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(57) ABSTRACT 

Contemplated systems and methods allow for computational 
genomic analysis using paired-end sequence analysis and 
split read refinement to thereby identify high-confidence 
breakpoints associated with high copy numbers and orienta 
tion of rearrangements, which is then the basis for full recon 
struction of double minutes (DM). In especially preferred 
aspects, the DM will also include an oncogene or tumor 
Suppressor gene, and/or may be found in blood or blood 
derived fluids. 
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MDM2-CONTAINING DOUBLE MINUTE 
CHROMOSOMES AND METHODS 

THEREFORE 

0001. This application claims priority to U.S. provisional 
patent application Ser. Nos. 61/568,513 filed Dec. 8, 2011 and 
61/616,535 filed Mar. 28, 2012. This and all other extrinsic 
materials discussed herein are incorporated by reference in 
their entirety. Where a definition or use of a term in an incor 
porated reference is inconsistent or contrary to the definition 
of that term provided herein, the definition of that term pro 
vided herein applies and the definition of that term in the 
reference does not apply. 

FIELD OF THE INVENTION 

0002 The field of the invention is molecular diagnostics, 
especially as it relates to analysis and identification of 
genomic rearrangements. 

BACKGROUND 

0003. The introduction of whole-genome sequencing has 
provided researchers with an unprecedented ability to mea 
Sure the complex state of genomic rearrangements character 
istic of most cancers. Numerous methods for inferring struc 
tural variation from paired-end sequencing data have been 
developed (Bioinformatics (2009): 25: i222-i230; Nature 
Methods 2009 August; 6:677-681; Nature Genetics 2011 
March:43:964-968), but the structural variants called by such 
methods are often considered only in isolation, used primarily 
to identify potential fusion genes. The difficulty in discover 
ing all true structural variants and filtering out false positives 
makes it hard to use the output of currently known methods to 
reassemble large regions of the tumor genome. Such difficul 
ties are particularly unfortunate as proper tumor genome 
assemblies help reveal the complex structure of the tumor 
genome and could be used to infer a mechanism by which 
Somatic alterations such as amplifications of oncogenes and 
deletions of tumor Suppressors occur. 
0004 Rapidly decreasing cost and increased data resolu 
tion of whole-genome sequencing also promises the emer 
gence of new classes of cancer diagnostics from blood. For 
example, Leary et al. (SciTransl Med 2010 February; 2(20): 
20ra14) developed a personalized analysis of rearranged ends 
(PARE), which uses somatic rearrangements to build a blood 
based diagnostic assay for recurrence. While this novel 
method provides a powerful framework for monitoring, 
analysis of biopsied tumor tissue is typically needed to find 
specific markers to be measured in blood. Other monitoring 
techniques, such as measuring circulating tumor cells, require 
significant enrichment efforts that are only feasible when 
tumors with metastatic potential are present (Cancer Lett. 
2007 August; 253(2):180-204). Both of these techniques 
present technical challenges that make them unsuitable for 
initial tumor diagnosis. 
0005. It is well documented that double-stranded DNA 
can become highly amplified and circularized in the cyto 
plasm of cells, forming what is known as double minutes 
(Cancer Genet. Cytogenet. 1982 February: 5(1):81-94). 
Double minutes (DMs) have been shown to confer resistance 
to certain drugs, as well as pass along this resistance non 
uniformly to daughter cells. They have been observed up to a 
few megabases in size, and contain chromatin similar to 
actual chromosomes, but lack the centromere or telomeres 
found in normal chromosomes. Since DMs lack centromeres, 
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they are randomly distributed to daughter cells during cell 
division, and they are generally lost in future generations 
unless there is some selective pressure to maintain them. 
However, the random distribution of DMs also provides a 
simple mechanism to quickly amplify an oncogenic DM in 
Successive generations, where cells may accumulate hun 
dreds of copies of the double minute. Though the frequency of 
double minutes in glioblastoma multiforme (GBM) is largely 
unknown, a recent study by Fan et al. (J. Appl. Genet. 2011 
February: 52(1):53-59) has identified neuroblastomas as hav 
ing the second highest rate of DMs, offering the possibility 
that perhaps some of the frequently amplified oncogenes in 
GBMtumors can be explained by the formation and accumu 
lation of oncogenic double minutes. 
0006. Despite the fact that DMs were originally identified 
over thirty years ago, there is no evidence in the literature that 
a comprehensive sequence analysis of DMS has been done. 
Thus, there is still a need for improved diagnostic methods, 
and especially improved methods for genetic analysis of neo 
plastic tissue that may be associated with presence of DMs. 

