The Role of y-Catenin in Acute
Myeloid Leukaemia
by
Rhys Morgan

2011

A thesis presented to Cardiff University in partial
fulfilment of the requirement for the degree of Doctor of

Philosophy

Department of Haematology,
School of Medicine,

Cardiff University.

Supervisors: Dr. Richard Darley and Dr. Alex Tonks

Head of Department: Professor Alan Burnett



UMI Number: U585534

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Dissertation Publishing

UMI U585534
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



I Declaration and Statements

Declaration and Statements

DECLARATION

This work has not previously been accepted in substance for any degree and is not concurrently
submitted in capdidature for any degree.

........ feeveere.-.... (candidate) Date 4' 8/”

STATEMENT 1

This thesis is being submitted in partial fulfilment of the requirements for the degree of Doctor

(candidate) Date ..... 4’ / g / . ‘ Ao

STATEMENT 2

This thesis is the result of my own independent work/investigation, except where otherwise
stated.

cknowledged by explicit references.

(candidate) Date ..... 4’ / s f A lonnn

Other sources ar,

STATEMENT 3

I hereby give consent for my thesis, if accepted, to be available for photocopying and for inter-
library loan, and for the title and summary to be made available to outside organisations.

(candidate) Date ..... { / . 9/ ” ...........

STATEMENT 4: PREVIOUSLY APPROVED BAR ON ACCESS

I hereby give consent for my thesis, if accepted, to be available for photocopying and for inter-
library loans after expiry of a bar on access previously approved by the Graduate
Development Committee.

I[|Page



I Acknowledgements

Acknowledgements

I would like to acknowledge the following individuals for their invaluable contributions
to this study:

My supervisors Drs. Richard Darley and Alex Tonks for their expertise and
unwavering patience.

Professor Alan Burnett and the Medical Research Council for funding and allowing
me to undertake this research within his department.

Lorna Pearn and Dr. Kate Liddiard for technical support and laboratory expertise.
UHW delivery suite and midwives for cord blood samples.

Sarah Philips and the Welsh Bone Marrow Registry for bone marrow samples.
Dr. Paul White and the NCRI-MRC AML trials for primary AML samples.

Steve Couzens for use of UHW flow cytometry facilities.

Dr. Chris Pepper for assistance with MoFlo FACS experiments.

Professor Maurice Hallett and Dr. Chris George for technical support and guidance
with Confocal Laser Scanning Microscopy.

Professor Martin Rudhardt for the y-catenin shRNA construct and Dr. James
Matthews for the pRRLSIN.cPPT.PGK/GFP.WPRE construct.

Dr. Robert Hills for assistance with statistical analyses.

Drs. Steven Coles, Nader Omidvar, Paul Hole and Beth Walsby for moral support
and laboratory banter.

Finally, I wish to thank my family and friends for their continued support and
kindness throughout this project. Especial thanks go to my wonderful fiancée
Natasha for her unrelenting patience, love and support over this long and testing
period.

|Page



%

%

/!

O#

/!



| Presentations and Publications

Presentations and Publications

Publications

Morgan R, Pearn L, Burnett AK, Darley RL and Tonks A. y-Catenin regulation is Distinct to that of
B-Catenin in Normal Haematopoiesis and is Required for Monocyte/Macrophage Differentiation. (In
production).

Morgan R, Pearn L, Burnett AK, Tonks A and Darley RL. y-Catenin Expression is Dysregulated in
Acute Myeloid Leukaemia and Consequently Stabilises Nuclear 3-Catenin. (In production).

Morgan R, Pearn L, Liddiard K, Hills R, Burnett AK, Tonks A and Darley RL. Distinct Regulation

of y- and B-Catenin throughout Hematopoietic Development Contrasts with Their Cooperative Roles
In Acute Myeloid Leukemia. American Society of Haematology Annual Meeting, December 2010.

Oral presentations

“The Role of y-Catenin (‘y-Catastrophe’) in Acute Myeloid Leukaemia”. Department of
Haematology seminar series. March 2008.

“The Role of y-Catenin in Acute Myeloid Leukaemia”. Cancer IRG seminar series. June 2008.

“y-Catenin in Normal Haematopoiesis and AML”. Department of Haematology seminar series. June
2009.

“The Role of y-Catenin in Acute Myeloid Leukaemia”. Annual Workshop on RUNX Transcription
Factors in Development and Disease, Oxford. August 2009.
Travel sponsor awarded by Oxford University.

“The Role of y-Catenin in Acute Myeloid Leukaemia”™. 24" Annual School of Medicine
Postgraduate Research Day. November 2009.
3" prize awarded by judging panel and 1* prize awarded by audience vote.

“The Role of y-Catenin in Normal Haematopoiesis and Acute Myeloid Leukaemia”. Cancer IRG
seminar series. May 2010.

“The Role of y-Catenin in Normal Haematopoiesis and Acute Myeloid Leukaemia”. Annual
Workshop on RUNX Transcription Factors in Development and Disease, Hiroshima, Japan. July
2010.

Travel sponsor awarded by British Society of Haematology.

Poster presentations

“The Role of y-Catenin in Acute Myeloid Leukaemia”. 23" Annual School of Medicine
Postgraduate Research Day. November 2008.

“A Distinct Role for the Wnt Signalling Protein y-Catenin in Normal Haematopoiesis and its
Dysregulation in Acute Myeloid Leukaemia”™. 2" Wales Cancer Conference, April 2010.

“Distinct Regulation of y- and 3-Catenin throughout Hematopoietic Development Contrasts with
Their Cooperative Roles In Acute Myeloid Leukemia™. American Society of Haematology Annual
Meeting, December 2010.

Travel sponsors awarded by Elimination of Leukaemia Fund, Cardiff University Michael
Banfill Fund, and ASH.

IViPage



Abstract

Abstract

Acute myeloid leukaemia (AML) is a heterogeneous clonal disorder of haematopoietic
cells that primarily affects the elderly. Previously, our laboratory identified y-catenin as
significantly overexpressed in AML. y-Catenin shares close structural and functional
homology with the more intensively studied 8-catenin. Both catenins have dual roles in
cell adhesion complexes and in transcription. Their transcriptional role is regulated by
Wnt signalling which is critical for normal development and is one of the most
frequently dysregulated processes in AML. In spite of this, little is known regarding the
specific role of y-catenin in normal haematopoiesis or AML pathology. This study
devised an intracellular flow cytometric staining assay to characterise the expression of
y-catenin in normal haematopoietic subsets. y-Catenin exhibited a similar expression
profile to (B-catenin. Expression was relatively high in haematopoietic stem/progenitor
cells (HSC/HPC) and showed increased expression in myeloid differentiated cells
(granulocytes and monocytes) while expression was lower in lymphoid cells and
undetectable in red blood cells. Studies of subcellular distribution by confocal imaging
showed reciprocal localisation of catenins in CD34" cells, with 3-catenin predominantly
nuclear translocated and y-catenin nuclear excluded. Conversely, in granulocytic and
monocytic cells nuclear y-catenin levels were relatively high whilst nuclear (8-catenin
levels were reduced. A small subset of the CD14" monocyte population exhibited
heavily nuclear translocated y-catenin. Subsequent knock-down studies of y-catenin
showed this protein to be required for normal haematopoietic development in vitro,
evidenced by the inhibition of macrophage differentiation and apparent reprogramming
of committed monocyte progenitors for granulocytic development. In AML patients, y-
catenin mRNA expression conferred a reduced complete remission rate arising from
resistant disease, however discordance was found between mRNA and protein level,
implying post-translational control of y-catenin expression in AML. In primary AML
blasts (undifferentiated) y-catenin was aberrantly localised to the nucleus suggesting a
transcriptional role in AML pathology. A correlation was identified between y- and -
catenin protein expression in primary AML blasts and an association between nuclear
levels of these proteins. To determine whether this association was causal, y-catenin was
ectopically expressed in normal human CD34" haematopoietic progenitor cells but had
no significant influence on [-catenin expression or localisation even following
subsequent differentiation. In contrast, overexpression of y-catenin in leukaemic cell
lines stabilised (-catenin protein and promoted its translocation to the nucleus
suggesting that the influence of y-catenin on 3-catenin is a feature of leukaemic cells but
not normal cells. Phenotypically, overexpression of y-catenin had little effect on normal
progenitor cells but was able to block agonist-induced differentiation of AML cell lines,
probably via stabilisation of $-catenin. In summary, this study indicates a role for y-
catenin in the regulation of normal haematopoietic development and that its nuclear
translocation is strictly regulated independently of $-catenin in normal haematopoiesis.
In leukaemic cells, however, this control is dysfunctional allowing y-catenin to promote
the stabilisation and translocation of (-catenin. This relationship may represent a
pathological mechanism active in AML blasts to block myeloid differentiation and
promote a leukaemic phenotype.
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ABL abelson murine leukemia viral oncogene homolog 1
Al adherens junctions
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AML acute myeloid leukaemia
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GF
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HEPES
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IL

U

JAK
JUP

Kb

KD

kDa

KO

LB

LEF
LIC

LN,
LRP
LSC
LT-HSC
MACS
MAPK
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miR
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mRNA
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FLT-3 ligand
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nonobese diabetic—severe combined immunodeficient (mice)
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NPM-1
oS

PBS
PML/RAR«
PMT
PU.1
qRT-PCR
RISC
ROI
R-PE
rpm

RR

RT
RUNX-1
SB

SCF

SD

Ser

SF
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shRNA
SiRNA
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SSC
STAT
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TF

Thr
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WHO
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stem cell factor
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small interfering RNA

spleen focus-forming virus proviral integration oncogene-1 (see PU.1)
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side scatter

signal transducer and activator of transcription
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T-cell factor

T-cell antigen receptor

transcription factor

threonine

universal container

white blood cell

World Health Organisation

Wingless-type MMTYV integration site family
wild type
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Introduction I Chapter 1

1 - Introduction

1.1 Normal haematopoiesis

1.1.1 Overview of human haematopoiesis

Haematopoiesis is the life-long co-ordinated process of creating and maintaining all the
cells that constitute blood. In the human embryo, the yolk sac is the main site for
haematopoiesis up to 6 weeks gestation, before the liver and spleen take over for the
following 6-7 months of foetal life (Hoffbrand ez al., 2005a). The bone marrow (BM)
then becomes the most important site, and represents the only source of new blood cells
in healthy childhood and adult life. Alternative sites of haematopoiesis such as the liver
and spleen have been reported in adults but are generally only prevalent in times of
haematopoietic stress or injury (Wilson and Trumpp, 2006). Otherwise, it is estimated
that around 1x10'2 blood cells are turned over daily in the healthy human body (Ogawa,
1993), with critical functions in host immunity (innate and adaptive), oxygen transport,

blood coagulation and tissue repair.

