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Abstract
This thesis describes the investigation of the alteration of ABH antigen expression on the
surface of red blood cells in patients with haematological malignancies. ABH antigens are
complex carbohydrates present on the surface of erythrocytes. These antigens are generated
by the stepwise addition of monosaccharides, with each step catalysed by a specific
glycosyltransferase. The A4 and B alleles of the 4BO locus encode the A and B
glycosyltransferases, which act on the precursor H antigen to produce the A and B antigens.

The precursor H antigen is determined by a fucosyltransferase coded for by the FUTT locus.

A flow cytometric technique was developed to analyse the red blood cells of patients for
changes in ABH antigen expression. In normal individuals flow cytometric profiles were
associated with particular ABO genotypes. Nearly 50% of patients had some alteration of the

A, B or H antigens.

RT-PCR was used to investigate 4BO mRNA expression in bone marrow (BM) cells of
patients with alterations in ABH antigens. Of eleven patients with loss of A or B antigens
detected by flow cytometry, only 3 had loss at the mRNA level. The lack of correlation
between loss on the flow cytometer and loss at the mRNA level was not surprising as the
population with loss was often small and the predominant normal population would mask any

losses.

The expression of FUT! mRNA was also investigated using RT-PCR. FUT! has three
transcripts arising from three different transcription initiation start sites. The individual
expression of each transcript was assessed by RT-PCR in normal individuals and in patients
with loss of ABH antigens. It was found that the exon 2 transcript is the most important in

determining H antigen expression.

Vil



The molecular mechanisms underlying loss of ABH antigens were investigated by assessing
CpG methylation of the ABO and FUTI promoters, and by assessing loss of heterozygosity
(LOH) of genes adjacent to ABO. Treatment of leukaemia cell lines, which did not express
ABO, with a demethylating agent led to re-expression of ABO. There was no association
between patients with loss of ABH antigens and ABO methylation. However, of 7 patients
with loss of ABH antigens detected in a previous PhD study, 5 were methylated in this study.
This difference may be attributable to a greater majority of cells (>50%) with loss of ABH

antigens in the samples detected previously compared to the samples in this study.

LOH of genes adjacent to ABO on the chromosomal region 9934 was investigated. This
chromosomal region has been shown to be frequently lost in acute myeloid leukaemia. Single
nucleotide polymorphisms in various 9q34 loci, were assessed for LOH by a PCR-RFLP
method. Samples from 42% of patients showed loss of expression in the tumour suppressor
gene DAPKI. Two less well-known genes, POMTI and PPP2R4, had allele dosage

alterations in patient samples.

In conclusion, loss of ABH antigens in haematological malignancies is a frequent event. Loss
of cell surface ABH antigen expression is a marker for alterations at other 9q loci besides
ABO, suggesting that this region harbours potential tumour suppressor genes or that 9q

undergoes regional silencing.

viil



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 and to the best of my knowledge and belief,
contains no material previously published or written by another person, except where due

réference has been made in the text.

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

for loan and photocopying.

Signed 00 suesveiee Date(O/ /[ /02 =

X



Acknowledgements
I thank my supervisor Alex for allowing me to choose such an interesting project. Thanks for

tirelessly reading my thesis and thanks for all the faxes and express post mail.

I thank Damian Hussey, my co-supervisor for many years, for everything. For the moral support,
for someone to bounce ideas and problems with, for all the technical help and for encouraging me
to do all those experiments that I was never motivated to do. Thank you! Thanks for reading

drafts of my thesis.

I am indebted to Belinda Farmer for developing the flow technique and then teaching me all the
flow technicalities. Thank you to Terence Gooley for looking up blood groups of patients.
Thanks to David Beeslee and Margaret Colbeck for patient diagnoses. A big thankyou to Leonie
and all TQEH Blood Transfusion staff for blood groupings. Thanks to Emanuel and Glen for
assistance on the flow cytometer. To David Peterson, thankyou for letting me invade TQEH
Haematology lab so often. Thanks to the Haematology lab TQEH/IMVS for the use of the cell

counter.

I thank past lab colleagues that assisted me. Nat Albanese, I owe you heaps of thanks for showing
me the finer details of tissue culture work. Thanks to Michael Norman for helping me to do lab
duties. To Tanya Sanders, what can I say. Only you understand the mental, physical and
emotional suffering that we went through together to do all those cell line experiments, not once,

not twice but three times! I think we always thought too big, way too big.



I thank current lab colleagues for all their help. Thanks to Sally Stephenson for reading drafts of
my thesis and providing such detailed scrutiny, it was a great help. To Chris Slape for going
through the writing agony at the same time as myself. It was nice to know someone else was
suffering. To Michael Raynor, thanks for putting up with my singing in the lab, it kept me sane
even though it may have driven you crazy (The Brady Bunch). To Rebecca Gully and Evelyn
Douglas, fellow PhD students, thanks for all the laughs and chats. A special thanks to Sarah
Swinburne for meticulously reading drafts of my thesis. It was much appreciated and always a

good reason to catch up for breakfast.

Finally I must thank the people that have suffered the most: MY FAMILY. I think they must
have thought T would never finish studying. My parents have always supported me, financially
and through endless meals (and there were lots of meals). I thank my brother Lui, my sister-in
law Pam and my little nieces Vanessa and Adriana, who were always my excuse to come home

carly to play with. I am sorry ‘zia’ Tina has been busy lately.

Last but not least I must thank my husband, Albino, whom I met at the beginning of my PhD so
he has suffered all the frustrations of Science with me. Many a weekend he came to work with
me to keep me company and even after we were married was constantly helping me around the
house so I could concentrate on finishing my PhD. ’Il make a scientist out of him yet! Alby, I am
sincerely indebted to you and fortunate to have had such great support. This would not have been
possible without your help, support and encouragement. Thanks for designing a program that

calculated the Tms of my primers.

This thesis is dedicated to all my family and friends who have shared the ups and downs of this

PhD with me. It would not have been achievable without all their support.

X1



Publications

Publications arising directly from this thesis:

1. Dobrovic A, Bianco T, Tan LW and Sanders T. Rapid screening for methylation differences
using methylation sensitive single strand conformation analysis. In Methods: A companion to

Methods in Enzymology (Profiling genomic DNA methylation). Methods, 2002, 27, 134-138.

2. Bianco T, Farmer BJ, Sage RE, Dobrovic A. Loss of red cell A, B, and H antigens is frequent

in myeloid malignancies. Blood, 2001, 97, 3633-3639.

3. Bianco T, Hussey D, Dobrovic A. Methylation-sensitive, single-strand conformation analysis
(MS-SSCA): A rapid method to screen for and analyze methylation. Human Mutation, 1999, 14,

289-293.

Other publications:

1. Tan LW, Bianco T, Dobrovic A. Variable promoter region CpG island methylation of the
putative tumour suppressor gene Connexin 26 in breast cancer. Carcinogenesis, 2002, 23, 231-

236.

2. Butler LM, Dobrovic A, Bianco T, Cowled PA. Promoter region methylation does not account

for the frequent loss of expression of the Fas gene in colorectal carcinoma. British Journal of

Cancer, 2000, 82, 131-135.

3. Bianco T, Chenevix-Trench G, Walsh DC, Cooper JE, Dobrovic A. Tumour-specific
distribution of BRCA1 promoter region methylation supports a pathogenetic role in breast and

ovarian cancer. Carcinogenesis, 2000, 21, 147-151.

Xii



Conference Presentations

Epigenetic silencing of ABO and FUT! in haematological malignancies and leukaemia cell lines.
Bianco T, Sanders T, Hussey DJ, Sage E, Dobrovic A. The Joint Annual Scientific Meeting of

HSANZ and ASB, Brisbane, Australia, October 2001.

Screening of candidate chromosome 16 tumour suppressor genes in breast cancer by methylation
analysis. Gully R, Bianco T, Dobrovic A. The Australian Society for Medical Research, South

Australian Division, Annual Scientific Meeting, Adelaide, Australia, June 2001.

DNA methylation in breast cancer. Sanders T, Bianco T, Tan LW, Dobrovic A. The Australian
Society for Medical Research, South Australian Division, Annual Scientific Meeting, Adelaide,

Australia, June 2001.

DNA methylation in breast cancer. Sanders T, Bianco T, Tan LW, Dobrovic A. Breast cancer
2001 - Emerging possibilities. The Monash Medical Centre, Meclbourne, Victoria, Australia.

March 2001.

Screening of candidate chromosome 16 tumour suppressor genes in breast cancer by methylation
analysis. Gully R, Bianco T, Dobrovic A. 13" Lome Cancer Conference, Australia, February

2001.

Loss of ABO antigens in myeloid malignancies. Bianco T, Farmer B, Sage E, Dobrovic A.
Queen Elizabeth Hospital Research Day, Adelaide, Australia, October 2000. Winner of the best

presentation prize in the category of Higher Degrees (Basic Science).

X1ii



Screening of candidate chromosome 16 tumour suppressor genes in breast cancer by methylation
analysis. Gully R, Bianco T, Tan LW, Sanders T, Dobrovic A. Queen Elizabeth Hospital

Research Day, Adelaide, Australia, October 2000.

Loss of ABO antigens in myeloid malignancies. Bianco T, Farmer B, Sage E, Dobrovic A.

Annual Meeting of the Haematology Society of Australia, Perth, Australia, July 2000.

Loss of ABO antigens in myeloid malignancies. Bianco T, Farmer B, Sage E, Dobrovic A. The
Australian Society for Medical Research, South Australian Division, Annual Scientific Meeting,

Adelaide, Australia, June 2000.

Connexin-26 is methylated in a high proportion of breast cancer patients. Tan LW, Bianco T,
Dobrovic A. The Australian Society for Medical Research, South Australian Division, Annual

Scientific Meeting, Adelaide, Australia, June 2000.

Connexin-26 is methylated in a high proportion of breast cancer patients. Tan LW, Bianco T,
Dobrovic A. Annual Meeting of the American Association of Cancer Research, San Francisco,

USA, April 2000. Proc Amer. Assoc. Cancer Research 41:346 (2000).

Connexin-26 is methylated in a high proportion of breast cancer patients. Tan LW, Bianco T,

Dobrovic A. 12" Lorne Cancer Conference, Australia, February 2000.

DNA methylation in the BRCA1 promoter region. Dobrovic A, Tan LW, Bianco T. Gordon

Conference "Epigenetics", Holderness School, New Hampshire, August 1999,

X1v



ALL
AML
5-aza
BM

bp
¢cDNA
CLL
CML
DEPC
DIG
DNMT
dNTP
DOVAM

FITC
Hx
HSC
LOH
MDS
min
MQW
mRNA
PCR
PB MNC
PBSC

RBC
RFLP
RSB
RT
sec
SNP
SSB
SSCA
TQEH

UPW
UTR
Uuv
Ux

VNTR

Abbreviations

Acute Lymphocytic Leukaemia
Acute Myeloid Leukaemia
5-aza-2’-deoxycytidine

Bone Marrow

base pair

complementary DNA

Chronic Lymphocytic Leukaemia
Chronic Myeloid Leukaemia
Diethylpyrocarbonate
Digoxigenin

DNA Methyltransferase
deoxynucleotide triphosphates
Detection Of Virtually All Mutations
Forward

Fluorescein Isothiocyanate

Helix

Haematopoietic Stem Cell

Loss Of Heterozygosity
Myelodysplastic Syndrome
minute

MilliQ Water

messenger RNA

Polymerase Chain Reaction
Peripheral Blood Mononuclear Cell
Peripheral Blood Stem Cell
Reverse

Red Blood Cell

Restriction Fragment Length Polymorphism
Routine Staining Buffer

Reverse Transcription

second

Single Nucleotide Polymorphism
Spherical Staining Buffer

Single Stranded Conformational Analysis
The Queen Elizabeth Hospital
Unit

Ultra Pure Water

Untranslated Region

Ultra Violet

Ulex

Volt

Variable Number Tandem Repeat

XV



CHAPTER 1

Introduction




1.1 Overview

ABH antigens are complex carbohydrate structures present on the surface of red blood cells
(erythrocytes), endothelial cells and most epithelial cells. ABH antigens may play a role in
immunity but their actual function is unknown. In 1957, van Loghem et al reported that
patients with haematological malignancies lose ABH antigens from their red blood cells. This
thesis is a presentation of the experiments designed and performed to further investigate van
Loghem et al’s observation, by testing the hypothesis that the loss of ABH antigens reflects
genetic and epigenetic changes in the progenitor stem cell population that gives rise to the
cells of the myeloid lineage during haematopoiesis. The investigation of the changes in these
cells will assist in the identification of general mechanisms for loss of gene function in

leukemogenesis.

Previously, changes in ABH antigens were detected using serological techniques that were
not highly sensitive as it was found that a mixture of 50:50 A:O red blood cells, that is,
cffectively 50% loss of A, were classified as normal by blood transfusion staff (Denise
O’Keefe, PhD thesis, Adelaide University, 1995). Therefore, the first aim of this PhD project
was to use a quantitative assay (developed in collaboration with Ms. Belinda Farmer) to
assess the frequency and amount of ABH antigen change on erythrocytes in patients with

leukaemia (Chapter 3).

The second aim was to investigate the molecular mechanisms behind ABH changes, which
may include genetic changes such as mutation and loss of heterozygosity (LOH), or
epigenetic changes like methylation, for which we developed a new screening technique

(Chapters 4 and 5).



Although ABH changes have been shown to be important in solid tumours and related to
prognosis and metastatic ability (reviewed in Le Pendu ef al, 2001), any potential association
between ABH changes and leukaemia had not yet been investigated. ABH changes in
leukacmia may reflect genetic or epigenetic changes at the chromosomal region where 4BO is
mapped and may indicate the presence of a tumour suppressor gene in this region. This is
supported by reports of simultaneous decreases in the ABH antigens and the adenylate kinase
1 (AK1) enzyme, which is in the same chromosomal region as 4BO (Salmon et al, 1968;
Kahn et al, 1971; Marsden et al, 1992). Therefore, the third aim of this research project was
to study genes on 9q34, where the ABO locus is located, with high rates of heterozygosity and
to use single nucleotide polymorphisms (SNPs) to analyse these genes for LOH and mono-

allelic expression as an indicator for tumour suppressor gene function (Chapter 6).

In the following introduction, a brief description of haematopoiesis, the normal process of
blood cell formation that occurs in the bone marrow, will precede an outline of the various
haematological malignancies that may arise when normal haematopoiesis is disrupted. Since
ABH antigens are expressed on red blood cells, which are derived from the myeloid lineage,
the discussion will focus on myeloid leukaemias. Finally, there will be an outline of

methylation as an epigenetic mechanism for altering gene expression.

1.2 Haematopoiesis

Haematopoiesis is the process of the formation of mature blood cells from pluripotent stem
cells in the bone marrow, the sponge-like tissue that fills up the cavities of bones, and
produces red blood cells (erythrocytes), white blood cells (leukocytes) and platelets for
release into the blood stream (Figure 1.1). Haematopoiesis is a carefully regulated system that
needs to produce the correct number of each type of cell as approximately 3 million red blood

cells and 120,000 white blood cells are made every second (reviewed in Ruscetti et al, 1998).



The production of blood cells requires the establishment, in early embryogenesis, of
pluripotent cells that not only give rise to all of the different blood cells but are also capable
of self-replication. These cells are called haematopoietic stem cells (HSCs) and represent only
0.01% of the bone marrow (reviewed in Ruscetti et a/, 1998). HCSs have a high capacity for
self-renewal and are also able to respond to extracellular signals to differentiate into myeloid
or lymphoid progenitors (reviewed in Punzel and Ho, 2001). Committed progenitor cells are
the immediate precursor of blasts, which are the earliest morphologically recognisable
precursor cells of the two lineages. Progenitors of the myeloid linecage differentiate into red
blood cells, platelets or the white blood cells that include the granulocytes and monocytes.

The lymphoid lineage includes lymphocytes and natural killer cells (Figure 1.1).

1.3 Leukaemia

Leukaemia is a malignant disease of the haematopoietic system, which is characterised by
uncontrolled proliferation or expansion of haematopoietic cells that retain little or no capacity
to differentiate normally into mature blood cells (definition from Sawyers et al, 1991).
Normally blasts (immature white blood cells) constitute 5% of the bone marrow but in
leukaemia the blasts constitute between 30-100% of the bone marrow. These blasts gradually
replace normal cells in the bone marrow and are eventually released into the circulation. As
the number of immature cells increases, the number of fully differentiated cells decreases,
contributing to the signs and symptoms of the disease including frequent infections and flu-
like symptoms. This is because the abnormal blasts cannot help the body fight off infection.
Pain and swelling results because the blasts tend to collect in the lymph nodes, organs and the
joints, and anaemia is observed because the production of the blasts interferes with normal

production of red blood cells and platelets.
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1.3.1. Causes of Leukaemia

Like all cancers, leukaemia results from the accumulation of mutations in the DNA within
one or more early progenitor cells (Ruscetti et a/, 1998). Why it occurs in males more often
than in females and in white people more often than in black people is not understood, but
certain factors are known to increase the risk of developing the disease. The first of these is
age. Approximately 60% to 70% of leukaemias occur in people who are older than 50.
Environmental factors such as ionising radiation and chemical agents such as benzene, which
can cause chromosomal abnormalities, are associated with an increased incidence of acute

disease, especially myelogenous leukaemias.

Certain genetic conditions can also increase the risk of leukaemia. For example, children with
Down's syndrome have a 15-fold increased risk of developing leukaemia when compared
with other children. Patients with the genetically inherited disorders Fanconi's anaemia,
Bloom's syndrome, and ataxia telangiectasia also have a greatly increased risk of leukaemia
(Wetzler and Bloomfield, 1998). In addition, the incidence of leukaemia varies among racial
and ethnic groups with different genetic make-ups. For example, rates of chronic lymphocytic
leukaemia (CLL) are especially high in some Jewish populations, whereas Asian populations

rarely develop CLL.

Certain viruses in some parts of the world have also been associated with contributing to
leukaemia. The human T-cell leukaemia virus I (HTLV-I) is related to a rare acute T-cell
leukaemia in parts of the Caribbean and Asia but is uncommon in the United States and
Europe (Freedman and Nadler, 1998). An increase in viral-related leukaemia incidence has
also been reported in butchers, slaughterhouse workers, and veterinary practitioners who are

exposed to animal viruses.



Individuals who have received chemotherapy and radiation therapy for previous cancers have
a greater chance of getting secondary leukaemia (leukaemia that arises after therapy). Acute
myelogenous leukaemia (AML) has been reported after chemotherapy and/or radiotherapy for
various solid tumours (breast cancer, ovarian cancer), blood malignancies, and non-malignant
conditions. The risk of AML is increased when these chemotherapeutic drugs are combined

with radiation therapy (Wetzler and Bloomfield, 1998).

1.3.2 Types of Leukaemia

Leukaemias can be classified as myeloid or lymphoid depending on which lineage of
haematopoiesis is disrupted. When the cells that give rise to platelets, red blood cells,
granulocytes and monocytes are affected then it is a myeloid leukaemia. When the leukaemia
affects cells that give rise to lymphocytes it is a lymphoid leukaemia. The disease is then

classified as acute or chronic.

Acute leukaemias are rapidly progressing diseases affecting the cells ability to differentiate
and reach maturity giving rise to immature cells (blasts). These immature cells are incapable

of adequately differentiating to the full spectrum of mature cells.

Chronic leukaemia progresses more slowly and occurs when more mature cells are affected.
These more mature cells can carry out some of their normal functions and hence these

patients do not require immediate treatment, if at all.

The four common types of leukaemia are acute lymphocytic leukaemia (ALL), chronic
lymphocytic leukaemia (CLL), acute myeloid leukaemia (AML) and chronic myeloid

leukaemia (CML).



1.3.2.1 Lymphoid Leukaemia

ALL is the most common childhood leukaemia responsible for approximately 75% of
childhood leukaemias. However, ALL also occurs in adults, though more frequently in males.
The abnormal cells in ALL are immature lymphocytes called lymphoblasts. In ALL patients

there are too many lymphoblasts in the blood and bone marrow.

CLL is a slow developing disease that also affects lymphocytes and occurs commonly in
elderly patients but not in children. In CLL there is an accumulation of lymphocytes that have
a prolonged lifespan due to a delay in apoptosis. In CLL the lymphocytes do not mature
correctly and though they appear normal they cannot fight infection as effectively as normal
lymphocytes. CLL is the most common adult leukaemia in the western countries and is also
more common in males (Freedman and Nadler, 1998). As this is a slowly progressing disease,

some patients may never require treatment.

1.3.2.2 Myeloid Leukaemia

AML affects the myeloid lincage of cells that includes granulocytes, monocytes, red blood
cells and platelets. AML is characterised by the accumulation of immature myeloid cells,
which cannot carry out their normal function, and can block blood vessels. In AML there is
also a halt in the production of normal marrow cells leading to a deficiency of red cells

(anaemia), platelets (thrombocytopenia) and normal white cells in the blood (Wetzler and

Bloomfield, 1998).

AML can be divided into seven subclasses, M1-M7, depending on the cell morphology
observed in a bone marrow examination. M1 and M2 involve myeloblastic (undeveloped)
cells except that in M1 the blasts are all undeveloped but in the M2 subclass some cells show

a slightly more mature phenotype. M3 are promyelocytic leukaemias while M4 is



myelomonocytic. The MS5 subclass involves monocytic cells while M6 involves the
erythrocytes (red blood cells) and is called erythroleukaemia. The M7 subclass are

megakaryocytic leukaemias (Wetzler and Bloomfield, 1998).

CML has three stages. The initial phase of CML is a chronic phase. This phase usually
perseveres for a number of years and is followed by an accelerated phase in which the disease
becomes more aggressive. The last phase, blast crisis, resembles acute leukaemia, and the

median survival is only 3 to 6 months (Wetzler and Bloomfield, 1998).

CML is characterised by abnormal mature myeloid cells that retain their usual function in the
chronic phase. CML is associated with a chromosomal abnormality in the leukaemic blasts,
called a Philadelphia chromosome, which is a shortened chromosome 22, a product of a
cytogenetic translocation 1(9;22)(q34;q11) producing the fusion gene BCR-ABL (reviewed in
Wetzler and Bloomfield, 1998). This cytogenetically distinct translocation is present in more

than 95% of CML patients.

1.3.2.3 Myelodysplastic Syndromes

Myelodysplastic syndrome (MDS) is a disease of the bone marrow and blood. MDS is often
called a ‘pre-leukaemia’, that is, a disorder that may progress to acute myelogenous
leukaemia (AML) (Castro-Malaspina and O’Reilly, 1998). A MDS patient’s bone marrow
produces too few of one or more of the products of myeloid differentiation, commonly red
blood cells, white blood cells and platelets. The bone marrow is characterised by cells
displaying morphological abnormalities (Castro-Malaspina and O’Reilly, 1998). MDS has
been shown to be a clonal disorder affecting haematopoietic stem cells and it has also been
shown that MDS is a result of neoplastic transformation of HSC with involvement of myeloid

cell lineages. The myeloid cells in MDS do not lose their capability to proliferate or



differentiate but they do not reach maturity, resulting in a lack of mature blood cells. The
median age of onset of MDS is between 70 and 80 years, and primary MDS is more common
in males (Castro-Malaspina and O’Reilly, 1998). The incidence of therapy related (secondary)
MDS, especially in younger patients, is increasing as more tumours are treated with radiation
therapy and chemotherapy. Many MDS patients often have a chromosomal abnormality,
particularly of chromosomes 5 and 7, associated with the disease (Castro-Malaspina and

O’Reilly, 1998).

1.4 The ABO Blood Group System

After the discovery of the circulation of blood in 1616 by William Harvey, transfusions of
human or animal blood were often attempted but commonly fatal. In 1900, the reasons for
these fatal transfusion reactions became clear when Karl Landsteiner discovered that the sera
of some individuals agglutinated the red cells of others. One year later, Landsteiner classified
individuals into three groups based on the two antigens, A and B, and two antibodies, anti-A
and anti-B. In this classification an individual’s red blood cells either had A antigens (group
A), B antigens (group B) or neither A or B (group C, later renamed group O). Landsteiner
found that an individual’s serum does not contain the antibody for the antigen present on their
own red cells but that both anti-A and anti-B are present in group O serum which has neither
A or B antigens on the red cells. One year after Landsteiner’s discovery, Decastello and

Sturli, in 1902, discovered the fourth and rarest blood group, AB, which has both antigens on

the red cells and neither antibody in the serum (reviewed in Watkins, 2001; see Table 1.1).

Antibodies Present in Serum

A | Anti-B

B B Anti-A

AB A and B None
@) None Anti-A and anti-B

Table 1.1. The antigens and antibodies associated with ABO blood groups.
(Adapted from Daniels, 1995).
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1.4.1 The Structure and Biosynthesis of the A, B and H Antigens

The presence of ABH antigens on blood cells, endothelial cells and epithelial cells led them to
be referred to as histo-blood group antigens. These histo-blood group antigens are
carbohydrate structures. ABH antigens are oligosaccharide chains conjugated to polypeptides
to form glycoproteins or with ceramide to form glycosphingolipids. The carbohydrate chains
on glycoproteins are cither highly branched N-glycans or simple O-glycans. ABH antigens are
associated with both glycoproteins and glycolipids on human erythrocyte membranes. ABH
antigens are determined by specific monosaccharides attached to various precursor
disaccharides. There are six precursor disaccharides or peripheral core structures. Types 1-4

and 6 are found in humans while Type 5 has only been chemically synthesised (Figure 1.2).

Type 1 Galp1->3GlcNAcB1I—»R
Type 2 Galp1—->4GIcNAcB1—->R
Type 3 GalBl1—>3GalNAcal—>R
Type 4 Galpl—>3GalNAcB1—->R
Type § GalB1—3Gal1—>R
Type 6 Galpl—4Glc1—-R

Figure 1.2. Peripheral core structures of the ABH antigens.
Gal is D-galactose, GalNAc is N-acetyl-D-galactosamine, GlcNAc is N-acetyl-D-glucosamine, Gl is
glucose, R is remainder of molecule (taken from Daniels, 1995). The numbers refer to which carbon is

imnvolved in the link.

The ABH antigens are generated in a stepwise fashion by addition of monosaccharides to the
various peripheral core structures (Figure 1.3). Type 1 ABH structures are found in
secretions, plasma and endodermally derived tissues. Type 1 structures are not made by red
cells but are passively incorporated into the red cell membrane from the plasma. Type 2 chain
antigens are the major ABH active oligosaccharides on red cells and are found in secretions
and ectodermally and mesodermally derived tissues. Two Type 3 ABH antigens exist, one is

not found on red blood cells but the other, repetitive Type 3 chains are present on red cell
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glycolipids and secreted mucins from group A individuals only. Type 4 ABH antigens are
located on glycolipids in small amounts on red blood cells but abundantly in kidney. Type 6

ABH antigens are found as free oligosaccharides in milk and urine (Figure 1.3).

Type2 |

Precursor GalPf1—3GlcNAcfl—R | Precursor GalPf1l—>4GlcNAcf1—R
H GalBl—>3GlcNAcBl—>R H GalPp1l—>4GlcNAcCB1—-R
2 2
() T
Fucol Fucol
A GalNAcal—>3GalPl—>3GlcNAcBl—>R A GalNAcal—>3Galfl—>4GleNAcBl->R
2 2
T T
Fucal Fucal
B Galal—>3GalBfl—3GLlcNAcf1l—-R B Galal—3GalBl1—>4GlcNAcBl—R
2 2
T t
Fucol Fucol
Precursor Galpfl—3GalNAcal—R H GalBfl-—>3GalNAcal—>R
2
T
Fucol
A GalNAcal—3GalPfl1—>3GalNAcal—R B Galal—>3Galfl—»3GalNAcal—> R

Type 3: repetitive type

H Gal[31—)3GalNACOL1—>3GalB1—>4GlcNACBl—>R
2 2
T T
Fucol Fucal
A GalNAcal—>3GalBl—>3GalNAcal—3Galfl—>4GlcNAcBl—-R
2 2

L0 SRR E] DRSS VNS, =1 [Ty A BT ey S S e P P N1 [T SN
H Galf1—>3GalNAcPi—R A GalNAcal—3GalPfl—>3GalNAcB1 >R
2 2
) T
Fucol Fucol

Figure 1.3. ABH antigens expressed on different precursor chains.

Abbreviations as per Figure 1.2. Fuca1 refers to the monosaccharide T-fucose.

The addition of each monosaccharide to the peripheral core structure is catalysed by a specific
glycosyltransferase (Figure 1.4). The H antigens have L-fucose a-linked to the terminal
galactose (Gal) while A and B antigens have N-acetyl-D-galactosamine and D-galactose

respectively, a-linked to the fucosylated galactose (H) residue.
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o-GalNAcB-Gal-R
A transferase
(glycosyltransferase

o-Fuc
UDP (A antigen)

H transferase B-Gal-R
(fucosyltransferase) UDP-GalNAc
B-Gal-R
(precursor chain) aFuc S5 ol
GDP (g antigen)
GDP-Fuc UDP

B transferase
(glycosyltransferase) a-GalB-Gal-R

o-Fuc
(B antigen)

Figure 1.4. Formation of the ABH antigens by the action of glycosyltransferases.
Depiction of the conversion of the H antigen to A and B antigens. R is the core structure (taken from

Olsson and Chester, 2001).

1.4.2 The Genes Encoding the Glycosyltransferases

In red blood cells, the H antigen is determined by a fucosyltransferase coded for by the FUT!
gene. This has been cloned and mapped to the long arm of chromosome 19 at band 13.3
(Larsen et al, 1990; Reguigne-Arnould et al, 1995). The A and B glycosyltransferases that act
on the precursor H antigen are encoded by separate alleles of the ABO gene (Yamamoto et al,
1990b; Yamamoto and Hakomori, 1990). The transferases encoded by the major alleles of
ABO are A which adds N-acetylgalactosamine to the H antigen to give the A antigen, B which
adds galactose to the H antigen to give the B antigen (see Figure 1.4) and O which is a null
allele coding for an inactive transferase incapable of modifying the H antigen (Table 1.2). In
addition to these three major alleles, several mutations within the 4 and B alleles result in the
expression of glycosyltransferases with different activities (more detail in Section 1.4.5). For
example, Schachter e al (1973) showed that both 4’ and 4? alleles encode o-3-N-acetyl-D-

galactosaminyltransferases but the two enzymes differ in their kinetic properties such that the
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A? transferase is less effective than the A' transferase in converting H antigens into A

antigens.

Red Cells
Genotypes Phenotype Antibodies Glycosyltransferase(s)
Ald' 4’47, 40 A, Anti-B a-3-N-acetylgalactosaminyl
A4% 420 A, Anti-B? a-3-N-acetylgalactosaminy!l
BB, BO B Anti-A o-3-galactosyl

A'B AB None o-3-N-acetylgalactosaminyl, o-3-galactosyl
A’B A,B None® o-3-N-acetylgalactosaminyl, o-3-galactosyl
00 0O Anti-A & Anti-B -

Table 1.2. The ABO blood group system.
*Anti-A, is sometimes present in the sera of A, and A,B individuals (taken from Watkins, 2001).

1.4.3 The Bombay Phenotype and Secretor Status

The identification of individuals with no A, B or H antigens on their red blood cells or in their
secretions but with anti-A, anti-B and anti-H in their serum (Bombay individuals, Oy
phenotype; Bhende et al, 1952) supported the theory that the H antigen was an independent
blood group system from ABO. Bombay individuals are homozygous for the inactive 4 allele
of FUTI and are incapable of producing the H antigen that is the necessary precursor for the

A and B transferases (Watkins and Morgan, 1955) (Table 1.3, Group 4).

The capability of an individual to secrete the ABH antigens is dependent on whether they are
a secretor or non-secretor (Lehrs, 1930; Putkonen, 1930) and is determined by the genetic
inheritance of the Se (secretor) or se (non-secretor) alleles in a Mendelian dominant fashion.

Approximately eighty percent of Caucasians are secretors.
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The discovery of the para-Bombay phenotype (h4, Se), individuals who lacked ABH antigens
on their red cells but secreted these substances in saliva (Table 1.3, Group 3), led to a better
understanding of the role of the Se gene. Oriol et a/ (1981) suggested that Se encodes a
second o-2-fucosyltransferase that differs in its acceptor properties from the FUTI gene
product in that it prefers Type 1 chains, whereas the FUTI gene shows no preference for any
chain. The Se (FUT2) gene has been cloned (Kelly et al, 1995) and assigned to 19q13.3 where

it is closely linked to FUT! (Reguigne-Amould ef al, 1995).

Antigens Detectable Activities Detectable

on Red Cells in Secretions
Group Gene Combination ABH ABH
1 ABO, H, Se +++ +++
2 ABO, H, sese +++ -
3 ABO, hh, Se - +++
4 ABO, hh, sese - -

Table 1.3. ABH antigens on red blood cells and in secretions.

The presence of ABH antigens in secretions is dependent on the Se locus. Group 3 represents
the para-Bombay phenotype characterised by expression of ABH antigens in secretions but not
on red blood cells while Group 4 represents the Bombay phenotype characterised by a lack of

ABH antigens in secretions and on red blood cells.

1.4.4 Cloning and Regulation of the ABO Gene

The A and B glycosyltransferases catalyse the final steps in an enzymatic reaction where the
A and B antigens are synthesised. A candidate protein for the A transferase was first isolated
from the lungs of human blood group A individuals (Clausen et al, 1990). The protein was
pure enough to allow partial amino acid sequencing, which assisted in the cloning of the
cDNA of the A transferase. RNA from a blood group A gastric carcinoma cell line, MKN 45,

was used to construct cDNA libraries (Yamamoto et al, 1990a). The amino acids from the

15



partial sequence obtained were reverse translated into nucleotide sequences and three
degenerate oligodeoxynucleotides (oligos) were designed. DNA from individuals of groups
A, B and O was amplified by PCR and underwent Southern hybridisation with a third internal
oligo as a probe. Hybridisation was seen in all three blood groups and this fragment was
purified and used to screen the MKN 45 and human lung cDNA libraries for full-length
clones. Several positive clones were isolated and sequenced. Yamamoto et o/ then constructed
two additional ¢cDNA libraries from the human colon adenocarcinoma cell lines SW 48
(group AB) and SW 948 (group O) and were able to isolate the cDNAs corresponding to the

A, B and O alleles and elucidate the nucleotide differences between the three alleles.

The molecular basis of the 4BO polymorphisms was determined using the cloned transferase
cDNAs. The 4 and B alleles encode 354 amino acid transferases with the difference in donor
nucleotide-sugar specificity caused the amino acid substitutions at codons 176, 235, 266 and
268. Yamamoto and Hakomori (1990) tested the four polymorphic sites individually, or in
combination, for their effect on nucleotide sugar substrate recognition. The entire coding
region of the cDNAs of A and B transferases were cloned into eukaryotic expression vectors
and transfected into HeLa cells (HeLa cells were derived from a human uterus
adenocarcinoma that expresses H antigens on the cell surface and has the genotype OO). The
cells were then analysed by FACS to confirm A and B antigen expression. After this,
chimeric cDNAs that had all the possible combinations of the four relevant polymorphisms, at
positions 176, 235, 266 and 268, were made. The amino acid at codon 176 did not affect
transferase specificity while the amino acids at codons 266 or 268 were crucial for donor
nucleotide-sugar specificity. When they were leucine and glycine respectively only the A
antigen was expressed but when they were methionine and alanine only the B antigen was
expressed. When these amino acids were methionine and glycine, enzymes with strong A and

B transferase activity were generated, providing an explanation for expression of the rare cis-
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AB phenotype (see 1.4.5.5). When they were leucine and alanine the result depended on the

amino acid present at codon 235 (Yamamoto and McNeill, 1996).

Genomic cloning of the ABO locus and the determination of exon and intron boundaries was
achieved by Bennett and colleagues (1995). This group confirmed the localisation of the ABO
locus to 9934. The gene is composed of seven exons with the last being the largest and codes

for 225 amino acids (Figure 1.5).

1.4.5 Polymorphisms of the 4ABO Gene

1.4.5.1 A Alleles

In addition to the consensus A4 allele, another major 4’ allele common in Asian populations
has a C467T substitution that results in the amino acid change Prol56Leu (Fukumori et al,
1996; Ogasawara et al, 1996, Kang et al, 1997; Yip, 2000). This additional substitution does
not affect the enzyme activity or A' antigen synthesis, as shown by expression constructs

(Yamamoto and Hakomori, 1990).

Two additional 4 alleles have also been identified. The first has the C467T substitution plus
an additional silent substitution C564T. The second A’ allele differs from the consensus by a
silent mutation A297G and though this does not affect enzyme activity, this mutation is also

present in normal B alleles and thus if this site is used for genotyping, errors would occur.
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Figure 1.5. The genomic organization of the ABO gene.

The exons are represented by green boxes while the introns
are depicted by blue boxes. The arrows with adjacent
numbers indicate the size of the exons and introns in bp
12,982 — (taken from Olsson and Chester, 2001). The exact
nucleotide base numbers for exons and introns have been
included as observed by alignment of the A’ c¢DNA
sequence (GenBank AF134412) and the genomic DNA

sequence (GenBank ACO000397) by using the program

Sequencher 4.1.2 (Genecodes).

Intron

44— 28 Exon 1



The 4% phenotype is common in the Caucasian population, with 20% of individuals having
this allele, but is rare in the Japanese representing less than 1% of individuals in the
population (Mourant et al, 1976). The A? transferase has a weaker activity compared to the Al
transferase. Changes in the A’ consensus sequence that leads to the A? allele are the C467T
(Pro156Len) substitution and a single C deletion in a sequence of three consecutive cytosines
at positions 1059-1061. The deleted cytosine causes a reading frame shift after codon 354
such that a protein with 21 extra amino acids is made (Yamamoto et al, 1992). This longer
transferase is functional but has different activity strength and substrate specificity than the A’
allele. Introduction of this single-base deletion into the A’ transferase cDNA expression
construct drastically decreased A transferase activity in DNA-transfected HeLa cells, whereas
the C to T nucleotide substitution had no effect on A transferase activity (Yamamoto et al,
1992). No other mutation besides the deleted cytosine has been detected that creates an A’

allele (see Table 1.4).

1.4.5.2 B Alleles

There are seven nucleotide differences between the A and B enzymes (Yamamoto et al,
1990b), which results in four amino acid changes. An eighth substitution (G1096A) that
occurs beyond the stop codon has been utilised for ABO genotyping (Olsson and Chester,
1995). Three other normal B alleles have been identified in the Japanese population, each

lacking one of the substitutions differentiating A! from B alleles (Ogasawara et al, 1996).

1.4.5.3 O Alleles

Theoretically, an O allele can be any allele that has a mutation resulting in the loss of the
translated proteins ability to transfer N-acetylgalactosamine or galactose to an oligosaccharide
acceptor. The original O allele, termed the O’ allele and considered the consensus allele, has a

single deleted G in exon 6 at position 261. This deletion causes a frame shift that introduces a
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premature stop codon that alters the protein after amino acid 88 and terminates the protein
chain after amino acid 117. The resulting enzyme has no activity. When the G deletion was
introduced into an 4’0’ expression construct, A fransferase activity was abolished
(Yamamoto, 1995). A second O allele was originally detected in the cell line COLO20s5,
which has the deleted G but also has other point mutations located throughout exons 3 to 7.

This allele has been called 0" (0"") (Yamamoto et al, 1990b).

The first O allele (02) to be discovered, which did not contain the deleted G, had a new
mutation G802A, which caused the 'amino acid change Gly268Arg (Yamamoto et al, 1993d).
This allele had two additional mutations, which are also found in the B alleles (A297G and
C526G). The glycine to arginine change leads to substantial loss of enzymatic activity of this

allele (Yamamoto and McNeill, 1996; Amado et al, 2000) (see Table 1.4).

Rare O alleles that do not contain the deleted G include O°, which has the common 42
deletion (C1061-) plus the A% allele insertion (an extra guanosine in a seven guanosine stretch
at nucleotides 798-804) (Olsson ez al, 1995; Olsson and Chester, 1996). The double frame
shift is hypothesised to translate a normal length protein but the insertion and subsequent

deletion changes the amino acid sequence between amino acids 269—-353.
The allele O has an inserted G at nucleotides 87-88, which results in a frame shift and a stop

codon at codon 56, and the allele O’ has a C322T mutation creating a stop codon directly

(Hosseini-Maaf et al, unpublished observation).
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Allele

Symbol in Text ' Nucleotide Change . Amino Acid Change |

A101 A’ Standard Reference Standard Reference
. I
A102 (CommonypeianZ 467C>T P156L
allele
A201 A? 467C>T; 1060delC P156L;354FS +21aa
A301 A’ 871G>A D291N
Ax01 A 646T>A F2161
297A>G; 526C>G;
B B 657C>T; 703G>A; R176G; G235S;
796C>A; 803G>C; L266M; G268A
930G>A
3 et | r s
B301 B 796C>A. 803G>C. L26(;‘{1\;[;5 g}@68A;
930G>A; 1054C>T
cis-ABO1 cis-AB 467C>T; 803G>C P156L; G268A
297A>G; 526C>G; . _
B(A)01 B(4) 796C>A; 803G>C, R176GG2’ 6%1661\’[’
930G>A
001 o' 261delG 88FS + truncation
106G>T; 188G>A;
189C>T; 220C>T; ‘ _
002 O veriant 261delG: 297A>G: 881\7/83 iFt}PMS{-
646T>A; 681G>A, uncation
771C>T; 829G>A;
297A>G; 526C >G; _
003 o’ S0DGoA R176G; G268R

Table 1.4, Various ABO alleles and their associated nucleotide differences.
Adapted from Yamamoto (2001). The abbreviations ‘del’ indicates deletion, and ‘FS’ denotes

frameshift.

1.4.5.4 Weak A or B Alleles

In addition to the major A' and A* subgroups, there are many variants in which the expression
of A is reduced. Weak A subgroups include A®, A*, A™ and A? (reviewed in Yamamoto,
1995). A’ cells demonstrate a characteristic mixed-field pattern of agglutination (small
agglutinated clumps with a majority of unagglutinated clumps) with anti-A and anti-A and B
sera. The amount of A transferase in individuals with the A* phenotype ranges from 50% of

the control to low or no detectable A transferase activity. A red cells are not agglutinated by
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anti-A, but weak agglutination is observed with anti-A and B. A very weak A transferase
activity has been detected in the serum of this subgroup (reviewed in Yamamoto, 1995). The
red cells of A* and A™ individuals are frequently first grouped as O but the presence of an A
antigen is suspected because anti-A is missing from the serum. The cells can be shown to
have the capacity of absorbing human anti-A even though they are not agglutinated by this

reagent (reviewed in Watkins, 1980).

Weak B subgroups include B*, B*, B™ and B® (reviewed in Yamamoto, 1995) but group B
antigenic expression cannot be classified into well-defined subgroups corresponding to A',
A%, and A’. A number of reports of weak B variants behaving in a similar manner to A* and
A™ have been published (reviewed in Watkins, 1980). The B® phenotype is characterised by a
mixed-field pattern agglutination with anti-B and anti-A and B sera. B transferase activity is
present in the serum of these individuals however it varies from 10 to 100 percent of the

control levels (reviewed in Pitiglio, 1986).

Yamamoto and colleagues (1993) studied the nucleotide substitutions involved in some of the
rare alleles of ABO. Primers were used to amplify genomic DNA fragments spanning the last
two coding exons of ABO, which accounts for 90% of the coding sequence of the A and B
transferases. The partial nucleotide sequence of one A%, four A’ and three B? individuals was
examined (Yamamoto et al, 1993a; Yamamoto et al, 1993c). Two cases of the 4% allele, one
case of the B’ allele and the 4* allele contained single-base substitutions that resulted in an
amino acid change. Two of the A° alleles had a G to A substitution at cDNA position 871
(amino acid change at residue 291) but the other two A? alleles had no substitutions in exon 6
or 7. The fact that the substitution was not found in all the cases of A’ demonstrated the
heterogeneity among these weak subgroups (reviewed in Yamamoto, 1995). However, the

coding sequence outside of the sequenced region and the promoter region remains to be

22



investigated. One of three B’ alleles had a C to T substitution at 1054 (amino acid change at
352) but not the other two B’ alleles. The 4* allele contained a T to A substitution at cDNA

nucleotide position 646.

