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Abstract

Solid tumor patiets are often administeredwith a drug called Granulocy@olony
Stimulating Factor (&CSF) This drug is usetb treat chemotherapnduced neutropenia afoat
to mobilizehematopoietistem cellfrom the bone marrowto the blood forease otollection.
Previousin vivo studies in nge shoved that GCSF can increaseimor growth andpromote
metastasisAs such, lis study investigated whether-@GSF can promote tumor growth in
children with solid tumors by an-invasively quantifying tumeoderived circulang cell-free
DNA (cfDNA) in the plasmal also investigated whether tumderived cfDNA levels in the
plasmacorrelate with tumoederived genomic DNA (gDNA) levels in the stem cell prodoct

the day of stem cell collection procedure.

TumorcfDNA was masuredn the plasmaof fourteenchildren with solid tumorsoefore
and after GCSF treatmentusingmethylation specific g°PCR against themoterregionof the
RASSF1aene.Nine children[three habdomyosarcoma, fiveeuroblastomand onerhabdoid
tumol had detectable tumor cfDNAnN their plasma which wassuggestiveof poor clinical
outcome.In addition pairedplasma and stem cell produdtem the day of stem cell harvest
were collectedrom ninechildren (four neuroblastomaone glioblastoma,one rhabdoid tumor,
two Hodgkin ymphoma andne choroid plexus arcinoma) At the time of stem cell harvest
(post GCSF administration), foundno evidence of tumor gDNA contamination in the stem cell
productfrom all nine children. Howeverthere wasevidenceof tumor cfDNA in the plasma
product fromsix children four of whomhad known bone marrow involvemefverall four of
the seven childrenvith no detectable tumor cfDNA in the plasma had a diagnosis of brain

cancer.



Altogether tumor cfDNA levels in chdren with solid tumorscan be detected but the
current study did not show that levels increased upddSE administrationThe presence of
tumorcfDNA in the plasma ofhildren with pediatric cancer Hte time of stem cell harveatas

not consistent wittumor contamination of the stem cell product



Lay Summary

It is estimated that,440Canalian children willreceivea newcancerdiagnosisn 2017.
Currently, dildren with cancer areoften treated with a drug calledranulocyte colony
stimulating facbr (G-CSF)to prevent infections, a common side effectaficer treatmentgand
to collect stem cek which are special cells thaan help repopulate blood cells after
chemotherapyThis study showed that fréating cancer DNA can beetectedn the Hood of
children with cancer. & SFtreatmentdoes notseem toincrease the growth of cancesdich
was measured bihe amount ofreefloating cancer DNA in the bloodverall, indingsfrom
this researchsuggest that freloating cancer DNA is a promisg wayto detet if there is

residual cancer presentthe persorsimply by collecting a tube of blood



Preface

Human ethiceind biosafetypprovalf or t he project ereeitl ed AC
Tumor DNA Analysis in Children with Solid Tum®ebefore and after Granutyte Colony
Stimulating FactorA mi ni s weremtbit amdmed from the UBC Chil dr e
Health Centre of BC Research Ethics Bo&td@&01468and B160159 respectively

Dr. S.Vercauteren and | identified a potential gaphe turrent knowledge about
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Chapter 1introduction

1.1 Pediatric solid tumors

It is estimated th&06,200Canadiansvill be diagnosed witltancerin 2017,1,4400f
which will beof children and youthunderl19 years of agéTypically, cancer can be divided
into twobroad categoriesolid and liquid cancerSolid cances, which makeup greater than
80% of all cancer typesefer to tumors that primarilgriginatein solid organs while liquid
cancers refers to tumors that originate from the blood and disseminate to other parts of.the body
Children diagnosed witsolid cancesundergo invasive procedures for diagnosis and
monitoring such as tissue and bone marrow biopsies. The latter is perftorasskess tumor
metastasis into the bone martoline standard treatment options for these childresungery,
chenotherapy, andadiationtherapy followed by bone marrow rescue using autologous stem

cellswhen clinically indicated*

1.2 Circulating cell-free DNA

Circulating cellfree DNA (cfDNA) refers to the extracellularucleic acid species thast
foundin the liquid portion of the blood such as plasma or sehra given individual, cfDNA
can be composed abrmal cfDNA from noAmalignant cells, fetal cfDNA from fetal cells
and/or tumorderivedcfDNA from tumor cellscfDNA release into the blood is thought to be
due to apoptosis, necrosis or active secrétfonfDNA released via apoptosis is often observed
aswhole number multiples of approximately 180 fragmentsvhich represents the DNA bound
to one or more nucleosomeSHowever, large moleculest DNA (>1000bp) has also been
observed in plasmahich are thought to be cfDNAvhich werereleased via necrosig

However, unlike the larger cfDNA molecules, it is the smaller molecules of cfDNA that are of
1



interest because they often contain twterived aberration$® Alternatively, the high
molecular weight DNAcanrepresenintra-cellulargenomic DNA (PNA) contaminatiorthat
are released due to mechanical white blood cell (WBC) lysis or dysiggthat occurs when
blood is allowed to dit.'® cfDNA is usefulin cancer studieBecause it providdssight as to
what is happeninm an individual Thus, t is important to minimize the amountiatra-cellular
WBC gDNA contaminatiorbecause iwvill likely consist ofwild-type DNA.For instanceserum
appears to be the better sample type to study cfDNA because cfDNA level2tengs higher
in serum samples than in plasma samplétowever, cfDNA isolated from serum is often
contaminated witlntra-cellulargDNA from lysed WBC'® Consequently, plasma samples are
prefared when studying cfDNA.

In vivo studies in mice and in humans have shown that tumor cfDNA laxels
associateavith tumor growthand treatment respon§e™ cfDNA is also gpromising biomarker
for assessing tumor burden dughenoninvasive nature of sample collection. As a result,
mul tiple sample collections t hr ohegdsityabtained
and analyzedAside from quantifying cfDNA, analysis of genetic agigeneticalterations has
also been perfoned in cfDNA.Sequencing has been successfully used to identify gene
mutations and deletions in cfDNA from patients with can€éf Likewise, methylation specific
polymerase chain reaction (MSCR) has been used to detaloerrant promoter methylation of
tumor suppressor genescancerpatients!” ! The genetic and epigenetaberratimsare
confirmed to be of tumor origin througimalysis oDNA from primary tumor tissue¥' *® Even
though the majority of research using cfDNA is performed on adulter, detection and
analysis otfDNA wasalsoshownfeasible in pediatric malignancies including solid tumors

such as atypical teratoid rhabdoid brain tumor, Hodgkin lymphoma, and neurobld3tna.
2
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generalhealthy childrerhave low amounts of total cfDNA circulating in the blood with
concentrations ranging from 0 to 2000 genomic equival&®B/ifiL of plasm&?3In contrast,
children with cancecan have 2o 14 timeshighertotal cfDNA levels?*?® Levels oftotal cfDNA
also correlate well with diseasecurrencé’ Previous studies have shown that there is strong
concordance between the mutations found in the tumor tissue and the tumor cfDNA $amples.

For these reasontmtal and tumocfDNA arepotentiallyusefultools for studying cancer.

1.3 Stemcell harvest

Themostcommonmethod for collecting stem cells is called peripheral blood stem cell
collection (PBSC) procedur€or this procedureggshemotherapy drugs with or withotytokines
such agyranulocyte colony stimulating factor {GSF) granulocyte macrophage colony
stimulating factor (GMCSF)andbr Herixaforar e used to sti mul ate the
to produce hematopoietic stem cells and mobilize them into the bloodstvbane they could
be easily collectedlin order toensurethatsufficient sem cell yield of the harvested prodigt
reached, mobilized stem cells in the blood are counted using flow cytoagetinst the CD34
glycoprotein®?® After adequat@mounts ostem cells are harvestetietpatient will then
undergomyeloalative chemotherapgnd subsequent transplant of the harveSied4+
hematopoietistem cellsvhich canthenre-populate the bone marrow and give rise to different

bloodcell types(seeFigure1-1).2>2°



Human

Figure 1-1 Hematopoieticstemcell lineage
Outline of the hematopoietic stem cell lineage with commdrscefaceantigensThe stem cell products counted usinglzodies

against the CD34+ antigdikely contains the followingell types hematopoietic stem csl{HSC), multipotent progenitors (MPP),
common lymphoid progenite{CLP),common myeloid progetors (CMP), granulocytemacrophage progenito(&MP) and/or
megaryocte/erythroid progenito(8EP). Image provided courtesy of Abcam. Image copyright © 3917



1.3.1 Granulocyte macrophage colony stimulating factor

GM-CSF isaglycoprotein and recombinant fosnof it areclinically used as aobilizing
agentfor stem celtollectionproceduresGM-CSFbindsto its receptor on hematopoietic stem
cells which subsequently activates various downstream signaling patigdsigure 1-2
shows the end result is the initiation of heropbietic stem cell survivaproliferationand/or
differentiation®’ One disadvantage of the use of G&F with chemotherapy is thiais less
efficacious in nobilizing CD34+ stem cells into the blood compared to usifgSE with

chemotherap?®

* GM-CSF
\l/ GM-CSF receptor

Hematopoietic stem cell

Survival
Proliferation
Differentiation

Figure 1-2 Proposed mechanism of actioof GM-CSF

A diagram aitlining how granulocyte macrophage colony stimulating fac@(CSH affects
hematopoietic stem cell&M-CSF binds to @matopoietic stem cells through {G&1-CSF
receptor which ultimatelgauses the hematopoietic stem cells to survive, proliferate and/or
differentiate.