SUMMARY OF THE INVENTION 

0007. The inventive subject matter is drawn to methods 
and computational systems in which whole genome paired 
end sequence analysis enables rapid and comprehensive iden 
tification of genetic rearrangements via identification of high 
confidence breakpoints and associated high copy numbers to 
fully reconstruct intact DMs that typically contain highly 
amplified oncogenes associated with the neoplasm. 
0008. In one especially preferred aspect of the inventive 
Subject matter, a method of analyzing genomic data that 
includes a step of determining a relative copy number 
between a tumor genomic sequence and a matched normal 
genomic sequence, and a further step of identifying putative 
breakpoints in the tumor genomic sequence and the matched 
normal genomic sequence. In another step, the putative 
breakpoints are refined, preferably using fragmenting the 
tumor genomic sequence and comparing the fragments with a 
reference database, to identify a breakpoint location and an 
orientation of the tumor genomic sequence, and in another 
step, a read Support threshold (e.g., user-determined) is used 
to confirm the breakpoint as a significant breakpoint. In a still 
further step, the relative copy number, the significant break 
point, and the orientation are used to determine a genomic 
arrangement having a circular Solution (which may be indica 
tive of a double minute chromosome). 
0009. In especially preferred aspects, the step of determin 
ing the relative copy number is performed using dynamic 
windowing and/or wherein the step of identifying putative 
breakpoints is performed using discordant paired reads. 
While not limiting to the inventive subject matter, it is gen 
erally preferred that the genomic arrangement is determined 
by generating a breakpoint graph and solving the breakpoint 
graph to arrive at the circular solution. 
0010. In further contemplated aspects, the tumor genomic 
sequence is from a solid tumor, while the tumor genomic 
sequence is isolated from genetic material present in a bio 
logical fluid (e.g., blood, serum, plasma, aspirate, etc.). For 
example, the Solid tumor may be glioblastoma multiforme or 
a non-small cell lung cancer. 
0011 Viewed from a different perspective, contemplated 
methods of analyzing genomic data may include a step of 
associating a copy number of a tumor genomic sequence with 
a breakpoint in the tumor genomic sequence upon reaching a 
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read support threshold (preferably user-defined) for the 
breakpoint, and a step of determining orientation of the tumor 
genomic sequence. Such methods will further include a step 
of determining genomic arrangement using the copy number, 
position of the breakpoint, and orientation of the tumor 
genomic sequence. Typically, but not necessarily, the step of 
determining genomic arrangement is performed by generat 
ing a breakpoint graph using the copy number of the tumor 
genomic sequence, the position of the breakpoint within a 
genome, and the orientation of the tumor genomic sequence, 
wherein in the breakpoint graph the copy number is expressed 
as an edge and wherein the breakpoint position is expressed as 
a Vertex. 

0012. In another aspect of the inventive subject matter, a 
method of analyzing genomic data of a Solid tumor will 
include a step of identifying the Solid tumor as a tumor of 
which at least a portion of a tumor genome is present in a 
biological fluid, and another step of obtaining from a patient 
the biological fluid and isolating the at least portion of the 
tumor genome, which is then used to analyze the genomic 
data as described above and in the detailed description. Most 
typically, the portion of the tumor genome is present as a 
double minute chromosome that may include an oncogene or 
a tumor Suppressor gene. Thus, contemplated methods may 
also include a step of identifying an oncogene or a tumor 
Suppressor gene within the isolated at least portion of the 
tumor genome. In this event, the method will also comprise a 
step of treating or advising to treat the patient using a phar 
maceutical regimen that targets the oncogene or tumor Sup 
pressor gene. 

