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Abstract 

Solid tumor patients are often administered with a drug called Granulocyte-Colony 

Stimulating Factor (G-CSF). This drug is used to treat chemotherapy-induced neutropenia and/or 

to mobilize hematopoietic stem cells from the bone marrow into the blood for ease of collection. 

Previous in vivo studies in mice showed, that G-CSF can increase tumor growth and promote 

metastasis. As such, this study investigated whether G-CSF can promote tumor growth in 

children with solid tumors by non-invasively quantifying tumor-derived circulating cell-free 

DNA (cfDNA) in the plasma. I also investigated whether tumor-derived cfDNA levels in the 

plasma correlate with tumor-derived genomic DNA (gDNA) levels in the stem cell product, on 

the day of stem cell collection procedure.  

Tumor cfDNA was measured in the plasma of fourteen children with solid tumors, before 

and after G-CSF treatment, using methylation specific qPCR against the promoter region of the 

RASSF1a gene. Nine children [three rhabdomyosarcoma, five neuroblastoma and one rhabdoid 

tumor] had detectable tumor cfDNA in their plasma, which was suggestive of poor clinical 

outcome. In addition, paired plasma and stem cell products from the day of stem cell harvest 

were collected from nine children (four neuroblastoma, one glioblastoma, one rhabdoid tumor, 

two Hodgkin lymphoma and one choroid plexus carcinoma). At the time of stem cell harvest 

(post G-CSF administration), I found no evidence of tumor gDNA contamination in the stem cell 

product from all nine children. However, there was evidence of tumor cfDNA in the plasma 

product from six children, four of whom had known bone marrow involvement. Overall, four of 

the seven children with no detectable tumor cfDNA in the plasma had a diagnosis of brain 

cancer. 
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Altogether, tumor cfDNA levels in children with solid tumors can be detected but the 

current study did not show that levels increased upon G-CSF administration. The presence of 

tumor cfDNA in the plasma of children with pediatric cancer at the time of stem cell harvest was 

not consistent with tumor contamination of the stem cell product.   
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Lay Summary  

It is estimated that 1,440 Canadian children will receive a new cancer diagnosis in 2017. 

Currently, children with cancer are often treated with a drug called granulocyte colony 

stimulating factor (G-CSF) to prevent infections, a common side effect of cancer treatments, and 

to collect stem cells which are special cells that can help repopulate blood cells after 

chemotherapy. This study showed that free-floating cancer DNA can be detected in the blood of 

children with cancer. G-CSF treatment does not seem to increase the growth of cancers which 

was measured by the amount of free-floating cancer DNA in the blood. Overall, findings from 

this research suggest that free-floating cancer DNA is a promising way to detect if there is 

residual cancer present in the person simply by collecting a tube of blood.    
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Chapter 1: Introduction  

1.1 Pediatric solid tumors  

It is estimated that 206,200 Canadians will be diagnosed with cancer in 2017, 1,440 of 

which will be of children and youths under 19 years of age.
1
 Typically, cancer can be divided 

into two broad categories: solid and liquid cancer.
2
 Solid cancers, which make up greater than 

80% of all cancer types, refer to tumors that primarily originate in solid organs, while liquid 

cancers refers to tumors that originate from the blood and disseminate to other parts of the body.
2
 

Children diagnosed with solid cancers undergo invasive procedures for diagnosis and 

monitoring, such as tissue and bone marrow biopsies. The latter is performed to assess tumor 

metastasis into the bone marrow. The standard treatment options for these children are surgery, 

chemotherapy, and radiation therapy, followed by bone marrow rescue using autologous stem 

cells when clinically indicated.
3,4 

 

1.2 Circulating cell-free DNA  

Circulating cell-free DNA (cfDNA) refers to the extracellular nucleic acid species that is 

found in the liquid portion of the blood such as plasma or serum. In a given individual, cfDNA 

can be composed of normal cfDNA from non-malignant cells, fetal cfDNA from fetal cells 

and/or tumor-derived cfDNA from tumor cells. cfDNA release into the blood is thought to be 

due to apoptosis, necrosis or active secretion.
5,6

  cfDNA released via apoptosis is often observed 

as whole number multiples of approximately 180 bp fragments which represents the DNA bound 

to one or more nucleosomes.
5,7

 However, large molecules of DNA (>1000 bp) has also been 

observed in plasma which are thought to be cfDNA which were released via necrosis.
5,7

 

However, unlike the larger cfDNA molecules, it is the smaller molecules of cfDNA that are of 
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interest because they often contain tumor-derived aberrations.
8,9

 Alternatively, the high 

molecular weight DNA can represent intra-cellular genomic DNA (gDNA) contamination that 

are released due to mechanical white blood cell (WBC) lysis or during lysis that occurs when 

blood is allowed to clot.
10

 cfDNA is useful in cancer studies because it provides insight as to 

what is happening in an individual. Thus, it is important to minimize the amount of intra-cellular 

WBC gDNA contamination because it will  likely consist of wild-type DNA. For instance, serum 

appears to be the better sample type to study cfDNA because cfDNA levels are 6-24 times higher 

in serum samples than in plasma samples.
10

 However, cfDNA isolated from serum is often 

contaminated with intra-cellular gDNA from lysed WBC.
10

 Consequently, plasma samples are 

preferred when studying cfDNA.  

In vivo studies in mice and in humans have shown that tumor cfDNA levels are 

associated with tumor growth and treatment response.
11ï13

 cfDNA is also a promising biomarker 

for assessing tumor burden due to the non-invasive nature of sample collection. As a result, 

multiple sample collections throughout a patientôs treatment and follow up can be easily obtained 

and analyzed. Aside from quantifying cfDNA, analysis of genetic and epigenetic alterations has 

also been performed in cfDNA. Sequencing has been successfully used to identify gene 

mutations and deletions in cfDNA from patients with cancer.
14ï16

 Likewise, methylation specific 

polymerase chain reaction (MS-PCR) has been used to detect aberrant promoter methylation of 

tumor suppressor genes in cancer patients. 
17ï19

 The genetic and epigenetic aberrations are 

confirmed to be of tumor origin through analysis of DNA from primary tumor tissues.
14ï16

 Even 

though the majority of research using cfDNA is performed on adult cancer, detection and 

analysis of cfDNA was also shown feasible in pediatric malignancies including solid tumors 

such as atypical teratoid rhabdoid brain tumor, Hodgkin lymphoma, and neuroblastoma.
20ï22

 In 
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general, healthy children have low amounts of total cfDNA circulating in the blood with 

concentrations ranging from 0 to 2000 genomic equivalents (GE)/mL of plasma.
21,23

 In contrast, 

children with cancer can have 2 to 14 times higher total cfDNA levels.
21,23

 Levels of total cfDNA 

also correlate well with disease recurrence.
23

 Previous studies have shown that there is strong 

concordance between the mutations found in the tumor tissue and the tumor cfDNA samples.
24

 

For these reasons, total and tumor cfDNA are potentially useful tools for studying cancer.  

 

1.3 Stem cell harvest 

The most common method for collecting stem cells is called peripheral blood stem cell 

collection (PBSC) procedure. For this procedure, chemotherapy drugs with or without cytokines 

such as granulocyte colony stimulating factor (G-CSF), granulocyte macrophage colony 

stimulating factor (GM-CSF) and/or Plerixafor are used to stimulate the patientôs bone marrow 

to produce hematopoietic stem cells and mobilize them into the bloodstream, where they could 

be easily collected.
3
 In order to ensure that sufficient stem cell yield of the harvested product is 

reached, mobilized stem cells in the blood are counted using flow cytometry against the CD34 

glycoprotein.
3,25

 After adequate amounts of stem cells are harvested, the patient will then 

undergo myeloablative chemotherapy and subsequent transplant of the harvested CD34+ 

hematopoietic stem cells which can then re-populate the bone marrow and give rise to different 

blood cell types (see Figure 1-1).
25,26
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Figure 1-1 Hematopoietic stem cell lineage 

Outline of the hematopoietic stem cell lineage with common cell surface antigens. The stem cell products counted using antibodies 

against the CD34+ antigen likely contains the following cell types: hematopoietic stem cells (HSC), multipotent progenitors (MPP), 

common lymphoid progenitors (CLP), common myeloid progenitors (CMP), granulocyte-macrophage progenitors (GMP) and/or 

megakaryocte/erythroid progenitors (MEP). Image provided courtesy of Abcam. Image copyright © 2017
26
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1.3.1 Granulocyte macrophage colony stimulating factor 

GM-CSF is a glycoprotein and recombinant forms of it are clinically used as a mobilizing 

agent for stem cell collection procedures. GM-CSF binds to its receptor on hematopoietic stem 

cells which subsequently activates various downstream signaling pathways. As Figure 1-2 

shows, the end result is the initiation of hematopoietic stem cell survival, proliferation and/or 

differentiation.
27

 One disadvantage of the use of GM-CSF with chemotherapy is that it is less 

efficacious in mobilizing CD34+ stem cells into the blood compared to using G-CSF with 

chemotherapy.
28

 

 

Figure 1-2 Proposed mechanism of action of GM-CSF 

A diagram outlining how granulocyte macrophage colony stimulating factor (GM-CSF) affects 

hematopoietic stem cells. GM-CSF binds to hematopoietic stem cells through the GM-CSF 

receptor which ultimately causes the hematopoietic stem cells to survive, proliferate and/or 

differentiate.   
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1.3.2 Plerixafor  

Plerixafor (also known as AMD3100 or Mozobil
®
) is another type of mobilizing agent 

that is approved by the Food and Drug Administration (FDA) for use during stem cell harvests.
3
 

Plerixafor is effective in that it gives higher stem cell yield and requires fewer days for 

mobilization.
3
 The major disadvantage of this mobilizing agent is its high cost; the estimated 

costs of a 4 day daily injection with Plerixafor versus an 8 day daily injection with G-CSF for a 

70 kg individual are $30,220 and $3,770 respectively.
29

 As Figure 1-3 shows, Plerixafor is 

thought to work by directly binding to the chemokine receptor type 4 (CXCR4) on the stem 

cellôs surface thereby preventing the binding of the chemokine called stromal cell derived factor 

1 (SDF-1) on the bone marrow stromal cellôs surface.
30,31

 As a result, instead of staying in the 

bone marrow, the stem cells are free to circulate into the bloodstream where they could be easily 

collected. 
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Figure 1-3 Proposed mechanism of action of Plerixafor 

Mechanism at which Plerixafor mobilizes stem cells from the bone marrow to the blood. 