1.3.2 Plerixafor

Plerixafor(also known a&MD3100 or Mozobil®) is anothettype of mobilizing agent
that isapproved by the Food and Drug Adnsimation (FDA)for use duringstem cell harvests.
Plerixafor is effective in that it giwhigher stem cell yield and requires fevgays for
mobilization® The major disadvantage of this hilizing agent is its high costhe estimated
costs of a 4 daglaily injectionwith Plerixaforversusan 8 daydaily injectionwith G-CSF for a
70 kg individual are $30,220 and $3,770 respectifefs Figure1-3 shows, Plerixafor is
thought to work by directly binding to tlelhemokinaeceptortype 4(CXCR4) on the stem
cel | 6s s uprdventing thetbimaingfehb ghemokinealled stromal cell derived factor
1(SDFl)on t he bone mar r oW*Astaresuiyinstead atayihgthe sur f ac e
bone marrow, the stem celrefree tocirculate into the bloodstream where they could be easily

collected.



Stem Cell

Bone Marrow

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) oretinatopoietic stem
cellés surfacethereby preventinthe chemokine called stromal cell derived factor 1 (SDn
thebone marrow stromal céiisurfaceThis allows the hematopoietstem celto leave the bone
marrow niche ath enter the circulation foraseof collection.Image reproduced froffricker et
al. with permission from Karger Publishé?s
1.3.3 Granulocyte colony stimuhting factor

G-CSF isa thirdexampleof amobilizing agent that isoutinelyadministeredor
releasinghematopoietic stem cells intirculation Even hough he exactmechanism of action
of G-CSF is not fully understogdnalogougo Perixafor, GCSF 5 proposed to affect the SBF
1/CXCRA4 axis For instance(-CSFis shown to increaghe expraesion ofCXCR4o0n the stem
c e |surfac® andlecreas¢heb one mar r o w extssian ofal~1.% Holvdver, bie
latter was thought to beorimarily due to the degradation of SEIFby the elastasenzymethat is

secreted by neutrophifé FurthermoreasFigure1-4 illustrates, it is proposed that @SFhas an

indirect effect on SDA and CXCR4 expressigrbyfirst actingonthebone marrow neat



cells therebystimulatingthem toincreaseheir production ofcatecholamine®’ These
catecholamines are thought to increas®inthe ex
addition, he catecholamines act on bone marrow stromal cells such as ostdolilastsase

ther secretion of SDR into the blood®® Since $F-1 functiors as a chemokine, this allows
hematopoietistem celleexpressinghe chemokine receptor, CXCR4, to migrate from the area

of low chemokineconcentratior{thebone marroyinto the area of higher chemokine

concentratior{bloodstrearn Once in he bloodstream, the stem cells can be easily collected.

G-CSF Injecti
S HSCs Mobilization

®o | 3 e 3
e
Neural Cells Oa

G-CSF ‘
Bone marrow -
HSC 6
Catecholamine @ sor A
CXCRgy B Osteoblast

Figure 1-4 Proposed mechanism of action of &CSF

Schematic representation of how granulocyte colony stimulating f&&t@SH mobilizes stem

cells fom the bone marrow to the bladtlis thought that @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 (CXCRelHSChhhet he hema
catecholamines are also proposed to increase the secretion of the stromal cell derived factor

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

recruit HSCsawith the chemokine receptor, CXCR#om the bone marrow into the bloddiage

reproduced fronBabaet al with permission fromhe Taylor & Francis Groupy



1.4 Chemotherapyinduced neutropenia

Myelosuppression is a common side effect of chemotherapy regimens which places
patients at risk for infection.lt wasobservedhat whencancerpatients withchemotherapy
induced neubpeniaare administered mobilizing drugs like GSFor GM-CSF, the patients
WABC levels are able to effectively go back to normtfaéreby reducing the number of days that
the patient is neutropeni¢>> Out of the three aforementioned mobilizing dru@sCSF is most
commonly used fotreating chemotherapyduced neutropenidue to its effectivenessor
instance, in one randomizedntroltrial thatcomparedhe combination of chemotherapy with
either GCSF or GMCSF, neutrophil counts returned to the normal range faster wiiB 6
requiring only 13 days compared to G@BSF which required 16 dagSThis is advantageous
because it contributes to decreased hospital costs and to an earlier implementiagon of

pat itearedtplan.

1.5 Rationale and researchquestions

This research was performeddrplorewhetherG-CSF administratiorstimulates tumor
growth This is of concern becauaesignificant proportion of children with solid tumors receive
G-CSF treatment either to treat neutropeniapdor to stem cell harvest. In additionhis
exploratory studynvestigates whether tumocfDNA of patients with solid tumorss a marker
for the presence of tumarell contaminationin the stem cell product collected afterGsBF
stimulation as this could result in tumor progression and patient relapskowing

trarsplantation



1.6 Objectives

This research projecs divided into the following five objectives:

1.

To compare the cfDNA extr act®R®uircdatinigi ci ency

cel-free DNAp|l asma kit t o®QpéulatpeNudeic Adulkia a mp

To conpare the cfDNA levels ithe plasmaf healthy volunteers whose blood sample
was collected irethylenediaminetetraacetic acETA) and citrate tubes

To determine the lowdimit of detection of tumor cells diluted in norm&BCsusinga
reattime polymease chain reaction (qPCRiethod which determines methylated versus
non methylatedRASSF1a@gene

To determine the level of tumor cfDNA before and a@eCSF stimulation in the plasma
of pediatric solid tumor patients.

To determine whether the level oftor cfDNA in the plasmé associatedith the level

of genetic tumor DNA in the stem cell product and whether cfDNA learel@associated

with bonemarrow disease status.

1.7 Hypotheses

Thefollowing hypothesesvere tested

T

T

G-CSF admirstrationis associate 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

TumorcfDNA levelsare asociatedvith bone marrow disease status

10



Chapter 20ptimization of assay conditions

2.1 Comparison oftotal cfDNA yields between he QlAamp® and the Maxwell® kit
2.1.1 Introduction

There aremumerousommercially availablesolationkits for extractingcfDNA from
plasma or erum samples. Currently, theliterature, the modtequentlyused commercial kit is
theQi a g e n 6 s° Ciezulaing Nuzleic Acid kit.Recently,Promega developeainew
method for isolatingotal cfDNA from plasma using the automated MaxWédapid Samfe
Concentrator (RSC) instrumeffiotal cfDNA isolation using the MaxwéllRSC instrument
seems advantageous because up to sixteen samples can be peicesetously with
minimal sample preparation requir€drhemain differences between the two kit®shown in
Table2-1. Sincemaximaltotal cfDNA vyield is desiredespecially when using small sample
volumesasis oftenthe casdor pediatric patientghetotal cfDNA yields from plasma using the

QlAamp® kit and theMaxwell® kit will be compared.

11



Table 2-1 Differences in the QlAamp® kit and Maxwell® kit

IAamp ® Circulating Nucleic Acid kit *®
p

Maxwell® RSC ccfDNA plasma kit'’

Manualextraction
Silica based column extraction
Uses vacuum protocol
Proces24 samples simultaneously
120 minutes
UseO5000pL plasma
RequiresProteinase Kligestion
Uses carrier RNA

20-150pL elution buffer

2.1.2 Methodology

2.1.2.1 Blood collection

Automated extraction
Cellulose based extraction
Uses magnetic beads
Process 16 samples simultaneously
80 minutes
Use 200QuL i 1000puL plasma
No Proteinase Kligestion
No carrier RNA

60 pL elution buffer

Fresh lbood samples wereollectedfrom five healthy adult volunteeysén EDTA tubes.

