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ABSTRACT 
 
Background: Cell-free DNA (cfDNA) from tumors can be found in the blood of cancer 
patients. The clinical significance of these circulating nucleic acids is uncertain. The 
effects of chemotherapy on cfDNA is also not well understood, although tumor lysis may 
cause significant alterations in the cfDNA profile that could eventually translate into 
genomics-based blood tests for predicting treatment responses in cancer. Based on this 
premise, a pilot study was conducted testing the hypothesis that an increase in plasma 
cfDNA levels accompanies chemotherapy exposure.  To explore the use of cfDNA 
profiling as a potential diagnostic complement to in-vivo molecular imaging, this pilot 
study was incorporated into a clinical trial of 18F-fluorocholine positron emission 
tomography (FCH PET) for assessing chemotherapeutic response in hormone refractory 
prostate cancer (HRPC).  
 
Methods: Eight patients with HRPC receiving docetaxel chemotherapy were recruited.  
Blood samples were obtained on the day of whole-body FCH PET imaging performed 
prior to chemotherapy, and after the first and third treatment cycle. DNA  was extracted 
from plasma and quantified by real-time quantitative PCR of genomic ALU repeats using 
a 115bp amplicon. Size distribution of DNA fragments was analyzed by capillary 
electrophoresis.  The methylation status of two genes implicated in prostate cancer; 
GSTP1 and RARB2, was examined by PCR using primers for both methylated and 
unmethylated bisulfite converted sequences.   
 
Results:  Mean cfDNA levels increased significantly from a pre-chemotherapy level of 
13.3 ng/ml to 46.8 ng/ml after the first chemotherapy cycle and 50.9 ng/ml after the 3rd 
chemotherapy cycle (ANOVA p=0.001). Plasma cfDNA fragments at baseline ranged in 
size from 160-180bp, consistent with DNA from apoptosis.  Samples collected after 
chemotherapy showed additional cfDNA fragments ranging in size from 200bp-7kbs, 
suggesting DNA contributed by necrotic cells.  All baseline samples demonstrated 
hypermethylation at GSTP1 or RARB2 suggesting that at least some DNA was of tumor 
origin. Treatment was associated with loss of GSTP1 or RARB2 methylation in 4/8 
patients.  Normalized plasma cfDNA level and mean tumor SUVmax were significantly 
correlated (r=-0.50, p=0.01) and lower cfDNA levels at baseline were associated with 
significant tumor metabolic responses on FCH PET after the 3rd chemotherapy cycle 
(8.0 ng/ml of cfDNA in PET responders vs. 16.4 ng/ml in PET non-responders, p=0.03).  
 
Conclusions: Exposure to docetaxel appears associated with quantitative and 
epigenetic changes in the plasma cfDNA of patients with HRPC.  Preliminary findings 
support a relationship between cfDNA levels and tumor activity on FCH PET 
encouraging further exploration of these molecular markers as potential complementary 
measures of chemotherapeutic response.   
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PREFACE 

 

 Patient-individualized approaches to cancer treatment are potentially realizable 

with the advent of highly-sensitive and minimally-invasive techniques for molecularly 

characterizing malignant tumors (molecular imaging, expression analysis, gene 

sequencing, epigenetics).  Since blood is a readily-obtained biospecimen, it would be 

particularly advantageous to characterize the molecular alterations in tumors affecting 

each individual cancer patient using blood samples.  To this end, feasibility has recently 

been demonstrated for applying molecular-driven techniques to isolate and characterize 

tumor-derived cell-free DNA (cfDNA) from the circulation.   

 To preliminarily investigate the clinical relevance of cfDNA analysis in the 

management of advanced prostate cancer, I assembled a multidisciplinary team to 

establish methods for cfDNA isolation and analysis in our laboratories.  We obtained 

blood samples from patients taking part in my on-going clinical trial (NCT00928252, 

www.clinicaltrials.gov) evaluating fluorine-18 fluorocholine positron emission tomography 

(FCH PET) imaging as a measure of effectiveness for chemotherapy treatment of 

hormone-refractory prostate cancer.  The following aims were then pursued: 1) 

incorporate contemporary polymerase-chain reaction-based approaches to characterize 

serial cfDNA samples from patients with advanced prostate cancer receiving docetaxel-

based chemotherapy, 2) perform epigenetic analysis to identify potential markers of 

response while supporting the tumor-origin of the cfDNA, and 3) correlate the results of 

cfDNA analysis with the results of FCH PET  to explore the complementary diagnostic 

value that may exist between these distinct molecular approaches.  The translational 

goal is to align multiple molecular analytic and diagnostic approaches along a common 

clinical strategy that will support patient-individualized treatment of cancer.  
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CHAPTER 1:  INTRODUCTION 

Extracellular deoxyribonucleic acids (DNA) of tumor origin can be found in the 

circulation of patients with cancer1, 2.  However, the clinical relevance of this circulating 

cell-free DNA (cfDNA) remains uncertain.  While it has been proposed that elevated 

levels of cfDNA in cancer patients are the result of increased tumor cell turnover, other 

explanations, including the active secretion of DNA by cancer cells, have not been ruled 

out 3, 4. Investigations into changes taking place in the cfDNA profile of patients exposed 

to cytotoxic agents may enhance our understanding of the etiology of this circulating 

genetic material, and potentially lead to the development of novel molecular assays for 

guiding cancer treatment. 

