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Abstract 

Krüppel-like factor 5 (KLF5) is a zinc-finger transcription factor known to have 

regulatory roles in the growth and differentiation of many adult tissues. In humans, 

KLF5 is located at 13q21-22, which is frequently lost in multiple tumour types, 

including tumours of the breast, endometrium, ovary and prostate where it is associated 

with loss of KLF5 expression. Little is known about the potential role of KLF5 in the 

haemopoietic system. Previous work by us and others has shown that KLF5 has a 

functional role in induction of differentiation of the myeloid compartment. In acute 

myeloid leukaemia (AML), our group has previously show that KLF5 expression is 

reduced relatively to normal CD34+ cells and that reduction of expression is associated 

with hypermethylation in intron 1. We also found that hypermethylation of KLF5 was 

associated with poor outcome, identifying KLF5 as an important target for further 

investigation in haemopoiesis and particularly the myeloid compartment. To extend the 

functional analysis of Klf5, an in vivo gene-ablation model was generated. As non-

conditional Klf5 knockout mice (KO) die at embryonic day 8.5, pan-haemopoietic Klf5 

conditional gene KO mice were generated by crossing Klf5fl/fl mice with Vav-cre 

transgenic mice. The Klf5fl/flVav-cre+/- and Klf5fl/fl mice were analysed at 3, 9 and 12 

month of age for defects in steady state haemopoiesis. Peripheral blood (PB) analysis of 

9 and 12 month old mice revealed that Klf5fl/flVav-cre+/- animals displayed significantly 

higher values for total white blood cell (WBC) count. To further characterise the 

changes in blood cell populations, flow cytometry was used with a range of different 

lineage antibody markers. The peripheral blood data indicated a decrease in the 

granulocytes of Klf5fl/flVav-cre+/- mice as well as an increase in the T-cell compartment.  
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Interestingly, we also showed that the Klf5fl/flVav-cre+/- mice have increased numbers of 

blood and bone marrow eosinophils compared to Klf5fl/f mice. Consistently, we found 

significantly increased numbers of eosinophils in the lungs of Klf5fl/flVav-cre+/- mice 

compared to Klf5fl/fl mice. The spleen weight of Klf5fl/flVav-cre+/- mice was significantly 

higher compared to Klf5fl/fl mice. In addition, clonal assays conducted from the spleen of 

9 and 12 month old mice showed a significant increase in colony number in the 

Klf5fl/flVav-cre+/- mice compared to Klf5fl/fl  mice. This correlated with the flow cytometry 

data which showed a significant increase in haemopoietic stem cell (HSC) populations; 

short-term HSC (ST-HSC) and multipotent progenitor (MPP) in the spleen of 

Klf5fl/flVav-cre+/- mice. In summary, this study revealed multiple functional roles for 

Klf5 in haemopoiesis. Firstly, these studies demonstrated that as predicted losing Klf5 

leads to alterations in the development of the myeloid compartment. Secondly, we 

showed that the stem cell compartments (ST-HSC and MPP) were significantly 

increased in the spleen of Klf5fl/flVav-cre+/- mice compared to Klf5fl/fl mice, which also 

correlated with extra-medullary splenic haemopoiesis and increased spleen size.  Finally, 

the increase in T-cells for the Klf5fl/flVav-cre+/- mice suggests a possible previously 

unidentified functional role for Klf5 outside the myeloid compartment.  



xx 
 

Declaration 

This work contains no material which has been accepted for the award of any other 

degree or diploma in any university or other tertiary institution to Nur Hezrin Shahrin 

and, to the best of my knowledge and belief, contains no material previously published 

or written by another person, except where due reference has been made in the text. 

With respect to my relative contribution in each of the experimental Chapters, I certify 

that I carried out all of the experimentation described except where duly noted in the 

text.  

 

I give consent to this copy of my thesis, when deposited in the University Library, being 

made available for loan and photocopying, subject to the provisions of the Copyright 

Act 1968.  

 

I also give permission for the digital version of my thesis to be made available on the 

web, via the University’s digital research repository, the Library catalogue, the 

Australasian Digital Theses Program (ADTP) and also through web search engines, 

unless permission has been granted by the University to restrict access for a period of 

time. 

 

 

NUR HEZRIN SHAHRIN 

November 2014  



1 
 

Chapter 1:  Literature Review 

1.1 Haemopoiesis  

Haemopoiesis is a continuous process that produces blood cellular components 

throughout life. All blood cells are generated from multipotent haemopoietic stem cells 

(HSC) in the haemopoietic organs, mainly the bone marrow (reviewed in Seke et al.) [1]. 

HSC have a unique property where they can either sustain a certain number of HSC by 

self-renewal as well as having the potential to differentiate into either common lymphoid 

(CLP) or myeloid (CMP) progenitors that subsequently commit to further development 

along a particular pathway (Figure 1.1) (reviewed in Seita and Weissman) [2]. Many 

models have been proposed suggesting that this process involves irreversible 

determination of the fate between myeloid and lymphoid lineages (reviewed in Ceredig 

et al.) [3]. Haemopoietic lineage specification is determined by intrinsic (transcription 

factors) and extrinsic factors (haemopoietic growth factors) [4, 5]. In normal conditions, 

both of these factors should act in a lineage-specific manner to support the growth and 

survival of haemopoietic progenitors or to alter mature cell function [6, 7]. Interestingly, 

lineage specificity is also conferred by the restricted expression of the cognate cytokine 

receptors [8-10]. Moreover, differentiation of normal haemopoietic stem cells into their 

mature progeny also depends on a fine-tuned interplay of haemopoietic transcription 

factors (TFs) [6]. Thus, co-ordination of the cytokine-induced signalling events with the 

activity of lineage specific TFs will result in specific proliferation and differentiation 

programs which if perturbed can occur amplification of particular lineages and lead to 

unwanted events such as the leukaemic development of diseases. 
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Figure 1.1: Schematic diagram of the process of haematopoietic differentiation 

Haemopoietic stem cells (HSC) can be functionally defined as either long-term (LT-
HSC) or short-term repopulating stem cells (ST-HSC) by their capacity to provide life-
long or transient haemopoiesis. HSC can either self-renew or generate multilineage 
progenitors that are restricted to either the myeloid or lymphoid lineages (the CMP, 
common myeloid progenitor and the CLP, common lymphoid progenitor). Further 
differentiation of these pluripotent cells will generate mature erythroid, megakaryocytic, 
myeloid or lymphoid cells. This diagram also outlines the stepwise requirement for 
transcription factors during myeloid differentiation. The differentiation of stem cells 
into the two main myeloid lineages, the monocytic and the neutrophilic lineages, is 
orchestrated by a hierarchical network of transcription factors (RUNX1, SCL, C/EBPα, 
C/EBPϵ, GFI1, IRF8 and PU1). Individual transcription factors are essential for specific 
steps GMP, granulocyte-macrophage progenitor; LMPP, late multipotent progenitor; 
MEP, megakaryocyte erythroid progenitor; MkEP, megakaryocyte/erythroid progenitor. 
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1.2 Transcription factors play critical roles in directing haemopoietic 

lineage commitment 

Transcription factors (TFs) are specialised nuclear proteins with the ability to 

bind to DNA and control gene transcription. TFs have various trans-activation or 

repressor domains [11], and may also induce chromatin remodelling to facilitate the 

entry of additional activator or repressor complexes in order to activate or inactivate 

specific gene transcription [12, 13]. By binding to discrete cis-regulatory elements, 

individual TFs can control expression of multiple target genes [14]. Many TFs can form 

complexes as they cooperatively bind to their cognate DNA sequences and are also able 

to cooperatively recruit transcriptional cofactors.  Numbers of studies using various 

computational methods have identified the cooperative interactions among TFs based on 

predicted binding sites in DNA (reviewed in [15-18]). This cooperation therefore 

provides the mechanistic basis for reading out combinatorial expression patterns of TFs 

in tissue specific manner which also allow TFs to play a major role in cellular 

differentiation, including differentiation of the various haemopoietic lineages. 

In normal haemopoiesis, pluripotent HSC have the ability to either self-renew or 

differentiate through successive symmetric and asymmetric divisions to a committed 

progenitor cell of either the lymphoid (CLP) or myeloid lineage (CMP) (reviewed in, 

[19]). Although both CLP and CMP possess stem-cell like properties, they are more 

limited in their differentiation potential as they have the capability to differentiate 

towards mature lymphoid or erythroid, megakaryocytic, granulocyte and monocytic cells 

respectively. Throughout this process, TFs act as the key regulators in lineage 

commitment as they will render the cells responsive to environmental signals including 
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physiological stimuli, such as growth factors, hormones, and cytokines [20]. Regulation 

of gene expression throughout haemopoiesis controls cellular differentiation and TFs 

play a role in this through activation of some gene while simultaneously silencing others 

[21, 22].  

As shown in Figure 1.1, individual transcription factors are essential for specific 

steps involved during myeloid formation and the specific functions for those TFs are 

summarised in Table 1.1. C/EBPα and Growth-factor independent 1 (GFI1), for 

example have been identified as TFs that function in self-renewal of existing HSCs [23, 

24]. In the haemopoietic system, C/EBPα is expressed in stem and myeloid progenitor 

cells and up-regulated during granulocytic differentiation [25]. Early investigation in 

mice has revealed that disruption of the C/EBPα gene in mice results in a specific loss of 

granulocyte development and the accumulation of early myeloid blasts in the foetal liver 

[23] uncovering a critical role for C/EBPα in granulopoiesis. This shows that TF 

expression levels in cells play an important role in the establishment of cell fate [26]. As 

well, macrophage production depends on PU.1 and Interferon-regulatory factor 8 

(IRF8) [21, 27]. In this process, PU.1 seems to be essential for all intermediate steps 

starting from HSCs, whereas IRF8 fulfils a role in later progenitors. Since all of these 

transcription factors play important roles in myeloid formation, dysregulation of any of 

these may potentially lead to aberrant formation of myeloid cells.  

In addition to the above TFs which are known to regulate cell fate determination 

during haemopoiesis, KLF5 has also been reported to act as a promoter of differentiation 

in the myeloid lineage (Figure 1.1) [28]. In vitro studies have revealed that loss of Klf5 

expression was associated with attenuated neutrophil differentiation [28]. This was 
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Table 1.1: Specific transcription factors involved in different cell stages during 

myeloid cell formation 
 

  

Transcription 
Factors 

Specific steps involved during myeloid formation References 

C/EBPα 

Self-renewal of existing HSCs  
Conferring the transition of common myeloid 
progenitors (CMPs)  
into granulocyte/monocyte progenitors (GMPs) 

[23] 

C/EBPε  Crucial for late-stage neutrophil production  [29] 

GFI1 
Self-renewal of existing HSCs  
Crucial for late-stage neutrophil production 

[24] 

IRF8  Macrophage production  [27] 

RUNX1   Generation of foetal liver HSCs from the mesoderm  [30] 

KLF4 Key regulator for monocyte differentiation [31] 

PU.1  Macrophage production  [21] 

SCL Generation of foetal liver HSCs from the mesoderm  [32] 
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 shown in the murine myeloid cell line, 32D, where knockdown of Klf5 expression was 

associated with an increase in cell expansion and attenuated granulocyte differentiation 

in response to G-CSF [28]. A similar finding was also observed in the acute 

promyelocytic leukemia, APL cell line (NB4) where knocking down KLF5 significantly 

attenuated neutrophil differentiation [33]. Interestingly, KLF5 expression was also 

reported to be reduced in multiple subtypes of AML and this may be a common event 

associated with development of the AML blast and stem cell populations [28, 33]. These 

findings lead to a suggestion that KLF5 acts as a potential regulator of myeloid 

differentiation.  

 

1.2.1 Studies of altered transcription factor function in normal and malignant 

myelopoiesis 

Very frequently, alterations in the structure or regulation of TFs that participate 

in normal blood cell development have an association with leukaemogenesis. These 

alterations can occur at any stage either at the gene or protein level. Mutations can 

involve small or large sections of specific DNA sequence. Small scale mutations include 

point mutations which can result in amino acid changes through missense mutation or 

introducing of an early stop codon through a nonsense mutation which can lead to the 

production of a truncated protein as reviewed in Barnes M.R. [34]. In addition, an 

insertion or deletion of one nucleotide can lead to alteration of the reading frame. Large 

scale genomic alteration such as chromosomal rearrangements or translocations may 

result in deletion or disruption of the genes or the generation of fusion protein witch 

affect functions and hence contribute to the transformation of a normal cell into a 
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cancerous cell (reviewed in Van De Peer et al.) [35]. In addition, gene amplification, if it 

involves a proto-oncogene, can result in the formation of many copies of a proto-

oncogene hence, each copy of the proto-oncogene produces protein that is involved in 

stimulating cell growth (reviewed in Hastings et al.) [36]). In addition, deregulation of 

functional TFs can also be due to other mechanism such as epigenetic regulation via 

DNA methylation changes [37]. 

Mutations in transcriptional regulatory elements have been found to be 

associated with numerous human diseases. This includes mutations that cause a C/EBPα 

loss of function which is well known to be associated with development of AML [38, 

39]. Most commonly, C/EBPα mutations found in patients with AML involve the 

selective loss of p42 expression due to frameshift mutations in the part of the coding 

sequence unique to this isoform [40, 41].  Furthermore, studies in knockout mice have 

shown that conditional ablation of C/EBPα in the bone marrow of mice results in a block 

at the transition from the CMP to GMP, resulting in the accumulation of immature 

myeloid blast cells in the marrow, similar to that observed in AML [40, 42]. 

Mechanistically, it has been shown the loss of C/EBPα in AML leads to increased 

expression of the oncogene SOX4 demonstrating it as a key target gene of repression 

[43]. 

In addition to small scale mutations found in association with AML, a variety of 

cancer causing genes were also ascertained as a result of identification of chromosomal 

rearrangements (translocation) involving TFs. The rearrangements commonly involve 

fusion of a TF and another protein which can cause production of a chimeric protein 

having a new or altered activity. For example the t(8:21) translocation which is observed 

in 12 to 15% of AML cases, produces the fusion protein AML1-ETO a fusion of two 
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different transcription factors [44]. Studies with mouse models have shown that AML1 

(also known RUNX1) is a transcription factor that is widely expressed in multiple 

haemopoietic lineages and regulates the expression of a variety of haemopoietic genes 

[30, 45]. Both in vitro and in vivo studies show that AML1-ETO may cause abnormal 

myeloid development through blocking the normal function of AML1-dependent 

transcription [22]. AML1 can also be modified by gene amplification. Analysis through 

fluorescent in situ hybridization (FISH) has shown that AML1 amplification is found 

in  different clones of bone marrow cells and confirmed in lineage conversion of 

childhood B-cell acute lymphoblastic leukaemia to acute myelogenous leukaemia [46]. 

In addition, AML1 amplification was also found in childhood acute lymphoblastic 

leukaemia [47].  

DNA methylation is one of the frequent mechanisms associated with 

deregulation of TFs in AML. For example, deregulation of C/EBPα expression is 

influenced by promoter methylation which was identified in 12.5% of AML patients 

[48-51]. Later studies have confirmed that C/EBPα promoter methylation in AML 

demonstrates shared phenotypic features with C/EBPα double mutation AML [48-51]. 

Interestingly, it has been shown that reduced expression of KLF5 in AML is associated 

with hypermethylation in intron 1 of KLF5 [28, 52]. It was reported that 

hypermethylation in intron 1 of KLF5 is a relatively frequent occurrence and was found 

in 50% of patients [52].  Importantly, this methylation of KLF5 in AML was also shown 

to be an independent predictor of poorer overall survival [52]. 

Such examples show that many forms of genetic alteration may occur to TF 

genes that change the normal activity of the TFs where such alterations of specific TFs 

might lead to aberrant blood cell development.  



9 
 

 

1.3 The role of the Klf family in cellular development 

Krüppel-like factors (KLFs) are a family of transcription factors with various regulatory 

functions in cell growth, proliferation, differentiation, apoptosis and embryogenesis. 

They are involved in regulating gene expression in a tissue specific context. In 

mammalian cells, 17 members of the KLF family have been identified [53]. All KLFs 

share sequence homology with the DNA-binding domain of the Drosophila embryonic 

pattern regulator Krüppel. This consists of a conserved region of three Krüppel-like zinc 

fingers which bind to CACCC elements and GC-rich regions in promoters of target 
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genes [54]. As shown in 

 

Figure 1.2, the    zinc finger domains of all KLFs are localised in the extreme carboxyl 

terminus and followed by an additional one to three amino acids residues before the 
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termination codon [55]. However, also as shown in 

 

Figure 1.2, although the proteins are highly related in their zinc finger region they 

contain relatively limited homology elsewhere. Reviewed in Knoedler JR and Denver 

RJ [56], the phylogenetic relationship among the 17 mammalian KLFs were grouped 
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into three major subfamilies based on similarities in their N-terminal domains (

 

Figure 1.2). The first group included KLFs 3, 8, and 12 which are characterised by 

classical repressor function via binding to the C-terminal binding proteins (CtBPs) [57]. 

In contrast, the second group of KLFs, KLFs 1, 2, 4, 6 and 7, typically act as 

transcriptional activators as they share acidic activation domains. Finally, the third group 

(KLFs 9, 10, 11, 13, 14 and 16) share a Sin3a-interacting domain (SID), an α-helical 

motif that interacts with the repressor protein Sin3a [58]. Interestingly, KLF5 does not 
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fall into any of these family groups based on the presence of identifiable protein–protein 

interaction motifs [56].  

 

Figure 1.2: The Krüppel-like transcription factor family 

The phylogenetic tree of the KLF family showing the various family members and their 
evolutionary relationship based on amino acid conservation. All members share 
conserved region of three Krüppel-like zinc fingers. All 17 KLFs genes in mammals 
were grouped into three major subfamilies based on similarities in their N-terminal 
domains. KLF5 (pointed with red arrow) did not fall into any of these family groups 
based on the presence of identifiable protein–protein interaction motifs. KLFs 3, 8, and 
12 (Group 1) typically repress gene transcription by binding to the C-terminal binding 
proteins (CtBPs)(light red) [57]. KLFs 1, 2, 4, 6 and 7 (Group 2) share acidic activation 
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domains and thus typically act as transcriptional activators (dark green). KLFs 9, 10, 11, 
13, 14 and 16 (Group 3) share a Sin3a-interacting domain (SID), an α-helical motif that 
interacts with the repressor protein Sin3a (purple) [58]. Adapted from Knoedler JR and 
Denver RJ, 2014 [56].  

However, KLF5 has a hydrophobic activation domain, similar to KLF6 and 7 

and located before the three ZF domains, which is involved in transcriptional activation 

or repression and protein-protein interaction [55].  

KLFs are known to play critical roles in the development of organs and tissues 

(including cancer development) as reviewed in Pearson et al., Nagai et al., Dang et al., 

Nandan et al., Black et al. and Simmen et al. [55, 59-61].   

 

1.4 Transcriptional regulation by KLF family members 

This topic has been the subject of many reviews [63-67] and will not be covered 

in detail here except to mention some common features shared between KLF family 

members that also apply directly to KLF5. Although most of the KLFs have a single 

activity in a particular tissue-specific context (for example KLF1 and KLF4 act as 

activators while KLF3 and KLF5 act as repressors [68, 69]), there are some KLFs which 

can act as both activators and the repressors.  For example, based on the in vitro studies 

in the human endometrial carcinoma cell line RL95, KLF5 is known to have a dual 

modulator role where it can activate or repress specific target genes depending on the 

cellular environment [70] (this will be discussed in more details in Section 1.7). In 

addition, KLF4 has been shown to have dual functional roles in the immune system,  

Table 1.2: The phenotypes of Klf knockout mice 
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Gene 
name 

Alternative 
names Knockout phenotype Other functional roles References 

Klf1 Eklf 
 

Lethal β-thalassemia at E14.5 
 

Many roles in 
erythrocyte 
differentiation  

[71] 

Klf2 Lklf 
 

Lethal cardiac failure at E12.5 
to E14.5 
 

Erythroid 
differentiation; 
T-cell differentiation; 
migration and homing; 
adipogenesis 

[72, 73] 

Klf3 Bklf Viable with impaired B-cell 
development  

Smaller in size and have 
defect in adipogenesis [74, 75] 

 

Klf4 Gklf 
 

Peri-natal failure of skin barrier 
leading to lethal dehydration 

Gut differentiation; 
Reduced number of 
monocytes 

[31, 76, 
77] 

Klf5 Iklf; Bteb2 
 

Early embryonic death before 
E8.5 
 

Cardiovascular 
development and 
response to injury; 
Gut development; 
Adipogenesis 

[78, 79] 

Klf6 BCD1 
 

Lethal failure of erythropoiesis 
and yolk sac vascularisation at 
E12.5 

 
[80] 

Klf7 Uklf 
 

Severe neurological defects 
lead to death within 2 days of 
birth 

 
[81] 

Klf9 Bteb1 
 

Viable with impaired uterine 
development and defective 
embryo implantation 

Mild behavioural 
defects [82, 83] 

Klf10 Tieg1 
 

Viable with bone defects, 
impaired skeletal development 

Aged cardiac defects 
[84] 

Klf11 Fklf; Tieg2 Viable with no phenotype 
observed 

 
[85] 

Klf13 Fklf2; 
Bteb3; 
Rflat-1 

Viable with defects in T cell 
differentiation 

Heart development 
[86] 

Klf15 Kklf Viable with increased 
susceptibility to cardiac 
hypertrophy 

Adipogenesis 
[87] 
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where it functions as a transcription factor to activate the IL-6 promoter at specific 

binding sites and also has a role in the chromatin remodeling of the IL-6 promoter [88].  

KLFs family members have similar binding characteristics [89]. KLFs expressed 

in the same cell may have to compete for a given binding site as they have the capability 

of binding to the same promoter region. An interesting example for Klf competitive 

activity was shown in an in vivo study of a mouse model where Klf8 is activated by Klf1 

and repressed by Klf3 [69]. Interestingly, these activating and repressing KLFs, Klf1 and 

Klf3, were competing for the same binding site on the Klf8 promoter [69]. On a larger 

scale, Klf3 has been shown to repress a subset of Klf1 activated target genes during 

erythropoiesis [90]. An in vitro study in Chinese hamster ovary (CHO) cells shows that 

two KLFs, KLF4 and KLF5 could compete for the same DNA cis-elements in the KLF4 

promoter but have opposing effects in regulating KLF4 expression. While KLF4 

activated its own expression, KLF5 repressed the KLF4 promoter [68]. Recently, a study 

conducted in embryonic stem cells has shown that Klf4 and Klf5 play distinct roles in 

the control of pluripotency by differentially inhibiting mesoderm and endoderm 

differentiation respectively in murine ES cells [91].  

 

 shows individual KLFs and their specific role in tissue development based on 

knockout mouse studies for each KLF family members. Since it is known that KLFs are 

highly conserved across species, this suggests that the functions of the mouse and human 

KLFs may be conserved as well [62]. Hence, gene knockout studies in the mouse are 

highly relevant to determine the specific functions of each KLF.  
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1.4 Transcriptional regulation by KLF family members 

This topic has been the subject of many reviews [63-67] and will not be covered 

in detail here except to mention some common features shared between KLF family 

members that also apply directly to KLF5. Although most of the KLFs have a single 

activity in a particular tissue-specific context (for example KLF1 and KLF4 act as 

activators while KLF3 and KLF5 act as repressors [68, 69]), there are some KLFs which 

can act as both activators and the repressors.  For example, based on the in vitro studies 

in the human endometrial carcinoma cell line RL95, KLF5 is known to have a dual 

modulator role where it can activate or repress specific target genes depending on the 

cellular environment [70] (this will be discussed in more details in Section 1.7). In 

addition, KLF4 has been shown to have dual functional roles in the immune system,  

Table 1.2: The phenotypes of Klf knockout mice 
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Gene 
name 

Alternative 
names Knockout phenotype Other functional roles References 

Klf1 Eklf 
 

Lethal β-thalassemia at E14.5 
 

Many roles in 
erythrocyte 
differentiation  

[71] 

Klf2 Lklf 
 

Lethal cardiac failure at E12.5 
to E14.5 
 

Erythroid 
differentiation; 
T-cell differentiation; 
migration and homing; 
adipogenesis 

[72, 73] 

Klf3 Bklf Viable with impaired B-cell 
development  

Smaller in size and have 
defect in adipogenesis [74, 75] 

 

Klf4 Gklf 
 

Peri-natal failure of skin barrier 
leading to lethal dehydration 

Gut differentiation; 
Reduced number of 
monocytes 

[31, 76, 
77] 

Klf5 Iklf; Bteb2 
 

Early embryonic death before 
E8.5 
 

Cardiovascular 
development and 
response to injury; 
Gut development; 
Adipogenesis 

[78, 79] 

Klf6 BCD1 
 

Lethal failure of erythropoiesis 
and yolk sac vascularisation at 
E12.5 

 
[80] 

Klf7 Uklf 
 

Severe neurological defects 
lead to death within 2 days of 
birth 

 
[81] 

Klf9 Bteb1 
 

Viable with impaired uterine 
development and defective 
embryo implantation 

Mild behavioural 
defects [82, 83] 

Klf10 Tieg1 
 

Viable with bone defects, 
impaired skeletal development 

Aged cardiac defects 
[84] 

Klf11 Fklf; Tieg2 Viable with no phenotype 
observed 

 
[85] 

Klf13 Fklf2; 
Bteb3; 
Rflat-1 

Viable with defects in T cell 
differentiation 

Heart development 
[86] 

Klf15 Kklf Viable with increased 
susceptibility to cardiac 
hypertrophy 

Adipogenesis 
[87] 
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where it functions as a transcription factor to activate the IL-6 promoter at specific 

binding sites and also has a role in the chromatin remodeling of the IL-6 promoter [88].  

KLFs family members have similar binding characteristics [89]. KLFs expressed 

in the same cell may have to compete for a given binding site as they have the capability 

of binding to the same promoter region. An interesting example for Klf competitive 

activity was shown in an in vivo study of a mouse model where Klf8 is activated by Klf1 

and repressed by Klf3 [69]. Interestingly, these activating and repressing KLFs, Klf1 and 

Klf3, were competing for the same binding site on the Klf8 promoter [69]. On a larger 

scale, Klf3 has been shown to repress a subset of Klf1 activated target genes during 

erythropoiesis [90]. An in vitro study in Chinese hamster ovary (CHO) cells shows that 

two KLFs, KLF4 and KLF5 could compete for the same DNA cis-elements in the KLF4 

promoter but have opposing effects in regulating KLF4 expression. While KLF4 

activated its own expression, KLF5 repressed the KLF4 promoter [68]. Recently, a study 

conducted in embryonic stem cells has shown that Klf4 and Klf5 play distinct roles in 

the control of pluripotency by differentially inhibiting mesoderm and endoderm 

differentiation respectively in murine ES cells [91].  

 

 1.5 KLFs in cancer development and progression 

In relation to the important roles played by KLFs in normal cell growth and 

differentiation, any disruption to their activity or expression may lead to the 

development of disease and aberrant cell growth such as cancer. This has been 

evidenced in a number of studies done over the past several years, suggesting a 

significant role for KLFs in carcinogenesis by enhancing or repressing transcription of 
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many genes related to cell cycle, and angiogenesis among others (reviewed in Tetreault 

et al. and Limame et al.) [92, 93]. Error! Reference source not found. summarises the 

involvement of specific KLFs in different types of cancer. Various studies on KLFs and 

their association with cancer have shown that they may act as positive regulators of cell 

proliferation and also as tumour suppressors. Apart from the important roles of KLFs in 

regulating cell cycle associated proliferation, KLFs also promote cancer progression 

through the regulation of invasion and metastasis in malignancies (reviewed in Tetreault 

et al.) [92].  

 

1.5.1 KLFs as oncogenes 

Consistent with their roles as promoters of proliferation and survival, a number 

of KLFs have been implicated as oncogenes in selected epithelial tissues. For example, 

increased KLF8 expression has been observed in several cancer tissues compared to that 

in normal tissues [94-101]. As such, a study conducted in vitro and in vivo has shown 

that up-regulation of KLF8 promotes tumour invasion and indicates poor prognosis for 

hepatocellular carcinoma [97]. In addition, microarray analysis showed that a reduction 

of KLF8 expression in hepatocellular carcinoma cells down-regulated expression of 

multiple genes involved in tumour progression and metastasis [97]. KLF8 has also been 

reported as inducing pro- tumourigenic mammary stem cells via miR-146a potentially 

by activating Notch signalling and thereby promoting human breast cancer invasion [98, 

99]. The function of KLF8 over-expression in bone cancer has also revealed its role in 

the regulation of the cell cycle and a critical role in oncogenic transformation and 
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epithelial to mesenchymal transition (EMT) [100]. An initial study of KLF8 examining 

its association with ovarian cancer has revealed a functional role of KLF8 expression in  

KLF Roles in various cancers References 
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Table 1.3: Klf5 roles in various cancers 
 

 

KLF2 • Down-regulated in AML [33] 
KLF3 • Down-regulated in AML [33] 

KLF4 
 

• Loss of expression in intestinal, colon, gastric and 
breast cancer 

• Down-regulation in esophageal cancer and skin 
cancer 

• Tumor suppressor in B-cell malignancies 
• Hypermethylated in ATL 

[102-104] 
[105, 106] 

[107] 
[108] 

KLF5 
 

• Promotes proliferation and colon cancer progression 
• Reduced expression in gastric cancer 
• Oncogene in bladder cancer 
• Loss of expression in breast and prostate cancer 
• Promotes breast cancer proliferation 
• Up-regulated in skin and lung cancer 
• Promoting survivin expression in ALL 
• Down-regulated and hypermethylated in AML 

[109-112] 
[113] 
[114] 
[115] 
[116] 

[117-119] 
[120] 

[28, 33, 52] 

KLF6 
 

• Loss of expression in intestinal and colon tumour, 
gastric cancer and hepatocellular carcinoma 

• Loss of expression in prostate, pancreatic cancer and 
lung cancer and central nervous system tumor 

• Lack in transactivation in breast cancer 
• Reduced expression in ovarian cancer 

[121, 122] 
 

[123-127] 
 

[128] 
[129] 

KLF7 • Hypomethylated in gastric cancer [130] 

KLF8 • Oncogene in ovarian, renal, breast and ovarian cancer [95, 97] 

KLF9 • Down-regulation in intestinal and colon tumours [131] 

KLF10 • Tumour suppressor in pancreatic cancer [132-134] 

KLF11 • Tumour suppressor in pancreatic cancer [135, 136] 

KLF12 • Higher expression in gastric cancer [66] 

KLF13 • Over-expression in oral cancer [67] 

KLF17 • Reduced expression in breast, gastric, liver and lung 
cancer 

[137-142] 
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promoting tumour formation through mediating responses to FAK via PI3K-Akt 

signalling [95, 96]. Very recently, it has been shown that KLF8 over-expression is 

associated with human ovarian carcinoma pathogenesis, identifying it as a potential 

molecular biomarker for ovarian cancer [101]. As well, KLF8 expression has been 

proposed to give the poor prognostic effect in pancreatic cancer and gastric cancer [143-

145].  

Another example for Klfs in association with oncogenic activity is KLF4 [104, 

146-148]. In breast cancer, increased KLF4 expression has been observed in neoplastic 

cells compared to adjacent uninvolved epithelium [146]. KLF4 was also shown to be 

activated prior to invasion through the basal membrane [146]. In addition, its nuclear 

localization is associated with an aggressive phenotype in early-stage breast cancer 

[148]. Recently, it has been shown that KLF4 plays a potent oncogenic role in mammary 

tumourigenesis likely by maintaining stem cell-like features and by promoting cell 

migration and invasion [104]. In colon cancer, it has been shown that KLF4 expression 

is important in tumour generation as well as in regulating cancer cell migration and 

invasion [147]. Interestingly, numbers of studies have also shown the association of  

KLF5 and cancer progression and malignancies (details for KLF5 as a key regulator in 

cancer cells will be discussed later in this chapter at Section 1.7). 

 

1.5.2 KLFs as tumour suppressors 

KLF family members have been implicated to act as tumour suppressor genes in 

cancer, and an imbalance in expression or modulation of activity is intimately implicated 

in the onset and progression of tumours in a tissue-specific manner. For instance, a loss 
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of KLF4 expression or down regulation of KLF4 has been reported in a number of 

cancerous tissues such as gastric and esophageal cancer [105, 149, 150]. In gastric 

cancer, loss of KLF4 expression in primary tumours is associated with poor survival 

[149]. As well, Klf4 mutant mice have dramatic changes in their gastric epithelia 

characterised by increased proliferation and altered differentiation [150]. Accordingly, 

an in vitro study has shown that KLF4 is down-regulated in esophageal squamous cell 

carcinoma [105]. Wang et al. also suggested that down-regulation of KLF4 may 

contribute to the malignant phenotype of esophageal cancer via increased proliferation 

and decreased adhesion which was observed in the esophageal cancer cell line with 

down-regulated KLF4 [105]. In addition, KLF4 was identified as a putative tumour 

suppressor in B-cell malignancies [107]. Yasunaga et al. identified that KLF4 was 

aberrantly hypermethylated in adult T-cell leukemia (ATL) and that restoring KLF4 

expression in ATL-derived cell lines induced cell death by apoptosis [108].  

KLF6 has also been marked as a tumour suppressor in various forms of cancer 

including prostate, colon, lung and gastric cancer [121-124, 151-156]. Loss-of-

heterozygosity (LOH) analysis revealed that one KLF6 allele is deleted in 77% of 

primary prostate tumours [123]. Functional studies have confirmed the tumour 

suppressor role of KLF6 in prostate cancer. Introducing wildtype KLF6 in prostatic 

carcinoma cell lines (DU145) effectively inhibited the growth and significantly reduced 

cell proliferation, probably through up-regulation of p21 [123, 151]. Later, knockdown 

of KLF6 showed a loss of induction of apoptosis in prostate cancer cells via up-

regulation of ATF3 (activating transcription factor 3) expression [152]. As well, the 

single nucleotide polymorphism-increased splice isoform, KLF6 SV1 is demonstrated to 

be essential for prostate cancer cell growth and spread [124]. In colon cancer, the KLF6 
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locus was found to be deleted in at least 55% of tumours, and mutations were identified 

in 44% [121]. Reeves et al. also described that a KLF6 mutant was shown to lose the 

ability to induce p21WAF1/CIP1, and failed to inhibit CRC-derived cell growth [121]. 