Previously, only eight A and six B subgroup alleles were defined by missense mutations in
exon 7, however several had no deviations from the exon 6 and 7 consensus sequence
(Yamamoto et al, 1993 a, b, c, d; Olsson et al, 1995; Ogasawara et al, 1996; Olsson and
Chester, 1996; Olsson and Chester, 1998; Hansen et al, 1998; Barjas-Castro et al, 2000).
Exons 1 to 5 in these rare ABO phenotypes remained to be investigated. Olsson and
colleagues (2001) determined the 4BO genotype of 324 blood samples that had ABO
grouping discrepancies by sequencing exons 1 to 7 and two possible 5’ untranslated

regulatory regions.

Genotyping of fifty three samples with suspected weak A subgroups showed heterozygosity
for previously identified variant alleles including 4%, B(A4) and different types of A*. Ninety-
four samples from healthy donors had weak A or B phenotypes and ABO genotyping
excluded previously identified weak alleles. Exons 1-7 and two regulatory motifs of 4ABO
were sequenced in 22 of the weak A individuals and 12 of the weak B individuals. In doing
so, a further 15 novel 4 and B alleles were discovered (Olsson et al, 2001) and together with
the 14 previously discovered weak subgroup ABO alleles brings the total to 29 4BO alleles

associated with weak subgroups.

The 324 clinical samples with ABO grouping discrepancies were divided into groups with the
first being acquired variant ABO phenotypes, which included pregnancy, haematological
disorders and a variety of other disorders. Pregnancy was responsible for 13 cases of variable

weak A expression and retesting of five available women showed that their A antigen
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expression went back to normal after the delivery of the baby (this observation was also noted
by O’Keefe, PhD thesis, 1995). All 13 samples were heterozygous for the 4 allele. Weak, but
variable A (and in 2 cases B) antigen expression was noted in 16 non-transfused patients with
various haematological malignancies including acute and chronic myelogenous leukaemia,
multiple myeloma, non-Hodgkins lymphoma and myelodysplastic syndrome. ABO
genotyping confirmed their non-O blood group status hence transfusion with O blood was
avoided. Acquired B was seen in nineteen other patients with non-haematological
malignancies including adenocarcinomas of the colon, rectum, uterus or brain and others with
gastrointestinal infections. 4BO genotyping showed that they did not have B alleles but had
either A’ or A” alleles. Thirteen patients with other medical conditions had weak A expression

and genotyping showed they had A4 alleles.

1.4.5.5 The Cis-AB and B(A) Alleles

The cis-AB phenotype was first described in 1964 by Seyfried and her colleagues who found
a family with an unusual inheritance pattern of the ABO blood groups. The blood group of the
father was O and the blood group of the mother was A’B but the blood group of their two
children was A’B. The following year Yamaguchi et al reported a similar observation with
the inheritance of the A”B* phenotype in a family where it was suggested that both the A? and
B’ alleles were inherited simultaneously on one chromosome. To discriminate this rare
phenotype from ordinary AB phenotypes, the authors named it cis-AB (reviewed in
Yamamoto, 1995). Cis-AB alleles make enzymes that have A and B activity and sequencing
of Japanese cis-AB alleles identified the presence of three out of four A specific nucleotides in
exon 7 and only one B substitution. An Australian cis-AB allele was identified that had three
B substitutions and only one A substitution (Mifsud et al, 2000). In nearly all instances of the
cis-AB phenotype the B antigen on the red cell was atypical in its behaviour and the

serological behaviour of the A antigen on the red cells more closely resembled that of normal

AZ cells than A' cells.
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In individuals with the B(A) phenotype, B antigens are predominant on red blood cells, but
these cells can also react with anti-A reagents. Sequencing of these alleles shows a BABB
pattern at the four amino acid substitutions responsible for the differences between the 4 and
B alleles. A B(4) allele has been identified that has the sequence BBBB, which appears to be
a normal B allele except that there is a mutation responsible for an amino acid substitution

adjacent to the second B which causes A glycosyltransferase activity.

1.4.5.6 Hybrid Alleles

Numerous alleles have been identified that can be explained by crossing-over between two
different alleles. This phenomenon was first described in 1996 when a blood sample indicated
homozygosity for the O’ allele at position 261 and heterozygosity at position 1061 for an 4°
allele (Gassner ez al, 1996). Numerous hybrid alleles have been identified (reviewed in
Olsson and Chester, 2001) including a sequence with four characteristic B substitutions and
two 0" nucleotide substitutions. A hybrid allele caused by the crossing over of B and O’
alleles was capable of coding for an A’ transferase (for a more detailed review on hybrid
alleles of ABO see Olsson and Chester, 2001). Many other hybrid alleles exist suggesting that

the ABO locus is a hotspot for recombination (Olsson and Chester, 2001).

1.4.5.7 Allelic Variation in Untranslated Regions of the 4BO Gene

Luciferase reporter constructs, which carried various portions of the 5’ upstream region of the
translation initiation codon sequence of 4BO, determined that deletion of the upstream region
from -3950 to —666 (+1 being the transcription initiation site) resulted in a marked decrease
in luciferase activity (Kominato et a/, 1997). This indicated the presence of an enhancer
element in this region. Further deletions closer to the transcription initiation region (to either —
202 or -117) led to an increase in promoter activity indicating the presence of a negative

regulator in this region.
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Further examination of the enhancer region identified a minisatellite sequence composed of
four 43 bp repeats (in the region —3950 to —3252). The enhancer activity of this sequence was
proven using further luciferase constructs that contained the repeat sequence downstream of
the luciferase gene. Electrophoretic mobility shift assays (EMSA) with the repeat sequence
showed that there was a near-consensus binding site for the transcription factor CBF/NF-Y on
the 5° half of the 43 bp repeat unit. Binding of CBF/NF-Y to the repeat sequence was
examined by a supershift assay using a CBF/NF-Y antibody and shown to be required for

ABO transcription (Kominato et al, 1997).

Although initial identification of the minisatellite identified four copies of the 43 bp sequence,
this enhancer was later shown to be a variable number of tandem repeat (VNTR) region with
four copies associated with the 4%, B, O’ and 0" alleles but only a single 43 bp motif
associated with the A4’ and O7 alleles (Figure 1.6) (Irshaid ez al, 1999; Yu et al, 2000). In total,
three different enhancer structures existed for the ABO alleles. The first, found in the B allele
and 35% of the O’ alleles consists of 4 repeat units. The second found in O’ and 65% of the
O’ alleles had 4 repeats plus a G to C substitution at the 41* nucleotide of the 43 bp repeat
unit in the first of the four repeats (Yu et al, 2000). The third enhancer region is found in A4’
alleles and had only one 43 bp unit with a G to A substitution at the 41 nucleotide of the 43

bp repeat unit (Yu et al, 2000).

Yu et al (2000) investigated whether there were differences in the transcriptional activities of
the A and B allele associated enhancers. The promoter of ABO (-118 to +32 bp) was inserted
into a construct with no promoter and was shown to induce a 10-fold increase in transcription.
The addition of the 4 allele enhancer to the ABO promoter sequence increased transcription 5-
fold. Addition of the B allele enhancer to the ABO promoter increased transcription 300-fold

more (Yu ef al, 2000).
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Another interesting set of experiments carried out by Yu and colleagues (2000) was the
insertion of one A4 allele enhancer unit, and 1 to 4 units of the B allele enhancer. Transcription
increased as the number of B enhancer units was increased from one to four. However, a 20%
increase with the one B allele enhancer unit was seen when compared to only one A4 allele
enhancer unit, even though they only differ by one base pair (Yu et al, 2000). The A'
transferase is more efficient than the A® or B transferase despite having less enhancer activity,
suggesting that the mutations found in the 4’ and B alleles are more detrimental to the

transferase function than first thought (Olsson and Chester, 2001).

1.4.5.8 Allelic Variations in the 4ABO Intron Sequence

Additional allelic variations in ABO have also been found in intron 6 (Suzuki et al, 1997,
Olsson and Chester, 1998). The original sequence of ABO (GenBank AC000397) indicated
that intron 6 was 1052 bp in length. Intron 6 from 4’, B, O’ and O alleles was sequenced and
described as being 1049 bp with identical A’ and O’ sequences but different B and 0"
sequences (Suzuki et al, 1997). The B allele differed at 12 positions, while the O’ allele
differed at 13 positions, of which 6 were shared between the B and O’ alleles. Other
investigations of intron 6 by Olsson and Chester (1998) (GenBank AF016622-AF016625) for
B/O?, 0" and two A hybrids indicated a 1052 bp intron 6 sequence. This discrepancy
between intron 6 sequences may be due to sequencing errors or ethnic variation (Olsson and

Chester, 2001).

Olsson and colleagues (2000) were the first to identify an intronic mutation that led to a
phenotypic change in the ABO system. A mutation at nucleotide 4 of intron 6 was associated
with the Agn, phenotype in four Finnish blood donors. The authors suggested that this
mutation affected splicing so that the majority of transcripts lack exon 6. A premature stop
codon at the junctions between exons 5 and 7 would abolish enzyme activity in the truncated

protein product.
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Figure 1.6. The VNTR enhancer associated with various ABO alleles.
The different enhancer structures associated with various ABO alleles are shown. One yellow arrow represents one repeat unit.

(Adapted from Yu et al, 2000).



1.4.5.9 Utilising the Allele Polymorphic Differences for Genotyping

The different nucleotide substitutions between the three major ABO alleles create allele
specific restriction enzyme sites. Yamamoto and colleagues (1990b) discovered the
differences between the common ABQ alleles at the DNA level and were the first to propose a
method for discriminating the 4, B and O’ alleles. The deleted G in the O’ allele created a
Kpnl site while the 4 and B alleles had a BstE1l site at the corresponding position (Yamamoto
et al, 1990b). Southern hybridisation after restriction enzyme digestion of DNA with Kpnl
and BstEIl was used to detect the O’-specific deletion. Utilisation of a PCR-RELP method
allowed the discrimination of the 4 and B alleles. The PCR-RFLP method has been modified
and expanded by many and is the easiest and most efficient way of genotyping for ABO
(Yamamoto et al, 1990b; Yamamoto and Hakomori, 1990; Lee and Chang, 1992; O’Keefe
and Dobrovic, 1993; Olsson and Chester, 1995; O’Keefe and Dobrovic, 1996). Other novel
techniques for ABO genotyping have been developed and will be discussed in more detail in

Chapter 4.

1.4.6 ABH Antigen Expression in Adult Tissues and Embryonic Development

ABH antigens are not restricted to red cells as they are found as cell surface antigens on
endothelial cells of blood vessels, in glands and goblet cells, and in various organs of
excretion and secretion (reviewed in Watkins, 2001). At approximately five weeks after
fertilisation strong cell surface expression of A, B and H antigens can be detected on the
endothelium and epithelium of most early organs but in epithelia the cell surface expression
diminishes after approximately nine weeks when secretion of mucin begins. A systematic
disappearance of the ABH antigens has been observed during the development of embryonic
epithelial organs with the antigens reappearing after the developing organs have reached their
final differentiation states (Szulman, 1964). Muscle and bone cells completely lose the ability

to make ABH antigens.
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1.4.7 Alterations of ABH Antigen Expression in Solid Tumours

In malignancy, the A and B antigens may reappear in tissues from which they disappeared
early in development, hence the term onco-developmental antigens. An example is the distal
colon in which A and B expression is not present in normal adult tissue but there is re-

expression of these antigens in carcinoma of the colon (Piller et al, 1979; Orntoft et al, 1991).

Continued expression of A and B antigens in tumours derived from tissues that normally do
not express ABH antigens has been shown to be a favourable prognostic factor (Lee ef al,
1991; Matsumoto et al, 1993), whereas loss in tumours that normally express ABH antigens
is linked with a poor prognosis and is associated with the degree of metastasis or malignancy
(Davidsohn and Stejskal, 1972; Ichikawa et al, 1998). No essential function for tumour
suppression has been attributed to the products of the 4BO locus. The inhibitory role of the
antigens in malignancy fits in with Koscielak’s hypothesis that the ABH antigens are capping
structures that cover up oligosaccharide chain endings that otherwise would interact with

endogenous lectins or cell surfaces (Koscielak, 1986, 2001).

Loss of ABH antigens from tumour tissue is frequently seen in carcinomas (Table 1.5) of the
buccal epithelium, stomach, proximal colon, pancreas, larynx, lung, endometrium, ovary,
prostate, bladder, thyroid, head and neck, and breast (Lange et al, 1978; Hirohashi et al, 1984;
Coon et al, 1985; Itzkowitz et al, 1987; Schoentag et al, 1987, Dabelsteen et al, 1988; Omtoft
et al, 1989; Memon et al, 1990; Perlman et al, 1990; Inai et al, 1992; Stenersen et al, 1992;
Welshinger et al, 1996; Nakagoe et al, 1998, Moldvay et al, 2000). Loss of ABH antigen is
associated with poor prognosis, tumour grade and metastatic potential (Lange et al, 1978;
Limas et al, 1979; Ernst et al, 1984; Lindgren et al, 1986; Wolf et al, 1990; Bryne et al, 1991,
Lee et al, 1991; Matsumoto et al, 1993). Tumour cells with decreased expression of A/B

antigens were shown to have a higher metastatic tendency (Miyake et al, 1992). The survival
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of blood group A or AB non-small cell lung carcinoma patients with A antigen negativity was
shown to be significantly shorter than for patients with A antigen positive tumours (Lee et al,
1991). Bryne et al (1990) found that 71% of oral squamous cell carcinomas showed less than
10% cell membrane staining for the H antigen. Matsumoto et al (1993) demonstrated a
correlation of expression of ABH antigens with metastatic potential in human lung
carcinomas with 54% having partial or complete loss of antigen expression. Orlow et al
(1998) found that 59% of bladder tumours of A, B or AB individuals showed lack of

expression and/or loss of an ABO allele using PCR and Southern analysis.

Investigation of the loss of A/B antigen expression in immortalised human urothelial cell
lines, HCV 29 and Hu 609, which had no A transferase activity or any A antigens on their cell
surface, showed that they retained an intact A allele and transcribed A mRNA (Meldgaard et
al, 1994). To investigate this further, this same group investigated loss of heterozygosity
(LOH) of ABO in 22 bladder tumours that were negative for A/B antigens. They found that
loss of ABH antigens was not due to loss of the transferase producing allele or to down-
regulation of ABO gene transcription, but suggested that perhaps there was an alteration in
post-translational control. This is contradictory to the observation of Orlow et al (1998) above

who found loss of an 4BO allele in some bladder tumours with loss of ABH expression.

Another observation in tumours is ‘incompatible A expression’ which refers to the expression
of A antigens in tumours of blood group O and B individuals, which normally do not produce
A antigens (Clausen et al, 1986, Metoki et al, 1989). David et al (1993) investigated
incompatible A antigen expression in 31 gastric tumours of O phenotype and OO genotype.
They found eight cases that expressed A antigen immunohistologically and concluded that
incompatible A antigen expression was due to A transferase expression somehow deriving

from the O allele. It has been generally accepted that the regulation of ABO phenotypes is
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based on structural DNA encoding, therefore the expression of inappropriate antigens 1n

tumours may indicate that regulation occurs at an epigenetic level (reviewed in Clausen and

Hakomori, 1989).

| Type of Cancer !

Change in Expression of ABH Antigens

Stomach Loss of A and B
Proximal Colon Loss of A and B
Distal Colon Decreas: (?fp Z?rlgn:rfdoliﬁft?g:rrll:igrf rIllietastases
Pancreas Loss of A,Band H
Lung Loss of A and B
Bladder Loss of A, B and H
Prostate Loss of A gnd B
Increase in H
Breast Loss of A gnd B
Increase in H
Endometrium 10sSIont: gnd B
Increase in H
Ovary Loss of A and B
Head and Neck Loss of A and B
Thyreis Decizsz al)rIii 111\021?; g,ir]? r?l?:?agases

Table 1.5. Changes in ABH antigen expression in carcinomas.

Modified from Le Pendu et al (2001).
1.4.8 Loss of ABH Antigens in Haematological Malignancies
Alteration of ABH antigens in haematological malignancy was first reported by van Loghem
et al (1957) who described very weak A antigen expression on the red cells of an AML
patient, who had previously shown normal A antigen expression. Loss of A, B, or H antigens
from the surface of red blood cells is now recognised as a recurrent observation in
haematological malignancy (Race and Sanger, 1975; Daniels, 1995). In a normal individual of
type A, B or AB, complete agglutination of the red blood cells is observed after incubation

with antibodies reactive against their blood group. In patients with loss of ABH antigens, a
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varying proportion of red blood cells do not agglutinate giving a characteristic mixed field
reaction. Mixed field reactions can also occur in normal individuals where they are associated

with rare alleles of the ABO gene such as 4° and B’.

In epithelial tumours, loss of ABH antigens is seen in the cancer cells which are often
dedifferentiated, however, in myeloid malignancies, loss of ABH antigens is seen only on red
blood cells since most haematopoietic cells normally do not express ABO. Malignant stem
cells regularly retain the ability to differentiate along several lineages including the erythroid
lineage (Fialkow er al, 1981; Keinanen et al, 1988; Suciu et al, 1993). Loss of ABH antigens
in a subset of red blood cells derived from a malignant stem cell is indicative of genetic
changes that have occurred in the malignant stem cell. Red blood cells that are deficient in A
or B antigens have been shown to have decreased transferase activities, which supports the
notion that the loss of antigens reflects a genetic change at the ABO locus and not at the cell
surface or membrane precursors (Salmon et al, 1984). Changes in H antigen expression may

result from genetic alterations at the FUT! locus.

Whether the mechanisms of loss of ABH antigens in epithelial tumours and haematological

malignancies are truly analogous to each other remains to be determined.

1.5 Genetic and Epigenetic Changes in Cancer Development

Cancer is a clonal disorder originating from a single aberrant cell that has acquired numerous
genetically inheritable changes (Nowell, 1976). Multiple progressive events are required to
change a normal cell into a cancer cell. These steps have been defined as initiation, promotion
and progression. Initiation involves an irreversible genetic change that is not enough to cause
cancer on its own. Promotion is the clonal expansion of the initiated cells into a benign or pre-
neoplastic growth involving reversible epigenetic changes. Progression involves events that
are required for the change from a benign or pre-neoplastic population to a malignant

population (reviewed in Boyd and Barrett, 1990).
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Carcinogenesis requires numerous genetic changes in two groups of genes, oncogenes and
tumour suppressor genes. Oncogenes are involved in the cellular growth and differentiation of
a cell. For cancer to develop, oncogenes must be activated either by point mutation,
chromosomal rearrangement or DNA amplification. The second group of genes involved in
carcinogenesis are tumour suppressor genes, which are involved in the regulation of cellular

proliferation. These genes are often lost or inactivated in tumours.

Genetic alterations that are involved in haematological malignancies have only been partially
characterised, but inactivation of tumour suppressor genes and activation of oncogenes have
been identified as essential. Both copies of a tumour suppressor gene need to be inactivated
for neoplastic transformation. Thus, two sequential molecular events are required for tumour
suppressor gene inactivation with one event usually leading to loss of chromosome material
(loss of heterozygosity - LOH) and the second being a point mutation, deletion, chromosomal
rearrangement or methylation (Boyd and Barrett, 1990). LOH is the process where the
remaining wild type allele of a gene is lost either by deletion of the chromosomal region
harbouring the gene or by recombination leading to the replacement of the wild type allele

with a duplicated copy of the mutant allele (reviewed in Thiagalingam et a/, 2002).

1.5.1 CpG Islands

Inactivation of tumour suppressor genes by methylation is currently under extensive
investigation. Methylation predominantly occurs at CpG dinucleotides, which are rare,
occurring at twenty percent of their expected frequency (Bird, 1986). CpG denotes a cytosine
adjacent to a guanosine on the same DNA strand and not cytosine hydrogen bonding to
guanosine on the complementary DNA strand. The rarity of CpGs results from their
methylation, with 60 - 90% of CpGs methylated in the genome. There is a tendency for 5-

methylcytosine to deaminate to thymine, which is not efficiently repaired by DNA repair
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mechanisms (Bird, 1986). It is more difficult for the cell to correct the T:G mismatch created
by 5-methylcytosine because thymine is a normally occurring DNA base. The correct or
incorrect sequence depends on whether the thymine or the guanosine is repaired (Jones,

1996).

CpG islands are clusters of unmethylated CpGs located near and spanning the promoters of
many genes. These CpG islands are arcas of DNA 0.5 - 5 kb in length, which are GC rich (60
— 70%), and have a CpG/GpC ratio of 0.6 — 1.0 indicating little or no suppression of the

frequency of CpG, that is, these CpG islands show the expected CpG frequency (Bird, 1986).

CpG islands have maintained their high level of CpG dinucleotides due to the absence of
methylation (Bird, 1986). CpG islands are almost always associated with promoters or coding
regions of genes. CpG islands in 'housekeeping' genes are protected from methylation but
some genes with a tissue-specific expression pattern become methylated and remain so in
adult tissues. They only become demethylated during differentiation of tissues in which these

genes are expressed (reviewed in Versteeg, 1997).

DNA methyltransferases (DNMT) are the enzymes that catalyse the transfer of the methyl
group to a cytosine in a CpG dinucleotide. DNMTI was the first DNMT cloned and is
responsible for duplicating the DNA methylation pattern during DNA replication (Bestor and
Verdine, 1994). DNMT1] is also the most abundant of the DNA methyltransferases and is
capable of directly binding histone deacetylases (HDAC) (Fuks et al, 2000; Robertson et al,
2000; Rountree et al, 2000). Knockout of both alleles of DNMTI in cultured human colon
cancer cells climinated a large amount of DNA methylating activity but it did not result in a
complete loss of abnormal methylation in many of the hypermethylated genes investigated
(Rhee et al, 2000). DNMT3a and 3b, like DNMTI, have been shown to be essential for

mammalian development (Okano et al, 1998; Okano et al, 1999).
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In eukaryotes, genomic DNA is packaged with histone proteins into chromatin (Grant, 2001).
Core histones are modified by acetylation of lysine residues in the amino terminal tail
domains that interact with the negatively charged phosphates of the DNA backbone. Histone
acetylation leads to a charge neutralisation and separation of DNA from histones, allowing
transcriptions factors to access the DNA. Hence, histone hyperacetylation leads to
transcriptionally active regions of the genome while hypoacetylation leads to silenced regions
(reviewed in Archer and Hodin, 1999). The level of histone acetylation is based on the
activity of two groups of enzymes, histone acetyltransferases (HATs) and histone
deacetylases (HDACs). The chromatin that contains CpG islands is usually heavily
acetylated, lacks histone H1 and includes a nucleosome-free region (Tazi and Bird, 1990).

This open configuration allows for transcription factors to interact with gene promoters

(Cross and Bird, 1995).

1.5.2 Methylation and Transcription

Many studies support an inverse relationship between CpG island methylation and gene
expression. Hypomethylated DNA is associated with active chromatin whereas methylated
DNA is associated with inactive chromatin (Razin, 1998). Whether methylation is a cause or
consequence of events leading to transcriptional inactivation is not known. There are two
examples of the relationship between CpG methylation and transcriptional inactivation in

normal human cells. They are X-inactivation and imprinting.

1.5.2.1 X-Inactivation and Imprinting

X-inactivation in female mammals is associated with the methylation of CpG islands of X-
linked housekeeping genes, with methylation occurring at, or soon after, gene inactivation
(Jones, 1996). CpG islands associated with transcriptionally silenced genes on the inactive X
chromosome are heavily methylated, while the homologous sequences on the active X

chromosome are unmethylated (Mohandas et al, 1981).
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Methylation of the CpG islands on the inactive X chromosome contributes to the repression
of the inactivated genes, since the genes can be reactivated by using an inhibitor of DNA
methylation, such as 5-azacytidine (Mohandas et al, 1981). Further evidence that methylation
correlates with gene activity on the X chromosome, comes from the fact that a CpG island
associated with a gene that escapes X inactivation remains unmethylated on both the active

and inactive X chromosomes (Mohandas et al, 1981).

Methylation is also observed in parental imprinting, which is the inherited expression of a
gene from either the paternal or the maternal allele. In imprinting, the active allele is often

unmethylated while the silenced allele is methylated (reviewed in Tycko, 2000).

1.5.2.2 Transfection Experiments

The inverse relationship between methylation and gene expression has also been shown by
transfection experiments. Unmethylated exogenous genes, when stably transfected into
cultured cells, are expressed at a basal level. However, transcription of in vitro methylated
DNA sequences is inhibited when transfected into different cell types (Yisraeli et al, 1988).
DNA  methylation can inhibit pS-globin gene expression in mouse fibroblast and
erythroleukaemia cells (Yisraeli ef al, 1988). Studies of the human P-globin gene have shown
that in fibroblasts the endogenous gene is heavily methylated and unexpressed, yet
unmethylated copies of this gene are transcriptionally active when introduced into the same

cell type (reviewed in Cedar, 1988).

Further evidence supporting the inverse relationship between CpG island methylation and
gene expression comes from transfection experiments with an artificially methylated hamster
gene (APRT). Methylation of the body of the gene did not affect transcription, but

methylation of the 5' CpG island led to a decrease in the level of transcription (reviewed in
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Bird, 1986). Lu and Davies (1997) found that methylation of CpG rich regions of the
transglutaminase promoter correlated with a reduced level of transcriptional activity.
Demethylation of the cells by treating them with 5-azacytidine led to increased enzyme

expression.

1.5.2.3 Methylation Mechanisms Which Affect Gene Expression

There are two ways in which methylation can affect gene expression. Firstly, methylated CpG
residues can directly interfere with the binding of specific transcription factors to DNA.
Transcription factors such as AP-2, c-Myc/Myn, cyclic AMP-dependent activator CREB, E2F
and NF-kB recognise sequences with CpG residues. Binding of each of these transcription
factors has been shown to be abolished by methylation (reviewed in Singal and Ginder,
1999). The transcription factors Sp1 and CTF are not affected by methylation of their binding

sites (Tate and Bird, 1993).

Secondly, direct binding of specific factors termed methyl-CpG binding factors to methylated
DNA, like MeCP1 and MeCP2, can mediate repression. MeCP1 binds to DNA with many
methylated CpGs while MeCP2 is more abundant than MeCP1 and can bind DNA with one
methylated CpG (Meehan et al, 1989; Meehan et al, 1992). MeCP2 has recently been shown
to associate with a co-repressor complex that consists of the transcriptional repressor mSin3A
and histone deacetylase (Nan et al, 1998; Jones et al, 1998). Homozygous deletion of mouse
MeCP2 is lethal suggesting an important role for this protein in embryonic development
(Zingg and Jones, 1997). It has been suggested that a high concentration of methyl-CpGs in a
methylated CpG island led to binding of methyl-CpG binding factors. These proteins might
then ensure transcriptional suppression by stabilisation of higher order folding of chromatin
(reviewed in Antequera et al, 1990). Unmethylated DNA adopts a DNase I sensitive structure
typical of other active genes, while fully methylated sequences are resistant to DNase I and

are structurally similar to inactive genes of the cell (reviewed in Cedar, 1988).
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1.5.3 Alterations of Methylation in Cancer

In recent years, there has been considerable interest in detecting altered patterns of methylation
during cancer development. It is recognised that critical changes in methylation during
tumorigenesis occur in some of the normally unmethylated CpG islands that encompass the
promoter regions of many genes (Baylin et al, 1998). Particular interest has been focussed on
tumour suppressor genes such as RB, p/6 and BRCA! that can have methylated promoter CpG
islands 1in their respective tumours (Greger et al, 1989; Gonzalez-Zulueta et al, 1995; Herman

et al, 1995; Merlo et al, 1995; Dobrovic and Simpfendorfer, 1997, Stirzaker et al, 1997).

Alterations in DNA methylation are very common in cancer cells. They include widespread
loss of methylation from normally methylated sites, hypomethylation of genes (Feinberg and
Vogelstein, 1983), increased levels of the enzyme DNA methyltransferase (reviewed in Jones,
1996) and de novo methylation of CpG islands (Baylin ef al, 1987). DNA hypomethylation of
oncogenes in human tumours has been correlated with gene expression. An example of this is

bcl-2 in B-cell CLL and K-ras in lung and colon carcinomas (reviewed in Singal and Ginder,

1999).

1.5.3.1 Hypomethylation and Cancer

While the CpG islands associated with tumour suppressor genes become methylated, the
DNA of tumour cells shows widespread hypomethylation of CpG dinucleotides located in the
coding region and introns of the gene (reviewed in Esteller and Herman, 2002). DNA
hypomethylation contributes to cancer by causing chromosomal instability and through loss
of imprinting. Lack of methylation favours mitotic recombination leading to LOH and
chromosomal rearrangements (Esteller and Herman, 2002). This is supported by the
observation that mice lacking DNMTI have increased rates of genetic deletions (Chen et al,

1998) and patients with mutations in DNMT3b have many chromosomal aberrations (Xu et al,

1999).
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1.5.3.2 Levels of DNMTs

There is increased activity of DNA methyltransferases in cancers with significant over
expression of DNMT3b in several human cancers (Robertson ez al, 1999). Significant
increases in the expression of DNMTI, 3a and 3b have also been reported in AML and the

acute phase of CML (Mizuno et al, 2001).

The evidence for the role of DNA methylation in carcinogenesis is strengthened by work
done with methyltransferase-defective mice. Experiments using these mice established that
they had decreased CpG methylation and this correlated with a decrease in colon polyp
formation in mice carrying a predisposing cancer-causing mutation (Laird et al, 1995). Also,
homozygous embryos had a three-fold decrease in DNA methylation and died before day
eleven (Li er al, 1992). This indicates an essential role for DNA methylation in normal

mammalian development.

1.5.3.3 Targets for Mutation

CpG sites are seen as hot spots for inactivating mutations in tumour suppressor genes.
Coulondre e al (1978) were the first to demonstrate that cytosine methylation sites in
prokaryotes were mutational hot spots due to the hydrolytic deamination of 5-methylcytosine.
In mammals, CpG sites are also mutational hot spots and contribute to the generation of
polymorphisms, germline mutations and cancer causing mutations (reviewed in Jones, 1996).
Cytosine methylation is responsible for the generation of a large number of disease causing
point mutations in tumour suppressor genes in somatic and germline cells (Jones, 1996). This
is due either to the spontancous deamination of 5-methylcytosine, or to the side reactions
involved in the enzymatic modification of cytosine in DNA (Jones, 1996). An example of this
is p53 in which 25% of point mutations in this gene in all human cancers studied occurred at

CpG sites and 50% occurred at CpG sites in colon cancer (Jones, 1996).
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1.5.3.4 Calcitonin

One of the first reports of a change in methylation in carcinogenesis came from work on the
calcitonin (CT) gene. Hypermethylation of the 5' region of CT was found in 90% of patients
with non-Hodgkin's T and B cell lymphoid neoplasms, and in 95% of tumour DNA samples
from patients with acute non-lymphocytic leukaemia (ANLL) (Baylin et al, 1987).

Hypermethylation was not found in DNA from non-neoplastic adult tissues such as sperm or

lymphocytes.

1.5.3.5 Retinoblastoma

There is much support for the role of aberrant methylation in carcinogenesis, with de novo
methylation an epigenctic pathway for the inactivation of tumour suppressor genes. An
example of this is the retinoblastoma gene, Rb, in which hypermethylation of the 5' CpG
island has been found in a small fraction of sporadic retinoblastomas (Greger et al, 1989;
Sakai et al, 1991; Greger e al 1994). Tt has also been shown that in vitro methylation of the
Rb promoter, in a reporter gene construct, reduced gene expression by 92% (Ohtani-Fujita et
al, 1993). Reduced levels of mRNA were also found in a hypermethylated retinoblastoma cell

line, suggesting that Rb can be inactivated by hypermethylation in vivo (Greger et al, 1994).

Recently, Stirzaker et al (1997) used bisulphite genomic sequencing to study in detail the
methylation pattern of the Rb promoter region from primary retinoblastomas. In this way the
methylation status of all the CpG sites in the Rh promoter region were characterised rather
than only the sites that can be studied using restriction enzyme digestion. They wanted to
determine whether the transcription factor binding sites were specifically methylated in each
patient shown to have promoter methylation by restriction enzyme analysis, and whether
other regions of the promoter were also methylated. Six out of seven of the methylated

patients showed LOH for the Rb gene, therefore, in these tumours one allele is lost and the
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other is methylated. They found hypermethylation was not confined to specific CpG sites.
Although methylation was extensive, the overall level varied between patients from 20-30%
for some sites to nearly 100% for other sites. This suggests that complete methylation at all

CpG sites is not essential for silencing of the Rb gene.

1.5.3.6 Von Hippel Lindau

The von Hippel Lindau (VHL) gene is another tumour suppressor gene that was found to be
hypermethylated and inactivated in a subset of renal cell lines and tumours that did not have a
mutated VHL gene (Herman et al, 1994). Support for abnormal CpG island methylation
associated with inactivation of this gene came from re-expression of the VL gene in renal
cell cancers after treatment with the demethylating agent 5-aza-2'-deoxycytidine (Herman et
al, 1994). Prowse et al (1997) detected hypermethylation of VHL in 33% of tumours without
LOH and were the first to report somatic methylation in a familial cancer syndrome. This
would suggest that the first hit was a germline mutation and methylation of the other VHL

allele was the second somatic inactivation event.

1.5.3.7 pl6 and p15

Expression of the p/6 tumour suppressor gene was found to be controlled by methylation of
its 5' CpG island, with de novo methylation of this island the mechanism for p/6 inactivation
in bladder carcinomas. A significant correlation was found between methylation of exon 1 of
pl6 and transcriptional silencing of the gene (Gonzalez-Zulueta et al, 1995). Silencing of p/6
expression by methylation was also found in 24% of human gliomas, but was not present in
normal brain (Costello et al, 1996) as well as in 19% of oesophageal squamous cell
carcinomas (Maesawa et al, 1996). Hypermethylation of the CpG island surrounding the first
exon of pl6 was also observed in neuroblastomas, which often lacked p16 expression (Takita
et al, 1997). Merlo et al (1995) found de novo methylation of the 5' CpG island of p/6 in

about 20% of different primary neoplasms but not in normal tissues.
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The tumour suppressor gene, p/5, has been reported to be commonly inactivated in gliomas
and leukaemias in association with promoter region hypermethylation. Treatment with the
demethylating agent 5-aza-2'-deoxycytidine led to re-expression of p/5 mRNA (Herman et al,
1996). p15 and pl6 are both located on chromosome 9p21 and in a study of multiple
myeloma they were both investigated for methylation since they were not inactivated by
deletions or mutations (Ng et al, 1997). It was found that inactivation of these two genes was
due to hypermethylation of their 5' CpG islands with hypermethylation observed for pl6 in

75% of multiple myeloma patients and 67% for p15 (Ng et al, 1997).

1.5.3.8 Methylation as a Therapeutic Target

Abnormal methylation is an attractive target for therapeutic intervention through the use of
demethylating agents, especially since the growth regulating genes are not mutated or lost but
simply silenced. Expression of methylated genes can be restored, in principle, through the use
of inhibitors of DNA methylation like the cytidine analogue 5-azacytidine and 5-aza-2'-

deoxycytidine (Jones, 1996).

5-azacytidine, can be integrated into DNA and its incorporation leads to hypomethylation of
DNA, which is attributed to impaired methylation at the sites of substitution. Another DNA
methylation inhibitor is the cytosine analogue 5-aza-2'-deoxycytidine. 5-aza-2'-deoxycytidine
can integrate into DNA at the target site for DNA methylation, but it cannot accept the
transfer of a methyl group because of the nitrogen in the fifth position of the cytosine ring.
The covalent binding of DNA methyltransferase to 5-aza-2'-deoxycytidine substituted DNA
mediates its cytotoxic effects. A phase II study, involving the treatment of 29 elderly patients
with MDS with continuous infusion of low dose 5-aza-2'-deoxycytidine, found that 15 out of
28 evaluable patients responded to this treatment (Wijermans et al, 1997). Although nine

reached complete remission, five patients died due to its toxicity. Preliminary findings
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suggested that decreasing the dose of 5-aza-2'-deoxycytidine maintained the efficacy of this

DNA methylation inhibitor with an associated decrease in toxicity.

Patients with [B-thalassemia show foetal globin expression after administration of 5-aza-2'-
deoxycytidine (reviewed in Jackson-Grusby et al, 1997). This drug has also been used in vivo
to demonstrate the inverse relationship between DNA methylation and gene expression and to
reactivate epigenetically silenced genes. Laird et al (1995) have shown that 5-aza-2'-
deoxycytidine reduces intestinal tumour multiplicity in multiple intestinal neoplasia (Min)
mice by reducing genomic methylation levels. Min mice are heterozygous for the Min
mutation of the adenomatous polyposis coli (4PC) gene. Since 5-aza-2'-deoxycytidine is
mutagenic its utility must be questioned and highlights the need to identify novel specific

inhibitors of DNA methyltransferase.

1.5.4 DNA Methylation in the Promoter Region of 4ABO

The 5’ upstream ABO genomic sequence, which contains potential transcription initiation
sites, lacks either a TATA or a CAAT box, but is rich in CpG dinucleotides (Yamamoto,
2001). There is a G + C content of 76% and a CpG/GpC ratio of 0.9 so this upstream region

fulfils the criteria for a CpG island (Kominato ef a/, 1997).

Analysis of the ABO gene promoter region in several human carcinoma cell lines showed that
DNA methylation of the 4BO gene promoter region was inversely correlated with its gene
expression (Kominato et al, 1999). Treatment of a non-expressing gastric cancer cell line
MKN 28 with the DNA methyltransferase inhibitor 5-aza-2’-deoxycytidine resulted in

demethylation of the promoter and re-expression of the ABO gene.
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Iwamoto et al (1999) analysed the methylation patterns of ABO in A antigen positive and
negative clones derived from the colon adenocarcinoma cell line SW480. The antigen positive
clones were unmethylated and the antigen negative clones were methylated. They found that
the methylation was observed only on the sense strand but not on the antisense strand though

they did not elaborate on the significance of this strand-specific methylation.

1.6 Aims

The aim of this project was to investigate the molecular mechanisms behind the loss of ABH
antigens in leukaemia and to assess whether methylation was a possible mechanism for
silencing of the ABO gene. Since there have been reports of coordinate decreases in the A
transferase and the AK1 transferase, another aim of this project is to assess whether there is a
silencing event affecting a possible tumour suppressor gene in the 9934 region that is the

target in these haematological malignancies.
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CHAPTER 2

Materials
&
Methods




2.1 Materials

Ammonium Persulfate

Progen Industries Limited.

5-aza-2’-deoxycytidine

Sigma. Made up in ultra pure water (UPW) and filter
sterilised.

BigDye™ Terminator

Applied Biosystems.

Concert™ Rapid PCR purification
System

Invitrogen.

DDS Buffer

95% formamide, 10 mM sodium hydroxide (NaOH),
0.25% xylene cyanole (ICN Biomedicals Inc), 0.25%
bromophenol blue (BioRad).

Dextran Sulphate (50% w/v)

50 g of dextran sulphate sodium salt (Pharmacia) was
dissolved in a final volume of 100 ml with MilliQ
water (MQW) on a magnetic stirrer for several hours.
The solution was autoclaved*:.

Digoxigenin-11-Uridine-5'-
Triphosphate (DIG-11-UTP)

Roche.

DIG Luminescent Detection Kit

Roche.

DIG Washing Buffer Add 0.3% (v/v) Tween®™ 20 to Maleic acid buffer.
Dimethyl Sulphoxide (DMSO) Sigma.
DNAzol BD Reagent Invitrogen. For extraction of DNA from blood.

Deoxynucleotide triphosphates
(dNTPs) (10 mM) each

ICN. 100 mg of each dNTP (dATP, dCTP, dGTP,
dTTP) were resolvated in UPW and the pH adjusted
to 7.0 - 8.0 using sterile 1 M Tris base. The final
volume was made up to 18 ml with UPW.

Ethylene-diamene tetra-acetic acid
(EDTA) (0.5 M, pH 8.0)

Disodium ethylene diamine tetra-acetate.2H,0, 186.1
g, was dissolved in 800 ml of MQW. The pH was
adjusted to 8.0 with NaOH, volume made up to 1 litre
and sterilised by autoclaving.

Ethidium Bromide (1 mg/ml)

One 10 mg pellet dissolved in 10 ml of sterile MQW.

Foetal Bovine Serum (FBS)

JRH Biosciences.

Formaldehyde Solution (37%)

Sigma.

Deionisation required 5 g of Molecular Biology
Grade AG® 501-X8 (D) Resin (BioRad) per 100 ml

Formamide of formamide (AnalaR) and stirring for 1 hour.
Deionised formamide was stored at —20°C.
Dissolve 0.292 g of L-glutamine (Sigma) in 10 ml of
Glutamine (200X) UPW. Solution was then filtered through a 0.22 um

filter and stored at —20°C.

47




Helix Pomatia Lectin

Lyophilised Helix Pomatia lectin conjugated to either
fluorescein isothiocyanate (FITC) or biotin (Sigma),

(detects the A antigen) was resuspended in RSB to make a 0.25 mg/ml stock
solution.
. 0.1 g hydroquinone (Sigma) was dissolved in 9 ml of
Hydroquinone (100 mM) MQW by inversion,
For I ml: 500 pL deiononised formamide, 100 pl 10X
: _
Loading Buffer (2X) MOPS buffer, 167 ul 37% deionised formaldehyde,
(for Northerns) 133 pl UPW, 100 pl glycerol, 0.08 g bromophenol
blue, 0.08 g xylene cyanole, 3 pl of a 10 mg/ml EtBr
stock
50 ml glycerol, 40 ml 0.5 M EDTA (pH 8.0), 0.25 g
. of bromophenol blue and 0.25 g of xylene cyanol
=oadingiBulics (G were combined. The solution was made up to 100 ml
with sterile MQW and stored at 4°C.
Lymphoprep Pharmacia.
0.1 M maleic acid (Sigma), 0.15 M NaCl. Adjusted to
Maleic Acid Buffer pH to 7.5 with NaOH pellets and autoclaved before
use.
MDE (2X) Gel Solution. FMC BioProducts.
MMLYV Reverse Transcriptase Tnvitrogen.

(200 U/ul)

Morpholinopropansulfonic acid
(MOPS) (10X)

200 nM MOPS, 50 nM sodium acctate, 10 mM
EDTA (pH 7.0). Made up in sterile MQW and
autoclaved.

Novaclone
(detects the B antigen)

Novaclone anti-B blood grouping reagent (Dominion
Biologicals Ltd). The secondary antibody was goat
F(ab’)2 anti-mouse IgG (H+L) PE conjugate (Caltag).
The antibody was diluted 1:10 in SSB.

Penicillin-Streptomycin (500X)

To 180 ml UPW, 6 g of penicillin G and 10 g of
streptomycin sulphate were added. Final volume of
200 ml, filtered through a 0.22 pm filter and stored at
-20°C.

Phosphate Buffered Saline (PBS)

The following reagents were dissolved in MQW: 8.0
g of NaCl, 0.2 g of KCI, 1.15 g of Na;HPO, and 0.2 g
of KH,POy4. The solution was made up to 1 litre with
MQW before autoclaving.

Proteinase K (10 mg/ml)

Proteinase K (Merck), 100 mg, was dissolved in 10
ml of sterile MQW and stored at —20°C.

pUC19/Hpall (500 ng/ul)

Geneworks. Made up to 50 ng/ul using the 2X
loading buffer provided and TE.

Random Hexamers

Supplied as a sodium salt (Amersham Pharmacia)
were dissolved in UPW to give a final concentration
of 250 ng/pl and stored at —20°C.
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Restriction Endonucleases

These were purchased from New England Biolabs,
Roche or MBI Fermentas.

RNasin® RNase Inhibitor (40 U/pul)

Promega.

Routine Staining Buffer (RSB)

Isoton II (Coulter), 1% foetal calf serum, 0.1% NaN3,

pH 7.2. The solution was filtered using a 0.45 um
filter.

RPMI 1640 medium

Invitrogen. Medium was made according to the
manufacturer’s instructions. To 450 ml of RPMI 1640
media, 50 ml of foetal bovine serum was added (final
concentration 10%). 1 ml of 500X penicillin-
streptomycin sulphate and 2.5 ml of 200X glutamine
were then added.