Prostate cancer is the second leading cause of cancer death in men behind lung 

cancer.  We conducted a pilot study to investigate the potential clinical relevance of 

cfDNA in patients with advanced prostate cancer receiving chemotherapy.  The use of 

chemotherapy to prolong surivival in prostate cancer is a recent advance in clinical 

oncology, based on the results of two clinical trials published in 2004 demonstrating a 

survival benefit in hormone-refractory prostate cancer (HRPC) treated with docetaxel-

based chemotherapy 5, 6.  Unfortunately, the survival benefits demonstrated in these 

trials were small, on the order of several months.  Therefore, there are continued efforts 

to develop better agents, including molecularly-targeted agents which could be used 

alone or in combination with chemotherapy to further improve outcomes in HPRC.  

Along with the advent of chemotherapy for HRPC, there has been increasing 

recognition of the difficulty associated with predicting how patients with advanced 

cancers will respond to treatment.  Although useful as a long-term biomarker of 

progression, prostate specific antigen (PSA) levels measured acutely have not proven 

predictive of chemotherapeutic outcome, with approximately half of docetaxel 
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responders in HRPC clinical trials showing no significant decline in PSA initially 5, 6.  

Because the overall survival benefit of chemotherapy is small in HRPC, there are 

concerns that chemotherapy is being given to a substantial number of patients who may 

fail to realize any benefit.  It would therefore be advantageous for there to be a “real-

time” marker of chemotherapy response so that those in whom the chemotherapy is 

ineffective can be spared the hazards of further treatment.  Early identification of 

treatment non-responders would also allow alternative agents to be tried.  Furthermore, 

the ability to measure tumor responses in a timely fashion could be an accelerant for 

drug development. 

Along these lines, we are evaluating fluorine-18 fluorocholine positron emission 

tomography / computed tomography (FCH PET/CT), as a means of whole-body 

molecular imaging for assessing metastatic tumor responses following chemotherapy 

treatment of HPRC.  FCH is an investigational radiopharmaceutical analog of choline 

that can be used to measure tissue choline phospholipid synthesis in vivo.  Interest in 

this investigational diagnostic imaging agent for cancer is based on the observation of 

upregulated phosphocholine metabolism in many types of cancer as another potential 

hallmark of malignancy 7, 8.  Incorporating a pilot study analysis of cfDNA into this PET 

imaging study of HPRC allows for a novel exploration of the potential diagnostic synergy 

between these distinctly different molecular markers, while also determining the 

feasibility of using whole-body FCH PET/CT imaging to annotate prostate cancer 

metastases as the source of cfDNA. 
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CHAPTER 2:  METHODS 

PATIENT SELECTION 

 Eight patients scheduled to receive docetaxel as chemotherapy for HRPC were 

enrolled.  Eligibility for this pilot study required clinical confirmation of HRPC determined 

on the basis of two consecutive rises in PSA levels measured at greater than 1 week 

apart while receiving treatment with an anti-androgen (eg. bicalutamide) plus luteinizing 

hormone-releasing hormone (LHRH) agonist for at least 3 months duration.  A 

testosterone level of < 50 ng/ml at the time of PSA measurements was performed to 

confirm biochemical castrate status.  Chemotherapy treatment was initiated within 30 

days of enrollment.  The study was approved by Institutional Review Board and all 

patients gave written informed consent to participate. 
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CELL-FREE DNA ANALYSIS 

Blood Specimen Collection 

 Blood samples for cfDNA analysis were collected at baseline prior to 

chemotherapy, and after the first and third treatment cycle.  Treatment regimens were 

based on published clinical trial protocols 5, 6.  However, final decisions regarding the 

dose and timing of all treatments rested on the discretion of the patient’s medical 

oncologist.  All samples were collected by a trained phlebotomist using an IV Vacutainer 

system.  To avoid the possibility of genomic DNA contamination due to a skin plug at the 

moment of venipuncture, 5 to 10ml of blood was first collected in a separate vial and 

sent to a central laboratory for PSA level determination.  A specialized collection vial 

(Cell-Free BCT, Streck, Inc., Omaha, NE) was then used to collect 10ml of blood for the 

study.  These vials contained preservatives to specifically inhibit degradation of cfDNA 

by plasma nucleases and prevent the release of cellular genomic DNA from nucleated 

blood cells.  