In addition, 48.3% of LOH of KLF6 was found in nonpolypoid-type colorectal 

carcinoma thus implicating it in development from an intra-mucosal to an invasive 

carcinoma [153, 154]. KLF6 LOH is also observed in 16 of 37 informative cases in 

gastric cancer [155]. Interestingly, four missense mutations, S155R, P172T, S180L, and 

R198K, were also detected in the transactivation domain of the KLF6 gene when a set of 

80 sporadic gastric cancers were screened for mutations and allele loss of the KLF6 gene 

[155]. An in vivo study also showed that KLF6 mutants increase tumourigenicity in 

gastric cancer [122]. Collectively, these findings suggest that genetic alterations of the 

KLF6 gene are involved in the development and/or progression of sporadic gastric 

cancer [122, 155]. The role of KLF6 as a tumour suppressor was also reported in lung 

cancer studies [126, 156]. It was shown that the expression of KLF6 mRNA was down-

regulated in 85% of primary tumours compared with normal lung tissue [126]. LOH 

analysis using the laser capture microdissection technique also revealed that 34% of 

informative samples had LOH of the KLF6 gene locus [126]. In parallel, over-

expression of KLF6 in the lung cancer cell lines (NCI-H1299 and NCI-H2009) also 

suggested that KLF6 induced apoptosis [126]. Later, it was shown that KLF6 induction 

was important for PMA-mediated cancer cell growth arrest via PKC activation [156].  

In addition to KLF4 and KLF6, KLF9 also exerts effects in modulating cancer 

cell proliferation and progression in a tumour suppressor manner [131, 157-159]. 

Initially, KLF9 was identified as an important transcriptional regulator of progesterone-

responsive genes in endometrial epithelial cells and was shown to be a key regulator of 
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cellular proliferation and differentiation in reproductive tissues [83, 160, 161]. An 

extended study then showed that attenuated expression of KLF9 correlated with high 

endometrial tumour grade, thereby suggesting the potential involvement of KLF9 dys-

regulation in both pregnancy failure and endometrial pathogenesis [157]. In colon 

cancer, 86% of the 50 cancerous tissues examined expressed lower levels of KLF9 

mRNA than individually matched normal mucosa [131]. In addition, KLF9 protein 

expression was reduced or absent in 65% of the samples [131]. Thus, this study 

suggested that loss of KLF9 expression may have an association in the carcinogenesis of 

human colorectal cancer [131]. Supporting the role of KLF9 as a strong anti-proliferative 

gene regulator, a recent study showed that over-expression of KLF9 inhibits AKT 

activation and abrogates tumour growth of prostate cancer cells lines [159]. 

Lastly, studies have demonstrated that loss of KLF11 is also involved in 

oncogenesis [135, 162]. KLF11 is an early response transcription factor that mediates 

TGF-β-induced growth inhibition in untransformed epithelial cells and this KLF was 

demonstrated to be deregulated by oncogenic ERK-MAPK in pancreatic cancer cells 

[162]. Later, it was shown that aberrant activation of ERK-MAPK interferes with 

KLF11 activity thus resulting in impaired c-myc repression and loss of growth inhibition 

by TGFβ in pancreatic cancer cells [135]. In addition, KLF11 was also reported to 

functionally regulate uterine leiomyoma where an in vitro study revealed that siRNA 

knockdown of KLF11 increased leiomyoma cell proliferation [136, 163]. Based on 

genome-wide analysis of DNA methylation, it was shown that DNA methylation of the 

promoter KLF11 leads to gene silencing in uterine leiomyoma in African American 

women, thus establishing a mechanism for its tumour suppressor role [163]. 
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1.6 The role of KLFs in haemopoiesis 

In haemopoiesis, a number of different KLF family members have been identified 

to play critical roles in both the myeloid or lymphoid lineages during mature blood cell 

development. A number of independent studies have shown some Klf involvement 

during mature lymphoid cell development. Klf2, for example, has been shown to be 

involved in T lymphocyte activation and migration [164, 165]. Another Klf study has 

shown that the KLF4 promoter possesses dense methylation in T-cell leukaemia 

compared to normal cells suggesting that KLF4 also has a role in T-cell activity [108]. 

In addition, a study on Klf10 has shown dual roles of Klf10 in the T-cell compartment, 

firstly as a key transcriptional regulator of TGF-β1 in peripheral T regulatory cell 

differentiation and secondly in CD4+CD25− T-cell activation [166]. In a Klf13−/− model, 

the percentage of CD4+CD8+T-cells in the thymus were consistently increased, 

indicating that Klf13 has a functional role in regulating these cells [86]. In addition to 

the involvement of Klfs in T-cell regulation, several independent studies have also 

shown the important roles of Klfs in B-cell development and function. For instance, 

deletion of Klf2 specifically in B-cells caused a loss of phenotypic markers associated 

with B cell identity which identified a role for Klf2 in maintaining the mature B-cell 

phenotype [167]. Furthermore, a Klf3 knockout mouse study has shown that deleting 

Klf3 results in decreased immature B-cell formation but an increase in circulating mature 

cells [74]. In contrast, enforced expression of Klf4 and Klf9 results in delaying B cells 

from entering into cell division hence reducing the number of proliferating cells [168]. 

In addition to regulating lymphoid lineages, studies of Klfs in the myeloid lineage 

during mature cell development have been conducted. Initially, an in vitro study showed 
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that KLF4 was expressed in a monocyte-restricted and stage-specific pattern during 

myelopoiesis and functions to promote monocyte differentiation through over-

expression and knockdown of KLF4 expression in HL-60 cells [169]. Later, it has been 

reported that in normal wildtype mice, Klf4 has high expression in bone marrow 

monocytic cells and activated macrophages [31]. Additionally, this study showed that in 

chimeras, monocytic precursor cells with the Klf4 knockout genotype were only present 

at half the number of wildtype cells, which suggests Klf4 is a key regulator for 

monocyte differentiation or survival [31].  

In the erythroid lineage, Klf1 has been shown to directly activate the Klf genes in 

erythroid cells [170]. Originally, KLF1 was globally marked as an important regulator 

during erythroid maturation and it was described to specifically bind CAACC element in 

the β-globin promoter [170, 171]. Klf1-null embryos die at embryonic day E14.5 

diagnosed with anaemia because definitive erythroid cells fail to produce β-globin 

transcripts in vivo hence lead to a profound β-thalassemia [71, 172]. Further studies have 

shown that together with Klf1, Klf2 also regulates gene expression during erythropoiesis 

[173-175]. In addition, the Klf3 knockout model identified that Klf3 represses a subset of 

Klf1 target genes and is required for proper erythroid maturation [90]. Interestingly, Klf8 

has also been shown to interact with Klf3 during erythropoiesis [176]. Mice with 

homozygous disruption of Klf8 are viable but crossing these mice with Klf3-null mice 

results in embryonic lethality at embryonic day 14.5 (E14.5), indicative of a genetic 

interaction between these two factors [176]. A study in the foetal liver revealed that Klf3 

and Klf8 operated as a pair of transcriptional regulators that operate in an erythroid 

transcriptional network downstream of Klf1 and double mutant embryos exhibited a 

greater deregulation of gene expression than either of the two single mutants in the 
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Ter119+-erythroid foetal liver cells [176]. Additionally, KLF4 has also been shown to 

play a significant role during red blood cell formation [177] by regulating the HBA gene 

[178, 179]. Interestingly, a study on the regulation of human γ-globin gene through the 

CACCC promoter element in human erythroid models, in K562 and HEL cells shows 

that the expression of the KLF2, 4, 5 and 12 mRNAs changed significantly upon 

erythroid differentiation [180], which shows the involvement of other KLF family 

members depending on the cell stage and different cues.  

Since our interest is in the functional role of KLF5 in regulating haemopoiesis, a 

detailed description about KLF5 and its functional role in a tissue-specific context will 

be described later in this review. 

 

1.7 Krüppel-like factor 5 

1.7.1 KLF5 gene and protein 

KLF5 (also known as IKLF and BTEB2) is located at 13q21 and encompasses 4 

exons which span approximately 18.5 kb of DNA (Figure 1.3-A). Mouse Klf5 was 

mapped on chromosome 14 and spans 16.38 kb of DNA, also encompassing 4 exons 

(Figure 1.3-B). KLF5 was first identified from a human placenta cDNA library, and the 

KLF5 protein was reported to be 219 amino acid (aa) long with three contiguous zinc 

finger (ZF)-binding domains in the carboxyl terminus [181]. However, later KLF5 was 

characterised to have 457 aa for human and 446 aa for mouse [70, 182] (Figure 1.3).  It 

is known that the KLF5 gene is highly-conserved among species (from human to 
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drosophila) and the coding region of mouse Klf5 is 88% identical to the human sequence 

[181].  

 

1.7.2 KLF5 protein modification 

The KLF5 protein undergoes modification following translation which extends 

the range of its function by changing the chemical nature of constituent amino acids or 

by making possible structural changes, such as the formation of disulfide bridges. 

Numerous studies have demonstrated that KLF5 protein modifications can change its 

activity [183-186]. KLF5 post-translational modification includes phosphorylation, 

acetylation, methylation, ubiquitination and sumoylation at specific sites (Figure 1.3). 

KLF5 is known to be phosphorylated at the CBP interaction region which enhances its 

transactivation function [187]. Interestingly, it has been shown that KLF5 is 

phosphoryalated in vascular smooth muscle cells (VSMCs) by angiotensin II (Ang II) 

via the ERK1/2 pathway that subsequently leads to increased interaction of KLF5 with 

c-Jun resulting in p21 transcriptional repression [188]. 

KLF5 has been shown to be acetylated by p300 and deacetylated by HDAC1 and 

SET where KLF5 acetylation has been shown to alter protein interactions which then 

result in a mode of binding where KLF5 transcriptional activity is changed from 

repressive to active [185, 186, 189]. A recent study in prostate epithelial cells has 

reported that while acetylated Klf5 (Ac-Klf5) functioned in the differentiation of 

prostate epithelial cells, unacetylated Klf5 (unAc-Klf5) functioned in the proliferation of 

prostate epithelial cells, showing that Klf5 function can be modulated by post-

translational modification [190]. This has been supported by a recent finding  
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Figure 1.3: Schematic diagram for Klf5 gene and protein structures 

A) Human KLF5 gene and protein structure. The human KLF5 gene contains four exons 
(exon 1, 573 bp; exon 2, 874 bp; exon 3, 60 bp; and exon 4, 1839 bp). The KLF5 protein 
contains three zinc-finger (ZF) domains, one major transactivation domain (TAD) with 
PY motif (PPSY328), and a nuclear export signal (NES). The KLF5 protein undergoes 
different types of post-translational modifications, including phosphorylation (P at S153, 
T227 and S292), acetylation (Ac at K369) and sumoylation (Su at K162 and K209) 
[191]. B) Mouse Klf5 gene and protein structures. The mouse Klf5 genome span 16.38 
kb contains four exons (exon 1, 532 bp; exon 2, 873 bp; exon 3, 59 bp and exon 4, 
261 bp). The mouse Klf5 protein also contains three ZF domains in the N-terminal 
domain, one major TAD with a WWP1 motif predicted at 313 to 317 aa. Sumoylation 
sites for mouse Klf5 protein were identified at K151 and K202. 
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demonstrating that KLF5 inhibits cancer cell proliferation in vitro and suppressed 

tumourigenesis in nude mice in an acetylation-dependent manner [192].  

KLF5 has also been demonstrated to be SUMOylated at two consensus lysine 

sites, 151 and 202 of mouse KLF5 and 162 and 209 of human KLF5 which leads to 

functional modification of KLF5 and regulates its nuclear export [183, 193]. This 

SUMOylation of KLF5 has been reported to stimulate anchorage-independent growth in 

a colorectal cancer cell line [183].  Consistent with other studies where SUMOylation of 

proteins is also involved in the progression of malignant cell transformation [194, 195]. 

Furthermore, in breast and prostate cancer studies, it has been shown that the KLF5 

protein is ubiquitinated and targeted to the proteosome for degradation [196]. Multiple 

studies have reported that the KLF5 protein is targeted for ubiquitin-degradation by 

Fbw7 and WWP1 which then results in suppression of cell proliferation [197, 198]. 

 

1.7.3 KLF5 activation  

KLF5 expression is known to be regulated via several pathways triggered by 

specific signals including Ras-mitogen-activated protein kinase (MAPK), non-canonical 

Wnt signalling (PKC), retinoid, and androgen (reviewed in Diakiw et al.) [199]. In the 

context of acting as a promoter of cell growth, KLF5 is most frequently reported to be 

regulated via MEK/ERK pathways. It has been shown that KLF5 expression is activated 

downstream of MEK/ERK pathways via Ras activation or early growth response protein 

1 (Egr-1) signalling [109, 200]. KLF5 expression is also activated via the MEK/ERK 

pathway by up-regulation of PKC [201, 202]. KLF5 has been identified as one of the 

Wnt-responsive genes from both in vitro and in vivo enforced expression of Wnt-1 [201, 
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202]. These studies have reported that the regulation of KLF5 by the Wnt-1 signaling is 

β-catenin-Lef/TCF-independent but related to PKC [202]. Additionally, numerous 

studies have shown that KLF5 can promote cell proliferation in association with up-

regulation of the cell cycle-promoting proteins Cyclin D1, Cyclin B1 and Cdc2 via the 

MEK/ERK pathway [203]. KLF5 expression is also reported to be activated by 

mitogenic or angiogenic factors including PMA, bFGF, and angiotensin II (Ang II) [79, 

204]. In VSMCs, it has been shown that KLF5 is phosphorylated by Ang II via the 

ERK1/2 pathway that subsequently leads to increased interaction of KLF5 with c-Jun 

and to p21 transcriptional repression [188]. It was reported that the ERK1/2 inhibitor 

PD98059 markedly attenuated KLF5 phosphorylation and hence interfered with the 

interaction between KLF5 and c-Jun induced by Ang II in VSMCs [188]. Concurrently, 

KLF5 has been shown to bind to the promoter of the EGFR gene which further activates 

the MEK/ERK pathway and KLF5 expression itself [205]. KLF5 transcription is also 

known to be regulated by Sp1, CBFa, and NF-1 binding on its promoter region, where it 

has been shown that the KLF5 promoter element consists of a GC box, a CCAAT box, 

and an NF-1 binding site [206, 207].  

 

1.7.4 KLF5 target genes and interacting proteins 

Similar to other KLFs, the KLF5 ZF DNA binding domain binds to GC/GT rich 

sequences, widely regulating eukaryotic gene expression [55, 57, 79]. A number of 

independent studies have identified direct target genes of Klf5 in regulating cell 

proliferation, renewal, survival and differentiation as well as in other biological 

processes (reviewed in Dong and Cheng) [191]. Table 1.3 summarises direct target 
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genes of Klf5 and whether those genes are activated or repressed. Ample studies have 

also shown that in regulating gene expression, KLF5 also interacts with other proteins 

and forms complexes at the promoter regions of target genes [208]. KLF5 has a proline 

rich transactivation domain (TAD) N-terminal to the three ZF domains which is 

involved in transcriptional activation or repression and protein-protein interaction [55]. 

Table 1.4 summarises the KLF5 interacting proteins including coactivators or 

corepressor (reviewed in Diakiw et al.) [199]. 

 

1.7.5 The role of KLF5 in cancer progression and disease 

KLF5 is expressed in many different tissues and evidence suggests that KLF5 

might play context-dependent roles in different tissues [109, 188, 209, 210]. 

Interestingly, various studies conducted on cancer initiation and progression have 

reported diverse roles of KLF5 during cancer cell progression in a range of cancers type 

(reviewed in Diakiw et al. and Dong and Chen) [191, 199]. The KLF5 gene has been 

shown to undergo frequent genetic deletions which are associated with a reduction in 

Klf5 expression in various cancers suggesting it plays a tumour suppressor role 

(reviewed in Diakiw et al. and Dong and Chen) [191, 199]. Oppositely, KLF5 was also 

identified as a positive regulator of cell proliferation in some cancer cell types where it is 

expressed mainly in cancerous cells but not in the normal unproliferative cell types [211-

213]. As such, KLF5 has been implicated to play roles in a variety forms of cancer and 

human diseases by either inducing differentiation and cell cycle arrest and/or promoting 

proliferation and self-renewal depending on the cellular context [214].  
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Regulation by KLF5 Gene Symbol References 

Activated CCNB1, CCND1, CDK1  
(CSC2), DAF, EGFR, 
EGR1, FASN, FGFBP1, 
HBG1, IGF1, ILK, 
LAMA1, LTF, MIR146A, 
MMP9, MYH10, NANOG, 
OCT3, OCT4, SERPINE1, 
PDGFA, PDGFB, PIM1, 
PPARG, TAGLN, 
SURVIVIN, TCL1, TRB, 
VEGFA  

[79, 111, 116, 120, 180, 
193, 203, 205, 215-230]    

Repressed ABCG2, CDKN1A (p21), 
KLF4, MAOB  

[68, 188, 231, 232]  

Both (activated and 
repressed) 

CDKN2B (p15), CPT1B, 

MYC, UCP2, UCP3 

[78, 128, 203, 215, 220]  

Table 1.3: KLF5 target genes 
 

 

 

Function Protein Symbol References 
Transcriptional 
coactivator 

C/EBPß, C/EBPδ, JUN, 
NFκB, PPARδ, RAR/RXR, 
SREBP1 

[78, 79, 118, 120, 188, 221, 
228, 233]  

Transcriptional 
corepressor 

NCoR1, NCoR2, JUN, 
PPARδ 

[188, 193, 221] 

Transcription factor ß-catenin, ERα, HIF1α,  [234-236] 
Basal transcriptional 
component 

TFIIB, TFIIEß, TFIIFß, [237] 

Activator of apoptosis PARP1 [238] 
Basal transcription 
component 

TBP [237] 

Table 1.4: KLF5 interacting proteins 
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1.7.6 Tissue-specific roles of KLF5  

1.7.6.1 Breast  

KLF5 has been identified as a key regulator in normal breast cell proliferation 

and survival [116, 217, 235]. KLF5 was shown to promote breast cell proliferation 

through fibroblast growth factor binding protein 1 (FGF-BP) [116]. KLF5 also interacts 

with estrogen receptor (ER) to play a role in the normal development and epithelial 

homeostasis of the breast [235]. 

In breast cancer, KLF5 was first suggested to act as a tumour suppressor from the 

observation of frequent hemizygous deletion or loss of expression found in several 

breast cancer cell lines and the observation that over-expression of KLF5 in one breast 

cancer line inhibits tumour cell growth [115, 239]. Interestingly, KLF5 loss of 

expression was observed from the cases with hemizygous deletion and no homozygous 

deletion was identified, indicating that KLF5 haploinsufficiency may contribute to 

cancer progression [115]. Guo et.al., believed that KLF5 acts as a tumour suppressor and 

reported that KLF5 inhibits the function of ERα (approximately 70% of human breast 

cancers express ER; including ERα and ERβ [240]) in gene regulation and cell 

proliferation through protein interaction that interrupts the binding of ERα to the 

promoter of its target genes and subsequent target gene induction [235]. In contrast, a 

later study showed that gene expression of KLF5 is directly correlated with cell 

proliferation in vivo and is a prognostic factor for patients with breast cancer where 

patients with higher KLF5 expression have shorter disease-free survival and overall 

survival compared to patients with lower KLF5 expression [241]. KLF5 was also 

reported to be one of the nine genes that are over-expressed in high-grade and poorly 
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differentiated aggressive breast tumours [242]. A KLF5 knock-down and over-

expression study has shown that KLF5 promotes breast cancer cell proliferation in vitro 

[116]. This study also demonstrated that KLF5 promotes breast cell proliferation by 

activating its downstream gene, FGF-BP [116]. In addition, KLF5 was demonstrated to 

promote breast tumourigenesis in vivo [116]. This was shown by injecting populations of 

the breast cancer cell line, MCF7 overexpressing KLF5 and lacZ  (MCF7-KLF5 and 

MCF7-lacZ) into nude mice and it was reported that the mean tumor weight from 

MCF7-KLF5 is about three times of that from MCF7-lacZ after 40 days of growth in 

vivo [116]. Whether KLF5 is an oncogene or tumour suppressor gene is still debatable. 

Accumulatively, studies have revealed that KLF5 promotes the proliferation and 

survival of breast cancer cells hence KLF5 was defined as an oncogenic transcription 

factor in breast cancer [197, 198, 243-246]. As such, studies have shown that KLF5 was 

found to be induced by progesterone and androgen to contribute to 

progesterone/androgen-induced breast cancer cell proliferation [243, 245, 246]. KLF5 

also promotes breast cell survival partially through pERK-mediated MKP-1 

phosphorylation and stabilization [243]. In addition, the KLF5 protein was shown to be 

targeted for degradation by Fbw7 and WWP1 which then suppresses breast cell 

proliferation [197, 198]. While the KLF5 protein was shown to be targeted for 

degradation, studies on the role of KLF5 in breast cancer have shown that Yes-

associated protein (YAP) and PDZ-binding motif (TAZ) stabilise the KLF5 protein and 

protect it from WWP1-targeted degradation hence promoting breast cancer proliferation 

and progression [198, 244]. These studies revealed that KLF5 protein is stabilised by 

TAZ antagonizing WWP1 activity providing KLF5 with an oncogenic role in promoting 

breast cell growth [198, 244]. 
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1.7.6.2 Prostate  

KLF5 has been identified as an important regulator of prostate cell differentiation 

and survival [190]. Analysis of prostate morphology and cell proliferation in Klf5 

knockout mice confirmed that losing one allele of Klf5 leads to increases in cell 

proliferation and causes hyperplasia, however loss of both alleles causes cell death 

[190]. This study also revealed that while acetylated Klf5 (Ac-Klf5) functioned in the 

differentiation of prostate epithelial cells, unacetylated Klf5 (unAc-Klf5) functioned in 

the proliferation of prostate epithelial cells showing that Klf5 function is modulated by 

post-translational modification [190]. 

KLF5 was suggested as a tumour suppressor in prostate cancer since it was 

initially observed that the 13q21 region was frequently deleted in various human cancers 

including prostate cancer [239, 247]. KLF5 deletion in prostate cancer was confirmed by 

deletion mapping analysis conducted in human tumour samples, xenograft models, and 

cancer cell lines [239, 247]. The proposed tumour suppressor role for KLF5 was 

functionally supported by KLF5 over-expression in prostate cancer cell lines which 

resulted in decreased colony numbers and enhanced differentiation and reduced tumour 

weight in vivo on subcutaneous injection [247, 248]. Conversely, KLF5 knockdown 

enhanced tumour growth in these cells both in vitro and in vivo [247, 248]. One of these 

studies also demonstrated that in response to treatment with estrogen antagonists, KLF5 

positively cooperates with ERβ to enhance expression of FOXO1 which promotes 

apoptosis and prevents anchorage-independent tumour growth [248]. 

It is likely that KLF5 may also play different roles in various stages of prostate 

tumourigenesis as an independent study has identified that KLF5 may alternatively have 



39 
 

a role in promoting prostate cancer progression and metastasis [210]. KLF5 was also 

reported to interact with sterol regulatory element-binding protein-1 (SREBP) to 

synergistically induce expression of the fatty acid enzyme (FASN) in prostate cancer 

cells where FASN is known to act as an important oncogenic protein in cancer cell 

growth and proliferation [233]. A gene profiling study also identified KLF5 gene 

expression to have an association with prostate cancer growth [249]. Similar to the 

findings of KLF5 acetylation altering its function in normal prostate epithelium, a recent 

finding has shown that KLF5 inhibits cancer cell proliferation in vitro and suppressed 

tumourigenesis in nude mice in an acetylation-dependent manner [192]. Interestingly, Li 

et al. also reported that KLF5-deacetylation, possibly in association with multiple 

molecules (including RELA, p53, CREB1, MYC, JUN, ER, AR and SP1), converted 

KLF5 from having tumour-suppressive to tumour-promoting function [192]. 

 

1.7.6.3 Bladder 

Initial observation in bladder cancer cell lines showed that over-expression of 

KLF5 did not inhibit cell growth or induce apoptosis [250]. Consistent with this, 

enforced expression of KLF5 in the bladder cancer cell line, TSU-Pr1, leads to increased 

proliferation potentially via G1 to S phase transition [114]. This study also reported that 

KLF5 promotes G1 to S phase transition via up-regulation of cyclin D1 expression, 

phosphorylation of MAPK and Akt proteins, and inhibition of p27 and p15 expression 

[114]. Recently, it has been shown that lentivirus-based knockdown of KLF5 inhibits 

bladder cancer cell growth and targeting KLF5 for proteosome-dependent degradation 

through knockdown of YAP/TAZ (which normally protect KLF5 from degradation) in 
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bladder cancer cells confirmed the potent inhibitory effects on tumour growth and the 

pro-proliferative effect of KLF5 [251]. 

 

1.7.6.4 Colon  

KLF5 (also known as intestine enriched krüppel-like factor, IKLF), appears to 

play a central role in the regulation of intestinal epithelial renewal in both the small 

intestine and colon [182, 252]. Numbers of studies have described that KLF5 is 

expressed mainly in the proliferating cells of the crypt [182, 252, 253], suggesting that it 

plays a positive growth regulatory role in this tissue. An inducible Klf5-gene ablation 

model has revealed that Klf5 loss from the adult colon leads to the disruption of 

epithelial homeostasis followed by a regenerative response led by Sox9 and the Reg 

family of proteins [253]. In addition, gene expression analysis showed that functional 

loss of KLF5 was detected in Crohn’s Disease and Ulcerative Colitis [254]. 

Interestingly, a study of inflammatory bowel disease (IBD), has demonstrated KLF5 as a 

potential therapeutic agent as over-expression of KLF5 in mice led to less colonic injury 

development and significantly reduced disease activity when mice were treated with 

dextran sodium sulphate (DSS) to induce colitis [255]. 

In a colon cancer study, analysis of colon cancer cell lines and patient samples 

provided direct evidence that KLF5 expression was down-regulated in cancer cells 

suggesting a potential KLF5 growth inhibitory role on colon cancer cells [215]. These 

findings once again highlight the context-dependent role of KLF5 during tumour 

progression. On the other hand, KLF5 was then found to play an important role in 

proliferation of colon cancer cells by LPA-mediated signaling and that the induction of 



41 
 

KLF5 is mediated via MEK and PKCδ-dependent pathways [110]. It has also been 

shown that KLF5 plays an important role in colon cancer progression in association with 

the adenomatous polyposis coli (APC) mutations (the APC gene is an important tumour 

suppressor for colorectal cancer and is mutated in 80% of colorectal cancer, which is 

also reported to act as a component of the WNT signaling pathway that targets β-catenin 

for degradation) [211].  KLF5 has also been reported to facilitate nuclear localisation of 

β-catenin as a downstream target of mutant APC [234]. This study also revealed that 

KLF5/β-catenin increased CCND1 and MYC gene transcription, where these β-catenin 

target genes are known to be associated with promoting proliferation [234]. KLF5 was 

also reported to have an association with KRAS activation (leading to aberrant 

activation of proliferative signaling pathways) in colon cancer progression [112]. 

Supporting an oncogenic role for KLF5 in colon cancer, a genomic analysis of colorectal 

cancer tissues has identified a somatic mutation (P301S) in KLF5 within the 

phosphodegron sequence [256]. Interestingly, a recent study by Bialkowska et al. 

revealed that the P301S KLF5 protein has greater stability compared to wt-KLF5 protein 

[257]. It was reported that phosphorylation of serine residue 303 by GSK3β is important 

for FBW7α facilitated proteosomal degradation of WT KLF5 protein [257]. This study 

revealed that a somatic mutation (P301S) found in KLF5 led to an increased KLF5 

stability with elevated protein levels and enhanced transcriptional activity [257]. Thus, 

these studies provided multiple lines of evidence for a role of KLF5 as an oncogene in 

colon cancer.  
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1.7.6.5 Esophagus  

KLF5 is expressed in proliferating cells of the gastrointestinal tract, including the 

esophagus and it has been demonstrated that KLF5 is a regulator for cell growth and 

proliferation [213]. Over-expression of Klf5 in vivo demonstrated that Klf5 promotes 

proliferation in esophageal basal cells but not sufficient to maintain proliferation in the 

esophageal epithelium [213]. KLF5 was first evidenced as a tumour suppressor when 

enforced expression of KLF5 in a poorly differentiated esophageal squamous cancer cell 

line TE2 was observed to inhibit proliferation and invasion [258]. KLF5 also upregulates 

the cdk inhibitor p21 (waf1/cip1) and pro-apoptotic protein BAX following UV 

irradiation in cancer cells [258]. As well, in response to DNA damage from UV 

irradiation, cell viability is decreased in KLF5 transduced cells indicating the role of 

KLF5 in regulating apoptosis in esophageal cancer cells [258]. Although an in vivo 

transgenic study of Klf5 function in regulating epithelial homeostasis has shown that 

Klf5 expression is important for esophageal epithelial cell proliferation, this was not 

evidenced to accommodate KLF5 as an oncogene since Klf5 over-expression in this 

model was not sufficient to maintain proliferation in these cells [213]. However, 

numbers of studies have suggested an anti-proliferative role for KLF5 in esophageal 

cancer [259-261]. For example, KLF5 loss together with a p53 mutation is reported as a 

key determinant of invasive squamous cell cancer by loss of NOTCH1 transactivation 

[259, 260]. This study reported that in normal epithelia, p53 preferentially bound 

NOTCH1, but in precancerous dysplasia (in which p53 mutations are found), KLF5 will 

transactivate NOTCH1 [259, 260]. However, subsequent loss of KLF5 leads to failure to 

transactivate NOTCH1 hence transformed primary human keratinocytes harboring 
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mutant p53 to the formation of invasive tumours [259, 260] suggesting an anti-

proliferative role of KLF5 in cancer invasion. In addition, over-expressing KLF5 in 

human esophageal squamous cell cancer (ESCC) cell lines, results in increased 

apoptosis and decreased viability [261]. Interestingly, restoring KLF5 in ESCC also 

activated c-Jun N-terminal kinase (JNK) signalling, an important upstream mediator of 

proapoptotic pathways including BAX [261]. Together, this data suggests that KLF5 

plays a pro-proliferative role in normal cells but anti-proliferative in cancer cells. 

 

1.7.6.5 Gastric  

Similar to some of the cancers discussed previously, it has also been observed 

that KLF5 expression is altered in gastric carcinomas with higher expression in early-

staged gastric cancer, small gastric cancer tissues and in gastric cancer without lymph 

node metastasis [113]. In this study, a favourable survival rate after surgery was 

correlated with KLF5-postive expression [113]. In contrast, a clinical study conducted 

on 76 surgical human gastric specimens in Taiwan revealed that higher KLF5 expression 

was significantly associated with a higher tumour grade, lymph node status and poorer 

survival which lead to the suggestion of KLF5 oncogenic role in gastric carcinogenesis 

[212]. Also of relevance to this tissue, it has been shown that CDX1-induced (CDX1 and 

CDX2 are key transcription factors that are known to play roles in inducing 

Helicobacter pylori gastric intestinal metaplasia) SALL4 and KLF5 which then 

converted gastric epithelial cells into tissue stem-like progenitor cells which may be part 

of the transformation process leading to gastric neoplasia  [262]. Very recently, genome-

wide binding profiles have revealed cooperation between KLF5, GATA4 and GATA6 in 
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gastric cancer [263]. This study reported that these factors act in an intimate, cross-

regulatory and collaborative manner, to target common downstream genes for example 

HNF4α, relevant to gastric cancer development and proliferation [263].  

 

1.7.6.6 Lung  

Through a conditional Klf5-gene knockout model, it has been shown that Klf5 

controls lung development in differentiation and lung morphogenesis [78, 264]. It was 

reported that Klf5 is required for regulation of lung epithelial cell maturation, proximal 

airway epithelial cell maturation and also influences paracrine signaling between lung 

epithelium and mesenchyme [264]. Interestingly, a recent study has reported that KLF5 

expression is up-regulated in lung cancer tissues and cell lines [119]. Li et al. also 

reported that while over-expression of KLF5 promotes cell growth and proliferation, 

knockdown of KLF5 expression inhibits proliferation of lung carcinoma cell lines [119]. 

Interestingly, this study also revealed that KLF5 positively regulates Sox4, identifying a 

downstream mechanism that KLF5 uses to mediate the growth effect [119]. Consistent 

with this finding, an independent study conducted in non-small cell lung cancer recently 

has also shown a functional role for KLF5 in promoting lung carcinoma [265]. KLF5 

was demonstrated to cooperate with HIF-1α  in promoting hypoxia-induced survival and 

inhibition of apoptosis in non-small cell lung cancer cells via 

cyclin B1/survivin/caspase-3 [265]. 
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1.7.6.7 Epithelium/Skin  

KLF5 expression has been identified in human skin and specifically in the matrix 

and the inner root sheath cuticle layer of the hair follicle [266]. Further investigation 

demonstrated that over-expression of KLF5 at the basal layer of the epidermis leads to 

abnormal epidermal development and differentiation, and disrupts epithelial-

mesenchymal interactions necessary for skin adnexae formation as well as craniofacial 

morphogenesis [266]. In epithelial homeostasis, KLF5 has been shown to encompass a 

pro-proliferative role where it is highly expressed in proliferating cells [184, 267]. In 

addition, over-expression of KLF5 was found to stimulate fibroblast cell growth and at 

the same time enhance their transformation [268]. In addition, KLF5 has been identified 

as a transcription factor that has an association with  the NF-кB factors in regulating skin 

morphogenesis and carcinogenesis [118]. Most interestingly, an in vitro study on HaCaT 

epidermal epithelial cells showed that KLF5 regulation of MYC transcription could be 

modified from activation to repression by TGFβ, illustrating the importance of context in 

cellular response to particular factors  [224].  

 

1.7.6.8 Female reproductive tissue 

Within the female reproductive system, a small amount of evidence exists 

suggesting that KLF5 may have several distinct roles. For example, an in vivo study has 

reported that Klf5 is persistently expressed in the uterine epithelium throughout the 

preimplantation period and that deletion of uterine Klf5 confers female infertility due to 

implantation failure [269].  
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KLF5 has been found to be highly expressed in an ovarian cancer cell line, where 

KLF5 expression was correlated with survivin expression [270]. It was shown that 

silencing of KLF5 by small interfering RNA down-regulated survivin expression, which 

also sensitised the cells to apoptosis induced by chemotherapeutic drugs [270].  