Salmon Sperm DNA
(10 mg/ml)

100 mg of salmon sperm DNA (Sigma type III
sodium salt) was dissolved in 10 ml of MQW and 200
pl of 10 M NaOH by incubation at 37°C overnight.
The salmon sperm was sheared by several treatments
with the Branson Sonifier (Selby Anax) using
Constant Cycle and an Output of between 2 and 3.

Sodium Acetate (3 M, pH 5.2)

To 800 ml of MQW, 246.1 g of sodium acetate.3H,0
was added. The pH was adjusted to 5.2 with glacial
acetic acid, the final volume was made up to 1 litre
and sterilised by autoclaving,

Sodium Bisulphite (4.8 M)

10 g of sodium bisulphite (Sigma) was dissolved in
10 ml of MQW by gentle agitation. The pH was
adjusted to 5.0 using freshly made 10 M NaOH. The
final volume was adjusted to 20 ml with MQW.

Sodium Dodecyl Sulphate
(20% SDS)

To 180 ml of sterile MQW, 40 g of sodium dodecyl
sulphate (Sigma) was added and the volume was
adjusted to 200 ml with sterile MQW.

Sodium Chloride (5 M NaCl)

To 800 ml of MQW, 292.2 g of NaCl was added. The
final volume was adjusted to 1 litre and sterilised by
autoclaving.

Sodium Hydroxide Solution
(60% w/v)

Merck.

Spherical Staining Buffer (SSB)

0.15 M NaCl, 0.0072 M NaHPO,, 0.0028 M
NaH,PO4, 5 mg/ml BSA, 0.01% Nonidet P40, pH
7.2. The solution was filtered through a 0.45 pum
filter.

Geneworks. Made up to 50 ng/pl using the 2X

SPP1/EcoRT (500 ng/ul) loading buffer provided and TE.
175.3 g of NaCl and 88.2 g of tri-sodium citrate were
SSC (20X) dissolved in 800 ml of MQW. The volume was

adjusted to 1 litre with MQW and the solution was
autoclaved before use.

Streptavidin Phycoerythrin PE

Streptavidin  Phycoerythrin PE (Becton Dickinson)
was the secondary reagent for the biotinylated Helix.
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Strip-EZ™ RNA T7 Kit

Ambion.

SYBR® Gold Diluted 1:1'0,000, 40 pl in 400 ml of O.QX TBE. The
gel was stained for 30 min by gentle rocking.
Dissolve 54 g of Tris base, 27.5 g of boric acid and 20

TBE (5X) ml of 0.5 M EDTA (pH 8.0) in a final volume of 1
litre of MQW.

TE 10 mM Tris-HCI pH 7.5, 1 mM EDTA (pH 8.0).

TEMED Sigma.

TES 10 mM Tris-HC1 (pH 8.0), 1 mM EDTA, 0.1 M

NaCl.

Tris Base (1 M)

Tris base, 121.1 gin 1 litre of MQW and autoclaved.

Tris HCI (1 M, pH 8.0)

Tris base, 121.1 g, was dissolved in 800 ml of MQW.
The pH was adjusted to 8.0 using concentrated HCI.
The final volume was made up to 1 litre and was
autoclaved before use.

For RNA extraction from mononuclear cells

eniZl (Invitrogen).
Trizol LS For RNA extraction from blood (Invitrogen).
Trypan Blue Sigma.

(detects the H antigen)

Ulex Europacus lectin (UEA-I)

Lyophilised UEA-I conjugated to FITC (Sigma) was
resuspended in RSB to make a 0.5 mg/ml stock
solution.

ULTRAhyb™ Ultrasensitive

Purification System

Hybridization Buffer Sbion.
1) Ultra Pure Water (UPW — Biotech).
Water 2) MilliQ water (MQW) has been deionised and
filtered by passage through a MilliQ filtering system.
Wizard™ PCR Preps DNA

Promega.

* Solutions requiring sterilisation were autoclaved at 103 kPa, 121°C for 20 minutes on a Smith

Pressure Steriliser.
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2.1.1 List of Primers

Primer Name Primer (5’ - 3")

ABL BstNI F ggacttgeagtccacgggaagaca

ABL BstNIR actgecctttecagettettectt 24 50% 50% 72
ABL Hhal/Maell F cacgecgggagaagecaccttcGe 24 29% 71% 82
ABL Hhal/Maell R geacacgcecacttagaaaagagegte 26 46% 54% 80
AOI R actgctegttgaggatgtegatgt 24 50% 50% 72
AO1F ttggagtcgeatttgectetggtt 24 50% 50% 72
ABO2F agacggeggagaagceactteatgg 24 42% 58% 76
ABO2 R ctegatgeegttggectggtega 23 35% 65% 76
new ABO2 F tgecttgecagatacgtggcetttee 24 46% 54% 74
RT-AO1F cttgtttggttacggggtectaag 24 50% 50% 72
PAS' ttgeggacgetggeeggaaaac 22 36% 64% 72
RT-AO1 R ggaaagccacgtatttettgatgge 25 52% 48% 74
RT-AO ex4/5F tegttgecaaggatggtcetacee 23 43% 57% 72
RT-AOex 5/6 F caaaggtgctgacaccgtgtagga 24 46% 54% 74
RT-AOex 7R acacggtggcccaccatgaagtg 23 39% 61% 74
RT-ABO ex 6/7F tgccatcaagaaatactgtgcttte 25 60% 40% 70
ABOX7F catgatggtcgaccaggcecaacgg 24 38% 63% 78
ABOx7R tgeeagegcettgtaggegegeac 23 30% 70% 78
ABO CpGF gegeegteecttectageaggggt 24 29% 71% 82
ABO CpGR tgegggteecaggeaceeacageg 24 25% 75% 84
ABO CpGT7R ggatcctaatacgactcactatagggaggTGCGGGTCCCAGGCACCCACAGCG 53 40% 60% 170
ABOBISF ggaTagggTTTTaaggtaTTagggTTa 27 63% 37% 74




ABO BIS R1* gcaacacctegAccatAActee 22 45% 55% 68
AGAPT2 Ncil F gtccageccacaagetgeatcCg 23 35% 65% 76
AGAPT2 Ncil R catcgatggaagtagtatagggtgat 26 58% 2% 74
AGAPT?2 BstULF cttctgtcactggectcagacacag 25 44% 56% 78
AGAPT2 BstUIR gceageaggageageaggeeGe 22 23% 77% 78
AK1 Tagl F gaacccgtcatcgecttetatgag 24 46% 54% 74
AK1 TagI R caagcacatgaatcaactceaactg 25 56% 44% 72
RT-AK1 ex 6/7 F cattgtgcegeaaggteaacgetga 24 46% 54% 74
ALADF tggtgccatatgeagettggttte 24 50% 50% 72
ALAD R gtagctgggactacaggeacatac 24 46% 54% 74
RT-ALAD F agtccgttetgeacageggctact 24 42% 58% 76
RT-ALAD R gaccatgggaggtgtagggacaca 24 42% 58% 76
C8G Ddel F aggcaacggatggacatggacttc 24 46% 54% 74
C8G Ddel R cacaacttcacctgctteectete 24 46% 54% 74
RT-C8Gex 1F ctgggactgegaccctettgacte 24 38% 63% 78
RT-C8G ex 2/3 R cagcagatcceatecagetttegg 24 42% 58% 76
CDK9 EcoNI F ttgtecttgetggttttctggatg 24 54% 46% 70
CDKS9 EcoNIR gaacaaaacacacaagtcctggag 24 54% 46% 70
DAPKI TasI F tacaaggaaagcttcagcageatcat 26 58% 42% 74
DAPK1 TasIR aggaaatccttgggageccegtAa 24 46% 54% 74
DBH EcoNI F ctggagtgaccagaaggggceagat 24 42% 58% 76
DBH EcoNIR cgcatctagaaaccatgtcagetac 25 52% 48% 74
RT-DBH ex 3/4 R gacgatgggctegtacttgataatg 25 52% 48% 74
EPB72 Rsal F tetgettactggecagaaagetgg 24 46% 54% 74
EPB72 Rsal R ggtatctggagacaggagaactca 24 50% 50% 72
FBXW2 BstULF gegecttggetgtttttetttece 24 46% 54% 74




FBXW2 BstUI R tttcgcagetaaggaaatggagge 24 50% 50% 72
FPGS BstNI F gaagctgctggageecgeactgt 23 35% 65% 76
FPGS BstNI R ccaggecactgcaacagtgagaga 24 42% 58% 76
new FPGS BstNI F gaagctgctggagecegeactgt 23 35% 65% 76
new FPGS BstNI R caataagctgggectgagecagga 24 42% 58% 76
FUT1 Northern Probe F ATGtggctecggagcecategte 22 36% 64% 72
FUT1 Northern Probe T7 R ggatcctaatacgactcactatagggaggTCAAGGCTTAGCCAATGTCCAGAG 53 51% 49% 158
FUTlex1F tgactggagttggcagccaagee 23 39% 61% 74
FUTl ex2F ctaaccggtctetgegtettgatg 24 46% 54% 74
FUT1 ex4/5R tgecgegtecteetgeactgeac 23 30% 70% 78
FUTlex 7F actgtggatctgecacetgeaag 23 43% 57% 72
FUT1 ex 8R ggcaggcagaagatggcecactg 22 36% 64% 72
FUT1 ex 7 bef TS F gggagggcggacgetgegaga 21 24% 76% 74
FUTlex 7aft TSF tgtggectgectttgeggaggot 23 35% 65% 76
FUT1 ex 7/8 R ggctecggagecacatggecga 22 27% 73% 76
FUT1 Maell F ctcacacagtgcaaccacaccatt 24 50% 50% 72
FUT1 Maell R ctagaactgectgecagecatea 23 43% 57% 72
FUT1 MS-SSCA ex 1 F gggatgTtgggTtTTtggaaaaaT 24 58% 42% 68
FUT1 MS-SSCAex 1 R AAtctAaAcatctAaAcaAAAacaAatA 28 82% 18% 66
FUT1 MS-SSCA ex 2 F ggTtgTTtaaaagggaagge TTTT 24 63% 38% 66
FUT1 MS-SSCA ex 2R AAAtAAAtAttctteccecctAtAaAAaA 27 81% 19% 64
FUT1 MS-SSCA ex 2 anti F TTtgtgaggagaggagagattgtaag 26 58% 42% 74
FUT1 MS-SSCA ex 2 anti R ctAacatatActAccttctctttetAc 27 67% 33% 72
FUTI MS-SSCA ex 2 anti R2 | AacatatActAccttctctttctActtcAA 30 70% 30% 78
FUT1 MS-SSCA ex 7F gggTggosTtTTaTTttTTagTTatT 26 69% 31% 68
FUTI MS-SSCA ex 7R ActActtAcaAAtAAcaAatccacaA 26 73% 27% 66




HSPAS BstNI F ctagacctgeccticgectggtte 24 38% 63% 78
HSPAS BstNI R catccgeaaccecacttaccagga 24 42% 58% 76
LCN2 Maell F ctttattctgctgtececateteg 24 50% 50% 72
LCN2 Maell R geacatgtttatttagcagacaaCg 25 60% 40% 70
RT-PBGD x1 F ** ctttccaageggagcecatgtctgg 24 42% 58% 76
RT-PBGD x6/7 R ** catgagggttttcecgettgcaga 24 46% 54% 74
POMTI1 F ccagegtaggagtcattgacaacaa 25 52% 48% 74
POMT1 R actgtaacggttttgtcgagcettag 25 56% 44% 72
PPP2R4 HinflF cttgggocccattgtatctggagag 25 44% 56% 78
PPP2R4 Hinfl R aaagcctgggcttgggaggetgAc 24 38% 63% 78
RALGDS BsiEI F cgtettetatgecatgaacteGace 24 50% 50% 72
RALGDS BsiETR aatcccagcagegggagaggttca 24 42% 58% 76
SURF2 Alul F tgggagcccacatecagtgatgag 24 42% 58% 76
SURF2 Alul R ggtacacggtegtetetetccage 24 38% 63% 78
RT-SURF2 ex 4/5 F gacctgtacccacctgagetattcac 26 46% 54% 80
SURF3 BstXI F aagagaccacctgtccttcgagea 24 46% 54% 74
SURF3 BstXI R tcaacaggcaaacgcacctegatg 24 46% 54% 74
SURF4 Alul F ctgtegtctgeaccatagtaaatge 25 52% 48% 74
SURF4 Alul R gagaacccatgtcctgaagecatAg 25 48% 52% 76
SURF4 Ddel F acgccgaggcetttggagtgaacag 24 42% 58% 76
SURF4 Ddel R ctttgggtgtecctaaatgtteteac 26 54% 46% 76

Capital letters that are double underlined denote mismatches introduced to create restriction enzyme sites. Capital letters for bisulfite primers denote where the
cytosines are converted to thymines, that is, ¢ -> T on forward primer but on reverse primer g -> A. For the primer FUT1 Northern Probe F, ATG denotes the
translation initiation codon while the capital letters in the primer FUT1 Northern Probe T7 R denotes the T7 promoter sequence. * Primer designed by

Ms. Tanya Sanders. ** Primers from Hussey et al (2001).



2.2 General Molecular Biology Methods

2.2.1 DNA Extraction from Peripheral Blood Mononuclear Cells

Blood samples were centrifuged at 400 x g for 10 min in a bench top centrifuge (Beckman
TJ6). The platelet rich plasma was removed without disturbing the buffy coat. The red cells
and buffy coat were diluted to twice the original volume with PBS in a 50 ml centrifuge tube.
Lymphoprep, approximately 12 ml, was carefully layered under the diluted cells. The tube
was then centrifuged for 25 min at 400 x g. The lymphocytes were collected from the
interface with a pasteur pipette (no more than 4 - 5 ml), placed in a 10 ml centrifuge tube and
PBS added to a final volume of 10 ml. The cells were counted, using a haemocytometer,
before being pelleted at 300 x g for 10 min. The supernatant was removed and the pellet was
resuspended in the residual PBS before adding 1 — 1.5 ml of PBS and transferring the contents
to a 1.5 ml tube. The 1.5 ml tube was centrifuged in an Eppendorf centrifuge (Eppendorf
5415) at 13000 x g to pellet the cells. The supernatant was removed and the pellet (no more

than 20 x 10° cells) was resuspended in 500 pl of TES plus 30 pl of Proteinase K. The tube

was mixed by inversion before adding 30 pl of 20% SDS and incubating at 37°C overnight or
longer. Following proteinase K digestion, an equal volume of 3 M NaCl was added, the
solution mixed vigorously, and then placed on ice for 10 min to allow the protein to
precipitate. The solution was spun at 13000 x g for 10 min and the supernatant was collected
and placed in a 1.5 ml tube (500 pl maximum). Twice the volume of absolute ethanol was
added and the contents were mixed by inversion. DNA was precipitated by spinning for 30
sec at 13000 x g. The pellet was washed with 70% ethanol before drying at room temperature

for 1 hour. The pellet was redissolved in an appropriate amount of TE and stored at 4°C.
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2.2.2 Preparation of Genomic DNA and RNA from Bone Marrow

For bone marrow (BM) samples frozen in nitrogen, the ampoule was thawed in a beaker of
warm water (37°C) with shaking. Once thawed the sample was transferred to a 1.5 ml tube
and the cells pelleted by centrifugation. The supernatant was removed and for RNA extraction
no more than 107 cells were resuspended in 1 ml of Trizol and then processed as per
manufacturer’s instructions. For DNA extraction 5 — 20 x 10° cells were resuspended in 500
pl of TES. Proteinase K, 30 ul, was added and the solution was mixed by inversion before 30
pl of 20% SDS was added. The final solution was mixed by inversion and incubated at 37°C

overnight or longer. The DNA was then obtained as per 2.2.1.

2.2.3 Preparation of DNA and RNA from Peripheral Blood Stem Cells (PBSCs)

The ampoule of frozen cells was thawed rapidly by shaking in a beaker of warm water. Once
thawed the cells were transferred to a 10 ml EDTA tube. 10 ml of PBS/10% FBS solution was
added in a drop wise fashion. The cells were counted and 107 cells were immediately lysed in
Trizol and frozen at —80°C until needed. The remaining cells were placed into a 50 ml
centrifuge tube and the volume made up to 35 ml with PBS. 12 — 13 ml of lymphoprep was
then layered underneath the cells before they were centrifuged at 400 x g for 25 min. The
cells at the interface were collected into PBS, counted and aliquots were taken to make RNA

or DNA as per 2.2.1 and 2.2.2.

2.2.4 Isolation of DNA from Frozen Blood
A spatula was used to scrape some frozen blood, no more than 250 pl, into a 1.5 ml tube
containing DNAzol BD. The DNA was extracted using a scaled-down version based on the

manufacturer’s instructions. DNA was also obtained from fresh blood using DNAzol BD.
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2.2.5 Quantitation of DNA and RNA

To quantitate DNA, 5 pl of the DNA sample was added to 995 pl of MQW and the optical
density (OD) at 260 nm was determined using the GeneQuant DNA calculator (Pharmacia).
For double stranded DNA, each OD unit is equivalent to 50 ng of DNA in a 1 ml solution.
For quantitation of RNA, 1 ul of RNA was diluted in 49 ul of UPW and placed in a microcell

and the reading was taken using a Beckman DU-600.

2.2.6 DNA Precipitation

DNA was precipitated by the addition of 10% 3 M sodium acetate (pH 5.2) and 2.5 volumes
of absolute ethanol. The solution was placed at — 80°C for one hour before being centrifuged
at 13000 x g for 30 min. The supernatant was decanted and the DNA pellet was washed with
70% ethanol. The pellet was dried at room temperature before redissolving in TE (for

genomic DNA) or in UPW (for PCR products).

2.3 Cell Culture Methods

2.3.1 Thawing Cells

Human leukaemia cell lines CCRF-CEM, EM2, HEL, HL-60, K562, KCL-22, Jurkat and Raji
were grown in RPMI 1640 supplemented with 10% FBS, penicillin and streptomycin. Frozen
cells were thawed rapidly in a 37°C water bath and the outside of the ampoule was sterilised
with 70% ethanol before the contents were transferred into a sterile 10 ml centrifuge tube. 10
ml of cold growth medium RPMI 1640 was then added in a drop wise fashion. Cells were
then pelleted by spinning at 200 x g for 10 min. The supernatant was removed and the cells
were resuspended in 1 ml of growth medium that was then distributed between two 25 om?
tissue culture flasks. After 24 hours, the growth medium was changed to remove the dead

cells and any residual DMSO.
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2.3.2 Maintenance and Subculturing of Cells

Cells were maintained in a humid atmosphere containing 5% CO; at 37°C. When cells grew
to confluence, the medium was discarded and the cells washed twice with PBS. The cells
were centrifuged at 200 x g for 10 min, the supernatant was discarded, and the cell pellets

were resuspended in 1 ml of growth medium that was then aliquotted into new tissue culture

flasks.

2.3.3 Viability Tests

Ninety microlitres of a 0.4% solution of trypan blue was mixed with 10 pl of a cell
suspension. This mixture was added to a haemocytometer and allowed to settle for at least 10
seconds before counting. Viable cells, those that excluded the trypan blue dye, were counted
using the haemocytometer. The total viable cell count was calculated using the following

formula: the number of viable cells per ml = haemocytometer count x 10* x 10.

2.3.4 Freezing Cells

The cells were collected as described in 2.3.2 but the medium was reserved to freeze the cells
in. The pellet of cells was resuspended in the conditioned medium (approximately 1 — 1.5 ml
per ampoule to be frozen) with 10% DMSO. The cells, no more than 1.5 ml, were distributed
into cryopreservation tubes (Nunc) and placed at —~80°C overnight before being transferred to

liquid nitrogen.

2.3.5 5-Aza-2’-Deoxycytidine Treatments

10° leukaemia cells were seeded in flasks and incubated at 37°C with 5% COa;. Cells were
serum starved in medium supplemented with 0.1% FBS for 48 h prior to treatment. Following
this, the medium was changed to include 10% FBS and cells were treated with 5-aza-2’-

deoxycytidine (1 puM, 2 uM or vehicle — UPW). Fresh 5-aza-2’-deoxycytidine was added
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daily for 3 days. Twenty-four hours after the final treatment the media was removed. Cells
were then washed with PBS and fresh media was added to each flask. Cells were allowed to
recover for 24 h and then were harvested at 48, 72 and 96 h post treatment. RNA was isolated
using Trizol and DNA was extracted as per 2.2.1. If there were less than 10* cells, the cells
were lysed with 0.3% Nonidet P40, 20 U RNAsin, 0.01 M DTT and the supernatant was

placed in Trizol for RNA extraction while the cell nuclei were directly bisulphite modified.

2.4 Making Spherical Red Blood Cells and Flow Cytometric Methods

2.4.1 Making Formalin Fixed Spherical Red Blood Cells

The method used was adapted from Langlois et al (1985). All solutions were filtered through
0.45 pm membranes to remove particulate matter that might interfere with flow cytometry.
One hundred microlitres of whole blood, or 50 pl of packed red blood cells, was added to 1
ml of routine staining buffer (RSB) (see section 2.1). After 60 sec, 10 ml of a second solution
comprising 3% formaldehyde and 0.001% SDS in RSB was added. The tube was then
incubated on its side for 90 min at room temperature after which 0.7 ml of formaldehyde was
added and the tube laid on its side for cell fixation overnight at room temperature. After
resuspension, the spheres were pelleted and then washed at 200 x g in spherical staining
buffer (SSB) (see section 2.1). Red blood cell counts were performed on a Coulter STKS with
0.3 x 10° red blood cells stained with the appropriate antibodies (blood groups were

determined serologically by the Blood Transfusion Service of The Queen Elizabeth Hospital).

2.4.2 Labelling of Spherical Red Blood Cells

For A blood group individuals 300,000 spheres were incubated with 20 ul of lyophilised
Helix Pomatia lectin conjugated to biotin, in a final volume of 100 ul SSB, for 15 min at
room temperature. They were then washed with SSB before the addition of 5 pl of

Streptavidin Phycoerythrin PE, the secondary reagent for the biotinylated Helix. After a 15
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min incubation at room temperature and a SSB wash, 10 ul of Ulex Europaeus lectin
conjugated to FITC was added. The B antigen was detected using 10 ul of a mouse
monoclonal antibody (Novaclone anti-B blood grouping reagent) and 50 ul of a goat F(ab’)2
anti-mouse IgG (H+L) PE conjugate. This was followed with incubation with Ulex. For AB
blood group antigens, the B versus A antigen staining was detected using Novaclone for the B
antigen but 15 pl of Helix Pomatia lectin conjugated to FITCd for the A antigen. Cells were
washed two times with SSB before flow analysis. Lectin and antibody concentrations were

optimised using serial dilutions to find optimal fluorescence with minimal agglutination for

each batch.

Normal samples of relevant blood groups were included in each run of patient samples as
controls for variations in the fluorescence that was seen as the lectin stock solutions,
particularly the Ulex, aged. The normal samples were used as references to determine if there

was a change in the patient sample from the normal expected pattern.

2.4.3 Flow Cytometric Analysis
Flow cytometric analysis was performed on a Coulter Epics Profile II. 30,000 gated events
were collected from a sample volume of 100 pl with a flow rate of 30 ul/min. Log

fluorescence data was gated on a linear forward scatter versus linear side scatter dot plot.

2.5 Polymerase Chain Reaction Methods

2.5.1 Primer Design

Primers were designed using Amplify v1.2 (Bill Engels) and DNA Strider™ 1.1
(Commissariat & I’Energie Atomique). Primers for single nucleotide polymorphisms (SNPs)
were designed to give a product that could be restriction enzyme digested for genotyping. If

the SNP did not create a restriction enzyme site, then the primer sequence was modified to
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create one. Primers for RT-PCR spanned exon — exon junctions so that genomic DNA was
not amplified. If this was not possible then the RNA was DNase I treated to destroy

contaminating DNA prior to reverse transcription (see section 2.5.6).

2.5.2 PCR Reaction and Conditions

PCR reactions were carried out in a final volume of 50 ul, to which 100 ng of genomic DNA,
5 pl of bisulfite modified DNA or 2 pl of cDNA was added. Each PCR reaction contained
100 ng of each oligonucleotide primer, 0.2 mM dNTPs, 0.5 U of AmpliTaq Gold®
Polymerase (Applied Biosystems) or 0.5 U of HotStarTaqg DNA Polymerase (Qiagen), 1X
PCR buffer (10 mM Tris-HCI, 50 mM KCI) and 1.5-2.5 mM MgCl,. The volume was made
up to 50 pl by the addition of UPW. DMSO was used for difficult PCRs especially those
amplifying CG rich templates. Another PCR additive that was used for difficult PCRs was
betaine (0.9 — 1.5 M). PCRs were carried out with an initial denaturation step of 94°C for 9
min for AmpliTaq Gold® Polymerase or 95 °C for 15 min for HotStarTaq DNA Polymerase.
The PCR reaction was then cycled on a PTC-100™ Programmable Thermal Cycler (MJ
Research Inc) for 30-45 cycles of 96°C for 30 sec, annealing at 60 — 65°C for 1 min (or 60-
50°C for PCRs involving bisulphite modified DNA) and extension at 72°C for 1 min. The
annealing temperature for the PCR was determined by calculating the melting temperature of
cach primer, assigning 4°C to each G or C and 2°C to each A or T (see Table 2.1.1), then

subtracting 5°C from this temperature.

2.5.3 Purification of PCR Products

Wizard™ PCR Preps DNA Purification System (Promega): DNA was purified directly
from PCR reactions following the manufacturer’s instructions.

From low melting point agarose gel: The PCR was run out on a low melting point gel with

0.25 pg/ml of ethidium bromide. The band of interest was then cut out using a sterile scalpel
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blade and placed in a 1.5 ml tube. This was then incubated at 65°C for 5 - 10 min to melt the
agarose. Wizard™ prep was then performed without the use of the direct purification buffer.
Concert™ Rapid PCR Purification System (Gibco-BRL)

Used as per manufacturer’s instructions for purifying PCR products directly from the PCR

reaction mix.

2.5.4 Restriction Enzyme Digestion of PCR Products
PCR products (5 — 10 pl) were digested with 5 — 10 U of enzyme in a total volume of 20 ul

with 1X buffer, 1X BSA and the remaining volume made up with UPW. PCR products were

digested at the appropriate temperature for 3 — 16 hours.

2.5.5 Reverse Transcription

A RNA mix containing 1 pg of RNA, 2 pl of Random Hexamers (250 ng/ul) in a final
volume of 20 pl by addition of UPW was denatured at 70°C for 10 min before being placed
on ice for 3 min. To this RNA mix, 20 pl of the RT (reverse transcriptase) mix was added.
The RT mix contained 8 ul of 5X First Strand Buffer, 4 ul of 0.1 M DTT, 2 pl of 10 mM
dNTPs, 5 ul of UPW and 1 ul of MMLYV Reverse Transcriptase (200 U/ul). After the addition

of the RT mix the tubes were incubated at 37°C for 1 — 2 hours.

2.5.6 DNase I Treatment of RNA

Two pg of RNA, 2.5 pl of 10X DNase I buffer and 1 pl (1 unit) of DNase I (DNA-free™
from Ambion) were made up in a final volume of 25 ul with UPW. The sample was incubated
at 37°C for 30 - 60 min followed by addition of 5 ul of DNase I Inactivation Buffer. The
sample was mixed well before incubation at room temperature for 2 min. The sample was
then centrifuged at 10,000 x g for 1 min, the supernatant was removed and reverse

transcription performed as per 2.5.5.
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2.5.7 Agarose Gel Electrophoresis

Agarose gels were prepared by melting the appropriate amount of DNA Grade Agarose
powder (Progen), depending on whether a 1.5% or 3% (w/v) gel was required, in 0.5X TBE
and ethidium bromide was added (final concentration 0.1 ng/ml). DNA samples were loaded
onto the gel after mixing with 6X loading buffer. The gels were run at 100 V in 0.5X TBE
buffer which also contained 0.1 pg/ml ethidium bromide. DNA was visualised by placing gels

under UV (254 nm) light.

2.5.8 Sequencing of PCR Products

Sequencing reactions were carried out in a final volume of 20 pl with 30 — 90 ng of template
DNA, 25 ng of primer and 8 pl of Big Dye™ (Applied Biosystems) before being placed on a
PTC-100 for 25 cycles of 96°C for 30s, 50°C for 30s, 60°C for 4 min. The sequencing
reactions were precipitated with 3 M sodium acetate (pH 5.2) and 100% EtOH and sent to the

Department of Molecular Pathology, IMVS, Adelaide for analysis.

2.6 Methylation Analysis Methods

2.6.1 Bisulphite Modification of DNA [adapted from Herman ef al (1994) & Raizis et al (1995)].
DNA (1 -2 pg) was dissolved in a final volume of 18 ul with MQW. Two microlitres of 3 M
NaOH, freshly prepared before each bisulphite modification reaction, was added to give a
final volume of 20 pl and a final concentration of 0.3 M NaOH. The solution was incubated at
37°C for 15 min. During this time, a 4.8 M sodium bisulphite solution and a 100 mM
hydroquinone solution were freshly prepared as described in 2.1. After the 15 min incubation,
278 ul of 4.8 M sodium bisulphite and 2 pul of 100 mM hydroquinone were added to give a
final concentration of 4.45 M sodium bisulphite and 0.67 mM hydroquinone. The samples
were mixed, centrifuged and then incubated on a PTC-100 thermal cycler for 20 cycles of

95°C for 30s and 55°C for 15 min. The bisulfite modified DNA was purified using the
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Wizard™ PCR Prep DNA Purification System (Promega) or the Concert™ Rapid PCR
Purification System (Invitrogen) as described in 2.5.3. The DNA was eluted using 50 pl of
preheated TE (at 65 — 70°C) before the addition of 5.5 pul of 3 M NaOH to the eluted DNA.
Incubation was performed at 37°C for 15 min before precipitating the DNA as described in
section 2.2.6. The precipitated pellet was redissolved in 50 pl of TE and used immediately, or

stored at —20°C.

2.6.2 Primer Design

Bisulphite modified primers were designed to avoid CpGs and CpNpG as the primers were
designed with the intention of amplifying bisulphite modified DNA only, but they did not
differentiate from methylated or unmethylated DNA. If a CpG could not be avoided it was
placed as far as possible to the 5' end of the primer were it would cause the least instability.
The antisense primer was designed first and was designed from the bisulphite modified sense
strand. The sense primer binds to the strand synthesised by the antisense primer. The primer
was designed to have a T (that is, a cytosine that became a thymine) at the 3' end of the primer

to ensure that only the modified DNA would be amplified.

2.6.3 PCR of Bisulphite Modified DNA and MDE Gel Electrophoresis

5 pl of bisulphite modified DNA was used in the PCR reaction as described in section 2.5.2.
The PCR product was denatured by adding 6 pl of the sample to 14 ul of DDS (see section
2.1) and heated at 95°C for 5 min on a PTC-100™ Programmable Thermal Cycler. The
samples were then quickly chilled on ice and then loaded onto a 0.5X or 0.75X MDE gel. The
gel was run in 0.6X TBE with 0.5X MDE gels run at 280 V for 4-5 hours and 0.75X MDE
gels run at 130 V for 20 hours. The gel was stained with SYBR® Gold, which was diluted
10,000 fold in 0.6X TBE, covered with the solution and placed on a rocking platform in the

dark for 30 — 40 min. The gel was then visualised on UV transilluminator 254 nm.
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2.6.4 Band Stabs and Sequencing

Variant or extra bands were band stabbed with a yellow tip and placed in 10 pl of UPW and
left at room temperature for at least 1 hour. Bandstabs were reamplified by using 1 pl of the
bandstab DNA solution with the original PCR conditions. The PCR product was then purified

as per 2.5.3 and sequenced as per 2.5.8.

2.7 Northern Blotting Methods

2.7.1 Generation of Probes

Primers were designed so that they had T7 promoter sequence (lower case letters in Table
2.1.1) on the reverse primer in an orientation that would create antisense RNA transcripts
from the PCR DNA template. For the FUTI gene, the antisense RNA transcripts generated
consisted of the entire protein coding region of the gene, 1127 bp. After the DNA template
was generated using the primers FUTI Northern Probe F and FUT1 Northern Probe T7 R,
500 ng of DNA was used in a T7 transcription reaction using the Strip-Ez™ RNA T7 kit
(Ambion). The manufacturer’s instructions were followed except that DIG-11-UTP (Roche)
was used to generate antisense RNA transcripts that were DIG labelled. Five microlitres of
the reaction was used directly and added to the Northern membrane, which had prehybridised

at 68°C in ULTRAhyb™, the rest of the reaction was stored at —20°C until required.

2.7.2 RNA Gel Electrophoresis and Blotting

One to 4 pg of RNA was electrophoresed through a denaturing 1% agarose/1.2 M
formaldehyde gel. Prior to electrophoresis, all RNA samples were brought to the same
volume using UPW and an equal volume of 2X LB was added. RNA was denatured at 70°C
for 10 min, quickly chilled on ice and then loaded onto the gel. Gels were run in 1X MOPS at
80 V until the bromophenol blue had reached the bottom of the gel. Following

electrophoresis, the gel was downward blotted in 5X SSC/10 mM NaOH onto Brightstar plus
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membrane (Ambion) according to the manufacturer's protocol. The RNA was crosslinked to
the membrane with 120,000 microjoules/cm® of UV irradiation using UV Stratalinker 1800

(BioRad).

2.7.3 Hybridisation

The membrane was initially pre-hybridised at 68°C in ULTRAhyb™ and after the addition of
the probe, the membrane was hybridised overnight at 68°C. The membrane was then washed
in 2X SSC, 0.1% SDS twice for 5 min at 68°C and then in 0.1X SSC, 0.1% SDS twice for 15
min at 68°C. The membrane then underwent detection as per the maufacturer’s instructions
and was exposed to autoradiograph film (Hyperfilm, Amersham) using Dupont Cronex® Hi-

Plus intensifying screens until the appropriate exposure time was achieved (15 — 60 min).

2.8 Southern Blotting Methods

2.8.1 Restriction Digests

10 pg of DNA was digested with 100 U of T aql (New England Biolabs) in a total volume of
200 pl which consisted of 1X buffer (supplied by the manufacturer), 1X BSA (supplied by the
manufacturer) and MQW. The final mixture was placed at 65°C overnight. The T aql digested
DNA was then precipitated as outlined in 2.2.6 with the pellet redissolved in MQW. For the
second digest, 100 U of the methylation sensitive enzymes were used: Cfol (Roche) and

Hpall (New England Biolabs). These incubations were carried out at 37°C overnight.

2.8.2 Gel Electrophoresis

The restriction digests were precipitated as outlined in 2.2.6 and before loading the restricted
fragments were heated to 56°C for 5 min to disrupt base pairing between cohesive termini of
restriction fragments. DNA was electrophoresed through a 1.5%, 300 ml, 20 x 20 cm agarose

gel containing ethidium bromide (025 ug/ml). The gel was run at 100 V unti] the
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bromophenol blue dye had migrated approximately two-thirds of the way down the gel
(approximately 5 hours). The DNA was visualised under UV (254 nm) and photographed

using Polaroid 667 film.

2.8.3 DNA Transfer to Nylon Membrane

DNA was transferred to a Hybond-N" nylon membrane (Amersham) overnight in a transfer
solution consisting of 0.4 M NaOH. After transfer the membrane was washed with 2X SSC
for a few minutes to neutralise the NaOH and remove any gel pieces. The DNA was

crosslinked to the membrane as per 2.7.2.

2.8.4 Hybridisation

Membranes were prehybridised for at least two hours at 42 — 52°C in 20 ml of a solution
containing 50% deionised formamide, 1 M NaCl, 10% dextran sulphate, 1% SDS, and 0.2
mg/ml of sonicated and denatured salmon sperm DNA. The final volume was made up to 20
ml by the addition of MQW. The radioactive probe was prepared using the GIGAprime DNA
labelling kit (Geneworks), according to the manufacturers instructions. Template DNA (25
ng) was used for the probe and 5 pl of 10 mCi/ml (50 pCi) of radioactive o->2P dCTP
(Geneworks) was used in a total volume of 25 pl. The hybridisation mixture was heated at
100°C for 5 min to denature the labelled DNA before being added to the prehybridisation

mix. Hybridisation was carried out at 42 — 52°C overnight.

2.8.5 Washing the Membranes

Membranes were washed at room temperature in 2X SSC. This was followed by a 60 min
wash at 65°C in 1X SSC, 0.1% SDS and finally a 60 min wash at 65°C in 0.1X SSC, 0.1%
SDS. The membrane was wrapped in plastic cling film, exposed to autoradiograph film
(Hyperfilm, Amersham) using Dupont Cronex® Hi-Plus intensifying screens and placed at

-80°C for the appropriate time.
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CHAPTER 3

Cytometric
Analyms of




3.1 Introduction

The relatively infrequent reporting of the loss of ABH antigens under represents the actual
frequency of this loss and the probable significance of this loss as a marker of the recurrent
mechanisms involved in the development of haematological malignancy. Serological
techniques detect loss of ABH antigens by a mixed field reaction (a mixture of agglutinated
and unagglutinated cells) but are neither reliable nor quantitative. It has been found that blood
with as many as 50% of cells showing loss of A antigens can be scored as normal in

transfusion laboratories (O’Keefe, PhD thesis, 1995).

Therefore, a sensitive flow cytometric method was necessary to detect alterations in ABH
antigens. This flow cytometric technique can quantitatively and sensitively assess alterations
of ABH antigen expression on the surface of red blood cells (RBCs) using antibodies specific
to the A, B and H antigens. As such, alterations in ABH antigen expression of cells from

patients with haematological malignancies can be assessed.

Flow cytometers are laser-based instruments used to characterise the physical and
biochemical properties of cells (reviewed in Jaroszeski and Radcliff, 1999). Flow cytometers
scan cells as they flow in a liquid stream of droplets past a laser beam. The cells scatter light
and emit fluorescence as the laser strikes the cells. Light scattering and fluorescence is
measured for each particle that passes the laser beam. Fluorescence is introduced by addition
of an antibody conjugated to a fluorescent dye which binds to cell surface proteins

(Wedemeyer and Pétter, 2001).

Various cell properties can be deduced from the scattered light and emitted fluorescence of a
cell. Light scattered in the same direction as the laser beam is forward scatter (FSC), while

light scattered at 90° relative to the laser beam is termed side scatter (SSC). FSC is due to
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diffraction and provides physical information about the cell, such as cell size. SSC results
from refraction and reflection of light and provides information about the cell surface. The
FSC and SSC correlation allows for the discrimination of cell subpopulations in a
heterogeneous sample and exclusion of cellular debris from the analysis (reviewed in

Jaroszeski and Radcliff, 1999).

Immunohaematologists have been analysing RBCs using blood group antibodies ever since
Landsteiner discovered ABO blood groups in 1901. Flow cytometric analysis was first
applied to RBCs by van der Meulen et al (1980) and since then numerous flow cytometric
techniques have been adapted to study various RBC group antigens. Agglutination of RBCs
presents difficulties for flow cytometry as this technique relies on single cell analysis. ABO
antibodies are especially problematic, due to their strong agglutination properties.
Agglutination problems have been overcome in recent times by disrupting the agglutinates by
vortexing the RBC sample before flow cytometry (Sharon and Fibach, 1991; Fibach and
Sharon, 1994). Other techniques use chemicals like formaldehyde to fix the cells, allowing
antibody binding but decreasing agglutination (Bermeman et al, 1991). Problems with
chemical fixation include haemolysis, decrease in antigen strength, non-specific antibody

uptake and increased autofluorescence (reviewed in Garratty and Arndt, 1999).

The flow cytometry methodology presented in this chapter was developed by Belinda Farmer
and Alex Dobrovic. At the time I began my PhD, two-thirds of the patients and normal
controls had been analysed. This methodology was used to analyse more patients and normal
individuals. In addition, all of the patients were genotyped, which was critical to the analysis,
by a methodology developed during this PhD study (Chapter 4). The results and analysis of

the flow cytometric profiles are the basis of the work presented in this chapter.
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3.2 Results

3.2.1 Normal Individuals

The first aim was to ascertain the patterns expected in normal individuals for the various
blood groups. This would allow for easy identification of aberrant patterns when analysing

the patient flow profiles.

3.2.1.1 Flow Patterns in O and Bombay Individuals

For normal blood group O individuals (51 examined) only one bright Ulex (H antigen
expression) peak was seen (Figure 3.1). No staining with the Helix Pomatia lectin (A antigen)
or the anti-B antibody was seen. The O blood group has the strongest Ulex (H antigen)
staining of all the blood groups, as expected, since all the H sites are unconverted because the
O allele encodes an inactive transferase that is unable to convert the H antigen. Bombay
individuals have no A, B or H antigens, irrespective of their blood group genotype, since they
are homozygous for the inactive 4 allele and thus have no H antigen besides some minimal
background staining (see Figure 3.1). As a result, a Bombay individual’s spherical RBCs is

similar to unstained spherical RBCs, as expected.

3.2.1.2 Flow Patterns in B Individuals

For blood group B individuals (35 examined), there was heterogeneous staining with the B
antibody, with most cells expressing high amounts of B antigens. However, a small number of
cells had almost no B antigen (Figure 3.1). There was a population of RBCs, 3 — 10%, that
resembled O RBCs by virtue of this lack of labelling with anti-B, yet they had similar
labelling with Ulex (H) as O RBCs. Individuals of blood group B show considerable variation
for Ulex staining, indicating that not all the H sites have been converted to B antigens by the
B transferase. In comparison to the A blood groups, the B blood group individuals have a
higher proportion of cells that label with Ulex (H). This suggests that the B transferase is less

efficient than the A transferase in converting H antigens into A or B antigens.
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Figure 3.1. Dot plots and ABH antigen expression on red blood cells from healthy individuals as related to their genotypes.
Typical results are presented for red blood cell spheres from 8 ABO genotypes as well as a Bombay individual and a control of
unstained spheres. The first panel of each pair shows the 2-colour dot plot; the second panel shows the FITC (Ulex) fluorescence
only. The Bombay and OO samples were stained with Ulex only whereas the A samples were stained with Helix and Ulex, and
the B samples with anti-B and Ulex. LFL indicates log of fluorescence. The LFL1 axis shows Ulex (H) fluorescence and the
LFL2 axis shows Helix (A) or anti-B fluorescence as appropriate.



3.2.1.3 Flow Patterns in A Individuals

For A blood group individuals several patterns of Helix-Ulex staining were observed with the
pattern dependent on the individual’s genotype. The A* pattern (8 examined, all presumed to
be A’O since no material was available for genotyping) was different from the A pattern and
showed more heterogenous staining with Helix (A antigen). This was expected as it is known
that the A transferase encoded by the 4° allele is less efficient at converting the H antigen
than the A' transferase (Mollison et al, 1993). The A’ pattern showed less heterogenous
staining with Ulex (H) than the B pattern. Nearly 50% of cells had moderate to no staining
with Helix, though all RBCs had a similar level of H (Ulex) expression (Figure 3.1). The Ulex
peak closely resembled that for an O individual indicating many unconverted H sites. This is
in accordance with reports that the A? transferase is less efficient than the B transferase,

which is less efficient than the A’ transferase, at converting the H antigen (Mollison et al,

1993),

When the flow cytometric analysis was first performed, differences in the flow profiles within
the A" blood group normal individuals (34 examined) were not apparent. Using the ABO
genotyping method (see Chapter 4), we were able to ascertain that different genotypes
presented with different flow profiles. The profile of an 4’4’ individual was different from an
A'0 or A'4? individual (Figure 3.1). The 4’4’ flow profile showed the least amount of Ulex
staining and hence the least amount of unconverted H antigen when compared to the other A’
genotypes, that is 4’0 and 4’ 4%, The Ulex (H antigen) population of the 4’4’ individual is to
the left of the 4’0 Ulex fluorescence peak indicating that the 474’ population has less H
antigen (Figure 3.2). The 4’4’ Ulex fluorescence lies in between the A’A’ and A’ 0
fluorescence peaks and is more hetero geneous. This indicates that the amount of H antigen on
the RBCs of the A' blood group is in the order 4’0 > 4’4 > 4'4’ (Figure 3.2). This is not

surprising since an 4’4’ individual would be expected to produce more A' transferase as a
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result of the two 4’ alleles producing more A' transferase which results in the conversion of
more H antigens. In the attempts to find the various 4’ genotypes, 48 A' blood group samples
were genotyped. Forty-one were 4’0 genotype, 6 were A’A’ for which the flow profiles were

all the same, and only one 4’ 4? sample was found.

