa

WT/Cterm n=18, cebpa
Cterm/Cterm n=9. b) cebpa

WT/WT n=9, cebpa
WT/Cterm n=11, 

cebpa
Cterm/Cterm n=9, c) cebpa

WT/WT n=21, cebpa
WT/Cterm n=29, cebpa

Cterm/Cterm n=18. Bars 
show mean cell count for each genotype with 95% CI. Statistics show calculations of one-
way ANOVA. NS=p>0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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As seen in cebpa
Nterm mutants, definitive erythropoiesis assessed at 5dpf 

with O-dianisidine staining did not appear to be affected in cebpa
WT/Cterm or 

cebpa
Cterm/Cterm mutants (Figure 3.13). Vasculature appeared normal and 

maintained up to the tip of the tail, with good haemoglobinisation along the 

intersegmental vessels (sagittal views a, c and e) and within the branchial 

arches (ventral views b, d and f). 

Figure 3.13: O-dianisidine staining in cebpaWT/Cterm in-cross at 5dpf 

 

Figure 3.13: O Dianisidine staining in cebpa
WT/Cterm in-cross at 5dpf 

O-dianisidine staining of cebpa
WT/Cterm in-cross embryos at 5dpf. Pictures a-f show 

representative embryos of each genotype, with the proportion of embryos of that genotype 
with the pictured phenotype labelled. Scale bars = 200uM. Images a, c and e show whole 
embryo sagittal views highlighting intersegmental vessels, and b, d and f ventral views of the 
heart and brachial arches. 

3.2.11 Myelopoiesis shows defects in varying patterns in cebpaCterm/Nterm 

mutants 

Having established both cebpa
Nterm and cebpa

Cterm mutant lines, I next 

looked at combined heterozygous mutation (i.e. cebpa
Cterm/Nterm), as seen in 

50% of sporadic AML cases with CEBPA mutations. As with both 
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homozygous mutants, severely reduced numbers of mature granulocytes 

were seen, as assessed by SB staining at 5dpf (Figure 3.14). Distinct to 

homozygous mutants, compound heterozygote cebpa
Cterm/Nterm mutants 

showed a range of phenotypes of defective granulopoiesis, with 

representative images of each shown in Figure 3.14. Three distinct 

phenotypes were observed. Some embryos (seen in panel a) showed 

complete absence of SB staining cells, similar to the defect seen in 

cebpa
Nterm/Nterm homozygotes. Other embryos (seen in panel b) had SB cells 

present but in severely reduced numbers, as seen in cebpa
Cterm/Cterm. 

However, a new phenotype was also observed, where SB staining cells 

showed a restricted anatomical distribution within the CHT (seen in panel c), 

suggestive of impaired migration of granulocytes or CHT development.  
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Figure 3.14: Sudan Black staining in combined N and C terminal 

mutation 

 

Figure 3.14: Sudan Black staining in combined N and C terminal mutation. Sudan Black 
staining of embryos generated by cebpa

WT/Cterm x cebpa
WT/Nterm at 5dpf. Pictures a-c show 

representative images of different phenotypes seen in cebpa
Cterm/Nterm embryos: a) 

completely absent SB cells, b) reduced SB staining cells in a normal distribution, marked 
with blue arrows and c) reduced SB staining cells with restricted distribution (marked with 
red arrows). Numbers indicate proportion of genotyped cebpa

Cterm/Nterm embryos with each 
phenotype. Scale bar = 200uM  
Graph d shows quantification of SB staining cells in individual embryos grouped by 
genotype. cebpa

WT/WT n=8, cebpa
WT/Cterm n=10, cebpa

WT/Nterm n=6, cebpa
Cterm/Nterm n=9.  Bars 

show mean cell count for each genotype with 95% CI. Statistics show calculations of one-
way ANOVA. ****p<0.0001. non significant (p>0.05) between groups if not labelled. 
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3.2.12 Poor survival is seen following injury in compound 

heterozygotes  

I had previously observed that cebpa
WT/Nterm and cebpa

WT/Cterm
 heterozygotes 

showed differences in the quality of SB staining. The novel phenotype seen 

in cebpa
Cterm/Nterm

 showed another distinct variety of granularity, with 

infrequent large deeply staining cells in some compound heterozygotes. I 

therefore sought to further analyse potential differences in granularity 

resultant from cebpa mutation by sorting myeloid cells by flow cytometry and 

subjecting cells to cytospin to directly visualise the cells. In order to assess 

these differences whilst achieving sufficient cell numbers for cytospin, 

embryos required prior genotyping and pooling by genotype. This was 

achieved by tailclipping at 3dpf (section 2.14.2). 

Embryos from a cebpa
WT/Nterm;Tg(lyzC:mCherry)+/+  x 

cebpa
WT/Cterm;Tg(cd41:GFP)+/+ cross were tailclipped at 3dpf for genotyping. 

The transgenic line Tg(cd41:GFP) has been previously extensively 

characterised and used for in vivo observation of HSPCs, thrombocytes and 

developing intermediate progenitors  in zebrafish102,118-120. In wild type 

zebrafish cd41 is initially transcribed at low levels in early HSPCs, with levels 

rising in MEPs prior to terminal differentiation119. However, it is only 

expressed at high levels in terminally differentiated thrombocytes, seen as 

circulating cells within the vasculature102. 

It was incidentally noted that survival differed markedly between compound 

heterozygotes and their siblings (p=0.0055 Chi squared testing comparing 

survival rates between cebpaWT/WT and cebpaCterm/Nterm), see Figure 3.15a. 

While in experienced hands 100% of embryos will survive tail-clipping 
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procedures, only 36% of compound heterozygotes survived until 48 hours 

post procedure for subsequent analysis.  This is likely to be as a result of 

diminished macrophage numbers in compound heterozygotes affecting 

wound healing, and potential susceptibility to infection due to the lack of 

mature granulocytes, as demonstrated by SB staining. 
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Figure 3.15: Survival post tailclipping and flow cytometric analysis in 

cebpaCterm/Nterm and siblings.  

 

Figure 3.15: Survival post tailclipping and flow cytometric analysis in cebpa
Cterm/Nterm and 

siblings. Data from cebpa
WT/Nterm

 x cebpa
WT/Cterm progeny genotyped by tailclip at 3dpf. a) 

proportions of embryos surviving for each genotype at 5dpf. b) Flow cytometry plot showing 
gating of mCherry and GFP populations in embryos expressing Tg(lyzC:mCherry) and 
Tg(cd41:GFP) at 5dpf. c-e) % live singlets in two replicates per genotype of pooled embryos 
at 5dpf c) expressing mCherry, d) expressing GFP, e) expressing high levels of mCherry.  
Bars show mean cell count for each genotype with 95% CI. Statistical significance of 
differences between means was calculated by Kruskal-Wallis test. ns=non significant, 
*p<0.05. No statistical significance was observed between genotypes unless indicated. 
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3.2.13 Assessment of granularity in cebpaCterm and cebpaNterm mutants 

I then proceeded with the primary objective of the experimental design, to 

further delineate qualitative differences observed in SB staining between 

mutant genotypes using staining of sorted myeloid cells. Post tailclipping, 

DNA obtained was genotyped at 4dpf with survival noted as above and 

surviving embryos sorted according to genotype. Embryos of each genotype 

were pooled and split between two gentleMACS tubes for dissociation and 

processed as per methods (section 2.23.1). Samples of each specific 

genotype were then combined prior to FACS sorting. Data was collected for 

all live cells falling into the haematopoietic FSC/SSC gates, obtaining results 

as in Table 3.8. I also sorted mCherry positive cells for downstream analysis 

by cytospin: 

Table 3.6: Cell sorting counts in 4dpf embryos 
Genotype No. of embryos No. live single  

cells sorted 

cebpa
WT/WT

 8 48426 

cebpa
WT/Cterm

 10 34890 

cebpa
WT/Nterm

 9 69010 

cebpa
Cterm/Nterm

 11 98377 

 

Analysis of the flow cytometry data was undertaken assessing FSC, SSC as 

well as intensities of mCherry and GFP expression (see Figure 3.15b for 

gating).  

As I had expected, given the reduced numbers of SB positive cells seen in all 

compound heterozygotes, mCherry positive cells were markedly reduced in 
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this genotype (Figure 3.15c). However, no deficit in weakly GFP expressing 

cells (GFPlo), equivalent to HSPCs, was seen (graph 3.15d). Looking at 

mCherry expression and SSC as markers of granularity, there appeared to 

be no change in SSC between groups.  I then looked at different populations 

of mCherry expressing cells, speculating that cells with a higher level of 

expression represented a more mature granulocyte phenotype113. 

Significantly reduced numbers of cells with high mCherry expression were 

seen in cebpa
WT/Cterm embryos when compared to cebpa

WT/WT and 

cebpa
WT/Nterm siblings (graph 3.15e). 

I perfomed cytospins on the sorted myeloid cell population using the 

standard cytospin protocols as per methods (section 2.23.4), however no 

haematopoietic cells suitable for morphological analysis were seen following 

MGG staining. On discussion with other groups, these cell numbers would 

usually have yielded cells viable for morphological assessment. Clear pellets 

were seen for each sample after post FACS centrifugation, however, this 

could have been cellular debris. Other groups have verbally reported that 

zebrafish cells are relatively fragile to mechanical damage during FACS 

compared to those from human sample or tissue culture. Despite 

optimisation of cytospin settings, post sorting centrifugation and the use of a 

wider bore funnel through which sorted cells passed, this was a persistent 

issue in cells derived from embryos up to 5dpf and erythrocytes derived from 

adult zebrafish whole kidney marrow (WKM). Therefore, I was unable to 

define any changes in the cytological characteristics of myeloid cells in the 

mutants in any further detail.  
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3.2.14 All biallelic cebpa mutants can be reliably in vivo genotyped 

using the transgenic reporter line Tg(lyzC:mCherry) 

Having established a pronounced defect in mature granulopoiesis in all 

biallelic cebpa mutant genotypes I proceeded to validate in vivo genotyping 

by the same methods as for cebpa
Nterm/Nterm in section 3.3.4 for the other 

biallelic mutants. I assessed a cebpa
WT/Cterm in-cross and cebpa

WT/Nterm x 

cebpa
WT/Cterm where one of each parent fish was a homozygous carrier of 

Tg(lyzC:mCherry). Embryos were treated with PTU after gastrulation at 1dpf 

to block pigment formation to increase sensitivity of detecting embryos with 

absent mCherry expression due to the observation that a pigment stripe 

overlying the CHT shows significant autofluorescence. Embryos were sorted 

according to presence or absence of mCherry expression within the CHT at 

3dpf. 8 embryos with absent mCherry expression and 16 mCherry 

expressing siblings were genotyped from each cross. All embryos without 

mCherry expression within the CHT were found to have biallelic cebpa 

mutation; conversely all embryos expressing mCherry were either wild type 

or heterozygous mutants. It was therefore concluded that cebpa
Cterm/Cterm and 

cebpa
Cterm/Nterm embryos could be successfully genotyped in vivo by absence 

of mCherry expression within the CHT at 3dpf, as already established for 

cebpa
Nterm/Nterm. 

3.2.15 Biallelic mutants are morphologically normal until independent 

feeding at 5dpf 

Other zebrafish models of haematopoiesis have had associated 

morphological variants, particularly in vasculogenesis92. Defects in 

haemoglobinisation and erythropoiesis can also lead to cardiac abnormalities 
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and oedema, although this was not anticipated in my models due to the 

normal o-dianisidine staining already observed in both primitive and definitive 

haematopoiesis. However, cebpa is well documented as being important in 

hepatic development112 and CEBPA is known to be expressed in 

adipocytes26,27. Therefore, I assessed all cebpa mutants for morphological 

phenotypes. 

All biallelic mutants (cebpa
Nterm/Nterm, cebpa

Cterm/Nterm and cebpa
Cterm/Cterm) 

were morphologically indistinguishable from their heterozygous mutant and 

wild type siblings until entering the UCL fish facility nursery at onset of 

independent feeding at 5dpf. To highlight morphology and confirm normal 

somitogenesis WISH with a myoD probe was carried out, showing equivalent 

development of somites in all biallelic mutants (Figure 3.16 a-c in 

cebpaWT/Nterm in-cross). 
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Figure 3.16: MyoD expression by WISH at 28hpf in N terminal mutants 

 

Figure 3.16: MyoD expression by WISH at 28hpf in N terminal mutants. Representative 
images for all genotypes from a cebpa

WT/Nterm in-cross. Numbers indicate proportion of 
embryos observed with phenotype displayed. Scale bar = 100uM. 
 



 161 

3.2.16 Expression of cebpa and cebpb in cebpa mutants 

Due to the challenges of identifying Cebpa isoforms during Western blotting I 

wished to establish that cebpa mRNA was expressed in N terminal mutants, 

and that the mutation did not lead to nonsense mediated decay. I therefore 

utilised a WISH probe to investigate cebpa mRNA expression in N terminal 

mutants. As mentioned, a single mRNA is transcribed from cebpa, with our 

WISH probe covering its coding sequence (see Supplementary Table 2 for 

plasmid DNA sequence). I chose to perform WISH at 28hpf, to investigate 

cebpa transcription at the initiation of definitive haematopoiesis. Cebpa 

expression is known to be well established in wild type embryos at this 

developmental stage during zebrafish haematopoiesis121 and embryos are 

readily permeable to staining of haematopoietic cells both over the yolk sac 

and within the PBI/CHT. 

Figure 3.17 shows representative images of each genotype generated from a 

cebpa
WT/Nterm in-cross at 28hpf, following WISH with cebpa probe. Cebpa 

expression is clearly seen in all genotypes at 28hpf, indicating that presence 

of cebpa
Nterm in heterozygous or homozygous dosage does not lead to 

nonsense mediated decay of mRNA transcripts at the onset of definitive 

haematopoiesis. In wild type embryos staining in individual cells was seen 

both across the yolk sac (a) and within the PBI (d). Staining in cebpa
WT/Nterm 

heterozygous mutants showed mildly increased staining across the yolk (b) 

and mildly decreased in the PBI (e). This increase in staining over the yolk 

sac was more pronounced in cebpa
Nterm/Nterm homozygous mutants (c), with a 

mild decrease in cebpa expression seen in the PBI (f). While differences 

were seen in cebpa expression in these regions of haematopoiesis, staining 
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across the gut (above the yolk sac extension) and in the pronephric duct was 

equivalent in all genotypes (d-f). This indicates that the differences observed 

in the distribution of cebpa expression with cebpa
Nterm were likely a result of 

its effect on haematopoietic cell numbers, rather than the mutation’s effect on 

cebpa mRNA transcription itself. 

To lend support to this inference, I also looked at expression of the related 

transcription factor cebpb in cebpa
Nterm

 mutants at 28hpf (Figure 3.17 images 

g-l). cebpb is usually expressed sequentially with cebpa in haematopoietic 

cells of granulocytic lineage122. Zebrafish cebpb mRNA has been shown to 

be expressed over the yolk sac in developing macrophages from 18-24hpf 

(Thisse et al 2001, ZFIN directly submitted expression data), with 

subsequent expression within the CHT in granulocytes during definitive 

haematopoiesis in wild type embryos (Rauch et al 2003, ZFIN directly 

submitted expression data). In embryos from a cebpa
WT/Nterm in-cross at 

28hpf, no expression of cebpb was observed over the yolk sac in any 

embryos (images g-i). This is a normal pattern in wild type embryos at this 

stage of development. However, cebpb expression was observed in the PBI 

of both wild type (j) and heterozygous mutants (k) at 28hpf. In cebpa
Nterm/Nterm 

homozygotes (l), no expression was seen at this time point. Again, 

expression along the gut to the cloacae at the end of the yolk sac extension 

confirmed successful WISH probe hybridisation in all embryos studied. As 

cebpb is expressed later in differentiation than cebpa
65, this suggests the 

lower numbers of cebpa expressing cells seen in cebpa
Nterm/Nterm mutants is 

due to the absence of more mature granulocytes co-expressing both cebpa 

and cebpb.  
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Figure 3.17: cebpa and cebpb expression by WISH in N terminal 

mutants at 28hpf 

 

Figure 3.17: cebpa and cebpb expression by WISH in N terminal mutants at 28hpf. 
Representative WISH images of each genotype in a cebpa

WT/Nterm in-cross fixed at 28hpf. 
Numbers in bottom right corners indicate proportion of embryos genotyped with each 
phenotype. Scale bars = 250uM. cebpa images a-f: A-c ventral views of expression in 
primitive myelocytes over yolk sac, d-f sagittal views of whole embryos showing expression 
over yolk sac in primitive myelocytes, in the gut and in the PBI. cebpb images g-l: g-i sagittal 
views of whole embryo show equivalent expression in the gut in all genotypes. j-l show 
expression within the posterior blood island (PBI). 
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3.2.17 Genotyping methods for cebpaNterm 

While I had established the presence of a marked haematopoietic phenotype 

in homozygous mutants from 4-5dpf, SB staining and FACS analysis of 

granularity by mCherry quantification were suggestive that cebpa
WT/Cterm and 

cebpa
WT/Nterm heterozygous mutants showed promising but potentially subtle 

haematopoietic phenotypes. Given that heterozygous mutants in existing 

models of cebpa disruption did not readily display phenotypic abnormalities, 

and that 50% of CEBPA mutated AML has a single mutated allele, this was 

an important area to explore.  

Given the subtlety of abnormalities seen thus far, it was likely that screening 

of large numbers of embryos was going to be necessary to delineate 

potentially subtle defects in myelopoiesis at various critical time points. High-

throughput genotyping would also allow me to exploit the large numbers of 

sibling embryos created in a single cross for comparison analysis, one of the 

key advantages afforded by the zebrafish model. Genotyping of cebpa
Nterm

 

provided challenges as no restriction enzyme site was either created or 

deleted with the 5bp K75fs deletion. It was also found to be too small to be 

detected even on metaphor agarose gels. By using a fluorescent reverse 

primer, I could detect the small deletion by CEQ analysis (see section 2.15). 

However, this method was both expensive and laborious, with only eight 

samples processed per hour on the analyser and manual interpretation of 

each trace required. I therefore sought more high-throughput methods of 

genotyping. 

Use of the WAVE platform (Transgenomic Ltd) to perform denaturing high-

performance liquid chromatography was also unreliable due to a single 
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nucleotide polymorphism (SNP) in the zebrafish DNA sequence close to the 

mutation. The CEQ and WAVE methods of genotyping, however, were 

mainly designed to screen DNA for potential mutations in patient samples, 

following which abnormal traces would be sent for Sanger sequencing. In my 

genotyping experiments my mutation is constant, and rather than identify it 

genotyping merely required calculation of its dosage within the test DNA. I 

therefore worked with LGC to design allele specific primers for the 5bp 

deletion for use in their KASP assay (see section 2.17). This also 

necessitated alteration of my DNA extraction protocol from a NaOH to a KOH 

(HotSHOT) based assay (see section 2.19.3), given that sodium content 

interfered with the chemistry in the KASP PCR amplification (LGC, verbal 

communication). Given that PCR conditions were standard for all KASP 

primers, throughput was also increased by the ability to simultaneously 

genotype both cebpa
Nterm and cebpa

Cterm on a single plate, hence C terminal 

mutation genotyping was also switched from a PCR and gel electrophoresis 

method to KASP genotyping with allele specific primers. 

3.3 Discussion 

3.3.1 cebpaNterm effectively models CEBPA N terminal mutations found 

in familial and sporadic AML 

As discussed, prior to the commencement of my work the K75fs mutation 

had been identified in F1 embryos. While zebrafish models of cebpa 

mutation have been previously reported, my aim was to create models which 

more accurately recreated the highly conserved mutations found in human 

sporadic AML. Previous zebrafish models moli
Hkz779 and cebpa

rj31111 are 
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predicted to lack the C terminal bZIP domain, due to a large insertion and 

2bp deletion respectively. Without the C terminus, Cebpa lacks dimerisation 

and DNA binding capacity, therefore these models are effectively KO. 

Additionally, C terminal truncations are an extremely rare event found in 

sequencing of human AML samples11,29.  

My aim of successfully replicating N and C terminal mutations in cebpa was 

due to the previous finding in mammalian models that while marked defects 

in myelopoiesis were seen in mammalian Cebpa KO models, these animals 

consistently did not develop leukaemia25,97,123. Also, the high level of 

conservation in CEBPA mutations in human disease is highly suggestive that 

the exact nature of these mutations is pathogenetic in the development of 

AML. In the case of N terminal mutations, these mutations are predicted to 

cause sole translation of the p30 short isoform of CEBPA in over 75% of 

cases65. In mice, a stable N terminal mutant line termed the “L mutant” had 

been previous created and studied by Nerlov and colleagues98. This group 

created a nonsense mutation between the first and second AUG codons in 

Cebpa by insertion and subsequent excision of a LoxP flanked cassette. 

Unlike other mouse models, these mice developed a myeloproliferative 

disorder and subsequent AML. Zebrafish Cebpa isoforms with and without N 

terminal mutation have been previously studied by transfection. Similarly to 

in humans and mouse, zebrafish have one major isoform which is no longer 

transcribed in the presence of N terminal mutation. However, distinctly, there 

are multiple internal ATG sites and subsequently multiple smaller minor 

Cebpa isoforms. This group’s N terminal mutation was termed zD420, with a 
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single cytosine deletion at position 420 creating a frameshift mutation 

between the first and second ATG codons in cebpa.  

The cebpa
Nterm mutant’s germline mutation K75fs is a 5bp deletion of bases 

429-433 within the cebpa coding sequence. As shown in Figure 3.1, this 

creates a frameshift between the first and second translation initiation sites. 

This is within 10bp of the zD420 deletion. While N terminal mutations are 

highly conserved in their nature, they are spread uniformly throughout the 

coding sequence of CEBPA in both CEBPA-sm and CEBPA-dm AML prior to 

the p30 translation initiation site11, therefore the exact siting was not as 

important as the frameshift the mutation created to faithfully replicate those 

mutations seen in human disease. This germline mutation is therefore highly 

analogous to those previously identified in human disease, the mouse L 

mutant and zD420 in zebrafish. However, in order to further validate the 

mutation I went on to investigate the predicted loss of full length isoform the 

mutation was predicted to result in. 

3.3.2 Effects of cebpaNterm on Cebpa isoform expression 

As shown, I carried out experiments to validate the N terminal mutation as 

showing a similar pattern of CEBPA isoform expression as that seen in 

human disease, namely the loss of full length p42 equivalent isoforms as 

seen in sporadic AML12. This was initially challenging both in achieving 

measurable amounts of Cebpa protein in my extracts and finding a cross 

reactive anti-CEBPA antibody for zebrafish Cebpa. While other groups have 

reported that there are no commercially available antibodies to zebrafish 

Cebpa110, I found that the polyclonal 2295 Cell Signalling Technology was 

successful in Cebpa detection.  
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I was unable to successfully detect zebrafish Cebpa in embryos injected with 

wild type zebrafish cebpa mRNA. Unfortunately, injection of cebpa mRNA is 

lethal at high concentrations70,110. Although mRNA concentrations for 

microinjection were uptitrated, no Cebpa protein was detected at the highest 

non-lethal dose. When sample Cebpa levels were optimised by plasmid 

transfection of cebpa
Nterm mutant and wild type zebrafish cebpa into 293T 

cells, interpretation was complicated by the presence of endogenous human 

CEBPA in 293T cells. This had not been originally anticipated given the 

undetectable levels of CEBPA in AML cell line lysates previously tested, 

although in retrospect this may be due to the presence of CEBPA 

downregulation in these cell lines, as seen in 50% of sporadic AML cases.  

The only published example of zebrafish Cebpa detection was performed by 

Liu et al70 using a custom-made zebrafish antibody. The group created a N 

terminal mutation using site directed mutagenesis in cloned plasmid cebpa. 

Here they deleted a single cytosine in phenylalanine at aa65, zD420, 

causing a frameshift prior to the first of three internal ATG sites within 

zebrafish cebpa. cebpa
Nterm is a 5bp mutation at aa75, in close proximity to 

the mutation zD420, and similarly causing a frameshift prior to the first 

internal ATG site in cebpa. It would therefore predict an identical expression 

pattern in Cebpa isoforms to that which has been previously reported. Liu et 

al circumvented several of the challenges I experienced as endogenous 

CEBPA expression was not found in the transfected CV1 cells, a monkey 

kidney cell line, and the antibody utilised (but no longer available) was raised 

to be zebrafish specific. They reported the size of the full length zebrafish 
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Cebpa to be approximately 36kDa, with three further bands detected of 

unspecified sizes. 

Despite the overlying pattern of 293T intrinsic CEBPA, it appeared that there 

was a clearly distinct pattern of bands both in transfected cells to 

untransfected cells and between wild type and mutant cebpa transfections. 

The closest band to 36kDa was present in both mutant and wild type 

samples, however, this and a smaller band showed increased levels in both 

the cytoplasmic and nuclear fractions of mutant versus wild type lysates. This 

is similar to data in samples from human N terminal mutants, where smaller 

isoforms are present in increased amounts in the absence of p42. I therefore 

concluded that the largest isoform could not be detected due to overlying 

CEBPA, but upregulation of smaller isoforms was present.  

While a differential expression pattern of Cebpa isoforms has been 

demonstrated in the presence of cebpa
Nterm the experiment requires further 

optimisation. Unfortunately, as cebpa is a single exon gene with a single 

mRNA transcribed, qPCR is not an effective strategy. In order to delineate 

comparative amounts of the full length isoform I propose two potential 

strategies for future experiments. The plasmids encoding mutant and wild 

type cebpa could be transfected into an alternative cell line such as CV1 

which has no endogenous expression of CEBPA. Alternatively, I could utilise 

the pcDNA3.1/V5-His-TOPO vector’s V5 tag. Unfortunately, due to the 

frameshift created by cebpa
Nterm, cloning strategies did not allow both wild 

type and mutant sequences to be positioned in frame with the V5 tag. 

Therefore, future site directed mutagenesis and repeat transfection would be 

required. Techniques for optimisation of Cebpa extraction from injected 
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zebrafish such as direct lysis into loading buffer have been suggested to aid 

detection. This would further validate the rescue experiments if restoration of 

a normal isoform pattern could be established. 

In summary, cebpa
Nterm shows strong conservation both with zD420 and N 

terminal mutations in AML shown to eliminate expression of full length Cebpa 

and CEBPA isoforms respectively. While a differential expression pattern of 

isoforms was established in the presence of cebpa
Nterm, full length isoforms 

were predicted to be at a distinct size to the only other reported detection at 

36kDa. For ease of reference in subsequent discussion regarding the effects 

of cebpa
Nterm I will therefore refer to full length Cebpa isoforms as “p42 

equivalent” and shorter isoforms as being “p30 equivalent”. 

3.3.3 Full length Cebpa is essential for formation of mature 

granulocytes in zebrafish during embryonic definitive 

haematopoiesis 

Cebpa is already well known to be a key transcription factor in zebrafish 

myelopoiesis. Knockout models have shown a complete absence of mature 

myelocytes at 3-4dpf by SB staining79,112, as seen in KO mice97. This finding 

in KO models was recapitulated in the cebpaNterm/Nterm homozygous mutants, 

with a complete absence of mature myeloid cells using the simple 

histochemical SB stain at 5bp in all embryos screened. Assuming cebpa
Nterm 

faithfully replicates N terminal mutations, as predicted by the sequence 

disruption and discussed above, these results show that p42 equivalent 

isoforms of Cebpa are essential for mature granulocyte formation in definitive 

zebrafish haematopoiesis. 
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In the L mutant mouse model of CEBPA N terminal mutation reported 

analysis was limited to after birth, with only 14% of expected homozygous 

litter mates being alive one week after birth due to perinatal mortality 

attributed to hypoglycaemia98. Analysis of bone marrow and spleen in 

animals under two months of age showed neutropenia. However, the 

observed perinatal mortality limited numbers of animal investigated and no 

analysis of foetal liver haematopoiesis, equivalent to CHT development, was 

reported. My findings therefore show that translation of short isoforms results 

in a total absence of mature granulocytes earlier than previously reported, 

during embryonic definitive haematopoiesis in the zebrafish CHT. Expression 

of p30 isoforms alone is insufficient to abrogate the phenotype previously 

observed in Cebpa KO models79. However, while SB staining is commonly 

used to identify mature neutrophils, it is a non-specific lipophilic stain. 

Granulocytes as early as the promyelocyte stage have been reported as 

staining SB positive, and macrophages and monocytes are variably positive 

for sudanophilic granules in mammalian studies. Therefore, while this 

screening test showed a marked phenotype, further evaluation was required 

for comparison to previous KO and mammalian models. 

3.3.4 cebpaNterm is responsible for the phenotype observed in 

cebpaNterm/Nterm mutants 

To further ratify the N terminal model I also carried out rescue experiments, 

injecting zebrafish mRNA encoding Cebpa into a cebpa
WT/Nterm in-cross. 

Rescue experiments showed that wild type cebpa mRNA was able to 

successfully reduce the numbers of embryos with completely absent 

myelopoiesis compared to uninjected controls. By showing a rescue of the 
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phenotype with provision of wild type cebpa sequence this confirms that the 

phenotype observed is due to the cebpa
Nterm

 mutation, and excludes off 

target TALEN cutting and/or other germline mutations in the multiply bred AB 

line in which the model had been created as being responsible for the 

defective granulopoiesis seen. 

However, even with the various refinements in experimental design 

described, the maximum proportion of rescue achieved was 50%. The 

reasons for this are likely to be multifactorial.  

1) Wild type cebpa mRNA injection has been consistently noted to be 

embryonically lethal at physiological levels in rescue experiments70,110. 

I was therefore limited in the amount of exogenous wild type cebpa I 

could use to rescue the phenotype, with 20ng/ul being the maximum 

tolerated dose for acceptable survival in injected embryos. 

2) Phenotype rescue experiments in zebrafish are known to be 

challenging and often result in incomplete rescue118,124,125. 

3) Maternal transfer of mRNA occurs in zebrafish embryos and may 

persist to the time points studied impacting the experimental 

conditions126. 

4) mRNA is unstable and only effective at rescue in early embryonic 

development124. 

5) Cebpa minor isoforms have been shown to work in a dominant 

negative manner43.  

6) cebpa
Nterm homozygosity is lethal by breeding age (See chapter 6) 

and embryos cannot be genotyped based on morphological 

abnormalities. This meant that microinjection was performed in a 
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cebpa
Nterm in-cross, where only 25% of progeny would be predicted to 

have the phenotype of interest at Mendelian ratios.  

Due to the mortality associated with higher dosages of cebpa mRNA it may 

be that a truly “therapeutic” rescue dose could not be achieved. When rescue 

proportions at 200ng vs 20ng/ul mRNA concentration were compared, there 

was no improved rescue proportion at the higher concentration injected. This 

can be explained by a bias for survival in embryos with lower levels of mRNA 

microinjection.  

3.3.5 cebpa mRNA is expressed in cebpaNterm mutants 

Previous studies have demonstrated that cebpa is normally expressed as 

early as 12-16hpf in the PLM (posterior lateral mesoderm) in wild type 

zebrafish embryos70. At 24hpf, at the onset of definitive haematopoiesis 

within the CHT and contemporaneous to the onset of zebrafish circulation, 

cebpa mRNA expression has been shown in wild type embryos in primitive 

macrophages migrating over the yolk sac and in myeloid cells in the CHT, as 

well as in the gut. In cloche mutants lacking haematopoietic cells, cebpa 

expression was restricted to the gut127. cebpa mRNA was expressed in both 

homozygous and heterozygous cebpa
Nterm mutants at 28hpf, this time point 

being chosen as definitive haematopoiesis has been reliably initiated in all 

embryos by this stage of development. Therefore, the observed phenotype in 

mutants could not be explained by nonsense mediated decay of non 

functional mRNA transcripts. While other groups did not report cebpa 

expression in their models, this is a common phenomenon coupled to such 

mutations encoding premature termination codons.  
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The related transcription factor Cebpb is known to be expressed sequentially 

with Cebpa, with levels increasing at the myelocyte stage of differentiation65. 

In zebrafish, its expression can be detected within primitive macrophages, 

the developing gut and liver and in myelocytes within the CHT during 

definitive haematopoiesis128,129. At 28hpf, while cebpb expression is already 

seen in myelocytes within the CHT in wild type embryos, it is completely 

absent in cebpa
NtermNterm mutants. Equivalent expression is seen in the 

developing gut and liver in all genotypes. Expression of Cebpb has been 

detected in cells from the foetal liver of KO mice25,123, while Cebpa and 

Cebpe were undetectable. However, the absence of cebpb mRNA at 28hpf 

could represent the absence of differentiation of haematopoietic cells to the 

myelocyte stage, at which its levels peak. Absence of wild type Cebpa is well 

documented to cause a differentiation block in mouse KO models123,130. 

3.3.6 cebpaCterm effectively models CEBPA C terminal mutations found 

in familial AML 

Unlike the uniform spread of N terminal mutations between the first and 

second ATG codons, C terminal mutations in AML are conserved within a 

tight cluster at the junction between the DNA binding and dimerisation 

domains of CEBPA11. However, as with N terminal mutations their nature is 

highly conserved. 80-90% of C terminal mutations are small in-frame 

insertions and deletions within the bZIP domain, corresponding to amino 

acids 285-350. The small in-frame nature of these mutations suggests that 

some function of the bZIP domain is retained, particularly as Cebpa knock 

out models do not develop leukaemia25 yet cebpa
Cterm mutation is seen in 

both sporadic and familial AML. A mouse model of cebpa
Cterm has been 
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developed that carries CEBPAK313KK,  this consists  of  a “knock-in” lysine 

duplication in the bZIP domain created by transfection of embryonic stem 

cells by construct subjected to site-directed mutagenesis (referred to as the 

‘K’ allele) 26,99. This has a distinct phenotype to knock out models, where 

foetal liver cells from homozygous and compound heterozygous K/L mutants 

develop leukaemia following transplantation into immunocompromised 

recipients99. 

Figure 3.1 shows the sites of the orthologous amino acids K313 (as in the K 

mouse mutant) and L317, both recurrently duplicated in human sporadic and 

familial AML. I describe attempts to create an equivalent knock-in germline 

model, termed “add L”, where the L317dup lay outside the TALEN 

recognition site which had been identified. While the TALEN was efficacious, 

no incorporation of a single stranded oligonucleotide donor DNA template 

carrying add L was seen on repeated experiments. Following reports of 

increased efficacy of homologous recombination of knock-in sequences in 

zebrafish using dsDNA donor sequences versus oligonucleotides (albeit 

using CRISPR)117 I designed a plasmid to co-inject with the Cterm cebpa 

TALENS. This showed superior efficacy, although still low at 2-5% gamete 

transmission in around 4% of F0 generation surviving to adulthood. This is 

equivalent to transmission rates previously reported84. The failure to identify 

an F1 heterozygote for add L is therefore likely simply due to low 

transmission rates rather than any lethality caused by the donor sequence in 

embryos. This inference is supported by normal Mendelian ratios and lack of 

discernible phenotype in heterozygous zebrafish mutants with a large 10kb 

insertion in the cebpa C terminal79. The 3bp deletion F1 candidate also 
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caused a single amino acid change in close proximity to add L within the 

bZIP domain, and heterozygous mutants showed normal development until 

breeding age.  

However, while I was unable to identify a knock in mutant in the F1 

generation in the time scale of the project, several other candidate mutations 

that showed in-frame insertions and deletions were produced by TALEN 

activity. All of these mutants showed defective mature granulopoiesis at 5dpf, 

as seen in cebpa
Nterm/Nterm.   The 3bp deletion and 12bp insertions both 

encoded incorporation or novel amino acids within the DNA binding domain 

and resulted in complete absence of myelopoiesis as assessed by SB 

staining at 4dpf. However, the 12bp deletion and 24bp deletion, while both 

had a dramatic defect on decreasing mature granulocyte numbers, did show 

some residual mature granulocytes in selected embryos. Given the evidence 

that some residual function of Cebpa is required for leukaemogenesis53 I 

favoured these as my founder mutations. Looking at the range of cebpa
Cterm 

mutations previously reported (Dr Claire Green PhD thesis, UCL discovery), 

deletions and insertions appeared to be broadly restricted to 2-6 amino 

acids. As the 12bp (4 amino acid) deletion was therefore more in keeping 

with those found in sporadic AML than the 24bp deletion it was chosen as 

the germline cebpa
Cterm founder mutation for further studies.  

The high level of conservation of the site of C terminal mutations has been 

reported to be lead to a conserved disruption of DNA binding and/or homo 

and heterodimerisation with other CEBP family members65. Previous work 

has been performed to determine the function of specific amino acid residues 

within the Cebpa C terminus. Various BRM (basic region mutant) mutants 
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were created to determine the amino acid residues involved in DNA binding 

and E2F interaction26. The 12bp deletion of cebpa
Cterm lies distinct to aa285 

identified in the BRM2 and BRM5 mutants as being essential for E2F 

interaction, and therefore the mutant would be anticipated to have an altered 

DNA binding and/or dimerisation affinity but to retain its suppression of E2F 

transcription patterns and cellular growth30,97. 

 

3.3.7 Heterozygous Cebpa mutation results in abnormal myelopoiesis 

Previous KO models have not readily shown a phenotype in heterozygous 

mutants79,111. Heterozygous carriers of cebpa
Nterm equivalent mutations in 

leukaemia predisposition kindreds no full blood count (FBC) abnormalities 

are seen prior to development of leukaemia57. However, half of cases of 

sporadic AML with CEBPA mutation have only monoallelic mutations, 

suggesting that this may have some dysregulation of normal haematopoiesis 

predisposing to leukaemic transformation11,131. The large numbers of 

mutants generated by a single cross in zebrafish germline models mean that 

the cebpa
Nterm and cebpa

Cterm models could be used to interrogate more 

subtle defects in heterozygotes in early myelopoiesis that prime carriers for 

the development of leukaemia. 

In the mouse L mutant, a putative phenotype was seen in heterozygous 

mutants, where increased proliferation was seen in myeloid progenitors 

compared to wild type siblings. In SB screening tests in cebpa
Nterm mutants, 

cebpa
WT/Nterm embryos consistently had significantly reduced numbers of 

mature granulocytes at 5dpf compared to wild type siblings. This suggests 

that even if full length p42 equivalent isoforms of Cebpa are present, 
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disruption of their ratio to shorter isoforms can impair granulopoiesis. 

Evidence to support this comes from reports that shorter isoforms are 

upregulated in N terminal mutations70 and that, due to Cebpa being a bZIP 

transcription factor which dimerises, short isoforms can act in a dominant 

negative manner due to sequestration of CEBPA or other bZIP partners12,70.  

In BRM2 mutants, heterozygotes were reported as having a myeloid skewing 

similar to homozygotes in an insertional mutagenesis screen30. However, 

these mutants have distinct C terminal mutations to those seen in human 

AML and the cebpa
Cterm mutant, which affect the E2F interaction of Cebpa 

rather than DNA binding. No phenotype has been previously reported in C 

terminal heterozygous mutants. CEBPA C terminal mutation is also reported 

far less frequently in leukaemia predisposition kindreds compared to N 

terminal mutations, and with a lower penetrance of AML development33,58. 

However, a phenotype was also seen in cebpa
WT/Cterm heterozygous mutants, 

but this was distinct to that seen in cebpa
WT/Nterm heterozygotes. Increased 

numbers of SB granules were seen in cebpa
WT/Cterm compared to wild type 

siblings. However, on further review of imaging these appeared to be finer 

than granules seen in wild type siblings. This raised the possibility that there 

was either an increase in granulocytes in cebpa
WT/Cterm or that numbers of 

granulocytes were unaltered but each cell displayed more yet smaller 

cytotoxic granules. Investigation of mCherry expression in cebpa
WT/Cterm 

expressing Tg(lyzC:mCherry) showed that myeloid cell numbers were 

unaffected but lower levels of mCherry expression in each cell suggested 

that the granule composition was abnormal. As granule composition is a 



 179 

feature of myeloid maturation this is suggestive of a differentiation defect with 

abrogation of Cebpa DNA binding in the presence of cebpa
Cterm. 
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4 Cebpa mutations result in distinct patterns of 

aberrant primitive and early definitive 

haematopoiesis  

4.1 Introduction 

4.1.1 Primitive haematopoiesis in zebrafish embryos 

Primitive haematopoiesis in zebrafish is initiated by bipotent progenitors 

originating from the mesoderm. Haemangioblasts with the potential to 

differentiate into both vascular and haematopoietic cells originate from the 

anterior lateral mesoderm (ALM) and the posterior lateral mesoderm (PLM) 

at around 11hpf. These are equivalent to the blood islands in the mammalian 

yolk sac. Cells within the ALM are fated to become primitive myeloid cells, 

whereas those from the two stripes of the PLM become primitive 

erythrocytes, providing oxygen to the rapidly growing embryo. The two 

stripes of the PLM fuse medially at around 18hpf to become the intermediate 

cell mass (ICM). After cardiac development and the onset of circulation at 

24hpf the ICM gradually diminishes, making way to the two waves of 

definitive haematopoiesis80. The sites of primitive haematopoiesis and cell 

types which emerge from these sites are demonstrated in Figure 4.1a. 
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Figure 4.1: Differentiation and key transcription factors in zebrafish 

primitive haematopoiesis 

 

Figure 4.1: Differentiation and key transcription factors in zebrafish primitive 
haematopoiesis. a) Anatomical locations of key sites in primitive and first wave of definitive 
haematopoiesis in zebrafish. b) Hierarchy of differentiation of cells in primitive zebrafish 
haematopoiesis. Cell types are labelled below their pictoral representations, with 
transcription factors expressed above cell types in italics. 