Overwhelming evidence suggests the haematopoietic system is organised as a
hierarchical structure, whereby rare pluripotent haematopoietic stem cells (HSC) with
high potential for self-renewal, give rise to increasingly mature progeny with decreased
self-renewal capacity but raised» potential for differentiation (Figure 1.1). Although
there remains some debate as to the intricate details of this organisation (reviewed by
Rosenbauer and Tenen, 2007), the overall concept is a clear one: Increasing
commitment to a particular lineage, leads to more restricted developmental capacity
such that progeny eventually terminally differentiate into a single cell type with
specialised function, structure and biochemical properties. For example, the small,
smooth, enucleate, bi-concave morphology of the erythrocyte, and the high expression
of haemoglobin, allows both maximum retention of oxygen and augmented navigation
of the fine capillary networks to which it is delivered. Also, granulocytes (consisting of
neutrophils, basophils and eosinophils) are able to fulfil their function of destroying

pathogens and priming the adaptive immune system, through an extensive arsenal of
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lysosomal granules, and a flexible, hyper-segmented nucleus that permits trans-

endothelial migration through blood vessels into affected tissues.

Normal steady state haematopoiesis is regulated by a host of intrinsic and environmental
influences. A complex network of signalling pathways, transcription factors, cytokines
and growth factors synergise to influence the lineage fate, differentiation, proliferation
and function of developing haematopoietic cells (see /.1/.3). Although this process is
tightly regulated, it must also adapt to the changing physiological demands of the body.
In particular, erythropoiesis has been well studied in this context. For example, at times
of haematopoietic injury, tissue hypoxia stimulates the secretion of erythropoietin
(EPO) from the peritubular interstitial cells of the kidney. The presence of EPO in the
BM biases developing HSCs down an erythroid path of differentiation. However,
influencing the lineage fate of primitive HSC alone cannot solely replenish the
haematopoietic system since more rapid responses are required. Rather, proliferation
and apoptosis are are also critical regulators of a primed reservoir of more committed
haematopoietic progenitors (De Haan et al., 1996). Once again studies in erythropoiesis
have demonstrated that a committed pool of erythroid progenitors reside in the bone
marrow which can either; A) be rapidly induced by EPO to proliferate and terminally
differentiate upon haematopoietic stress, or B) readily apoptose at times of excess
during steady state erythropoiesis (De Maria et al., 1999). The production of leukocytes
is susceptible to similar regulatory mechanisms and can also be influenced by
physiological demand, as evidenced by the increased pool of circulating neutrophils and

lymphocytes prevalent during parasitic or viral invasion.
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1.1.2 Haematopoietic stem cells and the microenvironment

1.1.2.1 HSC properties

HSCs represent the most intensively studied and accurately characterised stem cells in
human biology. They are rare cells, estimated to contribute between 0.01-0.15% of adult
human and mouse BM cellularity (Spangrude et al., 1988; Beerman et al., 2010), and
are seldom present in normal peripheral circulation. HSCs can be broadly classified into
long-term HSC (LT-HSC) which have long-term capacity to reconstitute all blood
lineages (months-years), and short-term HSC (ST-HSC), which have a more finite
potential (days-weeks) to replenish the haematopoietic system (Morrison and
Weissman, 1994; Guenechea et al., 2001; Christensen and Weissman, 2001).
Characterisation of the exact immunophenotype of HSC remains incomplete although
the use of human SCID-repopulating cells (SRC) with the capacity to repopulate sub-
lethally irradiated nonobese diabetic—severe combined immunodeficient (NOD-SCID)
mice has allowed the broad immunophenotypic classification of human HSC
(Larochelle et al., 1996; Bhatia et al., 1997; Guenechea ¢t al., 2001). LT-HSC are Lin’
CD34°CD38", ST-HSC are LinCD34'CD38", and overwhelming evidence suggests an
even more primitive LinCD34'CD38” HSC exists in human BM that can generate all
subsequent HSCs (Osawa et al., 1996; Goodell et al., 1997; Bhatia et al., 1998; Zanjani
et al., 1998; Nakamura ef al., 1999).

It is imperative that HSC are able to satisfy the enormous demand for mature blood cells
throughout human life, without completely exhausting the comparatively small pool of
pluripotent HSC. One stem cell can generate around 10° mature blood cells after 20 cell
divisions, whilst preserving an exact copy (daughter) of itself. This considerable
amplification is only achievable through a critical balance between self-renewal and
differentiation. A number of models have been proposed to explain how HSCs co-
ordinate this balance, and are summarised in Figure 1.2 (reviewed by Roeder and
Lorenz, 2006, Wilson and Trumpp, 2006 and Schroeder, 2007). It is likely that all
models outlined are active to some degree during normal HSC division. The
heterogeneity within this population make it probable that differentiation is a multi-step

process where HSCs gradually lose their ‘stem-ness’. This process is largely governed
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glycoproteins (fibronectin and thrombospondin) and glycosaminoglycans (hyaluronic

acid and chondroitin derivatives).

There is increasing genetic and functional evidence indicating a complex molecular
cross-talk between HSC and components of the BM niche. Typically proteins involved
with signalling, adhesion, migration or homing have been implicated, and are
summarised in Figure 1.4. Most of these interactions are relevant to the osteoblastic
niche, and human osteoblasts have been shown to support haematopoietic progenitor
cells in vitro (Taichman et al., 1996; Taichman et al., 2001). This relationship was
formally demonstrated in vivo through the pioneering studies of Zhang et al. (Zhang et
al., 2003), and Calvi et al. (Calvi et al., 2003), who both increased osteoblast frequency
through different means in mice, to the ultimate effect of increasing HSC number. This
concept was reaffirmed by the reverse experiment by Visnjic et al. where conditional
ablation of osteoblasts led to loss of normal haematopoiesis including a decline in HSC

number (Visnjic et al., 2004).

Since this discovery, much work has been undertaken to identify the specific signalling
proteins active in the niche and many receptor/ligand relationships have been
characterised between osteoblasts and HSC including; stem cell factor (SCF)/c-kit,
Jagged-1 (JAG-1)/Notch, Angiopoietin-1 (Ang-1)/ tyrosine kinase receptor 2 (Tie2) and
Wingless-type MMTV integration site family (Wnt)/B-catenin. SCF has been found
secreted and expressed from the osteoblast surface, and signalling through c-kit receptor
expression in HSC is well known to promote the proliferation and survival of this cell
type. Interestingly, this relationship has also been proposed to contribute an adhesive
function (Kinashi and Springer, 1994). The apparent haematopoietic failure in mice
caused by loss of SCF from the supporting environment would indicate a crucial
function of this signalling axis in the niche (Bernstein et al., 1991). Similarly, Notch
receptors are expressed on HSC which can be bound by JAG-1 expression from
surrounding stromal cells to expand the HSC pool (Calvi et al., 2003). Another well
characterised interaction is that between Ang-1 (expressed on osteoblasts) and Tie-2
(expressed on HSC) which has been formally demonstrated to maintain LT-HSC in a

quiescent state (Arai et al., 2004).
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A host of adhesion molecules have been implicated in maintaining HSC interaction with
the niche including N-cadherin(N-cad)/B-catenin, vascular cell adhesion molecule-1
(VCAM-1)/integrin, osteopontin (OPN)/G1-integrin and Ca2'-sensing receptor (CaR)
(reviewed by Yin and Li, 2006). Of particular interest, the adhesive interaction between
N-cad and B-catenin has been previously demonstrated in a stem cell context within
Drosophila (Song and Xie, 2002; Yamashita et al., 2003). Both proteins have also been
found symmetrically localised at the interface between HSCs and the osteoblastic niche,
implying a heterotypic interaction maybe active in anchoring HSCs to the local stroma
(Zhang et al., 2003). Curiously this interaction may not be restricted to adhesion, and
may instead negatively regulate 3-catenin-mediated transcription of Wnt target genes. A
study by Reiss et al. showed that N-cad cleavage by a disintegrin and metalloproteinase-
10 (ADAM-10) leads to (-catenin redistribution to the cytoplasm thus increasing the
pool of signalling competent ($-catenin available to the nucleus (Reiss et al., 2005). A
similar re-localisation of 8-catenin was observed upon cleavage of E-cadherin (E-cad)
(Ito et al., 1999). Despite the associated role of y-catenin with cell adhesion (see 1.3.5.7)

no such role has ever been implicated for this molecule within the HSC BM niche.