Plerixafor binds directly to the chemokine receptor type 4 (CXCR4) on the hematopoietic stem 

cellôs surface thereby preventing the chemokine called stromal cell derived factor 1 (SDF-1) on 

the bone marrow stromal cellôs surface. This allows the hematopoietic stem cell to leave the bone 

marrow niche and enter the circulation for ease of collection. Image reproduced from Fricker et 

al. with permission from Karger Publishers
30

  

 

 

1.3.3 Granulocyte colony stimulating factor 

G-CSF is a third example of a mobilizing agent that is routinely administered for 

releasing hematopoietic stem cells into circulation. Even though the exact mechanism of action 

of G-CSF is not fully understood, analogous to Plerixafor, G-CSF is proposed to affect the SDF-

1/CXCR4 axis. For instance, G-CSF is shown to increase the expression of CXCR4 on the stem 

cellsô surface and decrease the bone marrow stromal cellsô expression of SDF-1.
32

 However, the 

latter was thought to be primarily due to the degradation of SDF-1 by the elastase enzyme that is 

secreted by neutrophils.
32

 Furthermore, as Figure 1-4 illustrates, it is proposed that G-CSF has an 

indirect effect on SDF-1 and CXCR4 expressions, by first acting on the bone marrow neural 
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cells, thereby stimulating them to increase their production of catecholamines.
33

 These 

catecholamines are thought to increase the expression of CXCR4 on the stem cellsô surface.
33

 In 

addition, the catecholamines act on bone marrow stromal cells such as osteoblasts to increase 

their secretion of SDF-1 into the blood.
33

 Since SDF-1 functions as a chemokine, this allows 

hematopoietic stem cells expressing the chemokine receptor, CXCR4, to migrate from the area 

of low chemokine concentration (the bone marrow) into the area of higher chemokine 

concentration (bloodstream). Once in the bloodstream, the stem cells can be easily collected. 

 

 

Figure 1-4 Proposed mechanism of action of G-CSF 

Schematic representation of how granulocyte colony stimulating factor (G-CSF) mobilizes stem 

cells from the bone marrow to the blood. It is thought that G-CSF acts on neural cells in the bone 

marrow causing them to release catecholamines which in turn increases the expression of the 

chemokine receptor type 4 (CXCR4) on the hematopoietic stem cellôs surface (HSC). The 

catecholamines are also proposed to increase the secretion of the stromal cell derived factor 

(SDF1) by osteoblasts into circulation. The SDF1 in circulation acts as a chemokine and thereby 

recruit HSCs with the chemokine receptor, CXCR4, from the bone marrow into the blood. Image 

reproduced from Saba et al. with permission from the Taylor & Francis Group
33
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1.4 Chemotherapy-induced neutropenia 

Myelosuppression is a common side effect of chemotherapy regimens which places 

patients at risk for infections.
34

 It was observed that when cancer patients with chemotherapy-

induced neutropenia are administered mobilizing drugs like G-CSF or GM-CSF, the patientsô 

WBC levels are able to effectively go back to normal, thereby reducing the number of days that 

the patient is neutropenic.
34,35 

 Out of the three aforementioned mobilizing drugs, G-CSF is most 

commonly used for treating chemotherapy-induced neutropenia due to its effectiveness. For 

instance, in one randomized control trial that compared the combination of chemotherapy with 

either G-CSF or GM-CSF, neutrophil counts returned to the normal range faster with G-CSF, 

requiring only 13 days compared to GM-CSF which required 16 days.
36

 This is advantageous 

because it contributes to decreased hospital costs and to an earlier implementation of the 

patientôs treatment plan. 

 

1.5 Rationale and research questions 

This research was performed to explore whether G-CSF administration stimulates tumor 

growth. This is of concern because a significant proportion of children with solid tumors receive 

G-CSF treatment either to treat neutropenia or prior to stem cell harvest. In addition, this 

exploratory study investigates whether tumor cfDNA of patients with solid tumors is a marker 

for the presence of tumor cell contamination in the stem cell product collected after G-CSF 

stimulation, as this could result in tumor progression and patient relapse following 

transplantation. 
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1.6 Objectives 

This research project is divided into the following five objectives: 

1. To compare the cfDNA extraction efficiency of Promegaôs Maxwell® 
RSC circulating 

cell-free DNA plasma kit to Qiagenôs QIAamp
®
 Circulating Nucleic Acid kit. 

2. To compare the cfDNA levels in the plasma of healthy volunteers whose blood sample 

was collected in ethylenediaminetetraacetic acid (EDTA) and citrate tubes. 

3. To determine the lower limit  of detection of tumor cells diluted in normal WBCs using a 

real-time polymerase chain reaction (qPCR) method which determines methylated versus 

non methylated RASSF1a gene. 

4. To determine the level of tumor cfDNA before and after G-CSF stimulation in the plasma 

of pediatric solid tumor patients. 

5. To determine whether the level of tumor cfDNA in the plasma is associated with the level 

of genetic tumor DNA in the stem cell product and whether cfDNA levels are associated 

with bone marrow disease status.  

 

1.7 Hypotheses 

The following hypotheses were tested: 

¶ G-CSF administration is associated with increased levels of tumor cfDNA in the plasma 

of pediatric solid tumor patients 

¶ After G-CSF stimulation, the level of genomic tumor DNA in the stem cell product 

correlates with the level of tumor cfDNA in the plasma product 

¶  Tumor cfDNA levels are associated with bone marrow disease status 
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Chapter 2: Optimization of assay conditions 

2.1 Comparison of total cfDNA yields between the QIAamp
®
 and the Maxwell

® 
kit  

2.1.1 Introduction  

There are numerous commercially available isolation kits for extracting cfDNA from 

plasma or serum samples. Currently, in the literature, the most frequently used commercial kit is 

the Qiagenôs QIAamp
®
 Circulating Nucleic Acid kit. Recently, Promega developed a new 

method for isolating total cfDNA from plasma using the automated Maxwell
®
 Rapid Sample 

Concentrator (RSC) instrument. Total cfDNA isolation using the Maxwell
®
 RSC instrument 

seems advantageous because up to sixteen samples can be processed simultaneously with 

minimal sample preparation required.
37

 The main differences between the two kits are shown in 

Table 2-1. Since maximal total cfDNA yield is desired, especially when using small sample 

volumes as is often the case for pediatric patients, the total cfDNA yields from plasma using the 

QIAamp
®
 kit and the Maxwell

®
 kit will be compared.  
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Table 2-1 Differences in the QIAamp
®
 kit and Maxwell

®
 kit  

QIAamp
®
 Circulating Nucleic Acid kit

38
 Maxwell

®
 RSC ccfDNA plasma kit

37
 

Manual extraction Automated extraction 

Silica based column extraction Cellulose based extraction 

Uses vacuum protocol Uses magnetic beads 

Process 24 samples simultaneously Process 16 samples simultaneously 

120 minutes 80 minutes 

Use Ò 5000 µL plasma Use 200 µL ï 1000 µL plasma 

Requires Proteinase K digestion No Proteinase K digestion 

Uses carrier RNA No carrier RNA 

20-150 µL elution buffer 60 µL elution buffer 

 

2.1.2 Methodology 

2.1.2.1 Blood collection 

Fresh blood samples were collected from five healthy adult volunteers, in EDTA tubes. 

The mean age of the volunteers was 28.8 years old (range: 19 to 41 years old) and the male to 

female ratio was 2:3. Within one hour of blood collection, the blood was spun at 1500g for 10 

minutes at 22°C for plasma separation. Immediately afterwards, a second spin of the plasma 

using the Eppendorf microcentrifuge 5424 R (Hamburg, Germany) at 16000g for 10 minutes at 

22°C was performed. Plasma was then carefully collected and stored at -80°C until total cfDNA 

extractions were performed. 
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2.1.2.2 Isolating cfDNA from plasma (Maxwell
®
 kit)  

For each volunteer, 500 µL of plasma was transferred into two centrifuge tubes 

containing 500 µL of phosphate buffered saline (PBS), to make a total volume of 1000 µL each. 

Total cfDNA extractions were performed from these two aliquots using two methods. One of the 

methods involved the automated Maxwell
®
 RSC instrument, and its associated ccfDNA plasma 

AS1480 kit from Promega using the protocol in the TM454 technical manual.
37

 As per Figure 

2-1, the ccfDNA plasma AS1480 kit cartridges were placed on the deck tray and elution tubes 

containing 60 µL of elution buffer were placed in the elution tube positions of the deck tray. 

Plungers were then placed into well #8 of each cartridge and the 1000 µL plasma-PBS mixtures 

were directly added to well #1 of the cartridges which contain binding buffer.  

 

 

Figure 2-1 Promega's Maxwell
®
 RSC cartridges and deck tray 

Image showing the Promega Maxwell
® 

Rapid Sample Concentrator (RSC) robotôs black deck 

tray with elution tubes in the elution tubes position as well as kit cartridges that contain 8 wells. 

Well #1 contain binding buffer, well#2 contain the magnetic beads, well#3-7 contain wash 

buffers and well#8 contain the plunger.   

