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Abstract

Background—cCell-free DNA (CFDNA) reflects both normal and tumor-derived DNA released
into the circulation through cellular necrosis and apoptosis. We sought to determine the role of
pre-operative total plasma CFDNA levels in predicting clinical outcome in patients with ovarian
cancer.

Methods—~Following IRB consent, DNA was extracted from plasma of 164 women with
invasive epithelial ovarian carcinoma (EOC), 49 with benign ovarian neoplasms and 75 age-
matched controls. The samples were randomly divided into training (n=144) and validation
(n=144) sets. Quantification of CFDNA was performed using real-time PCR for beta-globin and
the number of genome equivalents (GE) per ml of plasma was determined. CFDNA was correlated
with clinicopathologic parameters.

Results—The training and validation sets were similar in terms of demographic features. In the
training set, EOC patients had a median pre-operative CFDNA level of 10,113 GE/ml, compared
to patients with benign ovarian neoplasms (median 2,365 GE/ml; p<0.0001) and controls (median
1,912 GE/ml, p<0.0001). CFDNA >22,000GE/ml was significantly associated with decreased
patient survival (p<0.001). After adjusting for other clinical variables, pre-operative CFDNA >
22,000 GE/ml was an independent predictor (p=0.02) for disease-specific survival. Analysis of the
validation set confirmed significantly higher CFDNA levels in EOC (median 13,672 GE/ml) and
that CFDNA >22,000 GE/ml was associated with a 2.83-fold increased risk of death from disease
(p<0.001).

Conclusions—Pre-operative plasma total CFDNA levels are significantly elevated in patients
with EOC. Elevated plasma CFDNA is an independent predictor for death from disease in ovarian
cancer.
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Introduction

Ovarian cancer remains the leading cause of death from a gynecologic malignancy in the
United States (1). Most patients present with widely metastatic disease at diagnosis, which
in turn contributes to the high mortality associated with this disease (2). In stark contrast,
survival rates for women with tumor confined to the ovary are nearly 90% (3). CA125 levels
are used to distinguish benign from malignant ovarian masses (4). Although CA125 levels
have a high positive predictive value in post-menopausal patients, they have low specificity
in premenopausal women (4). Additionally, since 50% of early-stage patients have normal
CAL125 levels, its prognostic value is limited (5). Thus, there is a critical need to develop
novel diagnostic and prognostic biomarkers.

The presence of cell-free nucleic acids within the plasma was first reported in 1948 (6).
Several decades later, elevated cell-free DNA (CFDNA) levels were discovered in the
circulation of cancer patients (7). It is now known that majority of the plasma CFDNA in
cancer patients is tumor-derived (8,9). Recent studies have demonstrated a consistent
correlation between tumor load and quantity of CFDNA detected in a wide range of
malignancies including ovarian cancer (8-11). Using an orthotopic mouse model for ovarian
cancer, we have demonstrated that tumor-specific CFDNA levels correlate with increasing
tumor burden and decline in response to therapy (12). Thus, strategies for analysis of
CFDNA in plasma using quantification of total (normal and tumor) plasma DNA or tumor-
specific (genetic and epigenetic) sequence alterations (11-15) have been proposed. The
availability of highly sensitive real-time PCR assays and optimal methods of plasma DNA
isolation make the possibility of a plasma-based molecular test very attractive. Due to the
paucity of data, we evaluated the utility of preoperative plasma CFDNA levels for detecting
ovarian cancer. Additionally, based on the assumption that CFDNA reflects tumor volume,
we also evaluated CFDNA as a prognostic factor. There are limited data regarding the
clinical relevance of preoperative plasma CFDNA levels in predicting clinical outcomes in
patients with ovarian carcinoma, which is the focus of our study.

Methods and Methods

Patient Plasma Samples

Following IRB approval, archived plasma samples were obtained from tumor banks at M.D.
Anderson Cancer Center, Cedars-Sinai Medical Center and Fox Chase Cancer Center. Our
cohort included 164 patients with invasive epithelial ovarian carcinoma (EOC), 49 patients
with benign ovarian neoplasms and 75 unaffected age-matched controls. All patients were
surgically staged based on International Federation of Gynecology and Obstetrics (FIGO)
staging system. Blood was collected prior to surgery, plasma was separated by 2 rounds of
centrifugation at 1000xg to remove cellular contamination; supernatant was used for DNA
extraction. To control for differences in sample processing and storage, samples were pooled
and assigned to two groups: training set (n=144) and validation set (n=144) using a random
number generator.