3.2.1.4 Flow Patterns in Weak A Individuals

Two weak A blood groups show different flow profiles when compared to the other A blood
groups. These are the rare A’ and A* blood groups. The A” pattern (two examined, see Figure
3.1) resembled that of an A® pattern in terms of the very small population of cells with the
heterogenous Helix staining. Some cells (less than 5%) had a considerable amount of A
antigen while the majority of cells had no A staining. The majority of the A® cells resembled
that of an O blood group, with almost the same amount of Ulex (H) as the OO sample, and
like the 4’0 pattern, the A> cells all have a similar amount of H regardless of the tiny
population that has a considerable amount of A fluorescence. The A* pattern (four examined,
see Figure 3.1) was indistinguishable from an O pattern and a 50:50 mixture of RBC spheres
from an O individual and an A” individual showed only a single Ulex peak, indicating that the

vast majority of H residues were unconverted (see Figure 3.3).
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Figure 3.2. Ulex overlays from A’ blood group genotypes.
The Ulex fluorescence peaks of the three A’ genotypes presented were all generated on the
same day with the same amount and batch of Ulex. This diagram shows the variation in the

amount of unconverted H in three different A’ blood group genotypes.
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Figure 3.3. Mixtures of 50:50 O:A* red blood cells and 50:50 A':A* red blood cells.

For the O:A* mixture the two red blood cell populations are indistinguishable as only

one population is visible. The A': A* mixture clearly indicates the normal A' pattern and

that the A* population resembles an O population.



3.2.1.5 Flow Patterns in AB Individuals

The AB blood groups (29 A'B and 15 A’B examined) also produced distinctive flow profiles.
The two colour flow cytometer used required the analysis of three combinations of antibody
staiming: Helix (A) vs Ulex (H), B vs Ulex and B vs Helix. The staining patterns for the AB
blood groups were quite complex. For an 4'B individual the Helix — Ulex staining illustrates
that there is a considerable amount of A antigen and little H antigen, with the RBC population
very close to the LFL2 axis (Figure 3.4). This is not surprising as A'B individuals produce A'
and B transferases that convert the H antigen to A' or B antigens. The 4’'B Helix — Ulex
profile is similar to the 4’4’ profile as these genotypes have two alleles that encode for
transferases, hence converting more H antigens, unlike the 4’0 genotype which has only one
allele that encodes an active transferase. The B — Ulex pattern confirms that there is little H,
as per the Helix — Ulex staining. However, unlike the Helix — Ulex staining which shows that
all cells have the same amount of A, the B — Ulex staining has cells with variations in the
level of B staining ranging from moderate to none. The B — Helix staining confirms that all
the cells have approximately the same amount of A antigens but that the amount of B antigens

varies from none to high.

The Helix - Ulex staining of an A’B individual resembles that of an A® individual and not an
A? individual (see Figure 3.1). There is a major O-like population with Ulex staining (H
antigen positive) but no Helix staining (A antigen negative) and then a smaller AZlike
population that contains cells with variable A antigen expression. The B — Ulex staining for
an A’B individual resembles that of a BO individual. The majority of cells have the same
amount of B antigen expression but a tiny population of cells have a heterogenous pattern of
B antigen expression ranging from cells with no B antigen but similar amounts of H as for an
OO population to cells with high B antigen expression. For an A’B individual, the cells have

heterogenous amounts of B antigen but when compared to an A'B pattern there are more cells
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with high B antigen expression (compare BUx for A'B and A’B Figure 3.4). Also, for an A'B
individual, there is minimal Ulex (H) staining when compared to an A’B individual which has
a major population of cells with similar amounts of H as for an OO population (compare
HxUx for A'B and A’B Figure 3.4). In the A’B pattern, the A antigen is very much

diminished compared to the A'B pattern.

It has previously been reported that the A' transferase is more efficient than the B transferase,
which is more efficient again than the A? transferase (Mollison et al, 1993). Hence, the
amount of H antigen on an O RBC is highest but decreases for a B RBC and finally the A'
blood group RBCs have the lowest amount of H antigens. This relationship could be
demonstrated using the flow cytometry method described here. Ulex alone staining of RBCs
from individuals of blood groups O, B and A' demonstrated that the amount of H was greatest
on O RBCs, then B RBCs and finally A' RBCs had the least amount of H antigen expression
(Figure 3.5). This clearly demonstrates the changes in efficiency of the transferases in

converting H antigens into A or B antigens.
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Figure 3.4. Dot plots of healthy A'B and A?B individuals.

The 2-colour system used required 3 dot plots for the full analysis of AB
individuals. HxUx refers to the dual staining with Helix (A) on the LFL2 axis
and Ulex (H) on the LFL1 axis. BUx refers to the dual staining with anti-B on
the LFL2 axis and Ulex (H) on the LFL1 axis. BHx refers to the dual staining

with anti-B on the LFL2 axis and Helix (A) on the LFL1 axis.
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Figure 3.5. Ulex alone staining on red blood cells from blood groups O, B and A'.
The red blood spheres from O, B and A" blood groups were stained with the same batch and
amount of Ulex on the same day to observe variations in free H among the blood groups. The

amount of H increased in the order O>B>A' as reported (Mollison ef al, 1993).



3.2.2 AML and MDS Patients

Sixty one patients with myeloid disorders were examined by flow cytometry for changes to
the ABH antigens (see Table 3.1). There was a variant RBC population in a considerable
number of the patients, as specified below. This varied from a minor to a major proportion of
the cells. In a few cases, there was no normal population of cells. The descriptions that follow

refer to the variant RBC population. All patients with a variant population were genotyped.

Diagnosis | Blood Group LOGS of AJL o0ss of H LOSSOIEN No loss | Total
or B and H l

A, B 3
AML - —
O N/A 6 N/A 16 22
A, B, AB 1 2 0 3 6
MPD —
0] N/A 0 N/A 1 1
A, B, AB 4 0 1 2 7
MDS
0] N/A 0 N/A 5 5
8 11 3 35 57

Table 3.1. Loss of ABH antigens according to ABO blood group and patient disease.

Patients were classified according to disease. Acute myeloid leukaemia (AML), myeloproliferative
disorder (MPD), which includes chronic myeloid leukaemia (CML), and myelodysplastic disorder
(MDS) including chronic myelomonocytic leukaemia (CMML). NA (not applicable) refers to analysis
of the O blood group where loss of A or B could not be assessed.

Four patients with altered cell populations (F3, F5, F21 and F40; see Table 3.2) were omitted
from the analysis as they had received blood transfusions. Blood transfusion can give rise to
two distinct cell populations as patients, especially of group A, can be transfused with blood
from a different blood group. Figure 3.6 illustrates the patterns observed for patients before
and after transfusion where an A' patient received AZ blood and vice versa. Transfusions have
the potential to obscure some blood group changes, making it difficult to follow changes in

patient RBC ABH antigens.
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Figure 3.6. The effect of transfusion on patient flow cytometry results.

Dot plots for the dual staining of red blood cell spheres with Helix and Ulex
are shown for an A' patient before transfusion (A) and after an A? blood
transfusion (B). The A2 population is located within quadrant 1 and comprises
18% of the red blood cell population. An A? blood group patient before (C)
and after (D) transfusion with A' blood is also shown with the A' population
comprising 16% of the red blood cell population after transfusion. The LFL1
axis shows Ulex fluorescence and the LFL2 axis shows Helix (A antigen)

fluorescence.



AML AND MDS PATIENTS

ID  AGE SURV DIAGNOSIS PRED GRP GENO CYTOGENETICS
F1* 48 23 |AML M1 No (0] 0101 NO LOSS 46XY
B2 NA | NA |MDS Al AlA2 LOSS of A. Al to A2 shift (22%) |ND
F3* 48 55+ |AML M4 MDS |Al Al0O1 Al & A2 pattern. Transfusions XX
F4* 51 9 |AML M1 No O 0101 LOSS of H XX
F5* NA NA |MDS Al ND Al & A2 pattern. Transfusions
F6* 88 1 |AML NR No o ND NO LOSS
F7* 41 22 |AML M2 No A2 A201 NO LOSS 46 XX, i(T)(p10)/4TXX +11
F8* 86 NA |[MDS ) ND NO LOSS 46XX , del(5)(q14.933)
F9 72 NA |[AML A Al01 LOSS of A & loss of H 46XY, der(10),1(1;10)(q25;p15)/47XY+8
F10* NA | NA |MDS Al A101 LOSS of A ND
F11 70 0 |AML M1 MDS |A A101 NO LOSS
F12% 37 NA |RAEB-T/AML M4 B BO1 LOSS of B & loss of H 46XY,del22(p10)
F13 67 9 |AML M6 MDS |O 0101 LOSS of H del(5)(q11.2;q34)der(14;17)(q10;q10),der16,t(1;16)(p13,p13)
Fi14* 79 3 AML M2 No Al Al101 NO LOSS XX
F15%* 60 64 |CML blast crisis A AlA2 NO LOSS insufficient metaphases
Fl6* 84 NA [MDS Al ND NO LOSS XY
F17* 57 NA [MDS Al Al101 NO LOSS 44XY ,dic(3;21),-4,del5,-7,1(14;?),+1(6)
F18 42 NA |CML blast crisis A ND NO LOSS 46XY der4,ins(4;22)(q etc +Ph
F19* 65 NA |AML MDS |O 0101 NO LOSS 44-45XY der5.,-8,add8.der9,-10,der(11;14)(q14;q21)
F20* 69 45+ |CML A2 A101 LOSS of H XY
F21%* 36 85 |CML blast crisis Al Al101 Al & A2 pattern. Transfusions 1(9;22)
F22%* 70 0 |AML No 0) 0101 NO LOSS 67-70XY +X,+1,+1,+2,+6,+del6,+7,+8 etc
F23* 56 45+ |CML chronic A2B [A2B NO LOSS t(9;22) p210
F24% 72 7 |AML MDS (B BO1 LOSS of B approx. 20% XY
F25* 87 NA [MDS Al AlAl LOSS of A approx 15% 45X-Y
F26* 22 46+ |AML M3 No Al Al101 NO LOSS t(15;17)
F27* 24 33 |AML M4 No Al A101 LOSS of A & loss of H 46XY, invl etc t(1;12)
F28 73 2 AML MDS O ND NO LOSS 44 XX ,add3p13.-5,-7,-10,del12p,derl 7 etc
F29* 71 NA |AML MDS O 0101 NO LOSS 46 XX
F30 54 28+ |CML chronic B BO1 LOSS of H 46Y, t(X;13)(p11;q14)-no t(9;22)




F31* 40 9 |AML M5 No 0 0101 NO LOSS XY

F32* 44 NA |AML M3 No 0 0101 NO LOSS t(15;17)

F33 29 NA |CML chronic O ND NO LOSS t(9;22)

F34* 36 NA |AML?MDS 0O ND NO LOSS 46XX, del 5(q13,931),dic(3;?)

F35%* 81 1 |AML M4Eo No 0 ND NO LOSS inv 16

F36 84 NA [MDS O ND NO LOSS XY

F37 60 12 |AML MDS |[O 0101 NO LOSS XY

F38* 54 11 |AML M1 No Al AlAl NO LOSS XY

F39* 57 0 |AML M4 No A2 A201 LOSS of H 46XY t(10;11)(q21;q21)/47XY,t(10;11)+8
F40 67 25 |AML M2 No A2 ND A2 & Al pattern. Transfusions XX

F41%* 78 6 |AML M2 MDS |O 0101 LOSS of H 47XX+14

F42%* 68 61+ |AML M3 No B BO1 NO LOSS t(15,17)

F43* 85 1 |AML M1 No O 0101 LOSS of H 47XX+8

F44* 78 NA |MDS 0 0101 NO LOSS XY

F45% 76 53+ [CMML O 0101 NO LOSS XY

F46* 33 1 |AML M3 No Al Al101 LOSS of A approx 15% t(15;17)

F47 74 NA |[MDS 0) ND NO LOSS 45X, -Y

F48 23 4 |AML M5 No O 0101 LOSS of H 47XY 1(2;11)(q37;923) +8

F49* 61 45+ |AML M2 TC A2 ND NO LOSS t(9;11)(p22,p157)

F50 75 1 |AML M2 MDS |O 0101 LOSS of H XY

F51 75 4 |AML M4 PRV  |A Al101 LOSS of A 100% 45X, -Y. karotyping on 30/1/97 -ve for p210, p190
F52% 61 NA |MDS AB AlB LOSS of A with increase in H XY

F53 81 1 |AML M1 No A A10] LOSS of H 10-20% XY

F54%* 65 19 |AML M2 No 0O 0101 NO LOSS 4/2/97 41-45XY, -3, -5,del7,-9,der1 1,t(11;15),del1 7p etc
F55% 56 2 |AML M4 MDS |O ND NO LOSS XX

F56* 28 46+ |AML M2 No O ND NO LOSS t(8;21)

F57* 26 3 |AML M7 No B BO1 LOSS of H approx. 20% 43-45XY, add2,-5,-6,del7 etc +markers
F58%* 61 15 |AMLNR MDS |O 0101 NO LOSS XX

F59* 61 22 |AML NR No 0 0101 NO LOSS XY

F60* 54 34 |CML blast crisis Al A1A2 LOSS of A. A1->A2->0. t(9;22)

F61* 77 3 |AML NR MDS |Al ND NO LOSS 47XY+4




OTHER PATIENTS

1D DIAGNOSIS GRP GENO FLOW

OT1* |ALL 01 0101 NO LOSS

OT2* |ALL Al Al01 NO LOSS

OT3* |ALL Al AlAl NO LOSS

OT4* |ALL 0) 0101 NO LOSS

OT5* |ALL Al Al101 NO LOSS

OT6 |ALL ) ND NO LOSS

OT7* |CLL Al ND NO LOSS

OT8* |CLL ) ND NO LOSS

OoT9 |CLL Al ND NO LOSS

OT10* |CLL O ND NO LOSS

OT11* |CLL O ND NO LOSS

OT12* |CLL A2 ND NO LOSS

OT13* |CLL 0O ND NO LOSS

OT14* |CLL A2 ND LOSS of H

OT15* |CLL O ND LOSS of H

OT16* |[CLL Al A101 LOSS of A

OT17* |Heart Condition A2 A2A201 |A2 with INCREASE in A
OT18* |AML Al ND Al with INCREASE in H

Table 3.2. Summary of patient flow results.

* denotes patients analysed by B. Farmer. AGE is at presentation of disease.

SURYV denotes survival in months with + indicating patient still alive. NA 1is not available and NR is no record.

PRED denotes predispostion, with PRV indicating polycythemia rubra vera, and TC denotes thrombocytopenia.

GRP denotes blood group determined by serological methods while GENO indicates ABO genotype as determined by the method developed in Chapter 4.



3.2.2.1 Loss of the H Antigen

In one group of patients, the H antigens were lost or diminished creating a variant population
of red cells. This was most readily seen for the O blood group patients. Six of the 28 O
patients (F4, F13, F41, F43, F48, F50; Table 3.2) studied showed loss of H antigen
expression. This was seen as a population of cells (approximately 25%) with reduced Ulex
fluorescence, in addition to the normal O population, in an 0’0’ AML patient (Figure 3.7A).
Alternatively, a total reduction in Ulex fluorescence of the entire population was seen in
another 0’0’ AML patient (Figure 3.7B). Loss of H was not seen in any of the 51 normal O

individuals.

Alterations in H antigen expression was responsible for the alterations in A or B antigens in
5/29 A, B or AB patients (F20, F30, F39, F53, F57; Table 3.2). Figure 3.7C shows an AML
patient (genotype A’ 0) where partial loss of A due to loss of H can readily be seen as the red
cell population has less Ulex fluorescence causing it to resemble an A’A’ pattern. There is also
a continuum of cells that have decreased Helix fluorescence while showing no increase in

Ulex fluorescence.

Another example of loss of A due to loss of H can be seen in a CML A’O patient in which the
entire population shows diminished H relative to a normal A’O individual (Figure 3.7D). The
pattern resembles an A°O with diminished H indicating that the loss of H in this instance is
causing a decrease in A antigens. This patient was grouped as an A’ by the blood transfusion

service, however the patient genotyped as an 4’0’ (Table 3.2).

Figure 3.7E shows a CML BO patient with loss of H. The fluorescent population is shifted to
the left compared to a normal B pattern, indicating decrease of H. In this case, total B

fluorescence was diminished due to the loss of H sites.
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Figure 3.7. Dot plots of patients with loss of H.

Red blood cell spheres stained with Ulex (LFL1) from two O
patients with AML (A) and (B) both with a normal population of
RBCs and a population of RBCs having diminished H fluorescence.
The RBC spheres from an 4O patient with AML (C) and an 4/0O
patient with CML (D) stained with Helix (LFL2) and Ulex (LFL1).
The loss of H is more extensive in the patient with CML and is
affecting the levels of the A antigen as well. Loss of H was also seen

in the RBC spheres from a BO patient with CML (E) stained with

anti-B (LFL2) and Ulex (LFL1).

LFL1




3.2.2.2 Loss of A or B Antigen

Loss of A or B without loss of H occurred in 8/29 A, B and AB patients (F2, F10, F24, F25,
F46, F51, F52, F60; Table 3.2). These patients showed some compensatory increase in H on
the cells where A or B antigens were decreased. Figure 3.8A shows an AML patient, who had
presented with a mixed field but had previously grouped as an A and genotyped as an 4’0,
but showed complete loss of A. The patient showed the same aberrant pattern at the time of

his death, a year later.

Figure 3.8B shows the RBCs of a MDS patient (genotype A]AZ) with two populations, a
typical 4’4° population and an O-like population. The O like population is derived from the
normal 4’ 4? population losing A antigens which would free up H antigens and hence create a
population of cells with only H expression, like an O pattern. There is also a small population

of cells with decreasing A fluorescence and increasing H fluorescence.

Figure 3.8C shows an 4’47 individual with end stage CML with a second A? - like population
of cells (about 15%) in addition to the normal 4’47 cells. This A> population had diminished

A and a corresponding increase in H when compared to the normal 47 4° population of cells.
Figure 3.8D shows the RBCs from an AML patient (genotype BO) with 20% of cells showing

loss of B and an increase in H. This population of cells with loss of B resembles an O-like

population with its lack of B antigen expression but high H antigen expression.
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Figure 3.8. Dot plots of patients with loss of A or B.

RBC spheres from an 4’0 patient with AML with 100% of
cells showing no Helix staining (A), an 4’47 MDS patient with
20% of RBCs, located in quadrant 4, having no Helix staining
(B), and an 4’47 CML patient with 15% of cells having reduced
Helix staining (C). (A), (B), and (C) were stained with Helix
(LFL2) and Ulex (LFL1). (D) A BO AML patient with RBC
spheres stained with anti-B (LFL2) and Ulex (LFL1) and with

20% of cells, located in quadrant 1, having minimal B staining.



3.2.2.3 Loss of H and A or B Antigens

A third group of patients (3/29; F9, F12, F27; Table 3.2) appeared to have both loss of A or B
and H antigens. One 4’0 AML patient had two populations of cells, a minor population
resembling normal 4’0 cells and a major population with no A fluorescence. The abnormal
population showed a continuum of H fluorescence extending from no evident expression to
weak expression characteristic of most patients with loss of H (Figure 3.9A). This patient had
several samples taken during the terminal stages of the disease and the normal 4’0 cells

decreased, presumably as normal haematopoiesis shut down.

Figure 3.9B shows an 4’0 AML patient with two populations; one that had loss of H giving
an 4’4’ pattern (quadrant 1). The loss of H results in the normal 4’0 population being shifted
to the left due to the loss of H, but the A antigens are unaffected, with the pattern resembling
that of an A4‘A’ population. The second population has varying degrees of ABH antigen
changes. The cells directly under the 4’4’ like population have no H but some A hence loss of
A due to H. However, there is a group of cells beyond the 474" like population which have
low levels of A but varying amounts of H indicating loss of A with a corresponding increase

in H.
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Figure 3.9. Dot plots of patients with loss of H and loss of A.

(A) RBC spheres from an 4’0 patient with AML at 6 weeks, 4 weeks, and 1
week before death. The normal 4’0 population decreased from 25% at 6
weeks before death to 10% at 4 weeks before death before falling to 1% just
before death. (B) The dot plot of an 4’0 AML patient showing a population
of cells (28%) with loss of H (quadrant 1) and a second population of cells

(quadrant 2, 3 and 4) with loss of A. The LFL1 axis shows Ulex fluorescence

N

N b

4 weeks

LFL1

N

Normal A'O

and the LFL2 axis shows Helix fluorescence.

LFL1

1 week




3.2.3 Other Patients Analysed by Flow Cytometry

Flow cytometric analysis was also performed on other patients to assess loss of ABH
antigens. These included both ALL and CLL patients, in which loss of ABH antigens would
not be expected as RBCs are derived from the myeloid lineage, while ALL and CLL cells are
of the lymphoid lineage. The 6 ALL patients examined (3 A' blood group and 3 O blood
group) showed no loss (data not shown). Of the ten CLL patients analysed (3 A' blood group,
2 A’ blood group and 5 blood group O) two showed loss of H (1 A® and 1 blood group O

patient) while only one showed some RBCs with loss of A (approximately 7%) (Table 3.2).

Two other patients showed interesting results although they did not show loss of ABH
antigens. One patient, OT17, was blood group A’ and did not have leukaemia but rather a
heart condition and on blood group typing presented with a mixed field. This patient was
genotyped as an A°4°0 showing the presence of a gene duplication. This explained the
increase in A fluorescence by flow cytometry (see Figure 3.10A). Another patient, OT18, was
a blood group A' AML patient (unable to be genotyped) whose RBCs showed an increase in
H without loss of A (see Figure 3.10B). We were unable to genotype the A' patient since

there was no sample but it is possible that they may have a duplication at the FUT! locus.
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Figure 3.10. Increase in ABH antigens.

A. OT17 is a patient with a heart condition that presented with a mixed
field reaction but flow cytometric analysis indicated an increase in A
antigen staining when compared to the normal A0 pattern. Genotyping
indicated that the individual had an extra copy of the 47 allele.

B. OT18 is an AML patient of blood group A' with a flow pattern similar,
but not identical to an 4’0 pattern. This patient seems to have an increase
in H antigen, without loss of A, possibly due to a duplication at the FUT!

locus.



3.3 Discussion

Alterations in the expression of the ABH antigens in haematological malignancies have been
considered rare, however, few methodical approaches have been utilised to try to establish
how frequently this phenomenon occurs. Some reports have indicated quite high rates of
alterations (Majsky et al, 1967; Starling and Fernbach, 1970). However, the less subtle
changes are likely to have been missed, since samples with 50% loss can be grouped as
normal in transfusion laboratories (O’Keefe, PhD thesis, 1995). The aim of this work was to
determine the frequency of loss of ABH antigens in the RBCs of patients with myeloid
malignancies in a methodical fashion using two-colour flow cytometry. Flow cytometry is a
sensitive method for determining loss of antigenic expression as it can resolve multiple
populations, and allow partial or full loss of expression to be determined as well as

quantification of the number of cells involved.

The normal blood group O individuals had high amounts of H antigen, as expected, due to the
inability of the O transferase to convert H antigens. Bombay individuals had no staining for

any antigens using this flow cytometric method apart from background staining (Figure 3.1).

Normal B blood group individuals showed heterogeneous staining for H and B antigens. Most
cells had high levels of B however there was a population, 3-10%, with no B fluorescence.
The H staining was also heterogeneous in the normal blood group B, indicating large amounts
of unconverted H. Sharon and Fibach (1991) found a reciprocal relationship between cells
expressing high amounts of B and low expressors of H, and vice versa. This was seen in the
flow cytometry pattern for the normal B individuals with a small population of cells with no
B antigen the ones with the most H antigen expression (Figure 3.1). This in accordance with
other reports that B blood group RBCs have more free H (Ulex staining) than A' blood

groups (Mollison et al, 1993).
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The normal A? blood group also had a very heterogencous A staining but unlike the B pattern,
normal A® individuals had less variation in the H staining with almost all cells having the
same amount of H regardless of the amount of A. This may imply that the total amount of A
is fairly low so that even in the strongest staining there is only a marginal decrease in the total
amount of free H antigen. For A”O individuals, A antigen staining ranged from high to little
or no A staining. This observation is in accordance with the study of Reyes et al (1976) who
used immunoelectron microscopy and observed that A” cells showed marked variation in their
cell surface staining for A antigens, with minimal to high level cell staining. They remarked
that the A blood group is a mixture of several antigenically different populations of cells. A

similar heterogeneity was observed for A' cells but to a lesser extent (Reyes et al, 1976).

For the normal A' individuals, it was noted that slight, but obvious, variations in the pattern of
antigen expression existed. On further investigation it was possible to demonstrate that the A'
genotypes (4'4’, A'4% and A’ O) had different patterns of A and H antigen fluorescence. The
A'A’ had the most A staining and the least H staining, while the 4’4? had less A and more H,
and the 4’0 had even less A and the most H staining of the three A' genotypes investigated
(Figure 3.2). There was a noticeable dosage effect in that the presence of 2 A alleles led to
more conversion of H sites than one alone. This observation is in accordance with Sharon and
Fibach (1991) who used A/H ratios and found that A antigen expression was greatest on 4’4’
RBCs that express almost no H antigen, followed by 4’4?4’0 and 4?0 RBCs, respectively.
Sharon and Fibach (1991) found that 4’4’ RBCs express almost no H antigen and that 4’4’
RBCs showed the highest level of A and lowest level of H. This is accordance with the
observations shown here. Similarly, the results here are in accordance with Sharon and Fibach

(1991) that the A0 RBCs have more free H antigen than the A'O RBCs.

95



Two other weak A blood groups were analysed by flow cytometry. These were the A® and A*
blood groups. The A* blood group had a small population of cells with a very heterogencous
pattern of A antigen expression, much like the A? flow profile, except that the proportion of
cells with high or intermediate expression of A was very low. For the A® individuals the
majority of cells had no A expression but had H expression similar to an O individual, hence
the O-like population for the A* RBCs was bigger than the O-like population in the A’ RBCs.
The A* blood group gives a mixed field by serological techniques and this is not surprising
since most of the cells look like O cells upon flow cytometric analysis. The A* blood group

could not be distinguished from an O blood group using flow cytometry (Figure 3.3).

For the A® blood group a considerable number of RBCs had negligible A expression yet this
blood group does not give a mixed field. We were unable to find an 4’42 individual but it
would have been interesting to see whether the flow cytometer would pick up any differences
in A or H antigen expression between an A°0O individual and an 424? individual. The
expectation would be that an 4°4 would have less H antigen and more A antigen expression
than an 4°0, like and 4’4’ had less H and more A antigen expression than an 4’O’. The flow
cytometric pattern seen for patient OT17 (Figure 3.10A) may represent the flow profile of an

A?A? individual.

A'B red cells have been reported to often give an A’ pattern serologically with A’B red cells
reported to give an A’ pattern (reviewed in Race and Sanger, 1975; Daniels, 1995). However,
a considerable decrease in A was not evident by flow cytometry in any of the 29 A'B
individuals examined (Figure 3.4). The Helix versus Ulex plot of A'B was similar to that
observed in an 4’4’ control and not that of an 40 individual. An A'B has 4-8x10° A antigen
sites per RBC while an A'O RBC has 8-12x10° and an A20 has 1.5-4x10° A antigen sites

(Economidou et al, 1967). Based on these numbers one would expect the Helix-Ulex (A vs H)
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pattern of an A'B to be intermediate between an 4’0 and A4°0 however, it more closely
resembles an 4’4’ individual and not an 4°0. This may be due to any free H being converted
by the B transferase, hence the A vs H pattern has more A than H antigen staining. The
discrepancy may also be due to technical differences between the flow cytometric method and
the technique used for determining the A antigen site numbers, which relied on agglutination

of the antigens with the appropriate antibodies.

The B fluorescence in A'B individuals was markedly weaker than seen in a normal BO and
this can be explained by the fact that the A transferase is a more efficient transferase than the
B, and once all of the H sites have been converted, there are no more H sites for the B

transferase to convert.

By contrast, the A’B samples gave results consistent with previous reports (Figure 3.4). The B
fluorescence was practically identical to that seen in a BO individual. The A fluorescence was
substantially weaker than that seen in an A*O and gave an A>-like pattern with the majority of
cells appearing negative for A. This is surprising since there is a considerable amount of H
that could be converted into A antigen (data not shown) however, the B antigen is more
efficient at converting the H antigen. It has been suggested that when both the A and B alleles
are inherited, phenotypic expression of the A antigen is depressed due to competition between
the A and B glycosyltransferases for the H antigen (Hakomori, 1981). Though this is may
explain why the A vs H pattern in A’B resembles an A, it does not explain why an A'B A vs
H pattern does not look like an A? flow profile. The activities of the 2 alleles in AB patients
do not act additively. The reduction of B in A'B individuals may be due to direct competition
of the A and B transferases as there is near saturation of the H sites. However, in an A’B
individual, there are a substantial amount of free H sites that could be modified so there is no

clear explanation why the A fluorescence is diminished. It has been suggested that UDP-
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galactose, the sugar that the B transferase adds to the H antigen to make the B antigen,
inhibits the A transferase (Salmon et al, 1984). This inhibitory effect may be scen in an A’B
individual and not an A'B individual because the A' transferase is more efficient than the A%,

hence only a small amount of A’ transferase is required to convert H into A antigens.

Sharon and Fibach (1991) found that 4’B RBCs differed from 4°B cells in A/H ratios without
significant differences in their B/H ratios. The data presented here have shown that for the
A'B blood group, the level of B expression was significantly less than the level of B antigens
seen on the RBCs of a normal B individual, while for the A’B blood group the B antigen
levels were equivalent to those seen for a B individual. The A'B individual had over 50% of
cells with no B antigen expression while an A’B only had 10% of cells with no B antigen
expression. This observation is contradictory to Sharon and Fibach (1991) which found that
the level of B fluorescence was nearly 50% higher in A'B individuals when compared to A’B

individuals. At the moment, this discrepancy in results cannot be explained.

The heterogeneity seen for the weaker blood groups confirms previous agglutination and
electron microscopy studies (Reyes et al, 1976; Cartron et al, 1977). The mechanism for this
observation is unclear but may be a consequence of the association of the weaker blood
groups with a different sequence in the upstream region of the ABO gene. It has recently been
shown that an upstream repeat element of the ABO gene, which varies in copy number
according to the allele, has enhancing ability (Kominato et al, 1997; Yu et al, 2000).
Surprisingly, the enhancing ability of the single repeat associated with the A’ allele was
reported to be weaker than that of the multiple repeat associated with the 4% and B alleles in in
vitro studies (Yu et al, 2000). Recent studies show that enhancer mediated gene expression
operates in a stochastic manner (reviewed in Fiering et al, 2000). We would then expect a

weak enhancer to give a higher degree of null cells whereas A' is associated with lower
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amounts of null cells than A? and B. Tt will be necessary to consider the whole upstream
region rather than isolated segments of it to fully establish the relationship of the enhancer
sequence with ABH antigen expression. The number of repeats associated with the various

weak blood groups remains to be determined.

Sharon and Fibach (1991) also reported a flow cytometry based approach for studying RBCs
of normal individuals. They were able to differentiate the genotypes A’A’, A'4%, A'O and 420
by analysing the ratio of A/H and B/H fluorescence. The results shown here confirm that flow
cytometry can be used to deduce these as well as other genotypes. The methodology
presented here differs from that of Sharon and Fibach in important technical details such as
the use of Helix Pomatia lectin rather than a monoclonal antibody to detect A, as well as the
use of RBC spheres to decrease agglutination problems. The use of RBC spheres has several
other advantages, the principal one being the decreased scatter of the cells, which allows
better visualisation of the entire population, and lends itself to accurate gating to exclude
agglutinated cells and debris. In addition, formalin fixed spheres are much more stable than

unfixed RBCs and may be used for several months after fixation.

Moreover, visual analysis of the two-parameter flow cytometry patterns is used. Pattern
analysis allows identification of differences not only in normal individuals where the different
patterns reflect the genotype, but more importantly in leukaemia patients where variant and
normal red cell populations may co-exist. Pattern variations in a panel of 180 normal
individuals (34 A', 8 A%, 2 A’, 4 A¥, 35 B, 29 A'B, 15 A’B, 51 O and 2 Bombay individuals)
was related only to genotype, rather than changes caused by disease. However, in a
considerable number of leukaemic patients, 22/57 (39%) a variant RBC population was
present. In almost all cases, the changes were not detected by routine serological typing.

Leukaemia patients with unusual patterns were genotyped as this was necessary to allow
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comparison to the normal pattern for that genotype. It was not always possible to analyse the
patient RBCs as blood transfusion with different genotypes gave rise to aberrant patterns (see

Figure 3.6).

The changes in ABH antigens in leukaemia patients were of three different types. Firstly, a
group of patients with decreased H antigen staining to which the loss of A or B antigens was
secondary (Figure 3.7). Presumably, there is a loss of expression of the gene coding for the H
antigen (FUT! in erythroid precursors) since loss of A or B would lead to an increase in H,
although it is possible the loss may occur in a precursor of H or may even be due to masking
of the H epitope. Investigation of possible FUTI alterations in this group of patients is the
focus of Chapters 4 and 5. A second group of patients had a decrease of activity at the ABO
locus. This can be seen by the increase of H antigen expression, which is less obvious in some
cases than might be expected (Figure 3.8). A third group had a decrease or loss of H as well
as of A or B, sometimes resulting in two different abnormal populations of cells (Figure 3.9).
This indicates that the ABH changes may occur in subpopulations after the malignant clone is

established.

One common pattern observed for A’ patients was a shift to an 4’4’ like pattern due to a
marked decrease in the amount of H (Figure 3.7). This can most readily be explained by a
reduction in H activity perhaps due to inactivation of one of the two FUT! alleles. Most of the
losses of H observed are compatible with inactivation of one FUTI allele as Ulex
fluorescence is diminished and not lost. No patients showed a total loss of H for the whole

cell population, however, some had a sub-population with total loss of H (Figure 3.7 and 3.9).

Genotyping of all patients was an important aspect of this study. In particular, 4’0 patients

who showed a shift to an 4’4’ like pattern demonstrated the necessity of genotyping. It was
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also necessary to verify the genotype for other patients with complete or near complete loss of
antigens. For example, Figure 3.7D shows a pattern which looks like an 4%O pattern but is

actually from an 4’0 patient with almost total loss of H.

In some patients, we were able to track changes in ABH antigen expression during disease
progression. Figure 3.9 shows an AML patient (genotype A’0) in which the population of
normal A cells gradually decreased during the final months of disease, presumably due to
continuing lo.ss of normal haematopoiesis. Several other groups have also noted changes over
the course of disease. Gold et al reported an AML patient where 98% of the cells had loss of
A at presentation. This fell to 35% in remission before rising again at relapse (Gold et al,
1959). This indicates that loss of ABH antigens can be used to monitor disease as they are
known differentiation markers (Ravn and Dabelsteen, 2000). In remission, the shift of the
normal and leukaemic cell populations reverts to the normal population being predominant

but the cells which show loss are still leukaemic and hence relapse occurs at a later date.

There were similar frequencies of loss of H in the O patients (6/28) and the A/B patients
(8/29). This data combined gives an overall loss of 25%. Loss of A or B was seen in 11/29
(38%) of the A, B or AB patients. Fifty-five percent (16/29) of A/B patients showed
alterations at one or both of the loci. The rate of loss of H that we observed is similar to that

of Majsky et al (1967) who reported that 27% of acute leukaemia patients had loss of H.

The high frequency of changes seen is not age related as alterations in blood group are also
seen in younger patients. Omitting the transfusion patients from the analysis, there were
losses in 5 out of 14 patients (36%) younger than 50 and in 15 out of 41 patients (36%) older

than 50 (Table 3.2). No alterations in ABH antigens were observed in the 178 healthy
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individuals examined who ranged in age from 21 to 74. This supports the hypothesis that the

alterations in ABH antigen expression on RBCs is related to the disease process.

Kaplan-Meier analysis showed no significant difference in survival between patients with and
without ABH antigen loss (data not shown). Two analyses were done; considering all patients
and considering patients with AML alone. There was, nevertheless, a tendency for patients
with loss to have a shorter survival time. Patients with AML with loss showed a median
survival time after presentation of 5 months, whereas patients with AML without loss showed

a median survival of 11 months (Table 3.2).

Examination of the association of antigenic loss with patient diagnosis, age at presentation,
and survival after diagnosis showed that there was no significant difference in the proportion
of patients with loss among patients with AML and the other haematological patients (Fisher
exact test). Subclass information was available for 26 patients with AML. In each subgroup
there were 4/7 M1 patients, 3/8 M2 patients, 1/4 M3 patients, 2/4 M4 patients, 1/2 M5
patients, and 1/1 M6 patient that showed variant cell populations. As such, loss does not
appear to be restricted to particular subclasses of AML although further analysis is required as
the patient sample size is low. Thirty-six patients with AML had information regarding prior
predisposing disecase such as MDS or MPD. The percentage of patients with loss of ABH
antigens and a predisposing disease (5/14) or those with no predisposing disease (8/22) was
36% in both cases, suggesting that the predisposing disease was not related to the loss. This
may also suggest that alterations in ABH antigens are a later change in the disease

progression.

Loss of ABH antigens may arise in some cases from loss of heterozygosity. The ABO gene is
located on chromosome band 9q34, whereas the H (FUTI) gene is on chromosome band

19q13. There is a recurrent deletion of the 9923-31 region in myeloid malignancy and this
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may extend to 9934 in some cases (Evdokiou et al, 1993). None of the patients with ABH
antigen loss and that had cytogenetic data available, had visible 9q or 19q (or -9 or -19)
deletions (Table 3.2) indicating that the inactivation of 4BO and FUTI may be due to
epigenetic mechanisms (see Chapter 5). The 9934 region is studied in more detail in Chapter
6 as there may be a tumour suppressor gene in the same chromosomal region as ABO that

may be the target for inactivation in haematological malignancies.

The results in the patients can best be explained by considering one or more silencing
mechanisms acting at both the ABO and FUTI loci. In some cases, just one locus appears to
be silenced and in other cases, both are silenced. In all the cases of loss of H, it seemed that
only one allele was silenced. Methylation of the ABO and FUT! gene promoter regions is one
such mechanism for silencing and has been reported for the 4BO gene in human cell lines
(Kominato et al, 1999). In line with an epigenetic explanation, it is notable that in some cases,
loss of expression of A or B seems incomplete (for example see Figure 3.8). In this instance a
decrease in gene activity may be occurring, rather than a complete loss. Epigenetic
mechanisms are also supported by parent of origin effects on loss of A and B alleles
(Dobrovic et al, 1993). Epigenetic mechanisms of loss of ABO and FUTI are the focus of

Chapter 5.

In conclusion, flow cytometry was used to demonstrate that red cells from normal individuals
showed patterns of antigenic expression consistent with their genotype. In contrast, red cells
from leukaemic individuals frequently showed substantial disorder of antigenic expression at
the two major loci affecting expression of the ABO blood group. The results in this chapter
suggest that alterations in ABH antigen expression in patients with haematological
malignancies may be an important signpost to fundamental alterations leading to
leukemogenesis. The remainder of this thesis will attempt to clarify the importance of this

alteration.
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CHAPTER

ABO & FUTI

Expression
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4.1 Introduction

Utilising a previously isolated A transferase probe, Yamamoto and colleagues (1990a) cloned
and sequenced the cDNA from cell lines derived from different ABO blood groups. By
comparison of the cloned cDNA to the A transferase cDNA sequence they discovered that the
O’ allele had a single base deletion at cDNA position 261 (Yamamoto et al 1990b). This
group demonstrated that deletion of the G nucleotide at this position caused a shift in the
reading frame of the O’ allele sequence, introducing a premature stop codon. The O
transferase is truncated at amino acid residue 117, explaining the lack of O transferase

activity.

Seven single base substitutions were identified in the cDNA sequence of the B transferase
when compared to the A transferase cDNA sequence. These changes occurred at nucleotide
positions 297, 526, 657, 703, 796, 803 and 903 (Yamamoto et al 1990b). Four nucleotide
substitutions led to amino acid changes to the B transferase at residues 176, 235, 266 and 268

(corresponding to nucleotides 526, 703, 796 and 803 respectively).

The nucleotide differences between the three major ABO alleles create allele specific
restriction enzyme sites. The deleted G in the O’ allele creates a Kpnl site while the 4 and B
alleles have a BstEIl site at the corresponding position (Yamamoto et al, 1990b). The C to G
substitution at nucleotide 526 in the 4 and O’ alleles creates a BssHII site, however, a Narl
site is present in the B allele. The G to A substitution at nucleotide 703 creates a Hpall site in
the A and O’ alleles and an Al site in the B allele. The C to A substitution at nucleotide 796

creates a BstNI site in the 4 and O’ alleles and 2 Nlalll site in the B allele.
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Yamamoto and colleagues were the first to utilise some of these restriction  site
polymorphisms to determine the ABO genotype of individuals using PCR and restriction
enzyme digestion (Yamamoto et al, 1990b; Yamamoto and Hakomori, 1990). Southern
hybridisation after restriction enzyme digestion of DNA with Kpnl or BstETl was used to
detect the O’-specific deletion. A PCR-RFLP method was utilised to discriminate the 4 and B
alleles. A region which spanned the C to G substitution at position 526 and the G to A
substitution at 703, was PCR amplified and restriction enzyme digested with BssHII, Narl,
Hpall or Alul. This PCR-RFLP method has undergone numerous modifications and
refinement by many groups and is the easiest and most cfficient way of genotyping the ABO
locus (Yamamoto et al, 1990b; Yamamoto and Hakomori, 1990; Lee and Chang, 1992;

O’Keefe and Dobrovic, 1993; Olsson and Chester, 1995; O’Keefe and Dobrovic, 1996b).

Grunnet and colleagues (1994) were the first group to differentiate the O’ and 07 alleles by
genotyping. They amplified the region spanning the deleted G found in O’ alleles and
digested with Bs¢EIl to discriminate the 4, B and O alleles from the O’ allele. A second PCR
amplified the region containing the nucleotide changes that alter amino acids at 526 and 703.
Digestion with BssHII discriminated the 4 and O’ alleles from the B and O alleles. Digestion
with Hpall elucidated the 4, O’ and O? alleles from the B allele. Using this method, they were

able to determine the following genotypes: 44, A0’ , BB, BO' ,AB, 0’0" and 0’0’

Olsson and Chester (1995) developed a genotyping method that allowed the additional
identification of the 4° allele. This method used the Hpall site, which is present in the 3’-
untranslated region of 4’ and O’ alleles but not of B and O’ alleles. The substitution
responsible for the presence or absence of this Hpall site (G1096A) is situated between the
stop codons for the consensus and 42 allele reading frames. The presence of mutations

associated with alleles 4° (C467T), B (G703A and G1096A) and O (G1096A) removes
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Hpall sites present in the 4ABO consensus sequence. A multiplex PCR was used to generate
two products, the first of which spanned exon 6 and thus position 261, for which Kpnl would
be used to elucidate O’ alleles. The second PCR product spanned all of exon 7 and did not
contain any Kpnl sites. The two products were amplified simultaneously and restriction
enzyme digested with Kpnl and Hpall jointly, and separated by agarose gel electrophoresis.
The O’ allele was easily distinguished from all other alleles by its Kpnl site. The other five
common A4B0 alleles (4, 4%, B, O' and 0’) were resolved by their Hpall patterns and all 15

different genotype combinations could be elucidated by this method.