0013. In yet another aspect of the inventive subject matter, 
a method of analyzing genomic data of a Solid tumor (e.g., is 
glioblastoma multiforme or non-Small cell lung cancer) will 
include a step of obtaining from a patient a biological fluid 
(e.g., blood, serum, plasma, etc.) and isolating at least a 
portion of a tumor genome from the biological fluid, and a 
further step of determining if a region Surrounding an onco 
gene (e.g., wild type or mutant form of EGFR, c-Myc, or 
MDM2) exhibit a clustered pattern of breakpoints indicative 
of an amplified double minute. Determination is preferably 
performed as described above and as in the detailed descrip 
tion. 

0014. Therefore, the inventors also contemplate a method 
of de-novo diagnosing a neoplastic disease (e.g., gastric can 
cer, colon cancer, prostate cancer, lung cancer, leukemia, or 
breast cancer) that includes a step of obtaining a biological 
sample from a patient and isolating a nucleic acid from the 
sample, and a further step of analyzing the nucleic acid for a 
copy number of a genomic sample and a breakpoint in the 
genomic sample. In a still further step, the copy number of the 
genomic sequence is associated with the breakpoint in the 
genomic sequence upon reaching a read support threshold for 
the breakpoint, and orientation of the genomic sequence is 
determined. In yet another step, genomic arrangement is 
determined using the copy number, position of the break 
point, and the orientation of the genomic sequence, and the so 
identified genomic arrangement is used to determine likeli 
hood for the neoplastic disease. In at least some aspects of the 
inventive Subject matter, the genomic arrangement is identi 
fied as a double minute, and/or as including an oncogene or 
tumor Suppressor gene. 
00.15 Various objects, features, aspects and advantages of 
the inventive subject matter will become more apparent from 
the following detailed description of preferred embodiments, 
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along with the accompanying drawing figures in which like 
numerals represent like components. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0016 FIG. 1 is an exemplary graph depicting initial iden 
tification of a putative structural variant according to the 
inventive subject matter. 
0017 FIG. 2 is an exemplary graph depicting refined 
analysis of a breakpoint in the putative structural variant of 
FIG 1. 
0018 FIG. 3 is an exemplary breakpoint graph according 
to the inventive subject matter. 
0019 FIG. 4 is an exemplary histogram of read support for 
Somatic breakpoints. 
0020 FIG. 5 is an exemplary genome browser display 
depicting high copy numbers and highly Supported break 
points. 
0021 FIG. 6 is a detail view of the data shown in FIG.5 
and a circular Solution for the breakpoint graph. 
0022 FIG. 7 depicts exemplary genome browser displays 
depicting high copy numbers and highly Supported break 
points on chromosomes 7 and 12. 
0023 FIG. 8 is a detail view of selected data shown in FIG. 
7 and circular solutions for the breakpoint graph. 
0024 FIG. 9 is schematic exemplarily depicting configu 
rations and systems for genomic analysis according to the 
inventive subject matter. 
(0025 FIGS. 10A and 10B are exemplary illustrations for 
rearrangement patterns and corresponding circular solutions 
in a first tumor sample. 
(0026 FIGS. 11A and 11B are exemplary illustrations for 
rearrangement patterns and corresponding circular solutions 
in a second tumor sample. 
(0027 FIGS. 12A and 12B are exemplary illustrations for 
rearrangement patterns and corresponding circular solutions 
in a further tumor samples. 