Finally, a number of proteins crucial to the homing of HSCs to the niche are present
within the BM microenvironment including stromal derived factor-1 (SDF-1), FGF-4,
E- and P-selectins, integrins, very late antigen-4 (VLA-4) and lymphocyte function-
associated antigen-1 (LFA-1) (Wilson and Trumpp, 2006). The most well characterised
of these molecules, SDF-1 (also known as CXCL12), is constitutively released from
endothelial and osteoblastic cells of the niche and the receptor, CXC chemokine
receptor 4 (CXCR4) is present on the surface of HSCs (Peled et al., 1999; Lapidot et al.,
2005; Kortesidis et al., 2005). This chemokine is involved in the mobilisation,
migration and retention of HSCs, and expression from stromal cells can be induced
upon haematopoietic injury or myeloablation (Ponomaryov et al., 2000; Ara et al.,

2003). Such properties have been exploited in modern BM transplant procedures.

7|Page



%

7

/

Q/!

3P7
31

7P 2

FG:

vz

)



%

<# + _ N
1 *6
1M*3
L] 7 +BR #
E E 44
7 O NTL7TT77
%
%
< 77 7 +
. #0101
<l . 6 ¢
+ ) :Q %
6 M 3
< 6 6664 b33
17 6)P

M
6 CrT
v 0< #
% %

- B# %% .
# P
)6 ") %
@ c 1 <# #
> # 3 7" # # #
+
& # 7 ( ! +
" % ! $ %<? V 7 U *6V )
* )V U *) %V *) %U 9V *>
# 9%? U M 9 V M ( u M 3V
M 7 ( 3U >%:V ( U I1M*3V & *3I
\% U 6 % V # # U 9>%
# 7 7U 9)V  +7 7 7
U %):V 7 ( U 1)<V U )6l
7D ( U )9 Vv U ): Vv ( U ))
Y ' 7 u)'vVv u >V 7 U
% V 7 # U <1V 7
<7 7 & U '6A7 V ( U C %
! # 7 # U C9%3V I 3U 4,V #
+ ! ! " %



Introduction Chapter 1

1.1.3 The transcriptional control of haematopoiesis

The determination of lineage fate and subsequent differentiation of haematopoietic cells
is primarily under the control of transcription factors (TF). TFs are a group of proteins
that recognise and bind specific DNA sequences of a gene with the net effect of
activating or suppressing gene expression. Generally, TFs are classified according to the
type of DNA binding domain they harbour (e.g. the zinc finger domain carried by such
TFs as specificity protein 1; SP-1), and typically genes that share a similar pattern of
regulation share common regulatory elements (Latchman, 1997). TFs mediate their
effects on gene activity through interaction with components of the basal transcriptional
complex (RNA polymerase II, transcription factor for polymerase II (TFII) A-H,
chromatin remodelling complexes and histone acetylases) thus influencing the ability of
this complex to transcribe primary gene messenger RNA (mRNA) from DNA. TFs are
able to govern lineage development in normal haematopoiesis by transcribing the
specific genes necessary to develop the distinct morphological and biochemical
phenotype of each lineage. This is achieved by promoting gene expression associated
with one lineage whilst suppressing genes relevant to an alternative lineage (see below).
The importance and intricate regulation of TFs in normal haematopoietic development
is affirmed by the prevalence of TF abnormalities in haematological malignancies such

as AML (see section /.2.2).

A plethora of TFs have been identified for their role in directing lineage-specific
commitment (reviewed by Shivdasani and Orkin, 1996 and Tenen et al., 1997) and
some of the best characterised are outlined in Table [.1. Of particular interest for
myeloid development, is the complex relationship between GATA-binding protein 1
(GATA-1) and PU.1 (also known as spleen focus-forming virus proviral integration
oncogene-1; Spi-1) which govern the transcriptional ‘check-point’ between erythroid
and myeloid commitment respectively. GATA-1 is a zinc-finger domain transcription
factor that is able to bind and repress PU.1 in order to suppress myeloid differentiation
and promote erythropoiesis (Nerlov et al., 2000). Consistent with this GATA-]
expression is up-regulated in erythroid cells and concomitantly suppressed in committed
myeloid precursors (Sposi et al., 1992). Furthermore, loss of GATA-1 expression both
in vitro (Weiss et al., 1994; Pevny et al., 1995; Weiss and Orkin, 1995), and in vivo
(Pevny et al., 1991; Simon et al., 1992) leads to a loss of erythropoiesis. GATA-1 is
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able to mediate erythropoiesis through transcription of genes indispensable for red cell
development, such as the upregulation of globin proteins (Orkin, 1992) and the EPO
receptor (Zon et al.,, 1991). Interestingly, GATA-1 is able to maintain these
developmental stimuli on a continuous automated feedback loop through self-

transactivation of its own promoter (Tsai et al., 1991).

For HSCs to commit to myeloid development the converse is the case; GATA-I
expression is suppressed whilst PU.1 is upregulated (Lee et al., 1991; Sposi et al., 1992;
Voso et al., 1994; Pevny et al., 1995). Consistent with this, enforced expression of
GATA-1 in multi-potent progenitor (MPP) cells leads to a block in myeloid
development (Kulessa et al., 1995). PU.1 is a member of the Ets family of TFs (Klemsz
et al., 1990) and its elevated expression is observed in various myeloid cells including
monocytes, macrophages and granulocytes (Chen et al., 1995b). Loss of PU.1 itself
causes haematopoietic deficiencies in vivo, and mice die shortly before birth with a lack
of monocytes and granulocytes (Scott et al., 1994). Like GATA-1, PU.1 is able to
positively regulate its own expression, and thus that of other myeloid-specific genes,
through its ability to transactivate its own promoter (Chen et al., 1995a). PU.1 is in
transcriptional control of a number of genes critical for early myeloid differentiation
cues including the receptors for macrophage - colony stimulating factor (M-CSF)
(Zhang et al., 1994a), granulocyte macrophage - colony stimulating factor (GM-CSF)
(Hohaus et al., 1995), and granulocyte - colony stimulating factor (G-CSF) (Smith et
al., 1996), as well as markers of mature myeloid cells such as CD14 (Zhang et al.,
1994b), CD11b (Pahl ef al., 1992) and the macrophage scavenger receptor (Horvai et
al., 1995). Therefore, the interaction between GATA-1 and PU.1 represents a well
characterised mechanism of how transcriptional activation and suppression are
necessary for haematopoietic lineage-commitment and development. A summary of this

concept encompassing the influence of growth factor signalling is shown in Figure 1.5.
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Introduction Chapter 1

proteins are able to mediate their effects through specific receptors on target cells at
very low concentrations in a para-, endo- or auto-crine fashion. For example, stem cell
factor (SCF) and FMS-like tyrosine kinase 3 ligand (FLT-3L) act predominantly on
pluripotent HSCs, CMP’s and CLP’s to mediate proliferation of these subsets
(Hoffbrand et al., 2005a). GFs and cytokines are also capable of working synergistically
with one another in order to generate effects on target cells. An example of this would
be the ability of G-CSF and TPO to augment the effects of SCF, FLT-L, and GM-CSF
on the survival and proliferation of MPPs. GFs and cytokines mediate their effects on

transcription via signalling cascades.

1.1.3.2 Overview of cell signalling pathways in haematopoiesis

Signal transduction is an evolutionary conserved mechanism allowing an immediate
genetic response to changes from the external environment. Invariably, a common
mechanism is shared between pathways whereby transmembrane receptor and ligand
interactions result in the phosphorylation and conformational change of downstream
cytosolic proteins, with the ultimate effect of DNA binding by TFs. In haematopoiesis,
the pathway by which GFs and cytokines mediate their developmental effects has been
well characterised (Robb, 2007). Typically, these proteins bind the extracellular domain
of class-I or class-II cytokine receptors resulting in a conformational change. The
alteration in the intracellular domain of the receptor causes activation of bound tyrosine
kinases, like the janus associated kinase family (JAK). JAK then phosphorylate
members of the signal transducer and activator of transcription (STAT) family, resulting
in dimerisation and nuclear translocation, where they serve as TFs for lineage-specific
genes. Alternatively, receptor tyrosine kinases such as FLT-3 and c-kit (SCF receptor)
exist which are capable of directly phosphorylating downstream targets such as
phosphoinositide 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK)
(reviewed by Doepfner et al., 2007) when bound to the relevant ligand. JAK family
members may also induce anti-apoptotic and proliferative responses. For example, JAK-
mediated activation of protein kinase B (PKB), results in an anti-apoptotic response
through phosphorylation and inactivation of BAD (pro-apoptotic) protein. Alternatively,
JAKs also initiate a proliferative response by stimulation of Rat sarcoma (RAS), RAF
and MAPK to induce myelocytomatosis oncogene (myc) and FBJ murine osteosarcoma

viral oncogene homolog (FOS) TFs (Hoffbrand et al., 2005a).
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Aside from JAK/STAT signalling, additional well-established pathways and their
effector molecules have been implicated in the normal development of haematopoietic
cells. These include Wnt, Notch, Sonic hedgehog (SHH), mothers against
decapentaplegic-related homologue (Smad) and epidermal growth factor (EGF)
signalling pathways and have been reviewed by others (Rizo et al., 2006; Blank et al.,
2008; Campbell et al., 2008). Components within these cascades communicate in much
the same manner as previously described but utilise distinct TFs to activate/suppress
target genes. Typically, these pathways can autoregulate themselves either positively by
transcribing promoter molecules, or negatively by transcribing inhibitory molecules.
These signalling cascades regulate important processes in haematopoietic cells
including survival, proliferation, self-renewal and differentiation. Specifically, the Wnt
pathway has been shown to be important for the self-renewal of HSCs (Reya et al.,
2003), whilst SHH signalling appears to be vital for lymphoid differentiation (El ef al.,
2006). The regulation of haematopoietic cells by signalling pathways is complicated by
the finding that several pathways can interact to mediate a developmental phenotype.
Such molecular cross-talk was identified between the Wnt and notch pathways which
could converge to maintain the HSC pool (Duncan et al., 2005). The overall importance
of signal transduction networks in normal haematopoietic development is underlined by
the observation that so many, like runt-related transcription factor 1 (RUNX-1), are
dysregulated in haematological malignancies such as AML (Majeti et al., 2009) (see

also section 7.2.2.1).
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Introduction Chapter 1