In addition to PCR-RFLP techniques, other genotyping methods use allele-specific PCR
(ASP) (Gassner et al, 1996; Procter et al, 1997; Pearson and Hessner, 1998) or PCR
amplification followed by single-stranded conformational polymorphism analysis (SSCP)
(Ogasawara et al, 1996a;, Ogasawara et al, 1996b; Yip, 2000). One ABO genotyping
technique uses *?P-labelled PCR products, amplified with allele-specific primers (ASP)
against polymorphisms in exons 6 and 7, that are detected by polyacrylamide gel
electrophoresis and autoradiography (Ugozzoli and Wallace, 1992). The Olsson and Chester
(1995) PCR-RFLP method described above uses a single PCR while the ASP methods use
two to eight PCRs to generate the correct DNA fragments. PCR-RFLP methods have the
disadvantage of incorrect genotyping of rare ABO alleles for which some have no known
RFLPs associated with them. PCR-SSCP methods are the best for detection of unknown
mutations in the ABO gene, however, these can be very complex to perform (Ogasawara et al,
1996a; Ogasawara er al, 1996b; Yip, 2000). Another novel method utilises denaturing
gradient gel electrophoresis (DGGE) of exon 6 PCR amplified products (Johnson and
Hopkinson, 1992). Like SSCP, DGGE can detect mutations anywhere in the PCR amplified

products but the type of mutation cannot be determined.
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Genotyping of the 4BO locus was essential to this project as analysis of allelic expression in
patients with haematological malignancies required the knowledge of their genotype. 4BO
genotyping information also became important for full understanding of the results obtained
from the flow cytometric analysis. For example, a patient typed as an 4’4’ by flow cytometry
may actually be an 4’4’ or an 4’0’ with loss of H (Chapter 3). Genotyping this patient is
essential for determining which of these two possibilities is true. Some of the above 4BO
genotyping methods described are quite complex but as we had flow cytometry information,
which would identify patients with weak ABO blood groups, a PCR-RFLP technique for
genotyping ABO could be used easily. The description of the PCR-RFLP technique and the

allelic expression of ABO is the focus of the first part of this chapter.

4.2 Results

4.2.1 Genotyping of ABO

4.2.1.1 Genotyping for the O’ Allele

The PCR-RFLP methodology employed for ABO genotyping was similar in principle to that
previously reported (Yamamoto ez al, 1990b; Yamamoto and Hakomori, 1990; Lee and
Chang, 1992; O’Kccfe and Dobrovic, 1993; Olsson and Chester, 1995; O’Keefe and
Dobrovic, 1996b). Restriction enzyme digestion of two PCR products was used to genotype
the 4BO locus. The first PCR product, the AO1 PCR, spanned exon 6 and was used to
identify the O’ allele. The AO1 product was amplified using primers AO1 F and AOI R to
give a 263 bp PCR product (nucleotides 1400-1662 of Genbank accession AC000397; see
Table 2.1.1 for primer sequences). The deleted G in the O’ allele creates a Kpnl restriction
enzyme site at position 196 of the AO1 PCR product. All of the other alleles cut with the
restriction enzyme BstEIl at this site. Hence, complete cutting with Kpnl, but no digestion
with BstETl will be seen for an 0’0’ homozygote. Partial cutting with Kpnl and BstETl will be
seen for O’ heterozygotes. Genotypes that contain no O alleles will not cut with Kpnl but
will be completely digested by BstETl (Table 4.1, Figure 4.1).
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Table 4.1. Expected sizes from Kpnl and BstEII digestion of the AO1 PCR product.
? refers to the unknown alleles, that is, A’, 4%, B or O”.

No O’
O'het O'het allele o0'o’

M

Figure 4.1. Genotyping for the O’ allele.

M is pUC19/Hpall marker and lane 1 is uncut AO1 PCR product. Lanes 2, 4, 6 and 8 are AO1 PCR
products digested with Kpnl while lanes 3, 5, 7 and 9 are digestions with BstEIL. Lanes 2 and 3, and
lanes 4 and 5 are paired samples and are examples of O’ heterozygotes (het). Lanes 6 and 7 are a

paired sample of an individual with no O alleles. Lanes 8 and 9 are paired and is an 0’0’ genotype.

4.2.1.2 Genotyping for the 4° Allele

A second PCR product, called ABO2, was designed within exon 7 to allow differentiation of
the other major 4BO alleles; 4’, 4°, B and 0. The initial primers used were ABO2 F and
ABO2 R to give a PCR product of 488 bp (nucleotides 80-567 of Genbank accession X84752;
see Table 2.1.1 for primer sequences). The A° allele has a C467T compared to the A’
consensus cDNA that creates a Pvull site at position 60 of the ABO2 PCR product (a Pvull
site already exists at position 102 of the ABO2 PCR product). Restriction enzyme digestion

with Pvull allowed for the differentiation of the 42 allele (Table 4.2).
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‘I-_Restriction Enzyme |
= I =L
386, 102
386, 102, 60, 42
386, 60, 42

Table 4.2. Expected sizes from digestion of the ABO2 PCR product with Pyull.

? refers to unknown alleles, that is, 4, B, O' or O”.

The smaller sized fragments from the Pvull digest were difficult to distinguish in the initial
experiment (results not shown) so a new ABO sense primer was designed to optimise the
genotyping procedure. This primer, new ABO2 F (see Table 2.1.1), in combination with
ABO2 R gave a PCR product of 527 bp (nucleotides 41-567 of Genbank accession X84752).
The C to T nucleotide substitution that is found in the 42 allele creates a Pvull site at position
103 of the new ABO2 PCR product (a Pvull site already exists at position 141). Digestion of
this PCR product with Pvull for 4° genotyping gave larger product sizes and hence clearer

genotyping results (see Table 4.3, Figure 4.2).

Restriction Enzyme

Pvull

386, 141
386, 141, 99, 42
386, 99, 42

Table 4.3. Expected sizes from digestion of the new ABO2 PCR product with Pyull.
? refers to unknown allele, that is, 4’, B, O or O,
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Figure 4.2. Genotyping for the 4° allele.

Lane 1 is the new ABO2 PCR product digested with Alul, 386 —»
lane 2 and lane 3 show the same product cut with Pyvull or

BstUL, respectively. The arrows indicate the sizes of the Pvull 141 —
bands in lane 2 with the 99 bp band characteristic of the 42 99 —»
allele. The 141 bp band indicates that the individual is a

heterozygote for the A’ allele. The reasons for the other

digests are explained in sections 4.2.1.3 and 4.2.1 4.

4.2.1.3 Genotyping for the B Allele

Restriction enzyme digestion of the 527 bp new ABO2 PCR product with Alul, allowed
differentiation of the B allele from the 4 alleles. An Al site is created in the B allele duetoa
G to A substitution at position 703 of the cDNA sequence, which corresponds to position 339
of the new ABO2 PCR product. Two other Alul sites already exist in the PCR product at
positions 28 and 142, however the B allele is readily distinguishable as Alul digestion gives a
188 and 197 bp bands, which are present on the gel as a characteristic doublet. (Table 4.4,

Figure 4.3).

Restriction Enzyme

Alul
A/O 385, 114, 28
24° 385,114, 72, 42, 28
A4? 385,72, 42,28
A’B 385,197, 188, 114, 72, 42, 28
’B 385,197, 188, 114, 28
BB 197,188, 114, 28

Table 4.4. Digestion of the new ABO2 PCR product with Alul.

? refers to unknown allele, that is, 4°, O’ or O?.
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Figure 4.3. Genotyping for the B allele.

Lanes 1, 2 and 3 are digests of the new ABO2 PCR product
from a BO' individual with 4/ul (lane 1), Pvull (lane 2) and
BstUI (lane 3). The arrow indicates the 188 and 197 bp
bands, which form a doublet that is characteristic for the B

allele.

The Alul digestion was originally used for the B allele but it was noted that the 4 allcle had a
distinctively different pattern from the 4’, O’ and O alleles when cut with Alul. Further
investigation revealed that the C to T substitution that was assessed for the 47 allele using
Pvull also created an Alul site. Alul was then used to differentiate the 42 and B alleles such

that the Pvull digest was no longer required (Table 4.4, Figure 4.4).

Figure 4.4. Genotyping of the 4 allele with Alul.
Lanes 1, 2 and 3 show digests of the new ABO2 PCR
product for an 4°0’ individual with Aul (lane 1),
Pyull (lane 2) and BstUI (lane 3). Lanes 4, 5 and 6 are
digests of the new ABO2 PCR product for an 4’0’
individual with 4/ul, Pvull and BstUI respectively,
The arrow points to the unique 72 bp band present in

the Alul digest of an A4° allele.

4.2.1.4 Genotyping for the 0? Allele

The restriction enzyme Narl was used to detect the C526G substitution present in B and O’
alleles (position 162 of new ABO2 PCR product). However, as reported previously, and
\observed in this study, the site in the new ABO2 PCR product was resistant to digestion with
this restriction enzyme (O’Keefe and Dobrovic, 1996). BssHII was used instead to distinguish
the O allele (O’Keefe and Dobrovic, 1996). The A’, 4% and O’ alleles have a BssHIl site at
position 161 of the new ABO2 PCR product but the C526G substitution present in the B and

O’ alleles abolishes this site (Table 4.5).
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l Restriction Enzyme

BssHII
A/0' 366, 161
BB/O’O°/BO? 527
?B or 207 527, 366, 161

Table 4.5. Restriction enzyme digestion of new ABO2 PCR product with BssHII.

? refers to unknown alleles, that is, 4”, 4% or O'.

BssHII was used initially for the genotyping of the O’ allele but a cheaper and simple
alternative, BstUI, which has not been reported elsewhere, was later utilised. The A’ , A% and
O’ alleles have four BstUT sites in the new ABO2 PCR product found at positions 107, 117,
162 and 285. The C526G substitution, which is at 162 in the PCR product, abolishes this site
such that the B and O alleles only have BstUI sites at 107, 117 and 285 (Table 4.6, Figure 4.3

lane 3 compared with Figure 4.4 lanes 3 and 6).

Restriction Enzyme

BstUL
A/0' 242,123,107, 45, 10
BB/O’O*/BO? 242,168, 107, 10
?B or 20° 242,168, 123, 107, 45, 10

Table 4.6. Restriction enzyme digestion of the new ABO2 PCR product with BstUI.

? refers to unknown alleles, that is, A, A2or O'.

With the genotyping of ABO optimised, all of the patients analysed by flow cytometry

(Chapter 3) and the remaining patients were genotyped.
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4.2.1.5 Patient Genotyping Results

Normal controls, leukaemic cell lines and patient samples were all genotyped for the 4RO
locus. Genotyping of the 4BO locus identified shifts in allele dosage, visualised as a shift in
band intensities when compared to normal individuals of the same genotype (Figure 4.5). In
samples with equivalent allele dosage, the top band, after restriction enzyme digestion, is
heavier due to the inability of restriction cnzymes to cut the heteroduplexes created from

complementary strands of DNA which differ at the RFLP sites.

The ABO genotypes for the patients analysed by flow cytometry are presented in Chapter 3
(Table 3.2). One patient (OT17) had an allele dosage shift (lanes 8 and 9; Figure 4.5). No
differences in allele dosage were seen for 41 O’ heterozygous patients, however, there were

alterations seen for the leukaemic cell lines Jurkat and KCTL.22 (Figure 4.5).

Figure 4.5. ABO allele dosage changes.

M is the pUC19/Hpall marker and lane 1 is uncut AO1 PCR product. Lanes 2, 4, 6, 8 and 10 are AO1
PCR products digested with Kpnl while lanes 3,5,7,9 and 11 are AO1 PCR products digested with
BstEIL Lanes 2 and 3 are a paired sample showing equal allele dosage, while lanes 4 and 5 are from
the leukaemic cell line Jurkat, which has more cutting with Kpnl but less cutting with Bs¢tEIl Lanes 6
and 7 are from KCL22 which has a shift in 4BO allele dosage seen as less cutting with Kpnl but more
cutting with BstEIl Lanes 8 and 9 are from OT17 which by flow cytometry has an increase in A
resulting from a duplication of the 42 allele (Figure 3.10A), which is consistent with digestion results
of more cutting with BstEIl (lane 9) and minimal cutting with Kpnl (lane 8). Lanes 10 and 11 are

digests of a patient sample with no allele dosage shifts.
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4.2.2 Expression of ABO

ABO genotyping not only allowed for the analysis of LOH at this locus, but the genotype
meant that ABO allelic expression could be analysed as the majority of patients were
heterozygous. ABO allelic expression was analysed using a RT-PCR RFLP technique. A
limited number of groups have assessed ABO mRNA expression by RT-PCR. Orntoft ef al
(1996) used RT-PCR to detect 4ABO mRNA and found that it was present in normal
urothelium and low-grade tumours but absent in hi gh-grade human bladder tumours. They did

not assess the relative levels of expression of the various ABO alleles.

Hosoi et al (1998) used RT-PCR to detect mRNA in two O blood group cell lines, both of
which were CML cell lines at immature stages of haematopoietic differentiation: K-562 and
KOPM-28. They digested the products with Kpnl, which confirmed that only the O allele was

expressed.

O’Keefe and Dobrovic (1996) used primers that amplified nucleotides 12-329 of ABO cDNA
spanning the G deletion present in the O’ allele. The 316 bp PCR product, when digested with
Kpnl, gave a 249 bp band for the O’ allele. For assessment of ABO expression it was decided

that a RT-PCR RFLP method was the best way to assess the allelic expression of ABO.
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4.2.2.1 Alternative Splicing of the ABO mRNA
The first aim was to assess the relative allelic expression in normal individuals so that any

variations in the patients could be accurately observed.

Allelic expression of the ABO gene was analysed using RT-PCR followed by restriction
enzyme digestion of the PCR products. The primers RT-AO1 F with AO1 R (see Table 2.1.1)
were used to amplify a PCR product from ¢cDNA of 236 bp. Figure 4.6 shows the location of
all the primers used in the analysis of ABO expression. The primers RT-AO1 F and AO1 R
together did not amplify genomic DNA due to the presence of the introns, that is, the primers
were located in different exons. The PCR product spanned the deleted G/Kpnl restriction
enzyme site in O’ alleles, which was at position 169 of the PCR product. Digestion of the 236
bp product with Kpnl or BstEII allowed the discrimination of O’ alleles and non-O’ alleles.
However, gel electrophoresis of the PCR products identified the presence of extra bands.
Modification of the PCR conditions by the addition of the PCR specificity enhancers DMSO
or betaine did not prevent the amplification of the extra bands (data not shown). The extra
bands suggested that alternative splicing of the mRNA was taking place. As these additional

products were also digested, allelic expression analysis was very complex.

The first primer combination used consisted of RT-AO1 F, which spans the exon 2 — exon 3
Junction but the reverse primer, AO1 R, lies within exon 6. Hence, one new primer (RT-AO1
R) was designed in an attempt to diminish alternative splicing as this new primer spans the
exon 6 — exon 7 junction. Another primer, PA5’, which is a forward primer used previously
for expression analysis, was tried as no problems with alternative splicing were reported

(Denise O’Keefe, PhD thesis, 1995).

116



ABO cDNA

<++6
T
<+8
<+9
<+—10

1 PAS’
2 | RT-AOLF Figure 4.6. Primers used in ABO expression analysis.
3 RT-AOexd4/SF . ; oqe . . ;
4 | RT-AOex5/6F The location of all the primers utilised in the analysis of ABO expression by
: ﬁglA% TR RT-PCR is shown. The numbers in the coloured boxes indicate the exon number.
7 | RT-ABOex6/7F The arrows depict the primer location. The direction of the arrow denotes whether
8 RT-AOex7R o . .
9 ABOx 7R the primer is in the forward or reverse orientation.
10 ABO2R




Using the four primers, RT-AO1 F, AOl R, PA5’ and RT-AO1 R in all possible
combinations, that is, PA5’ and RT-AQ1 R, PAS’ and AO1 R, RT-AOI1 F and RT-AO1 R,
and RT-AO1 F and AO1 R yielded PCR products of sizes 376 bp, 313 bp, 299 bp and 236 bp
respectively. The various primer combinations contained at least one primer that spanned an
exon-exon boundary and thus amplification of genomic DNA did not occur as verified by the
lack of amplification of the genomic DNA controls. All primer combinations spanned the
deleted G region to allow for the analysis of allelic expression by digestion with Kpnl and/or
BstEIL All four combinations of primers utilised the same PCR conditions with extra bands

present for all the combinations when analysed by gel electrophoresis (Figure 4.7).

RT-AO1 F PAS’ & PAS’ & RT-AO1F
& AO1R RT-AOI R AOIR & RT-AO1 R

— A A A

Figure 4.7. Alternative ABO transcripts.

The various primer combinations used are shown above the lanes and the three samples for each
primer combination consist of a peripheral blood stem cell sample followed by two peripheral blood
mononuclear samples. The same samples were used for each primer combination. The alternative

transcripts that were sequenced are indicated with a white star and described in Figure 4.9 1A, 2A and
2B.

ABO is expressed in normoblasts of the erythroid lineage (Wada ez al, 1990) (Figure 4.8). As
bone marrow (BM) controls were scarce, it was hoped that the peripheral blood stem cell
(PBSC) samples would be equivalent to BM because they are enriched for haematopoietic

precursor cells normally only found in the BM.
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Figure 4.8. The erythroid lineage.

ABO is expressed in the normoblasts



Products not corresponding to the expected size for a given primer combination were isolated
by band stabbing, re-amplified by PCR and sequenced. The smaller than expected band
amplified using the RT-AO1 F and AO1 R combination was 1dentified as having exon 4

completely spliced out (Figure 4.9 1A).

Sequencing of the lower molecular weight band from PCR amplification with RT-AO1 F and
RT-AO1 R identified a transcript with exons 4 and 5 spliced out (Figure 4.9 2A). In addition a
higher molecular weight band than the expected product from RT-AO1 F and RT-AO1 R was
observed, which had exon 3, exon 4 and exon 5 sequence (exon 5 is nucleotides 2040-2075 of
Genbank sequence AC000397) but then had an insert which corresponded to retention of part
of itron 5 (1641-1700 of AC000397) followed by exon 6 sequence (1351-1485 of

AC000397) (Figure 4.9 2B).

It appeared that the combination of PAS’ and RT-AOI R resulted in the least amount of
alternative transcript amplification. An attempt was made to optimise this PCR by performing
the PCR more stringently. However, many extra bands were still present. The presence of the
alternatively spliced transcripts varied between samples, with some peripheral blood
mononuclear (PB MNC) cDNAs giving extra bands while others gave only the one distinct
and correct band (data not shown). Amplification of cDNA from the colon cancer cell lines
LIMI1215 and SW48 did not show extra bands, however, the leukaemic cell line K562
showed many extra bands, while KCL22 gave none (data not shown). In addition, PCR
amplification of some patient cDNAs gave extra bands while others gave only a single
product (data not shown). Additional products from the leukaemic cell line K562 and an 0’0’

patient were sequenced to determine the composition of the transcripts.
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One of the K562 splice variants amplified by PA5” and RT-AO1 R had exons 4 and 5 spliced
out (Figure 4.9 3A). The splice variant from the 0’0’ patient amplified using PA5’and RT-
AOI R had exon 5 spliced out (Figure 4.9 3B). This same alternative transcript was also

found for K562.

Based on the information regarding the composition of the alternatively spliced transcripts
more primers were designed. As the alternative transcripts involved exons 4 and 5 an exon 4 —
5 junction primer (RT-AO ex 4/5 F) and an exon 5 — 6 junction primer (RT-AO ex 5/6 F)
were designed (Figure 4.6). These exon junction primers were used with a new exon 7 primer
(RT-AO ex 7 R) to ensure that the product was of sufficient size as the site of interest for
distinguishing A4/B/O° alleles from the O’ allele lies in the beginning of exon 6 and the

product had to be large enough to digest.

Amplification with RT-AO ex 4/5 F and RT-AO ex 7 R gave a PCR product of 248 bp while
RT-AO ex 5/6 F and RT-AO ex 7R gave a PCR product of 220 bp. Extra products were still
amplified with the RT-AO ex 4/5 F primer but these were not as apparent with the RT-AO ex
5/6 F primer. The extra bands from the ex 4/5 combination are likely to be due to the absence
of exon 4 as the 3° end of the primer will still bind to exon 5 and amplify, which would
explain lower bands. The higher bands observed could be due to the retention of part of intron
5. The ex 5/6 primer would not be expected to pick up the intron insert, as the 3’ end of the

primer is complementary to the exon 6 sequence.
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4A. RT-AOex4/SF&RT-AOex7R

55 bp intron 5

ABO Exon 1
ABO Exon 2
ABO Exon 3
ABO Exon 4
ABO Exon 5
ABO Exon 6
ABO Exon 7

SA. RT-AOex5/6F & RT-AOex7R

90 bp from
chromosome 12

19 23

5B.

47 bp chromosome 2

19

Figure 4.9. Alternative splice variants of ABO.
The alternative spliced variants generated from various combinations of primers in the RT-
PCR analysis of ABO expression. The numbers underneath the exons (coloured boxes)

indicate the size in bp.



When the PCR products from the two primer combinations, RT-AO ex4/5 F and RT-AO ex 7
R, and RT-AO ex 5/6 F and RT-AO ex 7 R, were resolved on a 3% gel, numerous extra bands
were observed. Some of these extra bands were band stabbed, re-amplified and sequenced to

determine whether these were splice variants or non-specific products (Figure 4.10).

RT-AO ex 5/6 F RT-AO ex4/5F
& RT-AOex 7R & RT-AOex7R

Figure 4.10. 4BO alternative transcripts.
M is pUC19/Hpall marker with the white stars indicating the correct size of the PCR products.

The white arrows indicate the bands that were band stabbed, re-amplified and sequenced.

The sequence obtained from the higher molecular weight bands amplified with RT-AO ex4/5
F and RT-AO ex 7 R was the expected sequence, suggesting that these were heteroduplexes.
Some of the extra bands sequenced from the RT-AQ ex4/5 F and RT-AO ex7 R combination
of primers included one variant with exon 6 spliced out and some of intron 5 (55 bp)
immediately adjacent to exon 5 retained (Figure 4.9 4A). Another variant amplified with this

combination of primers had only exon 6 spliced out (Figure 4.9 4B).

The RT-AO ex 5/6 and RT-AO ex 7 combination appeared to be the optimal primer
combination, however, some extra bands were present in some samples. To determine what
these were, some of them were sequenced (Figure 4.10). Sequencing of some of the variant
bands amplified by the RT-AO ex 5/6 F and RT-AO ex7 R primer combination had unusual

composition. One variant had some exon 5 sequence and exon 7 sequence due to the primers,
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however, in between there was 90 bp with 97% homology to a BAC from 12q13-15
(nucleotides 128222-128135 from Genbank accession number AC024941) which is a
different chromosomal region to ABO (Figure 4.9 5A). The other variant contained exon 5
sequence (primer) followed by 47 bp with 95% homology to a BAC clone from chromosome
2 (nucleotides 85039-85085 Genbank Accession number AC007040; Figure 4.9 5B) which is
also a different chromosomal region to ABO. These products are therefore due to non-specific

amplification.

4.2.2.2 ABO Expression in Normal PB MNCs and PBSCs

ABO cDNA from PB MNCs and PBSCs was PCR amplified with the primers RT-AQ ex 5/6
F and RT-AO ex 7 R. As normal BM specimens were scarce, PBSC were used at it was
thought that they would resemble normal BM controls because they represent mobilised stem
cells. Previous attempts to amplify an ABO transcript from PB were unsuccessfil (Denise
O’Keefe, PhD thesis, 1995) but it was re-attempted in this study as RT-PCR has become
much more sensitive. In 0’0’ PB MNC samples only O’ allele expression was detected. In
BO' PB MINC samples the majority of ABO transcript expression came from the B allele and
very little, if any, from the O allele. BB PB MNC samples only cut with BstEIl indicating
that the B transcript alone was expressed. Unexpectedly, PB MNC samples from 4 genotypes

showed no A4 allele expression.

In 4’0" and 4?0’ PB MNC samples, the digestion pattern with Kpnl and BstEIl was identical
to that of an 0’0’ individual, that is, only O’ expression was seen. This was not expected
since it had previously been shown that in 4’0’ BM specimens that the A’ transcript was
predominant and very little, if any, O’ transcript was present (Denise O’Keefe, PhD thesis,
1995). The cell type from which RNA was isolated could explain this discrepancy since PB

MNCs do not express ABO. However, it remains unclear why the BO' PB MNC samples
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show the expected allelic expression when the 4’0’ PB MNC samples do not. Perhaps the
different enhancers associated with the various alleles of ABO are responsible for the
difference in expression of the A4 and B alleles in PB MNC samples. The B and O allele
enhancer has recently been shown to increase transcription 300-fold more than the A allele
associated enhancer (Yu ef a/, 2000). This may also explain why the O allele is expressed in

AO samples even though the A4 allele is not.

As the RNA from the PB samples was isolated from MNCs, RNA isolation from whole blood
using Trizol LS was performed. This was marketed as able to isolate RNA from the entire
blood cell population and reticulocytes are known to express ABO. Investigation of 4’0’
RNA taken from a Trizol LS extraction showed the same allelic expression as an 4’0’ RNA
isolated from PB MNCs. That is, there was only expression of the O’ allele (data not shown).
However, patient samples investigated at the same time expressed 4 demonstrating that PB

MNCs were not suitable controls.

The lack of suitability of PB MNC samples as a normal control led to the investigation of
PBSC as a normal equivalent to BM since they are enriched for precursor haematopoietic
cells. RNA was extracted from PBSC harvested from seven breast cancer patients, as it was
expected that these patients would not have any alteration in their haematopoietic cells. The
PBSC samples were genotyped as described in 4.2.1. Five samples were genotype O'0’, one
was 4’0’ and another was 420°. Again PBSC from the 4’0’ individual did not express the A’
allele and the 4°0° PBSC sample did not express A° (data not shown). It was considered that
perhaps the primers were not sensitive enough so 11 different combinations were tried using
RT-AO1 F, AO1 R, PAS5’, RT-AO1 R, RT-AO ex4/5 F, RT-AO ex5/6 F, ABO x7 R (see

2.1.1 and Figure 4.6) all under the same PCR conditions.
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Of the eleven combinations, the best combination, which did not amplify alternative
transcripts and gave a very good yield (at 40 cycles), was RT-AO ex 5/6 F and RT-AO1 R
with a product size of 168 bp and the Kpnl/BstETl at position 38 of the PCR product. This
combination was then used instead of RT-AO ex 5/6 F and RT-AO1 ex 7 R. Some of the
extra bands amplified from 4’0’ PB MNC and the 4’0’ PBSC samples with the various
primer combinations were digested but expression of the A allele was never detected. Despite
the many attempts to use PB MNC or PBSC samples as normal controls, it was clear that they

were not adequate, hence the necessity for analysing BM specimens.

4.2.2.3 ABO Expression in BM

The only normal BM specimens available were those taken from breast cancer patients. These
were deemed adequate as it was unlikely that the haematopoietic system in these patients was
affected by the disease. Analysis of blood group A breast cancer BM specimens showed that
the 4 allele was expressed in BMs but not in PB MNCs or PBSC specimens of the same

genotype (Figure 4.11).

4.2.2.4 The RT-ABO PCR Product

To analyse allelic expression in patients that were not heterozygous for the O allele required
the development of a new combination of primers that spanned the nucleotide substitutions
responsible for the 4° and B alleles. The primers, RT-ABO ex 6/7 F and ABO2 R (Figure
4.6), generate a product that is 529 bp in length and digestion of this product with Pvull and

Alul can differentiate the 4% and B alleles respectively.
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Figure 4.11. 4 expression in PB MNCs vs BM.

Lane M is the pUC19/Hpall marker while lane 1 is the uncut RT-AO ex5/6 F and RT-AO ex 6/7 R
PCR product. Lanes 2 and 3 are an 4’0’ PB MNC sample while lanes 4 and 5 are an 4°0’ BM and
lanes 6 and 7 are an 4’4’ BM. Lanes 2, 4 and 6 are Kpnl digests while lanes 3, 5 and 7 are BszEIl
digests. The PB 4’0’ is completely digested with Kpnl and not BstEIl hence only the O’ allele is
expressed. The BM specimens are digested with BstETI and not Kpnl indicating that the A alleles are

expressed.

4.2.2.5 ABO Allelic Expression in Patients

Analysis of ABO expression in patients with haematological malignancies is summarised in
Table 4.7. The flow cytometry studies described in Chapter 3 showed that 16/29 A, B or AB
patients showed alterations of A or B and/or H. Since loss of ABO expression is expected to
affect loss of A or B and not H, which is encoded by a different locus, the number of patients
with alterations at the ABO locus is 11/29. Of these eleven with loss of A or B, only 3 had
loss at the mRNA level. One patient with loss of A, F10 (4’0’ genotype), had no expression
of either the A’ or O’ alleles while another patient, F27, which had loss of A and H, was 4’0’
genotype but only expressed the O allele, as expected (Figure 4.12A). It was not surprising
that some of the blood group A or B patients that had loss on the flow did not have complete
loss of the A or B allele as the flow patterns indicated that the variant population was small

and that the majority of the population was normal.
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However, one 4’0’ patient with complete loss of A, F51, still had 4’ allele expression
although the flow analysis indicated that no A positive cells were present. This was
surprising, however other mechanisms may result in 4 transferase mRNA being made but it
may contain a mutation that renders the transferase inactive or some other post transcriptional
control may be affected. Sequencing of exon 7 of this patient’s PCR product did not detect

any mutations, however, if a gene mutation is present it may lie elsewhere in the gene.

Another interesting patient, F60, was of genotype 4’47 with loss of A. There were two
samples of different dates available for analysis of this patient. The flow analysis was
performed in 1996 and RNA from a specimen of this date failed to show any 4BO expression,
however, a sample taken 3 years prior was positive for ABO expression. Though there was no
flow analysis performed for that sample it seems likely that loss of 4BO occurred as the

malignancy progressed from chronic to blast crisis CML (Figure 4.12B; Table 4.7).

Blood group A or B patients with loss of H would not be expected to have loss of 4ABO at the
mRNA level but rather be affected at the FUT/ locus. However, there were five blood group
A and B patients with loss of H only and two of these, F39 and F53, had loss of 4 allele

expression (Table 4.7; Figure 4.12C).

There were 6 blood group O patients with loss of H and § were analysed. All had O’
expression as expected since loss of the O’ allele would not affect the levels of the H antigen

which is determined by the FUT!I gene.
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Patient samples previously studied (Denise O’Keefe, PhD thesis, 1995; Table 4.7) were
analysed using the above RT-PCR RFLP technique. The results from this analysis were in
accord with those found previously. Loss of A at the allelic level was secen for 5 samples that
had shown loss of A by serology (Figure 4.12C). The percentage of loss is higher in the group
of patients previously studied as 50% or more of the cells showed loss while patient samples
analysed by flow cytometry had some cells with only 20% loss. This demonstrates that
detecting loss at the mRNA level is difficult since the majority of cells are not affected and

will have normal bi-allelic expression.

There was also loss of 4 allelic expression in three other patients, two of which, F7 and F11,
showed no loss in ABH antigens by flow cytometric analysis. The other, OT24, was a patient
that had not been analysed by flow cytometry. The three samples, 2 4’0" and 1 420! , all had
loss of A, that is, a PCR product generated from their cDNA did not digest with Bs¢EII but
did for Kpnl. Their patterns resembled that of an 0’0’ individual (data not shown). This
result may be due to the population of cells sampled for flow cytometric analysis not being

representative of the population of cells with loss of 4 allelic expression.

130



Myeloid Patients Analysed By Flow Cytometry

DIAGNOSIS EXPRESSION

F1 AML M1 0101 NO LOSS nd

F2 MDS AlA2 LOSS of A +

F3 AML M4 AlO1 Transfusions mostly Al
F4 AML M1 0101 LOSS of H 0l

F5 MDS nd Transfusions nd

F6 AML NR nd NO LOSS nd

F7 AML M2 A201 NO LOSS 0l

F8 MDS nd NO LOSS nd

F9 AML Al101 LOSSof A& H little Al
F10 MDS Al101 LOSS of A -

Fl11 AML M1 AlO1 NO LOSS 0]]

F12 RAEB-T/AML M4 BO1 LOSSof B& H nd

F13 AML M6 0101 LOSS of H 01

Fi4 AML M2 AlQ] NO LOSS Al & O1
F15 CML blast crisis AlA2 NO LOSS Al & A2
IF16 MDS nd NO LOSS nd

F17 MDS AlOl NO LOSS Al

F18 CML ?blast crisis nd NO LOSS nd

F19 AML 0101 NO LOSS 01

F20 CML A101 LOSS of H Al

F21 CML blast crisis AlOl1 Transfusions Al & O]
F22 AML 0101 NO LOSS 0l

F23 CML chronic A2B NO LOSS A2 & B
F24 AML BO1 LOSS of B B & Ol
F25 MDS AlAl LOSS of A Al

F26 AML M3 Al01 NO LOSS Al & Ol
F27 AML M4 Al101 LOSS of A & H 0l

F28 AML nd NO LOSS nd

F29 AML 0101 NO LOSS nd

F30 CML chronic BO1 LOSS of H B & Ol
F31 AML M5 0101 NO LOSS 0Ol

F32 AML M3 0101 NO LOSS 01

F33 CML chronic nd NO LOSS nd

F34 AML?MDS nd NO LOSS nd

F35 AML M4Eo nd NO LOSS nd

F36 MDS nd NO LOSS nd

F37 AML 0101 NO LOSS 0l

F38 AML M1 AlA] NO LOSS Al

F39 AML M4 A201 LOSS of H 0l

F40 AML M2 nd Transfusions nd

F41 AML M2 0101 LOSS of H nd

F42 AML M3 BO1 NO LOSS B & Ol
F43 AML M1 0101 LOSS of H 01

F44 MDS 0101 NO LOSS 0]]

F45 CMML 0101 NO LOSS nd

F46 AML M3 Al01 LOSS of A Al & Ol
F47 MDS nd NO LOSS nd

F48 AML M5 0101 LOSS of H 0l

F49 AML M2 nd NO LOSS nd

F50 AML M2 0101 LOSS of H 01

F51 AML M4 Al101 LOSS of A Al

F52 MDS AlB LOSS of A i

F53 AML M1 Al01 LOSS of H 0l

F54 AML M2 0101 NO LOSS nd

55 AML M4 nd NO LOSS nd

F56 AML M2 nd NO LOSS nd

F57 AML M7 BO1 LOSS of H B & Ol
F58 AML NR 0101 NO LOSS nd

F59 AML NR 0101 NO LOSS 0Ol

Fo60 CML blast crisis AlA2 LOSS of A '93 +,'96 -
F61 AML NR nd NO LOSS ND




Other Patients Analysed By Flow Cytometry

1D DIAGNOSIS GENO FLOW EXPRESSION
OT1 ALL 0101 NO LOSS nd
OT2 ALL AlOl NO LOSS Al & Ol
OT3 ALL AlAl NO LOSS Al
OT4 ALL 0101 NO LOSS nd
OoT5 ALL A101 NO LOSS Al &0l
OT6 ALL nd NO LOSS nd
oT7 CLL nd NO LOSS nd
OT38 CLL nd NO LOSS nd
oT9 CLL nd NO LOSS nd
OT10 CLL nd NO LOSS nd
OTl11 CLL nd NO LOSS nd
OT12 CLL nd NO LOSS nd
OT13 CLL nd NO LOSS nd
OT14 CLL nd LOSS of H nd
OT15 CLL nd LOSS of H nd
OT16 CLL Al101 LOSS of A Al
OT17 Heart Condition A2A201 INCREASE in A nd
OTI18 AML nd INCREASE in H nd

Other Patients Not Analysed By Flow

DIAGNOSIS

EXPRESSION

OT19 unknown 0101 nd
0OT20 MDS 0101 0Ol
0T21 CML 0101 8]
OT22 CML AlIB Al & B
0T23 AML, AlOl1 Al & Ol
0OT24 unknown Al101 01
0T25 AML BO1 nd
OT26 unknown A201 A2
OT27 unknown 0101 Ol
0T28 unknown A201 nd
OT29 unknown Al01 Al

DIAGNOSIS

Previously Studied Patients

GENO

SEROLOGY BY DOK

EXPRESSION

weak A2 expression 01
DOK2 MDS Al101 loss of A 01
DOK3 CML A201 loss of A A2
DOK4 AML M1 AlB mfr with anti-A B, & AB _ |nd
DOKS AML M2 Al101 mfr->only H antigen 01
DOK6 AML M3 A2B mir with anti-A B
DOK7 AML BO1 mfr with anti-B B & Ol
DOKS AML MO Al101 loss of A 01




Normals

1D DIAGNOSIS GENO EXPRESSION

N1 Normal PB MNC BO1 B & O1
N2 Normal PB MNC 0101 nd
N3 Normal PB MNC 0101 01
N4 Normal PB MNC BO1 nd
N5 Normal PB MNC A201 nd
N6 Normal PB MNC A201 nd
N7 Normal PB MNC Al101 0Ol
N8 Normal PB MNC Al101 0l
N9 Normal PB MNC 0101 0Ol
NI10 Normal PB MNC A202 02
NIl Normal PB MNC A201 01
N12 Normal PB MNC AlO1 nd
N13 Normal PB MNC AlB nd
N17 Normal PB MNC BO1 nd
N18 Normal PB MNC BO1 B & Ol
NI19 Normal PB MNC 0101 0Ol
N20 Normal PB MNC A201 01
N21 Normal PB MNC 0101 01
N22 Normal PB MNC BB B
N23 Normal PB MNC AlB nd
N24 Normal PB MNC 0101 01
N25 Normal PB MNC 0101 0Ol
N26 breast cancer PBSC 0101 01
N27 breast cancer PBSC 0101 01
N28 breast cancer PBSC 0101 01
N29 breast cancer PBSC A202 02
N30 breast cancer PBSC Al101 0]}
N3l breast cancer PBSC 0101 (o)
N32 breast cancer PBSC 0101 01
K562 leukaemic cell line 0101 0l
KCL22 leukaemic cell line A201 -
SWwW48 colon cance cell line AlB Al & B
LIM1215 colon cance cell line BO1 B & Ol
HEL leukaemic cell line 0101 0Ol
HL60 leukaemic cell line Al0l nd
CCRF-CEM |leukaemic cell line 0101 -
EM?2 leukaemic cell line AlAl -
RAJI leukaemic cell line 0101 -
Jurkat leukaemic cell line 0102 -
BM1 bone marrow 0101 01
BM2 bone marrow AlA2 +
BM3 bone marrow A201 A2 & Ol

Patients That Were Genotyped Only

) D] A 9

OT30 AML 0101
0OT31 AML AlA2
0T32 AML A202
0T33 T4 CLL 0101
0T34 ALL Al101
OT35 AML 0101
0OT36 CLL BO1
OT37 ALL 0101
OT38 CLL AlAl
0OT39 CLL 0101
OT40 AML BO1
0T41 CLL A201
OT42 AML Al101

Table 4.7. ABO genotyping and expression analysis of patients and normals.

'nd' is not done. '+' refers to postivie expression of 4BO but allelic expression not
able to be determined. '-' refers to no expression of ABO . Expression column shows
which allele(s) are expressed.




F27 F27 E27
OT23 6 weeks 4 weeks 1 week

M 1 2 34 56 778 9

Figure 4.12. A. Loss of 4 expression by RT-PCR.

M is pUC19/Hpall marker and lane 1 is uncut PCR product. Lanes 2, 4, 6 and 8 are digests with Kpnl
while lanes 3, 5, 7 and 9 are digests with BstEIL Lanes 2 and 3 is sample OT23 which shows
expression of the 4’ (digestion with BstEIN) and O’ (minimal digestion with Kpnl) transferase mRNA.
Lanes 4 and 5 are sample F27 6 weeks before death, lanes 6 and 7 are sample F27 4 weeks before
death and lanes 8 and 9 are F27 1 week before death. All three samples only show O’ allelic
expression, that is digestion with Kpnl only, despite genotyping as 4’0",

1 2 3 45 6 7 8 9

B. ABO expression in patient F60 at two different time points.

M is pUC19/Hpall marker, lane 1 is patient OT29 while lane 2 is a negative control. Lane 3 is F51
and lane 4 is a negative control. Lane 5 is OT16 and lane 6 is F59. Lane 7 is a 1993 sample of F60,
lane 8 is a negative control and lane 9 is a 1996 sample of F60. The bottom gel is the corresponding

PBGD (housekeeping gene) for each of the ¢cDNA samples to control for differences in cDNA

amounts.
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F23 F53 DOKS8 F39 DOKS5
=
1 2 3 4 5 6 M 7 8 910 11

C. Loss of 4 in loss of H patients.

M is pUC19/Hpall marker while lane 7 is uncut PCR product. Lanes 2, 4, 6, 8 and 10 are PCR
products digested with Kpnl while lanes 1, 3, 5,9 and 11 are PCR products digested with BstEIL
Lanes 1 and 2 are from cDNA of F23, an 4°B genotype, hence no cutting with Kpnl is expected. Lanes
3 and 4 are F53, an 4’0’ patient, and lanes 8 and 9 are F39, an 4°0’ patient, and both had loss of H on
the flow but have loss of 4 at the mRNA level. Lanes 5 and 6 are DOKS, and lanes 10 and 11 are
DOK 5. Both are 4’0’ genotype and have loss of 4, which is in agreement with previous results
(O’Keefe PhD thesis, 1995).

4.2.3 Expression of FUT!

4.2.3.1 Introduction

Cytometric analysis of the ABH antigens on the red blood cells of patients with
haematological malignancies indicated that loss of H was responsible for the loss of A and/or
B in 8/29 patients (Chapter 3). Loss of H was also seen in 6/28 patients of blood group O,
hence there were 14 patients with alterations of H. Therefore, it was decided that an
investigation of the FUT/ locus, which encodes a fucosyltransferase that acts on a precursor
molecule to form the H antigen, was necessary since this cohort of patients accounted for

25% of changes seen in patients with haematological malignancies.
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The importance of looking at the FUT! gene is strengthened by the report that anti-sense
transfection of an F74 cDNA fragment, the rat FUT! homologue, into a rat colon carcinoma
cell line resulted in reduced cell surface H antigen. This cell line was significantly more
tumorigenic in syngeneic animals (Hallouin er al, 1999). Gorelik et al (1997) transfected the
cDNA of the mouse homologue of FUT! into a melanoma mouse cell line and reported H
antigen expression and a significant reduction in the metastatic ability of the transfected cells
in immunocompetent and Immunosuppressed (X-irradiated) mice. Aubert et al (2000)
demonstrated that over-expressing FUTI in a human pancreatic tumour cell line, which
originally expressed low amounts of the fucosyltransferase, resulted in an increase in H

antigen expression and a significant decrease in the metastatic potential.

Loss of the H antigen has been reported in numerous carcinomas, including those of the
urinary bladder, uterine cervix, lung, ovary and oral squamous cells, and is associated with
stage and grade of the tumour, prognosis and metastatic ability (Juhl ez al, 1986; Sakamoto et
al, 1986; Ogawa et al, 1987; Metoki et al, 1989 Bryne et al, 1991). Yang (1990) found that

deletion of the H antigen in transitional cell carcinomas predicted recurrence and mortality.

The H antigen expression of the blasts of 123 AML patients was investigated and it was
found that reactivity of the H antigen antibody had prognostic value, predicted clinical
remission and probability of survival (Schwarzinger et al, 1990). Blasts from patients that
negatively stained for the H antigen correlated with an increased likelihood of clinical
remission and a higher survival rate. These results are contradictory to those of solid tumours
where expression of the H antigen is a favourable prognostic marker. This indicates that the
mode of function of the H antigen differs between solid tumours and haematological
malignancies. Ivanov et al (1990) investigated 94 leukaemia patients and found that the level
of H antigen was decreased in all types of leukaemia, but the levels of A and B antigen were

unchanged when compared to 1014 normal controls,
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All the above studies indicate the importance and significance of the alterations of the H
antigen in solid tumours and leukaemia, hence investigation of FUT! was deemed Important,
as it was associated with patient survival and disease progression. Though there were
difficulties with analysing the ABO gene at the mRNA level due to the alternative splicing,
investigation of FUT/ mRNA expression was originally investigated by non-radioactive

Northern analysis based on the results of Koda ez a/ (1997).

However, the results of Koda and colleagues (1997, 1998) indicated that the FUTJ gene had
three transcription start sites with the use of each dependent on the stage of differentiation of
the human erythroid lineage. Since loss of H occurs on red blood cells, which are derived
from the erythroid lineage, another aim was to test whether there were changes in the use of

the transcription start sites in patients with haematological malignancies.

