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Biomarkers in breast cancer to monitor minimal residual disease have remained elusive. We hypothesized that genomic
analysis of circulating free DNA (cfDNA) isolated from plasma may form the basis for a means of detecting and mon-
itoring breast cancer. We profiled 251 genomes using Affymetrix SNP 6.0 arrays to determine copy number variations
(CNVs) and loss of heterozygosity (LOH), comparing 138 cfDNA samples with matched primary tumor and normal
leukocyte DNA in 65 breast cancer patients and eight healthy female controls. Concordance of SNP genotype calls in
paired cfDNA and leukocyte DNA samples distinguished between breast cancer patients and healthy female controls (P <
0.0001) and between preoperative patients and patients on follow-up who had surgery and treatment (P = 0.0016).
Principal component analyses of cfDNA SNP/copy number results also separated presurgical breast cancer patients from
the healthy controls, suggesting specific CNVs in cfDNA have clinical significance. We identified focal high-level DNA
amplification in paired tumor and cfDNA clustered in a number of chromosome arms, some of which harbor genes with
oncogenic potential, including USP17L2 (DUB3), BRF1, MTA1, and JAG2. Remarkably, in 50 patients on follow-up, specific
CNVs were detected in cfDNA, mirroring the primary tumor, up to 12 yr after diagnosis despite no other evidence of
disease. These data demonstrate the potential of SNP/CNV analysis of cfDNA to distinguish between patients with breast
cancer and healthy controls during routine follow-up. The genomic profiles of cfDNA infer dormancy/minimal residual
disease in the majority of patients on follow-up.

[Supplemental material is available for this article.]

Breast cancer is one of the most common forms of cancer in

women in Western industrial countries. Although advances in di-

agnosis and treatment have improved survival (Early Breast Cancer

Trialists’ Collaborative Group 2005), it is not possible to reliably

identify breast cancer patients who will relapse with metastatic

disease, and relapse can occur up to 20 yr after primary treatment

(Karrison et al. 1999). This potentially long period between re-

section and relapse is not likely to be explained by growth of sec-

ondary tumors (Meltzer 1990; Demicheli et al. 1998; Chambers

and Goss 2008) but more likely suggests a period of dormancy,

where there is growth restriction of unseen micrometastases

(Murray 1995). Although this long latency between resection and

relapse is common in breast cancer, the associated biological

mechanisms are poorly understood. However, it is well established

that treatment is more effective when given before overt metastatic

disease develops, underscoring the need for markers of minimal

disease, preferably one that also identifies a molecular target, as

disclosed by gene amplification, for example.

A number of classical factors (e.g., type, grade, node status,

and hormone receptor status) and prognostic and predictive

markers (e.g., HER2, Ki-67) are used to determine individual risk,

but these are assessed in the primary tumor removed by surgery

and are not useful in monitoring minimal disease. Moreover, ge-

netic changes can occur between metastases and the primary tumor.

Therefore, the development of tests with a clinical relevance for risk

estimation and monitoring is of great interest (Levenson 2007).

Stroun et al. (1987) first reported that circulating DNA in cancer

patients could be distinguished from other patients with non-neo-

plastic disease. Measurement of levels of circulating free DNA

(cfDNA) were subsequently suggested for the diagnosis of breast

cancers (Huang et al. 2006), but elevated levels are sometimes seen

in benign disease (Zanetti-Dällenbach et al. 2008). In breast can-

cer, gene expression analysis has disclosed that multiple changes

can occur in micrometastases in the bone marrow, compared

with metastatic disease in draining lymph nodes (Gangnus et al.

2004). Thus, it would be hugely advantageous to be able to detect

specific changes indicative of progression in cf DNA.

Copy number (CN) variations (CNVs) are amplified or de-

leted regions of the genome, of variable size, which are recognized

as a major source of normal human genome variability (Iafrate

et al. 2004; Sebat et al. 2004) and contribute significantly to

phenotypic variation (Redon et al. 2006). Hence, specific CNVs

may be characteristic of different tumor types. Loss of heterozy-

gosity (LOH) is also common in many tumors and can reveal re-

cessive alleles (Wang et al. 2004). The Affymetrix SNP 6.0 array

contains 906,600 probes for SNPs and 946,000 probes for CNVs

and represents more genetic variation on a single array than any

other array platform. Analysis of SNP 6.0 array results can gen-

erate SNP genotypes, CNVs, and LOH data in a single hybridiza-

tion experiment. Due to the problems inherent in obtaining se-

quential samples as the cancer progresses to metastatic disease,

little is known of the nature of dynamic changes of the cancer
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genome over time. We hypothesized that in patients on follow-up

who are otherwise disease free, evidence of tumor DNA detected in

cfDNA would suggest that this is derived from or related to micro-

metastases in the bone marrow. Therefore, the aim of this study was

to compare SNP 6.0 whole-genome profiles of the primary tumor

with paired plasma cfDNA samples of breast cancer patients on

follow-up and related findings to plasma cfDNA profiles of primary

breast cancer patients for whom we collected presurgical blood

samples and healthy female controls. This aim was achieved by the

successful profiling of 251 genomes to determine CNVs and LOH in

paired tumors and cfDNA and by comparison with matched normal

leukocyte DNA samples from the same patients.