The mean age of the volunteers \28Byears old (ranget9to 41 years olgard the male to

female ratio was:3. Within one hour of blood collection, the bloa@sspunat 15009 for 10

minutes at 22C for plasma separatiormmediately afterwards, second spif the plasma

using the Eppendorf microcentrifuge 5424 R (Hamburg, Gernmarygd00g for 10 minutes at

22°Cwas performedPlasma was thecarefully collectedandstored at80°C until total cfDNA

extractiors were performed.

12



2.1.2.2 Isolating cfDNA from plasma (Maxwell® kit)

For each volunteeB00 L of plasma vastransferred into two centrifuge tubes
containing500 L of phosphate buffered salinBRS), to make a total volume dfOOOpL each
Total cfDNA extractions were performdcbm these two aliquotssingtwo mahods.One of the
methods involved thautomatedaxwell® RSCinstrumentand its associatettfDNA plasma
AS1480 kit from Promegasingthe protocol in the TM454 technical mandaAs perFigure
2-1, theccfDNA plasmaAS1480 kitcartridges wer@laced on the deck tray anldigon tubes
containing 6QuL of elution buffer werglaced inthe elution tube positions of the deck tray.
Plungers werghenplaced into well #8 of eaatartridgeand thel000pL plasmaPBS mixtures

weredirectly added to wel¢1 of the cartridgeswvhich contain binding buffer.

Well # 11 add sample

\ Well # 81 plunger

Elution tube with

16 :
“ Y elution buffer

Deck tray

Figure 2-1 Promega's Maxwelf’ RSC cartridges and deck tray

Image showing the Promega MaxWeéRag d Sampl e Conc e nllackdeckor ( RS C)
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, wélEhtain wash

buffers and well#8 contain the plunger.

13



Subsequently, as pEigure2-2, the deck tray was loaded into the Max®&ISC instrument
and the ccfDNA plasma AS1480 extraction run was stantbith took approximately 70

minutes

—

Figure 2-2 Promega Maxwelf’ RSC instrument with the loaded deck tray
Image showing the Promega MaxwWeRapid Sample Concentrator (RSC) robot with loaded
cartridges in the deck tray.

14



2.1.2.3 Isolating cfDNA from plasma(QlAamp® kit)

Unlike the Maxwel? kit, the QIAamp” kit uses manual elution of thetal cfDNA bound
in the silica membrand&lthough the standard protocol suggettegthe elution of theotal
cfDNA using a one step elution, eluting twice eithethvthe same buffer or with fresh buffer
can be considered if maximum yield of tio¢al cfDNA is required.Thus, leforethetotal
cfDNA isolations using th@lAamp® kit for the kit comparison part of this studsere
performed, the elution methdhat givesthe highestotal cfDNA yields using theQlAamp® kit
was determined usirisDOuL of plasma from five healthy volunteers. The following three
elution methods were compared: elute once withlgClute twice with the same Q. eluate
and elute twice witlwo subsequent 30L elution buffers.

Thetotal cfDNA isolation usinghe QIAam|S kit wasperformedusingthe protocol on
pages 225 of the kit handboo® 100pL of Proteinase KPro-K) and800pL of lysis buffer
containing 1.Qug of carrierribonucleic acid RNA) were added to thE000uL plasmaPBS
mixtureand wasncubated at 6TC for half an hour. Aftemcubation 1800uL of binding buffer
was added to thenixture As perFigure2-3, the mixture wa thenloaded oto the spin column
and plled through theilica membrane of the spaolumn usingracuum pressur&he bound
total cfDNA onthespin columns were then washed twigigh wash bufferand therwith 750
pL of 100% ethanadlo remove residual impuritie¥hen, the sip columns were driedroa56°C
heat block for 10ninutesto evaporate excess etharf@ihally, the boundotal cfDNA waseluted
by adding 6QuL of elution buffer to the spin columns, incubating for 3 minutes and spinning at
21130g for 1 minuteThe elutedotal cfDNA samples were stored -&0°C until theywere

quantified bygPCR.

15



Add sample
mixture (plasma,
PBS, PreK, lysis
buffer with carrier
RNA, binding
buffer)

Spin column
Vacvalves

Vacuum pressure in

Figure 2-3 Vacuum manifold of the Qiagen Circulating Nucleic Acid kit
This image shows Qi ageno6s @lsécaumman@dldrwithdubeat i n g
extenders to handle large volumes of solutions, silica nmamdcolumns, Vacvalves for
controlling sample flow rates and tubings/connectors for connecting into the vacuum pump.
2.1.2.4 Reakttime PCR

Frozentotal cfDNA extractswere thawed out and quantified by gPCR using #6@0
FastRealTime PCR instrument and softveav.2.3from Applied Biosystenfs (Massachusetts,
USA). The thermal cycling conditiomsed was95°C for 3 minutes followed by 45 cycles of
95°C for 5 seconds and 60°C for 30 secondach reaction contained 128 of the
PrimeTim& Gene Expression MastéMix from Integrated DNA Technologies (California,
USA), 1.5uL of the forward and reverse primers (300 nmol/L concentragamt), 1.25uL of
the TagMan probe for the RNA polymerdseyene POLR2 at a concentration of 200 nmo)/L
and 8.2uL of cfDNA. Theprimer pairand probesequencewere obtained fronviussolinet al*®

and are found i\ppendix A.A standard curvevas preparedising a 16fold serial dilution of

the P o we r Quhaman ihale gDNAstandardfrom Promega that was first diluted
16



concentration o758 GEHuULusi ng t he Power Qufondadh qRR rinuthei o n

standard and unknown samples were quantifigdplicate A no-template controtomposed of
nuclease free water wancluded in &ery run. The intraassay variation of the gPCR was
evaluated witlpooledcfDNA samples tested 10 times in thengssgPCR runanddetermined to
be 10%. The inteassay variation of the gPCR was evaluated matbled cfDNAsamples tested
in eachgPCRrun for 10 differentunsand it was determined to be 23%.
2.1.2.5 Quality assessment ofotal cfDNA

PCR was performed on tieolatedtotal cfDNA samples using the Veriti 98/ell
thermal cycler from Applied Biosystems (California, USAe thermal cycling conditionsed
was95°C for 3 minutes followed by 45 cycles of 95°C for 5 seconds and 60%D f&@conds.
Two sets of primes were used. One primer was used to target thg @¥nplicon of the
Conserved oligomeric Golgi complex subunit&JXG5H), used to later visualize the cfDNA in the
extracted samples. Another primer was used to target thieB#dgment of the Tollike
receptor 3 TLR3 used to later visualize the presence of the high molecular weight gDNA
contamination in the sampleBhe primer sequences were obtained fl@mR. Morin (Simon
Fraser Universityand are found in Appendix Bisual analysis of the isolatedtal cfDNA was
performed through gel electrophoresis oh% agarose geun at100 volts for 60 minutes.
2.1.2.6 Statistical analysis

Total cfDNA concentrations were expressed in term&Bfper ml of plasmaln order to
convert DNA concentrations from ng/mfl plasma into GE/ml of plasma, it was assumed that
there are 6.9g of DNA for each diploid cefl’ Data was expressedthe average standard

error of the meanf the three independent replicat€he program used for statistical anadysi

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

17
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Due to our small sample size, theedmai® gst and the Wilcoxon signed rank test which are
bothnon-parametric testwereperformed to compar®tal cfDNA levels The Frieimard &st is
for comparing more than twmairedgroups while the Wilcoxon signed rank test is for comparing
two paired groupsP-valuesO0.05 were considered statistically significant.
2.1.3 Results

To ensure that the maximum cfDNA yields danobtainedrom patientsamples, the
total cfDNA vyields from the Maxwel? kit werecomparedvith thetotal cfDNA vyields from the
QIAamp”® kit using plasma samples frdiwe healthy adult volunteer§heelution method that
gives the highest cfDNA yield usj theQlAamp® kit was first determinedfigure2-4 shows the
total cfDNA concentrations obtained whémree elution protocols were compared using the
QlAamp® kit: eluting once with 6QuL, eluting twice with the same L eluateand eluting two
timeswith new30 puL elution buffer.Eluting twice with the sam60 uL eluateappeared to give
aslightly higher meamotal cfDNA yield of 2155 + 526 GE/ml of plasma compared to eluting
once with 6QuL which had a meatotal cfDNA yield of 2005 + 563 GE/ml of plasmar eluting
two times wth new 30uL elution buffer whichgave a meatotal cfDNA yield of 1910 + 618
GE/ml of plasmaThough the comparissmarenot statistically significan{p=0.093, | chose to
continue with the elion methal that involveseluting twicewith the same 6QL eluatebecause

it gaveslightly highertotal cfDNA yields
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Figure 2-4 Concentrationsof PCR amplifiable DNA using three different elution protocol
cfDNA isolation from plasma samples of five healthy adult volunteers using the Qiagen
QlAamp® Circulating Nucleic acid kiusing three different types of elution protadsblated
cfDNA was quantified via qPCR targeting tR&A polymerase IIROLR2 genewithout prior
PCR amplificationThe figure shows the mean of the cfDNA concentratfom® each
individual with threeindependent replicates along witteir associated standadeviations The
line represents the overall mean for the five voluntddrs.statistal comparative test
performed was thEriedmard sest (p=0.093

