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Abstract
The incidence of childhood acute lymphoblastic leukaemia (B-ALL) has increased
since 1950s worldwide. The disease affects young children and it has physical and
psychosocial impacts on children and their families. Different theories have been debated in
the literature regarding the aetiology of B-ALL, and epigenetics has emerged lately as a
strong plausible oncogenic factor. We propose that B-ALL arise from fetal B-1 lymphocytes
that do not regress after birth and carry a specific epigenetic signature (TES DNA methylation
and CTGF expression). This project aims to develop sensitive protocols and reliable detection
methods to identify the fetal B-1 cells in archival fetal liver tissue, and in neonatal and cord
blood.
Methods: (1) CTGF expression: We used RT-PCR to detect CTGF mRNA expression using
various leukaemia cell lines. Western blotting was used to validate the specificity of antiCTGF antibodies. We selected positive and negative control cells for western blotting
experiments based on CTGF mRNA expression results. CTGF protein was overexpressed
using TGF-β induction and pcDNA3.1-CTGF transfection. The most specific anti-CTGF
antibody was used in flow cytometry, immunohistochemistry and dual colour
immunofluorescence. (2) TES DNA methylation: we developed a bisulfite-conversion
methylation specific qPCR protocol using tagged methylation-specific primers.
Results: (1) CTGF expression: CTGF mRNA was expressed in REH, RS4 (B-ALL cell lines)
and human skin fibroblasts. RAJI, MOLT4, JURKAT, and CCRF-CEM (leukaemia cell
lines) did not show CTGF mRNA expression. We selected these cells to be positive and
negative controls to use in western blotting for CTGF protein expression. Four commercial
anti-CTGF antibodies were used by western blotting but failed to show specificity. An
antibody against a synthetic short CTGF peptide was commissioned and showed specific but
weak results. We used the commissioned antibody in flow cytometry to detect CTGF protein
in transfected NALM6 cells, but our results were inconclusive despite detection of CD19
expression. We used formalin-fixed, paraffin-embedded tissue sections (human skin and
tonsils) and cell blocks (fibroblasts and MOLT4 cells) to evaluate the staining quality of antiCTGF antibodies by immunohistochemistry. We developed a common protocol for antiCTGF and anti-CD79a by immunohistochemistry and then we used both antibodies for dual
colour immunofluorescence staining. (2) TES DNA methylation: bisulfite-conversion
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methylation-specific endpoint PCR using TES methylation-specific primers showed the
ability to detect 2% of DNA methylated alleles. We used tagged methylation-specific primers
to minimise the effect of primer-dimers in qPCR analysis. Methylation-specific qPCR was
optimised to detect one methylated allele in the background of 500 unmethylated alleles.
Conclusion: CTGF protein investigations were unreliable because detection of a secreted
protein that is packaged inside Golgi vesicles is a challenge. We still consider CTGF as a
reliable candidate gene and we will develop a sensitive qRT-PCR protocol to detect CTGF
mRNA expression in neonatal lymphocytes to identify the fetal B-1 cells. We developed a
sensitive bisulfite-conversion methylation-specific qPCR protocol for the TES gene that is
able to detect 0.2% methylation.
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Chapter 1: Introduction
1.1 Acute Lymphoblastic Leukemia
Acute Lymphoblastic Leukaemia (ALL) originates from the malignant proliferation
and expansion of an immature lymphoid precursor cell1. ALL represents 30% of all
childhood cancers2, and approximately 80% of childhood leukaemias are acute lymphoblastic
compared to 20% of adult leukaemias1. The incidence is approximately 1–1.5 per
100,000 persons worldwide with a bimodal distribution and a higher frequency in children
(the peaks are at 4–5 years and 50 years of age, with incidences of 4 and 2 per 100,000
persons, respectively)1. Shah et al found that the peak mortality rate for ALL in England and
Wales was in the 1950s with an estimated death rate of 34.7 per million person-years (the
death rate was similar in Europe and United States)2. Despite the significant decrease in the
mortality rate for the second half of the 20th century (approximately 80% reduction for the
mortality rate for children under 5 years of age), the incidence was noted to be increasing by
4% every 5 years2.
Linet et al found ethnic variations in ALL incidence between 28 countries3. They
found the highest incidence of 47 per million person-years in Hispanic groups in Costa Rica
and Los Angeles (USA) while the lowest was estimated to be 9 per million person-years in
US blacks and Kuwaities. Linet et al suggested the incidence of ALL is medium to high in
Caucasians compared to other Europeans and it is highest in Australian and New Zealand
Caucasians. Dockerty et al found that ALL incidence was increasing by a rate of 2.2%
annually from the period of 1968–1990 in New Zealand, and there was no significant
difference between Maori and Non-Maori (incidence rate of 6.0 and 6.6 per 100,000 personyears for children under 5 years of age, respectively)4. The incidence rate significantly
increased in New Zealand boys (aged 0-4 years) from 4.89 to 7.92 per 100,000 persons/years
from the periods 1953-1957 to 1988-19905. On the other hand, Douglas et al calculated the
probability of 5 and 10 year survival of New Zealand ALL children from 409 cases who were
diagnosed from 1990–1993 to be 70% and 60%, respectively6. The 5 year survival rate for
ALL was similar for Maori and Pacific Islanders (62% and 80%, respectively), and the Cox
multiple regression analysis for death from ALL was insignificant for the stratified ethnicity
analysis (P-values = 1.09 [95% CI 0.45–2.62]; and 0.99 [95% CI 0.24–4.16], respectively)7.
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1.1.1. Is acute lymphoblastic leukaemia a disease of the “rich”?
Parkin et al showed the international incidence rate for childhood leukaemia in
50 countries, and ALL incidence rate was higher in the developed countries (such as
Denmark, USA, UK, and Sweden) with incidence rate of 5.2–7.1 per 100,000 person-years
for children under 5 years of age compared to 1.1–3.8 per 100,000 person-years in
developing countries (Brazil, Kuwait, Nigeria and India)8. Different theories have been
debated in the literature regarding the exact cause and pathogenesis of acute lymphoblastic
leukaemia based on reported ethnic variations. In 1988, two common theories were proposed
(Kinlen’s and Greaves’ theories) suggesting that the childhood acute leukaemia was a
manifestation of a delayed response to an infection9. Kinlen’s theory was based on the
exposure to infections due to increased population mixing and industrialization in urban
areas9. Greaves’ theory proposed that acute leukaemia develops from delayed exposure to
infancy infections later in childhood superimposed on an underlying genetic mutation9.
Smith’s theory in 1997 proposed that ALL is caused by in utero infections10.
Based on the reported incidence rates, Newton et al questioned the significance of
geographic variation in rates of ALL11. They argued that these theories were based on “false
assumptions” that ALL is a “disease primarily of the rich and that poverty confers some
protection”. Newton et al suggested that the underestimated incidence rate in developing
countries was mostly because cases were either unreported (constrains on the health system)
or undetected (3 out of 10 Sub-Saharan children die from severe infections before they reach
5 years of age).
Despite the false assumptions that ALL affects the rich, is there a correlation between
Greaves’ and Kinlen’s infection theories and the aetiology of ALL?
1.1.2. Is acute lymphoblastic leukaemia caused by a “viral” infection?
Both Greaves’ and Kinlen’s theories were based on the role of infection in causing
childhood leukaemia. These theories were debated intensely in the literature, and different
studies were designed to test them. McNally et al conducted a comprehensive review for all
of these studies and found contradicting results10. As an example, approximately 14 case
control studies investigated Smith’s theory about maternal exposure to infections. Eight of
these studies showed variable correlations with childhood ALL, while the other 6 studies
showed either no effect or no significant correlation. Findings from Dockerty et al could not
support any of the theories in the New Zealand population5. Dockerty et al recruited 121 New
2

Zealand ALL children who were diagnosed at period 1990–1993, and 303 matched controls
(including 182 children with solid tumours)12. Dockerty et al found no associations between
ALL and maternal infections during pregnancy, 3 months prenatal or 3 months postnatal
infections. However, newborns who were exposed to influenza infection in their first
12 months of their life had odds ratio of 6.8 (95% CI 1.8–25.7) to develop ALL. Serological
studies from cases and controls for EBV, measles, CMV, and poliomyelitis (types I–III)
showed no significant association with ALL12.
1.1.3. How does acute lymphoblastic leukaemia present clinically?
The malignancy occurs in the lymphoid progenitor cells in the bone marrow. Because
of the limited bone marrow space, expansion of the malignant cells affects the development
and proliferation of other cell lineages. As a result, the disease is associated with
complications such as anaemia (tiredness and fatigue), thrombocytopenia (risk of
mucocutaneous bleeding), and neutropenia (risk of infection)13. In addition, nearly 50% of
cases are associated with cell infiltration to ovaries, testes, and meninges13. Musculoskeletal
abnormalities at presentation were found in about 40% of ALL children with bone pain in
34% and functional impairment in 23%14. Korholz et al found that 8.3% of bone pain in ALL
children was caused by aseptic osteonecrosis, which is caused by necrosis of the malignant
leukaemia cells inside the bone marrow15. Figure 1.1 shows the morphological features of
ALL cells.

Figure 1.1. Morphological features of ALL cells in peripheral blood. Source:
http://en.wikipedia.org/wiki/File:Acute_leukemia-ALL.jpg copied under GNU Free Documentation
License.
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Diagnosis and classification of ALL is based on the 2008 revised World Health
Organisation (WHO) classification system to include immunophenotypic and cytogenetic
features. ALL is classified into two main categories: (1) B cell ALL representing 85% of the
cases, and (2) T cell ALL representing 15% of the cases16. Seven cytogenetic abnormalities
were identified by WHO classification for B–ALL and they are associated with good
prognosis17. Examples for B-ALL with cytogenetic abnormalities include BCR-ABL 1
t(9;22)(q34;q11.2) translocation, MLL rearrangement t(v;11q23), and TEL-AML 1
t(12;21)(p13;q22) translocation17. WHO further subcategorized B–ALL based on their
immunophentypic features13 into: (1) Immature B–ALL (the most common type) that express
CD10 (Common ALL Antigen–CALLa), CD19, CD20, CD22, CD79a, CD9a, cytoplasmic
CD22, HLA-DR and TdT; and (2) Pre–B ALL (second commonest) which lack the
expression of CD10 but express cytoplasmic immunoglobulin.
Despite the advances in ALL diagnosis by incorporating the cytogenetic features,
B–ALL diagnosis still has challenges and ambiguity. WHO classification added a new
category for B–ALL called “Not Otherwise Specified–NOS” for cases that do not fit other
diagnostic categories. A new strategy has been proposed to improve the diagnostic approach
for ALL18. Epigenetic analysis has identified some potential markers that contribute to the
diagnosis of B–ALL and its subtype19.

1.2 Neonatal Development of B Lymphocytes
There are two distinct populations of B cells based on their developmental lineages,
the neonatal B-1 (CD5+) cells involved in innate immunity and B-2 (CD5- “conventional”
cells include all spleen and lymph node B cells) involved in adaptive immune response20.
Innate immunity is the immediate defense against the invading pathogen while the adaptive
immunity is the specific targeted response21. Martin et al suggested that the number of B-1
cells is peaked few hours after antigen invasion and decline gradually after the first day22.
Since the first detection of pre-B cells in human liver at approximately 7.5 weeks of fetal life
in the late 1970s, these cells have been studied structurally and functionally23. Asma et al
detected pre-B cells in 8 week human fetal liver and in 12 weeks fetal bone marrow and
spleen23. Other studies also reported the existence of these cells in human fetal blood and
placenta24. Asma et al and other early studies in the literature did not classify the fetal Blymphocytes into B-1 or B-2 lineages until the last decade where they received more
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attention. So, what do we know about these fetal B-1 cells? Do they exist in human? What is
their role in the developing fetus? And how can we identify them?
Baumgarth et al suggested that B-1 B cells secrete self reactive “natural antibodies”
(IgM and IgA) which have roles in recognizing modified self antigens such as antigens
expressed by apoptotic cells25. These antibodies are involved in the immediate defense
mechanism against invading pathogens and also activate the phagocytic activity of dendritic
cells to reduce the impact of the inflammatory response25. Alugupalli et al classified murine
mature B cells into four main subsets: B-1a, B-1b, follicular (B-2), and marginal zone (B-2)
B cells. They suggested that murine follicular B cells can be found in the circulation and
lymphoid follicles to perform T cell dependent immune responses26. In comparison, B-1 (B1a and B-1b) B cells aggregate in peritoneal and pleural cavities to provide T cell
independent immunity. Martin et al proposed that B-1 cells were specifically selected by their
B cell receptor (BCR) interaction with self antigens to be sequestered in “strategically located
sites”22. Also, Martin et al proposed that CD5 has a role in the B cell receptor reaction which
might facilitate the sequestration process of these cells into their locations. It is debated
whether CD5 has a functional role in B-1a cells, but Martin et al argued that it may reflect the
nature of the microenvironment such as the role of CD5 in strengthening B cell receptor
reaction with gut associated antigens. This process could also be proposed for marginal zone
B cells for their B cell receptor reaction to enrich these cells at the margins of primary
follicles and be the first encounter of the blood-borne pathogens22.
There is debate in the literature about the origin of B-1 cells in relation to B-2 cells,
and two models were proposed: selection and layered immune system models24. The
selection model proposes that the decision of a B-cell to become B-1 or B-2 is based on its
response to particular pathogens, while the layered model proposes that both B-1 and B-2
cells develop from two separate progenitors, and emerge at different stages of development
(Figure 1.2)24. Montecinco-Rodriguez et al identified unique B progenitor cells with negative
lineage markers (Lin- CD93(AA4.1)+ CD45R- or lo CD19+) that were detected in mice fetal
liver, peaked at approximately day 17 of gestation, and then declined in few weeks after birth.
They cultured these cells in vitro and found they matured to sIgM+ expressing B-1 cells. They
also transplanted these negative lineage cells into the peritoneal cavity of SCID mice (by
intra-peritoneal injection or intravenously) and found B-1 cells (both CD5+ B-1a and
CD5- B-1b cells) repopulated the cavity after four weeks of transplantation27.
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Figure 1.2. Summary of the developmental stages of B-1 and B-2 cells. CLP: common lymphoid
progenitor. T1/T2/T3: transitional stages in the spleen. This diagram was taken from MontecinoRodriguez et al24 with permission (see appendix).

1.2.1 Do B-1 B cells exist in human?
Golby et al described the morphology of mature human B cells in the intestine of
14-20 weeks gestation fetuses28. These cells were found in the primitive follicles under the
epithelium and scattered in the connective tissue of the peritoneal cavity. The majority of
these large cells (approximately 80%) was found to be CD20+ and demonstrated extensive
cytoplasmic processes to facilitate their communication with adjacent cells28. Did Golby et al
describe B-1 cells in fetal human intestine?
Dorshkind et al argued that approximately 40% of human fetal peritoneal B cells are
CD5+ cells found at 15-20 weeks fetal gestations29. Also, the majority of fetal human spleen
B cells express surface IgM+CD5+ cells and they produce autoreactive IgM that are
characteristic of B-1 cells in mice. There is a debate in the literature about whether
CD5+IgM+ expression can be found on all B-1 cells. The aberrant CD5 expression in chronic
lymphocytic leukaemia cells (B-CLL) was debated to be a B-1 disease; however, these
leukaemia cells undergo somatic hypermutation which is contrary to the B-1 cell definition.
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Griffin et al investigated the presence of B-1 cells from human umbilical cord and
adult peripheral blood. They used three functional criteria to evaluate the phenotype of B-1
cells: the secretion of natural IgM antibody, stimulation of T cells, and intracellular
signaling30. CD20+ sorted B cells were tested for IgM secretion by ELISPOT assay. Flow
cytometry analysis showed a subpopulation from the CD20+ sorted cells expressing
CD27+CD43+ markers (6.1±1.1% and 12.7±1.6% for umbilical cord and peripheral blood,
respectively) (CD43 is a characteristic marker for murine B-1 cells). They also found that
these cells had low levels of somatic mutations and their immunoglobulin sequence was
different from memory B cells. CD4+ T cell stimulation from the irradiated B cells was
measured by thymidine uptake, and the test showed CD20+CD27+CD43+ expression had
more stimulation compared to CD20+CD27+CD43- cells. Finally, inhibition of the
intracellular phosphatase activity (by using phospholipase C gamma 2 and spleen tyrosine
kinase assays), CD20+CD27+CD43+ B cells demonstrated increased level of phosphorylation
level with time compared to the unchanged phosphorylation in CD20+CD27+CD43- cells.
Griffin et al also investigated the expression of CD5 to further classify these cells to B-1a and
B-1b, however, about 75% of CD20+ sorted B cells and about 34% of CD20+CD27+CD43+
cells express CD5 suggesting CD5 is expressed by non-B-1 cells. Based on Griffin et al
findings, are CD20+CD27+CD43+ B cells equivalent to murine B-1 cells?
Descatoire et al reviewed Griffin et al’s CD20+CD27+CD43+ B cell discovery and
showed that most of these cells were CD3+ T and naïve B cells doublets31. By sorting cells
for CD19+ expression, the CD20+CD27+CD43+CD3- population comprised 2.4% compared to
5% prior to CD19 sorting31. Also, by gating out plasma cells (CD43++CD27++CD38++), the
remaining population represented about 2-3% of the total B cell pool. Based on the double
events that were observed, Descatoire et al questioned Griffin et al functional assay results
and suggested that these findings may reflect early plasma cells differentiation.
Perez-Andres et al also reviewed the findings of Griffin et al by flow cytometric
investigation of CD20+ or CD19+ B cells from human neonatal cord blood, childhood tonsils,
and childhood and adult peripheral blood32. They found 0.1-24% of CD19+CD27+CD43+
cells express CD3. Backgating analysis (Figure 1.3, red population) demonstrates that
majority of CD27+CD43+ are CD3+ T cells that were included in the CD19+ gate. They also
found that 0.1-4.6% of CD19+CD27+CD43+CD3- cells express CD38 (memory B cells
marker), compared to 0.3-2.3% that represent IgM+ and IgM- true B-1 like cells32.

7

Figure 1.3. Flow cytometry analysis of CD19+ B cells from neonatal cord blood, adult peripheral
blood and childhood tonsils to identify and characterise Griffin et al CD19+CD27+CD43+ cells. This
image was taken from Perez-Andres et al32 under a Creative Commons Attribution-Noncommercial
Share Alike 3.0 Unported License.

Griffin et al’s response to the previous comments was that finding CD3+ population in
CD20+ sorted cells is rare33. Griffin et al quantified CD3 expression prior and after cell
sorting and found <3% and <1% expression, respectively. Also, confocal imaging of single B
cell analysis for CD19, CD27, and CD43 excluded the doublets artifact that was suggested
previously (Figure 1.4). Confocal microscopy analysis did not show CD3 expression in these
cells. Griffin et al reproduced Descatoire et al and Perez-Andres et al experiments, and found
that sorting a high concentration of cells from the reconstituted mononuclear layer produced
B:T CD3+ doublets. However, diluting and vortexing cells eliminated that artifact. Also,
Griffin et al validated their finding with immunofluorescence by staining cells with Hoechst
nuclear staining to confirm the single cell features, and no double events were detected for
>1000 cells examined.
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Figure 1.4. Confocal microscopy imaging for a single cell staining demonstrating CD19, CD43, and
CD27 expression. This image was taken from Griffin et al33 under a Creative Commons AttributionNoncommercial Share Alike 3.0 Unported License.

1.2.2 What do we know about the development of B-1 cells?
The literature suggests the niche of B-1 cell development is in fetus while the
development and proliferation of B-2 cells dominate in adulthood. As mentioned above,
Montecino-Rodriguez et al described three waves for the development of B-1 cells in mice
(Figure 1.5)24. The first wave is at day 9 of fetal gestation and is associated with the
development of pre-haematopietic stem cell (HSC) B-1 specific progenitors from fetal yolk
sac and para-aortic splanchnopleura (PSp). Experimental studies demonstrated that these cells
mature into peritoneal B-1 cells when harvested in vivo24. Since HSC arise at day 10.5 of
fetal gestation, B-1 progenitor cells peak in number marking the second wave at day 16-17 of
fetal gestation in liver, bone marrow and spleen24. These progenitor cells pass through the
developmental stages (shown in Figure 1.2) then based on their B cell receptor (BCR)
interaction and NF-κB signaling pathway (transitional stages in spleen) become mature B-1
cells. Consequently, mature B-1 cells that populate neonatal peritoneal and pleural cavities
enter the adult B-1 pool24. Finally, the third wave is associated with the decline of B-1
development at the second week after birth while the adult B-2 cells establish their
development24.
It is still not clear why fetal HSCs give rise to B-1 and not B-2 cells, and vice versa
for the adult HSCs. Is it possible that fetal HSCs decline and adult HSCs arise after birth? Or
is it possible that there is single HSCs population, but based on the environmental cues (either
neonatal or adult) they become epigenetically programmed to commit to one B cell lineage?
What do we know about the epigenetic signature of B-1 cell lineage? These questions were
raised in the literature, but they are not clearly answered yet.
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Figure 1.5. The developmental waves of B cells. YS: Yolk Sac; HSC: Haematopietic Stem Cell; CLP:
Common Lymphoid Progenitor. This diagram was taken from Montecino-Rodriguez et al 24 with
permission (see appendix).

1.3 Epigenetics and cancer
Epigenetics is often defined as “changes in gene function that occur without changes
in gene sequence”34. The process is organized by various types of proteins that control and
regulate the epigenetic signature and determine subsequent growth and differentiation of the
growing embryo35. Four main types of epigenetic modifications were described in the
literature, and they are: DNA methylation, chromatin remodeling (or histone modification),
non-coding RNAs (ncRNAs) and long range control by chromatin structure35, 36. Epigenetics
is part of normal biology such as female X-chromosome inactivation at early human
development ensuring monoallelic expression of X-linked genes35. However, environmental
and chemical factors could alter the semi-stable epigenetic mark, giving rise to a range of
phenotypic variations from “normal variation” to disease “epimutations”35.
DNA methylation is the addition of methyl group to cytosine molecules at CpG
dinucleotides in a gene promoter which can affect the expression of that gene. CpG
dinucleotides tend to be concentrated in genomic regions called “CpG islands” and are found
within gene promoters35. DNA methyltransferases enzymes (DNMTs) are the key players in
methylating cytosine molecules for both de novo (DNMT3a and DNMT3b), and maintenance
(DNMT1) methylation processes34. DNMT 3a and 3b add new methyl groups to cytosine
molecules that were not methylated previously, while DNMT1 maintain the pre-existed
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methylation pattern36. Methyl-CpG binding domain (MBD) proteins, especially methyl-CpG
binding protein 2 (MeCP2), recognise the methyl groups in CpG islands and induce gene
silencing by a process of “chromatin compaction” (Figure 1.6)34.

Figure 1.6. Schematic diagram shows the impact of DNA methylation on chromatin conformation.
MBD: Methyl-CpG Binding Domain, HDACs: Histone Deacetylases. This diagram was provided by
Professor Ian Morison.

Histone modification is another example of epigenetic modification. Similar to DNA
methylation, histone methylation causes conformational changes of chromatins, which
subsequently causes gene silencing34. Histone deacetylases (HDACs) are recruited at CpG
DNA methylation regions and methylate histone lysine residues at their N-terminal tails in
histones causing chromatin compaction37. Other histone modifications such as acetylation,
phosphorylation, ubiquitination, and ADP ribosylation do not downregulate gene
expression36. Based on the type of histone modification, chromatin states can be active,
bimodal (“combination of active and repressive marks”) or inactive which subsequently
affect gene expression or silencing35. Bimodal chromatin is associated with rapid changes in
gene expression found at early embryonic developmental stages35.
Regulatory non-coding RNAs include small interfering RNAs (siRNAs),
microRNAs (miRNAs), and long non-coding RNAs (lncRNAs)35. Small interfering RNAs
(double stranded RNAs) recruit histone deacetylates to mark post-transcriptional gene
silencing. However, microRNAs (single stranded RNAs) degrade or translationally inactivate
specific mRNA to block the expression process of the targeted genes35. Inbar-Feigenberg et
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al suggested that microRNAs are capable of causing changes in chromatin conformation by
recruiting “chromatin-modifying complexes” while the long non-coding RNAs guide these
complexes to specific DNA regulatory loci facilitating cell-specific expression signature like
what is seen in cell lineage differentiation35.
The fourth type of epigenetic modification as suggested by Nafee et al is long range
control by chromatin structure36. They suggested that expressed and silenced genes are
clustered into domains (functional and silent chromatin domains, respectively). Aberrant gene
expression can occur when genes are translocated to another chromosome and their
expression is affected by the long range binding of enhancer or silencer proteins36.
DNA methylation associated gene silencing is an important physiological process in
the regulation of gene expression, and it is now very clear that each tissue type carries a
unique methylation profile. However, DNA methylation can be dysregulated in cancer
development38.
1.3.1. What goes wrong in cancer?
Normally, promoter CpG islands that are associated with transcribed genes are
unmethylated or have a very low level of methylation36. The methylation pattern of these
CpG islands can change during aging and by various environmental and chemical factors36.
However, there is limited evidence to support the methylation changes by environment or
toxins. In cancer, these CpG islands are targeted for hypermethylation especially those that
are associated with tumour suppressor genes39. Aberrant hypermethylation of CpG islands
was found in approximately 600 genes of each human primary tumour that was screened39.
Different hypotheses have been proposed to explain the mechanism behind the
aberrant CpG DNA methylation in cancers. Momparler et al suggested four theories:
(1) Errors by DNMT1 enzyme after DNA replication, (2) Incorrect methylation of CpG
sequences by DNMT3a and DNMT3b, (3) DNA demethylase enzyme inability of repairing
the aberrant DNA methylation, and (4) Aberrant methylation of histone protein 3 by histone
methyltransferases causing chromosomal remodeling39. Jones et al proposed a mechanism for
how aberrant DNA methylation of the CpG islands in tumour suppressor genes are associated
with cancer development40. Their model is based on the two hit theory by Knudsen with four
possible outcomes: (1) point mutation (allele 1) and loss of heterozygosity (allele 2), (2) point
mutation (allele 1) and gene silencing by DNA methylation (allele 2), (3) gene silencing by
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DNA methylation (allele 1) and loss of heterozygosity (allele 2), and (4) gene silencing for
both alleles by DNA methylation (Figure 1.7).

Figure 1.7. A proposed model for cancer development based on Kundsen two hits theory. LOH: loss
of heterozygosity; mut: mutation; Me: methylation. This diagram was taken from Jones et al40 with
permission (see appendix).