Results
Low levels of cfDNA were detected in all plasma samples from

patients and healthy female controls, consistent with our previous

studies (Page et al. 2011; Shaw et al. 2011). There was no significant

difference in mean cfDNA concentration between the healthy

controls and either presurgical patients or patients on follow-up as

assessed by absolute quantitation of a 96-bp amplicon (Shaw et al.

2011) and by ROC curve analysis.

We surveyed 251 DNA samples, isolated from normal leuko-

cytes, plasma, and tumor from 65 breast cancer patients and eight

healthy female controls, using the Affymetrix Genome-Wide Hu-

man SNP Array 6.0. We analyzed plasma prior to any surgery or

treatment in 15 breast cancer patients. The other 50 patients were

on follow-up after surgical removal of their primary tumor (Table 1).

We compared cfDNA in two separate plasma samples (P1 and P2)

for each of these taken a mean of 6.1 and 9 yr after surgery. None of

these 50 patients had any evidence of metastases or recurrent

disease using standard radiologic or other clinical parameters. The

251 DNA samples were hybridized in two batches only to reduce

interassay variability. We validated the approach by repeating 13

samples for the entire procedure from DNA isolation through array

hybridization. The results showed excellent correlation between

the replicated samples by three independent measures: quality-

control (QC) call-rates (P = 0.0001), median of the absolute values

of all pairwise differences (MAPD) (P = 0.0005; two tailed, paired

t-tests), and mean Spearman correlation (0.783; range, 0.600–

0.984), confirming the reproducibility of our approach. There was

also high agreement for both the range and frequency of detected

CNVs (Supplemental Fig. 1).

Plasma SNP profiles distinguish between patients with breast
cancer and healthy female controls

We first reviewed SNP call-rates for all samples as an indicator of

successful array hybridization. The highest call-rates were for the

normal leukocyte DNA samples (mean, 96.89%), with similar high

call-rates in cfDNA from blood plasma and formalin-fixed paraffin-

embedded (FFPE) tumor DNA (Supplemental Table 1). We next

compared the concordance in SNP genotype calls. The normal

leukocyte and plasma DNA samples from the healthy female

controls showed an average of 64.23% and 63.50% concordance,

respectively, with 15 female Caucasian HapMap samples (range,

62.75%–66.13% and 60.87%–65.38%; http://hapmap.ncbi.nlm.

nih.gov/), underscoring the validity of our normal controls

(Oldridge et al. 2010). Next, we compared SNP concordance between

paired leukocyte and plasma cfDNA in all patients. The healthy

controls had the highest mean concordance of SNP genotype calls

(89.35%; range, 81.10%–94.08%; 95% confidence interval [CI],

0.09–2.74), and this was significantly lower for the presurgical

breast cancer patients and patients on follow-up (P < 0.0001, one-

way ANOVA), due to constitutional heterozygosity at multiple SNPs

being converted to a hemizygous state in patients’ plasma DNA

(Fig. 1A). In the patients on follow-up, a total of 25 plasma samples

(18 P1 and seven P2) showed high concordance (>80%) with their

paired leukocytes, within the range observed for plasmas of the

healthy controls, suggesting these plasma samples were derived

largely from normal cells (Fig. 1A; Supplemental Table 2). Concor-

dance of SNP genotype calls was low for all paired plasma and pri-

mary tumor samples (mean, 46.89%; range, 31.04%–66.20%; 95%

CI, 0.12–3.78) (Fig. 1B), indicating significant differences between

these.