Lastly, it has been shown that KLF5 is a potential molecular marker in cervical 

cancer such that over-expression of KLF5 was detected in cervical cancer compared to 

normal tissue [271].  

 

1.7.6.9 Cardiac muscle  

A study of a conditional knockout mouse for Klf5 has shown that KLF5 is one of 

the key regulators in cardiac hypertrophy, potentially making it a therapeutic target for 

treating heart failure [218]. KLF5 has been reported to play roles in phenotypic 

modulation of vascular smooth muscle cells by activating specific genes which have an 

association with vascular diseases including restenosis [216, 272, 273]. Specifically 

KLF5 has been reported to be important during cardiovascular remodelling [54] and 

such KLF5 was also reported to have an association with pulmonary arterial 

hypertension (PAH) development (PAH is a vascular remodelling disease characterized 

by enhanced proliferation of pulmonary artery smooth muscle cell (PASMC) and 

suppressed apoptosis) [274]. KLF5 was reported to be expressed in human PAH in a 

STAT3 dependent manner and PAH could be improved through KLF5 inhibition which 

inhibited proliferation and induced apoptosis [274]. It was reported that KLF5 inhibition 
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through siRNA in PAH-pulmonary artery smooth muscle cell (PAH-PASMC) results in 

decreased proliferation to the level seen in control-PASMC [274]. 

 

1.7.7 The function of KLF5 in haemopoiesis 

As KLF5 has been reported to play significant roles in various forms of cancer 

and diseases, studies on KLF5 activity in tissue-specific contexts are rapidly growing, 

attracting interest as a therapeutic target in several settings. However, the role of KLF5 

in haemopoiesis is not well studied and our preliminary data supporting a role in 

myelopoiesis drove our interest to investigate the functional role of KLF5 in this system. 

In relation to our particular interest in KLF5, this section of this review will be focusing 

on the roles of KLF5 in haemopoiesis.  

Since this project was started one study has been published using a Klf5 

conditional knockout model to examine some aspects of the functions of Klf5 in 

haemopoiesis. In this study, Klf5 was demonstrated to play an important role for 

adhesion and bone marrow homing through Rab5-dependent post-translational 

regulation of β1/β2 integrins [275]. Ishikawa et al. also reported that Klf5-deficient HSC 

and progenitors fail to engraft after transplantation [275]. In the lymphoid compartment, 

microarray gene expression analysis has revealed that Klf5 expression is down-regulated 

in natural killer cells, B-cell and T-cells relative to normal HSC (Figure 1.4) [276]. On 

the other hand, KLF5 was shown to potentially contribute to lineage-specific regulation 

of germline T-cell receptor (TCR) transcription since KLF5 expression was identified in 

a restricted manner with highest expression in pro–T-cell lines [277]. In the erythroid 

compartment, KLF5 was found as a potential candidate to regulate human gamma-
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globin gene expression through its CACCC element [180]. KLF5 mRNA expression was 

identified in human and mouse erythroid cell lines and that mRNAs expression changed 

significantly upon erythroid differentiation [180].  

 

1.7.7.1 KLF5 function in the myeloid compartment and AML 

Microarray studies of the FDB1 myeloid cell line here at the Acute Leukaemia 

Laboratory, IMVS identified KLF5 as a transcription factor of interest in the myeloid 

compartment [278]. In response to GM-CSF and IL-3, the FDB1 cell line undergoes 

Granulocyte-Macrophage (GM) differentiation or continued proliferation respectively 

[279, 280]. Microarray gene expression profiling over a time-course of GM-CSF-

induced differentiation was performed to identify a number of potential novel 

transcriptional regulators of the GM lineage by using this model system [278]. Detailed 

analysis of KLF5 expression in FDB1 cells by Q-RT-PCR has confirmed the initial 

microarray data [278]. These data indicated that KLF5 mRNA is up-regulated at 12 

hours in FDB1 cells undergoing GM differentiation [278]. As shown in Figure 1.4, 

microarray gene expression profiling in primary mouse and human haemopoietic cells 

also confirms this observation of up-regulation of Klf5 expression in myeloid lineages. 

Thus the expression profile of KLF5 is consistent with a role as a transcriptional 

regulator of GM differentiation in both mouse and human systems.  

Functional characterisation of Klf5 in the myeloid system using retroviral 

transduction to express KLF5 in the FDB1 cell line showed that under growth-promoting 

conditions (IL-3), FDB1 cells transduced with a MSCV-mKLF5-IRES-GFP retrovirus 

display a decreased rate of proliferation due to a significant increase in apoptosis G0/G1 
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Figure 1.4: Expression of KLF family members in mouse and human 

haemopoietic lineages 

A) Heat maps showing expression of mouse klf5 (red arrow) and other family members 
in mouse haemopoietic lineages. Data was extracted from a study by Chambers et al. in 
which mature haemopoietic cell populations and haemopoietic stem cells were freshly 
harvested from bone marrow or peripheral blood [281]. B) Heatmap showing expression 
of human KLF family members during in vitro differentiation of human CD34+ cells 
along erythroid (E), granulocyte (G) and monocytic lineages (M). Data was extracted 
from Tonk et. al. followed by gene expression analysis for each population by 
microarray [282]. Heat map colours represent fold change relative to haemopoietic stem 
cells as indicated by the colour scale (log2). Red=increase, green=decrease [276]. 
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and cell cycle arrest [276]. This was accompanied by a significant increase in the 

maturation markers Gr-1 and c-Fms, indicating that KLF5 over-expression was inducing 

growth arrest and changes associated with GM differentiation in these cells [276].  

The effects of forced KLF5 expression in primary murine haemopoietic cells has 

also been tested [276]. Expression of KLF5 in bone marrow cells significantly reduced 

their capability to form colonies in semi-solid media. Similar experiments have also 

shown that KLF5 expression can induce markers of maturation in human leukaemic cell 

lines [28].  Further evidence supporting a functional role for KLF5 as a growth 

suppressor in myeloid cells was obtained where Diakiw et al. demonstrated that 

knockdown of KLF5 expression was associated with an increase in cell expansion and 

attenuated granulocyte differentiation in response to G-CSF [28]. Interestingly, an 

independent study conducted in acute promyelocytic leukaemia (APL) cells has shown 

similar results in which knocking down KLF5 in the APL cell line (NB4) significantly 

attenuated neutrophil differentiation [33]. Additionally, both groups have shown similar 

findings where KLF5 expression is reduced in multiple subtypes of acute myeloid 

leukaemia (AML) suggesting that this may be a common event associated with 

development of the AML blast and stem cell populations [28, 33]. In addition, KLF5 has 

been reported to be hypermethylated in the intron 1 region, contributing to reduced 

expression, which is correlated with inferior survival in AML [28, 52]. 

Recent research has shown that upregulation of Klf5 expression during 

neutrophil differentiation of APL cells is CEBPA-dependent [283]. C/EBPα, is a known 

transcription factor which codes for a critical regulator during formation of granulocyte-

monocyte progenitors and neutrophil differentiation [283, 284]. Global gene expression 
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analysis has revealed that Klf5 expression is reduced in the C/EBPα knockdown lineage-

negative marrow cells [284]. This study also reported that higher levels of C/EBPα are 

required for granulocyte lineage and lower levels for monocyte lineage specification 

[284]. Since it has been reported that Klf5 expression level is associated with C/EBPα 

[284], this further suggested that Klf5 in association with C/EBPα plays a key functional 

role in regulating granulocyte development.  

As a whole, the expression and functional data generated supports the proposal 

that KLF5 is acting as a growth suppressor and promoter of differentiation in the 

myeloid lineage, and the prediction is that it will have a role as a tumour suppressor in 

AML.  However, the role of KLF5 as a regulator of myeloid cell growth and 

differentiation has not been investigated extensively in vivo.  

 

1.7.8 KLF5 mouse knockout phenotypes 

Klf5 knockout (KO) mice (Klf5-/-) are embryonic lethal at 8.5 days postcoitum 

(dpc) [79], making the study of KLF5 function in the adult via homozygous KO 

impossible. A study on mouse embryonic stem cells (ESCs) has shown that KLF5 

regulates their proliferation and self-renewal and that loss of KlF5 expression interrupts 

normal embryonic development [285, 286]. Recent studies have also identified that Klf5 

is important in regulating mouse embryo implantation and that Klf5 is required for the 

formation of the trophectoderm (TE) and the inner cell mass (ICM), whilst repressing 

primitive endoderm (PE) development [269, 287]. However, the heterozygous 

littermates, Klf5+/- mice survive until adulthood and are apparently normal and 

fertile, with expression of KLF5 reduced to about half that in wild-type mice [79]. 
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Several in vivo studies conducted on Klf5+/- mice revealed different roles of Klf5 

function in tissue-specific contexts. For example, while Shindo et al., showed that Klf5 

is important in the activation and proliferation of smooth-muscle cells in 

cardiovascular remodelling [79], Oishi et al., have shown that KLF5 is a key 

regulator of the transcription factor network that governs adipocyte differentiation [78]. 

Additionally, several groups have generated conditional knockout models (Cre/LoxP 

recombination system) to study Klf5 in various tissues, for example in the study of 

cardiac hypertrophy and heart failure, as well in studies to assess the role of KLF5 in 

lung development and function [218, 264]. In haemopoiesis, Ishikawa et al. had 

generated an inducible Klf5-gene ablation model using the Mx1-Cre system and shown 

that Klf5 has a functional role in the homing and retention of haemopoietic stem cell 

(HSC) in the bone marrow but did not present a detailed analysis of Klf5 in committed 

lineages [275]. Combined with in vitro data suggesting Klf5 as a myeloid regulator 

generated by us and others, this suggests that Klf5 might be involved in multiple aspects 

of blood cell formation during haemopoiesis. Thus, further investigations on the 

consequences of loss of Klf5 on haemopoietic stem and progenitor cell (HSPC) function 

and committed lineage progenitors are warranted. Hence, we generated a haemopoietic 

Klf5 conditional knockout mouse model by using the Cre/LoxP recombination system 

for the in vivo study of Klf5 function in the haemopoietic system.  

 



53 
 

1.7.8.1 The use of the Cre/LoxP recombination system to generate a conditional 

knockout mouse model.  

The Cre/LoxP recombination system has been widely used as an efficient tool for 

generating site-specific DNA recombination in transgenic mice where the genome was 

altered in a tissue-specific manner [288, 289]. Cre recombinase is an enzyme of the PI 

bacteriophage that integrates DNA in a site-specific manner where it catalyses the 

recombination between two of the recognition sites, LoxP [290]. A LoxP site consists of 

two 13 bp inverted repeats separated by an 8 bp asymmetric spacer region [291] (Figure 

1.5). When a single Cre recombinase molecule binds to each palindromic half of a LoxP 

site and forms a tetramer, two LoxP sites are brought together and recombination occurs 

within the spacer area of the LoxP sites [292]. The Cre/LoxP recombination system 

allows both the knock-out and knock-in of specific genes in a range of diseases and 

developmental studies. As reviewed in Zhao et al. and Daria et al., [293, 294], there are 

two mouse lines required; firstly a conventional transgenic mouse line with Cre targeted 

to a specific tissue or cell type through use of a cell specific promoter. Secondly, a 

mouse strain engineered to have a target gene for example Klf5,   
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Figure 1.5: Two loxP sites flanking exon 2 of Klf5 to be targeted by Cre 

recombinase 

The schematic diagram represents a target gene for an exon of Klf5, flanked by two 
LoxP sites in a direct orientation where a LoxP recombination site is 34 bp long and 
consists of two 13 bp inverted repeats separated by an asymmetric 8 bp spacer region.  
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flanked by two LoxP sites in a direct orientation. Mating of these two transgenic mice 

allow the recombination event to occur in the progeny in those cells expressing Cre 

recombinase. As the recombination event occur only in a tissue-specific manner, the 

targeted gene (deleted in specific cells) remains active in other cells and tissues which 

do not express Cre  (reviewed in Georgiades et al., [295]). This genetic tool is being 

improved and expanded indicating its potential benefits in a broader area of studies, 

especially in a larger scale of DNA manipulation [296, 297]. 

 

1.7.8.2 The Vav promoter drives Cre-mediated gene knockout throughout the blood 

system. 

In the haemopoietic system, vav promoter elements have been used in a transgenic 

vector to drive transgene expression throughout the haemopoietic compartment [298]. 

Vav is a proto-oncogene that was described to be ubiquitously expressed in the 

haemopoietic compartment [299] and subsequent studies in an in vivo model showed 

that vav expression is restricted to haemopoietic tissues and endothelial tissues [300]. 

The vav-Cre transgenic mice have now become a widely used tool for mutagenesis in all 

haemopoietic lineages [295, 301]. The vav-Cre transgenic mice have been successfully 

used to generate a conditional haemopoietic KO of the gene Autophagy (Atg) allowing 

the investigation of its role in haemopoietic cells and its association with anaemia [302]. 

Additionally, a Retinoblastoma (Rb) gene conditional KO was generated using vav-Cre 

techniques and used to assess the role of Rb in HSC development and function [294].  In 

addition, the role of suppressor of cytokine signalling-3 (Socs3) in the regulation of 
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haemopoietic growth factor signalling has been investigated using a tissue-specific 

deletion in the haemopoietic system, generated using vav-Cre techniques [303].  

 

1.8 Research Proposal 

1.8.1 HYPOTHESIS 

1. Based on the previous findings [28, 33, 52, 276, 278], we hypothesise that KLF5 

is acting as a growth suppressor and promoter of differentiation in the myeloid 

lineage. 

 

1.8.2 EXPERIMENTAL AIMS and DESIGNS 

1. Generating a Klf5 conditional knockout mouse model for study in the 

haemopoietic system. 

We proposed to generate a Klf5 pan-haemopoietic gene-ablation model by 

crossing Klf5flox/flox mice with Vav-Cre transgenic mice. Details on the procedure used to 

construct this mouse will be described in Chapter 3.  

 

2. Analysing peripheral blood of Klf5 conditional knockout mice 

Peripheral blood (PB) will be drawn through orbital eye-bleed under halothane 

anaesthesia at 3, 6, 9 or 12 months old. PB will be measured for white blood cell (WBC) 

and red blood cell parameters (including haemoglobin, haematocrit, mean corpuscular 

volume, mean corpuscular concentration and mean corpuscular concentration) counts. 

This will be performed using automated blood cell count. Next, PB phenotype will be 



57 
 

analysed by flow cytometry analysis using cell surface marker specific to mature cells 

type (e.g. CD11b, Gr-1, B220, CD3, and TER119). 

 

3. Analysing bone marrow of Klf5 conditional knockout mice 

Mice will be sacrificed by cervical dislocation followed by extracting the bone 

marrow from both femur and tibia of each mouse. Flow cytometry will also be used to 

measure cell populations from BM for the expression of various lineage differentiation 

markers. The stem and progenitor cell compartments will also be assessed by 

multicolour flow cytometry (Lin-, Sca-1+, c-Kit+ and Lin-, Sca-1-, c-Kit+ cells 

respectively). Flow cytometry will also be used to measure the percentages of HSC, 

CMP, CLP and GMP as described in [304]. Colony assay (CFU assay) and serial 

replating assay in a range of different cytokines will be conducted to detect and quantify 

the capability of haemopoietic progenitor cells in bone marrow to form colonies [305]. 

 

4. Analysis of haemopoietic organs from Klf5 conditional knockout mice 

Following bone marrow analysis, post-morterm analyses will also be conducted 

on other haemopoietic organs (including rib cage, liver and spleen). Haemopoietic 

organs from Klf5-KO mice will be physically visualised next to control littermate for 

any defects or differences (such as colour, size and appearance). Next, sections of tissues 

will be stained with haematoxylin and eosin (HE) and/or myeloperoxidase (MPO) for 

histology analysis.  

 

5. Analysis of spleen from Klf5 conditional knockout mice 
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Extended analyses will be conducted on spleen of Klf5-KO mice. Spleen cells 

will be extracted and percentages of specific cell types were measured by flow 

cytometry.   The stem and progenitor cell compartments will also be assessed by 

multicolour flow cytometry using specific cell surface markers. CFU assay will also be 

conducted to monitor the frequency of haemopoietic progenitor cells in spleen. 

 

1.8.3 Ethical Considerations 

Ethical approvals for all experiments have been approved by the Animal Ethics 

Committees of SA Pathology and the University of Adelaide. All procedures complied 

with the “The Australian Code of Practice for the Care and Use of Animals for Scientific 

Purposes, 2004 and the South Australian Animal Welfare Act, 1985. 

 

1.8.4 Location 

The experiments were mainly conducted at the Institute of Medical and 

Veterinary Science (IMVS). Mice were raised and bred in the animal house of Hanson 

Institute, SA Pathology, Frome Road whereas dissecting and analysis of the mice were 

held in the Acute Leukaemia Laboratory in the division of Haematology department, 

IMVS, Frome road, Adelaide. Other experiments involving in vitro analysis were 

conducted in the Acute Leukaemia Laboratory in the division of Haematology, IMVS, 

Frome Rd, Adelaide. 
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Chapter 2:  Materials and methods 

2.1 Materials 

Supplier Reagent 

Alpha Diagnostic Int. Antibody stripping solution 

Applied Biosystem -  USA BigDye Terminator v3.1 sequencing reagent 

BD Pharmingen TM  Alexa Fluor 488® rat anti-mouse CD125 antibody 

FITC rat anti-mouse CD41 antibody 

PE-Cy TM5 rat anti-mouse CD45 antibody 

PE rat anti-mouse CD117 antibody 

PE rat anti-mouse CD16/32 antibody 

PE rat anti-mouse Siglec-F antibody 

Biolegend – USA APC anti-mouse CD11b antibody 

APC anti-mouse CD150 (SLAM) antibody 

Biotin anti-mouse CD127 (IL-7Rα) antibody 

FITC anti-mouse CD48 antibody 

Pacific BlueTM anti-mouse CD3ǫ  antibody 

Pacific BlueTM anti-mouse Ly-6A/E (Sca-1) antibody 

PE/Cy5 anti-mouse CD3ǫ antibody 

PE/Cy5 anti-mouse CD11b antibody 

PE/Cy5 anti-mouse CD45R/B220 antibody 

PE/Cy5 anti-mouse Ly-6G/Ly-6C (Gr-1) antibody 
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PE/Cy5 anti-mouse TER-119/Erythroid Cells antibody 

PE/Cy7 anti-mouse CD105 antibody 

Strepavidin-PE/Cy7  

eBioscience –USA  Anti-human/mouse CD45R (B220) PE-Cy7 antibody 

Anti-mouse CD117 (c-Kit) APC-eFluor® antibody 

Anti-mouse CD135 (Flt3) PE antibody 

Anti-mouse CD45.2 FITC antibody 

Anti-mouse CD45.1 PE antibody 

Anti-mouse Ly-6G (Gr-1) APC-eFluor® 780 

Geneworks – Australia Oligonucleotide primers 

Invitrogen - USA 0.5 -10 Kb RNA ladder 

1 Kb plus DNA ladder 

BenchMarkTM pre-stained protein ladder 

Proteinase K 

Trizol solution 

Trypan blue solution 

Merck Australia - Australia Ethanol, absolute 

Isopropanol 

Millipore  Anti-KLF5 antibody (#07-1580) 

Miltenyi Biotec - Germany AutoMACSTM rinsing solution  

CD117 MicroBeads mouse 

MACS Multistand 

MiniMACS Separator 
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MS Columns  

Pre-separation filters, 30 µm 

Peprotech  G-CSF (mouse) 

Pierce SuperSIgnal WestPico substrate  

SuperSIgnal WestDura substrate 

ImmunoPure Goat Anti-Mouse IgG HRP 

ImmunoPure Goat Anti-Rabbit IgG HRP 

Progen Industries Ltd – 

Australia 

Agarose 

Qiagen – USA DNeasy Blood & Tissue kit 

QIAquick Gel Extraction kit 

QIAquick PCR Purififcation kit 

QuantiTect Rev. Transcription kit  

RNeasy Micro kit 

Roche – Australia CompleteTMprotease inhibitor cocktail 

FastStart Taq reagents 

Glygocen 

PefablocTM 

Sigma-Aldrich - USA 1X Phosphate buffered saline (PBS) 

1X TAE buffer (tris-acetate-EDTA) 

Bovine serum albumin 

Dimethyl sulfoxide (DMSO) 

Dextran from Leuconostoc spp. –Mr ~500,000 
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(#31392) 

EDTA (ethylenediamine-tetraacetic acid) 

Ethidium bromide 

Foetal calf serum (FCS) lot #3A0561 

Glucose 

IMDM (Iscove’s Modified Dulbecco’s Medium with L-

glutamine and 25Mm HEPES) 

L-glutamine-penicillin-streptomycin solution for cell 

culture 

TEMED 

Ammonium Persulphate 

Polybrene 

Puromycin 

StemCell Technologies – 

Canada 

Methylcellulose-Based Medium with Recombinant 

Cytokines and EPO for mouse cells (#M3434) 

Methylcellulose-Based Medium with EPO (without 

cytokines) for mouse cells (#M3334) 

Methylcellulose-Based Medium without cytokines for 

mouse cells (#M3234) 

Veterinary Services of 

Australia – Australia 

Isofluorane inhalation anaesthetic  
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2.1.1 Oligonucleotide PCR Primers 

NAME DETECTS USE FORWARD PRIMER REVERSE PRIMER DESIGN by 

Actb Actb Q-PCR (control) AGTGTGACGTTGACATCCGTA GCCAGAGCAGTAATCTCCTTCT Dr Sonya 

Diakiw 

CRE 1 Cre Cre PCR CTGACCGTACACCAAAATTTGCCTG GATAATCGCGAACATCTTCAGGTTC  Warren 

Alexander 

CRE 2 Cre  Cre PCR CATTTGGGCCAGCTAAACATG GCAATCCCCAGAAATGCCAG N.H. Shahrin 

SD41/42 FLPE Flpe PCR GTGGATCGATCCTACCCCTTGCG GGTCCAACTGCAGCCCAAGCTTCC Dr Ian D 

Tonks 

Primer set 

1 

Downstream flox  Flox PCR CCAAGTTGCAGGCATAAGC CCGTATGAGTCCTCAGGTGA Dr Ian D 

Tonks 

Primer set 

2 

Upstream flox Flox PCR CTGGTTCAAGTGAACATTTGG CAAAGGGCTTTTGTGTGTGGAC Dr Ian D 

Tonks 

Primer set 

3 

Primer R2 

Primer R2 

Downstream flox Flox PCR 

Klf5-deleted PCR 

Sequencing 

CGTGACCCAAAATATAATTGGATGG GTAAATGGAGAGCAATCGTGGGAC 

GTAAATGGAGAGCAATCGTGGGAC 

GTAAATGGAGAGCAATCGTGGGAC 

N.H. Shahrin 

Primer set 

4 

Primer F 

Primer R1 

Upstream flox Flox PCR 

Klf5-deleted PCR 

Sequencing 

GAGGGTGCAATTGTTTTGTATC 

GAGGGTGCAATTGTTTTGTATC 

GAGGGTGCAATTGTTTTGTATC 

CTTGAAAACTAAAACCTGTGC 

 

CTTGAAAACTAAAACCTGTGC 

N.H. Shahrin 

Klf5 Klf5 Q-PCR AGCTCAGAGCCTGGAAGTC TGAGTCCTCAGGTGAGCTTT Dr Sonya 

Diakiw 

Table 2.1: Oligonucleotide sequences 
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2.1.2 Media and solutions 

TAC (Tris Ammonium Chloride): erythrocyte lysis buffer for bone marrow 

13mM Tris and 13.5 mM ammonium chloride (NH4CL) was made up to 500 ml in 

PBS. The PH was adjusted to 7.2 with concentrated HCl and subsequently 

autoclaved and stored at room temperature.  

 

ACK (Ammonium, Chloride, Potassium): RBC lysis buffer for peripheral blood 

To make up 10x ACK, 150mM NH4CL, 10mM KHCO3 and 0.1mM 

NaEDTA of final concentration were made up to 500 ml in miliQ water. The 

PH was adjusted to 7.4 with concentrated HCl and subsequently autoclaved 

and stored at room temperature.  

 

2% Dextran for RBC separation  

2% dextran was made up with PBS and stock were store at 4°C. 

 

Sample media (SM) for flow cytometry 

Made up with PBS (490 ml) with 2% FCS (10ml) and 0.5 mM EDTA.  

 

Solution 2 for tail genomic DNA prep 

50 mM Tris with pH 8.0, 20 mM EDTA with pH 8.0, 2% SDS and water to 

make an 80 ml stock solution. 

 

2.2 Generating conditional Klf5 knockout mice 

Details on the strategy used to generate pan-haemopoietic Klf5 conditional 

gene knockout mice by using Vav-Cre transgenic mice were explained in Chapter 3 
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of this study. The Klf5-floxed mice (Klf5fl/fl ) were generated by a commercial 

provider; Queensland Institute of Medical Research (QIMR). The Flp recombinase 

mice used in this study are driven by ACTB promoter which allows complete 

excision of the NEO selection cassette in the germ line [306]. This was performed at 

QIMR and we were provided with Klf5fl/fl Flpe+ mice on a 129/C57BL6 mixed 

background. We had already established a local colony of Vav-cre transgenic mice 

for this study in the SA Pathology animal care facility (Kind gift of Warren 

Alexander, WEHI) [303]. 

 

2.3 Genotyping from genomic DNA 

2.3.1 Extracting genomic DNA from mice 

2.3.1.1 Tail genomic DNA preparation 

700 µl of Solution 2 was added into each eppendorf tube containing an 

individual tail tip. Using sharp scissors, each tail was chopped into small pieces. 

Then, 35 µl of 10 mg/ml proteinase K was added into each tube and mixed by 

inversion. The mixtures were then incubated for at least 6 hours or overnight at 56°C. 

Following incubation, the mixtures were chilled on ice for 10 minutes. Next, 250 µl 

of NaCl was added and inverted to mix.  The mixtures were chilled on ice for 5 

minutes followed by centrifugation at 13.4 rcf for 5 minutes. Supernatants were then 

transferred into a new eppendorf tube and DNA was precipitated by adding 700 µl of 

isopropanol. The mixtures were mixed by inverting followed by centrifugation at 

13.4 rcf for 5 minutes. Later, DNA pellets were washed with 70% ethanol. Dried 

pellets were then resuspended in 50 µl of TE buffer containing 0.2 mg/ml RNAseA.  
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2.3.1.2 Bone marrow genomic DNA preparation 

Genomic DNA from whole bone marrow cells was extracted by using 

DNeasy Blood & Tissue Kits from Qiagen according to manufacturer’s instructions.  

2.3.2 Polymerase Chain Reaction (PCR) 

2.3.2.1 Flpe, Flox and Klf5 deleted PCR method 

Oligonucleotides used for these PCR reactions are listed in Table 2.1. PCR 

reactions and cycles used for Flpe-PCR, Flox-PCR and Klf5 deleted-PCR were the 

same using the Roche FastStart Taq PCR kit according the manufacturer’s protocols. 

However, primers used in each polymerase chain reaction (PCR) were designed 

individually according to the detection of desired gene. PCR was performed in 50 µl 

of total reaction with 100 ng of genomic DNA as the template, 10x Reaction Buffer, 

4 µl of MgCl2, 5x GC-rich solution and 10 mM dNTPs. Amplification parameters 

were as follow; 96°C for 2 minutes (1 cycle), then 2 cycles of 96°C for 30 seconds, 

64°C for 30 seconds and 72°C for 1 minute. Then the annealing temperature was 

decreased by 2°C/step and 2 cycles/step were performed until the annealing 

temperature of 58°C was reached. Then, 35 cycles of 96°C for 30 seconds, 55°C for 

30 seconds and 72°C for 1 minute. Followed by 72°C for 2 minutes and lastly, hold 

at 4°C. 

 

2.3.2.2 Cre PCR method 

PCR was performed using the Roche FastStart Taq PCR kit according the 

manufacturer’s protocols with 1 µg of gDNA template. Cycling parameters used for 

Cre PCR were as follow; the initial denaturation was at 95°C for 4 minutes (1 cycle). 

Then, the following denaturation step was at 95°C for 30 seconds, followed by 
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annealing at 60°C for 30 seconds and extension at 72°C for 1 minute (25 cycles). The 

final extension was at 72°C for 10 minutes (1 cycle). PCR was performed on a 

Corbett Gradient Palm-Cycler. 5 µl of each PCR reaction was separated and 

visualised using gel electrophoresis. Oligonucleotide primer sequences are shown in 

Table 2.1.  

 

2.4 RNA isolation and cDNA production 

Total RNA was isolated from whole bone marrow cell pellet using the 

Qiagen RNEasy Micro kit according to the manufacturer’s instructions. Quantitation 

of RNA was performed using a NanoDrop Spectrophotometer. RNA was stored in 

aliquots at -80°C. For production of cDNA, 1 µg of RNA was treated with DNAse 

and reverse-transcribed using the Qiagen QuantiTect Reverse Transcription kit as per 

the manufacturer’s protocol. cDNA samples were stored at -20°C. 

 

2.5 Quantitative reverse transcription PCR 

Quantitative reverse transcription PCR (Q-PCR) reactions were carried out 

using the following conditions per reaction: 1.25 U/µl Roche FastStart Taq, 1x Taq 

Buffer (without magnesium), 2.5 mM magnesium chloride, 200 µM each dNTP, 1x 

EvaGreen fluorescent nucleic acid dye, 450 nM each forward and reverse PCR 

primers, and 1 µl cDNA template. Q-PCR was performed on a Corbett RotorGene 

6000 instrument with the following cycling conditions: 95°C for 10 minutes (1 

cycle), 95°C for 25 seconds - 60°C for 25 seconds - 72°C for 30 seconds (40 cycles – 

acquiring to green), 72°C for 1 minute (1 cycle). Products of Q-PCR were analysed 

by melt curve analysis as follows: Increments of 1°C for 5 seconds each from 72°C -
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99°C, acquiring to green. For each sample duplicate reactions were performed for 

detection of the gene of interest and a control gene (Beta-actin, ACTB). QGene 

software was used for analysis of relative mRNA expression levels313. 

Oligonucleotide primer sequences are shown in Table 2.1. 

2.6 Preparation of Cell lysates and Protein assay 

Cells were pelleted by centrifugation at 287 rcf for 5 minutes and then 

resuspended in ice cold Phosphate buffered saline (PBS). The cells were then 

centrifuged at 3.3 rcf for 3 minutes at 4°C. Cells were lysed in Modified RIPA Lysis 

Buffer (MRLB) (1% Np-40, 0.1% SDS, 0.1% NaDeoxycholate, 100 mM NaCl, 2.5 

mM EDTA, 2.5 mM EGTA, 50 mM Hepes pH 7.4) with inhibitors (Pefabloc (50x), 

Complete (25x) and PhosSTOP (10X)) (Roche) on ice for 30 minutes. Cells were 

then centrifuged at 13.4 rcf for 1 minute at 4°C and the supernatants were transferred 

to new tubes. Protein concentrations were determined using the Biorad DC protein 

assay as in the manufacturer’s instructions.  

 

2.7 Western Blot 

Samples with 5X Sodium Dodecyl Sulfate (SDS) load buffer (including 2-

mecapto-ethanol @ 50 µl/ml) were run on 8% SDS-Polyacrylamide Gel 

Electrophoresis (PAGE) with 1X SDS running buffer, followed by wet transfer on 

nitrocellulose membrane run with 1X towbin buffer (200 ml 10X Towbin buffer 

(0.25M Tris, 1.92M Glycine, water), 1.6 ml milliQ and 200 ml methanol). To see an 

even transfer for each lane, Ponceau S was used to stain the membrane. 5% milk in 

PBS-tween 20 was used for 1 hour blocking. The membranes were then incubated 

with the primary antibody and left overnight. Primary antibody binding was detected 
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with a horseradish peroxidase (HRP) conjugated secondary antibody (Pierce) 

followed by chemiluminescence detection (SuperSignal West Pico 

Chemiluminescent Substrate and SuperSignal West Dura Chemiluminescent 

Substrate; Pierce) and developed on LAS4000.  For stripping, 10 ml of 1:10 antibody 

stripping solution (cat#90101, Alpha Diagnostic Int.) and milliQ was used. The 

intensity of the band which represented the protein amount was quantified using 

ImageQuant. 

 

2.8 Isolation and Preparation of Mouse Bone Marrow Cells 

Mice were first euthanized by cervical dislocation. The skin was then 

disinfected with 70% ethanol. For necroscopy purposes, the abdominal area was 

transversely cut to open the abdominal cavity. Prior to fixation, spleen from each 

individual mouse was weighed, measured and inspected for any signs of disease. 

Later, spleen, liver and rib cage of each mouse were removed from the body and put 

into 10% formaldehyde for at least overnight followed by paraffin embedding before 

sectioning and staining for histology analysis. Both feet were then cut and removed 

from the body. Femur and tibia were then dissected and transferred into the cold 

buffer (IMDM+15%FCS). 

After isolation of all bone fragments, the bones were transferred to a mortar 

and gently crushed. Next, the bones were flush crushed with isolation buffer and 

pipetted up and down with cold buffer (IMDM+15%FCS), followed by filtering the 

suspension using the 80-mm cup filter into an appropriately sized collection tube. 

The cell suspension was centrifuged at 400 × g for 10 min followed by resuspending 

the cell pellet in 200 µL/mouse of 1× TAC lysis buffer. For washing step, 1 

ml/mouse cold buffer (IMDM+15%FCS) was added followed by filtering to get rid 
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clumps of cell debris. Next step was centrifuged again at 400 × g for 10 min followed 

by resuspending in an appropriate volume of (IMDM+15%FCS) buffer. 

 

2.9 C-Kit enrichement using MACS 

2.9.1 Magnetic Labelling  

2 x 107 of whole bone marrow cells were centrifuged at 400 × g for 10 

minutes and supernatant was removed. Cells were then resuspended in 100 µl of cold 

MACS buffer (provided by Miltenyi Biotec). 3.5 µl of CD 117 (c-Kit) micro beads 

(Miltenyi Biotec – Cat #130-091-224) were added into the samples. Samples were 

then incubated on ice for 30 minutes in the dark. Later, 10 mL MACS buffer added 

followed by centrifugation of those cells for 10 minutes at 300 x g. Cells were then 

resuspended in 500 µl of MACS buffer and placed on ice. 