4.1.2 Key genes expressed in primitive haematopoiesis 

Haemangioblasts within the ALM and PLM express haematopoietic and 

haemato-vascular genes such as scl, lmo2, gata2 and runx1
132. As 

haemangioblasts undergo lineage commitment to either primitive HSC-like 

cells or angioblasts they express either primitive haematopoietic transcription 
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factors pu.1 and gata1, or vascular markers such as flk1 respectively. In 

primitive haematopoietic cells gata1 and pu.1 have a coregulatory 

relationship, where increasing levels of each suppress the other, also 

described as functional antagonism133. Within the ALM, cells begin to 

preferentially express the primitive myeloid transcription factor pu.1 (also 

referred to as spi1b). This is first detected at approximately 12hpf, and is 

thought to indicate commitment of haematopoietic progenitors to a myeloid 

fate 134. At the same location and time point gata1 expression dwindles. As 

cells begin to express pu.1 and commit to a macrophage phenotype they 

migrate lateroventrally over the yolk sac. Pu.1 knockdown leads to 

preferential erythroid differentiation of haemangioblasts within the ALM135.  

In the PLM the key transcription factor governing erythroid development is 

gata1. Here the reverse transcriptional pattern is seen as in the ALM, with 

pu.1 levels declining following an increase in gata1 expression. Gata1 KO 

zebrafish show severely impaired erythropoiesis136 and morpholino 

knockdown of Gata1 in zebrafish leads to a switch in blood cells to 

expression of myeloid specific genes such as mpx and l-plastin. gata1 

expressing erythrocytes can be detected in circulation following cardiac 

development at around 24-26hpf. Further differentiation in erythroid cells is 

characterised by expression of embryonic haemoglobins, as levels of gata1 

rise further136. 

Lmo2 (LIM domain only 2, ortholog to LMO2) is expressed as early as the 

two somite stage in zebrafish, acting together with other genes such as 

gata2a in the development of haemangioblasts in both the ALM and PLM. It 
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is expressed in the two stripes of the PLM with expression maintained until 

after the formation of the ICM at around 18hpf.  

GATA2 has recently been found to have two paralogs in zebrafish and other 

teleosts, gata2a and gata2b. Gata2a seems to have greater conservation 

between species although both paralogs show a high level of conservation at 

both the DNA and protein level within the zinc finger domains. Gata2a has 

been shown to be expressed in a wide range of tissues from an early stage, 

including the haemangioblast and CNS137.  

A schema of haematopoietic differentiation in zebrafish primitive 

haematopoiesis and the transcription factors involved at each stage is 

presented in Figure 4.1b.  

4.1.3 The transient wave of definitive haematopoiesis in zebrafish 

The PBI develops from the mesoderm independently from the ALM and 

PLM. It emerges following primitive haematopoiesis at around 24hpf after the 

onset of circulation, giving rise to a transient initial wave of definitive 

haematopoiesis. Bertrand et al94 have shown that this wave of definitive 

haematopoiesis gives rise to EMPs. These are highlighted by their co-

expression of lmo2 and gata1 and their limited potential to differentiate into 

either erythroid or myelomonocytic cells, but not lymphocytes. They also 

show limited proliferative potential in transplantation assays, distinguishing 

them from true HSPCs, which follow later in haematopoietic development.  

4.1.4 Cebpa in primitive and early definitive haematopoiesis 

cebpa has been shown to be expressed as early as 12-16hpf in WISH 

experiments70, being described as an early marker of myelopoiesis within the 
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ALM in a similar distribution to pu.1
138. However, it is widely thought to 

regulate differentiation to granulocytic versus monocytic lineage during 

definitive haematopoiesis in zebrafish87, in much the same way expression of 

pu.1 governs the myeloid versus erythroid switch upstream during 

differentiation.   

Little is known about CEBPA’s role, particularly the contribution of p42 vs 

p30, in primitive haematopoiesis due to the challenges of investigation in 

mammalian models. The zebrafish is uniquely amenable amongst animal 

models to investigation of primitive haematopoiesis.  High levels of 

conservation exist between the critical transcription factors involved in 

zebrafish and mammalian primitive haematopoiesis, discussed above. The 

zebrafish undergoes external fertilisation and shows optical clarity, meaning 

that investigation can be carried out from the very earliest stages of 

mesodermal programming. Primitive erythropoiesis and myelopoiesis are 

also easily discernible from their distinct anatomical loci in the PLM and ALM 

respectively.  

Some published data from a Cebpa KO zebrafish showed that early myeloid 

cells, defined by expression of pu.1, were generated in the absence of 

Cebpa in zebrafish79. However, these myeloid progenitors showed defective 

migration over the yolk sac and numbers dwindled from 22hpf onwards. 

Homozygous mutants have also been shown to have completely absent 

primitive macrophages79,111 in Cebpa C terminal truncated mutants. 

However, these mutations are not analogous to those seen in human 

disease, and there might be a potentially different role for p42 and p30 

CEBPA isoforms in primitive compared to definitive haematopoiesis. 
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I therefore sought to investigate the as yet unknown role of cebpa C and N 

terminal mutations in primitive haematopoiesis by systematic investigation of 

key transcription factors using WISH at critical time points in development. 

4.1.5 Aims of the experiments described in this chapter 

1) To investigate the effects of cebpa
Nterm and cebpa

Cterm on the 

development of haemangioblasts and bipotent haematopoietic 

progenitors prior to lineage commitment 

2) To investigate the effects of cebpa
Nterm and cebpa

Cterm on primitive 

erythropoiesis 

3) To investigate the effects of cebpa
Nterm and cebpa

Cterm on primitive 

macrophage development 

4) To determine whether defective myelopoiesis due to cebpa
Nterm and 

cebpa
Cterm is also present during primitive haematopoiesis 

5) To determine at what stage defective myelopoiesis due to cebpa
Nterm 

and cebpa
Cterm can be detected in definitive haematopoiesis 

4.2 Results 

4.2.1 Cebpa biallelic mutation does not affect early haemangioblast 

numbers 

The earliest cells to be produced in primitive haematopoiesis are 

haemangioblasts, with both vascular and haematopoietic potential. 

Haemangioblast development was assessed in cebpa mutants by WISH for 

gata2a expression at 18-20hpf. Given that no defects in bipotent progenitors 

were seen in Cebpa KO models79 I anticipated that both cebpa
Nterm and 

cebpa
Cterm would have no effects on gata2a expression.  
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In Figure 4.2, panels a-f show gata2a expression in a cebpa
WT/Cterm in-cross. 

The anterior/ventral views (a-c) show expression within the central nervous 

system (CNS), (seen as patchy expression in brain nuclei in the upper 

ventral views) and the ICM. The sagittal views more clearly show the stripe 

of expression across the dorsal aspect of the yolk sac in the lateral 

mesoderm, ending in the PBI. As expected, cebpa
Cterm/Cterm mutants showed 

no discernible differences in gata2a expression from their siblings. Both 

cebpa
WT/Nterm and cebpa

Nterm/Nterm mutants also showed equivalent expression 

of gata2a in haemangioblasts at this stage, with expression within the CNS 

acting as a control between embryos to ensure equivalent probe 

hybridisation.  

By 20hpf expression of gata2a in the lateral mesoderm of wild type embryos 

fades, with some faint residual expression in the ICM, and increasing 

expression within the PBI where the first wave of definitive haematopoiesis is 

shortly to begin. This expression pattern is shown in Figure 4.2 panels g-i in 

a cebpa
WT/Nterm in-cross. Again, no difference in expression of gata2a was 

observed in either the ICM or PBI between wild type embryos and their 

homozygous and heterozygous mutant siblings. Both cebpa
WT/Cterm and 

cebpa
Cterm/Cterm mutants also showed equivalent expression of gata2a in 

haemangioblasts at this stage. 

This suggests that early haemangioblast specification and development 

between 18-20hpf is not altered by cebpa
Cterm or cebpa

Nterm mutations.  
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Figure 4.2: gata2a expression in cebpa mutants during primitive 

haematopoiesis 

 

Figure 4.2: gata2a expression in cebpa mutants during primitive haematopoiesis. WISH with 
gata2a probe during primitive haematopoiesis. Panels a-f show representative images for 
each genotype in a cebpa

WT/Cterm in-cross at 18hpf. a-c show anterioventral aspects of 
embryos with expression visible in brain nuclei, while d-f show sagittal views with expression 
along the lateral mesoderm and posterior blood island (PBI). g-i show sagittal views of 
representative embryos in a cebpa

WT/Nterm in-cross at 20hpf. Expression is seen within the 
brain nuclei and PBI, with some faint residual expression in the ICM. Scale bars = 250uM. 

4.2.2 Primitive erythropoiesis in the PLM and ICM is not affected by 

biallelic cebpa mutation 

I then investigated early erythropoiesis in the presence of cebpa
Nterm and 

cebpa
Cterm by WISH for gata1a expression between 16 and 20hpf. I 

anticipated that this would likely show a normal expression pattern in all 
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cebpa mutants given that this had been the case during definitive 

haematopoiesis when investigated with O-dianisidine staining. However, in 

previous studies overexpression of dominant negative zD420 (a N terminal 

mutant) lead to a striking increase in primitive erythropoiesis limited to the 

PLM from 16hpf70. This was thought to be due to an influence of Cebpa on 

the gata1/pu.1 erythroid/myeloid switch.  

At 16hpf (see Figure 4.3 panels a-c in cebpa
WT/Cterm in-cross), gata1a 

expression can be seen on dorsal views within the two stripes of the PLM. 

There is no difference in gata1a expression between cebpa
Cterm mutants and 

their wild type siblings. Normal gata1a expression at 16hpf was also 

observed in all cebpa
Nterm mutant genotypes.  

In Figure 4.3 d-i, I show gata1a expression as the PLM fuses to form the ICM 

at around 18hpf in a cebpa
WT/Nterm in-cross. Images g-i show the two stripes 

of the PLM as they fuse in development from anterior to posterior, with 

normal expression observed in homozygous and heterozygous cebpa
Nterm 

mutants (f+i and e+h), as compared to their wild type sibings in both dorsal 

and the upper sagittal views. Normal gata1a expression was also observed 

in all cebpa
Cterm mutants at 18hpf.  

Therefore, as seen in definitive erythropoiesis, both cebpa
Nterm and 

cebpa
Cterm had no effect on primitive haematopoiesis.  
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Figure 4.3: gata1a expression during primitive haematopoiesis in cebpa 

mutants 

 

Figure 4.3: gata1a expression during primitive haematopoiesis in cebpa mutants. Panels a-
c: WISH with gata1a probe at 16hpf. Representative dorsal views of embryos of each 
genotype in a cebpa

WT/Cterm in-cross. Panels d-i: WISH with gata1a probe at 18hpf. 
Representative sagittal and dorsal views of embryos of each genotype in a cebpa

WT/Nterm in-
cross. Scale bars = 250uM.  

4.2.3 Primitive myeloid development within the ALM appears normal at 

16hpf 

While overexpression of zebrafish p30 equivalent isoforms has been shown 

to result in a marked increase in erythropoiesis in the PLM, normal myeloid 

development was observed, as assessed by pu.1 expression in the ALM. In 

Cebpa KO in zebrafish, normal pu.1 staining is observed until 18hpf, when 

defects in migration of pu.1 expressing primitive myeloid cells are then seen. 

I therefore anticipated that the definitive myeloid defect observed at 4-5dpf in 
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cebpa
Nterm and cebpa

Cterm mutants would be distinct from the  development  

of primitive pu.1 expressing cells . Given that CEBPA C and N terminal 

mutations and not null mutations are seen in human AML because both 

mutations retain some myeloid differentiation function necessary for AML 

development, I hypothesised that a later development of myeloid defects was 

likely to occur than that seen in the KO mutant.  

pu.1 staining can be seen in the ALM from the early stages of somitogenesis. 

I assessed its expression at 16hpf, shown in a cebpa
WT/Cterm in-cross in 

Figure 4.4 panels a-c. In wild type embryos, two buds of expression can be 

seen within the ALM, just posterior to and on either side of the developing 

head in these anteroventral views. Expression is dense and it is not possible 

to delineate individual cells expressing pu.1 for the purposes of 

quantification. Embryos at this time point in all heterozygous crosses showed 

equivalent staining in terms of strength, area and distribution of pu.1 

expression. This was confined to the ALM as shown in the representative 

images and consistent between all cebpa genotypes. Therefore, as seen in 

Cebpa KO models, myeloid cell commitment and production appear 

unaffected by both cebpa
Nterm and cebpa

Cterm at this early stage of 

development. 
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Figure 4.4: pu.1 expression in cebpa mutants at 16-20hpf 

 

Figure 4.4: pu.1 expression in cebpa mutants at 16-20hpf. Panels a-c show representative 
images of WISH using a pu.1 probe at 16hpf for each genotype in a cebpa

WT/Cterm in-cross. 
pu.1 expression is seen in two buds over the ALM, with equivalent expression in all 
genotypes. Representative images of WISH using a pu.1 probe at 18-20hpf of each 
genotype in cebpa

WT/Cterm in-cross (panels d-f) and cebpa
WT/Nterm x cebpa

WT/Cterm (panels g-j). 
Individual pu.1 expressing cells migrating over the yolk sac are discernible. Scale bars = 
150uM. 

4.2.4 Migration of primitive myeloid cells at 18hpf is impaired in all 

biallelic Cebpa mutants 

Between 16hpf and 22hpf primitive macrophages expressing pu.1 migrate 

anterolaterally from the ALM across both sides of the yolk sac. Dai et al79 

showed that in a Cebpa KO zebrafish moli
Hkz7 pu.1 positive myeloid cells, 
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likely to represent primitive macrophages, failed to migrate from the anterior 

yolk sac from 18hpf. I therefore investigated whether cebpa
Nterm and 

cebpa
Cterm mutants displayed the same phenotype at the same time point. In 

Figure 4.4 I show representative images with staining for pu.1 expression in 

a cebpa
WT/Cterm in-cross (panels d-f) and cebpa

WT/Cterm x cebpa
WT/Nterm (panels 

g-j). At this time point individual cells expressing pu.1 can be discerned 

migrating over the yolk sac away from an area of dense expression in the 

ALM. In wild type embryos, d and g, anterior views show these cells form a 

continuous pattern stretching from the ALM behind the developing eyes right 

across the anterior aspect of the yolk sac. Similarly, in heterozygous mutants 

(cebpa
WT/Cterm, panels e and h and cebpa

WT/Nterm, panel i), primitive 

macrophages expressing pu.1 are seen migrating normally across the yolk 

sac. In biallelic mutants seen in panels f and j, normal numbers of pu.1 

expressing cells are present, as seen in the moli
Hkz7mutant. However, there 

is a severe restriction in their migration across the yolk sac, with the majority 

of pu.1 expressing primitive macrophages remaining in the ALM zone just 

posterior to the developing head. Distinct to the moli
Hkz7mutant, where no 

pu.1 expressing cells were observed migrating from a dense band of pu.1 

expression in the ALM, some myeloid migration is distinguishable, albeit at 

reduced numbers. This suggests that while wild type Cebpa function is 

necessary for normal monocyte migration over the yolk sac at 18-20hpf, 

some residual Cebpa function is present both with restricted p30 equivalent 

isoform expression in cebpa
Nterm/Nterm and that some residual Cebpa C 

terminal function is present in protein transcribed from the cebpa
Cterm mutant.  
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4.2.5 Defects in pu.1 expressing cell numbers and distribution over the 

yolk sac are apparent in both heterozygous and homozygous 

cebpa mutants at 22hpf 

In the KO mutant moli
Hkz7, while numbers of pu.1 expressing cells are normal 

at 18hpf, homozygous mutants display decreased numbers from 22hpf 

onwards79. This was attributed to a cell cycle defect in pu.1 positive myeloid 

progenitors, with double the number of pu.1 expressing cells in S phase in 

homozygotes as evaluated by BrdU/pu.1 dual labelling. However, 

homozygous mutants were compared only to grouped siblings, with no 

phenotype documented in heterozygous cebpa mutants. To investigate 

whether cebpaCterm and cebpaNterm mutants displayed the same phenotype 

as that seen in KO mutants I studied the defects in pu.1 positive cells’ 

migration over the yolk sac with lateral and ventral imaging of embryos at the 

later developmental stage of 22hpf. In Figure 4.5, panels a-c show WISH 

with pu.1 probe at 22hpf in a cebpa
WT/Cterm in-cross. In wild type embryos, 

panel a, pu.1 expressing primitive macrophages are clearly distinguishable 

migrating across the yolk sac. Some wild type embryos also show occasional 

pu.1 expressing cells within the PBI, just after the termination of the yolk sac 

extension, likely representing initiation of the first wave of definitive 

haematopoiesis. cebpa
WT/Cterm mutants, panel b, showed normal migration of 

macrophages over the yolk sac. However, in cebpa
Cterm/Cterm mutants, 

migration of pu.1 expressing cells was severely impaired, with some 

individual embryos showing no expression outside the ALM, as shown in 

panel c. 
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As individual cells were clearly discernible over the yolk sac, I quantified 

numbers of cells observed as distinct from the ALM, with results recorded in 

graph e. Differences in mean cell numbers for each genotype were 

compared by one-way ANOVA. As noted by qualitative assessment, 

cebpa
Cterm/Cterm mutants had markedly reduced pu.1 expressing cells over the 

yolk sac compared to wild type (p<0.0001) and heterozygous siblings 

(p<0.0001). It also became apparent on quantification that cebpa
WT/Cterm 

heterozygous mutants had significantly more migrating pu.1 expressing cells 

than their wild type siblings (p<0.01). Quantification was also performed 

using analysis of images in Fiji as previously described (graph e)109,139, with 

staining levels expressed as a mean pixel intensity (MPI) of a fixed 

anatomical area. However, this did not appear as sensitive at this time point 

and anatomical distribution of stain for quantifying the clear differences seen 

in staining as the manual cell count.  

In the lower panels sagittal (f, h and j) and ventral (g, I and k) views of 

representative embryos in a cebpa
WT/Nterm in-cross are shown.   Again, pu.1 

expressing cells are shown migrating over the yolk sac in wild type and 

heterozygous mutants at 22hpf (panels f-i). However, there was no evidence 

of pu.1 expressing cell migration in any cebpa
Nterm/Nterm mutants imaged 

(representative embryos shown in panels j and k). Distinct to the phenotype 

of cebpa
Cterm/Cterm at this developmental stage, cebpa

Nterm/Nterm mutants also 

appear to have absent expression within the ALM. Due to the issues 

encountered using Fiji analysis over the curvature of the yolk sac in the 

cebpa
Cterm mutant, analysis was restricted to manual counting of cells, shown 

in graph l. cebpa
Nterm/Nterm mutants showed significantly reduced pu.1 
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expressing cells compared to their heterozygous (p<0.01) and wild type 

siblings (p<0.001). Although a reduction was seen in pu.1 expressing cells in 

cebpa
WT/Nterm mutants compared to wild type siblings, this was not statistically 

significant (p=0.21, one-way ANOVA). Across all genotypes, however, a 

linear trend to reduced pu.1 expressing cell numbers with loss of wild type 

cebpa allele was established (p=0.0003). 
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Figure 4.5: pu.1 expression in cebpaCterm and cebpaNterm mutants at 

22hpf 

 

Figure 4.5: pu.1 expression in cebpa
Cterm mutants at 22hpf. WISH with pu.1 probe in 

primitive haematopoiesis at 22hpf, shortly before the onset of circulation. Panels a-c show 
representative images of each genotype in a cebpa

WT/Cterm in-cross with pu.1 expression 
seen spreading from the ALM on the left, over the yolk sac in wild type embryos. The cells 
migrating over the yolk sac are quantified by manual count (d) and image analysis in Fiji (e). 
cebpa

WT/WT n=5, cebpa
WT/Cterm n=12, cebpa

Cterm/Cterm n=7. Panels f-k show representative 
images in a cebpa

WT/Nterm in-cross with representative sagittal (f, h and j) and ventral yolk sac 
views (g, i and k). Staining measured by manual count of pu.1 expressing cells is quantified 
in graph l. cebpa

WT/WT n=4, cebpa
WT/Nterm n=7, cebpa

Nterm/Nterm n=5.  
Differences in the mean number of staining cells of each genotype were assessed by one-
way ANOVA. NS=non significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Bars indicate 
mean for each genotype and 95% confidence interval. Scale bars = 250uM. 



 197 

Due to the different patterns of pu.1 expression seen in cebpa
Cterm

 and 

cebpa
Nterm

 mutants, embryos from a cebpa
WT/Cterm x cebpa

WT/Nterm out-cross 

were also analysed. Figure 4.6 panels a-d show representative images of 

pu.1 staining at 22hpf in each genotype. cebpa
Cterm/Nterm biallelic mutants 

showed significantly reduced numbers of pu.1 expressing cells across their 

yolk sac compared to cebpa
WT/Cterm and cebpa

WT/Nterm heterozygotes and wild 

type sibings (p<0.001 all genotypes, Figure 4.6 graphs e and f). However, as 

in cebpa
Cterm/Cterm mutants, expression in the ALM was preserved. 

Therefore, in the absence of p30 equivalent isoforms there is a more 

pronounced reduction in migrating myeloid progenitors at 22hpf, and an 

absence of the pu.1 cells previously seen in the ALM. While these 

experiments do not delineate whether this is due to increased apoptosis or a 

cell cycle defect, findings in the KO moli
Hkz7 are suggestive that it is the latter. 

The residual p42 equivalent function in the presence of cebpa
Cterm

 appears to 

be sufficient to maintain cell numbers within the ALM at 22hpf, however, 

without wild type Cebpa this results in a marked reduction in macrophage 

migration over the yolk sac which is more pronounced at this later time point.
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Figure 4.6: pu.1 expression in cebpaCterm/Nterm mutants at 22hpf 

 

Figure 4.6: pu.1 expression in cebpaCterm/Nterm mutants at 22hpf. Panels a-d show representative images of WISH with pu.1 probe at 22hpf of each genotype in 
a cebpaWT/Cterm x cebpaWT/Nterm out-cross. pu.1 expression is seen spreading from the ALM on the left, over the yolk sac in wild type embryos. The cells 
migrating over the yolk sac are quantified by manual count over the yolk sac (e) and within the posterior blood island (PBI). cebpaWT/WT n=8, cebpaWT/Cterm n=9, 
cebpaWT/Nterm n=4, cebpaCterm/Nterm n=8. Scale bar = 250uM 
Differences in the mean number of staining cells of each genotype were assessed by one-way ANOVA. NS=non significant, *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. Non significant between groups if not indicated. Bars indicate mean cell count for each genotype and 95% confidence interval.
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This clutch of embryos also appeared to have sufficient staining in the PBI to 

delineate pu.1 expressing cell numbers in this anatomical location also. It is 

possible this reflects minor differences in staging or alternatively probe 

penetration. Repetition of the experiment in all genotypes is planned for 

clarification of these possible explanations. pu.1 expression in the PBI is 

quantified in Figure 4.6 f. Staining cells were manually counted from the end 

of the yolk sac extension to the tail, and while only low cell numbers were 

present in all genotypes, there was a suggestion of reduced cell numbers in 

all mutants which warranted further investigation.  This was felt to represent 

a reduction in myeloid progenitors at initiation of the first wave of definitive 

haematopoiesis, which required confirmation at later time points.  

4.2.6 No marked difference in EMP numbers is detected in the first 

wave of definitive haematopoiesis 

EMPs are the first definitive haematopoietic cells observed in developing 

zebrafish, arising from the PBI at 22-28hpf. These can be delineated by dual 

expression of lmo2 and gata194. Given the possible reduction in myeloid 

progenitors seen in pu.1 WISH at the start of PBI establishment, I first 

investigated numbers of EMPs prior to myeloid commitment with dual WISH 

for lmo2 and gata1.  

In Figure 4.7, representative images of each genotype at 22hpf are shown. 

This developmental stage is just prior to the onset of circulation:  cebpaCterm 

in-cross (panels a-f) and cebpaNterm in-cross (panels g-l). At 22hpf lmo2 

stains residual haemangioblasts along the lateral mesoderm, as well as 

emerging EMPs within the PBI. In panels a-l at 22hpf lmo2 has been 

developed using NBT/BCIP detection, staining purple. Gata1 is also 
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expressed in the PBI in EMPs, as well as primitive erythroid progenitors. In 

the same panels the gata1a probe has been developed using fast red, 

staining red. EMPs are therefore highlighted in these dual WISH experiments 

by dual purple and red staining cells. Individual cells are difficult to 

differentiate in the NBT/BCIP stain but can be seen more distinctly when 

developed in fast red. Both dual staining EMPs and single expression of 

lmo2 (haemangioblasts) and gata1a (primitive erythrocytes) appear 

equivalent in cebpaCterm and cebpaNterm mutants compared to wild type 

siblings. This indicates that normal Cebpa function is not required for EMP 

formation at 22hpf, as both p30 equivalent isoforms and bZIP mutant Cebpa 

did not result in defective EMP numbers. 
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Figure 4.7: Investigation of EMP numbers in cebpaCterm and cebpaNterm 

mutants at 22hpf 

 

Figure 4.7: Investigation of EMP numbers in cebpaCterm and cebpaNterm mutants at 22hpf. 
WISH with dual lmo2 and gata1 probes. Panels a-l show representative images at 22hpf in a 
cebpaWT/Cterm in-cross (a-f) and cebpaWT/Nterm in-cross (g-l). lmo2 probe has been developed 
in NBT/BCIP staining purple and gata1a probe using FastRed, staining red. EMP numbers 
are quantified by assessing dual staining cells, with equivalent staining for both probes seen 
in all genotypes. Scale bars = 250uM.  

4.2.7 The transgenic line Tg(pu.1:GFP) can be utilised to image in vivo 

pu.1 GFP expression and quantify cell numbers using flow 

cytometry 

A transgenic line Tg(pu.1:GFP) has been previously described78, with 

detection of fluorescence in the ALM from the six somite stage, and 

equivalent expression as compared to WISH for endogenous pu.1 RNA 

expression at 22hpf. However, this transgenic has ectopic GFP expression in 

the muscle and hindbrain, emerging at around 24hpf. This is putatively due 
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to its lack of upstream regulatory sequences in the pu.1 promoter which 

usually suppress its expression in those tissues. In order to investigate the 

differences seen in pu.1 expression between cebpaCterm and cebpaNterm 

mutants I utilised this transgenic line to perform serial in vivo imaging of pu.1 

expression in individual embryos.  

In Figure 4.8 representative images in GFP fluorescence are shown for a 

cebpaWT/Cterm in-cross at 24hpf. Images a-c and d-f show representative 

sagittal and ventral views of the yolk sac in each genotype. It is possible to 

delineate individual pu.1 expressing cells in the ALM and migrating over the 

yolk sac. As in WISH experiments, it is evident that homozygous mutants 

have a reduction in pu.1 expressing cells migrating anterolaterally over the 

yolk sac (panels c and f). However, the background ectopic expression in 

muscle hinders visualisation of cells and automatic quantification. This is 

particularly evident in the PBI (panels g-i), where expression in the tail 

somites is directly adjacent to the pu.1 expressing cells. Density of 

expression and this background fluorescence prevents quantification of 

individual cells in the PBI.  

At 48hpf the same embryos were imaged once again, with a representative 

wild type embryo tail shown in panel j. By this time point expression over the 

yolk sac had disappeared and individual cells could be seen in the PBI/CHT. 

However, ectopic expression in the somites of the tail had also increased 

making visualisation of all but the most ventral cells impossible in 2 

dimensional microscopy. I therefore sought alternative methods of 

quantifying pu.1 expressing cells, namely flow cytometry. While the group 

who created the transgenic had used flow cytometry to investigate pu.1 
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expression, their analysis was restricted to adult tissues and blood. However, 

given the early stage at which a defect in pu.1 expression was seen in cebpa 

mutants I proposed to use it to quantify pu.1 expressing cells in embryos, 

starting at 22-24hpf. All flow cytometric quantification of GFP expressing 

cells in Tg(pu.1:GFP) is described in chapter 5. 
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Figure 4.8: Utilising Tg(pu.1:GFP) to quantify pu.1 expression in vivo 

 

Figure 4.8: Utilising Tg(pu.1:GFP) to quantify pu.1 expression in vivo. Images of GFP 
fluorescence channel in the Tg(pu.1:GFP) line. Panels a-i show representative images of 
each genotype in a cebpaWT/Cterm in-cross at 24hpf. Images a-c and d-f show sagittal and 
ventral views of GFP expressing cells over the yolk sac, while panels g-I show 
magnifications of the posterior blood island (PBI). Panel j shows GFP imaging of a wild type 
embryo at 48hpf showing GFP expression in individual cells against a background of ectopic 
expression in somites. Scale bars = 250uM. 
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4.2.8 L-plastin and coronin expression in cebpa mutant embryos 

highlight a spectrum of myeloid defects 

L-plastin (lcp1) and coronin (coro1a) are both established markers of myelo-

monocytic development used in WISH in zebrafish93,140. L-plastin is an actin-

binding protein, specifically expressed in haematopoietic cells and involved 

in their motility141. Although it is expressed at low levels in granulocytes and 

lymphocytes, its expression is predominantly the macrophage/monocyte 

lineage141. It expression is first observed at 18hpf in the ALM, and 

subsequently at 28hpf in the PBI and in cells migrating over the yolk142.  

In animal models of CEBPA dysfunction reports of disruption of monocytosis 

are conflicting. While granulopoiesis is uniformly reduced in the presence of 

CEBPA mutation, the effect on monocyte numbers appears to be dependent 

on the timing and nature of the mutation25,111,123. In the  zebrafish moliHkz7 

cebpa mutants lacking the C terminal, no monocytes were seen in the CHT 

at 36hpf or CNS at 3-4dpf, however, monocytes specific markers in primitive 

haematopoiesis were not investigated79. Another C terminal truncated 

mutant, cebparf31, was reported by Yuan et al as having no primitive 

macrophages present by WISH staining with an mpeg probe at 22-36hpf111.  

I therefore anticipated that primitive macrophage numbers were likely to be 

diminished in cebpaCterm and cebpaNterm homozygous mutants. I went on to 

perform WISH at 28-30hpf in all mutant genotypes where both macrophages 

generated from the primitive wave of haematopoiesis could still be seen 

migrating over the yolk sac, as well as those originating from the early 

definitive haematopoiesis wave within the PBI/CHT, see Figure 4.9. In a 

cebpaWT/Nterm in-cross at 28hpf, sagittal (a, d and g) and ventral views (b, e 
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and h) show individual cells expressing l-plastin migrating over the yolk sac. 

These are completely absent in cebpaNterm/Nterm mutants (panels g and h). A 

similar picture is seen in the PBI (panels c, f and i), where copious l-plastin 

expressing cells are seen along the dorsal aorta and within the PBI in both 

wild type and heterozygous siblings (c and f), but no expression was seen in 

any homozygous mutants (i). In cebpaCterm/Cterm (panels k and m), some l-

plastin expressing cells were seen over both the yolk sac and in the PBI, but 

in grossly reduced numbers compared to both heterozygous and wild type 

siblings (j and k). In cebpaCterm/Nterm compound heterozygotes a similar 

expression pattern to cebpaCterm/Cterm was seen, in both the tail (panel p vs 

siblings in panels n and o) and yolk sac. 
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Figure 4.9: Expression of l-plastin in cebpa mutants 

 

Figure 4.9: Expression of l-plastin in cebpa mutants. WISH for l-plastin in all cebpa mutant 
genotypes at 28-30hpf following onset of circulation and the first definitive wave of 
haematopoiesis. Panels a-i show representative images of each genotype in a cebpaWT/Nterm 

in-cross. Stained cells in siblings seen over the yolk sac in sagittal (a and d) and ventral (b 
and e) views. These are absent in homozygous mutants (g and h). Cells are also seen in the 
posterior blood island (PBI) / emerging caudal haematopoeitic tissue (CHT) in wild type and 
heterozygous siblings (c and f) but not in homozygotes (panel i). Panels j-m show ventral 
and PBI views in a cebpaWT/Cterm in-cross at 30hpf. Panels n-p show embryos at 30hpf in a 
cebpaWT/Ctermx cebpaWT/Nterm cross. Scale bars = 250uM. 
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CORONIN1a, is another actin binding protein, whose paralog coro1a is 

known to be expressed in both macrophages and neutrophils in zebrafish143.  

It is often used as a pan-myeloid marker in WISH to highlight all cells 

committed to a myeloid fate. I performed WISH for coro1a mRNA at 28-30hpf 

in all heterozygous crosses (see Figure 4.10). Firstly, it was notable that 

coro1a expression was roughly equivalent over the yolk sac to l-plastin, in 

keeping with stains with both probes in this area representing primitive 

macrophages. In a cebpaWT/Nterm in-cross at 28hpf, expression was seen in 

both wild type and heterozygous embryos over the yolk sac (panels a and c), 

and was developing in the PBI (panels b and d). However, in cebpaNterm/Nterm 

expression was markedly reduced in both areas (e and f). Very faint staining 

is seen in the ALM region in homozygotes (panel e), as well as 

approximately 5-10 cells per embryo in the PBI (panel f). Panel k shows that 

cebpaCterm/Cterm mutants have near normal expression of coro1a over the yolk 

sac at 30hpf, but reduced expression in the PBI (panel l). However, this is 

still significantly more than their cebpaNterm/Nterm counterparts, representative 

embryo seen in panel f.  In contrast again, cebpaCterm/Nterm compound 

heterozygotes (panels o and p) show a more pronounced reduction in yolk 

sac expression (presumed to be monocytes) and an intermediate but 

reduced expression of coro1a within the PBI. 
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Figure 4.10: Expression of coro1a in cebpa mutants 
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Figure 4.10: Expression of coro1a in cebpa mutants. WISH for coro1a in all cebpa mutant 
genotypes at 28-30hpf following onset of circulation and the first definitive wave of 
haematopoiesis. Panels a-f show representative images of each genotype in a cebpaWT/Nterm 

in-cross at 28hpf, yolk sac a,c,e and caudal haematopoeitic tissue (CHT) b,d,f. Panels g-l 
show equivalent images in a cebpaWT/Cterm in-cross at 30hpf. Panels m-p show 
cebpaCterm/Nterm compared to WT siblings. Scale bars = 250uM. 
 
Considering the expression patterns in mutants of both coro1a and l-plastin 

together, my results are suggestive that in development of primitive 

monocytes, while numbers are reduced in all biallelic cebpa mutants, 

cebpaNterm/Nterm causes the most pronounced defect in their numbers. 

Therefore, expression of p40 equivalent isoforms is essential for primitive 

macrophage development, and shorter p30 equivalent isoforms are not 

sufficient. The finding that cebpaCterm/Cterm have a relative preservation in 

coro1a expression compared to l-plastin was unexpected, given that both 

probes have been previously reported to label primitive macrophages. This 

may be explained by a block in differentiation, where l-plastin is expressed 

relatively late in monocyte development. The sequential expression of these 

genes in zebrafish is, however, not well defined. 
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4.3 Discussion 

4.3.1 Numbers of haemangioblasts and are unaffected in primitive 

haematopoiesis 

cebpaCterm and cebpaNterm had no effect on haemangioblast numbers, as 

assessed by gata2a WISH. gata2a expressing haemangioblasts showed an 

identical distribution in the ICM in all genotypes at 18-20hpf. No data on 

cebpa’s role in haemangioblast development exists in mammalian models, 

partly due to the challenges of investigating the early stages of primitive 

haematopoiesis in utero. However, due to the optical clarity of zebrafish 

embryos and external fertilisation the model is adept at analysis during this 

early phase of haematopoiesis.  

cebpa is known to be expressed as early as 12-16hpf in the developing 

zebrafish embryo70 and its expression pattern via WISH colocalises with that 

of gata2a in the ALM, PLM and PBI during the time points investigated. 

However, during primitive haematopoiesis in the gata2aum27 mutant line, 

cebpa expression is decreased at 22hpf, suggesting that cebpa acts 

downstream of gata2a during primitive haematopoiesis (Payne group, 

unpublished data). The lack of effect of either cebpaCterm or cebpaNterm in 

haemangioblast development supports this. 

In the KO cebpa mutant moliHkz7, while haemangioblast numbers were not 

formally assessed in published data, this is implied by normal vasculature 

and primitive myelopoiesis until 22hpf as assessed by pu.1 expression79. In a 

zebrafish mutant unable to undergo sumoylation121, leading to a lack of 

Cebpa post-translational transcriptional repression, haemangioblast numbers 

were formally assessed using WISH for scl1, another haemangioblast 
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marker93. This showed that aberration of Cebpa regulation by sumoylation 

did not lead to any alteration in scl or cebpa expression at 20hpf. 

Therefore, my data supports previous data in zebrafish showing that cebpa is 

not required for haemangioblast speciation during primitive haematopoiesis.  

4.3.2 Primitive haematopoiesis is not affected by cebpa mutation 

Primitive erythropoiesis was unaffected by cebpaCterm and cebpaNterm, with 

normal gata1a expression observed in both the ALM and PLM from 16-

20hpf. Although the role of cebpa has been best described during 

myelopoiesis, abrogation of physiological levels can influence erythropoiesis. 

Forced overexpression of cebpa has been shown to inhibit erythroid and 

induce myeloid gene expression in cell lines144. In KO germline mutant mice, 

while erythropoiesis in the peripheral blood was normal at birth25,  analysis of 

foetal liver at 10 weeks showed a marked expansion of both mature 

erythrocytes and erythroid progenitors144. However, primitive erythropoiesis 

in the absence of wild type Cebpa has not been investigated in mammalian 

models. 

In the zebrafish, cebpa is known to be expressed in the PLM, the anatomical 

site of primitive erythropoiesis, at 16hpf70. However, no defects in either 

primitive or definitive erythropoiesis were reported in either the KO moliHkz7 

mutant or K125 sumoylation mutant, therefore normal haematopoiesis in the 

presence of cebpaCterm was anticipated and is in keeping with previous 

findings with abrogation of wild type cebpa function. However, when zD420, 

a similar frameshift cebpa N terminal mutant to cebpaNterm, was 

overexpressed in zebrafish embryos, a marked alteration in primitive 

erythropoiesis was observed70. While myelopoiesis continued as in wild type 
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embryos in the ALM, there was an expansion in erythrocyte numbers in the 

PLM and initiation of erythropoiesis within the ALM. This was not the case in 

cebpaNterm mutants. While the normal gata1a expression pattern in 

cebpaNterm/Nterm embryos differed from the expansion of primitive 

erythropoiesis seen in the Liu et al experiments70, this could have been 

induced as the result of Cebpa p30 overexpression. Also, it is well known 

that the influence of transcription factors over lineage fates in 

haematopoiesis is dosage dependent145-148, which may also explain why no 

defect in pu.1 expression was seen in the ALM at the same time point. It was 

also noted in their experiments that microinjection of the same concentration 

of wild type cebpa mRNA resulted in embryonic lethality, supporting this 

conclusion. 

4.3.3 Primitive myelopoiesis is initiated but shows defects from 18hpf 

in the presence of cebpaCterm and cebpaNterm 

Defects in myelopoiesis in all biallelic mutants were detected as early as 

18hpf. cebpa is known to be co-expressed in the same cells over the anterior 

yolk sac as pu.1 during primitive haematopoiesis, confirmed with dual colour 

WISH70. It is thought that these cells highlight myeloerythroid progenitors, 

and previous groups have suggested that pu.1 lies upstream of cebpa in the 

hierarchy of myeloid transcription factors in zebrafish haematopoiesis135.  

pu.1 expression was found to be normal in all genotypes analysed during 

initial speciation of primitive myeloid progenitors within the ALM at 16hpf, 

showing that wild type cebpa is not required for initiation of primitive 

myelopoiesis. As this was also seen in the moliHkz7 KO mutant this suggests 

that while cebpa is expressed at this developmental stage, it is not required, 
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rather than the interpretation that p30 equivalent isoforms in cebpaNterm or 

residual DNA binding in cebpaCterm are sufficient. However, defects in 

migration of pu.1 expressing cells presumed to be primitive macrophages 

can be detected as early as 18hpf in all biallelic mutants. At this time point no 

difference in phenotype was observed between cebpaCterm and cebpaNterm 

mutants.  This defect in migration was also seen in the molihkz7 Cebpa KO 

mutant79. However, in molihkz7 homozygotes there was a complete failure for 

Tg(pu.1:GFP) cells to migrate away from the ALM at 18hpf, whereas in both  

cebpaCterm/Cterm and cebpaNterm/Nterm mutants, some residual migration was 

seen in all embryos. This lends further support that both mutations are 

distinct from KO of cebpa, and suggests that both show some residual cebpa 

function. 