Understanding the effects of epigenetics in cancer pathogenesis provided new
therapeutic strategies for treating malignancies. DNMT inhibitors such as 5-azacytidine and
5-deoxycytidine are chemotherapies that were approved recently by the FDA agency in USA
for use in myelodysplasia37. These drugs trap DNMT1, and demethylate genes including
tumour suppressor genes37.

1.4 The role of epigenetics in ALL aetiology
Our understanding of the role of epigenetics in the aetiology and pathogenesis of
childhood acute lymphoblastic leukaemia is limited. A genome-wide analysis of ALL genes
showed approximately 52 genes (including some of the tumour suppressor genes) that were
methylated41, suggesting that there is a consistent DNA methylation profile in ALL. There is
debate in the literature about the identity of the genes that are specifically methylated in ALL.
Chatterton et al summarised the findings from these debated studies and suggested they used
different techniques with different scales of analysis18. Dunwell et al compared normal
subjects and ALL cases to identify candidate methylated genes in ALL42. They used a NotI
microarray hybridization technique and found three novel candidates (PPP2R3A, FBLN2, and
THRB genes) that were methylated in ALL cases (methylation level in B-ALL is 82%, 58%,
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and 56%, respectively). These genes were also shown to be methylated in T–ALL
(methylation level is 69%, 17% and 17%, respectively).
Kuang et al performed a genome wide analysis43. They compared the methylated CpG
amplification (MCA) method that relies on amplifying methylated CpG islands with the
representational differential analysis (RDA) method that is based on subtraction hybridization
of the methylated CpG islands. They analysed amplicons from both methods using the human
proximal promoter microarray slides. Kuang et al found 65 candidate genes from MCA and
404 genes from RDA, then studied 36 shared genes to validate 31 candidates. However,
Kuang’s study relied mainly on leukaemia cell lines and compared the findings to three ALL
patients who had good prognostic scores. In comparison, Martin-Subero et al investigated
gene expression and DNA methylation in 367 participants with haematological malignancies
including B-ALL (Figure 1.8) using microarray-based methylation analysis19. Martin-Subero
et al found at least 220 genes that were hypermethylated in each haematological malignancy
with approximately 58 genes that were found to have de novo hypermethylation in B-ALL.
After detailed analysis, Martin-Subero et al showed two candidate genes that had consistent
hyper- and hypo-methylation in B-ALL (TES and CTGF genes, respectively) (Figure 1.8).
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Figure 1.8. Microarray based DNA methylation showing methylation levels in B-ALL genes. The
bottom two plots show the methylation level in two candidates: CTGF and TES genes. The top figure
was taken from Martin-Subero et al, and the lower figures were derived from their supplementary
data19 under the terms of the Creative Commons Attribution License.

Weeks et al quantified the density of methylation in childhood acute lymphoblastic
cells and found that TES gene was the most frequently methylated gene in ALL44. In contrast,
CTGF gene was found to be over-expressed (as a consequence of hypomethylation) by a
median of 8-fold in ALL cases compared to normal controls45-47.
The following discussion will focus on defining these two genes (CTGF and TES),
and their role in cancer pathogenesis. Since most childhood leukaemia cases are B-ALL, the
association of these two genes and B-ALL will be discussed in more detail.

1.5 Connective Tissue Growth Factor (CTGF)
The literature suggests that connective tissue growth factor (CTGF) belongs to
different families of proteins due to its multifunctions. Consequently, CTGF has numerous
15

names such as CCN2, βIG-M2, FISP12, IGFBP-rP2, Hcs24, IGFBP8, HBGF-0.8, and
Ecogenin48. The international CCN (CYR61, CTGF, and Nov) society recommended a
unifying nomenclature to all CCN family members to avoid the confusion in the literature48.
CCN family members share similar characteristics in their genetic arrangement and
functional protein domains49. Holbourn et al reported that each member of CCN family has
five exons in their genetic makeup, and these exons transcribe to proteins with four diverse
functional domains49. Each CCN protein contains 38 cysteine residues that are conserved in
their positions except for CCN6 that has only 34 cysteine molecules49. Protein sequences are
conserved between species (human, mouse, chicken, and xenopus48). Despite the similarities
in sequence alignment between CCN proteins, they are different in their structures with
approximately 30–50% similarities in the primary structures49.
Human CTGF gene is located on chromosome 6q23.1 and it is approximately 3000 bp
in size with five exons and four introns50. There are various regulatory elements that regulate
CTGF expression such as transforming growth factor β (TGF-β), glucose, thrombin,
advanced glycation end-products, etc51 (Figure 1.9). The translated CTGF protein contains
343 – 349 amino acids containing 38 cysteine residues (10% of the protein mass) distributed
across the entire length of the protein to provide bisulfide-bridges inside the protein
domains49. There is a debate in the literature about the exact functions of CTGF protein,
especially its involvement in cancer pathogenesis.

Figure 1.9. CTGF gene showing various regulatory elements in the 5’ untranslated region. This
diagram was taken from Oliver et al51 with permission (see appendix).
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1.5.1. Is it possible for a protein to have two opposite functions (i.e, involved in cancer
development and cancer prevention)?
CTGF is a secreted protein to the extracellular matrix (ECM) that was proposed to
have the following functions: “adhesion, mitogenesis, migration, chemotaxis, cell survival,
differentiation, angiogenesis, chondrogenesis, tumourigenesis, and wound healing”49.
However, there is debate in the literature about the functions of the protein in different
tissues. Despite the growth and proliferation role for CTGF protein, Hishikawa et al found
that CTGF has a role in inducing apoptosis52-55. It is speculated that the diverse functions of
CTGF protein are due to the presence of four diverse domains that interact with different
proteins in the extra-cellular matrix56, and they are insulin like growth factor binding protein
(IGFBP - domain 1), von Willebrand factor type C repeat (vWC – domain 2),
thrombospondin type 1 repeat (TSP - domain 3), and cysteine knot (CT – domain 4) (Figure
1.10). Moussad et al suggested that these domains are involved directly in the following
functions: “IGF binding, oligomerization, cell attachment, and dimerization”50. Also, the
literature suggested that these domains are similar in all CCN family proteins except for
CCN5 that does not have the “CT” domain49.

Figure 1.10. CTGF protein domains and their binding to other proteins. Summary of CTGF functions
and tissue effects are also demonstrated The diagram was taken from Oliver et al51 with permission
(see appendix).

CTGF has a major role in normal development, and a knockout of CTGF in mice
embryos lead to death at birth due to defects in the skeletal respiratory cage development57.
Cicha et al suggested that CTGF protein is important for cartilage formation by increasing the
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expression of VEGF protein and inducing chondrocyte proliferation58. Despite the proposed
multiple functions of CTGF protein, it is claimed that these functions are not sufficiently
defined to understand the interactions and mechanism in vivo and it seems some functions are
tissue specific56.
Holbourn et al suggested that any of the cysteine free variable “linker regions” that
connect CCN domains could be proteolytically digested to produce fragments with different
sizes that are capable of working on their own49. Consequently, CTGF protein size can range
from 10 – 20 kDa for the small fragments to 37 kDa for the full-length protein50. Numerous
questions can be raised about the significance of fragmenting the protein in vivo. Is it possible
that CTGF protein’s function is tailored to the specific tissue requirement (i.e, the unrequired
fragments can be either degraded or inactivated to reduce their bioavailability in the tissue)?
Cicha et al suggested that CTGF protein is a “modulator” for other growth factors and
its function depend on cells’ microenvironment58. CTGF is a matricellular protein that binds
to receptors on cell surfaces and interacts with extra-cellular matrix proteins to facilitate their
functions58. As a result, in the absence of the extra-cellular matrix mediators for CTGF
interactions (because they are over saturated, or downregulated), CTGF protein can cause
pathological complications such as angiogenesis and cancer57, 58. Shimo et al investigated the
effects of CTGF overexpression in inducing angiogenesis by studying the effect of
recombinant CTGF protein on different cell lines including breast cancer cells59, 60. However,
CTGF protein was also shown to have a protective role from cancer proliferation. The
interaction of CTGF TSP and CT domains (domains 3 and 4) with VEGF protein forms
CTGF-VEGF complex. This binding blocks the angiogenesis function of VEGF61.
Consequently, cancer cells that produce metalloprotease (MMP 1, 3, 7, or 13) could liberate,
from CTGF, VEGF that subsequently induces angiogenesis thereby enhancing cancer cells
proliferation62, 63. These contradictory findings lead us to the next question: what is the role of
CTGF in cancer?
1.5.2. What is the role of CTGF in cancer pathogenesis?
Jacobson et al divided the associations of CTGF and cancer to three groups: (1)
CTGF is a tumour promoter (Group A), (2) CTGF is a tumour suppressor (Group B), and (3)
complex role for CTGF between tumour activation and suppression57. Group A included the
following malignancies: B–ALL, breast cancer, cervical cancer, gastric cancer, glioma,
hepatocellular

carcinoma,

and

adenocarcinoma57.

pancreatic
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Group

B

included

chondrosarcoma, colorectal carcinoma, non-small cell lung cancer, and meningioma. Group
C oesophageal carcinoma, gallbladder cancer, ovarian cancer, Wilms tumour, and endocrine
tumours57. The high expression of CTGF in group A tumours was associated with poor
prognosis and CTGF expression was markedly elevated compared to absent or low
expression in the corresponding normal tissue. How can CTGF play both roles in cancer?
The regulation of CTGF expression is a complex process and it depends on the
presence of different mediators in the microenvironment. Cicha et al suggested that TGF-β
induces CTGF expression by an intermediate signaling Smad pathway (Figure 1.11)58. TGF-β
protein binds to type II receptors that phosphorylate Smad 2/3 molecules. The phosphorylated
molecules activate Smad 4 which binds to the CTGF regulatory element upregulating CTGF
gene expression (Figure 1.9 above). TGF-β also has a role in prolonging the half life of
CTGF mRNA and protein expression. Despite the strong induction of CTGF expression by
TGF-β/Smads signaling pathway, the pathway can be modulated by mitogen activated protein
(MAP) kinase signaling pathway58. Cicha et al suggested that TGF-β/Smad signaling
pathway can be blocked by the inhibition of any of ERK, p38, or JNK enzymes 58. Also,
Rho/MEK/ERK

pathway

could

influence

the

TGF-β/Smad

signaling

cascade58.

Consequently, CTGF expression is not solely dependent on TGF-β/Smad pathway, but also it
is affected by other pathways that are triggered by different mediators in the
microenvironment. This could explain why CTGF expression is variable between different
tissues suggesting that over or under expression of CTGF could disturb the homeostasis of
the tissue microenvironment causing undesirable effects such as cancer.
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Figure 1.11. Summary of the Smad signaling cascade in regulating CTGF expression. This diagram
was taken from Cicha et al58 with permission (see appendix).

1.5.3. What do we know about CTGF expression in B-ALL?
Four studies, so far, investigated the association between CTGF expression and
B-ALL. The first paper was by Vorwerk et al who studied the expression of CTGF mRNA
using RT-PCR64. Vorwerk et al recruited 107 children with ALL and 279 non acute
leukaemia control children (control group: 57 children with chronic myelogenous leukaemia,
120 with insulin-dependent diabetes, 2 children with sarcoma, and 100 healthy newborns).
RNA was extracted from the mononuclear layer of participants’ peripheral blood, cord blood
or bone marrow samples and reverse transcriptase PCR was done. Vorwerk et al found that
60.7% of ALL samples had high expression of CTGF mRNA (98.5% of these CTGF
expressing samples are of B-ALL). In comparison, all control children were negative for
CTGF mRNA expression except for two cases from the chronic myelogenous leukaemia
group. Vorwerk et al also investigated the change of CTGF mRNA expression in children
who achieved remission from ALL (day 33 post chemotherapy). They found that 83.3% of
children who expressed CTGF mRNA at diagnosis showed negative expression at remission.
However, 26.3% of ALL children with negative CTGF mRNA expression at diagnosis
showed higher expression at remission. It is not clear in the study by Vorwerk et al whether
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these children achieved a complete remission and whether they were followed up after their
first round of chemotherapy.
The second paper was by Sala-Torra et al who investigated the expression of CTGF
mRNA in ALL adults47. Sala-Torra et al recruited 43 ALL cases and 64 control samples (26
acute myeloid leukaemia, 10 normal peripheral blood samples, 10 normal bone marrow
samples, 9 samples CD34+ sorted cells from granulocyte colony stimulating factor mobilised
normal peripheral blood, 7 samples of CD34+ sorted cells from normal bone marrow, and 2
samples of CD22+ sorted cells from peripheral blood). Sala-Torra et al used quantitative RTPCR (qRT-PCR) and Affymetrix GenChip expression microarray to quantify CTGF
expression. By microarray analysis there was an 8-fold increase in CTGF mRNA in B-ALL
cases compared to normal controls. The qRT-PCR showed a significant difference between
cases and controls (median CTGF/B2M expression was 1.2 x 10-3 and 1.5 x 10-5, respectively.
P-value <0.001). They also found that CTGF mRNA was significantly increased in B-ALL
compared to T-ALL (P-value <0.001), and the expression was found to be significantly
higher in cases with unfavourable cytogenetics and those with high CD34+ blasts (P-values
<0.001 for both). Sala-Torra et al also performed a survival analysis based on the clinical
factors and stratified the analysis using CTGF expression level. They found an inverse
correlation between CTGF expression and 5 year survival.
The third paper was by Boag et al who investigated the expression of CTGF gene
using Affymetrix microarray chip, quantitative reverse transcriptase PCR, and western
blotting45. Boag et al analysed 102 bone marrow samples from ALL children and 16 control
samples (5 CD34+ sorted cells from normal bone marrow and 11 CD19+IgM- sorted cells
from normal cord blood). The microarray analysis showed CTGF expression in B-ALL was
19.5 fold higher than the CD34+ group and 37.4 fold higher than the CD19+IgM- groups.
Validation of CTGF expression by qRT-PCR showed a correlation coefficient of 0.96 for
CTGF mRNA expression in B-ALL compared to control samples. Boag et al also studied the
expression of CTGF protein using leukaemia cell lines: PER-377 and JURKAT (B-precursor
ALL and T-ALL, respectively). They found that CTGF was expressed in PER377 culture
media at 24 and 48 hours.
The fourth paper investigated the expression of CTGF protein in various lymphomas
using Affymetrix microarray chip and immunohistochemistry technique. Birgersdotter et al
recruited 44 classical Hodgkin lymphoma (cHL – B lymphocytes) patients, 32 patients of
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various non-Hodgkin lymphomas (NHL), and leukaemia cell lines65. Microarray and
immunohistochemistry investigations showed an increase expression of CTGF protein in
most neoplastic cHL cells compared to the NHL cases. Birgersdotter et al classified the
pattern of cytoplasmic staining into three groups: (1) weak granular cytoplasmic staining in
macrophages, (2) strong granular staining in macrophages, and (3) diffuse staining of the
whole cytoplasm in macrophages, fibroblasts, and lymphocytes. They found that all classical
Hodgkin cases show at least one type of cytoplasmic staining for CTGF protein compared to
non-Hodgkin lymphoma. CTGF protein was also expressed in classical Hodgkin cell lines
and in 25% of Raji cells (Burkitt lymphoma).
Despite the effort in these four papers to show the association between CTGF protein
expression and B-ALL cell lines, there is no published work on studying the protein
expression in patient samples. Also, the Birgersdotter et al positive immunohistochemistry
finding in the Raji cell line65 contradicted the negative RT-PCR results on Raji cells from
Vorwerk et al 64. This project will focus on studying this association in more depth.

1.6 Testis Derived Transcript (TES) and ALL
The TES gene is located on chromosome 7 at a common fragile site (FRA7G) located
at band 7q31.266. This region was reported to be induced by aphidicolin to inhibit DNA
polymerase α and δ66. Tatarelli et al suggested that the association of loss of heterozygosity at
FRA7G and tumourigenesis was not due to inactivation of TES by mutation but because of
epigenetic DNA methylation66. They analysed the sequence of the human TES gene and
found nearly 89% similarity to murine TESTIN genome. TES gene spans 48.291 kb and is
composed of seven exons66. The gene has two CpG islands at its promoter region: one is
located upstream of exon 1a and the other is located within the first exon66. Tatarelli et al
reported three mRNA isoforms (Figure 1.12), and both isoforms 1 and 2 encode for TES
protein. Isoforms 1 is encoded by a smaller 3’ UTR in exon seven compared with the larger
UTR region in isoform 266.
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Figure 1.12. The three isoforms for the human TES mRNA. The positions of the two CpG islands are
also demonstrated. This diagram was constructed based on Tatarelli et al66 with permission (see
appendix).

TES protein is composed of PET domain at the N-terminal that has a role in proteinprotein interaction, and three LIM domains at the C-terminal67. Zhong et al suggests that LIM
domains belong to a family of proteins that were initially discovered to be products of lin-11,
isl-1, and mec-3 genes, which abbreviated to LIM protein67. Each LIM domain contains two
separate zinc finger motif proteins that are connected to each other by hydrophobic
interactions68. The 421 amino acids protein involved in number of biological processes and
performs various functions such as focal adhesions and cell-cell contact by its interaction
with other proteins such as mena, zyxin and talin69.
The literature suggests that TES is a tumour suppressor gene and its methylation or
mutation is associated with various cancers. Tobias et al found that frameshift mutation of
TES gene at exon 1 in breast cancer develops a pre-mature stop codon which inactivates the
tumour suppressor gene70. Tobias et al also investigated the expression of TES protein in
21 primary tumour cell lines, but full length TES protein extraction was unsuccessful.
However, when full length TES plasmid DNA was transfected to ovarian tumour cell line, it
was associated with reduction of colony proliferation. They also investigated the DNA
methylation of TES gene in breast and ovarian cancer cell lines using EcoRV/HindIII with or
without HpaII or MspI restriction digest enzymes to enrich for CpG islands. Southern blot
analysis was used by applying probes specific to nucleotides 1-390 (5’ of CpG Island) of TES
sequence, and showed majority of ovarian cancer cell lines have high molecular weight bands
correlated with undigested (methylated) CpG islands. Tobias et al found that epigenetic
methylation is the most common mechanism for TES inactivation compared to frameshift
mutation72.
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Mueller et al investigated TES methylation in glioblastoma oncogenesis71. They
performed a short culture of 5-aza-dC to demethylate three glioblastoma cell lines and then
compared gene expression (microarray analysis) with untreated cells. They found 19 out of
43 genes had CpG islands in their promoter regions, and four genes were matched with
literature databases to have tumour suppression activities: TES, RUNX3, SERPINB5, and
SFN. Further investigation showed TES and RUNX3 methylation were tumour related
compared to SERPINB5 and SFN that were found to be silenced in normal tissues. Bisulfite
sequencing showed TES DNA methylation in all glioblastoma cell lines compared to RUNX3
that was expressed in one of the cell lines before and after the treatment. Mueller et al also
used mass spectrometry (matrix assisted laser desorption-ionization/time of flight/mass
spectrometry “MALDI-TOF-MS”) to quantify the methylation of the candidate genes. They
found mean methylation for TES and RUNX3 is 76% and 32% in glioblastoma cell lines,
respectively71.
1.6.1. What about TES methylation in B-ALL?
Weeks et al investigated the density of TES methylation in five B-ALL bone marrow
samples using methylation-specific multiplex ligation-dependent probe amplification
technique (MS-MLPA)72. They found TES methylation level was 96, 76, 80, 75, and 7% for
the marrow samples compared to 2.5% in the peripheral blood. They performed bisulfite
sequencing to validate MS-MLPA results and included more samples of normal and ALL
samples (peripheral blood and bone marrow) (Figure 1.13). Weeks et al estimated the
methylation level in ALL samples to range between 11% and 86% within the promoter
region, while the methylation level for B-ALL samples range between 64% and 77%. In
comparison, the methylation level of normal peripheral blood ranged between 0% and 1.5%.
They also validated their results using combined bisulfite restriction assay (CoBRA) using
TaqαI restriction enzyme to exclude cloning bias that could arise from bisulfite conversion
PCR product. TaqαI was able to fully digest heavily methylated ALL samples while
unmethylated peripheral blood DNA was not digested. Similar results were observed when
various leukaemia cell lines and ALL xenografts samples were investigated72.
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Figure 1.13. Results of bisulfite sequencing for TES DNA methylation. Bisulfite sequencing results
for (A) the initial five ALL bone marrow samples used in ML-MLPA analysis, (B) normal peripheral
blood, (C) additional ALL bone marrow samples, and (D) matched ALL remission ALL bone marrow
samples. This image was provided by Mr Rob Weeks.
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Hypothesis
Analysis of methylation data from Martin-Subero et al showed that in addition to the
TES gene, numerous genes showed a methylation status in B-ALL that was markedly
different from that in all normal blood cells19. Their data raise the possibility that DNA
methylation-induced gene silencing might not be “acquired” during leukaemogenesis, but
that this different epigenotype might reflect the cell of origin of ALL. This possibility forms a
key hypothesis for this project that childhood ALL arises from an as yet unidentified
population of fetal lymphocytes. This hypothesis is based on our observation of the
development of some solid childhood tumours that arise from remnant embryonic cells such
as Wilms tumours. Wilms tumours arise from multipotent embryonic kidney cells that
continue their proliferation after birth forming nephrogenic nests that develop into tumours
when the cells acquire mutations73. A similar observation was noted with infantile
haemangiomas that arise from embryonic mesodermal cells and generally involute after
birth74.
We propose childhood ALL arises from a specific subpopulation of normal fetal
B lymphocytes (B-1 B cells) that are present in normal fetal/embryonic cells that do not
regress after birth. These cells that carry specific epigenetic modifications (TES DNA
hypermethylation, and CTGF DNA hypomethylation) persist after birth and carry these
epigenetic signatures during development until they develop into cancer. We hypothesise that
by investigating the expression of CTGF and quantifying the DNA methylation of the TES
promoter, this specific fetal subpopulation can be identified.
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Aims
This study aims to develop protocols and evaluate detection methods before
commencing on to identify fetal B-1 (B-ALL like) cells in human samples. This study also
evaluates the reliability and feasibility of using CTGF and TES as candidate genes, and
whether our proposed detection methods are capable of accurately identify the epigenetic
marks.
In summary, the aims of this project are:


To develop methods for detecting TES gene DNA methylation and CTGF gene
expression using leukaemia cell lines.



Methods for detecting CTGF gene expression include RT-PCR for detecting CTGF
mRNA, and flow cytometry and immunohistochemistry to detect CTGF protein.
Antibodies will be validated for their specificity using western blot before their use in
protein investigation experiments.



To quantify TES DNA methylation, we will develop a methylation-specific qPCR
assay after treating DNA with bisulfite conversion.



These optimised methods will be prepared for future studies to test blood samples
collected from newborns and umbilical cords. Also, archival paraffin embedded fetal
liver tissues will be investigated for their CTGF protein expression using
immunohistochemistry/immunofluorescence detection methods. The analysis will be
focused on identifying the epigenetic changes of CTGF and TES genes in fetal
B lymphocytes.
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Chapter 2: Materials and Methods
2.1 Overview
This is a methodology study to optimise detection techniques for identifying CTGF
gene expression and TES gene DNA methylation in various leukaemia cell lines. These
methods will be used for future studies to identify these epigenetic changes to CTGF and TES
genes in newborn and cord blood and in fetal liver tissues (see Chapter 5.4 for more details
about the future direction of this study).
Phase I - Investigation for CTGF gene expression: CTGF expression was assessed by
evaluating the presence of CTGF mRNA and the translated protein in the study samples.
A. Investigation for CTGF mRNA Expression
Reverse transcriptase PCR was used for this investigation. RNA was extracted from
cells and converted to cDNA by reverse transcriptase reaction (RT). Then specific
primers were used to amplify CTGF cDNA by polymerase chain reaction (PCR)
technique.
B. Validation of CTGF Antibodies
The specificity of CTGF antibodies was tested by using western blotting. Primary
human skin fibroblasts were used as controls for this step. TGF-β induction and full
length CTGF gene transfection techniques were used to increase CTGF protein
expression and facilitate the evaluation of the antibodies. Five anti-CTGF antibodies
were tested and the most specific antibody was selected for downstream applications.
C. Investigation for CTGF Protein Expression
CTGF protein expression was tested by flow cytometry, immunohistochemistry, and
immunofluorescence using the validated antibody on various leukaemia cell lines.
Flow cytometry was used to detect the presence of the cytoplasmic CTGF protein in
CD19 positive B lymphocytes. Immunohistochemistry was used to identify CTGF
protein expression from paraffin embedded tissue sections and various cell blocks of
leukaemia cells. Dual colour immunofluorescence of CTGF protein detection from
CD79a positive B lymphocytes was then performed using the optimised
immunohistochemistry conditions on the validated CTGF antibody. Dual colour
immunofluorescence staining was necessary to recognize both cytoplasmic CD79a
and CTGF proteins in B cells.
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Phase II - Investigation for TES gene DNA Methylation: Methylation-specific quantitative
PCR was used to identify and quantify TES gene DNA methylation in leukaemia cell lines.
The protocol involved the following steps: bisulfite conversion of the extracted DNA
followed by real time PCR reaction using methylation-specific primers.

2.2 Study Samples
2.2.1 Cell Lines and Culture Media
A. Cell Lines


Human Skin Fibroblasts: These are primary cells that were grown from human
neonate foreskin (provided and used with permission from Professor Steven
Robertson’s research team, Pathology Department, Otago University). These cells
were stored in liquid nitrogen. Fibroblasts are adherent cells and they reach
confluency within 48 hours after each passage. Cells were cultured for upto 15
passages. Fibroblasts were cultured at 37°C 5% CO2 in DMEM culture media (see
below). The addition of 0.25% EDTA + Trypsin (Invitrogen) was required to mobilize
the cells prior to cell collection.



REH, NALM6, MOLT4, JURKAT, CCRF-CEM, CCRF-SB, RAJI, HL60, K562,
U937, RS4 and SUP-B15 are leukemia cell lines purchased from ATCC Company
and cultured at 37°C 5% CO2 in RPMI culture media. Table 2.1 shows a brief
description of these cell lines. Regular haemocytometer cell counting was used to
evaluate growth and proliferation status using trypan blue stain, which aid visually in
differentiating live from dead cells. Live cells actively exclude the stain and appear
bright on microscopic examination, while dead cells are permeable to the stain and
appear blue. Since trypan blue staining cannot differentiate early apoptotic from live
cells, morphological examination with a focus on cellular shape and size is another
monitoring method. We developed a morphological examination, which is a
subjective test, relied on evaluating the circular shape of the cells (circle, oval,
irregular shape), and whether they appeared grossly small or large.
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Table 2.1. Description of leukemia cell lines.

