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CIRCULATING MUTANT DNA TO

ASSESS TUMOR DYNAMICS

This application was made using US government funding. The US government retains

certain rights 1 the invention according to the terms of CA43460, CA62924, and CA
57345.

TECHNICAL FIELD OF THE INVENTION

[02]

This invention i1s related to the area of cancer. In particular, it relates to cancer diagnosis,

prognosis, therapeutics, and monitoring.

BACKGROUND OF THE INVENTION

[03]

[04]

Cancers arise through the sequential alteration of genes that control cell growth. In solid
tumors such as those of the colon or breast, it has been shown that, on average,
approximately 80 genes harbor subtle mutations that are present in virtually every tumor
cell but are not present in normal cells'. These somatic mutations thereby have the
potential to serve as highly specific biomarkers. They are, in theory, much more specific
indicators of neoplasia than any other biomarker yet described. One challenge for modern
cancer research 1s therefore to exploit somatic mutations as tools to improve the detection

of disease and, ultimately, to positively affect individual outcomes.

Tumor cells can often be found in the circulation of individuals with advanced cancers >~.

It has been shown that tumor-derived mutant DNA can also be detected in the cell-free
fraction of the blood of people with cancer™®. Most of this mutant DNA is not derived
from circulating tumor cells*® and, in light of the specificity of mutations, raises the
possibility that the circulating mutant DNA fragments themselves can be used to track

disease. However, the reliable detection of such mutant DNA fragments is challenging’.
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In particular, the circulating mutant DNA represents only a tiny fraction of the total

circulating DNA, sometimes less than 0.01%°,

In the current study, we developed modifications of a technique called BEAMing (Beads,
Emulsion, Amplification and Magnetics)®® to quantify ctDNA in serially collected
plasma samples from subjects with colorectal cancers. We were interested in determining
whether such measurements provided information about the dynamics of tumor burden in

these subjects during the course of their disease.

There 1s a continuing need in the art for ways to better determine which patients will

experience relapses of their cancer and which will not.

SUMMARY OF THE INVENTION

[07]

[08]

According to one embodiment of the invention, a method is provided to monitor tumor
burden. Number of copies of DNA fragments in a test sample of a cancer patient is
measured. The DNA fragments have a mutation that is present in tumor tissue of the
patient but not in normal tissue of the patient. The number of copies is an index of the

tumor burden in the patient.

According to another embodiment, a method is provided for performing DNA analysis.

The following steps are involved:

a. amplifying a template DNA analyte with a first primer set and a second nested
primer set, wherein one member of the second nested primer set comprises a 5’
sequence 5’-tcccgegaaattaatacgac (SEQ ID NO: 1), wherein the amplifying
employs a high fidelity DNA polymerase;

b. amplifying in an aqueous medium the amplified template using a third primer set,
wherein one member of the third primer set comprises a 5° sequence 5°-
tccegegaaattaatacgac (SEQ ID NO: 1), and a second member of the third primer
set comprises a 5’ sequence 5’-gctggagetctgeageta (SEQ ID NO: 2), and
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streptavidin beads coated with 5’-tcccgegaaattaatacgac (SEQ ID NO: 1)
oligonucleotide;

C. preparing an water-1n-oil emulsion using the aqueous medium as the aqueous
phase and an oil/emulsifier mixture;
thermally cycling the emulsion to amplify the template on the bead,;
breaking the emulsions using detergent and removing the o1l phase;

d. forming a mixture of the amplified templates on the bead with a mutation-specific
probe, a corresponding wild-type probe, and an amplicon-specific probe that is
complementary to a portion of the template distinct from the mutation-specific
probe and the corresponding wild-type probe, wherein each of the probes is
fluorescently-labeled and each of the probes has a distinct emission spectrum;

€. thermally denaturing amplified templates 1n the mixture and cooling the mixture
in the presence of tetramethyl ammonium chloride (TMAC) to hybridize the
probes to the templates;

f. analyzing the hybridized templates using flow cytometry to detect the amount of
each of the fluorescently-labeled probes hybridized to amplified templates on the

beads.