At 22hpf, pu.1 expression over the yolk sac is absent in cebpaCterm/Cterm, 

cebpaCterm/Nterm and cebpaNterm/Nterm mutants, therefore defects in migration 

are persistent rather than representing a developmental delay. Residual 

function of p30 equivalent isoform in cebpaNterm/Nterm mutants is not sufficient 

for migration. A potential downstream mediator of this defect would be 

CSF3R, known to be required for migration of primitive macrophages in 

zebrafish149. CSF3R expression has also been shown to be decreased in 

cebpa KO mutants79, while p30 equivalent isoforms show markedly reduced 

transactivation of its promoter compared to p42 equivalent in vitro70.  

While strong expression is still seen in the ALM in cebpaCterm/Cterm and 

cebpaCterm/Nterm mutants, this is now absent in cebpaNterm/Nterm mutants. In the 

KO model, reduction in the numbers of cells within the ALM became evident 

at 22hpf, shown to be due to a cell cycle defect79. This phenotype appears to 
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be restricted to cebpaNterm/Nterm mutants, suggesting that this cell cycle control 

is a function of p42 equivalent isoforms. However, the sumoylation mutant 

K125 had normal pu.1 expression at this time point121, so loss of cebpa 

function in cebpaNterm mutants is independent from loss of this post-

translational modification. 

In conclusion, cebpa is dispensable for initiation of primitive myelopoiesis but 

wild type function is necessary for migration over the yolk sac which cannot 

be compensated for by p30 equivalent isoforms. However, some p42 

equivalent isoform function appears to be required for maintenance of 

primitive myeloid progenitors numbers in the ALM, although further 

investigation with BrdU and Annexin is required to confirm whether a similar 

defect in cell cycle control or decreased survival is observed to that in the KO 

mutant. 

4.3.4 cebpaCterm and cebpaNterm affect primitive and early definitive 

monocyte/macrophage development 

Monocyte/macrophage numbers in primitive and early definitive 

haematopoiesis were investigated using two WISH probes: l-plastin and 

coro1a. l-plastin is reported to be specific to monocytes, whereas coro1a 

stains all granulocytes141. While investigation of primitive monocyte 

development has not been investigated in Cebpa mutants, some monocytes 

in adult mammals are known to be derived from the primitive yolk sac150. 

However, reports of Cebpa KO in mouse models differ25,123.  

In cebpaNterm/Nterm mutants, expression of both probes was almost completely 

absent both over the yolk sac and the CHT, indicating that p30 equivalent 

isoforms are not sufficient for macrophage speciation during primitive and 
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early definitive haematopoiesis respectively. However, in cebpaCterm/Cterm and 

cebpaCterm/Nterm mutants while staining was greatly reduced, some residual 

myelocytes were seen both in the yolk sac and CHT. In the KO moliHkz7 

mutant, while macrophage markers were not investigated during primitive 

haematopoiesis, there was a complete absence of migration of pu.1 

expressing cells over the yolk sac in homozygous mutants which represent 

primitive macrophages79. A complete absence of primitive macrophages as 

assessed by mpeg staining at 22 and 36hpf was also noted in the cebparj31 

KO mutant111. Therefore the complete absence of macrophage development 

in cebpaNterm/Nterm in primitive and early definitive haematopoiesis is 

equivalent to KO models of cebpa mutation already described in zebrafish. 

As both Coronin and L-plastin are actin binding proteins, reduction in their 

expression may also explain the poor migration of pu.1 expressing cells seen 

earlier at 18-22hpf. 

In cebpaCterm/Cterm mutants, expression patterns differed between the two 

probes. Expression of coro1a appeared much better preserved in in 

cebpaCterm/Cterm mutant both over the yolk sac and in the CHT/PBI compared 

to l-plastin. l-plastin is reported to be a more specific marker of monocytes 

than coro1a140, which also stains some granulocytes. The discrepancy in 

staining between the two probes could therefore be interpreted either as a 

differentiation block or that granulocyte numbers are less affected than 

macrophage numbers with cebpaCterm. A differentiation block would implicate 

that coro1a is expressed earlier in monocyte development than l-plastin. 

Although the sequence of these markers’ expression in zebrafish is not well 

defined, Cebpa KO and C terminal mutation is implicated in differentiation 
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block in mammalian models25,99. Low levels of cebpa and/or pu.1 expression 

in cebpaCterm mutants might also favour granulocytic over monocytic 

differentiation in primitive myeloid progenitors, as the balance between these 

two transcription factors has been shown to influence lineage fate in mice151. 

Further work to delineate this could be performed, such as dual staining 

WISH for coro1a alongside a monocyte specific marker such as mpeg or 

granulocyte specific marker such as mpx. The dose dependence of cebpa 

levels on granulocytic vs monocytic fate could be investigated by titration of 

cebpa MO injection in wild type embryos. However, cebpa is a single exon 

gene and therefore no splice site MOs are available, and thus far attempts at 

cebpa MO knockdown by other groups have been unsuccessful70. 

4.3.5 Discrepancies in quantification of staining by manual counts and 

image analysis 

Analysis of staining was carried out by manual cell counts and image 

analysis using Fiji. While Fiji analysis confirmed the same trends as seen in 

the manual counts it did not appear as sensitive for detecting potential 

differences in staining between genotypes at this developmental stage. The 

method used to digitally quantify rather subjectively assign level of WISH 

staining was as reported in Dobrzycki et al139. Here images are converted 

from colour to 8-bit prior to quantification. This means that areas of interest 

can be affected by contours, such as that seen in the early yolk sac. Heat 

treatment of embryos during the WISH protocol during probe hybridisation 

can also affect 3-dimensional structures, such as increasing curvature of 

embryos ventrally, which will vary based on the position of the embryos 

within the Eppendorf tube. However, while this might increase variation 
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between embryos tested it should not bias results as genotypes are assigned 

following imaging and analysis. It did mean that expression over a large 

curved area, such as that seen with pu.1 over the yolk sac at 22hpf, was not 

as sensitive to differences between genotypes as manual cell counts. It 

might be possible to modify the protocol to quantify mean pixel intensity and 

area of stain without the need to compare to unstained tissue where no 

background staining is seen, as in pu.1. Digital analysis is also not possible 

where discoloration has occurred over the yolk sac due to light exposure, 

such as that seen in l-plastin WISH in Figure 4.8 panels a-i. This was 

prevented in subsequent experiments by acidification of and prolonged 

incubation (overnight at 4oC) in stop solution.  
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5 Definitive haematopoiesis in cebpa mutant 

embryos 

5.1 Introduction 

5.1.1 Second wave of definitive haematopoiesis in the zebrafish 

In zebrafish, the first wave of definitive haematopoiesis occurs in the PBI. 

This gives rise to bipotent EMPs with no self-renewal capacity and is 

transient, lasting from between 24-36hpf in the ventral tail, distal to the end of 

the yolk sac extension. The first multipotent HSCs in zebrafish arise from the 

haemogenic endothelium (HE) of the dorsal aorta94, the region analogous to 

the AGM in humans, see Figure 5.1. These progenitors differentiate into all 

haematopoietic lineages, budding in clusters from endothelial cells at around 

30hpf developmental stage. Progenitors from the PBI can also be 

distinguished from subsequent AGM-derived HSCs as they will only seed the 

PBI if transplanted, but not the thymus or pronephros94. 

However, while HSCs emerge from the AGM, they do not give rise to lineage 

specific progeny in this location. The site of HSC emergence in the AGM is 

also referred to as the “DP joint”, that is, a thin mesenchyme between the 

Dorsal aorta and Posterior caudal vein96. Fate mapping studies have shown 

that AGM HSCs migrate from around 48hpf to a new location within the distal 

tail at the same site as the PBI152. However, for the purposes of 

differentiating the first and second waves of definitive haematopoiesis this is 

then referred to as the caudal haematopoietic tissue (CHT). In turn, HSCs 

from the CHT feed the sites of adult haematopoiesis; the thymus for 
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lymphocytes and the pronephros at 4dpf (subsequently the kidney marrow) 

for other haematopoietic lineages152.  

The CHT is a transient structure, sometimes alternatively referred to as the 

caudal vein plexus, emerging between the caudal artery and somatic 

muscles. Its anatomical area extends up the trunk up until 5dpf, then 

gradually recedes from 6dpf. This region is analogous to the foetal liver in 

mammals. Sites of definitive haematopoiesis and cell types which emerge 

from these regions are summarised in Figure 5.1a. 
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Figure 5.1: Definitive haematopoiesis in zebrafish 

 

Figure 5.1: Definitive haematopoiesis in zebrafish. a) Anatomical locations of key sites in 
definitive haematopoiesis in zebrafish, with haematopoietic lineages generated at each site. 
b) Hierarchy of differentiation of cells in zebrafish definitive haematopoiesis. Cell types are 
labelled below their pictorial representations, with key transcription factors and other 
markers expressed in each cell type marked above in italics. 

5.1.2 Expression of transcription factors and other HSC markers in 

zebrafish 

The first HSCs to emerge from the zebrafish AGM at around 30hpf express 

runx1, presumed to be the earliest definitive HSPC marker96. Subsequently 

they can be identified by expression of myb, scl (tal1), lmo2 and ikaros. 

Distinct compartments of HSCs are known to exist simultaneously within the 
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CHT, with HSCs subsequently migrating to the thymus expressing myb and 

ikaros, but not runx196. 

myb expression can be seen within the AGM along the trunk from 28-

36hpf152. From 48hpf its expression builds in the ventral tail as well as the 

branchial arches and nascent thymus. myb expression gradually rises until 4-

6dpf within the CHT, clustering in the potential space created by curvature 

between somites. In the glomeruli it is first expressed at 4dpf where levels 

increase as definitive haematopoiesis transfers to the pronephros. Its critical 

role in haematopoiesis is established, with Myb KO in mice being fatal with 

an absence of liver erythropoiesis in foetal development153. 

As stated above, Runx1 is the first marker to be expressed in zebrafish 

HSCs. It is known to be a critical regulator of HSC development in 

vertebrates, where KO mice for Runx1 lose definitive erythro- myelo- and 

lymphopoiesis154. In KO runx1 zebrafish, myb expression is subsequently 

decreased, suggesting an upstream location of runx1 or positive feedback 

loop155. runx1 is first expressed in the PLM and neural tissues from the five 

somite stage, then from 30hpf in the AGM along the trunk as definitive 

haematopoiesis is initiated156. Thereafter, the expression pattern of runx1 is 

almost identical to that of myb, but is restricted to the pronephros and not the 

thymus. 

Once the CHT has been established, expression of cd41 is seen, a marker of 

nascent HSCs. The Tg(cd41:GFP) line has been extensively used to study 

HSC biology in zebrafish120. In this transgenic line HSCs can be 

distinguished from thrombocytes (nucleated platelet equivalent cells in 

zebrafish) and their progenitors by low expression and earlier emergence at 
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33hpf in the CHT102. Use of this model has shown that HSCs enter the 

circulation at around 48hpf as the CHT is established, entering via the axial 

vein, rather than the dorsal aorta as previously postulated. Thrombo-

erythroid progenitors (TEPs) and thrombocytes exhibit high Tg(cd41:GFP) 

expression and emerge later at 48hpf, showing both static expression in the 

CHT and circulating cells. 

Although definitive haematopoiesis is highly conserved between vertebrates, 

there are distinctions between zebrafish and mammals. For example, Scl 

(Tal1) KO zebrafish show defects both in definitive haematopoiesis and in 

vascular development, with total absence of the dorsal aorta157. In mice, 

although SCL KO results in embryonic lethality at embryonic d9 due to lack 

of HSCs, vasculature at this time appears to be normal158,159. While WISH 

has been used to define cell populations in zebrafish haematopoiesis, the 

use of antibodies is challenging due to the lack of crossreactivity with 

mammalian epitopes. Therefore, defining HSC subcompartments and stages 

of myeloid differentiation is not as developed as in mammalian models. 

5.1.3 Cebpa in definitive haematopoiesis 

Cebpa is known to negatively regulate both self-renewal and proliferation of 

HSPCs in mice160. Runx1 appears to be downstream of Cebpa in mice, with 

Cebpa KO leading to increased repopulation and self-renewal potential of 

foetal liver HSCs130. Conversely, overexpression of Cebpa and Pu.1 in 

mouse HSPCs leads to reduced self-renewal and proliferation160. 

In zebrafish, Yuan et al110 found that Cebpa was a key player in HSC 

development. This group performed morpholino knockdown of sumoylation 

of Cebpa, a mechanism similar to ubiquitination causing post-translational 
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repression. On Cebpa this occurs at K125, therefore modifies the function of 

p42 equivalent isoforms only. Reduced sumoylation of Cebpa lead to a 

defect in HSC proliferation. Analysis of gene expression was carried out on 

cells sorted for myb expression, showing a downregulation of runx1. This 

highlights the close relationship between the three transcription factors, 

despite their independent control mechanisms. Runx1 and Cebpa have also 

been shown to have a co-operative relationship in maintenance of HSC 

numbers in zebrafish. Heterozygous knockout of cebpa further reduced HSC 

numbers in runx1 homozygous knockout zebrafish mutants79. 

However, investigation of the effects of C and N terminal mutations in 

zebrafish has not yet been reported. When zD420 N terminal mutant Cebpa 

mRNA was overexpressed in zebrafish, investigation of its effects were 

previously limited to primitive haematopoiesis due to the instability of the 

mRNA70. I therefore wished to see whether cebpaNterm and cebpaCterm 

mutation in stable zebrafish germline models mimicked the phenotypes in 

HSCs seen in KO models of cebpa mutation in zebrafish and that seen in the 

K and L Cebpa mutant mouse models99. 

5.1.4 Aims of the experiments described in this chapter 

1) To investigate the effects of cebpaNterm and cebpaCterm on the 

development HSCs during definitive haematopoiesis 

2) To investigate whether defects in pu.1 expression associated with 

cebpaNterm and cebpaCterm mutants seen in primitive haematopoiesis 

persist in definitive haematopoiesis 

3) To investigate whether cebpaNterm and cebpaCterm result in different 

patterns of proliferation and differentiation in myeloid progenitors 

during definitive haematopoiesis 
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4) To use any similarities and differences in cell populations in cebpaNterm 

and cebpaCterm mutants to further define expression patterns in 

subpopulations of the HSC and myeloid compartment during 

differentiation 

5.2 Results 

5.2.1 Defects in expression of pu.1 persist after the onset of definitive 

haematopoiesis 

Having seen defects in expression using WISH for the early myeloid 

transcription factor pu.1 (spi1), as described in Chapter 4, I proceeded to 

investigate its expression levels in mutants later in development. After 

definitive myelopoiesis begins within the CHT at around 30hpf, levels of 

transcribed pu.1 gradually disappear over the yolk sac and increase within 

the CHT 94. Once the second wave of definitive haematopoiesis is 

established, pu.1 levels are then diminished. Although reports vary as to 

exactly when this occurs94,142 it is agreed to have begun by 48hpf. I therefore 

interrogated pu.1 mRNA expression by WISH at both of these time points in 

all heterozygous Cebpa mutant crosses.  Although mature myelocytes had 

already been completely absent in cebpaNterm/Nterm homozygotes by SB 

staining at 5dpf,  I expected to still see pu.1 expression as pu.1 expression in 

zebrafish has been previously reported to describe the earliest myeloid 

lineage commitment93. In N terminal mutant L mice, although myelocytes are 

formed, p30 equivalent isoforms can still induce differentiation through the 

CMP to GMP transition98.    

In a cebpaWT/Nterm in-cross at 30hpf (see Figure 5.2), WISH for pu.1 showed 

established CHT pu.1 expression in 5/5 wild type embryos (panel a). 
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However, in cebpaWT/Nterm embryos, while 13/20 had established expression 

in the CHT (panel b), 7/20 embryos imaged and genotyped failed to display a 

significant expression level within the CHT (panel c). In cebpaNterm/Nterm 

mutants, all embryos showed no pu.1 expression, either over the yolk sac or 

in the CHT (panel d).  

To quantitate differences in WISH staining and therefore expression between 

genotypes, Fiji image analysis software was used. In Fiji analyses mean 

pixel intensity (MPI) describes the mean staining of the analysed area for 

each embryo. Where the distribution of staining altered between embryos, or 

a fixed anatomical area for measuring staining intensity was not deemed 

appropriate staining was also quantified as a function of the area measured 

(i.e. MPI*area).  

Expression of pu.1 in the CHT at 30hpf was seen over a variable anatomical 

distribution, therefore was assessed by MPI within the CHT (graph e), and 

combined with the area of cells stained (MPI*area, equating to number of 

pixels stained) (graph f). Both these measures showed a significant linear 

trend for a reduction in pu.1 expression with gain of cebpaNterm mutation 

(p<0.0001). It also confirmed a marked reduction in pu.1 expression during 

definitive haematopoiesis for all cebpaNterm/Nterm compared to heterozygous 

and wild type siblings (p<0.0001), as suspected by my findings described in 

chapter 4 in the early stages of the PBI at 22hpf. Although not significant 

when combined with area of stain, the mean MPI was lower in cebpaWT/Nterm 

mutants compared to wild type siblings. This suggested that pu.1 expression 

marked a level of differentiation of myelocytes not achieved by p30 
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equivalent isoforms alone, and that wild type levels of p42 equivalent 

isoforms were required for normal numbers of these myeloid progenitors.
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Figure 5.2: pu.1 expression in cebpaWT/Nterm in-cross at 30hpf 

 

Figure 5.2: pu.1 expression in a cebpaWT/Nterm in-cross at 30hpf. Panels a-d show representative images of phenotypes seen for each genotype, with 
proportions of each phenotype annotated in bottom right corner. Staining was measured by Fiji analysis in individual embryos, with stain recorded as a 
function of mean pixel intensity of stain (MPI) (graph e) and as a combined function with the area analysed (graph f) (MPI*area). cebpaWT/WT n=10, 
cebpaWT/Nterm n=40, cebpaNterm/Nterm n=15. Scale bar = 250uM. 
Statistical difference between means of each genotype is quantified by one-way ANOVA. NS=non significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
Bars indicate mean for each genotype and 95% confidence interval
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In a cebpaWT/Nterm x cebpaWT/Cterm out-cross, cebpaWT/Cterm also appeared to 

have some embryos with reduced CHT pu.1 expression, although in a lower 

proportion to that seen in cebpaWT/Nterm at 30hpf (9/14 vs 10/12) (see Figure 

5.3). Again, the majority of wild type embryos (11/12, panels a and e) had 

extensive expression of pu.1 throughout the CHT at this stage. 

cebpaCterm/Nterm compound heterozygous mutants had only one or two pu.1 

+ve cells staining per embryo at 30hpf (panels d and h). Again, Fiji analysis 

confirmed cebpaCterm/Nterm biallelic mutants had significantly reduced pu.1 

expression in the CHT compared to both heterozygous and wild type siblings 

(p<0.0001 all comparisons except cebpaWT/Nterm vs cebpa Cterm/Nterm MPI 

p<0.001) (shown in Figures 5.3 i and j). In Figure 5.3j mean and error bars 

have been omitted in the presentation of MPI*area data. This is to highlight 

the bimodal distribution of pu.1 expression in both cebpaWT/Cterm and 

cebpaWT/Nterm heterozygotes. 
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Figure 5.3: pu.1 expression in cebpaWT/Nterm x cebpaWT/Cterm at 30hpf 

 

Figure 5.3: pu.1 expression in cebpaWT/Nterm x cebpaWT/Cterm at 30hpf. WISH using pu.1 probe in embryos generated by cebpaWT/Nterm x cebpaWT/Cterm out-cross at 
30hpf. Panels a-d and e-h show representative images of phenotypes seen for each genotype in both whole embryos  
and CHT views respectively. Proportions of each phenotype are annotated in bottom right corner. Staining was measured by Fiji analysis in individual 
embryos, with stain recorded as a function of mean intensity of stain (graph i) and as a combined function with the area analysed (graph j). Scale bars = 
250uM. cebpaWT/WT n=21, cebpaWT/Cterm n=25, cebpaWT/Nterm n=22, cebpaCterm/Nterm n=14.  
Statistical difference between means of each genotype is quantified by one-way ANOVA. NS=non significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
Bars indicate the mean for each genotype and 95% confidence interval. Differences between means are non significant if not annotated.
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In Figure 5.4, we see that similarly cebpaCterm/Cterm homozygous mutants have 

absent pu.1 expression within the CHT (panel f), although in contrast there is 

a small amount of residual expression over the yolk sac (panel c). 

Quantification of pu.1 staining using Fiji (Figure 5.4 g and h), showed 

significantly reduced expression in cebpaCterm/Cterm mutants compared to 

cebpaWT/Cterm and wild type siblings (p<0.0001). No trend for reduced 

expression with acquisition of cebpaCterm was seen, as had been 

demonstrated with cebpaNterm. There was also no significant increase in 

staining in cebpaWT/Cterm heterozygotes for pu.1 within the CHT, as had been 

seen over the yolk sac at 22hpf in this genotype.
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Figure 5.4: pu.1 expression in cebpaWT/Cterm in-cross at 30hpf 

 

Figure 5.4: pu.1 expression in cebpaWT/Cterm in-cross at 30hpf. WISH for pu.1 in cebpaWT/Cterm in-cross at 30hpf. Panels a-c and d-f show representative images 
of phenotypes seen for each genotype in both whole embryos and CHT views respectively. Staining was measured by Fiji analysis in individual embryos, with 
stain recorded as a function of mean intensity of stain (graph g) and as a combined function with the area analysed (graph h). Scale bars = 250uM. 
cebpaWT/WT n=15, cebpaWT/Cterm n=25, cebpaCterm/Cterm n=10.  
Statistical difference between means of each genotype is quantified by one-way ANOVA. NS=non significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
Bars indicate mean for each genotype and 95% confidence interval. Differences between groups are non significant if not annotated.
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I next looked at pu.1 expression in all mutants compared to wild type siblings 

at 48hpf. At this time point expression was still present in wild type embryos 

(Figure 5.5 a), although declining in intensity in the CHT. When compared to 

staining at 30hpf, a small amount of pu.1 expression was seen in 

cebpaNterm/Nterm mutants (panel c), approximately 5-20 cells per embryo, 

where there had been nil at 30hpf. However, this was still significantly 

decreased when compared to wild type siblings (p<0.01) (panel a). 

cebpaWT/Nterm heterozygous mutants also had reduced pu.1 expression (panel 

b) when compared to wild type siblings (p<0.01 MPI*area). The dose 

dependent reduction in pu.1 expression with gain of cebpaNterm mutation 

seen at 30hpf remained present at this stage (p=0.0028 MPI graph d, 

p=0.0006 MPI*area of stain graph e). 
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Figure 5.5: pu.1 expression in cebpaWT/Nterm in-cross at 48hpf 

 

Figure 5.5: pu.1 expression in cebpaWT/Nterm in-cross at 48hpf. WISH with pu.1 probe in 
embryos from a cebpaWT/Nterm in-cross fixed at 48hpf. Panels a-c show representative images 
of the CHT for each genotype. Staining was measured by Fiji analysis in individual embryos, 
with stain recorded as a function of mean intensity of stain (graph d) and as a combined 
function with the area analysed (graph e). Scale bars = 200uM. cebpaWT/WT n=4, 
cebpaWT/Nterm n=12, cebpaNterm/Nterm n=5. 
Statistical difference between means of each genotype is quantified by one-way ANOVA. 
NS=non significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Bars indicate mean for 
each genotype and 95% confidence interval.  
 

In cebpaCterm/Nterm biallelic mutants the marked differences in expression 

compared to wild type siblings seen at 30hpf had resolved by 48hpf (see 

Figure 5.6). Due to the mild reduction in the CHT in wild type siblings at this 

developmental stage (panels a and e), this meant they had equivalent 

expression at 48hpf. No significant differences in pu.1 expression were found 

by Fiji analysis between any genotypes, either by MPI or MPI*area (graphs I 

and j).
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Figure 5.6: pu.1 expression in cebpaWT/Cterm x cebpaWT/Nterm at 48hpf 

 

Figure 5.6: pu.1 expression in cebpaWT/Cterm x cebpaWT/Nterm at 48hpf. WISH with pu.1 probe in embryos from a cebpaWT/Cterm x cebpaWT/Nterm out-cross at 48hpf. 
Panels a-h show representative images of the CHT for each genotype: a-d whole embryos, e-h CHT. Scale bars = 250uM. cebpaWT/WT n=9, cebpaWT/Cterm n=9, 
cebpaWT/Nterm n=10, cebpaCterm/Nterm n=7.  
Staining was measured by Fiji analysis in individual embryos, with stain recorded as a function of mean intensity of stain (graph i) and as a combined function 
with the area analysed (graph j). 
Statistical difference between means of each genotype is quantified by one-way ANOVA. Bars indicate mean for each genotype and 95% confidence interval. 
Differences between groups are non significant if not annotated.
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cebpaCterm/Cterm homozygotes were also imaged and analysed (summarised in 

Figure 5.7). Similarly, expression of pu.1 had increased in the CHT in 

homozygotes (panel c) compared to analysis at 30hpf. This experiment had 

the lowest amount of staining in wild type embryos of all the 48hpf pu.1 

WISH (panel a). In this context it appeared both cebpaWT/Cterm and 

cebpaCterm/Cterm had increased pu.1 expression compared to wild type siblings 

(graphs d and e), although this was not statistically significant within the 

single replicate at this time point therefore the experiment will be repeated.  

Figure 5.7: pu.1 expression in cebpaWT/Cterm in-cross at 48hpf 

 
Figure 5.7: pu.1 expression in cebpaWT/Cterm in-cross at 48hpf. WISH with pu.1 probe in 
embryos from a cebpaWT/Cterm in-cross at 48hpf. Panels a-c show representative images of 
the CHT for each genotype. Proportions of phenotype seen are labelled in the bottom right 
corner. Staining was measured by Fiji analysis in individual embryos, with stain recorded as 
a function of mean intensity of stain (graph d) and as a combined function with the area 
analysed (graph e). cebpaWT/WT n=6, cebpaWT/Cterm n=13, cebpaCterm/Cterm n=5. Scale bar = 
200uM. 
Statistical difference between means of each genotype is quantified by one-way ANOVA. 
Bars indicate mean for each genotype and 95% confidence interval. Differences between 
groups are non significant if not annotated. 
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Both cebpaNterm and cebpaCterm therefore had marked effects on pu.1 

expression, not only during primitive but also definitive haematopoiesis, as 

assessed by WISH for the presence of pu.1 mRNA in tissues at the time 

points described. The effects of each mutation, both in heterozygosity and 

homozygosity, are summarised in the table below as compared to 

expression seen in wild type siblings. 

Table 5.1: Levels of pu.1 expression in WISH experiments at different 
development time points in cebpa mutants compared to WT siblings 

Age Region C+/- N+/- C/C N/N C/N 

16hpf ALM ↔ ↔ ↔ ↔ ↔ 

18-20hpf ALM ↔ ↔ ↓none ↓none ↓none 

22hpf 
yolk 
sac ↔ (↓) ↓ ↓ ↓ 

PBI (↓) (↓)	 not 
tested not 

tested (↓)	
30hpf CHT	 ↔ ↓* ↓*** ↓**** ↓**** 

48hpf CHT	 ↔ ↓** ↔ ↓* ↔ 

 

(↓) mild decrease, ↓decrease, ↔	nil	difference, hpf hours post fertilisation, dpf days post 

fertilisation, ALM anterolateral mesoderm, PBI posterior blood island, CHT caudal 

haematopoietic tissue. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

Therefore, as in primitive haematopoiesis, pu.1 expression was markedly 

influenced by cebpa mutation. In the presence of p30 equivalent isoforms 

only, wild type equivalent numbers of pu.1 expressing myeloid progenitors 
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are never achieved. This is similar to that seen in KO models of cebpa 

mutation in zebrafish, where numbers of cells expressing pu.1 are normal 

until 19hpf, then reduce from 22hpf onwards79.  However, in the DNA binding 

mutant cebpaCterm, while there is a delay in emergence of pu.1 positive 

myeloid progenitors, these achieve wild type numbers by 48hpf. It is possible 

that the transactivation achieved by C terminal mutant Cebpa is sufficient for 

formation of pu.1 positive myeloid progenitors or that, in the absence of p30 

equivalent isoforms acting in a dominant negative fashion, compensatory 

mechanisms for initial myeloid specification in definitive haematopoiesis 

exist. 

5.2.2 Flow cytometric analysis suggests a dose dependent reduction 

in pu.1 expression with loss of full length cebpa isoforms at 4dpf 

I wished to confirm the reduction in pu.1 expressing myeloid progenitors in 

cebpaNterm/Nterm mutants in live embryos. I therefore bred both cebpaCterm and 

cebpaNterm lines to the Tg(pu.1:GFP) transgenic line, as previously 

described78. This line was obtained as a kind gift from the Look laboratory, 

Dana Farber Institute. Individual embryos carrying both Tg(lyzC:mCherry) 

and Tg(pu.1:GFP) were homogenised into single cells suspensions at 4dpf 

and analysed by flow cytometry (see section 2.23).  

In addition to confirming the findings of WISH experiments I hoped to define 

separate myeloid compartments in dual transgenic embryos. The level of 

myeloid differentiation signified by pu.1 expression in zebrafish is less 

defined than in mammalian cells. It has been suggested that pu.1 expression 

signifies differentiation to CMP135, however, analysis of co-expression of 

myeloid markers in this study was restricted to primitive myelopoiesis. Other 
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probes such as mpx and lyzC commonly used in WISH to evaluate 

granulocyte numbers typically stain mature cells with granule formation but 

are unable to define separate levels of differentiation within the myeloid 

compartment in isolation. I postulated that co-expression of pu.1 and lyzC 

might define an intermediate level of differentiation between a CMP and 

mature granulocyte. 

Embryos from a cebpaWT/Nterm in-cross were individually analysed by flow 

cytometry and genotyped using residual cells as described in methods 

(Section 2.14.1).  Cell numbers were analysed according to genotype and 

expression of GFP and mCherry in live single cells. Although the pu.1 

transgenic has been found to have ectopic expression of GFP within skeletal 

muscle78, my gating strategy for analysis is designed to filter out these larger 

(high FSC) cells from analysis. The results are summarised in Figure 5.8, 

graphs a-c. At this stage in development three distinct myeloid populations 

could be distinguished. Those expressing pu.1 only, those with dual 

expression of lyzC and pu.1 and those expressing lyzC alone. At 4dpf the 

majority of cells express pu.1 alone, with a significant number expressing 

both fluorophores and a few cells expressing lyzC alone. As previously seen, 

lyzC expression, both single (graph a) and dual expression with pu.1 (graph 

b), was markedly decreased in homozygous mutants (p<0.001 single, 

p<0.0001 dual). However, there was a linear trend for reduced numbers of 

pu.1 expressing cells with loss of full length cebpa in both dual expressing 

cells (p<0.0001, graph b) and pu.1 only cells (p<0.05, graph c). 
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Figure 5.8: Myeloid populations in cebpaWT/Nterm in-cross at 4dpf 

 

Figure 5.8: Myeloid populations in cebpaWT/Nterm in-cross at 4dpf. Flow cytometric analysis of 
mCherry and GFP expression in a cebpaWT/Nterm in-cross at 4dpf expressing Tg(pu.1:GFP) 
and Tg(lyzC:mCherry). a) number of cells per embryo expressing mCherry alone, b) number 
of cells per embryo with simultaneous GFP and mCherry expression, c) number of cell per 
embryos expressing GFP alone. cebpaWT/WT n=6, cebpaWT/Nterm n=9, cebpaNterm/Nterm n=5. 
Statistics are quantified by one-way ANOVA. NS=non significant, *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. Bars indicate mean values for each genotype and 95% 
confidence interval.  
 
These preliminary results indicated that some pu.1 expression was evident at 

by 4dpf in cebpaNterm/Nterm homozygotes, but the reduction in even this early 

stage of myeloid differentiation was maintained from that seen at 48hpf. 

However, any differentiation to expression of the later myelocyte marker lyzC 

was still completely absent. Differences in cell numbers seen in mutants 

between populations defined in expression of transgenic fluorophores 

suggested that these populations could be used to define a differentiation 

block. If this is equivalent to that seen in the L mouse mutant 98, this 

suggests that cells solely expressing pu.1 are equivalent to mammalian GMP 

differentiation stage. However, this needed to be repeated with larger 
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numbers of embryos and at different developmental time points to further 

delineate which populations of progenitors might be affected by cebpaNterm 

and cebpaCterm. 

5.2.3 Using simultaneous expression of transgenic lines Tg(pu.1:GFP) 

and Tg(lyzC:mCherry) three stages of myeloid differentiation can 

be defined 

Given that pu.1 expression has usually subsided by 48hpf in WISH it was 

surprising to see so many cells expressing GFP at this stage. Informal 

discussions with other researchers familiar with this transgenic line (and 

other GFP transgenic lines) Ied me to speculate that this is because the half-

life of GFP within the cells is significantly longer than that of pu.1 mRNA. I 

therefore analysed subsequent data with the postulation that persistence of 

GFP only expressing populations highlighted surviving myeloid progenitor 

cells, while differentiation of these cells had occurred if GFP was co-

expressed with mCherry. To observe the emergence of these populations in 

normal zebrafish haematopoiesis, wild type embryos were homogenised into 

single cell suspensions and analysed by flow cytometry at 24hpf, 48hpf and 

4dpf to delineate fluorescent populations in embryos carrying both 

transgenes. Plots showing populations are summarised in Figure 5.9. Plot a 

shows where haematopoietic cells lie, relative to other debris and non-

haematopoietic cells. These cells were then gated for single cells by FSC 

height vs FSC area, then live cells selected for by low Hoescht expression. 

Plots b-d all display live single cells. Plot b shows expression of GFP and 

mCherry at 24hpf, where pu.1:GFP expression is plentiful whilst very few 
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cells express both pu.1:GFP and lyzC:mCherry and no cells express 

lyzC:mCherry alone.  

At 48hpf (plot c) occasional cells now express lyzC:mCherry alone and 

expression of both pu.1:GFP and lyzC:mCherry has strengthened and 

multiplied in the dual expressing population. A significant number of cells 

continue to express pu.1:GFP alone. By 4dpf (plot d), an increasing number 

of cells express lyzC:mCherry alone, numbers of dual expressing cells have 

multiplied again and numbers of cells with pu.1:GFP alone are dwindling but 

persist, with intensity of expression reduced. 

This is in concordance with expression patterns previously seen with WISH 

for lyzC in zebrafish, where very few cells are seen over the yolk sac which 

colocalise with pu.1113. Subsequently, cells expressing lyzC emerge in the 

CHT at around 36hpf, with numbers peaking at 48hpf and persisting until 

7dpf. The small numbers of cells expressing both mCherry and GFP at 48hpf 

likely reflect that these cells have differentiated from pu.1 expressing myeloid 

progenitors, and that GFP protein has not yet degraded despite the reduced 

transcriptional activation of the pu.1 promoter in these more mature cells. 
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Figure 5.9: GFP and mCherry expression in wild type embryos with 

combined Tg(pu.1:GFP) and Tg(lyzC:mCherry) 

 

Figure 5.9: GFP and mCherry expression in wild type embryos with combined Tg(pu.1:GFP) 
and Tg(lyzC:mCherry). Plots showing gating in flow cytometric analysis of mCherry and GFP 
expression in wild type AB zebrafish embryos expressing Tg(pu.1:GFP) and 
Tg(lyzC:mCherry). a) gating of haematopoietic cells by FSC and SSC analysis. Plots b-d 
show live single cells expressing mCherry and GFP in representative wild type embryos at 
24hpf (b), 48hpf (c) and 4dpf (d) 
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Having defined the expected expression of single and double fluorescent cell 

populations in wild type embryos carrying the two transgenes, I then went on 

to investigate how cebpaCterm and cebpaNterm mutation affected these 

populations at different stages of definitive haematopoiesis. 

5.2.4 Absent lyzC:mCherry expression is persistent in all biallelic 

mutants until 4dpf 

Analysis of cells numbers of the three populations defined by pu.1:GFP and 

lyzC:mCherry fluorescence was carried out in embryos at 24hpf, 48hpf and 

4dpf, with the results summarised in Figures 5.10 (cebpaWT/Cterm in-cross), 

5.11 (cebpaWT/Cterm x cebpaWT/Nterm out-cross) and 5.12 (cebpaWT/Nterm in-

cross). As predicted from my initial observations in wild type embryos, very 

few cells expressing lyzC:mCherry alone were seen in any genotype at 24hpf 

and therefore these graphs have not been included.  

As anticipated by my observations with in vivo genotyping, no significant 

numbers of cells expressing lyzC:mCherry either alone (Graphs e and h) or 

in association with pu.1:GFP (dual expression) (Graphs b 24hpf, d 48hpf and 

g 4dpf) were observed in any biallelic mutants at any time point. Further 

validating in vivo genotyping as an accurate method for biallelic mutant 

identification, all wild type and heterozygous mutant siblings were observed 

to have mCherry expressing cells at 4dpf.  
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Figure 5.10: Quantification of myeloid populations in cebpaWT/Cterm in-

cross embryos by flow cytometry 

 

Figure 5.10: Quantification of myeloid populations in cebpaWT/Cterm in-cross embryos by flow 
cytometry. Flow cytometric analysis of mCherry and GFP expression in a cebpaWT/Cterm in-
cross expressing Tg(pu.1:GFP) and Tg(lyzC:mCherry).  Plots a-f show number of cells in 
GFP and mCherry populations per embryo at 24hpf (a and b), and 48hpf, (c, d and e). Plots 
f-h show number of cells in GFP/mCherry populations per ul sample (350ul total per 
sample). 24hpf: cebpaWT/WT n=12, cebpaWT/Cterm n=16, cebpaCterm/Cterm n=11. 48hpf: 
cebpaWT/WT n=11, cebpaWT/Cterm n=16, cebpaCterm/Cterm n=9. 4dpf: cebpaWT/WT n=4, 
cebpaWT/Cterm n=12, cebpaCterm/Cterm n=7. 
Statistical differences between means of each genotype are quantified by one-way ANOVA. 
NS=non significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Bars indicate mean values 
for each genotype and 95% confidence interval.  
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Figure 5.11: Quantification of myeloid populations in cebpaWT/Cterm x 

cebpaWT/Nterm embryos by flow cytometry 

 

Figure 5.11: Quantification of myeloid populations in cebpaWT/Cterm x cebpaWT/Nterm embryos 
by flow cytometry. Flow cytometric analysis of mCherry and GFP expression in cebpaWT/Cterm 

x cebpaWT/Nterm expressing Tg(pu.1:GFP) and Tg(lyzC:mCherry).  Plots show number of cells 
in GFP/mCherry populations per embryo or per ul of sample (total volume 350ul per 
embryo). Analysis performed at 24hpf (a and b), 48hpf, (c, d and e) and 4dpf (Plots f-h). 
24hpf: cebpaWT/WT n=13, cebpaWT/Cterm n=8, cebpaWT/Nterm n=13, cebpaCterm/Nterm n=9. 48hpf: 
cebpaWT/WT n=19, cebpaWT/Cterm n=18, cebpaWT/Nterm n=18, cebpaCterm/Nterm n=8. 4dpf: 
cebpaWT/WT n=6, cebpaWT/Cterm n=7, cebpaWT/Nterm n=10, cebpaCterm/Nterm n=9. 
Statistical differences between means of each genotype are quantified by one-way ANOVA. 
NS=non significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Bars indicate mean values 
for each genotype and 95% confidence interval.   
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Figure 5.12: Quantification of myeloid populations in cebpaWT/Nterm in-

cross embryos by flow cytometry 

 

Figure 5.12: Quantification of myeloid populations in cebpaWT/Nterm in-cross embryos by flow 
cytometry. Flow cytometric analysis of mCherry and GFP expression in cebpaWT/Nterm in-
cross expressing Tg(pu.1:GFP) and Tg(lyzC:mCherry).  Plots show number of cells in 
GFP/mCherry populations per embryo or per ul of sample (total volume 350ul per embryo). 
Analysis performed at 24hpf (a and b), 48hpf, (c, d and e) and 4dpf (Plots f-h) . 24hpf: 
cebpaWT/WT n=10, cebpaWT/Nterm n=28, cebpaNterm/Nterm n=9. 48hpf: cebpaWT/WT n=11, 
cebpaWT/Nterm n=28, cebpaNterm/Nterm n=9. 4dpf: cebpaWT/WT n=6, cebpaWT/Nterm n=13, 
cebpaNterm/Nterm n=3. 
Statistics are quantified by one-way ANOVA. NS=non significant, *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. Bars indicate mean values for each genotype and 95% 
confidence interval.  
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5.2.5 Only cebpaCterm/Cterm homozygotes have significant reductions in 

pu.1:GFP expressing cells by flow cytometric analysis 

Unexpectedly, given the findings in WISH experiments, while single and dual 

expression of lyzC:mCherry was grossly reduced at each time point in 

cebpaCterm/Nterm and cebpaNterm/Nterm mutants, pu.1:GFP expression was not 

significantly altered at any time point (Figures 5.11 and 5.12: graphs a 24hpf, 

c 48hpf, f 4dpf.) This suggests that the reduction in pu.1 expression seen in 

WISH is restricted to the more mature populations co-expressing lysozyme 

C, which would be represented by dual fluorophore expression in flow 

cytometry experiments. This finding is in keeping with previous studies65,97,98, 

which suggest that  p30 is able to induce myeloid commitment but not 

terminal differentiation.  