Extraction and Quantification of Total Plasma Cell-free DNA

DNA extraction was performed using Qiagen DNA extraction Mini kit (QIAGEN
Biosciences, MD). Quantification of total plasma DNA was performed using real-time PCR
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with TagMan Assay (Applied Biosystems, Foster City, CA) with primers directed to beta-
globin (15). Primer sequences used were: forward 5'- GTG CAC CTG ACT CCT GAG
GAG A -3'; reverse 5'- CCT TGA TAC CAA CCT GCC CAG -3'; probe 5'-AAG GTG
AAC GTG GAT GAA GTT GGT GG -3'. For the pilot study, primers for GAPDH and beta-
actin were used (15, 16, Applied Biosystems, Foster City, CA). A standard curve was
created and DNA concentration, expressed as genome equivalents/ml (GE/ml), was
calculated using the following equation (16,17):

C=Q X (Vpa/Vier) X (1/Vext)

C is target concentration in plasma (GE/ml), Q is target quantity (copies), Vpna is total
volume of DNA extraction (50 pL), Vpcr is volume of DNA used per PCR reaction (5 pL),
and Ve is volume of plasma used to extract DNA (800 uL). All samples were run in
triplicate.

Clinicopathologic variable analysis

All patients initially underwent surgical cytoreduction followed by adjuvant therapy as
determined by the treating gynecologic oncologist. Platinum based chemotherapy was given
to all patients who received chemotherapy. Based on FIGO stage, patients were divided into
two groups, low stage (FIGO stage | and I1) and high-stage (FIGO stage 1l and IV). A
clinical remission was defined as no evidence of disease based on physical examination,
imaging studies and CA 125 levels. Optimal cytoreduction was defined as less than 1 cm of
residual disease at the end of surgery. Disease specific survival (DSS) was defined as the
time from entry into the study until the date of death from disease.

Statistical Analysis

Results

All tests were carried out separately for the training and validation sets. Fisher's exact test
and Wilcoxon rank sums tests were used to compare demographics and clinical
characteristics. A receiver operating characteristic (ROC) curve was generated to assess
CFDNA level as a diagnostic biomarker. A cutoff point was chosen, and sensitivity, false-
positive rate and their 95% score confidence intervals were calculated. Among ovarian
cancer patients, an optimal cutoff point to predict mortality was created that yielded the
lowest p-value while also maintaining the highest hazards ratio. Univariate and multivariate
Cox regression analysis were performed using this cutoff point. We also combined CFDNA
and CA125, along with a multiplicative interaction term, n, to determine a cutoff point for
mortality using both variables (n = 0.000019 - CFDNA + 0.000126 - CA125 + -5.8988E-9 -
CFDNA - CA125). Patients alive at last follow-up or dead from other causes were censored;
overall survival time was estimated using the Kaplan-Meier product limit method. A p value
< 0.05 was considered statistically significant.

Optimizing quantification of CFDNA using real-time PCR

We performed a pilot study to optimize quantification of CFDNA sequences by real-time
PCR using plasma samples from 20 patients with high-grade, advanced-stage serous,
invasive EOC and 12 unaffected, age-matched controls. We tested primers to three genes:
beta-globin, beta-actin and GAPDH, to correct for efficiency of amplification. Although
CFDNA levels were significantly higher in the cancer group for all 3 loci (controls: 3,205 —
5,266 GE/ml vs. ovarian cancer: 2,581-20,018 GE/ml, p< 0.02), amplification efficiency
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was greatest using beta-globin (data not shown). Based on this, we used the beta-globin gene
for subsequent analyses.

Demographic characteristics

We evaluated plasma CFDNA levels using archived plasma samples from the M. D.
Anderson Cancer Center, Fox Chase Cancer Center and Cedars-Sinai Medical Center.
Samples from all three institutions were pooled and randomly assigned to a training set
(n=144; 38 controls, 24 benign masses, 82 ovarian cancers) and validation set (n=144; 37
controls, 25 benign masses; 82 ovarian cancers), to control for differences in sample
processing and storage. In the training set, median age was 53 years (range 33-80) for
controls, 46 years (range, 29-81) for women with benign ovarian masses; and 62 years
(range, 28-84) for those with EOC. The median ages were similar for each group in both
sets. Among benign ovarian masses, most common histopathological diagnoses were serous
or mucinous cystadenoma (n=27), endometriotic or corpus luteum cyst (n=12), epithelial
inclusion cysts (n=3), mature teratoma (n=5), and ovarian fibroma (n=2). There were no
significant differences between the groups in terms of demographic or clinical
characteristics (Table 1). Majority of patients with EOC were white and had high-stage,
high-grade disease of serous histology. Median follow-up for all patients was 2.78 years
(range, 0.07 — 6.2 years).