DETAILED DESCRIPTION 

0028. The inventors have discovered that genomic analy 
sis can be performed to identify one or more DMs from whole 
genomic sequence data by identifying high-confidence 
breakpoints and associated high copy numbers, and by analy 
sis of the data to arrive at a circular solution in a rearrange 
ment plot. 
0029. To that end, the inventors developed and used algo 
rithms capable of identifying high-confidence breakpoints, 
fragment orientation, and analysis of whole-genome 
sequencing data, which ultimately allows full reconstruction 
of intact DMs that in many cases contain highly amplified 
oncogenes. For example, the inventors used two glioblastoma 
multiforme (GBM) sample sequences by The Cancer 
Genome Atlas (Nature 2008 October:455(7216):1061-1068) 
for full reconstruction of intact DMs. In addition, the inven 
tors also discovered evidence for DMs in blood samples of the 
same patients, indicating that GBM tumor cells are shedding 
oncogenic DMs into the bloodstream. Particularly preferred 
algorithms include BAMBAM, which is described in US 
2012/0066001 and US 2012/0059670, both of which are 
incorporated by reference herein. Methods and computa 
tional systems presented herein enable rapid and comprehen 
sive identification of genetic rearrangements via whole 
genome paired-end sequencing. More particularly, the inven 
tors employed the below described systems and methods to 
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analyze whole-genome sequencing data to so arrive at a result 
that represents describes fully reconstructed DMs. 
0030 Throughout the following discussion, numerous 
references will be made regarding servers, services, inter 
faces, portals, platforms, or other systems formed from com 
puting devices. It should be appreciated that the use of Such 
terms is deemed to represent one or more computing devices 
having at least one processor configured to execute Software 
instructions stored on a computer readable tangible, non 
transitory medium. For example, a server can include one or 
more computers operating as a web server, database server, or 
other type of computer server in a manner to fulfill described 
roles, responsibilities, or functions. 
0031. In one exemplary aspect of the inventive subject 
matter, copy numbers are determined and structural varia 
tions inferred as follows. 