However, in cebpaCterm/Cterm mutants, by 24hpf (Figure 5.10, graph a) there 

were already significantly reduced numbers of pu.1:GFP expressing early 

myeloid cells (p<0.05). This became more pronounced at 48hpf (Figure 5.10 

c, p<0.001), and persisted at 4dpf (Figure 5.10 f) but at less significant levels 

as the absolute number of pu.1:GFP alone expressing cells decreased. This 

is similar to in the moliHkz7 KO model, where a reduction in pu.1:GFP 

expression in the same transgenic line was seen to progress from 22hpf79. 

However, given that pu.1 positive early myeloid progenitors were not 

reduced in mutants with functional p30 equivalent isoform expression, this 

suggests that the cell cycle defect they observed was independent from E2F 

interaction. 

The reduction in GFP only cells being restricted to cebpaCterm/Cterm mutants 

appears to be contradictory to observations in pu.1 expression by WISH. 
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However, WISH is a marker of total pu.1 mRNA expression, whereas flow 

cytometry experiments will quantify the number of live cells with activity of 

the pu.1 promoter. It is possible that fewer cells express more pu.1 mRNA in 

the absence of myeloid commitment, leading to equivalent WISH staining. 

However, the number of pu.1 expressing cells is reduced due to failure for 

progenitors to commit to a myeloid phenotype in the presence of defective 

DNA binding, as previously seen in mouse models99. In the combination with 

cebpaNterm, however, p30 expression is sufficient to induce myeloid 

commitment to the GMP level, represented in zebrafish cells by pu.1+ lyzC- 

cells, but not further differentiation marked by lysozyme C expression, as 

seen in human and mouse AML66,98. 

5.2.6 cebpaWT/Cterm mutants have a tendency to less mature myeloid 

cells from 48hpf 

Having defined the defects in biallelic mutants I next assessed whether the 

phenotypes seen in heterozygous mutants could be further delineated by 

flow cytometric analysis. Dual and single mCherry expressing populations 

were only present in embryos with monoallelic cebpa mutation.  As seen with 

my Sudan Black experiments, mature myelocytes as defined by 

lyzC:mCherry expression alone were reduced in cebpaWT/Nterm mutants. 

However, a reduction in lyzC:mCherry alone expressing cells in cebpaWT/Cterm 

(p<0.01 at 4dpf) was compensated by an increase in dual expressing cells 

from 48hpf-4dpf (p<0.01 at 4dpf). Where the total number of cells was not 

increased, but cells were of a more immature phenotype, this suggests a 

different interpretation is required of the increased number of Sudan Black 

staining granules found previously in my initial screening of cebpaWT/Cterm 
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embryos at 5dpf. Rather than an increase in cells, each myeloid cell must 

possess more, perhaps finer, granules representing a more immature stage 

of myeloid differentiation. It is unsurprising that C terminal mutation of the 

DNA binding domain would result  

in abnormal granulation given that CEBPA has been shown to bind to the 

promoters of several genes such as neutrophil elastase161 and 

myeloperoxidase162 responsible for myeloid granule formation. However, it is 

interesting to demonstrate that differentiation is impaired in the presence of 

monoallelic cebpaCterm mutation. 

The results of these experiments to define numbers of cells in these 

fluorescent populations in cebpa mutant embryos of each genotype are 

summarised in Table 5.2, as quantifications relative to wild type siblings  
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Table 5.2: Flow cytometric quantifications of fluorescent populations at each 
time point studied in cebpa mutants carrying Tg(pu.1:GFP) and 
Tg(lyzC:mCherry), as compared to wild type siblings. 
Age fluorophore C/WT N/WT N/N C/C C/N 

24hpf 

GFP ↔ ↔ ↔ ↓* ↔ 

GFP 
+mCherry ↓* ↔ ↓none ↓none ↓***  

mCherry Nil in WT at this age 

48hpf 

GFP ↔ (↑)*	 ↔ ↓*** 		(↓)	
GFP 

+mCherry ↑ ↔ ↓none	 ↓**** 	 ↓none 
mCherry (↓) ↓ ↓none	 ↓****	 ↓none 

4dpf 

GFP ↓ ↔ ↔ ↓ ↔ 

GFP + 
mCherry ↑**	 ↔ ↓none ↓none ↓none 
mCherry ↓**	 (↓) ↓none ↓none**** ↓none 

(↓) mild decrease, ↓decrease, ↔	nil	difference,	(↑) mild increase, ↑ increase. hpf hours post 
fertilisation, dpf days post fertilisation, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

5.2.7 cebpaNterm and cebpaCterm have no effect on runx1 expression 

during definitive haematopoiesis 

Having observed defects in the numbers of early myeloid cell numbers in 

definitive haematopoiesis in association with cebpaNterm and cebpaCterm 

mutations, as assessed by pu.1 expression, I wanted to investigate whether 

HSC numbers could also be affected. In the previous KO models in 

zebrafish, moliHkz7 and cebparf31, numbers of HSPCs were reported as 

normal at 30-72hpf79,111. However, expansion of HSPCs has been reported 

in transplantation studies in mice163. WISH studies in zebrafish commonly 

use probes for runx1, gata2b and myb to mark HSPC numbers in definitive 
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haematopoiesis. The first HSC marker to be expressed within the AGM in 

zebrafish is runx1 at around 30hpf. An interaction between runx1 and cebpa 

was established by the co-operation of knockdown in reduction of myelocyte 

numbers in the moliHkz7 mutant79. I therefore performed initial investigations 

using this probe, expecting to find normal HSPC numbers as in previous KO 

models, having already seen no marked reduction in Tg(cd41:GFP) numbers 

during in vivo genotyping experiments at 3-5dpf. 

Figure 5.13 shows WISH performed in all heterozygous cebpa mutant 

combinations at 30hpf. Figure 5.13 a-c and d-f show sagittal whole embryos 

and AGM focused views, respectively, of a cebpaWT/Cterm in-cross. 

Unfortunately, the runx1 probe while successfully hybridised has frequent 

background staining seen within the somites preventing accurate quantitative 

analysis of staining using Fiji software. Staining for emerging HSPCs along 

the AGM can be clearly seen above the yolk sac extension with a typical 

“beads on a string” appearance (Figure 5.13, images d-f), as well as within 

the cranial ganglia seen on the whole embryo images (Figure 5.13 images a-

c). Embryos were visually assessed with 100% of each genotype showing 

equivalent staining to wild type present within the AGM (proportion shown on 

right of images d-f). Similar equivalence in runx1 expression across 

genotypes was seen in a cebpaWT/Cterm x cebpaWT/Nterm out-cross (Figure 5.13, 

images g-j) and cebpaWT/Nterm in-cross (Figure 5.13, images k-m). 

Fortunately, stronger staining for runx1 expression compared to background 

in these experiments allowed for quantification of stain. This showed no 

significant differences in runx1 expression between genotypes for either 
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cebpaWT/Cterm x cebpaWT/Nterm (Figure 5.13, panel n) or cebpaWT/Nterm in-cross 

(Figure 5.13, panel o). 
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Figure 5.13: runx1 expression in cebpa mutants at 30hpf 

 

Figure 5.13: runx1 expression in cebpa mutants at 30hpf. All images show WISH using a 
runx1 probe in cebpa mutants at 30hpf. Panels a-c and d-f show sagittal whole embryo 
views and aorto-gonad-mesonephros (AGM) magnifications representative for each 
genotype in a cebpaWT/Cterm in-cross. Proportions of embryos displaying these phenotypes 
are indicated in the right lower corners. Panels g-j show AGM views for cebpaWT/Nterm x 
cebpaWT/Cterm: cebpaWT/WT n=6, cebpaWT/Cterm n=7, cebpaWT/Nterm n=13, cebpaCterm/Nterm n=4, 
and k-m for a cebpaWT/Nterm in-cross: cebpaWT/WT n=8, cebpaWT/Nterm n=25, cebpaNterm/Nterm 
n=7. Scale bars = 200uM. 
Staining in the embryos shown in panels g-j was measured by Fiji analysis in individual 
embryos, with stain recorded as a function of mean intensity of stain (MPI) combined with 
the area analysed (graph n). The same analysis was performed in the experiment from 
panels k-m, shown in graph o. 
Statistics are quantified by one-way ANOVA. NS=non significant, *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. Bars indicate mean for each genotype and 95% confidence 
interval. Differences between groups are non significant if not annotated. 
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Figure 5.14: runx1 expression in cebpa mutants at 36hpf 

 

Figure 5.14: runx1 expression in cebpa mutants at 36hpf. All images show AGM 
magnifications in WISH for runx1 in cebpa mutants at 36hpf. Panels a-c show representative 
images for each genotype in a cebpaWT/Nterm in-cross. Panels d-g show AGM views for 
cebpaWT/Nterm x cebpaWT/Cterm, and h-i for a cebpaWT/Nterm in-cross. Staining in the embryos 
shown in panels g-j was measured by Fiji analysis in individual embryos, and expressed as 
mean pixel intensity (MPI) in graphs k, l and m for respective cebpa mutant crosses. 
cebpaWT/Nterm in-cross: cebpaWT/WT n=7, cebpaWT/Nterm n=12, cebpaNterm/Nterm n=6. cebpaWT/Nterm 

x cebpaWT/Cterm: cebpaWT/WT n=3, cebpaWT/Cterm n=9, cebpaWT/Nterm n=6, cebpaCterm/Nterm n=8. 
cebpaWT/Cterm in-cross: cebpaWT/WT n=5, cebpaWT/Cterm n=9, cebpaCterm/Cterm n=7. Scale bars = 
200uM. 
Statistics are quantified by one-way ANOVA. Bars indicate mean for each genotype and 
95% confidence interval. Differences between groups are non significant if not annotated. 



 256 

I next repeated WISH with the same runx1 probe at 36hpf, summarised in 

Figure 5.14. At this time point, expression of runx1 persists across the AGM, 

now more confluent along the route of the dorsal aorta. runx1 expression has 

also now developed within the CHT. Images a-c show runx1 expression in a 

cebpaWT/Nterm in-cross. All embryos at this time point showed staining in both 

the AGM and CHT. This showed no statistical difference between any 

genotype in image quantification of staining (Figure 5.14, graph k). The same 

was noted in a cebpaWT/Cterm x cebpaWT/Nterm out-cross (images d-g and 

quantified in k) and a cebpaWT/Cterm in-cross (images h-j and quantified in m). 

At later time points I focused on cebpaWT/Cterm x cebpaWT/Nterm, generating the 

cebpaCterm/Nterm genotype seen in patients. Figure 5.15 shows WISH for runx1 

in this out-cross at 48hpf and 3dpf. Figure 5.15 images a-d show whole 

embryos at sagittal view, showing equivalent staining within the cerebellar 

nuclei. Images e-h show magnification of the AGM and CHT in the same 

embryos. All embryos still had wild type equivalent staining with runx1 probe 

both in the AGM and CHT in later development. At 3dpf, expression within 

the AGM has subsided as the CHT is established as the ongoing site of 

definitive haematopoiesis. Images i-l show equivalent expression of runx1 

persisting in both cebpaCterm and cebpaNterm heterozygotes and 

cebpaCterm/Nterm compound heterozygotes. At this stage runx1 expressing 

cells are seen between the somites within the ventral tail, with the CHT 

extending further towards the tip of the tail and area of stain being also 

equivalent between all genotypes. Staining for gata2b was also carried out at 

36hpf, showing a similar expression pattern to runx1. 
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Therefore, from 30hpf to 3dpf cebpaCterm and cebpaNterm mutations both 

appear to have no effect on HSPC numbers as assessed by runx1 and 

gata2b expression. This is comparable to the normal HSPC numbers seen in 

KO zebrafish by both runx179 and cd41 expression111. While increased 

HSPC numbers had been observed in mouse transplantation studies, these 

were in the context of the accompanying observation that HSCs had 

switched from an adult to foetal HSC transcriptional programme163. As 

previously discussed, HSCs in the CHT prior to seeding of the pronephros 

are equivalent to those developing in the mammalian foetal liver, therefore 

runx1 staining at this time point would be expected to highlight cells 

equivalent to foetal HSCs.
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Figure 5.15: runx1 expression in cebpaWT/Nterm x cebpaWT/Cterm following CHT establishment 

 

Figure 5.15: runx1 expression in cebpaWT/Nterm x cebpaWT/Cterm following CHT establishment. All images show WISH with runx1 probe in cebpaWT/Nterm x 
cebpaWT/Cterm crosses. Scale bars = 200uM. 
Panels a-h show representative images for each genotype at 48hpf. Panels a-d show whole embryos sagittal view, with panels e-h magnifying the AGM and 
CHT. Panels i-l show representative magnifications of the CHT in embryos for each genotype at 3dpf.
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5.2.8 Myb expression is altered in all biallelic cebpa mutants 

To confirm the preservation in HSPCs number seen with runx1 expression, I 

also performed WISH for myb at a range of time points in all mutant crosses. 

myb is expressed shortly after runx1 in the AGM at around 32-36hpf during 

definitive haematopoiesis164. The two probes are used interchangeably in 

zebrafish to mark emerging HSPCs in the AGM and CHT. Myb is known to 

be essential for initiation of definitive haematopoiesis in both zebrafish165 and 

mice153, where knockout mutations causing loss of the DNA binding domain 

result in a completely absent of definitive haematopoiesis. However, primitive 

haematopoiesis appears to be unaffected by myb loss. Myb is also known to 

be required for HSC self-renewal, promoting HSC proliferation and inhibiting 

terminal differentiation166. As no defect in HSPC numbers had been 

observed with the runx1 probe or in the Tg(cd41:GFP) transgenic strain I 

anticipated the same findings in assessing HSPC numbers by myb 

expression. However, myb has been reported to interact with another CEBP 

family member cebp1 in zebrafish to induce terminal differentiation of 

neutrophils164, as well as co-operating with CEBPA in regulation of several 

genes implicated in leukaemogenesis including FLT3167,168. I therefore 

believed it was important to confirm whether cebpaCterm and cebpaNterm 

caused any variation in the normal myb expression pattern in developing 

embryos. 

In Figure 5.16a expression of myb in a wild type embryo at 32hpf is shown, 

with the same “beads on a string” pattern as seen in early runx1 expression. 

Figure 5.16 images a-e describe a cebpaWT/Cterm in-cross at 32hpf. Although 

expression of myb was detected in all embryos, there appeared to be weaker 
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staining in cebpaCterm/Cterm mutants. When the mean intensity of stain (panel 

d) and overall stain in the anatomically defined CHT (panel e) were 

calculated in Fiji, a reduction in stain in both cebpaWT/Cterm and cebpaCterm/Cterm 

mutants was confirmed. A dose dependent reduction in myb expression with 

acquisition of cebpaCterm mutation both by MPI (p=0.0061) and MPI*area 

studied (p=0.0010) was also demonstrated. Images f-i show the AGM of 

representative embryos in a cebpaWT/Nterm x cebpaWT/Cterm out-cross at the 

same time point. However, when quantified by the same methods in Fiji, and 

by a manual count of individual cells, no difference in myb cell numbers was 

found between any genotype (Figure 5.16, panels j-l). 
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Figure 5.16: myb expression in cebpaWT/Cterm in-cross and cebpaWT/Nterm 

x cebpaWT/Cterm at 32hpf 

 

Figure 5.16: myb expression in cebpaWT/Cterm 
in-cross and cebpaWT/Nterm x cebpaWT/Cterm 

at 
32hpf. Images show WISH with myb probe in the aorto-gonad-mesonephros region (AGM) 
at 32hpf. Panels a-c show representative images of each genotype in a cebpaWT/Cterm 

in-
cross and panels f-i in cebpaWT/Nterm x cebpaWT/Cterm. Staining was measured by Fiji analysis 
in individual embryos, with stain recorded as a function of mean intensity of stain (MPI) and 
as a combined function with the area analysed (MPI*area of stain). Graphs d and e show 
digital analysis in cebpaWT/Cterm 

in-cross and graphs j-l in cebpaWT/Nterm x cebpaWT/Cterm. 
cebpaWT/Cterm 

in-cross: cebpaWT/WT
 n=5, cebpaWT/Cterm

 n=12, cebpaCterm/Cterm
 n=8. cebpaWT/Nterm 

x cebpaWT/Cterm
: cebpaWT/WT

 n=8, cebpaWT/Cterm
 n=5, cebpaWT/Nterm

 n=6, cebpaCterm/Nterm
 n=4. 

Scale bars = 200uM. 
Statistics are quantified by one-way ANOVA. NS=non significant, *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. Bars indicate mean for each genotype and 95% confidence 
interval. Differences between groups are non significant if not annotated. 
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I next looked at myb expression at 36hpf, when HSPCs have been 

established in the CHT, yet are still expressed in the dorsal aorta. Here 

cebpaCterm/Nterm mutants had shown a dramatic change compared to their wild 

type and heterozygous siblings in just a four hour developmental period 

(Figure 5.17), with establishment of the CHT. In images a-b we see wild type 

and heterozygous siblings in whole embryo sagittal views. While all 

genotypes have expression both along the length of the AGM and in the 

CHT, in panel d we see a representative cebpaCterm/Nterm mutant with dense 

myb expression within the CHT.  When this was quantified the increase in 

expression showed a high level of significance when compared to siblings of 

all genotypes (e and f, p<0.0001 for wild type and heterozygous siblings vs 

cebpaCterm/Nterm). No significant differences between other genotypes were 

seen.
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Figure 5.17: myb expression in cebpaWT/Nterm x cebpaWT/Cterm at 36hpf 

 

Figure 5.17: myb expression in cebpaWT/Nterm x cebpaWT/Cterm 
at 36hpf. Images a-d show WISH with myb probe in whole embryos at 36hpf. Panels a-d show 

representative images of each genotype in cebpaWT/Nterm x cebpaWT/Cterm
. Staining was measured by Fiji analysis in individual embryos, with stain recorded as 

a function of mean intensity of stain (MPI, graph e) and as a combined function with the area analysed (MPI*area of stain, graph f). cebpaWT/Nterm x 
cebpaWT/Cterm

: cebpaWT/WT
 n=16, cebpaWT/Cterm

 n=12, cebpaWT/Nterm
 n=15, cebpaCterm/Nterm

 n=11. Scale bars = 250uM. 

Statistics are quantified by one-way ANOVA. NS=non significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Bars indicate mean for each genotype and 

95% confidence interval. Differences between groups are non significant if not annotated.
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WISH with myb probe in a cebpaWT/Cterm in-cross was also repeated at 36hpf 

(Figure 5.18, panels a-h). Images a-f show representative embryos of each 

genotype, with expression in cebpaCterm/Cterm homozygotes (c and f) and 

cebpaWT/Cterm heterozygotes (b and e) having now caught up to equivalent 

expression levels as wild type siblings (a and d), both in the AGM forming a 

near confluent line of myb expressing HSCs and in the newly-developed 

CHT. This was confirmed using image analysis of expression intensity and 

area in the CHT (Figure 5.18, panels g and h), with no significant difference 

between genotypes at this time point. 

In cebpaNterm/Nterm mutants, similar findings were found to those in 

cebpaCterm/Nterm compound heterozygotes (image i-n). cebpaWT/Nterm (image j 

and m) had reduced expression compared to wild type siblings (images i and 

l); p<0.05 MPI*area (Figure 5.18p). However, biallelic cebpaNterm/Nterm mutants 

were developing higher expression than both their heterozygous siblings 

(p<0.0001) and wild type siblings. Although the increase compared to wild 

type siblings was not statistically significant, it appeared that the expansion in 

myb expression was only being initiated at this developmental stage, as four 

of seven homozygous mutants imaged had developed marked myb 

expression density as seen in images k and n. 

It therefore appeared that during establishment of the CHT different patterns 

of expression are seen in myb as compared to runx1 expression. Although 

this was different to expected results, some evidence exists that myb is a 

downstream target of runx1. Lowered myb expression has been observed in 

runx1 knockout mouse embryos and runx1 binding sites are found in the myb 

promoter169. Given the differentiation block already demonstrated in 



 265 

cebpaCterm/Cterm and the reduction in myb expressing cells being restricted to 

this genotype, this was felt to suggest that expression of myb could represent 

commitment of HSPCs to a more myeloid phenotype.  
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Figure 5.18: myb expression in cebpaWT/Cterm in-cross and cebpaWT/Nterm 

in-cross at 36hpf 

 

Figure 5.18: myb expression in cebpaWT/Cterm in-cross and cebpaWT/Nterm in-cross at 36hpf. 
Images show WISH for myb in whole embryos and aorto-gonad-mesonephros (AGM) and 
caudal haematopoietic tissue (CHT) magnifications at 36hpf. Panels a-f show representative 
images of each genotype in cebpaWT/Cterm in-cross and panels i-n in a cebpaWT/Nterm in-cross. 
Staining was measured by Fiji analysis in individual embryos, with stain recorded as a 
function of mean intensity of stain (MPI) and as a combined function with the area analysed 
(MPI*area of stain). Graphs g and h show digital analysis in cebpaWT/Cterm in-cross and 
graphs o and p in a cebpaWT/Nterm in-cross. cebpaWT/Cterm in-cross: cebpaWT/WT n=15, 
cebpaWT/Cterm n=36, cebpaCterm/Cterm n=11. cebpaWT/Nterm in-cross: cebpaWT/WT n=12, 
cebpaWT/Nterm n=27, cebpaNterm/Nterm n=13. Scale bars = 250uM. Statistics are quantified by 
one-way ANOVA. NS=non significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Bars 
indicate mean for each genotype and 95% confidence interval. Differences between groups 
are non significant if not annotated. 
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Expression was next interrogated at 3dpf, at the peak of CHT development. 

myb expression in a cebpaWT/Cterm x cebpaWT/Nterm out-cross at 3dpf is shown 

in Figure 5.19 a-f. The increase in myb expression previously seen in 

cebpaCterm/Nterm compound heterozygous mutants has now faded (image d), 

and now appears equivalent to wild type and heterozygous siblings (image a-

c). This was confirmed with Fiji image analysis (e and f) with no significant 

differences in staining between any genotype identified. At 4dpf, the increase 

seen at 36hpf in cebpaCterm/Nterm has now reversed (Figure 5.20, panels a and 

b). cebpaCterm/Nterm biallelic mutants have less myb by quantification of total 

stain compared to wild type and heterozygous siblings at 4dpf (Figure 5.20b); 

p<0.01 vs cebpaWT/Nterm, p<0.001 vs cebpaWT/Cterm, p<0.0001 vs cebpaWT/WT.  
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Figure 5.19: myb expression in cebpaWT/Cterm in-cross and cebpaWT/Nterm 

x cebpaWT/Cterm at 3dpf 

 

Figure 5.19: myb expression in cebpaWT/Cterm in-cross and cebpaWT/Nterm x cebpaWT/Cterm at 
3dpf. Images show WISH with myb probe in whole embryos at 3dpf. Panels a-d show 
representative images of myb staining in the caudal haematopoietic tissue (CHT) for each 
genotype in cebpaWT/Nterm x cebpaWT/Cterm. Staining was measured by Fiji analysis in 
individual embryos, with stain recorded as a function of mean intensity of stain (MPI, graph 
e) and as a combined function with the area analysed (MPI*area of stain, graph f).  
Panels g-l and j-l show representative images of myb staining in whole embryos and 
magnifications of the CHT for each genotype in a cebpaWT/Cterm in-cross.  
Digital quantification of staining in these embryos by MPI and MPI*area of stain is shown in 
graphs m and n. cebpaWT/Nterm x cebpaWT/Cterm: cebpaWT/WT n=14, cebpaWT/Cterm n=6, 
cebpaWT/Nterm n=7, cebpaCterm/Nterm n=13. cebpaWT/Cterm in-cross: cebpaWT/WT n=3, cebpaWT/Cterm 
n=13, cebpaCterm/Cterm n=5. Scale bars = 200uM. 
Statistics are quantified by one-way ANOVA. NS=non significant, *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. Bars indicate mean for each genotype and 95% confidence 
interval. Differences between groups are non significant if not annotated. 
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Figure 5.20: myb expression in cebpaWT/Nterm x cebpaWT/Cterm and 

cebpaWT/Nterm in-cross at 4-5dpf 

 

Figure 5.20: myb expression in cebpaWT/Nterm x cebpaWT/Cterm and cebpaWT/Nterm in-cross at 4-
5dpf. Graphs a-d show quantification of staining for myb in WISH at 4dpf in individual 
embryos, with stain recorded as a function of mean intensity of stain (MPI, graphs a and c) 
and as a combined function with the area analysed (MPI*area of stain, graphs b and d). 
cebpaWT/Nterm x cebpaWT/Cterm: cebpaWT/WT n=11, cebpaWT/Cterm n=9, cebpaWT/Nterm n=6, 
cebpaCterm/Nterm n=8. cebpaWT/Nterm in-cross: cebpaWT/WT n=5, cebpaWT/Nterm n=13, 
cebpaNterm/Nterm n=5. Scale bars = 200uM. 
Statistics are quantified by one-way ANOVA. NS=non significant, *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. Bars indicate mean for each genotype and 95% confidence 
interval. Differences between groups are non significant if not annotated. 
Panels g-l and j-l show representative images of myb staining in whole embryos and 
magnifications of the CHT for each genotype in a cebpaWT/Nterm in-cross. 
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Figure 5.21: myb expression in cebpaWT/Cterm in-cross at 4dpf 

 

Figure 5.21: myb expression in cebpaWT/Cterm in-cross at 4dpf. WISH with myb probe in cebpaWT/Cterm in-cross at 4dpf. Panels a-c show representative images 
for each genotype in whole embryos and panels d-f in the caudal haematopoietic tissue (CHT).  
Staining was measured by Fiji analysis in individual embryos, with stain recorded as a combined function of mean intensity of stain and area analysed 
(MPI*area of stain, graph g). cebpaWT/Cterm in-cross: cebpaWT/WT n=6, cebpaWT/Cterm n=15, cebpaCterm/Cterm n=9. Scale bars = 200uM. 
Statistics are quantified by one-way ANOVA. NS=non significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Bars indicate mean for each genotype and 
95% confidence interval. Differences between groups are non significant if not annotated.
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Figure 5.19 images g-l and graphs m and n show myb expression in 

cebpaWT/Cterm in-cross at 3dpf. A dose dependent reduction in myb 

expression in the CHT with gain of cebpaCterm mutation (as seen in the AGM 

at 32hpf) is now evident (p=0.010 MPI, p=0.0045 MPI*area analysed). The 

reduction in expression in cebpaCterm/Cterm mutants is maintained at 4dpf, 

shown in Figure 5.21. Images of whole embryos (images a-c) and CHT 

(images d-f) in cebpaWT/Cterm in-cross at 4dpf show that cebpaCterm/Cterm 

homozygotes at this stage had markedly reduced myb expression within the 

CHT (image c and f) compared to wild type (a and d) and heterozygous 

siblings (b and e). When quantified by image analysis (Figure 5.21g) this 

showed statistical significance; p<0.001 cebpaWT/Cterm vs cebpaCterm/Cterm, 

p<0.05 cebpaWT/WT vs cebpaCterm/Cterm.  

At 3dpf, cebpaNterm/Nterm biallelic mutants now show an increase in myb 

expression, as seen at 36hpf in cebpaCterm/Nterm (Figure 5.22 a-h). Images a-c 

and d-f show representative sagittal whole embryos and CHT imaged from 

myb WISH at 3dpf in a cebpaWT/Nterm in-cross.  Images c and f show the 

dense expression seen at 36hpf in a subgroup of cebpaNterm/Nterm mutants, 

but this is now present consistently in all homozygous mutant embryos. 

When quantified, this showed high levels of significance by both MPI and 

MPI*area analysed across three replicate experiments (combined in g and 

h); p<0.0001 cebpaNterm/Nterm vs cebpaWT/Nterm and cebpaWT/WT. There was no 

significant difference in staining between wild type and heterozygous 

cebpaWT/Nterm mutant siblings. 

The experiment was repeated in a cebpaWT/Nterm in-cross at 4dpf and 5dpf, 

summarised in Figure 5.20 c-g. The increases in myb expression persisted in 
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cebpaNterm/Nterm compared to wild type siblings. Between 3-5dpf there was 

also an increase in myb expression seen in cebpaWT/Nterm heterozygotes 

(Figure 5.20 f vs e). At 4dpf a linear trend to increasing myb expression with 

acquisition of cebpaNterm was established (p=0.0050 MPI, p=0.0158 MPI*area 

analysed).
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Figure 5.22: myb expression in cebpaWT/Nterm in-cross at 3dpf 

 

Figure 5.22: myb expression in cebpaWT/Nterm in-cross at 3dpf. WISH with myb probe in cebpaWT/Nterm in-cross at 3dpf. Panels a-c show representative images 
for each genotype in whole embryos and panels d-f in the caudal haematopoietic tissue (CHT).  
Staining was measured by Fiji analysis in individual embryos, with stain recorded as a combined function of mean intensity of stain and area analysed 
(MPI*area of stain, graph g). cebpaWT/Nterm in-cross: cebpaWT/WT n=20, cebpaWT/Nterm n=38, cebpaNterm/Nterm n=14. Scale bars = 200uM.  
Statistics are quantified by one-way ANOVA. NS=non significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Bars indicate mean for each genotype and 
95% confidence interval. Differences between groups are non significant if not annotated.
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The increases and decreases seen with both cebpaCterm and cebpaNterm in 

heterozygosity and homozygosity are summarised below in Table 5.3. 

Table 5.3: Alterations in myb expression across developmental time points in 
cebpa mutants. 

Age C+/- N+/- C/C N/N C/N 

32hpf ↓** 
not tested ↓** not tested ↔ 

36hpf (↓) ↓** ↔ ↔ ↑**** 

3dpf ↓ ↔ ↓* ↑**** ↔ 

4dpf ↔ ↔ ↓*** ↑* ↓**** 

5dpf not tested (↑) not tested (↑)  not tested 

(↓) mild decrease, ↓decrease, ↔	nil	difference,	(↑) mild increase, ↑ increase. hpf hours post 
fertilisation, dpf days post fertilisation, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
 
Differing combinations of biallelic mutation were therefore found to have 

quite varied patterns of myb expression, distinct from the steady state of 

expression seen with the other stem cell expression markers runx1 and 

gata2b in all mutant genotypes. cebpaCterm has previously been found to 

impair myeloid differentiation65, with an absence of myeloid differentiation in 

leukaemias developing in K/K mouse model being explained by this block in 

myeloid commitment99. Given that myb is known to be essential for myeloid 

differentiation170,171, the reduction in myb expression in cebpaCterm/Cterm 

mutants implicates differences in myb expression for the lack of myeloid 

phenotype seen in C terminal mutation driven models of leukaemogenesis. 

After consideration as to why the reduction in myb expression was not 

present in cebpaCterm/Cterm mutants at 36hpf but at all other time points I 
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observed some subtle residual pigment overlying the CHT which may have 

confounded analysis. Repetition of WISH with myb probe at this time point 

with earlier PTU administration is therefore required to determine whether 

myb expression truly recovers at this developmental stage. 

In cebpaNterm/Nterm mutants the opposite was seen, where from 3dpf a marked 

increase in numbers of myb staining cells was seen, persisting until HSPC 

seeding of the pronephros at 5dpf.  Again, suggesting that myb positive 

HSPCs represent a myeloid committed HSPC subset. This would be in 

keeping with previous observations where N terminal mutation results in 

expansion of myeloid progenitors in both germline mutant mice and 

transfected cell lines 98,172.  It remains unclear as to whether the increase in 

cell numbers represents a lack of cell cycle control, resistance to apoptosis 

or lack of terminal differentiation and subsequent expression of transcription 

factors indicating a more mature phenotype.  

In cebpaCterm/Nterm mutants an initial rise in myb expression at 36hpf has 

reverted to a reduction at 3dpf. I believe this represents an interaction 

between the two mutations. At 36hpf p30 equivalent expression is sufficient 

to induce myeloid commitment in HSPCs as assessed by myb expression, 

as seen in K/L leukaemia in mice99. However, this may be overcome by 

residual p42 equivalent function in the cebpaCterm DNA binding mutant allele. 

Previous studies have shown that sites of DNA binding identified from MYB 

and p30 by ChIP-seq colocalise on known regulators of HSC homeostasis, 

whereas MYB and p42 colocalise on pro-apoptotic proteins173,174, thereby 

implicating both apoptosis and proliferation as potential causes of the 

differences seen between genotypes in my results. 
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5.2.9 Confocal imaging confirms distinct populations of HSCs at 3dpf 

Following from my postulation that there might be different stages of 

differentiation within the previously described HSPC compartment, with myb 

positivity representing a cell closer to establishment of a myeloid fate than 

those expressing either runx1 or cd41 I wished to establish whether the 

differences seen in mRNA expression between runx1 and myb WISH probes 

represented altered expression within the same cells or that staining was 

highlighting different cell populations. 

To improve resolution of where each gene was being expressed I performed 

dual immunohistochemical staining for GFP (in Tg(cd41:GFP) embryos) and 

c-Myb in wild type embryos at 3dpf, followed by confocal microscopy. This 

was to establish whether expression of cd41 and myb colocalised within the 

same cells. However, given the different distributions of staining seen in 

WISH, I anticipated that this would reveal staining in independent cells.  

Images of a representative embryo are shown in Figures 5.23 and 5.24. In 

Figure 5.23 maximum intensity projections of each window are shown in 

images a-d, together with a merged image, e. There was significant 

background staining of somites with the anti-CMYB antibody (panel a), 

however, individual cells could still be seen in the region of the CHT. GFP 

staining was restricted to the CHT as expected. Figure 5.24 shows three 

different orientations in 3-dimensional representations of the same embryo. It 

is clear that RFP and GFP staining cells do not co-localise. Instead, it 

appears that RFP staining cells border each cluster of GFP positive cells. 

This is consistent with cMyb expressing cells representing a more 

differentiated HSC existing as a progeny of cd41 expressing HSCs. This was 
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surprising given previous reports of co-expression of the two proteins in 

HSPCs seeding the zebrafish pronephros175, however, expression patterns 

may be different in HSPCs developing in a distinct anatomical site. I 

therefore concluded that myb positive cells in the developing CHT 

represented a distinct subset of HSPCs compared to those highlighted by 

cd41 expression, potentially primed to myeloid differentiation. Defining myb 

expressing cells as a myeloid progenitor was in keeping with the deficit in 

numbers of myb expressing cells being restricted to cebpaCterm/Cterm mutants. 

cebpaCterm/Cterm mutants had also shown reductions in pu.1 expression 

representing reduced numbers of myeloid progenitors. Also Cebpa C 

terminal mutations are already established as causing a myeloid 

differentiation defect99,172.
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Figure 5.23: Maximum intensity projections for myb, cd41 and DAPI in a 3dpf wild type zebrafish embryo 

 

Figure 5.23: Maximum intensity projections for myb, cd41 and DAPI in a 3dpf wild type zebrafish embryo. Maximum intensity projections for confocal imaging 

of a 3dpf zebrafish cebpaWT/WT
; Tg(cd41:GFP) embryo. 

Immunohistochemistry performed with anti-MYB RFP secondary, anti-GFP GFP secondary and DAPI. 

Top level: a) RFP/myb, b) phase, c) GFP/ cd41 

Bottom level: d) BFP/DAPI, e) merge
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Figure 5.24: 3-Dimensional confocal imaging of Myb and cd41 

expression 

 

Figure 5.24: 3-Dimensional confocal imaging of Myb and cd41 expression. Images a, band c 
show different angles and magnifications using a confocal microscope of the same zebrafish 
tail at 3dpf.  
Axes are marked as follows: blue;z, red;x, green;y. 
Red staining with anti-myb, green staining with anti-GFP in Tg(cd41:GFP). Magnification as 
indicated by individual scale bars. 
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5.2.10 Production of monocytes during definitive haematopoiesis is 

also affected, with differing effects of cebpaNterm and cebpaCterm 

homozygosity 

Definitive myelopoiesis in zebrafish generates both granulocytes and 

monocytes (see Figure 5.1). Given that cebpa has previously been described 

as a potential regulator between granulocytic and monocytic fate176, I 

postulated that cebpaCterm and cebpaNterm might have differing effects on 

these lineages. During screening of my mutant lines, biallelic mutants had all 

displayed defects in definitive granulopoiesis using a Sudan Black stain 

which is specific to granulocytes. To assess whether these deficits were also 

present in the monocyte/macrophage lineage I used the WISH probes 

apoeb177 and irf8178, reported as macrophage specific markers. Apoeb is 

expressed in brain specific mature macrophages (microglia) from around 

3dpf, which develop from primitive macrophages before being replaced by 

HSPCs migrating after the CHT has been established177. Cells staining for 

apoeb are visible in the retina and brains of zebrafish embryos from 3dpf 

(Figure 5.25, image a, sagittal and g, dorsal views). Cells were seen in 

heterozygous cebpaWT/Cterm (images b and h) and cebpaWT/Nterm (images c 

and i) in normal quantities. However, in all biallelic mutants (images d-f and j-

l), numbers of mature macrophages were severely compromised. In 

cebpaCterm/Nterm and cebpaCterm/Cterm no microglia were observed in any of the 

embryos imaged (images d and j, and e and k). However, some residual, 

albeit reduced, numbers of macrophages were observed in cebpaNterm/Nterm 

homozygotes (images f and l, marked with black arrowhead). As individually 

stained cells are readily discernible, it was possible to quantify total numbers 
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of microglia in each embryos between different genotypes (Figure 5.25m). 

This confirmed the reduction in macrophage numbers compared to 

heterozygous and wild type siblings for all biallelic mutants; p<0.0001 

cebpaCterm/Cterm and cebpaCterm/Nterm compared to wild type and heterozygous 

mutant embryos, p<0.001 cebpaNterm/Nterm compared to wild type and 

heterozygous mutant embryos. cebpaNterm/Nterm embryos had consistent 

numbers of 10-15 macrophages per embryo. Whilst this was not significantly 

different to other biallelic genotypes using a one-way ANOVA across all 

genotypes, its expression in itself was significant (p<0.0001 of nil monocytes 

staining per embryo). 

IRF8 (interferon regulatory factor 8) is a transcription factor involved in 

maturation of CMPs to monocytes, thus being an earlier monocyte-specific 

marker. In zebrafish, it is expressed in the CHT from around 30hpf in wild 

type embryos178. Figure 5.25 images n-q show WISH for irf8 expression in 

cebpaWT/Cterm x cebpaWT/Nterm at 30hpf. Although some background staining is 

present with this probe in the tip of each tail, in wild type and heterozygous 

mutants (images n-p) individually staining cells are present within the CHT 

close to the end of the yolk sac extension. In cebpaCterm/Nterm embryos, no irf8 

staining cells were seen in any embryos. 

Defects in monocyte numbers in primitive haematopoiesis therefore 

persisted in definitive haematopoiesis in all biallelic mutants. This was 

anticipated due to their absence in the KO zebrafish models cebparj31 and 

moliHkz7. However, in mouse KO models reports vary: with Zhang et al25 

reporting normal macrophage development, whereas Heath et al123 

observing impaired monocytic differentiation and reduced monocytic 
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progenitor numbers in the absence of wild type Cebpa. The pattern in 

residual expression of macrophage markers differs to that seen in 

measurement of granulocyte numbers, as residual SB staining had been 

seen in cebpaCterm/Cterm and some cebpaCterm/Nterm, whereas residual apoeb 

staining was restricted to cebpaNterm/Nterm homozygotes only. This may reflect 

the ability of p30 equivalent isoforms to induce some degree of monocytic 

differentiation, similarly to bypassing the CMP to GMP differentiation block in 

granulocytes seen in KO mice25,98. Pu.1 is known to be essential in 

monocyte/macrophage development59,179  and its mutation has been 

reported in M4 and M5 monocytic AML cases180. PU.1 and CEBPA have also 

been suggested as acting antagonistically in determining granulocytic vs 

monocytic fate in myelopoiesis60. The comparative residual monopoiesis 

seen in cebpaNterm/Nterm compared to cebpaCterm/Cterm could therefore be 

explained by the relative lack of pu.1 expression seen in the presence of 

cebpaCterm mutation. 
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Figure 5.25: Expression of macrophage markers during definitive 

haematopoiesis in cebpa mutants 

 

 

Figure 5.25: Expression of macrophage markers during definitive haematopoiesis in cebpa 
mutants. WISH with probes for macrophage markers apoeb and irf8 in cebpa mutants. 
Panels a-l show representative images for each cebpa mutant genotype of WISH for apoeb 
at 3dpf. a-f show sagittal views of the head and g-l dorsal views. Cells in these experiments 
were also quantified for total numbers of microglia staining in invididual embryos and are 
summarised in graph m. cebpaWT/WT n=4, cebpaWT/Cterm n=4, cebpaWT/Nterm n=7, 
cebpaCterm/Cterm n=3, cebpaNterm/Nterm n=4, cebpaCterm/Nterm n=3.  
Statistics are quantified by one-way ANOVA. NS=non significant, ***p<0.001, ****p<0.0001. 
Bracket indicates that above statistics apply to all groups enclosed. Bars indicate mean for 
each genotype and 95% confidence interval. Differences between groups are non significant 
if not annotated. 
Panels n-q show representative images of the CHT folllowing WISH for irf8 at 30hpf for each 
genotype in cebpaWT/Nterm x cebpaWT/Cterm. Scale bars = 200uM. 
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5.3 Discussion 

5.3.1 Neither cebpaCterm or cebpaNterm affects numbers of early HSCs in 

the AGM of zebrafish embryos 

True HSCs with multilineage potential and self-renewal capacity are first 

formed in the zebrafish in the definitive wave of haematopoiesis. The first 

HSC specific transcription factor to be detected is runx1, appearing along the 

dorsal aorta at around 30hpf, before HSCs seed the CHT, established by 

48hpf93. From the first emergence of HSCs at 30hpf to establishment of the 

CHT at 3dpf no alteration in expression of runx1 was seen with cebpaCterm or 

cebpaNterm mutation. HSC numbers were also found to be equivalent by 

WISH for gata2b and cd41 expression using the Tg(cd41:GFP) line. 