Plasma Separation and DNA Extraction 

 Plasma and the buffy coat were separated by centrifugation at 1,600g for 10min.  

DNA was extracted from plasma using the QIAamp Circulating Nucleic Acid Kit 

(QIAGEN Inc., USA, Valencia, CA). Additional aliquots were frozen at -80 degrees 

Celsius and stored for future analysis.  The protocol for biospecimen processing is 

illustrated in figure 1. 
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FIGURE 1 

 

Figure 1.  Plasma Sample Preparation Protocol 

 

Plasma       1 ml               4-5 ml   

Extraction by 
Qiagen Circulating 
Nucleic Acid Kit 

Freeze at -80 in 
4-5 1ml aliquots 

Bioanalyzer analysis 
Sizing range 50bp -7kbp 
Quantitative range 5-500 pg/ul

Blood (10ml) in cfDNA tube 
Centrifuge 10min at 1,600g 

Thaw and Extract

Quantification by real-time quantitative 
PCR and Methylation analysis by 
methylation sensitive-PCR 
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Quantitative Real-time PCR 

 The ALU repeat is the most abundant repeated sequence in the human genome 

with an estimated 1.4 million copies per genome, affording a high sensitivity for DNA 

detection and quantification when used as the target for for PCR based amplification 9.  

A 115bp amplicon was selected and used for real-time quantitative PCR (qPCR) of 

genomic ALU repeats.  The sequence of the forward and reverse primers were 5’-

CCTGAGGTCAGGAGTTCGAG-3’ AND 5’-CCCGAGTAGCTGGGATTACA-3’ 

respectively.  Real-time PCR amplification was performed with a precycling heat 

activation of DNA polymerase at 95◦C for 10 min, followed by 45 cycles of 

denaturation at 95◦C for 30 sec, annealing at 64◦C for 30 sec, and extension at 72◦C for 

30 sec using the ABI 7900HT system (Applied Biosystems, Foster City, CA). The 

absolute equivalent amount of DNA in each sample was determined by a standard curve 

with serial dilutions (1 ng to 0.01 pg) of purified DNA obtained from peripheral blood from 

a healthy volunteer. This relatively short amplicon was selected to allow truncated DNA 

(typical size range 180-200bp) from apoptotic cells to be detected 10, 11.  Quantitative 

results were expressed as nanograms of DNA per milliliter of plasma (as derived from a 

standard curve).   

DNA Fragment Length Analysis  

 Capillary electrophoresis using the Agilent 2100 Bioanalyzer and High Sensitivity 

DNA Chips (Agilent technologies Inc., Palo Alto,CA) was performed to assess DNA 

fragment length.  Quantification results were also obtained from the Bioanalyzer 

analysis.  The DNA fragment length analysis was based on manufacturer recommended 

protocol and allows for a sizing range between 50 and 7000 base-pairs. 
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Methylation Specific PCR 

 Methylation specific PCR (MSP) was performed to evaluate two tumor 

suppressor genes reported to be frequently hypermethylated in prostate cancers: 

GSTP1 (glutathione S-transferase1) and RARB2 (retinoic acid receptor beta-variant 2) 

12-14.  Sodium bisulfite treatment of genomic DNA using the EZ DNA Methylation-Direct 

Kit (Zymo Research, Irvine, CA) was followed by MSP and Unmethylation-Specific PCR 

(USP).  Methylation (M) and unmethylation (U) specific primers used to amplify and 

detect methylated and unmethylated DNA were: GSTP1, (M) F-

TTCGGGGTGTAGCGGTCGTC and R-GCCCCAATACTAAATCACGACG, (U) F-

GATGTTTGGGGTGTAGTGG; RARB2, (M) F-GAACGCGAGCGATTCGAGTand R-

GACCAATCCAACCGAAACG, (U) F-GGATTGGGATGTTGAGAATGT and R-

CAACCAATCCAACCAAAACAATTGTT and R-CCACCCCAATACTAAATCACAACA. 

We carried out PCR after optimizing annealing temperatures for each primer set (60 °C 

for RARB2 and GSTP11ul of bisulfite converted DNA was used for MSP and USP).  An 

initial 10-minute incubation at 95 °C was followed by 45 cycles of denaturation at 95 °C 

for 30 s, annealing for 30 s, and extension at 72 °C for 30 s, and a final hold for 10 min 

at 72 °C.  Genomic DNA extracted from the buffy coat DNA of each patient served as 

the negative control for methylation analysis.  
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POSITRON EMISSION TOMOGRAPHY 

Radiopharmaceutical Synthesis 

 Radiopharmaceutical-grade FCH was synthesized in accordance to an 

Investigational New Drug application by fluorination of ditosylmethane with fluorine-18 

followed by alkylation of the fluorotosylmethane intermediate with dimethylethanolamine 

using a chemical process control unit (CTI/Siemens CPCU, CTI/Siemens, Knoxville, TN) 

15.  All synthesis products passed standard assays for radiochemical purity, radionuclidic 

identity, chemical purity, and pyrogenicity prior to injection.  Radiochemical purity was 

greater than 99%.   