 

Well # 1 ï add sample 

Deck tray 

Elution tube with 

elution buffer 

Well # 8 ï plunger 
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Subsequently, as per Figure 2-2, the deck tray was loaded into the Maxwell
®
 RSC instrument 

and the ccfDNA plasma AS1480 extraction run was started, which took approximately 70 

minutes.   

 

Figure 2-2 Promega Maxwell
®
 RSC instrument with the loaded deck tray 

Image showing the Promega Maxwell
® 

Rapid Sample Concentrator (RSC) robot with loaded 

cartridges in the deck tray.  
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2.1.2.3 Isolating cfDNA from plasma (QIAamp
®
 kit)  

Unlike the Maxwell
®
 kit, the QIAamp

®
 kit uses manual elution of the total cfDNA bound 

in the silica membrane. Although the standard protocol suggests doing the elution of the total 

cfDNA using a one step elution, eluting twice either with the same buffer or with fresh buffer 

can be considered if maximum yield of the total cfDNA is required. Thus, before the total 

cfDNA isolations using the QIAamp
®
 kit for the kit comparison part of this study were 

performed, the elution method that gives the highest total cfDNA yields using the QIAamp
®
 kit 

was determined using 500 µL of plasma from five healthy volunteers. The following three 

elution methods were compared: elute once with 60 µL, elute twice with the same 60 µL eluate 

and elute twice with two subsequent 30 µL elution buffers. 

The total cfDNA isolation using the QIAamp
®
 kit was performed using the protocol on 

pages 22-25 of the kit handbook.
38

 100 µL of Proteinase K (Pro-K) and 800 µL of lysis buffer 

containing 1.0 µg of carrier ribonucleic acid (RNA) were added to the 1000 µL plasma-PBS 

mixture and was incubated at 60°C for half an hour. After incubation, 1800 µL of binding buffer 

was added to the mixture. As per Figure 2-3, the mixture was then loaded onto the spin column 

and pulled through the silica membrane of the spin column using vacuum pressure. The bound 

total cfDNA on the spin columns were then washed twice with wash buffers and then with 750 

µL of 100% ethanol to remove residual impurities. Then, the spin columns were dried on a 56°C 

heat block for 10 minutes to evaporate excess ethanol. Finally, the bound total cfDNA was eluted 

by adding 60 µL of elution buffer to the spin columns, incubating for 3 minutes and spinning at 

21130g for 1 minute.  The eluted total cfDNA samples were stored at -20°C until they were 

quantified by qPCR.  
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Figure 2-3 Vacuum manifold of the Qiagen Circulating Nucleic Acid kit 

This image shows Qiagenôs QIAamp Circulating Nucleic Acid kitôs vacuum manifold with tube 

extenders to handle large volumes of solutions, silica membrane columns, Vacvalves for 

controlling sample flow rates and tubings/connectors for connecting into the vacuum pump.  

 

2.1.2.4 Real-time PCR 

Frozen total cfDNA extracts were thawed out and quantified by qPCR using the 7500 

Fast Real-Time PCR instrument and software v.2.3 from Applied Biosystems
®
 (Massachusetts, 

USA). The thermal cycling condition used was 95°C for 3 minutes followed by 45 cycles of 

95°C for 5 seconds and 60°C for 30 seconds. Each reaction contained 12.5 µL of the 

PrimeTime
®
 Gene Expression Master Mix from Integrated DNA Technologies (California, 

USA), 1.5 µL of the forward and reverse primers (300 nmol/L concentration each), 1.25 µL of 

the TaqMan probe for the RNA polymerase II gene (POLR2) at a concentration of 200 nmol/L, 

and 8.2 µL of cfDNA. The primer pair and probe sequences were obtained from Mussolin et al.
39

 

and are found in Appendix A. A standard curve was prepared using a 10-fold serial dilution of 

the PowerQuantÊ human male gDNA standard from Promega that was first diluted to a 

Spin column 

Vacuum pressure in 

Add sample 

mixture (plasma, 

PBS, Pro-K, lysis 

buffer with carrier 

RNA, binding 

buffer) 

Vacvalves 
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concentration of 758 GE/µL using the PowerQuantÊ dilution buffer. For each qPCR run, the 

standard and unknown samples were quantified in triplicate. A no-template control composed of 

nuclease free water was included in every run. The intra-assay variation of the qPCR was 

evaluated with pooled cfDNA samples tested 10 times in the same qPCR run and determined to 

be 10%. The inter-assay variation of the qPCR was evaluated with pooled cfDNA samples tested 

in each qPCR run for 10 different runs and it was determined to be 23%.   

2.1.2.5 Quality assessment of total cfDNA 

PCR was performed on the isolated total cfDNA samples using the Veriti 96-Well 

thermal cycler from Applied Biosystems (California, USA). The thermal cycling condition used 

was 95°C for 3 minutes followed by 45 cycles of 95°C for 5 seconds and 60°C for 60 seconds. 

Two sets of primers were used. One primer was used to target the 94 bp amplicon of the 

Conserved oligomeric Golgi complex subunit 5 (COG5), used to later visualize the cfDNA in the 

extracted samples. Another primer was used to target the 944 bp fragment of the Toll-like 

receptor 3 (TLR3) used to later visualize the presence of the high molecular weight gDNA 

contamination in the samples. The primer sequences were obtained from Dr. R. Morin (Simon 

Fraser University) and are found in Appendix B. Visual analysis of the isolated total cfDNA was 

performed through gel electrophoresis on a 1% agarose gel run at 100 volts for 60 minutes.  

2.1.2.6 Statistical analysis 

Total cfDNA concentrations were expressed in terms of GE per ml of plasma. In order to 

convert DNA concentrations from ng/ml of plasma into GE/ml of plasma, it was assumed that 

there are 6.6 pg of DNA for each diploid cell.
40

 Data was expressed as the average ± standard 

error of the mean of the three independent replicates. The program used for statistical analysis 

was the GraphPad Prism software from GraphPad Prism Incorporation (La Jolla, California, USA). 
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Due to our small sample size, the Friedmanôs test and the Wilcoxon signed rank test which are 

both non-parametric tests were performed to compare total cfDNA levels. The Friedmanôs test is 

for comparing more than two paired groups while the Wilcoxon signed rank test is for comparing 

two paired groups. P-values Ò 0.05 were considered statistically significant.  

2.1.3 Results 

To ensure that the maximum cfDNA yields can be obtained from patient samples, the 

total cfDNA yields from the Maxwell
® 

kit were compared with the total cfDNA yields from the 

QIAamp
®
 kit using plasma samples from five healthy adult volunteers. The elution method that 

gives the highest cfDNA yield using the QIAamp
®
 kit was first determined. Figure 2-4 shows the 

total cfDNA concentrations obtained when three elution protocols were compared using the 

QIAamp
®
 kit: eluting once with 60 µL, eluting twice with the same 60 µL eluate and eluting two 

times with new 30 µL elution buffer. Eluting twice with the same 60 µL eluate appeared to give 

a slightly higher mean total cfDNA yield of 2155 ± 526 GE/ml of plasma compared to eluting 

once with 60 µL which had a mean total cfDNA yield of 2005 ± 563 GE/ml of plasma, or eluting 

two times with new 30 µL elution buffer which gave a mean total cfDNA yield of 1910 ± 618 

GE/ml of plasma. Though the comparisons are not statistically significant (p=0.093), I chose to 

continue with the elution method that involves eluting twice with the same 60 µL eluate because 

it gave slightly higher total cfDNA yields. 
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Figure 2-4 Concentrations of PCR amplifiable DNA using three different elution protocol  

cfDNA isolation from plasma samples of five healthy adult volunteers using the Qiagen 

QIAamp
®
 Circulating Nucleic acid kit using three different types of elution protocol. Isolated 

cfDNA was quantified via qPCR targeting the RNA polymerase II (POLR2) gene without prior 

PCR amplification. The figure shows the mean of the cfDNA concentrations from each 

individual with three independent replicates along with their associated standard deviations. The 

line represents the overall mean for the five volunteers. The statistical comparative test 

performed was the Friedmanôs test (p=0.093). 

 

Next, the two types of cfDNA isolated kits were compared in terms of their total cfDNA 

yields. As demonstrated in Figure 2-5, the total cfDNA yields from the QIAamp
®
 kit and the 

Maxwell
® 

kit were 1580 ± 484 and 848 ± 281 GE/ml of plasma respectively. There was no 

statistically significant difference between the two kits (p=0.063).  
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Figure 2-5 PCR amplifiable DNA yields using Qiagen and Promega kits 

cfDNA was isolated from plasma samples from five healthy adult volunteers using the Qiagen 

QIAamp
®
 Circulating Nucleic acid kit and Promega Maxwell

® 
RSC ccfDNA plasma kit. Isolated 

cfDNA was quantified via qPCR targeting the RNA polymerase II (POLR2) gene with no prior 

PCR amplification. The figure shows the mean of the cfDNA concentrations from each 

individual with four independent replicates along with their associated standard deviations. The 

line represents the overall mean for the five volunteers. The statistical comparative test 

performed was the Wilcoxon signed rank test. 

 

The intra-assay variation of the total cfDNA extraction using the Maxwell
®
 kit was 

evaluated eight times with the same batch of pooled plasma sample and it was determined to be 

11%. The inter-assay variation of the total cfDNA extraction using the Maxwell
®
 kit was 



21 

 

evaluated with pooled plasma samples tested in each run on six different days and it was 

determined to be 23%. On the other hand, the intra-assay variation of the total cfDNA extraction 

using the QIAamp
®
 kit was evaluated eight times with the same batch of pooled plasma sample 

and it was determined to be 7%. The inter-assay variation of the total cfDNA extraction using the 

QIAamp
®
 kit was evaluated with pooled plasma samples tested in each run on six different days 

and it was determined to be 27%.   