These and other embodiments which will be apparent to those of skill in the art upon

reading the specification provide the art with methods which are useful for cancer patient

management and monitoring.

BRIEF DESCRIPTION OF THE DRAWINGS

[10]

Figs. 1A-1C show measurement of ctDNA. Fig. 1B depicts conventional Sanger
sequencing of DNA derived from the subject's tumor, representing the first step of the
analysis. The approach for quantifying tumor-derived DNA in plasma samples 1s shown
in Fig. 1C. Real-time PCR 1s used to measure the total number of DNA fragments in the
plasma, whereas BEAMing measures the ratio of mutant to wild-type fragments labeled

with Cy5 and Cy3 are fluorescent probes.
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Fig. 2A to 2D shows representative flow cytometric data obtained from BEAMing. The
four graphs 1llustrate the data obtained from subject 6 (APC G4189T) at different time
points during treatment. The northwest quandrant dots and southeast quandrant dots
represent beads bound to wild-type and mutant fragments, respectively. The northeast
quandrant dots represent beads bound to both wild-type and mutant fragments resulting
from their inclusion in an emulsion microdroplet that contained both wild-type and
mutant DNA templates>. Numbers in each quadrant represent absolute counts of beads
for each population measured. (Fig. 2A) Before surgery, the fraction of mutant DNA
fragments was 13.4%. (Fig. 2B) After surgery (day 3), the fraction of mutant DNA
fragments dropped to 0.015%. (Fig. 2C) After surgery (day 48), the fraction of mutant
DNA fragments increased to 0.11%, suggesting disease recurrence. (Fig. 2D) On day 244,

the subject had progressive disease and the fraction mutant DNA fragments increased

further to 0.66%.

Figs. 3A-3B show recurrence-free survival, as detected by ctDNA and CEA. (Fig. 3A)
The difference in recurrence-free survival in subjects with detectable versus undetectable

post-operative ctDNA levels (P = 0.006 by Mantel-Cox log-rank test). (Fig. 3B) The

difference 1n recurrence-free survival in subjects with detectable versus undetectable post-

operative CEA levels (P = 0.03 by Mantel-Cox log-rank test).

Figs. 4A-4C show comparison of ctDNA, CEA and imaging dynamics in individual study
subjects. For each subject, the top, middle, and bottom graphs represent ctDNA level,
tumor volume as assessed by imaging, and CEA level. The horizontal lines represent the
upper bound of the normal levels: one mutant DNA fragment per sample for ctDNA
levels, 0.0 cm for tumor diameter, and 5.0 ng ml™* for CEA abundance. Fig. 4C: Patient 8
had a sigmoid adenocarcinoma and solitary metastases in both hepatic lobes. The subject
underwent a sigmoidectomy and left lateral hepatic sectorectomy (Surgery 1). A right-
sided liver metastasis was left in place while the subject was treated with systemic
chemotherapy (Chemotherapy 1). On day 120, a right hepatectomy was performed
(Surgery 2). After surgery, the subject was treated for 4 months with systemic
chemotherapy (Chemotherapy 2). Fig. 4B: Patient 11 had a sigmoid adenocarcinoma and

4
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two liver metastases that were treated with systemic chemotherapy before surgery
(Chemotherapy 1). The subject underwent a sigmoid colectomy, left hepatic lobectomy
and RFA of a solitary right hepatic lesion (Surgery 1). Imaging studies at 2 months
showed recurrence in the liver, and the subject underwent a right hepatectomy (Surgery
2). Given the high risk of recurrence, chemotherapy was reinitiated (Chemotherapy 2). At
8 months, imaging showed three recurrent liver lesions and a suspicious celiac lymph
node. The subject underwent RFA of these lesions and resection of the celiac node
(Surgery 3). After surgery, the subject received additional chemotherapy (Chemotherapy
3); however, later imaging revealed multiple pulmonary metastases. Fig. 4A: Patient 5
underwent a left hepatectomy for recurrent disease at the time of entry into the study (day
zero). Except for a questionable lung nodule in the left upper lobe, three was no evidence
of disease immediately after surgery. Fifteen months later, disease recurrence was noted,

with lesions found in both liver and lung.