PET/CT Imaging 

 PET combined with in-line computed tomography (CT) was performed using a 

Philips Gemini TF-64 PET/CT scanner (Philips Healthcare, Andover, MA).  A CT 

transmission scan was first performed in the supine position from the pelvis to the skull.  

The 64-channel helical CT scanning parameters were: 120 kV, 50 mA/slice, rotation time 

0.75 sec, slice thickness/interval 5.0mm. No intravenous contrast was used for CT.  At 

approximately 12-15 minutes after intravenous injection of 2.6 MBq/kg (0.07 mCi/kg) of 

FCH, emission scans were acquired from mid-thigh to skull over 9-11 bed positions at 2-

minutes per bed position.  Image reconstruction employed a list-mode version of a 

maximum likelihood expectation maximization algorithm.  CT data was used for 

attenuation correction.   
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Image Analysis 

 The PET/CT images were examined visually by a board-certified nuclear-

medicine physician (SK) experienced in visual interpretation of FCH PET/CT images of 

prostate cancer patients 16-18.  Focal areas of increased FCH uptake identified on the 

PET images were categorized based on CT localization to a visceral organ (including 

prostate), lymph node, or skeletal structure (Figure 1).  The finding of increased uptake 

in inguinal or axillary nodes was an exception to this criteria given that increased uptake 

in benign superficial lymph nodes is known to be a possibility with FCH 19.  Two-

dimensional region of interest (ROI) anlaysis was performed on each visually identified 

lesion, to measure and record the maximum standardized uptake value (SUVmax) 

corresponding to each lesion.  For each image pixel, an SUV is defined as the measured 

pixel activity divided by the injected radioactivity normalized to body weight.   For each 

patient, the presence of a response on FCH PET/CT was then determined using criteria 

adapted from the PET Response Criteria in Solid Tumors (PERCIST) 20.  A > 30% 

decline in mean lesion SUVmax across all lesions between the base FCH PET/CT scan 

and the scan performed after the 3rd chemotherapy cycle was defined as a positive PET 

response. 



17 

STATISTICAL METHODS 

 Data analysis was performed using JMP 8.0 (SAS Institute).  To achieve a 

normal distribution of the data, a logarithmic transformation was applied to mean tumor 

SUVmax, PSA values, and cfDNA quantities.  However, untransformed values are given 

for reporting purposes.  A scatterplot matrix was generated and the potential 

associations between cfDNA level (ng/ml), mean tumor SUVmax, and PSA level (ng/ml) 

were examined by correlation analysis.  Mixed-model ANOVA was used to assess the 

significance of change across multiple timepoints.  A 2-tailed p-value less than 0.05 

defined statistical significance. 
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CHAPTER 3:  RESULTS  

SUBJECT CHARACTERISTICS 

 All patients were found to have testosterone levels of < 50 ng/ml at enrollment, 

consistent with chemical castration resulting from current anti-androgen therapy.  All 

patients met criteria for the diagnosis of HRPC on the basis of two consecutive 

increases in PSA level while on anti-androgen therapy. The patient characteristics at 

enrollment and follow-up PSA values are summarized in Table 1.  There were no 

significant differences between PSA levels measured prior to chemotherapy initiation, 

after the 1st cycle, and after the 3rd cycle. Patients 5 and 8 underwent radical 

prostatectomy as initial treatment for prostate cancer but had experienced subsequent 

metastatic recurrences leading to HRPC.  The remaining patients had metastatic 

disease at clinical presentation requiring hormonal and subsequently anti-androgen 

therapy.  These patients did not undergo primary treatment at the time of initial 

diagnosis, although patient 1 received radiation therapy to the prostate and pelvis 

approximately 1 year prior to enrollment, and patients 4 and 6 received radiation therapy 

for bone symptom palliation approximately 1 month before enrollment.  Patient 5 

received radiation therapy for bone symptom palliation immediately before receiving the 

3rd chemotherapy cycle.   
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TABLE 1 

 

Patient ID Age (yrs) Duration of 

prior 

hormonal 

treatments 

(months) 

Baseline 

PSA at 

enrollment 

(ng/ml) 

PSA after 1st 

chemotherapy 

cycle 

PSA after 3rd 

chemotherapy 

cycle 

1 72 12 39.3 8.1 12.4 

2 82 15 17.4 10.6 1.7 

3 62 >36 25.6 19.0 5.4 

4 69 >36 528.6 559.8 318.2 

5 84 15 28.1 110.0 182.0 

6 78 13 44.9 38.6 21.9 

7 76 >36 18.1 20.4 15.4 

8 60 20 28.0 24.4 15.0 

 