A significant difference was also seen between the concor-

dance of SNP genotype calls between the paired leukocyte and

plasma DNA of the presurgical patients and the patients on follow-

up (P = 0.0016, one-way ANOVA). Hence by concordance of SNP

genotype calls, plasma of the presurgical breast cancer patients

differs from healthy controls, and preoperative patients differ from

those who have had surgery and treatment. Principal component

analysis (PCA), which takes both CN and SNP markers into ac-

count, also showed clear separation between the plasma of the

Table 1. Clinicopathologic details of 50 breast cancer patients on
follow-up

No (%)

Menopausal status
Premenopausal 28 (56)
Post-menopausal 19 (38)
Data not available 3 (6)

Type of surgery
Wide local excision 29 (58)
Mastectomy 20 (40)
Unknown 1 (2)

Histology
Invasive ductal 34 (68)
Invasive lobular 7 (14)
Other/mixed invasive 6 (12)
Data not available 3 (6)

Lymph node status
Positive 31 (62)
Negative 16 (32)
Data not available 3 (6)

Tumor size
$20 mm 24 (48)
<20 mm 21 (42)
Data not available 5 (10)

Tumor grade
I 5 (10)
II 18 (36)
III 23 (46)
Data not available 4 (8)

Hormone receptor status
ER-positive 37 (74)
ER-negative 13 (26)
ER-positive on endocrine therapy 30 (60)
ER-positive treatment unknown 1 (2)
PR-positive 24 (48)
PR-negative 23 (46)
PR data not available 3 (6)

Growth factor status
HER2-positive 14 (28)
HER2-negative 35 (70)
Data not available (HER2) 1 (2)
Triple-negative (ER, PR, and HER2) 10 (20)

Total no. of patients 50 (100%)
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healthy controls and presurgical breast cancer patients (Fig. 2A). In

the patients on follow-up, the plasma PCA profiles were scattered

between the matched normal leukocyte and tumor DNA samples,

which grouped separately (Fig. 2B). The 25 plasma samples that

showed high SNP concordance with their paired leukocytes also

clustered with these by PCA, suggesting a more ‘‘normal’’ genome

profile in these samples.

We also compared the PCA profiles for P1 and P2 in the 50

patients on follow-up, based on the following sample groupings:

(1) ER-positive versus ER-negative primary tumor status, (2) PR-

positive versus PR-negative primary tumor status, (3) HER2-positive

versus HER2-negative primary tumor status, (4) triple-negative

(10 patients) versus any receptor-positive primary tumor status, (5)

type of surgery (mastectomy versus wide local excision), and (6)

endocrine therapy (tamoxifen/arimidex) prior to blood sampling

versus none. There were no obvious trends observed in the cfDNA

profiles of either the P1 or the P2 samples by PCA, for any of these

variables, with samples again scattered between the matched nor-

mal leukocyte and tumor DNA samples (data not shown).

Plasma and tumor DNA show heterogeneous CNVs

We identified 7131 copy number (CN) segments in the plasma of

the 15 presurgical patients and 38,560 CN segments in the plasma

of the 50 patients on follow-up. Of these 55.20% completely or

partially overlap with known CNVs listed in the Toronto Database

of Genomic Variants (DGV) (Iafrate et al. 2004) and 44.80% were

novel. The majority of CNVs detected were amplifications, with

a mean of 67.25% and 58.75% in tumor and plasma, respectively

(Table 2). Both the presurgical patients and patients on follow-up

showed significant differences in the frequency and range of am-

plification and deletions detected between cfDNA and matched

leukocytes, again providing evidence of genomic change in pa-

tients’ cfDNA, whereas CNV results were more similar for paired

cfDNA and normal leukocytes of the healthy female controls. We

examined the CNV data by applying a Gaussian smoothed signal

threshold of >6.0 to filter out lower-level changes, which revealed

634 CNVs common to more than one patient. Filtering these by

amplification in >10% of patients identified 23 chromosomal in-

tervals, showing amplification in plasma and tumor DNA with

little or no amplification in the plasma of healthy controls (Fig. 3;

Table 3). The results were reproducible across three software plat-

forms (Affymetrix Genotyping Console, Partek Genomics Suite,

and Nexus Copy Number Discovery Edition). The majority of the

23 CNVs were >50 kb in size with more than 50 markers (Supple-

mental Table 3): 18 have known overlapping genes, and five have

none as defined by the HUGO Gene Nomenclature Committee

(HGNC) gene database (http://www.genenames.org/). By applying

a lower smoothed signal threshold of >4.0, seven of these intervals

showed amplification in >90% of tumor and >25% of plasma

samples of patients on follow-up (Supplemental Table 4). These

seven CNV intervals were more frequently detected in the plasma

of node-positive patients than T1N0 patients.