Fig. 5A-5B shows a schematic of the BEAMing-based approach for detecting mutant
DNA 1n stool samples from patients with colorectal cancer. (Fig. 5 A) depicts the stages
In the process, starting with total fecal DNA. Step 1 represents the results of sequence-
specific capture of mutant and wild-type single-stranded DNA molecules. After PCR-
mediated amplification of gene fragments encompassing the queried mutation sites, the
DNA 1s mixed with magnetic beads (spheres) that are bound to oligonucleotides (spikes
on the spheres) complementary to sequences in the PCR products (step 2). In Step 3, this
mixture 18 segregated into billions of microcompartments in a water-in-oil emulsion. A
small portion of these compartments contain a single bead and a single DNA template
molecule, while the great majority of compartments contain neither (such as the empty
bubble in the middle. When PCR is performed on these emulsions in Step 4, individual
DNA fragments are amplified within the microcompartments that contain them and
become covalently bound to the surface of the bead. The resultant beads are coated with
tens of thousands of copies of identical DNA fragments. In Step 5, beads are recovered
from the emulsion and the sequence of the bound DNA is deciphered by allele-specific
hybridizion (ASH) as depicted in panel (Fig. 5 B). (Fig. 5 B) DNA amplified on

SUBSTITUTE SHEET (RULE 26)
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magnetic microbeads by BEAMing 1s imitially denatured to remove the non-covalently
bound DNA strand. Differently labeled fluorescent probes are hybridized to the
complementary target DNA covalently bound to the beads. Flow cytometry is then used
to individually count beads, thereby determining the ratio of mutant to wild-type

fragments originally present in the stool or plasma sample.

Figs. 6A-6D show scatter plot of beads analyzed by flow cytometry. BEAMing assay for
APC C4132T mutation using normal lymphocyte DNA (Fig. 6A) or stool DNA from
patient 4 (Fig. 6B). For lymphocyte DNA the total number of beads analyzed (all
quadrants) was 253,723 with no bead containing mutant DNA (southeast quadrant, i.e.,
quadrant 4). The total number of beads analyzed for patient 4 was 192,513, of which 747
were mutant. (Fig. 6C) BEAMing assay for KRAS G38A using stool DNA from patient
12, whose tumor did not contain this mutation. Five mutant beads were present among
305,449 analyzed beads, which were introduced by the DNA polymerase used for the
inittal amplification and scored as negative. (Fig. 6D) Assay of stool DNA from patient 7

whose tumor did contain a KRAS G38A. A total of 333,630 beads were analyzed, of

which 685 beads were mutant.

Fig. 7A-7D shows quality and quantity of normal and mutant DNA isolated from stool of
patients with CRC. (Fig. 7A) Schematic of experimental design. Stool DNA was
amplified with differently sized primer pairs that encompass a patient-specific DNA
mutation. Real-time PCR was used to determine the total number of stool DNA
fragments obtained for each amplicon size. These amplified fragments were subsequently
analyzed by BEAMing to determine the number of normal Fig. 7 (B) and mutant (Fig.
7C) DNA fragments as well as the fraction of mutant to normal molecules Fig. 7 (D)

present in the feces (-®- Patient 2, -m- Patient 4, - A - Patient 7, - ¥ - Patient 14)

SUBSTITUTE SHEET (RULE 26)
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[17] Fig. 8 shows mutations in fecal DNA and TNM stage. The horizontal bar shows the
median fraction of mutant DNA. The whiskers represent the minimum and maximum

values that were found for each indicated stage.

[18] Fig. 9. Primers used for amplification of stool and plasma DNA. Pairs of forward and
reverse primers (SEQ ID NQOs: 10-53); Tag 1 (SEQ ID NO: 54); Tag 2 (SEQ ID NO: 53).

[19] Fig. 10A-10B. Probe sequences for allele-specific hybridization, SEQ ID NOs: 56-154.