NALM6
REH
RAJI
CCRF-CEM
CCRF-SB
MOLT4
JURKAT
K562
U937
HL60
RS4
SUP-B15

Description
B ALL
B ALL
Burkitt lymphoma: taken from the maxilla of an 11-year-old African boy
T-ALL: taken from the peripheral blood of 4 year-old Caucasian girl.
B-ALL: taken from the peripheral blood of an 11.5 year-old Caucasian boy
T-ALL in relapse: taken from the peripheral blood of a 19-year-old man
T-ALL: taken from the peripheral blood of a 14-year-old boy
CML: taken from the bone marrow of a 53 year-old female.
“Histocytic lymphoma”: taken from a 37 year-old Caucasian man with pleural
effusion. These cells express markers and properties of monocytes.
Acute Promyelocytic Leukaemia: taken from a 36 year-old Caucasian female
blood.
ALL [CALLA (CD10)–, MPO-, Esterase-, TdT+, CD24+, CD9+, HLA-DR+]:
taken from the bone marrow of a 32 year-old Caucasian female.
B-ALL: Philadelphia chromosome positive ALL taken from the bone marrow of an
8 year-old Caucasian boy.

B. Culture Media


Roswell Park Memorial Institute (RPMI) culture media with L-glutamine and
phenol red (Invitrogen): 4.5 g/L of filtered D-glucose, 1 mL/L of sterile sodium
pyruvate and 10% of sterile fetal calf serum (FCS) were added to the culture media
before use. All leukemia cell lines were cultured in RPMI culture media.



Dulbecco's Modified Eagle Medium (DMEM) culture media with L-glutamine and
phenol red (Invitrogen): 4.5 g/L of sterile D-glucose and 10% of sterile fetal calf
serum were added before use. Human skin fibroblasts were cultured in this media.

The preparation and use of these culture media was performed in sterile conditions (class
II biosafety cabinet). Culture media were stored at 4°C and warmed at 37°C for at least
20 minutes before use. Serum free RPMI and DMEM culture media did not contain fetal calf
serum.
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2.3 Investigation for CTGF Expression
2.3.1 CTGF mRNA Expression
2.3.1.1 Reverse Transcriptase PCR
RNA Isolation: To investigate CTGF mRNA expression, total RNA was extracted from
human skin fibroblasts and leukemia cell lines. Cells were collected (approximately 1 x 106
cells each) and centrifuged. RNA was extracted from the collected cell pellets using “Mini
NucleoSpin RNA II kit” (Macherey-Nagel GmbH & Co. KG company) following the
manufacturer instructions. Cell pellets were lysed with the supplied lysis buffer and with
0.01% β-mercaptoethanol (a reducing agent). Cell debris were filtered from the lysate using
the NucleoSpin filter columns (centrifuge at 11,000 x g for 1 minute) and nucleic acids were
collected. Then, 70% ethanol was added to the filtrate before loading the mixture on the silica
membrane (column method). The RNA bound to silica columns was then desalted with a
membrane desalting buffer then centrifuged through columns. Since silica membranes bind
DNA, reconstituted DNase (rDNase) was applied to each column and incubated for at least
15 minutes at room temperature. Finally, silica membranes were washed three times with
washing buffers, and RNA was eluted with RNase free water (MN Company). RNA yield
was determined using a Nanodrop instrument. Ingredients of “Mini NucleoSpin RNA II” kit
buffers were not provided in the manufacturer’s instruction booklet.
Reverse Transcriptase Reaction: In this step, mRNA was converted to complementary
DNA (cDNA) using the “High Capacity RNA to cDNA” reaction kit (Applied Biosystems).
The master mix that was supplied contained reverse transcriptase enzyme, dNTP, MgCl2
buffer, recombinant RNase inhibitor protein, random primers, oligo(dT) primer and
stabilizers. For a 20 μL reaction, 4 μL of the master mix was added to 0.01–1 μg of RNA and
distilled water. Using a thermal cycler, the reaction mix was incubated for 5 minutes at 25°C
(primer annealing), then warmed to 42°C for 30 minutes to activate reverse transcriptase
enzyme, followed by a heating step at 85°C for 5 minutes (enzyme inactivation), and finally
held at 4°C. The converted cDNA was stored at -20°C. Because CTGF gene belongs to CCN
family (CYR61, CTGF, and NOV), the expression of CYR61 and NOV were also evaluated.
This is because there is a high homology in CCN proteins and expression of NOV or CYR61
could be a confounding factor for CTGF expression analysis.
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PCR Reaction: Two sets of primers were designed for CTGF mRNA expression. The first
set was designed using NCBI website (forward primer: TGC ACC GCC AAA GAT GGT
GCT; reverse primer: AGC CTG CAG GAG GCG TTG TC). Forward primer anneals at
position 489–509 on the cDNA (5603–5623 on the genomic DNA), while the reverse primer
anneals at position 895–876 on cDNA (6366–6347 on the genomic DNA) (Figure 2.1–A and
B). 2% agarose gel electrophoresis of the PCR products gave two bands: (1) CTGF cDNA
with size of 407 bp, and (2) CTGF genomic DNA with size of 538 bp.
The second set of primers was taken from Vorwerk et al in order to validate and
confirm the RT-PCR results64. Forward primer: CAA CTG CCT GGT CCA GAC C; reverse
primer: CAC TCT CTG GCT TCA TGC C. The forward primer anneals at positions 797–815
on the gene (132,271,233–132,271,251 on the genomic DNA), while the reverse primer
anneals at positions 1250–1268 (132,270,392–132,270,410 on genomic DNA) (Figure 2.1–A
and B). As a result, two bands were observed on the agarose gel electrophoresis: (1) CTGF
cDNA with size of 471 bp, and (2) CTGF genomic DNA with size of 860 bp.
Both sets of primers were optimized to the following PCR reaction protocol using
thermal cycler: initial denaturation at 95°C for 5 min; 35 cycles of the following: (1)
denaturation at 95°C for 1 min, (2) annealing at 55°C for 1 min, (3) extension at 72°C for
30 sec; then 72°C for 15 min then at 4°C.
CCN family members were investigated for their mRNA expression in leukaemia cell
lines. NOV forward primer: CTG TGA ACA AGA GCC AGA G; reverse primer: CTT GAA
CTG CAG GTG GAT. CYR61 forward primer: GGG CTG GAA TGC AAC TTC; reverse
primer: CGT TTT GGT AGA TTC TGG AG. PCR reaction for both sets of primers was
similar to CTGF, except for annealing temperature of 62.9°C for both sets. Gel
electrophoresis produced the following results: (1) NOV cDNA = 96 base pairs, NOV
genomic DNA = 10,526 base pairs; (2) CYR61 cDNA = 105 base pairs, CYR61 genomic
DNA = 437 base pairs.
In addition, a set of primers was designed to amplify the β2M (beta-2 microglobulin)
housekeeping gene. This is a quality control step to evaluate the quality of cDNA. These
primers were designed via NCBI website (forward primer: GAG TAT GCC TGC CGT GTG;
reverse primer: AAT CCA AAT GCG GCA TCT) (Figure 2.1–C and D). The PCR reaction
protocol was similar to CTGF PCR amplification reaction except for an annealing
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temperature of 60°C. The expected PCR product was 80 bp for β2M cDNA, and 1.986 kb for
genomic DNA.
A

B

C

D

Figure 2.1. Priming sites on genomic DNA and mRNA templates for CTGF and B2M.

CTGF cDNA Sequencing: To confirm the correct sequence of the amplified CTGF cDNA,
CTGF was cloned and sequenced using pCR4-TOPO vector (Figure 2.2). For 25 μL of
thermally MACH1–T1 competent E.coli cells cloning reaction, 1 μL of the ligation mix was
used. Ligation mix was prepared from the following: 0.5 μL of pCR4-TOPO vector, 0.5 μL
salt solution (1.2 M NaCl and 0.06 M MgCl2) (Invitrogen) and 2 μL of CTGF cDNA. The
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ligation mix was incubated at 22°C for 5 minutes, then added slowly to MACH1 cells, and
kept on ice for 10 minutes before heat shock step. Cells were heat shocked for 30 seconds at
42°C for the cDNA to get inside the competent cells. Shocked cells were returned back to ice.
125 μL SOC media was added to the transfected cells, which were incubated afterwards for
1 hour at 37°C under agitation (170 rpm) (SOC media contains 2% tryptone, 0.5% yeast
extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM glucose).
Transformation involved incubating the agar-platted cells at 37°C overnight (according to the
manufacturer’s instructions). The vector has the lethal ccdB gene that kills the plasmid DNA
if it fuses to the C-terminal of the lacZα gene. The insertion of a PCR fragment prevents
ccdB-lacZα ligation, thus allowing survival of transfected cells. PCR screening of the
incubated cells was performed before sequencing.

Figure 2.2. pCR4-TOPO vector used for cloning and sequencing the amplified CTGF cDNA. This
image was taken from the package insert of Invitrogen TOPO TA cloning kit.

Colonies with correct size of PCR fragment were selected to grow in 600 μL
Lysogeny broth (LB) culture media overnight at 37°C containing 50 μg/mL of kanamycin.
Plasmid DNA was then extracted from cells using “Zuppy Plasmid Miniprep” kit (Zymo
Research) according to the manufacturer’s instructions. 100 μL of the lysis buffer (7X) was
mixed with 600 μL of LB culture media then 350 μL of the cold neutralization buffer was
added. The mixture was mixed thoroughly until the neutralization was complete (the mixture
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appeared yellow based on what was suggested by the manufacturer’s instruction). The
mixture was centrifuged at 13,000 x g for 3 minutes, and the supernatant was transferred to a
“Zymo-Spin IIN” columns. Columns were then centrifuged at 13,000 x g for 15 seconds,
washed with 200 μL of endo-wash buffer, centrifuged for 30 seconds, washed with 400 μL of
Zyppy wash buffer, and centrifuged for 1 minute. Zyppy elution buffer was used to elute the
plasmid DNA by incubating 30 μL of elution buffer on the columns for 5 minutes at room
temperature, then centrifugation for 30 seconds at 13,000 x g (elution buffer contains 10 mM
Tris-HCl and 0.1 mM EDTA, pH = 8.5). Plasmid DNA concentration was measured by
NanoDrop instrument. Ingredients of “Zyppy Plasmid Miniprep” kit buffers were not
provided in the manufacturer’s instruction booklet.
2.3.2 CTGF Protein Overexpression
In order to facilitate CTGF protein expression analysis, CTGF protein was
overexpressed using induction and transfection experiments. Protein extracts from induced or
transfected cells were used for western blot, flow cytometry, and immunohistochemistry
optimization experiments.
2.3.2.1 CTGF Induction
Various inducers were used based on recommendations from the literature. Cellular
CTGF protein induction was based on two strategies: (1) increasing CTGF protein synthesis
with various inducers, and (2) inhibiting secretion of CTGF protein into the culture media.
CTGF inducers include: TGF-β, hypoxia, glucose, thrombin, advanced glycation end
products (AGEP), mechanical stress, glucocorticoids, and others. TGF-β and glucose were
used in this study because of their availability and reported efficiency75.


Tumour Growth Factor β (TGF – β): 10 ng/mL recombinant human TGF–β1
protein (BioLegend) was added to cells for 24 hours before harvesting. We plated
1 x107 cells/mL in 5 mLs of culture media using T25 flasks for each TGF-β induction
experiment. TGF-β is a strong inducer for CTGF expression76. 50 μg/mL recombinant
human Interleukin 7 (IL-7) protein (BioLegend) was co-cultured with TGF–β in order
to reduce the apoptotic effect of TGF–β on leukaemia cells.



Glucose: Cells were incubated with 25 mM of sterile D–glucose (Sigma) for 48 hours
prior to cell harvesting.
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Brefeldin A (BioLegend): Brefeldin A is a protein transport inhibitor to inhibit the
secretion of proteins from Golgi complex. The package insert suggested incubating
cells with 10 μg/mL Brefeldin A for a maximum of 6 hours prior to collection since
prolonged incubation of Brefeldin A was found to be toxic to the cells.

2.3.2.2 CTGF Cloning and Transfection
To increase CTGF protein expression, full length CTGF gene was cloned into
pEGFP–C1 and pcDNA3.1-CTGF vectors. Plasmids were then transfected into leukaemia
cell lines to integrate into their genomic DNA and enhance CTGF transcription and
translation. We used E.coli for transfection under the University of Otago and Institutional
Biological Safety Committee approval number UO097/98/67. A pEGFP–C1 vector was used
to evaluate the transfection efficiency visually. The cloning and transfection strategy is
outlined in Figure 2.3.
Full length CTGF was amplified using the following primers (primers were designed
using NCBI website): forward primer: CA ACC ATG ACC GCC GCC AGT AGT; reverse
primer: TCA TGC CAT GTC TCC GTA CAT CTT C. In order to clone CTGF downstream
of EGFP in pEGFP–C1 vector, CTGF was cloned with compatible ends and in-frame with
EGFP. Additional sequences were required to be added at the 5’ ends of primers for the
identification of the restriction enzymes, HindIII (AA GCT T was added to the 5’ end of the
forward primer) and BamHI (GGA TCC was added to the 5’ end of the reverse primer). As a
result, the final sequence of CTGF cloning primers those were designed and ordered: forward
primer: GGG CAT AAG CTT CA ACC ATG ACC GCC GCC AGT AGT; reverse primer:
GGG CAT GGA TCC TCA TGC CAT GTC TCC GTA CAT CTT C.
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Figure 2.3. Cloning strategy for the full length of CTGF gene into pEGFP-C1 vector prior
transfection. Ligation reaction of full length blunt CTGF into pcDNA3.1 vector was also used using
the same strategy.
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KAPA HiFi HotStart reaction mix (KAPA Biosystems) was used to amplify the full
length CTGF cDNA by PCR. KAPA HiFi HotStart was chosen because the 5’–3’ DNA
polymerase has a proofreading activity (3’–5’ DNA exonuclease). Full length CTGF cDNA
was amplified from pooled cDNA templates that were collected from leukaemia cell lines
and whole blood of normal individuals. For the PCR reaction, 10 μM of each primer, MilliQ
water, and 1X KAPA HiFi HotStart reaction mix (reaction buffer, 0.3 mM of each dNTPs,
2.5 mM MgCl2, and stabilizers) were added to the template DNA. Thermal cycler reaction
involved: 95°C for 2 minutes, 35 cycles of the following: 98°C for 20 seconds, 65°C for
15 seconds, and 72°C for 30 seconds. A final extension at 72°C for 5 minutes was added
before it was held at 10°C (according to KAPA HiFi HotStart instruction manual). PCR
products were separated by electrophoresis at 100 V for 30 minutes on a 2% agarose gel.
To remove primer dimers from the PCR product, “Zymo Research DNA Clean and
Concentrator 5” kit was used according to the manufacturer’s instruction. Five volumes of
DNA binding buffer were mixed with PCR product and the mixture was transferred to
“Zymo-Spin Columns”. Columns were centrifuged at 13,000 x g for 30 seconds then washed
twice with 200 μL DNA wash buffer. DNA was eluted from columns by incubating columns
with 10 μL of DNA elution buffer (10 mM Tris–HCl and 0.1 mM EDTA, pH = 8.5) for at
least 1 minute at room temperature before centrifugation for 30 seconds at 13,000 x g. DNA
concentration was measured using NanoDrop instrument. All buffers of “Zymo Research
DNA Clean and Concentrator 5” kit were provided with the kit, but their ingredients were not
stated in the manufacturer’s instruction booklet.
A. Cloning CTGF into pCR 4Blunt-TOPO vector
Full length of CTGF cDNA was cloned in pCR4Blunt-TOPO vector (Invitrogen).
Ligation reaction involved the following: 1 μL PCR product, 0.5 μL, salt solution (1.2 M
NaCl and 0.06 M MgCl2), 0.5 μL pCR 4Blunt-TOPO vector (Figure 2.4), and 1 μL MilliQ
water (see above for more details about the cloning protocol). The colonies were screened by
PCR using the full-length CTGF primers to select the colonies that have the full length CTGF
cDNA size. For 20 μL PCR reaction mix, the following reagents were used: 0.2 μL FastStart
(FS) DNA polymerase (1 U), 2 μL of 10X FS Buffer, 1.2 μL MgCl2, 1 μL dNTPs (2.5 mM),
1 μL of each primer (10 μM), and 12.6 μL MilliQ water. Thermal cycler was programmed to
the following reaction: 95°C for 4 minutes; 30 cycles of the following: 95°C for 30 seconds,
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50°C for 30 seconds, 72°C for 2 minutes; final extension at 72°C for 7 minutes. PCR
products were electrophoresed using 2% agarose gel at 100 V for 30 minutes.

Figure 2.4. pCR4Blunt-TOPO vector (Invitrogen) used for cloning full length of CTGF gene. This
diagram was taken from the package insert for Invitrogen Zero Blunt TOPO PCR cloning kit.

Colonies that have an insert of the correct size for CTGF were selected and cultured
overnight in LB media as described above. Plasmid DNA was extracted using “Zyppy
Plasmid Miniprep” kit (Zymo Research) (see above for details).
To verify the accuracy of the CTGF cDNA sequence insertion, the pCR4 Blunt-CTGF
plasmid was digested and sequenced. The initial evaluation step was restriction enzyme
digestion to ensure that correct full length CTGF gene was inserted by measuring the size of
the liberated fragment. The pCR4 Blunt-CTGF sequence was digested with HindIII and
BamHI restriction enzymes. Restriction digest reaction involved the following: 2 μL of
HindIII enzyme (Roche), 2 μL of BamHI enzyme (Roche), 6 μL 10X buffer (Roche), 14 μL
MilliQ water, and 40 μL p-Zero-Blunt-CTGF DNA. The digestion reaction was incubated
overnight at 37°C then fragments were separated on a 0.8% agarose gel by electrophoresis at
50 V for 60 minutes. The CTGF fragment (1,050 kb) was purified from the gel for
downstream cloning strategies (CTGF for pEGFP–C1 and pcDNA3.1 cloning).
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CTGF gel fragments were cleaned using “Zymoclean Gel DNA Recovery” kit (Zymo
Research). The excised gel was measured and digested by adding 3 volumes of the agarose
dissolving buffer (ADB) buffer. The mixture was incubated at 37°C until the gel was
completely dissolved then the mixture was transferred to “Zymo-Spin Columns”. Columns
were centrifuged at 13,000 x g for 30 seconds and washed twice with 200 μL of DNA wash
buffer. Columns were centrifuged after each wash at 13,000 x g for 30 seconds at room
temperature. Full length CTGF cDNA was eluted with DNA elution buffer (10 μL). The
eluted DNA was collected after centrifugation for 30 seconds. Ingredients of “Zymoclean Gel
DNA Recovery” kit buffers were not provided in the manufacturer’s instruction booklet.
B. Cloning the full length CTGF gene into pEGFP–C1 and pcDNA3.1 vectors
Downstream full length CTGF cloning into pEGFP-C1 and pcDNA3.1 vectors (Figures
2.5 and 2.6) was to increase CTGF expression. Cloning strategy involved the following steps:
(1) ligation reaction, (2) transformation, (3) PCR screening, (4) plasmid DNA extraction, (5)
restriction enzymes digest (quality check step), (6) mega LB culture and plasmid DNA
extraction, and (7) DNA precipitaion.
Ligation reaction was prepared from the following: 0.5 μL of the vector (either pEGFP–
C1 or pcDNA3.1), 1–3 μL of full length CTGF DNA, 0.5 μL T4 DNA ligase enzyme, 5 μL
buffer (Promega), and MilliQ water to make a final volume of 10.5 μL. The mixture was
incubated overnight at room temperature then was added to MACH1 cells. Agar plates
contained 50 μg/mL of either kanamycin (for pEGFP–CTGF) or ampicillin (for pcDNA3.1–
CTGF), were used to selectively grow the transformed cells. A number of grown colonies
were selected and screened by PCR using the full-length CTGF gene primers as described
above. Colonies with an insert of the correct size of CTGF were selected and cultured
overnight in LB media. Plasmid DNA was then extracted (see 2.3.1.1 for details). Restriction
digest enzymes (HindIII and BamHI) were used to check if the correct size of CTGF was
inserted in the vectors.
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Figure 2.5. pEGFP–C1 vector used for cloning full length CTGF gene downstream of EGFP. This
diagram was taken from the package insert (ClonTech, BD).