0032 Computing relative copy number between tumor 
and matched normal: Tumor vs. normal relative copy number 
is calculated using a dynamic windowing approach that 
expands and contracts the windows genomic width accord 
ing to the read coverage in either the tumor or normal 
sequencing datasets. The process is initialized with a window 
of Zero width. Each read that exceeds certain quality thresh 
olds (e.g., read mapping quality) from both the tumor and 
matched normal sequence data will be tallied into tumor 
counts, N., and normal counts, N., respectively. The 
start and stop positions of the first read defines the initial 
windows width, and as more reads are collected, the win 
dow's width expands to contain the minimum start and maxi 
mum stop positions of all reads processed. 
0033. A relative copy number calculation is made when 
the following condition is met: the read counts from either 
tumor or matched normal datasets exceed both a user-defined 
upper and a lower threshold that is fixed at 100 reads. When 
this occurs, the windows size and location, the raw read 
counts M, N, and the relative copy number calcu 
lation N/N, are recorded. All values are then reset 
for the next collection and computation. By tailoring the size 
of the N, window according to the local read coverage, 
this method produces large windows in regions of low cov 
erage to improve signal-to-noise ratio, while regions that are 
highly amplified will produce Smaller windows, increasing 
the resolution of amplicon boundaries. 
0034) Inferring regions of structural variation using 
paired-end clustering: To identify putative intra- and inter 
chromosomal rearrangements, bambam searches for discor 
dant paired reads stored in a pair of coordinate-sorted BAM 
files, one from the tumor sample and the other from the 
matched normal sample, where each read in the discordant 
pair map to disparate regions of the reference sequence. Intra 
chromosomal discordant pairs are those that have an abnor 
mally large insert size (i.e., the genomic distance on the 
reference separating the paired reads exceeds a user-defined 
threshold) or those that map in an incorrect orientation (i.e., 
inversion). Inter-chromosomal discordant pairs are defined 
by paired reads that map to different chromosomes. An over 
view of this process is shown in FIG. 1, which schematically 
depicts an overview of structural variation calling. The initial 
identification of a putative structural variant is identified by 
bambam using discordantly mapped read pairs, where both 
reads fully map to the reference genome, but do so in an 
abnormal, non-reference manner. The putative breakpoints 
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found by bambam are then refined by a program called 
bridget using any available split reads in the neighborhood of 
the breakpoint. 
0035 All discordant paired-end reads from both tumor 
and normal datasets are clustered according to their genomic 
locations to define an approximate genomic region where the 
breakpoint is believed to be. The aggregation process com 
prises grouping together the reads that overlap other reads on 
both sides of the putative breakpoint and have the identical 
orientation, while keeping track of the number of reads that 
came from tumor and normal datasets. When the number of 
overlapping discordant pairs in a cluster exceeds a user-de 
fined threshold, the breakpoint that describes the rearrange 
ment is defined and recorded in the output. 
0036 Breakpoints are classified as “somatic' if they are 
significantly Supported by reads from the tumor dataset. A 
minimal amount of read Support for “somatic' breakpoints 
from the matched normal dataset is allowed to accommodate 
cases where some level of tumor DNA is present in the 
matched normal sample. This may occur when highly ampli 
fied regions present in a solid tumor's DNA are shed off into 
the bloodstream at low, but detectable levels. Alternatively, in 
the case of hematological cancers, it is expected that there will 
be a high level of tumor introgression in the matched normal 
sample (typically skin). The amount of Support for Somatic 
breakpoints allowed in the matched normal dataset can be 
adjusted according to the amount of tumor “contamination” 
expected in the matched normal sample. “Germline' break 
points are those that have significant support in both tumor 
and matched normal datasets or only have Support in the 
matched normal dataset. These are not considered in this 
analysis, as these rearrangements are not pertinent to the 
problem at hand. Also, many of these breakpoints are 
believed to be spurious, due to artifacts induced by the 
sequencing instrument, sample preparation (such as whole 
genome amplification), or a systematic bias in the short-read 
mapping algorithm employed. 
0037 Refinement of structural variation using split-reads: 
The breakpoints found initially by bambam are approximate, 
in that they use fully-mapped reads that, by their nature, do 
not Substantially overlap the actualjunction of the breakpoint, 
since it represents sequence not present in the reference (or 
the matched normal dataset, in the case of a Somatic rear 
rangement). To refine the location of the breakpoint, a pro 
gram called bridget was developed. 
0038 Bridget is given the approximate breakpoint found 
by bambam and searches for all unaligned reads that are 
anchored near the putative breakpoint by a fully-mapped 
mate. Each of these unmapped reads have the potential to be 
a “split read” that overlaps the rearrangement's breakpoint 
junction. Localized genomic sequences Surrounding both 
sides of the breakpoint are broken up into a set of unique tiles 
(currently tile size=16 bp), and a tile database of the tile 
sequences and their location in the reference genome is built. 
A similar tile database is constructed for each unaligned read, 
by breaking up the read into tiles of the same size and noting 
their location within the read. Comparing the reference tile 
database and the unaligned tile database, the genomic loca 