Table 1.  Patient Characteristics and Serial PSA Measurements 
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CELL-FREE DNA QUANTIFICATION 

 The PCR efficiency of the 115bp ALU amplicon was confirmed at 94% by 

standard curve analysis using serial dilutions of genomic DNA from 1ng to 0.01 pg 

(Figure 2).  Mean cfDNA levels based on qPCR increased from a pre-chemotherapy 

level of 13.3 ng/ml to 46.8 ng/ml after the first chemotherapy cycle and 50.9 ng/ml after 

the 3rd chemotherapy cycle (ANOVA p=0.001) (Figure 3).   On pairwise testing, the 

changes in log cfDNA concentration from baseline measured after one and three 

chemotherapy cycles were significant (p=0.02 and p=0.003, respectively on paired t-

tests).  There was a mean 5-fold mean increase after the first chemotherapy cycle and a 

mean 4.7-fold increase after the third chemotherapy cycle (Figure 4).  Correlation 

analyses between log transformed data revealed significant correlations between cfDNA 

concentration and mean SUVmax (r=--0.50, p=0.01) and between PSA and mean 

SUVmax (r=0.61, p=0.002) (Figure 5).  No significant correlations were noted between 

cfDNA and PSA levels. 
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FIGURE 2 

 

 

Figure 2.  Standard PCR Curve for ALU 115bp Amplicon.  Generated with serial 

dilutions (1ng to 0.01pg) of genomic DNA.  
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Figure 3:  Plot of cfDNA concentrations at Different Chemotherapy Timepoints.  

Mean concentrations are indicated by green line.  Timepoints correspond to pre-

chemotherapy (1), after the 1st chemotherapy cycle (2), and after the 3rd chemotherapy 

cycle (3).   

PCR efficiency : 94%
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FIGURE 4 
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Figure 4.  Patterns of change in cfDNA levels over time during the course of 

docetaxel-based chemotherapy.  Timepoints correspond to pre-chemotherapy 

(1), after the 1st cycle (2), and after the 3rd cycle (3).   
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FIGURE 5  

 

Figure 5.  Scatterplot Examination of Correlation Between Mean Tumor SUVmax, 

cfDNA Concentration, and PSA. 
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DNA FRAGMENT LENGTH ANALYSIS 

 The majority of specimens contained DNA in a size range of 160-180bp that was 

consistent with digested DNA released from apoptotic cells.  Samples collected after the 

first chemotherapy cycle from patients 1 and 2 showed additional DNA fragments 

ranging in size from 200bp to 7kb suggesting that this was a mixture of DNA derived via 

apoptotic and necrotic mechanisms (figure 6).  The cfDNA concentrations determined by 

ALU qPCR were moderately correlated with concentrations obtained by Bioanalyzer 

analysis (Pearson correlation 0.58, p-value=0.004). 

FIGURE 6 

 

Figure 6.  Capillary electrophoresis analysis of cfDNA fragment length.  DNA 

concentrations estimated using the 2100 Bioanalyzer are shown below each lane.  

Samples were obtained prior to chemotherapy (timepoint 1) and after the 1st 

chemotherapy cycle (timepoint 2).  Samples obtained at timepoint 2 from patients 1 and 

2 contained substantially larger DNA fragments with a size range of 200bp-7kbp (red 

arrows) consistent with necrosis as a source of cfDNA in these samples.  

(ng)       9      45           3      32          26     26           16      40          19     32            7        7          22      14       2         11       

                1      2             1        2            1      2              1       2           1        2           1        2            1        2          1       2

Patient 1       Patient 2       Patient 3           Patient 4        Patient 5       Patient 6        Patient 7     Patient 8

b

timepoint 
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EPIGENETIC ANALYSIS 

 

Methylation assay controls were performed using methylated and unmethylated DNA 

samples (Figure 7).  The plasma cfDNA samples from 2 patients demonstrated 

methylation at both GSTP1 and RARB2.  Methylation at only RARB2 was demonstrated 

in one patient, and at only GSTP1 in 5 patients.  Baseline DNA extracted from nucleated 

blood cells from the same patients were unmethylated, supporting that at least some 

cfDNA from all samples were of malignant tumor origin. Loss of methylation at either 

GSTP1 and RARB2 after chemotherapy was observed in patients 1, 2, 4, and 7 (Figure 

8). This loss of methylation was not associated with significant differences in the PSA 

level or change in PSA at different timepoints. 