As Figure 2-6 show, high molecular weight gDNA contamination can be observed in all 

of the isolated cfDNA regardless of the kit used. A semi-quantitative estimate of the amount of 

gDNA contamination was performed using standards of known concentrations found in 

Appendix C. It seems that about 6-29 GE of gDNA per ml of plasma is present in the cfDNA 

isolated using the Maxwell
®
 kit while about 6-727 GE of gDNA per ml of plasma is present in 

the cfDNA isolated using the QIAamp
®
 kit. Therefore, it seems that there is more gDNA 

contamination in the cfDNA isolated using the QIAamp
®
 kit. 
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Figure 2-6 Agarose gel electrophoresis of the isolated cfDNA showing the presence of high molecular weight gDNA fragments 

cfDNA samples isolated using different kits (Qiagen and Maxwell kits), cfDNA samples from different blood anticoagulants 

(ethylenediaminetetraacetic acid or EDTA and citrate), gDNA from white blood cells (WBC) and gDNA from the IMR-32 

Neuroblastoma cells were amplified by PCR using the conserved oligomeric golgi complex subunit 5 (COG5) and toll-like receptor 3 

(TLR3) primers. The PCR products were then visualized in a 1% agarose gel which was run at 100V for 60 minutes with the 94bp and 

944bp bands representing cfDNA and high molecular weight gDNA respectively.
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2.1.4 Discussion 

Unlike gDNA which are long molecules of DNA found inside cells such as white blood 

cells, cfDNA are generally short fragments of DNA that are found outside the cells and are freely 

circulating in the blood. When a cell lyses, the intra-cellular gDNA molecules are released in the 

blood and may dilute the total cfDNA molecules which are found in smaller quantities. For this 

reason, it is important to choose the isolation method that gives the highest amount of and purest 

total cfDNA. There are numerous in-house methods as well as commercial kits available for 

isolating total cfDNA from plasma samples. The major disadvantage of in-house methods is that 

they often require effort and time to optimize in order to obtain high yields and reduce run-to-run 

variability. In terms of kits available commercially, Qiagenôs QIAamp
®
 Circulating Nucleic Acid 

kit is the most frequently used because it gives high total cfDNA yields with a variability of 10% 

and does not inhibit downstream qPCR analysis.
41

 However, this kit is expensive, has a lengthy 

isolation protocol (120 minutes), and requires the use of a costly vacuum pump.
38

 Recently, an 

automated cfDNA isolation kit from Promega became commercially available. The Maxwell
® 

RSC ccfDNA plasma kit allows the processing of up to 16 samples in only 80 minutes, with 

fewer sample preparations steps.
37

 Furthermore, the automated Maxwell
®
 instrument lowers the 

possibility of human error, which should reduce the variation between runs. Thus far, there have 

only been two studies that directly compared these two kits in terms of total and tumor cfDNA 

levels. Pérez-Barrios et al. (2016) and Sorber et al. (2017) both recently published reports 

showing similar total and tumor cfDNA levels between the Maxwell
® 

and the QIAamp
®
 kits.

7,42
 

Unlike our study where we looked at total cfDNA levels from healthy individuals, Pérez-Barrios 

and her research team used plasma samples from thirty-two stage III-IV lung cancer patients and 

one colon cancer patient.
7
 They observed that the Maxwell

®
 kit gave a median total cfDNA yield 
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of 9470 GE/ml of plasma which was not statistically different from the QIAamp
® 

kit which gave 

a median total cfDNA yield of 8182 GE/ml of plasma.
7
 Furthermore, they found that in the four 

patients analyzed further, the frequencies of the tumor cfDNA with the epidermal growth factor 

receptor (EGFR) mutation was not different between the QIAamp
® 

kit and the Maxwell
®
 kit.

7
 

Similarly, Sorber et al. used plasma samples from cancer patients, specifically nine pancreatic 

cancer patients.
42

  They found that the QIAamp
® 

kit which gave a mean total cfDNA yield of 

2825 GE/ml of plasma was not statistically different to the Maxwell
®
 kit which gave a mean total 

cfDNA yield of 3129 GE/ml of plasma.
42

 In addition, the tumor cfDNA levels measured by the 

kirsten rat sarcoma (KRAS)  mutations in the cfDNA were comparable between QIAamp
® 

and 

Maxwell
®
 kit.

42
 The findings from both studies are in agreement with our observation that there 

is no statistically significant difference in the total cfDNA yields obtained from the QIAamp
®
 

and the Maxwell
®
 kit. However, I elected to choose the QIAamp

® 
kit for subsequent experiments 

because it gave slightly higher yields though not statistically different from the Maxwell
®
 kit. 

Since the p-value was insignificant, it may indicate that we were underpowered to detect 

significance given the small number of replicates in our study. Unfortunately, upon qualitative 

assessment of the isolated total cfDNA, it appears that high molecular weight gDNA 

contamination is present in all the isolated cfDNA. The gDNA contamination occurred at lesser 

amounts in the samples isolated using the Maxwell
®
 kit compared to the QIAamp

® 
kit, 

suggesting the former allows the isolation of purer cfDNA. The presence of gDNA 

contamination in our cfDNA likely accounts for the non-significant differences that I observed in 

the total cfDNA yields between the two kits. Though Sorber et al. did not clearly outline what 

spin protocol or how long the blood samples spent at room temperature before processing for 

plasma, the authors acknowledged that two out of their twenty samples had substantially more 
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total cfDNA which likely was due to gDNA contamination from the buffy coat layer.
42

 Likewise, 

Pérez-Barrios et al., who analyzed the isolated cfDNA samples using a Bioanalyzer, observed a 

high molecular weight DNA (>10000 bp) in 69% of their samples.
7
 In our study, we processed 

the blood sample immediately after collection and we performed a double spin protocol to obtain 

plasma. Of note, even with these precautions, we still observed cellular gDNA contamination. 

The cellular gDNA is likely derived from normal WBCs. One possible explanation is the 

disturbance of the buffy coat layer containing the WBCs upon aspiration of the plasma. 

Alternatively, the double spin protocol implemented in this study is insufficient in removing 

residual WBCs from the plasma samples. These contaminating WBCs could subsequently lyse 

thereby releasing their gDNA content. Since the commercial isolation kits cannot differentiate 

between high molecular weight gDNA from WBCs and the low molecular weight cfDNA of 

interest, the eluted cfDNA will be contaminated with cellular gDNA. In the future, filtering of 

the plasma before cfDNA extraction could be performed to efficiently remove residual cells. 

Further work is needed to accurately quantify and compare how much gDNA contamination is 

present in the cfDNA samples isolated from both kits.  

We also observed that both the intra-assay and the inter assay-variations of the isolated 

cfDNA samples were similar between the two kits. Notably, the inter-assay variations of the 

Maxwell
®
 kit and the QIAamp

® 
kit were 2x and 3x higher than their corresponding intra-assay 

variations. Therefore, for any subsequent total cfDNA extractions, we made sure to extract the 

paired plasma samples (pre and post G-CSF) on the same day to minimize the sample processing 

variation. 
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2.1.5 Conclusion  

We did not find significant differences in the total cfDNA yield between Qiagenôs 

QIAamp
®
 Circulating Nucleic Acid kit and Promegaôs Maxwell

® 
RSC ccfDNA plasma kit. Also, 

high molecular weight gDNA was co-isolated with the cfDNA of interest though to a lesser 

degree with the Maxwell
®
 kit. Since we only analyzed a small number of replicates in this study, 

a larger sized cohort would be of interest to clarify these findings.  

 

2.2 Analysis of total cfDNA yields in EDTA and citrate blood samples  

2.2.1 Introd uction 

Blood can be collected in different kinds of anticoagulants. Routinely, if a patient simply 

requires a complete blood count, his/her blood sample will be collected in an EDTA tube. 

However, when a patientôs blood is being processed using an apheresis machine during stem cell 

collection, the anticoagulant typically used is acid citrate dextrose solution A (ACDA). Lam et 

al. detected comparable cfDNA levels from healthy volunteers in EDTA, citrate and heparin 

blood tubes after 0, 2 and 6 hours of collection.
43

 However, in this study, it is important to make 

pre and post G-CSF comparisons of cfDNA levels without the concern that any significant 

changes are actually due to the difference in anticoagulants used. As such, total cfDNA levels 

from blood tubes with different anticoagulants will be verified in this study.  

2.2.2 Methodology 

In order to compare the total cfDNA yields obtained from blood tubes containing EDTA 

and citrate as anticoagulants, the same methodology as found in section 2.1.2 of this thesis was 

carried out with the following differences: 
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2.2.2.1 Blood collection 

Fresh blood samples were collected in paired EDTA and citrate tubes from the same five 

healthy adult volunteers. 

2.2.2.2 Isolating cfDNA from plasma 

For each volunteer, 500 µL of plasma were transferred into centrifuge tubes which 

contained 500 µL of PBS to make a total volume of 1000 µL. Total cfDNA extractions were 

performed using only the QIAamp
®
 kit, following the protocol on pages 22-25 of the kit 

handbook, as briefly summarized in 2.1.2.3.
38

 Total cfDNA was eluted twice with the same 60 

µL eluate. 

2.2.3 Results  

cfDNA yields from EDTA tubes were compared to cfDNA yields from citrate tubes 

using plasma samples from five healthy adult volunteers. As demonstrated in Figure 2-7, the 

total cfDNA yields from the EDTA and the citrate tubes were 1500 ± 585 and 1227 ± 544 GE/ml 

of plasma respectively. Thus, the total cfDNA yields for EDTA and citrate samples were 

comparable (p=0.438).  
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Figure 2-7 PCR amplifiable DNA yields from EDTA and citrate tubes 

cfDNA was isolated from plasma samples from five healthy adult volunteers obtained in 

ethylenediaminetetraacetic acid or EDTA and citrate tubes. Isolated cfDNA was quantified via 

qPCR targeting the RNA polymerase II (POLR2) gene without prior PCR amplification. The 

figure shows the mean of the cfDNA concentrations from each individual with three independent 

replicates along with their associated standard deviations. The line represents the overall mean 

for the five volunteers. The statistical comparative test performed was the Wilcoxon signed rank 

test. 