 

2.9.2 Magnetic separation 

MS columns (Miltenyi Biotec – Cat # 130-042-201) were placed in the 

magnetic field of a suitable MACS Separator (Miltenyi Biotec Midi Macs separation 

unit #130-042-302) and rinsed with 3 ml Macs buffer. C-Kit stained cells were 

applied onto the column through a 30 µm nylon mesh filter (pre-separation filter, 

#130-041-407). Unlabelled cells that pass through were collected in a separate tube 

(kept aside) and columns were washed with an appropriate amount of Macs buffer 

(MS: 500 µl) three times.  To elute cells, columns were removed from the separator 

and placed on a suitable collection tube. 1 ml MACS buffer was used to flush out the 

magnetically labelled cells  
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2.10 Retro orbital blood collection 

For blood cell phenotyping, blood was collected through the peri-orbital sinus 

of the mouse. Animals were first anaesthetised with isofluorane 2% by inhalation. 

When the animals were no longer moving, a mask was placed on to continue 

anaesthetic stage with isofluorane 1%. Under the halothane anaesthetic condition, the 

forefinger of the operator’s hand was used to pull the facial skin taut and cause the 

eye to protrude slightly. Breathing and colour were monitored throughout the 

procedure to ensure that the restraint did not compromise the airway. Using the other 

hand, the tip of a haematocrit tube was gently inserted below the eye at an 

approximately 45 degree angle into the space between the globe and the lower eye 

lid. When the tip of the pipette contacts the bony floor of the orbit it was gently 

twisted to rupture the capillary sinus. Blood was allowed to flow by capillary action 

into the haematocrit tube and collected blood was transferred into an EDTA coated 

collection tube straight away. After the required amount of blood was obtained 

(approximately 150 µl), the tube was withdrawn and bleeding was ceased by direct 

pressure with sterile gauze over the eyelids. Normal colour and respiration were 

rechecked before returning the animals into their cages for recovery. The animals 

were checked at the end of the day and 24 hours later for complication such as 

squinting or bulging of the eye.  

 

2.11 Cell blood count 

To do the CBC, the Sysmex XE analyser automated blood cell counted was 

used. The minimum volume required for the analyser to run each sample by manual 

open mode setting was 200 µl. Since we were collecting a small amount of blood 
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from each mouse, we made a 1:5 dilution of each blood sample in cell pack buffer to 

make 200 µl of the final volume prior running the samples on the analyser.   

 

2.12 Flow Cytometry   

2.12.1 Peripheral blood cell preparation prior to flow cytometry analysis  

For flow cytometry analysis, at least 50 µl of whole blood is required prior to 

cell preparation. In each blood sample, 250-500 µl of 2% dextran/PBS* was added 

per blood sample depending on the blood volume and mixed by pipetting up and 

down followed by 30 minutes incubation at 37°C. After incubation, RBC centrifuged 

to the bottom of an eppendorf tube, and the top layer (~700 ul vol) pipetted into a 

fresh FACS tube. Then, 1 ml of sample media (SM) was added and the sample 

centrifuged at 287 rcf for 5 minutes and aspirated. Samples were then treated with 

200 µl ACK per sample for 3 minutes at room temperature followed by additional of 

1 ml of SM and centrifugation at 1200 rpm for 5 minutes and aspirated. 100 µl of SM 

media was added into each sample with the desired antibodies. 

 

2.12.2 Flow cytometry from peripheral blood 

Mature Marker panel  – Following ACK treatment, the antibodies required 

for the mature marker panel were CD45.1-PE, CD45.2-Alexa488 (FITC), B220-

PECy7, Mac1-APC, Gr1-APC/AL780, CD3є-PB and TER119-PECy5. Then, 

samples were incubated for 30 minutes on ice in the dark in 100 µl SM. The 

incubated samples were then washed twice with 1 ml SM and centrifuged at 287 rcf 

for 5 minutes. Finally, cells were re-suspended in 180 µl SM and 20 µl of Fluorogold 

added prior to FACS analysis. Analysis was done with an Aria R/S. Single stained 
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controls for compensation and fluorescence minus one (FMO) controls for gating 

strategy were prepared in parallel with samples preparations.   

 

2.12.3 Flow cytometry from Bone Marrow and Spleen cells   

Mature Marker panel  – 8 x 105 bone marrow cells were stained with 

CD45.1-PE, CD45.2-Alexa488 (FITC), B220-PECy7, Mac1-APC, Gr1-APC/AL780, 

CD3є-PB, and TER119-PECy5 in 200 µl SM. Then, samples were incubated for 30 

minutes on ice in the dark. The incubated samples were then washed twice with 1 ml 

SM and centrifuged at 287 rcf for 5 minutes. Finally, cells were re-suspended in 180 

µl SM and 20 µl of Fluorogold added prior to FACS analysis. Analysis was done 

with an Aria R/S. Single stained controls for compensation and fluorescence minus 

one (FMO) controls for gating strategy were prepared in parallel with samples 

preparations.   

Myeloid progenitor panel – 8 x 105 of c-Kit enriched bone marrow cells or 8 

x 105 of unfractionated spleen cells were stained with desired antibodies; CD41-

FITC, CD16/32-PE, CD150-APC, c-Kit-APCAL780, Sca-1-PB, CD105-PECy7 and 

lineage antibodies (CD3e-PECy5, B220-PECy5, Gr1-PECy5, Mac1-PECy5 and 

TER-119-PECy5). Then, samples were incubated for 30 minutes on ice in the dark. 

The incubated samples were then washed twice with 1 ml SM and centrifuged at 287 

rcf for 5 minutes. Finally, cells were re-suspended in 180 µl SM and 20 µl of 

Fluorogold added prior to FACS analysis. Analysis was done with an Aria R/S. 

Single stained controls for compensation and fluorescence minus one (FMO) 

controls for gating strategy were prepared in parallel with sample preparations.   

Stem cell and lymphoid progenitor panel – 8 x 105 of c-Kit enriched bone 

marrow cells or 8 x 105 of unfractionated spleen cells were stained with desired 
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antibodies; CD48-FITC, FLT3-PE, CD150-APC, c-Kit-APCAL780, Sca-1-PB, 

IL7Rα-biotinylated and lineage antibodies (CD3e-PECy5, B220-PECy5, Gr1-

PECy5, Mac1-PECy5 and TER-119-PECy5). Then, samples were incubated for 30 

minutes on ice in the dark. Later, the incubated samples were washed twice with 1 ml 

SM and centrifuged at 287 rcf for 5 minutes. After that, StrepAvidin-PECy7 was 

added and incubated for another 30 minutes on ice in the dark. Again, samples were 

washed twice with 1 ml SM. Finally, cells were re-suspended in 180 µl SM and 20µl 

of Fluorogold added prior to FACS analysis. Analysis was done with an Aria R/S. 

Single stained controls for compensation and fluorescence minus one (FMO) 

controls for gating strategy were prepared in parallel with sample preparations.   

 

2.12.4 Eosinophil analysis by Flow Cytometry 

Peripheral blood (PB) and bone marrow (BM) – Antibodies required for 

the eosinophil panel were SiglecF-PE, CD45.2-Alexa488 (FITC), Mac1-APC and 

TER119-PECy5. BM and PB cells were prepared as detailed in Section 2.8 and 

2.12.1 respectively. Both BM and PB samples were then incubated with desired 

antibodies in FACS wash buffer for 30 minutes on ice in the dark. . Later, the 

incubated samples were washed twice with 1 ml SM and centrifuged at 287 rcf for 5 

minutes. Finally, cells were re-suspended in 180 µl SM and 20 µl of Fluorogold 

added prior to FACS analysis. Analysis was done with an Aria R/S. Single stained 

controls for compensation and fluorescence minus one (FMO) controls for gating 

strategy were prepared in parallel with samples preparations.   

Lung – In this study, lung cells were extracted by mashing the lung from at 

least 5 mice from each genotype group at 12 months old. Again, flow cytometry 

were used for the analysis. In this analysis, the antibodies used were SiglecF-PE, 
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CD45.2-Alexa488 (FITC) and Mac1-APC for cell surface marker detection. Cells 

were stained for 30 minutes on ice followed by two times washes with FACS media. 

Cells were then fixed with FACS media contained 10% formaldehyde and kept in the 

fridge (4°C). The next day, samples were run on a Gallios Flow Cytometer. For 

analysis, FCS4 express was used. 

 

2.13 Colony Assays   

Methylcellulose colony forming assays were performed using either 

MethoCult™ GF M3434 (with recombinant cytokine and EPO for mouse cells) or 

MethoCult™ M3234 (incomplete medium) or MethoCult™ M3334 with (with EPO for 

mouse cells) according to the manufacturer’s protocol. 1 x 104 bone marrow cells or 2 x 

105 spleen cells were seeded in each plate in triplicate plates for each condition. Colonies 

greater than 50 cells in size were counted at Day 7 post-seeding. Representative 

photographs for colony morphology were taken using an Olympus CK2 microscope and 

DP11 camera system at an original magnification of 100x. For serial replating assays, 

cells from triplicate at Day 7 post-seeding were harvested and resuspended with IMDM 

media to wash away the methocult. Cells were centrifuged at 287 rcf for 5 minutes and 

the supernatant were removed. Again, 1 x 104 bone marrow cells or 2 x 105 spleen cells 

were seeded in each triplicate plate for each condition. At Day 7 post-seeding, colonies 

were scored and the same procedures were repeated.  

 

2.14 Mouse monitoring protocol 

For this, we monitored the visual characteristics of the animals. All breeding 

was performed in the clean barrier facilities in the SA Pathology animal care facility 
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to provide pathogen-free conditions. All mice from the Klf5+/fl X Klf5+/fl, Klf5fl/fl  X 

Vav-cre+/- and Klf5+/fl, Vav-cre+/- X Klf5fl/fl  or Klf5+/fl, Vav-cre+/- X Klf5+/fl breeding 

pairs were monitored for physical appearance until adult stage. The pregnant mice 

were also monitored. Mice were born at the expected Mendelian ratios as shown in 

Table 3.1. Upon weaning at day 21, mice were marked with an ear notch for 

identification (ID), followed by tail tipping for genotyping. We continued physical 

monitoring every week until mice reached 12 months of age. Mice were monitored 

for their behaviour, physical activity and for any sign of disease. Since these genetic 

monitoring involved daily observations, they were conducted together with the 

animal care facility staff members on the first few littermates while the animal care 

facility staffs have undertook the rest of the daily routine on monitoring.  
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Chapter 3:  Generating a Klf5 conditional knockout mouse 

model for study in the haemopoietic system.  

3.1 Introduction 

Klf5 knockout (KO) mice (Klf5-/-) are embryonic lethal at 8.5 days postcoitum 

(dpc) [79], making the study of KLF5 function in the adult impossible. Thus, 

generating a conditional Klf5 gene KO model by using Cre/LoxP recombination has 

become a necessary and important approach for tissue-specific studies (as discussed 

in Chapter 1, Section 1.7.8.1). In this study, we used vav promoter elements to drive 

Cre expression throughout the haemopoietic compartment hence targeting Klf5-exon 

2 removal in the haemopoietic compartment. This system will enable a detailed in 

vivo analysis of the effect of Klf5 deletion on haemopoiesis, and will further 

elucidate any specific roles KLF5 may have in granulocyte versus macrophage 

lineage determination 

In this chapter, we outline the generation of a Klf5 haemopoietic gene-ablation 

model by crossing Klf5-floxed mice with Vav-Cre transgenic mice, generating 

Klf5flox/floxVav-Cre mice.  

 

3.2 Results  

3.2.1 Generating a pan-haemopoietic Klf5 conditional gene knockout mice 

For this study, we used Klf5-floxed mice (Klf5fl/fl ) which were generated by a 
commercial provider; Queensland Institute of Medical Research (QIMR). The Klf5fl/fl  
mice were targeted for exon 2 deletion as outlined in  

Figure 3.1. The removal of exon 2 should delete the protein-coding region from 

amino acid 77 until 367,  
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Figure 3.1: Strategy for targeting deletion of Klf5 exon 2 

Indicated are structures of the wildtype Klf5 allele, targeted allele with NEO 
selection cassette, floxed inserted Klf5 allele and exon 2 deleted Klf5 allele. Genomic 
PCR with specific primer pairs allowed detection of each specific allele. As indicated 
on the diagram above, using primer F, R1 and R2 allowed amplification of wildtype 
Klf5 determined by band at 189 bp (F and R1) or Klf5-floxed allele with 279 bp in 
size (F and R1) and the deleted-Klf5 allele determined as the 389 bp (F and R2). 
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including the transactivation domain of the Klf5 protein (see Figure 1.3 in Chapter 
1). Interestingly, this is predicted to generate a truncated Klf5 protein of 87 amino 
acids since removal of exon 2 results in a change in reading frame after exon 1 
(Figure 3.2) [307]. As shown in Figure 3.3, a nucleotide from the end of exon 2 was 
part of the codon for the amino acid across the splice junction between exon 2 and 
exon 3 [308, 309]. Hence, exon 2 deletion will affect the reading frame of Klf5 
protein translation. Shindo et. al., have shown that removal of this protein section 
was enough to interrupt normal function of Klf5 protein which led to an embryonic 
lethal phenotype at 8.5 days post-coitum (dpc) for homozygous Klf5 deleted mice 
[79]. Thus, the Klf5 gene was modified by the insertion of two loxP sites in a direct 
orientation flanking exon 2 of Klf5 gene (floxed), which is the largest exon of the 
Klf5 gene as shown in  

Figure 3.1. It also harbours an FRT flanked neo selection cassette that lies upstream 

of the most 5’ loxP site for neomycin selection of targeted clones and for subsequent 

removal of the cassette. Crossing the targeted (construct for Klf5 conditional KO) 

and Flp recombinase mice will result in recombination between the introduced loxP 

sites to give Klf5fl/fl  mice as shown in Figure 3.4. The Flp recombinase is driven by 

ACTB promoter which allows complete excision of the NEO selection cassette in the 

germ line [306].  This was performed at QIMR and we were provided with Klf5fl/fl , 

Flpe+ mice on a 129/C57BL6 mixed background (detail reports on generating 

Klf5fl/fl , Flpe+ mice are attached in the Appendix A and B). To remove the Flpe 

gene, we crossed Klf5-floxed (Flpe+) mouse with a wildtype C57/BL6 mouse and the 

progeny were genotyped for the Klf5fl/fl  allele and Flpe allele. We first extracted the 

gDNA from tail as described in Chapter 2, Section 2.3.1. Klf5-flox PCR and Flpe 

PCR were conducted on each gDNA obtained from  
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Figure 3.2: Alteration of the Klf5 protein predicted after removal of exon 2 

This diagram visualises the size of a putative truncated protein isoform relative to the 
full length Klf5 isoform. The top sequence shows full Klf5 protein sequence while 
the bottom sequence is the protein sequence translated after removal of exon 2. Blue 
encoded exon 1, purple indicates the original protein sequence from exon 2, 3 and 4 
while orange shows the protein translated after removal exon 2 [307]. 
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Figure 3.3: Mus musculus Klf5 Consensus Coding Sequence, (CCDS) 

Data was generated from National Center for Biotechnology Information (NCBI) 
(gene & data). Given on the top is the nucleotide sequence while the bottom shows 
amino acid translated sequence. Black text represents exon 1 and 3 nucleotide and 
protein sequence, blue text shows the exon 2 and 4 nucleotide and protein sequences 
and red text shows the amino acids encoded across the splice junction. Codon 
highlighted in yellow represent the nucleotide encoded for G amino acids encoded 
across the splice junction which wil be affected when exon 2 is deleted [308, 309]. 
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Figure 3.4: Removal of the neomycin selection from Klf5-floxed mice using a 

Flpe transgenic mouse 
The construct for Klf5 conditional knockout contains exon 2 of Klf5 flanked by 
unidirectional loxP sites to perform Cre mediated deletion. It harbours a FRT flanked 
neo selection cassette that lies upstream of the most 5’ loxP site for antibiotic 
selection of targeted clones and for subsequent removal of the cassette. Crossing the 
floxed (construct for Klf5 conditional KO) and Flp recombinase mice will result in 
recombination between the introduced FLP mice use FRT sites to give Klf5 floxed 
mice lacking the neomycin selection gene. These steps were conducted by the QIMR 
transgenic facility.  
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each litter mate ( 
Figure 3.5). The Klf5-flox allele was also confirmed by sequencing (Appendix C). 
Details of the primers and the PCR reaction used for these experiments are described 
in Chapter 2, section 2.3.2.  

Figure 3.5 shows representative of gel electrophoresis diagram from PCR results 
obtained to show presence of Klf5fl/fl  allele or wiltdtype Klf5 allele ( 
Figure 3.5-A). As shown in  

Figure 3.5-B, band at 700 bp represents Flpe positive mice. On the basis of these 

results, we then selected mice which were positive for Klf5wt/fl allele and negative for 

Flpe allele (mice ID: CR4, CR10, CR11) for the next breeding step in order to 

generate homozygous Klf5-floxed mice (Klf5fl/fl). 

These Klf5fl/fl mice were then mated to the homozygous Vav-cre transgenic 

mice (Vav-cre+/+ ). We had already established a local colony of Vav-cre transgenic 

mice for this study in the SA Pathology animal care facility (Kind gift of Warren 

Alexander, WEHI) and the presence of Cre allele have been confirmed by 

genotyping PCR from tail gDNA (Appendix D). As shown in Figure 3.6, we did an 

initial cross to generate heterozygous conditional haemopoietic Klf5-KO mice 

(Klf5fl/+Vav-cre+/-) followed by a backcross to generate homozygous conditional 

haemopoietic Klf5-KO mice (Klf5fl/flVav-cre+/-). At this stage, this transgenic line 

was generated and maintained by crossing the female Klf5fl/+Vav-cre+/- to male 

Klf5fl/+ . It was important to use female Klf5fl/+Vav-cre+/- mice for breeding as it has 

been reported that Vav is also expressed in the male germline [301] hence by using 

male Klf5fl/+Vav-cre+/- mouse might lead to a non-conditional Klf5-KO via the 

germline.  Throughout breeding, the genotypes of mice from each generation were 

confirmed by PCR from the tail gDNA. Two independent PCR reactions were 

conducted to determine the presence of the Klf5fl/fl and Cre alleles in each litter mate. 

Details of the primers and PCR reactions used were as described in Chapter 2. 
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Figure 3.5: Klf5-flox and Flpe genotyping PCRs 

A) Klf5-flox PCR results on littermates with ID:  CR1 until CR12 on lane 3 until 
lane 13 respectively.  Lane 14 of this gel shows the negative template control. Top 
band at 300 bp represents the Klf5-flox allele while the lower band at 200 bp 
represents the wildtype Klf5 allele. B) Flpe PCR results on littermates with ID:  CR2, 
CR4, CR6 until CR11 (from the same gDNA used on (A)) on lane 4 until lane 12 
respectively.  Lane 2 of this gel shows the negative template control, while lane 3 
was an empty lane. The observed band at 700 bp represents positive Flpe allele. 
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Figure 3.6: Flow chart of generation of conditional haemopoietic Klf5 gene 

knockout mice 

An initial cross between Klf5-floxed (Klf5fl/fl) mice and Vav-Cre (Vav-cre+/-) mice 
was conducted to generate heterozygous conditional haemopoietic Klf5 knockout 
mice (Klf5fl/+Vav-cre+/-). These mice were then backcrossed to Klf5fl/fl mice to 
generate homozygous conditional Klf5 knockout mice (Klf5fl/flVav-cre+/-).  
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Figure 3.7 shows PCR products representative of each genotype. The initial cross 
was set up between a Klf5fl/fl  mouse and Vav-cre+/- mouse to generate a Klf5fl/+Vav-
cre+/- mouse. For the sequential backcross, progeny from the initial cross which were 
heterozygous Klf5-KO (Klf5fl/+Vav-cre+/-) were crossed with a homozygous Klf5 
floxed (Klf5fl/fl) mouse to generate mice with genotypes including the homozygous 
conditional haemopoietic Klf5-KO (Klf5fl/flVav-cre+/-) (refer Figure 3.6). Mice with 
homozygous Klf5fl/fl and positive for Vav-cre were confirmed by PCR as shown in 
Figure 3.7. To confirm that those mice not only carried the Klf5fl/fl  and Cre allele, 
but were appropriately deleting exon 2 of Klf5, we conducted further PCR on the 
gDNA of whole bone marrow using a different set of primers (Klf5-deletion specific 
PCR method and primers as described in the Chapter 2 and also shown in  

Figure 3.1) from mice confirmed as either homozygous Klf5-KO; (Klf5fl/flVav-cre+/-

), heterozygous Klf5-KO; (Klf5+/fl , Vav-cre+/-) or Klf5 floxed (Klf5fl/fl). Figure 3.8 
shows the Klf5-deleted PCR results from the gDNA of the bone marrow. 
Homozygous Klf5-KO mouse have two bands at 389 bp and 279 bp that represent the 
deleted Klf5 and the Klf5fl/fl alleles respectively. The primer combinations used in this 
PCR reaction, which were primers F, R1 and R2 (see  

Figure 3.1) allowed amplification of three Klf5 alleles which for wildtype-Klf5 allele 

is determined by a product of 189 bp and the Klf5-floxed allele a product of 279 bp 

amplified by primers F and R1. The Klf5-deleted allele is determined by a 389 bp 

product amplified by primers F and R2. A product from wildtype or floxed-Klf5 

allele amplified by primers F and R2 was not expected or observed presumably due 

to our PCR conditions not allowing the amplification of such a large size product 

(2053 and  
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Figure 3.7: Klf5 and Cre genotyping of mice used to generate the Klf5 

conditional haemopoietic knockout 

A) Genotyping results of the progeny obtained from an initial cross of Klf5-floxed 
mouse with VavCre mouse to generate single copy blood cell specific Klf5 knockout 
mice (Klf5 fl/+Vav-cre+/-). Lanes 3 to 7 show PCR products obtained from Klf5-flox 
PCR while lanes 9 to 13 represent the Cre PCR product. Lane 3, 4 and 5 shows mice 
with heterozygous KLf5-floxed allele while lane 6 and 7 represents mice with 
wildtype Klf5 allele. The Cre PCR results indicated all mice were positive for Cre 
allele. Lane 2 and 8 were no template controls used for Klf5-flox PCR and Cre PCR 
reactions respectively. B) and C) Represents the Klf5-flox PCR and Cre PCR of the 
progenies obtained from the sequential backcross to generate double copy blood cell 
specific Klf5 knockout mice (Klf5 fl/flVav-cre+/-) respectively. The marker used on 
lane 1 for was 1kb+ marker. B) Lane 3, 4, 6-8 represents mice with double Klf5-
floxed allele. Lane 5 and 9 shows mice that have both Klf5-floxed and wildtype Klf5 
allele. C) Lane 3-6 show positive Cre allele with band at 210 bp. Lane 2 shows the 
negative control with no template indicated no template contamination while 
handling the PCR reactions.  
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Figure 3.8: Representative PCR for detection of the Klf5 exon 2 deleted allele 

in the bone marrow 

PCR analysis on the genomic DNA from whole bone marrow detected the presence 
of Klf5-deleted allele (389 bp), Klf5-floxed allele (279 bp) and wildtype Klf5 allele 
(189 bp). The marker used on lane 1 for was 1kb+ marker, followed by the no 
template control for Klf5-deleted PCR reaction. Next lane shows the Klf5fl/fl, Vav-
Cre+/- mouse (BR2) with two bands (Klf5-deleted allele and Klf5-floxed allele), 
followed by Klf5wt/fl, Vav-Cre+/- mouse (BR3) with three bands (Klf5-deleted, Klf5-
floxed and wt Klf5 allele) and Klf5fl/fl (BR5 and BR6) with one Klf5-floxed allele.  
Next is Klf5fl/fl, Vav-Cre+/- mouse (BR2) with two bands (Klf5-deleted allele and 
Klf5-floxed allele), followed by Klf5fl/fl (BR7) with one Klf5-floxed allele and wt 
Klf5 allele. 
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2121 bp respectively). The sequence for Klf5-deleted allele obtained from PCR was 

also confirmed by sequencing as shown in Appendix C. Taken together, our initial 

aim to generate the conditional Klf5-KOmice (Klf5fl/flVav-cre+/-) was shown to be 

successful at the DNA level. 

Next, we determined the level of Klf5 gene expression in the haemopoietic 

system. To determine this, again whole bone marrow cells were collected from femur 

and tibia of mice; confirmed as homozygous Klf5-KO (Klf5fl/flVav-cre+/-), 

heterozygous Klf5-KO (Klf5wt/flVav-cre+/-) or Klf5-floxed (Klf5fl/fl) based on initial 

PCR genotyping results. RNA was extracted from the whole bone marrow and levels 

of Klf5 mRNA expression were determined by QPCR (details on the methods and 

primers used as explained in Chapter 2, section 2.5). As shown in Figure 3.9, the 

Klf5 mRNA expression in the Klf5fl/flVav-cre+/- marrow was significantly decreased 

compared to Klf5fl/fl  marrow. Interestingly, QPCR analysis also showed that the Klf5 

mRNA expression was significantly reduced in the Klf5wt/flVav-cre+/- marrow 

compared to Klf5fl/fl marrow.  

Finally we also conducted western blot analysis to measure Klf5 protein level 

in our Klf5fl/flVav-cre+/- mice. The Vav-Cre system is reported to lead to pan-

haemopoietic gene ablation hence we predicted disappearance of full length Klf5 

protein in BM cells of our Klf5fl/flVav-cre+/- mice. To isolate haemopoietic cells from 

the whole BM cells, cells were stained with anti-mouse CD45 antibody and CD45-

positive (CD45+) cells were sorted by FACS. Western blot analyses were then 

conducted on the CD45+ cells. Figure 3.10 shows the results obtained from western 

blot analysis. The reduction of Klf5 protein was clearly observed in CD45+ cells from 

Klf5fl/flVav-cre+/- mice when compared to Klf5fl/fl mice. Klf5 protein was also reduced 

in the Klf5+/flVav-cre+/- mice when compared to Klf5fl/fl mice. Quantitation of three  
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Figure 3.9: Quantitative PCR (qPCR) reaction to determine level of Klf5 mRNA 

expression in the bone marrow cells 

Q-PCR on mRNA from whole bone marrow shows significant decrease of Klf5 
expression  in Klf5fl/fl, Vav-Cre+/- mice compared to Klf5fl/fl mice, Klf5fl/fl; n=4, 
Klf5wt/fl, Vav-Cre+/- ; n=3   and Klf5fl/fl, Vav-Cre+/- ; n=5. P-value obtained from t-test 
conducted between each genotype group using Graphpad Prism. Significantly 
different between Klf5fl/fl and Klf5fl/fl, Vav-Cre+/- mice ****( P< 0.001), significantly 
different between Klf5fl/fl and Klf5+/fl , Vav-Cre+/- mice *(P< 0.05), significantly 
different between Klf5fl/fl and Klf5fl/fl, Vav-Cre+/- mice **(P< 0.01). 
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Figure 3.10: Western blot to show the knockdown of Klf5 protein in the 

CD45+ bone marrow leukocytes 

A) Representative blot showing the disappearance of Klf5 protein in the sorted 
CD45+ cells from Klf5fl/flVav-Cre+/- and faint band observed in the sorted CD45+ cells 
from Klf5wt/flVav-Cre+/-. B) Quantification of Klf5 protein normalised to ß-actin and 
shown relative to the floxed level. The average percentages of Klf5 protein 
knockdown were genrated three individual mice from each genotype. 75.07% ± 
4.661% of Klf5 protein were knockdown in the Klf5fl/flVav-Cre+/- while 46.06% ± 
10.75% of Klf5 protein were knockdown in the Klf5wt/fl, Vav-Cre+/-. P-value obtained 
from t-test conducted between each genotype group using Graphpad Prism. 
Significantly different between Klf5fl/fl and Klf5fl/flVav-Cre+/- mice ****( P< 0.001), 
significantly different between Klf5fl/fl and Klf5+/flVav-Cre+/- mice **(P< 0.05).  



92 
 

independent experiments on different mice showed that Klf5 protein was reduced by 

75.07% ± 4.661% in the Klf5fl/flVav-cre+/- mice while 46.06% ± 10.75% of Klf5 

protein was reduced in the Klf5wt/flVav-cre+/- mice. In addition, we saw a higher 

molecular weight band above the predicted Klf5 band. This higher molecular isoform 

immunoreactive to the Klf5 antibody was also observed in the technical data sheets 

obtained from the commercial provider of KLF5 antibody (shown in the Appendix 

E) however, they did not comment on the identity of this higher molecular weight 

band detected. As shown in Figure 3.10, the intensity of this higher molecular 

weight immunoreactive band was almost the same as the predicted Klf5 molecular 

weight and quantification of both these immunoreactive bands also showed reduction 

in the Klf5fl/flVav-cre+/- mice by 75% and 45% in the Klf5+/flVav-cre+/- mice (data not 

shown). Consistent with the Klf5 protein structure, we predict this to be the post-

translationally modified Klf5 protein as it is known to be target of multiple post-

translational modifications (see Chapter 1, section 1.7.2). Together, these results are 

consistent with other pan-hameopoietic knockout mice model by using the Cre/LoxP 

recombination system. 

 

3.2.2 Phenotypic monitoring on the newly generated Klf5 conditional gene 

knockout mice  

Klf5 is known to have a critical role during embryonic development [79], as 

well as known to be involved in the fat tissue formation [78] and other processes 

discussed in Chapter 1, section 1.7. Mice were monitored closely to establish any 

physical or behaviour phenotype. In order to determine this we first performed 

monitoring on this strain of mice.  
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For this, we monitored the visual characteristics of the animals. All breeding 

was performed in the clean barrier facilities in the SA Pathology animal care facility 

to provide pathogen-free conditions. All mice from the Klf5+/fl  X Klf5+/fl , Klf5fl/fl X 

Vav-cre+/- and Klf5+/flVav-cre+/- X Klf5fl/fl or Klf5+/flVav-cre+/- X Klf5+/fl  breeding 

pairs were monitored for physical appearance until adult stage. The pregnant mice 

were also monitored. Mice were born at the expected Mendelian ratios as shown in 

Table 3.1. 

Upon weaning at day 21, mice were marked with an ear notch for 

identification (ID), followed by tail tipping for genotyping. We continued physical 

monitoring every week until mice reached 12 months of age. As shown in Figure 

3.11-A, there was no significant difference observed in weight between genotypes at 

3, 6 and 9 months old. However, at 12 months age, Klf5fl/flVav-cre+/- and Klf5+/flVav-

cre+/- mice showed a trend (p=0.05) for reduced weight when compared to Klf5fl/fl 

mice. We then compared the change of body weight with ages for each genotype 

(Figure 3.11-B). Mice from each group significantly increased in weight up to 9 

months. However, only Klf5fl/fl mice were observed to have a further increase in body 

weight after 9 months. 

Mice were also monitored for their behaviour, physical activity and for any 

sign of disease. Based on the observations, all mice displayed normal behaviour or ill 

health as measured by observation of grooming or coat condition, hunched posture, 

visible weight loss, decreased activity, development of masses or decreased motion 

when the mouse is returned to the cage. Since these genetic monitoring involved 

daily observations, they were conducted together with the animal care facility staff 

members on the first few littermates while the animal care facility staff have 

undertook the rest of the daily routine on monitoring (data not shown).
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Table 3.1a: Klf5
fl/fl

Vav-cre
+/- 

mice are born at the expected Mendelian ratio 

The number of mice of various genotypes obtained by the Klf5+/flVav-cre+/- X Klf5fl/fl intercross is shown. The expected number of mice 
was calculated according to the total number of mice born and based on the expected Mendelian ratio 1:1:1:1 for Klf5fl/flVav-cre-/- : 
Klf5wt/flVav-cre-/-: Klf5wt/flVav-cre+/-: Klf5fl/flVav-cre+/-. 

  

Litter Klf5fl/flVav-cre-/- Klf5wt/flVav-cre-/- Klf5wt/flVav-cre+/- Klf5fl/flVav-cre-/- Female Male 

1d 1 3 1 0 5  
 1 1 1 0  3 
3c 1 1 2 0 4  
 2 1 0 1  4 
2d 1 2 1 1 5  
 1 1 1 2  5 
1e 1 0 0 0 1  
 3 3 1 1  8 
2e 0 0 2 2 4  
 0 0 3 2  5 
1f 0 1 1 0 2  
 2 1 1 2  6 
4a 1 1 1 0 3  
 2 2 0 2  5 
4b 1 0 1 0 2  
 1 1 1 2  5 
Total 18 18 17 15 26 41 
Expected 16.75 16.75 16.75 16.75 33.5 33.5 



95 
 

Table 3.1b: Klf5
fl/fl

Vav-cre
+/- 

mice are born at the expected Mendelian ratio 
The number of mice of various genotypes obtained by the Klf5+/flVav-cre+/- X Klf5+/fl  intercross is shown. The expected number of mice 
was calculated according to the total number of mice born and based on the expected Mendelian ratio 1:2:1:1:2:1 for Klf5fl/flVav-cre-/- : 
Klf5wt/flVav-cre-/- : Klf5wt/wtVav-cre-/- : Klf5wt/wtVav-cre+/-: Klf5wt/flVav-cre+/-: Klf5fl/flVav-cre+/-. 