Figure 2.6. pcDNA3.1 vector that was used for cloning the full length of CTGF gene. This diagram
was taken from the package insert (Invitrogen).
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pEGFP–CTGF and pcDNA3.1–CTGF LB media containing E.coli colonies were
grown in 200 mL culture media to amplify the plasmid DNA. A concentration of 1 μg/μL
plasmid DNA was sufficient for efficient electroporation transfection technique (according to
Neon’s transfection system manual). Autoclaved 200 mL LB media was used and 10–20 μL
of pEGFP–CTGF or pcDNA3.1–CTGF were added to the LB media to incubate overnight at
37°C. Plasmid DNA was then extracted using “Zyppy Plasmid Maxiprep” kit following the
manufacturer’s instruction. 50 mL of LB culture media was centrifuged at 3,200 x g for
15 minutes at room temperature using 50 mL tubes. The supernatant was discarded and tubes
were re-used in order to collect MACH1 cells in one pellet. Cells were resuspended in 15 mL
of red P1 buffer then mixed with 15 mL of P2 green lysis buffer. Cold yellow neutralization
(20 mL) buffer was then added to the mixture and tubes were gently mixed by inversion until
the neutralization process was complete (the sample appeared yellow). Tubes were then
centrifuged at 3,200 x g for 15 minutes and supernatant was loaded onto “Zymo-Spin VI
Columns”, which have a capacity to hold approximately 10 mL. Columns were re-used until
all the plasmid DNA was filtered. Columns were washed with 10 mL of endo-wash buffer,
and then washed with 10 mL of Zyppy wash buffer. Plasmid DNA was eluted in 3 mL of
Zyppy elution buffer for 1 minute at room temperature and collected by centrifugation of
columns at 3,200 x g for 1 minute. Plasmid DNA concentration was measured using
NanoDrop instrument. Ingredients of “Zyppy Plasmid Maxiprep” kit buffers were not
provided in the manufacturer’s instruction booklet.
The extracted plasmid DNA needed to be eluted in 3 mL of elution buffer, and to
achieve a concentration of 1 μg/μL, DNA was precipitated by isopropanol. NaOAc (one tenth
volume ≈ 300 μL) was added to the plasmid DNA and then 2.2 mL of isopropanol was added
and mixed (two thirds of the volume). The mixture was stored at -20°C freezer for more than
1 hour before centrifugation for 15 minutes at maximum speed. Supernatant was discarded
and 1 mL of 70% ethanol was added to the pellets. Tubes were then centrifuged for 5 minutes
at maximum speed at room temperature. Supernatant was discarded and tubes were air dried
for at least 5 minutes. Precipitated DNA was incubated with 75 μL elution buffer for 10
minutes at room temperature and then mixed and measured by NanoDrop instrument. A
second DNA precipitation step was performed to concentrate DNA further and produce a
concentration of 1 μg/μL. Absolute alcohol (2.5 times volume) was used following the same
precipitation protocol above except isopropanol was replaced by absolute alcohol.
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C. Transfection of pEGFP–CTGF and pcDNA3.1–CTGF into leukaemia cells
Neon transfection system (Invitrogen) was used to electroporate cells with plasmid DNA.
A small pellet of 2.5 x 105 cells was resuspended in 125 μL of buffer R, and 12.5 μL of the
pEGFP-CTGF or pcDNA3.1-CTGF plasmid DNA to the mixture. Buffer E (3 mL) was added
to the electroporation chamber then placed in the “Neon Pipette Station”. Resuspended cells
with plasmid DNA were pipetted by “Neon pipette” tips that contain an electrode.
Electroporation conditions for NALM6 and MOLT4 were as follows: pulse voltage =
1,350 V, pulse width = 10 ms, pulse number = 3, expected viability = 97.8%. To calculate
and compare the transfection efficiency, pEGFP-C1 was used for electroporation with each
cell type. Electroporated control cells with pEGFP-C1 plasmid DNA were evaluated by the
fluorescence inverted microscopy at least 4 hours post transfection. Transfection efficiency
was evaluated by estimating the percentage of green cells in each visual field. Ingredients of
the supplied buffers were not provided with Neon kit’s instruction manuals.
2.3.3 CTGF Protein Detection
2.3.3.1 Western Blot
Western blot was used to evaluate the specificity of various anti-CTGF antibodies.
Proteins were extracted from human skin fibroblasts and leukaemia cell lines. Validation of
the specificity of anti-CTGF antibody is a crucial step. The following is the general protocol
used for western blot experiments. The protocol was further optimized for the detection of
CTGF protein (see chapter 3.3 for results).
1. Protein Extraction: For each 1 x 107 cell pellets, cells were lysed on ice using 100 μL
RIPA lysis buffer by pipetting up and down, then centrifugation at 13,000 x g for
20 minutes at 4°C. The protein lysate was liquated and stored in - 80°C freezer.
Protein lysis buffer contained the following reagents: 1 unit of complete protease
inhibitor (CPI), 1 μM of sodium orthovanodate (NaO), and 1mM of phenyl methane
sulfonyl fluoride (PMSF) in radio-immuno-precipitation assay buffer (RIPA). RIPA
buffer contains 50 mM of Tris Cl (pH = 8), 150 mM of NaCl, 1% of nonyl
phenoxypolyethoxylethanol 40 (NP-40), 0.5% sodium deoxycholate, 0.1% SDS in
milliQ water.
2. Protein Quantification: Proteins were quantified using the bicinichoninic acid assay
(BCA). The assay was a two-step process: (1) biuret reaction, and (2) BCA/copper
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complex binding. Bovine serum albumin (BSA) was used as a standard control.
Dilutions of BSA (Thermo Scientific) to concentrations of 1, 0.9, 0.8, 0.7, 0.6, 0.5,
0.4, 0.3, 0.2, and 0 mg/mL, each in triplicate were prepared each time and used as a
standard curve in the BCA assay. Protein extracts from cells were diluted with milliQ
water (1:10 dilution), and quantified in triplicates in a 96 well plate. Buffer A and
buffer B were mixed and 200 μL was loaded to each well. When copper (Cu2+)
(buffer A) was added to an alkaline medium (buffer B) containing sodium potassium
tartrate (1 volume buffer A: 50 volumes buffer B volumes), Cu2+ was reduced to Cu1+
by proteins. The product exhibited light blue colour. The 96 well-plate was incubated
at 37 °C on a round rotator with 170 rpm for 30 minutes. During incubation, the
reduced copper reacted with BCA to form a water soluble complex to produce a
strong purple colour. The linear relationship between protein concentration and the
intensity of purple colour can be measured spectrophotometrically from each well
(wavelength of 570 nm) using ELISA micro-plate reader with Gen 5 software
(BioTek). The colour intensity was measured; BSA standard results were averaged
and plotted on a scatter graph, and a coefficient correlation was calculated.
Concentration of the unknown samples was calculated from the standard curve slope
equation according to the dilution factor.
3. Gel Preparation: A 10% acrylamide gel (separation range of proteins between
70–20 kDa) was prepared using the following ingredients: 1927 μL of milliQ water,
1450 μL of 40% acrylamide, 1000 μL of 2% bis acrylamide solution, 1500 μL of
1.5 M Tris-HCl buffer (pH= 8.8), 60 μL of 10% APS (catalyzer), 60 μL of 10% SDS
(detergent), and 3 μL of TEMED (catalyzer). The solution was then loaded into the
gel cassette and left to settle for at least 30 minutes. A 5% Stacking Gel was then
prepared and loaded onto the 10% separating gel. The cassette was left standing at
room temperature for 1 hour, and then stored in a running buffer (Table 2.2) overnight
at 4°C overnight.
4. Samples Preparation: 20-30 μg of protein samples were thawed and kept cool all the
time on ice. Laemmli buffer (prepared as 4X stock) was added to each protein sample
to make a final volume of 10 or 20 μL with MilliQ water. Protein samples were then
denatured in a heating block at 99 °C for 10 minutes, and then transferred to ice
immediately. The negatively charged SDS (detergent) in laemmli buffer covers the
proteins externally, which subsequently allow their separation based on size rather
than charge. Denaturation required the use of β-mercaptoethanol to break the disulfide
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bonds within protein molecules. 4X laemmli buffer contained 240 mM Tris,
6.9% SDS, 40% glycerol, 20% β–mercaptoethanol, and 0.02% bromophenol blue.
5. Gel Electrophoresis: Samples were loaded into each well. Markers (5 μL of the
‘Prestained Precision Plus Western C’ (BioRad) and 1 μL of the magic marker ‘Magic
Mark XP western protein standard’ (Invitrogen)) were generally loaded in the first
well. The electrophoresis tank was filled with running buffer according to the
manufacturer’s instructions. Electrophoresis was set at a constant voltage of 100 V,
and the migration was observed till all the blue loading dye in each well migrated
through the length of the gel. Running buffer was prepared from the following
components: 25 mM Tris, 192 mM glycine, 0.1% SDS, and milliQ water (Table 2.2).
6. Blotting Transfer: The exothermic reaction in freshly prepared transfer buffer for
each experiment warms the buffer. Transfer buffer was let to cool down in -20°C
before its use. Nitrocellulose membrane was also equilibrated in MilliQ water for
5 minutes before its use. The ‘transfer sandwich’ was prepared in a transfer cassette
containing the following layers: (1) sponge, (2) Watman paper, (3) gel, (4)
nitrocellulose membrane, (5) Watman paper, and (6) sponge. The cassettes were
placed in the transfer tank in a direction where the current moves from the gel (anode)
to the membrane (cathode). A small stirrer and a frozen pad were placed in the tank to
circulate the buffer during the transfer and to keep the buffer cold. The tank was also
placed in a large polysterene box filled with ice to prevent the increase in buffer’s
temperature. Transfer process was programmed at 220 mA, constant current for 2
hours and 30 minutes. Transfer buffer contained the following ingredients: 22 mM
Tris, 192 mM glycine, 20% methanol, and milliQ water (Table 2.2).
7. Coomassie and Ponceau stains: To evaluate the efficiency of blot transfer, the gel
and membrane can be stained with coomassie and ponceau stains, respectively.
Coomassie blue was used to stain the gel and assess the amount of protein leftover
that remained on the gel. Beside the role of ponceau red stain to evaluate the
efficiency of proteins transfer, it also provided a visual aid when cutting the
membrane into strips if required. Gels stained with coomassie blue were de-stained in
de-staining buffer (20% methanol and 10% acetic acid in milliQ water), whereas
stained membranes were washed in PBST.
8. Blocking: Non-fat milk powder was used for blocking the non-specific proteins on
the membrane. Five percent of milk powder was diluted in PBST solution for either
1 hour at room temperature or overnight at 4°C. Casein in milk proteins coats the
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entire membrane in order to block the non-specific antigens, but casein–membrane
binding can be displaced by the specific high affinity antigen–antibody binding.
Bovine serum albumin is another blocking agent that was used in this study (see
Chapter 3).
9. Primary Antibody: Five anti-CTGF antibodies were used in this study (Table 2.3).
The first experiment for each antibody was a titration trial with a known positive and
negative control cell lines for CTGF expression. Antibodies were diluted in PBST
with 1 or 2% skim milk. Membranes were incubated with primary antibody either for
1 hour and 30 minutes at room temperature or overnight at 4°C. In both cases, the
membranes were incubated on an orbital rotator.
10. Evaluation of Transfer: This study is not interested in quantitatively evaluating the
expression pattern of CTGF between leukaemia cell lines, but it is interested in
evaluating the presence or absence of CTGF expression. Consequently, the
housekeeping gene glyceraldehyde 3 phosphate dehydrogenase (GAPDH) was used
for troubleshooting such as evaluation of the efficiency of migration and blot transfer.
GAPDH was used in this study because it has a different molecular weight than
CTGF (CTGF is approximately 37 kDa while GAPDH is approximately 70 kDa).
Goat polyclonal anti-human GAPDH antibody 200 μg (Santa Cruz) was diluted in
1/2000 PBST with 1 or 2% skim milk and membranes were incubated either for
1 hour and 30 minutes at room temperature or overnight at 4° C on a rotator (round or
orbital).
11. Secondary Antibody: Secondary antibodies that were used in this study include: (1)
anti-goat, (2) anti-rabbit, and (3) anti-mouse IgG antibodies tagged with horse redish
peroxidase (HRP). These antibodies were tested for the optimum dilution before their
use in CTGF western blot experiments. Antibodies were tested on membranes that
were not incubated with primary antibodies, and they did not show any significant
false positive signal. Table 2.4 shows a summary of these antibodies. Secondary
antibodies were diluted in PBST with 1 or 2% skim milk, and they were incubated on
membranes for 1 hour at room temperature on an orbital rotator.
12. Washings: PBST was used to wash membranes. PBST was prepared from PBS and
0.05% Tween-20. Membranes were washed on a round rotator 3 – 5 times (5 minutes
each) after antibody incubation (both primary and secondary antibodies).
13. Detection: Enhanced chemi-luminescence (ECL) reagent is a substrate that reacts
with the peroxidase on the secondary antibodies. The oxidation reaction catalyzed by
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HRP enzyme occurs at the position of secondary antibodies binding sites on the
membrane. The intensity of light emission from luminescent molecules is directly
proportional to the concentration of secondary antibodies. ECL (Thermo Scientific)
was prepared according to manufacturer’s instructions and equilibrated at room
temperature for 5 minutes before use. Membranes were placed on clean and dry
washing containers to apply the ECL reagent for 5 minutes then membranes were
placed in an X-ray cassette between two transparent plastic sheets. The cover plastic
was gently swiped to remove any air bubbles that may interfere with luminescent
signal detection. The luminescent signal from the membrane was detected with a
photographic film (Kodak). The length of film exposure depends on the intensity of
the signals; in some cases overnight exposure was required (see Chapter 3).
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Table 2.2. Summary of main reagents used in western blot.

4X Laemmli Buffer
240 mM Tris
6.9% SDS
40% glycerol
20% β-mercaptoethanol
0.02% bromophenol blue

Running Buffer
25 mM Tris
192 mM glycine
0.1% SDS
MilliQ H2O

Transfer Buffer

Washing Buffer
(PBST)
0.05% tween-20
PBS

25 mM Tris
192 mM glycine
20% methanol
MilliQ H2O

Table 2.3. Summary of anti-human CTGF antibodies that were used in this study.

Company

Description

Recommended
methods
western Blot
immunohistochemistry

Recommended
Concentration
0.1 μg/mL

R&D Systems

goat polyclonal
anti-CTGF

R&D Systems

mouse
monoclonal
anti-CTGF

immunohistochemistry

8 – 25 μg/mL

Abcam

rabbit
polyclonal antiCTGF

western blot
immunohistochemistry
immunofluorescence

1/5000 of the
1 mg/mL

Santa Cruz

goat polyclonal
anti-CTGF

1/100 – 1/1000
of the
200 μg/mL

GenScript

rabbit
polyclonal antiCTGF

western blot
immunohistochemistry
ELISA
flow cytomertry.
All applications. The
purified antigen was
tested with ELISA
method.

1/1000 of the
2.968 mg/mL

Immunogen
reacts with the Cterminal (Glu247 –
Ala349) of CTGF
protein
reacts with the Cterminal (Glu247 –
Ala349) of CTGF
protein
reacts with the Cterminal (Asp223 –
Met248) of CTGF
protein
reacts with the
internal region of
CTGF protein
custom made against
a short peptide from
the C-terminal of the
CTGF protein

Table 2.4. Summary of the secondary antibodies used for western blot.

Description

Company

rabbit polyclonal anti-goat IgG HRP Sigma-Aldrich
goat polyclonal anti-rabbit IgG HRP Sigma-Aldrich
goat polyclonal anti-mouse IgG HRP Sigma-Aldrich
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Recommended
Concentration
1/5000 dilution
1/2000 dilution
1/5000 dilution

Antibodies Catalog
Number
A5420
A0545
A9917

2.3.3.2 Flow Cytometry
Flow cytometry was used to identify CTGF positive cells. Flow cytometry is a
sensitive technique capable of identifying small numbers of positive cells in a large mixture
of cells. Antibodies evaluated in western blot under denatured conditions were tested with
flow cytometry (native condition) to evaluate their performance. Because CTGF is a
cytoplasmic protein, a protocol was developed and optimized to stain surface antigens (CD45
and CD19) followed by an intra-cellular staining.
Surface Staining: Optimisation of the protocol was done on normal whole blood. In order to
identify B–lymphocytes, whole blood was stained with two antibodies: (1) mouse
monoclonal V450 anti-human CD45 (clone: HI30, BD), and (2) mouse monoclonal FITC
anti-CD19 (clone: HIB19, BD) antibodies. CD45 antibody binds to all isoforms of a
leukocyte common antigen (LCA) that are present on all human leukocytes, and CD45
positive leukocytes can be separated and analysed using the side scatter on a scatter plot.
Further gating on the CD45 positive lymphocytes with CD19 antibodies could successfully
isolate B–lymphocytes. Surface staining with CD45 and CD19 antibodies involved the
following steps:


RBC Lysis: Red blood cells (RBCs) interfere with flow cytometry analysis as they
have autofluoresence. Consequently, RBCs in the EDTA collected whole blood were
lysed with RBC lysis buffer. 50–100 μL of the collected whole blood was placed in
5 mL tube then 1 mL of RBC lysis buffer was added. The mixture was vortexed for a
minimum of 10 minutes at room temperature. RBC lysis buffer contains 4.15 g
NH4Cl, 0.5 g KHCO3, and 0.018 g EDTA resuspended in 500 mL milliQ water with a
pH between 7.2 – 7.4. RBC lysis buffer was filtered and warmed at 37 °C for at least
20 minutes before use.



Washing: Cells were washed with FACS buffer to remove the lysed RBCs. Washing
steps (cells were generally washed 3 times) involved adding 1 mL of FACS buffer to
each sample, vortexing, and centrifuging for 5 minute at 350 x g. FACS buffer was
prepared from the following ingredients: (1) 0.1% BSA, (2) 0.01% sodium azide, and
(3) 2 mM EDTA resuspended in sterile PBS.



Surface Antibodies: V450-CD45 and FITC-CD19 antibodies were diluted in a FACS
buffer (Table 2.5) then added to cells for at least 30 minutes at room temperature.
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Samples were covered with a foil to protect antibodies from direct light excitation.
Cells were washed with FACS buffer at the end of the incubation step.


Cell Fixation: Blood cells for optimization experiments were fixed at this step, and
stored at 4°C until flow cytometry analysis. Cells were fixed in 2% paraformaldehyde
(PFA) solution (diluted from the 8% PFA stock with FACS buffer). Cells were fixed
for 20 minutes at room temperature, and then washed in FACS buffer 3 times. Fixed
cells were resuspended in 300 μL FACS buffer.

Intracellular Staining: Intracellular staining was initially tested and optimized on human
skin fibroblasts to detect the cytoplasmic CTGF protein. Since fibroblasts lack B lymphocyte
surface antigens, CD45 and CD19 surface staining were not applicable.


Preparing Human Skin Fibroblasts: A minimum of 1 x 106 fibroblasts were
incubated in a T25 flask (25 mm2 flask) overnight to allow cells adhere the surface.
Brefeldin A (BioLegend) (1:1000 dilution resuspended in fibroblast’s culture media)
was added to fibroblasts 4–6 hours prior collection. Brefeldin A inhibits protein
secretion leading to protein accumulation in Golgi complex and endoplasmic
reticulum. Cells were then trypsinised and collected by centrifugation (see 2.2.2 for
more details). Collected cells were then transferred to the 5 mL FACS tubes for
intracellular staining.



Intracellular Staining Protocol:
o Fixation: Each 1x106 fibroblasts were resuspended with at least 300 μL of the
Foxp3 fixation buffer (eBioscience). Cells were incubated at room temperature
for 30–60 minutes then centrifuged at 350 x g for 5 minutes at 4°C, and the
supernatant was discarded. Fixation buffer (4X fixation buffer was diluted in
the provided diluent buffer, “Foxp3 Fixation/Permeabilization Concentrate
and Diluent” eBioscience) was prepared in a dark area. The ingredients of the
fixation and its diluent buffers were not provided in the manufacturer’s
manuals.
o Washing: Cells were washed with approximately 800 μL of FACS buffer
followed by centrifugation at 300 x g for 5 minutes at 4°C.
o Primary Antibody: Since CTGF is a cytoplasmic protein, the cellular
membrane was permeabilized to facilitate the access of antibody. The
validated CTGF antibody was diluted in Foxp3 permeabilization buffer
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(eBioscience). Cells were incubated with anti-CTGF antibody at room
temperature for 30 – 60 minutes, and then washed twice with permeabilization
buffer.
o Fluorescent Secondary Antibody: Similarly, fluorescent secondary antibodies
were diluted in a permeabilization buffer in dark area. DyLight 649 donkey
anti-rabbit IgG antibody (BioLegend) was used as a secondary antibody for
the GenScript rabbit anti-CTGF antibody (1/500 of the 0.5 mg/mL; absorption
at 655 nm and emission at 670 nm). Cells were incubated with the secondary
antibody for 30 minutes at room temperature in darkness (tubes were wrapped
with foil). Cells were then washed twice with FACS buffer.
o Storage: Cells were resuspended in 300 μL FACS buffer and stored in
darkness (wrapped in foil) at 4°C until flow cytometry analysis.
Flow Cytometry: A Gallios flow cytometer (Beckman Coulter) was used in this study. The
instrument has three lasers and ten filters. We used the following filters: (A) filter 1
(bandpass of 525/20 nm) for GFP and FITC detection, (B) filter 6 (bandpass 660/20 nm) for
APC detection and (C) filter 9 (bandpass 450/50 nm) for V450 detection (equivalent to
Pacific Blue). Cells were vortexed then at least 10,000 events were analysed. We used single
stained cells to calculate the automatic compensation. Compensations were made prior to test
multi-colour stained cells. The collected results were then analysed using Kaluza software
(version 1.2).
Table 2.5. Summary of the fluorescent antibodies used for flow cytometry.
Description
Company Recommended
Concentration
V450 mouse monoclonal anti human CD45 BD
5 μL per test
FITC mouse monoclonal anti human CD19 BD
20 μL per test
DyLight 649 donkey anti-rabbit IgG
BioLegend Not provided

Optimised
Clone
Dilution
Number
1/200
HI30
1/200
HIB19
1/500
Poly4064

2.3.3.3 Cell Blocks and Immunohistochemistry
In

order

to

validate

immunofluorescence

protocols,

immunohistochemistry

experiments were performed initially. Two antibodies were used: anti-CD79a and anti-CTGF
antibodies. CD79a is a surface antigen expressed on mature and immature B lymphocytes77
and it is routinely used in diagnostic histology laboratories. Since CTGF protein is expressed
in numerous cell types in epithelial tissues, it is difficult to evaluate its specificity using tissue
sections (such as skin tissue). Consequently, cell blocks were prepared with different
combinations of known cell lines to make the specificity evaluation easier.
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Cell Blocks: 1 x 106 fibroblasts, REH, and MOLT4 cells were collected and fixed overnight
with 10% neutral buffered formalin (NBF) at room temperature. Formalin was discarded after
centrifuging cells at 350 x g for 5 minutes. A 0.04 g/mL agarose with low melting
temperature was prepared by heating the agarose in the microwave (0.4 g in 10 mL of PBS).
The agarose was kept at room temperature for 5 minutes to cool down then approximately
1 mL was added to each cell pellet. Cell pellets were gently mixed with the agarose to
resuspend the cells then tubes were kept in an upright position at room temperature for at
least 1 hour. Agarose blocks were then placed in plastic tissue cassettes and embedded with
molten wax. The aim from embedding cells in wax is to preserve the tissue’s rigidity and to
enable thin sectioning without damaging the fixed tissue. Wax was kept at room temperature
to cool before loading the blocks into the automatic close-system-processing for an overnight
paraffin embedding.
Paraffin embedding process was programmed on Excelsior ES automatic system (Thermo
Scientific) according to the following steps: (1) 70% ethyl alcohol for 30 minutes, (2) 80%
ethyl alcohol for 1 hour, (3) 90% ethyl alcohol for 1 hour, (4) absolute ethyl alcohol for
1 hour (3 cycles), (5) xylene for 1 hour (3 cycles), and (6) paraffin wax for 1 hour and
20 minutes (3 cycles). Sections of 4 μm were cut using the rotor microtome and placed on
37°C water bath to facilitate picking the sections on slides. Slides were then heated on a
drying hot plate for at least 10 minutes then cooked in 56°C oven for a maximum of 1 hour to
stabilize tissue adherence to slides.
Immunohistochemistry: Before starting immunohistochemistry staining, slides were labeled
with pencil with each experiment details (type of tissue, antibody, dilution of the antibody,
antigen retrieval for the tissue or no antigen retrieval, and date). In each experiment, a
negative control slide was included (see below for details).


De-waxing and Rehydration: slides were placed in a metal rack and placed in xylene.
De-waxing process was done inside a fume hood. The protocol involves the following
steps: (1) xylene for 2 minutes (3 washes using different baths), (2) absolute alcohol
for 2 minutes (2 washes using different baths), (3) 90% alcohol for 2 minutes, (4)
70% alcohol for 1 minute, (5) tap water for 1 minute, (6) distilled water for 1 minute.



Quenching: The endogenous peroxidases from normal tissues interact with DAB
chromagen that is used to detect the HRP signal from the secondary antibodies. This
interaction could potentially give false positive results. Consequently, endogenous
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peroxidases were quenched using 3% methanolic hydrogen peroxide for 10 minutes at
room temperature. Then, slides were washed twice afterwards in PBS on the orbital
rotator.


Antigen Retrieval: Based on the antibody kinetics, antigen retrieval was necessary for
some antigens. Theoretically, antigen retrieval breaks down the cross-links between
formalin and antigen epitopes recovering them for antibody binding. Heat induced
antigen retrieval method was used in this study. Slides were placed in a special plastic
rack designed for the microwave. Slides were immersed in 1 L of citrate buffer (pH =
6.0). A microwave that maintains constant heating temperature was used in these
experiments and was programmed to heat the slides at 95°C for 20 minutes. A stirrer
was placed at the bottom of the slides rack to redistribute the heat. The beaker was
removed from the microwave at the end of the heating cycle, and kept in a sink filled
with tap water to cool for 20 minutes. Slides were then washed twice in PBS two
minutes each.



Blocking: slides were placed in a humidity chamber (a slide box with a wet tissue at
one side to produce humidity). Tissue sections were circled with a hydrophobic pen
(DAKO) approximately 5 mm away from the tissue before laying slides in the
humidity chamber. A dilution of 2% BSA was prepared for 30 minutes blocking at
room temperature. Slides were then tipped on their side on a tissue paper and returned
back to the humidity chamber to be incubated with primary antibodies. However,
negative control slides were kept in the humidity chamber to be incubated with the
blocking agent overnight.



Primary antibody: anti-CTGF and anti-CD79a antibodies were diluted in 2% BSA.
Approximately 150 μL of the primary antibody was loaded on each slide within the
circled area. Slides were stored at 4°C for overnight reaction in the humidity chamber.



Washing: Slides were washed with PBST (PBS with 0.05% tween-20) twice for
5 minutes after each antibody incubation. To ensure a proper washing, slides were
placed in a metal rack and immersed in washing dish containing 200 mL PBST on an
orbital rotator.



Secondary antibody: Slides were placed again in the humidity chamber after washing.
Two types of secondary antibodies were used: a goat anti-mouse, anti-rabbit polymer
IgG HRP antibodies (Envision Dual Link (EDL), DAKO), and a rabbit anti-goat ABC
IgG (Avid Biotinylated HRP IgG, Vectastain). EDL antibodies were ready to use and
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approximately 150 μL of EDL was loaded on each slide and incubated for 30 minutes
at room temperature inside a humidity chamber. However, rabbit anti-goat ABC IgG
antibodies required a 1/200 dilution in 2% BSA. Slides were incubated with the
antibody for 30 minutes, then 30 minutes with avidin-biotin reagent. Avidin-biotin
reagent was prepared by mixing 1 drop of avidin (reagent A) with 1 drop from biotin
(reagent B) in a 2.5 mL PBS solution then incubated for a minimum of 30 minutes at
room temperature before use. At the end of secondary antibody incubation, slides
were washed in PBST then returned back to the humidity chamber for detection.


Detection: In order to detect the peroxidase signal from secondary antibodies, DAB
(3,3' di-amino-benzidine) was used. DAB (DAKO) solution was prepared prior use by
mixing 1 mL of DAB buffer with 1 drop of DAB chromagen. Approximately 150 μL
of DAB mixture was loaded on each slide and incubated for 5 minutes at room
temperature. Slides were then washed in distilled water for 1–2 minutes, followed by
another wash in tap water for 2 minutes.



Counter Stain: In order to stain the nuclei, haematoxylin was used as a counter stain.
Gills haematoxylin staining was used for 15–30 seconds followed by washing slides
in tap water for 2 minutes. Scott’s tap water was then used for 30 seconds to convert
bound haematoxylin to an insoluble blue colour (bluing process)78. Gill’s
haematoxylin was used because it has aluminum ions as modrants (aluminum
ammonium sulfate salts). Modrants are important to facilitate haematoxylin nuclear
staining. Both hematein (the oxidized product of extracted haematoxylin) and nuclear
materials (chromatin and DNA) are negatively charged, and aluminum ions were used
to provide a bridge between the negatively charged molecules78.



Dehydration and mounting: Dehydration protocol involved washing slides in
absolute alcohol for 2 minutes (twice) then twice for 1 minute then one wash for
30 seconds using five different baths. Then, slides were washed twice in xylene
1 minute each then washed again twice 2 minutes each using four baths. Finally,
slides were mounted and cover-slipped.



The staining intensity was assessed without “blinding”.

2.3.3.4 Dual Colour Immunofluoresence Microscopy
The

general

protocol

for

immunofluorescent

staining

was

similar

to

immunohistochemistry except for using fluorescent secondary antibodies. Two antibodies
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were used: Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 594 goat anti-mouse IgG
antibodies (Invitrogen). Both antibodies were diluted in 2% BSA (1/1000) and slides were
incubated for 30 minutes at room temperature in the dark. Slides were then washed 3 times,
5 minutes each in PBS and rinsed once in distilled water. Slides were tapped on the side to
drain any excess fluid before applying “Prolong Antifade Reagent” and Hoechst nuclear
staining according to the manufacturer’s instructions (Invitrogen). The antifade reagent was
protected from light and only used in dark areas. Approximately 10–50 μL of the reagent was
applied to each slide before coverslipping. Slides were stored in darkness for 24 hours to
complete the antifade reaction before evaluation. Slides were examined by the fluorescence
microscopy using two filters: (1) long-pass filter acquire fluorescent signals excited at
450–490 nm and emitted at 515 nm, and (2) band-pass filter that acquire excited light at
545 nm and emitted light between 535 and 675 nm (605/70).

2.4 Investigation of TES DNA Methylation
2.4.1 Bisulfite Conversion
The main principle of bisulfite conversion is to convert the un-methylated cytosine
nucleotides to uracil while leaving the unmethylated cytosine unaffected. Uracil is replaced
by thiamine during PCR amplification. Bisulfite conversion was done using “Zymo Research
EZ DNA Methylation-Gold” kit. Two cell lines were used as controls: NALM6, which has a
heavily methylated TES promoter, and HL60, which is not methylated.
The initial step in bisulfite conversion was to prepare the CT conversion reagent. CT
conversion reagent was prepared by mixing 300 μL M-dilution buffer, 50 μL M-dissolving
buffer, and 900 μL water. The prepared reagent was mixed for 10 minutes at room
temperature then 130 μL of the CT reagent was loaded to each 20 μL DNA sample (DNA
concentration = 500 ng per reaction, volume was adjusted with milliQ water to 20 μL).
Samples were mixed, centrifuged then placed in the thermal cycler to allow the bisulfite
conversion to occur. Thermal cycler reaction: (1) 98°C for 10 minutes, (2) 64°C for 2 hours
and 30 minutes, and (3) 4°C hold. Each sample was then purified on a Zymo-Spin IC column
with 600 μL of M-binding buffer then columns were mixed by gentle inversions. Columns
were centrifuged at high speed for 30 seconds, washed with 100 μL M-wash buffer, and
centrifuged again. Each column was treated with 200 μL of M-desulphonation buffer for
20 minutes at room temperature. Columns were then centrifuged and washed twice with
200 μL M-wash buffer. Finally, 10 μL of M-elution buffer was applied to each column,
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centrifuged in a clean 1.5 mL tube, and the eluted DNA was collected. Bisulfite converted
DNA was analysed by PCR immediately or stored at -20 °C for a short-term storage. The
ingredients of “Zymo Research EZ DNA Methylation-Gold” buffers were not provided in the
manufacturer’s information manual.
2.4.2 Real Time PCR
To provide a sensitive detection method for TES DNA methylation, Weeks et al
calculated the methylation percentage for the 48 CpG sites within TES promoter region
(Figure 2.8)72. They obtained these data from B-ALL bisulfite sequencing results. Figure 2.9
shows the location of these CpG sites within the promoter region72. Using the MethPrimer
website79, TES promoter sequence was CT converted then primers were selected. Methylation
specific primers (MS) are: forward primer: CGG CGT TCG GTG ATT GG; reverse primer:
GAC TCC GCT ACG AAC ACG. Primers were designed to bind to the methylated cytosine
nucleotides at CpG islands within the promoter region of TES gene (Figure 2.9). Forward
primer aligns at CpG sites 14, 15, and 16, while the reverse primer align at CpG sites 43, 42,
and 41, and the PCR product is 190 bp. The endpoint PCR reaction mix included the
following: 1.5mM MgCl, 2.5 mM dNTPs, 10 μM of each primer, 1 U of FS Taq enzyme,
2 μL of FS buffer, and milliQ water. Thermal cycler program: (1) 95°C for 10 minutes, (2)
35 cycles of 95°C for 30 seconds, 65°C for 30 seconds, 72°C for 30 seconds, (3) final
extension at 72°C for 5 minutes.