Preoperative plasma CFDNA: predictive marker of survival and diagnosis

Preoperative CFDNA concentrations were measured for controls, women with benign
masses and ovarian cancers in the training set. The CFDNA levels were significantly higher
in patients with invasive cancer (median, 10,113 GE/mL) compared to women with benign
ovarian tumors (median, 2,365 GE/mL; p<0.001) and controls (median, 1,912 GE/mL;
p<0.001, Figure 1). CFDNA levels were significantly higher in EOC compared to both
groups combined (p<0.001), but the difference in CFDNA levels between the benign and
control groups was not significant. Interestingly, although the median CFDNA levels were
lower among patients with early-stage (I/11) disease (median 4,807 GE/ml), these levels
were significantly higher compared to those with benign disease and controls (p<0.001).

Using exploratory statistical analysis, patients with ovarian cancer were dichotomized into
two groups, high CFDNA and low CFDNA, based on a cutoff value of 22,000 GE/mL,
which yielded the greatest hazard for mortality. Using this cutoff, we examined the
association of CFDNA with age, stage, grade, histology, ascites, level of cytoreduction,
nodal status and CA125 levels among those patients where detailed clinical information was
available (n=104). CFDNA > 22,000 GE/mL was significantly associated with high-stage
(p<0.0001), high-grade (p=0.02), suboptimal cytoreduction (p=0.02), positive nodal status
(p=0.02), presence of ascites (p=0.04) and CA-125 (p<0.001). The association of elevated
CFDNA with age, histology and race was not significant. Among these patients, on
multivariate analysis, only high-stage (p=0.003), suboptimal cytoreduction (p<0.001) and
high CFDNA >22,000 GE/mL (p=0.01) retained their statistical significance.

Next, in order to study the potential impact of high CFDNA on patient survival, we
examined the effects of traditional prognostic factors and preoperative CFDNA on DSS
using univariate analysis in the training set (Table 2). Serous histology, high-stage and
CFDNA > 22,000 GE/mL were each associated with decreased survival. The median
survival for patients with high CFDNA was 3 years compared to 4.1 years for those with
low CFDNA. CA125 levels > 35 IU/mL were also associated with decreased survival in the
training set (Table 2). We studied the combination of CFDNA and CA125 (n) and
determined an optimal cutoff for n=0.45, which yielded a hazard ratio of 1.46. Interestingly,
the association of n > 0.45 with DSS was highly significant. The Kaplan-Meier survival
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curves, based on CFDNA dichotomization (low < 22,000 GE/ml vs. high > 22,000 GE/ml)
and n > 0.45 for the training set are depicted in Figure 2.

To assess Whether there was an independent association between any of the
clinicopathologic variables and DSS, we performed multivariate Cox proportional hazards
analyses. After adjusting for effects of age, race, histology, stage and CA125, high CFDNA
and high-stage remained significantly associated with poor survival (Table 3). Next, we
studied the relative contribution of CFDNA alone vs. | for predicting prognosis using the -2
log likelihood statistic in the training set. The likelihood for predicting death from disease
for CFDNA and n was 198.8 and 199.8 respectively, indicating that CFDNA alone was as
good a predictor of clinical outcome as CA125 combined with CFDNA. Since CA125 can
be unreliable as a prognostic marker in patients with early-stage disease, we questioned
whether CFDNA alone or in combination with CA125 could be used for predicting outcome
in this subset of patients. In this study, there were only 38 patients with stage | or 1l disease
with a total of 4 deaths due to disease among these early-stage patients. Although high
CFDNA or elevated CA125 individually did not predict poor outcome in these patients, a
combination of both these tests resulted in a significant association with shorter DSS
(HR=15.91, p=0.03).