 

2.2.4 Discussion 

Clinically, a variety of anticoagulants which may include sodium citrate, EDTA, and 

heparin are commonly used to prevent clotting of whole blood samples.
44

 Our study samples 

have been treated with two different blood anticoagulants. It was therefore important to 

investigate whether the anticoagulant affect the total cfDNA concentration differently. There has 

only been one reported study that has investigates this in a similar fashion. They found no 
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significant difference in the total cfDNA levels of the three anticoagulants: EDTA, citrate and 

heparin (n=10) which was in agreement with our observation of comparable total cfDNA levels 

in EDTA and citrate tubes.
43

   

As will be discussed in chapter 3 of this thesis, the exact anticoagulant used to collect the 

plasma and the stem cell samples on the day of the stem cell harvests from the pediatric solid 

tumor patients is ACDA. Even though ACDA contains citrate, it also contains dextrose solution 

A. One limitation of our study is that we did not compare the total cfDNA levels between plasma 

samples collected in EDTA and ACDA. This should be further investigated to confidently 

conclude that any observed differences in the samples are not due to the additive used.  

2.2.5 Conclusion   

Plasma samples with EDTA or citrate as anticoagulants yield similar amounts of total cfDNA.  

 

2.3 Determination of the lower limit of detection of the methylation specific qPCR (MS-

qPCR) technique 

2.3.1  Introduction  

Pediatric cancers generally have a quiet genome in terms of mutational status and a 

specific mutation is not always detectable. In addition, the mutations that are detected in 

pediatric cancer can be quite heterogeneous across different cancer types.
45

 This makes the study 

of cancer using specific mutations challenging. As such, some researchers are using the 

methylation status of certain tumor suppressor genes as a marker for the presence of cancer cells. 

One example is the Ras association domain family member 1 (RASSF1a) gene located in the 

short arm of chromosome 3.
46

 It has been shown that most patients with malignancies have 

methylated promoter region of the RASSF1a gene, whereas this methylation pattern is rare in 
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patients without malignancies.
47

  Table 2-2 summarizes the frequency of the promoter 

methylation status of the RASSF1a gene in various pediatric cancer types.  

 

Table 2-2 Frequency of the RASSF1a promoter methylation in pediatric cancer patients 

Type of cancer Sample size (n) Frequency (%) 

Acute leukemia
47

 20 15 

Ewingôs sarcoma
47,48

 8, 31 0, 68 

Hepatoblastoma
47,49

 27, 74 19, 34 

Hepatocellular carcinoma
50

 2 100 

Hodgkin lymphoma
51

 8 63 

Medulloblastoma
47,52

 16, 27 88, 81 

Melanoma
53

 20 35 

Neuroblastoma
47,54,50,55

 27, 35, 8, 45 52, 83, 88, 93 

Osteosarcoma
47

 11 0 

Retinoblastoma
47

 17 59 

Rhabdomyosarcoma
47

 18 61 

Thyroid carcinoma
50

 2 100 

Wilmôs tumor
47,56,57

 31, 39, 84 42, 54, 50 
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One approach in detecting and quantifying the promoter methylation status of RASSF1a 

gene is via MS-qPCR. To prepare for this method of quantification, first, isolated DNA must be 

treated with sodium bisulfite. As outlined in Figure 2-8, the principle behind this method is that 

sodium bisulfite converts unmethylated cytosine residues that are adjacent to a guanine residue 

into uracil residues so that after the PCR reaction, the uracil will be converted to thymine while 

methylated ones remain unchanged.
58

 This way, two unique sets of qPCR primers can be 

prepared; one against the unmethylated DNA and the other against the methylated DNA.
58

  

 

Figure 2-8 Bisulfite treatment and MSP 

Principle of bisulfite treatment and methylation specific PCR (MSP). Sodium bisulfite will 

convert unmethylated cytosines of DNA molecules into uracil and after PCR amplification, the 

uracil nucleobases will be converted into thymine. On the other hand, methylated cytosines will 

remain as cytosines after sodium bisulfite treatment and PCR amplification. Consequently, two 

sets of PCR primers could be used to distinguish between the two species of DNA: one against 

the methylated DNA molecules and one against the unmethylated DNA molecules. Image 

reproduced from Zhang et al. with permission from the Royal Society of Chemistry
58

 

 

 

Since the number of tumor cells compared to the number of normal WBCs circulating in 

blood is expected to be low, it is extremely important to have a sensitive detection and 
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quantification method. As such, one of the objectives of this study is to determine the lower limit 

of detection of the MS-qPCR technique against the RASSF1a gene. 

2.3.2 Methodology 

2.3.2.1 Sources of samples 

Since the IMR-32 neuroblastoma cell line has been previously shown to have 100% 

methylation of the RASSF1a gene, this was used as the source of methylated DNA thereby 

representing DNA from tumor cells.
59

 Similarly, since WBCs from healthy individuals have been 

previously shown to have 100% non-methylation of the RASSF1a gene, this was used as the 

source of unmethylated DNA thereby representing DNA from normal cells.
59

 These two findings 

were also confirmed in this study (Appendix D). One vial containing 4 million cells of the 

human neuroblastoma cell line, IMR-32, was received as a gift from Dr. G. Reid (British 

Columbia Childrenôs Hospital Research Institute) as well as vials containing a total of 0.5 to 1 

billion WBCs from tonsil tissues from healthy children were thawed. The contents of the vials 

were transferred into corresponding centrifuge tubes containing media that was composed of 

PBS and 10% fetal bovine serum (FBS). The tubes were then spun at 135g for 5 minutes at 22°C 

and the cell pellets were re-suspended in media. The cells were counted using pocH-100i 

automated hematology analyzer from Sysmex (Illinois, USA). IMR-32 cells were diluted in 

increasing amounts of WBCs as shown in Table 2-3. The samples were then spun at 300g for 5 

minutes at 22°C and the cells were re-suspended in 500 µL of nuclease free water. 
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Table 2-3 Serial dilutions of the IMR-32 cells in increasing amounts of WBCs 

Samples 
Contents 

# of IMR-32 cells # of WBCs 

100% methylation 10
6 

0 

1:1 dilution 10
6
 10

6
 

1:10 dilution 10
5
 10

6
 

1:10
2
 dilution 10

4
 10

6
 

1:10
3
 dilution 10

3
 10

6
 

1:10
4
 dilution

a 
10

3
 10

7
 

1:10
5
 dilution

b 
10

3
 10

8
 

1:10
6
 dilution

b 
10

2
 10

8
 

0% methylation 0 10
6
 

a
 To avoid overloading the instrument, only 50% of the total sample volume which contained 5x10

6
 cells was used 

for gDNA extraction 

 
b
 To avoid overloading the instrument, only 1% of the total sample volume which contained 1x10

6
 cells was used for 

gDNA extraction 

 

2.3.2.2 Genomic DNA extraction 

Cellular gDNA extraction was performed using the automated Maxwell
®
 RSC instrument 

and its associated Blood DNA kit from Promega (Madison, Wisconsin) by following the protocol 

in the TM419 technical manual.
60

 Briefly, 30 µL of the Pro-K solution and 300 µL of lysis buffer 

were added to 500 µL of the sample mixtures. Then, the mixtures were incubated at 56°C for 20 

minutes. After incubation, as per Figure 2-1, the Blood DNA AS1400 kit cartridges were 

snapped into position on the deck tray. Elution tubes containing 50uL of elution buffer were 

placed in the elution tube positions of the deck tray. Plungers were then placed into well #8 of 

each cartridge and the 830 µL sample mixtures were directly added to well #1 of the cartridges 

which contained binding buffer.  Subsequently, as per Figure 2-2, the deck tray was loaded into 

the Maxwell
®
 RSC instrument and the Blood DNA AS1400 extraction run was started which 

took approximately 40 minutes. After the run was completed, the elution tubes containing the 
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eluted gDNA were spun at 10000g for 2 minutes at 22°C in order to pellet down any remaining 

magnetic beads which could potentially inhibit downstream qPCR analysis. 

2.3.2.3 Quantification of gDNA  

To measure gDNA concentrations, 1 µL of the eluted gDNA was added to 

microcentrifuge tubes containing 199 µL of the QuantiFluor® ONE dsDNA dye from Promega, 

vortexed briefly and incubated in the dark for 5 minutes at 22°C. This allows the intercalating 

dye to bind to double stranded DNA. After incubation, the gDNA concentration of the samples 

was quantified using the QuantusÊ fluorometer from Promega. The fluorometer was calibrated 

using the human cancer cell K562 gDNA. 

2.3.2.4 Bisulfite treatment 

Extracted gDNA samples were treated with sodium bisulfite using the Epitect Bisulfite 

kit from Qiagen (Hilden, Germany) by following the protocols on pages 16-20 of the kit 

handbook.
61

 Briefly, 1 µg (range: 3 µL ï 18 µL) of gDNA solutions were transferred into a 200 

µL polymerase chain reaction (PCR) tube and nuclease free water was added to make a total 

volume of 20 µL. Then, 85 µL of bisulfite mixture dissolved in water and 35 µL of DNA protect 

buffer were added. The mixtures were briefly vortexed and placed in the Veriti 96 well thermal 

cycler from Applied Biosystems
®
 (Massachusetts, USA) using the following thermal cycling 

conditions: 95°C for 5 minutes, 60°C for 25 minutes, 95°C for 5 minutes, 60°C for 85 minutes, 

60°C for 175 minutes and 20°C overnight. On the following day, purification of the bisulfite 

treated gDNA samples was performed. For this step, 560 µL of binding buffer was mixed with 

the bisulfite treated gDNA solutions and vortexed before loading into the Epitect spin columns. 

