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Abstract

Detection of recurrent somatic rearrangements routinely allows monitoring of residual disease
burden in leukemias, but is not used for most solid tumors. However, next-generation sequencing
now allows rapid identification of patient-specific rearrangements in solid tumors. We mapped ge-
nomic rearrangements in three cancers and showed that PCR assays for rearrangements could
detect a single copy of the tumor genome in plasma without false positives. Disease status, drug
responsiveness, and incipient relapse could be serially assessed. In future, this strategy could be
readily established in diagnostic laboratories, with major impact on monitoring of disease status
and personalizing treatment of solid tumors.

INTRODUCTION

For the clinical oncologist, it has become increasingly urgent to have access to accurate and sensi-
tive methods for quantifying response to cancer therapy, assessing residual disease burden, and
predicting impending relapse. In hematological malignancies, highly sensitive assays for monitor-
ing minimal residual disease (MRD) have become standard practice in several disorders, allowing
individualized therapeutic choices. For example, serial quantification of the BCR-ABL1 fusion gene
in chronic myeloid leukemia can predict relapse on targeted therapy, enabling early prophylactic
intervention (Branford, 2007); residual levels of the IGH rearrangement at milestone time-points
in acute lymphoblastic leukemia chemotherapy can guide choice of subsequent treatment (Flohr
etal, 2008); and monitoring the monoclonal protein in multiple myeloma allows duration of in-

duction therapy to be individualized to achieve maximum benefit without over-treatment (Barosi,
etal., 2004).
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The routine clinical application and high sensitivity and specificity of these assays depend on the
recurrent, somatically acquired genomic rearrangements found in leukemias. In these cancers,
breakage and subsequent fusion of two genes to form a chimeric cancer gene commonly occurs,
with the particular genes involved driving the type of leukemia that develops. At diagnosis, assays
for specific fusion genes or rearrangements can be performed on the leukemic cells and, when
positive, can be used during treatment to track small numbers of residual circulating cells carrying
the rearrangement. This is achieved by the relatively straightforward process of PCR across the
rearrangement junction, a procedure within the technical repertoire of many diagnostic laborato-
ries. The high sensitivity and specificity is conferred by the design of the PCR assay, which only
successfully connects the two abnormally joined segments of genome present in cancer cells, and
fails to amplify DNA or RNA from normal cells.

This powerful approach has, in general, not been implemented in the routine clinical management
of solid tumors (such as breast, ovarian, colorectal, and lung cancers) because recurrent somatic
rearrangements have not been identified in most of these malignancies. Although a small fraction
of solid tumors do carry recurrent genomic rearrangements, such as ETS fusion genes in prostate
cancer (Tomlins etal., 2005, 2007) and Ewing’s sarcoma (Futreal et al., 2004; Vermeulen et al,,
2006) and the EML4-ALK fusion in nonsmall cell lung cancer (Soda etal., 2007), these represent
only a small fraction of all tumors. Nevertheless, the genomes of most solid tumors do contain re-
arrangements that are unique to each case. Until recently, mapping rearrangements in individual

cancers to base-pair resolution has been impracticable in a clinical setting. However, we and oth-
ers have recently shown that next-generation sequencing technologies allow genome-wide cata-
logues of somatic rearrangements to be generated cost-effectively in a clinically relevant time-
frame (Campbell, et al., 2008; Mardis, et al., 2009; Stephens, et al., 2009; Stratton, et al., 2009;
Pleasance, et al,, 2010a,b). Moreover, it is well recognized that cells from many classes of solid tu-
mor release naked DNA fragments into plasma (Nawroz, et al., 1996; Diehl, et al.,, 2005,2008; Yung,

etal., 2009). In this report, we provide proof-of-principle that genomic rearrangements mapped
with next-generation sequencing in individual cancers enable the development of straightforward,
sensitive and specific assays to quantify disease burden in serial blood samples. This fundamental
concept is potentially applicable across most types of solid tumor and in diverse therapeutic
settings.