1.2 Acute myeloid leukaemia

1.2.1 Overview

AML is a heterogeneous clonal disorder of HSC and haematopoietic progenitor cells
(HPC) with a UK prevalence of 3.4 cases per 100,000 (Milligan et al., 2006). It
represents the most common malignant myeloid disorder in adults, and the median
presentation age of 65 years makes it predominantly a disease of the elderly (Dombret et
al., 2008) (Figure 1.64). The disease is characterised by the rapid accumulation in the
BM and peripheral blood of dysfunctional ‘blasts’, which are developmentally arrested
during myeloid differentiation, and thus prevented from generating functionally mature
myeloid cells (Figure 1.6B and C). The acute onset of this disease means, if left
untreated from diagnosis, death would occur in less than a year through anaemia (lack
of erythrocytes), infection (lack of immune cells such as neutrophils), bleeding (lack of
platelets) or major organ infiltration. AML is typically diagnosed through a range of
clinical tests including full blood counts, blood cell morphology, cytogenetic analyses
(chromosomal arrangement), flow cytometric measurements (of surface marker
expression) and polymerase chain reaction (PCR) assessment of molecular
abnormalities (such as DNA mutations). AML can be further subdivided using two

different classification systems (see /.2.3.2).

Risk factors for AML acquisition include exposure to benzene, ionising radiation and
cytotoxic chemotherapy (Estey and Dohner, 2006). Indeed Japanese survivors of the
atomic bombs (Nakanishi et al., 1999), workers in the nuclear industry (Cardis et al.,
1995) and flight crews of commercial aircraft (Gundestrup and Storm, 1999), have all
been associated with an increased susceptibility to AML. Genetic predisposition is a
further risk factor for AML that is beyond human control. AML can either be primary
(de novo) or secondary, developing through existing haematological disorders (e.g.
myelodysplastic syndrome; MDS) or through previous chemotherapeutic treatment of
cancer (10-15%). Current treatment strategies in AML (see /.2.4.]) generally involve
the infusion of cytotoxic agents with the aim of achieving a complete remission (CR)
through reduction of the blast count, and restoration of normal circulating neutrophils

and platelets.
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Introduction Chapter 1

1.2.2 Pathophysiology of AML

Given that more people have been exposed to AML risk factors, than have actually
developed the disease suggests a genetic predisposition is necessary. Evidence for this
exists with the genetic variation prevalent in the genes of benzene detoxifying enzymes
such as the cytochrome P450 family or NAD(P)H quinine oxidoreductase 1 (NQO1)
(Smith, 1999; Bowen ¢t al., 2003; Barragan et al., 2007). Indeed, the accumulation of
genetic lesions throughout a lifetime, combined with the reduced capacity to rectify

them, is believed to explain the increased prevalence of AML in the elderly.

Since Knudson’s original ‘2-hit’ hypothesis which suggests multiple genetic mutations
are required for cancer development (Knudson, Jr., 1971), Kelly and Gilliland have
extended this further proposing multiple fypes of genetic lesion are also required for
leukaemogenesis (Kelly and Gilliland, 2002). In AML, it is thought that an initiating
event, often a chromosomal translocation, occurs in primitive HSC/HPC. A
translocation such as t(8;21) (leading to the generation of the RUNX-1/ETO fusion
protein, see section /.2.2.]) can perturb normal differentiation programmes but is
insufficient to generate leukaemia in vivo (Downing, 2003). Instead, this initiating event
confers the necessary advantages required for a pre-malignant clone to acquire the
further genetic lesions required for transformation. Such additional genetic mutations
include those capable of constitutively activating intracellular signalling such as RAS,
or receptor tyrosine kinases like FLT-3, which provide the survival or proliferative

stimuli necessary for the malignant clone to dominate.

There is overwhelming evidence supporting the above proposed pathophysiology of
AML. The very existence of MDS is a testament to the requirement of multiple genetic
lesions in AML. MDS is generally regarded as a ‘pre-leukaemic’ syndrome, which
displays many of the same haematopoietic abnormalities and symptoms, albeit with
slower evolution. Should the patient survive long enough, this condition often develops
into AML which is generally attributed to the acquisition of further transforming genetic
mutations. The requirement for an early initiating event in AML is evidenced by the
detection of chromosomal translocations in haematopoietic cells which remain stably
retained no matter what the treatment outcome (remission or relapse). The RUNX-
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1/ETO fusion transcript is one such abnormality that has been frequently detected in
haematopoietic cells of patients even in long-term remission (Nucifora et al., 1993;
Miyamoto et al., 2000). Further studies of clonal evolution in acute lymphoblastic
leukaemia (ALL) by the Greaves lab have shown that whilst the intiating genetic lesion
like ETS variant gene 6 (ETV-6)/RUNX-1 remains stably expressed in all malignant
clones, the prevalence of additional gene mutations such as deletions of paired box
protein 5 (Pax-5) and B-cell translocation gene 1 (BTG-1) remain variable between
subpopulations of the malignant clone (Anderson et al., 2011). Finally, the requirement
for co-operating mutations in leukaemogenesis is clear from the observation that many
AMLs harbouring a core binding factor' (CBF) abnormality also frequently co-express
additional mutations such as c-kit (Care et al., 2003; Valk et al., 2004; Cammenga et
al., 2005; Cairoli et al., 2006; Schnittger et al., 2006). Despite the overwhelming
evidence described above clearly this is not the limit of complexity in AML
pathophysiology given that 50% of de novo AML patients present with an otherwise
normal karyotype (Grimwade et al., 1998).

1.2.2.1 Frequent genetic aberrations in AML

Frequent gene mutations involving transcriptional/signal transduction components have
been identified in AML (reviewed by Ravandi et al., 2007 and Dohner and Dohner,
2008), with the most frequent including Nucleophosmin-1 (NPM1), FLT-3, CEBPo, c-
kit, neuroblastoma RAS viral oncogene homolog (NRAS), Wilms tumour 1 (WT1),
brain and acute leukaemia cytoplasmic (BAALC), mixed-lineage leukaemia (MLL) and
ecotropic viral integration site 1 (EVI1). The mutational status of many of these genes
is now routinely assessed due to the prognostic influence in normal karyotype AML
(section 7/.2.3.3) and some have even become a therapeutic target given their

pathological role in AML.

' CBFs are a group of heterodimeric transcription factors composed of a DNA-binding RUNX-1, RUNX-
2 or RUNX-3 subunit (CBFa), and a non-DNA-binding CBFf subunit. CBFs are required for both
effective embryonic and adult haematopoiesis, and are frequently dysregulated in leukaemia (De Bruijn
and Speck, 2004). Disruption of CBF genes as seen in the chromosomal translocations t(8;21)(q22;q22)
or inv(16)(p13;q22) perturbs normal haematopoietic differentiation, and can co-operate with further
mutations to promote proliferation.

19|Page



Introduction Chapter 1

Of particular note, NPM1 mutations represent the most frequent and well characterised
molecular aberration in AML occurring in approximately 35% of AML cases but not
reported in any other cancer (Falini et al., 2005). NPM1 is a nuclear chaperone protein
that resides in the nucleoli of cells and can regulate the ARF-pS53 tumour suppressor
pathway. However, a mutation in exon 12 of the gene leads to its cytoplasmic
mislocalisation in AML blasts (Dohner and Dohner, 2008). Also of relevance in AML
are the frequent internal tandem duplications (ITD) mutations (20-30%) observed in the
FLT-3 gene (Gilliland and Griffin, 2002). Such mutations lead to constitutive activation
of tyrosine kinase activity and subsequent activation of downstream signalling pathways

responsible for proliferation and survival.

Chromosomal abnormalities like inversion of chromosome 16 (inv(16)), or reciprocal
translocations between chromosomes 15 and 17 (t(15;17)), and 8 and 21 (t(8;21)), have
also been well characterised in AML. For example the t(8;21) CBF abnormality leads to
fusion of the RUNX-1 gene on chromosome 21, with the eight twenty one (ETO) gene
on chromosome 8 generating the RUNX-1/ETO fusion protein. This abnormality is
present in 10-15% of de novo AML and 40% of the FAB M2 subtype. The RUNX-1
portion of the protein can bind DNA and heterodimerise with CBF@ as normal, but lacks
the transcription activation domains which are replaced with transcriptionally repressive
sequences of ETO (Meyers et al., 1993). This suppressive complex recruits additional
nuclear receptor corepressors (N-CoR), paired amphipathic helix protein (Sin3A) and
histone deacetylases (HDAC) which lead to the deacetylation of histones and chromatin
remodelling (Wang et al., 1998; Amann et al., 2001). Therefore, normal transcriptional
regulation by RUNX-1 in haematopoiesis is disturbed leading to reduced expression of
some developmentally significant genes such as myeloperoxidase (MPO), the receptor
for colony-stimulating factor 1 (CSF-1R), and the subunits of the T-cell antigen receptor
(TCR) (Downing, 1999). Interestingly, this fusion protein has also been associated with

transcriptional activation (Klampfer et al., 1996).