After the gDNA have bound to the column, a wash step using 500 µL of wash buffer was 

performed. Then, 500 µL of desulfonation buffer was loaded to the spin columns and incubated 
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at 22°C. After 15 minutes of incubation, the gDNA were washed twice with the wash buffer. In 

order to remove excess ethanol, the columns were placed in a 56°C heat block. Finally, the 

bound bisulfite treated gDNA were eluted twice from the spin columns using the same 50 µL of 

elution buffer by centrifugation at 15000g for 1 minute. The eluted bisulfite treated gDNA 

samples were subsequently stored at -20°C until MS-qPCR was performed. The intra-assay 

variation of the bisulfite treatment was evaluated eight times with the same batch of pooled 

cfDNA samples from cancer patients and it was determined to be 21% and 23% using 

unmethylated RASSF1a and methylated RASSF1a qPCR primers respectively. The inter-assay 

variation of the bisulfite treatment was evaluated with pooled cfDNA samples from cancer 

patients tested in each run on eight different days and it was determined to be 30% and 26% 

using unmethylated RASSF1a and methylated RASSF1a qPCR primers respectively.  

2.3.2.5 MS-qPCR 

Frozen bisulfite treated gDNA samples were thawed out and quantified MS-qPCR using 

the 7500 Fast Real-Time PCR instrument and software v.2.3 from Applied Biosystems
®
 

(Massachusetts, USA). The thermal cycling condition used was 95°C for 3 minutes followed by 

45 cycles of 95°C for 5 seconds and 60°C for 30 seconds. Each reaction contained 12.5 µL of the 

PrimeTime
®
 Gene Expression Master Mix from Integrated DNA Technologies (California, 

USA), 1.5 µL of the forward and reverse primers (300 nmol/L concentration each), 1.25 µL of 

the TaqMan probe for the methylated or umethylated RASSF1a gene at a concentration of 200 

nmol/L, 1.2 µL of nuclease free water and 7 µL of bisulfite treated gDNA solution. The primer 

pair and probe sequences were obtained from Stutterheim et al.
59

 and are found in Appendix A. 

For each MS-qPCR run, the samples were quantified in triplicate. A no template control was 

included in every run which consisted of nuclease free water. The intra-assay variation of the 
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MS-qPCR assay was evaluated eight times with the same batch of pooled bisulfite treated 

cfDNA samples from cancer patients and it was determined to be 19% and 28% using 

unmethylated RASSF1a and methylated RASSF1a qPCR primers respectively. The inter-assay 

variation of the MS-qPCR was evaluated with pooled bisulfite treated cfDNA samples from 

cancer patients tested in each run on six different days and it was determined to be 15% and 22% 

using unmethylated RASSF1a and methylated RASSF1a qPCR primers respectively. 

2.3.3 Results 

The lower limit of detection of the MS-qPCR assay using unmethylated and methylated 

RASSF1a primers and probes was tested by performing serial dilution of the IMR-32 

neuroblastoma cells into increasing amount of WBCs. As seen in Figure 2-9, the assay reached a 

lower limit of detection of one tumor cell in 10
4
 normal WBCs.  
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Figure 2-9 Lower limit of detection of the MS-qPCR assay 

The lower limit of detection of the methylation specific quantitative PCR (MS-qPCR) assay was 

assessed by performing serial dilutions of the IMR-32 neuroblastoma cells (100% methylated of 

the Ras associated domain family member 1 (RASSF1a)) gene into increasing amount of white 

blood cells from healthy individuals (100% unmethylated RASSF1a gene). Isolated DNA was 

subjected to sodium bisulfite treatment and quantified via MS-qPCR using methylated and 

unmethylated RASSF1a primers. The experiment was performed in three independent replicates. 

In the figure, the mean of the cycle threshold (Ct) values are displayed with their associated 

standard deviation.  

 

 

2.3.4 Discussion 

Using patient specific primers is the preferred approach to quantify tumor cfDNA due to 

its high specificity. However, it is time consuming and requires sequencing of each patientôs 

DNA derived from tumor tissue. Alternatively, qPCR based on the promoter methylation status 

of a tumor suppressor gene such as RASSF1a can be used, given that promoter methylation of the 

RASSF1a gene is commonly observed in cancer patients but rarely seen in healthy individuals.
62

 

In addition, because promoter methylation of the RASSF1a gene is observed in various cancers, 
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it can be used to study a wide range of cancer types simultaneously.
63

 Promoter methylation rates 

for the RASSF1a gene can vary between different types of cancer as seen in Table 2-2.
47ï57

  

However, in order to perform MS-qPCR, cfDNA first needs to undergo sodium bisulfite 

treatment, a harsh condition that can decrease cfDNA levels dramatically.
61

 As such, it is 

extremely important to determine the lower limit of detection of tumor cfDNA of this assay. For 

this study, it was determined that the MS-qPCR assay for RASSF1a gene methylation had a 

lower limit of detection of one tumor cell per 10000 normal cells which was different from 

Stutterheim et al.ôs lower limit of detection of one in 100000.
59

 In our hands, highly diluted 

samples such as the one in 10
6
 sample showed greater variability, likely due to sampling error. 

2.3.5 Conclusion  

The MS-qPCR assay for the quantification of cfDNA which either has methylation or no 

methylation of the RASSF1a gene is able to detect one tumor cell in the presence of 10000 

normal cells.  
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Chapter 3: G-CSF administration i n pediatric solid tumor patients 

3.1 Assessment of the effects of G-CSF treatment on tumor growth 

3.1.1 Introduction  

G-CSF is an effective drug for treating chemotherapy-induced neutropenia, and for 

preparing for stem cell harvests.
34,64

 However, its widespread use is concerning because research 

findings show that Ewing sarcoma and neuroblastoma cell lines as well as patient tumors have 

the receptor for G-CSF, raising the possibility that G-CSF can stimulate tumor cell growth.
65,66

 

When neuroblastoma cells from the SK-N-SH, SK-N-AS and SH-SY-5Y cell lines were treated 

with G-CSF in vitro, the cells showed increased proliferation compared to untreated cells.
67

 

Then, when the SK-N-SH cells were treated with G-CSF, increased DNA synthesis and 

increased invasiveness were observed.
67

 In terms of in vivo effects, it was shown that when mice 

with human neuroblastoma xenografts were treated with G-CSF for twenty-one days, the mice 

had increased tumor weights and increased bone marrow metastasis compared to untreated 

mice.
68

 Similarly, Morales-Arias et al. treated mice with Ewing sarcoma xenografts with G-CSF 

or PBS for nineteen consecutive days.
65

 They observed that the mice treated with G-CSF had 

significantly bigger tumors averaging about 1218 mm
3
 compared to mice treated with PBS 

which had tumors averaging about 577 mm
3
.
65

 Thus, there is a possibility that G-CSF can 

stimulate tumor growth in patients as well. I hypothesize that G-CSF administration promotes 

tumor growth, which can be measured by increased levels of tumor cfDNA in the plasma of 

pediatric solid tumor patients. 
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3.1.2 Methodology 

3.1.2.1 Consent and ethics 

Written informed consent from the participants and/or their guardians was obtained by 

BC Childrenôs Hospital BioBank (BCCHB) staff.  This study was approved by the UBC 

Childrenôs and Womenôs Health Centre of BC Research Ethics Board. After consent was 

obtained, the study participants were assigned unique BCCHB identification codes, as well as a 

study specific number. The latter is used in this thesis.  

3.1.2.2 Blood collection 

Plasma samples from fourteen children with solid tumors who were assigned unique 

identification codes were obtained from the BCCHB along with their associated clinical 

information. For each child, plasma samples were collected at two time points: before G-CSF 

and after G-CSF administration. Within six hours of collection, BCCHB staff performed one 

spin of the blood tubes at 1500g for 10 minutes at 22°C and stored the plasma at -80°C. Then, on 

the day of cfDNA extraction, the matching plasma aliquots from each child were thawed out, and 

a second spin using the Eppendorf microcentrifuge 5424 R at 16000g for 10 minutes at 22°C was 

performed. The plasma was then aspirated out and placed in a new microtube. 

3.1.2.3 Isolating cfDNA from plasma 

cfDNA was extracted from 1000 µL of plasma from each patient, except for patients 2, 7 

and 8 for whom volumes of 800 µL, 900 µL and 500 µL were used respectively. For the latter 

three patients, PBS was added to the plasma samples to make a total volume of 1000 µL. cfDNA 

extraction was performed using the QIAamp
®
 kit from Qiagen by following the protocol on 

pages 22-25 of the kit handbook.
38

 Refer to section 2.1.2.3 of this thesis for a brief summary. 

Elution of cfDNA was performed by eluting twice with the same 60 µL eluate. 
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3.1.2.4 Real-time PCR 

Total cfDNA was quantified by qPCR using the 7500 Fast Real-Time PCR instrument 

and software v.2.3 from Applied Biosystems
®
 (Massachusetts, USA). The thermal cycling 

condition that was followed was 95°C for 3 minutes followed by 45 cycles of 95°C for 5 seconds 

and 60°C for 30 seconds. Each reaction contained 12.5 µL of the PrimeTime
®
 Gene Expression 

Master Mix from Integrated DNA Technologies (California, USA), 1.5 µL of the forward and 

reverse primers (300 nmol/L concentration each), 1.25 µL of the TaqMan probe for the RNA 

polymerase II gene (POLR2) at a concentration of 200 nmol/L, 7 µL of nuclease free water and 

1.2 µL of cfDNA. The primer pair sequences were obtained from Mussolin et al.
39

 and are found 

in Appendix A. A standard curve was prepared and used to determine the starting cfDNA 

concentrations of the samples, using a 5-fold serial dilution of the PowerQuantÊ human male 

gDNA standard from Promega that was first diluted to a concentration of 7576 GE/µL using the 

PowerQuantÊ dilution buffer. For each qPCR run, the standard and unknown samples were 

quantified in triplicate. Also, a no template control which consisted of nuclease-free water and an 

internal control gDNA were included in every run. 