Next, the two types of cfDNA isolated kits were compared in terms ofttitalicfDNA
yields.As demonstrated iRigure2-5, thetotal cfDNA yields from theQlAamp” kit and the
Maxwell® kit were 1580 + 484 and 848 + 281 GE/ml of plasespectivelyThere was no

statistically significantlifference 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 isolatedrom plasma sampldsom five healthy adult volunteers using the Qiagen
QlAamp® Circulating Nucleic acid kit and Promega MaxWéRSC ccfDNA plasma kitisolated
cfDNA was quantified vi@jPCR targeting thBNA polymerase [[POLR2 genewith no prior
PCR amplificationThe figure shows the mean of the cfDNA concentrations faah
individual withfour independent replicates along wikteir associatedtandard deviation3he
line represats the overall mean for the five voluntedree statistical comparative test
performed was the Wilcoxon signed rank test.

The intraassay variation of thistal cfDNA extraction using the Maxwélkit was
evaluateckighttimes with the same batch of ped plasma sample and it was determined to be

11%. The intessay variation of thetal cfDNA extraction using the Maxwélkit was

20



evaluated with pooled plasma samples tested in eaamnrsir different days and it was
determined to be 23%. On the atlhand, the intraassay variation of thiotal cfDNA extraction
using theQlAamp® kit was evaluatedighttimes with the same batch of pooled plasma sample
and it was determined to be 7%. The irdssay variation of thetal cfDNA extraction using the
QlAamp® kit was evaluated with pooled plasma samples tested in eaoh siindifferent days
and it was determined to be 27%.

As Figure2-6 show, high molecular weight gDNA contaminaticem beobserved irall
of theisolatedcfDNA regardless of the kit usedl semiquantitative estimate of the amount of
gDNA contaminatiorwas performed usingtandard®f known concentrationund in
Appendix C It seemdhat abou6-29 GE of gDNA perml of plasmas present in the cfDNA
isolatedusing theMaxwell® kit while about 6727 GE of gDNA perml of plasmas present in
the cfDNA isolated using th@lAamp® kit. Therefore, it seems that there is more gDNA

contamination in the cfDNA isolated using @&Aamp” kit.
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Figure 2-6 Agarose @l electrophoresis of the isolated cfDNA showing the presence of high molecular weight gDi¥agments
cfDNA samplessolated using different kits (Qiagen and Maxwell kits), cfDNA samples from different blomdagulants
(ethylenediaminetetraacetic acid or EDTA and citrate), gDNA from white blood cells (WBC) and gDNA from tf82IMR
Neuroblastoma celiwereamplified byPCRusingthe conserved oligomeric golgi complex subun{{8&GH andtoll-like receptor 3
(TLR3 primers. he PCRproducts werg¢henvisualized in d% agarose gelhich wasrun 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 longnoleculesof 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
circulatingin the blood. When a cdlses theintra-cellulargDNA moleculesare released in the
blood and may diite thetotal cfDNA molecules which arfound insmalker quantities For this
reason, it ismportant to choose the isolation method that gives the highestint ofand purest
total cfDNA. There are numerous-imuse methods as well as commercial kitslalke for
isolatingtotal cfDNA from plasmasamplesThe majordisadvantagef in-house methodis that
they oftenrequireeffort and time to optimizen orderto obtain high yields and reduce ftoirun
variability. In terms of kits available commerciall, Qi @lgaenp’ €isculating Nucleic Acid
kit is themost frequently used because it gives haghl cfDNA yields with a variability of 10%
anddoesnotinhibit downstream qPCR analy$isHowever this kit is expensive, haslengthy
isolation protocol (120 minutes), anehuires theise ofa costlyvacuumpump®® Recently, an
automated cfDNA isolation kit from Promega beeacommercially availabl&:he Maxwell®
RSC ccfDNA plasma kidllows the processing of up to $&8mples in only 80 minutewith
fewer sample preparations stép§urthermore, the automated Maxwelsrument lowers the
possibility ofhuman error, which should reduce the variation between Timss far, there have
only been two studiethat directly compared thes®o kits in terms of total and tumor cfDNA
levels.PérezBarrioset al.(2016)and Sorbeet al.(2017)both recentlypublished reports
showing similar total and tumor cfDNA levels between tMeaxwell® and theQlAamp® kits.”*?
Unlike our study where we looked at total cfDNA levels from healthy individ@&sezBarrios
and her research teamedplasma samples frothirty-two stage IHIV lung cancer patientand

one colon canaepatient’ They observed that thdaxwell® kit gave a mediatotal cfDNA vyield
23



of 9470 GE/ml of plasma which was not statistically different ftbeQlAamp® kit which gave

a mediartotal cfDNA yield of 8182 GE/ml of plasmaFurthermore, they found that in the four
patients analyzed further, the frequencies of the tumor cfiaiii\the epidermal growth factor
receptor EGFR) mutation wasot different between the QlAafiit and theMaxwell® kit.”
Similarly, Sorberet al.used plasma samples from cancer patjepscificallynine pancreatic
cancer patient& Theyfoundthat the QIAamP kit which gave a meatotal cfDNA yield of
2825GE/ml of plasmawasnot statistically differento theMaxwell® kit which gave a meatotal
cfDNA yield of 3129GE/ml of plasma'? In addition,thetumorcfDNA levelsmeasured by the
kirsten rat sarcom&RAS mutationsin the cfDNAwere comparablbetweerQlAamp® and
Maxwell® kit.* The findings from both studies areagreemenwith our observation that the

is nostatstically significantdifference in the total cfDNA yields obtainéwm theQlAamp®

and theMaxwell® kit. However,| elected to choose th@lAamp® kit for subsequent experiments
because it gave slightly higher yields thbwot statistically different frorthe Maxwell® kit.

Since the pralue was insignificant, it may indicate that we were underpowered to detect
significance given the small number of replicatesur study Unfortunately, pon qualitatie
assegsent oftheisolatedtotal cfDNA, it appearstat high molecular weight gDNA
contaminations present in all the isolated cfDNAhegDNA contaminatioroccuredat lesser
amountsn the samples isolated using the Max{&it compared to the QlAanfkit,

suggesting the former allows the isolatiorpofer cfDNA. The presence of gDNA
contamination in our cfDNA likely accounts for the rsignificant differences that | observed in
the total cfDNA yields between the two kits. Though Sosie. did not clearly outline what
spin protocol or how long thdood samples spent at room temperature before processing for

plasma, the authors acknowledged that two out of their twenty samples had substantially more
24



total cfDNA which likely was due to gDNA contamination from the buffy coat I&ykeikewise,
PérezBarrioset al, who analyzed the isolated cfDNA samples using a Bioanalyzer, observed a
high molecular weight BA (>10000 bp) in 69% of their samplésn our study, we mrcessed

the blood sample immediately after collection and we performed a double spin protocol to obtain
plasma. Of note, even with these precautiamsstill observed cellular gDNA contamination.

The cellular gDNA is likely derived from norm#/BCs One ssible explanation is the
disturbance of the buffy coat layer containing WiBCsupon aspiration of the plasma.
Alternatively, the double spin protocol implemented in this study is insufficient in removing
residualWBCsfrom the plasma samples. TheseteomnatingWBCs could subsequently lyse
thereby releasing their gDNA conteBince the commercial isolation kits cannot differentiate
between high molecular weight gDNA frotdBCsand the low molecular weight cfDNA of
interest, the eluted cfDNA will be ctaminated 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 tcuratelyguantify and compare how much gDNA contamination is
present in the &@NA samples isolated from both kits.