It is becoming increasingly apparent that epigenetics also plays a role in AML
pathology. Epigenetics is the alteration of gene expression unrelated to changes in the

DNA sequence. One example of epigenetic change is DNA methylation which is
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frequently dysregulated in tumourigenesis (Baylin and Herman, 2000). The addition of
a methyl group to a cytosine-phosphate-guanosine (CpG island) stretch of DNA, often
within the promoter region of a gene, renders that gene (typically tumour suppressors)
permanently silenced. Methylated promoters of various Wnt signalling inhibitors (e.g.
dickkopf-1; DKK1) have been discovered in AML no doubt contributing to the
dysregulation of this pathway observed in this disease (Griffiths et al., 2010).

Finally, the relatively recent and rapid emergence of microRNAs (miR) as important
mediators in AML pathology must also be briefly considered. miRs are short (~22
nucleotides) regulatory non-coding RNAs that are abundantly expressed in the human
genome and conserved across multiple species (reviewed by Zhao et al., 2010). miRs
are able to specifically repress gene expression through their incorporation into the
RNA-induced silencing complex (RISC) and subsequent guidance to the target mRNA,
which is degraded through mRNA cleavage or translational repression. Such regulation
is vital to normal haematopoietic processes such as differentiation, proliferation and
apoptosis, but deregulation is often observed in AML. For instance, Garzon et al. has
reported the upregulation of miR-107 in acute promyelocytic leukaemia (APL), which
specifically targets nuclear factor I/A (NFI-A), a gene important to normal CEBP-

mediated granulocytic differentiation (Garzon et al., 2007).

1.2.2.2 Leukaemic stem cells

Over the past two decades much excitement and controversy has surrounded the
proposed existence of leukaemic stem cells (LSC) in AML. LSCs have historically been
described as a rare subset of leukaemic cells which, through significant genetic damage,
have acquired the sufficiently dysregulated self-renewal capacity necessary to both
establish and maintain a malignant clone. They are typically defined by a primitive
HSC-like phenotype (i.e. CD34") with the ability to initiate leukaemia when
xenografted into immuno-suppressed mice. Despite the seemingly detailed
characterisation of LSCs conflicting evidence exists over the origin, function and

therapeutic potential of these cells in AML.
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Evidence for the existence of an LSC population in AML was initially provided through
the experiments of Lapidot and Dick in the 1990’s which demonstrated that only
specific subsets of the bulk AML clone (Lin'CD34'CD38" and not Lin'CD34"'CD38")
could successfully re-establish the disease when infused into sub-lethally irradiated
mice (Lapidot et al., 1994; Bonnet and Dick, 1997). However this work has since been
challenged by the findings of Taussig and colleagues who showed that the CD38
antibodies used to purify such populations can in fact hinder the engraftment potential
of these cells (Taussig et al., 2008). Indeed, when such inhibitory factors were removed,
the CD34"CD38" fraction of AML samples was found to contain most, if not all,

leukaemia intiating cells (LIC).

There are also limitations to the murine xenograft model as a system for assaying LSC
activity. Indeed, rather than an assessment of LIC capability, this model could merely
assess the ability of certain cells to engraft mice. In support of this it has been found that
APL blasts, and indeed a significant proportion of other AML samples, fail to engraft at
all, suggesting this system cannot efficiently model all LIC subsets (Bonnet and Dick,
1997). Interestingly, the vast majority of melanoma cells engraft this model (Quintana e¢
al., 2008). Whilst this could reflect a higher number of LSC/LIC in different tumours,
this could also represent the variability in different cell types to engraft this model.
Furthermore, the engraftment potential of certain cells can be influenced by the dose
and site of inoculation (Yahata et al., 2003; Wang et al., 2003; Chabner et al., 2004; Liu
et al., 2010). '

Further work from the Dick lab has proposed that LSCs are analogous to normal CD34"
HSCs (quiescence, high self-renewal potential, residence in the BM niche, phenotype)
and hence are likely derived from them. Tracking of human LSCs in NOD-SCID mice
showed heterogenous self-renewal potential leading the author to conclude that AML,
similar to normal haematopoiesis, is organised hierarchically with self-renewing LT-
LSCs with high LIC capacity, giving rise to leukaemic progeny with reduced self-
renewal potential and LIC capability (Hope et al., 2004). Although stem cell
characteristics are indispensible for leukaemogenesis, it is not necessarily CD34" HSC

themselves which represent the transformed LIC population. This is evidenced by the
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fact intiating mutations such as the t(8;21) translocation have been observed in non-
leukaemic cells (Miyamoto et al., 2000; Downing, 2003). Also a substantial number of
AML cases (including most NPM1 mutated AML) exhibit very little or no CD34
positivity suggesting the LSC/LIC population must contain considerably more
heterogeneity than originally defined. Indeed much evidence now exists showing LIC
capability at the level of committed myeloid progenitors (Jamieson et al., 2004;
Goardon et al. 2011). CD34"CD38" granulocyte-macrophage progenitors in chronic
myeloid leukaemia (CML) demonstrate greater self-renewal capacity than their normal
counterparts and also expand more significantly than the CD34"CD38 HSC pool during
disease progression (Jamieson et al., 2004). Furthermore the t(15;17) abnormality
encoding the promyelocytic leukaemia/retinoic acid receptor alpha (PLM/RAR@) fusion
product in APL has been detected in CD34'CD38" cell populations and not in the HSC
enriched CD34"CD38" subset (Turhan ef al., 1995) potentially explaining this subtype’s

failure to engraft.

The emergence of the LSC concept has provoked much optimism into the potential for
therapeutic targeting in AML. Indeed the failure of current therapeutic regimens to fully
eradicate LSC or LIC populations still represent the best explanation as to why so many
patients relapse following CR or BM transplantation. However, clonal evolution
experiments by Mel Greaves (see above /.2.2) have demonstrated that this strategy may
be more difficult than first anticipated. These studies show that although the founding
genetic mutation is stably retained fhroughout the malignant clone, differing selective
(Darwinian) pressures within the leukaemic environment can lead to genetically and
phenotypically distinct LIC subpopulations. Such clonal evolution means that if LSCs
truly exist then they are likely to represent an elusive, continually moving target, rather

than a fixed entity (Greaves, 2010).
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1.2.3 Diagnosis, classification and prognosis in AML

1.2.3.1 Diagnosis

Traditionally, a diagnosis of AML was made upon presentation of BM containing 30%
blasts in the BM or peripheral blood, using cytomorphological techniques of the FAB
classification system (Estey and Dohner, 2006). The more recent World Health
Organisation (WHO) classification lowers the threshold to 20% provided the AML blast
population exhibits myeloid origin (CD13"CD33") or is present with atleast one known
cytogenetic abnormality (see /.2.3.2 below).

1.2.3.2 Classification

Although AML is generally referenced as a single disease, it is heterogeneous and better
resembles a collection of myeloid malignancies. In acknowledgement of this, two
classification systems exist to address the distinct genetic, biochemical and

morphological subsets of this disease.

The first and oldest FAB classification (Figure 1.7A4) uses cytochemical techniques such
as May-Griinwald-Giemsa staining to subtype AML according to blast morphology.
AML is then classified by the extent of myeloid differentiation exhibited by the bulk
blast population, with MO representing the most undifferentiated blasts, through to the
extensive megakaryocytic differentiation exhibited by the M7 variant. This system
remains popular with developmental haematologists attempting to model the disease in
vitro, since it provides information on the extent of differentiation prior to

transformation.

This system has now been largely superseded by the recently updated 2008 WHO
classification of AML which now incorporates all available clinical information
including the cytogenetic, immunophenotypic, morphological and molecular properties
of the disease (Vardiman et al., 2009). From this it defines four major categories of

AML as shown in Figure 1.7B. This allows a more accurate diagnosis of the subtype of
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AML which has become increasingly vital given the emergence of genetically tailored

therapeutics.

1.2.3.3 Prognosis

Major prognostic factors in AML include response to initial treatment, age, cytogenetic
status, WBC count, secondary disease (e.g. from MDS, which results in more
aggressive and resistant disease), and serum albumin, bilirubin and creatinine level

(Estey and Dohner, 2006).

Performance status is a highly relevant predictor of therapy-related death. Using the
Zubrod scale, the general patient health prior to induction is assessed on a 6-point scale
from O (unaffected health), through to 4 (bed-bound) and 5 (death) (Estey and Dohner,
2006). Unsurprisingly, higher performance status scores are associated with a higher

rate of treatment-related mortality.

Age is powerful predictor of resistant disease in AML. Despite significant progress in
the survival of young adults (<60 years old) with AML, relatively little progress has
been made in the last 40 years for elderly patients. Data from the UK Medical Research
Council (MRC) AML trials (Figure 1.8), shows around 50% of young patients achieve
a long-term ‘cure’ (=5 years), which halves for patients between 60-69 years and is less
than 10% for patients 70 years or older. Major obstacles to CR in elderly patients
include more aggressive and resistant disease (due to higher frequencies of acquired
chromosomal aberrations and DNA mutations), and poor tolerance of intensive

treatment regimes.