MATERIALS AND METHODS

Case Studies

We studied two patients with breast cancer and one with osteosarcoma. Patient 1 presented in
2002 at Age 35 with node-positive, oestrogen receptor-positive, invasive ductal breast cancer.
Despite surgery, adjuvant radiotherapy, chemotherapy (doxorubicin and cyclophosphamide), and
anti-oestrogen treatment (tamoxifen then goserelin), she relapsed with bony metastases in 2008.
Patient 2 was a 46-year old who presented with a node-negative, oestrogen receptor-positive, in-
vasive ductal breast carcinoma. She relapsed 17 months later with bony metastases despite sur-
gery, radiotherapy and tamoxifen. Patient 3 is a 56-year-old woman who presented with a poorly
differentiated, multifocal sarcoma involving the spine, pelvis, ribs, and femurs. She underwent ex-
tensive radiotherapy to T3-8 vertebrae, femurs, right tibia, and pubic bone (Month 2), followed by
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nine cycles of ifosfamide and doxorubicin (Months 3-10). Bortezomib was then administered
(Months 10-13), but after the fourth cycle, the patient experienced rapid onset of thoracic back
pain. CT scan showed a small, soft-tissue deposit around T9-10. After further radiotherapy (Month
14), weekly cycles of paclitaxel were given (Months 14-16). Despite this, the patient relapsed with
widespread soft tissue metastases soon after stopping therapy (Month 17).

Methods

Samples of genomic DNA were extracted from fresh-frozen primary tumor material and studied
by massively parallel, paired-end sequencing (Campbell, et al,, 2008) (Fig. 1A). In brief, ~100 mil-
lion fragments of DNA 400-500 bp in size were sequenced with paired 37 bp reads from either
end of each fragment. Putative genomic rearrangements were identified as clusters of discor-
dantly mapping read-pairs, namely sequence pairs which did not map back to the reference
genome within ~400-500 bp of each other in the correct orientation. Rearrangements were then
confirmed as real and somatic by PCR and sequencing across the rearrangement junction in tu-
mor and germline DNA from each patient. This allowed the annotation of tumor-specific re-
arrangements to base-pair resolution. Nested, real-time PCR assays were then designed for sev-
eral rearrangements per patient, as described (Morley et al., 2009). Two criteria were used to pri-
oritize rearrangements for assay design. First, variants causing a definite copy number change
were preferred (Fig. 1B), since these must be found in the overwhelming majority of cells and are
therefore likely to be present in relapsing cells. Second, only breakpoints occurring in unique DNA

sequence were used, to maximize specificity of the assay. The maximum product size in these as-
says was kept <200 bp, since circulating tumor DNA is highly fragmented (Diehl, et al,, 2005,
2008).
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Figure 1

Protocol and rearrangement screens. (A) Outline of protocol and current time-frames for each step. (B) Example
of a deletion mapped to base-pair resolution from the osteosarcoma sample (Patient 3). Using knowledge of the
breakpoint, a nested PCR assay can be designed, with a fluorescent probe used for the second round real-time PCR
reaction. (C) Genome-wide rearrangement screen for Patient 1, showing eight somatically acquired genomic re-
arrangements, including interchromosomal (purple arcs) and intrachromosomal (green arcs) variants. Copy num-
ber is shown in blue. (D) Genome-wide rearrangement screen for Patient 2. (E) Genome-wide rearrangement

screen for Patient 3.

Free DNA was extracted from 2 ml plasma (Patients 1-2) or serum (Patient 3). For the two pa-
tients with breast cancer, these were taken at relapse with metastatic disease and for the patient
with osteosarcoma, multiple samples during treatment were taken. Controls included tumor DNA
(positive); normal DNA and water (negative); dilutions of tumor DNA in either normal DNA or wa-
ter (for standard curves); and primers for nonrearranged regions of the genome (to quantify total
plasma DNA). A detailed, step-by-step protocol for sequencing informatics, assay design and test-
ing, plasma DNA extraction and analysis is provided in Supporting Information.