[20] Fig. 11. Primers used for fragment sizing, SEQ ID NOs: 155-182; Tag 1, SEQ ID NO:
183.

[21] Fig. 12. Summary of sensitivities
[22] Fig. 13. Mutations in tumor and stool DNA determined by SBE and Sequencing

[23] Fig. 14 shows ctDNA clearance after resection. The y-axis represents the level of ctDNA

in the plasma of patient 9 The x-axis represents the time from resection, with zero as the
timr of tumor removal. To calculate the half-life, a curve fit (f(t) = a — At) based on the

Marquardt-Levenberg algorithm was performed, yielding a half-life of 114 min.

[24] Fig. 15 shows total DNA fragments 1n plasma prior to and after surgery. The Wisker box
plot shows the total number of DNA fragments in 2 ml plasma, estimated by real-time
PCR at baseline (day 0), post-surgery (day 1), day of discharge (days 2-5), and at the 1*
follow-up (days 13-56).

[25] Figs. 16A-1 to 16E-3 show molecular biologic, clinical, and radiologic data on all

patients in addition to those shown in Fig. 4.

[26] Fig. 17 shows a comparison between plasma CEA and ¢tDNA levels in the same plasma
samples. A partial residual plot comparing CEA and ctDNA levels, corrected for

individual clustering, 1s shown. All patients’ CEA and ctDNA values were used for this

7
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comparison. There was a modest overall correlation between CEA levels and ctDNA

after correcting for clustering within paitents (r* = 0/2, P<0.001).

Fig. 18 shows plasma collection time-line

Fig. 19 lists the characteristics of the eighteen colorectal cancer patients evaluated.

Fig. 20 shows the 26 amplicons that were analyzed by direct sequencing. Forward
primers (SEQ ID NO: 184-235). Reverse primers (SEQ ID NO: 236-287). Tag 1 (SEQ
ID NO: 288). Tag 2 (SEQ ID NO: 289).

Fig. 21 shows the primers used for BEAMing each test of amplicons. Forward primers
(SEQ ID NO: 290-305). Reverse primers (SEQ ID NO: 306-321). Tag 1 (SEQ ID NO:
322). Tag2 (SEQ ID NO: 323).

Fig. 22 shows the probes used for each test of amplicons (SEQ ID NO: 324-383,

respectively.)
Fig. 23 shows patient characteristics 1n one of the studies

Figs. 24A-24C compare CEA and ctDNA levels for different patients

DETAILED DESCRIPTION OF THE INVENTION

[34]

Colorectal cancer (CRC) 1s the second leading cause of cancer-related deaths in the
United States. CRC can generally be cured by surgical excision if detected at any stage
prior to distant metastasis to the liver and other organs. Unfortunately, about 35% of
patients have such distant metastases, either occult or detectable, at the time of diagnosis,
accounting for virtually all the deaths from the disease. The value of screening tests for

colorectal neoplasia, particularly colonoscopy, has been highlighted in a variety of public

awareness campaigns 1n the last several years. This has likely contributed to the decline

8
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in CRC-related deaths, but the large number of individuals still being diagnosed with
surgically incurable cancers attests to the fact that current efforts in this regard are
inadequate. In particular, there is an urgent need for non-invasive tests that can
complement colonoscopy and other invasive procedures and that can be offered to
patients who are hesitant to undergo such inconvenient and invasive procedures. This
need has stimulated the development of new tests for early detection, including virtual
colonoscopy, improved assays for the presence of blood in stool, immunohistologic tests
for cancer cells or proteins in stool, and DNA-based tests for genetic or epigenetic
alterations (Ouyang DL, Chen JJ, Getzenberg RH, Schoen RE. Noninvasive testing for
colorectal cancer: a review. Am J Gastroenterol 2005;100:1393-403.).