Evidence from KO cebpa zebrafish models concurs with this finding. While in 

the KO mutant moliHkz7 HSC numbers were not reported, erythroid and 

lymphoid lineages developed normally, therefore HSC formation can be 

assumed due to the onset of definitive haematopoiesis in these lineages. A 

further KO mutant cebparj31 showed normal emergence of HSCs with no 

differences in myb or runx1 expression noted at 3dpf110,111. However, this 

was in contrast to findings by the same group that post-translational 

modifications of cebpa can influence HSC numbers in definitive 

haematopoiesis110. Here MO knockdown of sumoylation resulted in a 

decrease in both HSC budding and proliferation, although this was assessed 

in myb positive cells only. This suggests that Cebpa suppresses runx1 

expression either directly or indirectly in its desumoylated form110, given that 

runx1 mRNA injection rescued the reduction in myb expressing cells. As 

neither cebpaCterm nor cebpaNterm was seen to affect runx1 expression, 
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sumoylation is likely not affected by either mutation. This would be in keeping 

with the proposed site of sumoylation being at lysine 125, shortly after the 

predicted first internal open reading frame at aa118 in zebrafish Cebpa, 

therefore present on both p42 and shorter isoforms.  

The role of Cebpa in HSPCs is well established, with over expression leading 

to a decrease in self-renewal160, while condition KO lead to an increase in 

proliferation and self-renewal123,130. However, this increased HSPC 

proliferation may not be seen in cebpa mutants as at this stage in 

development foetal HSPCs have a proliferative phenotype to support 

expanding haematopoiesis, whereas in adults they maintain a quiescent and 

homeostatic transcriptional programme163. Supporting this is the finding that 

in long term HSCs Cebpa KO results in skewing of gene expression to a 

foetal pattern163. Analysis of foetal livers in KO mice has been previously 

performed at embryonic day 14, the equivalent developmental stage to 

establishment of the CHT in zebrafish25. HSCs were formed and were able to 

form myeloid colonies, although these exhibited a differentiation block. 

Differences in numbers of HSCs in samples pre plating were not reported. 

There were challenges in quantification using Fiji analysis with runx1 WISH. 

This was in part due to the curvature of embryo bodies following heat 

treatment during WISH. Defining the area for analysis required careful boxing 

so as to not include the yolk sac as a confounding bright structure in analysis 

of dark hue staining. runx1 background staining was also problematic, 

presumed to be due to non-specific hybridisation of probe. This background 

staining was reduced by raising the water bath temperature to 65oC during 

incubation to allow more stringent hybridisation of probe. The re-use of probe 
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aliquots also reduced background staining as the shorter, less specific, probe 

transcripts were removed from the hybridisation mix. However, given 

concordance with the phenotype seen in the KO cebparj31 mutant and 

consistency between replicate experiments, this is unlikely to have 

confounded my reported results. 

5.3.2 cebpaCterm and cebpaNterm affect numbers of mature granulocytes 

in definitive haematopoiesis 

Mature myelocytes with lyzC expression were completely absent in all 

biallelic mutants until 4dpf by flow cytometric analysis, as had been observed 

with microscopic screening for in vivo genotyping. Expression of lyzC was 

readily observed from 24hpf in wild type embryos, although restricted to a 

population also expressing pu.1. Absence of expression from the earliest 

stages of these cells emergence in the mutants implies that this finding 

represents a failure in differentiation, rather than a survival disadvantage, 

although has not yet been formally assessed with Annexin V staining. 

Lysozyme C is a component of bacteriolytic granules, expressed from the 

myelocyte stage of differentiation exclusively in granulocytes. Its promoter in 

zebrafish is known to have sites for binding of both pu.1 and runx1, as well 

cebp1, a downstream transcription factor related to cebpa181. As a 

downstream target of pu.1, lyzC had therefore been anticipated to be 

downregulated in biallelic mutants.  While some residual SB staining was 

observed in cebpaCterm/Cterm and cebpaCterm/Nterm mutants, no lyzC expression 

was observed in any of the bilallelic mutant embryos. A similar finding has 

been reported in a c-Myb KO zebrafish164 where, while lyz expression by 

WISH was completely absent, some reduced SB and mpx staining remained 
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present. The reason for this is not clear from previous studies; SB and lyz 

positivity may become evident at different stages of differentiation, or SB 

may stain a subpopulation of macrocytes. The c-Myb KO zebrafish was 

noted to have normal monocyte development, but residual mpx staining was 

also present which is highly specific to granulocytes140. 

However, the absence of mature myelocytes is consistent with reports in KO 

and N terminally mutated mice25,98,123, and in KO zebrafish, where no 

staining for lyzC was seen at 36hpf79. 

5.3.3 cebpaCterm and cebpaNterm affect numbers of immature 

granulocytes in definitive haematopoiesis 

In zebrafish pu.1 has been established as a marker of early myeloid 

cells78,79,182. By using WISH for pu.1 expression I was able to quantify 

defects in numbers of early myeloid cells in cebpa mutants. Although 

lymphocytes also express pu.1, WISH allows separation of these numbers 

because of the different temporal and anatomical site of their development 

within the zebrafish embryo, with lymphocytes developing within the thymus 

from 3dpf96. Therefore, all cells expressing pu.1 both over the yolk sac and 

within the PBI/CHT can be assumed to be programmed towards a myeloid 

fate. In chapter 4 I have already discussed an early defect in primitive 

myelopoiesis with cebpa mutation, as seen by reduced numbers of cells 

expressing pu.1 at 22hpf in addition to more mature markers l-plastin and 

coro1a at 28hpf. In definitive haematopoiesis, defects in early myeloid cells 

were seen with both cebpaCterm and cebpaNterm mutations when assessed by 

pu.1 expression both in WISH and by use of the transgenic line 

Tg(pu.1:GFP). The Tg(lyzC:mCherry) reporter was used simultaneously to 
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determine if pu.1 expression persisted following further differentiation. In wild 

type embryos co-expression of pu.1 and lyzC was seen from 24hpf – 4dpf in 

a population of cells. This implies that pu.1 is expressed at later time points 

in myeloid differentiation and does not merely highlight CMPs as previously 

suggested in zebrafish135. Another explanation would be that the half-life of 

GFP in the Tg(pu.1:GFP) transgenic line is longer that that of pu.1 itself, and 

it persists after transactivation of the pu.1 promoter has diminished at around 

48hpf. 

In cebpaNterm/Nterm and cebpaCterm/Nterm mutants, pu.1 expression by WISH was 

markedly reduced at 30hpf, as seen in the moliHkz7 zebrafish cebpa KO 

mutant. However, by flow cytometric analysis in these biallelic mutants 

reduction in pu.1 expression was solely in the fraction of cells also 

expressing lyzC. The difference in pu.1 expression in the presence of p30 

equivalent isoforms therefore appears to be restricted to cells that are 

sufficiently differentiated to have formed bacteriocidal granules. This is 

similar to findings in N terminal mutant L/L mice, where at birth although 

animals are neutropenic, differentiation from CMP to GMP is intact in the 

presence of shorter Cebpa isoforms98. While expression levels of pu.1 peak 

in CMPs, it’s expression persists in GMPs in mouse haematopoiesis183,184, 

therefore myeloid cells further differentiated than GMPs in the zebrafish are 

likely to be highlighted by co-expression of lyzC and pu.1. Assuming that 

cebpaNterm has that same phenotype as L mice, this means that pu.1 

expression alone marks both CMPs and GMPs. 

A reduction in cells expressing pu.1 alone was only seen in cebpaCterm/Cterm 

mutants. This suggests that cebpaCterm affects differentiation of myelocytes 



 289 

earlier in development than cebpaNterm. In KO models in mice, loss of Cebpa 

results in arrest of granulocytic differentiation at the CMP to GMP stage25,130, 

as did C terminal mutation99. Therefore the reduction in pu.1 only cells in 

cebpaCterm/Cterm alone is in keeping with findings in mice that while p30 

expression is sufficient for GMP development, DNA binding and KO mutants 

without intact p42 equivalent function have defective myeloid differentiation 

at this stage of differentiation. Residual pu.1 expressing cells in 

cebpaCterm/Cterm are likely to represent CMPs. 

However, confidence in this interpretation of these results is limited by the 

lack of defined expression signature for stages of myeloid differentiation in 

zebrafish models of haematopoiesis. While Akashi et al have defined flow 

cytometric standards in mammalian models for quantification of cell types185, 

no such standardisation exists in the zebrafish model and epitopes for the 

same antibodies are not shared such that analysis using these antibodies is 

not possible. Similarly interpretation of WISH expression patterns is limited 

as transcription factors such as cebpa and pu.1 remain active throughout 

myelopoiesis123,184, although their levels decrease with increasing myeloid 

commitment. Systematic comparison of expression patterns in wild type 

zebrafish cells using transgenic reporters such as those used in flow 

cytometry experiments in this project with subsequent comparison to defined 

mammalian haematopoietic cell fractions would aid interpretation, although 

was beyond the scope of this project. 
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5.3.4 c-Myb expression describes an intermediate HSPC with myeloid 

programming 

While HSC numbers as assessed by runx1, cd41 and gata2b showed no 

alterations in Cebpa mutants, this was not the case for myb. It appears runx1 

acts upstream of myb in haematopoietic differentiation in definitive 

haematopoiesis, as a runx1 KO zebrafish model shows a reduction in myb 

expressing cells155. As cebpaCterm and cebpaNterm appeared to affect myb 

expression but not expression of runx1 I established whether myb staining 

might represent a separate cell population, or whether the differences in 

expression could be explained by persistence of promoter activation after 

commitment to a myeloid fate. As a suitable antibody for zebrafish Runx1 

was not available, an anti-GFP antibody was used in Tg(cd41:GFP) 

expressing embryos. While it is possible that cd41 might be active in different 

cell populations to runx1, it is well documented as an early HSPC marker 

and the transgenic line utilised has been extensively used in zebrafish 

studies of haematopoiesis119. 

The finding that myb expressing cells represent further differentiation is in 

keeping with its later time point of expression within the CHT to runx1, 36hpf 

vs 30hpf186. myb is known to be required for initiation of definitive 

haematopoiesis in both zebrafish165 and mice153, and to act as a regulator of 

HSPC self-renewal166. However, it also has a distinct role in myeloid 

differentiation171, and indeed lyzC has been shown to be a direct 

downstream target of myb in zebrafish164. While the pattern of expression in 

WISH experiments for runx1, cd41 and myb have been previously shown to 

co-localise during zebrafish definitive haematopoiesis175,186, the resolution 
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achieved with WISH does not confirm their expression in the same cells. A 

far greater resolution can be seen with confocal imaging, and the spatial 

relationship of myb cells to cd41 positive cells I found was highly suggestive 

that myb cells were the progeny of the cd41 positive cells. Rather than myb 

expression being a marker of myeloid commitment within the HSPC 

compartment, another explanation could be that cd41 and runx1 mark a 

quiescent signature, whereas cycling HSPCs express myb. This is supported 

by alterations in myb expression being evident in the presence of cebpa 

mutation, discussed below, as expression of cebpa has been shown to 

increase by 350% in cycling compared to quiescent HSCs123. However, this 

possible explanation would require further studies to confirm, such as 

investigation of cell cycle with BrdU co-labelling in a transgenic myb line such 

as TgBAC(myb:GFP)187. Future work from this project will also include 

comparison of RNAseq in sorted cells from Tg(cd41:GFP) and Tg(myb:GFP) 

wild type embryos and  cebpaCterm and cebpaNterm mutants, to compare gene 

sets for myeloid differentiation and stem cell quiescence.  

5.3.5 cebpaCterm and cebpaNterm have opposing effects on myb 

expression in definitive haematopoiesis 

In cebpaCterm/Cterm embryos, myb expression showed significant reductions in 

early and late definitive haematopoiesis. This is in contrast to findings in the 

cebparj31 mutant, which showed normal myb staining at both 30hpf and 

72hpf111. Unfortunately, myb expression was not interrogated in the 

alternative KO mutant moliHkz7. While it is possible that mutant p42 

equivalent isoforms could act in a dominant negative fashion with other 

CEBP members to prevent myb expression, this is more commonly 



 292 

associated with N terminal mutations as dimerisation is mediated by the C 

terminal domain12,70. In contrast, in a sumoylation morphant myb expression 

was reduced, presumed to be due to alterations in Cebpa post-translational 

control110. However, this appeared to be mediated by a deficiency in runx1, 

as runx1 mRNA injection rescued the deficit in myb expression. runx1 

expression in cebpaCterm mutants was normal, so myb reduction in this model 

is unlikely to be due to loss of sumoylation. In mouse cell lines, investigation 

of Cebpa mutation suggests that a positive feedback loop exists between 

Myb and Cebpa174. Therefore, another explanation of reduced myb 

expression in cebpaCterm/Cterm mutants would be loss of this positive feedback 

in the presence of reduced DNA binding due to C terminal mutation. As 

discussed above it is unclear whether myb cells represent cycling vs 

quiescent HSCs or myeloid primed HSCs. Given the reduction in pu.1 

expression seen in cebpaCterm mutants and association of C terminal 

mutations in mice with differentiation block in granulocytes99 a lack of 

myeloid priming could explain the reduction in myb. However, a reduction in 

myb could itself be responsible for the impaired differentiation, as myb is 

known to be required for terminal differentiation in myeloid cells171. 

Attempted myb mRNA rescue in cebpaCterm/Cterm mutants could determine 

whether reduced myb levels might be responsible for the impaired myeloid 

differentiation seen in these mutants. 

In contrast to cebpaCterm/Cterm, myb expression was increased in both 

cebpaCterm/Nterm and cebpaNterm/Nterm mutants. While in cebpaCterm/Nterm mutants 

myb expression had returned to that of wild type siblings at 3dpf, in 

cebpaNterm/Nterm mutants increased myb expression persisted until the latest 



 293 

time point studied at 5dpf. Increases in MYB expression have been 

previously reported in AML188, and the highest levels are seen in AML with 

CEBPA mutation174. However, the highest levels of MYB are seen in 

combination of N and C mutation, rather than homozygous N mutation as in 

this model. In the presence of p30 equivalent isoforms alone in 

cebpaNterm/Nterm mutants, increased myb expression persists. But in 

cebpaCterm/Nterm mutants wild type equivalent expression is restored between 

36hpf and 3dpf. One possible explanation could be that as further 

differentiation occurs within the CHT residual wild type function in the 

cebpaCterm allele is sufficient to return to wild type equivalent expression of 

myb.  

Considering what the increased myb expression by WISH represents, it 

could be due to a differentiation block leading to increases in myeloid primed 

progenitors, as seen in Cebpa KO mice130. However, this would not explain 

why pu.1 positive, lyzC negative myeloid progenitors show no alteration in 

numbers in the presence of cebpaNterm as pu.1 is expressed later in myeloid 

differentiation.  Increases in myb expression could also be due to differences 

in proliferation and or survival in either HSCs or myeloid progenitors. ChIP-

seq in mouse cell lines derived from the K and L mutants have shown that 

p30 co-localises with Myb DNA binding on the promoters of genes involved 

in HSC homeostasis, whereas p42 binding shows overlap with that of Myb in 

genes associated with survival pathways174. Further investigation into the 

relative expression of cell cycle and survival pathways in the presence of 

cebpaNterm by RNAseq is planned in the Tg(myb:GFP) line.  
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6 Haematopoiesis in juvenile and adult cebpa 

mutants 

6.1 Introduction 

6.1.1 The zebrafish as a model for acute leukaemia 

The zebrafish has been utilised extensively as a model for haematopoiesis, 

but more recently it has been chosen as a model to study the effects of 

recurrent mutations and translocations found in acute leukaemia during both 

development and adulthood, as I propose to do in this project. Zebrafish 

modelling of acute leukaemia was successfully first studied by 

overexpression of the ALL translocation rag2/cmyc, where 5% of F0 fish 

developed ALL189. Leukaemic cells sorted for rag2 expression using a GFP 

transgenic line were also used in transplantation experiments in sublethally 

irradiated fish. 

AML has also been studied in zebrafish with overexpression of a common 

translocation RUNX1-RUNX1T1.  The heat inducible Tg(Hsp;RUNX1-

RUNX1T1) created by Yeh et al87 has been described above.  

6.1.2 Use of transgenic lines and the cell populations they identify 

Due to the paucity of zebrafish specific antibodies I have relied on a range of 

transgenic lines to define lineages within the haematopoietic compartment. 

The following transgenic lines were used, both to identify populations and 

verify differences in populations defined by forward and side scatter gating. 

In the case of Tg(cd41:GFP), different populations can be delineated by the 

level of fluorophore expression:  
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Table 6.1: Transgenic lines used and populations fluorescently tagged 
Transgenic line Expression level Type of cell 

Tg(pu.1:GFP)78  Early myeloid and 

lymphoid cells 

Tg(lyzC:mCherry)    Granulocytes 

Tg(cd41:GFP)102 low HSPCs 

mid Thromboerythroid 

progenitors 

high Thrombocytes 

 

Figure 6.1f shows Tg(cd41:GFP) and Tg(lyzC:mCherry) populations back-

gated onto a FSC/SSC plot in wild type WKM. 
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Figure 6.1: Gating strategy in wild type adult zebrafish whole kidney 

marrow flow. 

 

Figure 6.1: Gating strategy in wild type adult zebrafish whole kidney marrow flow. The 
example shown is a wild type fish carrying Tg(cd41:GFP) and Tg(lyzC:mCherry). Plot a 
shows selection of haematopoietic cells based on forward scatter (FSC) and side scatter 
(SSC). Plot b shows selection of single cells based on ratio of SSC area and height. Plot c 
shows selection of live single cells based on Hoescht fluorescence (V450_50). As cells lose 
viability they concurrently lose their ability to exclude Hoescht stain, therefore live cells are 
gated on low fluorescence. Plot d shows gating of individual cell types within the live single 
cell population based on FSC/SSC gates validated by cell sorting experiments. Plot e shows 
gating based on expression of GFP (B530_30) and mCherry (YG610_20). Plot f shows 
backgating of the GFPall (green data points) and mCherry (red data points) gates onto plot 
d. 
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6.1.3 Co-operation of cebpa with other mutations in AML 

In sporadic and familial AML CEBPA is found to be mutated alongside other 

genes commonly implicated in leukaemogenesis32,55,72. However, while 

mutation of some genes such as NPM1 and RUNX1 are far less common in 

CEBPA mutated AML, mutations in other genes are found far more 

frequently. TET2 gene mutations appear to be enriched in the CEBPA-sm 

subgroup32,75, whereas GATA2 mutations are almost exclusively seen in 

CEBPA-dm sporadic AML73,76. The cause of the enrichment of these and 

other mutations in CEBPA-mutated AML is yet to be established. However, 

given that stable germline models of both these exist in zebrafish I chose to 

establish whether their combination with cebpa mutation resulted in a co-

operative defect in haematopoiesis. The large numbers of progeny 

generated by a single zebrafish cross assist in generating sufficient numbers 

of animal to investigate co-operation between mutations. I therefore aimed to 

be able to establish a pathogenetic explanation for the distinct constellation 

of secondary mutations seen in CEBPA-mutated AML, by using these two 

examples already established as zebrafish mutant lines.  

6.1.4 Tet2zdf20 mutant line 

A Tet2 mutant line (tet2zdf20) has been previously described in zebrafish100 

and was provided for my studies as a gift from Tom Look. The germline 

mutation tet2zdf20 encodes a premature stop codon within exon 7 of the tet2 

gene within the enzyme’s catalytic domain. As previously described100, 

tet2zdf20/zdf20 mutants show no discernible developmental abnormalities, and 

undergo normal primitive and early definitive haematopoiesis as embryos.  

However, a phenotype is observed in mutant WKM from 11 months of age, 
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with a decrease in erythroid cells and increase in progenitors and myeloid 

cells. At 24 months, tet2 mutants develop frank MDS with peripheral blood 

anaemia and diagnostic morphological features such as nucleocytoplasmic 

dyssynchrony, thus emulating the features found in patients with MDS 

secondary to TET2 mutation.  

6.1.5 Gata2aum27 mutant line 

Gata2a is one of two zebrafish GATA2 orthologues; Gata2a and Gata2b. 

The Gata2aum27line was generated using zinc fingers and was provided as a 

gift from Nathan Lawson (U Mass)101. Analysis of embryonic haematopoiesis 

in gata2aum27 homozygous mutants showed defects in the development of 

macrophages, as well as defects in vasculature (Payne group, Oscar Pena 

PhD thesis, UCL Discovery). At 22hpf there is also a dose dependent 

reduction in cells in expressing cebpa in the PBI of embryos with acquisition 

of gata2aum27, thus confirming the co-operative relationship of cebpa and 

gata2a in zebrafish haematopoiesis. 

6.1.6 Aims of the experiments described in this chapter 

1) To investigate the effects of cebpaNterm and cebpaCterm on development 

and survival in juvenile and adult zebrafish 

2) To investigate the effects of cebpaNterm and cebpaCterm on HSPC 

numbers and myelopoiesis in zebrafish juvenile and adult kidney 

marrow 

3) To investigate whether cebpaNterm and cebpaCterm are leukaemogenic 

in the zebrafish both in isolation and combination 
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4) To investigate whether mutation of cebpaNterm in combination with tet2 

and gata2a results in co-operative effects on adult zebrafish 

haematopoiesis  

5) To investigate whether cebpaNterm and cebpaCterm heterozygotes 

develop an MDS phenotype in adulthood 

6.2 Results 

6.2.1 Juvenile cebpa biallelic mutants show markedly impaired 

survival and growth 

Poor survival was first noted in cebpaNterm/Nterm mutants when genotyping of 

progeny from a cebpaWT/Nterm in-cross at three months showed no surviving 

homozygotes, but cebpaWT/Nterm heterozygous mutants and wild type siblings 

at expected Mendelian ratios (i.e. 2:1 cebpaWT/Nterm:cebpaWT/WT). As 

discussed, all mutant embryos were morphologically normal until 

independent feeding at 5dpf, when they were transferred to the UCL 

zebrafish facility nursery until they had reached juvenile developmental stage 

at approximately 28dpf. In the cebpa KO models moliHkz7 and cebparf31 

reported analyses are restricted to embryonic development, and no increase 

in mortality or abnormal development in juvenile and adult zebrafish has 

been published79,111. However, in Cebpa mutant mouse models, marked 

perinatal mortality is reported, limiting analysis in the presence of germline 

mutation25,98. Initial mortality was attributed to the effects of Cebpa on 

hepatic metabolism, leading to a hypoglycaemic phenotype at birth. Given 

that Cebpa has been shown to be required for hepatic outgrowth in 

zebrafish112,  and the lack of immune response likely associated with the 

absence of mature granulocyte I had seen in biallelic mutants I attributed the 
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mortality before breeding age to be likely due to metabolic effects or 

susceptibility to infection. 

Based on the reliability of in vivo genotyping by screening for 

Tg(lyzC:mCherry) expression in the CHT at 3dpf, I separated cebpaNterm/Nterm 

from their siblings prior to raising them in the nursery. 50 homozygotes and 

50 siblings, all with normal morphological development, were admitted to the 

fish facility nursery at 5dpf. They were then counted every few days by gentle 

decanting into breeding boxes, with results recorded in the survival curve 

(Figure 6.2 a and b). All homozygotes had died by 35dpf, showing markedly 

reduced survival compared to their siblings (p<0.0001 Log-rank test).  

The initial cebpaWT/Cterm in-cross bred similarly yielded no cebpaCterm/Cterm 

homozygous mutants at three months of age on finclipping, suggesting this 

genotype is similarly incapable of reaching sexual maturity due to mortality in 

the nursery and juvenile stages.  

To formally compare survival between all genotypes, 3dpf embryos derived 

from the following crosses were screened for mCherry expression: 

cebpaWT/Nterm x cebpaWT/Nterm;Tg(lyzC:mCherry) 

cebpaWT/Nterm x cebpaWT/Cterm;Tg(lyzC:mCherry)  

cebpaWT/Cterm  x cebpaWT/tTerm; Tg(lyzC:mCherry)  

mCherry negative embryos were presumed to carry biallelic mutations in 

cebpa. Their mCherry positive siblings were tailclipped and genotyped, then 

segregated into separate nursery tanks by genotype. Surviving numbers of 

each genotype were assessed twice weekly. Animals were followed for 66 

days, when the majority of mCherry negative fish had died. Any remaining 

mCherry negative fish were genotyped by finclip at the end of the experiment 
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to ensure correct in vivo genotyping allocation and ensure no fish had been 

accidentally transferred between tanks during counting procedures. Results 

from this survival curve are summarised in Figure 6.2a.  

There is a sharp decline in survival in biallelic mutants between 5-10 days, 

when independent feeding begins. This is likely due to the metabolic effects 

of Cebpa, as observed in mice where all germline KO mutants die within 

eight hours of birth due to hypoglycaemia25. All biallelic mutants are 

confirmed to have significantly poorer survival than siblings, with wild type 

siblings and heterozygotes having expected survival to juvenile age of 80-

90%. cebpaNterm/Nterm homozygotes have the poorest median survival (10 

days) vs cebpaCterm/Cterm homozygotes (13 days) and cebpaCterm/Nterm 

compound heterozygotes (27 days). cebpaCterm/Nterm  mutants appeared to 

survive well in the first two weeks, then mortality rates increased between 2-

6 weeks. 

Differences in survival between genotypes as assessed by Log-rank are 

summarised in Table 6.2. The right hand column shows the significance 

value for comparison of survival rates between the two genotypes in columns 

to the left. 
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Table 6.2: comparison of survival between cebpa mutant genotypes 
Genotype a Genotype b Difference in survival 

between genotypes a 

and b 

WT/WT WT/Cterm NS 

WT/WT Cterm/Cterm <0.0001 

WT/WT WT/Nterm NS 

WT/WT Nterm/Nterm <0.0001 

WT/WT Cterm/Nterm <0.0001 

WT/Nterm WT/Cterm NS 

Cterm/Cterm Nterm/Nterm 0.0032 

Cterm/Cterm Cterm/Nterm 0.0301 

Nterm/Nterm Cterm/Nterm <0.0001 

 

This survival curve was repeated (Figure 6.2d), however, almost all biallelic 

mutants died during the first weekend of observation. The majority of 

surviving biallelic mutants were cebpaCterm/Cterm, as previously observed. 
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Figure 6.2: Survival in cebpa mutants 

 

Figure 6.2: Survival in cebpa mutants. a) Survival curve for embryos screening as mCherry -
ve vs mCherry +ve at 3dpf in a cebpaWT/Nterm in-cross. b) dotted lines show 95% confidence 
intervals at each time point for the same experiment as plot a. Survival curve in c shows 
survival of all cebpa mutant genotypes, with biallelic mutants sorted by mCherry expression 
at 3dpf and heterozygotes and wild type embryos genotyped by tailclip at 3dpf. Survival 
curve d is a repeat experiment of that seen in c). 
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Therefore, all biallelic cebpa mutants had poor survival, with monoallelic 

cebpa mutation having no effect on survival. There appeared to be the 

greatest drop off in survival shortly after the onset of independent feeding, as 

seen in L mice98. This is likely attributable to metabolic effect of cebpa, with 

absent hepatic organogenesis in cebpa KO zebrafish already reported112. 

However, a second phase is seen in the survival curves for all biallelic 

mutants, where after 10dpf surviving fish have a less sharp fall in survival. 

While infection may be a potential cause of death, as seen in conditional KO 

mice130, cebpaCterm/Cterm has improved survival compared to other biallelic 

mutant genotypes. This raises the possibility that leukaemic transformation is 

a cause of mortality, where in mice K/K mice, the equivalent genotype to 

cebpaCterm/Cterm had the longest latency to disease transformation99. 

6.2.2 Cebpa mutations are associated with impaired growth 

Those fish who had been screened mCherry negative (i.e. presumed biallelic 

mutants), while maintaining their morphological normality into adulthood, 

were noted to be markedly smaller than heterozygous and wild type siblings. 

This was formally analysed by weighing dry fish after lethal anaesthesia. In 

Figure 6.3 a and b we see that while the length of heterozygous and 

homozygous cebpaNterm mutants at four weeks post fertilisation is not 

statistically different to wild type siblings, cebpaNterm/Nterm homozygous 

mutants weigh significantly less. By six weeks of age, juvenile cebpaWT/Nterm 

and cebpaNterm/Nterm fish weigh significantly less than wild type siblings (Figure 

6.3c). After establishment of the cebpaCterm mutant line, weights of both 

cebpaWT/Nterm and cebpaWT/Cterm mutants were compared to wild type siblings 

(Figure 6.3d). Both mutations led to impaired growth in surviving 
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heterozygotes; cebpaWT/Cterm p<0.05, cebpaWT/Nterm p<0.01. The reduced size 

of heterozygous mutants in the presence of normal morphological 

appearance was likely to reflect the loss of subcutaneous adipose tissue 

given the known role of CEBPA in regulation of adipose tissue26,190. White 

adipose tissue is only formed after embryological development in zebrafish, 

explaining why this discrepancy in size only became apparent after rearing in 

the nursery191,192. While it was important to note the influence of cebpaCterm 

and cebpaNterm on size of juvenile and adult animals for interpretation of 

WKM flow cytometric analysis, because I wished to focus on the 

haematological effects of cebpa mutation, further investigations as to the 

causes of this were not explored. 

Figure 6.3: Comparison of weight and length in juvenile cebpa mutants 

 

a) weights and b) lengths of N term homozygotes compared to heterozygous siblings. 
Comparison of means by unmatched t test. cebpaWT/Nterm n=2, cebpaNterm/Nterm n=4. 
c) Weight comparison of genotypes in a cebpaWT/Nterm in-cross at six weeks. cebpaWT/WT n=7. 
cebpaWT/Nterm n=8, cebpaNterm/Nterm n=4. 
d) Weight comparison of surviving mutants at eight weeks. cebpaWT/WT n=10. cebpaWT/Cterm 
n=11, cebpaWT/Nterm n=9. 
Statistics in c and d are quantified by one-way ANOVA. *p<0.05, **p<0.01. Comparisons 
non significant if not annotated.  
Bars indicate mean values for each genotype and 95% confidence interval.  
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6.2.3 Whole kidney marrow populations can be accurately gated for 

flow cytometric quantification and FACS sorting by FSC, SSC 

and use of transgenic fluorophores for haematopoietic 

promoters 

Having made basic observations on size and survival in cebpa mutants, I 

wished to define whether the marked defects in myelopoiesis seen in 

embryos in both primitive and definitive haematopoiesis persisted into 

juvenile and adult haematopoiesis. I predicted that expansion of either the 

myeloid progenitor or HSC compartment might occur, given that this has 

been a consistent finding amongst mammalian models of Cebpa KO and 

mutation97,98,130. Other groups have used flow cytometry to evaluate potential 

aberrations of cell number and myelodysplasia in WKM of zebrafish100. As 

adult kidneys can be dissected, less noise from cellular debris and larger non 

haematopoietic cells is seen in flow cytometry plots as compared to those 

shown in dissociated embryos. Unlike the plots seen in embryos, presented 

in chapter 5, distinct morphological groups are seen in FSC/SSC plots on 

dissected kidney and whole blood where significantly less debris is seen. 

However, cells captured by gating will vary depending on different analysers 

and voltages used, therefore I began to validate gating of populations by 

direct visualisation of cells sorted based on my gating strategy as well as 

back-gating of populations expressing transgenic fluorophores for 

haematopoietic promoters specific to certain haematopoietic lineages.  

Six wild type fish were dissected and WKM dissociated and prepared for 

FACS analysis. Gates were established as per Figure 6.1 based on 

FSC/SSC plots, with live cells (selected by low Hoescht expression) sorted 
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into four groups. Erythrocytes, granulocytes, lymphocytes and progenitors 

were each sorted into 500ul DPBS 1% FCS. From six kidneys the following 

numbers of cells were collected: 

Cell lineage No. of cells/events 

Lymphocytes 21,361 

Erythrocytes 694,805 

Myelomonocytes 1,010,244 

Progenitors 139,386 

 

Cells were cytospun as per methods (section 2.23.4) and stained with MGG 

to confirm correlation of morphology to presumed cell type based on FSC 

and SSC gates. Unfortunately, erythrocyte morphology was not preserved 

during the sorting and cytospin process and very few were visible despite the 

large numbers collected by FACS, presumed to be due to the sensitivity to 

mechanical damage of erythrocytes during the sorting and cytospin process.  

6.2.4 Absence of mature myeloid cells is persistent at four weeks in 

cebpaNterm/Nterm but recovers in survivors at six weeks 

Sudan Black staining during developmental haematopoiesis in 

cebpaNterm/Nterm homozygous mutants had shown a complete absence of 

mature granulocytes at 5dpf. To observe whether the absence of myeloid 

cells seen in early development persisted in juvenile fish, I analysed the 

blood and kidney marrow of surviving homozygous cebpaNterm/Nterm mutants 

alongside siblings at four and six weeks post fertilisation by flow cytometry.  

In N terminal mutant L/L mice both foetal liver extracts and perinatal blood 

sampling showed a marked neutropenia98, as seen in the equivalent CHT 
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developmental stage in the zebrafish mutants. However, this phenotype 

changed in surviving animals with the emergence of granulocyte 

hyperproliferation98. This myeloid hyperproliferation was not observed before 

two months, but all animals had transformed at six months of age. I therefore 

postulated that emergence of granulocytes might occur in surviving juvenile 

cebpaNterm/Nterm zebrafish, as seen in mice. 

At 32dpf, two cebpaWT/Nterm mutants were compared to four cebpaNterm/Nterm 

siblings, survivors of screening for low mCherry expression at 2dpf. Figure 

6.4, images a-d show representative flow cytometric plots for heterozygotes 

(a and c) and homozygotes (b and d). All fish were evaluated for mCherry 

expression, representing mature myelocytes (red box in plots a and b, 

backgated onto FSC/SSC plot and highlighted red in plots c and d). All 

cebpaNterm/Nterm continued to have completely absent mCherry expression 

(graphs e and f) but equivalent GFPlo expressing cells (graphs g and h), 

translating to absent myelomonocytic cells but normal HSPC numbers. Due 

to the discrepancy in size, cell numbers were corrected for body weight. This 

confirmed that absence of mature granulocytes persisted into adult 

haematopoiesis in the zebrafish kidney in the absence of p42 equivalent 

isoforms, as seen in germline mutant mice. Also expansion of HSPCs had 

not occurred in any animals at four weeks of age on transfer from the 

nursery. 
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Figure 6.4: Flow cytometric analysis of N terminal mutants at four 

weeks 

 

Figure 6.4: Flow cytometric analysis of N terminal mutants at four weeks. Plots show 
representative whole kidney marrow (WKM) in juvenile cebpaWT/Nterm compared to 
cebpaNterm/Nterm zebrafish at four weeks post fertilisation. All fish carry Tg(cd41:GFP) and 
Tg(lyzC:mCherry). Plots a and b show detection of mCherry and GFP in representative fish 
of each genotype with mCherry gate highlighted by a red box. Plots c and d see mCherry 
expression backgated onto FSC/SSC plots of single live cells with cells marked red on a 
grey background of mCherry -ve cells. Graphs e and f show quantifications of mCherry 
expressing cells by cells/ul sample and corrected for body weight (cells per mg total body 
weight). cebpaWT/Nterm n=2, cebpaNterm/Nterm n=4. 
Graphs g and h show the same quantifications for FSC/SSC progenitor gate. 
Statistics are quantified by unpaired t test. NS=non significant, *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. Comparisons are non significant if not indicated. Bars indicate 
mean values for each genotype and 95% confidence interval. 
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I next wanted to see whether this changed in later juvenile development, as 

seen in mice. The experiment was repeated at the later time point of six 

weeks post fertilisation, this time with matched wild type as well as sibling 

controls to see if myelopoiesis had now commenced. Representative flow 

cytometry plots are shown in Figure 6.5. In plots a-c, mCherry expression is 

plotted against GFP expression, delineating mature myelomonocytes (red 

boxes) and HSPCs (green boxes). In plots d-f, SSC/FSC plots show these 

populations backgated in red and green respectively. Plots c and f show that 

all cebpaNterm/Nterm have now developed mCherry expressing cells, residing 

within the expected myeloid FSC/SSC gate. The numbers of cells in WKM 

and peripheral blood (PB) are quantified in Figure 6.6. Graphs a and b show 

a dose dependent increase in both cd41lo HSPCs (a, p=0.0043) and lyzC 

+ve myelocytes (b, p=0.002) with gain of cebpaNterm. The opposite was seen 

in the PB, with reductions in both mCherry and GFPhi thrombocyte 

populations (graphs c and d), as well as a suggestion of an evolving anaemia 

in homozygotes (graph e). 

Therefore, as seen in mice, during juvenile development all cebpaNterm/Nterm 

mutants develop mature granulopoiesis, previously absent up until four 

weeks post fertilisation. Not only are myelocytes present, but their numbers 

are expanded, suggesting a myeloproliferative effect. An increase in early 

HSPCs numbers, as assessed by cd41 expression, is also seen at this time 

point. Pre-malignant HSPC expansion due to Cebpa disruption has also 

been observed in mice, both in N terminal mutants98, BRM2 mutants with 

disruption of E2F repression97 and conditional knockout130, where these 

HSPCs were shown to have disruption of normal expression patterns akin to 
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a foetal HSPC transcriptional programme. The long latency between initiation 

of adult haematopoiesis and myeloid and HSPC expansion is suggestive that 

additional genetic events may be responsible for this observation, rather than 

compensatory activation of myeloid specific genes by other transcription 

pathways such as those of other CEBP family members. This is also in 

keeping with the current paradigm of leukaemogenesis, where progressive 

genetic disruption leads to a stepwise disruption of normal homeostasis until 

malignant expansion occurs193.
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Figure 6.5: Flow cytometric analysis in cebpaWT/Nterm in-cross at six weeks 

 

Figure 6.5: Flow cytometric analysis on whole kidney marrow (WKM) in juvenile cebpaWT/Nterm in-cross at six weeks. Fish carry Tg(cd41:GFP) and 
Tg(lyzC:mCherry). Plots a-c show detection of mCherry (red box) and GFP (green box) in representative embryos of each genotype. Plots d-f show mCherry 
positive cells backgated in red and GFP positive cells backgated in green onto side-scatter (SSC) against forward-scatter (FSC) plots.
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Figure 6.6: Quantification of WKM and PB cells in cebpaWT/Nterm in-cross 

at six weeks 

 

Figure 6.6: Quantification of WKM and PB cells in cebpaWT/Nterm in-cross at six weeks. All fish 
carry Tg(cd41:GFP) and Tg(lyzC:mCherry). Graph a shows quantification of GFP expressing 
cells/ul sample corrected for body weight (cells per mg total body weight) in WKM. Graph b 
shows the same quantifications for mCherry positive cells. Graphs c-e show flow cytometric 
analysis in PB. Graph c shows circulating myeloid cell numbers quantified by mCherry 
positive cells, Graph d thrombocytes quantified by GFPhi expressing cells and graph e 
erythrocytes quantified by FSC/SSC gates. cebpaWT/WT n=7. cebpaWT/Nterm n=8, 
cebpaNterm/Nterm n=4 (3 for PB). 
Statistics are quantified by one-way ANOVA. NS=non significant, *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. Bars indicate mean values for each genotype and 95% 
confidence interval. Comparisons are non significant if not indicated. 
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6.2.5 An acute leukaemia phenotype develops in surviving 

cebpaNterm/Nterm juveniles 

To investigate potential causes of reduced survival in homozygous mutants I 

considered how to observe for potential leukaemia development in the 

model. In the mouse KO mutants leukaemia did not develop, although the 

pre-malignant expansion of myeloid progenitors and HSPCs I had observed 

at six weeks post fertilisation was seen25,123,130. However, in L/L N terminal 

and K/K C terminal mutants this was not the case98,99. The “leukaemic 

phenotype” was here differentiated from that seen in the KO models by 

infiltration of tissues by progenitors, as well as accompanying cytopenias. 

Expansion of HSPCs in non-leukaemic Cebpa mutant models was also not 

accompanied by reduced survival97, as I had seen, presumed to be due to 

competent erythropoiesis and thrombopoiesis. As in cebpaCterm and 

cebpaNterm biallelic mutants a drop off in survival had been seen, and a 

possible pre-malignant HSPC expansion had been observed in 

cebpaNterm/Nterm, I anticipated that homozygous mutant fish might undergo 

further malignant expansion defining a leukaemic phenotype between four to 

eight weeks post fertilisation. 