RESULTS

To provide proof-of-principle that tumor-specific genomic rearrangements can be detected in
plasma, we first undertook massively parallel paired-end sequencing of genomic DNA from the
primary tumors of two patients with metastatic breast cancer. From these data, we characterized 8
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and 48 somatically acquired genomic rearrangements, respectively to base-pair resolution (
Figs. 1B-1E, Supporting Information Table 1). Nested, real-time PCR assays were designed to am-
plify across three rearrangement junctions per patient with high sensitivity and specificity.

Free DNA was extracted from plasma samples taken at relapse with metastatic disease 17 months
and 6 years, respectively after first presentation. Using control assays targeted against nonrear-
ranged regions of the genome, we confirmed that amplifiable DNA was present in each sample
even when diluted in water 100x (Patient 1, Fig. 2A) or 10,000x (Patient 2, Fig. 2B). The assays
gave robust and reproducible quantification. We then proceeded to assay tumor-specific re-
arrangements in the two patients (Figs. 2C and 2D). Plasma DNA from a normal individual re-
mained negative throughout the PCR for all of the rearrangements assessed, confirming the high
specificity of the assay for the cancer genome. However, reactions containing free DNA from the
patients’ plasma were strongly positive in both cases, confirming that tumor-specific genomic re-
arrangements found in the primary tumor can be detected in plasma at relapse with metastatic
disease. Indeed, reactions remained positive even using a tenth of the template for Patient 1 and a
thousandth for Patient 2, the latter being equivalent to detecting a signal in just 2 pl of plasma.
Results from the other two rearrangements for each patient were very similar (data not shown).
These data demonstrate that multiple rearrangements identified in the primary breast cancer
were robustly detectable at relapse with distant metastatic disease years after initial surgery.
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Figure 2

Analysis of plasma DNA from two patients with breast cancer (Patients 1 and 2). (A,B) Results of a nested, real-
time PCR from a control region of the genome performed on undiluted (dark brown) and serial 10-fold dilutions
of DNA extracted from plasma of the two patients (lighter shades of brown). Results for plasma DNA from a nor-
mal individual are also shown (green). (C,D) Results of a nested, real-time PCR from a tumor-specific rearrange-
ment performed on serial 10-fold dilutions of DNA extracted from plasma of the two patients (brown) and a nor-
mal control (green). The horizontal black lines represent the fluorescence threshold at which a reaction is
deemed to become positive. The x axis denotes the number of cycles of PCR, with more strongly positive reac-

tions crossing the threshold at an earlier cycle number.

We next explored the utility of this approach to quantify tumor burden in a therapeutic, minimal
disease setting. Somatically acquired rearrangements were identified in genomic DNA from the tu-
mor of a patient with osteosarcoma (Fig. 1E), and assays designed as above. To generate a stan-
dard curve for quantification, tumor DNA was serially diluted in normal DNA such that each PCR
reaction contained a defined amount of tumor DNA. Results from two replicates of two rearrange-
ments demonstrate several favorable features of our protocol (Fig. 3A). First, the replicates show
strong concordance with one another and with the other rearrangement for a given amount of
tumor DNA, suggesting the assay has high reproducibility. Second, the standard curves are linear
through a thousand-fold range of DNA levels, confirming the quantitative accuracy of the nested,
real-time approach. Third, the assays remained consistently positive down to 25 pg of tumor DNA.
At levels of 10 and 5 pg per reaction, we observed an on-off phenomenon, in that the assay was
either positive or completely negative. Since a single human cell contains 6.75 pg DNA (Morton,
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1991), reactions containing 5-10 pg DNA might have 0, 1, or 22 actual copies of the rearrange-
ment (Stenman et al., 1999)—presumably the negative reactions we observed contained no ampli-
fiable targets. These data imply that the nested, real-time reaction is sufficiently sensitive to detect
a single copy of the cancer genome in many milliliters of plasma.
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Figure 3