Next, to determine the optimal cut-off for CFDNA as a potential diagnostic biomarker for
ovarian malignancy, we used an ROC curve to determine the sensitivity and specificity of
CFDNA to detect malignancy. For diagnosis of invasive ovarian cancer, a cut-off value of
4,500 GE/ml yielded a sensitivity of 87% and specificity of 87% (Figure 3). The sensitivity
and specificity of predicting malignancy in our cohort using CA125 cutoff of > 35 IU/mL
was 89% and 77%, respectively. Although the sensitivity of CFDNA was similar to that of
CA125, the false positive rate of CFDNA (12.9%) was lower than that for CA125 (23.4%).
Among patients with early-stage disease, CFDNA > 4,500 GE/mI had a sensitivity of 55%
and specificity of 87.1% to distinguish between benign and malignant disease.

Validation Analysis of CFDNA

We applied the cut-offs generated from the training set to an independent validation set. The
CFDNA levels among EOC patients (median 13,672 GE/ml) were significantly higher
compared to the benign group (median 1,978 GE/ml) and controls (median 2,010 GE/ml;
p<0.001). Levels of CFDNA were also statistically higher among low-stage patients
(median, 6,060 GE/ml, p<0.0001). In women with EOC and plasma CFDNA levels >
22,000 GE/ml, the risk of death from disease was 2.83 times higher than their counterparts
with CFDNA < 22,000 GE/ml (p<0.001, Table 2). Importantly, high CFDNA remained an
independent indicator for shorter DSS in this independent validation set (Table 3). We also
tested the diagnostic ability of CFDNA for detecting malignant ovarian masses. Based on
the cut-off identified from the training set, the sensitivity of CFDNA for detecting ovarian
malignancy was 91.5% with a specificity of 85.5%.

Discussion

The key findings of this study are that preoperative CFDNA levels are significantly elevated
in patients with ovarian carcinoma when compared to individuals with benign ovarian
disease and controls. CFDNA levels were elevated even among patients with early-stage
ovarian cancer. Plasma CFDNA >4,500 GE/ml provided 87% sensitivity for detecting
cancer, similar to that of CA125 (89%), but with an improved false-positive rate of 12.9%
vs. 23.4% for CA125. Interestingly, high CFDNA levels correlated with aggressive
phenotypic features such as high-stage and high-grade. Elevated plasma CFDNA >22,000
GE/ml was an independent predictor for DSS in patients with ovarian carcinoma, and was
superior to CA125 in predicting mortality. We validated our results using samples from
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three different institutions in order to take into account differences in CFDNA vyields based
on sample processing and storage. These results indicate that plasma CFDNA may be a
useful biomarker for ovarian cancer and merits further evaluation.

Although the origin of CFDNA is unclear, the physiochemical characteristics of plasma
DNA suggest that it may originate from internucleosomal cleavage of chromatin, a hallmark
of the apoptotic process (20,21). Similar DNA patterns were identified in plasma of several
cancer patients (22). Studies quantifying the amount of plasma DNA have used a variety of
approaches including quantitative real-time PCR (13,23). In our experience, amplification
efficiency with quantitative real-time PCR was greatest for beta-globin primers, which may
be due to varying primer sequence or presence of differential representation of annealing
sites in the cell-free DNA fragments. Although most studies have reported elevated levels of
plasma DNA in cancer patients, absolute amounts vary between different studies and
whether the DNA is derived from plasma or serum samples, with lower levels detected in
the plasma (24,25). Other factors affecting detection are storage (EDTA or citrate) and
centrifugation speed (25-27). Therefore, to control for some of these variations, we used
plasma samples from three separate institutions.

Cell-free DNA as a prognostic marker has recently been investigated in several solid tumors
(24,28-30). Gautschi and colleagues found that tumor progression was significantly
correlated with increasing plasma DNA concentrations in patients with non-small cell lung
cancer (28). Wei and colleagues performed quantitative analysis of Epstein-Barr virus
(EBV) DNA in the plasma of nasopharyngeal carcinoma (NPC) patients and found that
surgical resection of the tumor was associated with a significant decrease in the EBV DNA
copy numbers (29). Another group has reported that significantly elevated pre-therapy
plasma EBV DNA levels is a powerful predictor of clinical outcome in patients with early-
stage NPC (30). CFDNA levels correlate with clinical stage, lymph node metastasis and
tumor size in breast cancer (24). A recent study performed a quantitative comparison of
matched serum and plasma DNA in patients with colorectal liver metastasis and found that
only plasma DNA was predictive of recurrence. These authors concluded that plasma DNA
better reflects the in vivo levels of circulating DNA (31). Using an orthotopic mouse model
of ovarian cancer to detect tumor-derived CFDNA, we showed that CFDNA closely
correlate with tumor load and levels decline appreciably with chemotherapy (12). Zachariah
and colleagues have reported elevated levels of both cell-free nuclear and mitochondrial
DNA among ovarian cancer patients compared to controls, but levels of cell-free DNA did
not correlate with prognosis in their cohort (14). In the present study, we have shown that
CFDNA >22,000 GE/ml is a powerful independent predictor of poor outcome in patients
with ovarian carcinoma. In addition, on applying this cutoff to a separate validation set,
CFDNA levels maintain their statistical significance. Interestingly, the combination of
CA125 and CFDNA levels did not improve the likelihood of predicting mortality over
CFDNA levels alone.