3.1.2.5 Bisulfite treatment of cfDNA samples 

Extracted total cfDNA was treated with sodium bisulfite using the Epitect Bisulfite kit 

from Qiagen  by following pages 26-30 from the kit handbook.
61

 This protocol was optimized for 

treating short and fragmented nucleic acids such as cfDNA. Briefly, 20 µL of cfDNA samples 

were added to 200 µL PCR tubes along with 85 µL of bisulfite mixture dissolved in water and 35 

µL of DNA protect buffer. The mixtures were then vortexed and placed in the Veriti 96 well 

thermal cycler from Applied Biosystems
®
 by following the thermal cycling conditions in 2.3.2.4 

of this thesis. On the following day, purification of the bisulfite treated cfDNA samples was 
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performed. For this step, 310 µL of binding buffer with 10 µg/ml of carrier RNA and 250 µL of 

100% ethanol were mixed with the bisulfite treated cfDNA before loading to the Epitect spin 

columns. After the cfDNA samples have bound to the column, a wash step using 500 µL of wash 

buffer was performed. Then, 500 µL of desulfonation buffer was loaded to the spin column and 

incubated at 22°C. After 15 minutes of incubation, the cfDNA samples were washed twice with 

the wash buffer. In order to remove excess ethanol, the columns were placed in a 56°C heat 

block. Finally, the bound bisulfite treated cfDNA were eluted twice from the spin columns using 

the same 60 µL of elution buffer by centrifugation at 15000g for 1 minute. The eluted bisulfite 

treated cfDNA samples were subsequently stored at -20°C until MS-qPCR could be performed.  

3.1.2.6 Methylation specific real-time PCR 

Bisulfite treated cfDNA samples were quantified by MS-qPCR. The same methodology 

found in section 2.3.2.5 of this thesis was carried out with a few differences. First, instead of 

bisulfite treated gDNA from cells, bisulfite treated cfDNA from plasma was quantified by MS-

qPCR. Second, the unknown and standard samples were quantified in triplicate.  

3.1.2.6.1 Controls for MS-qPCR 

A negative control, a positive control and a no template control were included in every 

run of the MS-qPCR assay which consisted of WBC gDNA extracted from tonsil tissue obtained 

from pediatric non-oncology patients post tonsillectomy, gDNA from the human neuroblastoma 

cell line called IMR-32 was received as a gift from Dr. G. Reid (British Columbia Childrenôs 

Hospital Research Institute) and nuclease free water respectively. The positive and negative 

control gDNA were extracted using the automated Maxwell
®
 RSC instrument and its associated 

Blood DNA kit from Promega by following the protocol in the TM419 technical manual.
60

  

Refer to section 2.3.2.2 for a brief summary. Subsequently, nucleic acid concentrations were 
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determined using fluorometric quantification as per section 2.3.2.3. Then, bisulfite treatment of 2 

µg of gDNA solutions were performed using the Epitect Bisulfite kit from Qiagen by following 

the protocols on pages 16-20 of the kit handbook.
61

 Refer to section 2.3.2.4 for a brief summary.  

3.1.2.6.2 Standard curves for MS-qPCR 

Two standard curves were prepared and used to determine the starting cfDNA 

concentrations of the patient samples. One standard curve was prepared using a 4-fold serial 

dilution of the 455 GE/µL of bisulfite treated WBC gDNA extracted from tonsil tissue from 

healthy children. The second standard curve was prepared using a 3-fold serial dilution of the 

303 GE/µL of bisulfite treated gDNA extracted from the IMR-32 cell line. The nucleic acid 

concentrations of the bisulfite treated WBC gDNA and the IMR-32 gDNA were determined 

spectrophotometrically using the NanoDrop instrument from Thermo Fisher Scientific 

(Massachusetts, USA). The NanoDrop instrument was set to measure RNA due to the 

fragmented condition of the bisulfite treated gDNA solutions. For this method of quantification, 

1 µL of nuclease free water was placed on the instrument and measured as the blank sample. 

Next, 1 µL of the bisulfite treated WBC gDNA or the IMR-32 gDNA were placed on the 

instrument and read. 

3.1.2.7 Statistical analysis 

The same statistical analysis as found in section 2.1.2.6 was performed except that the 

data was expressed as the average ± standard deviation of the three qPCR technical replicates 

since the experiment was only performed once. Also, graphs were created using GraphPad Prism 

software from GraphPad Prism Incorporation (La Jolla, California, USA). 
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3.1.3 Results 

The study cohort for the pre and post G-CSF comparison portion of this study was 

composed of children with solid tumors who were receiving treatment at BC Childrenôs Hospital. 

Patient diagnosis was determined by clinical pathologists using tumor biopsy samples. 

Metastasis was assessed by one or more of the following procedures: ultrasound, magnetic 

resonance imaging (MRI), computerized tomography (CT) scan, combined positron emission 

tomography and computed tomography (PET/CT) scan and/or bone marrow biopsy. Plasma 

samples before and after G-CSF treatment were obtained from 14 children from the BCCHB. 

Patient characteristics are listed in Table 3-1.The mean age of the patients at diagnosis was 5.4 

years old (range: 0.4 - 14.2 years old) and the male to female ratio was 7:7.  

 

Table 3-1 Patient characteristics for the pre and post G-CSF study 

Patient No. Diagnosis Sex Age 

Days between pre and 

post G-CSF sample 

collection 

1 rhabdomyosarcoma f 5.7 14 

2 rhabdomyosarcoma m 13.2 27 

3 neuroblastoma m 2.9 11 

4 neuroblastoma f 3.7 21 

5 neuroblastoma f 8.7 17 

6 Burkittôs lymphoma m 14.2 22 

7 neuroblastoma m 4.8 20 

8 neuroblastoma m 3.8 18 

9 neuroblastoma f 2.3 7 

10 glioblastoma f 0.9 18 

11 rhabdomyosarcoma f 2.9 11 

12 choroid plexus carcinoma f 3.8 32 

13 rhabdoid tumor m 0.4 14 

14 medulloblastoma m 8.3 28 
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The number of days between pre G-CSF and post G-CSF ranged from 7 days to 32 days. 

Total cfDNA concentrations before and after G-CSF treatment in pediatric solid tumor patients 

are illustrated in Figure 3-1 with the raw data found in Table 3-2. Total cfDNA represents both 

the normal cfDNA and tumor cfDNA molecules. Table 3-3 summarizes the number of days in 

between relevant clinical events and sample collections. An increase in total cfDNA levels after 

G-CSF treatment was observed in half of the children studied: patient #1, 6, 8, 10, 11, 13 and 14. 

The median total cfDNA levels before G-CSF treatment was 8740 GE/ml of plasma (range: 731 

to 110136 GE/ml of plasma) which was higher than the median total cfDNA levels after G-CSF 

treatment of 5610 GE/ml of plasma (range: 822 to 98754 GE/ml of plasma).  

Normal cfDNA concentrations before and after G-CSF treatment in pediatric solid tumor 

patients are illustrated in Figure 3-2 with the raw data found in Table 3-2. Normal cfDNA 

represents the cfDNA with the unmethylated RASSF1a promoter. The median normal cfDNA 

levels before G-CSF treatment was 1936 GE/ml of plasma (range: 336 to 23845 GE/ml of 

plasma) which was comparable to the median normal cfDNA levels after G-CSF treatment of 

1962 GE/ml of plasma (range: 199 to 59880 GE/ml of plasma). 

Out of the fourteen patients studied, tumor cfDNA was detected in nine patients using the 

RASSF1a method. Tumor cfDNA concentrations before and after G-CSF treatment in pediatric 

solid tumor patients are illustrated in Figure 3-3 with the raw data found in Table 3-2. Tumor 

cfDNA represents the cfDNA with the methylated RASSF1a promoter. The median tumor 

cfDNA levels before G-CSF treatment was 6778 GE/ml of plasma (range: 0 to 52355 GE/ml of 

plasma) which although higher than the median tumor cfDNA levels after G-CSF treatment of 

599 GE/ml of plasma (range: 0 to 13277 GE/ml of plasma) was not statistically different 

(p=0.3438; Wilcoxon signed rank test). Overall, it was observed that G-CSF is not associated 



46 

 

with higher tumor cfDNA post-treatment. In the nine patients who had detectable tumor cfDNA, 

a decrease in tumor cfDNA after G-CSF administration was observed in patient # 2,4,7,8 and 9 

while patient # 1,3,11 and 13 had constant tumor cfDNA levels after G-CSF treatment. There 

were two outstanding differences between these two patient populations. The patients with 

constant tumor cfDNA levels after G-CSF treatment had lower average tumor cfDNA levels (pre 

G-CSF: 52 versus 18190 GE/ml of plasma; post G-CSF: 71 versus 4370 GE/ml of plasma) and 

had received, on average, less dosage of chemotherapy (mean 0.75 days versus 5 days of 

treatment) in between sample collections than the patients with decreased tumor cfDNA post G-

CSF treatment. 
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Figure 3-1 Total cfDNA concentrations before and after G-CSF treatment in pediatric solid tumor patients 

Total cfDNA from the plasma of pediatric solid tumor patients before and after G-CSF treatment were quantified via qPCR using the 

RNA polymerase II (POLR2) gene without prior PCR amplification. The figure shows the mean total cfDNA concentrations from 

three technical replicates along with its associated standard deviation. Total cfDNA represents the combined cfDNA from normal and 

tumor cells.  
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Table 3-2 Raw data for before and after G-CSF treatment comparison of cfDNA levels 