We also used linear regression analysis to compare the re-

lationship between the presence (or not) of each of the 23 CNVs

(from Table 3) in both the cfDNA and tumor DNA samples with

tumor phenotype, type of surgery, and therapy. We classed each

DNA sample as positive or negative at each CNV interval based on

the presence or absence of a peak with a CN > 6.0 by Gaussian

smooth signal. The majority of CNVs detected in cfDNA were

significantly associated with breast cancer (for both the presurgical

patients and 50 patients on follow-up). Of note, a number of

CNVs, including 1p36.33, 1q21.1, 9p11.2, 9q12, and 19p13.3,

were significantly associated with relapse. In cfDNA, 4q13.2 was

associated with ER-positive cancer, and 9q12 was associated with

triple-negative cancer. However, there were no significant associ-

ations with HER2 and PR (Table 4).

To validate CNVs, we developed locus-specific assays to

4q13.2 and 16p12.3 and used real-time quantitative PCR (qPCR) to

analyze the unamplified tumor DNA from 37 primary breast can-

cers (from an independent series) and compared results with 56

normal leukocyte DNA samples. Ten of 37 tumor DNA samples

(27%) showed amplification at 4q13.2, and 14 tumor DNA samples

Figure 1. Plasma of breast cancer patients shows low SNP concordance
with paired normal DNA. (A) Percentage of concordant SNP genotype
calls for paired plasma and normal leukocyte DNA samples of patients and
healthy controls. Percentage of concordance was significantly lower than
controls in breast cancer patients (P < 0�0001, one-way ANOVA). (B)
Percentage of concordant SNP genotype calls for paired plasma and
microdissected tumor (available for all presurgical patients and 40 patients
on follow-up; mean 47.00%; range, 31.04%–66.20%; 95% CI, 0.07–
2.28). In A, concordance was lowest for the 15 preoperative primary
breast cancer patients (mean, 44.88%; range, 36.00%–68.27%; 95% CI,
0.13–4.02) but remained low for the 50 patients on follow-up using both
P1 (mean, 69.10%; range, 33.17%–99.44%; 95% CI, 0.21–6.51) and P2
plasma samples (mean, 54.22%; range, 33.31%–97.96%; 95% CI, 0.18–
5.65). Control indicates healthy female controls; presurgical, plasma of
presurgical breast cancer patients; and P1 and P2, first and second plasma
samples of patients on follow-up.
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Figure 2. Principal component analysis (PCA) of SNP/CN markers separates plasma DNA of presurgical breast cancer patients from healthy female
controls. (A) PCA profiles of 15 presurgical breast cancer patients and eight healthy controls showing clear separation of the plasma DNA profiles. The
plasmas of healthy female controls clustered with normal leukocytes (blue circles). (B) PCA profiles of 50 patients on follow-up, showing separation of
normal leukocytes and tumor DNA, with P1 and P2 samples scattered between these. Control indicates healthy female controls; presurgical, plasma of
presurgical breast cancer patients; L, normal leukocyte DNA; P1 and P2, first and second plasma samples of patients on follow-up; and T, FFPE tumor DNA.
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(38%) showed amplification at 16p12.3. In contrast, there was no

amplification seen in any of the 56 normal leukocyte DNA sam-

ples, confirming the importance of the selected CNVs (Fig. 4). As

the HER2 status of the primary tumor was known for many pa-

tients, we reviewed the results for the HER2 gene interval. The

normal leukocyte DNA samples showed mostly diploid CN (mean

CN state = 2.0), whereas the tumor and plasma samples of HER2 3+

patients showed a mean CN state of 2.5–3.0 by Gaussian smooth

signal, indicating a low level of amplification (Page et al. 2011).

Plasma SNP/CNV changes with time

There was a significant difference in SNP concordance between the

first and second paired plasma samples (P = 0�0002; paired t-test) of

the 50 patients on follow-up, and all patients showed changes in

CNVs between the first and second plasma samples. Thirty pa-

tients showed a decrease and 20 patients an increase in the total

number of CNVs detected. Some CNVs were common between

paired plasma samples (common amplification is shown in Fig. 3),

but there were also many sample-specific CNVs detected (Supple-

mental Fig. 2). Eight patients relapsed 2–9 yr after diagnosis. For

these patients, the second plasma sample surveyed was the last

blood sample taken prior to relapse. These patients showed the

most CNV changes with time in plasma DNA. Figure 5 illustrates

the CNV gains and losses in one patient who relapsed. There was

an increase in the number of CNVs between the first (1386) and

second (2482) plasma sample and a change from gain to loss at

multiple CNVs. Two of the eight patients who relapsed were triple-

negative; the rest were ER-positive. However, there was no obvious

correlation between CNVs and relapse other than for the intervals

noted previously (Table 4).