4.2.3.2 Northern Analysis of FUTI

Koda et al (1997) analysed FUTI mRNA expression by Northern blot analysis using a
digoxigenin-labelled FUT! antisense RNA probe of the complete coding region. Two primers
were designed, FUT1 Northern Probe F and FUT1 Northern Probe T7 R so that antisense
FUTI RNA transcripts would be generated using the T7 polymerase. The Koda e? al (1997)
Northern hybridisation experiment indicated that a single transcript was detected in HEL and

this cell line was used as a control in the studies described here (Figure 4.13A).

Our initial experiments indicated that more than one product was found in HEL cells,
however, only two transcripts were found in normal PB MNC samples (6 tested; Figure
4.13B). The Northern analysis of patient RNA was less clear as multiple transcripts could be
seen and further investigation of the literature found reports from Koda er al (1998) that

displayed a Northern of HEL identical to ours, that is, more that one transcript was present
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(Figure 4.13C). This group also reported that there were three transcription start sites for
FUTI, with the site used determined by the stage of differentiation of the human erythroid
lineage. The transcription sites utilised in patients with haematological malignancies, and
whether there were differences in the loss of H group, was subsequently investigated by RT-

PCR which would enable the analysis of the three different transcripts which used alternative

promoters.
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Figure 4.13. FUTI Northerns.

A. FUTI Northern taken from Koda ef a/ (1997). A single band was seen for the cell line HEL, even
though the same probe was used for the Northern in Figure 4.13B. 28S used as a control for
loading.

B. Lane 1is 2 ug of PB MNC RNA, lane 2 is 4 pg of PB MNC RNA, lanes 3 and 4 are the same PB
MNC sample, lane 3 is 5 pg and lane 4 is 1 pHg. Lanes 5 and 6 are the leukaemic cell line HEL but

lane 5 is 5 ug and lane 6 is 2 pg. 18S used as a contro] for loading.
C. FUTI Northern taken from Koda et al (1998) with poly(A)-rich RNA. The HEL FUTI

hybridisation resembles the one in Figure 4.13B with the pattern seen for the BM specimen similar

to that for patient RNA samples (data not shown). GAPDH used as a contro] for loading.
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4.2.3.3 RT-PCR Analysis of the Alternative Transcripts of FUT1

There were only two reports on the nature of the alternative transcripts of FUT! (Koda et al,
1997 and 1998) and this made the design of the RT-PCR quite complex. Using the two
published reports, the primers designed for the exon 1 containing transcript and its alternative
spliced forms, were FUT1 ex 1 F and FUT1 ex 4/5 R which produce PCR products of 305 and
341 bp (Figure 4.14). An additional primer, FUT1 ex 2 F, was used in conjunction with the
primer FUT1 ex4/5 R, for the exon 2 containing transcripts and its alternatively spliced forms.
The primers for the FUT! exon 2 transcripts produce two PCR products of 273 and 361 bp.
Two other primers, FUT1 ex 7 F and FUT1 ex 8 R were designed for the exon 7 transcript,
however, this primer combination, which yielded a PCR product of 206 bp, also generated
PCR products from the exon 1 and exon 2-containing transcripts. Using the primers in a
multiplex PCR and using a subtractive approach, the signal from the exon 1 and exon 2
transcripts were subtracted from the signal from all three transcripts to give the exon 7

transcript signal.

A preliminary study, to test the reliability and reproducibilty of this technique, was carried out
using a multiplex PCR, in triplicate. CDNA was amplified from the cell lines HEL, which
was published to have exon 2 and exon 7 transcripts, K562 which was published to have only
exon 1 transcripts and Jurkat, which in this experiment was found to only produce a product

with the exon 7 primers and hence had only the exon 7 transcript (Figure 4.15) (Koda et al,

1998).
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Figure 4.14. The genomic structure of FUT]I.

The different alternative splice variants and transcription start sites are based
on Koda et al (1997, 1998). The positions of the primers used in the RT-PCR
analysis of FUT transcripts are shown. Numbers inside the exons are the exon

sizes. Exon 2 is 25 bp and not all of exon 8 is shown.



For the HEL cell line, which expresses only the exon 2 and exon 7 transcripts, the ratio of the
three transcripts was reproducible in the same experiment (Figure 4.15). The limitations of the
subtractive method became apparent when the two alternative exon 2 transcripts (273 bp and
361 bp bands; Figure 4.15) had a greater combined intensity than the exon 7 transcript band.
Since we did not know whether one exon 2 alternative transcript was expressed more

efficiently than the other, the subtractive method was no longer applicable.

HEL K562 Jurkat
A

Figure 4.15. FUTI RT-PCR of the three alternative transcripts. M is the pUC19/Hpall marker,
while lanes 1-3 are the cell line HEL, lanes 4-6 are K562 and lanes 7-9 are Jurkat. Each PCR has been
performed in triplicate. The 273 and 361 bp sizes are alternatively spliced forms of FUTI exon 2
containing transcripts. K562 has the two products from exon 2 and an exon 1 containing transcript

(305 bp). The 206 bp band is from exon 7 containing transcripts.

For K562, only exon 1 containing transcripts were expected, as published, however both exon
1 and exon 2 transcripts were detected. The Jurkat cell line only expressed the exon 7
transcript. Due to these difficulties, the subtractive method was abandoned in favour of a
different PCR method. Expression of the exon 1 transcript was subsequently determined in a
single PCR using the primers FUT1 ex1 F and FUT1 ex4/5 R (Figure 4.16). Expression of the
exon 2 transcript was determined in a single PCR using the FUT1 ex2 F and FUT1 ex4/5R

primers (Figure 4.17).
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Figure 4.16. FUTI exon 1 transcript expression.

M is pUC19/Hpall marker and lane 1 is a positive control which is PMC42, a breast cancer cell line.
Lanes 2-6 are PBSC samples and lanes 7 — 12 are normal PB MNC samples. Lanes 13 ~ 17 and 19 are
the leukaemic cell lines CCRF -CEM, EM2, HEL, Jurkat, KCI.22 and Raji respectively. Lane 18 is the
colon cancer cell line LIM1215. The arrows indicate the two exon 1 alterative transcripts of FUTI.

Patient samples showed no expression as seen for the PBSC and normal PB MNC,

M 1 2 3 4 5 67 8 9 10 11 12 13 14 15 16 17 18 19

Figure 4.17. FUTI exon 2 transcript expression.

M is pUC19/Hpall marker and lane 1 is a PBSC sample. Lanes 2-7 are PB MNC samples. Lanes 8 and
10 are BM specimens while lanes 9 and 11 are negative controls. Lanes 12 — 19 are patient samples.
Lane 12 is OT2, lane 13 is F2, lane 14 is F3, lane 15 is DOK1, lane 16 is OT3, lane 17 is F4, lane 18 is
DOK?2 and lane 19 is F7. The arrows indicate the two exon 2 alternative transcripts of FUTT which are
273 and 361 bp.

For determining the expression of the FUTI exon 7 transcript, three new primers were
designed: FUTI ex 7 bef TS F, FUT1 ex 7 aft TS F and FUT1 ex 7/8 R (Table 2.1.1; Figure
4.18). FUT1 ex 7 bef TS is a primer placed before the exon 7 transcription start site and when
used with FUT1 ex 7/8 R will yield a PCR product of 240 bp that will only be amplified from
exon I and exon 2 containing transcripts. FUT1 ex 7 aft TS is a primer that lies after the exon
7 transcription start site and when used with FUT1 ex 7/8 R will yield a PCR product of 94 bp
that will be amplified from exon 1, 2 and 7 containing transcripts. The two PCRs are
performed on the same sample and if there is no PCR product generated with the primer
situated before the exon 7 transcription start site, but a PCR product is seen with the primers
after the exon 7 transcription start site then this sample expresses only the exon 7 transcript

(Figure 4.19A).
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Figure 4.18. Position of RT-PCR primers for the exon 7 transcript of FUTI.
The primers used in the RT-PCR analysis of FUT! exon 7 transcripts are shown.
Numbers inside the exons are the exon sizes. Black bars underneath the primers

represent the PCR product and their sizes. Not all of exon 8 is shown.



Analysis of the various FUT] transcripts for all samples is summarised in Table 4.8. One of
the surprising features was that the normal BM specimens expressed FUT/ exon 2 and exon 7
transcripts while the patient samples predominantly expressed FUT!I exon 7 transcripts
(Figure 4.19B). FUTI expression was analysed for 43 patients for which only 1, F17, was
positive for exon 1 transcripts (Table 4.8). This patient was a MDS patient with no loss of
ABH antigens by flow and no loss of ABO at the mRNA level. K562 expressed transcripts
containing exon 1 of FUTI and is thought to be a multipotential haematopoietic cell line able
to differentiate into the progenitor for erythrocytes, monocytes and granulocytes (Andersson
et al, 1979). MDS is characterised by an increase in cells of the myeloid lineage that do not
reach maturity (see section 1.3.2.3) hence it is not surprising that the patient with MDS
expresses exon 1 FUT] transcripts. Other MDS patients were analysed, but the sample size

was to small to determine if FUT/ exon 1 containing transcripts are common to most MDS’s.

For exon 2 FUTI transcripts, greater variation in expression was observed, with 11/43
patients expressing this transcript (Table 4.8), which is thought to be expressed from cells at
an early stage of differentiation of the erythroid lineage (Koda ez al, 1998). Of the 11 patients
that expressed the exon 2 containing transcripts, 3 had MDS, 3 had CML, 1 was RAEB and 4
had AML. There did not appear to be an association between disease and FUT! exon 2
expression, however, 4/11 patients showed some alteration of ABO. F24 had loss of B antigen
by flow cytometry and F30 and F48 had loss of H by flow cytometry analysis. DOK1 had loss

of A by serology and mRNA analysis.
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Figure 4.19. FUTI exon 7 transcripts.

A. M is pUC19/Hpall marker, lane 1 is a negative control, lane 2 is a PB MNC sample and lanes 3 —
8 are PBSC samples.

B. M is pUC19/Hpall marker, lanes 1 — 3 are no template controls, lanes 4 — 6 are genomic DNA
samples and lanes 8 and 10 are negative controls. Lanes 7 and 9 are BM specimens and lanes 11
and 12 are two patients, OT2 and F2 respectively, which have the expression pattern characteristic
of the majority of patient samples analysed for exon 7 containing transcripts. PBGD is the control

for ensuring the RT has worked and for loading.
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Determining the significance of loss of H with the expression of a certain transcript was not
clear, however, as the BM reflects the normal situation and has expression of exon 2 FUT!
transcripts, it appeared that loss of exon 2 transcript expression was significant. There were
32/43 patients that failed to express the exon 2 containing FUT] transcripts. The 32 patients
without exon 2 FUT] transcript expression consisted of 19 AML patients, 2 MDS patients, 4
CML patients, 3 ALL, 1 CLL, and 4 unknown. For the AML patients where subclass
information was available, lack of FUT/ exon 2 expression was seen in 4/4 M1, 3/4 M2, 2/2
M3, 3/4 M4, 1/2 M5, and 1/1 M6. The numbers for cach subclass were too small to draw any
conclusions about loss of exon 2 transcript expression and disease type or AML subclass.
Using the information in Table 3.2 and Table 4.8 no association between FUT/ exon 2
transcript expression with age or survival could be made. Samples from 8 patients exhibiting
loss of H by flow cytometry were tested for exon 2 containing transcripts and 6 of these

lacked exon 2 containing transcripts.

All patients expressed the exon 7 FUT] transcript, like normal bone marrow except for F39,
OT3, OT27 and DOK2. F39 is a loss of H by flow cytometry patient with loss of A allelic
expression while OT3 and OT27 show no ABO alterations. DOK2 had loss of 4 allele
expression. The common observation for these 4 patients is that they lack expression of any

FUT] transcripts.
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1)) DIAGNOSIS FUT1 ex1 FUTI1ex2  FUTI1 ex7
F2 MDS - - +
F3 AML M4 - + +
F4 AML M1 - +
F7 AMIL M2 - - +
F11 AML M1 - = +
F13 AML M6 - : +
F14 AMI. M2 - + +
F15 CML blast crisis - + +
F17 MDS + + +
F19 AML - - +
F21 CML blast crisis - - +
F22 AML - - +
F24 AML - + +
F27 AML M4 - - +
F30 CML chronic - + +
F31 AML M5 - - +
F32 AML M3 - = +
F37 AML - - +
F38 AML M1 - = +
F39 AML M4 - - -
F43 AML M1 - 2 +
F44 MDS - + +
F48 AML M5 - + +
F50 AML M2 - = +
F51 AML M4 - - +
F59 AML NR - - +
F60 1993 CML blast crisis - - +
F60 1996 CML blast crisis - - +
0712 ALL - - +
OT3 ALL - - -
OTs5 ALL - - +
OT16 CLL - . +
0OT20 MDS - + +
0OT21 CML - +
0T22 CML - + +
0T23 AML - s +
0124 Unknown - - +




OT26 Unknown - = +
07127 Unknown - - .
0T29 Unknown < = +
DOK1 RAEB - + +
DOK2 MDS = : -
DOKS5 AMIL M2 - - +
DOK6 AMI M3 - - +
N7 Normal - - -
N10 Normal - : -
N19 Normal . = =
N23 Normal - - -
N24 Normal = : g
N25 Normal - . -
N26 Normal - - +
N27 Normal - . +
N28 Normal - s +
N29 Normal = = +
N30 Normal - . +
N31 Normal = s +
BM1 Normal - + +
BM3 Normal - + +
CCRF-CEM |Leukaemic - -

EM?2 Leukaemic - - -
HEL Leukaemic + + +
Jurkat Leukaemic . - +
K562 Leukaemic + + unknown
KCL22 Leukaemic + - +
LIM1215 Colon caner + + +
RAIJI Leukaemic - - -

Table 4.8. FUTI1 alternative transcript expression.

+'is positive expression and '-' is negative expression.




4.3 Discussion

ABO genotyping is essential for investigating ABO allelic expression in patients with
haematological malignancies. Furthermore, it can also give information about LOH. Allcle
dosage changes were only seen for one patient sample that did not have a haematological
malignancy. This patient, OT17, presented with a mixed field and had an increase in A
antigen staining when analysed by flow cytometry. Two other allele dosage changes were
seen but both were in leukaemic cell lines. In this study no differences in genotype

frequencies between the normal and AML populations were seen.

In this study, it has been demonstrated that 4BO ¢cDNA can be amplified from PB MNC but
that the allelic expression is not a true reflection of the individual’s genotype. Amplification
of the ABO transcript had previously not been possible (O’Keefe PhD thesis, 1995) but RT
and PCR technology has become more sensitive. In PB MN C, mRNA expression in 0’0’ and
BO' individuals was identical to expression in BM whereas 4’0’ PB MNCs did not express
the A’ allele, unlike 4’0 BM samples. This was not limited to the 4’ allele as the 4% allele
was not expressed in 4°0 PB MNC or 420 PBSC samples but was expressed in an 4°0’ BM

sample.

Alignment of ABO ests and use of the G1096A nucleotide to determine which est came from
which allele, showed that the 3’ UTR of the 4/O alleles are longer than the B allele 3° UTR. It
has been reported that transcripts from the same gene which have shorter 3’ UTRs are
expressed in higher amounts since transcripts with longer 3> UTRs are less stable and
degraded more rapidly (Canete-Soler et al, 1998; Borrmann et al, 2001). This may explain
why the 4" and 4? alleles are not expressed in PB MNC samples but the B allele is. A small
population of cells may express 4BO in the PB MNCs but the 4 and A’ transcripts would be

degraded rapidly while the B transcript accumulated and was hence detected by RT-PCR.
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However, O’ allelic expression is seen in 4’0’ PB MNCs and PBSCs that do not express the
A" or A? allele. This may be explained by the recent work on the promoter of ABO, which
indicates that various alleles have different enhancer structures. The enhancer associated with
the B and O’ alleles is 300 fold more active than the A allele enhancer (Yu et al, 2000). This
may explain why the O’ allele is expressed when the 4 allele is not. However, this does not
explain why the A allele is not expressed when it has the same enhancer as the O’ allcle
(Irshaid et al, 1999). The sequence of the 4 allele enhancer has not been elucidated and it
may have nucleotide substitutions that render this enhancer less efficient than the B and O’
enhancers, like the one repeat unit of the B allele which increases transcription 20% more
than one repeat unit of the A4’ allele when they only differ by one nucleotide substitution (Yu
et al, 2000). Although the 4° allele has four repeats and is expected to have an enhancer as
cfficient as the B allele, nucleotide differences in the 42 allele enhancer may alter the
enhancer’s ability to increase transcription (Trshaid er al, 1999; Yu et al, 2000). Other

regulatory regions may also contribute to the expression of the various ABO alleles.

Investigation of PBSCs as an equivalent for BM samples showed that they could not replace
BM as a normal control. This was shown by the fact that 4O PBSC samples did not express
the 4 allele as seen for AO PB MNCs. The ABO RT-PCR results suggested that PBSC
samples resemble PB MNC more than BM samples. However, identification of the various
FUTI alternative transcripts indicated that PB MNC samples did not express FUT!. This
contrasts with PBSC samples, which expressed exon 7 transcripts while BM samples
expressed exon 2 and exon 7 transcripts. These results on their own indicate that these three
cell types have their own unique mRNA expression of FUTI consistent with them being

distinct populations of cells.
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Analysis of samples for ABO expression at the mRNA level indicated that this gene
undergoes extensive alternative splicing. Previous reports of ABO alternative splicing include
a variant not found in this study, an alternative transcript that retains 220 bp of intron 2
(O’Keefe PhD thesis, 1995). Hakomori (1999) reported alternatively spliced transcripts that
had exon 6, or exons 2, 3 and 6, or exons 2-6 spliced out. In this study novel alternative
transcripts were identified that have not been previously reported, such as exon 4 spliced out,
cxon 4 and 5 spliced out, and a splice variant with a portion of intron 5 retained. The
alternative splicing was not unique to a certain type of sample although further investigation
would be required. Since our study, the alternative splicing out of exons 4-6 has been
reported yet the intron 5 retained splice variant has not been reported elsewhere (Kominato ez
al, 1999). The extensive alternative splicing may be due to improper RNA splicing and may

not yield functional proteins, though this would require further investigation.

Analysis of most patient samples with alterations of ABH antigens by flow cytometric
analysis did not show a correlation with changes in ABO mRNA expression. This was not
surprising as the majority of patients had ABH antigen alterations on a minor population of
RBCs, however the majority of the RBC population was normal. This normal population
would express 4BO mRNA, masking any changes in ABO mRNA expression in the cell
population with loss of ABH antigens. Flow cytometry is performed on RBCs which live for
120 days whereas allelic expression of ABO is investigated in blasts, hence changes at the
mRNA level may not have been translated as changes on the RBCs which have not yet
entered the circulation. If a RBC sample of these patients could be analysed 3-4 months down

the track, then a corresponding alteration may be seen.
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There were five blood group A and B patients with loss of H and two of these, F39 and ESS)
had loss of 4 allele expression (Table 4.7; Figure 4.12C). The corresponding loss of A antigen
was not seen on the flow because the loss of H may mask the loss of A since there is no H to
begin with, and no A antigen could be made regardless of whether the A transferase was
made or not. One of these patients, F39, did not express F'UT! which supports the finding that
the loss of H antigen seen by flow cytometry may mask the loss of A allele expression seen

by RT-PCR.

There may also be other alterations responsible for loss of ABH antigens besides changes in
mRNA expression. These may include mutations, such that the mRNA is still made but a
mutation may mean that the transferase made is inactive or less efficient. This is supported by
the extensive work that demonstrates that various weak 4BO alleles are generated by a single
nucleotide substitution (see section 1.4.5.4). For example, the A* phenotype which has
minimal A antigen (Figure 3.1) results from a single nucleotide substitution such that the A

transferase made is much weaker than the A' transferase (Table 1.4).

Analysis of FUTI alternative transcripts did not correlate with loss of H but this is not
surprising as there was never complete loss of H. This suggests that perhaps only one allele of
the FUT! gene may have been lost and not both. Mono-allelic or bi-allelic expression of
FUTI could be determined by using a restriction fragment length polymorphism (RF LP) such
that allelic expression could be determined by restriction enzyme digestion of PCR products,

much like 4BO allelic expression is determined.
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Normal BM samples expressed exon 2 and exon 7 FUT! transcripts while the majority of
patients did not express exon 2 FUTI transcripts. This would indicate that the majority of
patient samples have cells at a well differentiated state whereas normal BM have cells at
different stages of differentiation, though the majority are at a well differentiated state. This
result is surprising since the majority of patients have AML, which is characterised by an

accumulation of immature myeloid cells.

We found that K562 cells express exon 1 and exon 2 containing FFUT] transcripts although it
has been reported that K562 cells use the exon 1 transcription start site exclusively (Koda et
al, 1998). Koda and colleagues (1998) suggested that the transcription start site changes
during differentiation of the erythroid lineage and that K562 is a multipotential
haematopoietic cell line that can differentiate into progenitors of erythrocytes, monocytes and
granulocytes. The only other samples expressing exon 1 transcripts were the cell lines HEL,

KCL22 and one MDS patient which expressed all three FUT] alternative transcripts.

HEL is thought to be a cell line at an early stage of differentiation of the erythroid lineage and
has been reported to predominantly use the exon 2 transcription start site (Koda et al, 1998).
In this study we have found that HEL expresses all the alternative transcripts of FUT!
indicating that there is heterogeneity among the cell population in terms of the stage of
differentiation. Koda et al (1998) found that bone marrow cells predominantly use the exon 7
transcription start site though in this study they express exon 2 transcripts as well. Koda et al
(1998) used Northern analysis but our RT-PCR technique may have been more sensitive at
detecting the various alternative transcripts of FUT! which would explain the differences in

results.
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The expression of ABH antigens occurs in a stage-specific and tissue specific manner
(Szulman, 1980). 1t has been suggested that the use of multiple promoters in a single gene is a
way for controlling expression in a stage-specific and tissue-specific manner (Kozak, 1991).
The use of the alternative promoters in the FUT] gene has been suggested to be a way of
controlling the ABH antigen expression in various tissues and stages of differentiation of the
crythroid lincage (Koda et al, 1998). If this is so, then the leukaemic patients can be divided
into groups depending on their expression. Of the 44 patient analysed only one (2%)
expressed the exon 1 transcript and 11 (25%) expressed the exon 2 transcript. There were 40
patients (91%) that expressed the exon 7 transcript, hence, it seems that expression of the
exon 2 transcript may differentiate the patients into 2 groups. Normal BM expresses exon 2
and exon 7 transcripts, hence, the group of patients not expressing exon 2 transcripts may

have cells at a higher stage of differentiation.

In the patients with loss of H, 6/8 of those tested did not express the FUT/ exon 2 containing
transcripts (Table 4.8). Since the exon 2 containing transcripts are expressed in normal BM,
lack of this transcript may be responsible for the loss of H seen on the flow cytometer. To
determine if there is an association between loss of the H antigen and lack of the FUTI exon
2 containing transcript would require further studies. These would include characterising the

various proteins encoded from the different FUT] transcripts.

Studies have shown that promoters within Alu sequences, such as the exon 2 promoter, may

be suppressed by methylation (Yoder ef al, 1997) and the focus of the following chapter is to

identify whether ABO and FUT] expression is regulated by methylation.
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5.1 Introduction

Loss of ABH antigens is a common occurrence in haematological malignancies (Chapter 3).
In some of these patients, there is also a corresponding loss of ABO and FUT! mRNA
expression (Chapter 4). The frequency of loss of ABO and FUT! mRNA expression may have
been underestimated because the normal red cell precursors may mask the loss of expression.
In this chapter, methylation is investigated as an epigenetic mechanism for silencing ABO and
FUTI in haematological malignancies. Methylation has been the subject of much
investigation as it is a way to silence genes without changing the DNA sequence, making

methylation a potential therapeutic target.

Methylation predominantly occurs at CpG dinucleotides, that is, a cytosine adjacent to a
guanosine on the same DNA strand (Bird, 1986). CpG dinucleotides are rare and do not occur
at the expected frequency due to their methylation, as 5-methylcytosine can deaminate to
thymine (Bird, 1986). CpG islands are clusters of unmethylated CpGs showing the expected

CpG frequency due to the absence of methylation (Bird, 1986).

Many studies show an inverse relationship between CpG island methylation and gene
expression. Hypomethylated (lack of CpG methylation) DNA is associated with active
chromatin whereas methylated DNA is associated with inactive chromatin (Razin, 1998).
Examples of the relationship between CpG methylation and transcriptional inactivation in

normal human cells are X-inactivation and imprinting (see 1.5.2.1).

Critical changes in methylation during tumorigenesis occur in some of the normally
unmethylated CpG islands that encompass the promoter regions of many genes such as RB,
p16, calcitonin and BRCAI (Baylin et al, 1987; Greger et al, 1989; Gonzalez-Zulueta et al,
1995; Herman et al, 1995; Merlo et al, 1995; Dobrovic and Simpfendorfer, 1997, Stirzaker et
al, 1997).
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Analysis of the ABO gene promoter region in several human carcinoma cell lines showed that
DNA methylation of the ABO gene promoter region was inversely correlated with its gene
expression (Kominato et al, 1999). Treatment of a non-expressing gastric cancer cell line,
MKN 28, with the demethylating agent, 5-aza-2’-deoxycytidine, resulted in re-expression of

the ABO gene.

Iwamoto et al (1999) analysed the methylation patterns of ABO in A antigen positive and
negative clones derived from the colon adenocarcinoma cell line SW480. The antigen positive
clones were unmethylated and the antigen negative clones were methylated. These results

suggest that lack of A antigen expression on these cells was associated with methylation.

The aim of this chapter was to investigate whether methylation may be responsible for loss of
ABQ and FUTI expression in haematological malignancies. Another aim was to develop a
new screening technique to sensitively assess methylation without the requirement for large

amounts of high molecular weight DNA.

5.2 Results
Assessment of the ABO and FUT] genes for promoter methylation commenced with Southern
analysis, which had previously proven to be successful for analysing the methylation status of

the BRCAI gene in breast, ovarian, colon cancers and leukaemia (Bianco et al, 2000).

5.2.1 Methylation Status of the ABO Promoter by Southern Analysis

The ABO promoter region CpG island has been defined by Kominato et al (1999). This ABO
sequence (Genbank sequence ACO000397) was analysed using a CpG island prediction
program called GrailEXP v3.3 (http://compbio.ornl.gov/grailexp). This program predicted 2

CpG islands, both fulfilling the criteria for a CpG island, that is, G + C content greater than
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50% and CpG/GpC ratio of at least 0.6 (Gardiner-Garden and Frommer, 1987). The first
predicted CpG island was 1450 bp, commencing 1000 bp before exon 1 and finishing 350 bp
into intron 1, with a G + C content of 73% and a CpG/GpC ratio of 0.82. The second
predicted CpG island was 380 bp in length, commencing 130 bp before exon 7 and finishing

250 bp into exon 7, with a G + C content of 67% and a CpG/GpC ratio of 0.73.

The methylation status of the CpG island preceding exon 1 was investigated as methylation of
promoter CpG islands has been associated with the silencing of many genes. For Southern
hybridisation the primers ABO CpG F and ABO CpG R (Table 2.1.1) were used to generate a
419 bp probe, which was a-P** labelled and used to hybridise DNA samples from individuals
whose DNA was digested with the bordering enzyme Tagl, and the methylation sensitive

enzymes Cfol or Hpall (Figure 5.1).

For methylation analysis using Southern blotting, an enzyme that is not methylation sensitive
and does not cut within the target (CpG island) sequence is used to cut the DNA. For ABO,
Tagl was chosen as the bordering enzyme. A bordering enzyme allows for a better
interpretation of the bands expected to be seen if the sample is unmethylated and allows
determination of the origin of any bands that are aberrant, when compared to the
unmethylated pattern. A bordering enzyme is required to define the upper size limit of
restriction fragments contained in the target sequence so that adequate resolution on an

agarose gel can be achieved.
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— ABOCPGF g -
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B Exon 1
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Figure 5.1. The ABO CpG island.
’ Hpall The diagram shows the position of the 419 bp probe used for Southern blot analysis and the regions
—+ ABOBIS F that will hybridise to unmethylated samples digested with Tagl and Cfol, 185 and 90 bp and the
< ABOBISRI band that the probe will hybridise to when unmethylated samples are digested with Tagl and Hpall,

207 and 91 bp. The primers used for MS-SSCA analysis are also shown.



Once the DNA sample to be analysed was restricted with Tagl, it was digested with the
methylation sensitive enzymes, Cfol (recognition sequence GCGC) and Hpall (CCGQG).
These two enzymes contain a CpG site within their recognition sequence but they do not cut
if the cytosine is methylated. Tagl also has a CpG in its recognition sequence, TCGA, but this
enzyme is not methylation sensitive, that is, Tagl will digest DNA independent of the

methylation status of the CpG in its recognition site.

If there is no methylation within the recognition sequences of the methylation sensitive
enzymes, then the Tagl fragment homologous to the probe sequence will be cut with Cfol or
Hpall to give the expected band sizes (5.2.1). If there is hypermethylation, extensive CpG
methylation, then neither enzyme would be able to cut the DNA, producing the same bands
that would be expected for a control sample digested with Tagl only. Varying amounts of

methylation will produce patterns differing from the expected normal unmethylated pattern.

The expected fragment sizes when assessing ABO for methylation by Southern analysis
included a 1012 bp band from the Tagql digest to which the probe shares 100% homology.
Other fragments expected from unmethylated samples include 185 bp and 90 bp bands from
the Taql and Cfol digest, to which the probe shares complete homology (Figure 5.1). All the
other fragments were too small to be detected, however methylation of any of the Cfol sites
spanning the probe would create larger fragments that could easily be detected. From the Tagl
and Hpall digest a 207 and 91 bp band would be detected if the sample was unmethylated

(Figure 5.1). The probe had 109 bp of homology with the 207 bp band and 48 bp of homology

with the 91 bp band.

There were extreme difficulties with the hybridisation due to the GC richness of the probe

(80.7%), which caused the probe to hybridise non-specifically. Previous Southern analysis

160



with a BRCAI probe had not caused these problems but this probe had a GC content of this

probe was only 59.3% (Bianco et al, 2000).

The hybridisation difficulties were overcome, to some extent, by increasing the hybridisation
temperature to 51°C. Figure 5.2 shows a Southern blot hybridised with the 4ABO probe with all
of the expected bands present. There was an extra band in one sample (Figure 5.2; lane 1
arrow), which most likely resulted from the first Cfol site after exon 1 being methylated. This
would create a band of 185 + 90 bp, that is, 275 bp. The blot also demonstrates extreme
background hybridisation, a result of numerous hybridisations at various increasing
temperatures to reduce non-specific binding. The use of a digoxigenin labelled probe was
tried on the Southern blots but no hybridisation could be achieved due to the condition of the
blots, which had been damaged by repeated hybridisations with the a-P?* probe. Since 20 pg
of DNA is required for a Southern blot it was not feasible to repeat them, as this quantity of
DNA was not available for all patients. Instead, a new technique to investigate for

methylation changes was developed.

T 1 2 3 4 5 6 7 8

-
1012 bp—> | e .
b«
3 N
A "*«N - g

ﬁ;' m it
185 bp—hE

90 bp—bL

Figure 5.2. An ABO Southern blot.

o <4—207 bp

"“m“

<4—91bp

T refers to the Tagl alone digest and clearly shows the 1012 bp band. Lanes 1, 3, 5 and 7 are patient
DNA samples digested with Taql and Cfol while lanes 2, 4, 6 and 8 are digests with Tagl and Hpall.

An arrow points to a methylated band in lane 1.
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5,2.2 MS-SSCA: the Development of a New Methylation Analysis Technique

Using samples and a gene that we had already shown the methylation status of by Southern
hybridisation (Bianco et al, 2000), a new technique for methylation detection, called
methylation sensitive — single stranded conformational analysis (MS-SSCA), was developed.
This technique required that 1 pg of genomic DNA was bisulphite treated (see 2.6.1) so that
all unmethylated cytosines are converted into thymines but methylated cytosines are protected
and remain cytosines. Primers were then designed within the CpG island and spanning exon
1. They were designed to amplify bisulphite modified DNA only by placing thymines
resulting from modified cytosines on the 3 end of the primers. CpG sites were not placed in
the primers, but if they were unavoidable, they were placed as close to the 5° end of the
primer as possible. The primers amplified modified methylated and modified unmethylated
DNA, with the PCR product 250 — 300 bp in length since it has been reported that SSCA is
most sensitive when used to detect one sequence variation in PCR amplified DNA molecules
of 200 bp or less (Sheffield et al, 1993). However, larger fragments can be used when
detecting every sequence variation is not critical, that is, for methylation one would expect
more than one CpG to be methylated. This would mean more than one base difference,
therefore, a greater difference in sequences between the methylated sample and unmethylated

control, which is seen as a band shift from the normal unmethylated pattern.

The PCR products were then denatured with sodium hydroxide and run on a Mutation
Detection Enhancement (MDE) gel under optimal conditions for detecting nucleotide shifts
when compared to normal unmethylated samples. This new technique, MS-SSCA, was
validated by using the gene BRCAI and breast cancer samples which had previously been

shown to be methylated for this gene by Southern blot analysis (Bianco et al, 1999).
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5.2.2.1 MS-SSCA of the ABO Promoter

For MS-SSCA of the ABO promoter the primers used were ABO BIS F and ABO BIS Rl
(Figure 5.1), which amplified a PCR product from bisulphite modified DNA of 269 bp. The
ABO MS-SSCA product was analysed for methylation by electrophoresis through a 0.5X
MDE gel or a 0.75X MDE gel (Figure 5.3). Some band shifts were better resolved on a 0.5X
MDE gel while others were more obvious and clearer on a 0.75X MDE gel. All of the normal
unmethylated samples and K562 showed the same pattem on the 0.5X and the 0.75X MDE
gel. For the methylated cell lines, the 0.75X MDE gel tended to give better resolution of the
bands. A 0.75X MDE gel with 5% glycerol was also tried but this showed less resolution than

the other gel running conditions.

Restriction enzyme digestion of the ABO MS-SSCA PCR product could also be used to detect
methylation. As depicted in Figure 5.4, various restriction enzyme sites are created or
destroyed due to methylation. An unmethylated CpG will be converted to TpG, while a
methylated CpG will remain CpG. For example, the Tagl recognition sequence is TCGA and
methylation of this CpG will prevent this site from being bisulphite modified. Unmethylated
sequences will not cut with Tagl as the recognition site will be abolished. The restriction
enzymes used for methylation analysis are Tagl, Hinfl (if the final C in the recognition
sequence is part of a CpG) and BstUI, which will only digest the MS-SSCA product if the

samples are methylated (Figure 5.4). Examples of these digests are shown in Figure 5.5.
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0.5X MDE

0.75X MDE

Figure 5.3. ABO MS-SSCA analysis on different MDE conditions.
The same samples were run on two different gel conditions to
determine which was optimal. N21, N22, N24, N25, N27, N28, N29
and N31 are ABO MS-SSCA products derived from the DNA of
normal peripheral blood mononuclear cells and are unmethylated

controls for ABO. The remaining samples are from leukaemic cell
lines.



Unmethylated and bisulfite modifed ABO MS-SSCA sequence.

1 ggaTagggTTTTaaggtaTTagggTTaTgaggggTgTgTgggtTTTtEgy 50

51 ggathngTgaggaggggngtTTTttTTtagTaggggtTTTtggggaT 100
101  TTgTggTTgTTtTTIgTgTTTTtTtgtTTTTtTTIgtgttTggTTtTgyy 150
151  aagtTggggTggTgggTggTgTgggTTgggagyggggTgTTtIgggTtTaT 200
201 TTEgTTTTagggTIgnggggggaaggzggaggngagaTTagazgggga 250

251 gTTatggTTgaggtgttgT 269

Methylated and bisulfite modifed ABO MS-SSCA sequence.

1 ggaTagggTTTTaaggtaTTagggTTacgaggggcgegegggtTTTtEgg 50

51 ggatgcgcgcgaggagggnggtTTTttTTtagTaggggtTTTtggggaT 100
101 ngggnggTTtTngggTTTTtTtgtTTTTtTngtgttgggTTtgggg 150
151 aagteggggeggegggeggcgcaggTegggagggggegTTtegggTtTaT 200
201 TTegTTTTagggTegTegggeggaaggeggaggTecgagaTTagacgegga 250

251 gTTatggTcgaggtgttge 269

Figure 5.4. Unmethylated and methylated ABO MS-SSCA products.

The capital Ts identify thymines that are a result of bisulfite modification of cytosine and the
unmethylated CpGs (TpG) and methylated CpGs are underlined. The different restriction
enzymes used for assessing methylation by digestion are as follows: eight BsiUI sites, two
Tagl sites (however one is found in the primer and hence will cut regardless of methylation

status), one Hinfl site. Yellow highlight denotes Sp1 sites (Hata et al, 2002).



Taql

Hinfl

BstUI

Figure 5.5. Restriction enzyme digests of the 4BO MS-SSCA PCR product.

Digestion with any of the restriction enzymes is indicative of methylation at that
CpG site within the restriction enzyme recognition sequence. All the products will

cut with Tagql since there is a Tagql site in the reverse primer.



A summary of the restriction enzyme digestion results and the SSCA results of the ABO MS-
SSCA PCR product is shown in Table 5.1. For the cell lines and the normal controls, the
digests and the two MDE gel conditions, gave comparable results. Analysis of the
methylation status for the AML and CML patients analysed by flow cytometry yielded 3/238
patients with methylation. None of these patients, F15, F21 and F59, showed alterations in
ABO by flow cytometric analysis or by RT-PCR. An interesting observation is that two of the
patients that had ABO methylation were in CML blast crisis in which ABL, a gene linked to
ABO, undergoes methylation (Asimakopoulos et al, 1999). Also, in this case, the blasts would
be unlikely to show any differentiation to red cells as in blast crisis, the blasts show little

maturation, that is, there will be no normal or abnormal RBCs.

In another group of patients 6/11 showed methylation, these were OT2, OT3, OT16, OT19,
OT26 and OT29. OT2 and OT3 had no alterations in ABO by flow cytometric analysis or RT-
PCR but OT16 did have a small population of cells with loss of A detected by flow

cytometry. The remaining 3 patients had no alterations in ABO mRNA expression.

The group of patients analysed previously that had ABH antigen changes detected by
serology (O’Keefe PhD thesis, 1995) showed the greatest amount of methylation, with 5/7
methylated. This was not surprising as changes detected by serology require a larger
proportion of the cells to have alterations in ABO antigens. The patients analysed by flow
cytometry often had very small populations of cells with changes in ABH antigen expression
and methylation patterns in this abnormal population would be hard to detect against the large

background of normal cells.
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ND

ND
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F10
F11
F12
F15
F17
F19
F20
F21
F23

F24
25
A

F30
F37
F39
F43

F44
F45

F48
S

F52
F53

F57
F58
F59

F60

OT2
OT3

OT16

OT19

0T21

0T22

0T24

OT25

0T26

0T27

0T29




DOK1 U U U U U
DOK2 M U U M M
DOK3 U U U U ND
DOK4 M U U U U
DOKS5 M U M M M
DOK6 M M M U M
DOK?7 M U M M M

Hinf1 BstU1 0.5X MDE 0.75X MDE

N21 U U U U U
N22 U U U U U
N24 U U U U U
N25 U U U U U
N27 U U U U U
N28 U U U U U
N29 U U U U U
N31 U U U U U
K562 U U U U U
KCL22 M M M M M
HEL M U M M M
HL60 M M M M M
EM2 M M M M M
RAJI M M M M M
Jurkat M M M M M

Table 5.1. ABO MS-SSCA results.

'M' refers to methylation found either by restriction enzyme digestion or by band shifts
on a SSCA. 'U' refers to an unmethylated sample determined by lack of restriction enzyme
digestion or by no shifts on a SSCA when compared to an unmethylated control. 'ND' is
not done.



Another interesting observation in Table 5.1 is that two patients, OT26 and DOKS6, appeared
unmethylated on a 0.5X MDE gel but were found to be methylated on a 0.75X MDE gel. This
1s not surprising in light of the report by Liu et a/, (1999) where they describe the detection of
virtually all mutations (DOVAM) by SSCP. They tried seven different running conditions, in
which the polyacrylamide, additives, running buffers and running temperatures were altered
and found that each changed condition alone was unable to detect mutations 100% of the
time. However, using five different running conditions enabled 100% detection of mutations.
Buzin et al (2000) used the DOVAM approach to analyse mutations in three genes using five
different conditions and found that for each gene, a mutation would have been missed if only

four conditions had been used.

Restriction enzyme digestion was used to circumvent this problem to some extent, however,
there were 34 CpGs in the ABO MS-SSCA PCR product (excluding one in the primer) and
restriction enzyme digestion with Tagl, Hinfl and BstUI allowed analysis of only 16 of these
CpGs. SSCA is able to analyse all these CpGs however, numerous running conditions are

required to fully rule out lack of methylation.

5.2.2.2 FUT1 MS-SSCA

Methylation of the FUT! gene was also investigated by MS-SSCA as alterations in FUTI
mRNA expression and alterations in the H antigen were observed in a large proportion of
patients (Chapter 3 and 4). Analysis of the Genbank sequence AC009002, which contains the
FUTT sequence, with EMBOSS (http://www.ebi.ac.uk) revealed a CpG island approximately
200 bp before the start of exon 1. There was also a very large CpG island spanning the
transcription start sites of exons 2 and 7. The CpG island preceding exon 2 is formed partly
by an Alu sequence which are known to be CpG rich and tend to be methylated (Liu et al,

1994).
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Primers were designed for the CpG islands preceding all three transcription start sites in
FUT! (Figure 5.6). The bisulphite modified primers designed to analyse the CpG island
preceding exon 1 generated a product of 265 bp (Figure 5.6) and contained a Maell site and
an Acil site which could be used to screen for methylation by restriction digestion of the MS-

SSCA product (Figure 5.7).

Preliminary analysis of 5 normal PB MNC samples (N1, N4, N7, N9, N10) and 5 patient
samples (F9, F27, F30, F51 and F60) of the CpG island preceding FUT! exon 1 by 0.5X
MDE gel analysis found no altered patterns, suggesting that these samples were all
unmethylated (Table 5.2). However, analysis of 8 normal samples (PB MNC and PBSC) and
7 leukaemic cell lines by restriction enzyme digestion with Acil and Maell indicated that all
of the samples, except for the cell line Jurkat, were digested with these two enzymes (Figure
5.8). Hence, all of the samples were methylated for at least 2 of the CpGs assessed by the
restriction enzymes. Analysis of these samples on a 0.75X MDE gel indicated that all the
samples had the same pattern, since they were all methylated, except for the Jurkat sample

which had a subtle shift upward indicating that it was less methylated (see white star in Figure

5.8).

It was not surprising that the normal samples were methylated as none of these samples
expressed the exon 1 transcript of FUTI and it is likely that methylation may be the
mechanism for this silencing or for maintaining the inactivation (Chapter 4). The methylation
of the leukaemic cell lines was surprising since some of these actually expressed the FUT!
exon 1 transcript, while the unmethylated sample Jurkat did not. The MS-SSCA band shifts
were very subtle and the MDE gel running conditions needed optimisation but since none of
the patients expressed the FUT! exon 1 transcript (except F17, Table 4.8) it was concluded

that analysis of this CpG island was not essential.
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FUT1 MS-SSCA ex 1 F

FUT1 MS-SSCAex 1R

FUT1 MS-SSCA ex 2 F

FUT1 MS-SSCA ex2R

FUT1 MS-SSCA ex7F

FUT1 MS-SSCA ex 7R

FUT1 MS-SSCA ex2 anti F

FUT1 MS-SSCA ex2 anti R

FUT1 MS-SSCA ex2 anti R2

e IERERNEAERERE AR BE RR

Transcription
start sites

|~I
1

283 bp

\
1

281 bp

254 bp

Figure 5.6. The primers used for FUT1 methylation analysis.

The Genbank sequence AC009002 was used for determining the location of
the primers used for MS-SSCA of FUTI. Numbers inside the exons are the
exon sizes. Exon 2 is 25 bp. Not all of exon 8 is shown. Black solid bars

represent the PCR product and its size.



Unmethylated and bisulphite modified FUTI exon 1 MS-SSCA sequence.