 

Litter  Klf5fl/flVav-cre-/- Klf5wt/flVav-cre-/- Klf5wt/wtVav-cre-/- Klf5wt/wtVav-cre+/- Klf5wt/flVav-cre+/- 
Klf5fl/flVav-

cre-/- Female Male 

4a 0 0 0 0 3 0 3  
 0 1 1 0 0 0  2 
3a 0 1 0 1 1 0 2  
 0 0 0 0 1 0  1 
1a 1 0 0 1 2 1 5  
 0 0 0 0 0 1  1 
2d 1 0 1 1 0 0 3  
 0 2 0 0 1 0  3 
7a 1 0 0 1 1 0 3  
 1 3 0 0 1 0  5 
5a 1 1 1 1 1 1 6  
 0 1 0 0 0 1  2 
7c 0 0 0 0 1 0 1  
 1 4 1 2 0 1  9 
5c 1 1 1 1 0  4  
 1 1 1 1 0 2  6 
6d 1 2 1 0 1 1 6  
 0 0 0 1 2 0  3 
Obser
ved 

9 17 7 10 15 8 33 32 

Expec
ted 

8.13 16.25 8.13 8.13 16.25 1.00 32.5 32.5 
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Figure 3.11: Average of body weight at 3, 6, 9, 12 months 

A) Bar chart shows the average body weight compared between genotypes at each 
time point. B) Bar chart shows the average body weight compared between ages for 
each genotype.  At least 6 individual mice from each genotype were weight at each 
time point. P-value obtained from t-test conducted between 3 months to 6, 9 and 12 
months aged in each genotype using Graphpad Prism. *(P< 0.05) shows significant 
weight gain from 3 months old. As well, *(P< 0.05) shows significant weight gain 
from 6 to 12 months age in Klf5fl/fl but no difference (nd) of weight from 6 to 12 
months age in Klf5fl/flVav-Cre+/- mice and Klf5fl/flVav-Cre+/- mice. 

  



97 
 

3.3 Discussion 

This chapter describes the successful generation of a new transgenic 

conditional Klf5-KO mouse model for analysis in the haemopoietic system. We used 

the Cre/LoxP recombination system to remove exon 2 of the Klf5 gene which 

encodes the largest exon. Removal of exon 2 of the Klf5 gene, was predicted to 

produced non-functional Klf5 protein [79] with the deleted Klf5 allele translated into 

a truncated 87 residue protein with a frame shift after exon 1 (Figure 3.2) [307]. This 

method of generating Klf5 gene ablation has been used in other studies in 

combination with the Cre/LoxP recombination system. This includes studies of Klf5 

function in intestinal epithelial homeostasis, ocular surface pathologies, cardiac 

hypertrophy and heart failure [218, 264, 310, 311]. In each of these independent 

studies, different types of promoters have been used to drive tissue-specific Cre 

recombinase expression.  

Genotyping PCR confirmed those exons 2 of Klf5 were successfully removed at 

the genomic level. Although PCR on bone marrow of gDNA showed that 

recombined Klf5 allele was still detectable in the homozygous KO mice (Figure 3.8), 

QPCR and western blot analysis indicated that Klf5 mRNA and protein was 

significantly reduced in the haemopoietic system specifically we observed 

significantly reduced Klf5 mRNA expression in the bone marrow cells from 

Klf5fl/flVav-Cre+/- mice compared to Klf5fl/fl mice. Western blot analysis also showed 

a large reduction of Klf5 protein in the sorted bone marrow CD45+ cell populations 

from Klf5fl/flVav-Cre+/- mice. We confirmed that 75.07% ± 4.661% of Klf5 protein 

reduction in the Klf5fl/flVav-cre+/- mice. This is consistent with the other studies used 

Vav-Cre knockout model where 60-70% protein reduction has been observed in  

haemopoietic populations [295]. While we cannot rule out that there is significant 
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residual function of Klf5 in our knockout model, based on other reports of Klf5 

conditional knockouts we believe that this 75% Klf5 protein reduction (Figure 3.10) 

observed by us is sufficient to reveal a loss of function phenotype.  For example, 

Xing et al. have shown that approximately 80% Klf5 deletion in prostatic epithelial 

cells is enough to promote the development and severity of prostate tumorigenesis 

[312]. This Klf5 deletion was obtained by using a PB-Cre4 transgenic strain where 

expression of Cre recombinase is driven by the prostatic epithelial specific probasin 

promoter [312]. In addition, another study has shown that conditional disruption of 

Klf5 derived by mating Klf5-LoxP and Le-Cre mice results in approximately 25% of 

Klf5 protein remaining and causes  defective eyelids, malformed meibomian glands, 

abnormal cornea and loss of conjunctival goblet cells [311]. The most effective Klf5 

knockout model so far is the inducible Mx1-Cre;Klf5flox/flox model as reported by 

Ishikawa et al. where approximately 10% of Klf5 mRNA is expressed in the Mx1-

Cre;Klf5flox/flox mice [275]. However, this system also allows partial gene inactivation 

in other tissues [313], which potentially results in indirect phenotype.  

We also monitored our Klf5-KO mice and showed that our Klf5 deleted allele 

was not interfering with non-haemopoietic organs or systems. The initial study on 

complete Klf5 knockout has shown that Klf5 is a key regulator during blastocyst 

development [285]. Subsequently, another study has shown that Klf5 is also 

important for normal embryonic implantation [269]. We observed the expected 

Mendelian ratio for each genotype indicating that our Klf5-KO model was not 

interfering with the embryonic development or implantation of the embryo. None of 

the Klf5fl/flVav-Cre+/- mice shows signs of stress or disease from newborn pups until 

adulthood, although the Klf5fl/flVav-Cre+/- and Klf5+/flVav-Cre+/- mice did not 

increase body weight after 9 months in comparison to Klf5fl/fl mice.  
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Chapter 4:  Analysis of the circulating blood and bone marrow 

of Vav-Cre, Klf5 knockout mice 

4.1 Introduction 

KLF5 expression was first identified as up-regulated in the granulocyte 

lineage, and a role for Klf5 has been defined in granulocyte differentiation in 

response to G-CSF [278]. In addition, Q-RT-PCR analysis demonstrated that average 

KLF5 expression was significantly (2.3-fold) lower in a local cohort of de novo AML 

patient samples than in CD34+ cells from healthy controls [28]. In addition, 

microarray analysis conducted on AML patient samples has shown that KLF5 

expression is reduced in AML patients compared to CD34+ control samples [28]. In 

vitro Klf5 knockdown experiments also showed reduced granulocyte differentiation 

in response to cytokine simulation [28]. In addition, an independent study by 

Humbert et al. also supports the initial finding of a functional role for Klf5 in 

regulating myeloid cell development [33].   

To extend this functional analysis of Klf5, an in vivo tissue-specific gene-

ablation model was generated as outlined in the previous chapter (Chapter 3). The 

aim was to gain a detailed understanding of Klf5 function in haemopoiesis. Thus, the 

specific aim for this chapter was to characterise in detail the blood cell types in 

peripheral blood and bone marrow. As such, complete blood counts (CBC) were 

performed. In addition, flow cytometry with a range of different lineage-specific cell 

surface markers was used to characterise blood cell populations (including mature 

cell types, progenitor cells and stem cell population) in Klf5-deficient mice and Klf5-

floxed littermates. Finally, colony-forming unit assays (CFU assay) were conducted 
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to provide a quantitative assay of haemopoietic progenitor cells. Replating of 

haemopoietic colonies was used to provide an indicator of self-renewal capacity. 

In this chapter, parallel analyses were conducted on homozygous Klf5-KO 

(Klf5fl/flVav-cre+/-), heterozygous KO (Klf5wtl/flVav-cre+/-) and Klf5-floxed (Klf5fl/fl) 

littermates as the control group. Mice of these genotypes were compared at 3 months, 

9 months and 12 months of age.  Hereafter mice will be referred to as Klf5∆/∆ for 

homozygous Klf5-KO, Klf5wt/∆ for heterozygous Klf5-KO and Klf5fl/fl for wildtype 

control.  

 

4.2 Results  

4.2.1 Peripheral Blood Analysis 

4.2.1.1 Complete blood count and differential counts on peripheral blood 

CBC on peripheral blood (PB) showed that Klf5∆/∆ mice displayed a small but 

significant reduction in values compared to Klf5fl/fl mice for red blood cell count 

(RBC), haemoglobin and haematocrit (p<0.05) at 3 months although this was not 

observed at other time points Figure 4.1-A, B and C). No significant differences 

were observed in other red blood cell parameters (MCV, MCH and MCHC) (Figure 

4.1-D, E and F). Total white blood cell counts were also measured with the blood 

cell analyser. Interestingly, as shown in Figure 4.2-A the average white cell counts 

were significantly higher in Klf5∆/∆ mice compared to Klf5fl/fl  mice at 9 and 12 

months (p<0.05). This difference was not observed between Klf5∆/∆ mice and Klf5fl/fl  

mice at 3 and 6 months. The average white cell counts of Klf5∆/∆ mice consistently 

increased with age with significant increases at 3 to 9 and 12 months (p<0.05)  
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Figure 4.1: Red blood cell parameters from peripheral blood using automated 

blood analysis at 3, 6, 9 and 12 months of age 

A) Red blood cells (RBC), B) Haemoglobin (Hgb), C) Haematocrit (Hct), D) Mean 
Corpuscular Volume (MCV), E) Mean Corpuscular Haemoglobin (MCH) and F) 
Mean Corpuscular Haemoglobin Concentration (MCHC). Results obtained from 
n=12 for Klf5fl/fl , n=12 for Klf5wt/∆ and n= 14 for Klf5∆/∆ mice at 3 months, n=7 for 
Klf5fl/fl , n=7 for Klf5wt/∆  and n=8 for  Klf5∆/∆  mice at 6 months, n=8 for Klf5fl/fl , n=8 
for Klf5wt/∆ and n= 10 for  Klf5∆/∆  mice at 9 months and n=8 for Klf5fl/fl, Klf5wt/∆ and  
Klf5∆/∆  mice at 12 months. Shown are mean values plus or minus SEM. P-value 
were obtained from t-tests conducted between each genotype. *Significantly 
different between Klf5fl/fl   and Klf5∆/∆ mice (P< 0.05). 



102 
 

(Figure 4.2-B). In contrast, in Klf5fl/fl  mice show a trend of decreased average white 

cell count with increased aged (p=0.05).  

 

4.2.1.2 Flow cytometry analysis to assess different leukocyte populations in 

peripheral blood 

To further characterise the changes in blood cell populations, we used flow 

cytometry with a range of different cell surface antibody markers. Detailed staining 

procedures are described in Chapter 2, section 2.10. Figure 4.3 shows the gating 

strategy used to determine the percentage of each cell population defined by different 

combinations of cell surface markers. Firstly, the live cells were selected based on 

the elimination of the fluorogold positive cells, followed by selection based on the 

forward (FS) and side (SS) scatter (Figure 4.3-A and B). The TER119-negative cells 

(TER119-) were selected to remove erythroid cells from the analysis (Figure 4.3-C). 

This was followed by selecting for CD45 positive cells (CD45+) (Figure 4.3-D). 

Following this, sequential antibody panels were used for determining different cell 

types. For example anti-CD3ε (T-cells) and anti-B220 (B-cells) antibodies were used 

to define the mature lymphoid cells and the anti-Gr1 and anti-Mac1 antibodies were 

used to define the mature myeloid cells. Since the initial studies conducted in this lab 

have shown a functional role for Klf5 in the granulocyte lineage, the primary interest 

in this analysis was the myeloid compartment [28, 33]. Each cell population was 

back-gated onto the FS versus SS (FS/SS) plot to define the distinct population in the 

live cell gate. Figure 4.4 shows the different cell populations that are identified by 

Gr1 and Mac1 cell surface markers [314]. Figure 4.4-F-J shows the five different  
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Figure 4.2: Figure 4.2: Total white blood cell counts from peripheral blood 

using automated blood analysis at 3, 6, 9 and 12 months of age 

A) Shown are mean values plus or minus SEM across the genotype grouped by age 
or B) grouped by genotype. Results obtained from n=12 for Klf5fl/fl , n=12 for Klf5wt/∆ 
and n=14 for Klf5∆/∆ mice at 3 months, n=7 for Klf5fl/fl , n=7 for Klf5wt/∆  and n= 8 for  
Klf5∆/∆  mice at 6 months, n=8 for Klf5fl/fl , n=8 for Klf5wt/∆ and n= 10 for  Klf5∆/∆  
mice at 9 months and n=8 for Klf5fl/fl , Klf5wt/∆ and  Klf5∆/∆  mice at 12 months. P-
value were obtained from t-tests conducted between each genotype. *Significantly 
different between Klf5fl/fl   and Klf5∆/∆ mice (P< 0.05, t-test). 
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Figure 4.3: Schematic diagram of the sequential gating strategy for cell 

surface marker flow cytometry analysis of mature myeloid and lymphoid cell 

types from peripheral blood 

(A) Fluorogold negative cells were first gated as live cells (B) Exclusion of debris 
based on the forward and side scatter. (C) Selection of TER119 negative cells 
(removal of red blood cells). (D) Selection of CD45 positive cells (leukocytes). (E) 
Gr1 and Mac1 for selection of mature myeloid cell population and (F) and CD3e and 
B220 marker for selection of mature lymphoid cells type.  
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Figure 4.4: Different cell types from peripheral blood can be differentiated by 

forward and side scatter 

(A) Forward and side scatter of all live cells. (B) Cells separated between TER119 
positive and negative populations. (C) Backgating of TER119+ cells on the FS versus 
SS plot. (D) The TER119- cells were then plotted on the CD45 versus Mac1 cell 
surface marker and gate was set on the CD45+ cell population. (E) CD45+ cells were 
plotted based on the GR1 versus Mac1 cell surface markers and specific gates were 
drawn based on the specific marker selection, followed by backgating each cell type 
onto the FS versus SS plot to see specifically the granularity of each cell to identify 
cell type. (F) Gr1hiMac1hi (neutrophils), (G) Gr1intMac1int (immature neutrophils), 
(H) Gr1+Mac1- (non-myeloid) , (I) Gr1-Mac1- (none-myeloid), (J) Gr1-Mac1+  

(monocytes). 
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cell types that can be identified based on the Gr1 and Mac1 cell surface markers. 

Two distinct Gr1+Mac1+ populations can be identified in the peripheral blood cells. 

The Gr1hiMac1hi cell population corresponds to mature neutrophils (and will be 

referred as neutrophils in this study) while the Gr1intMac1int cell population defines 

immature neutrophils [315-319].  The Gr1-Mac1hi cell population will be referred to 

as monocytes in this study.  

For this flow cytometry analysis on peripheral blood (PB), data was obtained 

from 3 and 9 month old mice. The results shown in Figure 4.5 and Figure 4.6 were 

generated from the same groups of mice and the data are presented as the average 

percentage of specific cell types from the CD45+ (leukocyte) population. As shown 

in Figure 4.5-A, we observed a significant decrease of the neutrophil (Gr1hiMac1hi) 

population at 3 and 9 months for the Klf5∆/∆ mice and a trend of decreasing 

neutrophils in the Klf5wt/∆ mice compared to Klf5fl/fl  mice (t-test, p<0.05 and p=0.05 

respectively). However, there were no significant differences observed in the 

immature neutrophil (Gr1intMac1int) population (Figure 4.5-B). The monocyte (Gr1-

Mac1+) population was found to be decreased in 3 month but not 9 month old Klf5∆/∆ 

mice compared to Klf5fl/fl  mice (Figure 4.5-C).  

As described in Figure 4.3-C, T-cells were defined as the percentage of CD3ε
+, 

B220- cells in the TER119-,CD45+ population and B-cells as the percentage of CD3ε
-

, B220+ cells from TER119-,CD45+ population. Interestingly, we observed a 

significant increase in the T-cell population in PB of Klf5∆/∆ mice in comparison to 

Klf5fl/fl  mice at 3 and 9 months (p <0.05) (Figure 4.6-A). In contrast, as shown in 

Figure 4.6-B, we found that B-cells in PB of Klf5∆/∆ mice were decreased at 3  
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Figure 4.5: Characterisation of mature myeloid cells in peripheral blood using 

flow cytometry 

Each graph represents the percentage of specific cell type determined by the specific 
cell surface marker from the peripheral blood of 3 and 9 month old mice. Each  
plotted are mean values plus or minus SEM of (A) Neutrophils (Gr1hiMac1hi), (B) 
Immature neutrophils (Gr1intMac1int) and (C) monocytes (Gr1-Mac1+) cells 
respectively. The p-value was obtained from a t-test conducted between the Klf5fl/fl  
and  Klf5∆/∆ groups. *Significantly different between Klf5fl/fl  and  Klf5∆/∆ mice (P< 
0.05). Results obtained from n=10 for Klf5fl/fl , n=6 for Klf5wt/∆ and n=10 for Klf5∆/∆ 
mice at 3 month, and n=8 for Klf5fl/fl , n=8 for Klf5wt/∆ and n=10 for Klf5∆/∆ mice at 9 
months.  
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Figure 4.6: Characterisation of mature lymphoid cells in the peripheral blood 

using flow cytometry 

Each graph represents the percentage of specific cell type determined by the 
lymphoid specific cell surface marker from the peripheral blood of 3 and 9 month old 
mice. Plotted are mean values plus or minus SEM of (A) T-cells (CD3e+B220-) and 
(B) B-cells (CD3e-B220+) respectively. The p-value was obtained from a t-test 
conducted between the Klf5fl/fl  and Klf5∆/∆ groups using Graphpad Prism. 
*Significantly different between Klf5fl/fl  and  Klf5∆/∆ mice (P< 0.05). Results are 
obtained from n=10 for Klf5fl/fl , n=6 for Klf5wt/∆ and n=10 for Klf5∆/∆ mice at 3 
months, and n=8 for Klf5fl/fl , n=8 for Klf5wt/∆ and n=10 for Klf5∆/∆ mice at 9 months.  
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months when compared to Klf5fl/fl mice (p <0.05), but this difference was not 

observed at 9 months.  

 

4.2.2 Flow Cytometry Analysis on Bone Marrow 

4.2.2.1 Flow cytometry analysis to assess different leukocyte types in bone 

marrow 

The data collected on peripheral blood (PB) suggests that Klf5 contributes to 

regulating the granulocyte and T-cell compartments. In this section, further testing 

was performed on the Klf5 conditional KO model to define the changes in the bone 

marrow (BM) compartment. The same flow analysis as conducted for the PB 

analysis was used to assess mature cell types in the bone marrow. A representative 

plot of the gating strategy is attached in Appendix F. The methods used for bone 

marrow cell extraction from femur and tibia and for flow cytometry staining are 

described in Chapter 2, section 2.8. The average cell count was not significantly 

different between genotypes and consistently increased with age across all genotypes 

(Figure 4.7). Except for the Klf5∆/∆ mice where it decreased between 9 and 12 

months although this was not significant, and this is potentially due to the size of 

these mice (see Figure 3.11).  

For flow cytometry analysis, firstly, the proportion of CD45 positive (CD45+) 

cells present in the BM was determined. As shown in Figure 4.8, 80-100% of 

TER119- cells from bone marrow were CD45+ (leukocyte) and this percentage was 

consistent between the aged-matched genotype groups. Combined with the data in 

Figure 4.7, this indicates that there are no large overall differences in bone marrow 

cellularity or leukocyte numbers between different genotypes. To assess mature  
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Figure 4.7: Nucleated cell numbers determined from bone marrow after red 

cell lysis 

Nucleated cell counts for the different genotypes at 3, 9 and 12 months and (B) 
represents data comparing between age for each genotype. A minimum of 6 mice 
were used for each genotype group. The p-value was obtained from a t-test 
conducted between each genotype or age group using Graphpad Prism. Significantly 
different between age  *(P< 0.05) and **(P< 0.01). Results were obtained from n=8 
for Klf5fl/fl , n=7 for Klf5wt/∆ and n=8 for Klf5∆/∆ mice at 3 months, n=9 for Klf5fl/fl , 
n=8 for Klf5wt/∆ and n=8 for Klf5∆/∆ mice at 9 months and n=8 for Klf5fl/fl , n=6 for 
Klf5wt/∆ and n=7 for Klf5∆/∆ mice at 12 months.  

 

 

 



111 
 

 

 

 

 

 

                   

 

Figure 4.8: The proportion of CD45 positive cells in whole bone marrow as 

determined by flow cytometry 
 
The bar chart shows the percentage of gated CD45 positive cells determined after 
selection of the TER119 negative cell population. The flow cytometry analysis was 
conducted on the fresh whole bone marrow cells from mice of the indicated ages and 
genotypes. The p-value obtained from t-tests conducted between each genotype 
group on age based using Graphpad Prism. Results obtained from n=7 for Klf5fl/fl , 
n=7 for Klf5wt/∆ and n=8 for Klf5∆/∆ mice at 3 months, n=8 for Klf5fl/fl , n=8 for 
Klf5wt/∆ and n=9 for Klf5∆/∆ mice at 9 months and n=7 for Klf5fl/fl , n=6 for Klf5wt/∆ 
and n=8 for Klf5∆/∆ mice at 12 months  
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Figure 4.9: Characterisation of mature myeloid cells in the bone marrow 

using flow cytometry 

Shown are mean values plus or minus SEM of (A) Neutrophils (Gr1+Mac1+) and (B) 
monocytes (Gr1-Mac1+). The p-value was obtained from t-tests conducted between 
each genotype group base on age *(P< 0.05). Results obtained from n=7 for Klf5fl/fl , 
n=7 for Klf5wt/∆ and n=8 for Klf5∆/∆ mice at 3 months, n=8 for Klf5fl/fl , n=8 for 
Klf5wt/∆ and n=9 for Klf5∆/∆ mice at 9 months and n=7 for Klf5fl/fl , n=6 for Klf5wt/∆ 
and n=8 for Klf5∆/∆ mice at 12 months.  
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myeloid cells in the bone marrow, the TER119-CD45+ cells were stained with Gr1 

and Mac1 cell surface markers. Since we did not observe two distinct Gr1+Mac1+ 

populations in the bone marrow as for PB (see Figure 4.3 and compared to 

Appendix F), the neutrophil population was assessed based on the entire Gr1+Mac1+ 

population. Interestingly, neutrophils were found to be significantly decreased in the 

Klf5∆/∆ mice compared to Klf5fl/fl  mice at 9 and 12 months while no differences were 

observed at 3 months (Figure 4.9-A). Conversely, monocytes (Gr1-Mac1+) showed a 

trend towards an increase in the Klf5∆/∆ mice at 12 months old (Figure 4.9-B).  

Figure 4.10 shows the results obtained from bone marrow flow cytometry 

analysis with mature lymphoid cell markers. Using the T-cell and B-cell specific cell 

surface markers (CD3ε and B220 respectively), it was found that the T-cell 

population of Klf5∆/∆ mice was significantly higher than Klf5fl/fl  mice at 12 months 

with no difference observed at 3 or 9 months. In addition, the B-cell population was 

found to be significantly higher in Klf5∆/∆ mice compared to Klf5fl/fl  mice only at 9 

months, with a trend towards an increase at 12 months.  

 

4.2.2.2 Flow cytometry analysis to assess myeloid progenitor cell populations in 

bone marrow 

In addition to analysis of mature cell types, further analysis was conducted to 

assess changes in the myeloid progenitor cell compartment from bone marrow using 

multi-colour flow cytometry. Details of procedures and antibodies used for this 

analysis are described in Chapter 2, section 2.12.3. 

The gating strategy described by Pronk et. al. was used for the detection of 

immature myelo-erythroid progenitor subsets from c-Kit+ enriched bone marrow  
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Figure 4.10: Characterisation of mature lymphoid cells in the bone marrow 

using flow cytometry 

Shown are mean values plus or minus SEM (A) T-cells (CD3e+B220-) and (B) B-
cells (CD3e-B220+) respectively. The flow cytometry analysis was conducted on the 
whole bone marrow cells from mice of the indicated ages and genotypes. P-values 
were obtained from t-tests conducted between each genotype group based on age. 
Significantly different between Klf5fl/fl  and Klf5∆/∆ mice *(P< 0.05). Results obtained 
from n=7 for Klf5fl/fl , n=7 for Klf5wt/∆ and n=8 for Klf5∆/∆ mice at 3 months, n=8 for 
Klf5fl/fl , n=8 for Klf5wt/∆ and n=9 for Klf5∆/∆ mice at 9 months and n=7 for Klf5fl/fl , 
n=6 for Klf5wt/∆ and n=8 for Klf5∆/∆ mice at 12 months. 
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cells (Figure 4.11) [320]. Briefly, an initial gating of the live cells was followed by 

eliminating unwanted particles including dead cells and debris, based on the forward 

(FS) and side (SS) scatter to further enrich live cells (Figure 4.11-A and B). For 

myeloid progenitor cell analysis, mature cells were excluded using positivity for a 

cocktail of lineage markers (Figure 4.11-C) and selection of Sca-1 negative cells 

(Figure 4.11-D). Consecutively, the next three plots show the purified myelo-

erythroid progenitor subsets including early bipotent progenitors for the 

erythroid/megakaryocyte lineages (preMegE), early erythroid (preCFU-E and CFU-

E), megakaryocyte progenitors (MkP), and primitive granulocyte/macrophage 

progenitors (preGM and GMP) (Figure 4.11-E) [320]. In this study, data are 

presented as the percentage of myelo-erythroid progenitor cells from the c-Kit+, Lin- 

cell population.  

Prior to performing the progenitor analysis, we showed  that there is a 

consistent percentage of myeloid progenitors (Sca-1-) as the percentage of c-Kit+, 

Lin- cells for each genotype at 3 and 9 months (Figure 4.12-A). The LSK fraction 

(defined as the percentage of Sca-1+ from c-Kit+, Lin-) also did not show any 

difference in the Klf5∆/∆ mice when compared to control age-match littermates 

(Figure 4.12-B). A more extensive analysis of the HSC compartment is discussed in 

this chapter in section 4.2.2.3.   

The CD150 SLAM marker was next used to define myeloid progenitor cells 

[320, 321]. The granulocyte-macrophage progenitor (GMP) population which was 

defined as CD16/32+, CD150- (refer Figure 4.11-E) showed no significant changes 

as a percentage of the c-Kit+, Lin- population (Figure 4.13-A). We further  

investigated the primitive granulocyte-macrophage progenitor (preGM) cells which  
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Figure 4.11: Schematic diagram of the sequential gating strategy for flow 

cytometry analysis of myeloid progenitor cells 

(A) The live cell population was determined by fluorogold negativity. (B) Debris was 
excluded from the analysis based on forward and side scatter. (C) Selection for the c-
Kit positive, lineage negative cells. (D) Sca-1 negative cells for the specific selection 
of myeloid progenitor cells. (E) The last three plots show the purified myelo-
erythroid progenitor subsets including early bipotent progenitors for the 
erythroid/megakaryocyte lineages (preMegE), early monopotent erythroid (preCFU-
E and CFU-E) and megakaryocyte progenitors (MkP), and primitive 
granulocyte/macrophage progenitors (preGM and GMP). 
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Figure 4.12: Characterisation of haemopoiesis stem and myeloid progenitor 

cells in the bone marrow using flow cytometry 

(A) Percentage of Sca-1- from c-Kit+, Lin-, population and (B) Percentage of Sca-1+ 
from c-Kit+, Lin- population (also known as LSK cells). Results obtained from n=11 
for Klf5fl/fl , n=7 for Klf5wt/∆ and n=10 for Klf5∆/∆ mice at 3 months and n=8 for 
Klf5fl/fl , n=8 for Klf5wt/∆ and n=11 for Klf5∆/∆ mice at 9 months.  

  



118 
 

 

 

 

Figure 4.13: Characterisation of granulocyte-macrophage progenitors in the 

bone marrow using flow cytometry 

(A) Percentage of granulocyte/macrophage progenitors (GMP) obtained from the 
flow cytometry analysis (defined by c-Kit+, Lin-, Sca-1-, CD41-, CD16/32+) and (B) 
represents the percentage of primitive granulocyte/macrophage progenitors (preGM) 
(defined by c-Kit+, Lin-, Sca-1-, CD41-, CD16/32-, CD105-, CD150-). Mean and SEM 
are shown. P-value obtained from t-test conducted between each genotype group on 
age based. *Significantly different between  Klf5fl/fl  and Klf5∆/∆ mice (P< 0.05). 
Results obtained from n=11 for Klf5fl/fl , n=7 for Klf5wt/∆ and n=10 for Klf5∆/∆ mice at 
3 months and n=8 for Klf5fl/fl , n=8 for Klf5wt/∆ and n=11 for Klf5∆/∆ mice at 9 months.  
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can be defined as CD105+, CD150+ [320, 321]. From the results obtained, the 

percentage of the preGM population was not significantly different between 

genotypes at either age analysed (3 and 9 months) (Figure 4.13-B). We also 

characterised erythroid progenitor populations, CFU-E and pre CFU-E cells which 

can be defined as CD105+, CD150- and CD105+, CD150+ respectively [320, 321]. 

However, there was no difference observed between genotypes in the average 

percentage of CFU-E and pre CFU-E population from c-Kit+, Lin- population 

(Figure 4.14). In addition, we analysed the MkP and preMEGE populations and did 

not observe any significant differences (Figure 4.15).  

 

4.2.2.3 Flow cytometry analysis to assess the stem cell compartment in bone 

marrow 

To measure short-term and long-term HSC in the bone marrow, we used flow 

cytometry to define LSK cells and then further delineation of this population was 

performed using SLAM families marker CD48 and CD150 [322].  The gating 

strategy used for this analysis is summarised in Figure 4.16 and was based on the 

approaches described by Pronk et al., Karsunky et al. and Adolfson et al. [320, 321, 

323, 324]. An initial gating of live cells was performed by selecting the fluorogold 

negative population followed by eliminating unwanted particles including dead cells 

and debris base on the forward (FS) and side (SS) scatter. Applying a similar 

approach as described above for the myeloid progenitor cell analysis, we selected for 

the c-Kit positive cells and removed the lineage positive cells from the analysis in 

order to increase the sensitivity to measure immature cell types. The subsequent plot  
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Figure 4.14: Characterisation of erythroid progenitors in the bone marrow 

using flow cytometry 

(A) Percentage of erythroid progenitors (CFU-E) obtained from the flow cytometry 
analysis (defined by c-Kit+, Lin-, Sca-1-, CD41-, CD16/32-, CD105+, CD150-) and 
(B) the percentage of primitive erythroid progenitors (pre CFU-E) (defined by c-Kit+, 
Lin-, Sca-1-, CD41-, CD16/32-, CD105+, CD150+). Mean and SEM are shown. P-
value were obtained from t-tests conducted between the Klf5fl/fl  and Klf5∆/∆ groups 
using Graphpad Prism. *Significantly different between  Klf5fl/fl  and Klf5∆/∆ mice 
(P< 0.05). Results obtained from n=11 for Klf5fl/fl , n=7 for Klf5wt/∆ and n=10 for 
Klf5∆/∆ mice at 3 months and n=8 for Klf5fl/fl , n=8 for Klf5wt/∆ and n=11 for Klf5∆/∆ 
mice at 9 months.  

  



121 
 

 

 

 

Figure 4.15: Characterisation of myelo-erythroid progenitors in the bone 

marrow using flow cytometry 

(A) The percentage of megakaryocyte progenitors (MkP) obtained from the flow 
cytometry analysis (defined by c-Kit+, Lin-, Sca-1-, CD41+, CD150+) and (B) the 
percentage of erythroid/megakaryocyte lineages (preMegE), (defined by c-Kit+, Lin-, 
Sca-1-, CD41-, CD16/32-, CD105-, CD150+). Mean and SEM are shown. Results 
obtained from n=11 for Klf5fl/fl , n=7 for Klf5wt/∆ and n=10 for Klf5∆/∆ mice at 3 
months and n=8 for Klf5fl/fl , n=8 for Klf5wt/∆ and n=11 for Klf5∆/∆ mice at 9 months. 
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Figure 4.16: Schematic diagram of the sequential gating strategy for flow 

cytometry analysis of stem and lymphoid progenitor cells 

(A) The live cell population was determined by fluorogold negativity. (B) Debris was 
excluded from the analysis using forward and side scatter. (C) Lineage negative  and 
c-Kit positive cells were. (D) Cell were gated on either IL7Rα positive (P3) or IL7Rα 
negative cells (P4) as for specific selection for common lymphoid progenitor (CLP) 
or stem cell population (HSC). (E) The CLP population was determined out of the P3 
gate based on c-Kit intermediate and Sca-1 intermediate signals. (F) The total HSPC 
population was defined out of the P4 gate by selection of Sca-1 positive cells. (G) 
Long-term HSC (LT-HSC), short-term HSC (ST-HSC) and multi-potent progenitor 
(MPP). 
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with Flt3 versus IL7-Rα cell surface markers was used to determine the common 

lymphoid (CLP) and HSC progenitor (HSCP) populations. Consecutively, more 

primitive stem cell populations including long-term HSC (LT-HSC), short-term HSC 

(ST-HSC) and multi potent progenitor (MPP) cells were defined based on the 

subsequent plot with CD48 versus CD150 cell surface markers.  

The average percentage of total HSPC defined by gating the c-Kit+, Sca-1+ 

population within the c-Kit+, Lin- cells was significantly decreased in the 9 month 

old Klf5∆/∆ mice compared to Klf5fl/fl  mice (Figure 4.17). However, subsequent 

measurement of the primitive stem cell compartments including LT-HSC, ST-HSC 

and MPP did not reveal significant differences between genotypes (Figure 4.18).  In 

addition to this HSPC subset analysis, the combination of surface markers used 

enabled measurement of CLP as shown in Figure 4.16. Interestingly, as shown in 

Figure 4.19 the average percentage of CLP defined as Flt3+, IL7Rα+, c-Kitlo, Sca-1lo 

cells in the c-Kit+, Lin- population was significantly lower at 9 months for Klf5∆/∆ 

mice compared to Klf5fl/fl  mice with no significant difference observed at 3 months.  