While mouse models can be monitored for leukaemia development by serial 

blood sampling, unfortunately this is not possible in zebrafish at the juvenile 

age at which the secondary dip in survival occurred. Due to rapid 

decomposition rates of fish after death in their aquatic environment, post 

mortem analysis of cause of mortality is also not possible. Instead, I devised 

a screening method exploiting in vivo assessment of cell numbers using 

transgenic lines, thus avoiding the need for blood monitoring. By breeding 
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the transgenic lines Tg(lyzC:mCherry) and Tg(cd41:GFP) into both mutant 

lines I was able to perform both genotyping at 4dpf to identify biallelic 

mutants, and observe for expansion of HSPCs, TEPs and myelocytes in 

vivo.  

As discussed above, I had postulated that the poor survival noted in biallelic 

mutants might be due to development of leukaemia, as seen in N and C 

terminal compound heterozygosity in human familial and sporadic cases55,75. 

An in-cross of cebpaWT/Nterm  fish, one of which was homozygous for 

Tg(lyzC:mCherry), the other homozogous for Tg(cd41:GFP), were screened 

for mCherry expression in the CHT at 72 hours. This allowed identification of 

homozygous mutants (lack of mCherry expression) and observation for 

development of leukaemia (increase in GFP or mCherry positive 

haematopoietic cells). 50 mCherry negative embryos screened at 3dpf 

(presumed to be cebpaNterm/Nterm mutants) were placed in the nursery for 

observation, with seven fish surviving to four weeks post fertilisation. After 

reaching this developmental stage fish were screened twice weekly for 

changes in fluorophore expression. Screening was limited to this frequency 

due to the potentially deleterious effects of the necessary anaesthetisation 

for observation under the fluorescence microscope and the terms of our 

Home Office licence. All fish were markedly smaller than their siblings, and 

some displayed a disease phenotype. These fish were noted to be pale with 

languid swimming and a susceptibility to gill bleeding following anaesthetic 

administration. Only two surviving fish remained at five weeks and were 

imaged alongside a cebpaWT/Nterm sibling (Figure 6.7 images a-f). Both 

surviving cebpaNterm/Nterm mutants had persistently absent mCherry 
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fluorescence, with one juvenile noted to have a marked increase in GFP 

expression (image f), including infiltration of the skin and other tissues with 

non circulating cells. This suggested expansion of its haematopoietic 

progenitor compartment, in keeping with development of leukaemia. 

Following successful identification of a leukaemic phenotype in 

cebpaNterm/Nterm mutants, as assessed by increased cd41 expression with 

tissue infiltration, several further cebpaNterm/Nterm clutches were observed for 

incidence of the same phenotype. The proportion of fish showing the 

phenotype at each weekly screening is summarised in Figure 6.7j. It is 

observed that a proportion of fish die between successive screenings, 

therefore, true incidence of leukaemic transformation is likely to be higher 

than observed as post mortem analysis of these fish was not possible due to 

the rate of decomposition in tanks after death. 

Further studies were carried out on individual fish with the same diffuse GFP 

phenotype in subsequent clutches to further characterise it. One juvenile had 

blood sampled by cardiac puncture followed by fixation in 4% PFA in 

preparation for histological section. This was performed alongside a 

cebpaWT/Nterm sibling for comparison. Images b and e display blood films from 

cardiac puncture of the putative leukaemic juvenile (e) alongside its 

heterozygous sibling (b). While the cebpaWT/Nterm juvenile blood contains 

normally haemoglobinised and nucleated erythrocytes, the homozygote 

shows a large number of cells with a high nuclear to cytoplasmic ratio, highly 

suspicious for blasts (black arrowhead), and reduced numbers of poorly 

haemoglobinised erythrocytes (red arrow). Histological section of the 

cebpaNterm/Nterm juvenile (images g-i) confirmed presence of these large 
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primitive cells within the kidney marrow (boxed area shown in 40x power, 

image h). These cells showed low Mpo expression on immunohistochemistry 

(image i), confirming myeloid differentiation of the leukaemic blasts. 
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Figure 6.7: Imaging and histology of cebpaNterm/Nterm leukaemia 

 

Figure 6.7: Imaging and histology of cebpaNterm/Nterm leukaemia. Panels d and a show 
brightfield imaging of leukaemic cebpaNterm/Nterm alongside heterozygous sibling at six weeks 
post fertilisation. Panels e and b show May Grunwald Giemsa (MGG) staining of peripheral 
blood (PB) obtained by cardiac puncture with a blast cell marked by black arrowhead and 
poorly haemoglobinised erythrocyte with red arrow. Panels c and f show GFP fluorescence 
imaging in Tg(cd41:GFP) cebpaNterm heterozygote and leukaemic homozygote. Panel g 
shows an H and E stain of a whole fish coronal section in a leukaemic cebpaNterm/Nterm 

juvenile mutant screening positive at five weeks post fertilisation. The boxed area within the 
kidney is magnified in panel h. Panel i shows myeloperoxidase (Mpo) immunohistochemistry 
in another section of the kidney in the same juvenile fish. Blue arrowhead marks positively 
staining blast cell. Graph j shows combined survival and leukaemia incidence of three 
clutches of cebpaNterm/Nterm at twice weekly screening from 4wks post fertilisation. 
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Subsequent cebpaNterm/Nterm mutants showing the leukaemia phenotype were 

dissected and analysed by flow cytometry alongside wild type siblings 

(Figure 6.8). Images a-e show FSC/SSC plots of WKM in a cebpaNterm/Nterm 

mutant showing pallor and marked GFP expression in the kidney, heart and 

tissues (a, c and e) compared to a cebpaWT/WT sibling (b, c and f). In plots a 

and b GFP expression is backgated onto FSC/SSC and marked in green. 

Both a marked increase in GFP within the progenitor gate (54% vs 11% of 

live cells) and relative anaemia (19 vs 67% of live cells) are seen in 

cebpaNterm/Nterm mutant vs cebpaWT/WT siblings. In plots c and d mCherry cells 

are marked in red. mCherry expressing cells are present in cebpaNterm/Nterm, 

but are greatly reduced compared to wild type levels. The discrepancies in 

mCherry and GFP expression are also displayed plotted against one another 

in plots e and f. 
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Figure 6.8: Flow cytometry plots in cebpaNterm/Nterm leukaemia 

 

Figure 6.8: Flow cytometry plots in cebpaNterm/Nterm leukaemia. Flow cytometric analysis of 
leukaemic phenotype in a representative cebpaNterm/Nterm mutant (plots a, c, and e) alongside 
cebpaWT/WT sibling (plots b,d, and f) at five weeks post fertilisation. Both juvenile fish carry 
Tg(cd41:GFP) and Tg(lyzC:mCherry). Plots show single live cells gated as per Figure 6.1. 
Panels a and b show all GFP expressing cells backgated in green onto FSC/SSC plots. 
Panels c and d show similar backgating for mCherry positive cells in red. Lineage 
populations are based on FSC and SSC are marked as gates with percentages of live cells. 
Panels e and f show gated populations of mCherry and GFP positive cells, quantified as 
percentages of live single cells. 
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The observed illness, histological and flow cytometric analysis of 

cebpaNterm/Nterm mutants with widespread increases in Tg(cd41:GFP) 

expression are all highly suggestive of clinical leukaemia development. 

Unlike in BRM2 and KO mice97,130, cebpaNterm/Nterm  mutants with expansion of 

HSPCs also showed clinical features of leukaemia such as accompanying 

pallor and bleeding, as well as infiltration of the leukaemic cells into tissues. 

This would account for the poor survival seen in surviving juveniles and lack 

of cebpaNterm/Nterm  mutants reaching sexual maturity. Symptoms appear to 

occur rapidly, with both the low proportion of fish reaching juvenile age and 

rapid death after onset of symptoms limiting examination of leukaemia 

incidence and further studies into the leukaemic clones which developed. 

6.2.6 Acute leukaemia development is also seen in cebpaCterm/Nterm 

mutant juveniles 

After establishment of the cebpaCterm model, the same screening for 

leukaemia development was performed in cebpaCterm/Nterm and cebpaCterm/Cterm 

mutants. Both crosses resulted in poor survival and growth in consecutive 

clutches, as displayed in survival curves in Figure 6.2. Fish surviving after 

the first wave in mortality (occurring as seen in cebpaNterm/Nterm after onset of 

independent feeding at around 8-10 days) were screened for development of 

mCherry expression or diffuse GFP expression. The same leukaemic 

phenotype as in cebpaNterm/Nterm  was seen in surviving cebpaCterm/Nterm 

mutants at around 4-6 weeks. Figure 6.9 panel b shows a GFP fluorescence 

image of a representative “unwell” cebpaCterm/Nterm juvenile at five weeks post 

fertilisation, alongside a wild type sibling (panel a). In a cebpaWT/WT sibling, 

GFP expression is restricted to mobile small bright cells within the gills (white 
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box), known to represent thrombocytes102. However, in the leukaemic 

cebpaCterm/Nterm mutant, while bright circulating GFP thrombocytes are 

reduced in numbers, static GFP expressing cells infiltrate the kidney and 

other tissues. GFP expression fills both chambers of the heart (red box) and 

is visible across the length of the kidney (black arrowhead). As in 

cebpaNterm/Nterm juveniles, there remains little mCherry expression, but GFPlo 

cells are markedly expanded on flow cytometric analysis of WKM (plot d and 

f) compared to siblings (plot c and e), representative plots from two fish 

analysed of five displaying same phenotype by fluorescence. PB from 

leukaemic cebpaCterm/Nterm fish was also sampled alongside healthy 

cebpaWT/WT siblings (Figure 6.10). In plots a and c we can see the normal 

population of GFPhi thrombocytes, which are completely absent in plots b 

and d in the leukaemic fish. There were a small amount of mCherry 

expressing circulating myelocytes observed, but no circulating GFPlo blasts 

in either cebpaCterm/Nterm fish displaying a leukaemic phenotype. 

The expansion of HSPCs expressing cd41 in flow cytometric analysis was 

therefore accompanied by a peripheral thrombocytopenia in cebpaCterm/Nterm 

fish as shown by absence of GFPhi circulating cells compared to wild type 

siblings in plot 6.10a. This further validates the phenotype in cebpaCterm/Nterm 

fish as leukaemic transformation. Therefore, I concluded that the 

combination of cebpaNterm and cebpaCterm is leukemogenic in zebrafish, as it 

is in patients with sporadic and familial AML. Survival appeared to be worse 

in cebpaCterm/Nterm compared to other biallelic mutants across three clutches 

observed. However, as calculation of true incidence of leukaemia was not 

possible given the rapid death and limitations of tolerated frequency of 
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anaesthesia, an accurate comparison of leukaemia incidence between 

genotypes was not possible. In experiments carried out in mice with 

transplantation of foetal liver cells from Cebpa N and C terminal mutants N/C 

leukaemia (L/K) was found to have the most rapid development, followed by 

N/N (L/L) then C/C (K/K)99. With cautious inference that the differences in 

survival between biallelic mutants surviving to four weeks post fertilisation 

are likely due to leukaemia incidence, the same pattern is seen in cebpaNterm 

and cebpaCterm mutant zebrafish. It is also in keeping with germline CEBPA 

mutations in familial leukaemia, where N terminal mutations have a high 

penetrance and younger age of onset of AML than C terminal 

mutations55,57,58. 
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Figure 6.9: Imaging and WKM analysis of leukaemia in cebpaCterm/Nterm 

mutants 

 

Figure 6.9: Imaging and WKM analysis of leukaemia in cebpaCterm/Nterm mutants.  Flow 
cytometric analysis of leukaemia in a representative cebpaCterm/Nterm alongside cebpaWT/WT 

sibling in Tg(cd41:GFP), Tg(lyzC:mCherry) juveniles. Panel a shows GFP imaging of a wild 
type juvenile with bright GFP expression in circulating cells within the gills highlighted by 
white box. Panel b shows the leukaemic biallelic sibling, with GFP expression filling the 
cardiac chambers boxed in red. Black arrowhead highlights expression along the dorsal 
aspect of the fish in the kidney. Panels c-f show plots from flow cytometric analysis of 
dissected WKM in the same fish. Plot c shows gated populations of mCherry and GFP 
positive cells, with percentages of single live cells annotated. Plots e and f show GFP 
positive cells backgated in green and mCherry positive cells backgated in red onto 
FSC/SSC plots. 
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Figure 6.10: Peripheral blood flow cytometric analysis of leukaemia in 

cebpaCterm/Nterm mutants 

 

Figure 6.10: Peripheral blood flow cytometric analysis of leukaemia in cebpaCterm/Nterm 

mutants. Flow cytometric analysis of peripheral blood in leukaemic cebpaCterm/Nterm mutant (b 
and d) alongside wild type sibling (a and c) in Tg(cd41:GFP), Tg(lyzC:mCherry) juveniles. 
These are the same animals as shown in WKM analysis in Figure 6.9. Panels a and b show 
FSC/SSC plots with GFP cells backgated in green and mCherry cells backgated in red. 
Plots c and d show gated populations of mCherry and GFP positive cells, with percentages 
of single live cells annotated.  
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6.2.7 cebpaCterm/Cterm show expansion of cd41 positive progenitors in 

juveniles but do not develop leukaemia 

In the survival curve performed in Figure 6.2 as well during as observation of 

subsequent clutches of biallelic mutants cebpaCterm/Cterm were the only 

genotype of biallelic cebpa mutants surviving until seven weeks post 

fertilisation. Despite this, none of the same “unwell” phenotype with diffuse 

cardiac and kidney GFP fluorescence was observed in five clutches of 50 

cebpaCterm/Cterm mutants undergoing twice weekly fluorescence screening 

between four to eight weeks post fertilisation.  

The oldest cebpaCterm/Cterm fish assessed by flow cytometry survived to 10 

weeks post fertilisation. I analysed the marrow cell populations of this fish to 

assess whether by this time point it displayed the same initiation of 

myelopoiesis in adult kidney marrow as had been observed in cebpaNterm/Nterm 

mutants at six weeks. In Figure 6.11 a summary of flow cytometric analysis 

on WKM in this surviving cebpaCterm/Cterm is shown, analysed against 

cebpaWT/WT and cebpaWT/Cterm siblings, and cebpaWT/Nterm of the same age.  

In Figure 6.11a, weights of each genotype are summarised, confirming that 

cebpaWT/Cterm are significantly smaller than wild type siblings, but larger than 

cebpaWT/Nterm adults. While analysis at 10 weeks post fertilisation is limited to 

a single fish due to poor survival, mCherry expressing cells remains absent, 

whereas all cebpaNterm/Nterm fish from analysis at the earlier time point of six 

weeks had an expansion of myeloid cells observed. It was also noted that in 

the surviving cebpaCterm/Cterm fish cd41:GFP expression was markedly 

increased (c), even more so when cell numbers are corrected for its small 

size (d). Figure 6.11 also shows FSC/SSC plots of a cebpaWT/WT sibling (f) vs 
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cebpaCterm/Cterm (g), highlighting the marked reduction in mCherry cells in the 

myeloid gate (marked in red) and increase in GFP cells in the progenitor gate 

(marked in green). No significant differences in cd41:GFP expression were 

detected in cebpaWT/Cterm and cebpaWT/WT siblings in this analysis.  

Reported analysis of K/K mice with biallelic Cebpa C terminal mutations was 

limited to transplantation studies in published data due to poor survival. 

Although recipients of foetal liver derived transplants were reported to 

undergo leukaemic transformation, this frequently showed a non-myeloid 

phenotype and time to transformation was longest in this biallelic Cebpa 

mutant genotype99. The cebpaCterm/Cterm mutant showed expansion of HSPCs, 

as also seen in K/K mice. In the mammalian model this has been linked to a 

loss of HSC quiescence signature in adult HSCs. Therefore, in my model 

cebpaCterm/Cterm appears to have a similar phenotype to the K mutant mouse 

model of CEBPA C terminal mutation, although no frank leukaemic 

transformation was observed by cd41:GFP expression. 
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Figure 6.11: Flow cytometric comparison of WKM in cebpaCterm/Cterm to 

siblings 

 

Figure 6.11: Flow cytometric comparison of WKM in cebpaCterm/Cterm to siblings. Flow 
cytometric analysis of whole kidney marrow in a single surviving cebpaCterm/Cterm at 10 weeks 
alongside wild type and heterozygous mutant siblings. All fish carry Tg(cd41:GFP) and 
Tg(lyzC:mCherry). Graph a shows a comparison in weights for individual fish of each 
genotype. Graph b shows quantifications of mCherry expressing cells/ul sample corrected 
for body weight (cells per mg total body weight), shown for GFP positive cells within the 
progenitor FSC/SSC gate in graph d. GFP positive cells/ul sample are shown for each 
genotype tested in graph c. Cells/ul in the early erythroid cells/ul gate are shown in graph e. 
cebpaWT/WT n=6, cebpaWT/Cterm n=11, cebpaWT/Nterm n=8, cebpaCterm/Cterm n=1. 
Significant differences between means for cebpaWT/WT, cebpaWT/Cterm and cebpaWT/Nterm 
mutants were assessed by Kruskal Wallis analysis. cebpaCterm/Cterm was excluded from 
analysis as non-parametric tests could not be performed with the single data point.  NS=non 
significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Comparisons are non significant if 
not indicated. Bars indicate mean values for each genotype and 95% confidence interval. 
Plots f and g show GFP positive cells backgated in green and mCherry positive cells 
backgated in red onto FSC/SSC plots for wild type (plot f) and cebpaCterm/Cterm mutant (plot 
g). 
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As I had observed impaired myeloid differentiation in cebpaCterm/Cterm in 

definitive haematopoiesis, with a reduction in pu.1 expressing cells until 

independent feeding at 5dpf, I questioned whether any myeloid expansion 

might fail to express the more mature marker lyzC.  I therefore bred 

Tg(pu.1:GFP) into the cebpaCterm mutant line, hypothesising that pu.1 

expression may be present in a developing leukaemia or myeloproliferative 

pre-leukaemic clone. As seen in screening for Tg(cd41:GFP) and 

Tg(lyzC:mCherry) no expansion of Tg(pu.1:GFP) cells was observed in any 

fish screened in three clutches of 50 cebpaCterm/Cterm mutants until all fish had 

died of presumed infection or metabolic causes by nine weeks post 

fertilisation.  

Flow cytometric analysis was performed on a surviving cebpaCterm/Cterm 

mutant at eight weeks of age (also carrying Tg(lyzC:mCherry)), with results 

are summarised in Figure 6.12. The cebpaCterm/Cterm mutant has very few 

lyzC:mCherry expressing mature myeloid cells compared to a wild type 

sibling, as seen in other cebpaCterm/Cterm mutants at this age by both flow 

cytometry and fluorescence screening (b vs a, marked in red). It is also of 

note that those cells expressing mCherry have only weak fluorescence and 

lie low in SSC compared to wild type expression, suggestive of small non 

granular immature cells. pu.1:GFP expression is readily seen in 

cebpaCterm/Cterm (b, marked green) as with siblings. In cebpaCterm/Cterm mutants 

cells with pu.1:GFP expression fall within the progenitor gate, with lower SSC 

and FSC than pu.1:GFP positive cells in wild type siblings (a). This suggests 

that pu.1 expressing cells in cebpaCterm/Cterm (as seen with lyzC positive 

myelocytes) are smaller and less granular, and consequently less 
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differentiated cells than those observed in cebpaWT/WT siblings at this point in 

development. On quantification, numbers of pu.1:GFP expressing cells are 

similar in all genotypes and cells with lyzC:mCherry expression were entirely 

restricted to those also expressing GFP (f), previously characterised as 

CMPs in observations in definitive haematopoiesis. Expression of 

lyzC:mCherry alone was similarly reduced in the progenitor gate in 

cebpaCterm/Cterm (h). No dual expressing cells were seen in the progenitor gate 

in cebpaCterm/Cterm (i), but progenitors expressing pu.1 alone were increased 

(j). When considering the increase in pu.1 cells in cebpaCterm/Cterm mutants in 

the context of the reduction in mature lyzC expressing myeloid cells, 

however, the total number of myeloid programmed cells remained far less 

overall in homozygous mutants. This suggests that there is a differentiation 

block at the pu.1 positive lyzC negative stage, rather than a proliferation 

advantage to the pu.1 positive lyzC negative cells in cebpaCterm/Cterm. The 

persistence of the myeloid block in cebpaCterm/Cterm is similar to that seen in 

other analysis of CEBPA C terminal mutations. As stated, although K/K mice 

had evidence of leukaemic transformation, this was of non-myeloid 

phenotype in 75% of cases99. Transplanted K/K long term HSCs also 

displayed a reduction in expression of myeloid specific genes accompanied 

by an increase in erythroid specific genes. While I did not observe a 

leukaemic phenotype in cebpaCterm/Cterm,  my analysis was limited to 

interrogation of expansion in HSPC and myeloid cell numbers by the 

transgenic strains used.  
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Figure 6.12: Flow cytometric analysis of pu.1 and lyzC expression in 

surviving cebpaCterm/Cterm at eight weeks 

 

Figure 6.12: Flow cytometric analysis of pu.1 and lyzC expression in surviving 
cebpaCterm/Cterm at eight weeks alongside wild type and heterozygous mutant siblings. All fish 
carry Tg(pu.1:GFP) and Tg(lyzC:mCherry). Plots a and b show GFP positive cells backgated 
in green and mCherry positive cells backgated in red onto FSC/SSC plots for wild type (plot 
a) and cebpaCterm/Cterm mutant (plot b). Graph c shows quantifications of myelocytes by 
FSC/SSC gating as a percentage of live single cells across genotypes. Graph d similarly, for 
all GFP positive cells. Graphs e shows numbers of cells/ul of mCherry only expressing cells 
within the myeloid FSC/SSC gate, while graph f shows those cells with dual GFP and 
mCherry expression and g quantifies cells with GFP expression alone. Graphs h, i and j 
show the same populations within the progenitor FSC/SSC gate. cebpaWT/WT n=3, 
cebpaWT/Cterm n=3, cebpaCterm/Cterm n=1. 
Statistical differences between the means of each genotype were calculated by Kruskal 
Wallis testing. Comparisons are non significant if not indicated. Bars indicate mean values 
for each genotype and 95% confidence interval. 
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6.2.8 A pre-leukaemic expansion in cd41 expressing cells is seen in all 

biallelic cebpa mutants at four weeks post fertilisation 

HSPC numbers as assessed by runx1, cd41 and gata2b expression had 

been normal in definitive haematopoiesis in biallelic mutant embryos, as 

discussed in chapter 5. However, the HSC phenotype observed in KO mice 

was seen in adult HSCs, where loss of Cebpa was observed to switch their 

programming from long term HSC homeostasis to a more proliferative foetal 

HSC phenotype163. To investigate whether this occurs in the presence of 

cebpaCterm and cebpaNterm in juveniles after initiation of adult HSC 

homeostasis in zebrafish, all surviving juvenile fish from heterozygous 

crosses were culled and WKM examined by flow cytometry at four weeks 

post fertilisation. I expected that HSPC expansion, as assessed by 

cd41:GFP expression, would be found in cebpaNterm/Nterm and cebpaCterm/Nterm 

mutants, as these mutants had shown leukaemic transformation, believing 

that this could represent a pre-leukaemic expansion of progenitor cells from 

which leukaemia initiating cells (LICs) could emerge.  

The results of flow cytometric analysis in surviving biallelic mutants at four 

weeks post fertilisation are summarised in Figure 6.13. All biallelic mutants 

surviving at this time point continued to show an absence of mCherry 

expression (Figure 6.13 a), as previously noted in cebpaNterm/Nterm mutants. 

While cd41:GFP expression had been equivalent between the mCherry 

positive and negative siblings until 5dpf on microscopic surveillance prior to 

nursery submission, I observed an increase in cd41:GFP expressing cells in 

all biallelic mutants compared to their heterozygous siblings at four weeks 

post fertilisation; p<0.01 cebpaCterm/Nterm vs cebpaWT/Cterm and cebpaWT/Nterm, 
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p<0.01 cebpaCterm/Cterm vs cebpaWT/Cterm, p<0.001 cebpaNterm/Nterm vs 

cebpaWT/Nterm. On repetition cebpaNterm/Nterm had consistently poor survival, but 

cebpaCterm/Cterm and cebpaCterm/Nterm juveniles surviving past four weeks had 

persistently elevated cd41:GFP expressing cells compared to wild type and 

heterozygous siblings in the small numbers surviving to this age point. 

Therefore, while all biallelic mutants continued to have an absence of mature 

myelocytes at four weeks post fertilisation as seen in embryos during 

definitive haematopoiesis, expansion of HSPCs was seen not only in 

cebpaNterm/Nterm and cebpaCterm/Nterm as predicted, but also cebpaCterm/Cterm. 

This finding suggests that cebpa has a more integral role in regulating 

numbers of adult compared to foetal HSCs. Proliferation is more tightly 

controlled in adult HSCs, compared to foetal HSCs, which are frequently 

undergoing proliferation to meet the demands of the growing organism96,163.  
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Figure 6.13: Flow cytometric analysis of WKM in surviving cebpa 

mutant juveniles at four weeks post fertilisation 

 

Figure 6.13: Flow cytometric analysis of WKM in surviving cebpa mutant juveniles at four 
weeks post fertilisation. Flow cytometric analysis of whole kidney marrow in surviving 
juvenile cebpa mutants and wild type siblings at four weeks. All fish carry Tg(cd41:GFP) and 
Tg(lyzC:mCherry). 
Graph a quantifies the percentage of live single cells in each juvenile expressing mCherry. 
Graph b quantifies the percentage of live single cells in each juvenile expressing GFP. 
cebpaCterm/Nterm n=5, cebpaNterm/Nterm n=2, cebpaCterm/Cterm n=4, cebpaWT/Nterm n=4, cebpaWT/Cterm 
n=3. 
Statistical differences between means of each genotype are assessed by Kruskal Wallis 
testing. Comparisons are non significant if not indicated. Bars indicate mean values for each 
genotype and 95% confidence interval. 

6.2.9 cebpaWT/Nterm mutants have modest but persistently increased 

numbers of HSPCs and myeloid cells into adulthood compared 

to wild type siblings 

As subtle phenotypes had been found in cebpaWT/Nterm and cebpaWT/Cterm 

mutants in definitive haematopoiesis, I went on to analyse whether these 

became more pronounced in adulthood. It was uncertain whether an MDS 

phenotype or leukaemia might develop in adult heterozygous mutants. While 
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CEBPA mutations are rare in MDS, they have been reported in around 5% of 

cases194. Furthermore, approximately 50% of sporadic AML cases with 

CEBPA mutation have only monoallelic mutation11,12,32 and inherited 

monoallelic mutations are also leukaemogenic57. There might therefore be a 

pre-leukaemic phenotype associated with monoallelic mutation predisposing 

to AML.  

I therefore proceeded to perform flow cytometric analysis on cebpaWT/Nterm 

and cebpaWT/Cterm mutant adult WKM to observe any deficits in populations 

compared to their cebpaWT/WT siblings. Thus far in cebpaWT/Nterm and 

cebpaWT/Cterm I had observed differing phenotypes, where at 5dpf 

cebpaWT/Cterm mutants showed abnormal granulation by SB staining whilst 

cebpaWT/Nterm mutants showed a decrease in granulocyte numbers. At six 

weeks cebpaWT/Nterm juveniles displayed increased lyzC:mCherry cell 

numbers compared to wild type siblings in the marrow, but fewer myeloid 

cells in the peripheral blood. This is similar to the pattern seen in human 

MDS, where hypercellularity is observed in the bone marrow despite low 

peripheral blood counts of one or more haematopoietic lineages195. Although 

this had been observed in low numbers of animals, it was suggestive that a 

myelodysplastic phenotype might develop in adulthood, as has been shown 

in other zebrafish models of AML and MDS associated mutations100. 

Both cebpaWT/Nterm and cebpaWT/Cterm mutants were compared to cebpaWT/WT 

siblings at eight months of age in fish carrying both Tg(cd41:GFP) and 

Tg(lyzC:mCherry), with the results summarised in Figure 6.14. Figure 6.14a 

shows analysis of proportions of WKM myeloid cells in each genotype. This 

demonstrates that a modest increase is seen with acquisition of either 
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cebpaCterm or cebpaNterm mutation. However, proportions of HSPCs are 

similar across genotypes (b) and a mild reduction in the proportions of early 

and late erythroid cells (c and d) is seen with both cebpaCterm and cebpaNterm 

mutation.  

As previously discussed, both both cebpaWT/Nterm and cebpaWT/Cterm mutants 

are smaller than their cebpaWT/WT siblings. Therefore, the total number of 

cells for each of these lineages was also calculated as a correction for body 

weight (Figures e-h). According to this analysis, cebpaWT/Nterm mutants 

showed increased numbers of GFPlo HSPCs (p<0.05) and mCherry positive 

myelocytes compared to cebpaWT/Cterm and cebpaWT/WT siblings (p<0.05). On 

analysis of subpopulations within the myeloid and progenitor gates, immature 

granulocytic fractions expressing both cd41:GFP and lyzC:mCherry (g) 

appeared increased, although this did not reach statistical significance.   

Therefore, cebpaWT/Nterm mutants but not cebpaWT/Cterm mutants had 

discernible abnormalities in adult haematopoiesis. An expansion of both 

mature and immature myelocytes was seen in cebpaWT/Nterm mutants at eight 

months of age, a similar pattern to that seen in cebpaNterm/Nterm mutants at six 

weeks post fertilisation although less pronounced and with a longer latency 

to development. 
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Figure 6.14: WKM analysis by flow in cebpa mutant heterozygotes at 

eight months 

 

Figure 6.14: WKM analysis by flow in cebpa mutant heterozygotes at eight months. Flow 
cytometric analysis of whole kidney marrow in cebpaWT/Nterm and cebpaWT/Cterm compared to 
cebpaWT/WT siblings at eight months. All fish carry Tg(cd41:GFP and Tg(lyzC:mCherry). 
Graphs a-d quantifiy the percentage of live single cells in each dissected kidney assigned to 
genotype in a) myeloid, b) progenitors, c) early erythroid and d) late erythroid gates defined 
by FSC/SSC. Graphs e-g show cell numbers corrected for total body weight of animal prior 
to kidney dissection (Cells/mg total body weight) in e) cells expressing GFP within the 
progenitor FSC/SSC gate, f) cells expressing mCherry in the myeloid FSC/SSC gate and g) 
cells expressing both GFP and mCherry within the progenitor gate. Graph h shows number 
of cells per ul (in 350ul total volume of sample) cells expressing both GFP and mCherry 
within the myeloid gate. cebpaWT/WT n=12, cebpaWT/Cterm n=22, cebpaWT/Nterm n=18. 
Statistics are quantified by one-way ANOVA. Comparisons are non significant if not 
indicated. NS= non significant, *p<0.05. Bars indicate mean values for each genotype and 
95% confidence interval. 



 338 

Following these findings in cebpaWT/Nterm mutants I repeated analysis in 

mutants at 16 months of age, in order to see whether the relative 

myeloproliferation and expansion in HSPC numbers persisted and/or 

progressed with age, as is seen in human MDS cases. The results of flow 

cytometric analysis in cebpaWT/Nterm mutants compared to cebpaWT/WT siblings 

are summarised in Figure 6.15. The moderate increase in HSPCs, although 

not statistically significant in the numbers tested, was maintained in 

cd41:GFPlo HSPCs (a and e). This was also the case for lyzC:mCherry 

expressing myelocytes (b and d). As previously seen, erythroid progenitors 

were unaffected in number by cebpaNterm (c and f).  
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Figure 6.15: Flow cytometric analysis in surviving cebpaWT/Nterm mutants 

at 16 months 

 

Figure 6.15: Flow cytometric analysis in surviving cebpaWT/Nterm mutants at 16 months. All 
fish carry Tg(cd41:GFP and Tg(lyzC:mCherry). Graphs a-c quantifiy the percentage of live 
single cells in each dissected kidney assigned to genotype in a) low level GFP expressing 
cells i.e. HSPCs b) all mCherry expressing cells c) erythroid cells defined by FSC/SSC 
gating. Graphs d-f show number of cells per ul (in 350ul total volume of sample). Graph d 
shows cells expressing mCherry in the myeloid FSC/SSC gate, graph e cells expressing 
GFP within the progenitor FSC/SSC gate and graph f early erythroid cells based on 
FSC/SSC gate. cebpaWT/WT n=4, cebpaWT/Nterm n=12. 
Bars indicate mean values for each genotype and 95% confidence interval. 
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6.2.10 Defining the primitive myeloid compartment in cebpa mutant 

adult zebrafish WKM  

Given that defects in myeloid cells numbers were seen in all cebpa mutants 

and the re-emergence of myeloid cells in diseased cebpaNterm/Nterm, I 

hypothesised that expansion of primitive myeloid cells might be a 

prerequisite for the leukaemic phenotype observed in cebpaNterm/Nterm and 

cebpaCterm/Nterm mutants. Therefore, I sought to investigate whether the 

primitive myeloid compartment defined by expression of pu.1 was affected in 

adult cebpaWT/Nterm mutants.  

WKM from cebpaWT/Nterm mutants and cebpaWT/WT siblings carrying 

Tg(pu.1:GFP) and Tg(lyzC:mCherry) was analysed at six months of age. 

Results are summarised in Figure 6.16. As previously observed78, very few 

cells in the adult kidney of wild type animals expressed Tg(pu.1:GFP). With 

strict gating for live cells to avoid autofluorescence in apoptotic cells, GFP 

expressing cells in adult kidney at six months of age totalled approximately 

0.25-0.5% of all live single cells in wild type WKM (plot a).  

I next investigated where mCherry only cells, GFP only cells and dual 

fluorophore expressing cells lay in FSC/SSC plots to determine which cells 

these fluorescent profiles represented. mCherry only cells all fell within the 

myeloid gate (Figure 6.16b, marked in red). GFP only cells fell within the 

progenitor gate, and in a lower FSC/SSC population. It is not clear what 

these cells represent but I hypothesise they are most likely to represent 

lymphoid progenitors as this is characteristic of lymphoid FSC/SSC (Figure 

6.16c, marked in dark green), although this would require FACS and cytospin 

to confirm. Dual expressing cells also fell within the myeloid gate (Figure 
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6.16d, marked in dark blue). While the populations observed fell into 

anticipated FSC and SSC gates, absolute numbers of cells for each pu.1 

population were low. 

These populations in cebpaWT/Nterm mutants were compared to in cebpaWT/WT 

siblings (e-g).  mCherry and GFP only populations in the appropriate 

SSC/FSC gates did not appear to be significantly affected.  Although there 

were fewer dual expressing cells observed in cebpaWT/Nterm mutants (p<0.01), 

cell numbers were low and therefore it was decided not to pursue evolution 

of any potential MDS phenotype by pu.1 expression in fish at older time 

points.  
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Figure 6.16: Analysing the primitive myeloid compartment in N terminal 

mutants by flow cytometry 

 

Figure 6.16: Analysing the primitive myeloid compartment in cebpaNterm mutants by flow 
cytometry. Flow cytometric analysis of whole kidney marrow in cebpaWT/Nterm compared to 
wild type (WT) siblings at six months. All fish carry Tg(pu.1:GFP) and Tg(lyzC:mCherry). 
Plots a-d show plots in wild type fish to demonstrate where gates based on fluorescence as 
marked in plot a) fall on FSC/SSC plots. Populations studied were mCherry only (backgated 
in red on plot b), GFP only (backgated in green on plot c) and dual expression (backgated in 
blue on plot d). Graphs e-f quantify the number of live single cells corrected for total body 
weight (cells/mg total body weight) in each dissected kidney assigned to genotype in e) 
mCherry expressing cells within the myeloid FSC/SSC gate, f) dual fluorophore expressing 
cells within the myeloid gate and g) cells expressing GFP within the progenitor FSC/SSC 
gate. cebpaWT/WT n=6, cebpaWT/Nterm n=12.  
Statistics are quantified by one-way ANOVA. Comparisons are non significant if not 
indicated. NS=non significant, *p<0.05, **p<0.01. Bars indicate mean values for each 
genotype and 95% confidence interval. 
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6.2.11 Cebpa p42 loss leads to anticipation of the myelodysplastic 

phenotype in tet2 mutant zebrafish 

Having established that zebrafish exhibited similar phenotypes to that seen 

in mammalian models of Cebpa mutation in adult haematopoiesis, including 

development of leukaemia in cebpaNterm/Nterm and cebpaCterm/Nterm mutants, I 

explored ways to exploit the strengths of this animal model in my mutant 

lines. As discussed, leukaemia, particularly of normal karyotype, is rarely the 

result of a single pathogenetic mutation. Instead, co-operating mutations 

occur in a stepwise fashion, each contributing a degree of dysregulation of 

proliferation and differentiation until a leukaemic clone emerges. Studying co-

operation between gene mutations requires a large number of animals due to 

the increasing complexity of potential genotypes, difficult in mammalian 

models with small clutch sizes and large costs incurred with increasing 

numbers of animals. However, the zebrafish model produces far larger clutch 

sizes of several hundred animals from a single mutant cross and is more 

economical for the study and maintenance of mutant lines. Co-operation of 

cebpa mutation has already been shown with runx1 mutation in zebrafish79, 

with heterozygous loss of cebpa leading to an increase in the severity of 

defective granulopoiesis observed in the runx1w84x mutant155. However, in 

sporadic AML it is rare for mutation of RUNX1 to occur together with CEBPA, 

occurring in only 10% of CEBPA-sm cases and 0-2% of CEBPA-dm 

cases32,72,75. A far more commonly mutated gene, seen in 40-45% of 

CEBPA-sm and 35-40% of CEBPA-dm cases is TET2, an epigenetic 

regulator of haematopoiesis. I therefore utilised the established tet2 null 

zebrafish model created by the Look laboratory at the Dana Farber 



 344 

institute100, to assess whether there was a co-operative effect of tet2zdf20 

mutation and cebpaNterm mutation.  

The first generation cross of tet2zdf20/zdf20 to cebpaWT/Nterm generated 

genotypes tet2WT/zdf20;cebpaWT/Nterm and  tet2WT/zdf20;cebpaWT/WT. As the MDS 

phenotype in tet2zdf20 had only been established in homozygous mutants I 

was not anticipating identification of co-operation of mutations in this cross. 

However, some fish were sacrificed before further breeding to evaluate 

whether cebpaNterm on a background of tet2 haploinsufficiency led to any 

marked defects in haematopoiesis. The results of this are summarised in 

Figure 6.17, assessing marrow populations by FSC/SSC and cd41:GFP and 

lyzC:mCherry expression at five months post fertilisation. As seen in a wild 

type background, cebpaNterm mutation had a significant effect on weight, with 

tet2WT/zdf20;cebpaWT/Nterm fish being smaller than tet2WT/zdf20;cebpaWT/WT 

siblings (Figure 6.17a). Myeloid cell numbers were decreased with gain of 

cebpaNterm, as assessed by total mCherry expressing cells/ul (p<0.05) and 

mCherry expressing cells within the myeloid FSC/SSC gate (p<0.01), shown 

in Figure 6.17b and c. Erythrocyte numbers were also decreased (p<0.01, 

graph e), whereas cd41:GFPlo HSPC numbers were not affected (graph g). 

Given the significant difference in weight between genotypes, samples were 

also assessed by cells/mg body weight (graphs d, f and i), with the same 

results observed. Analysis of peripheral blood showed very few circulating 

myelocytes in any genotype. However, cebpaNterm mutation appeared to 

decrease thrombocyte numbers (cd41:GFPhi cells in PB), although this did 

not reach statistical significance with the numbers of fish analysed. 
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Figure 6.17: Combining Tet2 haploinsufficiency with cebpaNterm 

mutation 

 

Figure 6.17: Combining Tet2 haploinsufficiency with cebpaNterm mutation. Flow cytometric 
analysis of whole kidney marrow of tet2 null heterozygotes with and without cebpaWT/Nterm at 
five months. All fish carry Tg(cd41:GFP) and Tg(lyzC:mCherry). Plot a shows weights by 
genotype. Plots b and c show the number of live single cells per ul sample (in a 350ul 
sample) for each fish. WKM expression of mCherry by b) total numbers and c) within the 
myeloid FSC/SSC gate. d) shows plot c corrected for total body weight (cells/mg total body 
weight). Plots e and f show numbers of erythrocytes defined by FSC/SSC as cell/ul and 
corrected for total body weight. Plots g and h quantify GFPlo expressing cells within all live 
single cells and restricted to those within the progenitor FSC/SSC gate. Plot i quantifies 
numbers of thrombocytes as live single cells with high GFP expression. 
tet2WT/zdf20;cebpaWT/Nterm n=6, tet2WT/zdf20;cebpaWT/WT n=8. 
Statistics are quantified by unpaired t test. Comparisons are non significant if not indicated. 
NS=non significant, *p<0.05, **p<0.01. Bars indicate mean values for each genotype and 
95% confidence interval. 
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A diagnosis of MDS is often made based on haematological morphology, 

and this may become apparent before the onset of cytopenias196. In the 

tet2zdf20/zdf20 mutant, morphological abnormalities had been observed from 

around 11 months of age100. WKM smears were therefore stained and 

compared with previously stained wild type kidneys, with representative 

images shown in Figure 6.18, in order to assess whether combination with 

cebpaNterm led to morphological abnormalities at an earlier age. Images a-c 

show wild type kidney smears with yellow arrowheads marking the usual 

mature bi-segmented neutrophils. The black arrowhead shows a more 

immature myeloid cell, whose nucleus is not yet segmented. In images d-f 

marrow stains of tet2WT/zdf20;cebpaWT/WT WKM are shown, with more frequent 

immature myeloid forms seen than in wild type marrow at the same age 

(marked by red arrowheads). Findings suggestive of myelodysplasia such as 

nuclear and cytoplasmic vacuolation and hypogranular cytoplasm are also 

seen. In tet2WT/zdf20;cebpaWT/Nterm siblings more apparent dysplastic 

appearances were seen with ragged cytoplasm, megaloblastic chromatin 

pattern and nuclear:cytoplasmic dyssynchrony observed in erythroid 

progenitors, marked by blue arrows in images g-i. Therefore, co-operation 

between tet2 and cebpaNterm is suggested by the earlier age at which 

myelodysplastic change is seen with their combined mutation. I therefore 

proceeded to compare the reduction in myeloid cells seen with wild type 

siblings rather than historical controls to investigate this possibility. 