We alsoobserved that both the intessay and the inter assagriations of the isolated
cfDNA samples were similar between the kits. Notably, the inteassay variations of the
Maxwell® kit and the QIAamPkit were 2x and 3x higher than their corresponding iasaay
variations. Therefore, for any subsequent total cfDNA extractions, we made sure to extract the
paired plasma samples (pre and posE&F) on the same day to minimize the sample processing

variation.
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2.1.5 Conclusion
We did not find significant differences 1in
QlAamp® Circulating Nucleic Acid kie n d P r dVaxevg)IaRB6 ccfDNA plasma kitAlso,
high molecular weight gDNA was @eolated with the cfDNA of interest thgh to a lesser
degree with thélaxwell® 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 yieldsin EDTA and citrate blood samples
2.2.1 Introd uction

Blood can be collecteid different kindsof anticoagulants. Routinely, if a patient simply
requires a complete blood count, his/her blood sample wdblbected in an EDTA tube.
However, when apatiebts bl ood i s b e i aplierep machinaegriegstdmceells i ng a
collection,the anticoagulartypically used isacid citrate dextrose solution A (ACDA)am et
al. detected comparabt#DNA levels from healthy volunteers in EDTA, citrate and heparin
blood tubesafter0, 2 and 6 hoursf collection.** However,in this studyijt is importantto make
pre and post €€ SF comparisongf cfDNA levelswithoutthe concerrthat any significant
changes aractuallydue to the difference in anticoaguals used. As suchptal cfDNA levels
from blood tubesvith differentanticoagulats will beverifiedin this study
2.2.2 Methodology

In order to compare thetal cfDNA yields obtained from blood tubes containing EDTA
and citrate as anticoagulants, the same¢hodology as found section2.1.2of this thesis was

carried ouwith thefollowing differences:
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2.2.2.1 Blood collection

Fresh blood samples were collectegbaired EDTA and citrate tub&®m the same five
healtty adult volunteers
2.2.2.2 Isolating cfDNA from plasma

Foreach volunteei500 L of plasmawere transferred into centrifuge tubes which
contained 50QuL of PBS to make a total volume of 10QQ. Total cfDNA extractions were
performed usingnly the QIAamf kit, following the protocol on pages 25 of the kit
handbookasbriefly summarized ir2.1.2.3%® Total cfDNA was elutedwice with the same 60
pL eluate.
2.2.3 Results

cfDNA yields fromEDTA tubes were compared to cfDNA yields from citrate tubes
using plasma samples from five healthy adult volunteers. As demonstr&igdne2-7, the
total cfDNA yields from theEDTA and thecitrate tubesvere1500+ 585and1227 + 544 GE/ml
of plasma respectively. Thus, ttegal 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 wasisolated from plasma sampli#em five healthy adult volunteers oltad in
ethylenediaminetetraacetic acidEIDTA and citrate tubes. IsolateDNA was quantified via

gPCR targeting thBRNA polymerase IIROLR2 genewithout prior PCR amplificationThe

figure shows the mean of the cfDNA concentrations feach individual witlthreeindependent
replicates along witkheir associated standadgviations The line represents the overall mean

for the five volunteersThe statistical comparative test performed was the Wilcoxon signed rank

test.

2.2.4 Discussion

Clinically, a variety ofanticoagulantsvhich may irtlude sodium citratesDTA, and
heparinare commonly used to prevent clotting of whole blood sanifjl@sir study sampke
have been treated with two different blood anticoagulants. It was therefore important to
investgate whethethe anticoagulardffect the total cfDNA concentration differently. Théras

only beenone reported study that has investigates this in a similar faskiey foundno
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significant difference inhetotal cfDNA levels of the three anticoagularEDTA, citrate and
heparin(n=10) which was in agreement with our observation of comparable total cfDNA levels
in EDTA and citrate tube®

As will be discusseth chapter 3 of this thesis, the exact ardalant used to collect the
plasmaand the stem celamples 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 thate 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 duadilithee used
2.2.5 Conclusion

Plasma saples with EDTA or citrateas anticoagulantgeld similar amounts of totadfDNA.

2.3 Determination of the lower limit of detection of the methylation specific gqPCR (MS
gPCR) technique
2.3.1 Introduction

Pediatric cancergenerallyhave a quietgenomean terms ofmutational statuanda
specific mutations not always detectable addition, the mutations that are detected in
pediatric cancecan be quite heterogeneous across different cancer’fyjplis. makeshe study
of cancer usingpecific mutations challengings such, some researchers asingthe
methylation status of certain tumor suppressor gaa@smarker for the presence of cancer cells
One example is the Ras association domain family membBRAI{F1ayjene located ithe
short arm othromosme 3*° It has teen shown thanostpatients with malignancies have

methylatedoromoter region of thRASSF1aene whereas this methylation pattasrare in
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patients without malignancié$. Table2-2 summarizes the frequency of the promoter

methylation status of tiRASSF1a@enein various pediatric cancer types.

Table 2-2 Frequency ofthe RASSFlapromoter methylation in pediatric cancerpatients

Type of cancer Sample size (n) Frequency (%)
Acute leukemi& 20 15

Ewi ngos*®%ar coma 8, 31 0, 68
Hepatoblastond*® 27, 74 19, 34
Hepatocellular carcinoma 2 100
Hodgkin lymphoma" 8 63
Medulloblastom&>? 16, 27 88, 81
Melanoma® 20 35
Neuroblastomd>*>*° 27,35, 8, 45 52, 83, 88, 93
Osteosarconia 11 0
Retinoblastom¥ 17 59
Rhabdomyosarcormia 18 61
Thyroid carcinom® 2 100

Wi | m6 s**tumor 31, 39, 84 42, 54, 50



One pproach indetecing and quantifing the promotermethylation status dRASSFla
gene is viaMS-gPCR.To prepare for this method of quantification, fiisplated DNA must be
treated with sodium bisulfitéds outlined inFigure2-8, the principlebehind this method is that
sodium bisulfiteconvertsunmethylated cytsineresidueghat are adjacentto a guanineresidue
into uracilresiduesso that after the PCR reaction, the uracil will be converted to thywinie
methylated ones remain unchang&dhis way, twounique ses of qPCR primers can be
preparedone against the unmethylated DNA and the other against the methylated®DNA

Methylated DNA Unmethylated DNA

CJH' C‘H,

5¢ G—CG— S§&~——CG—CG
| Bisulfite [
C]DL c[u._
5¢ CG—CG 5&——UG—UG
v 4 \W MS P v 4 AU
C‘H_ CIH,‘ L‘H ﬁ""

5‘— TT18 T11111 et o = ¢ { e | T1 18 TI1111
s mes mm,,  ° il R ol >TIIT e TIT;S T
o o

F i
Amplification No Amplification No Amplification Amplification

Figure 2-8 Bisulfite treatment and MSP

Principle ofbisulfite treatment andhethylation specifiCR MSP). Sodium bisulfite will

convert unmethylated cytosines of DNA molecules into uracil and after PCR amplifi¢th&on,
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 ofPCR primers could be ussaldistinguish betweethetwo species of DNA: one against

the methylated DNA molecules and one against the unmethylated DNA moléazgs.
reproduced fronZhanget al.with permission from the Royal Society of Chemigtry

Since the number of tumor cells compared to the number of n@ViB&ls circulating in

blood is expected to be low, it is extremely important to have a sensitive detection and
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guantification method. As such, one of the objexgiof this study is to determine the lower limit
of detection of the MSQPCR technique against tRASSF1aene.
2.3.2 Methodology
2.3.2.1 Sources of samples

Since the IMR32 neuroblastoma cell line has been previously shown to have 100%
methylation of th(RASSF1agene thiswasused as the source of methylated DNA thereby
representing DNA from tumor celté Similarly, sinceWBCs from healthy individuals a been
previously shown to have 100% nrorethylation of thdeRASSF1a@ene, thisvasused as the
source of unmethylated DNA thereby representing DNA from normal éllsesetwo findings
were alsaconfirmedin this study(Appendix D. One vial containing 4 million cells of ¢h
human neuroblastoma cell lin&)R-32, wasreceived as a giftom Dr. G. Reid (British
Columbia Childrenbés Hospital Research I nstitu
billion WBCsfrom tonsiltissues from healthy children were thawed. The contents of the vials
were transferred into corresponding centrifuge tubes containing media that was composed of
PBSand 10% fetal bovine serum (FBS). The tubes were then spun at 1359 for 5 mi@at€s at
andthe cell pellets were fsuspended in medidhe cells were counted using peddOi
automated hematology analyzer from Sysmex (lllinois, USA).1B2Rcells were diluted in
increasing amounts of WBCs as showiT able2-3. The sarples were then spun at 3009 for 5

minutes aR2°C and the cells were-seispended in 500L 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° 0

1:1 dilution 10° 10°
1:10 dilution 10° 10°
1:10 dilution 10° 10°
1:10° dilution 10° 10°
1:1¢ dilution® 10° 10
1:1C dilution” 10° 10°
1:1 dilution” 107 10°
0% methylation 0 10°

3To avoid overloading the instrument, ori)% of the total sample volume which contained SxHls was used
for gDNA extraction