Cytogenetics provide a reliable predictor of treatment outcome in AML, such that
established abnormalities can be categorised as adverse, intermediate or favourable for
prognosis (Figure 1.7C). Approximately 60% of AML patients present with a
karyotypic abnormality prior to treatment (Mrozek et al., 2001), and large-scale AML

patient studies by Grimwade ef a/ have characterised the clinical relevance of such
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abnormalities (Grimwade et al., 1998; Grimwade et al., 2001). For example, AML
harbouring a CBF abnormality such as t(8;21) or inv(16) are highly responsive to
chemotherapy and yield higher CR rates with longer overall survival. However patients
with a complete deletion of chromosome 5 (-5) or chromosome 7 (-7), or complex
karyotypes of multiple aberrations are linked with poor response to treatment, and often
present in old age. Curiously, the largest cytogenetic group in AML is a normal
karyotype (intermediate risk). In this instance, specific molecular mutations (such as
those described in section /.2.2.7) are highly predictive of outcome. Indeed the NPM1
and CEPBa mutations carry such accurate prognostic power (higher CR rate, longer
survival, and improved event-free survival; (Frohling et al., 2004; Dohner et al., 2005)
that they have been recently included as a provisional entity in the WHO classification
of AML (see Figure 1.7B). The presence of multiple molecular mutations can
complicate the prognosis in AML. For example the otherwise favourable prognosis of
an NPM1 mutation is all but abrogated when present with a FLT3-ITD (Dohner et al.,
2005; Thiede et al., 2006). Furthermore, some of these individual gene mutations are
capable of conferring a worse prognosis in otherwise favourable cytogenetic risk
groups, as exemplified by the c-ki¢ mutation in t(8;21) leukaemias (Schnittger et al.,
2006; Paschka et al., 2006).
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1.2.4 Treatment for AML

1.2.4.1 Current treatment strategies

The standard treatment for AML in the UK involves the use of chemotherapeutics with
the aim of reducing the bulk leukaemic blast population and inducing a long-term CR
(defined as <5% blasts in a bone marrow displaying maturation of other lineages; (Gale
et al., 2005)). Typically, these cytotoxic agents are non-specific in action and target
specific cellular process (e.g. DNA replication) active in both blasts and normal cells.
This leads to the considerable toxicity and side-effects associated with chemotherapy
including alopecia, nausea, vomiting, immune-suppression and infertility. An example
of such an agent includes the anthracyclines, which are a class of eukaryotic antibiotics
with broad anti-tumourigenic activity. They work by intercalating DNA preventing its
replication and subsequent transcription, thus inducing apoptosis in targeted cells (Pratt
WB and Ruddon RW, 1994).

The induction therapy for most AML patients (except the acute promyelocytic M3
variant) over the last two decades has been the standard ‘3+7° regimen (Appelbaum et
al., 2001). This involves a combination of the anthracycline daunorubicin (45mg/m2
intravenously for 3 days) with the anti-metabolite cytarabine (AraC; 100mg/m’
continuous infusion over 7 days). This regimen has been capable of inducing CR rates
of 65-75% in adults aged 18-60 years (Tallman et al., 2005). Patients failing to achieve
a CR, or relapsing shortly after, may be considered for an autologous (self) or allogeneic
(matched donor) bone marrow transplant. This procedure involves sub-lethal
obliteration of the existing BM followed by infusion of normal CD34" HSCs. The
instinctual ability of these cells to home to the bone marrow niche should reconstitute a
new healthy haematopoietic system. However, in reality, this procedure is met with
frequent relapse, and the severe toxicity and potentially morbid effects of graft versus

host disease (GVHD), restrict this option only to the fittest patients.

The lack of progress in survival rates from elderly patients with AML over the last 40
years (Figure 1.8C), has led many experts to conclude that current chemotherapeutic

regimens have reached ‘the end of the road’ in terms of treatment efficiency. The
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genetic and molecular heterogeneity exhibited in AML means a more targeted approach
to specific aberrations within the patient is now required. The Wnt signalling pathway is
one such target that has rapidly accumulated interest of late because of its frequent

dysregulation in AML.

1.3 Wnt signalling

1.3.1 Overview

Whnt signalling is an evolutionary conserved pathway critical for normal developmental
processes in both the embryo and adult, including cell growth and differentiation. The
human genome encodes for a total of 19 Wnt genes, which are all members of a lipid-
modified family of secreted glycoproteins (Clevers, 2006). All are capable of activating
the multiple pathways which comprise Wnt signal transduction when bound to their
cognate receptor complex, with the net result of downstream Wnt target gene activation.
At least three different intracellular signalling pathways are recognised to emanate from
a Wnt stimulus. These include the well characterised canonical pathway, and the lesser
understood planar cell polarity (PCP) and Wnt-Ca’* non-canonical pathways (Staal et
al., 2008). Only the canonical pathway will be described further here given the central

involvement of catenin molecules, which have particular relevance to this study.

In the absence of a Wnt signal, the canonical Wnt pathway is maintained in a state of
suppression (Figure 1.94) through continual degradation of the central mediator, 3-
catenin. In this state, B-catenin is bound by a catenin destruction complex (CDC)
consisting of casein kinase 1 (CK-1), glycogen synthase kinase 3 beta (GSK-30), axis
inhibition protein 1 (Axin-1) and adenomatous polyposis coli (APC). This complex
phosphorylates 3-catenin on Serine 45 (Ser) by CK-1 and then on Ser33, Ser37 and
Threonine 41 (Thr) by GSK-383, generating recognition sites for the (3-transducin-
repeat-containing protein (8-TRCP) (Aberle et al., 1997; Orford et al., 1997). This
protein tags (-catenin with ubiquitin molecules ultimately targeting it for proteasome-
mediated degradation in the cytoplasm (Salomon et al., 1997; Kitagawa et al., 1999;
Hart et al., 1999). In the nucleus, the transcription factor TCF suppresses Wnt target

gene activation by forming a repressor complex with members of the groucho (GRG)
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family of transcriptional repressors, C-terminal binding protein (CtBP) and HDACs
(Roose et al., 1998).

The canonical pathway is activated (Figure 1.9B) upon binding of a Wnt ligand, such as
Wnt3A, to a transmembrane receptor complex consisting of the frizzled (FZ) family of
G protein-coupled receptors, and the low density lipoprotein receptor-related protein
(LRP) family of multifunctional endocytic receptors. Activation of this complex leads to
the recruitment of dishevelled (DVL) which in turn assists CK-1 and GSK-38 in the
phosphorylation of LRP5/6 (Zeng et al., 2005; Zeng et al., 2008). The phosphorylated
residues of LRP5/6 provide ‘docking’ points for Axin-1 which subsequently dissociates
from the CDC, and re-locates to the plasma membrane. This ultimately causes the
failure of all CDC components to assemble (through a mechanism that is incompletely
understood) and so 3-catenin is not phosphorylated or degraded. Instead the cytoplasmic
pool of signalling competent (-catenin accumulates, culminating in its eventual
translocation to the nucleus through a largely unknown mechanism. Here, (8-catenin is
able to activate Wnt target genes by displacing groucho repressors on DNA and binding
the high-mobility group (HMG) family of nuclear proteins TCF and LEF in a complex
also requiring B-cell CLL/lymphoma-9 protein (BCL-9) and pygopus (Kramps et al.,
2002; Thompson, 2004; Townsley et al., 2004a; Townsley et al., 2004b). The
architectural TCF/LEF transcription factors serve to physically bend DNA and permit
the association of the DNA-protein complexes necessary for gene transcription. Well
characterised gene targets of TCF/LEF-mediated Wnt/B-catenin signalling include c-
myc (He et al., 1998), cyclinD1 (Shtutman et al., 1999), survivin (Zhang et al., 2001;
Kim et al., 2003a), CD44 (Wielenga et al., 1999), and TCF-1 (Roose et al., 1999).

The canonical pathway is also negatively regulated at varying stages of the cascade. The
binding of Wnt ligand to the FZ and LRP activation receptors is antagonised by the
presence of soluble decoy proteins in the extracellular matrix (Kawano and Kypta,
2003). Inhibitory proteins such as DKK1, Wnt inhibitory factor (WIF), soluble frizzled-
related protein (sFRP), and norrin are capable of binding, but not transducing, a Wnt
stimulus. Within the nucleus, B-catenin mediated transcription is inhibited by

sequestration of B-catenin from TCF/LEF complexes by the (-catenin-interacting
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protein (ICAT) (Daniels and Weis, 2002). Finally, alternative splicing of the TCF gene,
in particular TCF-1, can also regulate the sensitivity of the cell to Wnt signals. Longer
forms of the transcription factor harbour the amino-terminal required to bind catenin,
whilst shorter forms lack this domain and subsequently function as endogenous

transcriptional repressors (Van de Wetering M. et al., 1996).
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1.3.2  Wnt signalling in normal haematopoiesis

The Wnt pathway is known to regulate the fate and function of many different cell types
(reviewed by Clevers, 2006 and Cadigan and Peifer, 2009), and evidence over the last
15 years has established that this pathway is also active in normal haematopoiesis (Staal
and Luis, 2010). A number of studies have indicated that haematopoietic cells can both

receive, and respond, to various Wnt stimuli under normal homeostatic conditions.

Initial studies by Austin et al found various components of the Wnt pathway expressed
early in murine haematopoiesis including FZ receptors and the Wnt proteins, Wnt5A
and Wntl10B (Austin et al., 1997). Furthermore the in vitro culture of HSCs in Wntl,
Wnt5A and Wnt10B conditioned medium lead to the substantial expansion of these
cells, suggesting the Wnt pathway conferred survival and proliferative advantages to
this population. Subsequent investigations from Van den Berg et al characterised the
expression of various Wnt genes active in human haematopoiesis (Van den Berg ef al.,
1998). Wnt2B, Wnt5A, and Wnt10B were found expressed in bone marrow stroma and
variably in multiple haematopoietic lineages including lymphocytes, myeloid and
erythroid cells. Interestingly, only Wnt54 was expressed in the Lin'CD34" HSC/HPC
population, which was once again significantly expanded in the presence of Wnt-
producing stroma. These primitive cells were also found to express atleast 6 members of
the FZ family of Wnt receptors. Since these initial studies further reports have
confirmed both the expression and influence of various Wnt components on normal
haematopoietic cells (Reya et al., 2000; Hackney et al., 2002; Murdoch et al., 2003;
Willert et al., 2003; Wagner et al., 2005; Dosen et al., 2006; Congdon et al., 2008;
Sercan et al., 2010; Gallagher et al., 2010). In particular, much interest has surrounded

the influence of Wnt signalling within the HSC niche.