In the second generation cross, all progeny from tet2zdf20/WT;cebpaWT/Nterm in-

cross were investigated with WKM and blood flow cytometry and MGG slides 

for morphology of marrow and blood cells at six months. Loss of wild type 
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tet2 was associated with a reduction in weight (p<0.001 linear trend). When 

combined with cebpaNterm, loss of tet2 showed a cumulative deficit in both 

HSPC and myeloid cell numbers (Figure 6.18 k red arrows, t test p=0.0048 in 

tet2WT/zdf20 mutants with or without cebpaNterm mutation).  

Peripheral blood analysis showed further evidence of co-operation between 

the two mutations. Circulating cd41:GFPhi thrombocyte numbers in PB 

(Figure 6.18j) decreased with wild type allelic loss of both tet2 and cebpa. No 

anaemia was observed in any genotype, as had been seen at five months in 

tet2WT/zdf20;cebpaWT/Nterm mutants.  

Therefore, I have demonstrated co-operation between tet2zdf20 and 

cebpaNterm mutations in the zebrafish. However, rather than resulting in 

leukaemia, phenotypes seen up to six months of age appear to be more 

similar to MDS. The most marked haematopoietic consequence identified 

was PB thrombocytopenia. cebpaNterm on a background of tet2 KO was not 

sufficient for leukaemic transformation, suggesting that other genetic events 

are required in AML development. 
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Figure 6.18: Morphology and cells numbers in combined tet2 and cebpa 

mutation 

 

Figure 6.18: Morphology and cells numbers in combined tet2 and cebpa mutation. Images a-
l show MGG stains of kidney imprints from zebrafish at five months, comparing morphology 
of wild type (WT) fish (a-c) with those with tet2 heterozygosity without (d-f) or with cebpaNterm 
mutation (g-i).  Yellow arrowheads mark normal bi-segmented neutrophils; black arrowheads 
show myeloid cells with unsegmented nuclei. Red arrowheads show immature myeloid 
forms and blue arrowheads dysplastic erythroid progenitors.  
Graphs j-l describe flow cytometric analysis of kidney marrow and peripheral blood of tet2 
and cebpaWT/Nterm mutants at six months. All fish carry Tg(cd41:GFP) and Tg(lyzC:mCherry). 
Graph j shows numbers of myeloid cells/ul sample in a 350ul sample based on mCherry 
positive cells. Graph k shows quantification of GFPlo expressing haematopoietic stem cells 
(HSCs). Graph l shows circulating cells with high GFP expression. tet2WT/WT;cebpaWT/WT n=2, 
tet2WT/WT;cebpaWT/Nterm n=4, tet2WT/zdf20;cebpaWT/WTn=6, tet2WT/zdf20;cebpaWT/Nterm n=8, 
tet2zdf20/zdf20;cebpaWT/WT n=4, tet2zdf20/zdf20;cebpaWT/Nterm n=4. 
Statistics are quantified by Kruskal Wallis. Comparisons are non significant if not indicated. 
*p<0.05. Bars indicate mean values for each genotype and 95% confidence interval. Red 
arrows highlight the effects of additional cebpaNterm mutation on a background of 
haploinsufficiency or complete knockout of tet2. 
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6.2.12 Combined mutation with gata2a abrogates the myeloproliferation 

seen in cebpaNterm heterozygotes 

I next looked at the combination of cebpaNterm and gata2a mutation, using the 

gata2aum27 germline mutant line. GATA2 mutations are almost solely found in 

CEBPA mutated cases of sporadic AML, at a rate of approximately 

20%72,76,197. As we had found that gata2aum27 led to a reduction in cebpa 

expression during embryonic haematopoiesis (Payne laboratory, Oscar Pena 

PhD Thesis, UCL Discovery),  I anticipated that combined mutation would 

exacerbate the reduction in myelocytes seen in cebpa haploinsufficiency in 

the cebpaNterm mutant line. 

 Combination of cebpaNterm with gata2aum27+/- was assessed in a 

cebpaWT/Nterm x gata2aWT/um27 cross at five months, with the results 

summarised in Figure 6.19. cebpaWT/Nterm showed a reduction in weight 

compared to wild type siblings as previously seen (Figure 6.19a). On flow 

cytometric analysis of WKM by cells/mg body weight, gata2aWT/um27 mutants 

showed a reduction in both HSPC and myeloid cell numbers in the WKM, 

while cebpaWT/Nterm mutants showed an increase (graphs c-e). In keeping with 

each individual mutation’s influence on cell numbers, cebpaWT/Nterm; 

gata2aWT/um27 compound heterozygotes showed near wild type cell numbers 

in both lineages. No abnormalities in erythroid progenitors or peripheral 

anaemia was evident in any genotype. In PB analysis no significant 

differences were seen in thrombocyte, early or late erythroid numbers. 

Therefore, while a combined effect was seen between gata2a and 

cebpaNterm, this appeared non co-operative. While combined tet2 and cebpa 

mutation had lead to an exaggeration of cytopenias seen with either mutation 
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in isolation, when gata2a mutation was combined with cebpa a reduction in 

myeloid cell numbers was neutralised. In the case of combined GATA2 and 

CEBPA mutation, it is less clear which might be the initiating event, given 

that both genes are found mutated in inherited leukaemia predisposition 

syndromes198. Hypothetically, coincidence of mutations might overcome a 

disadvantage in survival, proliferation or the residual myeloid differentiation 

required for leukaemogenesis. Alternative explanations for why co-operative 

cytopenia was not seen might be redundancy between the two zebrafish 

GATA2 orthologs, gata2a and gata2b, therefore more co-operation might be 

seen in combined mutation of cebpa and gata2b. GATA2 mutations also 

appear to be restricted to CEBPA-dm cases, so further study of combined 

mutation is planned in cebpaCterm/Nterm mutants. 
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Figure 6.19: Co-operation of mutations in gata2a and cebpa 

 

Figure 6.19: Co-operation of mutations in gata2a and cebpa. Flow cytometric analysis of 
whole kidney marrow in gata2aum27 and cebpaNterm mutants at five months. All fish carry 
Tg(cd41:GFP) and Tg(lyzC:mCherry). Graph a shows weights by genotype. Graphs b-e 
show the proportions of live single cells b) mCherry positive cells within the myeloid 
FSC/SSC gate c) mCherry in all live single cells, d) all GFP expressing cells, e) GFPlo 
expressing cells. Graphs f and g show total cells per sample corrected for body weight f) in 
the myeloid FSC/SSC gate and g) GFP positive cells within the progenitor gate. 
gata2aWT/WT;cebpaWT/WT n=7, gata2aWT/WT;cebpaWT/Nterm n=8, gata2aWT/um27;cebpaWT/WT n=7, 
gata2aWT/um27;cebpaWT/Nterm n=5. 
Statistics are quantified by one-way ANOVA. Comparisons are non significant if not 
indicated. *p<0.05, **p<0.01. Bars indicate mean values for each genotype and 95% 
confidence interval. 



 352 

6.3 Discussion 

6.3.1 Poor survival and growth is seen in cebpaCterm and cebpaNterm 

mutants 

All biallelic cebpa mutants showed significantly reduced survival compared to 

wild type siblings. cebpaWT/Cterm, cebpaWT/Nterm heterozygotes and wild type 

siblings had 80-90% survival rates on graduation from the nursery at 28dpf, 

equivalent to other zebrafish lines in the UCL fish facility. However, survival 

rates in biallelic mutants were consistently poor, with median survival of only 

10 days in cebpaNterm/Nterm mutants. This is consistent with findings in KO 

mice, where all mutants with germline Cebpa KO died within eight hours of 

birth due to hypoglycaemia25. The KO zebrafish mutants moliHkz7 and 

cebparj31 do not have reported data past 5dpf79,111. Up until this stage of 

development they were noted to be developmentally normal, as were 

cebpaCterm and cebpaNterm mutants. However, this developmental stage is 

prior to the onset of independent feeding, which was the point at which 

survival curves between mutants and siblings in my model began to diverge. 

It is possible that in KO cebpa models in zebrafish there is no survival to 

juvenile stages in homozygotes, therefore further investigation was not 

possible.  

Survival in the biallelic mutants was similar to that seen in germline Cebpa N 

terminal mutant L mice. While perinatal mortality was high, with only 14% of 

predicted homozygotes surviving the first few days after birth, as in 

cebpaNterm/Nterm and other biallelic cebpa mutants, some animals did survive 

with persistent neutropenia98. This perinatal mortality appeared to be 

independent of the haematological deficit seen, as conditional KO in 
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haematopoietic cells did not result in a survival decline following excision130. 

Due to the poor survival rate seen in Cebpa L mice, future modelling of 

CEBPA-mutated AML in mice by the same group was performed only using 

transplantation of cells derived from the foetal liver of homozygous 

embryos99.  

Although measurement of glucose levels to confirm hypoglycaemia as seen 

in mice is not possible in zebrafish, cebpa KO is known to cause 

abnormalities in hepatic and adipocyte development in zebrafish as in 

mammalian models112. Therefore initial drops in mortality are likely due to 

hepatic and or metabolic dysfunction in the germline mutants, also 

accounting for their smaller size. In mice germline Cebpa mutation does not 

cause perinatal lethality in the presence of normal hepatic development. 

Germline mutant BRM2 mice, without C terminal E2F repression, have 

normal hepatic development and normal perinatal survival97.  

However, BRM2 mice die due to infection with absent granulopoiesis26. In 

zebrafish, while their rearing is strictly controlled for optimal health by 

dedicated facility staff, a sterile environment is challenging to achieve in the 

nursery as young fish are given live feeds until around four weeks of age. 

Therefore, after the initial drop in mortality due to metabolism, infection may 

be another cause of mortality given the marked deficits in granulocyte and 

monocyte numbers in mutants. For the first four weeks of development waste 

products and excess food remain within the nursery tanks. Under usual 

circumstances this biofilm is allowed to settle undisturbed on the bottom of 

the tank, preventing contamination of the overlying water and infection. 

However, the mutants are susceptible to infection for several reasons, 
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disturbance of the waste layer during counting, defects in granulocyte 

numbers and the excess food accumulating within the tank due to the death 

of siblings.  

As in mouse transplantation models of CEBPA mutation98,99, leukaemic 

phenotypes develop in cebpaCterm/Nterm and cebpaNterm/Nterm juveniles, 

contributing to mortality in these genotypes.  

6.3.2 Mechanisms exist to bypass the need for cebpa in myelopoiesis  

cebpaNterm/Nterm mutants were found to have completely absent myelopoiesis 

by both lyzC expression and FSC/SSC gating until four weeks post 

fertilisation. However, this had resolved in survivors at six weeks, and indeed 

numbers of myelocytes were greater than in heterozygous and wild type 

siblings. This is similar to the L2 phenotype described in Cebpa L mutant 

mice, where neutropenia has resolved and mature yet abnormally 

differentiated myelocytes (Mac1+, Gr+) are increased in numbers98. 

However, in mice this myeloproliferative phenotype had an increasing 

penetrance over time. While all cebpaNterm/Nterm mutants seemed to have the 

developed the phenotype between four and six weeks post fertilisation, 

conclusions and comparison are limited due to the low numbers of fish 

analysed due to poor survival.  

It is possible that other transcription factors are able to compensate where 

residual p30 equivalent isoforms are still produced. Other family members 

such as CEBPB and CEBPD have been postulated as mediators for 

myelocyte emergence in mammalian models122. Both CEBP family members 

bind to the promoters of myeloid specific genes such as MPO and are known 

to be involved in myeloid differentiation162. However, while analysis in foetal 



 355 

liver cells in KO mice shows that Cebpb is still expressed in the absence of 

Cebpa123, Cebpb levels were reduced in myeloid progenitors in N terminal 

mutant mice98. It is likely that this is due to the loss of p42 because, whereas 

p42 colocalises with Cebpb in ChIP-seq analysis, p30 does not174. 

Clonal evolution in early myeloid progenitors is an alternative explanation for 

the mature myelocyte emergence. Natural selection due to the pressures of 

infection susceptibility in fish without granulocytes may mean that by six 

weeks only fish who have acquired secondary mutations survive. Such 

mutations could release the dependency of genes such as csf3r on Cebpa to 

drive myeloid differentiation. In favour of this theory is the finding that 

myeloid development is not normal in these cebpaNterm/Nterm fish at six weeks. 

They have a myelodysplastic phenotype, where despite increased numbers 

of myeloid progenitors in the marrow, circulating myeloid and thrombocyte 

numbers are decreased in the peripheral blood. Following acquisition of such 

mutations, as in human CEBPA mutated AML, there would be a potential 

drive to acquire further mutations thus leading to a leukaemia initiating cell. 

Another possible mechanism for the emergence of mature myelocytes is an 

upregulation of growth factors. In foetal liver cells, enforced expression of G-

CSF and GM-CSF (granulocyte-macrophage colony-stimulating factor) in KO 

Cebpa cells, resulted in terminal myeloid differentiation51,130. 

Emergence of mature myelopoiesis was, however, not observed in 

cebpaCterm/Cterm mutants, despite later analysis in surviving fish at 10 weeks 

post fertilisation. Residual p30 equivalent isoform function with cebpaNterm 

appears to prime cells for myeloid differentiation, as seen in lentiviral 

transduction of CEBPA mutant sequences172. While N terminal mutant 
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CEBPA induced myeloid differentiation, both C terminal mutant and wild type 

CEBPA led to preferential erythroid differentiation in cell lines. However, of 

note the C terminal mutations used was a 27bp insertion, likely to further 

disrupt DNA binding than the 12bp deletion in cebpaCterm. A reduction in 

myeloid signature has also been seen in expression analysis of foetal liver 

cells with C terminal compared to N terminal mutations in transplanted 

mice99. Residual p30 expression likely provides a state of myeloid priming 

not seen with DNA defective p42 forms due to C terminal mutation. 

Future qPCR analysis of haematopoietic growth factors and other myeloid 

transcription factors including cebpb and cebpd in surviving cebpaNterm/Nterm 

mutants with emergence would allow further conclusions to be drawn as to 

the possible mechanism for this finding. 

6.3.3 cebpaNterm mutation is required for leukaemia development  

In investigation of juvenile mutants I discovered that cebpaNterm/Nterm and 

cebpaCterm/Nterm mutants develop leukaemia between four and eight weeks 

post fertilisation. Several findings support the phenotype observed 

representing AML development. Firstly a marked expansion of 

haematopoietic progenitors is seen by Tg(cd41:GFP) expression. Also, these 

progenitors infiltrate zebrafish tissues such as gills and musculature. 

Expansion of haematopoietic progenitors is accompanied by PB cytopenias 

in other lineages, together with abnormal behaviour such as reduced 

swimming and bleeding post anaesthesia. There is also a second phase of 

reduced survival during these time points, and fish displaying the phenotype 

rapidly died unless culled for further investigation. However, cebpaCterm/Cterm 
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did not develop the same increase tissue infiltration or abnormal behaviour, 

despite an increase in HSPC numbers in juvenile fish. 

In germline KO mice, observation for leukaemia was not possible due to 

lethality of mutation within eight hours of birth due to hypoglycaemia25. 

However, in conditional KO mutants, while an increase in myeloid 

progenitors was seen, these mice did not develop leukaemia130. This is 

similar to the phenotype seen in BRM2 mice, where while an increase in 

immature cells was seen this was not accompanied by a decrease in 

erythrocyte or thrombocytes and no increase in mortality was seen following 

myeloid expansion97. Therefore, total loss of Cebpa function has not 

previously been shown to lead to leukaemia. In germline Cebpa N terminal 

mutation, however, a similar phenotype to that seen in my model was 

observed, with tissue infiltration with blasts and rapid death following the 

development of cytopenias98.   

The observation that leukaemia only occurs in the presence of cebpaNterm is 

similar to that seen in human sporadic and familial AML. CEBPA C terminal 

mutation in pedigrees is extremely rare58, showing AML predisposition at 

lower penetrance than inherited germline N terminal mutations55. Similarly, in 

CEBPA-dm AML over 99% of cases have an N terminal mutation11,32,72. 

Although 75-92% of CEBPA-dm cases have both N and C terminal mutation, 

4-7% of cases have biallelic N terminal mutations, with under 1% having two 

C terminal mutations. 

These findings suggest that residual p30 expression is necessary for 

development of leukaemia. A possible explanation for this is that some 

residual myeloid differentiation is required, and where loss of Cebpa causes 
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differentiation arrest at the CMP to GMP transition, p30 is able to overcome 

this. This has been demonstrated in germline N mutation in mice98. This is 

likely to also be the case in this model, I have shown normal numbers of cells 

in the pu.1 +ve, lyzC –ve GMP population in cebpaNterm/Nterm and 

cebpaCterm/Nterm mutants, but reduced numbers in cebpaCterm/Cterm mutants. 

This is also in keeping with current thought on what stage of differentiation 

represents the LIC in AML. While originally it was postulated that the LIC was 

represented in mammalian models by CD34+ CD38- HSPCs199, it has now 

been shown that the LIC is more commonly a CD34+ CD38+ committed 

myeloid progenitor200,201. While p30 is able to induce some myeloid 

differentiation, cell cycle control and terminal differentiation are not achieved, 

where TAD1 and TAD2 interactions with regulators such as E2F are a p42 

specific function of CEBPA26,65. 

Although a leukaemic phenotype was seen in K/K C terminal mutant mice in 

transplantation studies, these malignancies only displayed myeloid markers 

in 25% of cases and some showed erythroid differentiation99. Leukaemia 

“diagnosis” in the zebrafish model required cd41 expression in the malignant 

cells, therefore it is possible that cd41 negative leukaemia could develop in 

cebpaCterm/Cterm mutants. It would be interesting to observe for expansion of 

cells expressing erythroid markers such as by use of Tg(gata1a:dsred) in 

monitoring of juvenile fish given the findings in mice. It was also noted that 

K/K transplanted mice developed leukaemia with a longer incubation period 

than K/L and L/L transplants99. This might suggest that leukaemia was not 

observed in cebpaCterm/Cterm due to fish dying from infection and metabolic 
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effects prior to transformation, rather than this genotype having no 

leukaemogenic potential.  

Investigation of leukaemogenesis was challenging in my zebrafish model as, 

unlike in mice, serial blood sampling for pre-leukaemic HSPC and myeloid 

progenitors expansion was not possible. Due to potential toxicity of repeated 

anaesthetic exposure and Home Office licencing this was also limited to 

twice weekly. It is highly likely that observation and investigation of 

leukaemic transformation was missed due to the rapid onset of mortality after 

this phenotype had developed. Due to rapid decomposition in system water 

after death post mortem analysis was also not possible. In mice poor survival 

prior to onset of leukaemia was overcome by investigation of leukaemia 

development in transplantation studies99. While transplantation of cancer cell 

into immunodeficient adults and embryos is an emerging modality in the 

zebrafish model202-204,  this would remain challenging given the young age at 

which leukaemia develops in the model and the fragility of zebrafish 

haematopoietic cells observed during FACS. However, observation of 

leukaemia development with cebpaNterm in this model further validates it for 

exploitation of the other advantages of the study of haematopoiesis in 

zebrafish. 

6.3.4 A myelodysplastic phenotype is seen in adult cebpaWT/Nterm 

mutants 

When WKM was analysed at eight months in cebpaWT/Nterm mutants, 

abnormalities in the myeloid and progenitor populations were detected. 

Myelocytes in cebpaWT/Nterm mutants were skewed to immature cells, as 

indicated by their reduced granularity by both SSC and morphological 
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appearances and an increase in cd41 and lyzC co-expression. An increase 

in mature myelocytes and HSPCs was also observed. This was also seen at 

16 months when analysis was repeated, although no progression to 

leukaemic phenotypes was observed in cebpaWT/Nterm mutants during their 

two year life expectancy. Increases in progenitor populations in 

haematopoietic marrow and morphological abnormalities such as 

nuclear:cytoplasmic dyssynchrony and hypogranularity are features of 

myelodysplasia195, and formed the basis of diagnostic criteria prior to 

evolution of molecular profiling.  

Mutation of CEBPA has been previously reported in MDS although incidence 

is consistently low at around 4% of cases205,206. However, as seen in AML, 

CEBPA dysregulation in MDS is also reported via alternative mechanisms to 

coding mutations, such as hypermethylation of its distal promoter41. Although 

no FBC abnormalities have been reported in N terminal mutation pedigrees 

prior to leukaemic transformation55, in asymptomatic carriers of germline 

mutation analysis is limited to PB and more subtle changes in BM 

progenitors may exist undiagnosed prior to clonal evolution. 

The morphological findings and increases in myeloid progenitor 

subpopulations in cebpaWT/Nterm mutants are also similar to those seen in 

other zebrafish models of MDS100. Given the long latency with which the 

phenotype develops, further mutation acquisition may be involved in its 

emergence. As it was not observed in cebpaWT/Cterm mutants, a predisposition 

may be conveyed with overexpression of p30 equivalent isoforms. This is 

supported by the observation that while N terminal mutations in CEBPA-sm 
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AML show conservation of the predicted p42 loss and p30 upregulation11, 

whereas C terminal mutations in CEBPA-sm show increased heterogeneity. 

6.3.5 Expansion of progenitors is seen in all biallelic cebpa mutants 

While HSPCs numbers had been normal during development as assessed 

by runx1 and cd41 in all mutants, this pattern evolved after onset of adult 

haematopoiesis. Analysis of HSPCs at four weeks saw expansion in their 

numbers in all biallelic mutants. Mature myelopoiesis remained completely 

absent in the same juveniles by analysis of lyzC expression.  

Cebpa is well known to be a regulator of HSPC homeostasis. In conditional 

KO mice HSCs in adult haematopoiesis showed an increase in repopulation 

and self-renewal130. Conversely, with forced Cebpa overexpression, HSCs 

show reduced self-renewal and proliferation160. However, adult HSCs are 

distinct from foetal HSCs and display an increased quiescence signature163. 

However, when Cebpa is excised, adult HSCs have been shown to revert to 

a foetal HSC transcriptome with increased proliferation and decreased 

quiescent expression patterns53. In mice, however, HSCs do not develop a 

quiescence signature until 3-4 weeks post birth207. This would explain why 

HSPC numbers observed in cebpaNterm and cebpaCterm mutant CHT, 

equivalent to mammalian foetal liver, are normal, but abnormalities in HSPC 

numbers appear after onset of adult haematopoiesis in the kidney marrow of 

juveniles. 

The increase in HSPCs appears to be distinct from leukaemia, as while cd41 

expression is increased it is not accompanied by cytopenias or infiltration of 

tissues with GFP positive cells. Also, it was observed in cebpaCterm/Cterm 

mutants in whom there was no evidence of subsequent leukaemic 
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transformation. This was similar to observations in conditional KO and BRM2 

mutant mice97,130, where expansion of progenitors was seen without 

leukaemic transformation. This supports the idea that while there is a pre-

leukaemia phenotype with an increase in the progenitor pool mediated by 

loss of p42, p30 induced myeloid commitment is still required for subsequent 

AML development. 

In C and N terminal mouse models, an increase in HSC numbers was noted 

4-5 weeks following transplantation, prior to leukaemic transformation. When 

LSK cells were sorted they showed an increase in proliferation and a 

decrease in quiescence signature, similar to that seen in Cebpa KO. 

However, this was restricted to K/K and K/L transplants, and I observed 

HSPC proliferation in cebpaNterm/Nterm which was not observed in equivalent 

L/L mice99. This may be as cd41 also highlights a more differentiated myeloid 

progenitor during adult haematopoiesis, which is distinct from the LSK 

population quantified in the mouse transplantation studies. 

There are several potential candidates downstream of cebpa which mediate 

its control over proliferation and cell cycle control.   The increase in HSPC 

numbers is common to both cebpaCterm and cebpaNterm mutants, suggesting 

that it is due to a loss of p42 function, not compensated for by p30 

upregulation in cebpaNterm mutants. Cebpa is known to interact with E2F, a 

major regulator of cell cycle control, blocking E2F mediated transcription 

programmes26,208,209. This interaction with E2F is via TAD1 and TAD2, only 

present in the p42 isoform. Binding of E2F by CEBPA also requires key 

amino acids within the C terminal region, however, the BRM2 and BRM5 

mouse mutants in whom these residues were altered also showed HSPC 
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proliferation97. CEBPA is also known to interact with CDK2 and CDK413, 

however, it is currently reported that this interaction is via TAD3 therefore this 

cannot be the sole mechanism as it is retained by p30 isoforms.  

Future work is planned with RNAseq in cd41 sorted cells from mutants and 

wild type siblings to determine whether quiescence signatures are 

downregulated and proliferation upregulated as has been seen in 

mammalian models. 

6.3.6 Challenges in flow cytometric analysis in adult zebrafish 

While other groups have performed flow cytometry in zebrafish78,100 and 

gates for cell populations are well established, interpretation of analysis 

differs between publications. Comparisons of populations between 

genotypes can be expressed as relative cell counts, proportions of live cells 

and absolute cell counts per volume of sample. Most groups show a wide 

distribution of results between fish of the same genotype for all of these 

measures78,100, and where preparation of samples involves a complex 

process with many steps there are many points at which variation can occur. 

This included variability in maceration of sample, incomplete homogenisation 

of beads and degree of bleeding and clotting occurring during kidney 

dissection. Marked outliers and variability appeared to be more common in 

myeloid cell quantifications compared to other lineages. Exposure to 

infection and injury in individual fish may have led to to this finding. 

In this project the additional difficulty was present that cebpaCterm and 

cebpaNterm mutants were significantly smaller than wild type siblings due to 

the metabolic effects of Cebpa, therefore in juveniles this needed to be 

factored into analysis. In older adults, gender also affected analysis as 
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females became egg bound and much heavier, although this is unlikely to 

affect kidney size. Correction for weight was therefore abandoned in older 

animals as confounding gender bias was more likely to contribute to disparity 

in analysis than underlying germline mutation. 

Phlebotomy was also more challenging in smaller fish, therefore fish who 

were too challenging to bleed were excluded from analysis to prevent false 

reporting of thrombocytopenia due to pre-analysis coagulation and 

consumption. 

6.3.7 Other mutations commonly found in AML co-operate with 

cebpaNterm  

My data shows that cebpaWT/Nterm causes independent effects on 

haematopoiesis, with decreased numbers of myelocytes in juveniles and 

development of an MDS phenotype in late adulthood. I also observed co-

operation of cebpaNterm when combined with mutations in both tet2 and 

gata2a, analogous to the two most commonly mutated genes found in 

conjunction with CEBPA-mutation in sporadic AML cases. tet2WT/zdf20 

;cebpaWT/Nterm  fish showed a significant reduction in erythroid progenitors at 

five months, suggesting an anticipatory effect of cebpa mutation on the 

tet2zdf20/+ myelodysplastic phenotype not usually observed until eight months 

of age100. 

Heterozygous CEBPA N terminal mutations in familial leukaemia kindreds 

are found to predispose to leukaemia, yet in asymptomatic family members 

no abnormalities are found in FBC screening57. In cebpaWT/Nterm fish, a subtle 

phenotype develops between 8 and 16 months. Cells numbers of both 

HSPCs and myeloid cells begin to increase while erythropoiesis is 
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unaffected. This expansion in HSPC numbers can be seen as a primed state 

for leukaemogenesis, not seen on peripheral blood screening.  

A draw back to studying co-operative mutations, particularly with milder 

phenotypic abnormalities, is that large numbers of mutant and transgenic 

lines of different genotypes needed to be maintained. Also, fish need to be 

raised for long periods of time before the phenotypes observed developed. In 

addition, these experiments are not able to analyse cell autonomous effects 

since they all rely on germline mutants. It was therefore decided to design 

future experiments to study co-operation of second and third hits to cebpa by 

using CRISPR knock down microinjection into embryos using a tissue 

specific approach discussed in more detail in Chapter 7. 
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7 Conclusions, discussion of results and future 

work 

7.1 cebpaCterm and cebpaNterm mutations have distinct effects 

on myeloid maturation 

My results have shown that cebpaCterm and cebpaNterm appear to have distinct 

effects on haematopoiesis. Both mutations cause severe defects in 

myelopoiesis, as has been observed in mammalian KO and N and C terminal 

mutation25,98,123. Both monocytic and granulocytic lineages are affected, with 

absence of terminal differentiation in primitive, definitive and adult 

myelopoiesis.  

In primitive haematopoiesis, maintenance of primitive macrophage numbers 

appears most severely compromised in cebpaNterm/Nterm, suggesting that p42 

equivalent isoforms are essential for maintenance and/or proliferation of 

these progenitors within the ALM, and that loss of full length isoforms is 

responsible for the phenotype seen in KO mutants in primitive 

haematopoiesis79.  

During definitive haematopoiesis, decreased expression in pu.1 +ve lyzC –ve 

cells is only seen in cebpaCterm/Cterm mutants, whereas although total pu.1 is 

reduced in cebpaNterm/Nterm and cebpaCterm/Nterm mutants, this is restricted to 

the more mature myeloid populations also expressing lyzC. This is similar to 

findings in mammalian models, where C terminal mutations show a 

differentiation block at the CMP to GMP stage, whereas p30 expression is 

adequate for differentiation to GMP 98,99. However, no mutants were able to 
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achieve sufficient differentiation to express lyzC, which would indicate 

bacteriolytic granule formation.  

While it was initially thought that cebpaWT/Cterm mutants had increased 

numbers of myelocytes by SB staining at 5dpf, this was subsequently 

confirmed with flow cytometry to represent defective granulation. However, 

cebpaWT/Nterm mutants had a decrease in mature granulocytes during 

definitive haematopoiesis. While cebpaCterm mutation resulted in an earlier 

differentiation block, cebpaNterm potentially had an additional effect on 

proliferation. This is in keeping with the commonly held view that full length 

Cebpa controls proliferation of myeloid progenitors, where TAD1 maintains 

CEBPA’s interaction with E2F, repressing this transcription factor from 

driving cell proliferation65.  

The increased number of myeloid progenitors seen with cebpaNterm was also 

present in early progenitor populations. It appears this increase in 

proliferation occurs not in HSPCs or pu.1 expressing CMPs, but an 

intermediate stage of myeloid priming. In my model this is defined by myb 

expression. Again, this increase in myeloid primed HSPCs requires 

cebpaNterm, plus abrogation of any residual p42-equivalent function i.e. it only 

occurs in cebpaNterm/Nterm and cebpaCterm/Nterm and not cebpaWT/Nterm. Other 

factors appear to interact with this increase in myb expressing cells as it 

remains unclear as to why the increase in myb expressing cells is transient in 

cebpaCterm/Nterm, yet persists to 5dpf in cebpaNterm/Nterm. 



 368 

7.2 Neither cebpaCterm nor cebpaNterm is equivalent to a null 

mutation 

As discussed in Chapter 3, despite CEBPA mutations being found in 8-14% 

of sporadic AML as well as inherited AML predisposition kindreds, these are 

never null mutations11,12,65. Mutations group into two distinct categories: out-

of-frame N terminal mutations leading to sole translation of the minor p30 

isoform and in-frame C terminal mutations leading to abrogation of 

dimerisation and/or DNA binding by both p42 and p30 isoforms. It is 

therefore important to note distinctions in this model from that of KO 

zebrafish models, to confirm that the chosen founder mutations cebpaCterm 

and cebpaNterm are equivalent to those found in human disease. 

All biallelic mutants showed distinct phenotypes to those observed in cebpa 

KO zebrafish and mice. In both germline KO and conditional KO mice, while 

expansion of myeloid progenitors is seen, this phenotype does not show 

subsequent leukaemic transformation25,123,130. As with germline N terminal 

mutant L/L mice98, a phenotype from leukaemia development with prior 

expansion of myeloid progenitors is observed in cebpaNterm/Nterm and 

cebpaCterm/Nterm fish. This is evidenced by anaemia, thrombocytopenia and 

infiltration of tissues with myeloid progenitors and is rapidly followed by 

death.  

zD420 N terminal mutant cebpa has been studied in zebrafish, but solely by 

mRNA injection70. Due to residual wild type cebpa in the injected embryos, 

this does not faithfully model the effects of p30 equivalent Cebpa isoforms 

alone. Also, due to rapid degradation of mRNA, studies were limited to 

investigation of effects during primitive haematopoiesis. My results were 
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distinct from this group, where overexpression of p30 lead to normal 

myelopoiesis but an increase in primitive erythropoiesis. This was similar to 

findings in KO mice foetal liver25, likely due to p30 over expression acting in 

a dominant negative fashion. This did not appear at levels of p30 equivalent 

isoforms in cebpaNterm/Nterm where, while a reduction in primitive myelopoiesis 

was seen in the absence of p42 equivalent isoforms, primitive erythropoiesis 

was unaffected.  

While N and C terminal germline cebpa mutations in zebrafish have not been 

described, both the moliHkz7 and cebparj31 KO mutants have been recently 

reported. Early defects in primitive myelopoiesis were similar to those 

reported in moliHkz7 mutants, where primitive monocytes showed defective 

migration over the yolk sac from 18hpf. However, while in moliHkz7 no 

migration was seen, some residual but defective migration was seen in both 

cebpaCterm/Cterm and cebpaNterm/Nterm mutants. Similarly, in definitive 

haematopoiesis, while mature granulocytes were completely absent by SB 

staining in both moliHkz7 and cebparj31 KO mutants, some residual cells were 

present in cebpaCterm/Cterm and cebpaCterm/Nterm mutants. cebpaCterm/Cterm also 

showed a relative preservation of coro1a compared to l-plastin expression, 

while both probes were almost entirely absent in cebpaNterm/Nterm mutants as 

well as existing KO models. This suggests both that p42 equivalent isoforms 

are essential for the expression of coro1a in primitive myelocytes, and that 

some residual activity of these exists in cebpaCterm mutants given the 

increase in expression compared to KO mutants.  

However, the most marked notable difference between KO zebrafish models 

was seen earlier in myeloid differentiation. HSPC numbers were measured 
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by both cd41 and myb expression in the cebparj31 KO mutant, showing no 

alterations in expression at 36hpf and 3dpf111. In sharp contrast to this while 

cd41 expression did not show any changes in my model at this development 

stage, both cebpaNterm/Nterm and cebpaCterm/Nterm showed an increase in myb 

expressing myeloid progenitors in definitive haematopoiesis. This therefore 

appears to a result of overexpression of p30 equivalent Cebpa isoforms. 

cebpaCterm/Cterm mutants showed a decrease in myb expression. While this 

was in contrast to the KO phenotype, it was unclear whether this was due to 

reduced survival, proliferation or that myb expression represented a state of 

myeloid priming that cebpaCterm abrogated. 

7.3 Leukaemic transformation requires p30 equivalent 

isoform function   

Leukaemic transformation in this model only occurred in biallelic mutants 

with cebpaNterm. In Chapter 5 I have discussed that while pu.1 expression is 

universally decreased in all biallelic mutants, corresponding expansion of 

myb expressing cells is limited to cebpaNterm/Nterm and cebpaCterm/Nterm. Given 

that leukaemic transformation was only seen in the genotypes undergoing 

this expansion in myeloid primed HSPCs it suggests that either this is a 

leukaemogenic event in itself, or the same release of proliferation control on 

progenitors is an essential prerequisite. While reduced pu.1 activity may 

contribute to the phenotype, no erythroid expansion was seen as in Pu.1 KO 

models of leukaemogenesis210. This suggests that p30/TAD2 equivalent 

function is sufficient to maintain a myeloid phenotype in the resultant 

leukaemia.  
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Myb appears to be implicated in the development of AML in patients, with the 

highest levels of MYB expression seen in samples from AML with CEBPA 

mutation174,188. Increases in c-myb expression have also been shown to 

induce both myeloid and lymphoid malignancies in zebrafish211. Reduced 

expression in cebpaCterm/Cterm mutants may also account for their myeloid 

differentiation defect, as MYB is known to be required for myeloid 

differentiation171 and colocalises with cebpa on the promoters of myeloid 

specific genes such as neutrophil elastase161.  

In AML, loss of E2F repression is widely reported as a mechanism of 

transformation in the presence of N terminal mutation, where p30 isoforms 

lack TAD1 and TAD2 which interact with this cell cycle regulator. MYB is a 

downstream target of E2F, with a binding site identified in its promoter212, 

and forms a complex with proteins which directly interact with Myb during 

transcription213. The increase in myb expression seen in the presence of 

cebpaNterm may therefore be as a consequence of the loss of p42 equivalent 

isoforms’ repression of E2F.  

Further analysis of the transcriptional nature of proliferation dysregulation in 

HSPCs is needed, with RNAseq analysis in cd41lo-expressing HSPCs, as 

well as myeloid progenitors required to further characterise the mechanisms. 

It is likely that release of E2F repression, mediated by TAD1, is critical in the 

pathogenesis of the leukaemia phenotype seen in zebrafish mutants given 

that it was only observed in biallelic mutants inheriting cebpaNterm.  
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7.4 Advantages of using the zebrafish compared to the 

mouse as a model 

While work has been carried out in mice to model both N terminal and C 

terminal mutations, I have sought to exploit the advantages of the zebrafish 

in my model. Firstly, the low expected birth rate of 14% due to liver 

metabolism defects seen in N terminal homozygous mice prevented their 

study in germline mutation. Here despite the poor survival due to similar 

metabolic effects in the first month of life, I was able to show that 

undetermined compensatory mechanisms or bypassing by secondary 

mutations overcome the previously essential role of Cebpa between four and 

six weeks in cebpaNterm/Nterm mutants. Also, in the murine model no defects 

were observed in heterozygous N terminal L/+ mutants even at 18 months of 

age98, whereas I observed evolving myelodysplasia in my model between 8 

and 16 months of age. Given the cost effectiveness of breeding larger 

numbers of zebrafish mutants and establishing other co-operative mutations 

in association with my novel lines I was also able to show anticipation of the 

effect of heterozygous cebpaNterm mutation.  

I also found defects in primitive haematopoiesis in both mutant lines, very 

difficult to study in mammalian models due to the internal development of the 

young.  

By establishing my mutant as a valid representation of the mutations seen in 

human AML and largely equivalent to those effects seen in mouse models of 

the same disease, our group also hopes to take the project forward in using 

further unique techniques as detailed in future work. 
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7.5 Different HSPC populations exist in zebrafish 

Different markers of HSPCs in zebrafish are well established, both as WISH 

expression probes and in transgenic lines using fluorescent proteins 

attached to the same genes’ promoters (e.g. Tg(myb:GFP))214. I utilised 

confocal microscopy to show that distinct populations of cells exist within the 

previously defined HSPC compartment. Both confocal imaging and 

differences between cebpaCterm and cebpaNterm mutants indicate that cells 

expressing myb are distinct from those expressing those of other early HSPC 

markers runx1 and cd41. The arrangement of myb positive to cd41 positive 

cells suggests that after several replications an HSPC forms a cluster of 

cd41 positive cells. A further replication from the outermost cells produces 

cells expressing myb, likely to represent HSPCs more primed for myeloid 

differentiation. myb expression then falls as cells begin to express pu.1 and 

then cebpa. However, in cebpa mutants, where this fails to occur, myb 

expression builds within the CHT.  

Categorisation of different stages of differentiation from the earliest of 

HSPCs to mature granulocytes is key to defining important regulators of 

each stage. It is therefore interesting to define this novel stage of 

development in the zebrafish model, especially where a cMYB antibody is 

one of the few established to cross react with zebrafish cells. 

7.6 Relevance of the model to human disease 

While other models of cebpa dysfunction in zebrafish exist, as previously 

discussed these are not expected to have any residual transactivation 

potential. These models also did not show any reported leukaemic 
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transformation. These compete KO models are similar to what is observed in 

mice, where KO models showed no evidence of leukaemia, but when N and 

C terminal mutations were successfully emulated leukaemia developed. My 

zebrafish C and N terminal mutants recapitulate the effects on 

haematopoiesis observed in mouse, and expand on our knowledge of 

germline N terminal heterozygosity. Our group also aims to undertake future 

work using my models as described below. 

One notable difference in my zebrafish models compared to mice is my 

finding that although in cebpaCterm/Cterm myeloid progenitors expressing cd41 

and pu.1 accumulate, frank leukaemia does not follow. As discussed both 

the C terminal mutation and the situation in which leukaemia developed 

differed from my model in the Cebpa K mouse. It is possible that different C 

term mutations will cause different effects, depending on their severity of 

abrogation on CEBPA DNA binding and dimerisation. While all N terminal 

mutations are predicted to have the same effect of altering the p42/p30 ratio, 

whatever the location prior to the internal ORF, C terminal mutations while 

retained in the bZIP domain vary in size of in-frame insertion and deletion 

and different amino acid changes may have differing effects.  