Detection of LOH

There was wide heterogeneity in LOH detected both between pa-

tients and samples. The extent of the LOH overlap between paired

plasma and tumor DNA also varied widely between patients,

ranging from 10%–35% overlap. When we looked at LOH within

exons, there were 36 LOH regions found overlapping with genes in

two or more of the 15 presurgical patients’ plasma samples, and 34

LOH regions found overlapping with genes in two or more plasmas

of the 50 patients on follow-up (Supplemental Table 5). There was

generally more LOH detected in the node-positive patients than

T1N0 patients and an overall increase in LOH detected between P1

and P2 samples. Combining CN and LOH data showed that a small

percentage of CN segments called (1.47%) exhibited copy-neutral

LOH.

Discussion
We demonstrate for the first time that over a decade since diagnosis

there is evidence of specific tumorigenic CNVs within cfDNA in

plasma during routine follow-up of breast cancer patients.

At the present time, there are no accepted methods, using

body fluids, that can reliably distinguish between patients with

primary breast cancer and healthy controls, nor is there a method

for monitoring patients after the completion of surgery, radiation

therapy, and chemotherapy. Several groups, including ourselves,

have reported that measuring circulating tumor cells (CTCs), bone

marrow, or total circulating DNA can help in this regard (Meng

et al. 2004; Braun et al. 2005; Slade et al. 2005; Schwarzenbach et al.

2009), but we and others only find one to two cells in 7.5 mL blood

intermittently present, and other tests aimed at either increasing

the number of cells detected or quantifying DNA size or other more

straightforward characteristics thus far have not proved suffi-

ciently reliable for clinical use. The results of this study suggest

plasma cfDNA analysis is potentially more informative.

First, results from patients on follow-up are striking, since up

to 12 yr after diagnosis many patients clearly have cfDNA in

plasma with specific CNVs that mirror those in their primary

cancer (Fig. 3), despite the fact that they have no clinically evident

recurrent disease. Second, concordance of SNP genotype calls from

whole-genome array analysis distinguished between patients with

primary breast cancer and healthy controls (P < 0�0001) (Figs. 1, 2)

and between preoperative cancer patients and patients on follow-

up who have had surgery and treatment (P = 0�0016). Third, the

paired plasma and leukocytes from the healthy female controls

showed the highest concordance of SNP genotype calls (Fig. 1), as

would be expected when the cfDNA in plasma DNA is derived from

normal cells. This confirms that a representative genome sample

can be obtained from plasma, even when the DNA isolated is in

limiting amounts. Although whole-genome amplification (WGA)

was necessary due to limiting template DNA, we pooled triplicate

WGA samples to reduce the imbalance in allele ratios and differ-

ential amplification of different parts of the genome (Rook et al.

2004). In addition, we confirmed the reproducibility of the SNP

array approach by QC call-rate (P = 0.0001), MAPD (P = 0.0005),

and mean Spearman correlation for 13 repeated samples; hence,

the results show that it is possible to reliably interrogate the entire

circulating genome in a single experiment.

Table 2. Amplifications and deletions in plasma and tumor DNA of breast cancer patients

Patient group Tissue (no.)

Mean
total
CNVs Range

Amplification
percentage

Mean total
CNVs showing
amplification

Amplifications
range

Deletion
percentage

Mean total
CNVs showing

deletion
Deletions

range

Healthy
controls

Leukocytes (8) 2922 1885–3769 67% 1961 1421–2325 33% 962 464–1686
Plasma (8) 3619 3052–4126 59% 2134 1858–2421 41% 1485 1091–2033

Presurgical
breast cancer
patients

Leukocytes (15) 1549 426–3137 77% 1260 370–2382 23% 362 56–1050
Plasma (15) 2090 1035–4272 38% 786 369–2134 62% 1304 661–2241
Tumor (15) 1799 296–4336 70% 1229 201–3057 30% 551 95–1279

Breast cancer
patients
on follow-up

Leukocytes (50) 1709 134–4062 74% 1261 113–2729 26% 448 21–1333
Plasma P1 (50) 2365 279–5110 57% 1354 177–2698 43% 1016 39–2587
Plasma P2 (50) 2265 282–5096 45% 1136 163–2702 55% 1186 66–2789
Tumor (40) 389 201–950 65% 311 125–1999 35% 156 38–695

Showing mean total CNVs and percentage of amplification and deletion for each patient group by sample and the range (lowest to highest values). CNVs
derived based on the segmentation method, 50 consecutive markers (SNP and/or CN), P-value cut-off of <0.0001, and a signal-to-noise ratio of 0.5.

Shaw et al.