tion of each unaligned tile in the reference is determined. 
“Dual-spanning sets of these locations are computed by 
determining the maximal set of tiles that are contiguous in 
both the reference and unaligned reads, one for each side of 
the breakpoint. 
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0039. The minimum and maximum genomic locations of 
the dual-spanning sets in reference coordinates precisely 
determine the breakpoint location, as well as the orientation 
(or strandedness) of both sides of the junction. With the infor 
mation describing the left and a right boundaries of the break 
point, the rearranged sequence is fully defined, i.e. the left 
side is defined by (e.g., chromosome=chr1, location=1000 
bp, strand-forward) and the right side is defined by (e.g., 
chromosome=chr5, location=500,000 bp, strand-reverse). 
The sequence homology of the breakpoint (i.e., a short 
sequence, such as “CA observed to be identical on both 
boundaries of the breakpoint, but is observed only once in the 
aligned read at the junction of the two sequences) is also 
determined from these dual-spanning sets. 
0040. For each unaligned read, the dual spanning sets 
determine a potential location of the breakpoint. Since each 
unaligned read may determine slightly different locations for 
the breakpoint (due to sequence errors near the breakpoint, 
repetitive reference, etc.), all breakpoint locations determined 
from the dual-spanning sets are used to generate possible 
junction sequences. All unmapped reads are newly aligned to 
each of these possible junction sequences and the overall 
improvement in their alignments is measured against how 
well the reads aligned to the original sequences. The junction 
sequence that yields the greatest improvement in alignment 
scores is judged as the best candidate for the true rearrange 
ment. If this best junction sequence yields negligible 
improvement in the alignment scores, then this junction 
sequence is discarded as it is unlikely to represent the true 
rearrangement. In this case, it may also be determined that the 
lack of split read confirmation is evidence that the original 
structural rearrangement found by bambam could be spuri 
ous. FIG. 2 schematically depicts an exemplary method to 
precisely identify the locations in the genome where the 
structural rearrangement occurred. Tiles (orkmers) are deter 
mined for both the potential split read and the reference 
genome. Dual-spanning sets are determined (represent as the 
thick red and purple boxes on the bottom of this figure), which 
fully define how to construct the rearranged sequence. Dual 
spanning sets are robust to sequence errors or SNPs in the 
split read. 
0041. Once structural variations have been refined using 
split-reads as described above, one or more breakpoints are 
determined that are indeed related to highly amplified 
regions. More specifically, the Support of a given breakpoint 
is directly proportional to the copy number of the regions it 
connects. Thus, by requiring breakpoints to have a high level 
of read Support, one can filter outbreakpoints that are part of 
a copy-neutral rearrangement or led to low-copy amplifica 
tions and deletions to instead focus on the breakpoints that are 
part of highly amplified regions in the tumor. The particular 
read Support threshold is chosen Such that breakpoints that 
have read support expected of copy-neutral regions of the 
tumor genome are removed. 
0042 Amplicons can then be reconstructed by walking the 
breakpoint graph. For example, and similar to a recently 
published method (Genome Res. 2011 Oct. 12), the inventors 
constructed a breakpoint graph by describing a set of edges 
that represent the amplified segments of the tumor genome 
and a set of directional vertices that connect the edges to one 
another. Here, the edges are defined as the amplified segments 
of the tumor genome observed in the relative copy number, 
while the vertices are the highly supported breakpoints found 
in the manner described above. If an amplified segment is 
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interrupted by a breakpoint, then that segment will be split 
into two edges at the location of the interrupting breakpoint. 
0043. With the segments laid out according to genomic 
position, the inventors determined the arrangement of edges 
that represent the rearranged tumor sequence by starting at 
the leftmost position of the first amplified segment and 
progress towards the right until a right-oriented vertex is 
encountered. The path continues by following the vertex to 
the segment it is connected to and moving in the direction (left 
or right) specified by the outgoing vertex. A solution to the 
breakpoint graph is made when a path through all edges and 
Vertices have been traversed at least once. A toy example 
breakpoint graph and its solution are shown in FIG. 3, dem 
onstrating walking the breakpoint graph to reconstruct a rear 
ranged sequence. Starting with segment 'a', one will follow 
the exiting breakpoint 1 to the right, which enters the left 
hand side of segment “b.” Continuing to the right, one will 
follow the exiting breakpoint 2 that enters the right-hand side 
of segment “c.” This breakpoint points to the left, indicating 
that segment 'c' is found in an inverted orientation in the 
rearranged sequence. The final breakpoint 3 is followed back 
to the left-hand side of segment “a” accounting for all extra 
copies in the copy number. The final solution found is thus “a 
b-c'. 
0044) Given such loose constraints, it is clear that many 
satisfactory solutions to the breakpoint graph may be pos 
sible. However, the optimal path(s) through the graph are 
those that most closely agree with the observed relative copy 
number. The number of times a solution traverses a given 
segment produces an estimate of that segment's copy number. 
The root mean square deviation (RMSD) of the segment 
traversal counts to the observed relative copy number for each 
Solution is calculated, and then the Solution(s) with the Small 
est RMSD value are labeled as optimal. 