FIGURE 7 

 

 

Figure 7: Controls of methylation assay of cfDNA for GSTP1 and RARB2.  1: Fully 

methylated DNA, 2: Fully unmethylated DNA,  Me: Methylation assay, Un: 

Unmethylation assay). 
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FIGURE 8 

 

Figure 8.  Methylation assay results for cfDNA-associated GSTP1 and RARB2.  

Plasma cfDNA samples from 2 patients demonstrated methylation at both GSTP1 and 

RARB2; one at RARB2 only and 5 at GSTP1 only (at baseline and/or after 

chemotherapy) suggesting tumor origin of the cfDNA. The buffy coat DNAs from same 

patients studied at baseline were unmethylated.  

+  Methylation         -  Unmethylation 
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PET IMAGING 

There was a weak but statistically significant correlation between the number of 

abnormalities detected on FCH PET/CT and PSA level (r=0.46, p=0.02).  Mean tumor 

SUVmax decreased from a baseline of 6.8 to 6.1 after the 1st chemotherapy cycle and to 

4.7 after the 3rd chemotherapy cycle (Figure 9).  The overall difference in mean tumor 

SUVmax across timepoints was not statistically significant on the basis of ANOVA 

(p=0.13).  However, paired testing between individual timepoints detected a significant 

decrease in mean tumor SUVmax from baseline to after the 3rd chemotherapy cycle 

(p=0.0004) and between the timepoints after the 1st and 3rd chemotherapy cycles 

(p=0.003).  A significant PET response (>30% mean tumor SUVmax decrease across all 

metastases) was noted in patients 1, 2, and 8 (Figure 10).  Notably, patients 1 and 2 

also exhibited the largest fold-increases in cfDNA levels.  Large necrotic DNA fragments 

were also specifically found in the post-chemotherapy samples of these two patients.   

Lower baseline plasma cfDNA level was associated with significant tumor 

metabolic responses on FCH PET after the 3rd chemotherapy cycle, defined as a >30% 

decline in mean tumor maximum standardized uptake value (SUVmax) (8.0 ng/ml of 

cfDNA in PET responders vs. 16.4 ng/ml in PET non-responders, p=0.03) (Figure 11).  

There were no significant differences in PSA levels and changes in PSA levels (after 

both the first and 3rd cycles of chemotherapy) between PET responders and non-

responders.  The longitudinal changes in cfDNA and mean tumor SUVmax are 

summarized in Table 2. 
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TABLE 2 

  

Patient Baseline 

cfDNA 

level 

(ng/ml) 

Fold 

Change 

in 

cfDNA 

After 1 

Cycle 

Fold 

Change 

in 

cfDNA 

After 3 

Cycles 

Change 

in Mean 

Tumor 

SUVmax 

After 1 

Cycle 

Change 

in Mean 

Tumor 

SUVmax  

After 3 

Cycles 

Sites of 

Malignancy 

Identified 

on FCH 

PET/CT 

1 8 6.6 11.3 -18% -42% S 

2 7 21.2 8.5 -48% -66% S 

3 19 1.9 0.8 11% -24% S 

4 14 1.6 4.7 -9% -24% S, L 

5 14 3.3 3.8 -3% -23% S 

6 10 1.2 2.3 3% -29% S 

7 25 1.0 2.6 2% -7% S, P 

8 9 3.0 3.5 -34% -37% L 

Table 2:  Chemotherapy Associated Fold Changes in cfDNA concentration and 

mean % Changes in Tumor SUVmax.  For malignant sites identified by FCH PET/CT, 

S=skeletal system, L=lymph nodes, V=visceral, and P=prostate. 
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FIGURE 9 

 

Figure 9.  Change in Mean Tumor SUVmax with Chemotherapy.  Timepoints 

correspond to pre-chemotherapy (1), after 1 chemotherapy cycle (2), and after 3 

chemotherapy cycles (3).   
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FIGURE 10 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.  Example of FCH PET/CT of Metastatic Prostate Cancer.  Prior to 

chemotherapy, the FCH PET/CT image (Figure 1A) demonstrates 7 metabolically active 

skeletal metastases involving multiple thoracic and lumba vertebrae (arrows).  After the 

3rd cycle of chemotherapy, FCH PET/CT scan performed subsequently (Figure 1B) 

demonstrates persistently elevated activity in only 4 of the 7 previously identified 

metastases (arrows).  A greater than 30% mean decrease in the measured activity of all 

metastases was classified as a positive PET response.  
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FIGURE 11 

 

Figure 11.  Boxplot of cfDNA concentration by PET response. 
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CHAPTER 4:  DISCUSSION 

The presence of free nucleic acids in the peripheral blood was first reported in 

1948 by Mandel and Metais, preceding by a few years the landmark discovery of the 

molecular structure of DNA by Watson and Crick 4.  It took almost three decades until 

this finding was also reported in cancer patients by Leon et al 1.  Although it was not 

possible to confirm the tumor origin of cfDNA in cancer using techniques available at the 

time, notable observations made by these investigators were higher cfDNA levels in 

patients at more advanced stages of cancer, and a decrease in these levels following 

successful anti-cancer therapy.  It was only in the late 1980s and early 90s that 

substantial proof of the tumor origin of cfDNA in cancer patients was provided on the 

basis of recently developed molecular assays capable of detecting alterations such as 

oncogene mutations and microsatellite instability in cfDNA 2, 11, 21-25. 