224 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on November 27, 2015 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


One important feature emerging from previous studies is

the observation that tumor-specific DNA as evidenced by LOH

and methylation (Levenson 2007) can persist in plasma following

treatment. This finding provided the impetus for us to attempt to

characterize the entire circulating genome from plasma. Compel-

ling research, including recent parallel sequencing data, also in-

dicates that the cancer genome can change with the evolution of

metastatic disease (Gangnus et al. 2004; Ding et al. 2010), thus

providing us with another reason to suppose that changes in

plasma DNA might provide us with an important indicator of

impending onset of life-threatening overt metastatic relapse.

When we compared paired plasmas from 50 patient on follow-up,

some 25 samples had an essentially normal profile, confirmed by

PCA, although the remainder did not. A ‘‘normal’’ SNP profile

would be expected if these patients are cured. Conversely, domi-

nant oncogenes, persisting in plasma, could potentially transform

stem cells in target organs and initiate metastases, as suggested by

animal and in vitro cell models, the ‘‘genometastasis hypothesis’’

(Garcı́a-Olmo et al. 1999, 2010). In support of this, we saw the

most striking changes in CNVs between the P1 and P2 samples of

the eight patients who had relapsed (Fig. 5), although this is too

small a group to reliably identify the specific markers predictive of

relapse. As with other studies concerning cfDNA, we did not try to

separate DNA derived from normal cells from tumor or micro-

metastases prior to analysis. The CN data were supported by LOH

data, which also showed an overall increase in LOH detected be-

tween P1 and P2 samples of the patients on follow-up with evi-

dence of infrequent copy-neutral LOH. The complex CNV and

LOH profiles identified from plasma suggests a mixed origin of this

circulating DNA.

One other critical finding that we have made is that plasma

DNA characterization may provide important information for

clinicians in choosing subsequent therapies; we are able to dem-

onstrate amplified areas of the genome, thus potentially indicating

which gene products to target. There were more amplifications

than deletions in most plasmas and tumors, as was found in a re-

cent SNP 6.0 analysis of 17 different human embryonic stem cell

lines (Närvä et al. 2010). In our data, by applying a Gaussian

Figure 3. High-level amplification in plasma and primary tumor DNA of breast cancer patients on follow-up. (A) Patient 44, amplification at 7q11.23 in
tumor P1 and P2; (B) patient 27, amplification at 4q13.2 in tumor and P1; (C ) patient 35, amplification at 5q13.2 in tumor and P2; and (D) patient 47,
amplification at 10q11, showing two clear peaks (10q11.22 and 10q11.23) in tumor, P1 and P2. Top to bottom: L indicates normal leukocyte DNA; P1 and
P2, paired plasma DNA samples; and T, FFPE tumor DNA.
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smoothed signal threshold of >6.0, we identified 23 chromosomal

intervals (Table 3) showing common amplification in plasma and

tumor of both the presurgical breast cancer patients and patients

on follow-up. Some of these appear to discriminate between node-

positive and node-negative patients, ER-positive cancer, triple-

negative cancer and presence of relapse (Table 4) and may there-

fore be extremely helpful in deciding on chemotherapy. Applying

a lower threshold >4.0 revealed many more CNVs and more fre-

quent amplification in seven of the 23 chromosomal intervals

(Supplemental Table 4). We also saw amplification in 69.23% of

patients’ plasma samples in four markers from the 10-kb interval

that spans ZNF703, although amplification was also seen in

50.00% of plasmas from the healthy controls and 32.30% of pa-

tients’ normal leukocytes. This gene has recently been shown to be

a novel oncogene in Luminal B breast cancer (Holland et al. 2011).

Overall, the pattern of genomic alteration seen, with focal high-

level DNA amplification clustered at several chromosome arms,

resembles the ‘‘amplifier’’ or ‘‘firestorm’’ type of DNA CN alter-

ations, detected in previous genomic profiling of breast tumors

(Kwei et al. 2010). The CNV of repetitive elements may be impor-

tant for the five intervals identified that have no known associated

gene targets, supporting the only other related study that we are

aware of, which focused on repetitive elements in serum of breast

cancer patients using next-generation sequencing (Beck et al.

2010). Of note, both studies have shown that there are specific

breast cancer–related CNV markers, which could lead to the de-

velopment of a blood-based test for breast cancer screening and

monitoring.

There are many potential gene targets revealed by this geno-

mic profiling of cfDNA (Table 3). A number are of potential in-

terest. Expression of UGT2B15 (at 4q13.2) has been shown to be

up-regulated by 17b-estradiol in MCF-7 breast cancer cells. This

gene may normally maintain steroid hormone homeostasis and

prevent excessive estrogen signaling (Hu and Mackenzie 2009).