Mutant DNA molecules offer unique advantages over cancer-associated biomarkers
because they are so specific. Though mutations occur in individual normal cells at a low
rate (~10” to 107" mutations/bp/generation), such mutations represent such a tiny fraction
of the total normal DNA that they are orders of magnitude below the detection limit of
any test that has yet been described (including the one used in the current study). There is
only one circumstance when a specific somatic mutation is present in an appreciable
amount 1n any clinical sample: when it occurs in clonal fashion, i.e., when the mutation

1s present 1n all cells of a specific population, thereby defining a neoplastic lesion.

Several studies have shown that mutant DNA can be detected in stool, urine, and blood of
CRC patients (Osborn NK, Ahlquist DA. Stool screening for colorectal cancer: molecular
approaches. Gastroenterology 2005;128:192-206). Moreover, technical factors that have
limited the sensitivity of such assays are gradually being overcome. For example,
improvements for stool-based testing include DNA stabilization after defecation (Olson J,
Whitney DH, Durkee K, Shuber AP. DNA stabilization is critical for maximizing
performance of fecal DNA-based colorectal cancer tests. Diagn Mol Pathol 2005;14:183-
91.), removal of PCR inhibitors and bacterial DNA, cost-effective purification of
sutficient amounts of human DNA for analysis (Whitney D, Skoletsky J, Moore K,
Boynton K, Kann L, Brand R, Syngal S, Lawson M, Shuber A. Enhanced retrieval of

DNA from human fecal samples results in improved performance of colorectal cancer
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screening test. J Mol Diagn 2004;6:386-95) and the continuing delineation of mutant
genes that can be assessed (Kann L, Han J, Ahlquist D, Levin T, Rex D, Whitney D,
Markowitz S, Shuber A. Improved marker combination for detection of de novo genetic
variation and aberrant DNA in colorectal neoplasia. Clin Chem 2006;52:2299-302.).
Moreover, assays for detecting mutations have been developed that query each template
molecule 1ndividually, dramatically increasing the signal to noise ratio. Such "digital"
assays are particularly well-suited for the analysis of DNA in clinical samples such as

stool or plasma because the mutant DNA fragments in such samples are greatly

outnumbered by normal DNA fragments.

The inventors have developed methods for monitoring tumor burden in cancer patients.
By detection of circulating tumor DNA in the patient, predictions regarding tumor
recurrence can be made. Based on the predictions, treatment and surveillance decisions
can be made. For example, circulating tumor DNA which indicates a future recurrence,
can lead to additional or more aggressive therapies as well as additional or more

sophisticated imaging and monitoring. Circulating DNA refers to DNA that is ectopic to

a tumor.

Samples which can be monitored for “circulating” tumor DNA include blood and stool.
Blood samples may be for example a fraction of blood, such as serum or plasma.
Simtilarly stool can be fractionated to purify DNA from other components. Tumor
samples are used to identify a somatically mutated gene in the tumor that can be used as a
marker of tumor 1n other locations in the body. Thus, as an example, a particular somatic
mutation 1n a tumor can be identified by any standard means known in the art. Typical
means include direct sequencing of tumor DNA, using allele-specific probes, allele-
specific amplification, primer extension, etc. Once the somatic mutation is identified, it
can be used in other compartments of the body to distinguish tumor derived DNA from
DNA derived from other cells of the body. Somatic mutations are confirmed by
determining that they do not occur in normal tissues of the body of the same patient.
Types of tumors which can be monitored in this fashion are virtually unlimited. Any

tumor which sheds cells and/or DNA into the blood or stool or other bodily fluid can be

10
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used. Such tumors include, in addition to colorectal tumors, tumors of the breast, lung,

kidney, liver, pancreas, stomach, brain, head and neck, lymphatics, ovaries, uterus, bone,

blood, etc.

Total DNA in a test sample can be determined by any means known in the art. There are
many means for measuring total DNA. As detatled below, one method that can be used 1s
a real-time PCR assay. Any gene or set of genes can be amplified. The LINE-1 gene
family was employed because 1t 1s highly repeated and therefore requires a small sample
to measure. The total DNA is measured so that measurements of tumor DNA collected at
different times from a patient can be normalized. While genome equivalents can be used

as a unit to express the total DNA content, other units of measurement can be used

without limitation.