PCR-based approaches for characterizing the genome, along with recently 

developed molecular imaging techniques for visualizing tumor biochemical and 

molecular processes in-vivo, are recent examples of the unprecedented capabilities at 

hand for molecularly characterizing  tumors in a minimally invasive manner.  With large 

investments being made in pharmaceutical development pipelines for target-specific 

anti-cancer agents, it has become desirable to have available minimally-invasive assays 

that could potentially serve as the basis of drug selection by identifying the specific 

molecular targets in tumors afflicting each individual cancer patient.  The analysis of 

cfDNA as a source of genetic information for serial tumor assessment is particularly 

attractive for this role given that tumor biopsy is often impractical to perform on a 

longitudinal basis in the clinical setting, especially in patients with metastatic disease.  

With the advent of chemotherapy that can prolong the survival of patients with prostate 

cancer, we sought to preliminarily examine changes in the cfDNA profile (in terms of 
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quantity as well as fragment length distribution) that could potentially be the result of 

chemotherapy-induced tumor cell lysis.  The integration of this pilot study with an on-

going clinical trial of an investigational form of PET imaging (being tested as an imaging 

marker of prostate cancer treatment response) allowed changes in whole-body tumor 

metabolic activity to be correlated with the results of cfDNA analysis. 

 Using qPCR of repeated ALU sequences as a highly sensitive means of DNA 

detection and quantification, we noted a significant increase in the levels of plasma 

cfDNA after both the first and third cycles of chemotherapy.  Not surprisingly, these 

changes in cfDNA level did not correlate with changes in the PSA level, since PSA is 

produced but not necessarily stored in large amounts by prostate cancer cells 30.  In 

contrast, the release of nuclear DNA in into the circulation may conceivably follow any 

event leading to cell lysis, including the exposure of sensitive tumor cells to cytotoxic 

chemotherapeutic agents.  The finding of large DNA fragments (in the range of 200bp – 

7kbp) in several of the post-treatment samples in this study supports cell lysis as the 

mechanism underlying the increase in cfDNA levels observed after chemotherapy 

initiation.  In contrast, cfDNA arising from apoptotic cells have been shown to be smaller 

than 200bp in length due to their digestion by apoptosis-associated endonucleases11.  A 

similar increase in the amount of large non-apoptotic cfDNA fragments has also been 

reported following neo-adjuvant chemotherapy treatment of breast cancer 10.  The 

mechanism of action of docetaxel as a microtubule inhibitor is consistent as a cause of 

cell lysis that may lead to an increase in both cfDNA amount and size.  However, these 

findings amount to a proof of concept, and additional studies will be needed to determine 

the potential clinical prognostic relevance of these changes in chemotherapy-treated 

prostate cancer. 

 In order to explore potential clinical applications of cfDNA profiling, further work is 

needed to identify the optimal techniques for reliable quantification and characterization 
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of cfDNA.  Currently, there is little consensus on approaches for characterizing tumor-

derived cfDNA 31-36.  Issues that must be dealt with before standardization can occur 

include the lysis of nucleated blood cells leading to contamination by cellular genomic 

DNA, and nucleic acid degradation over time related to serum nuclease activity 19-21. The 

use of collection vials designed specifically to address these issues, as used in this 

study, should hopefully help improve standardization efforts.   While PCR based on ALU 

repeats affords a high level of sensitivity for DNA detection and quantification, alternative 

targets for PCR quantitation based on a single-copy gene could conceivably be more 

directly related to the magnitude of tumor burden, or cell-kill in the case of post-treatment 

cfDNA measurement.  For example, PCR-based cfDNA quantitation using single copy 

genes such as hTERT have already been used in studies of lung cancer 37.  It is worth 

pointing out that a limitation of any PCR-based quantitation method is that it can only 

quantify amplifiable DNA, while older methods (eg. spectrophotometry) may detect all 

DNA fragments, but with less sensitivity.  These points underscore the need for further 

research to identify an optimal cfDNA quantitation scheme for clinical applications.  

The methylation of cytosines at CpG islands contained in the 5’ region of genes 

is known to be an important controller of gene expression.  These so-called epigenetic 

alterations are observed with great frequency in cancer, and are recognized as a cause 

of tumor suppressor gene silencing that may lead to classic tumorigenic phenomenon 

such as altered signal transduction and loss of apoptotic signaling 38, 39.  