Although not completely characterised, there is much evidence to support active Wnt
signalling within the BM niche. Indirectly, it is likely to affect HSC regulation through
its role in maintaining mesenchymal tissue, such as osteoblasts (Guo et al., 2004; Day et
al., 2005). Fleming and colleagues demonstrated a direct relationship in vivo through
targeted expression of the Wnt pathway inhibitor dickkopf-1 (DKK1) in the niche
(Fleming et al., 2008). Loss of Wnt signalling arising from DKKI1 overexpression
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caused increased cell cycling and reduced regenerative capacity of HSC following
transplant, leading the authors to conclude that Wnt signalling in the niche regulates
HSC quiescence and reconstitution function. Kim et al. used a different approach to
demonstrate Wnt importance in the niche (Kim et al., 2009). Enforced expression of 3-
catenin in the surrounding stromal cells promoted HSC self-renewal in a contact-
dependent manner, whilst direct stabilisation in HSC led to loss of this population.
Indeed, both Wnt receptors and $-catenin were expressed more highly in the BM stroma
than haematopoietic cells, and could be further induced through stimulation with
Wnt3A. Notch ligands were also enriched in Wnt/B-catenin activated stroma leading to
downstream activation of Notch signalling in HSCs suggesting cross-talk between these

pathways within the niche.

Evidence for a direct role of Wnt signalling in haematopoietic cells is strengthened by
recent functional studies into various components of the pathway (reviewed recently by
(Staal and Luis, 2010)). For example, Wnt signalling is likely to be important for
lymphopoiesis given thymic T-cell development is perturbed upon overexpression of
the Wnt inhibitors ICAT (Pongracz et al., 2006) and sFRP (Staal et al., 2001).
Conversely, the proliferation of B-cells appears to be negatively regulated by the Wnt
signalling agonist, Wnt3A (Dosen et al., 2006). Inhibition of the Wnt CDC constituent
GSK-38 has been shown to promote the self-renewal and reconstitution capacity of
HSCs in vivo indirectly through its influence on (-catenin level (Trowbridge et al.,
2006; Holmes et al., 2008). The downstream transcriptional activators TCF/LEF have
also demonstrated relevance in a normal haematopoietic setting. Repression of the
downstream Wnt transcriptional activator, LEF-1, was shown to inhibit proliferation
and induce apoptosis in CD34" progenitor cells (Skokowa et al., 2006). Mice deficient
in TCF-1 demonstrate severe thymocyte abnormalities with a reduction in overall
thymocyte number, and a block in differentiation between transition from immature
CD8+ precursors to more mature CD4+CD8+ T-cell lymphocytes (Verbeek et al.,
1995). Finally, the manipulation of differing exogenous Wnt proteins is capable of
altering the course of haematopoietic development. Depletion of Wnt3A reduced the
number and repopulation capacity of HSC/HPC, whilst further reducing the frequency
of myeloid progenitors (Luis et al., 2009). Furthermore, loss of Wntl1 caused the

domination of vacuolated macrophages during in vitro culture of HPC, at the expense of
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red cells and monocytes (Brandon et al., 2000). These linecages were rescued by re-
addition of Wnt11 and Wnt5A, and can actually stimulate the reverse phenotype when
over-concentrated, implying that a fine balance of exogenous Wnt proteins is required

for normal haematopoiesis.

Arguably the most disputed function of a Wnt signalling component in normal
haematopoiesis is that of the central mediator (-catenin. A host of studies have
demonstrated Wnt/(-catenin signalling is vital in mediating the survival and self-
renewal of HSC (Reya et al., 2003; Willert et al., 2003; Jamieson et al., 2004; Zhao et
al., 2007; Holmes et al., 2008; Kim et al., 2009; Nemeth et al., 2009). However, other
studies have contradicted these findings by demonstrating that constitutively activated
B-catenin in HSC impairs multi-lineage differentiation and completely exhausts the
HSC pool (Baba et al., 2005; Baba et al., 2006; Kirstetter et al., 2006; Scheller et al.,
2006). To further complicate the picture, the constitutive deletion of 3-catenin, and or
the close homologue y-catenin, in HSC did not affect the ability of these cells to fully
reconstitute a normal haematopoietic system when transplanted into irradiated mice
(Cobas et al., 2004; Jeannet et al., 2008; Koch et al., 2008). Interestingly, TCF/LEF
activation remained intact in these cells suggesting the existence of other catenin-like
molecules that can also bind these transcription factors and even compensate in the
absence of catenin. The disparate results arising from these many investigations has
been suggested to arise from the considerable variation in the experimental approaches
adopted to generate them (Staal and Luis, 2010). Although the precise role of
individual Wnt signalling components requires further elucidation, it seems undeniable
that Wnt signalling and its strict regulation are indispensible for normal, healthy

haematopoiesis.

1.3.3 Dysregulated Wnt signalling in AML

The importance of Wnt signalling to normal development makes this pathway an ideal
target during malignant transformation. Indeed, its dysregulation has been reported in
many epithelial cancers (reviewed by others (Polakis, 2000; Giles et al., 2003)) and
there 1s much evidence, although some still controversial, pointing to its dysregulation

in AML.
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A landmark study by Majeti et al compared the gene expression profiles between
normal BM HSCs and AML LSCs and identified the Wnt signalling pathway as
aberrantly regulated (Majeti et al., 2009). It must be noted however that very small
patient numbers were used (<10 per comparison), and CD34 positivity was adopted as
the only LSC marker which remains controversial (as previously discussed /.2.2.2). A
recent study by Wang et al identified the Wnt/B-catenin axis to be vital in mediating the
self-renewal and survival of murine LIC (Wang et al., 2010). In particular, activation of
Whnt/B-catenin signalling was suggested to represent the mechanism by which certain
oncogenes can transform even committed progenitors. However, caution must be
exercised when comparing this to human AML-initiating cells since the oncogenes used
in this murine model (Meis homeobox la (Meisla) and homeobox A9 (HoxA9)) are

rarely implicated in human AML.

Further dysregulation of Wnt signalling components has been reported in myeloid
leukaemias including the soluble Wnt proteins Wnts1/2B/3A (Simon et al., 2005;
Kawaguchi-lhara et al., 2008), FZ-4 receptor (Tickenbrock et al., 2008), GSK-33 (De
Toni et al., 2006; Abrahamsson et al., 2009) LEF-1 (Li et al., 2004; Petropoulos et al.,
2008) and TCF-4 (Siti Sarah Daud et al., 2010). Using Western blotting or
immunohistochemical techniques, many studies have demonstrated the variable
expression of the central mediator $-catenin in primary AML blasts (Chung et al., 2002;
Serinsoz et al., 2004; Simon et al., 2005; Ysebaert et al., 2006; Xu et al., 2008; Chen et
al., 2009). The studies of Ysebaert, Xu and Chen et al were all able to further verify (-
catenin expression as a prognostic indicator of poor survival in AML patients. Despite
these findings, many of the above mentioned studies are hampered by relatively small
cohort sizes (typically < 80) which are too small to be definitive in such a
heterogeneous disease as AML. The study of Xu et al investigated another possible
level of B-catenin dysregulation in AML; namely the inappropriate nuclear localisation.
The detection of non-phosphorylated nuclear $-catenin (the only form which should
theoretically enter the nucleus) was detected immunohistochemically in nearly half of
all AML samples examined, implying aberrant transcriptional activity in AML.
However this study is once again hampered by small sample numbers and does not
declare how nuclear localisation compares with that of normal HSC/HPC. Given the

associated role of 3-catenin with self-renewal in normal HSC, it is conceivable that (-
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catenin would be expected in the nucleus of a HSC/HPC disorder. This concept was
taken further by the research of Simon er al, who proposed aberrant B-catenin
transcriptional activity in AML given the finding that leukaemic cells demonstrated
higher outputs from the TOPFLASH reporter (internal measurement of TCF/LEF
activity). However, the authors do not show how B-catenin correlates with TCF/LEF
activity, which becomes important given that TOPFLASH is non-specific for catenin-
TCF/LEF activation and other molecules are also capable of activating these
transcription factors. Furthermore this paper compares 3-catenin protein level in AML
blasts with that of normal progenitors which have been cultured in vitro for 6 days. Such
a comparison may be inappropriate given the lack of exogenous Wnt factors present in
culture medium which may influence B-catenin level within a normal in vivo setting.
Finally, methylation of Wnt negative regulators, such as WIF-1, DKK and sFRP have
also been identified in AML which would be predicted to elicit uncontrolled Wnt
signalling (Chim ez al., 2006; Valencia et al., 2009; Griffiths et al., 2010).
Unfortunately these studies mainly focus on the gene status of these Wnt inhibitors in
AML blasts and do not formally demonstrate inhibition at the protein level, or
hyperactivity of the Wnt pathway through B-catenin or TCF/LEF measurement. All
three studies are in agreement however, that methylation of Wnt negative regulators is

associated with an adverse prognosis in AML.