1

51

101

151

201

251

ggggtgTtgggTtTTtggaaaaaTTaTTtTttggaTTatTtatgTagatT

aTgTagaaTaagagaaatttTtgTgTTTTatTtgaatttTtaagtttggyg

gggagggTgtgatTtgaTaTtgaggttTTttgatTTtTagTaaggIggTa

attgTtgtatgaaagaagTgaTTgTatTtgagaTaTaagtatTTtgTTtt

ggaagTTtTtTaTTtggTTgtgggTTaaTTtTaaTTtTatTtgtTTTtgT

tTagatgTtTagaTT 265

Methylated and bisulphite modified FUTI exon 1 MS-SSCA sequence.

1

51

101

151

201

251

ggggtgTtgggTtTTtggaaaaaTTaTTtTttggaTTatTtatgTagatT

acgTagaaTaagagaaatttTtgegTTTTatTtgaatttTtaagtttggg

gggagggecgtgatTtgaTaTtgaggttTTttgatTTtTagTaaggeggTa

attgTtgtatgaaagaagegaTcgTatTtgagaTaTaagtatTTtgTTtt

ggaagTTtTtTaTTtggTegtgggTTaaTTtTaaTTtTatTtgtTTTLgT

tTagatgTtTagaTT 265

Figure 5.7. Unmethylated and methylated FUTI MS-SSCA products.

The capital T define thymines that are a result of bisulphite modification of cytosine and the
unmethylated CpGs (TpG) and methylated CpGs (red) are underlined. The different restriction
enzymes used for assessing methylation by digestion are as follows: Acil (GGCG) sites, Maell
(ACGT) sites, BstUl (CGCQG) sites, Taql (TCGA) sites, Hinfl (GANTCg) sites. Yellow shading

denote Spl sites and double underline indicates AP-2 sites, both found using AliBaba2.1 program

(http://wwwiti.cs.uni-magdeburg.de/~grabe/alibaba2/webbaba2.cgi).
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Unmethylated and bisulphite modified FUT1 exon 2 MS-SSCA sequence.

1

51

101

151

201

251

ggTtgTTtaaaagggaagggTTTTTtgtTTTatgatTalgtgaTttgTtt

gaTTttatTagtTatttggaTgaTtTaTTTtTTttatTTtgTTTTTTTEL

gtTttgtataTaataaatatTangTgTTTagTTattgggggTTaTtaTE

ggtTtTtgTgtTttgatggtagtggtTTTTTgggTTTagTtgttttTtTt

ttatTtTtttgtTttgtgtTtttatttTttaTaatTtTLTTLTLTTETaT

aggggaagaaTaTTTaTTT 269

Methylated and bisulphite modified FUTI exon 2 MS-SSCA sequence.

il

51

101

151

201

251

ggTtgTTtaaaagggaagggTTTTTtgtTTTatgatTacgtgaTttgTtt

gaTTttatTagtTatttggacgaTtTaTTTtTTttatTTtgTTTTTTTLL

gtTttgtataTaataaatatTagcgchTTagTTattgggggTTaTtaTg

ggtTtTtgegtTttgatggtagtggtTTTTcgggTTTagTtgttttTLTt

ttatTtTtttgtTttgtgtTtttatttTttaTaatTtTLTTLTLTTLTaT

aggggaagaaTaTTTaTTT 269
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Unmethylated and bisulphite modified FUTI exon 2 antisense MS-SSCA sequence.

il

51

101

151

201

251

Methylated and bisulphite modified FUTI exon 2 antisense MS-SSCA sequence.

il

51

101

151

201

251

TTtogtgaggagaggagagattgtaagaaataaagaTaTaagaTaaagaga

taaagagaaaaTagTtgggTTTgggggaTTaTtaTTatTaagaTgTagag

aTTggtagtggTTTTgaatggTtgggTgTgTtgatatttattgtataTaa

gaTaagggggggTaggataaggagggtgagtTgtTTaaatgaTtgataag

gtTaagTaagtTaTgtgatTatgggaTagggggTTTLETTTttttaggTa

gTTgaagTagaaagagaaggTagTatatgtT 281

TTtgtgaggagaggagagattgtaagaaataaagaTaTaagaTaaagaga

taaagagaaaaTagltgggTTegggggaTTaTtaTTatTaagacgTagag

aTeggtagtggTTTegaatggTtgggegegTtgatatttattgtataTaa

gaTaagggggggTaggataaggagggtgagtegtTTaaatgaTtgataag

gtTaagTaagtTacgtgatTatgggaTagggggTTTLtLtTTTttttaggTa

gTecgaagTagaaagagaaggTagTatatgtT 281
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Unmethylated and bisulphite modified FUT! exon 7 MS-SSCA sequence.

1

51

101

151

201

251

g99TggggTtTTaTTttTTagTTatTTgTTTggTTTgggagggTggaTgT

tgTgagaTtTTTggTTgTgTTTLTLTTLETTETLTTtTTTTaagTTTtTg

TtgTTagtTTggaTaggTtgTgTggaggggagggTTtgTTgggTTggata

gTTggaTgTTtggTgttTTagggglggTTggatgtggTTtgTTtttgTgg

agggtgTgTtTTggTTaTgaaaagTggaTtgtggatTtgTTaTTtgTaag

TagT 254

Methylated and bisulphite modified FUTI exon 7 MS-SSCA sequence.

1

51

101

151

201

251

gggcggggTtTTaTTttTTagTTatTegTTeggTTegggagggeggacgT

tgegagaTtITeagTegegTTTETETTLELTTETETTETTTTaagTTTEeg

TtgTTagtTeggaTaggTtgegeggaggggagggTTtgTegggTeggata

gTecggacgTTtggegttTTaggggeggTeggatgtggTTLgTTEttgegyg

agggtgegTtTeggTTacgaaaageggaTtgtggatTtgTTaTTtgTaag

TagT 254
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FUT!
exon 1

0.5X
MDE

FUTI
exon 1
0.75X
MDE

FuUTI
exon 1
Acil

FUTI
exon 1
Maell

FUTI
exon 1
exp

F9 U ND ND ND ND
27 U ND ND ND -
F30 U ND ND ND -
F51 U ND ND ND -
F60 U ND ND ND -
N1 U ND ND ND ND
N4 U ND ND ND ND
N7 U ND ND ND -
N9 U ND ND ND ND
N10 U ND ND ND -
N21 ND M M M ND
N22 ND M M M ND
N24 ND M M M -
N25 ND M M M -
N27 ND M M M -
N28 ND M M M -
N29 ND M M M -
N31 ND M M M -
K562 ND M M M +
KCL22 ND M M M +
HEL ND M M M +
HL60 ND M M M ND
EM?2 ND M M M -
RAJI ND M M M -
Jurkat ND U U U E
0
) ! ) ) : : ] 0 0
| )
B | ¢
) ) ¥
F4 ND ND ND ND M U M M -
F9 U M M ND ND ND ND ND ND
Fl11] ND ND ND ND M U M M -
F15 ND ND ND ND M ND ND M +
F17 ND ND ND ND M ND ND M +
F19 ND ND ND ND U U M M -
F21 ND ND ND ND M U M M -
F24 ND ND ND ND M U M M +
F27 U M M ND M U M M -
F30 U M M ND M U M M +
F43 ND ND ND ND M U M M -
F44 ND ND ND ND M U M M +
F48 ND ND ND ND U U M M +
F51 U M M ND ND ND ND ND -
F60 U M M ND ND ND ND ND -
OT2 ND ND ND ND M U M M -
OT3 ND ND ND ND M U M M -
0T21 ND ND ND ND M U M M -
0T22 ND ND ND ND M U M M +
OT27 ND ND ND ND M U M M -
DOK1 ND ND ND ND M U M M +
DOKS5 ND ND ND ND M U M M -




FUTI1
d /
LUk FUTI1 FUTI exon 2 Rl LA Al FUT1 FUTI
exon 2 exon 2 exon 2 exon 2

0.5X exon 2 exon 2 anti ani anti anti exon 2 exon 2
i Bs M 0.75X ti Taq} X
MDER |l k| Mael s L0.7 BstUl  Hinfl Maen 2"07941  €xp

N7 U M M ND ND ND ND ND -
N10 U M M ND ND ND ND ND -
N21 ND ND ND M M M M M ND
N22 ND ND ND M M M M M ND
N24 ND ND ND M M M M M -
N25 ND ND ND M M M M M -
N27 ND ND ND M M M M M -
N28 ND ND ND M M M M M
N29 ND ND ND M M M M M -
N31 ND ND ND M M M M M -

K562 ND ND ND U U U U U +
KCL22 ND ND ND M M M M M -
HEL ND ND ND U 8] U 9] U +
HL60 ND ND ND M M M M M ND
EM2 ND ND ND M M M M M -
RAJI ND ND ND M M M M M -
Jurkat ND ND ND M M M M M -

FUTI1 FUTI

FUTI FUTI1 FUTI FUT!
exon 7 exon 7

exon 7 exon 7 exon 7 exon 7
Acil BstU1 Maell exp

0.5X 0.75
MDE XMDE

F9 U ND ND U ND ND
F27 U ND ND U ND +
F30 U ND ND U ND +
F51 U ND ND U ND +
F60 U ND ND U ND +
N1 U ND ND U ND ND
N4 U ND ND U ND ND
N7 U ND ND U ND -
N9 U ND ND U ND ND
N10 U ND ND U ND -
N21 ND U U U U ND
N22 ND U U U U ND
N24 ND U U U U -
N25 ND U U U U -
N27 ND U U U U +
N28 ND U U U U +
N29 ND U U U U +
N31 ND U U U U +

K562 ND M U M M ND
KCL22 ND U U U U +
HEL ND U U U U +

HL60 ND U U U U ND
EM2 ND M M U M -
RAIJI ND M M M M -
Jurkat ND M U M M +

Table 5.2. FUTI MS-SSCA results.

'U' is unmethylated, 'M' is methylated and 'ND' is not done. +' refers to positive expression and '-'
refers to negative expression. FUT! exon 1, 2 and 7 MS-SSCA restriction enzyme digestion and
SSCA results are shown. 'M' for the restriction enzyme digestion refers to cutting (methylation at
that restriction enzyme recognition sequence). 'M' for the SSCA results indicates band shifts
when compared to the banding pattern of a known unmethylated 'U' control.
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Figure 5.8. FUTI exon 1 MS-SSCA.
Digestion with Acil and Maell indicated that all normal

samples and leukaemia cell lines were methylated, except
for Jurkat, which had a band shift (marked with a white
star) on a 0.75X MDE gel.



The primers for the CpG island preceding the exon 7 transcription start site were designed to
generate a PCR product of 254 bp (Figure 5.6). The MS-SSCA product for the FUTI exon 7
CpG island contained 5 Acil sites (excluding the one in the forward primer), 2 BstUI sites and
two Maell sites which could be used to screen for methylation of 10 of the total 26 CpG sites
in the PCR product (Figure 5.7). Analysis of the CpG island associated with exon 7 found no
methylation for 5 normal PB MNC samples (N1, N4, N7, N9, N10) and 5 patient samples
(F9, F27, F30, F51 and F60) (Table 5.2) when assessed by a 0.5X MDE gel. Restriction
enzyme digestion detected methylation in four leukaemic cell lines (Figure 5.9), 2 of which
expressed the FUT exon 7 transcript. The PB MNC samples which did not express the FUT!
exon 7 transcript were unmethylated as were the PBSC samples except that they expressed
this transcript (Table 5.2). The patient expression results did not correlate with the
methylation status (Table 5.2) though this could be due to the DOVAM theory, which
requires multiple gel running conditions to detect a single change. The cell line digestion

results correlated with the band shifts seen on a 0.75X MDE gel (Figure 5.9).

Analysis of the CpG island associated with the exon 2 transcription start site of FUTI was
quite complex. The original primers, FUT1 MS-SSCA ex 2 F and FUT1 MS-SSCA ex 2 R,
yielded a product of 269 bp (Figure 5.6) and preliminary results found no band shifts for 5
normal PB MNC and 5 patient samples using a 0.5X MDE gel. However, digestion with
BstUl and Maell (Figure 5.7) revealed that there was slight digestion indicating methylation
in all samples. Two of the patient samples tested, FS1 and F60, had nearly 50% digestion.
Running the PCR product on a 0.5X MDE gel with 5% glycerol at room temperature revealed
no obvious band shifts but running the same gel at 4°C revealed some shifts but the bands

were not sufficiently resolved.
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0.75X MDE

Figure 5.9. FUTI exon 7 MS-SSCA.

Restriction enzyme digestions with Acil, BstUl and Maell indicated that
normal samples were not methylated as they all had the same pattern on a
0.75X MDE gel. The Raji cell line was fully methylated (by digestion) and
this appeared as a dramatic shift on the SSCA. The other cell lines had
various degrees of methylation with Jurkat and K562 having a combination

of a normal unmethylated pattern and a methylated Raji-like pattern.



Two new primers were designed at approximately the same positions to the above primers but
they were designed to amplify the antisense strand, as these would give different conformers
and hence might resolve better on a MDE gel. The initial primers FUT1 MS-SSCA ex 2 anti F
and FUT1 MS-SSCA ex 2 anti R yielded a product of 283 bp but amplified unmodified DNA.
A new reverse primer, FUT1 MS-SSCA ex 2 anti R2 was designed to eliminate this problem,
and yielded a PCR product of 281 bp (Figure 5.6) which contained 2 Maell sites, 1 BstUI site,
a Taql site and a Hinfl site (Figure 5.7). Restriction enzyme digestion with Maell, Tagl, BstUI

and Hinfl allowed for the analysis of 7/9 CpG sites in the MS-SSCA PCR product.

When the new FUTI1 exon 2 (antisense) MS-SSCA product was resolved on a 0.75X MDE
gel, band shifts were observed, so bands were stabbed, re-amplified and sequenced (Figure
5.10). There was great variation in the methylation status of each CpG site among the patient
samples. For samples F30 and F60, which seemed to have 2 predominant bands rather than 4,
the two bands had the same methylation pattern, that is, were methylated at all the CpG sites
except the ones at 182 and 214 (Figure 5.10). F30 expresses the FUTI exon 2 transcript
whereas F60 does not (Table 5.2) and the difference between the two is that F30 has the CpG
at position 72 of the PCR product unmethylated, whereas F60 has this CpG site methylated.
F9 and F51 both had four bands with the methylation status of each band different between
the two samples. The expression status of F9 is unknown but F51 does not express the FUTI

exon 2 transcript and this may be due to methylation of the CpG site at position 72.

Analysis of various normal samples indicated that they were all methylated but still had some
undigested product (Figure 5.11), suggesting that perhaps one allele was methylated, though
none of the normal samples express FUT! exon 2 transcript. The leukaemic cell lines were
methylated to a greater extent than the normal samples as visualised by the presence of less

undigested product except for HEL and K562 (Figure 5.11). The expression data and the
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methylation status of the exon 2 FUT]I transcript correlate for HEL and K562 which are both

unmethylated at the exon 2 CpG island and express the FUT! exon 2 transcript.

There seemed to be an association between methylation status and expression of the FUTI
exon 2 transcript. This transcript showed the greatest variation in expression in the patient
samples (Table 4.8) suggesting that this CpG island may be important to assess. For 21
patients for which expression data was known, there was no association between methylation
status and expression (Table 5.2). The methylation status was investigated by restriction
enzyme digestion which assessed 7/9 CpG sites within the MS-SSCA PCR product, however,
the sequencing results (Figure 5.10) would suggest that the CpG site at position 72 of the PCR
product, which is part of the recognition sequence for the Spl transcription factor, may
determine expression. This site could not be assessed by restriction digestion and SSCA
analysis would be difficult since the samples were all methylated at multiple sites. The
elucidation of the methylation status of this CpG site would require more sequencing which

time did not permit.
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MS-SSCA Gel

Sequencing Results

CpG Site

ID Band 94 103 115 127 129
1 T c | c T | C C T | T [ NaA
¥o 2 T C T |ar| ¢ C T | NA | NA
3 T |cr|or|lor|or|oar|or| or | NA
4 cricocr|or|or|or|oar|or | or | Na
F30 1 T C C C C C T T T
2 T C C C C C T T | NA
1 C C C T C C T C | NA
Tl 2 T C C C C T T c | NA
3 C/T| C c |or| ¢ C T c | NA
4 T C C C c |ar| T c | NA
F60 1 C C C C C C | NA | NA | NA
3 C C C C C C T T | NA

Figure 5.10. Sequencing results of the FUT] exon 2 antisense MS-SSCA PCR product.

The numbers on the SSCA gel refer to the bands that were sequenced with the same numbers used in
the table to indicate the methylation pattern of each band. ‘“NA’ refers to not assessable. C denotes a
cytosine unconverted after bisulphite modification due to protection by CpG methylation. T denotes a

cytosine that was unmethylated and hence converted after bisulphite modification.
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Figure 5.11. FUTI exon 2 antisense MS-SSCA.

The restriction enzyme digests clearly show that all normal
samples are methylated to some degree but that the leukaemic
cell lines are methylated to a greater extent (less undigested
product) except for HEL and K562, which are unmethylated
and have a different SSCA pattern (see white stars).



5.2.3 5-Aza-2’-Deoxycytidine Treatment of Leukaemic Cell Lines
Since many of the leukaemic cell lines were methylated and failed to express ABO and FUT],
an aftempt to re-express these genes was performed by treating the cells with a demethylating

agent, 5-aza-2’-deoxycytidine (5-aza).

K562 and HEL already expressed 4BO and hence 5-aza treatment made no change. The cell
lines Jurkat and Raji were methylated for ABO and did not express ABO but after treatment
with 5-aza they re-expressed ABO (Figure 5.12). KCL22 and EM2 did not re-express 4BO
although they were demethylated as seen by undigested PCR product after incubation with the
restriction enzymes BstUI, Maell and Tagl (data not shown). Although the cell lines were
demethylated but did not re-express ABO, this may be due to the restriction enzymes not

assessing the methylation status of the CpG sites which are essential for expression.

For FUTI, Jurkat, KCL22 and EM2 showed no change in expression, that is, they had the
same expression of FUTI transcripts before and after 5-aza treatment. The Raji cell line
initially expressed none of the FUT! transcripts but after 5-aza treatment expressed all of the

FUTI transcripts.

The re-expression of ABO and FUT] after treatment with 5-aza, in some cell lines, indicates
that these genes are silenced by methylation. However, some cell lines do not re-express after
S-aza treatment indicating that there are other mechanisms responsible for silencing these
genes in leukaemic cell lines. These other mechanisms may include mutation, deletion,

chromosomal rearrangement or acetylation.
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Figure 5.12. ABO expression in the Jurkat cell line after 5-aza-2’-deoxycytidine treatment.
Lanes 1-3 is the Jurkat cell line harvested 48 h post-treatment (or after a 24 h recovery period), lanes
4-6 are Jurkat cells harvested 72 h post-treatment and lanes 7-9 are Jurkat cells harvested 96 h post-
treatment. Lanes 1, 4 and 7 are Jurkat cells treated with vehicle, that is, UPW. Lanes 2, 5 and 8 are
Jurkat cells treated with 1 uM of 5-aza-2’-deoxycytidine, while lanes 3, 6 and 9 are Jurkat cells treated
with 2 uM of 5-aza-2’-deoxycytidine. PBGD is the control for cDNA synthesis and loading.

5.3 Discussion

CpG methylation of the promoters of 4BO and FUT/ was investigated as a mechanism
responsible for the loss of ABH antigens in haematological malignancies. Assessing 4ABO for
CpG island methylation was extremely difficult by Southern analysis since the probe was so
GC rich that it bound non-specifically. Another disadvantage of Southern blotting was the
large amount of high molecular weight DNA required, that is, 20 pg was needed for analysis
with two methylation sensitive restriction enzymes. For many of the patients, this amount of
DNA was not available. The other disadvantage is that Southern analysis provides
information only about CpG sites found within sequences that are recognised by methylation

sensitive restriction enzymes.

To overcome the limitations of Southern blotting, a new method was developed, which was
based on bisulphite modification of DNA. This creates differences between the methylated
and unmethylated DNA sequences since unmethylated CpGs are converted into TpGs while
methylated CpGs remain as CpGs. Coupling this with PCR, which requires minimal amounts
of DNA, means that numerous samples can be studied using 1 ug of DNA or less, for the

analysis of more than 10 CpG islands.
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Many other techniques have been developed that utilise bisulphite modification of DNA
followed by PCR amplification. Bisulphite modified DNA can be amplified and sequenced,
enabling the determination of the methylation status of all CpG sites (Frommer et al, 1992;
Clark et al, 1994; Raizis et al, 1995). Genomic sequencing of bisulphite modified DNA is
considered the best technique for CpG methylation analysis as each CpG site of interest can
be investigated, but this is technically difficult, expensive and laborious. We needed to
analyse numerous samples and genes for methylation and bisulphite sequencing was not a

convenient and efficient method.

Other methods using bisulphite modification and PCR are methylation-specific PCR (MSP),
which is a method that uses primers designed to distinguish methylated bisulphite modified
DNA from unmethylated bisulphite modified DNA (Herman et al, 1996). MSP can be
applied to minimal amounts of DNA and is not as laborious as sequencing. A disadvantage of
MSP is that it is a qualitative measure of methylation rather than a quantitative one, and for
each arca of CpGs to be analysed, two sets of primers need to be designed, a methylation

specific and an unmethylated specific pair.

Other groups have taken advantage of the fact that bisulphite modification of DNA leads to
changes in restriction enzyme sites resulting from the action of bisulphite on methylated and
non methylated CpG sites (Sadri and Hornsby, 1996). If methylation at only a few critical
CpG sites is necessary to prevent binding of important transcription factors then this method
is not sensitive enough (reviewed in Siegfried and Cedar, 1997) since only 25% of CpGs are
amenable to analysis by restriction enzyme digestion (Sadri and Hornsby, 1996). We have
used changes in restriction enzyme sites due to sequence differences between methylated and

unmethylated CpGs as a supplement to SSCA.

188



Gonzalgo and Jones (1997) developed a quantitative method using methylation sensitive
single nucleotide primer extension (Ms-SNuPE). This method is quantitative and does not
use restriction enzymes. The DNA sample is bisulphite treated so unmethylated cytosines
become uracil but are represented by thymine after PCR amplification, while methylated
cytosines remain as cytosines after PCR amplification. Quantitation of the ratio of methylated

versus unmethylated cytosines (C vs T) at original CpG sites is determined by incubating gel
isolated PCR products with the appropriate Ms-SNuPE primers, Tag polymerase and 2p.

dCTP or **P-dTTP followed by denaturing polyacrylamide gel electrophoresis and
phophorimage analysis. Ms-SNuPE primers are internal primers that anneal to the PCR
template and terminate immediately 5' of the single nucleotide to be assayed. An advantage
of this method is that many CpG sites can be analysed in a single reaction by using a

combination of Ms-SNuPE primers.

All the methods published before the work on methylation carried out in this study
commenced, were unable to analyse a whole area for CpG methylation, except for the Ms-
SNuPE method. As such, a method was developed that utilised the bisulphite reaction, which
provided the sequence differences between methylated and modified DNA, and unmethylated
and modified DNA. After PCR amplification with primers specific for bisulphite converted
DNA, the PCR product was denatured and run out on a MDE gel, that is, using the PCR
products for single-stranded conformation analysis (SSCA). This method, MS-SSCA, utilises
SSCA, which is based on single-stranded molecules taking on certain sequence-based
secondary structures (conformers) under non-denaturing conditions. Strands that differ by as
little as a single base substitution (that is have a thymine, unmethylated cytosine conversion,
instead of a cytosine) may form different conformers and hence will not migrate through a

non-denaturing polyacrylamide gel in the same way (Sheffield ez al, 1993).
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The advantage of this method is that once the normal unmethylated but modified pattern is
established, any variation from the unmethylated pattern would indicate some degree of
methylation. The variant bands can then be isolated and sequenced. All of the CpG sites
within an island can be assessed by developing pairs of primers that will enable the whole
island to be amplified in 200-250 bp overlapping fragments. The PCR product has to be less
than 250 bp for it to be effective for SSCA (Sheffield et al, 1993). MS-SSCA PCR products
between 250-300 bp have been successfully used as methylation usually occurs at more than
one CpG, creating multiple sequence variations. MS-SSCA primers based on the PCR
amplification of the antisense strand have also been used to create different conformers of the

same CpG island which resolve better on a MDE gel.

A similar methodology was independently developed by another laboratory (Burri and
Chaubert, 1999). In subsequent reports, similar methodologies have variously been called
bisulphite-PCR-SSCP (BiPS) (Maekawa et al, 1999; Mackawa et al, 2001), bisulphite-SSCP
(Bian et al, 2001) and MS-SSCP (Kinoshita et a/, 2000) while others have used DGGE

instead of SSCA (Aggerholm et al, 1999).

MS-SSCA analysis of the CpG island associated with ABO found 9/39 samples methylated in
patients of which only one had alterations of ABO detectable by flow cytometry. The patients
previously analysed for loss of ABH antigens by serology, (O’Keefe PhD thesis, 1995), were
methylated at a much higher frequency (5/7). For the normal samples, 0/8 were methylated
and though they all expressed ABO following RT-PCR, the 4’0’ individual (N29) did not
express A°. The finding that the DOK patients had a higher rate of methylation than those
identified with loss of ABH antigens by flow cytometry (Chapter 3), is not surprising since
changes in ABH antigens in these patients was detected by serology, which required 50% of
the cells to be abnormal. The flow cytometer could detect alterations in populations as little as

10% and the methylation status of this population would be disguised by the methylation
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pattern of the larger normal population. One patient with loss by flow cytometry, but not by
RT-PCR was methylated (OT16) even though they only had a small population with loss of A
antigens (less than 10%). However, the methylation results of the patient may have been
indicative of changes not yet translated into RBCs since the methylation analysis and the flow

cytometric analysis are not assessing the same population of cells.

Recently, Hata e a/ (2002) have shown that mutation of a Sp1 site which spans the CpG site
at position 203 in the ABO MS-SSCA product (Figure 5.3) causes a reduction in the promoter
activity of ABO. While this data was not known during the course of these experiments, it
clearly indicated that methylation in the ABO promoter may affect ABO expression. Analysis
of this CpG site in patients with loss of ABO would have required analysis by sequencing.
This site was not amenable to analysis by restriction enzyme digestion. However, in the
future, the antisense strand could be analysed to determine whether the CpG site within the

Sp1 recognition sequence coincided with a restriction enzyme recognition sequence.

Examining the FUT! gene for methylation was complicated since there was a CpG island
associated with each of the three transcription start sites of this gene. For the exon 1 CpG
island, the initial analysis of some patients and some normal samples on a 0.5X MDE did not
reveal any band shifts, so the samples were all presumed to be unmethylated (Table 5.2). On
further investigation with restriction enzymes, all samples were methylated, except for the
Jurkat cell line (Table 5.2). When these samples were run on a 0.75X MDE gel the Jurkat cell
line was the one with subtle band shifts when compared to all the other samples on the same
gel (Figure 5.8). The cell line Jurkat was unmethylated for the exon 1 CpG island, yet it did
not express the FUTI exon 1 transcript. K562, HEL and KCL22 are methylated for the exon
1 CpG island and express the FUT! exon 1 transcript. Restriction enzyme digestion was only
able to assess 2 CpG sites with 5 not assessed. Of these 5 CpGs, three of them are within Sp1

sites and it is known that these sites are important for transcription. Sequencing or running
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the samples on a MDE gel under different conditions to reveal more patterns could have been
performed but as none of the patients or normal BM specimens express the exon 1 transcript,

assessment of the exon 1 CpG island did not appear to be necessary.

The exon 2 CpG island of FUTI was difficult to assess and initially a group of samples run
on a 0.5X MDE gel showed no differences in band patterns between samples, so it was
assumed that they were all unmethylated (Table 5.2). However, restriction enzyme digestion
indicated that the samples were all methylated to varying degrees. Various MDE gel running
conditions were attempted to see if differences between moderately and heavily methylated
samples could be determined. Various gel conditions, like increasing the MDE gel
concentration, adding glycerol and running the gel at various temperatures, showed hints of
diverse patterns but were unable to fully resolve the bands. New primers were designed to
target the antisense strand, as this would yield different sequences and perhaps different
conformers, which could be better resolved. Analysis of the antisense MS-SSCA products on
a 0.75X MDE yielded two patterns, one with four distinct bands and the other with two
predominant bands (Figure 5.10). Sequencing seemed to indicate that the CpG at position 72
of the MS-SSCA PCR product might be important in expression of this transcript since F30
expresses the FUTI exon 2 transcript and is unmethylated at this site while F60 does not
express this transcript and is methylated at this site (Table 4.8; Figure 5.10). Analysis of the
sequence reveals that an AP-2 and Sp1 site span this CpG and it is known that methylation
inhibits binding of AP-2 (Chapter 1). Thus, methylation of the CpG site within an AP-2 and
Sp1 recognition sequence may control the expression of the FUT1 exon 2 transcript, though

more samples would need to be analysed and time did not permit this.

Since these results showed that all of the samples had some undefined level of methylation
for the exon 2 CpG island, the MS-SSCA product was restriction enzyme digested to give a

better indication of the amount of methylation. However, none of the restriction enzyme sites
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were able to assess the CpG at position 72. Further examination of this site, by other
methodologies, may have yielded a clearer picture. An association between abolishing the

AP-2 site and abolishing FUT! exon 2 transcription would also require further investigation.

For FUTI exon 7 CpG island, the digestion results and the SSCA results correlated (Table
5.2). Normal samples and patients samples were all unmethylated but some of the normal
samples, the PBSC, are known to express this transcript while the PB MNCs do not. The fact
that the PB MNC sample did not express this transcript but were unmethylated, indicated that
methylation is not responsible for silencing of this transcript. Other mechanisms, like

acetylation, may be responsible for silencing of the exon 7 FUT! transcript.

The methylation analysis of the 4BO and FUTI genes was further complicated by the
heterogeneity of the samples, as the normal population was larger than the abnormal
population, which had loss of ABH antigen expression. The methylation status of normal BM
could not be determined due to the limited availability and quantity of these samples. PB
MNC samples may not always be an adequate control for the normal pattern of methylation

since their ABO and FUTI expression pattern is very different to the BM situation.

When assessed by restriction enzyme digestion most samples had some undigested product,
representing unmethylated sequence, yet this was not obvious by SSCA. The DOVAM paper
(Liu et al, 1999) shows that numerous gel running conditions are required to detect all
possible mutations. The MS-SSCA methodologies adopted in these experiments may have
required further optimisation, though more than one condition was tried for all MS-SSCA

PCR products.
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The 5-azacytidine experiments were able to establish an association between expression and
methylation with some cells re-expressing ABO or FUTI after treatment with a
demethylating agent. Some cell lines failed to express after S5-azacytidine treatment
suggesting that other mechanisms are at work, like acetylation or mutation. These
mechanisms would need to be analysed in the patients with loss of ABH antigens to

determine whether they are responsible for silencing of ABO or FUTI.

The lack of correlation between methylation and expression may be due to the fact that when
assessing methylation, the whole population of cells are assessed, yet the expression or lack
of expression may be from a sub-population of cells. This was apparent when assessing
methylation of the patients with ABH alteration by flow cytometry and those with ABH
alterations by serology. The patients with ABH alterations by serology have at least 50% of
cells with loss and this group of patients had a higher frequency of methylation (5/7). The
patients with ABH alteration by flow cytometry have 10-20% of cells and the larger normal

population may obscure methylation of the population with ABH antigen alterations.

Though the methylation results were unclear, the use of the MS-SSCA technique was quite
advantageous over previous techniques. MS-SSCA is a rapid technique with a very low false
negative rate and in many cases will be the method of choice for methylation analysis. In
particular, MS-SSCA is an efficient approach for genomic sequencing studies of methylation

as methylated samples can be identified by the presence of variant conformers, which can

then be directly sequenced.
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CHAPTER 6

Analysis of
9934 Genes




6.1 Introduction

Tumour suppressor genes serve as negative regulators of cell growth and their inactivation
leads to tumorigenesis (reviewed in Stanbridge, 1990). Knudson’s two-hit hypothesis (1971)
proposes that inactivation of both alleles of a tumour suppressor gene are required for
tumorigenesis. Certain characteristics of the mechanisms resulting in the inactivation of
tumour suppressor genes may be used for identifying and locating these gene; one approach is
to assay for tumour-specific loss of genetic material. Detection of allele loss utilises
polymorphic markers like RFLPs, VNTRs and microsatellites. The detection of only one
allelic variant in the tumour (homozygous) versus two allelic variants in corresponding
normal cells (heterozygous) indicates loss of genetic material in the tumour (Goddard and
Solomon, 1993). Studies of chromosome-specific LOH in tumour cells affecting limited
genomic regions have yielded gene localisations of tumour suppressor genes. LOH has been

used to suggest the presence of tumour suppressor genes in many cancers.

Studies with inherited familial cancers led to the identification of specific tumour suppressor
genes, the first of which was the tumour suppressor gene responsible for retinoblastoma (Rb).
Rb was localised by the observation that normal cells from some individuals with familial
retinoblastoma bore a deletion at 13q14 (reviewed in Goddard and Solomon, 1993). Sporadic
cases had the same region deleted in the tumour cells but not the normal cells. For colorectal
cancers, cytogenetic abnormalities are observed at 5q21 and 18q21. Positional cloning at
these loci has led to the discovery of two genes involved in colorectal cancer, DCC at 18921

and FAP at 5¢21 (reviewed in Boyd and Barrett, 1990).

Investigation of LOH of the chromosomal region where 4BO is localised, 9934, is one focus
of this chapter. The possibility of regional silencing of the region harbouring ABO will also be

examined. LOH and regional silencing would suggest the presence of a tumour suppressor
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gene In this region. Though alterations of ABH antigens are a frequent occurrence in
haematological malignancies (Chapter 3), the role of this alteration in leukemogenesis is
unclear. Bombay individuals have no H antigen and hence are not able to make A or B
antigens yet they do not have an increased predisposition to leukaemia. In solid tumours, loss
of ABH antigens is associated with increased metastatic potential of the tumour and is a
marker for poor prognosis (see section 1.4.7). Such associations for the alterations of ABH

antigens in haematological malignancies have not been elucidated.

It is known that the 9q22-qter region is frequently deleted in myeloid malignancies (Evdokiou
et al, 1993) with many cases of AML having aberrations at 9q34 (Mitelman Database of
Chromosome Aberrations in Cancer, 2002). Since changes at ABO have been associated with
changes at other 9934 loci, it is possible that alterations of 4BO are not the leukaemia causing
event but rather a marker to other events occurring at this chromosomal region. This is
supported by the reported observation of individuals with decreases in both ABO and
adenylate kinase (4K/) expression (Salmon et al, 1968; Kahn et al, 1971; Marsden et al,
1992). AK1I is localised at 9934.11, not too distant from ABO at 9934.2. Salmon et al (1968)
found a patient with Joss of A and when they separated this sample into the A and O-like
populations, it was noted that a decrease in AKX/ occurred in the O-like population. Kahn et al
(1971) found significant decreases in 4K/ activity in an A negative population from a patient
whose cells demonstrated 50% loss of A. The normal A positive population had normal levels

of AK].

In this study, a PCR RFLP approach was used to analyse 9934 loci for LOH and mono-allelic
expression arising from regional silencing. For some 9q34 loci, previously published RFLPs
or SNPs in coding regions were utilised but when this study first commenced the SNP

database was not as comprehensive as now. SNPs were identified by aligning ests from the
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Unigene database using the alignment program Sequencher. If there were variations in

numerous ests at a single base position, then this was identified as a potential RFLP marker.

Primers were designed to span the potential SNP and if it did not create or abolish a
restriction enzyme recognition site, a primer was engineered to create one. For example, the
T->A SNP used for PPP2R4, when there was a T a Maelll site was present but this enzyme is
80X more expensive than Hinfl. By creating a mismatch in the primer such that it is
incorporated into the PCR, enabled the creation of a Hinfl site when the PPP2R4 SNP is an A

and not a T (Figure 6.1).

ttttatagggtgaggtaagTgacagcctcccaagecccaggetttygg
ttttatagggtgaggtaaghAgacagcectecccaageccaggetttygy

RN ARRRRERNRRERRARY

3’ - gtcagcctcccaagcccaggettt - 5°PPP2R4 HinfIR

Figure 6.1. Creating a restriction enzyme site for SNP analysis.

A heterozygous sequence for the PPP2R4 SNP is shown. The bold capital letters are the SNP and the
bold lower case letter is the base pair engineered into the PCR product to form a Hinfl site
(recognition sequence underlined) when the SNP is an A. No Hinfl site is created when the SNPisa T.
The grey shading is the Maelll site.

The potential SNPs were then assessed in a group of normal individuals and if heterozygotes
were common then the patient samples were genotyped at the SNPs by PCR followed by
restriction enzyme digestion. Patients that were informative were also investigated for mono-

allelic expression.
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6.2 Results

6.2.1 Genotyping SNPs at 9q34 Loci

A total of 17 SNPs for 13 genes were analysed and the data is summarised in Table 6.1 and
Table 6.2. The loci were genotyped at the SNP and the sequence at the SNP is shown in Table
6.1 and Table 6.2. If the sample was informative, that is heterozygous, then the genotype
would consist of two different base pairs, one for each allele. For example, for AK7, a
heterozygous sample is ‘AC’ while homozygous samples are either ‘AA’ or ‘CC’. All primers
for the various loci are shown in Table 2.1.1 and the restriction enzyme adjacent to the loci
name in Table 6.1 and Table 6.2 indicates the restriction enzyme used for the PCR RFLP
analysis. More than one restriction enzyme indicates that the loci had more than one SNP

genotyped.

Some SNPs were not useful and these included the published RFLP for the DBH locus. When
the expression of DBH was analysed, it was found that it was not expressed in PB MNC or
BM. After this discovery, all subsequent loci that were investigated had to fulfil the criteria of
being expressed in PB MNC or BM. Other loci, SURF3, LCN2, HSPAS5 and FBXW2,
appeared to have SNPs when the Unigene ests were aligned but after PCR RFLP analysis of
numerous samples, no SNPs were found. Further to this, heteroduplex analysis was attempted
but did not identify any SNPs at these loci. Other loci had PCR RFLP systems designed and
operational but due to lack of time they were not able to be fully assessed. These include

RALGDS, AGAPT2, ASS and SURFA4.

Other difficulties in gene loci included their location. Figure 6.2 shows the position of various
loci on 9q based on the human genome sequence in October 2000 and December 2001. For
this study, the October 2000 sequence was used for the identification of loci to be analysed. In

December 2001 this map was revised and the position of a number of loci were altered.
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However, fortunately all of the markers chosen retained their same approximate distance and
were still valid choices for the study. For example, ALAD was chosen because it is localised
in 9932, is far away from 4BO, and in the December 2001 map it remains in 9q32. DAPK]
was chosen as it is very close to GASI, the gene that localises to a chromosome band
frequently deleted in AML (Evdokiou ef al, 1993) and at the time of the analysis a SNP was

not found in GAS!.

The region frequently deleted in AML extends from 9q21 to the telomere of 9q and it is
possible that there are two regions harbouring potential tumour suppressor genes on 9q, like
bladder cancer. In bladder cancer, evidence for tumour suppressor genes have been localised
to the regions 9p12-q21 and telomeric of 9933 (Simoneau et al, 1996). In the October 2000
sequence DAPK] was in 9922.1 but in the October 2000 sequence it was in 9921.33 (Figure
6.2). ABO was mapped closer to the telomere in the October 2000 map but in the December

2001 sequence was mapped closer to the centromere but still in 9q34.2 (Figure 6.2).

6.2.1.1 9q34 SNP Analysis in Normal Individuals

The genotype of the SNPs in normal individuals is shown in Table 6.1. The rate of
heterozygosity for each SNP varied from 15-60%, though the sample size was small for some
loci. The presence of two or more SNPs for one locus meant that more informative cases for

cach locus could be found. There were no allele dosage changes seen for any normal samples

analysed as assessed by a PCR-RFLP technique (Table 6.1).
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Figure 6.2. Comparison of the 9q map based on the human genome sequence
from October 2000 and December 2001.

The map on the left was based on the human genome sequence as of October 2000
and was the map used for selecting loci for the 934 SNP analysis. The map on the
right was based on the December 2001 human genome sequence and shows how
the loci are now in different positions on 9q and in relation to ABO. The genes in
bold were the ones analysed for LOH and for analysing allelic expression. The
position of the loci was based on the USCS Genome Browser
(http://genome.cse.uscs.edu).



DAPK! ALAD ALAD EPB72 CDK9 FPGS AKl1 PPP2R4 ABLI ABLI ABLI POMT POMTI RALGDS SURF2 (8G

ID SAMPLE

Tasl Mspl  Rsal Rsal EcoN1 BstN1  Tagl Hinfl. BstN1. Cfol Maell 1BstN1 Hpall BsiE| Alul
N1 PBMNC| nd GG CT AA | AG CT AC nd CC AA cC nd nd nd GG GT
N3 PBMNC| AG | GG CT AG nd CT AA nd CC AA cC nd nd CC AA | GG
N4 PBMNC| nd GG CC AA nd ©L. CC nd CG_| AG CT nd nd T AA | GG
N6 PBMNC | _nd GG TT AA nd nd nd nd cC AA cC nd nd nd GG nd
N7 PEMNC| AA | GG El. GG _|_GG T AA nd CC AA CC CC GG CT GG | _GT
N8 PEMNC| AA | GG CT AG | GG TT AA nd cC AA cC CC GG TT AG GT
N9 PBMNC| nd GG 1T AA | GG TT AA nd cC AA cC nd nd TT AA | GG
N0 | PBMNC| AA | CG TT AA | AA CT CC nd cC AA | CC nd nd CT AA TT
N14 PB MNC nd GG CT GG nd TT AC nd CC AA CC nd nd nd GG GG Table 6.1. SNP genotypes for 9q
Ni5 | PBMNC| nd GG CC GG nd TT cC nd CC AG cC nd nd nd GG_| GG it
N6 [PBMNC| md | CG | CT | AG | _nd | CT | AC nd CC | AA | CC | nd nd nd o6 [ ¢ | loci in normal samples and
Ni§ | PBMNC| AA | GG TT AA | AG CT | AA TT CC AA | CC CT GG CT AG | GG | leukaemic cell lines.
N19 | PBMNC| nd GG CT AA | GG | TT AA AA CG | GG g CC GG T AG | GT | The loci are shown in order from
N20 | PBMNC| nd GG CT AG nd TT AA T CC AG CC nd nd CC GG TT )
o1 [PEMNC| nd | GG | CT | AA | nd | _TT | AC d CC | AA | CC | nd nd cc 166 | Gr ] centromere to telomere using the
N22 PBMNC| AA GG CT AA AG CT AA AT CC AG cC CcC GG CT AA GG | December 2001 human genome
N23 PBMNC | AG GG TT AA nd CT AA AT CC AA CC nd nd cC AA GT : :
o4 [PEMNC] nd | 6G | CT | AA | AG | _CT | AC nd CC T AA | nd | nd nd nd So Tt | mapping data. The locus is shown
N25 | PBMNC| AA | GG | TT | AG | AA | CT | AA nd CC | _AA nd nd nd nd GG nd | above each column with the
N26 PBSC nd CG TT AG nd T AA nd nd nd nd nd nd nd nd GG restriction  enzyme used for
N27 PBSC AG | GG cC AA | AG CT AA AA CG nd nd nd nd nd AG T )
N T PEse T 66 1 66 1 7f | 6G | GG | TT | AA | Tt | CC | AA | nd | CC | GG nd ~d T pa | genotyping the SNP. The genotype
N20 PBSC AG GG CT AA GG TT AC TT CG nd nd CC GG nd AG GT | at both alleles is shown for each
N30 PBSC AA | CG CT AA | _AG CT AC nd CC AG nd nd nd nd GG GT | SNP. 'nd' is not done. '-' refers to
N31 PBSC AG | GG CT AG | AG CT | AA AT CC AA nd cC GG nd GG TT
N32 e T 66 T 66 | T | Ar | GG | TT | AA | T& | CC | AA | nd | nd nd nd 6 T o] the lack of a PCR product even
K562 cellline | AA GG TT AA AA CT cC T CC | AG* | CT* TT GG TT GG GG | after a secondary PCR. Samples in
KCL22 cell line AA GG CT AG AG CT AA AA CC AA CC CC GG TT AA GG bold with a star had changes in
SW48 cell line nd GG CT AG nd CT AA nd CC AA CcC nd nd TT AG GT
TIMI215 | cell line | _nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd_| allele dosage.
HEL cellline | _AA | GG 1T AA | AA CT | AA TT cC AA nd CC GG cC AA | GG
HL60 cell line nd GG TT AA GG TT AA AT CcC AA nd nd nd nd AA GG
CCRF-CEM| cell line - nd nd - AA CC - TT - nd nd nd nd nd - nd
EM2 cell line | GG nd nd AA | GG | TT AA TT cC AA nd CC GG nd GG T7T
RAJL cell line | GG |GG CT AG | GG CT CC AT cC GG nd TT GG nd GG | GG
Jurkat cell line AA CG CT AA GG TT AA TT CcC AA nd CT* AG nd AG GG
BM1 BM AA cG TT AA | AA CT AA AT cC AG nd nd nd nd AG nd
BM2 BM nd GG CT AG | AA CT AC nd cC nd nd nd nd nd GG | GG
BM3 BM AG | GG CT AA | AG CT AA AT CC AG nd nd nd nd AG | GG




6.2.1.2 9q34 SNP Analysis in Leukaemic Cell Lines

The genotypes for the SNPs in the leukaemic cell lines are shown in Table 6.1. There were no
allele dosage changes seen in any of the normal individuals but this was not the case for the
leukaemic cell lines. The Jurkat cell line had an allele dosage shift for POMT! (Figure 6.3A)
which is located at 9q34.13 and is adjacent to the chromosomal region harbouring ABO. This
cell line was also shown to have an allele shift for ABO (Chapter 4). The leukaemic cell line
K562 showed an allele dosage change for the ABLI locus, which is closer to POMTI than
ABO (Figure 6.3B). The cell line CCRF-CEM is known to have extensive chromosome 9
deletions and rearrangements as seen by its karyotype: 90(88-101)<4n>XX, -X, -X, +20, +20,
t(8;9)(p11;p24)x2, der(9)del(9)(p21-22)del(9)(q11q13-21)x2; sideline with +5, +21,
add(13)(q373), del(16)(q12) (http://www.dsmz.de/). Therefore, it was not surprising that for
some 9q loci, that is, ABL1, AKI, DAPK, EPB72 and SURF2 it was not possible to PCR
amplify from CCRF-CEM, even after a secondary PCR amplification. It is interesting that
CCRF-CEM has a pattern, from centromere to telomere, of negative for EPB72, positive for

CDK9 and FPGS, then negative for AK], positive for PPP2R4 and negative for ABLI.