 

4.2.3 Colony Forming Unit Assays on Bone Marrow 

4.2.3.1 Colony assays for the quantification of haemopoietic progenitor cells in 

bone marrow 

Haemopoietic progenitor cells in BM of mice were also analysed using clonal 

assays to measure colony forming units (CFU). The CFU assay was originally 

developed by Bradley and Metcalf [325] as a measure of haemopoietic progenitor 

cell proliferation potential in the presence of particular lineage-specific cytokines 

(Appendix G shows different colonies that can be enumerated during CFU assays).  
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Figure 4.17: Characterisation of HSPC in the bone marrow using flow 

cytometry 

Total HSPC were defined as shown in Figure 4.16F. The bar chart shows the 
percentage of total HSPC cells from c-Kit+, Lin- population. Mean and SEM are 
shown. The p-value was obtained from t-tests conducted between each genotype 
group on age based. Results obtained from n=11 for Klf5fl/fl , n=7 for Klf5wt/∆ and 
n=10 for Klf5∆/∆ mice at 3 months and n=8 for Klf5fl/fl , n=8 for Klf5wt/∆ and n=11 for 
Klf5∆/∆ mice at 9 months.  
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Figure 4.18: Characterisation of long-term and short-term haemopoietic stem 

cells and multi potent progenitor in the bone marrow using flow-cytometry 

Stem cell compartments were defined as shown in Figure 4.16G. (A) Bar charts 
represent the percentage of long-term HSC (LT-HSC) obtained from the flow 
cytometry analysis which were defined by c-Kit+, Lin-, IL7Rα-, Sca-1+, CD16/32-, 
CD48-, CD150+, (B) represents the percentage of short-term HSC (ST-HSC) which 
were defined by c-Kit+, Lin-, IL7Rα-, Sca-1+, CD16/32-, CD48+, CD150+ and (C) 
represents the percentage of multi potent progenitors (MPP) which were defined by 
c-Kit+, Lin-, IL7Rα-, Sca-1+, CD16/32-, CD48+, CD150-. Mean and SEM are shown. 
Results were obtained from n=11 for Klf5fl/fl , n=7 for Klf5wt/∆ and n=10 for Klf5∆/∆ 
mice at 3 months and n=8 for Klf5fl/fl , n=8 for Klf5wt/∆ and n=11 for Klf5∆/∆ mice at 9 
months. 
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Figure 4.19: Characterisation of common lymphoid progenitors in bone 

marrow using flow cytometry 

Common lymphoid progenitor  (CLP) population were defined as shown in Figure 
4.16E. The bar chart represents the percentage of CLP population normalised to c-
kit+, Lin- population. Mean and SEM are shown. The p-values obtained are from t-
tests conducted between each genotype group based on age. Results obtained from 
n=11 for Klf5fl/fl , n=7 for Klf5wt/∆ and n=10 for Klf5∆/∆ mice at 3 months and n=8 for 
Klf5fl/fl , n=8 for Klf5wt/∆ and n=11 for Klf5∆/∆ mice at 9 months. 
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Serial replating of colonies can be used as a measure of self-renewal capacity [326]. 

Figure 4.20 shows the CFU and the serial replating assay results from whole bone 

marrow cells of 3 and 9 month old mice seeded in methylcellulose containing SCF, 

IL3, IL6, EPO and GM-CSF. Interestingly, there was a small but significant increase 

in CFU frequencies of Klf5∆/∆ mice at 3 months compared to Klf5fl/fl  mice (Figure 

4.20-A). In addition, the results obtained for 9 month old mice showed a decrease in 

CFU replating potential in the Klf5∆/∆ mice compared to Klf5fl/fl mice revealed on the 

secondary and tertiary replating (Figure 4.20-B). The individual colonies were also 

typed and scored as described in methods, however, there were no significant 

changes observed for the individual progenitor types between the genotypes 

(Appendix H).  

To test whether Klf5 has a significant role in granulocyte-macrophage cell 

growth or differentiation in response to GM-CSF alone, 1 x 104 whole bone marrow 

cells from 3 and 9 months old mice were seeded in methylcellulose containing GM-

CSF only. Figure 4.21 shows that there was a trend to decreasing CFU frequencies 

at 3 and 9 months for Klf5∆/∆ mice compared to Klf5fl/fl mice (p=0.05 and p=0.07 

respectively). Scoring of individual colonies showed that a significant reduction in 

CFU-G and CFU-M was contributing to the total decrease of colonies for Klf5∆/∆ 

mice compared to Klf5fl/fl mice, with no significant difference observed for the CFU-

GM. 
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Figure 4.20: Quantification of myelo-erythroid progenitor self-renewal in a 

cytokine cocktail from bone marrow using serial colony forming assay 

1 x 104 whole bone marrow cells were seeded in methylcellulose containing SCF, 
IL3, IL6, EPO and GM-CSF. The bar chart shows the total number of colonies 
obtained after 8 days (labelled as plating 1). At day 8, cells were harvested and 
reseeded in methylcellulose containing SCF, IL3, IL6, EPO and GM-CSF and 
cultured again for 8 days (labelled as plating 2). Plating 3 was the subsequent 
replating. A) Colonies scored for CFU-assay of  3 months old mice of n=6 for 
Klf5fl/fl , n=6 for Klf5wt/∆ and n=7 for Klf5∆/∆ mice. B) Colonies scored for CFU-assay 
of 9 months old mice of n=4 for Klf5fl/fl  , n=5 for Klf5wt/∆ and n=5 for Klf5∆/∆ mice. 
The p-values were obtained from t-tests conducted between genotype group. 
Significantly different between Klf5fl/fl  and Klf5∆/∆ mice *(P< 0.05) or **(P< 0.01). 
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Figure 4.21: Quantification of myeloid progenitors in the bone marrow using 

colony forming assays in response to GM-CSF 

1 x 104 whole bone marrow cells from 3 and 9 month old mice were seeded in 
methylcellulose containing GM-CSF only. A) Total colonies scored after 8 days. B) 
Individual colony type scored from each genotype after 8 days. Mean and SEM are 
shown. For 3 months old mice; n=4 for Klf5fl/fl , n=3 for Klf5wt∆ and n=5 for Klf5∆/∆ 
mice. For 9 months old mice; n=4 for Klf5fl/fl , n=4 for Klf5wt/∆ and n=4 for Klf5∆/∆ 
mice. P-values were obtained from t-tests conducted between the Klf5fl/fl  and Klf5∆/∆ 
groups using Graphpad Prism. *Significantly different between Klf5fl/fl  and Klf5∆/∆ 
mice (P< 0.05). 
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4.2.3.2 Colony assays for the quantification of CFU-E and BFU-E in bone 

marrow 

To functionally characterise the erythroid progenitor compartment in bone 

marrow we performed assays for erythroid colony forming cells (CFU-E and BFU-

E).  As shown in Figure 4.22 both CFU-E and BFU-E colonies were significantly 

reduced in the Klf5∆/∆ mice compared to the Klf5fl/fl mice. 

 

4.3 Discussion 

Since multiple studies have shown roles for several Klf family members during 

both myeloid and lymphoid cell development (as discussed in Chapter 1, section 

1.8), it was important for us to conduct a comprehensive analysis to determine if 

Klf5 has a non-redundant role during haemopoiesis. In this study, an analysis was 

conducted using the Vav-cre mouse model, described in the previous chapter, to 

investigate if conditional Klf5 ablation in the haemopoietic system leads to defects in 

steady-state haemopoiesis, and if so, at which stage and lineage(s) the defect occurs. 

Thus, Klf5∆/∆ mice were analysed at 3, 9 and 12 months of age and compared with 

age-matched Klf5wt/∆ mice and Klf5fl/fl  mice. Signs of alterations in the haemopoietic 

system were observed when CBC on the PB of Klf5∆/∆ mice was compared with the 

age-matched Klf5wt/∆ and Klf5fl/fl  mice littermates. At 9 and 12 months of age the total 

WBC scored in Klf5∆/∆ mice was significantly higher than Klf5fl/fl  mice.  The RBC, 

HgB and HcT were found to be significantly decreased in Klf5∆/∆ mice only at 3 

months of age suggesting an early developmental defect in erythropoiesis. 
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Figure 4.22: Quantification of CFU-E and BFU-E in bone marrow at 9 months 

of age using colony forming assay 

1 x 105 whole bone marrow cells from 9 month old mice were seeded in 
methylcellulose containing EPO without other cytokines and cultured for 5 days. The 
CFU-E colonies were scored on day 3 while the mature BFU-E colonies were scored 
on day 5. Mean and SEM are shown. n=5 for Klf5fl/fl  , n=4 for Klf5wt/∆ and n=4 for 
Klf5∆/∆ mice. The p-value was obtained from t-tests conducted between Klf5fl/fl  and 
Klf5∆/∆ group using Graphpad Prism. *Significantly different between Klf5fl/fl  and 
Klf5∆/∆ mice (P< 0.05). 
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Previous work from our group has suggested that Klf5 has a functional role 

during granulopoiesis [28], and Klf5 has also been found to be down-regulated in 

AML patient samples compared to normal haemopoietic populations [28]. A 

previous study by Humbert et al. also suggested Klf5 involvement during 

granulopoiesis [33]. Thus, we conducted further analyses on PB and BM using flow 

cytometry to quantitate different haemopoietic progenitor and mature cell 

populations. Interestingly, we observed a significant decrease of mature neutrophils 

in PB and BM of Klf5∆/∆ mice at 3 and 9 months of age. In addition, BM data 

showed a decrease in neutrophils in Klf5∆/∆ mice at 12 months age. Together, these 

results are consistent with the hypothesis that Klf5 has a functional role in the 

granulocyte lineage. 

From flow cytometry analysis, the CD3e+ T-cell percentage was consistently 

increased in PB and BM of Klf5∆/∆ mice compared to age-matched Klf5fl/fl mice 

suggesting that Klf5 may have a role in regulation of lymphocyte production. The 

B220+ B-cell percentage determined by flow cytometry was found to be inconsistent 

in PB and BM possibly due to the low frequency and small group size. Interestingly, 

our lab has previously shown that Klf5 expression is down-regulated in T-cells, B-

cells and NK cells from mouse (refer Figure 1.4: Expression of KLF family 

members in mouse and human haemopoietic lineages). This is also observed in 

the HemaExplorer gene expression database where KLF5 expression in T-cells is 

relatively low compared to myeloid and HSC (Appendix I) [327]. Consistent with 

this initial finding, a study conducted in cell lines and primary tissues showed that 

Klf5 was expressed in pro-T-cells but not in the more mature T-cells [277]. It has 

also been suggested that Klf5 has a role in regulating T-cell receptor expression and 

that Klf5 expression is high in RAG-2–deficient thymus and low in healthy thymus 
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and bone marrow [277]. In addition, a number of independent studies have shown the 

involvement of other Klf family members during mature lymphoid cell development 

[74, 86, 108, 164-168]. Thus Klf5 may cooperate with other Klf family members to 

control lymphocyte production.  

We also performed flow cytometry analysis on the stem and progenitor cell 

compartments to assess if there were any changes at earlier stages of myeloid cell 

formation. The flow cytometry analysis of the BM myelo-erythroid progenitor 

compartment revealed no gross differences in progenitor populations consistent with 

Klf5 being functionally important at the later stages during myelopoiesis. 

Interestingly, we found that the HSPC fraction defined by c-Kit+, Lin-, IL7Rα-, Sca-

1+ was reduced in the BM of Klf5∆/∆ mice compared to Klf5fl/fl  mice. However, none 

of the primitive stem cell compartments including LT-HSC, ST-HSC and MPP 

revealed significant differences between genotypes possibly due to small sample 

sizes.  

To further understand the role of Klf5 in haemopoiesis, we conducted CFU and 

serial replating assays. We observed a significant decrease in replating potential for 

the Klf5∆/∆ bone marrow compared to Klf5fl/fl  controls, with a dramatic decrease in 

the third serial plating of 9 months old mice. This result suggests that progenitor cells 

from knockout mice have a reduced self-renewal capability. On the other hand, 

Klf5∆/∆ mice have decreased CFU-M and CFU-G frequency in BM compared to age-

matched Klf5fl/fl mice. This result is consistent with a role for Klf5 in committed 

myeloid progenitors. Interestingly, we did not see a lineage bias in the type of 

colonies formed which may have been predicted based on other finding of fewer 

neutrophils in PB and BM by flow cytometry. However, this may be reflective of the 

difference of cells that differentiate in vivo compared to an in vitro model system. 
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The CBC data obtained from 3 month old mice showed decreased RBC counts 

in Klf5∆/∆ mice compared to control mice. At 3 months, the haematocrit and 

haemoglobin levels were also lower in the Klf5∆/∆ mice compared to control mice. In 

addition, flow cytometry results revealed a decrease of the erythroid progenitor 

compartment in the Klf5∆/∆ mice, compared to aged-matched control mice at 9 

months. This finding has been confirmed with in vitro CFU assays which show that 

CFU-E and BFU-E are less frequent for Klf5∆/∆ bone marrow compared to Klf5fl/fl  

controls. Initially, Erythroid Krüppel-like factor (EKLF/KLF1) was known to have a 

significant role in erythropoiesis by specifically binding to CAACC elements [170]. 

EKLF stimulates β-globin gene expression and facilitates the switch from the foetal 

γ-globin to the adult β-globin [171]. However, later studies have shown that, not only 

Klf1, but also Klf2, Klf3 and Klf4 were also important in regulating erythroid 

maturation [90, 173-175, 177-179]. KLF family members share three C2H2 zinc 

finger DNA binding domains. Although there is no direct evidence of Klf5 

involvement in regulating erythropoiesis, the sequence analysis has shown that KLF5 

can bind and transactivate the same CACCC promoter element which is known to 

regulate the γ-globin gene [180]. In addition, an independent study has shown that 

KLF5 has a similar domain to transactivation domain 2 of KLF1 (EKLFTAD2). In 

fact this region has been shown to interact with CBP/p300 [328]. Thus, Klf5 may 

contribute to erythropoiesis through a complementary function to Klf1. This may be 

particularly important in younger animals given that reduced red blood cell, 

haematocrit and haemoglobin was observed at 3 months for Klf5∆/∆ animals. 
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Chapter 5:  Extended analysis on the effect of knocking out the 

Klf5 gene in the haemopoietic system 

5.1 Introduction 

The studies described in the previous chapter demonstrate that Klf5 has 

important functions in haemopoiesis and are consistent with initial studies which 

showed that knockdown of Klf5 gene expression reduces neutrophil differentiation in 

response to cytokine simulation [28]. This is strongly supported by another 

independent study done by Humbert et al. which showed a function for Klf5 in 

regulating neutrophil development [33]. In the previous chapter, we demonstrated 

that Klf5∆/∆ mice have fewer neutrophils compared to wildtype controls establishing 

a role for Klf5 as an inducer of granulocyte differentiation in vivo. Thus, in this 

chapter we aimed to extend the phenotypic analysis of the Klf5-KO model to look at 

other haemopoietic organs and to look specifically at eosinophils.  

Haemopoietic stem cells (HSC) can be found at low levels in extramedullary 

tissues such as the spleen and liver throughout adult life [329], but during 

haemopoietic stress, HSC are mobilised to these tissues [330, 331].  Ishikawa et. al. 

reported that Klf5 plays an important role in HSC retention and adhesion in the bone 

marrow [275], suggesting that changes to Klf5 levels may affect HSC mobilisation. 

Independent studies have shown that Klf5 is a key regulator of cellular migration in 

non-haemopoietic tissue [210, 219, 332]. For example in primary esophageal 

epithelial cells, Klf5 stimulates expression of the pro-migratory protein Integrin-

linked kinase, ILK [219]. Klf5 has also been implicated in the metastasis of prostate 

cancer cells to bone tissue by up-regulating the expression of cell-surface chemokine 

receptor CXCR4 [210]. In addition, Klf5 also up-regulates expression of Matrix 
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metallopeptidase 9 resulting in degradation of extracellular matrix in skeletal muscle 

cells and enhancing migratory activity [333]. Together, these observations raise the 

question of whether loss of Klf5 in HSC will lead to HSC mobilisation to other 

haemopoietic organs, especially spleen. Previous studies conducted on Klf5 in 

haemopoiesis did not look closely in spleen. In this chapter, we analysed changes in 

splenic haemopoiesis from Klf5∆/∆ mice using flow cytometry and CFU assays to 

identify the differences compared to the control littermates.  

Given the changes observed in the levels of neutrophils (as discussed in 

Chapter 4), we also extended our analysis of steady-state haemopoiesis to look at 

eosinophil production in our Klf5-KO model. Under normal conditions, numbers of 

eosinophils are very low but increase considerably during a parasitic infection or 

allergic reaction [334]. In this chapter we assessed eosinophil production using 

eosinophil-specific lineage markers in peripheral blood (PB) and bone marrow (BM), 

followed by measuring eosinophil infiltration in the lung tissue of Klf5-KO mice 

compared to wildtype controls. 

 

5.2 Results  

5.2.1 Analysis of the extramedullary haemopoietic organs 

We first conducted necroscopy analysis on spleen and liver of Klf5∆/∆ mice 

and littermate controls. From visual inspection, there were no obvious differences in 

the appearance of the liver (data not shown). Interestingly, we observed an enlarged 

spleen size for Klf5∆/∆ mice compared to Klf5fl/fl  mice (Figure 5.1-A). There was no 

difference in the spleen colour or appearance of knockout spleens compared to the 

wildtype controls (Figure 5.1-A).  Interestingly, the spleen weight of Klf5∆/∆ mice 
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was significantly higher compared to Klf5fl/fl  mice (p<0.01) (Figure 5.1-B). The 

Klf5wt/∆ spleens were also larger than spleens from Klf5fl/fl  mice (p<0.01) (Figure 

5.1-B). This was also consistent with the spleen weight at 9 and 12 months, where 

the Klf5∆/∆ mice have larger spleens compared to Klf5fl/fl  mice (p<0.05) (Figure 5.1-

B). Interestingly, when the spleen weight is normalised to body weight, we found 

that the ratio of spleen size was significantly higher in the Klf5∆/∆ and Klf5wt/∆ mice 

compared to Klf5fl/fl  mice at 9 and 12 months of age (Figure 5.1-C, also refer to 

Figure 3.11 for body weight comparison). 

Spleen histopathology was then evaluated using Haematoxylin and Eosin 

(HE) and myeloperoxidase (MPO) staining (tissue dissection and staining procedures 

were performed by Jim Manavis and John Finnie, SA Pathology). These analyses 

revealed no gross abnormalities in the spleen of Klf5∆/∆ mice when compared with 

Klf5fl/fl  mice (Figure 5.2 and Figure 5.3).  As observed in the MPO staining of 

spleen (Figure 5.2 and Figure 5.3), spleen granulopoiesis is more restricted and 

mainly observed around traberculae projecting from the capsule [335]. However, 

there was no gross difference observed in the MPO stained dissected spleens isolated 

from Klf5∆/∆ mice compared with Klf5fl/fl  mice (Figure 5.2 and Figure 5.3). More 

histopathology pictures are shown in the Appendices J and K. 

 

5.2.2 Characterisation of the cellular spleen phenotype of Klf5∆/∆ mice 

5.2.2.1 Cell number and colony assay analysis on spleen  

We next investigated whether any specific cell types were contributing to the 

observed splenomegaly in the Klf5∆/∆ mice. Nucleated cell counts for each genotype  
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Figure 5.1: Analysis of spleen size from 3, 9 and 12 month old mice 

(A) Representative spleens from 3 and 9 month old mice. (B) Average spleen 
weights from 3, 9 and 12 months old mice (mean ± SEM). (C) Average of spleen to 
body weight ratio from of 3, 9 and 12 months old mice (mean ± SEM). P-values 
were obtained from t-test conducted between Klf5fl/fl and Klf5∆/∆ group using 
Graphpad Prism. Significantly different between Klf5fl/fl and Klf5∆/∆ mice *(P< 0.05) 
and **(P< 0.01). Results obtained from n=5 for Klf5fl/fl , n=4 for Klf5wt/∆ and n= 7 for 
Klf5∆/∆ mice at 3 months, n=7 for Klf5fl/fl , n=7 for Klf5wt/∆ and n=8 for Klf5∆/∆ mice at 
9 months and n=5 for Klf5fl/fl , n=6 for Klf5wt/∆ and n=7 for Klf5∆/∆ mice at 12 months.  
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Figure 5.2(i): Representative spleen morphology of Klf5-flox mice at 3 months 

Mouse spleens from an age-matched control littermates was sectioned and stained 
with A) H&E and B) anti-MPO antibody. Images captured at 5X using Nanozoomer 
DP.  
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Figure 5.2(ii): Representative spleen morphology of Klf5-flox mice at 3 

months 

Mouse spleens from an aged matched control littermatse were sectioned and stained 
with A) H&E and B) anti-MPO antibody. Images captured at 20X using Nanozoomer 
DP.  
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Figure 5.3(i): Representative spleen morphology of Klf5
Δ/Δ

 mice at 3 months 

Mouse spleens from an age-matched control littermates was sectioned and stained 
with A) H&E and B) anti-MPO antibody. Images captured at 5X using Nanozoomer 
DP.  
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Figure 5.3(ii): Representative spleen morphology of Klf5
Δ/Δ

 mice at 3 months 

Mouse spleens from an age-matched control littermates was sectioned and stained 
with A) H&E and B) anti-MPO antibody. Images captured at 20X using Nanozoomer 
DP. 
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showed that the Klf5∆/∆ mice displayed increased splenic cellularity compared to 

Klf5fl/fl mice (Figure 5.4) consistent with increased size. We then assayed myelo-

erythroid progenitor cells using colony assays. We observed a significant increase in 

the frequencies of colonies scored from 9 and 12 month old Klf5∆/∆ mice compared to 

Klf5fl/fl mice (Figure 5.5-A). In addition to the colonies scored, we were interested in 

determining the total CFU colony scored. Interestingly, there was a 2-fold increase in 

the Klf5∆/∆ mice compared to Klf5fl/fl  mice at 9 months and a 3- fold increase at 12 

months (p<0.05 and p<0.01 respectively) (Figure 5.5-B). However this result was 

not due to any individual type of colony since all myeloid colony types (CFU-G, 

CFU-M and CFU-GM) were scored higher in Klf5∆/∆ mice compared to Klf5fl/fl  mice 

(Figure 5.6).  

 

5.2.2.2 Flow cytometry analysis on spleen cells 

To further characterise the haemopoietic cell types that may contribute to the 

increased spleen size in Klf5∆/∆ mice, we used flow cytometry analysis to determine 

different cell populations present in the spleen of Klf5∆/∆ mice and wildtype controls.  

 To evaluate the mature haemopoietic cell types, spleen cells were stained 

with TER119, CD45.2, GR-1, Mac-1, B220, CD3ǫ and Siglec-F antibodies. The 

gating strategies used are as described earlier in Chapter 4 and the representative 

gating plots for flow cytometry on mature cells type from spleen were showed in the 

Appendix L . As shown in Figure 5.7 and Figure 5.8, there were no significant 

differences observed in any of the specific mature lymphoid or myeloid cell types 

between the different genotypes. 
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Figure 5.4: Average nucleated cell counts from spleens of 9 and 12 month old 

mice 

Bar chart represent data by comparing nucleated cells count in between genotype at 9 
and 12 months. Mean and SEM are shown. Spleens were mashed in the petri dish 
and passed through the cell strainer to obtain single-cell suspensions. P-value 
obtained from t-test conducted between genotype or age group using Graphpad 
Prism. Significantly different between age  *(P< 0.05) and **(P< 0.01). Results 
obtained from n=7 for Klf5fl/fl , n=7 for Klf5wt/∆ and n=8 for Klf5∆/∆ mice at 3 months, 
and n=5 for Klf5fl/fl , n=6 for Klf5wt/∆ and n=7 for Klf5∆/∆ mice at 9 months.  
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Figure 5.5: Enumeration of myelo-erythoroid colonies from spleen cells of 

Klf5-KO mice at 9 and 12 months old 

A) The bar chart show the total colony numbers scored from both age groups. B) The 
bar chart shows the absolute numbers obtained from the CFU assay. Colonies were 
scored from independent triplicate after 8 days 2 x 105 of spleen cells were seeded in 
methylcellulose containing SCF, IL3, IL6, EPO and GM-CSF. P-values were 
obtained from t-tests conducted between each genotype group using Graphpad Prism. 
Significantly different between Klf5fl/fl  and Klf5∆/∆ mice *(P< 0.05) and **(P< 0.01). 
Results obtained from n=6 for Klf5fl/fl , n=5 for Klf5wt/∆ and n=7 for Klf5∆/∆ mice at 3 
months, and n=6 for Klf5fl/fl , n=4 for Klf5wt/∆ and n=6 for Klf5∆/∆ mice at 9 months. 
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Figure 5.6: Individual types of colonies scored from spleen CFU assay at 3 and 

9 months of age 

A) The average of colony-forming unit-granulocyte (CFU-G) colonies. (B) The 
average of colony-forming unit-macrophage (CFU-M) colonies. (C) The average of 
colony-forming unit-granulocyte-macrophage (CFU-M) colonies. Colonies were 
scored from independent triplicate after 8 days 2 x 105 of spleen cells were seeded in 
methylcellulose containing SCF, IL3, IL6, EPO and GM-CSF. Mean and SEM are 
shown. P-values were obtained from t-test conducted between each genotype group 
using Graphpad Prism. Significantly different between Klf5fl/fl  and Klf5∆/∆ mice *(P< 
0.05). Results obtained from n=6 for Klf5fl/fl , n=5 for Klf5wt/∆ and n=7 for Klf5∆/∆ 
mice at 3 months, and n=6 for Klf5fl/fl , n=4 for Klf5wt/∆ and n=6 for Klf5∆/∆ mice at 9 
months.  
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Figure 5.7: Characterisation of mature lymphoid cells in the spleen at 9 

months using flow cytometry 

Each graph represents the percentage of cell population determined by the specific 
cell surface marker from the spleen of 9 month old mice. Each  bar shown is mean 
value plus or minus SEM of (A) percentage of B-cells (B220+CD3ε- from CD45+, 
TER119-) and (B) percentage of T-cells (B220-CD3ε+ from CD45+, TER119-) 
respectively. n=6 for Klf5fl/fl , n=6 for Klf5wt/∆ and n=7 for Klf5∆/∆ mice. 
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Figure 5.8: Characterisation of mature myeloid cells in the spleen at 9 months 

using flow cytometry 

Each graph represents the percentage of specific cell types determined by cell surface 
markers from the spleen of 9 month old mice. Each  bar shown is mean values plus 
or minus SEM for (A) neutrophils (Gr1hiMac1hi cells from CD45+, TER119-), (B) 
immature neutrophils (Gr1intMac1int cells from CD45+, TER119-) and (C) monocytes 
(Gr1-Mac1+cells from CD45+, TER119-). Data were generated from n=6 for Klf5fl/fl  , 
n=6 for Klf5wt/∆ and n=7 for Klf5∆/∆ mice. 
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 To further assess the myeloid progenitor compartment in the spleen, spleen 

cells were also stained with multiple cell surface markers (CD41, CD105, CD150, c-

Kit, Sca-1, FcγRII/III and lineage specific antibodies; Mac-1, Gr-1, B220, CD3ǫ and 

TER119). Similar gating strategies to those used in Chapter 4 for myeloid progenitor 

analysis were used for this analysis. A representative of the gating plot for myeloid 

progenitor analysis in the spleen is attached in the Appendix M . In this chapter, data 

is presented as the absolute cell numbers for each cell type per spleen. From the 

analysis, we found that the LSK compartment was significantly increased in spleens 

from the Klf5∆/∆ mice compared to Klf5fl/fl  mice (Figure 5.9). Interestingly, we did 

not observe any significant changes for the committed myeloid progenitor cell 

populations between knockout and control groups (Figure 5.10).  To further 

characterise the haemopoietic stem cell subsets we analysed 12 month old mice and 

used multi-colour flow cytometry to focus on the more primitive cell compartment. 

The methods used for this analysis were the same as those detailed in Section 4.2.2.3 

of chapter 4. Again, antibodies used for staining were anti- CD48, Flt3, CD150, c-

Kit, Sca-1, IL7Rα and lineage specific antibodies; Mac-1, Gr-1, B220, CD3e and 

TER119. A representative plot and gating strategy used for this flow analysis is 

shown in the Appendix N. Interestingly, as shown in Figure 5.11, the number of 

HSPC, MPP and ST-HSC in the Klf5∆/∆ mice were significantly higher than in 

Klf5fl/fl  mice. Data for long-term HSC (LT-HSC) is not shown as frequency of 

detection was below 1% and is not reliable for analysis. Together, these results are 

consistent with the CFU assay results (Section 5.2.2.1) which showed an increase in 

the CFU frequency and number in spleens from Klf5∆/∆ mice but without a bias in the 

output of more committed myeloid cell types.  
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Figure 5.9: Characterisation of LSK in the spleen at 9 months using flow 

cytometry 

LSK population was defined by c-Kit+, Lin-, Sca-1+ cell surface markers. P-value 
obtained from t-test conducted between each genotype group using Graphpad Prism. 
Significantly different between Klf5fl/fl  and Klf5∆/∆ mice *(P<0.05). The bar charts 
shown were mean values of cells per spleen plus or minus SEM percentage of n=6 
for Klf5fl/fl  , n=6 for Klf5wt/∆ and n=7 for Klf5∆/∆ mice. 
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Figure 5.10: Characterisation of committed myeloid progenitors in spleen at 9 

months using flow cytometry 

The bar charts shown were cells per spleen plus or minus SEM from n=6 for Klf5fl/fl , 
n=6 for Klf5wt/∆ and n=7 for Klf5∆/∆ mice for (A) granulocyte/macrophage 
progenitors (GMP), (B) erythroid progenitor (CFU-E), (C) megakaryocyte 
progenitors (MkP), (D) primitive granulocyte/macrophage progenitors (preGM), (E) 
early monopotent erythroid (preCFU-E), (F) the erythroid/megakaryocyte lineages 
progenitor (preMegE).  
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Figure 5.11: Characterisation of stem and progenitor cells in spleen at 12 

months using flow cytometry 

The bar charts shown were mean values plus or minus SEM of cells per spleen from 
n=7 for Klf5fl/fl  , n=5 for Klf5wt/∆ and n=8 for Klf5∆/∆ mice for the (A) HSPC 
population defined by c-Kit+, Lin-, IL7Rα-, Sca-1+ cell surface markers, (C) multi-
potent progenitor (MPP) and (D) short-term HSC (ST-HSC). P-values were obtained 
from t-tests conducted between different genotypes group using Graphpad Prism. 
Significantly different between Klf5fl/fl  and Klf5∆/∆ mice *(P<0.05), **(P<0.01) or 
***( P<0.001). 
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5.2.3 Effect of Klf5 knockout on the eosinophil compartment 

5.2.3.1 Flow cytometry analysis to assess eosinophils in the peripheral blood and 

bone marrow of Klf5∆/∆ mice. 

We next used a flow cytometry based strategy to measure eosinophils in PB and BM. 

In this flow cytometry analysis, the antibodies used were TER119, CD45.2, Mac-1 

and Siglec-F. Details of the methods used are described in Chapter 2, section 2.12.4. 

Mouse eosinophils in PB and BM are known to be positive for the Mac-1 and Siglec-

F cell surface markers [336-338]. The specific detection protocol for eosinophils is 

summarised in Figure 5.12.  Dead cells were first excluded based on the fluorogold 

positive stained population followed by selection based on the forward (FS) and side 

(SS) scatter. Next, we excluded the TER119-negative cells and a gate was set to 

capture the CD45-positive cell population. The percentage of Mac-1, Siglec-F 

double-positive cells was determined within this population. The Sig-F+, Mac-1+ 

double-positive gate was set to exclude the Sig-F+, Mac1hi population which was 

identified as neutrophils based on the FS/SS character (shown in the Appendix O). 

From this analysis, we observed a small but a significant increase of the percentage 

of Sig-F+, Mac-1+ cells (eosinophils) in the CD45+ gate in PB of 3 and 9 month old 

Klf5∆/∆ mice compared to age-matched Klf5fl/fl  mice (p<0.05) (Figure 5.13-A). 

Consistent results were also obtained from the analysis conducted on BM cells, 

where the Sig-F+, Mac-1+ cells (eosinophils) in the CD45+ gate were also 

significantly increased in 3 and 9 months old Klf5∆/∆ mice compared to age-matched 

Klf5fl/fl  controls (p<0.05) (Figure 5.13-B).   
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Figure 5.12: Schematic diagram to show the gating strategy used for flow 

cytometry analysis on cell surface markers of eosinophil cells in peripheral 

blood and bone marrow 

A) Fluorogold negative (viable) cells were selected (B) debris was excluded on the 
forward and side scatter and (C) the following gate was set on TER119- cells to 
eliminate the TER119+ cells (erythrocytes) from analysis. D) Selection of the 
CD45+population (E) selection of SigF+, Mac1int cells on the histogram. 
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5.2.3.2 Flow cytometry analysis to assess eosinophil cells in the lung of Klf5∆/∆ 

mice. 