We also attempted to characterize the utility of preoperative CFDNA levels for detecting
malignancy. The sensitivity and specificity for detecting ovarian cancer using CFDNA cut-
off at 4,500 GE/ml were 87-91.5% and 85-87%, respectively, with a lower false-positive
rate than CA125 levels in this cohort. Chang and colleagues provided some of the early
evidence for the use of allelic imbalance (Al) to detect patients with ovarian cancer (10).
They reported that the area under the ROC curve using Al in plasma DNA was 0.95. In their
cohort, area under the curve for CA125 alone was 0.78; addition of total plasma DNA
concentration increased this to 0.84. Recently, hypermethylation of the normally
unmethylated BRCA1 and RAS association domain family protein 1a tumor suppressor
genes was detected in the serum of patients with ovarian cancer with 82% sensitivity (32). In
contrast, these authors report no hypermethylation in non-neoplastic tissue, peritoneal fluid,
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or serum from 40 control women (100% specificity) (32). In the present study, although
levels of CFDNA were significantly higher among patients with early-stage disease, the
sensitivity was low (55%). This may be a reflection of low numbers of early-stage patients
included in this study. Thus, detection of total or tumor-specific CFDNA holds promise as a
diagnostic test for women with ovarian cancer, alone or in combination with available
modalities such as CA125 levels and transvaginal ultrasound.

In summary, results from this study add to the mounting evidence that levels of plasma
CFDNA are significantly elevated in patients with ovarian cancer compared to those with
benign ovarian disease and controls. However, to the best of our knowledge, this is the first
study to demonstrate that plasma CFDNA levels are an independent predictor of DSS for
women with ovarian cancer. Future prospective investigations will be instructive to
determine whether CFDNA presents a novel biomarker for diagnostic and prognostic
applications in patients with ovarian carcinoma.
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Figure 1.

Box plot of preoperative plasma CFDNA (GE/ml) for controls, patients with benign ovarian
masses and ovarian carcinoma in the (A) Training Set (n=144) and (B) Validation Set
(n=144). CFDNA level is significantly higher in the invasive carcinoma group when
compared to women with benign ovarian tumors and controls with normal ovaries in both
datasets.
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Figure 2.

Kaplan-Meier estimates of the probability of survival in patients with high CFDNA levels
(= 22,000 GE/ml, dotted line) vs. those with low CFDNA levels (< 22,000 GE/ml, full line)
in Training Set (A). This cutoff was validated in a separate cohort of patients, Validation Set
(B). Two-sided log rank test provided a significant p-value < 0.001.
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Figure 3.

Receiver operating characteristic (ROC) curve of plasma cell-free DNA provides a
sensitivity of 87% and a specificity of 87% to detect cancer, using a cut-off point of 4,500
GE/ml in the Training Set.
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Table 1
Demographic characteristics of the training and validation sets
Variable Training Set Validation Set p
n=144 (%) n=144 (%)

Site

MDACC/Fox Chase 50 (61) 54 (66) 0.6

Cedars Sinai 32(39) 28 (34)
Median Age in yrs (range) 61.5 (28-84) 60 (25-88) 0.11
Race

White 66 (80) 67 (82)

Other (Black/Hispanic) 16 (20) 15 (18) 1.0
Stage

Low (/1) 20 (24) 18 (22)

High (11/1V) 62 (76) 64 (78) 0.9
Histology

Serous 66 (80) 67 (82)

Non-serous 16 (20) 15 (18) 1.0
Grade

Low grade 9(11) 4 (5)

High grade 73 (89) 78 (95) 0.2
Median CA-125 1U/mL (range) 147 (12-5,893) 120.5 (14 - 12,450) 0.98

Median CFDNA GE/mL (range) 10,113 (1,460 — 104,544) 13,672 (2,747 - 162,708)  0.07
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