® To avoid overloading the instrument, only 1% of the total sample volume which containédabd &vas used for
gDNA extraction

2.3.2.2 Genomic DNA extraction

Cellular gDNAextraction was performed using the automated MaA\RSBC instrument
and its associated Blood DNA kit from Promega (Madison, Wisconsin) by following the protocol
in the TM419 technical manu¥l Briefly, 30 uL of the Pro-K solution and 30(iL of lysis buffer
were added to 500L of the sample mitures. Then, the mixtures were incubated at 56°C for 20
minutes. After incubatiorgs perFigure2-1, the Blood DNA AS1400 kit cartridges were
snapped into position on the deck tray. Elution tubes containing &Ceiution buffer were
placed in the elution tube positions of the deck tray. Plungers were then placed into well #8 of
each cartridge and the 88Q sample mixtures were directly added to well #1 of the cartridges
which contained binding buffelSubsequaetly, as pelFigure2-2, the deck tray was loaded into

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

took approximately 40 minutes. After the run was completed, the eluti@s tontaining the
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eluted gDNA were spun at @00g for 2 minutes at 2€ in order to pellet down any remaining
magnetic beads which could potentially inhibit downstreg@@Ranalysis.
2.3.2.3 Quantification of gDNA

To measure gDNA concentrationgjill of the elued gDNA wasadded to
microcentrifuge tubes containid®9 L of the QuantiFluor® ONE dsDNA dye from Promega
vortexed briefly and incubated in the dark for 5 minutes &€ 2Phis allows the intercalating
dye to bind to double stranded DNA{ter incubaton, the gDNA concentration of the samples
wasquantifiedusingtheQu ant u s E fflom Promegathe #uorometer was calibrated
using the human cancer cell K562 gDNA.
2.3.2.4 Bisulfite treatment

Extracted gDNA samples were treated with sodium bisulfite ubmdpitect Bisulfite
kit from Qiagen (Hilden, Germany) by following the protocols on page2016f the kit

handbook” Briefly, 1 ug (range: 3uL i 18 L) of gDNA solutions were transferred into a 200

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

volume of 20uL. Then, 85uL of bisulfite mixture dissolved in water and @5 of DNA protect
buffer were added. The mixtures were briefly vortexed and placed Vetiite96 well thermal
cycler fromApplied Biosystem3 (Massachusetts, USA)singthe following thermal cycling
conditions 95°C for 5 minutes, 60°C for 25 minutes, 95°C for Sutes, 60°C for 85 minutes,
60°C for 175 minutes and 20°C overnighn the following day, purification of the bisulfite
treated gDNA samples was performed. For this stepubtf bindingbuffer was mixed with
the bisulfite treated gDNA solutions and eaed before loading into the Epitect spin columns.

After the gDNA have bound to the column, a wash step usingtb@® wash buffer was

performed. Then, 500L of desulfonation buffer was loaded to the spin columns and incubated
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at 22C. After 15 minutes bincubation, the gDNA were washed twice with the wash buffer. In
order to remove excess ethanol, the columns were placed 1CahB6t block. Finally, the
bound bisulfite treated gDNA were eluted twice from the spin columns using the sauh®60
elution buffer by centrifugation at T®0g for 1 minute. The eluted bisulfite treated gDNA
samples were subsequently storee?8tC until MS-gPCRwasperformedThe intraassay
variation of the bisulfite treatment was evaluatgghttimes with the same batch pooled
cfDNA samples from cancer patients and it was determined to be 21% and 23% using
unmethylatedRASSF1and methylateRASSF1a@PCR primers respectively. The in@ssay
variation of the bisulfite treatment was evaluated with pooled cfDNA sampl@sciancer
patients tested in each ron eightdifferent days and it was determined to be 30% and 26%
using unmethylateRASSF1and methylateRASSF1a@PCR primers respectively.
2.3.25 MS-gPCR

Frozen bisulfite treated gDNA samples were thawed out and quarN&egPCR using
the 7500 Fast Redlime PCR instrument and software v.2.3 from Applied Biosystems
(Massachusetts, USA). The thermal cycling conditisadwas 95C for 3 minutes followed by
45 cycles of 95°C for 5 seconds and 60°C for 30 seconds. Eatiomeamntained 12.fL of the
PrimeTimé& Gene Expression Master Mix from Integrated DNA Technologies (California,
USA), 1.5uL of the forward ad reverse primers300 nmol/L concentratiorach), 1.25uL of
the TagMan probe for the methylated or umethyl®&&SF1aene at a concentration of 200
nmol/L, 1.2uL of nuclease free water anduL of bisulfite treated gDNA solutionThe primer
pair and probe sequences were obtained from Stutteteadi® and are found in Appendix A.
For eachMS-gPCR run, the samples were quantifiadriplicate A no template controlvas

included in every run which consisted of nuclease free water.intraassay variation of the
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MS-gPCR assay was evaluatetght times with the same batch of pooled bisulfite treated
cfDNA samples from cancer patients and it was determined to be 199R2&¥ using
unmethylatedRASSFlaand methylatedRASSF1agPCR primers respectively. The inssay
variation of theMS-gPCR was evaluated with poolebisulfite treatedcfDNA samples from
cancer patients tested in each amsix different days and it wasetermined to b&5% and 2%
using unmethylateRASSF1and methylate(RASSF1a@gPCR primers respectively.
2.3.3 Results

The lower limit of detection of the MGPCR assay using unmethylatatd methylated
RASSF1l1grimers and probes was tested by performing seitiion of the IMR32
neuroblastoma cells into increasing amount of WBGsseen irFigure2-9, the assay reached a

lower limit of detection obnetumor cell in 16 normal WBCs.
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Figure 2-9 Lower limit of detection of the MS-gPCR assay

The lower limit of detection of theethylation specific quantitative PCRI$-qPCR assay was
assessed by performing serial dilutions of the {8fRneuroblastoma cel{800% metylated of
theRas associated domain family membeRAESF1p geneinto increasing amount ofhite

blood cels from healthy individual§100% unmethylateRASSF1aeng. Isolated DNA was
subjected to sodium bisulfite treatment and quantified viagdSRusing methylated and
unmethylatedRASSF1grimers.The experiment was performed in three independent replicates.
In the figure, the mean of tlugcle threshold@t) values arealisplayedwith theirassociated
standard deviation.

2.3.4 Discussion

Using patienspecific primers is thpreferredapproacho quantify tumor cfDNAdue to
its high specificity Howeverjtist i me consuming and requires seq!
DNA derivedfrom tumor tissueAlternatively, qPCR based on the promoter methylaticiista
of a tumor suppressor gene sucliRaSSF1laan be usedyiven thapromoter methylation of the
RASSFlaene is commonly observed in cancer patients but rarely seen in healthy indf4duals.

In addition, becausgromoter methylation of thRASSF1aene is observed wariouscancers,
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it can be used to study a wide range of cancer types simultan&bBstynotermethylation rates
for theRASSFlaenecan varybetween different types of cancer as seefable2-2.4">’
However, in order to perform MGPCR, cfDNA first need® undergo sodiunbisulfite
treatment, a harsh condition that can decretBNA levels dramatically’ As such, it is
extremely important to determine the lower limit of detection of tumor cfDNA of this aSsay.
this study, it was determined that the /BCR assay fdRASE1a gene methylation had a
lower limit of detection of onéumor cell per 10000 norrhadls which was different from
Stutterheinetaldé s | ower | iahdneéin 160000°d e durehandshighty diluted
samples such as teaein 10° sampleshowed greater variability, likely due to sampling error.
2.3.5 Conclusion

The MSqPCR assay for the quantification of cfDNA which either has methylation or
methylation of theRASSF1agene is able to detechetumor cell in the presence of Q0

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

3.1 Assesment of the éfects of G-CSF treatment on tumorgrowth
3.1.1 Introduction

G-CSF is an effectivedrug for treating chemotherayduced neutropenjaand for
preparing forstem cell harvest§®* However, its widespread use is concerning because research
findings show that Ewing sarcoma and neuroblastoma cell lines as well as patienthawgors
the receptor for GCSF raising tte possibility that GCSF can sthulate tumor celgrowth®>®°
When neuroblastoma cells from tB&-N-SH, SKN-AS and SHSY-5Y cell linesweretreatd
with G-CSF in vitro, the cellsshowed increased proliferation compared to untreated ®Cells.
Then when the SKN-SH cells were treated with -GSF, increased DNA synthesis and
increased invasiveness were obseffdd.terms ofin vivo effects,it was shown thawvhen mice
with human neuroblastoma xenografts were treated Wi@SE for twentyone days, the mice
had increased tumor weights and increased bone marrow metastasis compared to untreated
mice®® Similarly, MoralesArias et al. treated mice wittEwing sarcoma xenografts with-GSF
or PBS fornineteenconsecutive day¥. They observed that the mice treataith G-CSF had
significantly bigger tumorsaveraging aboui218 mni compared to mice treated with PBS
which had tumors averaging abosf7 mni.°® Thus, there is agssibility that GCSF can
stimulate tumor growthin patients as welll hypothesize that €&€SF administration promotes