As we observed an increase in the eosinophil population for both in PB and 

BM of Klf5∆/∆ mice, we extended our analysis of eosinophils to the lungs of Klf5∆/∆ 

mice. In normal lungs, eosinophils play a very minor role as antigen presenting cells, 

however in inflamed lungs, large percentages of eosinophils can be found [339]. In 

this study, flow cytometry analysis was conducted on lung cells from 12 months old 

mice. Details of procedures used for this analysis are described in Chapter 2, section 

2.12.4. In this analysis, the antibodies used were CD45, Mac1 and Siglec-F for cell 

surface marker detection as above. The gating strategy used to identify eosinophils in 

lung is shown in the Appendix P. Eosinophils in lung are identified as CD45+, 

Mac1int, Sig-F+ [336, 340]. As lung macrophages also express the Siglec-F marker, 

the CD45+, Mac1hi, Sig-F+ cell population, is excluded from the analysis. Figure 

5.14-A shows a representative plot for each genotype. From the results obtained, the 

mean percentage of eosinophils within the CD45+ leukocyte population in the lungs 

of Klf5∆/∆ mice was significantly higher than Klf5fl/fl  mice (p<0.001) (Figure 5.14-

B). Interestingly, the mean percentage of eosinophils in the lung of Klf5wt/∆ mice was 

significantly lower than the Klf5∆/∆ mice (p<0.01) but also higher in trend when 

compared to Klf5fl/fl mice (p=0.06).  
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Figure 5.13: Identification of eosinophils in the peripheral blood and bone 

marrow using flow cytometry 

Shown were mean values plus or minus of TER119-, CD45+, Mac1+, SigF+ cell 
populations determined from A) peripheral blood drawn from each individual mouse 
at 3 and 9 months old and results obtained from n=10 for Klf5fl/fl , n=6 for Klf5wt/∆ and 
n=11 for Klf5∆/∆ mice at 3 months, and n=8 for Klf5fl/fl , n=8 for Klf5wt/∆ and n=10 for 
Klf5∆/∆ mice at 9 months. B) The bone marrow obtained from femurs and tibia of 
each mouse at 3 and 9 months old. Mean and SEM are shown. P-values obtained 
from t-tests conducted between each genotype groups using Graphpad Prism. 
*Significantly different between Klf5fl/fl and Klf5∆/∆ mice (P<0.05). Results obtained 
from n=7 for Klf5fl/fl , n=7 for Klf5wt/∆ and n=8 for Klf5∆/∆ mice at 3 months, and n=8 
for Klf5fl/fl , n=8 for Klf5wt/∆ and n=9 for Klf5∆/∆ mice at 9 months. 
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Figure 5.14: Flow cytometry detection of eosinophils from lung 

(A) Plots shown were the representative gate used to select for the eosinophil cell 
population in the lung where CD45 positive cells were gated on Mac1low and Siglec-
F+ from all genotypes mice. (B) The bar chart shown were mean values plus or 
minus SEM percentage of CD45+, Mac1low, SigF+ cells, from n=6 for Klf5fl/fl , n=4 for 
Klf5wt/∆ and n=6 for Klf5∆/∆ mice. P-value obtained from t-test conducted between 
each genotype group using Graphpad Prism. Significantly different between Klf5fl/fl  
and Klf5∆/∆ mice ***(P<0.001) and significantly different between Klf5wt/∆ and 
Klf5∆/∆ mice **(P<0.01). 
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5.3 Discussion 

In this chapter we investigated changes in the extramedullary tissues in 

Klf5∆/∆ mice. We observed enlarged spleen size in the Klf5∆/∆ mice at every age 

examined. In general, when bone-marrow haemopoiesis is impaired by age, cancer or 

myeloablation, expanded numbers of HSCs can engage in extramedullary 

haemopoiesis in the spleen or other organs [341]. Interestingly, splenomegaly occurs 

for several blood diseases including myeloid leukaemia where extensive infiltration 

of myeloid cells is the documented feature [342-345]. However, in this study, the 

histopathology analysis did not show any morphological difference or myeloid cell 

infiltrates (as measured by MPO staining) in the dissected spleen sections of Klf5∆/∆ 

mice. Hence, we further analysed spleens from Klf5∆/∆ mice by conducting CFU 

assays and flow cytometry analysis. For mice at 9 and 12 months, the CFU frequency 

and numbers in the spleens of Klf5∆/∆ mice were significantly higher than Klf5fl/fl  

controls, consistent with the extramedullary haemopoiesis in Klf5∆/∆ mice. In 

addition, through flow cytometry analysis, we found that the stem cell compartments 

(ST-HSC and MPP) were significantly increased in the spleens of Klf5∆/∆ mice 

compared to Klf5fl/fl  mice. A recent study of Klf5 function in haemopoiesis has 

shown that Klf5 is crucial for adhesion, homing, lodging and retention of 

haematopoietic stem cells and progenitors in the bone marrow [275]. However, in 

their study, they did not demonstrate extramedullary haemopoiesis in the spleen. We 

propose that reduced HSPC numbers in bone marrow (see Chapter 4) and an increase 

of equivalent populations in the spleen is consistent with impaired HSPC retention in 

the bone marrow [275] and increased migration of HSPC to spleen, resulting 

increased production of progenitor cells in spleen.  
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To assess eosinophil production in the Klf5∆/∆ mice we investigated the effect 

of Klf5 tissue-specific ablation on eosinophils in the BM, PB and lung. Eosinophils 

normally develop in the bone marrow with mature eosinophils typically released into 

the peripheral blood. In allergic conditions, newly released eosinophils circulate in 

the blood for a short period before homing preferentially to the lung, skin, and gut 

mucosa in response to eotaxin chemokine signals and the expressed adhesion marker 

MAdCAM-1 [346, 347]. Interestingly, in this study we observed a subtle increase in 

the percentage of eosinophils in the PB and BM of Klf5∆/∆ mice when compared to 

Klf5fl/fl  mice. We also found significantly increased eosinophils in the lung of Klf5∆/∆ 

mice compared to Klf5fl/fl  mice (p<0.001). Eosinophil production is controlled by a 

number of transcription factors (TFs) both in human and mouse which include 

GATA-1, GATA-2, C/EBP-α, PU.1 and FOG-1 (reviewed in Kelly and Thomas 

[348]). GATA-1 and C/EBP-α have been described as the key regulators of 

eosinophil development and knocking out these genes in mice results in impaired 

eosinophil production [349, 350]. As such, eosinophil origins during normal 

haemopoiesis have been described to have alternative pathways depending on the 

expression of the TFs for eosinophil maturation (reviewed in Kelly and Thomas 

[348]). These models have been proposed for eosinophils originating either from 

granulocyte-macrophage progenitors (GMP), common myeloid progenitors (CMP) 

or megakaryocyte-erythrocyte progenitors (MEP) [348]. In normal haemopoiesis, in 

the presence of moderate levels of GATA-1 and C/EBPα and the absence of FOG-1, 

eosinophils were derived from GMP or CMP. However, eosinophils originate from 

MEP via up-regulation of C/EBPα [348]. Interestingly, a recent study showed KLF5 

is a target gene of C/EBPα, which is a master regulator of eosinophil development 

[283]. This study reported that C/EBPα is a crucial positive regulator of KLF5 during 
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granulocytic differentiation [283]. Since C/EBPα has been described as one of the 

key regulators of eosinophil development [349, 350] and KLF5 is a target gene of 

C/EBPα [283], we suggest that Klf5 also has a functional role in eosinophil 

regulation downstream of C/EBPα. It is not clear whether the increased numbers of 

eosinophils in the lungs of Klf5∆/∆ mice is simply a consequence of overproduction in 

the bone marrow. An alternative explanation could be that the eosinophils also have 

increased migration potential as is seen in Klf5∆/∆ HSC [137, 138], an aspect that 

would require further investigation. 

In summary, the experiments conducted in this chapter revealed two 

independent phenotypes in the Klf5 conditional knockout mice. First, we showed that 

the stem cell compartment (predominantly ST-HSC and MPP) is significantly 

increased in the spleen of Klf5∆/∆ mice compared to Klf5fl/fl  mice, due to the 

establishment of extramedullary haemopoiesis in spleen. Finally, the experiments in 

this chapter revealed that Klf5 ablation favors eosinophil production.  
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Chapter 6: Relevance and conclusions 

6.1 Introduction 

A potential functional role of KLF5 as a myeloid lineage-specific 

transcription factor was identified by the Acute Leukaemia Laboratory at the IMVS 

during a microarray study of GM-CSF induced granulocyte-macrophage 

differentiation of the FDB1 myeloid cell line [278]. It is known that KLF5 is 

upregulated during granulocytic differentiation and this was confirmed by the 

analysis of microarray gene expression data from in vitro differentiation of CD34+ 

cells [282]. Although the roles of KLF5 in various tissues has been increasingly 

studied (reviewed in Diakiw et al.) [199], the mechanisms that regulate KLF5 

biologic activity in normal haemopoiesis and leukaemia are not fully understood.  

A growing number of observations suggest that the functional role of KLF5 is 

not only tissue-specific but also changes with cell and developmental context [110, 

190, 210, 215]. KLF5 function in specific tissues can be modified in several ways 

including, for example, post-translational modification on the KLF5 protein as 

observed in breast and prostate cancer studies [185, 187, 193]. In this study we 

focused on the role of Klf5 in haemopoiesis and described the development of a 

conditional haemopoietic Klf5-gene ablation model. Previous studies by us and 

others have provided in vitro data suggested that Klf5 plays a role in regulating 

myeloid growth and differentiation, particularly in the neutrophil granulocyte lineage 

[28, 33]. In addition, studies have shown that reduced expression of KLF5 is 

observed in AML patients [28]. This reduced expression is associated with KLF5 

hypermethylation in intron 1 [52] indicating that KLF5 loss of function is associated 

with AML. Although, few studies have examined the role of Klf5 in the lymphoid 
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compartment, microarray gene expression data has shown that Klf5 expression is 

down-regulated in natural killer cells, B-cells and T-cells relative to normal HSC 

from mouse [276]. This is consistent with data generated from the HemaExplorer 

gene expression database where KLF5 expression in T-cells is relatively low 

compared to myeloid cells and HSC (Appendix J) [327]. In the haemopoietic stem 

cell compartment, Klf5 has been shown to regulate the homing and retention of the 

HSC in the bone marrow [275].  

In the current study we sought to investigate in detail the functional role of 

Klf5 in haemopoiesis by removing exon 2 of the Klf5 gene using the Cre/loxP 

recombination system in a mouse model. The conditional Klf5 gene ablation model 

was generated by mating the Klf5fl/fl mouse line with the VavCre+/+  mouse line. 

Using a mouse model system in which the Klf5 gene is deleted in haemopoietic cells 

allowed us to assess the consequences of loss of Klf5 activity on haemopoiesis. 

Overall, myeloid and lymphoid lineages and the stem and progenitor compartment of 

Klf5-KO mice were assessed for any differences in comparison to KLF5-floxed and 

heterozygous Klf5-KO littermate.   

In this chapter, we discuss the major findings from this project and how these 

relate to other studies conducted in haemopoiesis and for other Klf family members. 

 

6.2 Generation of animals deficient for Klf5 in the haemopoietic 

system 

Klf5-KO (Klf5-/-) mice are embryonic lethal at 8.5 days postcoitum (dpc) 

[79], necessitating the use of a conditional Klf5-gene knockout model to investigate 

the role of Klf5 in haemopoiesis. As stated earlier, the conditional Klf5 gene KO 

model outlined in this work was generated using the Cre/LoxP recombination system 
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in combination with the Vav tissue-specific promoter driving the Cre recombinase 

(see Chapter 3, Section 3.2.1). Although Vav is primarily expressed in haemopoietic 

cells, we cannot exclude the possibility that Klf5 deletion occurs in non-haemopoietic 

tissues (discussed in Section 6.6 of this chapter). In vivo studies have shown that Vav 

expression is not only restricted to haemopoietic tissues but also is observed in 

vascular endothelial tissues (endothelial cells lining all blood vessels) [295, 300]. 

Ishikawa et al., have also generated a conditional Klf5-gene ablation model to study 

the functional role of Klf5 during haemopoiesis, however the strategy that they 

employed was different [275]. They generated Mx1-Cre;Klf5flox/flox mice by crossing 

Klf5flox/flox mice and Mx1-Cre transgenic mice [275]. In their model (Mx1-

Cre;Klf5flox/flox) exons 2 and 3 of the Klf5 gene were deleted following Cre-induction 

with polyinositide:polycytidine (pI:pC) [275]. Cre-induction with (pI:pC) allows 

complete inactivation of the specific gene in liver and nearly complete deletion in 

lymphocytes within a few days, whereas partial deletion was obtained in other tissues 

[313]. In our model (referred to as Klf5∆/∆ mice in this study) exon 2 of the Klf5 gene 

was constitutively deleted in the haemopoietic system.  

The Klf5∆/∆ mice survived until adult age and all littermates were born at the 

expected Mendelian ratios for each genotype indicating that conditional Klf5 ablation 

via Vav-cre was not interfering with embryonic development or embryo implantation 

(Table 3.1). This finding also suggests that Klf5 is not an essential factor for 

embryonic haemopoiesis. None of the Klf5∆/∆ mice shows signs of stress or disease 

through to adulthood thus we conducted a comprehensive analysis of steady-state 

adult haemopoiesis.  
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6.3 The functional role of Klf5 in the myeloid lineage 

Given the previous studies showing that Klf5-knockdown leads to reduced 

granulocyte differentiation in the 32D cell line, we hypothesised that Klf5 ablation in 

haemopoietic progenitors would lead to aberrant granulopoiesis in an in vivo model.  

Thus, a major focus of this study was to investigate whether the myeloid cell 

compartment and specifically granulocyte lineages were altered due to loss of Klf5 

expression. Although several studies have shown that Klf5 loss of expression has an 

association with impaired neutrophil differentiation [28, 33, 52], analysis of an in 

vivo model was still warranted in order to better establish the role of KLF5 in 

granulocyte-macrophage lineage specification. As described in Chapter 1, although 

murine models for the in vivo deletion of Klf5 have been reported in the literature, 

these have not been utilised for an extended analysis of the myeloid lineage and Klf5-

/- mice are embryonic lethal prior to the onset of definitive haemopoiesis [285, 286]. 

Heterozygous Klf5+/- mice have a number of defects in adipogenesis, cardiovascular 

remodelling, and intestinal development [78, 200, 215] but no analysis of steady state 

haemopoiesis was reported. In parallel, it has been reported that the Mx1-

Cre;Klf5flox/flox mice following pI:pC induction have defects in adult haemopoietic 

stem cells. Ishikawa et al. reported that Klf5 has a functional role in the retention, 

adhesion and homing of HSC in the bone marrow [275]. It was also reported that the 

numbers of circulating myeloid cells from peripheral blood were decreased in their 

Klf5-deficient mice [275]. Although, these studies reported defects in the myeloid 

lineage, the extended analysis in this thesis has revealed changes in the myeloid 

lineage both in the primitive and more differentiated myeloid compartments. 
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6.3.1 The functional role of Klf5 in neutrophil production 

In Chapter 4 of this thesis, we provided evidence using flow cytometry 

analysis that Klf5∆/∆ mice have fewer neutrophils in the PB and BM compared to 

Klf5fl/fl mice, consistent with the hypothesis that KLF5 acts as a regulator in the 

granulocyte lineage (Figure 4.5A and Figure 4.9A). These findings are consistent 

with the expression profile of Klf5 which increases during primary granulocyte 

differentiation, and with Klf5-knockdown experiments which revealed that 

expression of Klf5 is a requirement for neutrophil differentiation of 32D cells in 

response to G-CSF [28]. To gain further insight into the Klf5 mediated regulation of 

the myeloid lineage, particularly in the early myeloid progenitor stages, we 

conducted flow cytometry analysis to assess the myeloid progenitor compartment. 

From this analysis, none of the cells within the myeloid progenitor compartment 

showed significant changes in the Klf5∆/∆ mice compared to Klf5fl/fl  mice (Figure 

4.12 - Figure 4.15). A previous study by Humbert et al. also suggested Klf5 

involvement during myelopoiesis by demonstrating a role for this protein in 

neutrophil differentiation of acute promyelocytic leukemia cells in response to 

ATRA [33]. Relatively few studies have assessed the cooperative role of KLF5 with 

other key transcriptional regulators in the myeloid lineage. For instance, Klf5 has 

been reported to be a direct target of C/EBPα in the APL cell line model, NB4. 

C/EBPα is a transcription factor known to be a critical regulator during the formation 

of granulocyte-monocyte progenitors and neutrophil differentiation [23, 283, 284]. It 

has been reported that higher levels of C/EBPα are required for granulocyte lineage 

and lower levels for monocyte lineage specification [284]. Interestingly, it has been 

reported that upregulation of KLF5 during ATRA-induced neutrophil differentiation 

of APL cells is CEBPA-dependent [283]. Klf5 expression was also shown to be 
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reduced following Cebpα knockdown in lineage-negative bone marrow cells [284]. 

Consistent with these findings, Klf5 expression has been shown to be associated with 

Cebpα [284]. This relationship between Cebpα and Klf5 is supportive of our finding 

of a role for Klf5 in regulating granulocyte development. Since our study revealed 

that loss of functional Klf5 did not affect the GMP population, this suggests that Klf5 

is not required for GMP formation but acts at the level of the GMP to influence 

lineage specification (Figure 6.1). 

Comparatively few studies have scrutinised the role of KLF family members 

in the myeloid lineage. KLF1 which was originally described as an erythroid-specific 

gene has been more recently described as a transcription factor in primary human 

macrophages by controlling IL-12 p40 transcription [351]. KLF3 has been suggested 

to modulate the proliferative and/or survival capacity of myeloid progenitor cells 

based on the observation that Klf3 knock-out mice develop a chronic 

myeloproliferative disorder due to increased proliferative capacity of myeloid cells 

[352]. Interestingly, KLF6, which like KLF5 has a hydrophobic activation domain 

close to the zinc-finger motif (Figure 1.2) also has been shown to regulate 

granulocyte differentiation in APL cells [33]. The most detailed studies with regard 

to KLF family members in myelopoiesis have been undertaken with KLF4. Klf4 was 

identified as an essential regulator in monocyte formation [169]. KLF4 expression is 

restricted to the monocyte lineage and is differentiation stage-specific [169]. Gene 

expression analysis conducted by Diakiw et al. has also shown that KLF4 is 

upregulated in human monocytes when compared to CD34+ cells (Figure 1.4). 

Enforced expression of KLF4 in primary common myeloid progenitors (CMP) or 

HSC induced exclusive monocyte differentiation in clonogenic assays, whereas 

ablation of KLF4 in CMPs induced development of granulocyte colonies at the  
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Figure 6.1: The functional role of Klf5 in haemopoiesis 

The schematic diagram summarises the findings from analysis of conditional Klf5∆/∆ 
mice. We propose that Klf5 expression is necessary for maintaining the HSCP niche 
in the bone marrow. In the myeloid lineage, we propose that balance of Klf5 
expression is necessary for granulocyte development with up-regulation required in 
GMP for neutrophil with down-regulation of Klf5 will lead to eosinophil formation 
from GMP. Eosinophils can also originate from MEP in the absence of Klf5 (see 
Section 6.3.2). In lymphoid lineage, while Klf5 expression was found to be important 
at the early stage of T-cells formation, down-regulation of Klf5 is desired for T-cells 
maturation. HSC; haemopoietic stem cell, HSCP; haemopoietic stem cell 
progenitors, CMP; Common myeloid progenitor, CLP; common lymphoid 
progenitor, MEP; myelo-erythroid progenitor, GMP; granulocyte-macrophage 
progenitor and CFU-E; erythroid progenitor. Red arrows indicate up-regulation of 
Klf5 expression and green arrows represent down-regulation of Klf5 expression. 

 

 

 

 

 



168 
 

expense of macrophage colonies [169]. Consistent with a role in promoting 

monocyte differentiation, Feinberg et al. also demonstrated that KLF4 is a target 

gene of the monocytic transcription factor PU.1 [169]. Interestingly, numerous 

studies have shown that KLF4 and KLF5 often function in a competitive manner 

[353]. Dang et al. reported that both Klf4 and Klf5 bind to GC-2, the cis-element in 

the Klf4 promoter [55]. Interestingly, it was reported that Klf4 and Klf5 compete to 

regulate Klf4 expression with Klf4 activating and Klf5 repressing the Klf4 promoter 

[55]. Very recently, a study on the functional role of Klf4 and Klf5 in embryonic 

stem cell development has also revealed opposing roles of Klf4 and Klf5 in 

mesoderm and endoderm differentiation [91]. Through chromatin 

immunoprecipitation (ChIP) coupled with ultra-high-throughput DNA sequencing 

(ChIP-seq), this study has reported that Klf4 and Klf5 share many common targets 

[91]. However, Klf4 preferentially regulates the expression of genes associated with 

endoderm differentiation, whereas Klf5 preferentially regulates the expression of 

genes associated with mesoderm differentiation [91]. The observed reduction in 

neutrophils but preserved levels of monocytes in our studies (Figure 4.9) is 

consistent with the hypothesis of opposing roles of Klf5 and Klf4 in myeloid lineage, 

with Klf5 and Klf4 competing in the GMP to specify neutrophil versus monocyte 

differentiation respectively. This could be further tested by using gene expression 

profiling and ChIP coupled with Next-Generation Sequencing, analysis to identify 

Klf4/Klf5 target genes in myeloid cells, and whether the genes are targets of 

activation or repression. 
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6.3.2 The functional role of Klf5 in eosinophil production and migration 

6.3.2.1 Eosinophil lineage specification 

Our studies have focused on defining the role of KLF5 in the granulocyte 

lineages, with an initial finding that loss of Klf5 affects neutrophil production. Since 

KLF5 has been shown to be regulated downstream of CEBPα and Cebpα-null mice 

lack the production of neutrophils and eosinophils [23, 284], this led us to directly 

examine the functional role of Klf5 in eosinophil production. Surprisingly, our study 

revealed that loss of Klf5 in the haemopoietic system increased the eosinophil 

production. We observed that eosinophil production was increased in the peripheral 

blood, bone marrow and lung of the Klf5∆/∆ mice suggesting that Klf5 is a negative 

regulator of eosinophil development (Figure 5.13 and Figure 5.14). A number of 

transcription factors have been identified to play key roles both in human and mouse 

eosinophil production. For example, GATA-1 and C/EBP-α functionally regulate 

eosinophils, as evidenced by their associated knockout mice phenotypes where a loss 

of neutrophils and eosinophils was observed [23, 354]. PU.1, which is a 

transcriptional regulator during monocyte development, also regulates eosinophil 

production [355-358]. Interestingly, FOG-1 which was originally identified as a 

regulator of erythrocytes and megakaryocyte development has also been identified to 

have functional roles both in human and mouse eosinophil productions [359]. FOG-1 

was described as a repressor of the eosinophil lineage and constitutive expression of 

FOG-1 in multipotent progenitors blocked activation of eosinophil-specific gene 

expression by C/EBPß [360]. Interestingly, Oishi et al., have shown that Klf5 is both 

a target gene of C/EBPß and a co-factor of C/EBPß during adipocyte differentiation 

[78]. Having observed increased eosinophils in the absence of Klf5 in haemopoietic 

cells suggests a repressive role for Klf5 in regulating eosinophil development and 
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further investigation could examine whether Klf5 potentially mediates these effects 

through interaction with C/EBPß.  

As discussed in Chapter 5 of this study, eosinophils can originate from three 

different progenitors which are the granulocyte-macrophage progenitor (GMP), 

common myeloid progenitor (CMP) or megakaryocyte-erythrocyte progenitor (MEP) 

depending on the levels of particular TFs [348]. Eosinophils are derived from GMP 

or CMP in the absence of FOG-1 and the presence of moderate levels of GATA-1 

and C/EBPα, whereas the MEP eosinophil pathway is activated via up-regulation of 

C/EBPα [348]. Interestingly, a recent study has reported that while human 

eosinophils originate directly from CMP, mouse eosinophils originate from CMP via 

GMP [347]. Since we observed upregulation of eosinophils in the absence of Klf5, 

we propose that upregulation of eosinophils observed in the Klf5∆/∆ mice occurs in 

parallel to reduced neutrophil maturation in the myeloid lineage. In addition, as we 

observed a decrease of erythroid progenitors in Klf5∆/∆ mice it is possible that loss of 

Klf5 leads to excessive eosinophil production originating from MEP. Thus, we 

propose that in our Klf5∆/∆ mice, increased eosinophil production occurs from two 

different progenitors (GMP and MEP) as shown in Figure 6.1. 

 

6.3.2.2 The link between eosinophil migration and T-cell production 

In Chapter 5 of this study we showed that eosinophil levels were not only 

increased in the PB and BM of Klf5∆/∆ mice but also in the lung, demonstrating 

eosinophil migration from the peripheral blood into the inflammatory organs. In 

Chapter 4 of this study we showed that T-cell levels were higher in the PB and BM 

of Klf5∆/∆ mice. Interestingly, other studies have reported that eosinophil migration is 

associated with T-cell production and migration in both mouse and humans [361-
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363]. Thus, this presents another mechanism that may contribute to increased 

numbers of eosinophils in this Klf5 knockout model. 

In conclusion, evidence from the literature combined with data from our 

model suggests that Klf5 could influence eosinophil numbers through 1) a direct 

effect on the eosinophil progenitor, 2) regulation of eosinophil migration and 3) 

indirect regulation of T-cells and cytokine production. 

 

6.4 The functional role of Klf5 in regulating erythroid cells 

Another interesting finding in this study was the changes in the erythroid 

lineage in the Klf5∆/∆ mice. Initial data obtained from CBC of 3 month old mice 

showed a significant reduction of the RBC count in Klf5∆/∆ mice compared to control 

mice (Figure 4.1-A). The counts for haematocrit and haemoglobin were also reduced 

in 3 month old Klf5∆/∆ mice (Figure 4.1-B and Figure 4.1-C). Further analysis from 

CFU assays at 9 months revealed that erythroid progenitor cells in the Klf5∆/∆ mice 

were reduced when compared to aged matched control mice from bone marrow 

(Figure 4.22). Interestingly, a gene expression study has shown that KLF5 can 

directly bind and transactivate the γ-globin gene in K562 cells [180]. KLF5 mRNA is 

expressed in both human and mouse erythroid cells [180]. This is also consistent 

with our gene expression studies where KLF5 is upregulated in the human and 

mouse erythroid lineage when compared to normal human CD34+ and mouse HSC 

respectively (Figure 1.4). Although there was no previous direct functional evidence 

for the involvement of Klf5 in regulating erythropoiesis, an independent study had 

shown that KLF5 has a domain that is similar to the transactivation domain 2 of 

KLF1 (EKLFTAD2), a known regulator of erythropoiesis [328]. In fact this region 
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homologous to EKLFTAD2 was shown to interact with CBP/p300 [328]. KLF1, 

which is also known as Erythroid Krüppel-like factor (EKLF), was identified as an 

important regulator during erythroid maturation and it was shown to specifically bind 

CAACC elements in the β-globin promoter [170]. KLF1 stimulates β-globin gene 

expression and helps enable the switch from the foetal γ-globin to the adult β-globin 

[171]. Klf1-null embryos die at embryonic day E14.5 from anaemia because 

definitive erythroid cells fail to produce β-globin transcripts in vivo hence leading to 

a profound β-thalassemia [71, 172]. However, later studies have shown the 

involvement of other KLF members in regulating erythroid maturation [90, 173-179, 

364]. KLF4 also has been identified as a regulator of erythropoiesis. Over-expression 

of KLF4 in K562 cells (a BCR-ABL positive leukaemic cell line capable of erythroid 

differentiation), resulted in increased expression of the endogenous HBA genes, and 

consistent results were obtained in KLF4 shRNA knockdown experiments [178]. 

KLF4 also regulates the HBG gene (γ-globin) [179]. Genetic studies support a role 

for Klf4 in erythropoiesis where a study has reported that foetal liver cells from Klf4-

/- mice cultured in methylcellulose medium with complete cytokine  have more 

erythroid progenitor colonies compared to Klf4+/+ mice [31]. 

With regard to KLF5, Zhang, et al. demonstrated that KLF5 mRNA expression 

increases during erythroid differentiation of the K562 cell line where it binds to and 

activates transcription of the haemoglobin HBG gene [180]. In our present study, 

which examined adult erythropoiesis, we have shown that loss of Klf5 is associated 

with reduced red blood cell counts at 3 months old (Figure 4.1), and reduced 

erythroid progenitor colonies from bone marrow at 9 months old scored in the 

methylcellulose assay (Figure 4.22). Since previous studies have shown that both 

KLF4 and KLF5 regulate foetal haemoglobin genes, further investigation in the 
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foetal liver of Klf5∆/∆ mice will be important. As discussed earlier KLF4 and KLF5 

often display similar tissue distribution patterns yet act in an opposing manner [353], 

and the functional BFU-E colony assays suggest this may also be the case in 

erythropoiesis. Thus it will be interesting to investigate the functional cooperation 

between KLF4 and KLF5 in erythropoiesis. For example, the conditional Klf5∆/∆ 

mice could be used to generate a double-conditional Klf4/Klf5 knockout in 

haemopoiesis. Comparison to the single knockout would allow a detailed study of the 

genetic interaction between these two factors. This may be particularly important in 

younger animals given that reduced red blood cell, haematocrit and haemoglobin are 

observed at 3 months for Klf5∆/∆ animals. 

 

6.5 The functional role of Klf5 in regulating the lymphoid lineage 

In Chapter 4 of this thesis, we demonstrated a potential role for Klf5 as a 

regulator of lymphoid development. The results presented in Section 4.2.1.2 and 

4.2.2.1 demonstrated that CD3ε+ T-cells were up-regulated in the peripheral blood 

and bone marrow of Klf5∆/∆ mice (Figure 4.6-A and Figure 4.10-A). However, in 

Section 4.2.2.3, we observed a decrease in the average percentage of common 

lymphoid population (CLP) in the 9 month old Klf5∆/∆ mice. Interestingly, it has been 

shown previously that Klf5 expression is reduced in mature T-cell populations 

relative to murine haemopoietic stem cells (see Figure 1.4) and this concurs with a 

previous study that reported precursor T-cells as having high levels of KLF5 mRNA 

with expression decreasing on maturation [277]. Since the level of Klf5 expression 

has been described to vary depending on the stage of T-cell development, it is 

possible that Klf5 expression is important at the early stage of lymphoid and T-cell 

development when it is expressed at the highest levels yet down-regulation of Klf5 
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expression is desired for T-cell maturation. Collectively, this study described a new 

role for Klf5 in the T-cell lineage. However, further investigations including an 

examination of measuring the T-cells in the thymus are still warranted.   

 

6.6 The functional role of Klf5 in regulating normal haemopoietic 

stem cell activity 

In Chapter 4 of this study we demonstrated a reduction in colony numbers 

following secondary and tertiary platings in a serial replating assay from bone 

marrow of Klf5∆/∆ mice (Figure 4.20).  This was evident at 9 months but not 3 

months suggesting that progenitors from knockout mice have an age-related loss in 

self-renewal capability. This finding is consistent with the recent published report 

that the repopulation ability of the long-term HSC compartment was impaired in 

Klf5-deficient mice [275]. Assays conducted using bone marrow from Mx1-

Cre;Klf5flox/flox mice transplanted into lethally irradiated mice revealed that loss of 

Klf5 in HSPC populations impaired their ability to contribute to repopulation in vivo. 

The impaired engraftment of Klf5-deficient HSC was not associated with a 

significant bias or skewing of multi-lineage repopulation, and this phenotype was 

confirmed in secondary recipient mice [275]. Consistent with this, we did not 

observe any differences in CFU-G, CFU-M or CFU-GM and taken together with the 

findings of Ishikawa et al. suggest that this effect is most likely at the stem cell level 

rather than a committed progenitor. 

In Chapter 4 of this study, we also showed that the HSPC fraction from flow 

cytometry analysis was reduced in the bone marrow of Klf5∆/∆ mice although none of 

the specific primitive stem cell compartments (LT-HSC, ST-HSC and MPP) revealed 

significant differences between genotypes (Figure 4.17).  In contrast, in Chapter 5 of 
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this study, again based on flow cytometry analysis, we showed that the percentages 

of HSPC (predominantly the ST-HSC and MPP) were increased in the spleen of 

Klf5∆/∆ mice (Figure 5.11). The numbers of committed progenitor as determined 

from colony assays were also higher in the spleen of Klf5∆/∆ mice (Figure 5.5). 

Interestingly, Ishikawa et al. reported that loss of Klf5 impaired HSC retention and 

adhesion in the bone marrow [275]. This study has reported that loss of Klf5 results 

in the loss of β1- and β2-integrins via Rab5 inactivation thus leading to decreased 

adhesion to the extracellular matrix and homing and lodging in the bone marrow 

endosteal space [275]. Therefore, one explanation for our finding of increased HSPC 

in the spleen and reduced HSPC in the BM of Klf5∆/∆ mice is a defect in HSC 

retention and adhesion in the BM, hence enhancing the HSC migration into the 

spleen. Additionally KLF5 has been shown to regulate other molecules involved in 

adhesion and migration that could also be contributing to this effect [210, 219, 332, 

333].  

Although the HSC difference between bone marrow and spleen is most likely 

due to the effect of impaired HSC adhesion due to Klf5-gene ablation in 

haemopoietic cells, it is also necessary to consider the possible indirect effect from 

Cre mediated Klf5 ablation in endothelial cells. As discussed in Chapter 3, Vav is a 

proto-oncogene that has been reported to be expressed in the haemopoietic system as 

well as vascular endothelial tissues [299, 300]. Thus, endothelial cells of Klf5∆/∆ mice 

may experience loss of functional Klf5 in the presence of this Vav-Cre transgene.  

Endothelial cells form the endothelium that lines the interior surface of blood vessels 

and lymphatic vessels [295]. Klf5+/- mice are reported to have abnormal thinning 

of the medial and adventitial layers of the aortic wall suggesting that Klf5 

functions in regulating vascular endothelial cells in the aorta [54, 79]. Numerous 
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studies have reported that the endothelial cells in the bone marrow contribute to the 

creation of HSC niches and also regulate HSC function [365-368]. However, as a 

defect in HSC homing and adhesion was observed in transplanted wildtype recipients 

by Ishikawa et al., this suggests that the alterations in HSC in between bone marrow 

and spleen are most likely cell autonomous in nature. To confirm this in our Klf5 

gene ablation model it would be necessary to transplant Klf5∆/∆ HSC into wildtype 

recipients. 

 

6.7 Conclusion 

In summary, this study revealed multiple functional roles for Klf5 in haemopoiesis. 

In the myeloid lineage, KLF5 plays a role in myeloid differentiation, and previous 

studies have demonstrated that hypermethylation of the KLF5 proximal promoter and 

intron 1 act as functional mechanisms for down-regulation in AML. Throughout this 

study, we showed that loss of Klf5 impaired neutrophil development and promoted 

eosinophil production in the Klf5∆/∆ mice. As the percentages of CMP and GMP 

were normal and we did not observe an accumulation of neutrophil precursors or 

abnormal neutrophils, we suggest that Klf5 ablation alters lineage specification 

downstream of CMP and GMP. Our investigation of eosinophil levels suggests that 

loss of Klf5 may bias myeloid differentiation towards eosinophil production and 

differentiation. Further studies are still warranted to determine the specific pathways 

which are involved in modulating eosinophil production in this system and it would 

be of interest to see if the production or function of eosinophils is altered following a 

parasitic challenge to the mice [369] as eosinophils are the major mediators of 

parasite response. Loss of Klf5 in haemopoiesis enhanced CD3ε
+ T-cell production 

in the bone marrow and peripheral blood suggesting a previously unidentified role 
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for Klf5 outside the myeloid compartment. This could be examined more specifically 

by using a T-cell restricted Cre transgenic mouse [370].   As discussed earlier, Klf5 

also has been reported to be a functional regulator of HSC homing in the bone 

marrow. In this study, we showed that some stem cell compartments (ST-HSC and 

MPP) were significantly increased in the spleen of Klf5∆/∆ mice compared to Klf5fl/fl 

mice, suggesting migration of HSC may initiate extra-medullary splenic 

haemopoiesis. A future experiment to transplant Klf5∆/∆ HSC into wildtype recipients 

is important to establish the cell-autonomous nature of the haemopoietic change in 

the Klf5∆/∆ mice. As summarised in Figure 6.1, this study provides novel evidence 

for various functional roles of Klf5 in haemopoiesis, such that loss of Klf5 in 

haemopoietic cells is associated with changes to primitive and more mature cell 

types, and extramedullary splenic haemopoiesis. As such, a future experiment to 

examine the changes in gene expression by microarray analysis will be beneficial. 