Analysis of serial samples from a patient with osteosarcoma (patient 3). (A) Analysis of two rearrangements in
duplicate reactions across a dilution series of tumor DNA into normal DNA. When the number of cycles to reach
positivity (Cy) is <27, the absolute amount of tumor DNA can be estimated from the line of best fit. For reactions
in which the number of cycles to reach positivity (C;) > 27, disease can only be classified as detectable or unde-
tectable. (B) Estimated amount of tumor DNA per ml of serum from seven samples collected at milestone time

points in the patient’s clinical course.

We studied serum samples taken serially during the patient’s treatment for osteosarcoma, starting
halfway through her first-line chemotherapy (Fig. 3B). Throughout first and second-line chemo-
therapy, residual disease was detectable by the assay, at the limits of sensitivity (1-2 tumor
genomes/ml serum). In Month 14, we observed a distinct increase in circulating tumor DNA,
which correlated with the clinical occurrence of thoracic back pain associated with localized dis-
ease progression. Over the next 2 months, circulating tumor DNA levels continued to increase, de-
spite the patient showing clinical improvement on salvage chemotherapy. In Month 17, however,
the patient relapsed with widespread soft-tissue metastases.
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These data illustrate three key findings, each with significant implications for personalising drug
therapy for cancer. First, at all stages during the treatment course at least one assay was positive.
Since the half-life of plasma DNA is just 30 min (Lo etal.,, 1999) it seems that residual cancer cells
were present throughout the patient’s therapy. Collected in real clinical time, such data could
prospectively identify patients who are demonstrably not cured, leading to improved and individu-
alized therapeutic decisions. Second, circulating tumor DNA levels actually rose rather than de-
creased during salvage treatment with a potentially toxic chemotherapeutic agent (paclitaxel).
Although increased plasma DNA levels can be observed transiently with treatment-related tumor
kill (Rago etal., 2007), the sustained nature of the increase observed here (6 weeks) would be
more consistent with the conclusion that the cancer was progressing despite this treatment. This
illustrates the potential for such an assay to identify failing therapies early, allowing quicker trans-
fer to alternative therapeutic regimens. Finally, the results clearly demonstrate that rising levels of
circulating tumor DNA can portend clinical progression. In this case, the increases were readily
detectable 2-3 months before the widespread soft tissue deposits became clinically overt. In some
clinical settings, such information might enable salvage therapy to commence while disease is in a
less bulky state and before the development of complications associated with relapse.

DISCUSSION

A major goal of cancer medicine in the next decade is to progress from fixed, off-the-peg treat-
ment regimens to bespoke therapy that is tailored to a patient’s tumor. Quantifying disease burden
to monitor response to anti-cancer therapy has a direct intuitive appeal, with many potential appli-
cations for individualizing treatment choices. Unfortunately, for many solid tumors, such methods
show poor sensitivity and specificity. Radiological imaging can only detect lesions >0.5 cm in size,
already representing many millions of cancer cells. Serum markers, such as PSA for prostate can-
cer, can be helpful, but are not available for many tumor types and frequently lack specificity.
Immunological detection of circulating tumor cells only identifies cells present in the blood and
can result in false positive calls from nonmalignant cells expressing the marker of interest
(Maheswaran, et al., 2008; Pantel, et al., 2008).

Tumor-specific genetic variants unequivocally identify cancer cells. For this reason, there has been
considerable interest in using point mutations in circulating plasma DNA as a biomarker of dis-
ease burden (Nawroz, et al., 1996; Diehl, et al.,, 2005, 2008; Yung, et al., 2009). Early studies have
shown that results correlate well with clinical status (Diehl, et al., 2008). However, sensitive and
specific detection of a mutated base in a vast excess of normal DNA requires specialized tech-
niques currently beyond the scope of many diagnostic laboratories (Diehl, et al,, 2005, 2008; Yung,
etal, 2009). The revolution in sequencing technology now makes it possible to identify all genetic