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

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 guardiassbtained by
BC Chil dr eno6s (BGCHB staffaThis fudyvwBsaappcoved by thBC
Chil dr en 6 s HaaftrdCerwe ochBhResearch Ethics Bodfier consent was
obtained, the study participants were assigned uBqi@HB identification codesas well as a
study specific number. The latter is used in this thesis.
3.1.2.2 Blood collection

Plasma amplesfrom fourteenchildren with solid tumorsvho wereassignedinique
identification codesvere obtained from thBCCHB along with their associated clinical
information For each child, plasma samples were collected at two time points: be@#&-G
and after GCSF adnmistration.Within six hours of collectionBCCHB staff performed pe
spin of the blood tubes ab@0g for 10 minutes at 2€ and storedhe plasmat-80°C. Then, on
the day of cfDNA extraction, the matching plasma aliquots from each child were thakvaddbu
a second spiasing the Eppendbmicrocentrifuge 5424 R at 060g for 10 minutes at 22°C was
performedThe plasma was then aspirated out and placed in a new microtube.
3.1.2.3 Isolating cfDNA from plasma

cfDNA was extracted from 10Q@L of plasma from edtpatient except for patierst2, 7
and 8for whomvolumes of800pL, 900uL and 500uL were usedespectivelyFor the latter
three patients, PBSagadded to the plasma samples to make a total volume of 10@3RNA
extraction was performed using tB#Aamp® kit from Qiagen by following the protocol on
pages 225 of the kit handboo® Refer to sectiof2.1.2.30f this thesis for a brief summary.

Elution of cfDNA wasperformed by eluting twice with the same@0eluate.
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3.1.2.4 Reaktime PCR

Total cfDNA was quantified by gPCR using the 7500 Fast REate PCR instrument
and software v.3 from Applied Biosystenfs (Massachusetts, USA). The thermal cycling
condition that was followed was 95 for 3 minutes followed by 45 cycles of 95°C for 5 seconds
and 60°C for 30 seconds. Each reaction containedl2df the PrimeTim& Gene Expression
Master Mix from Integrated DNA Technologies (California, USA), fil5of the forward and
reverse primers (300 nmol/L concentratieacl), 1.25uL of the TagMan probe for the RNA
polymerase Il genePOLR2 at a concentration of 200 nmo)/Z pL of nucleasdree water and
1.2 uL of cfDNA. The primer pair sequences were obtained from Mussolih®® and are found
in Appendix A A standard curve was prepared and used to determine the starting cfDNA
concentrations of the sampJassing a Sold serial dilution ofte Power Quant E huma
gDNA standard from Promega that was first diluted to a concentratié®/6fGE/uL using the
Power Quant E dFor eathigPCR runutiefsmndard and unknown samples were
guantifiedin triplicate. Also, a no template conkwhich consisted of nucleaseee waterand an
internal control gDNAwereincluded in every run
3.1.2.5 Bisulfite treatment of cfDNA samples

Extractedtotal cfDNA was treated with sodium bisulfite using the Epitect Bisulfite kit
from Qiagen by following page$30 from thekit handbook This protocol wa optimized for
treating short and fragmented nucleic acids such as ciDNAIBra&fuL of cfDNA samples
were added to 200L PCR tubes along with 83L of bisulfite mixture dissolved in water and 35
pL of DNA protect buffer. The mixtures were then vortexed and placed iiaht 96 well
thermal cycler fromApplied Biosystem$ by following thethermal cyclingconditionsin 2.3.2.4

of this thesisOn the following day, purification of the bisulfite treated cfDNA samples was
41



performed. For this step, 31 of bindingbuffer with 10pg/ml of carrier RNA ad 250uL 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 weyslusing 50QL of wash
buffer was performed. Then, 5Q0L of desulfonation buffewasloaded to the spin column and
incubated aR2°C. After 15 minutes of incubation, the cfDNA samples were washed twice with
the wash buffer. In order to rem®excess ethanol, the columngevplaced in a 5& heat
block. Finally, the bound bisulfite t&ed cfDNA were eluted twice from the spin columns using
the same 6QIL of elution buffer by centrifugation at 150009 for 1 minute. The eluted bisulfite
treated cfDNA samples were subsequently stored8€C until MS-gPCR ould be performed.
3.1.2.6 Methylation specific reattime PCR

Bisulfite treatedcfDNA samples were quantified BS-gPCR. The same methodology
found in sectior?.3.2.50f this thesis was carried outith a few differences. Firstinstead of
bisulfite treated gDNA fsm cells bisulfite treated cfDNA from plasma was quantified by -MS
gPCR. Second, the unknown andrmstard samples were quantifiedriplicate.
3.1.2.6.1 Controls for MS-gPCR

A negativecontrol, apositivecontrol and a no template control were included in every
run of the MSgPCR assay which consisted of WBC gDNA extracted from tonsil tsiaened
from pediatric noroncology patients post tonsillectongDNA from the human neuroblastoma
cell line called IMR32wasreceived as a giftom Dr. G. Reid (BritishCou mbi a Chi | dr en
Hospital Research Institutapd nuclease free water respectively. The positive and negative
control gDNA were extracted using thatomated Maxwell RSC instrument and its associated
Blood DNA kit from Promega by following the protocal the TM419 technical manu&.

Refer to sectior2.3.2.2for a brief summarySubsequently, nucleic acid concentrations were
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detemined using fluorometric quantifitan as per sectio.3.2.3 Then, bisulfite treatment of 2
pg of gDNA solutionswere performed using the Epitect Bisulfite kit from Qiagen by following
the protocols on pages-P® of the kit handbook! Refer to sectior?.3.2.4for a brief summary.
3.1.2.6.2 Standard curves for MSqQPCR

Two standard curves were prepared and used to determine the starting cfDNA
concentrations of the patient samples. One standard curvyereyssed using 4-fold serial
dilution of the455 GE/pLof bisulfite treated WBC gDNA extracted from tonsil tissue from
healthy children. The second standard curve was prepared usiioddas8rial dilution of the
303 GE/pL of bisulfite treated gDNA exitted from the IMR32 cell line. The nucleic acid
concentrations of the bisulfite treated WBC gDNA and the {B2RJDNA were determined
spectrophotometrically using the NanoDrop instrument from Thermo Fisher Scientific
(Massachusetts, USA). The NanoDroptiasient was set to measure RNA due to the
fragmented condition of the bisulfite treated gDNA solutions. For this method of quantification,
1 pL of nuclease free water was placed on the instrument and measured as the blank sample.
Next, 1L of the bisulfie treated WBC gDNA or the IMR2 gDNA were placed on the
instrument and read.
3.1.2.7 Statistical analysis

The same statistical analysis as found in se@iar?.6was performed except that the
data was expressed ag thverage standard deviation of the three gP@Rhnical replicates
since the experiment was only performed o#dso, graphs were created using GraphPad Prism

software from GraphPad Prism Incorporatiba (olla,California, USA).

43



3.1.3 Results

The study cotrt for the pre and post-GSF comparisoportionof this study was
composed of children with solid tumors who we
Patient diagnosis was determined by clinical pathologists using tumor biopsy samples.
Metastais 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 Bi@ssya
sampes beforeand after GCSF treatment were obtained fromd#ldrenfrom theBCCHB.
Patient characteristicare listed inTable3-1.The mean age olfi¢ patients at diagnosis was 5.4

years ¢d (range: 0.4 14.2 yeas old and the male to female ratio was 7:7.

Table 3-1 Patient charactetistics for the pre and post GCSF study

Days between pre and

Patient No. Diagnosis Sex Age post G:CSFsample
collection
1 rhabdomyosaoma 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 B ur klymphotina 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 carcinom 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 pre0SF and post &&€SF ranged from 7 days to 32 days.
Total cfDNA concentrations before and af@CSF treatment in pediatric solid tumor patients
are illustrated irFigure3-1 with the raw data found ifable3-2. Total cfDNA represents both
the normal cfDNA and tumor cfDNA moleculelable3-3 summarizes the number of days in
between relevant clinical events and sample collectdnsncrease in total cfDNA levels after
G-CSF treatment wasbserved irhalf of thechildrenstudied patient #1, 6, 8, 10, 113 and 14
The median total cfDNA leve before GCSF treatment was/80 GEml of plasma (range: 731
to 11a.36 GE/ml of plasma) which was higher than the median total cfDMdafter GCSF
treatment of 610 GEmI of plasma (range: 822 to 84 GE/ml ofplasma).