Figure 2.7. The percentage of methylation level of CpG sites at TES promoter region. This diagram
was provided by Mr Rob Weeks.
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Figure 2.8. The location of CpG sites at TES promoter region. The sequence and locations were taken
from Weeks et al supplementary data72. The first CpG site is located at position 738 of TES gene.
Blue arrows represent the alignments of forward and reverse primers.

Since primer-dimers interfere with real time PCR analysis, specific primers were
designed with “TAGs”80. Brownie et al suggested that dimers can be eliminated from PCR
reaction by ‘pan-handle’ formation (Figure 2.10)80. Methylation specific primers were redesigned with the following tail sequence that was added to their 5’ end (tail sequence: GCG
TAC TAG CGT ACC ACG TGT CGA CT). The TAG primer: GCG TAC TAG CGT ACC
ACG TGT CGA CT is complementary to itself and it is designed to anneal to the TAG
sequence on the tailed primers. PCR mixture involved the following reagents: (1) 2 X SYBR
green mix (TaKaRa), (2) 20 nM of each forward and reverse primers, (3) 200 nM TAG
primer, (4) 1 μL of bisulfite converted DNA (up to 500 ng per reaction) (5) milliQ water to
adjust volume to 20 μL. Using a real-time-specific 96 well plate, each sample was prepared
as triplicate for the PCR reaction.
To minimise dimer formation in real time PCR experiments, we used the following
strategies: use tailed genome specific primers at very low concentration, use TAG primer that
binds to the tail sequence of the tailed primers, and high annealing temperature to facilitate
annealing of the TAG primer but not the tailed primers.
The first four cycles of the reaction was designed to anneal and extend the tailed
genome specific primers to their target DNA sequence (genomic priming). Once the new
template was generated containing the tail sequence, TAG primers were designed to drive the
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PCR reaction for 45 cycles at a higher annealing temperature. Figure 2.10 (A) shows the
tailed genome specific primers anneal to their corresponding DNA template for the first four
cycles. Because of the low concentration of genome specific primers, there is a higher chance
for the TAG primers to anneal to the tag sequence formed on DNA template compared to
tailed genome specific primers and consequently drive the PCR amplification. Tailed
sequences are complementary to each other which create “panhandle” formation if align on
each other (Figure 2.10 B).
The use of 45 PCR cycles aims to promote TAG primer annealing to the gene-specific
primers’ tails. PCR reaction involved the following steps: (1) 50°C for 2 minutes, (2) 95°C
for 10 minutes, and (3) four cycles of 95°C for 1 minute, 64°C for 1 minute, and 72°C for
1 minute. Amplification step: 45 cycles of (1) 95°C for 1 minute, and (2) 68°C for 1 minute.
The last stage was the dissociation reaction with the following steps: (1) 95°C for 15 seconds,
(2) 60°C for 1 minute, (3) 95°C for 15 seconds, and (4) 60°C for 15 seconds. Both Applied
Biosystems (ABI 7300) real time PCR analyser, and Roche light cycler real time PCR
(LightCycler 480) were used.
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Figure 2.9. The principle of panhandle formation to eliminate primer dimer (PD) interference in Real
Time PCR. This image was taken from Brownie et al80 with permission (see appendix).
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Chapter 3: CTGF Expression
3.1 Overview
CTGF expression varied between leukaemia cell lines. Reverse transcriptase PCR
(RT-PCR) showed REH, NALM6, RS4 and human skin fibroblasts to express CTGF mRNA.
We also found RAJI, JURKAT, MOLT4, and CCRF-CEM did not express CTGF, NOV or
CYR61 mRNA. These cell lines were selected to be positive and negative candidates for
CTGF protein investigation, respectively.
Four commercial anti-CTGF antibodies were used but failed to show specificity for
CTGF protein expression by western blotting. A commissioned antibody against a synthetic
short peptide showed a weak but specific band.
The commissioned anti-CTGF antibody was used for the flow cytometry analysis.
Induction and transfection techniques were used to increase CTGF protein expression. We
demonstrated that neither induction nor transfection strategies enhanced the detection of
CTGF protein in B-ALL cell lines. NALM6 cells lacked the expression of CD45 (a common
leukocyte antigen). NALM6 strongly expressed CD19 (B cell surface marker) while
fibroblasts and MOLT4 cells lacked CD19 expression as expected.
Immunohistochemistry

investigation

using

induced

formalin-fixed,

paraffin

embedded fibroblasts in cell-blocks showed strong intracellular staining. MOLT4 cells did
not show any positive staining for CTGF protein. These finding support western blot results
in validating the specificity of the commissioned anti-CTGF antibody. In addition, antiCD79a specifically identified B–lymphocytes inside tonsillar follicles. The protocol for using
both antibodies was similar, and dual colour immunofluorescence staining successfully
stained epithelial cells and B–lymphocytes on tonsil tissue.

3.2 Investigation of CTGF mRNA Expression
CTGF mRNA expression was evaluated using RT-PCR (described in chapter 2.3.1.1).
RT-PCR was used to identify cell lines that express CTGF mRNA and use them as potential
positive controls for antibody validation experiments (western blot). Because of the
similarities in amino acid sequence at the C-terminal of CTGF protein to other CCN family
proteins (CYR61 and NOV), negative cells for CTGF expression were tested for their CYR61
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and NOV mRNAs expression. True negative cells for CTGF, NOV and CYR61 mRNA
expression were selected for antibody specificity experiments (western blotting).
3.2.1 Identification of Positive and Negative Control Cells
CTGF expression was expected in human skin fibroblasts and B-ALL cells whereas
CTGF is silenced (i.e, methylated) in normal peripheral blood (see Chapter 1). Figure 3.1
shows the RT-PCR results for CTGF expression. The gel band at 407 bp corresponds to
CTGF mRNA while the band at 538 bp indicates the presence of contaminating genomic
DNA. Both REH and RS4 cells (B-ALL) show a band at 407 bp. Previous experiments in
Morison Laboratory had confirmed the expression of CTGF mRNA by NALM6 cells (data
not shown). RT-PCR primers were designed to distinguish between mRNA and genomic
DNA (primers were designed to span exons, see Chapter 2 for details). Genomic DNA from
RAJI cells was used as a control for PCR amplification of genomic DNA. Interestingly,
peripheral blood from normal subjects also show CTGF mRNA expression (X8617, X8620,
X3236, X8623, and X8627 show a band at 407 bp). Similar results were observed with the
second set of CTGF primers (results not shown). As a control for the quality of cDNA, RTPCR of β2M was performed and results are shown in Figure 3.2. All tested samples had
adequate cDNA quality. The expected size of the housekeeping gene β2M cDNA is 80 bp.

Figure 3.1. RT-PCR results for CTGF gene. Human skin fibroblasts, REH and RS4 show CTGF
mRNA expression. The lower arrow points to the CTGF mRNA band (407 bp) while the upper arrow
points to CTGF genomic DNA (538 bp). cDNA: complementary DNA.
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Figure 3.2. RT-PCR results for β2M. The lower band on the gel corresponds to β2M mRNA (80 bp).

3.2.1.1 Why do normal subjects express CTGF mRNA?
Was not the project hypothesis based on hypermethylation of CTGF gene in normal subjects
and its expression in ALL cases?
To investigate the expression of CTGF mRNA in normal individuals, cDNA samples
were cloned into pCR4-TOPO vector and sequenced (Chapter 2.3.1.1) to ensure that PCR
products were truly CTGF cDNA fragments. Sequencing results correctly identified CTGF
mRNA for X8617, and X3236 cDNA as well as REH and RS4 cDNA samples (see appendix
A).
Since RNA from participating subjects was extracted from the mononuclear layer
(lymphocytes, monocytes, and platelets) using Ficoll separation, it is possible that monocytes
or platelets express CTGF mRNA. For convenience, immunohistochemistry investigation
was performed on blood smear slides from a healthy subject who has a positive CTGF
mRNA expression. Figure 3.3 shows the immunohistochemistry results. Morphological
examination showed positive CTGF staining on monocytes, while lymphocytes lack CTGF
protein expression.
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Figure 3.3. Immunohistochemistry on blood smear showing a monocyte (left) expressing CTGF
protein in its cytoplasm and a lymphocyte (right) that does not express CTGF protein using Abcam
rabbit polyclonal anti-CTGF antibody.

3.2.1.2 NOV and CYR61 RT-PCR results
As described above, there is homology between proteins in the CCN family. In order
to confidently validate the specificity of CTGF antibodies, cross reactivity of the antibodies
to other CCN family proteins should be excluded. Consequently, identification of a cell line
that does not express NOV or CYR61 mRNA was essential for the evaluation process. RTPCR specific for NOV and CYR61 was performed to identify non-expressing cell lines.
NOV RT-PCR showed a band at 96 bp which corresponds to the mRNA expression
(Figure 3.4). The size for NOV genomic DNA is 10.5 kb, which is too long to be amplified.
Both U937 and HL60 cell lines, as well as the healthy adult subjects, were positive for NOV
mRNA expression.
CYR61 RT-PCR results are in Figure 3.5. As described previously (Chapter 2.3.1.1),
the length of the CYR61 PCR product is 105 bp while the genomic DNA PCR product is
437 bp. Consequently, CCRF-SP, K562, and HL60 express CYR61 mRNA. Table 3.1 shows
a summary of the RT-PCR results on CTGF, NOV and CYR61 gene expression in different
cell lines. Despite that CCRF-SB, K562, U937 and HL60 cells did not show CTGF mRNA
expression they were excluded from the selection for “CTGF negative control cells” because
of their expression of either NOV or CYR61 gene. As a result, RAJI, CCRF-CEM, MOLT4,
JURKAT, and SUP-B15 cell lines were chosen as negative control cells for CTGF protein
expression. These selected cell lines were used to validate the specificity of anti-CTGF
antibodies using western blotting.
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Table 3.1. Summary of RT-PCR results for CTGF, CYR61, and NOV gene expression. Cell lines that
lack the expression of the three genes are shaded in grey.
REH Raji CCRF- CCRFMOLT4 JURKAT K562 U937 HL6 RS4 SUPCEM
SB
0
B15
CTGF
√
CYR61
√
√
√
NOV
√
√

Figure 3.4. RT-PCR results for Nov gene expression in various cell lines.

Figure 3.5. RT-PCR for CYR61 gene expression in various cell lines.
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3.3 CTGF Protein Expression
3.3.1 Western Blots
The results from RT–PCR were helpful to navigate through antibody validation
experiments by choosing positive cells (cells that express CTGF mRNA) and negative cells
(cells that do not express CTGF, NOV, or CYR61 mRNA). Messenger RNA expression of a
gene does not necessarily mean its translation and synthesis of the corresponding protein, but
the literature suggests that CTGF protein expression correlates with mRNA expression81, 82.
B–ALL cell lines (REH and NALM6) and human skin fibroblasts were selected as positive
cell lines.
3.3.1.1 Testing the commercial anti-CTGF antibodies
Primary human skin fibroblasts, REH, and NALM6 were selected to be positive
control for CTGF protein expression while RAJI, MOLT4, and JURKAT were chosen to be
negative control cells. The initial western blot experiments were performed by following the
standard protocol (Chapter 2) using a commercial R&D Systems anti-CTGF antibody (R&D
Systems goat polyclonal anti-CTGF). The polyclonal anti-CTGF antibody did not show a
specific band on REH cellular protein extract (B–ALL cell line). Similarly, a monoclonal
antibody (R&D Systems mouse monoclonal anti-CTGF antibody) was tested and the
antibody was unsuccessful (Figure 3.6). R&D Systems company (and other commercial
companies) suggested the expected size for CTGF protein to be approximately 37 kDa on
western blot. As shown in Figure 3.6, REH did not show specific band on the western blot’s
film in comparison to MOLT4.
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Figure 3.6. Western blot results using REH and MOLT4 cell lines with different amount of protein
loaded. R&D Systems mouse monoclonal anti-CTGF antibody (clone number 88430) was used for
this experiment.

To overcome these non-specific results, different conditions were tested in an attempt
to improve the binding of CTGF antibodies to the target antigen on the blotting membrane.
Various amounts of proteins (20–60 μg) were loaded and compared between different cell
lines. Fresh β-mercaptoethanol was used in the loading laemmli buffer to improve the
denaturation step and improve the electrophoresis separation. High concentrations of antiCTGF antibodies were also used to increase the ability of detection with an extended
incubation periods for up to 48 hours at 4°C. A third commercial anti-CTGF antibody
(Abcam rabbit polyclonal anti-CTGF) was tested with various concentrations and conditions.
We tested Abcam anti-CTGF with a concentration of up to 1 μg/mL (Figure 3.7) while the
manufacturer’s recommended concentration is 0.2 μg/mL. However, results from the high
antibody concentration experiments were not successful and did not improve the specific
detection of CTGF protein (Figure 3.7 A). Based on RT-PCR, JURKAT, MOLT4, RAJI, and
CCRF-CEM do not express CTGF, NOV, or CYR61 mRNA.
Two types of blotting membranes were also used to maximize the ability of CTGF
protein detection. polyvinylidene difluoride (PVDF) membrane has a small pore size
(0.2 μm) that is capable of preventing small CTGF protein fragments from passing through
the membrane during blotting transfer
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. PVDF membrane is considered superior to

nitrocellulose due to its high bond strength and mechanical strength
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. Despite the superior

characteristics of PVDF in detecting blotted proteins, it did not improve the specificity of
CTGF protein detection.

In fact, there were more non-specific bands compared to

nitrocellulose membrane (Figure 3.7 B).
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Figure 3.7. (A) Western blot on fibroblasts and leukaemia cell lines using high concentration of
Abcam rabbit polyclonal anti-CTGF antibody (1 μg/mL) that was incubated overnight at 4°C. (B)
Western blot with similar condition to (A), but using PVDF membrane. JURKAT, MOLT4,RAJI and
CCRF-CEM are negative controls.

Two blocking agents (BSA and milk) were used to reduce the non-specific
background binding. Five percent of skim non-fat milk showed less background binding
compared to 5% BSA. In addition, blocking membranes overnight at 4°C and adding 1 – 2%
of milk to the antibody dilutions improved the results. The stringency of washing has an
effect on reducing the non-specific signals. Thus, membranes were washed five times, five
minutes each (the usual protocol as shown in Chapter 2.3.3.1 suggests three washes) with
PBST at room temperature on the orbital rotator and the background staining was improved
further. Consequently, the use of nitrocellulose membrane, blocking with 5% milk overnight
at 4°C, adding milk to the antibody dilutions, and additional PBST washings collectively
reduced the non-specific background binding.
Almost 30 western blot experiments and four different commercial anti-CTGF
antibodies were used for the optimization process. Despite all the efforts to optimize western
blot results and obtain a specific anti-CTGF antibody, the commercial antibodies failed to
detect a specific band for CTGF protein in the variety of conditions tested. Thus, we
commissioned the development of an anti-CTGF antibody against short synthetic peptide by
GenScript company.
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3.3.1.2 Testing the commissioned anti-CTGF antibody
Using the optimized conditions that were described above, the commissioned
antibody showed superiority to other antibodies in identifying a specific, but weak expression
of CTGF protein in human skin fibroblasts (Figure 3.8). The antibody could not detect CTGF
protein in B–ALL cells. A weak but specific band at approximately 25 kDa was observed on
REH cellular protein extract only (arrowed on Figure 3.8) that could suggest a fragmented
CTGF protein. However, this 25 kDa band was not expressed by fibroblasts. It is possible
that this band is the C–terminal from cleaved CTGF proteins at the hinge area (also called
linker region) between vWC (domain 2) and TSP (domain 3) that was proteolytically
digested in vivo (see Chapter 1 for details).

Figure 3.8. Western blot results showing a specific band around 37 kDa in fibroblasts lane. REH cells
showed a specific band at 25 kDa that could be a fragmented CTGF protein. Each lane has 30 μg of
proteins loaded using GenScript rabbit polyclonal anti-CTGF. MOLT4 and JURKAT are negative
controls.

The strategy of using different types of anti-CTGF antibodies was not successful
considering that five different anti-CTGF antibodies were tested and various conditions were
optimized for the detection. In order to validate the specificity of an antibody, sufficient
concentration of the protein of interest should be expressed to facilitate the detection. Over
expression of CTGF protein was the next strategy and literature investigation suggested
“CTGF induction” to be a promising plan.
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3.3.1.3 CTGF Induction with TGF-β and IL-7
Over expression of CTGF protein is correlated with pathological findings suggesting
that the protein is produced at low levels in normal physiological conditions (see Chapter 1).
Transforming growth factor β (TGF–β), which is released from injured cells, is a strong
inducer for CTGF synthesis50. As a result, we used TGF-β to induce CTGF protein
expression and to facilitate the analysis of western blots. Because CTGF is a secreted protein,
addition of Brefeldin A was used to inhibit its secretion and increase its concentration inside
the cell before protein extraction. Fibroblasts and B–ALL cell lines were treated with TGF-β
together with Brefeldin A as recommended by manufacturer’s protocols (see Chapter 2 for
more details).
TGF-β induction for 24 hours on fibroblasts and B-ALL cells increased the expression
of CTGF protein (Figure 3.9). Figure 3.9 shows an increase intensity of two bands at
approximately 37 kDa upon TGF-β induction. The intensity is further increased with
Brefeldin A treatment. These two bands were very likely to be CTGF protein. It is possible
that the lower band represent a fragmented CTGF protein. However, the induced B–ALL
cells still did not show CTGF protein expression under these conditions. The 25 kDa band
was not observed on REH cells.

Figure 3.9. Western blot showing the effect of TGF-β induction on the expression of CTGF protein in
fibroblasts, REH and MOLT4. Two bands on fibroblasts lane are significantly increased in their
intensity (arrowed). There is a decrease in non specific background binding compared to the previous
blots. GenScript polyclonal rabbit anti-CTGF was used for this experiment. MOLT4 is negative
control.
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3.3.1.4. Why is there discrepancy in CTGF protein expression between TGF-β induced
fibroblasts and TGF-β induced REH cells?
Do B–ALL cells have receptors for TGF-β protein?
Because CTGF is a secreted protein, it is possible that CTGF protein from REH is
secreted immediately into the culture media. We tested the conditioned medium of induced
REH cells and compared the results with induced fibroblasts and MOLT4. We followed the
protocol suggested by Boag et al using conditioned medium without protein precipitation

45

.

Figure 3.10 shows that the commissioned antibody possibly has cross reactivity to fetal calf
serum proteins. To validate the cross reactivity, the antibody should be tested against culture
media with fetal calf serum only (negative control). However, that experiment was not
performed. No difference was observed between the positive and negative cell lines (MOLT4
is a negative control). We investigated the effect of Brefeldin A in decreasing the secretion of
CTGF protein into the media, but the cross reactivity of the antibody made that evaluation
unsuccessful.

Figure 3.10. Western blot experiment on the conditioned media from induced fibroblasts, REH and
MOLT4. Media from cells treated with Brefeldin A was also included in the experiment to compare
the effect of drug on inhibiting CTGF protein secretion. We used GenScript polyclonal anti-rabbit
anti-CTGF. Induced MOLT4 (with TGF-β) is a negative control (lane 8). Lanes 2 and 5 included
cellular protein extract from induced fibroblasts and REH (with TGF-β) as positive controls. The
expected size for CTGF protein is 37 kDa.
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The literature suggests that B–ALL cells express receptors for TGF-β on their
membrane84, 85. Interestingly, Buske et al found that about 31% of B leukaemia cells undergo
TGF-β induced apoptosis84. We designed an experiment to test that hypothesis by monitoring
cell viability count to estimate whether apoptosis occurred in B-ALL cells, with consequent
weak CTGF expression.
We found that TGF–β incubation for 24 hours decrease the proliferation rate in
leukaemia cell lines suggesting its role in apoptosis. This observation could suggest the
induced CTGF protein leaked out from the degraded apoptotic cells into the culture media
(Figure 3.11). REH and NALM6 were treated with TGF-β in serum free culture media to
minimize the effect of other growth factor proteins present in serum. Untreated REH cells
proliferated well and tolerated the serum free culture media while untreated NALM6 doubled
after 17 hours but the proliferation rate slowed down afterwards. TGF-β treated REH cell
number declined gradually in the 28 hours monitoring period suggesting the sensitivity of
these cells to a TGF-β apoptotic effect. Similarly, TGF-β treated NALM6 had a slow
proliferation rate but continued to proliferate compared to untreated cells.
Buske et al suggested that Interleukin 7 (IL-7) reduces the apoptosis mediated by
TGF-β induction on leukaemic B lymphocyte precursors by a mean of 21%86. To monitor the
effects of TGF-β alone, IL-7 alone, and TGF-β supplemented with IL-7 on leukaemic cells
viability, live cells were counted at various time points (Figure 3.11). The experiment showed
leukaemia cells tolerated the prolonged incubation of TGF-β for 96 hours with a minimum
loss of cells when supplemented with IL-7 (Figure 3.12).
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Figure 3.11. Growth of B-ALL cells (REH and NALM6) after incubation with TGF-β and IL-7 for 17
and 28 hours. Time zero refers to the addition of TGF-β and IL-7. Cells were treated with Brefeldin A
for 5 hours before collection. The addition of TGF-β to REH and NALM6 decrease the number of
viable cells over time when compared to effect of TGF-β + IL-7. REH and NALM6 (not induced)
were included as controls. For each cell line, the results are normalised to 100 based on the number of
cells for that cell line at time zero.
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Figure 3.12. Growth of leukaemia cells (NALM6, REH and MOLT4) after extended incubation with
TGF-β and IL-7 for 66 and 96 hours in serum free culture media. Time zero refers to the addition of
TGF-β and IL-7. MOLT4 is negative control for CTGF protein expression. For each cell line, the
results are normalised to 100 based on the number of cells for that cell line at time zero.

As demonstrated above, TGF-β reduced the number of viable leukaemia cells
consistent with its reported apoptotic effect86, and it is possible that CTGF protein leaked out
from these dead cells. To test that hypothesis, protein extracts from B-ALL cells induced with
TGF-β and IL-7 were collected for western blot investigation. Indeed, we demonstrated the
ability of IL-7 to reveal CTGF protein expression in B lymphoblasts (arrowed in Figure
3.13). In addition, the 25 kDa band (proteolytically cleaved CTGF protein in vivo) was also
noted to increase in intensity in REH and NALM6 (Figure 3.13).

Figure 3.13. Western blot results showing specific but weak bands at 37 and 25 kDa (arrowed) on the
TGF-β and IL-7 induced cells. GenScript rabbit polyclonal anti-CTGF antibody was used. MOLT4 is
negative control.
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Grotendorst et al investigated the effect of TGF-β induction on CTGF expression
using luciferase reporter assay76. They transfected a constructed plasmid of upstream
fragment of CTGF gene (nucleotide position of the fragment: -823 to +73) ligated to pGL2
vector (firefly luciferase coding gene plasmid) into human skin fibroblasts, fetal bovine aortic
smooth muscle cells, human breast epithelial cells, and human hepatic epithelial cells. They
induced transfected cells with TGF-β for 24 hours after transfection then extracted cells to
measure luciferase activity. They found CTGF was only expressed in human skin fibroblasts
and fetal bovine aortic smooth muscle cells suggesting mesenchymal-derived connective
tissue cells have responsive elements for TGF-β stimulation. The findings of Grotendorst et
al may explain the disparity of TGF-β induced CTGF expression between fibroblasts and BALL cells.
3.3.1.4 Induction of CTGF Protein Expression with Glucose
Riser et al suggested that CTGF protein expression can be upregulated up to seven
times its normal concentration in rat mesangial cells when cells were cultured with
20 – 35 mM of glucose for 48 hours75. In addition, Boag et al suggested that B–ALL cells
tend to upregulate their glucose uptake and activate their glycolysis metabolic pathway45,
which could suggests that glucose is another effective inducer for CTGF protein expression.
However compared to previous viability experiment, NALM6, REH and MOLT4 leukaemia
cells viability was reduced by glucose and only 5.6 to 23.3% of cells were found alive after
48 hours of glucose treatment (Figure 3.14).
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Figure 3.14. Growth of leukaemia cells (NALM6, REH, and MOLT4) after their incubation with
25 mM glucose for 24 and 48 hours. Time zero refers to the addition of glucose. MOLT4 is negative
control. For each cell line, the results are normalised to 100 based on the number of cells for that cell
line at time zero.
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Glucose treatment did not increase the detection of CTGF protein on western blot.
This could be due to the leak of CTGF protein from dead cells. Figure 3.15 shows the results
from glucose induction experiment for 48 hours. Similarly, fibroblasts showed a weak
expression of CTGF protein compared to TGF-β induction.
Other inducing agents were considered, but the literature did not support their effect
on CTGF protein induction. Consequently, the next strategy to increase CTGF protein
expression was transfection.

Figure 3.15. Western blot showing the effect of glucose treatment for 48 hours on fibroblasts,
NALM6, REH and MOLT4 cells. Red arrow points to the specific 37 kDa band. GenScript rabbit
polyclonal anti-CTGF antibody was used for this experiment. MOLT4 is negative control.

3.3.1.5 Transfection with pcDNA3.1-CTGF and pEGFP-CTGF
NALM6 and MOLT4 were transfected with pcDNA3.1-CTGF or pEGFP-CTGF to
increase the expression of CTGF protein. Transfection efficiency was estimated to be
approximately 90% by the number of green cells in a microscope field (see 3.3.2 section for
more discussion on transfection results). CTGF protein was detected in both transfected cell
lines (Figure 3.16). The expression of CTGF in NALM6 + pcDNA3.1-CTGF appeared to be
similar to that for fibroblasts induced with TGF-β. The expected size of GFP protein is
approximately 27 kDa
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, and hence MOLT4 + pEGFP-CTGF express a protein with a

molecular size of approximately 64 kDa (Figure 3.16). As shown previously, CTGF protein is
weakly expressed in NALM6 (see Figure 3.13) but there is no expression in MOLT4. Since
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CTGF protein showed higher expression in transfected NALM6 with pcDNA3.1-CTGF
plasmid DNA, these cells were selected for use in flow cytometry experiments.