variants of all classes in a given patient’s cancer. While next-generation sequencing is currently
outside the scope of most diagnostic laboratories, it is anticipated that these technologies will be-
come increasingly integrated into clinical practice. For monitoring disease burden, assays for ge-
nomic rearrangements have several practical advantages over point mutations in ease of imple-
mentation, accuracy of quantification, sensitivity and specificity and this is reflected in their rou-
tine implementation for many years in the management of hematological malignancies.
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One interesting difference between our approach and minimal residual disease monitoring in
leukemia is that most of the rearrangements for which we have developed patient-specific assays
are probably passenger rearrangements, not causally implicated in the biology of the cancer.
Provided that the relapsing cells also carry the rearrangement, this is of no consequence, but it
would be possible for a relapsing clone to have lost the rearrangement and still be malignant. To
minimize potential false negative results from this possibility, we recommend using a panel of as-
says against different rearrangements and choosing rearrangements in which copy number
changes suggest the variant is present in nearly all of the tumor cells (see Supporting
Information).

While this manuscript was in preparation, another group published similar paired-end rearrange-
ment screens in six patients at diagnosis of colorectal cancer, with studies of plasma DNA in two
patients (Leary et al, 2010). As we do, this article shows that tumor-specific rearrangements can
be sensitively and specifically detected in plasma, with serial studies in one patient showing that
levels correlated with decreasing disease burden during treatment. Our study adds to these find-
ings by extending the proof-of-principle into two other tumor types, by showing that assays are
positive at disease relapse as well as initial diagnosis and that impending relapse can potentially

be identified. Other groups have studied differentially expressed transcripts, such as microRNAs,
in the plasma of patients with cancer (Ng et al., 2009), but such assays are unlikely to have the
sensitivity and specificity that can be achieved with genomic rearrangements.

To date, we have completed screens for somatically acquired genomic rearrangements in >100
solid tumor samples, including breast, pancreatic, ovarian, bone, and lung cancers. In all but one
of these samples, we have successfully identified rearrangement breakpoints, and ~85% of sam-
ples have >10 rearrangements (Campbell et al., 2008; Mardis et al., 2009; Stephens et al., 2009;
Stratton et al,, 2009; Pleasance et al, 2010a,b). This underscores the widespread applicability of
the approach described here for patients with solid tumors. Protocols have been developed that
allow massively parallel sequencing to be performed on formalin-fixed, paraffin-embedded
pathology blocks (Schweiger et al., 2009), which further broadens accessibility since most patients

undergo biopsy or resection of their cancer. The primary paired-end screen for rearrangements
requires only low coverage sequencing of the cancer cell genome, with subsequent validation of
likely somatic rearrangements by PCR in cancer and normal DNAs. Currently, the screen takes a
week for sequencing and a week for computer processing and can be performed for about
US$4,000. It is likely that these timescales and costs will drop substantially over the next few years.
Since genomic breakpoints are not generally recurrent across different patients [indeed, no recur-
rent fusion genes were identified in this screen or 24 other breast cancer samples (Stephens et al,
2009)], rearrangement screens must be performed separately for each patient. Once rearrange-
ments have been ascertained in the primary cancer, monitoring of serial plasma samples would be
within the purview of most molecular pathology laboratories, and could be achieved with a one-
day turn-around.

Such a protocol could be adapted to numerous and diverse clinical settings. Examples include
monitoring of tumor response in real time in patients on experimental, costly, or toxic therapies;
identifying molecular relapse with the potential to initiate preemptive treatment; personalizing du-
ration of therapy; using molecular response as a surrogate marker of cell kill in early phase clini-
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cal trials; and choosing the intensity of adjuvant therapy based on better risk stratification. The
widespread implementation of analogous minimal residual disease assays in hematological malig-
nancies testifies to both the clinical utility such measures provide and the ease and flexibility with
which they can be integrated into disparate clinical care pathways.
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