Hypermethylated promoter regions at GSTP1 and RARB2 are among the most 

frequently found epigenetic alterations in prostate cancer 13, 14, 40.   In this study, 

increased methylation at GSTP1 and/or RARB2 was detected in the baseline plasma 

cfDNA samples of each patient, providing evidence that at least some of the cfDNA 

obtained in this study was tumor-derived.  In 4/8 patients, there was a change in the 

promoter methylation status after the first cycle of docetaxel chemotherapy.  Several 
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hypotheses may explain this observation.  First, docetaxel exposure may have caused  

the demethylation of these gene promoter regions directly.  The demethylation of gene 

promoters has been proposed as a potential strategy against cancer.  However, DNA 

demethylation is not known to be a primary mechanism of action for docetaxel.  Thus, 

this appears to be an unlikely explanation for the methylation changes observed in this 

study. Another potential hypothesis is that cells exhibiting GSTP1 or RARB2 

hypermethylation are more sensitive to the chemotherapy, leading to the preferential 

destruction of a hypermethylated tumor cell sub-population.  In support of this 

hypothesis, other gene methylation patterns have been associated with increased 

sensitivity to taxanes in both endometrial and cervical cancer41, 42, and various 

methylation changes have also been found to be associated with response to docetaxel 

in breast cancer43, 44.  Although notably, one study of breast cancer patients reported no 

association between GSTP1 methylation status and primary tumor response to 

docetaxel45.  A third hypothesis to explain the DNA methylation changes in this study is 

that the majority of tumor cells were eliminated after the 1st chemotherapy cycle and that 

the cfDNA found in subsequent samples were derived from non-tumor cells.  This 

hypothesis engages the possibility that increases in cfDNA could also be a reflection of 

normal tissue toxicity, given that docetaxel may cause side effects to normal tissues (eg. 

hemotoxicity) that may result in the lysis of rapidly dividing normal cells. However, it 

appears somewhat doubtful that all cfDNA producing tumor cells would be eliminated 

after just one dose of docetaxel (which is given once every 3-4 weeks in a typical 

treatment cycle for HRPC).  Additional studies in chemotherapy treated cancer patients 

will be needed to properly test these hypotheses, with such studies potentially benefiting 

from recently introduced genome-wide methylation assays that may allow for more 

global assessments of epigenetic targets in cancer. 
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In addition to significant changes in the cfDNA profile after chemotherapy, a 

significant change in overall tumor metabolic activity measured by FCH PET/CT was 

detected after the 3rd chemotherapy cycle.  In exploratory analyses, mean tumor 

SUVmax correlated significantly with both cfDNA concentration and PSA level, 

supporting a possible interrelationship between these potential measures of 

chemotherapeutic response.  A lower baseline cfDNA concentration was also associated 

with a PET response measured after the 3rd chemotherapy cycle, lending further support 

to the possibility that information contained within the cfDNA profile may aid in predicting 

metabolic outcomes related to chemotherapy.  In addition, the feasibility of identifying 

potential tumor sources of cfDNA was shown on the basis of FCH PET/CT imaging, with 

significant changes in cfDNA levels observed in both the patients with PET-confirmed 

bone-dominant metastases as well as those with lymphotrophic-predominant 

metastases.  Thus, FCH PET/CT has the potential to serve as a guide to select biopsy 

targets in correlative studies examining the relationship between tumor and cfDNA.   

A main limitation of this study is that it was designed as a pilot study involving 

few patients.  These preliminary findings will require confirmation in the context of a 

larger study.  Still, it is intriguing in that the two patients that demonstrated large 

amounts of necrotic-size cfDNA fragments after chemotherapy experienced a significant 

PET response.  In addition, the 3 patients experiencing a significant PET response were 

among those with the largest fold-changes in cfDNA level over time.  While longitudinal 

assessment of these observations in relation to survival are beyond the scope of this 

pilot study, these preliminary associations encourage further investigation in larger 

studies.  The techniques developed in this project may also prove applicable to studies 

of other tumors such as breast cancer, where minimally-invasive molecular phenotyping 

can also be of great potential clinical benefit.  
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CONCLUSION 

 These preliminary results show a substantial increase in cfDNA levels after 

docetaxel treatment of advanced prostate cancer. The finding of promoter region 

methylation involving the GSTP1 or RARB2 genes in cfDNA samples supports at least 

partial tumor origin of the DNA extracted from the plasma.  Changes in the methylation 

status of these genes may also be observed following chemotherapy.  Changes in tumor 

metabolic activity measured in advanced prostate cancer using FCH PET/CT appear to 

correlate with changes in cfDNA and PSA levels.  The clinical significance of these 

interrelationships, and particularly the potential prognostic value of these molecular 

marker in the management of advanced prostate cancer, is to be determined in larger 

studies.  
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