However, as almost all cases of CEBPA-dm AML have an N terminal and a 

C terminal mutation it is difficult to know how much differences in leukaemia 

phenotype could be attributable to changes in the nature of the C terminal 

mutation. In CEBPA-dm leukaemogenesis it may only be essential to 

achieve some form of abrogation of bZIP function with the C terminal 

domain. This then allows accumulation of progenitors, while the residual 

CEBPA function of p30 isoforms is sufficient to give resultant leukaemia a 
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myeloid phenotype. This may also explain why the majority of kindreds with 

CEBPA mutation as the cause of leukaemia disposition have N terminal 

mutations. Although very rarely C terminal kindreds have been found58, 

alternative C terminal mutations could be inherited, but either not cause 

leukaemia, as seen in my model, or show such low penetrance that a familial 

predisposition is not suspected. 

7.7 Future work 

7.7.1 Defining defects in haematopoietic cells proliferation and 

apoptosis in N and C terminal mutants 

We are currently developing methods in the laboratory to confirm 

dysregulation of proliferation and apoptosis in cebpa mutants. Apoptosis can 

be interrogated in whole fixed zebrafish embryos at different stages of 

development using TUNEL (terminal transferase UTP nick end labelling). I 

have successfully used the ApopTag Fluorescein in Situ Apoptosis kit 

(MerckMillipore, S7110) in superficial tissues, such as migrating 

macrophages over the yolk sac, while ProK optimisation to improve 

penetrance of labelling while retaining anatomical structures is ongoing. 

Staining will also be combined with anti-GFP or anti-mCherry in transgenic 

lines, followed by confocal imaging to define death at each stage of 

differentiation in myelopoiesis. 

I have also performing preliminary experiments analysing cell proliferation 

using the Click-iT EdU Alexa Fluor 647 kit (Invitrogen, C10419). Preliminary 

experiments have combined this with transgenic fluorophores in flow 

cytometry. Future experiments are planned to combine its used with 
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prolonged Hosecht administration to define populations in different cell cycle 

phases. We will be able to compare results with findings in the cebpamoliHKZ7 

model79, who found a 2x increase in BrdU (equivalent to EdU) pu.1 dual 

staining cells. 

7.7.2 Expression profiling of early HSPCs and early myeloid cells 

As well as performing the above techniques to delineate causes for the 

changes in cell populations seen in definitive haematopoiesis in mutant 

cebpa embryos I have sorted cell populations for RNAseq analysis. Using 

Tg(pu.1:GFP) or Tg(cd41:GFP) together with Tg(lyzC:mCherry) cells with 

dual and single expression of these fluorophores, as defined in my flow 

cytometry experiments in chapter 5, have been sorted into Trizol in embryos 

at 3dpf and 5dpf. Embryos for FACS were pooled according to prior 

genotyping. RNA extracted from these cells will undergo gene set 

enrichment analysis, particularly looking at signatures for apoptosis and cell 

proliferation. 

Prior to analysis I also mined data generated from other groups, looking and 

both ChIP-seq and RNAseq data comparing p30 to p42 function. ChIP-seq in 

FDCP-1 cells expressing either p30 or p42 attached to a strep-3xHA tag was 

performed by a group in Vienna173 who kindly sent us their complete data. 

This was then cross referenced with RNAseq data in K462 cells35 (a mouse 

myeloid line) carrying tet-inducible WT vs p30 CEBPA to confirm differential 

expression patterns. Each target was then interrogated for known zebrafish 

orthologs / paralogs and existing antibodies and morpholinos on the ZFIN 

database. A list of suitable candidate genes for the observed myeloid 

phenotype was compiled (Supplementary tables 2 and 3).  Those genes with 
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differential expression between CEBPA isoforms will be analysed in each cell 

type, to see at which, if any, stage of differentiation this becomes apparent in 

my model. 

I am also interested in defining the changes occurring between the pre-

leukaemic expansion in cd41 positive cells and the diffuse cd41 expression 

seen in the leukaemic phenotype. I therefore plan to similarly sort cd41 

positive cells, both in well cebpaNterm/Nterm and cebpaCterm/Nterm juvenile fish at 

four weeks and ad hoc in juveniles of the same genotype displaying the 

same phenotype. Comparative RNAseq could give insights into what 

leukaemia priming has occurred and what further critical events might 

transform the cells into leukaemia. I also hope to delineate potential “third-hit” 

targets for CRISPR knock-down in the model and potential therapeutic 

agents and small molecules to test against both the early and later 

phenotypes. 

7.7.3 Transplantation studies 

It is also possible to perform transplantation studies, either of leukaemia or 

the pre-leukaemic cd41 positive cells, into immunocompromised fish. This 

elevates the number of leukaemic fish from a single surviving biallelic mutant 

that can be studied. The Payne group has obtained a rag2-/- line in a Casper 

background in which to perform these experiments215. The continued use of 

the cd41 transgene in this unpigmented strain will allow serial in vivo imaging 

of expansion of cd41 positive cells within transplanted animals. To date, I 

have performed preliminary experiments to refine the technique and dosage 

of cd41 positive cells based on published data202. 
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7.7.4 Second and third hits combined with cebpaNterm and cebpaCterm 

for combination CRISPR screening 

CEBPA-mutated AML also appears to have a unique genetic landscape. 

Both TET2 and GATA2 (in biallelic CEBPA-mutated cases) have a uniquely 

high frequency and I therefore utilised an established tet2 model and an in-

house gata2a model in development to study their combined effect on 

haematopoiesis and leukaemogenesis. However, while around 50-60% of 

CEBPA-mutated AML have one of these two mutations, 40-50% will have 

another key driver and it is reported that around 5-20 driver mutations are 

present, either clonally or subclonally, in each case of sporadic AML. 

Preliminary analysis of the data from Professor Fitzgibbons group compared 

to published cohorts has already identified several recurrent mutations, 

including WT1, cohesion family genes, EZH2, RAS pathway and nonsense 

mediated decay genes. I believe there are likely to be more mutations that 

are relevant secondary drivers in CEBPA AML because an additional 140 

discrete mutations were identified in the family studies.  

Alongside the work presented in this thesis I have, in collaboration with 

Professor Rosemary Gale, designed a targeted sequencing panel and 

performed amplicon sequencing on a series of 200 CEBPA mutated AML 

samples from patients enrolled in NCRI trials. Targets were based on both 

WES data from familial cases and published TCGA data from CEBPA-

mutated sporadic AML. 

Further bioinformatic analysis is being carried out in association with the Bill 

Lyons Informatics Centre at UCL Cancer Institute. We hope to determine 

which mutations observed in familial CEBPA mutated AML are recurrently 
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mutated in sporadic cases and to distinguish putative driver mutations from 

unknown SNPs and bystander mutations on a potential background of 

genetic instability.  

The validated zebrafish model would then provide a unique system in which 

to rapidly interrogate loss of function of multiple additional putative driver 

genes alone or in combination. To further investigate somatic mutations in 

CEBPA-mutated AML, the Payne laboratory has generated and validated a 

transgenic zebrafish line that conditionally express Cas9_Amcyan, or 

zsyellow in response to Cre expression, referred to as Tg(RQLoxP2). This 

line will be utilised to induce second and third hit mutations in a mosaic 

manner, recapitulating the tissue specific acquisition of somatic genetic 

events leading to human AML. 

7.8 Summary  

In this thesis I show that N and C terminal CEBPA mutations can be 

modelled in the zebrafish and display unique phenotypes both to one 

another, and to previous KO models of Cebpa mutation in the zebrafish. I 

have delineated that cebpaCterm blocks differentiation of both monocytes and 

granulocytes in primitive and definitive haematopoiesis. cebpaNterm, both in 

biallelic and compound heterozygous state, causes an expansion of myeloid 

primed HSPCs during definitive haematopoiesis. The mechanisms behind 

this appear to be critical in leukaemic transformation, as cebpaNterm/Nterm and 

cebpaCterm/Nterm develop leukaemia in juvenile fish, whereas cebpaCterm/Cterm do 

not. I believe this work contributes to our understanding of human CEBPA 

mutated AML because this is the first animal model to carry germline 
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mutations of both C and N terminal mutation. The zebrafish model has been 

validated against the phenotypes of murine transplantation models, ready to 

be taken forward into further screening for co-operation with third hit 

mutations being identified in a large scale sequencing project. Our 

Tg(RQLoxP2) model system is unique in its capacity to induce third hits and I 

have highlighted our plans for ongoing work to elucidate the mechanisms of 

interaction of C and N terminal mutations along with third hit mutations, thus 

elucidating the sequential mechanism by which human AML evolves from a 

primary hit. 
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Supplementary Figures and tables 

Supplementary Table 1: Oligonucleotide sequences 
Name Sequence 

tet2genorev AAAGAGCATGGAAAGGGAGG 

tet2genofor AGGTAGAGCACGAAAACAGAG 
cebpaCtermF2 AATCCAAGAAACACGTCGAC 
cebpaCtermR2 CCGTAACGTCTCCAGTTCTC 
cebpactermMiSeqF TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCG

AGGGAAATCCAAGAAACACG 

cebpactermMiSeqR 
 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGT
CGGGGAGCTGCCTGAAGA 

cebpadanio_5'utr TTAAAGGAGATCCCGTGTGG 
T7 for TAATACGACTCACTATAG 
cebpafullF1 AAAGCATTAGGACCGCCCTC 
cebpafullF2 AGGAAAGCATTAGGACCGCC 

cebpa_3'UTRdanio AAAGCCTGCTATGGCAGAAA 
cebpactermMiSeqF2 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAAT

CCAAGAAACACGTCGAC 

cebpactermMiSeqR2 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGC
CGTAACGTCTCCAGTTCTC 

5'cebpapls_f TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCG
AGAACTCCATCGACATCA 

5'cebpapls_r GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGC
ACGGGTCTCATTCTTGCTT 

cebpagenofor ACAAAGACACCGCTGGAGAC 
cebpagenorev GAGTCGCCAAGCTCATCTTC 
Gata2for GGCCAGAACGTGGCTTTTCCG 
Gata2rev GGGGATCACCAGGGGGTGAG 
cepba C term 12 del x 
 

GAAGGTGACCAAGTTCATGCTCCGCCGATAACTCG
ATCA 

cepba C term 12 del y 
 

GAAGGTCGGAGTCAACGGATTCCGCCGATAACTCG
ATCG 

cepba C term 12 del c CGGGACAAGGCGAAAATGCGCAAT 
cepba N term x 
 

GAAGGTGACCAAGTTCATGCTCAACAGCTCCAAGCA
AGA 

cepba N term y 
 

GAAGGTCGGAGTCAACGGATTCAACAGCTCCAAGC
AAGC 

cepba N term c CGTAGTCTCCGCTCGCCAGTTT 
Cebpa L oligo GATGCGGAATGTGGAGACGCAACAAAAAGTGATCG

AGCTCTTGTCGGCGGACAA 
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Supplementary Table 2: DNA sequences of WISH probe plasmids 
Probe DNA Sequence 

coronin GAGCTCCAGCCACAACCGTTGGCATTCACCCACTTCTCTCCATCTGTC
AAGAGTTCGGCGCTTCATCCTCTCGCCTCAGGAGCCAGTCCCTTTCCA
GCCACAGTTCTCAGGTCATCATGTCTAGGAAGGTGGTCAGGTCCAGTA
AGTTTCGCCATGTCTTTGGCCAGGCGGTGAAGGCGGACCAGTGCTAC
GATGACATCAGGATCTCCCAGATGACCTGGGACAGCAACTTCTGCTCC
GTCAACCCCAAATTTGTGTCCATGATTGTGGATGCCAGCGGTGGAGGA
GCCTTCATTGTCCTGCCCCTGAGCAAGACGGGTCGTATTGACATGTCC
CAACCCACTGTCTGTGGACATACTGGACCCGTGCTGGACATTGAGTTT
TGCCCACATAATGACAACATCATTGCCAGCGGCTCTGAAGACTGTAGT
GTCATGATCTGGGAGATTCCAGAGGGAGGCCTCGTAACGCCACTGAG
GGACCCAGTTGTGAAGCTGGAAGGGCACTCGAAACGTGTGGGCCTTG
TCAGCTGGCACCCTACTGCCCACAATGTGCTAATGAGTGCAGGCTGTG
ATAATGTGGTGATCCTCTGGAACGTGGCTCGTGGAGAAGCAGTGGTG
CGCATTGACACTGTGCACACGGATCTGATCTACAGTGTCTGCTGGAAC
AGAAATGGCTCGCAGATCCTCACCGCCTGCAAGGACAAGAAACTACGA
GTGATCGACCCTCGCAAGGGCACTGTTATCTATGAGAAGGACAAGCCT
CATGAAGGCTCTAGGCCAGTCAGAGCTGTGTTTGTGTCTGATGGGAAG
ATCCTGACCACTGGTTTCAGCCGCATGAGTGAGCGACAGGTGGCTCT
GTGGGATCCCAACAACTTCGGTGAGCCCTTGACTCTGCAGGAGCTGG
ACACCAGCAGTGGAGTGTTGTTACCCTTCTTTGACCCTGACACGGGTA
TAGTCTACCTCTGTGGCAAGGGCGATAGCAGCATCAGATACTTTGAGG
TGACAGACGAGGCTCCATACGTCCACTATCTGTCCATGTACAGCAGTA
AGGAAAGCCAGAAGGGCATGGGATACATGCCGAAGAGAGGCCTGGAG
GTCAACAAGTGTGAGATTGCAAGATTCTATAAACTCCATGAGAGGAAAT
GTGAACCTGTTGTGATGACTGTGCCTCGTAAGTCTGACTTGTTTCAAGA
AGACCTTTACCCCAACACGGTGGGTCCAGAGCCATCAGTGGAGGCGG
ATGATTGGTTTGCAGGCAAAGATGGCGAACCAATCCTGATCTCCTTGA
AAGACGGTTTTGTGGCTACAACCAAGAACAAAGAGTTCAAAGTCATCA
AGAGCTTGATGTCCACCACATCATCATCCTCATGCAACCGACAGTCGG
ACAGTGGGGATGTTCAGGCCTTGCAGAACGAGGTGAAGAAGCTGAAG
GAGATGGTGGAGGATTTGACCAAGCGAGTGAATGACCTGGAGAGCAA
GTAGATGAAGACAGACCCCAGATGAATTGAAAATATGAATTTTAAAAAT
GCAAATGGACATGAGCAAGATGTGCGAATAATGAAAACGTAAAAGGTG
CAAGATTTCTAGATTCATGTGAAAGAGATTTTCTCGGATGTCATTTTGC
TGTCCTTTGCACACCAAATATTGTTCTTCAGGGATTTAACTTTTTTTATG
TGATGTTTTATTTGGAGCCCATTTTAATATGTTTTATAGGACTTAAAATA
AAGTGTTATTTTATCAAAGCTTTAAAAAAAAAAAAAAAAA 

l-plastin TTCCAGCTCTATGAGAAGATCAAGGTTCCAGTGGACTGGGACAAGGTC
AACAAACCACCATATCCTAAACTGGGCAGCAACATGAAGAAGCTGGAG
AACTGTAACTATGCGGTGGAGCTGGGCAAGAAGGAGGCCAAGTTCTC
TCTGGTGGGCATCGCTGGACAGGACCTGAATGAAGGAAACCGCACGC
TGACCCTGGCTCTGCTCTGGCAGCTCATGAGGAGATACACACTGAACA
TCCTGGAGGATCTGGGCGACGGGCAGAAGATCATCGATGAGACCATT
GTGCAGTGGGTGAACGAAACACTCACACAGGCGGGAAAAGGAACCAT
CAGCGGCTTTAAGGACGGCTCCATCAGCAGCAGTATGCCAGTGCTGG
ACCTGATTGATGCCATCCAGCCGGGCTCCATCCGCTACGACCTGCTGA
AGGCGGAGGACCTGACGGATGAAGAGAAGCTCAACAACGCCAAGTAT
GCGATCTCGATGGCGCGTAAGATCGGAGCTCGTGTGTATGCGCTGCC
GGAGGATCTGGTGGAGGTGAAGCCCAAGATGGTGATGACGGTGTTTG
CGTGTCTGATGGCCAGAGGAATGAGGAGGATCTAGAAGCGGATCTCC
ATTCCACTGGTCGTCTCCTATACTCCATTATACGCCTGAAACAGCTCAG
AGAGTACGCCACGCTGAACTGTGGACACTCACCAGGGGAAATATATTC
ATAGAAGCTGCCATGAGTCTGGATGATCGTCTTCAAGACCTTACAGTT
CAATCAAGCTTAATATGTGGAGGTCAAAGGTCGTGTGTGTGTGTGTGT
GTGTGTGTGTGTGTGCAGTACAGAATGTTCTGATTTTCGTTCTTTAAAT
GACAGCAAACAAACATTCAGTCTCTGATTTTAATCTACATGTTGAGATG
CCGCTACACAAATAAAAACAGTATGTTT 
 

cebpa CACTGAGGTTGCAAGTGTCATCTTAAAGGAGATCCCGTGTGGCGTTTC
AGCCTTTAAACTCGCATCCACTTTACCGCCAAGTGCACAGTTACGACA
GGTTGCTTACTCACCTGTCCAGAGAACTTGCAGCCAGCACGGCTTTCT
CCGGTACTGCGACCAAGCTGGATTCCCGGAGCTCTTCACCATGTCTG
GCGGGTTTTAGATACTCCATGGAGCAAGCAAACCTCTACGAGGTCGCC
CCACGGCCACTAATGACCAGCCTTGTACAGAATCAGCAGAACCCCTAC
ATCTACAAAGACACCGCTGGAGACCTGAGCGAGATCTGCGAGAACGA
GAACTCCATCGACATCAGCGCCTACATTGATCCGTCTGCCTTCAACGA
CGAGTTCCTGGCTGACTTATTCCACAACAGCTCCAAGCAAGAGAAGCT
CAAACTGGCGAGCGGAGACTACGACTACCACCACGGTGCCAATGGCG
CGCCGGGGGCCCCGCAGATGTATGGCTGCCTGAACGGCTACATGGAT
TCTTCCAAACTAGAACCCATCTACGACAGCCAAGCAAGAATGAGACCC
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GTGGCCATCAAACAAGAGCCTCGGGAGGAAGATGAGCTTGGCGACTC
GATGCCACCCACCTACCACCACTCTCAACACCACGCGCCGCATCTGTC
CTACCTTCAGCACCAGATCGCGCACTGCGCGCAAACCACCATGCATCT
CCAGCCGGGCCATCCCACACCTCCCCCGACGCCCGTACCTAGTCCGC
ACCACCAGCACAGCCACCTGCCGGGGGGCTCCATGAAGATTGGCGAT
CGAGGGAAATCCAAGAAACACGTCGACAAGAACAGCACCGAGTACAG
GCTGAGGAGGGAGCGCAACAACATAGCCGTGCGCAAGAGTCGGGAC
AAGGCGAAAATGCGCAATGTGGAGACGCAACAAAAAGTGATCGAGTTA
TCGGCGGATAACGATAGACTGCGCAAGAGGGTGGAACACCTCACGCG
AGAACTGGAGACGTTACGGGGCATCTTCAGGCAGCTCCCCGACGGCT
CGTTTGTCAAAGCCATGGGCAACTGCGCTTAACGGAGCGAGCTTGACT
TTTGAAGTAACTTTTGCGTGATTTTTTTCGTCTGCTGGATAACCGCTGA
CACGTTCTGAAAGTGTTTCTATAGGAGCCAGGCAGCTGCGGTATACAT
GTGCCTTTTGTACAAAAACAAAGAAAGAAACGATAAGCTCATCTACACA
TTAGGACTAATACATGCTGGTGTAGTCCTGTTAGGAATGTGTGTTAGCT
ACGCTAAGCATATCAGTGCAGCTAATGGGCATGATTTTACCCTGTCAG
TCTACTTTTCATGCTTTTCAAGTTACCAACTTTCATAACAAACCTGAACT
GCCCTTTTGGCAAACAGAAAAGTTTCTGCCATAGCAGGCTTTCTACCAT
ACCTGTTGCAGCATAACACCCACTGTATGATATTGTTGAATTTATATATC
AAGCAGGGGTGGGTGGGGTTGTTCCATGGACGGTAATAGACAAAATG
CCAAAGCATAGGACTGGAACTTATTGGTTTTTACTGTGGTAGGCAAGTT
GTCATTCATAACTCAGACTGTGTGCACTATGTCGTCCGAACGCGACTC
TATGAAGCGCATTACATTGTGAACATTTTGCCATGATTCGGGTACTGAT
CTGTAAAATGCTTGTCAGTATACAGCTTTTAAAGTAAACGCTTTGTATTT
ATGCAATATGATTGATAAAAATGTGAAAGGGTGCATATTTCTATGCAAT
GTTTGTTGCTGTCAGAATAATTTCGGTGGACTGTCACCGTGTGCTTTCT
CACTGGTTTTGCAGTGAAGTCCTGTCTTGCTCTGTAAGCGTGTGCATTT
CATGCGAACTGTTTATTTCTTTCTCTCTTTTTTGTACAACACTCGAGCAG
AGATGGTTTCAGTGCCTTTTGATCATCACTGACTGAACCTTTGGACAGA
AATACACAGCAAGAAAAAGGAAGCACTTTTTTACAAACTGCGTATGGCA
AATGTTATACAAACGTTTATTATGTTTATTTTAAATGAACATTATATATAA
ATATAAATATATATGCCAAAAAGTATGAATTAAACATTGTTTTATGTCTC
AT 
 

cebpb Gift from Wilson laboratory, UCL. 129 

runx1 Gift from Wilson laboratory, UCL 216 

irf8 TCTACAAGATGAACTCGGGCGGTCGCAGACTGAAACAGTGGCTTATAG
AACAGATAAACAGTAACATCTATAATGGACTGCAGTGGGAGGATGAGG
ACCGCACTATGTTTCGAATCCCCTGGAAACATGCGGGAAAACAAGATT
ACAATCAAGAGGTGGATGCGTCCATTTTCAAAGCGTGGGCAATATTTA
AAGGGAAGTTTAAGGAGGGGGATAAAGCTGAACCAGCGACATGGAAG
ACCAGATTGCGCTGTGCACTCAACAAAAGCCCAGATTTTGAGGAAGTT
ACTGACCGATCCCAGCTTGACATTTCTGAGCCCTACAAAGTGTACCGG
ATTGTGCCAGAGGAGGAACAAAAGTTAGGTAAAGGCACAGTCACCACC
GTAAAAGACACCACTGACATGGACTGCTCACCAGACTTGGATGAAATT
ATTAAAGAGTCTTCAAATGATGAATATATGGGCATCTTGAGAAGTAGTC
ATTCTCCCCTGGATGA 
 

apoeb ATCAACATGAGGTCTCTTGTGGTATTCTTTGCCCTGGCAGTTTTAACTG
GCTGCCAGGCTCGTAGCCTGTTCCAGGCTGATGCCCCTCAGCCCAGA
TGGGAGGAGATGGTGGACCGTTTCTGGCAGTATGTGTCTGAACTCAAC
ACACAAACTGACGGCATGGTGCAAAACATCAAGGGCTCCCAGCTCAG
CAGAGAGCTTGACACACTAATTACTGACACCATGGCTGAACTGAGCTC
ATACAGTGAAAATCTCCAAACCCAGATGACCCCATATGCCTCTGATGCT
GCTGGTCAGCTCAGTAAAGATCTTCAGCTCCTGGCTGGAAAACTCCAA
ACTGACATGACCGACGCTAAGGAACGCAGCACTCAGTACCTGCAAGA
GCTGAAGACCATGATGGAGCAAAATGCAGATGACGTGAAGAACCGTGT
CGGCACCTACACACGCAAACTGAAGAAACGCCTGAACAAGGACACAG
AGGAGATCCGCAACACCGTAGCAACCTACATGAGTGAGATGCAGTCC
CGCGCTTCCCAAAATGCTGATGCAGTGAAGGACCGTTTCCAGCCATAC
ATGAGCCAGGCCCAGGATGGCGCCACCCAGAAACTGGGCGCCATTAG
CGAGCTGATGAAGGCCCAGGCGCAGGAGGTGAGCGAGCAGTTGGAG
GTCCAGGCTGGAGCTCTGAAGGAGAAGCTGGAGGAGACAGCCGAGAA
CCTACGCACCTCTCTGGAGGGCCGTGTGGATGAGCTGACCAGCCTCC
TCGCCCCCTACTCCCAGAAGATCCGCGAGCAGCTGCAGGAAGTCATG
GACAAGATCAAGGAGGCCACAGCAGCTCTTCCCACTCAGGCTTA 
 

myb CTGTTGTTTAGCGGAGTTGGGCTGACTTTAGCAGCGTGCTGCAAATAA
CCTTCTTGCTCCACTTTCCGCCGCATAGTGGAGTTCCAGTGATTCTTGA
TGGCATTATCGGTTCTTCCCGGAAGTAACTTGGCAATCTCGGCCCATC
GGTTTCCAAGTTTCTCGTGCGCCTGGTAAATGATTTGATCTTCTTCCTC
AGTCCAGGACGTCTTCTTCACCTCAGGGTTTAGATGGTTGTGCCAGCG
CTCTCTACACTGCTTTCCGATTCGCCCCTTTAAATGCTTTGCGATTACT
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GACCAACGTTTGGGGCCGTACTTCTGCACCAACTCAATCACCCGTTGG
TCTTCTTCTTTAGTCCATGGTCCTTTAATGAGTTCAGGGTTGAGGACTT
TCTGCCAACGATGCGTGGCATTGAACATCTGTTCGATTCGGTAGAAAG
CTGGCGATGACTTTCCAGTCTTCAGAACCATGATGCTCTACCAGCCTC
TTTAACTTTTCATCCTCCTCACGGGTCCAGCGTGACTTGCCGAGGTGG
CGTTTTCCTGACTTGGAA 
 

gata2a CCCTTTGGTACTGAAAGAGCGGACGCAGAATCACTGTGTGGTAGTCAA
AACGGCCACCTCAAAACTCTCATAAAGGACTCGCTTTGAGCATCAGCG
TACACGATGAAGTGGAAGCGAGAGAGACTGAAAGAGAGAAGAAGACC
ACTAAGTTTATCCCCCCTAACATGCTGGAATACACCCCAACCCCGCTC
CTCGGGCATGATTCCCTCTGAACGGACTCTATATGGATACGACATACA
AGCAGAGAAGTGTTTATAATGGTTAATTGTTATTATGGTTATTGTTATTA
TGATAATTTATTTTCACTCTTTTATCTCCTATTTGGCTTTCCCTCGGAAC
ACATTGTTATATTATAAATATTATTTGATTGTTATTGATTAAACAAACAAA
AAAAGAACACTGACCTATCCTAGCCAAGGCGATGTTGCTGAGCTGTAC
GTTAAGGGCGA 
 

gata2b CACATTGAGCCACCCGTAAGGCGTGCATGCGTCTGGCTGTAAGACATC
CGTGCACGGGACCCGTGTGTATGATAGTAGGGGTTTCCCTGAGAGTC
CAAATGGCTGAGAAATACATCCACCTCGTCTGGTTGTAATAATGGGGC
ACCTGGCTCCATATAGCCCGAACTATGATGTCCCAGACCTGCATGAGG
AGACACCGAATCAGAGGTGCTCATCATGGCTGAATGATGAGCATGCAT
CATCCACCGGGGTTCTGCTGGGGCATCCATCATCTCTCTTTTCAGTAG
GACAGGGATGCCGATGTTCCTTATCTATCTCGTCACTCCAACTTCATG
GCACGCGCCTACAGTTCAAAAGGGACAGGGATCCGCATCAGGATGAC
AGGCACAGGTGGTCACACAA 
 

myoD GCTGATGATTNTTACNGACGACCCTTGCTTCAACACCAACGACATGCA
CTTCTTTNGAAGACTTGGACCCCAGGCTTGTTCACGTGANCCTGCTCA
AACCNGACGAGCATCACCACATCGAGGACGAGCACGTGAGGGCGCCC
CAGTGGGCATCATCAGGCCGGCAGGTGCNTANTGTGGGCATGCAAAA
GCTTGCAAGAGAAAAACTACCAAATGCTGACCGTCGCAAAGCCGCCNC
CATGAGGGAGAGGGAGGCGACTGAGCAAGGTCAACGANGCTTTCGAG
ACCCTCAAGAGATGCACGTCCACCAACCCGAACCAGAGGCTGCCCAA
AGTGGAGATTNTGAGAAACGCCATTAGTTATATCGAGTCTCTGCAGGC
TCTTCTCAGAAGTCAAGAGGATAACTACTATCCCGTTCTGGAACATTAC
AGTGGAGACTCTGATGCTTCCAGTCCGAGATCCAACTGCTCTGATGGC
ATGATGGATTTTATGGGCCCAACGTGTCAGACGAGAAGACGGAACAGC
TATGACAGCTCTTACTTCAATGACACACCAAATGCTGACGCACGGAATA
ATAAAAACTCAGTGGTGTCGAGTTTGGATTGTCTGTCCAGCATCGTGG
AGCGAATTTCCACAGAGACTCCTGCATGTCCCGTGCTGTCAGTACCGG
AGGGGCACGAAGAGAGCCCGTGTTCTCCGCATGAGGGATCTGTCCTG
AGTGACACCGGAACCACCGCACCGTCCCCGACCAGCTGCCCTCAACA
GCAGGCTCAGGAAACCATTTATCAAGTGCTTTAAAATTCTGCAACATTT
CAAAACAAATTGAAAAAGACAATCTGAATGAAGAAACTTTCAGCAGAAA
AAGGCGAATCCGACCTTAAACG 
 

gata1 AACGCCTGCGGCCTTTATTTTAAACTGCACAAAGTCAACAGNCCTTTGA
CAATGAAGAAGGATGGCATACAAACTNGAANCCGCAAGGTTTCAAACA
GAAACAAGAAGGGCAAAAAGAATGCAGCTTCAGAGGTTTATCCTGACA
TGTCTCACATGGCACCTCCAGATGAGCATGTAGGAGCGTATTCTCTGA
ACCCAGGACCCCTTCTGTCCTACAGTCACCCGGCTCATCTACTGCCAA
CTTCCACCTTACACTCCTCTACCACTTTGCCCTACACCCATCACCCAAA
CTCTGGCATGATGCCCACACTAGTGTGAAGGAAACATCCACGGGACCA
TAACGAAGCTTGTAAATTATGTTGTACACACTTTTTGTTTCCCTCAATAA
ATGCATCCCGTCCTATTTTTATTGAAAGAGATGCATTAAAGCTGCTCCA
TATCTGCTGCAGTCAAACAGCTTGTCAGTGATATTTGAACCTGTTGTGT
AGTTGAATAGAAAAACATGGCTGAAACTGTGAGCTATATCATTTAAATG
TAAATATTGATGATTGTATGGCTTATTGTATGTGCTTTAATCAGACTATT
ACAACTTCTTTTGAGACGTTCAATAAATGTCT 
 

lmo2 TTTACTACAAACTCGGCAGAAAGCTGTGCAGGAGAGATTACCTCAGAC
TGTTTGGTCAGGACGGACTCTGTGCTTCCTGTGAAAAGAGGATCCGGG
CCTTTGAAATGACCATGCGTGTGCGTGACAAAGTCTATCACCTCGAAT
GCTTCAAATGTGCTGCCTGTCAGAAACACTTCTGTGTTGGAGATCGTTA
CCTGCTCATCAACTCGGACATTGTGTGTGAGCAGGACATTTTTGAGTG
GACCAAACTCAACGGCAGCATAGTATAGTTTTCTGCCGAAATCATAAAC
AAAATGTAACCTGTCAGCATTTTCAACAAACCCTTTACTAATAGAAACAT
CAATAACAAAATATATATTTTAAAGAAATGAGCTTTCTGGCTCTATTAGC
TGTGCTCTAAATGCTTGTCGCTTTTTGTTATTTAAACTTGAGAAAAATGC
CACCAGGTTTCCCAGTGTTGGGTTGCAGCTGGAAGGGCATCCACTGC
GTAAAACATATGCTGGATAAGTTGGCGGTTCACCCCCGCTGTGGCGG
CCCCTGATTTTTAAAGGGACTAAGCCGAAAAGAAAATGAATAAATGAAT
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GATAATTGCCACCAGCAACATGAAGCCTTTTTTAAATTTGATGTATTTTT
GCAGAACAGCGTTATACAATTTTTAATGTATTGCAATAAAAACTGATTCC
CTTTGCTACTTTTACACAATTACTTCGATTTGAACTATAGTTCTATTTGTT
TTGAAGTAACACAATTGCAATAAATGTACAGACATCTTAGAAAGATGAT
GCTTATTTTCTCAAGCTGCATTTTGTTCACTGGACAACTGTTTTCTGTCA
ATTTTTAAAAATGTATTTTATTTTTGTGATGCAAGGCTGCATTTTCAGCA
GTCTTCAATCCCATCTTCAGTGTCATATTAGCTTTAATTGGAGCTCAAG
AAACATTTTTTCACATTATTTTTTATTGTGTGATGCTTTTTTGTGATGTGA
TATCTATAATATGTTATCAAAGTGCCAACAGAGCACACCCAATATTCCT
AAAAGGACATATTGTATACATTTCATATATATTGTGTACATATTGTATGC
CAAAAAAAAAAAAAAAAAAAAAACTCGA 
 

pu.1 GAATCTGCCGGAGAGCCATTTTACAGAGCTACAAAGCGTGCAGTCACT
ACATGCGGCCAGTGTGCATCGCTTTCCAGATGTGGAGTCCAGCCATTT
CATGGACCCAGGCCTGGGTAGCCATCACATCCCTCTAGCCACTCCACA
GATGACATACTTGCCCCGGACATCGGTGTGTTACCCTCACAACGTCCA
GCCATCTCCTCTCCAGCGCAGCTCAGATGAGGAAGATCCCAGCAGTC
GTAGTCCTCCATTAGAGGTGTCCGATGAGGAGTGTATGAGAGACCACA
TCAGCTCTACAACAGGAGGAGAGCATGGTAACAAGAAGAAAATTCGCT
TGTATCAGTTCCTGCTTGACCTTCTGCGAAATGGAGACATGAAGGACA
GCATCTGGTGGGTGGATCGAGAAAAAGGAACATTCCAGTTCTCATCCA
AGCACAAAGAGGTTTTAGCCAACCGATGGGGCATCCAGAAGGGCAAT
CGCAAAAAGATGACCTACCAGAAGATGGCAAGAGCACTGAGAAACTAC
GGAAAGACGGGAGAAGTCAAGAAGATCAAGAAAAAACTCACCTACCAG
TTCAGTGGAGAGGTTCTCGGCAAGAGCC 
 

 

Supplementary Table 3: List of Antibodies Utilised 
Target Raised 

in 

Fluorophore Cat number Supplier 

V-myb/c-myb mouse n/a MCA1793 Biorad 

GFP (polyclonal) rabbit n/a A6455 Invitrogen 

Goat Rabbit IgG goat Alexa 488 A32731 Invitrogen 

Mouse IgG goat Alexa 568 A-11004 Invitrogen 

CEBPA (p42 and 

p30) 

rabbit n/a 8178S Cell Signalling 

Technology 

CEBPA (p42 only) rabbit n/a 2843S Cell Signalling 

Technology 

Anti-rabbit HRP  n/a 7074S Cell Signalling 

Technology 

CEBPA 

(polyclonal) 

rabbit n/a 2295 Cell Signalling 

Technology 
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Supplementary Table 4: p42>p30 ChIP-seq targets 
Gene Foldchange Binding 

pattern 
Function Ortholog 

CCND3 2.6 both different 
pattern 

G1/S transition Yes, one 

MYB 2.9 both different 
pattern 

transcriptional 
activator 

Yes, one 

SREBF1 2.59 p42 only leucine zipper 
transcription 
factor 

Yes, one 

BCL2L1 3.58 p42 only (both 
downstream) 

apoptosis 
regulator 

Yes, one 

BCOR 2.52 p42 only (both 
downstream) 

apoptosis 
regulator 

Yes, one 

 

Supplementary Table 5: p30>p42 ChIP-seq targets 
Gene Foldchange Binding 

pattern 
Function Ortholog 

IL6R 37.17 both cytokine involved 
in differentiation 
and growth 

yes one 

MAP3K7CL 28.8 both   activation of 
MAPKK activity 

yes one 

GLIPR1 26.36 both p53 target gene, 
marker of 
myelomonocytic 
differentiation 

glipr1b 

GATA3 24.89 both transcription 
factor, t cell 
development / IL 
secretion 

yes one 

CRISPLD2 24.86 both neutrophil 
degranulation 

yes one 

NUPR1 24.62 both positive regulator 
of apoptosis, 
inhibition of 
histone 
acetylation 

yes one 

PDGFRB 10.67 both tyrosine kinase, 
mutated in 
eosinophilic 
syndromes 

yes one 

ARHGEF3 4.29 both involved in D rerio 
myeloid 
development, 
primitive 
haematopoiesis 

yes one 



 387 

PTPRE 62.36 both 
different 
pattern 

signaling 
molecules 
regulating cell 
cycle and 
differentiation 

ptpreb 

ARID5B 22.74 both 
different 
pattern 

associated with 
susceptibility to 
childhood all and 
outcomes 

yes one 

HDAC9 21.47 both 
different 
pattern 

histone 
deacetylase,  
involved in 
haematopoiesis 

a and b 

NFIL3 10.95 both 
different 
pattern 

bZIP transcription 
factor, interleukin 
3 regulated 

yes one 

TRPS1 3.44 both 
different 
pattern 

gata-like 
transcription 
factor, seen in 
AML1 
translocations 

yes one 

RAPH1 29.35 both 
upstream 

Ras-associated 
protein 

a and b 

RAB27B 8.56 p30 only gtpase involved in 
exosome 
secretion 

yes one 

BCL2L14 nil in p30 p42 only 
(upstream) 

apoptosis 
facilitator 

no 

IRG1 nil in p30 p42 only 
downstream 

immune 
responsive gene, 
upregulated in 
macrophage 
activation 

yes one 

ITGA8 293.12 p42 only   integrin, involved 
in inflammation 

yes one 

BCL2A1 160.55 p42 only 
(upstream) 

apoptotic 
regulator 

bcl2a only 

TRIM67 125.36 p42 only   negative regulator 
of ras, attenuates 
cell proliferation in 
cerebellum 

yes, 
unmapped 

CSF3R 21.04 p42 only   gcsf receptor yes one 
IL6 16.81 p42 only   proinflammatory 

cytokine from t 
cells and 
macrophages 

yes one 

EGF 9.21 p42 only 
downstream 

epidermal growth 
factor 

yes one 
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Supplementary Figure 1: Schema and Sequence of C term add L donor 

plasmid insert: 

 

GGCGAAAATGCGCAATGTGGAGACGCAACAAAAAGTGATCGAGTTATCGGCGGATAAC
GAACATGGATTCTTCCAAACTAGAACCCATCTACGACAGCCAAGCAAGAATGAGACCC
GTGGCCATCAAACAAGAGCCTCGGGAGGAAGATGAGCTTGGCGACTCGATGCCACCC
ACCTACCACCACTCTCAACACCACGCGCCGCATCTGTCCTACCTTCAGCACCAGATCG
CGCACTGCGCGCAAACCACCATGCATCTCCAGCCGGGCCATCCCACACCTCCCCCGA
CGCCCGTACCTAGTCCGCACCACCAGCACAGCCACCTGCCGGGGGGCTCCATGAAGA
TTGGCGATCGAGGGAAATCCAAGAAACACGTCGACAAGAACAGCACCGAGTACAGGCT
GAGGAGGGAGCGCAACAACATAGCCGTGCGCAAGAGTCGGGACAAGGCGAAAATGCG
GAATGTGGAGACGCAACAAAAAGTGATCGAGTTATTATCGGCGGATAACGATAGACTG
CGCAAGAGGGTGGAACACCTCACGCGAGAACTGGAGACGTTACGGGGCATCTTCAGG
CAGCTCCCCGACGGCTCGTTTGTCAAAGCCATGGGCAACTGCGCTTAACGGAGCGAG
CTTGACTTTTGAAGTAACTTTTGCGTGATTTTTTTCGTCTGCTGGATAACCGCTGACACG
TTCTGAAAGTGTTTCTATAGGAGCCAGGCAGCTGCGGTATACATGTGCCTTTTGTACAA
AAACAAAGAAAGAAACGATAAGCTCATCTACACATTAGGACTAATACATGCTGGTGTAG
TCCTGTTAGGAATGTGTGTTAGCTACGCTAAGCATATCAGTGCAGCTAATGGGCATGAT
TTTACCCTGGCGAAAATGCGCAATGTGGAGACGCAACAAAAAGTGATCGAGTTATCGG
CGGATAACGA 
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Supplementary Figure 2: Schematic representation of gata2a WISH 

probe plasmid 
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Supplementary Figure 3: IDT plasmid for macrophage probes irf8 and 

apoeb 
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Supplementary Figure 4: pcDNA3.1/V5-His-TOPO vector for cebpa 

cloning 
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