Well established gene mutations in AML such as FLT3-ITD may also mediate their
pathogenic effects through perturbatioh of Wnt signalling. Tickenbrock et a/ discovered
the FLT3-ITD mutation can induce expression of the FZ-4 receptor and (-catenin,
which could enhance the sensitivity of these cells to Wnt signal transduction
(Tickenbrock et al., 2005). The study by Simon et al, also noted high TCF/LEF output
in FLT3-ITD" AML but this did not reach significance given the high levels observed in
most patient samples regardless of FLT-3 status (Simon et al., 2005).

Finally, an additional Wnt signalling component has recently been identified as
dysregulated in AML (Zheng et al., 2004; Muller-Tidow et al., 2004; Tonks et al.,
2007). y-Catenin, a close structural and functional homologue of (-catenin, was

originally identified as dysregulated in AML by its overexpression (at mRNA and
38|Page



Introduction Chapter 1

protein level) in the presence of common AML translocation products such as RUNX-
1/ETO (Zheng et al., 2004; Muller-Tidow et al., 2004). Indeed these fusion proteins
were shown to be directly capable of activating the y-catenin gene promoter, and y-
catenin mRNA levels were significantly higher in fusion protein-positive primary AML
BM blasts. More extensive AML patient microarray studies from our laboratory
identified y-catenin mRNA expression as higher across the majority of AML FAB
subtypes, regardless of fusion protein status, in comparison to normal CD34" progenitor
cells (Tonks et al., 2007). The highest levels of y-catenin expression were observed in
patients with a CBF abnormality (t(8;21) or inv(16)). Collectively, these data suggested
that CBF abnormalities in AML mediate their pathogenic effects in part by disrupting
Wnt signalling through y-catenin activation. Such reports were the first to implicate y-

catenin within a haematopoietic context.

1.3.4 vy-Catenin

y-Catenin (aka plakoglobin, junctiori plakoglobin (JUP)), is a close structural and
functional homologue of 3-catenin and is a member of the armadillo protein family, an
evolutionary conserved group of proteins critical to normal physiological processes such
as cell signalling, adhesion and motility. Armadillo was originally discovered as a
segment-polarity gene vital for proper axis formation during Drosophila embryogenesis
(Peifer and Wieschaus, 1990). The identification of human y-catenin through immuno-
precipitation with cadherin protein showed it shared close amino acid sequence
homology with both Drosophila Armadillo (63%) and Xenopus [3-catenin (68%)
(McCrea and Gumbiner, 1991; Knudsen and Wheelock, 1992; Peifer et al., 1992).
Further work has shown that y-catenin protein is highly conserved amongst mammalian
species with mouse (Mus musculus), rat (Rattus norvegicus), cow (Bos taurus) and dog
(Canis familiaris) all sharing =98% amino acid sequence homology with the human
form®. Complete sequencing has shown it to span 745 amino acids, with a predicted
molecular weight of 82kDa (Franke et al., 1989). The y-catenin gene (CTNNG) is
located on chromosome 17921 (Aberle et al., 1995), and is subject to alternative

splicing. Nine different transcripts have been identified to date (see Sanger Ensembl

2 http://www.genecards.org/cgi-bin/carddisp.pl ?gene=JUP
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website®), nearly all of which are protein coding. Three of the transcripts encode the
full-length 745 amino acid sequence, with the rest encoding short variants (<300 amino
acids) with no known functional significance. Of note, an alternatively spliced form of
y-catenin has been identified harbouring a 120bp deletion leading to loss of the fourth
armadillo repeat and prevents its binding with protein partners such as APC and E-
cadherin (Ozawa et al., 1995a; Ozawa et al., 1995b). y-Catenin protein is known to be
regulated through the same post-translational modifications as are active for 3-catenin

protein (see below).

In addition, to the main constituents of the armadillo protein family (o-, 8- and y-
catenin) a further subfamily of armadillo repeat containing proteins have been described
including p120 catenin and é-catenin. However, these proteins as yet have no known
relevance to haematopoiesis and consequently will not be discussed further (for review

see McCrea and Park, 2007).

Armadillo proteins share a common structure including a highly conserved central
armadillo domain flanked by amino- (NH;) and carboxy (COOH) -termini (Hatzfeld,
1999). The central domain consists of 12 armadillo repeat regions (consisting of 45
amino acids each) that exhibit considerable sequence homology (~85%) between y- and
B-catenin molecules (Figure 1.10A). Crystallographic analysis has revealed this ‘arm’
repeat motif can fold into a tertiary structure composed of densely packed o-helices that
form a superhelix with a positively charged groove spanning the entire arm region
(Huber et al., 1997). This groove has been proposed to mediate the binding of many
common protein partners including o-catenin, cadherin, APC, Axin and TCF/LEF
transcription factors (Ben-Ze'ev and Geiger, 1998). The amino-termini of y- and (-
catenin share only modest similarity (Figure 1.10A), but both contain the crucial GSK-
38 consensus site necessary for the phosphorylation and subsequent degradation of the
molecules (Aberle et al., 1997). Indeed, y-catenin is also known to interact with many of
the same degradation components also active in the maintenance of (8-catenin protein

stability (see /.3.7) including APC and Axin (Rubinfeld et al., 1995; Miller and Moon,

3 http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000173801:r=17:39910856-39943183
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1997, Kodama et al., 1999; Sadot et al., 2000). The NH;-terminus of 3-catenin has also
been identified to carry functional significance by housing transcriptional activation
domains. In particular these activation domains have been found important for binding
and stimulating LEF-1 mediated transcription in epithelial cells, however no such
function has yet been ascribed to the corresponding region of y-catenin (Simcha et al.,
1998; Hsu et al., 1998; Kolligs et al., 1999). The COOH-termini of catenins (Figure
1.10A4) share the least homology and the function of this domain is incompletely
resolved. They are also believed to assist transcriptional function (Orsulic and Peifer,
1996; Simcha et al., 1998; Hsu et al., 1998; Hecht et al., 1999), but substantial evidence
also implicates this terminal with regulating the specificity of catenin binding with
various adhesion and transcriptional partners including the desmosomal and classical
cadherins (see 1.3.5.1 below) (Wahl et al., 1996; Palka and Green, 1997, Wahl et al.,
2000), LEF-1 (Zhurinsky et al., 2000a) and TCF-4 (Solanas et al., 2004). Of particular
note, the studies by Wahl et al confirmed the COOH-terminus of y-catenin to be
important for interactions with desmosomal cadherins, and furthermore, through
chimaeric modelling, showed such COOH-terminal specificity can explain the exclusion
of B-catenin from these adhesion structures. Also of interest, Zhurinsky et al, showed
that the COOH-, and indeed NH;-termini, of y- and B-catenin are not required for actual
binding to LEF-1-DNA complexes, but are required for subsequent transcriptional
activation. The molecular similarity between y- and [-catenin has led many to

hypothesise, or demonstrate, that they share considerable functional overlap.

1.3.5 Functions of y-catenin

v-Catenin shares many common protein partners with $-catenin and, as a consequence,
assumes many of the same functions within the cell, however, important differences

also exist.

1.3.5.1 Cell adhesion

The best characterised function of y-catenin is in cell adhesion. Like (3-catenin, it is
located within adherens junctions (AJ) between cells, where it anchors classical

cadherins (i.e. N- or E-cadherin) in the membrane, to the actin cytoskeleton, via o-

41 |Page



Introduction l Chapter 1

catenin (Figure 1.10B). The presence of additional protein binding sites in the NH;- and
COOH-terminal domains, enable y-catenin to function as a scaffold protein for these
multi-protein assemblies (Aberle et al., 1994; Nagafuchi et al., 1994). Such types of
adhesion are critical for maintaining tissue integrity within an epithelial context such as
the skin or gut. Unlike (-catenin, it can also be found as a constituent of desmosomal
plaques (Figure 1.10B), where it anchors the desmosomal cadherins desmocollin and
desmoglein, to cytosolic intermediate filaments through desmoplakin and plakophilin
(Schmidt et al., 1994; Cowin and Burke, 1996). These strong adhesion structures are
tissue-specific and limited to organs undergoing constant physical stress such as the
heart. The is affirmed by the finding that y-catenin-deficient murine embryos die early
in development from severe cardiac defects resulting from improper formation of
desmosomes (Bierkamp et al, 1996; Ruiz et al., 1996). Understandably, much
knowledge of y-catenin’s adhesive function has arisen from experiments conducted
within an epithelial context, given that adherence is not a feature of haematopoietic cells
which exist in single-cell suspensions. Although homotypic interactions (between same
cell types) are rare, heterotypic interactions (between different cell types) may be
relevant within a haematopoietic context, particularly within the BM niche. The
interaction between N-cad and $-catenin has been proposed to regulate the interaction
of HSC with the local BM stroma (see /.1.2.2). However the questionable N-cad
expression on HSC (see 3.5.2), and the ability of double-catenin knockout (KO) HSC to
fully reconstitute immunosuppressed mice (Cobas et al., 2004; Jeannet et al., 2008;

Koch et al., 2008), would challenge this concept.

1.3.5.2 Transcription

The functional role of y-catenin as a transcription factor for the Wnt signalling pathway
1s more contentious. y-Catenin is regulated in the same manner as $-catenin within the
cell, being degraded by the same machinery (see above /.3.7) in the absence of a Wnt
signal, and stabilised then translocated in the presence of Wnt ligand (Figure 1.10B)
(Bradley et al., 1993; Papkoff et al., 1996; Kim et al., 2011). Within an epithelial
context, y-catenin has previously been shown to effectively bind TCF/LEF transcription
factors (Huber et al., 1996; Simcha et al., 1998; Hecht et al., 1999; Kolligs et al., 2000;
Zhurinsky et al., 2000a; Miravet et al., 2002) and y-catenin transcriptional activity has

also been reported in (-catenin-null epithelial backgrounds (Conacci-Sorrell et al.,
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