This could be designed to compare the Klf5fl/fl and Klf5∆/∆ haemopoietic 

transcriptomes in HSC, eosinophils and neutrophils from bone marrow specifically 

from 9 and 12 months old mice. This would identify the changes in gene expression 

associated with HSC, eosinophils and neutrophils phenotype observed in the earlier 

study. Finally, the finding of KLF5 silencing in human AML combined with our 

functional in vivo data here on the myeloid lineage suggests that the Klf5 conditional 

knockout mice may provide a good model to combine with potential co-operating 

AML oncogenes to better understand the role of KLF5 in this devastating disease.  
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Appendix A: Final cloning and targeting of the Klf5 allele. 

 

This final cloning and targeting report was generated by the QIMR transgenic 

facility.  

The construct pKlf5-FTC [Final Targeting Construct] is a 10754 bp conditional 

knockout targeting vector (Appendix A1). It contains exon 2 of Klf5 flanked by 

unidirectional loxP sites to perform Cre-mediated deletion. For antibiotic selection of 

targeted clones and subsequent removal of the cassette it harbours a FRT flanked neo 

selection cassette that lies upstream of the most 5’ loxP site (see attached plasmid 

map) (Appendix A1). The construct was assembled using three basic plasmids- 

pKlf5A, B and C. The details of each plasmid are as follows. 

 

pKlf5A: 

This contains the 5’ homology arm of the targeting construct encompassing from 

12626-14400 [all numbering in this document corresponds to the attached Klf5 

genomic sequence].   

Using the 12446F2 X 14400R primer combinations an approximately 2kb PCR 

product was amplified from purified 24P5 BAC DNA. The PCR product was 

digested with HindIII [which cuts at the site beginning at position 12626] and EcoRI 

[the 14400R primer contains this site at its 5’ end- in other words it’s at the 3’ 

termini of the fragment] and the approximately 1.4kb fragment was subcloned into 

the pL451 plasmid.  This puts the 5’ homology arm of the targeting vector upstream 

of the FRT flanked neo cassette, with a single loxP site being present downstream 

from the selection cassette. Sequence was confirmed in final construct. 
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pKlf5B: 

This plasmid contains the middle homology [exon 2] and sequences from 14401-

16409.   

 

 

 

Appendix A1 

The final targeting construct, pKlf5-FTC with 10754 bp conditional knockout 
targeting vector. It contains exon 2 of Klf5 flanked by unidirectional loxP sites to 
perform Cre-mediated deletion. For antibiotic selection of targeted clones and 
subsequent removal of the cassette it harbours a FRT flanked neo selection cassette 
that lies upstream of the most  5’ loxP site. This figure has been generated by the 
QIMR transgenic facility. 
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Position 14401-16409 was amplified using the 14001F X 16409R primer 

combination. The 2.4kb PCR product was cut with BamHI [found at the termini of 

the 14001F primer] and EcoRI [found at the termini of the 16409R primer] and 

subcloned into BamHI/EcoRI digested pSL1180. Sequence verified (P84)- clone#2 

matches the consensus for Klf5 genome. Also sequence verified in the final construct 

as well. 

 

pKlf5C: 

This plasmid contains the 3’ homology [including exon 3] and encompasses genomic 

sequences from 16410-18474. 

An approximately 2kb fragment was amplified from 24P5 BAC DNA using 

16410F+ X 18474R+ and this was digested with BclI [at the termini of the 16410F+ 

primer] and NotI [termini of the 18474R+ primer] and was subcloned into 

BamHI/NotI pL452. This places the loxP flanked neo cassette upstream of the 

homology. Plasmid from clone 1 was sequence verified [P80] and pKlf5C[1] was 

subsequently passaged through BS591 “Cre coli” and the Cre-mediated loss of the 

loxP flanked neo cassette was confirmed. 

 

pKlf5-FTC: 

The BamHI/EcoRI pKlf5B[2] and EcoRI/NotI pKlf5D inserts were subcloned into 

BamHI/NotI digested pKlf5A to yield pKlf5-FTC. Culture#1 was taken and the 

plasmid was purified, sequenced and linearised with NotI for targeting.  

Primer sequences: 

12446F2: AAAGAATTCCCGCTCCAGACTGGGACGCG 

14400R: GGGGGGATCCTTTGAATTCGTGGAGCAGAAGCCTGTATTG 
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14401F: GGGGGATCCAGGTTCAAGTTTCTATTC 

16409R: GGGGGAATTCGCTTATGCCTGCAACTTGG 

16410F+: GGGGTGATCAAAGTTTATGATTAATGCAGGGC 

18474R+: GGGGGCGGCCGCGTGGGCATTGTTCAGAC 

 

Southern blot strategy to detect targeted clones. 

EcoRI cuts 7921-25571 

Probe: Use a 531bp PCR product generated from the following primers 

CTTGTGACGGTACACTTTAC [denoted as 7860F in ordering but corresponds to 

approx 19701- 1227bp 3’ to the downstream homology] 

CATTTGTACACAGGATGCAG [denoted as 8391R]. 

The targeting construct has two EcoRI sites inserted. At approximately position 

14000 and 16410. This would yield. A 9.2kb fragment for the lone loxP site located 

at position 16410 and a 13kb frag [11171bp plus the approx 2kb neo cassette, which 

must be included]. 

So southern blot will yield: 

17650 [wild type] plus 9.2kb [for lone loxP site] 

17650 [wild type] plus 13kb [for upstream lox P site]. 

 

Targeting. 

2X107 C1368 [129/SV] P12 ES cells were electroporated with 50µg of NotI linearised 

pKl5-FTC and 10X96-well plates were picked and grown out to finally yield 2 DNA 

analysis plates and two plates that contained feeders and were subsequently frozen down.  

DNA plates were analysed by Southern blot (Appendix A 2). Obtained 8 clones [plus one 
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possible]. Of these, clone 2/E2 [plate#2 well E2] and 9/H8 gave the correct recombination 

products (Appendix A 2). The remaining clones carried the selection cassette but not the 

remote loxP site integrated homologously. Approximately .21% targeting frequency. 

These were cultured for blastocyst injection. 
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Appendix A 2 

Southern blot analysis showing the nine possible targeted ES clones (ie 2/E2, 6/D2, 
8/H10, 9/C3, 9/C4, 9/H8, 9/H11, 10/E2 and 10/E3). Clone #2/E2 and #9/H8 gave the 
correct recombination products by Southern blot indicating that both the selection 
cassette and remote loxP site had integrated homologously. The remaining clones 
carried the selection cassette but not the remote loxP site integrated homologously. 
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Appendix B: Klf5 targeting- Transmission report 

This Klf5 targeting transmission report has been generated by the QIMR transgenic 

facility. Initial PCR analysis of agouti offspring obtained from crossing chimaeras 

with BL6 mice  

Primer set#1: all primers are numbered according to the genomic sequence file. 

Klf5-16031F CCAAgTTgCAggCATAAgC 

Klf5-16629R CCCgTATgAgTCCTCAggTg 

These primers anneal to regions flanking the lone 3’ loxP site and they will amplify a 

598bp wild type product and 694bp product for the floxed allele. 

Caution must be exercised in using this set of primers- in fact I would avoid them 

altogether and use the second set that will be described (the second set could not be 

used for primary detection as they only detect a floxed allele that has undergone flp-e 

mediated recombination). The use of standard PCR conditions [i.e 2mM MgCl2] will 

amplify 90%:10%::wild type:floxed allele (shown in the gel below). In some cases, 

the ratio was lower and the floxed allele was barely detectable in some tails that were 

later easily identified as being positive, once unusual PCR conditions were 

employed. This is not unheard of as I have experienced similar problems with other 

targetings, such as p130. 
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PCR of the DNA from 2/E2 and 9/H8 wells of targeting plates- 30ul 0.1XTE added 

to the 96-well plate and DNA allowed to resuspend briefly prior to PCR: 

 

L→R 1kb ladder (500bp and 1kb markers shown), 2/E2 (1:10 dilution), 9/H8 (1:10 

dilution), 2/E2 (undiluted), 9/H8 (undiluted) 

 

It was established that at least 4mM MgCl2 is required to give product yields that 

reflect the correct balance between wild type and floxed allele as 6mM MgCl2 

preferentially amplified the floxed allele (see below gel). 

 

 

 

This gels shows L→R PCR of three suspected floxed tails 2/E2[1]→[3], control tails 

(X4), -ve – all amplified using 6mM MgCl2 

Consequently, 4mM MgCl2 was used in all subsequent amplifications for primer 

set#1. This unusual result may be a reflection of the machine used, but is not 

attributable to the nature of the polymerase, as this same complication was observed 

using ampliTaq gold, NEB Taq polymerase and Finnzyme Phusion.    

 

Once the conditions for Primer set#1 were optimised on DNA from the cell line and 

candidate tails and we were able to clearly amplify the lone (3’) loxP site it was 

tested against at least 48 different agouti pups resulting from the mating of chimaeras 
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generated from the two different cell lines with C57BL6 mice. These PCR results 

were also supported by Southern blot analysis that was conducted at the same time. 

 

This analysis has shown that only one of the initial 2/E2 chimaeras appears to have 

transmitted the floxed allele- with 4/5 progeny from one chimaera having transmitted 

(these progeny were 2/E2[1], [2], [3] and [5]). In contrast, none of the 9/H8 

chimaeras transmitted the floxed allele. Southern blot analysis and PCR have 

definitely confirmed that these wells contained targeted cells and, at thawing for 

culture, the identity of the wells from which cells were taken/grown was confirmed 

by both Graham and Dianne. 

 

The initial southern blot analysis of the 9/H8 clone showed that there was a 

disproportional level of wild type vs floxed product in the digested genomic DNA. 

Whilst this usually is attributable to a slight excess of growth-inactivated feeder cells 

that have carried through during the initial 1:4 split of the plates, it is feasible that, in 

this case, it was because a second ES cell line was present within that well. This 

situation arises when two different lines are growing on top of one another and they 

are not able to be seen properly or fully separated during selection. Our data from 

earlier targeting (such as Crim1) show that these lines generally only contain the 

selection cassette and no flanking homologies (hence using neo PCRs to detect the 

right cell lines is not always informative- and can give false positives). In contrast, 

the other line in 9/H8 is properly targeted. This only becomes problematic if the line 

possessing the random integration event outgrows the targeted line during either 

culture or colonisation of the embryo or has an advantage in transmission. The 

experience with the 2/E2 line has indicated that the modification to the Klf5 allele 
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may yield a slightly slower growing line so this could be an explanation for why no 

transmission is observed. 

 

To check that the floxed cells were present in the 9/H8 cultures used for injections 

the cells were grown up and subject to PCR analysis: 

 

 

 

This gel shows: L→R  P4 9/H8, P4 2/E2, -ve 

 

Whilst the floxed allele is present in the P4 9/H8 line it is obvious that it is at much 

lower levels proportionally than for 2/E2 and this tends to confirm the suspicion that 

the original colony was probably a mix of two distinct lines. Please note though that 

this PCR was done on P4 cells (I was unwilling to thaw and waste early passage 

cells) so it is likely that the percentage of floxed cells is higher in earlier passages 

that were used for microinjection. It seems most likely that the random integrant had 

an overall advantage in embryo colonisation- it could be feasible to reclone 9/H8 but 

since 2/E2 has transmitted that should not be necessary. 
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Identification of flp-e mediated recombination in progeny of flp-e X 

2/E2 matings 

We bred the 2/E2[1],[2],[3] and [5] mice to flp-e mice. The progeny have been 

checked with primer set#1 and with primer set#2 

  

Analysis with primer set#2 

Klf5-13919F (called 1979F in my notes) CTggTTCAAgTgAACATTTgg 

Klf5-14096R (called 2260R in my notes) CAAAgggCTTTTgTgTgTggAC 

 

These primers anneal to regions that flank the 5’loxP and FRT sites. They will only 

amplify a product from the targeted allele after flp-e-mediated recombination. In this 

case the 385 bp product corresponding to the flp-recombined floxed allele will be 

104 bp bigger than the wild type product (281 bp). 

 

Primer set#2 was used on these tail tip DNAs 

 

 

L→R 10.1a→g,11.1a-c 

  

 

L→R 12.1c,d,13.1a,c,d,e,g,-ve,1kb ladder 
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11.1a, 12.1c,12.1d, 13.1a,13.1c and 13.1d all have the floxed allele and have 

experienced flpe-mediated recombination. 

 

12.1c, 12.1d, 13.1c and 13.1d were selected and shipped to us. 
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Appendix C: Sequencing Results  

 

KLF5-WT  
 

 
GGTGCAANNGTTTTGTATCAGTGGATACAATACAGGCTTCTGCTCCACAGGTTCAAGTTTCTATTCAAA 
 
AAGTATTGAAATGGCCAGAGAACATTTTATATTAGGCCTGATAAAATAACCTAGTCCACACACAAAAGC 
 
CCTTTGGAATAATTATTTTTAAGATTTGCACAGGTTTTAGTTTTCAAG 

 

 

KLF5-FLOX 
 
 
GGTGCAATTGTTTTGTATCAGTGGATACAATACAGGCTTCTGCTCCACGAATTCCGAAGTTCCTATTCT 
 
CTAGAAAGTATAGGAACTTCATCAGTCAGGTACATAATATAACTTCGTATAATGTATGCTATACGAAGT 
 
TATTAGGTGGATCCAGGTTCAAGTTTCTATTCAAAAAGTATTGAAATGGCCAGAGAACATTTTATATTA 
 
GGCCTGATAAAATAACCTAGTCCACACACAAAAGCCCTTTGGAATAATTATTTTTAAGATTTGCACAGG 
 
TTTTAGTTTTCAAG 

 

 

KLF5-deleted 
 
 
GGTGCAATTGTTTTGTATCAGTGGATACAATACAGGCTTCTGCTCCACGAATTCCGAAGTTCCTATTCT 
 
CTAGAAAGTATAGGAACTTCATCAGTCAGGTACATAATATAACTTCGTATAATGTATGCTATACGAAGT 
 
TATTAGGTCCCTCGAGGGGATCAAAGTTTATGATTAATGCAGGGCATAATTTATTGACTGCACGATGTG 
 
GCATGACATGCTAAATGAGAAAAACAAAGTAGGATTATAGAAAATGATAGTCATCTCCGATAATGACTT 
 
AACACTGTTAGTTCTGCATCCATTACATTAAATATACATACATATATACATACATAACACACACACACA 

 
CACACACACACGCACACACNCGTCCCACGATTGCTCTCCATTTAC 

 

Reverse Primer (R1) 

Forward Primer (F) EcoR1 FRT site 

FRT spacer LoxP spacer LoxP site 

FRT spacer LoxP spacer LoxP site 

Forward Primer (F) 

Reverse Primer (R1) 

Reverse Primer (R2) 

Forward Primer (F) EcoR1 

LoxP spacer XhoI 

Part of intron 2 

Part of intron 3 

Part of intron 2 

Part of intron 2 
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Appendix D 

 

 

 

 

 

Appendix D 1 

Gel electrophoresis diagrams of Cre PCR products from gDNA obtained from 
individual mice. Lane 3 to 9 represents mice with positive Cre allele with band at 
210 bp. Lane 2 shows the negative control with no template. The marker used on 
lane 1 was 1 kb+ marker. 
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Appendix E 

 

 

 

 

 

 

 

Appendix E 1 

This higher molecular isoform of KLF5 was also observed in the data product sheets 
obtained from the commercial provider of the KLF5 antibody used for this study. 
#07-1580; Anti-KLF5 (Krüppel-like factor 5) Antibody from Millipore. 
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Appendix F 

 

 

Appendix F 1 

Schematic diagram of the gating strategy for cell surface marker flow cytometry 
analysis of mature myeloid and lymphoid cell types from bone marrow (A) 
Fluorogold negative cells were first gated as live cells (B) followed by excluding 
debris based on the forward and side scatter. (C) Next, is the selection of TER119 
negative cells (removal of red blood cells). (D) Selection of CD45 positive cells 
(leukocytes). (E) Gr1 and Mac1 for selection of mature myeloid cells population and 
(F) and CD3e and B220 marker for selection of mature lymphoid cells type. 
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Appendix G 

 

Appendix G 1 

Examples of CFU-G, CFU-M and CFU-GM colonies enumerated during colony 
forming assays from bone marrow. These assay conditions allow for the proliferation 
and differentiation of hematopoietic progenitors into mature cell types, which can 
then be enumerated and characterized based on their distinct morphology. Images 
were viewed under light microscope either at 4x or 10x magnification. Pictures on 
the left side are at 4x magnification and pictures on the right side are at 10x 
magnification.  (A) colony forming unit-granulocyte (CFU-G), (B) colony forming 
unit-macrophage (CFU-M), (C) colony forming unit-granulocyte and macrophage 
(CFU-GM). 
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Appendix G 2 

Examples of BFU-E and CFU-GEMM colonies enumerated during colony forming 
assays from bone marrow. These assay conditions allow for the proliferation and 
differentiation of hematopoietic progenitors into mature cell types, which can then be 
enumerated and characterized based on their distinct morphology. Images were 
viewed under light microscope either at 4x or 10x magnification. Pictures on the left 
side are at 4x magnification and pictures on the right side are at 10x magnification.  
(A) Erythroid burst-forming units (BFU-E) and (B) Multipotential colony-forming 
cells (CFU-GEMM) 



220 
 

Appendix H 

 

Appendix H 1 

Different colonies were typed and scored individually on the first plating of CFU 
assay from bone marrow of 3 and 9 months old mice. Shown are mean values plus or 
minus SEM across the genotype grouped by age. CFU-G: colony forming unit 
granulocyte, CFU-M : colony forming unit macrophage, CFU-GM ; colony forming 
unit granulocyte-macrophage, BFU-E burst forming unit erythroid and CFU-
GEMM ; Multipotential colony-forming cells.  
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Appendix H 2 

Different colonies were typed and scored individually on the serial re-plating of CFU 
assay from bone marrow of 3 and 9 months old mice. Shown are mean values plus or 
minus SEM across the genotype grouped by age. CFU-G: colony forming unit 
granulocyte, CFU-M : colony forming unit macrophage, CFU-GM ; colony forming 
unit granulocyte-macrophage, BFU-E burst forming unit erythroid and CFU-
GEMM ; Multipotential colony-forming cells.  
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Appendix I 

 

 

 

 

Appendix I 1 

The HemaExplorer gene expression database where KLF5 expression in human T-
cells is relatively low compared to myeloid and HSC [327]. 
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Appendix J 

 

Appendix J 1(i): Spleen morphology of 3 months Klf5-flox mice 

Mouse spleen from control littermate with age match were sectioned and stained 
with H&E or and anti-MPO antibody. A) Top panel is the Klf5fl/fl  mice with H&E 
staining while B) the bottom picture shows the spleen section from Klf5fl/fl  with MPO 
staining. Images captured at 5X using Nanozoomer DP.  
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Appendix J 1(ii): Spleen morphology of 3 months Klf5-flox mice 

Mouse spleen from control littermate with age match were sectioned and stained 
with H&E or an anti-MPO antibody. A) Top panel is the Klf5fl/fl  mice with H&E 
staining while B) the bottom picture shows the spleen section from Klf5fl/fl  with MPO 
staining. Images captured at 5X using Nanozoomer DP. Images captured at 20X 
using Nanozoomer DP.  
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Appendix J 2(i): Spleen morphology of 3 months Klf5-flox mice 

Mouse spleen from control littermate with age match were sectioned and stained 
with H&E or an anti-MPO antibody. A) Top panel is the Klf5fl/fl  mice with H&E 
staining while B) the bottom picture shows the spleen section from Klf5fl/fl  with MPO 
staining. Images captured at 5X using Nanozoomer DP.  Images captured at 5X using 
Nanozoomer DP.  
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Appendix J 2(ii): Spleen morphology of 3 months Klf5-flox mice 

Mouse spleen from control littermate with age match were sectioned and stained 
with H&E or an anti-MPO antibody. A) Top panel is the Klf5fl/fl  mice with H&E 
staining while B) the bottom picture shows the spleen section from Klf5fl/fl  with MPO 
staining. Images captured at 5X using Nanozoomer DP. Images captured at 20X 
using Nanozoomer DP.  
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Appendix K 

 

Appendix K 1(i): Spleen morphology of 3 months Klf5Δ/Δ mice 

Mouse spleen from knockout mouse were sectioned and stained with H&E or an 
anti-MPO antibody. A) Top panel is the Klf5∆/∆ mice with H&E staining while B) the 
bottom picture shows the spleen section from Klf5∆/∆ with MPO staining. Images 
captured at 5X using Nanozoomer DP.  
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Appendix K 1(ii): Spleen morphology of 3 months Klf5
Δ/Δ

 mice 

Mouse spleen from knockout mouse were sectioned and stained with H&E or an 
anti-MPO antibody. A) Top panel is the Klf5∆/∆ mice with H&E staining while B) the 
bottom picture shows the spleen section from Klf5∆/∆ with MPO staining. Images 
captured at 5X using Nanozoomer DP. 
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Appendix K 2(i): Spleen morphology of 3 months Klf5
Δ/Δ 

mice 

Mouse spleen from knockout mouse were sectioned and stained with H&E or an 
anti-MPO antibody. A) Top panel is the Klf5∆/∆ mice with H&E staining while B) the 
bottom picture shows the spleen section from Klf5∆/∆ with MPO staining. Images 
captured at 5X using Nanozoomer DP.  
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Appendix K 2(ii): Spleen morphology of 3 months Klf5
Δ/Δ

 mice 

Mouse spleen from knockout mouse were sectioned and stained with H&E or an 
anti-MPO antibody. A) Top panel is the Klf5∆/∆ mice with H&E staining while B) the 
bottom picture shows the spleen section from Klf5∆/∆ with MPO staining. Images 
captured at 20X using Nanozoomer DP.  
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Appendix K 3(i): Spleen morphology of 3 months Klf5
Δ/Δ

 mice 

Mouse spleen from knockout mouse were sectioned and stained with H&E or an 
anti-MPO antibody. A) Top panel is the Klf5∆/∆ mice with H&E staining while B) the 
bottom picture shows the spleen section from Klf5∆/∆ with MPO staining. Images 
captured at 5X using Nanozoomer DP.  
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Appendix K 3(ii): Spleen morphology of 3 months Klf5
Δ/Δ

 mice 

Mouse spleen from knockout mouse were sectioned and stained with H&E or an 
anti-MPO antibody. A) Top panel is the Klf5∆/∆ mice with H&E staining while B) the 
bottom picture shows the spleen section from Klf5∆/∆ with MPO staining. Images 
captured at 20X using Nanozoomer DP.  
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Appendix K 4(i): Spleen morphology of 3 months Klf5
Δ/Δ

 mice 

Mouse spleen from knockout mouse were sectioned and stained with H&E or an 
anti-MPO antibody. A) Top panel is the Klf5∆/∆ mice with H&E staining while B) the 
bottom picture shows the spleen section from Klf5∆/∆ with MPO staining. Images 
captured at 20X using Nanozoomer DP.  
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Appendix K 4(ii): Spleen morphology of 3 months Klf5
Δ/Δ

 mice 

Mouse spleen from knockout mouse were sectioned and stained with H&E or an 
anti-MPO antibody. A) Top panel is the Klf5∆/∆ mice with H&E staining while B) the 
bottom picture shows the spleen section from Klf5∆/∆ with MPO staining. Images 
captured at 20X using Nanozoomer DP. 
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Appendix L 

 

Appendix L 1 

Flow cytometry analysis to assess mature cell types from the spleens of 9 month old 
mice. Plots showed are the representative of the gating strategy used for flow 
cytometry analysis of cell surface marker on mature myeloid and lymphoid cell types 
from spleen (A) Fluorogold negative cells were first gated as live cells (B) followed 
by purifying live cells based on the forward and side scatter. (C) Next, was to 
remove the TER119 positive cells (the red blood cell population) from the analysis. 
(D) The sequential panels was for the selection of CD45 positive cells which will 
then followed by plot to  determine more specific define cell types, for example the 
plot with (E) CD3e and B220 marker for selection of mature lymphoid cells type and 
(F) Gr1 and Mac1 for mature myeloid cells population. The Gr1+Mac1+ have two 
different FS and SS character as shown above which can be defined as (G) The 
Gr1hiMac1hi cells and (H) Gr1intMac1int cells. 
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Appendix M 

 

Appendix M 1 

Flow cytometry analysis to assess myeloid progenitor from spleen cells of 9 months 
old mice. (A) Cells purification were started on gating the live cells, which are 
fluorogold negative (B) followed by eliminating unwanted particles including dead 
cells and debris based on the forward and side scatter to purify selected cells. (C) In 
order to increase the positive signals from immature cells type lineage negative  and 
c-Kit positive cells were selected for the sequential plot.  (D) Subsequent plot shows 
the gating on Sca-1 negative cells as for specific selection of myeloid progenitor 
cells. (E) Consecutively, the next three plots show the purified myelo-erythroid 
progenitor subsets including early bipotent progenitors for the 
erythroid/megakaryocyte lineages (preMegE), early monopotent erythroid (preCFU-
E and CFU-E) and megakaryocyte progenitors (MkP), and primitive 
granulocyte/macrophage progenitors (preGM and GMP). 
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Appendix N 

 

 

 

Appendix N 1 

Flow cytometry analysis to assess stem cells compartment in the spleen of 12 months 
old mice. (A) Cells purification were started on gating the live cells, which are 
fluorogold negative (B) followed by eliminating unwanted particles including dead 
cells and debris base on the forward and side scatter to purify selected cells. (C) In 
order to increase the positive signals from immature cells type lineage negative and 
c-kit positive cells were selected for the sequential plot.  (D) Subsequent plot shows 
the gating on IL7Rα negative cells as for specific selection for stem cells population. 
(E) Consecutively, the next plot were for Sca-1 positive cell selection. (F) Lastly, 
shown was the plot for specific stem cell selection which were long-term HSC (LT-
HSC), short-term HSC (ST-HSC) and multi-potent progenitor (MPP).  
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Appendix O 

 

 

 

Appendix O 1 

The gating strategy used to select for the eosinophil cell population in the peripheral 
blood and bone marrow. A) Total Sig-F+, Mac-1+ double-positive gate will include 
some of the neutrophil cells as shown in the FS/SS plot. B) Eosinophil cells were 
determined as Sig-F+, Mac1hi population as shown in the red gate.  
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Appendix P 

 

 

 

 

 

Appendix P 1 

The gating strategy used to select for the eosinophil cell population in the lung. First 
plot shows the forward and side scatter with a gate to eliminate unwanted particles 
including debris and dead cells. Then, a gate was set on CD45 positive cells followed 
by gating on Mac1int and Siglec-F+. Experiments were conducted on 6 mice from 
each genotype. 
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Thesis Amendment  

Thesis Amendment as requested by reviewer 1 

 

Chapter 1 

No further information was requested for this chapter. 

Chapter 2 

No further information was requested for this chapter. 

 

Chapter 3 

Reviewer comment: 

It is a little difficult to be sure how much of the data and figures presented in Chapter 

3 were done by the student and how much were done by QIMR. The same applies for 

Appendices A-E. Any Figures generated by QIMR should have the appropriate 

acknowledgement. This should be clearly stated somewhere. 

 

Respond to reviewer comment: 

Page 82: Figure 3.4: “These steps were conducted by the QIMR transgenic 

facility” has been added in the figure legend to acknowledge the initial work 

done at QIMR. 

 

QIMR provided the Klf5+/flFlpe+ mice, hence I was directly involved in the 

subsequent steps of generating Klf5fl/flVavCre+/- mice including the 
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genotyping of Klf5+/flFlpe+ mice when they first arrived in our facility. Hence 

no acknowledgement has been assigned in the subsequent Figures in Chapter 

3. 

 

Page 202: Appendix A: “This final cloning and targeting report was generated 

by the QIMR transgenic facility” has been added to acknowledge the initial 

work done at QIMR. 

 

Page 203: Appendix A1: “This figure has been generated by the QIMR 

transgenic facility” has been added to acknowledge the initial work done at 

QIMR. 

 

Page 208: Appendix B: “This Klf5 targeting transmission report has been 

generated by the QIMR transgenic facility” has been added to acknowledge 

the initial work done at QIMR. 

 

Page 214 and 215: Appendices C and D: I generated these results and figures 

hence no acknowledgement has been added. 

 

Reviewer comment: 

The lack of complete loss of function model should be discussed somewhere at the 

end of Chapter 3. Does the student think a different cross to a different Cre driver 

might result in further knockdown of Klf5? 
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Respond to reviewer comment: 

Page 97: Additional discussion has been added as follows: 

While we cannot rule out that there is significant residual function of Klf5 in 

our knockout model, based on other reports of Klf5 conditional knockouts we 

believe that this 75% Klf5 protein reduction (Figure 3.10) observed by us is 

sufficient to reveal a loss of function phenotype.  For example, Xing et al. 

have shown that approximately 80% Klf5 deletion in prostatic epithelial cells 

is enough to promote the development and severity of prostate tumorigenesis 

[312]. This Klf5 deletion was obtained by using a PB-Cre4 transgenic strain 

where expression of Cre recombinase is driven by the prostatic epithelial 

specific probasin promoter [312]. In addition, another study has shown that 

conditional disruption of Klf5 derived by mating Klf5-LoxP and Le-Cre mice 

results in approximately 25% of Klf5 protein remaining and causes  defective 

eyelids, malformed meibomian glands, abnormal cornea and loss of 

conjunctival goblet cells [311]. The most effective Klf5 knockout model so 

far is the inducible Mx1-Cre;Klf5flox/flox model as reported by Ishikawa et al. 

where approximately 10% of Klf5 mRNA is expressed in the Mx1-

Cre;Klf5flox/flox mice [275]. However, this system also allows partial gene 

inactivation in other tissues [313], which potentially results in indirect 

phenotype.  

 

Chapter 4 

Reviewer comment: 

I have some technical concerns about the analysis of the HSC and progenitor cell 

populations (Figure 4.11). I am not sure the Sca-1 has worked properly. There seem 
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to be too many cells in the LSK gate in part D to me; 32% of the kit+ cells. In my 

experience normal marrow would have <3% in this gate using this method. Does the 

student have any explanation of why this looks so different to other published work?  

 

Respond to reviewer comment: 

In this study the LSK population, was determined as the percentage of the 

Sca-1+ gate from the c-Kit+, Lin- population (as mentioned in the text on page 

102). In the literature, the LSK population is often alternatively defined by 

the Sca-1+, c-Kit+ population from the Lin- population, for example as shown 

by Dolence et. al and Kunimoto et. al [371, 372]. This is most likely the 

strategy that is being referred to by reviewer 1. We have used the strategy 

described by Pronk et. al (see page 103 of the thesis) for the detection of 

immature myelo-erythroid progenitor subsets from c-Kit+ enriched bone 

marrow cells. However, if we alter the analysis to determine LSK as a 

percentage of the Sca-1+, c-Kit+ from the Lin- population, the LSK percentage 

obtained for this specific sample shown in Figure 4.11 is 3.18% from total c-

Kit+ enriched cells. Therefore we believe the discrepancy highlighted by 

review 1 is due only to this alternative analysis strategy and not a technical 

difference in staining or data collection. 

 

Reviewer comment: 

Can some comment be made about colony types in Figure 4.20? 

 

Respond to reviewer comment: 
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No additional information is added: Different types of colonies were scored in 

the first plating and the subsequent replating and are shown in Appendix H. 

Comment was also made in Section 4.2.3.1, Chapter 4. 

 

Chapter 5 

Reviewer comment: 

Again some idea about colony type might be useful. Was any FACS done for 

erythroid cells in the spleen? 

 

Respond to reviewer comment: 

No additional information is added: Different types of colonies were scored in 

this assay and shown in Figure 5.6. Comment was also made in Chapter 5, 

Section 5.2.2.1. 

No FACS was conducted for erythroid cells in the spleen as part of this 

project, but it is agreed that this could be measured in future experiments. 

 

Chapter 6 

Reviewer comment: 

Is 25% residual KLF5 protein enough for near normal function? What alternatives 

could be tried in the future? Another cross? 

 

Respond to reviewer comment: 

Refer page 97 in Chapter 3 and as comment above (page 242). 
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Reviewer comment: 

Does the candidate think any molecular studies are worth considering in the future or 

is the phenotype too trivial for this to be considered a worthy to pursuit?  

 

Respond to reviewer comment: 

Page 177: Additional discussion has been added. 

As such, a future experiment to examine the changes in gene expression by 

microarray analysis will be beneficial. This could be designed to compare the 

Klf5fl/fl and Klf5∆/∆ haemopoietic transcriptomes in HSC, eosinophils and 

neutrophils from bone marrow specifically from 9 and 12 months old mice. 

This would identify the changes in gene expression associated with HSC, 

eosinophils and neutrophils.  
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Thesis Amendment as requested by reviewer 2 

Chapter 1 

This chapter has been proof read and the English grammar has been corrected as 

requested by reviewer 2. 

Chapter 2 

The changes in the scientific precision have been made as assigned by reviewer 2. 

Chapter 3 

The nomenclature of Klf5fl/f, VavCre+/- has been changed to Klf5fl/flVavCre+/- for this 

Chapter. 

Chapter 4 

No further information was requested for this chapter. 

Chapter 5 

No further information was requested for this chapter. 

Chapter 6 

No further information was requested for this chapter. 

 


	TITLE: Investigation of KLF5 Function in Normal Haemopoiesis
	Acknowledgement
	Contents
	List of Figures
	List of Tables
	Abbreviations
	Abstract
	Declaration

	Chapter 1: Literature Review
	Chapter 2: Materials and methods
	Chapter 3: Generating a Klf5 conditional knockout mouse model for study in the haemopoietic system.
	Chapter 4: Analysis of the circulating blood and bone marrow of Vav-Cre, Klf5 knockout mice
	Chapter 5: Extended analysis on the effect of knocking out the Klf5 gene in the haemopoietic system
	Chapter 6: Relevance and conclusions
	Chapter 7: References
	Appendix A: Final cloning and targeting of the Klf5 allele.
	Appendix B: Klf5 targeting- Transmission report
	Appendix C: Sequencing Results
	Appendix D Images
	Appendix E Images
	Appendix F Images
	Appendix G Images
	Appendix H Graphs
	Appendix I Graphs
	Appendix J Images
	Appendix K Images