Hence deregulation of UGT2B15 by amplification might have the

opposite effect. Neuronal apoptosis inhibitory protein (NAIP) at

5q13.2 increases in vitro and in vivo in response to androgen

deprivation therapy and may be associated with enhanced survival

of prostate cancers (Chiu et al. 2010). The DUB3 gene at 8p23.1 has

recently been shown to be a major regulator of CDC25A (Pereg

et al. 2010), which is overexpressed in many human cancers. DUB3

knockdown significantly reduced growth of breast tumor xenografts

in nude mice. Hence, amplification of DUB3 might lead to CDC25A

overexpression and increased oncogenesis.

The CNV detected at 14q32.33 contains a number of gene

targets of potential interest. Amplification at this interval was

found in 67% of the presurgical breast cancer patients’ plasma

samples but was absent from the healthy controls, which suggests

this is a suitable interval for a more targeted study. The BRF1 gene

encodes a transcription factor of the RNA polymerase III complex,

which, when overexpressed, can transform cells in vitro and cause

tumor formation in vivo (Berns 2008). Metastasis-associated tumor

antigen 1 (MTA1), is known to be up-regulated in several cancers

and has been shown to lead to the transcriptional repression of

BRCA1, with resulting abnormalities in centrosome number and

chromosomal instability (Molli et al. 2008). Finally, the expression

of the Notch ligand JAG2 has been correlated recently with vas-

cular development and angiogenesis (Pietras et al. 2011). Our fu-

ture studies will focus on validation of these key gene targets and

intervals (Table 3) in plasma cfDNA.

The finding that tumor-specific DNA persists in plasma up to

12 yr after diagnosis, although the patient remains disease free,

raises important questions regarding the issue of dormancy in

breast cancer. Our own studies, as well as those of other groups,

have also shown that rare disseminated tumor cells (DTCs) and

CTCs can persist for many years after the end of breast cancer

treatment (Slade et al. 2009; Criscitiello et al. 2010). Further, the

presence of these few cells represents a balance between replication

and cell death, since the half-life of these cells in the plasma is 1–2

h (Meng et al. 2004). Our findings in breast cancer may also apply

to other cancers where dormancy is a feature, such as melanoma,

non-Hodgkin’s lymphoma, and renal cancer; all of these are

characterized by the development of late recurrences, and the

analysis of plasma could help in the management of these condi-

tions. In as much as plasma DNA in part reflects the nature of dying

dormant cells, the information from patient samples could help

elucidate the molecular determinants of survival.

These findings now require prospective valuation, preferably

as part of ongoing adjuvant studies during the follow-up of a larger

group of patients. In conclusion, we have demonstrated that SNP

6.0 array analysis of plasma DNA distinguishes between patients

with primary breast cancer and healthy controls and between

preoperative cancer patients and those who have had surgery and

treatment. We have identified focal high-level DNA amplification

in paired tumor and plasma, targeting specific CNVs clustered at

several chromosome arms, and have shown that these are detect-

able in plasma up to 12 yr after diagnosis in patients on follow-up.

This finding implies dormancy/minimal residual disease in the

majority of patients on follow-up. Our future studies will focus on

developing high-throughput approaches to target common CNVs

for screening and monitoring.

Methods

Patients and samples
The protocols were approved by the Riverside Regional Ethics
Committee and conducted in accordance with the Declaration
of Helsinki. All patients gave written informed consent prior to
participation.

The samples were blinded for analysis, and the patients un-
derstood that the results would not be made available to them. We
collected blood samples from 15 women attending a clinic who
had just been diagnosed with primary breast cancer and from eight

Figure 4. Detection of amplification at two CNV intervals in tumor
DNA. Real-time qPCR was used to analyze locus-specific assays that map
within the CNVs at 4q13.2 and 16p12.3 using unamplified template
DNA. Each amplicon was measured relative to the mean of four reference
loci, by relative quantitation. Unamplified tumor DNA from 37 primary
breast cancers (from an independent series) was compared with 56 nor-
mal leukocyte DNA samples. Amplification (RQ > 2.5) was detected in
tumor DNA only.
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age-matched healthy female volunteers. We also retrospectively
analyzed stored plasma samples from 50 breast cancer patients
who had been operated on for breast cancer at least 3 yr previously
(Table 1). Eight of these patients developed recurrent disease be-
tween 2 and 9 yr after diagnosis.

Following plasma separation by centrifugation at 850g for 10
min (32), plasma and cell pellets were separated and stored at
�80°C. For the analysis of tumor samples, hematoxylin and eosin–
stained FFPE tissue sections were reviewed, and the foci of tumor
cells were isolated by manual microdissection.