Because the amount of ectopic tumor DNA 1n a sample 1s very small, a highly sensitive

means of measurement is desired. The measurement means described in detail below
employs amplification on beads in an emulsion. The measurement means, called
BEAMing, can detect mutations in stool and plasma DNA from patients with colorectal
cancers (Fig. 5A-5B). BEAMing was named after its components - beads, emulsions,
amplification, and magnetics — and essentially converts single DNA template molecules
to single beads containing tens of thousands of exact copies of the template (Dressman D,
Yan H, Traverso G, Kinzler KW, Vogelstein B. Transforming single DNA molecules into
fluorescent magnetic particles for detection and enumeration of genetic variations. Proc.
Natl. Acad. Sc1. U S A 2003; 100:8817-22; U.S. Serial No. 10/562,840). This method
permits one to determine how frequently mutations could be detected in the DNA from
plasma or stool of the same patients as well as to investigate other parameters that could
be useful in designing clinically applicable DNA-based tests in the future. Other
measurement means can be used, if sufficiently sensitive. The mutant sequence which is
first 1dentified 1n the patient’s tumor DNA 1s assayed in the ectopic body sample, such as
blood (e.g., serum or plasma), or stool. An easily collected sample is desirable. The

ectopic body sample 1s one into which the particular type of tumor in the patient would

11
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drain. Other body samples may include saliva, broncho-alveolar lavage, lymph, milk,

tears, urine, cerebrospinal fluid, etc.

The sequence that 1s identified as somatically mutated in the tumor DNA of the patient is
specifically determined in the ectopic body sample. Similarly, the corresponding
sequence that is found in the patient’s other body samples is also specifically determined.
Thus, for example, 1f a tumor mutation at nucleotide X of gene ABC 1s a G nucleotide in
the tumor and a T nucleotide in other body tissues, then both the G and the T versions of
nucleotide X of gene ABC can be specifically measured and quantified in the ectopic
body sample. One means of assessing these 1s with allele-specific hybridization probes.

Other techniques which achieve sufficient sensitivity can be used.

Calculation of the number of mutant sequences (or the ratio of mutant to not-mutant
sequences) can optionally be normalized to the total DNA content, e.g, genome
equivalents. The tumor burden index reflects the number of mutant (tumor) DNA
molecules present in a test sample. The number of non-mutant DNA molecules in a
sample may be included in the calculation of the tumor burden index to form a ratio. The
normalization and/or ratio can be calculated by special purpose computer or general
purpose computer or by human. The ratio can be recorded on paper, magnetic storage
medium, or other data storage means. The normalized value is a data point to assess
tumor burden in the whole individual. Additional assessments at different time points
can optionally be made to obtain an indication of increase, decrease, or stability. The

time points can be made in connection with surgery, chemotherapy, radiotherapy, or other

form of therapy.

After tumor resection, i1f complete, a drastic decrease in tumor burden will be observed.
However, if residual tumor remains, the tumor burden index will still be high or
detectable. Because the half-life of ectopic DNA such as in the blood is fairly short, one
can quickly assess surgical results using this technique. Incomplete resection can be
detected 1n this means after 2 hours, 4 hours, 8 hours, 12 hours, 16 hours, 24 hours, 2

days, 3 days, 5 days, 7 days, 14 days, 21 days, 28 days, 56 days, etc. Incomplete tumor
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resection may lead to increased monitoring, additional surgery, additional chemotherapy,

additional radiation, or combinations of therapeutic modalities. Additional therapies may

include increased dosage, frequency, or other measure of aggressiveness.

Genes in which mutations can be identified are any which are subject to somatic mutation
in a patient’s tumor. For ease of assay development, genes which are frequently subject
to such mutations may be used. These include genes which are tumor suppressors or

oncogenes, genes involved 1n cell cycle, and the like. Some commonly mutated genes 1n

cancers which may be used are APC, KRAS, TP53, and PIK3CA. This list is not

exclusive.