Normal cfDNA concentrations before and afteOSF treatment in pediatric solid tumor
patients are illustrated fRigure3-2 with the raw data founoh Table3-2. Normal cfDNA
represents the cfDNA with the unmethylaRRASSF1gromoter.The median normal cfDNA
levels before GCSF treatment waE936 GE/ml of plasma (rang&36to 23845 GE/ml of
plasma) which was comparable to the mediarmalcfDNA levels after GCSF treatment of
1962 GE/ml of plasma (rangd:99to 59880 GE/ml of plasma).

Out of thefourteenpatients studied, tumor cfDNA was detectediime patients using the
RASSF1lanethod.Tumor cfDNA concentrations before and afteCSF treatment in pediatric
solid tumor patnts are illustrated iRigure3-3 with the raw data found imable3-2. Tumor
cfDNA represents the cfDNA with the methylateASSF1gpromoter.The median tumor
cfDNA levels before @CSF teatment wa$778 GE/ml of plasma (range: 0 &2355GE/ml of
plasma) whictalthoughhigher tharthe median tumor cfDNA levels afteGSF treatment of
599GE/ml of plasma (range: 0 8277 GE/ml of plasmajvas not statisticallgifferent

(p=0.3438; Wilcoxon signed rank testOverall, it was observed that GSFis not associated
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with highertumor cfDNA posttreatmentIn thenine patients who had detectable tumor cfDNA,
a decrease in tumor cfDN#&ter GCSF administratiomas observeth patient# 2,4,7,8and 9
while patient# 1,3,11 and 1Bad constartumorcfDNA levels after GCSFtreatmentThere
were twooutstanding differensbetween thesevo patient populatios. The patients with
constant tumor cfDNA levels after-GSFtreatmentad lower averageéumor cfDNA levelg(pre
G-CSF:52versus 1890 GE/ml of plasma; post-GSF:71 versus 370 GE/ml of plasmagand
hadreceived, on averagkssdosage of chemotherapyean 0.75 days versus 5 days of
treatment)n between sample collections than the pasievith decreased tumor cfDNA post G

CSF treatment.
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Figure 3-1 Total cfDNA concentrations before and after GCSF treatment in pediatric solid tumor patients
Total cfDNA from the phsma of pediatric solid tumor patietisfore and after &€SF treatmenivere quantified via gPCR using the
RNA polymerase [IROLR2 genewithout prior PCR amplificationThe figure shows theean totatfDNA concentrations from
threetechnicalreplicatesalong with its associated standa&liation Total cfDNA represerstthe combined cfDNA from normal and
tumor cells.
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Table 3-2 Raw data for before and after GCSF treatment comparison of cfDNA levels

Total cfDNA NormalcfDNA TumorcfDNA
Patient _ _ Days (GE/ml of plasma) (GE/ml of plasma) (GE/ml of plasma)
" Diagnosis b/w
samples BEFORE AFTER BEFORE AFTER BEFORE AFTER
G-CSF G-CSF G-CSF G-CSF G-CSF G-CSF
1 rhabdomyosarcom 14 4781 + 290 5977+ 189 2098+ 407 2214+ 196 26+5 9+173
2 rhabdomyosarcom 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'slymphoma 22 1228 + 201 3524 + 484 864+ 117 1798+ 352 BLD BLD
7 neuroblastoma 20 61378 + 814 5417 + 280 17466+ 2236 2125+ 642 7295+ 119 599+ 186
8 neuroblastoma 17 14594 + D16 18432 + 205 1923+ 425 4861+ 410 6778+ 359 1671+ 183
9 neuroblastoma 7 110136 + 1839 30868 + P94 6728+ 424 6358+ 574 52355+ 3727 13277+ 1156
10 glioblastoma 19 3562 + 297 4750 + 496 1506+ 187 2653+ 67 BLD BLD
11 rhabdomyosarcom 11 5679 £ 561 13868 + P28 1949+ 134 4761+ 190 48 57+ 73
12 choroid plexus 5, 3655 + 1117 1474 + 288 2125+ 678 517+ 221 BLD BLD
carcinoma
13 rhabdoid tumor 14 53154 + 443 98754 + B82 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(731110136) 5610(82298754) 1936 (33623845) 1962(19959880) 6778(052355) 599 (013277)

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

# of days b/w
y Total # of Total # of
o o o~ o o 2 1= days of (éayésscl):f
Patient , . . B 0 N 3 P 0w S 23 g o |treatment | —=—==-
Diagnosis Disease outcome| () © @ 5 Q B L — B S T £ 5 . treatment
# r 05 3o 3o @ S ] © £ T 2 in b/w -
O EE = € £ = € o c 2 03 ] in b/w
- s ) ) SRe) S £ = 5 ® sample
286 £4 g5 g 3 S e B 2 % & | collection | Sample
=5 © © 3 © © 3 g collection
1 rhabdomyosarcomal 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 ymphoma 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 rhabdomyosarcomal under treatment | NPG 7 18 11 N/A N/A 1 5 1 1
12 choroid plexus in remission NPG 44 76 32 N/A 230 0 0 20 16
carcinoma
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 16 114 133 19 332 277 9 6 5 9
(range) (6-21) | (2-602) | (9-623) | (7-32) | (104-717) | (54-460) | (0-27) | (0-14) (0-20) (2-16)

N/A: Not applicable
NPT: No previous treatment
NPG: No previous GCSF treatment
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Figure 3-2 Normal cfDNA concentrations before and after GCSF treatment in pediatric solid tumor patients

cfDNA from the plasma of pediatric solid tumor patielmé$ore and aér GCSF treatmentvere treated with sodium bisulfite and the
normal cfDNA levels were determined wathylation specific quantitative PCRIS-gPCR) using the unmethylatddas associated
domain family member IRASSF1pgene.The figure shows themean nomal cfDNA concentrations frorthreetechnicalreplicates
along with its associated standalel/iation Normal cfDNA represents the cfDNA derived from normal cells.
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Figure 3-3 Tumor cfDNA concentrations before and after GCSF treatment in pediatric solid tumor patients
cfDNA from the plasma of pediatric solid tumor patielmé$ore and after @ SF treatmentvere treated with sodium bisulfite and the
tumor cfDNA levels were determideviamethylation specific quantitative PCRI$-gPCR) using the methylateRas associated
domain family member IRASSF1pgene.The figure shows theean tumocfDNA concentrations frorthreetechnicalreplicates
along with its associated standaleliaton. Tumor cfDNA represents cfDNA derived from tumor cells.
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Table3-4 outlines the results for the pre and posC6&F tumor cfDNA intefassay
coefficient of variation (CV) determination experiment of our study. The patientsiveded
into three broad categories: high tumor cfDNA levels, low tumor cfDNA levels and no
detectdle tumor cfDNA. The interun CV betweersix separate experiments for three patients
with high tumor éDNA levels was 15% anthe interassayCV for thetwo patients with low
tumor cfDNA levels was 137%.he tumor cfDNA levels for thewo patients with no detectable

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

High tumor cfDNA

Low tumor cfDNA

No detectable tumor

cfDNA

Patient 2 4 1 12 14
Pre or Post GCSF Pre Post Pre Post Pre Post Pre | Post | Pre Post | Pre | Post | Pre | Post
1 15689 | 4831 | 8834 | 1471 | 52355 | 13277 26 9 20 3 BLD | BLD | BLD | BLD
2 2 19089 | 5234 | 10455 | 1642 | 5225 | 17694 | BLD | BLD 61 48 BLD | BLD | BLD | BLD
E 3 18330 | 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
u% 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 eacleipateceived around the time of
sample collectionare found inFigure3-4 until Figure3-17. Unfortunately due to logistics of
patient sample collection,substantiahumber of patients (patie#tl, 2, 3, 4, 5, 10, 13 drl4)
had received prior @ SF treatment as part of their chemotherapy cycles before the @8F~G

blood sample was collected (range 6 days to 21 days).

54



Figure 3-4 Timeline of clinical treatment for patient 1
A timeline summarizing important treatment procedures around the time of the sample collections for Jdteret\iere 14 days in

between the pre and post@SF sample collections in which the patient received 1 day of chemotherapy and 7 d&@ySkf G
treatment. The patient also receivedCSF 14 days before the pre@sF sample was collected. The patient has since succumbed to

the disease.
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