DNA extraction, amplification, and SNP 6.0 arrays

DNA was extracted from blood cell pellets, 1 mL plasma, and foci of
tumor cells, as described previously (Page et al. 2006; Shaw et al.
2011). WGA was performed in triplicate with the Illustra
GenomiPhi V2 DNA Amplification Kit (GE Healthcare Life Sci-
ences) and pooled (Rook et al. 2004). WGA DNA samples were
hybridized on Affymetrix GeneChip Human Mapping SNP 6.0

arrays, using the Human mapping SNP 6.0 assay kit following the
Genome-Wide Human SNP Nsp/Sty 6.0 protocol. Samples were
hybridized in two batches only to reduce interassay variability.

Data processing and analysis

The analysis of raw data microarray CEL files was performed using
Partek Genomics Suite 6.5, build 6.10.1129 (Partek Inc., http://
www.partek.com/) with SNP and QC call-rates used as indicators of
sample quality. Genotyping analysis and SNP/CN marker calls
were performed using the Birdseed v2 algorithm (Broad Institute,
Harvard–Massachusetts Institute of Technology, http://www.
broadinstitute.org/mpg/birdsuite/index.html), incorporating re-
gional GC correction. The International HapMap (build 270 na30
r1 a5, International HapMap Project, http://hapmap.ncbi.nlm.
nih.gov/) was used as the initial reference model file.

Genomic segmentation was performed using a minimum of
50 markers per segment, P-value cut-off of <0.0001, and a signal-to-
noise ratio of 0.5. Minimum segment sizes of 1000 bp, 50,000 bp,

Figure 5. Chromosomal abnormalities in plasma preceding relapse. CNVs based on 50 consecutive markers (SNP and/or CN) and a minimum segment
size of 50,000 bp. Example of array karyotypes of cfDNA for one patient preceding relapse: (A) normal leukocyte DNA sample, (B) P1 cfDNA sample taken
6 yr after diagnosis, and (C ) P2 cfDNA taken 1 mo before the patient was diagnosed with metastatic disease. There was a significant increase in CNVs
detected between P1 and P2: P1, 387 (79.08%) amplifications and 96 (20.92%) deletions; P2, 1332 (53.67%) amplifications and 1150 (46.33%)
deletions.
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100,000 bp, and 1,000,000 bp were used for viewing different-sized
amplifications and deletions across different samples.

PCA was performed using Partek Genomics Suite 6.5, build
6.10.1129 (Partek). Principal components were determined using
a covariance matrix method with normalized eigenvector scal-
ing. An ANOVA P-value < 0.0001 (followed in some cases by a
Bonferroni-corrected P-value < 0.0001 for multiple comparisons)
was used to filter out probes of insignificance. In addition, a fold-
change larger than |4| was applied to further filter data. LOH using
a hidden Markov model (HMM) was also analyzed using this
software on a paired basis (matched to lymphocyte) using the
following parameters—genomic decay of 1 Mbp, maximum
probability of 0.98, genotype error of 0.02—and was filtered using
a Hardy-Weinberg Equilibrium P-value < 0.001 or <0.0001. The
frequency analysis for CNVs was performed using Nexus Copy
Number 5.1 Discovery Edition (BioDiscovery Inc., http://www.
biodiscovery.com/).

Statistics

Data were analyzed using GraphPad Prism 5.0. Paired, two-tailed
t-tests were used as appropriate. Nonparametric tests were used for
further analysis; unpaired t-tests and one-way ANOVAs were fol-
lowed by Mann-Whitney and Kruskal-Wallis tests, respectively. For
all statistical analyses, the a value was set at 0.05.

Real-time qPCR

To confirm amplification at 4q13.2 and 16p12.3 identified by SNP
6.0 array, DNA samples were analyzed in triplicate by real-time
qPCR using locus-specific assays designed in house in a 10 mL re-
action volume. Reactions were run on an Applied Biosystems
thermal cycler (Step One Plus) and analyzed with Step One v2.1
software and Microsoft Excel. The DCt was determined (average Ct
value of the target locus minus the mean Ct value of four in-
dependent reference loci) and used to calculate the DDCt for each
DNA sample, using the mean relative quantitation (RQ) value de-
rived from normal human genomic DNA (Roche) as the experi-
mental calibrator. RQ values were calculated as 2�DDCt as described
previously (Page et al. 2011).

Data access
All microarray raw and processed data files have been deposited at
ArrayExpress (http://www.ebi.ac.uk/arrayexpress) under accession
no. E-MTAB-624.
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