EXAMPLES 

0045. The inventors applied the above described methods 
to two glioblastoma multiforme (GBM) samples designated 
TCGA-06-0648 and TCGA-06-0152, both sequenced by The 
Cancer Genome Atlas (TCGA) project. The tumor and 
matched normal (blood) sequencing datasets from these 
samples were processed as described in Methods, producing 
tumor vs. normal relative copy number estimates, identifying 
breakpoints, and performing split read analysis. The tumor 
and normal genomes of both samples were sequenced to an 
average coverage of approximately 30x. 
0046. A total of 3,696 breakpoints were identified by bam 
bam, of which 132 breakpoints were found by bridget to have 
split reads directly spanning the putative breakpoint. FIG. 4 
shows a histogram of read support for all Somatic breakpoints 
found in sample TCGA-06-0648. By setting the minimum 
read support threshold to 100, all but 16 of the somatic break 
points Supported by bridget were removed. Interestingly, all 
16 of these highly supported breakpoints are near the bound 
aries of highly amplified segments in a clustered region of 
chromosome 12, as shown in FIG. 5, where the genome 
browser displays relative copy number (“Overall Copy Num 
ber, in gray) and highly supported breakpoints (“Inter-Chro 
mosomal Rearrangements' and “Intra-Chromosomal Rear 
rangements.” with breakpoint support >100 reads) for sample 
TCGA-06-0648. A total of 16 amplified segments are found, 
with one segment containing the known oncogene MDM2 
implicated in GBM tumorigenesis. In fact, the boundary of 
every amplified segment can be associated with a single 
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breakpoint that is correctly oriented such that it enters into or 
exits from the amplification. This Suggests that the highly 
Supported breakpoints and the amplifications are related and 
may in fact represent the rearranged configuration of the 
amplified segments in the tumors genome. 
0047 FIG. 6 is a diagram of these same data that exagger 
ates the size and location of Some segments as they are too 
close together to be visualized in the browser plot of FIG. 5. 
FIG. 6 depicts a circular solution of TCGA-06-0648 break 
point graph suggesting the presence of an amplified double 
minute chromosome containing MDM2. Breakpoint read 
Support is listed as Tumor read count/Blood read count, e.g., 
1365/9 means that 1,365 reads support the breakpoint in the 
tumor and 9 supporting reads are found in the blood. The 
Solution lists the order and orientation of the segments in their 
new configuration, with the minus symbol used to indicate a 
segment in an inverted orientation. The copy number of the 
amplified segments suggests there are at least 40 copies of 
each segment present in the average tumor cell. This diagram 
is a visual representation of the breakpoint graph, and by 
walking the breakpoint graph, a single optimal Solution is 
found. The interesting aspect of this solution is that it is 
circular, in that the final traversal of last segment returns back 
to the starting position, i.e. the first vertex is also the final 
Vertex. The circular Solution passes through every segment 
exactly once, yet the copy number Suggest there are approxi 
mately 40 copies of each segment in the tumor genome. To 
account for those extra copies, one must loop through the 
segments for another 39 passes. These additional copies 
could be present in many different configurations, exempli 
fied by two extremes: (1) 40 copies were replicated to forman 
unbroken tandem array of these segments in this precise order 
and orientation, or (2) a single, self-replicating double minute 
chromosome was formed of which the average tumor cell has 
accumulated 40 copies. Clearly the latter option is more par 
Simonious, as it doesn’t require 40 successive tandem dupli 
cations to occur at approximately the same location in the 
rearranged sequence (i.e. the bounding vertices of the initial 
amplicon) such that no amplified segments are lost or exist at 