B. M 1 2 3 4 5

e e S e e e

—-— e

T T PR e
-——

Figure 6.3. Allele dosage changes in leukaemic cell lines.

A. M refers to the marker pUC19/Hpall. Lane 1 is uncut POMT] PCR products while lanes 2-10 are
POMT] PCR product digested with BstNI. Lanes 2-6 are leukaemic cell lines HEL, Jurkat, K562,
KCL22 and Raji respectively. Lanes 7-10 are samples from normal individuals N28, N29, N31 and N18
respectively. Lanes 2, 5, 7, 8 and 9 genotype as ‘CC’ at the SNP while lanes 4 and 6 genotype as “TT’.
Lanes 3 and 10 are heterozygous, ‘CT’, but Jurkat has an allele dosage shift when the intensity of its
bands are compared to the heterozygous normal sample in lane 10.

B. M refers to the marker pUC19/Hpall. Lane 1 is uncut ABL PCR products while lanes 2-5 are ABL PCR
product digested with Cfol. Lane 2 is a heterozygous normal sample N20, lane 3 is the heterozygous
sample K562 while lanes 4 and 5 are homozygous samples from KCL22 and SW48 respectively.
Comparing lanes 2 and 3 shows the allele dosage shift in K562 at this locus.
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6.2.1.3 9q34 SNP Analysis in Leukaemic Patients

The SNP data for 80 patients is summarised in Table 6.2. The heterozygous frequencies for
the various SNPs are comparable to the normal individuals. Only a small number of shifts in
allele dosage were evident. An allele dosage shift was seen for patient F3 at the POMTI
locus. This patient had no ABO or FUTI alterations at the mRNA level when compared to
normal samples but the flow results were unclear due to transfusions. POMT] is found at

9934.13 while ABO is located at 9934.2, in between RALGDS and SURF2.

Patient F11 had an alteration at PPP2R4 and is an 4’0’ patient that does not express the 4’

allele. Patient F21 had a shift at POMTI and had no ABO alterations.

F22 was the only patient that had an allele dosage shift for more than one locus. This patient
had an alteration at AK7 and DAPKI. DAPK] is localised to 9q21.33, while AK/ is found at
9q34.11. This patient had numerous cytogenetic abnormalities (Table 3.2) but none involved

chromosome 9. This patient had no ABH alterations.

Patient F54 had no ABH alterations but had an allele dosage shift at POMTI. F60 is a loss of
A patient with a dosage alteration at POMT! and OT17, the non-leukaemic patient with an

ABOQ duplication, had a dosage alteration at PPP2R4.

Another interesting observation was that all patients were informative for more that one SNP
except for F24 which was informative for 1/11 SNPs, F25 which was informative for 1/15
SNPs and OT27 which was informative for 1/11 SNPs. F24 is a loss of B patient while F25 is
a loss of A patient. Since the samples can be quite pure and contain high amounts of
leukaemic blasts, it is possible that the reason for these patients not being informative for

more that one loci is that they may have LOH but it is not seen due to the lack of normal cells
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which would give the PCR signal for both alleles. A normal sample would be required,

possibly from isolating the T-cells from the specimens or by a buccal cell sample.

An interesting observation is that 6/8 alterations occur at POMT! and PPP2R4 (Table 6.3)
which are relatively close to each other on chromosome 9q34. It may be that one of these loci
is a potential tumour suppressor gene or that one lies within this area. The other interesting
observation is that 50% of the alterations occur at POMTI, which is in 9q34.13, not too

distant from 4BO at 9q34.2.

Of the 7 patients with allele dosage alterations, 3 had alterations in A mRNA expression (F11,
F60 and OT17; Table 6.3 and Table 4.7). Two of the patients were o0'o’ homozygotes so loss
of one O allele would not be scen since there are two copies. Loss of the O allele can not be
assessed by flow cytometry since the O allele encodes for an inactive transferase. Therefore,
3/5 patients have allele dosage alterations and alterations in 4 mRNA expression. This may
indicate that the change in ABO expression in these patients may be due to other 9q loci

alterations or regional silencing of the chromosomal region harbouring ABO.

One of the loci that had allele dosage shifts was POMT1I. There is not much data on POMT!
except that it encodes a protein with high homology to the yeast mannosyl-transferases. It is
expressed at the highest levels in testis and foetal brain. POMT! may be involved in O-
mannosylation, an essential protein modification, and is the first of its kind to be discovered
in humans (Jurado et al, 1999). The conservation of POMT1 among other species supports the
fact that O-mannosylation is an essential physiological process. O-mannosylation starts at the
endoplasmic reticulum with the transfer of mannose to seryl or threonyl residues of secretory
proteins (Strahl-Bolsinger et al, 1999). This reaction is catalysed by a family of protein O-

mannosyltransferases, of which POMTI belongs. O-mannosylation is rare in mammals
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occurring in a limited number of glycoproteins of brain, nerve and skeletal muscle (Endo,
1999). POMT1 is also a homologue of the Drosophila melanogaster rotated abdomen gene,

which is involved in embryonic muscle development (Jurado et al, 1999).

PPP2R4 regulates the protein phosphatase 2A (PP2A) protein. PPP2R4 is also known as
PTPA and is ubiquitously expressed. PPP2R4 lacks a TATA or CAAT-box but contains a
CpG island surrounding the transcription initiation site (Janssens et al, 1999). Studies of yeast
homologues of PPP2R4 indicate that it is essential for G1 progression in the cell cycle
(Mitchell and Sprague, 2001). The loci that are mapped in between PPP2R4 and POMTI
include ABL! and NUP2I4 (also known as CAN or CAIN), which are involved in
translocations in myeloid leukaemias. This may indicate that this region of 9q is a potential

region harbouring a tumour suppressor gene(s) implicated in myeloid malignancies.

6.2.2 Expression of 9q34 Loci SNPs

Once all the samples had been genotyped, it was very simple to use the SNPs to look at allelic
expression, similar to how the restriction enzymes created by the polymorphic differences
between the various ABO alleles were used to assess the allelic expression of ABO alleles. For
some loci, primers could be designed that did not amplify genomic DNA, resulting in a larger
pool of patients that could be analysed. For some of the SNPs, it was impossible to design
new primers to avoid genomic DNA contamination so the same primers used for genotyping
the SNP were used for the expression analysis, except that the RNA was DNase I treated
before being reverse transcribed. There was not sufficient material to do this for all of the

patients but as many as possible were analysed.
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DAPKI  ALAD  ALAD EPB72 CDK9  FPGS AKI  PPP2R4  ASS ABLI ABL1 ABL1  POMTI POMTI RALGDS SURF2 C8G

Tasl Mspl Rsal EcoNI = BstN1 Taqgl Hinf1 Nialll  BstN1 Cfol Maell BstiN1 Hpa 1l BsiE 1 Alul Ddel
F3 AA GG TT AA AG CT AA AT CC CC AA nd CT* GG nd GG GT
F4 AA GG CT AG AA CT nd AA nd CC AA nd nd nd nd AG GT
F7 AA GG cC AG AG CT AA TT nd CE AA CC CC GG nd GG GG
F9 AG GG TT AG GG TT AA AT nd CG AG CT CT GG nd GG GG
F10 AA GG CT AG AG CT AA TT nd CC AA CC CC GG nd AG GG
F11 AG CG CT AA AG TT AA AT* nd CC AA nd nd nd ud GG GG
F12 AA GG T AA AA CT AA AT nd CcC AA nd nd nd nd nd GT
F13 AA CG TT AG GG TT AC TT nd CG nd nd nd nd nd GG GT
F14 AG GG CT AG GG TT AA nd nd CcC AA nd nd nd nd GG GG
F15 AG GG CT AA AG CT AC AT nd cC AA nd nd nd nd AG TT
F17 AG GG CC AA AG CT AC AT nd CC AA nd nd nd nd AG TT
F19 GG nd nd AG GG CL nd AT nd CG nd nd nd nd nd nd nd
F20 AG GG CT AA AG CT CC TT CC CcC AG cC cC GG nd GG GG
F21 AA GG TT AA AG CT AC TT CC CcC AA nd CT* GG nd AG GG
F22 AG* GG CcC AA nd T AC* nd nd CC AA CC nd nd nd GG GG
F23 AA GG CT AG AG CT AC AT nd CG nd nd nd nd nd AG TT
F24 AA GG TT AA GG TT AA TT nd CC AA nd nd nd nd nd GT
F25 AG GG CC AA GG TT AA TT nd CC AA CC CcC GG nd GG GG
F27 AA GG CT AA AG CT AA AA nd CG GG CT CcC GG CT AA GT
F30 AG GG T AG GG TT AA AA nd CcC AA nd CC GG nd AG GT
F31 nd GG TT GG AG CT AA AT nd CC AG nd CT AG nd AG nd
F32 AA CG TT nd nd CT AC nd CC CcC nd nd nd nd CT nd GT
F37 AA GG CT AG nd nd AA TT nd CC AA CC nd nd CT nd GG
F38 GG GG CcC AG AG CT AA TT nd CC AA nd CC GG CT AG GT
F39 GG GG CT GG AA CT AA TT CT CG AG CT CcC GG nd GG GT
F41 nd nd nd AG GG TT AA nd nd nd nd nd nd nd nd nd GG
F42 AA GG TT AA AA CT AA TT nd CC AA CC nd nd nd AG TT
F43 AA GG CC AG GG TT AC AA nd CcC AA nd nd nd nd nd nd
F44 AA CG TT AG AG CT AA TT nd CC nd nd nd nd nd AG GT
F45 AG CcG CT AG GG TT AA AA nd CC AA nd nd nd nd AA TT
F46 AG GG CT AA AG CT AA TT nd CC AA CC CC GG nd GG GG
F48 GG GG CT AA GG CT AC TT nd CcC AA nd nd nd nd AG GG
F50 AG GG T AA AG CT AA AT nd CcC AA CC CT AG nd AA GT
F51 AG GG CT AG AG €T AA TT nd CcC AA CC TT AA nd GG TT
F52 AA GG CT AG AA CT AC TT nd CC AA CC nd nd nd AG GG
F53 AA GG CT AA GG TT AA TT nd CG nd nd CC GG nd nd GT
F54 nd GG CT AG AA nd AA nd nd CC nd nd TT AG* nd nd nd
F57 AA GG CT AG GG TT AA AA nd CC AA CcC CT AG nd AA T
F58 AA GG CC AA GG TT CC TT nd CC AA nd CT AG nd AA GT
F59 AA GG CT AG AG TT AC nd nd CC nd nd nd nd nd nd GG
F60 AG GG TT GG GG TT AA T nd CE AA nd CC AG* TT GG GG




ID

DAPKI

Tasl

ALAD

Mspl

ALAD EPB72
Rsal

Rsal

CDK?9
EcoN1

FPGS
BstN1

AK]T
Tag

PPP2R4

Hinfl

ASS
Nia1ll

ABLI
BstN1

ABL1
Cfol

ABL1
Maell

POMTI POMTI RALGDS SURE2

BstN1_ Hpall

BsiE |

Alul

C8G
Ddel

OT2 AA GG CE AA AA CT AA TT CC AA GG
0T3 AG GG CcC AG AG CT AA AT CC CcC AA CC CcC GG CT GG GG
OT5 AA GG CT AG AA CT AA TT CC CcC AA nd nd nd nd AG GT
oT9 AA GG [&(e] AG AA CT AA TT nd CC AG nd nd nd nd nd TT
OTI6 AG GG CT AA AG T AC TT nd CC AA nd CC GG nd nd TT
OT17 GG GG CT AG AA CT AA AT* CC CC AA CcC nd nd nd AG ET:
OT19 AA GG CC AG nd CT AC AA CT CC AG CC nd nd nd AG GT
0T20 AG GG TT AA GG TT AA T CcC CG AG CT nd nd nd GG GT
0T21 AG GG CcC AA AA CT AA AT nd CC AA CC nd nd nd GG GT
0T22 AA GG CC AA GG TT AA AT nd CC AG nd nd nd nd AG nd
0T23 AA GG CT AG GG TT AA AT nd CC AA nd nd nd nd AA GT
OT25 nd GG CT AG GG TT nd TT nd CG AG T nd nd nd AG TT
0T26 AG GG CT AG AG CT AA TT nd CC AA nd nd nd nd GG GG
o127 AA CC TT AA AA CT AA AA nd CC AA nd nd nd nd nd GG
OT28 AG GG CT AA AG TT AA TT nd CcC AA nd nd nd nd nd nd
0T29 AG CG TT AG AA CT AA AA nd CC AG nd nd nd nd AG GT
OT30 nd CG nd AA nd nd nd nd CT CC AA CC nd nd nd AG nd
0T31 nd CG nd AA nd nd nd nd T CC AA CE nd nd nd GG nd
0T32 nd GG ngd AG nd nd nd nd CT CC AA CcC nd nd nd GG nd
0T33 nd GG nd AA nd nd nd nd CC cC AN CC nd nd nd AG nd
0T34 nd GG nd AA nd nd nd nd CC cC AA CcC nd nd nd AA nd
0T35 nd GG nd AA nd nd nd nd CT cC AA CC nd nd nd AG nd
0OT36 nd GG nd AA nd nd nd nd CcC CC AA CC nd nd nd AG nd
OT37 nd GG nd AA nd nd nd nd TT CcC AA CcC nd nd nd AG nd
OT38 nd GG nd AA nd nd nd nd CT CC AA CC nd nd nd GG nd
0T39 nd GG nd AA nd nd nd nd TT CC AA CC nd nd nd GG nd
0T40 nd GG nd AG nd nd nd nd TT CC AG CC nd nd nd AG nd
0T41 nd GG nd AA nd nd nd nd CC nd AG CcC nd nd nd AG nd
0T42 nd GG nd AA nd nd nd nd CC CC GG CC nd nd nd AA nd
DOK1 AG GG CT AA AG CT AA TT nd CC AA nd nd nd nd AG GT
DOK2 AG GG CC AG GG T AA AT nd CC AG nd nd nd CT AG GG
DOK3 AA GG CT AA AG CT AA TT CC CG nd nd nd nd nd nd nd
DOK4 AA GG CC nd GG TT AA AT nd cC nd nd nd nd nd nd GT
DOKS AA GG € AA GG TT AA TT nd CG AG CT nd nd nd GG GT
DOKG AG CG CT AA AA CT AA T nd CC AG CcC nd nd nd AG GG
DOK?7 AG CG TT AG AG CT AA TT nd CC AG nd nd nd nd nd GG
DOKS AG GG TT AG AG CT AC AA nd CG AG nd nd nd nd nd GT

Table 6.2. SNP genotypes for the 9q loci in patient samples.

The loci are shown above each column with the restriction enzyme used for PCR-RFLP genotyping. The genotype at the SNP for both alleles is shown. The
loci are shown in order from centromere to telomere based on the December 2001 mapping information. Samples in bold with a star had changes in allele
dosage. 'nd' is not done.



DAPKI
Tas1

ALAD  ALAD  EPB72

Mspl

Rsal

Rsal

CDK9
EcoN1

FPGS
BstN1

PPP2R4
Hinf1

ASS
Nila I

ABL1
BstN1

ABLI1
Cfol

ABLI
Maell

POMTI
BstN1

POMT!1 RALGDS SURF2

Hpall

BsiEl

Alul

C8G
Ddel

F3 AA GG TT AA AG CT AA AT CcC CcC AA nd CT* GG nd GG GT
F11 AG CG CT AA AG 1T AA AT* nd CcC AA nd nd nd nd GG GG
F21 AA GG TT AA AG CT AC TT CcC CcC AA nd CT* GG nd AG GG
F22 AG* GG CcC AA nd CT AC* nd nd CcC AA CcC nd nd nd GG GG
F54 nd GG CT AG AA nd AA nd nd CcC nd nd TT AG* nd nd nd
F60 AG GG TT GG GG TT AA TT nd CcC AA nd CcC AG* TT GG GG

OT17 GG GG CT AG AA CT AA AT* cC CcC AA CcC nd nd nd AG TT

Table 6.3. A summary of the SNP genotypes for the 9q loci in patient samples with allele dosage alterations.

The locus is shown above each column with the restriction enzyme used for PCR-RFLP genotyping. The genotype at the SNP for both alleles 1s
shown. The loci are shown in order from centromere to telomere based on the December 2001 mapping information. Samples in bold with a star
had changes in allele dosage. 'nd' is not done.




6.2.2.1 9q34 Loci Expression in Normal Individuals and Leukaemic Cell Lines

All normal samples that were heterozygous showed bi-allelic expression (Table 6.4). Due to
time constraints, not all the SNPs could be investigated in all the normal samples. However, a
sufficient number of SNPs were chosen so that they were representative of the entire panel in

terms of the regions of 9q that were assessed.

6.2.2.2 9q34 Loci Expression in Leukaemic Patients

The allelic expression of the various 9q loci using SNPs is shown in Table 6.5.

F11 is an AML patient that had loss of A expression (Table 4.7) and had mono-allelic
expression of the loci DAPKI and PPP2R4 (Figure 6.4). This patient had an allele dosage

shift for PPP2R4 but not for DAPKI (Table 6.3).

F15 was a CML patient with no ABH alterations but displays mono-allelic expression of
DAPK1, ALAD, CDK9, AK1, PPP2R4 and SURF2 (Figure 6.4). This patient had mono-allelic
expression for every locus tested though they showed no allele dosage shifts for any of these
loci. Mono-allelic expression was not seen for ABO which lies in the midst of all these loci.
There is no cytogenetic information for this patient but it is unlikely that they have a

chromosome 9 deletion since this sample does not have any allele dosage shifts.

PP -~

Figure 6.4. Loss of allelic expression in PPP2R4.

M refers to the marker pUC19/Hpall and lane 1 is N32, a homozygote for PPP2R4. Lanes 2-4 are
heterozygous PPP2R4 samples Raji, OT3 and DOK2, respectively with bi-allelic expression seen by
two bands after digestion with Hinfl. Lanes 5-8 are F11, OT22, F15 and F17, respectively, and they
are all heterozygous for PPP2R4. F11 had an allele dosage shift for this locus and after digestion with

Hinfl, F11 and F15 only had one band indicative of mono-allelic expression (lanes 5 and 7).
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F23 is a CML patient with no ABH alterations but displays mono-allelic expression of AK].
F24 is an AML patient with loss of B and mono-allelic expression of C8G, which is telomeric

to ABO. This patient was not informative for any of the other 10 loci tested.

F27 is an AML patient with loss of A and H and has mono-allelic expression of CDK9 which
is centromeric to ABO. This patient had bi-allelic expression for ALAD and C8G, which lic on
either side of CDK9 and ABO (Figure 6.2). This may suggest that a tumour suppressor gene
lies in between this region, 9q34.11-q34.1 and POMTI and PPP2R4, which showed the most
allele dosage shifts, lie in this region and may be potential tumour suppressor genes. This

patient was not informative for these loci.

F30 1s a CML patient with loss of H and does not express DAPK . This patient does show bi-
allelic expression for 3 other loci and positive expression for another 5 loci however, DAPKI
is extremely distant from all the other loci. F42 is an AML patient and F44 is a MDS patient
with no ABH alterations but they do not express DAPKI. They do express all the other 9q
loci. F46 is an AML patient with loss of A and negative expression for DAPKI. Again, this
patient expressed all other 9q loci. It seems that DAPK may be targeted for silencing in these
patients or that it may reside adjacent to the gene that is the target, but is itself silenced in a

global chromosomal tide.

F50 is an AML patient with loss of H and mono-allelic expression of C8G while patient F51
is an AML patient with loss of A and mono-allelic expression of DAPKI. F50 and F51
express other 9q loci, though F50 was only tested for one other locus. F60 is a CML patient
with loss of A and the one locus it was informative for, DAPKI, shows mono-allelic

expression.
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OTS5 is an ALL patient with mono-allelic expression of C8G while OT16 is a CLL patient
with loss of A and negative expression for DAPKI, EPB72 and PPP2R4. There was no
cytogenetic information available for this patient, however, they had positive 9q expression
for all the other 9q loci. OT20 is a MDS patient with mono-allelic expression of ABL/ and no
expression for DAPKI and PPP2R4 but positive expression for the remaining 9q loci. OT22
is a CML patient with mono-allelic expression of ABLJ but not for other loci while OT26 is
negative for DAPKI but positive for all other loci. OT29 had mono-allelic expression of
ABLI and negative expression for DAPK but expresses all other loci accordingly. DOK1 and
DOKS8 are both loss of A patients, with mono-allelic expression of C8G and ABLI

respectively.

All loci had at least one sample with an alteration and 4K/ and CDK9 had 2 samples with
alterations. ABLI had 4/32 and PPP2R4 4/30 samples with alterations while C8G had 5/49
samples with expression changes (Figure 6.4). The most frequently affected locus was

DAPK 1 with 13/31 (42%) samples showing expression alterations (summarised in Table 6.6).

Of all the patients assessed, 21/54 had expression alterations. If O’O’ patients are excluded,
since loss of O can not be assessed by flow cytometry and loss at the mRNA level would not
be seen due to the presence of two O'alleles, 8/18 patients with 9q loci expression alterations
also had ABH antigen or ABO mRNA alterations. Patients with loss of the H antigen by flow
cytometry were included as loss of H can mask loss of A or B antigen expression. This means
that nearly 50% of patients with ABO alterations have other 9q loci expression alterations

supporting the notion that this chromosomal region may undergo regional silencing.
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SAMPLE ALAD EPB72 PPP2R4 ABL1 SURF2

N7 PB MNC nd nd

N10 PB MNC nd + nd nd nd nd nd nd ER
N18 PB MNC nd i nd nd nd nd nd nd nd
N19 PB MNC nd bi nd nd nd nd nd nd bi
N20 PB MNC nd bi bi nd nd nd nd nd nd
N22 PB MNC nd bi nd nd nd nd nd nd nd
N23 PB MNC nd + nd nd nd nd nd nd bi
N24 PB MNC nd bi nd nd nd nd nd nd bi
N25 PB MNC nd + nd nd nd nd nd nd +
N26 PBSC nd bi bi nd nd nd nd nd +
N27 PBSC nd + nd nd nd nd nd nd +
N28 PBSC nd + nd nd nd nd nd nd +
N29 PBSC nd nd nd nd nd nd nd nd bi
N30 PBSC nd bi nd nd nd nd nd nd bi
N31 PBSC + bi bi bi + bi + nd +
N32 PBSC + nd + + + + + bi nd
KCL22 cell line nd bi - nd nd nd nd nd nd
SW48 cell line nd bi bi nd nd nd nd nd bi
LIMI1215 cell line nd + nd nd nd nd nd nd +
HEL cell line + + - + + nd + + +
CCRF-CEM cell line nd + nd nd nd nd nd nd -
EM2 cell line - + + + + nd + + +
RAJI cell line - bi bi + + bi + + -
Jurkat cell line nd bi nd nd nd nd nd nd +
BM1 BM + bi + + + bi bi bi +
BM3 BM bi bi + bi + bi bi bi +

Table 6.4. Allelic expression using SNPs for various 9q loci in normal samples and leukaemic cell lines.

The loci are shown in order from centromere to telomere. 'bi' refers to the presence of both alleles after restriction enzyme digestion of the PCR
product amplified from cDNA, that is, bi-allelic expression. '+ refers to the locus being expressed in that sample but allelic expression could not
be determined since it was not informative at that SNP. '-' means that sample did not express that gene as no PCR product was generated from the
cDNA. 'nd' means not done.



1D DAPK ALAD EPBR72 (6/))¢) AK1 PPP2R4 ABL [ SURF2 C8G
F2 nd |- nd nd nd nd nd nd bi
F3 + + + bi + bi + + bi
F4 nd bi nd nd nd nd nd nd +
F7 + o+ bi b + + + + +
F11 mono bi + b 3 mono = + i
F12 nd + nd e nd nd nd nd nd
F13 nd bi nd nd nd nd nd nd bi
F14 nd bi nd nd nd nd nd nd +
F15 mono mono G mono mono mono + mono +
F17 bi + nd bi bi bi + bi +
F19 nd + nd nd nd nd nd nd +
F20 2t nd e bi + + bi + +
F21 + + + bi bi + + &1 +
F22 nd + nd nd nd nd nd nd +
F23 + nd bi bi mono nd + bi +
F24 + + + + + + + + mono
F27 + bi + mono + + + + hi
F30 - + bi + + + + bi bi
F31 nd + nd nd nd nd nd nd +
F32 nd i nd nd nd nd nd nd I
F37 nd bi nd nd nd nd nd nd +
F38 + + bi bi =+ + i bi bi
F39 + bi + + + + bi i bi
F42 - nd + + + + + bi +
F43 nd + nd nd nd nd nd nd +
F44 - bi bi bi + + + bi bi
F46 - nd + bi + + + + nd
F48 nd bi nd nd nd nd nd nd +
F50 nd bi nd nd nd nd nd nd mono
F51 mono bi bi bi + + + + +
F52 - nd bi + hi + + bi -
F53 nd nd nd nd + nd + nd bi
F59 + bi bi b1 bi + + + +
F60 mono + + + + + + + +
oT2 + + + ¥ ¥ ¥ ¥ bi +
0T3 bi + bi bi + bi + + +
OT5 nd bi nd nd nd nd nd nd mono
OT9 nd 15 nd nd nd nd nd nd +
OTl16 - bi - bi bi : + + +
OT20 - + + + + - mono + +
OT21 nd + nd nd nd nd nd nd bi
0T22 + + + + + bi mono bi ES
0OT23 nd bi nd nd nd nd nd nd +
0T26 - bi bi bi + + + + +
0T27 nd + nd nd nd nd nd nd +
0OT28 nd + nd nd nd nd nd nd nd
0T29 - bi + + + + mono bi bi
DOKI1 bi bi + bi + + + bi mono
DOK2 bi + bi + + bi bi bi +
DOK3 nd + nd nd nd nd nd nd nd
DOKS5 nd + nd nd nd nd nd nd 3+
DOK6 bi bi + + + + bi bi +
DOK?7 nd bi nd nd nd nd nd nd nd
DOKS bi nd bi bi bi + mono + bi

Table 6.5. Allelic expression using SNPs for various 9q loci.

The loci are shown in order from centromere to telomere. 'bi' refers to the presence of
both alleles after restriction enzyme digestion of the PCR product amplified from cDNA,
that is, bi-allelic expression. 'mono' refers to mono-allelic expression at that locus. '+
refers to that locus being expressed in that sample but allelic expression could not be
determined as it was not informative at that SNP. '-' refers to that sample not expressing
the locus in question since no PCR product was generated from the cDNA of that sample.
'nd' is not done.




F11 mono bi + bi + mono + + +
F15 mono mono + mono mono mono + mono +
F23 + nd bi bi mono nd + bi +
F24 + + + + + + + + mono
F27 i bi + mono + + + + bi
F30 - + bi + + + + bi bi
F42 - nd + + + + + bi +
F44 - bi bi bi + + + bi bi
F46 - nd + bi + + + + nd
F50 nd bi nd nd nd nd nd nd mono
F51 mono bi bi bi + + + + +
F52 - nd bi + bi + + bi .
F60 mono + + + + + + + +
OTs nd bi nd nd nd nd nd nd mono
OT16 - bi - bi bi - + + +
0OT20 - + + + + - mono + +
0T22 + + + + i bi mono bi +
OT26 - bi bi bi + + + + +
0T29 - bi + + + + mono bi bi
DOK1 bi bi + bi + + + bi mono
DOKS bi nd bi bi bi + mono + bi

Table 6.6. A summary of allelic expression changes at 9q loci in patients with haematological
malignancies.
The loci are shown in order from centromere to telomere. 'bi' refers to the presence of both alleles after
restriction enzyme digestion of the PCR product amplified from cDNA, that is, bi-allelic expression. 'mono’
refers to mono-allelic expression at that locus. '+' indicates that locus is expressed in that sample but allelic
expression could not be determined due to homozygosity. '-' refers to that sample not expressing the locus in
question since no PCR product was generated from the cDNA of that sample. 'nd’ is not done.




6.3 Discussion

Allele dosage shifts at the 9q loci were not common but predominantly occurred at POMTI
and PPP2R4, which are both centromeric to ABO (Figure 6.2). For patients which had
available cytogenetic information (Table 3.2), chromosome 9 was not affected except for

CML patients with the BCR-ABL translocation.

POMT!] is involved in an essential protein modification process and is the first of its kind to
be found in mammals (Jurado et al, 1999). Disruptions in the Drosophila melanogaster
homologue of POMTI causes defects in embryonic muscle development, hence this gene may
be a candidate for genetic disorders of the muscular system, though its function has not yet

been characterised (Jurado et al, 1999).

PPP2R4 is highly homologous to genes in Drosophila melanogaster, yeast and Xenopus
laevis and shares 96.6% identify with rabbit PPP2R4 (Janssens et al, 2000). All the
homologues of PPP2R4 suggest it has a well conserved function and experiments with yeast
homologues of PPP2R4 have shown that its function is required for proper G1 progression
(Mitchell and Sprague, 2001). PPP2R4 is definitely a candidate for a potential tumour
suppressor gene involved in haematological malignancies, and whose inactivation may also
disrupt ABO. Further characterisation of PPP2R4 is required and the expression analysis of
PPP2R4 would need to be performed in the remaining patients and other patients with

haematological malignancies.
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Though changes in allele dosage were not common, there were many alterations when allelic
expression of these loci were examined. For patients with altered expression at more than one
9q locus, they spanned the whole chromosome. Since there were alterations spanning
chromosome 9, yet no deletion of this chromosome arm was evident, it is possible that
regions of 9q are targeted for global silencing by some epigenetic mechanism, like
methylation or acetylation, which silences chromosomal regions in X-inactivation and

imprinting.

The other possibility is that the situation in myeloid leukaemias is similar to bladder cancer,
which has 2 regions on 9q harbouring potential tumour suppressor genes, one at the proximal
end of 9q and one at the distal end. DAPK] is at the proximal end of 9q and is affected in
42% of samples tested hence it may be a potential tumour suppressor gene. This gene only
showed an allele shift in one sample but had expression changes in 42% of patients tested. It
is known that DAPK] is silenced by methylation in myeloid leukaemias (Aggerholm and
Hokland, 2000) and thus it is possible that this gene is silenced by this mechanism or other

mechanisms in myeloid leukaemias.

Another observation is that 21 patients had changes in expression of one or more 9q loci and
12 of these patients had ABH alterations by flow cytometry or RT-PCR, 10/21 (48%) had loss
of A or B or if looking only at myeloid malignancies, 9/17 (53%) had loss of A and B and
alterations at other 9q loci. Given that loss of the O allele can not be assessed by flow
cytometry or RT-PCR, and that approximately 40% of patients with haematological
malignancies will be 0'0’, at least 50% of patients with alterations at ABO, have changes at
other 9q loci. This suggests that these ABO alterations may be a marker for changes occurring
at potential tumour suppressor gene(s) on 9q or that ABO is inactivated by silencing of the 9q

chromosomal region by epigenetic mechanisms.
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LOH of 9q has also recently been identified in childhood de novo AML implying that there
may be the same gene targeted in adult AML cases (Sweetser et al, 2001). DAPKI is a likely
candidate as it has shown the most frequent alterations in this cohort of patients and because it
is a well-characterised tumour suppressor gene involved in apoptosis (Guzman et al, 2001,

Velentza et al, 2001).

Though rates of LOH were low in patient samples, the common finding of silencing of 9q loci
may indicate that chromosome 9q loci undergo regional silencing, such as in X-inactivation.
This could readily be investigated in DAPK, which is known to undergo methylation, and in

PPP2R4 which has a CpG island associated with its promoter.
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CHAPTER 7

Conclusion &
Directions




7.1 Concluding Discussion

The first aim of this PhD thesis was to develop a quantitative assay, using flow cytometry, to
assess the frequency and amount of ABH antigen change on red blood cells from patients
with leukaemia (Chapter 3). In the development of this technique, it was determined that
quantitative changes in flow profiles reflected different ABO genotypes. In total, 22/57
patients had alterations in ABH antigen expression. Loss of H in the O patients was seen for
6/28 patients and loss of H in the A/B patients was seen in 8/29 samples. This data combined
gave an overall frequency of loss of the H antigen of 25%. Loss of A or B was seen in 11/29
(38%) of the A/B patients. Fifty-five percent (16/29) of A/B patients showed alterations at
one or both of the loci. Changes in ABH antigens did not correlate with age, survival, disease
predisposition, AML subclass or cytogenetics. In conclusion, the systematic investigation of
alterations in ABH antigens elucidated that it occurred with relatively high frequency in

patients with haematological malignancies.

The second aim of this PhD was to determine the molecular mechanisms behind the frequent
observation of alterations of ABH antigens in patients with haematological malignancies
(Chapters 4 and 5). LOH and promoter methylation at the ABO locus were investigated, but
did not account for ABH antigen loss in a high percentage of cases. ABO was silenced by
methylation in some leukaemic cell lines that re-expressed ABO after treatment with the
demethylating agent 5-aza-2’-deoxycytidine. Some cell lines did not re-express even after
treatment with a demethylating agent so other mechanisms like acetylation or mutation may

be responsible for the loss of ABH antigens in patients with haematological malignancies.

Some patients with alterations in ABH antigens detected by flow cytometric analysis did not
have a corresponding alteration at the mRNA level. A better method to assess for ABH
changes, instead of assessing mRNA levels, may have been to assess the levels of the various

transferases in the individuals. This may have correlated better with the flow profiles.
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Loss of ABO expression at the mRNA level correlated with loss of A or B antigens when
assessed by serology (Denise O’Keefe, PhD thesis, 1995). Loss of A or B antigens by
serology requires alterations in over 50% of the cells and this explains why loss of 4 at the
mRNA level is seen in these patients. The abnormal population of cells detected by flow
cytometry often comprised between 10-20% of the whole population. Loss of ABO at the

mRNA level in these cells would be masked by the ABO expression of the normal cells.

Another problem encountered when assessing for ABO expression at the mRNA level was
that PB MNC and PBSC were not adequate controls. It was found that 40 PB MNC and
PBSC samples failed to express the A allele while BM AO samples expressed the 4 allele. BO
PB MNC samples had an identical expression pattern to BO BM specimens. The difference in
expression patterns of the 4O and BO PB MNCs may reflect the different enhancers
associated with the two promoters of these alleles. It is known that the B allele enhancer is

300-fold more efficient at promoting transcription than the 4 allele enhancer.

Alignment of ABO ests for the 4 and B alleles, which can be determined by using the
previously reported sequence variation between the alleles in the 3> UTR (Olsson and
Chester, 1995), suggested that the 4 3° UTR is longer than the B 3” UTR. It has been reported
that longer 3° UTRs are degraded more rapidly (Canete-Soler et al, 1998; Borrmann et al,
2001). This may explain the lack of 4 expression in PB MNC and PBSC samples, as the A4
allele mRNA is degraded more rapidly than the B allele mRNA. The increased number of
cells expressing ABO in BM compared to PB MNC and PBSC may account for the absence of

detectable A4 allele expression in PB MNC and PBSC.
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However, this does not explain why the O’ allele is expressed since it also has a longer 3’
UTR than the B allele. Expression of the O’ allele may be due to its enhancer which is the
same as the B allele, and 300-fold more active than the 4 enhancer (Yu et al, 2000). The lack
of expression of the 4° allele in PB MNC and PBSC but not in BM is also seen. The 4° allele
enhancer has four repeat units like the B and O’ allele but it has not been fully characterised
like the A’ , B and o’ enhancers, hence it may contain nucleotide substitutions that render it

less efficient than the B and O’ enhancers (Irshaid et al, 1999; Yu et al, 2000).

The unsuitability of PB MNC and PBSC as controls for normal mRNA expression was more
apparent when expression of the various alternative transcripts of FUT/ was investigated. PB
MNC samples do not express any of the FUT! alternative transcripts while PBSC samples
express exon 7 FUTI transcripts and BM samples express exon 2 and exon 7 FUTI
transcripts. This demonstrates that the population of cells within a BM sample have different
expression patterns than those of PB MNC and PBSC samples. These results indicate that PB
MNC and PBSC samples are not suitable controls for investigating alterations of FUT! or

ABO mRNA expression in patient BM samples.

Expression of FUT! in patients with haematological malignancies indicates that the exon 1
transcript does not play a role in the loss of the H antigen as it is not expressed in any of the
patients, except one, but is expressed in some leukaemic cell lines. The CpG island for this
exon was also methylated in normal samples and hence methylation may be responsible for

the silencing of this transcript in the patient samples.
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The exon 7 FUT] transcript was expressed in all patients except four. One of these, F39, had
loss of H antigen by flow cytometry and another, DOK2, had loss of A by serology. The other
two patients, OT3 and OT27 showed no alterations in ABH antigens. The CpG island
associated with this exon was unmethylated in normal samples but methylated in leukaemic
cell lines which did not express this transcript. Methylation may be responsible for silencing

of this transcript but the patients that did not express require further investigation.

The exon 2 FUTI transcript showed the greatest variation in expression amongst patients and
seemed therefore, to be the most relevant to investigate. Seven loss of H patients, as
determined by flow cytometry, were assessed for this transcript and 5 were negative. This
strengthens the hypothesis that this transcript may be responsible for the loss of H antigen
seen on the flow cytometer. Analysis of the methylation status of the CpG island associated
with exon 2 of FFUTI was complicated by the fact that normal PB MNC and PBSC samples
showed extensive methylation at this island, though BM samples could not be assessed due to
lack of material. However, sequencing may suggest that methylation of a CpG site, which
resides in the recognition sequence for the transcription factors Spl and AP-2, may be
associated with expression. More sequencing would be required. It is known that methylation
of CpGs within AP-2 sites abolishes the ability for AP-2 to bind to its recognition sequence

(reviewed in Singal and Ginder, 1999).

The third aim of this research project was to study genes on 9q, where the ABO locus is
located, and to use single nucleotide polymorphisms (SNPs) to analyse these genes for LOH
and mono-allelic expression as an indicator for tumour suppressor gene function (Chapter 6).
Markers were chosen on either side of 4BO and though the localisation of most of the loci
changed after they were chosen (Figure 6.2) this was advantageous as more loci were

telomeric to ABO. Six loci were analysed centromeric to ABO and two telomeric to ABO.
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POMTI and PPP2R4 are both potential 9q tumour suppressor loci that have not been
extensively characterised. Due to time constraints, investigation of the expression of POMT!
was not possible and PPP2R4 and DAPK] expression analysis needs to be performed on the
remaining patients, though this is limited by availability of patient material. POMT! and
PPP2R4 are highly conserved genes with important roles in protein modification and the cell

cycle, respectively, so their importance requires further investigation.

There were 6/8 allcle dosage shifts at POMT! and PPP2R4 (Table 6.3), which are relatively
close to each other on chromosome 9q34. These loci are possible tumour suppressor genes
that are not too distant from ABO and are separated by ABLI and NUP214 which are involved
in translocations in myeloid leukaemias. This region may be targeted for inactivation in

myeloid malignancies.

DAPK]1 had altered expression in 42% of patients, clearly making this gene of great interest.
This locus did not show LOH as most tumour suppressor genes do but was not expressed or
only mono-allelically expressed in many samples, suggesting its inactivation by other
mechanisms. This gene has been shown to be methylated in haematological malignancies thus
making epigenetic silencing a possible explanation for the silencing of this gene
(Katzenellenbogen et al, 1999; Aggerholm and Hokland, 2000). This gene is a well
characterised tumour suppressor gene involved in apoptosis (Guzman et al, 2001; Velentza et

al, 2001).

In conclusion, alterations in ABH antigens arc a common occurrence in haematological
malignancies but alterations at the ABO locus are not solely responsible. Changes at the FUT
locus may account for some loss of H observations. Changes in ABH antigens appear to be a
marker for other silencing events targeting potential tumour suppressor gene(s) at 9q. The
lack of numerous allele dosage alterations and the frequent mono-allelic expression indicates
that 9q may be targeted for regional silencing by epigenetic mechanisms.
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7.2 Future Directions

The continuing assessment of loss of ABH alterations in haematological malignancies seems
to separate a group of malignancies of which 50% have alterations at other 9q loci. Further
assessment of other 9q loci is required, especially genes known to be altered in leukaemia,
like ABLI and NUP214. The situation in haematological malignancies may parallel bladder
cancer which has two 9q regions harbouring potential tumour suppressor genes (Simoncau et

al, 1999).

LOH did not seem to be the mechanism for the inactivation of the potential tumour suppressor
gene, though the appropriate controls were not used in this study. It may be more appropriate
to use patient T-cells or buccal cells as normal controls. Further analysis of the other 9q loci,
for which assays were developed but time constraints prevented performing them, will also

help to clarify the role of LOH.

DAPK which in this study was found to be altered in 42% of patient samples, is known to be
methylated. ABLI on 9q34.12 is also methylated in CMLs. There may be global methylation
of this region, 9921-9q34, spanning DAPK! as the minimal region, and this may silence
potential tumour suppressor genes that are important in the pathogenesis of leukaemia,
especially those of the myeloid lincage. Further assessment of 9q loci for methylation is

necessary to determine if this is true.

The subset of patients with loss of H is a group of patients that have FUTI targeted for
silencing. Again, methylation appears important but bears further investigation. A larger
sample size of normal BM specimens needs to be analysed for methylation, possibly by
sequencing which may help determine which CpG sites are essential for expression or

silencing by methylation.
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In conclusion, it has been shown that the loss of ABH antigens in patients with
haematological malignancies is a signpost to the disruption of gene expression on the long
arm of chromosome 9. DAPKI, POMTI and PPP2R4, have been identified as potential
tumour suppressor genes. Further studies will elucidate the importance of these genes in
haematological malignancy though the lack of allele dosage changes and the frequent loss of
allelic expression indicates that the 9q chromosomal region may be silenced by epigenetic

mechanisms.
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