Figure 3.16. Western blot results from transfected NALM6 and MOLT4 cells with pcDNA3.1-CTGF
using GenScript rabbit polyclonal anti-CTGF antibody. The molecular size of pEGFP-CTGF protein
is approximately 64 kDa expressed in the transfected MOLT4 (arrowed).

3.3.2 Flow Cytometry
A similar approach to western blot experiments was followed for the flow cytometry
investigation. In this section, negative control cells refer to the cells that are not incubated
with primary anti-CTGF antibody and only incubated with fluorescently labelled secondary
antibody.
The initial experiments using commercial anti-CTGF antibodies did not show 100%
specific detection with human skin fibroblasts (Figure 3.17). When commercial anti-CTGF
antibodies (R&D goat polyclonal anti-CTGF and Santa Cruz goat polyclonal anti-CTGF)
were used, the difference in median fluorescence intensity ranged between 0.27 – 1.75
between stained and negative control fibroblasts for CTGF protein (secondary antibody was
Alexa Fluor 488 anti-goat IgG) (the differences between positive and negative histogram
peaks was 0.96, 0.27, 1.75, and 1.27 for 5 μg/mL, 15 μg/mL R&D antibody, 4 μg/mL, and
0.4 μg/mL Santa Cruz antibody, respectively). The antibodies did not show separation
between the stained and negative control cells (Figure 3.17).
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Figure 3.17. Flow cytometry results for the titration of two commercial anti-CTGF antibodies (R&D
goat polyclonal anti-CTGF and Santa Cruz goat polyclonal anti-CTGF antibodies). Red histogram is
the negative control cells (secondary antibody only).

3.3.2.1 Induction of CTGF protein with TGF-β and IL-7
Based on western blot findings, the commissioned anti-CTGF antibody showed
specificity in identifying CTGF protein expression on induced fibroblasts with TGF-β (Figure
3.9). However, the flow cytometry results from the commissioned CTGF antibody titration
experiment using various concentrations showed similar results to the commercial anti-CTGF
antibodies (Figure 3.18). The difference in the medians of the histogram peaks between the
stained and negative control cells is relatively similar between all concentrations. Similarly,
there is >95% overlap between positive and negative induced NALM6 (TGF-β and IL-7)
with a difference of 0.1 in the median intensity (Figure 3.19). Based on these findings,
induction was judged not to be a good strategy for detecting CTGF protein in flow cytometry.
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Figure 3.18. Titration experiment using induced fibroblasts of GenScript polyclonal rabbit anti-CTGF
antibody and APC anti-rabbit IgG. Red histograms show the negative control cells (secondary
antibody only). The primary antibody was GenScript rabbit polyclonal anti-CTGF and the secondary
antibody was APC anti-rabbit IgG.

Figure 3.19. Flow cytometry for the induced NALM6 with TGF-β and IL-7. Induced cells were
treated with Brefeldin A (BFA) for five hours before collection for intracellular staining. Red
histogram show the negative control cells (secondary antibody only). The primary antibody was
GenScript rabbit polyclonal anti-CTGF and the secondary antibody was APC anti-rabbit IgG.
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3.3.2.2 CTGF Transfection with pEGFP-CTGF and pcDNA3.1-CTGF
The aim of transfection experiments was to increase the expression of CTGF protein
in B-ALL cells. We observed that induction of fibroblasts with TGF-β provided good
expression of CTGF protein and facilitated the detection and specificity evaluation on
western blot. Consequently, the intention from flow cytometry experiments is to evaluate
antibody kinetics inside B–ALL cells.
Transfection with pEGFP-CTGF and pcDNA3.1-CTGF plasmid DNA was performed
as described in Chapter 2. Figure 3.20 shows green fluorescence signal from transfected cells.
To estimate transfection efficiency, pEGFP-C1 plasmid DNA was used as a positive control.
Figure 3.20 shows approximately 90% transfection efficiency with pEGFP-C1 control and no
visible green signal in the negative cells (transfected with PBS only [No plasmid]).

Figure 3.20. Evaluation of transfection efficiency of pcDNA3.1-CTGF and pEGFP-CTGF by
fluorescence microscopy (24 hours post transfection). Bright field images (left panel of each pair)
were taken to validate the origin of fluorescent signal.

We observed a decrease in green fluorescent signal in transfected MOLT4 with
pEGFP-CTGF compared to the pEGFP-C1 control. Western blotting showed that CTGF
protein expression from pcDNA3.1-CTGF plasmid DNA was superior to pEGFP-CTGF
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protein expression results (Figure 3.16). Consequently, pcDNA3.1-CTGF plasmid was
selected for flow cytometry investigation. Figure 3.21 compares CTGF protein expression
between NALM6 and MOLT4 transfected with pcDNA3.1-CTGF. Both transfected cells
showed similar overlap with a median difference of 0.55 and 0.63 between stained and
negative control population, respectively. However, MOLT4 + pcDNA3.1-CTGF negative
control cells (stained with secondary antibody only) showed two peaks of signals in the
histogram, a true negative population and a false positive population (arrowed in Figure
3.21). The false positive population, which is possibly from the non specific binding of the
secondary antibody, was considered an outlier to the main population and not included in
statistical analysis. It is possible that some anti-CTGF antibodies cross contaminated the
negative control cells during sample preparation which subsequently produced a small falsely
CTGF-stained population. Alternatively, the false positive signal could be acquired from the
non-specific binding of APC anti-rabbit IgG antibodies to Fc receptors on MOLT4 cells.

Figure 3.21. Flow cytometry results from transfected NALM6 and MOLT4 cells with pcDNA3.1CTGF plasmid DNA. Induced fibroblasts were included in the experiment for comparison. The
primary antibody was GenScript rabbit polyclonal anti-CTGF and the secondary antibody was APC
anti-rabbit IgG.
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3.3.2.3. Are anti-CTGF and APC anti-rabbit IgG antibodies able to enter the
permeabilised cells?
Theoretically, to detect intracellular CTGF protein, both primary and secondary
antibodies require a relatively wide access through cell membrane. The access should be wide
to allow the passage of 150 kDa anti-CTGF immunoglobulin and a fluorophore conjugated
secondary immunoglobulin (the molecular size of APC is approximately 105 kDa; the total
expected molecular size for the APC anti-rabbit IgG is approximately 255 kDa)88.
Consequently, it is possible that the pores opened by the permeabilisation buffer were too
narrow for antibodies to pass through. To test this hypothesis, we tested three different
intracellular fixation/permeabilisation buffers from eBioscience, Invitrogen, and Beckman
Coulter companies. Invitrogen reagents are used routinely in diagnostic laboratories for
intracellular staining. The three reagents showed relatively similar results and the difference
in histogram medians between stained and negative control cells is 1.62, 1.31, and 3.51,
respectively (Figure 3.22). Despite the improvement in results compared to Figure 3.21, there
is no complete separation between the stained and negative control cells.

Figure 3.22. Flow cytometry using three types of intracellular fixation/permeabilisation buffers. The
primary antibody was GenScript polyclonal rabbit anti-CTGF and the secondary antibody was APC
anti-rabbit IgG.
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3.3.2.4. Why are there discrepancies between western blot results and flow cytometry
findings for CTGF protein detection on the transfected NALM6 with pcDNA3.1CTGF?
Another possible explanation for the overlap between positive and negative
populations in NALM6 transfected with pcDNA3.1-CTGF could be because of the leakage of
CTGF protein from the opened pores in the permeabilised membrane. CTGF protein is
approximately four times smaller in size than immunoglobulin molecules, and it is possible
that CTGF leaked out of the cells. Konishi et al demonstrated that intracellular proteins do
leak from permeabilised cells if cells are not fixed88. Grupillo et al proposed an improved
protocol for the intracellular staining by the use of a pre-fixation step89. Grupillo suggested a
pre-fixation factor of 4 – 20 is sufficient to provide good results [Pre-fixation factor = prefixation time (minutes) x % of fixative].
We tested the effect of PFA pre-fixation with a pre-fixation factor of 20 and 40 and
compared its role in improving the intracellular signal intensity. We tested the pre-fixation on
the intensity of GFP signal from transfected NALM6 cells with pEGFP-C1 control plasmid.
We used 1% PFA and 2% PFA applied for 20 minutes on cells before the use of intracellular
Foxp3 fix/prem buffers (eBioscience). We compared the following conditions: (1) no
fixation, (2) cells fixed with Foxp3 fixation buffer only (Foxp3 Fix/Perm), (3) cells treated
with Permeabilisation buffer only (Foxp3 Fix/Perm), (4) Foxp3 Fix/Prem fixation and
permeabilisation, (5) 2% PFA pre-fixation before Foxp3 Fix/Perm, (6) 1% PFA pre-fixation
before Foxp3 Fix/Perm, (7) 2% PFA pre-fixation only, and (8) 1% PFA pre-fixation. Figure
3.23 shows a small difference in the GFP intensity signal between PFA pre-fix treated cells
and no pre-fixation suggesting that the pre-fixation has a minor effect on CTGF protein
detection.
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Figure 3.23. The effect of PFA pre-fixation on the intensity of GFP protein in transfected NALM6
with pEGFP-C1. See the text for more details about the tested conditions.

The use of pre-fixation did not improve CTGF protein detection on the transfected
NALM6 cells. Figure 3.24 shows histogram results of 2% PFA pre-fixed cells and cells that
were not pre-fixed. By comparing the two histograms, 2% PFA pre-fix showed minor
improvement in CTGF detection. Negative control cells for this experiment were incubated
with rabbit pre-immune serum followed by APC anti-rabbit IgG. The use of pre-immune
serum is another strategy to validate the negative control which is a similar approach for
using isotype IgG antibody. Despite the narrow separation between stained and negative
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control cells, 2% PFA pre-fixed cells showed more separation compared to cells that were not
pre-fixed.

Figure 3.24. Flow cytometry showing the effect of “PFA Pre-Fix” on the intracellular CTGF protein
detection. GenScript polyclonal rabbit anti-CTGF and APC anti-rabbit IgG antibodies were used.
Green histogram = positive staining, blue histogram = negative staining with pre-immune serum.

3.3.2.5. Surface B cell markers (CD45 and CD19)
The future application of this project is to identify CTGF protein from B lymphocytes
in whole blood samples (see chapter 5 for more details). In order to facilitate the
identification of lymphocytes, anti-CD45 antibody was used. CD45 is a common leukocyte
marker, and when used on whole blood, it facilitates the separation and identification of
blood cell types. Figure 3.25 shows the separation of leukocytes using CD45 and side scatter.
Then, by gating on lymphocytes population, we can identify B lymphocytes by using antiCD19 antibody. CD19 is a common B lymphocyte marker that is routinely used in diagnostic
laboratory.
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Figure 3.25. Flow cytometric analysis of whole blood of a healthy individual using CD45 for
differention of leukocyte subtypes.

Figure 3.26. NALM6 cells express CD19 on their surface membrane but lack the expression of CD45.
Red histogram = negative cells (no antibody), green histogram = positive cells (cells incubated with
anti-CD45 or anti-CD19).
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We used V450 anti-CD45 and FITC anti-CD19 antibodies on NALM6 cells (B–ALL
cells) to evaluate their specificities. Figure 3.26 shows that NALM6 are negative for CD45
expression, but approximately 98% of NALM6 showed good expression of CD19 on their
surface membrane. CD19 antibody was also tested on MOLT4 (T–ALL cells) and fibroblasts,
and these cells showed negative expression for CD19 (Figure 3.27).

Figure 3.27. MOLT4 (T–ALL cells) and fibroblasts lack the expression of CD19. Red histogram:
negative cells (no antibody), green or blue histograms: positive cells (cells incubated with anti-CD19).

3.3.2.6. Why are NALM6 (B–ALL cells) CD45 negative?
It was expected that NALM6 cells, as most lymphocytes, will express CD45 antigen
(also called “leukocyte common antigen”). Gauthier et al demonstrated that NALM6 lack
CD45 expression when compared to negative IgG1 isotype control (Figure 3.28)90. Also, it is
reported in the literature that there are few B–ALL cases are CD45 negative. Both Behm et al
and Ratei et al found that approximately 13 % of childhood ALL cases are CD45 negative,
and these cases were associated with hyperdiploidy and have good prognosis on
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chemotherapy91,

92

. For the purpose of this study, anti-CD45 was used to facilitate the

separation of leukocyte subpopulations and assist in gating on CD19 B–lymphoid cells in
whole blood as demonstrated in Figure 3.25.

Figure 3.28. Flow cytometry showing NALM6 cells lack the expression of CD45 antigen on their
surface membrane. This diagram was taken from Gauthier et al90 with permission (see appendix).

3.3.3 Immunohistochemistry
This study aimed to identify CTGF protein expression in CD79a positive
B–lymphocytes. Because both CTGF and CD79a are cytoplasmic proteins, dual
immunofluorescent staining was recommended. Immunohistochemistry was used to test the
performance of both anti-CTGF and anti-CD79a individually and was also used to develop a
protocol that is suitable for both antibodies.
3.3.3.1 anti-CTGF antibodies
The first antibody used to evaluate CTGF protein expression in breast tissue was the
R&D Systems goat polyclonal anti-CTGF antibody. By following the standard protocol
(Chapter 2.3.3.3), the antibody stained the background as well as the tissues without
displaying any specificity to epithelial cells (Figure 3.29). Because CTGF protein is
expressed in most tissues, especially epithelial cells, evaluating the specificity of anti-CTGF
antibodies was challenging when tissue sections were used for staining. As a result, cell
blocks with one cell type or combinations of different cell types in each paraffin embedded
block were used to evaluate the specificity qualitatively. Cells that were used in western blot
and were considered positive or negative controls for CTGF protein expression were used for
immunohistochemistry specificity and staining quality evaluation test.
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Figure 3.29. Immunohistochemistry results showing the non-specific binding of R&D Systems
polyclonal anti-CTGF antibody on a breast tissue section.

An REH cell block was used but did not show any binding to CTGF antibodies. This
is because of the weak expression of CTGF protein in REH cells that was most likely
secreted prior collection. Because both REH and MOLT4 cells are lymphoblasts, the
distinction between these two cells in a cell block can be challenging. Also, because CTGF
protein is weakly expressed in REH cells, the evaluation of anti-CTGF binding was more
difficult (Figure 3.30). The results were not improved by increasing the concentration of the
antibody. Each antibody was tested in both with and without heat induced antigen retrieval
conditions, but the results remained inconclusive.

Figure 3.30. Immunohistochemistry results using Santa Cruz goat polyclonal anti-CTGF antibody.
The distinction between REH and MOLT4 cells is difficult because of weak CTGF protein expression
in REH cells and both cells are morphologically similar.
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Cell blocks with fibroblasts and MOLT4 cells provided a simple method for
evaluating the specificity of the antibody. The distinction between the two cell types can be
made easily by morphological examination. MOLT4 are immature lymphoblasts with large
nuclei and have small rim of cytoplasm, while fibroblasts are larger in size and have more
abundant cytoplasm with smaller nuclei. Figure 3.31 shows the immunohistochemistry results
using Abcam rabbit polyclonal anti-CTGF antibody. Despite the specific cytoplasmic
staining of the antibody in fibroblasts (red arrow), the results may not be valid. First, some
MOLT4 cells were showing weak positive brown signal in their cytoplasm (green arrow).
Second, western blot results showed non-specific binding of this antibody to proteins in
fibroblasts and in MOLT4 (Figure 3.7 above). Since CTGF protein expression is weak in
B–ALL lymphoblasts, neither REH nor NALM6 cells showed positive staining. Negative
slides (no anti-CTGF antibody) did not show any non-specific binding.

Figure 3.31. Immunohistochemistry results using a cell block that contained fibroblasts (red arrows)
and MOLT4 (blue arrows) cells. Abcam rabbit polyclonal anti-CTGF antibody was used for this
experiment.

Western blot results from TGF-β induction of CTGF protein expression were a key
step to improve the immunohistochemistry results. Cell blocks with induced fibroblasts and
MOLT4 cells were used. GenScript rabbit polyclonal anti-CTGF antibody was superior to
other antibodies in specifically binding to fibroblasts but not to MOLT4 cells (Figure 3.32).
The antibody was optimized and found to show good results under the following conditions:
(1) 3% methanolic hydrogen peroxide for 10 minutes, (2) heat induced antigen retrieval in
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citrate buffer (pH=6.0) for 20 minutes at 95°C, (3) blocking with 10% BSA for 2 hours at
room temperature, (4) 1/1000 dilution of the antibody in 2% BSA (5) antibody incubation
overnight at 4°C, and (6) washing slides with PBST four times five minutes each after each
antibody incubation.

A

B

Figure 3.32. Immunohistochemistry results using TGF-β induced human skin fibroblasts (A) and
MOLT4 (B) cells in separate cell blocks. GenScript rabbit polyclonal anti-CTGF antibody was used
for this experiment.

Skin and human tonsil tissue sections were used to evaluate the performance of
GenScript anti-CTGF antibody. The optimized conditions (see the previous paragraph) for
this antibody were applied on tissue section staining. Figure 3.33 shows the specific binding
of this antibody to epithelial (blue arrows) and fibroblasts (red arrows) cells in human skin
tissue. The antibody did not show background non-specific staining. Similar results were
obtained when human tonsil tissue sections were stained with this antibody. Tonsillar cortex
consists of primary and secondary follicles that are predominantly occupied by
B–lymphocytes and few macrophages. On the other hand, the para-cortex layer consists
mainly of T–lymphocytes and macrophages. Figure 3.34 shows the specific antibody binding
to epithelial cells that surround the cortex, but did not bind to follicular or inter-follicular
cells. Macrophages express CTGF antigen and show weak binding to anti-CTGF antibody.
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Figure 3.33. Immunohistochemistry results using GenScript anti-CTGF antibody on human skin tissue
section. Both epithelial cells (blue arrows) and fibroblasts (red arrows) have strong antibody binding.

Figure 3.34. Immunohistochemistry results using GenScript anti-CTGF antibody on human tonsil
tissue section. The antibody specifically binds to the epithelial cells (blue arrow) but not to follicular
B–lymphocytes (red arrow).
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3.3.3.2 anti-CD79a antibodies
Two antibodies were used to specifically identify CD79a positive B–lymphocytes.
Serotec mouse monoclonal anti-CD79a is a research antibody that was tested initially. Figure
3.35 shows the results of this antibody on normal human tonsils tissue. The antibody did not
show specificity to follicular B–lymphocytes and it stained non-specifically epithelial cells
(not shown in the image). Also, there was non–specific background binding to the underlying
connective tissue that could mislead the interpretation. A second anti-CD79a was tested (the
diagnostic Cell Marque mouse monoclonal anti-CD79a) and showed specific binding to
tonsillar B-lymphocytes. The antibody was optimised to the conditions that were described
for the GenScript anti-CTGF antibody. Figure 3.36 shows the results from using the
diagnostic Cell Marque anti-CD79a antibody. The antibody demonstrated strong binding to
follicular B–lymphocytes and plasma cell or memory B–cells outside the follicles. Negative
(no anti-CD79a antibody) did not show any background non-specific binding.

Figure 3.35. Immunohistochemistry using anti-CD79a (Serotech) antibody to identify B–lymphocytes
in normal human tonsil. The antibody was non-specifically binding to epithelial cells and to the
connective tissue (not shown).
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Figure 3.36. Immunohistochemistry results showing the specific cytoplasmic binding of the diagnostic
anti-CD79a antibody to follicular B–lymphocytes. Cell Marque mouse monoclonal anti-CD79a
antibody was used for this staining.

3.3.4 Dual Colour Immunofluorescence Microscopy
The optimised conditions that were tested for both anti-CTGF and CD79a antibodies
applied for dual colour staining. Each antibody was tested separately on human tonsil
sections to evaluate the performance and fluorescence intensity. As described in Chapter
2.3.3.4, Alexa Flour 488 anti-rabbit IgG antibody and Alexa Fluor 594 anti-mouse IgG
secondary antibodies were selected for anti-CTGF and anti-CD79a antibodies, respectively.
Figure 3.37 shows the results from the negative control slide (incubated with secondary
antibodies only) and figures 3.38 and 3.39 show the immunofluorescence staining of antiCTGF and anti-CD79a, respectively.
The negative control slide showed background non-specific fluorescent signals in
both green and red channels (Figure 3.37). Different factors were involved in causing the
background staining, which can be grouped into natural fluorescence and fixation induced
fluorescence. The background fixation induced fluorescence was caused by the reaction of
the amine group in proteins with the aldehyde fixative (10% NBF). Natural autofluorescence
from haemoglobin molecules inside red blood cells was noticed in tissue sections that contain
blood clot.
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Figure 3.37. Immunofluorescence showing the background fixation induced fluorescence from a
negative control slide (no primary antibodies) of human tonsil. The tissue was incubated with both
Alexa Fluor 488 anti-rabbit IgG (green) and Alexa Fluor 594 anti-mouse IgG (red) antibodies. Nuclei
were stained with Hoechst stain.

To minimize the background fluorescence, slides were washed with 0.1 M of glycine
for 48 hours at room temperature before dewaxing. Also, we used double blocking method
with 10% BSA (an extra blocking step after anti-CTGF antibody incubation). Consequently,
the background non-specific fluorescence signals were reduced in intensity. However, despite
these optimisation steps, the background fixation induced-fluorescence showed few random
non-specific signals. Also, the natural fluorescence was not affected. Most of the non-specific
fluorescent signals were extra-cellular, which suggests that we could use our judgment to
exclude the background staining as an additional interpretation step.
Sections of normal human tonsil were stained with anti-CTGF and anti-CD79a
antibodies separately. Figure 3.38 show the immunofluorescence signals from GenScript
polyclonal rabbit anti-CTGF and Alexa Fluor 488 anti-rabbit IgG antibody. The antibody
appeared to bind the cytoplasm of epithelial cells on the cortex of the tonsil, but not to the
follicular B–lymphocytes. The weak signal from cells at the middle of follicle was from
macrophages. Similarly, Figure 3.39 shows the red fluorescence signal from Cell Marque
anti-CD79a and Alexa Fluor 594 anti-mouse IgG antibody. The signal was emitted from the
specific follicular B–lymphocytes.
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Figure 3.38. Immunofluorescence results using GenScript rabbit polyclonal anti-CTGF and Alexa
Fluor 488 anti-rabbit IgG. The antibodies were specifically binding to epithelial cells of the normal
human tonsil tissue and not to the follicular lymphoid cells (green fluorescence). Nuclei were stained
with Hoechst stain.

Figure 3.39. Immunofluorescence results using Cell Marque mouse monoclonal anti-CD79a and
Alexa Fluor 594 anti-mouse IgG. The antibody was specifically binding to follicular B-lymphocytes
in normal human tonsil tissue section (red fluorescence). Nuclei were stained with Hoechst stain.
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3.4 Discussion
RT-PCR results for CTGF, NOV and CYR61 mRNA expression guided the selection
of positive and negative controls for protein investigation experiments. We selected REH,
NALM6 and fibroblasts as positive control cell lines, while RAJI, MOLT4 and JURKAT
were chosen to be negative controls. We found CTGF mRNA expression in peripheral blood
and we used Abcam rabbit polyclonal anti-CTGF antibody to demonstrate that monocytes
express CTGF protein by immunohistochemistry. However, we demonstrated that this
antibody is not specific as shown by western blot experiments, suggesting that our positive
CTGF staining in monocytes may not be valid. Ideally, peripheral blood RT-PCR for CTGF
expression should be performed on CD19+ or CD20+ sorted B-lymphocytes, which will be
considered for future investigations.
Western blot experiments were performed to validate anti-CTGF antibodies. The
commercial antibodies were non-specific while the commissioned antibody identified a
specific but weak band. TGF-β induction increased CTGF expression in fibroblasts, but not
in B-ALL cells. We cloned full length CTGF into pEGFP-C1 and pcDNA3.1 vectors to
overexpress CTGF protein via transfection. The way to identify CTGF protein in western blot
experiments is by its size. CTGF protein was suggested to be 37 kDa by most commercial
antibody companies. We observed a band at 25 kDa in REH cellular protein extract, and we
proposed that it could be a proteolytically fragmented CTGF protein. Few studies in the
literature reported similar observation for small CTGF protein fragments. Jacobson et al
suggested that cleavage of CTGF protein at the hinge region produces 20–23 kDa
fragments57. Other researchers observed smaller fragments of CTGF protein that range in size
between 15-27 kDa62,
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. It is suggested that CTGF protein is cleaved intracellularly by
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cellular proteases , and extracellularly by matrix metalloproteinases 1, 3, 7, 13, elastase, and
plasmin62. Thomson et al found that tissue inhibitor of matrix metalloproteinase 1 (TIMP-1)
which is increased in diabetics is also involved in CTGF protein degradation94. These
observations indicate that evaluation of CTGF protein expression by western blotting is
challenging as distinguishing a true small fragmented CTGF protein from non-specific
background binding is not reliable. The interpretation will be even more difficult when a
commercial non-validated antibody is used in the investigation. Chapter 5 will review
antibody validation issues and their impact on scientific research.
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The detection of CTGF protein by flow cytometry was inconclusive. We used
transfected cells to overexpress CTGF protein, and applied different conditions to optimize
the detection. We used compared different intracellular fixation/permeabilisation kits, and
tried pre-fixation protocol. However, our results were not significantly different than the
negative controls. Why are our flow cytometry results different from western blot?
Chen et al investigated the mechanism of in vivo secretion of CTGF protein by pulse
chase of radioactive [35S]cys/met81. Figure 3.40 (A) shows the immunoprecipitation of
proteins extracted from radioactive treated cells and from their culture media. CTGF protein
was found to be secreted 30 minutes after cells were recovered. All cellular CTGF protein
was found to be 100% secreted by 8 hours. Immunofluorescence investigation showed that
CTGF protein is localized within Golgi apparatus (Figure 3.40 B)81.

Figure 3.40. (A) Immunopreciptation finding from pulse chase experiment using [35S] cys/met
demonstrating that CTGF protein is completely secreted into the media by 8 hours. (B) Dual colour
immunofluorescence for CTGF and Glogi apparatus in rat activated hepatic stellate cells. These
images were taken from Chen et al81 with permission (see appendix).