While any means of detection of mutations can be used, hybridization to allele-specific
nucleic acid probes has been found to be effective. Prior to hybridization, double
stranded hybridization reagents are typically heated to denature or separate the two

strands, making them accessible to and available for hybridization to other partners. Slow

'cooling, i.e., at least as slow as 1 degree C per second, at least as slow as 0.5 degree C

per second, at least as slow as 0.25 degree C per second, at least as slow as 0.1 degree C
per second, or at least as slow as 0.05 degree C per second, has been found useful. In
addition, the presence of the reagent tetramethyl ammonium chloride (TMAC), has also

been found to be useful, especially when one of the hybridization partners 1s attached to a

bead.

Our results show that ctDNA 1s a promising biomarker for following the course of
therapy in patients with metastatic colorectal cancer. ctDNA was detectable in all
subjects before surgery, and serial blood sampling revealed oscillations in the level of
ctDNA that correlated with the extent of surgical resection. Subjects who had detectable
ctDNA after surgery generally relapsed within 1 year. The ctDNA seemed to be a much
more reliable and sensitive indicator than the current standard biomarker (CEA) in this

cohort of subjects.
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Our studies are consistent with others that have shown that ¢tDNA can be detected in

°. However, most such PIrevious

subjects with cancer, particularly in advanced tumors
studies have not used techniques sufficiently sensitive to detect the low levels of ctDNA

found in many of the subjects evaluated in the current study. Moreover, one of the crucial

~and distinguishing features of our approach lies in the ability to precisely measure the

level of ctDNA rather than to simply determine whether or not ctDNA 1s detectable.

The results of our study suggest that ctDNA levels retlect the total systemic tumor
burden, in that ctDNA levels decreased upon complete surgery and generally increased as
new lesions became apparent upon radiological examination. However, whether ¢tDNA
levels are exactly proportional to systemic tumor burden cannot be definitively
determined, because there is no independent way to measure systemic total burden at this
time. Radiographs are inaccurate, because lesions that are observed upon imaging are
composed of live neoplastic cells, dead neoplastic cells and varying amounts of non-
neoplastic cells (stromal fibroblasts, inflammatory cells, vasculature, and the like)'!. The
proportion of these cell types in any lesion is unknown. Additionally, micrometastatic
lesions that are smaller than a few millimeters, which in aggregate may make a large

contribution to the total tumor burden, are not detectable by positron emission

tomography, computed tomography or magnetic resonance imaging scans.

The approach used in our study can be considered a form of “personalized genomics.” As
such, 1t has both advantages and disadvantages. The advantage over other biomarkers lies
in its specificity, as the queried mutation should never be found in the circulation uniess
residual tumor cells are present somewhere in the subject's body. The disadvantage is that
a marker specific for each subject must be developed. This entails the identification of
mutations in the subject's tumor as a preliminary step (Figs. 1A-1B). Though we have
performed this step with direct sequencing of DNA from paraffin-embedded tissues, it
could be performed with simpler technologies, such as microarrays querying mutation
hotspotslz’w . The second step—designing and testing a mutation-specific probe—is also
time consuming at this stage of technological development. But it, too, could be

simplified, in that a stock of probes, representing the most common mutations, could
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easily be prepared in advance. This strategy may also be particularly useful for a different
application of the approach, ie., cancer screening in a healthy population where

mutational status is not known in advance.

In sum, we present a framework for using circulating tumor DNA as a measure of tumor
dynamics. The rationale is similar to that employed in the care .of patients with HIV, in
whom viral nucleic acids are quantitatively assessed to monitor asymptomatic disease and
used to tailor therapy to the individual’s needs. We envision that ctDNA could be used to
noninvasively monitor many types of cancer and, as in the treatment of individuals with
HIV, help influence clinical decision-making. As sequencing technologies improve, it
will become relatively simple to identify such mutations in virtually any cancer. Indeed,
such diagnostic applications are one of the major goals of the Cancer Genome Atlas

project.

The above disclosure generally describes the present invention.
A more complete understanding can be

obtained by r<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>