Patient 

#  
Diagnosis  

Days 

b/w 

samples  

Total cfDNA 

(GE/ml of plasma)  

Normal cfDNA 

(GE/ml of plasma)  

Tumor cfDNA 

(GE/ml of plasma)  

BEFORE  

G-CSF  
AFTER  

G-CSF  

BEFORE  

G-CSF  
AFTER  

G-CSF  
BEFORE  

G-CSF  
AFTER  

G-CSF  

1 rhabdomyosarcoma 14 4781 ± 290 5977 ± 189 2098 ± 407 2214 ± 196 26 ± 5  9 ± 173 

2 rhabdomyosarcoma 27 26900 ± 977 11234 ± 815 1898 ± 185 1092 ± 147 15689 ± 872 4831 ± 301 

3 neuroblastoma 11 5840 ± 1574 2419 ± 279 1400 ± 243 615 ± 108 20 3 

4 neuroblastoma 21 15438 ± 1982 5803 ± 318 1711 ± 298 949 ± 309 8834 ± 286 1471 ± 198 

5 neuroblastoma 17 11640 ± 355 822 ± 209 3594 ± 593 199 ± 116 BLD BLD 

6 Burkitt's lymphoma 22 1228 ± 201 3524 ± 484 864 ± 117 1798 ± 352 BLD BLD 

7 neuroblastoma 20 61378 ± 2814 5417 ± 280 17466 ± 2236 2125 ± 642 7295 ± 119 599 ± 186 

8 neuroblastoma 17 14594 ± 2016 18432 ± 2205 1923 ± 425 4861 ± 410 6778 ± 359 1671 ± 183 

9 neuroblastoma 7 110136 ± 11339 30868 ± 1294 6728 ± 424 6358 ± 574 52355 ± 3727 13277 ± 1156 

10 glioblastoma 19 3562 ± 297 4750 ± 496 1506 ± 187 2653 ± 67 BLD BLD 

11 rhabdomyosarcoma 11 5679 ± 561 13868 ± 1228 1949 ± 134 4761 ± 190 48 57 ± 73 

12 
choroid plexus 

carcinoma 
32 3655 ± 1117 1474 ± 288 2125 ± 678 517 ± 221 BLD BLD 

13 rhabdoid tumor 14 53154 ± 1443 98754 ± 1882 23845 ± 2262 59880 ± 1868 115  ± 88 215 ± 78 

14 medulloblastoma 28 731 ± 115 1811 ± 152 336 ± 44 918 ± 248 BLD BLD 

Median (range) 18(7-32) 8740(731-110136) 5610(822-98754) 1936 (336-23845) 1962(199-59880) 6778(0-52355) 599 (0-13277) 

 

BLD: below the lower limit of detection 
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Table 3-3 Days between important clinical events and sample collection 

Patient 

# 
Diagnosis Disease outcome 

# of days b/w 
Total # of 

days of 

treatment 

in b/w 

sample 

collection 

Total # of 

days of 

G-CSF 

treatment 

in b/w 

sample 

collection la
s
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1 rhabdomyosarcoma deceased 14 46 60 14 255 N/A 0 14 1 7 

2 rhabdomyosarcoma deceased 21 160 187 27 252 N/A 1 7 4 12 

3 neuroblastoma under treatment 17 103 114 11 N/A N/A 1 12 0 11 

4 neuroblastoma deceased 15 602 623 21 717 N/A 0 0 5 7 

5 neuroblastoma in remission 20 243 260 17 N/A 460 27 14 4 6 

6 Burkitt's lymphoma in remission NPG 2 24 22 N/A 54 NPT 0 10 7 

7 neuroblastoma under treatment NPG 17 37 20 N/A N/A 0 6 5 9 

8 neuroblastoma under treatment NPG 5 23 18 N/A N/A NPT 10 6 10 

9 neuroblastoma under treatment NPG 2 9 7 N/A N/A NPT 2 5 2 

10 glioblastoma in remission 17 120 138 18 N/A 378 49 10 2 10 

11 rhabdomyosarcoma under treatment NPG 7 18 11 N/A N/A 1 5 1 1 

12 
choroid plexus 

carcinoma 
in remission NPG 44 76 32 N/A 230 0 0 20 16 

13 rhabdoid tumor deceased 6 45 59 14 104 N/A 2 0 1 14 

14 Medulloblastoma in remission 15 200 228 28 N/A 261 15 0 3 14 

Average  
(range) 

16 
(6 - 21) 

114 
(2 - 602) 

133 
(9 - 623) 

19 
(7 - 32) 

332 
(104 - 717) 

277 
(54 - 460) 

9 
(0 - 27) 

6 
(0 - 14) 

5 
(0 - 20) 

9 
(2 - 16) 

 
N/A: Not applicable 

NPT: No previous treatment 

NPG: No previous G-CSF treatment
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Figure 3-2 Normal cfDNA concentrations before and after G-CSF treatment in pediatric solid tumor patients 

cfDNA from the plasma of pediatric solid tumor patients before and after G-CSF treatment were treated with sodium bisulfite and the 

normal cfDNA levels were determined via methylation specific quantitative PCR (MS-qPCR) using the unmethylated Ras associated 

domain family member 1 (RASSF1a) gene. The figure shows the mean normal cfDNA concentrations from three technical replicates 

along with its associated standard deviation. Normal cfDNA represents the cfDNA derived from normal cells.  



51 

 

p r e p o s t p r e p o s t p r e p o s t p r e p o s t p r e p o s t p r e p o s t p r e p o s t

1 0 0

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5

S a m p le s

T
u

m
o

r
 c

fD
N

A
 c

o
n

c
e

n
tr

a
ti

o
n

 (
G

E
/m

l 
o

f 
p

la
s

m
a

)

G -C S F

N e u ro b la s to m a R h ab d o m yo sa rc o m a R h a b d o id  tu m o rB u rk it t 's

L ym ph om a

P a tie n t #  3

P a tie n t #  4

P a tie n t #  5

P a tie n t #  7

P a tie n t #  8

P a tie n t #  9

P a tie n t #  1

P a tie n t #  2

P a tie n t #  1 1

P a tie n t #  6

P a tie n t #  1 3

P a tie n t #  1 0

P a tie n t #  1 2

P a tie n t #  1 4

G lio b la s to m a C h o ro id  P le x u s

C a rc in o m a

M e d u llo b la s to m a

 

Figure 3-3 Tumor cfDNA concentrations before and after G-CSF treatment in pediatric solid tumor patients 

cfDNA from the plasma of pediatric solid tumor patients before and after G-CSF treatment were treated with sodium bisulfite and the 

tumor cfDNA levels were determined via methylation specific quantitative PCR (MS-qPCR) using the methylated Ras associated 

domain family member 1 (RASSF1a) gene. The figure shows the mean tumor cfDNA concentrations from three technical replicates 

along with its associated standard deviation. Tumor cfDNA represents cfDNA derived from tumor cells.  
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Table 3-4 outlines the results for the pre and post G-CSF tumor cfDNA inter-assay 

coefficient of variation (CV) determination experiment of our study. The patients were divided 

into three broad categories: high tumor cfDNA levels, low tumor cfDNA levels and no 

detectable tumor cfDNA. The inter-run CV between six separate experiments for three patients 

with high tumor cfDNA levels was 15% and the inter-assay CV for the two patients with low 

tumor cfDNA levels was 137%. The tumor cfDNA levels for the two patients with no detectable 

tumor cfDNA consistently were below the lower limit of detection.
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Table 3-4 Pre and post G-CSF tumor cfDNA inter -assay coefficient of variation (CV) determinations 

 High tumor cfDNA  Low tumor cfDNA  
No detectable tumor 

cfDNA 

Patient  2 4 9 1 3 12 14 

Pre or Post G-CSF Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 

E
x
p

e
ri
m

e
n
t 

N
o

. 

1 15689 4831 8834 1471 52355 13277 26 9 20 3 BLD BLD BLD BLD 

2 19089 5234 10455 1642 52225 17694 BLD BLD 61 48 BLD BLD BLD BLD 

3 18830 5418 9035 947 48065 15516 BLD 33 15 BLD BLD BLD BLD BLD 

4 18463 4641 9673 1624 40098 14823 31 15 BLD BLD BLD BLD BLD BLD 

5 20715 5659 12522 2005 38660 18358 27 20 12 BLD BLD BLD BLD BLD 

6 21186 5783 10675 2217 35407 15660 BLD BLD 12 BLD BLD BLD BLD BLD 

Mean 18995 5261 10199 1651 44469 15888 14 13 20 8 BLD BLD BLD BLD 

SD 1950 453 1355 442 7352 1871 16 13 21 19 BLD BLD BLD BLD 

Inter assay CV (%) 10 9 13 27 17 12 110 98 107 231 BLD BLD BLD BLD 

Mean inter assay CV (%) 15 137 BLD 

 

BLD: Below the lower limit of detection 
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Outlines of what treatments or procedures each patient received around the time of 

sample collections are found in Figure 3-4 until Figure 3-17. Unfortunately due to logistics of 

patient sample collection, a substantial number of patients (patient # 1, 2, 3, 4, 5, 10, 13 and 14) 

had received prior G-CSF treatment as part of their chemotherapy cycles before the pre G-CSF 

blood sample was collected (range 6 days to 21 days). 
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Figure 3-4 Timeline of clinical treatment for patient 1 

A timeline summarizing important treatment procedures around the time of the sample collections for patient 1. There were 14 days in 

between the pre and post G-CSF sample collections in which the patient received 1 day of chemotherapy and 7 days of G-CSF 

treatment. The patient also received G-CSF 14 days before the pre G-CSF sample was collected. The patient has since succumbed to 

the disease.  




