Based on the findings of Chen et al, identifying the intra-Golgi secreted CTGF protein
by flow cytometry requires two steps of permeabilisations (1) permeabilising cell membrane
and (2) permeabilising Golgi vesicular membrane. Saponin (detergent) is a common
permeabilising agent used for intracellular staining. Francis et al suggested that saponin
mobilizes cholesterol molecules on the cell membrane to create a micelle-like aggregation
which subsequently opens long-lasting wide pores
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. It is not clear from the literature

whether Golgi vesicles contain similar ratio of cholesterol on their membranes to the
cytoplasmic membrane and whether saponin is capable of permeabilising these vesicles.
These findings raise more technical challenges for detecting CTGF protein by flow
cytometry. Theoretically, primary anti-CTGF antibody (150 kDa) and APC anti-rabbit IgG
(approximately 225 kDa) should pass through permeabilised cell membrane and
permeabilised fixed Golgi vesicles to be able to detect the protein. Alternatively, small Fab or
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F(ab’)2 anti-CTGF fragments can be used for the detection by digesting anti-CTGF with
papain or pepsin. Directly conjugated anti-CTGF antibody with a small molecular weight
fluorophore (such as PE) is also another possible strategy.
Keeney et al suggested that the non-specific binding in flow cytometry was mainly
because of Fc receptors interactions96. They debated the significance of using isotype IgG as
negative controls for estimating the level of non-specific signal96. Keeney et al suggested that
isotype IgG controls are unreliable for investigating rare events such as CD34+ cells in bone
marrow. Consequently, without blocking the Fc receptors, the negative signal may be
overestimated because of the Fc binding. Keeney et al suggested the use of pre-immune
serum as an alternative approach to isotype IgG controls.
The use of cell blocks prepared from cells express CTGF protein and negative CTGF
protein expression control cells is a good strategy to validate anti-CTGF antibodies by
immunohistochemistry. The commissioned anti-CTGF showed good staining to epithelium
and fibroblasts. We also tested anti-CD79a antibody and developed a protocol for dual colour
immunofluorescence. Immunofluorescence experiments were optimised to reduce the
background non-specific signals in the negative slides. We found washing slides with 0.1 M
glycine for 24 hours prior staining to be an effective step. The limitations of
immunohistochemistry and immunofluorescence are discussed in chapter 5.
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Chapter 4: TES Methylation
DNA methylation of TES CpG islands within promoter regions was found in B-ALL
cases. We hypothesised that there is a subpopulation of fetal B-lymphocytes (B-1 neonatal
lymphocytes) that carry this epigenetic signature and form the cell of origin for B-ALL.
Bisulfite-conversion methylation-specific qPCR is a sensitive and quantitative technique to
identify one methylated allele in the background of 1000 unmethylated alleles97. We aim to
develop and optimise a sensitive and reliable protocol for the detection of the neonatal B-1
lymphocytes by using methylation-specific qPCR method. We used NALM6 DNA as a
positive control for TES DNA methylation and HL60 DNA as a negative control. Our
selection was based on previous investigation of bisulfite sequencing for NALM6 and HL60
TES DNA methylation (Figure 4.1). Results showed that CpG sites within the TES promoter
region are heavily methylated in NALM6 cells (B-ALL), and weakly methylated in HL60
cells (acute promyelocytic leukaemia).

Figure 4.1. Bisulfite sequencing results for TES DNA CpG sites within promoter region. (A) NALM6,
(B) HL60. Black dots = methylated CpG site, white dots = unmethylated CpG site, x = reading error.
Each row represent a sample and each column represent CpG site. These results were provided by Mr
Rob Weeks.

4.1 Bisulfite-conversion methylation-specific real time PCR
We tested non-tailed TES methylation specific primers using endpoint PCR. We
investigated whether we could detect DNA methylation in a mixed DNA sample containing
methylated and unmethylated bisulfite converted DNA. The mixed DNA samples were
bisulfite converted then tested by endpoint PCR using FastStart buffers (see 2.4.2 for more
details). Figure 4.2 shows the endpoint PCR results for different concentrations of NALM6
and HL60 DNA for a total of 500 ng DNA. Primers were capable of detecting 2, 10, 20, 50,
60, and 80% of NALM6 bisulfite converted TES methylated DNA. Methylated TES DNA
PCR product is 190 bp.
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Figure 4.2. Detection of TES DNA methylation using methylation specific (MS) primers. We used
different concentrations of the bisulfite converted NALM6 and HL60 DNA samples. TES methylated
DNA PCR product size = 190 bp.

Further investigation was carried out to improve the detection sensitivity for up to
0.2% (2 in 1000 cells) of methylated TES DNA using real time PCR. As described in 2.4.2,
we used tailed primers to eliminate the effect of dimers on the quality and efficiency of the
test. We evaluated the efficiency of qPCR detection by comparing NALM6 methylated DNA
samples diluted in water to DNA samples mixed with HL60. Tables 4.1 and 4.2 show the Ct
values from both qPCR reactions. Figures 4.3 and 4.4 show the correlation of Ct values with
the log2 of NALM6 DNA concentration. The 5 ng NALM6 DNA sample in table 4.1 failed to
amplify in the qPCR reaction and was excluded from the analysis in Figure 4.3. We used
500 ng of bisulfite converted HL60 DNA as negative control for both reactions.
Table 4.1. Ct values of the methylated TES DNA in NALM6. NTC = negative template control.
Outliers of the triplicates (grey) were excluded from the standard curve analysis.
DNA(ng) NTC
1
5
10
50
100
250
350
500
Log2
NALM6 N/A
0
2.32
3.32
5.64
6.64
7.97
8.45
8.97
Ct
39.465
35.233
NA
31.021
26.789
27.169
25.343
24.362
23.097
values
34.404
35.537
NA
30.707
27.209
26.472
NA
25.097
23.411
37.097
32.309
NA
31.499
27.158
26.407
26.291
25.325
23.749
Average
38.281
35.385
NA
31.260
27.184
26.439
25.817
25.211
23.254
Table 4.2. Ct values of the methylated TES DNA in NALM6 and HL60.
control. Outliers of the triplicates (grey) were excluded from the analysis.
NALM6
DNA(ng)
NTC
1
5
10
50
100
HL60
DNA(ng)
500
499
495
490
450
400
Log2
NALM6
N/A
0
2.32
3.32
5.64
6.64
Ct
39.465
35.501
34.948 29.963
28.564
28.655
values
34.404
36.682
32.597 30.320
29.253
29.108
37.097
39.101
31.522 30.306
29.349
29.161
Average
38.281
36.092
32.059 30.313
29.301
29.135
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NTC = negative template

250

350

500

250

150

0

7.97
28.987
29.267
33.142
29.127

8.45
25.306
25.299
25.571
25.392

8.97
23.097
23.411
23.749
23.418
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Figure 4.3. Standard curve of bisulfite converted NALM6 TES DNA using qPCR method. DNA
samples were diluted in milliQ water. NALM6 DNA concentration is plotted on a log2 scale.
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Figure 4.4. Standard curve of bisulfite converted NALM6 and HL60 TES DNA. NALM6 DNA
concentration is plotted on a log2 scale.

The double stranded DNA SYBR green signal is reduced when strands dissociate at
the end of each PCR cycle, and the change of signal in relation to temperature can be used to
study the nature of the amplified products. Dimers dissociate at lower temperature while
primer products dissociate at higher temperatures producing two peaks of dissociation
temperatures. Dissociation curve analysis demonstrated one dissociation peak at 83-84ºC and
the dimers effect was not observed as shown in figure 4.5.
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Figure 4.5. Dissociation curve of (A) showing the primer dimer effect. (B) NALM6 TES DNA
methylation qPCR analysis. Mixed NALM6 and HL60 DNA showed dissociation curve similar to
(B).

There is a small difference in the correlation coefficients between DNA samples
diluted with water (R2=0.9828) and NALM6 DNA mixed with HL60 (R2 = 0.8531). Also, the
results of 5 ng DNA sample was excluded from the analysis in Figure 4.3. Excluding the 5 ng
DNA sample from the analysis in figure 4.4 produced a coefficient of 0.8474 (results not
shown). Both reactions demonstrated that our qPCR reaction is capable of detecting 1 cell of
TES DNA methylation out of 500 cells that are unmethylated.

4.2 Discussion
Bisulfite-conversion methylation-specific qPCR was capable of detecting TES DNA
methylation at a level of 0.2% of alleles, which is slightly higher than reported by Herman et
al (sensitivity of 0.1% DNA methylation in a CpG locus)97. Christensen et al reported
neonatal lymphocyte counts from almost 30,000 newborns and estimated the average of a
newborn lymphocytes count to be 6 x 106/L (Figure 4.6). This suggests our bisulfiteconversion methylation-specific qPCR is capable of identifying 12 neonatal B-1 lymphocytes
out of 600 total lymphocytes per 1 μL of blood. B-1 lymphocytes predominates neonatal
blood until the end of second week after birth24 (see chapter 1 for more details), which
subsequently increases the likelihood of detecting TES DNA methylation. However, B-1
lymphocyte counts wane after the third week, and hence we require a sensitive detection
method.
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Figure 4.6. Lymphocytes count for the first 29 days of a newborn. Upper line and lower lines
represent the 95th and 5th percentile limits, respectively. This chart was taken from Christensen et al98
with permission (see appendix).

There are number of factors that potentially decreased the sensitivity level of bisulfiteconversion methylation-specific qPCR. Incomplete or inefficient bisulfite conversion is a
major factor. Issues related to bisulfite conversion are discussed in chapter 5. Boyd et al used
Zymo Research DNA methylation kit and reported effective and reproducible bisulfite
conversion99. They validated the efficiency of bisulfite-conversion DNA by bisulfite
sequencing of 25 genes. Other factors include inaccurate concentrations of the primers,
incorrect volumes of SYBR green, master mix or DNA sample. Also, inadequate mixing of
the reaction mix, pipetting errors or presence of air-bubbles in the wells that could potentially
obsecure the absorbance of SYBR green signal.
To validate the methylation-specific PCR products, post-PCR amplification check
tests were recommended. Derks et al suggested three options to check for post-PCR
amplification: evaluation of dissociation curve, use of restriction enzyme digestion, and PCR
product sequencing100. Both restriction enzyme digestion and PCR product sequencing
provide more information about the methylation status of the DNA compared to the
dissociation curve analysis. Issues related to methylation-specific PCR are discussed in
chapter 5.
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Chapter 5: Discussion
This project aimed to optimise protocols for the detection of epigenetic changes in a
subgroup of normal human fetal and newborn B-lymphocytes. We hypothesise that this
epigenetic modification involves hypermethylation (gene silencing) and hypomethylation
(gene expression) of TES and CTGF genes, respectively.
We used leukaemia cell lines to optimise the detection methods and found CTGF
mRNA is expressed in B-ALL cells (REH, RS4 and NALM6). TES DNA is methylated in BALL cells compared to non B-ALL cells (MOLT4, JURKAT and HL60) based on the
unpublished data from the Morison Laboratory. We were able to detect TES DNA
methylation in 1 out of 500 cells by the qPCR assay. We investigated the expression of
CTGF protein using western blotting, flow cytometry and immunohistochemistry. We used
different strategies to optimise the protocols and to enhance the detection. We tested four
commercial anti-CTGF antibodies by western blotting to assess their specificities, but the
results were not satisfactory. Consequently, we commissioned an antibody against a short
synthetic peptide which showed better results. We found that CTGF protein in REH and
NALM6 cells (B-ALL cell lines) was weakly expressed, and we over-expressed the protein
using pcDNA3.1-CTGF and pEGFP-CTGF transfection system to facilitate CTGF protein
detection by flow cytometry. Our flow cytometry results were inconclusive regarding the
ability to detect CTGF protein despite the use of transfected cells. CTGF protein investigation
results raised concerns regarding the reliability of commercial antibodies and the limitations
of the detection methods. The following discussion will target some of these concerns and try
to find answers from the literature. Some recommendations and suggestions are highlighted
in the future direction section.

5.1 Antibody Validation
Our results from western blotting, flow cytometry and immunohistochemistry using
four commercial anti-CTGF antibodies highlighted the need to validate any commercial
antibody before its use. Various studies in the literature reported concerning results about the
specificity of many commercial antibodies. The following discussion will consider the main
issues that have been debated in the literature such as the reliability and efficiency of
commercial antibodies, whether there is consensus about a standard criteria for the validation,
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what issues could arise from antibody production and the affinity purification process, how
commercial companies advertise their products, and how these issues affect research.
5.1.1 Commercial antibodies and their impact on scientific research.
How do commercial companies advertise their antibodies and why are we unable to
reproduce their work?
Commercial companies use western blot images with one single clear dense band on
blot films to advertise the specificity of their products (Figure 5.1) or show strong
cytoplasmic staining on tissue sections (Figure 5.2). Both Abcam and Santa Cruz companies
showed images for western blots and immunohistochemistry with clear and specific findings
for their anti-CTGF antibodies. However, R&D Systems company showed images for
immunohistochemistry only, and recommended its polyclonal anti-CTGF antibody for
western blot. All these companies provided a recommended protocol and working dilutions
for western blotting and immunohistochemistry suggesting that they were tested and
validated.

Figure 5.1. Western blots for (A) Abcam rabbit polyclonal anti-CTGF antibody using mouse brain
whole cell lysate (50 μg), and (B) Santa Cruz goat polyclonal anti-CTGF antibody using transfected
whole cell lysate. These images were taken from the package insert for these commercial antibodies.
There are no western blot images for R&D Systems antibodies.
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Figure 5.2. Immunohistochemistry results for (A) R&D Systems polyclonal goat anti-CTGF using
human kidney tissue, (B) R&D Systems monoclonal mouse anti-CTGF using human breast cancer
tissue, (C) Abcam rabbit polyclonal anti-CTGF using sheep articular cartilage tissue, and (D) Santa
Cruz goat polyclonal anti-CTGF using human endometrial cancer tissue. These images were taken
from the package inserts of these commercial antibodies.

There are numerous studies in the literature that report disatisfaction with commercial
antibodies. Jensen et al as an example used ten commercial polyclonal antibodies to test and
validate the expression of α1 adrenergic receptor subtypes by the western blot technique101.
Jensen et al showed no specificity of all the tested antibodies to detect a single band in the
wild type immunoblotting compared to knockout mice. Jensen et al claimed that they
followed the manufacturers’ instructions and applied all their optimisation ideas, but results
remained unsatisfactory (Figure 5.3).
Another example is Skliris et al who used seven different antibodies to detect
oestrogen receptor β protein that is expressed in breast cancer tissue using western blotting,
immunohistochemistry and flow cytometry102. Skliris et al used polyclonal and monoclonal
antibodies from different commercial companies and showed variations and inconsistent
results

between

the

antibodies.

Antibodies

that

showed

the

best

staining

on

immunohistochemistry (14C8 and PPG5/10) had unsatisfactory results on western blots. A
similar result was shown on flow cytometry with variation in the detection signal and the
majority of the antibodies showed negative results (Figure 5.4)102. Skliris et al performed a
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pre-adsorption test to validate the antibodies using immunohistochemistry technique, and the
staining was abolished. To eliminate the cross reactivity of the antibodies with oestrogen
receptor α, Skliris et al performed another pre-adsorption test using oestrogen receptor α
antibodies and oestrogen receptor β antigens. They found no inhibition of oestrogen receptor
α antibodies activity compared to oestrogen receptor β antibodies. Consequently, they
recommended researchers to take caution when interpreting any results that involve oestrogen
receptor β antibodies.

Figure 5.3. Western blot images from Jensen et al (used with permission, see appendix) showing the
results of the ten commercial anti-α1 adrenergic receptors101. WT: wild type, ABDKO: knockout for
all α1 adrenergic receptor subtypes.
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Figure 5.4. Flow cytometry results using MCF-7 cell lines incubated with oestrogen receptor β
antibodies from Skliris et al102 (used with permission, see appendix). (a and f) negative controls, (b)
positive control. (c) 14C8, (d) PPG5/10, (e) 8D5, (g) PAI-313, and (h) D7N.

Herrera et al also reported concerns about the specificity of commercial antibodies103.
They used three commonly used commercial antibodies to compare the expression of
angiotensin II type 1 receptor (isoforms A and B) between wild type and knockout mice.
Western blot bands using protein extracts from kidney tissue showed similar pattern between
both groups for all the commercial antibodies. Also, in addition to the positive
immunohistochemistry staining of vascular smooth muscle cells of both wild type and
knockout nephritic tissue, positive staining was visualized in the proximal tubule brush
border, basolateral membranes, and in the distal nephron segments. Herrera et al validated the
expression of angiotensin II type 1 receptor using q-RT-PCR and showed the high expression
of mRNA in wild type relative to GAPDH compared to no expression in the knockout mice
suggesting unreliability of the commercial antibodies.
Elliott et al repeated Herrera et al’s experimental work using a different strategy104.
Elliot et al used anti-haemagglutinin antibodies to detect the expression of angiotensin II type
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1 receptor which was fused with a haemagglutinin tag on human embryonic kidney cell line.
Also, Elliott et al investigated the expression of the receptor in knockout rats using five
commercial antibodies (including the antibodies used by Herrera et al). Elliott et al supported
Herrera et al’s findings and proved the lack of specificity of the commercial anti-angiotensin
II type 1 receptors. Herrera et al responded to Elliott et al’s findings and discussed two more
independent research results that concurrently found similar results regarding the specificity
of seven commercial anti-angiotensin II type 1 receptor antibodies105. Herrera et al
recommended that antibodies against G-protein coupled receptors are not specific and
researchers need to be more cautious in using them.
Another study by Bordeaux et al showed the lack of reproducibility of a monoclonal
anti-VEGF antibody when used to stain lung tissue microarray106. They defined
reproducibility as “staining of the same antibody over time with different lots on different
days, as well as comparison of a new antibody to either a previously validated antibody or to
a second independent means of measuring the target that would yield similar results”. The
poor correlation of the cytoplasmic VEGF staining relative to cytokeratin (CK was used as a
reference) raised concerns about the ability of the antibody to produce accurate results
(Figure 5.5). Pozner-Moulis et al also investigated the reproducibility of two monoclonal
anti-Met antibodies using the same breast tissue microarray masterblock constructed from
640 breast cancers of cohort patients107. They used the same conditions with the same
masterblock of microarray from different antibody lots. Figure 5.6 shows the correlation
analysis demonstrating the quantitative variability in antibodies binding.
These findings raise the following concerning questions: how good are the
commercial antibodies in detecting the protein of interest? Can we trust what is advertised on
companies’ websites?
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Figure 5.5. Immunohistochemistry staining demonstrating the lack of reproducibility of the
monoclonal anti-VEGF (clone: VG-1) antibody using serial sections of human lung tissue microarray.
(A) Positive control using lung carcinoma tissue. (B) Poor correlation of VEGF staining score relative
to cytokeratin (CK) staining in two experiments with same staining conditions. (C, D) represent the
staining results for the same tissue microarray after the two runs. This image was taken from
Bordeaux et al106 with permission (see appendix).

Figure 5.6. Correlation coefficient analysis for the breast tissue microarray comparing the
reproducibility of two monoclonal anti-Met antibodies from different lots. These images were taken
from Pozner-Moulis et al107 with permission (see appendix).
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5.1.2 How good are the commercial antibodies?
“Looks like we bought another vial of PBS”, is how Couchman et al started their
paper quoting statement from one of his postdoctoral staff108. Couchman et al argued that we
are in “off the shelf” era of the molecular biology experimental field. This is because of
limited time and resources to develop in-house antibodies that are affinity purified and
antigen adsorbed. In the new era of experimental research, researchers often buy kits and
commercially available antibodies and trust what is advertised and written on these
products108. Pyke et al used four commercial polyclonal antibodies to detect the expression of
glucagon like peptide 1 protein using immunohistochemistry109. Despite the use of
transfected cells that express glucagon like peptide 1 protein to approximately 100 folds
higher than the untransfected cells, the distinction between these two groups using the
commercial antibodies was unsatisfactory (see Figure 1 in Pyke et al paper).
Does that mean the majority (if not all) of the commercial antibodies are bad?
There are debates in the literature about the answer to this question. Shaaban et al
debated the findings from Skliris et al and produced good results with two of the commercial
anti-oestrogen receptor β antibodies110. Shaaban et al used two antibodies from the seven
candidates that Skliris et al tested and demonstrated the specificity of PPG5/10 antibody
(Serotec company) on western blots and immunohistochemistry. They used paraffin
embedded tissues from normal, benign and malignant breast biopsies, and also used breast
cancer cell lines for the evaluation process. They optimised the antibodies to the furthest level
with antibody dilution of 1/10 instead of 1/250 by Skliris et al. By evaluating Shaaban et al
results, unfortunately, they did not show full images of the immunoblot results but only blot
bands at the expected size at 55 kDa. This made the evaluation of background binding more
challenging111. Also, immunohistochemistry images were published in black and white colour
format making the evaluation of antibody staining difficult.
5.1.3 What about the commercial anti-CTGF antibodies? What do we know about their
specificity in the literature?
Most of the published studies in the literature about anti-CTGF antibodies show only
a small strip of a western blot image just to emphasise the results. However, to evaluate the
results properly, a full image of the blot is required. Boag et al used a donated antibody
against 247–260 amino acids (C-terminal domain) of CTGF protein to detect the secreted
protein in conditioned media from leukaemia cell lines (Figure 5.7)45. They demonstrated the
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presence of a specific band at 30 kDa in B-ALL conditioned media only. However, the blot
shows multiple non-specific bands with similar intensity to the specific band of interest. Also,
lane 7 (negative control) shows a weak band at 30kDa. We performed western blotting on
conditioned media from various leukaemia cell lines (and from conditioned media of TGF-β
induced cells) and found the cross reactivity of anti-CTGF antibodies to other growth factors
in the media (see chapter 3). However, it is not clear if Boag et al cultured cells in a serum
free media to avoid the cross reactivity, or whether they precipitated the protein from the
cultured media. These issues and others could be raised to question the reliability of Boag et
al findings.

Figure 5.7. Western blot results from the conditioned media of B-ALL cells (PER-377) at 24 and 48
hours (lanes 2 and 4), and T-ALL cells (JURKAT) at 24 and 48 hours (lanes 6 and 7). Lanes 1, 3, and
5 are medium controls (no cells) at 24 or 48 hours. Boag et al used a donated anti-CTGF antibody for
the investigation45. This image was taken from Boag et al with permission (see appendix).

Most of immunohistochemistry investigations do not validate the anti-CTGF
antibodies or provide evidence about the specificity of anti-CTGF antibodies before their use.
As an example, Birgersdotter et al aimed to validate microarray results of classical Hodgkin
lymphoma (B-lymphoma) cases by using immunohistochemistry technique65. They used
Santa Cruz goat polyclonal anti-CTGF antibody (sc-14939) at a dilution of 1/100 in Trisbuffered saline with 5% BSA. They found all Reed-Sternberg cells show positive staining
and they classified their observation of the cytoplasmic staining into weak granular, strong
granular and abundant diffuse. They also included the positive staining of bystander cells in
their analysis, such as fibroblasts and macrophages, as a measure of the level of fibrosis and
tumour desmoplasia in Hodgkin lymphoma cases. Unfortunately, they did not validate their
antibody by the pre-adsorption test or by western blot. They included control cell lines as a
validation for their antibodies and method [three classical Hodgkin lymphoma cell lines
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(L1236, L428, and KMH2 “positive controls”) and four Burkitt lymphoma cell lines (DG75,
MutuI, Ramos, and Raji “negative controls”)]. They found 25% of KMH2 positive control
cells were positive and 25% of Raji negative control cells were positive. Unfortunately, there
was no comment or explanation about the variation in staining between control cells. Also,
there was no comment about the type of staining in the control cells, but it appears to be a
diffuse pattern of the cytoplasm and nucleus. The nuclear staining suggests the lack of
specificity considering that CTGF is a cytoplasmic protein. We used this antibody and
demonstrated

its

lack

of

specificity

by

western

blot,

flow

cytometry

and

immunohistochemistry (see chapter 3).
To date, we could not find studies in the literature that use anti-CTGF antibodies for
the investigation of CTGF protein expression by flow cytometry. Hishikawa et al
investigated the expression of CTGF protein by using propidium iodide, but not by antiCTGF antibodies, to analyse cell proliferation and make a correlation between CTGF
expression and apoptosis53. A similar approach was used by Xiao et al who investigated the
proliferation of treated fibroblasts with botulinum toxin type A and made a correlation
between cell apoptosis and CTGF expression indirectly112. We propose that we are the first
research group to investigate the expression of CTGF protein using anti-CTGF antibodies by
flow cytometry.
5.1.4 How good are the commercial secondary antibodies?
Our CTGF protein experiments relied on the use of secondary antibodies. Is it possible that
the primary anti-CTGF antibodies are all specific, but the secondary antibodies are
generating the problems?
Secondary antibodies that we used for western blotting were conjugated with HRP
and were commonly used by other research group members and showed good western blot
results. Also, when we tested the secondary antibodies alone on a western blot membrane
without primary anti-CTGF antibody, no signal was detected (chapter 3). Secondary
antibodies and DAB buffers used for immunohistochemistry were frequently used by our
histology unit to stain all immunohistochemistry slides, and they were known to produce
good results. Researchers who stained their slides at our histology unit did not complain
about the lack of specificity of the secondary antibodies. Also, it is a common practice in
immunohistochemistry staining to allocate one slide to use as a negative control (see chapter
2 for details). We used a commercial polyclonal APC conjugated anti-rabbit IgG antibody for
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the flow cytometry investigation. The antibody was not tested by other researchers from our
department, but secondary antibodies from the same company were used by other research
group members and they recommended the company’s products. As described in chapter 3,
the APC-anti-rabbit IgG bound non-specifically to cells as was shown by the negative control
results. Despite the non-specific binding of the secondary antibody, there was a small
distinction between positive cells (incubated with anti-CTGF and APC-anti-rabbit IgG
antibodies) and negative control cells (incubated with APC-anti-rabbit IgG antibodies only).
5.1.5 Issues that could arise from antibody formation and affinity purification
1. Antibody Production
Antibody production involves immunizing an animal with the antigen of interest to
trigger the adaptive immune response. Stills et al defined an immunogen as “any molecule
capable of generating an immune response when injected to an animal”113. Immunogens such
as polypeptides or glycoproteins with molecular weight of >10 kDa and contain one or more
epitopes are called “antigens”, while haptens are smaller immunogens (<10 kDa) and may
contain epitopes but still not effective in inducing an immune response113. There are number
of factors that could affect the quality and quantity of antibody production process such as the
type of immunogen used, immunogen dose, route of exposure, host species, the immune
status of the host species, and the use of adjuvants113.
Large molecules could directly induce B-lymphocytes (humoral response) without
activating CD4+ T-helper cells, resulting in the production of IgM rather than IgG
antibodies113. Low doses could produce insufficient antibody production while high doses
could be associated with low affinity immunoglobulins or the animal may develop tolerance
to the antigen with minimum immune response. Adjuvant use is important in enhancing the
inflammatory-antibody production process. The use of “depot” adjuvants is suggested to be
superior to other types due to their slow release and their protection of immunogen from
dilution and degradation113.
Leenaars et al suggests that there are approximately 1000 clones of lymphocytes to a
single antigen in most immunised mammals114. The collected serum or ascites fluid from the
immunised animal contain polyclonal antibody which can be subsequently purified and used
to the downstream application (see below regarding antibody purification). The production of
polyclonal antibodies is variable and is dependent on the volume of the required antibody and
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the phylogenetic distance between donor and recipient animal for the immunogen115. Hanly et
al suggested that phylogenetically distant animals could produce 10 mg/mL of highly diverse
polyclonal antibodies yield while immunising animals with high homology immunogen to
self proteins could produce less than 1 mg/mL of antibodies115.
2. Affinity Purification
Affinity purification of the produced antibodies is an important step to separate nonspecific molecules from the serum/ascites and to eliminate any harmful molecules116. The
commonest antibody purification method is protein A or protein G affinity chromatography
because of its high purity117. The method is based on passing the serum/ascites fluid into
columns packed with a resin made from different beads to offer different physical and
chemical separation characteristics116. The purification process is based on capture (capturing
the target protein) or polishing (eluting the target protein) modes116. For protein A affinity
chromatography, both principles are applied and a recombinant protein A is used to capture
the monoclonal antibodies followed by anion exchange chromatography with polishing mode
(Figure 5.8). Despite the high purity of protein A affinity chromatography, the method was
claimed to be expensive, low filtration rate, leakage of protein A, limitations of mass transfer,
unreliability at high pH, and compressibility of the beads117. Gottschalk et al suggested that
using large columns may produce unreliable yield because large columns usually have
uneven distribution of resins which subsequently affect the rate and pressure of purification
process116. Also, the purity is affected by the efficiency of cleaning resins, resins age and the
type of microbial contamination116. Consequently, the type of purification method of the
commercial antibody can influence its affinity and specificity.
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Figure 5.8. Protein A affinity chromatography process to purify monoclonal antibodies. This diagram
was taken from Gottschalk et al116 with permission (see appendix).

5.1.6 Standardising the evaluation of antibodies
The aim of this project was to validate antibodies and optimise protocols to use for
CTGF protein detection in immunohistochemistry and flow cytometry. We used western
blotting as a validation technique to evaluate their specificity. The following discussion will
address these questions: How important is the validation process? Is western blotting a
reliable measure to evaluate antibody specificity? Is there a recommended protocol in the
literature to use for antibody validation?
Dr Clifford B Saper the Editor-in-chief for the Journal of Comparative Neurology
wrote an open letter to researchers in 2005 regarding antibody validation118. Dr Saper shared
a common concern among researchers and editors about the misinterpretation of antibody
results especially the antisera antibodies against G-protein coupled receptors that were shown
to produce contradictory results to mRNA expression. Dr Saper speculated that “blind faith
that the antibody will stain whatever the manufacturer claims is not consistent with good
science”. Consequently, Dr Saper encouraged authors to provide sufficient information
regarding their antibodies to assure readers that results were not falsely interpreted. Dr
Saper’s recommended authors to submit “complete information about the antibody”, i.e.,
details about antibody identification and preparation. Donated antibodies should include
antiserum code number and the bleeding details while the commercial antibodies should be
submitted with catalogue and lot numbers. Also, information about the immunising antigen,
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its precise structure, the species in which it was raised, the type of antibody (polyclonal or
monoclonal), the clone number, and the sequence of the antigen were recommended. Since
antigen sequence could be a challenging request considering some companies view the
sequence as an “intellectual property”, Dr Saper responded by “never buy antibodies for
which the manufacturer will not disclose the structure of the immunizing antigen. These
reagents are not fit for scientific work, and the work you do with them will not be
publishable”.
Dr Saper’s second recommendation request was about “how has the specificity of the
antibody been characterized?”, and authors were encouraged to provide evidence to what the
antibody would stain on gel or tissue with the expected molecular weight from their
experimental work. The third recommendation was regarding the controls for
immunostaining, and Dr Saper suggested an answer to this standard question “does the
antibody stain the tissue of interest from which the molecule of interest has been removed?”.
Dr Saper suggested the following strategies for controls: use proteins from knockouts, preadsorption of antigens, or providing evidence of similarities in staining pattern with the
previously known control. The use of secondary antibody only is not considered a negative
control for the primary antibody but a control for the secondary.
Similarily, Andrea C. Gore wrote an editorial letter at the Endocrinology Journal
regarding the requirements of antibody validation in February 2013119. Gore recommended
some initiatives for authors to implement before they submit their script, such as a standard
table that summarizes the main descriptive information about the antibodies used. The
proposed table should include the following fields: “Peptide/Protein target, antigen sequence
(if known), name of antibody, manufacturer/catalog number/or name of source, species raised
in monoclonal or polyclonal, and dilution used”119. Also, Gore recommended that authors list
their validated antibodies in a database for other researchers to use as a resource to replicate
their published work.
5.1.7 Antibody validation
Antibody validation was defined by FDA as “the process of demonstrating, through
the use specific laboratory investigations, that the performance characteristics of an analytical
method are suitable for its intended analytical use”106. Bordeaux et al, suggested a valid
antibody should demonstrate specificity, selectivity, and reproducibility106. There are
common pitfalls that could affect these validation criteria such as the use of a short synthetic
peptide to validate the expression of a 3D-structure-native protein, and the effects of various
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fixatives in exposing non-specific epitopes in immunohistochemistry. They proposed an
algorithm for the validation process (Figure 5.9) and recommended the use of western
blotting as an “appropriate first step” to evaluate antibody specificity. Then, an antibody
should demonstrate the ability to specifically identify its target antigen using a good positive
control sample. Bordeaux et al encouraged the correct choice of controls to validate
specificity, such as the use of knockout, transfection, siRNA or shRNA knockdown. For
immunohistochemistry staining, Schuster et al proposed a new approach for the validation
process. They proposed to extract proteins from paraffin embedded tissues then validate
antibody specificity using the western blot technique (Figure 5.10)120.

Figure 5.9 Algorithm for the process of validating antibodies. This diagram was taken from Bordeaux
et al106 with permission (see appendix).
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Figure 5.10. Flow chart to validate an antibody for immunohistochemistry staining. This diagram was
taken from Schuster et al120 with permission (see appendix).

Two research groups started the initiative of building a database for the validated
antibodies to facilitate the investigation work and to produce a reliable source for researchers.
Major et al established a “AbMiner” database that involves quality control information about
more than 600 commercial monoclonal antibodies validated by western blotting121. The
project started as a screening program for 60 human cancer cell lines funded by the US
National Cancer Institute developmental therapeutics (NCI-60) to screen for more than
100,000 chemical compounds for anticancer activity. They used “reverse phase” protein
lysate microarray with laser capture micro-dissection and robotic spotting technology121.
Then higher density lysate arrays were developed and proteins on the arrays were quantified
using validated monoclonal antibodies by a catalysed signal amplification method. Major et
al decided to make the database available to researchers because of its valuable information.
There are 18 fields of information for each antibody in the database (Table 5.1). They found
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approximately 70% of the tested commercial antibodies showed a single band on western
blot.
Table 5.1. Eighteen fields of information about each validated monoclonal antibody available in
AbMiner database121. This table was taken from Major et al under the Creative Commons Attribution
Licence.

Another database was established by Bjorling et al called ‘antibodypedia’ aiming to
provide large source for the scientific community and a reliable database for any researcher
who is interested in antibody work122. The database was funded by the European Union
6th framework network programme ProteomeBinders and established validation rules for any
submitted application. The submitted data must be based on experimental work and scored as
supportive, uncertain or non-supportive data. Bjorling et al established validation criteria for
four main applications: protein array, western blot, immunohistochemistry, and
immunofluorescence (Table 5.2 shows the scoring system for western blot and
immunohistochemistry). However, the antibodypedia website contains more applications and
flow cytometry is also listed.
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Table 5.2. Summary of the scoring system that was established for antibodypedia database for western
blot and immunohistochemistry methods. This table was taken from the supplementary data of
Bjorling et al122 with permission (see appendix).

5.1.8 Were anti-CTGF antibodies validated by antibodypedia or AbMiner databases?
Unfortunately, CTGF antibodies were not listed on AbMiner database, while
antibodypedia has information about R&D Systems anti-CTGF antibodies (both monoclonal
and polyclonal) and Santa Cruz goat polyclonal anti-CTGF antibody. Abcam rabbit
polyclonal anti-CTGF was not listed in antibodypedia database.
R&D Systems anti-CTGF (monoclonal and polyclonal) antibodies were validated for
immunohistochemistry only and their validation images were provided from R&D Systems
company (not from an independent source). The validation images on antibodypedia are the
same images on the datasheets of these two antibodies, and both antibodies were scored
“Supportive validation”. Antibodypedia listed one citation for the R&D Systems monoclonal
anti-CTGF by Gronborg et al who used the antibody to validate the quantitative proteomic
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results from stable isotope labeling with amino acids in cell culture (SILAC) from the
secretome of two pancreatic cell lines using western blot method123. In addition,
antibodypedia listed Inkinen et al as the reference for R&D Systems polyclonal anti-CTGF
who used the antibody to investigate the expression of CTGF protein in the developing
granulation tissue by immunohistochemistry technique124. The antibodypedia database
validated R&D Systems polyclonal anti-CTGF for immunohistochemistry but listed a
reference for use of the antibody in western blotting, which raises concerns about the
reliability of the information in the database.
Santa Cruz goat polyclonal anti-CTGF antibody (sc-14939) was validated by
antibodypedia for western blot and immunohistochemistry methods. The antibody was scored
“supportive validation” for both methods, but validation images were provided by the Santa
Cruz company. The database listed 14 references that cited the antibody. All the references
used the antibody for western blotting and only two used it for both immunohistochemistry
and western blotting125, 126. All references showed western blot results as small strips image
except for Bohr et al who used the antibody to validate the specificity of recombinant CTGF
protein expression from a stable transfection system127.
Despite the limitations of these databases in providing antibody validation for antiCTGF antibodies, but they have started an initiative in the scientific community to build up
these databases for future use.
If the antibody is only capable of detecting the denatured protein (i.e. by western
blotting)

and

unable

to

detect

the

protein

in

its

native

condition

(e.g.

by

immunohistochemistry detection method) then Couchman et al recommended that
researchers use common sense and experience in the validation process108. Consequently, it is
recommended to include positive and negative controls in each application and with each
experiment to minimize the risk of false interpretation.
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5.2 Methylation Specific PCR
A real time PCR approach was used to quantify and detect TES DNA methylation
level in mixed DNA samples by using tailed genome-specific primers and tag primers to
eliminate the effects of primer-dimer formation on PCR analysis. We were able to detect one
methylated CpG allele on the background of 500 unmethylated CpG alleles. We observed a
high coefficient correlation between the methylated DNA samples and the PCR amplification
cycles. Based on our findings, how do we know if bisulfite conversion methylation-specific
PCR is a reliable method for the detection and quantification of DNA methylation?
5.2.1 Bisulfite conversion methylation-specific qPCR
Various DNA methylation detection techniques were reported in the literature, and
they were classified based on the choice of downstream applications into global genomic
DNA methylation, locus-specific and genome wide analysis (Table 5.3)128. Detection
methods can also be classified based on DNA treatment into bisulfite conversion, restriction
enzyme digestion, and affinity enrichment128. Briefly, bisulfite conversion is based on
deamination of the unmethylated cytosine to uracil while methylated cytosines are
unaffected. Restriction enzyme digestion is based on using methylation sensitive enzymes
that digest methylated cytosine nucleotides such as MspI and HhaI. In comparison, affinity
enrichment DNA methylation method is based on using methylation specific antibodies that
bind to methylated cytosine, which can be analysed by immuoprecipitation128. Mansego et al
suggested that bisulfite conversion is “the gold standard” for detecting DNA methylation
because of its ability of offering single CpG site resolution128, absolute quantification of DNA
methylation level and strand specific CpG site methylation129.
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Table 5.3. DNA methylation detection techniques that were reported in the literature. This table was
taken from Mansego et al128 with permission (see appendix).

Methylation-specific PCR was initially introduced by Herman et al in 199697. They
designed methylation specific primers that align at the 3’ end of CpG sites in cytosine rich
region. They were able to detect DNA methylation of p16, p15, VHL, and E-cadherin genes
that were known for heavy methylation by bisulfite sequencing. To validate their results, they
used restriction digest enzyme (BstUI), and found methylated PCR products were cleaved
while unmethylated were intact. Herman et al reported the ability of detecting one methylated
allele in 1000 unmethylated alleles. They suggested that methylation specific PCR is simpler,
less expensive, and faster than bisulfite sequencing.
Claus et al suggested that the feasible and fast quantitative DNA methylation can be
obtained by three recently emerged techniques: methylation specific PCR, pyrosequencing,
and matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDITOF-MS “MassARRAY”)130. Pyrosequencing is based on direct bisulfite sequencing of short
<150 bp DNA fragments, while MassARRAY is based on bisulfite treatment then DNA basespecific fragmentation which subsequently analysed by MALDI-TOF-MS. A shift in
MALDI-TOF-MS signal suggests methylation of single or multiple CpG sites130. Claus et al
used these three quantitative methods to identify ID4 DNA methylation in acute myelogenous
leukaemia (AML) cases, which is found to be methylated in 50% of AML cases by genome124

wide methylation analysis. They recruited 62 AML patients and 21 healthy participants.
Claus et al found a high correlation between MassARRAY and pyrosequencing to bisulfite
sequencing (R2 = 0.98 and 0.93, respectively), and they showed a high agreement between
both methods when compared 9 CpG nucleotides (R2 = 0.88). MassARRAY detected 30.5%
(3% – 94%) of ID4 DNA methylation in AML and 7.4% (4.4% -32%) in healthy donors
(pooled control, whole bone marrow, CD34+ sorted cells, and peripheral blood). However,
methylation-specific PCR showed 28% of control participants have ID4 DNA methylation
and 21% - 40% of methylation in AML cases suggesting an overestimation of DNA
methylation by methylation specific PCR method 130.
Yu et al investigated the DNA methylation profile of 20 genes that have potential to
be epigenetically modified in hepatocellular cancer131. They selected these 20 genes based on
the literature review that suggested their role in cancer development. They compared the
DNA methylation level of hepatocellular cancerous tissue and adjacent non-cancerous tissues
from liver biopsies of 29 patients. Also, they included four normal liver tissues as controls.
They found consistent hypomethylation of 16 genes in all samples including control donors
of liver tissue. They speculated that these 16 hypomethylated genes may have no role in
hepatocellular carcinoma, or have been silenced by other epigenetic mechanisms. They
claimed the difference in methylation profile for the 16 hypomethylated genes could provide
a potential diagnostic value that distinguishes hepatocellular carcinoma from other tumours,
but other researchers debated the reproducibility of their findings. Yu et al validated their
methylation specific PCR by bisulfite sequencing and restriction enzyme digestion.
There are numerous studies in the literature that used bisulfite conversion
methylation-specific PCR to identify cancer biomarkers. Evron et al found 96% of primary
cancer patients have methylated CpG islands within the promoter of Cyclin D2, RAR-β, and
Twist genes, and methylation in 57% of ductal carcinoma in situ132. However, the diagnostic
sensitivity of methylation specific PCR in detecting at least one methylated gene from ductal
lavage is 67%132.
These findings were debated in the literature and methylation-specific PCR was
criticised for its variable results because of PCR conditions such as primer design and
alignment, annealing temperatures and number of amplification cycles. It is recommended to
validate methylation-specific PCR with bisulfite sequencing to avoid overestimation of DNA
methylation.
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5.3 Limitations of the Detection Methods
Despite the frequent use of western blot, immunohistochemistry, flow cytometry, and
qPCR techniques in research and diagnostic laboratories, they still have limitations in their
detection abilities. The following discussion will highlight some of these limitation issues.
5.3.1 Western Blot
The main issue with western blotting is the lack of standardization, and various
protocols were found in the literature133,
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. Western blotting is labour intensive and time

consuming. The results are dependent on the quality of antibodies used. Various factors could
affect the results such as the amount of protein loaded, the percentage of gel used, the type of
blocker, the duration of blocking and the stringency of washings, etc. The technique is
considered as a gold standard for validating the specificity of antibodies however, proteins
with weak expression could be falsely considered as having no expression. MacPhee et al
highlighted some of the main issues that are associated with western blotting and summarised
them in figure 5.11.135.

Figure 5.11. Conditions that could be optimised to improve western blot results. This chart was
suggested by MacPhee et al135 with permission (see appendix).
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5.3.2 Flow Cytometry
Despite the rapid and reliable features of flow cytometry136, it has some limitations.
The following points are a summary of the main issues:
1. Pre-analytical: factors affecting cell staining such as different protocols for whole
blood lysis, time prior fixing cells, type and concentration of the fixative, stringency
of washings, type and specificity of antibody, and duration of sample storage.
2. Analytical: researcher skills and knowledge on how to use the flow cytometer could
affect the way results are collected and interpreted. Inconsistent results may arise
from lack of experience such as incorrect settings of the acquisition parameters
(voltages and gains of the forward and side scatters, inaccurate gating strategy) or
inaccurate compensation analysis. Flow cytometers are expensive equipments.
3. Post-analytical: data analysis requires knowledge and skills on how to use analysis
software accurately, and incorrect gating or compensation strategies may produce
misleading results.
5.3.3 Immunohistochemistry
Despite the important role of immunohistochemistry in detecting native proteins on
tissues, the method has pitfalls and limitations. Fritschy et al summarised these limitations
into the following points137:
1. Based on the specificity of the primary and secondary antibodies used, and the
sensitivity of the visualization method, immunohistochemistry provides an “indirect
evidence” for the presence of antigen. To identify the antigen, further investigations
are required such as extracting the antigen then identify its structure or size by mass
spectrometry and western blotting, respectively (see Schuster et al above120).
2. The absence of staining does not necessarily indicate absence of the antigen. Factors
that could contribute to the false negative results include low antibody affinity,
improper tissue processing, limitations of the detection technique, or masking the
epitope with nonspecific debris137. Also, Fritschy et al suggests that the cut off value
between background and weak staining is subjective, and what one researcher
considers negative might be considered positive by another.
3. Interpretation of immunohistochemistry results might be biased by prior knowledge
about the expected staining pattern of an antibody.
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4. Boenisch investigated the effect of prolonged formalin fixation (12 hours to 3 months)
and increased temperature of the heat-induced antigen retrieval (up to 121ºC) on the
quality of immunohistochemistry results138. Boenisch found prolonged fixation was
associated with weak antigen staining and strong background non-specific staining.
Also, raising the temperature for antigen retrieval was associated with intense
staining. This suggests the importance of using a standard protocol for
immunohistochemistry.
In addition, if future experiments rely on immunohistochemistry, assessment by a
“blinded” observer provides an important safeguard against subconscious bias.
5.3.4 Bisulfite Conversion
The ability of methylation specific qPCR to detect DNA methylation is dependent, in
part, on the efficiency of bisulfite treatment. Consequently, incomplete bisulfite conversion of
the unmethylated cytosine to uracil or the unstable conversion could potentially affect the
PCR results. Mansego et al suggested that bisulfite conversion is unable to distinguish
between methyl-cytosine and hydroxymethyl-cytosine128. It was suggested that prolonged
bisulfite treatment139 or using very concentrated DNA samples could associate with DNA
degradation140. However, Hayatsu did not find any evidence for the assumption that bisulfite
treatment degrades DNA141. It is speculated that incomplete denaturation of genomic DNA
strands is the most common cause of inefficient or incomplete bisulfite conversion142.
Improving the efficiency of bisulfite conversion was studied by number of
researchers. Zon et al suggested that bisulfite conversion involve N3 protonation of
unmethylated cytosine, sulfonation at position C6, hydrolytic deamination then final
desulfonation (Figure 5.16141)142. For efficient bisulfite conversion, Zon et al suggested the
following factors for the first three steps of the reaction: high concentration of bisulfite (3–5
M), low pH (pH = 5), extended moderate heating (50ºC for 5 – 24 hours), and denatured
genomic DNA (addition of NaOH and/or urea)142. Hayatsu recommended monitoring the
bisulfite treatment by measuring bisulfite concentration during the incubation step
(spectrophotometrically) and monitoring pH level141. Derks et al suggested that the bisulfite
treated DNA is single stranded and is vulnerable for degradation, and hence recommended
treating it as RNA and should be stored at -20 º C100.
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Zon et al proposed a new protocol to improve the efficiency of bisulfite treatment.
Their protocol included using Hi-Di formamide to denature the genomic DNA at 95ºC for
5 minutes then cooling DNA at room temperature before overnight bisulfite treatment at
50ºC. To validate the protocol, they investigated DNA methylation by methylation specific
PCR and bisulfite sequencing of GSTPi and RARβ2 genes in human prostate cancer from
formalin-fixed paraffin-embedded extracted DNA. They were able to validate 93% of their
samples by bisulfite sequencing (43 out of 46 tissue blocks)142.

Figure 5.12. The bisulfite conversion reaction. This image was taken from Hayatsu141 used under the
Creative Commons Attribution License.

5.4 Future Direction
This project aimed to validate detection methods to apply them to explore the
presence of a specific group of neonatal or embryonic B-lymphocytes that has the epigenetic
signature of B-ALL cells. We selected two candidate genes for the exploration based on the
methylation data from Martin-Subero et al19. Our approach was to validate an anti-CTGF
antibody to be able to detect the protein expression by flow cytometry from blood samples
collected from newborns and umbilical cord. Also, we set a protocol for quantifying TES
DNA methylation in these blood samples. Based on the findings from this study, are CTGF
and TES still good candidate genes for the investigation?

5.4.1. Are CTGF and TES good gene candidate for the investigation?
Despite the challenge that was seen in CTGF protein investigation process, we still
consider CTGF gene as a good candidate for expression in fetal B-lymphocytes. We propose
that the neonatal B-1 lymphocytes have a unique epigenetic signature, and we can collect
them from neonatal and cord blood. Based on this study, it appears that CTGF protein
investigation is not a feasible process and is associated with numerous issues. Therefore, we
will focus on our future study on quantifying CTGF mRNA by qRT-PCR. We will optimise a
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protocol for the sensitive detection of CTGF mRNA similar to the protocol that was
established for TES bisulfite-specific qPCR detection. We developed a sensitive protocol for
the detection of TES DNA methylation and we believe that TES is our strongest gene
candidate for the exploration study.
Martin-Subero et al showed almost 200 gene candidates that were significantly
methylated in B-ALL, and about 20 genes that were expressed (p-value <0.001 for both
groups)19. We will include more genes in our exploration study, and we will develop qPCR
protocols similar to what we have for TES qPCR detection.
5.4.1. Progress in the Fetal B-1 lymphocytes Study
Fifty blood samples from umbilical cords and healthy newborns will be collected by
Southern District Health Board (SDHB) midwives and Neonatal Intensive Care Unit’s
(NICU) staff, respectively. In addition, approximately 10 archival formalin fixed, paraffin
embedded fetal liver tissues will be used.
5.4.1.1. Neonatal and Cord Blood
Approximately 50 blood samples from healthy newborns and umbilical cords will be
collected for this project. Neonatal Intensive Care Unit’s (NICU) staff at Dunedin Hospital
will collect newborn blood, while midwives at Invercargill SDHB will recruit third trimester
pregnant mothers for cord blood collection. NICU staff will ask participants to use the
leftover neonatal blood that is sent to the laboratories for routine diagnostic tests.
Invercargill’s midwives will recruit potential participants and collect cord blood in Acid
Citrate Dextrose (ACD – yellow top) tubes (BD Vacutainer) then blood samples will be
couriered through Dunedin Southern Community Laboratories (SCL) to our research
laboratory.
Midwives and NICU staff will recruit potential participants by distributing
information sheets and consent forms. In order to familiarize recruiting staff with the
recruitment protocol, a seminar will be held and a summary of the study’s recruitment
protocol will be explained and distributed (see appendix).
B-lymphocytes from the collected neonatal and cord blood will be isolated using
CD19 MicroBeads (AutoMax). RNA and DNA will be extracted from the extracted Blymphocytes for CTGF qRT-PCR and for TES bisulfate specific qPCR investigations.
130

5.4.1.2. Archival Fetal Tissues
Approximately 10 archival formalin fixed, paraffin embedded fetal liver tissue blocks
will be used for this project. Tissue blocks were recruited and processed by Kylie Drake for
her PhD project (Drake K. Characterisation of the nature and timing of early events in
childhood acute lymphoblastic leukaemia. University of Otago, 2006). Fetal tissues were
collected from participants who medically terminated their pregnancy at 5 – 13 weeks
gestation. Participants were recruited from Dunedin and Wellington hospitals in 2003.
Collected fetal tissues were formalin fixed (10% Neutral Buffered Formalin) overnight and
paraffin embedded. Liver tissues were shown to be positive for CD79a antibody on
immunohistochemistry staining.
5.4.1.3. Ethical Approval
Otago Ethics Committee approved the use of fetal tissues for the investigation of
epigenetic changes in the developing lymphocytes. Central Regional Ethics Committee
provisionally approved the collection of neonatal and cord blood. In addition, Ngai Tahu
Research consultation committee at the University of Otago reviewed the study and approved
it for recruiting Maori participants. To date, locality assessment by Southern District Health
Board is still in progress. Southern Community Laboratories agreed to assist with the
collection process.
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Conclusion
This project aimed to develop sensitive protocols and reliable detection methods for
the identification of CTGF expression and TES DNA methylation. We hypothesised that
these epigenetic signatures can be used to identify fetal B-1 lymphocytes in newborns. RTPCR was used to evaluate CTGF mRNA expression and western blotting to evaluate the
specificity of anti-CTGF antibodies. Four commercial and one commissioned antibodies were
evaluated and then the most specific antibody was used for flow cytometry and
immunohistochemistry. Despite the overexpression of CTGF protein by induction and
transfection, flow cytometry results were inconclusive. We used immunohistochemistry to
evaluate the quality of anti-CTGF staining and developed a protocol to use anti-CTGF and
anti-CD79a in dual colour immunofluorescence. CTGF is still a good candidate gene and we
will develop a sensitive qRT-PCR protocol to quantify CTGF mRNA expression in neonatal
B lymphocytes and identify the fetal B-1 cells. We developed a sensitive bisulfite-conversion
methylation-specific qPCR protocol to detect TES DNA methylation. We were able to
identify one methylated allele in the background of 500 unmethylated alleles.
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A.2. RS4 cDNA sequencing and analysis results
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A.3. X8617 cDNA sequencing and analysis results
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