different concentrations. Therefore, the data Suggest an onco 
genic DM containing MDM2 exists in this GBM tumor 
sample. 
0048 Also shown on FIG. 6 are the read supports for all 
highly supported breakpoints in both tumor and blood 
sequencing datasets. First note that the breakpoints have 
incredibly high Support in the tumor, with some breakpoints 
supported by more than 2,000 split reads. This is to be 
expected since the rearrangements define the amplicon, and 
the amplicon is present at very high copy number. More 
interesting is that every breakpoint also shows a Surprisingly 
high amount of support in the patient’s blood. Given the 
propensity of DMs to getting lost after Successive stages of 
mitosis, it is unlikely that the DM was present originally in the 
germline and maintained for decades, only to undergo ampli 
fication during tumorigenesis. This is especially true consid 
ering that oncogenic DMs are unlikely to provide a selective 
advantage to non cancerous cells. A more parsimonious solu 
tion is that this oncogenic DM is instead somatic in origin, 
constructed and amplified at Some point prior or during tum 
origenesis. The selective advantage this DM provided to the 
emerging tumor cell led to cells that accumulate more copies 
of the DM having a distinct growth advantage over those that 
had fewer, resulting in a population of tumor cells with the 
uniformly high copy number observed in the regions assumed 
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to be part of this DM. The fact that MDM2 is often found in 
oncogenic DMs lends further support for this hypothesis (Ge 
nomics. 1993 February; 15(2):283-90). 
0049 Similar results in the other GBM tumor sample, 
TCGA-06-0152, processed by the methods described here. 
Shown in FIG.7 are browser shots of highly amplified regions 
on chromosome 12 that include oncogenes CDK4 and 
MDM2 and a region of chromosome 7 that includes the 
EGFR oncogene. Here, the genome browser plot of the ampli 
fied segments and highly Supported structural variants (read 
support >100) for sample TCGA-06-0152 on chromosomes 
(a) 12 and (b) 7 is shown. Note the inter-chromosomal break 
points in purple that connect a small amplified region on 
chr12 with the amplified region on chromosome 7, which 
contains EGFRA diagram of these regions is given in FIG.8. 
Here, circular solutions of the breakpoint graph for GBM 
sample TCGA-06-0152 are shown that suggest the presence 
of two separate oncogenic DMs amplified in the tumor. The 
solution of the MDM2+CDK4 double minute traverses some 
segments multiple times, but all extra traversals are accounted 
for the in the observed relative copy number. 11 of the 20 
breakpoints show discordant read evidence in the patients 
blood sample. In total, 29 segments on the two chromosomes 
were amplified, with some segments display much higher 
relative copy numbers than others. 20 highly supported 
breaks are found and, as before with sample TCGA-06-0648, 
all breaks can be uniquely associated with a discontinuity in 
the relative copy number. By Solving the breakpoint graph, 
two independent circular solutions were found. Solution (1) 
uses all but two intra-chromosomal breakpoints on chromo 
Some 12 and contains one copy of the oncogene CDK4 and 
two copies of the oncogene MDM2. Solution (2) incorporates 
the two inter-chromosomal breakpoints spanning amplified 
regions on chromosome 7 and 12 and two intra-chromosome 
breakpoints on chromosome 12, and contains the oncogene 
EGFR. These two solutions suggest that two DMs were 
formed and amplified in this sample, both of which contain 
different oncogenes and likely provided significant selective 
advantage to the growing tumor cells. 
0050 Solution (1) also describes a much more compli 
cated path through the amplified segments than observed in 
sample TCGA-06-0648. To incorporate all highly supported 
breakpoints in the solution, some segments had to be tra 
versed multiple times. 11 of the 29 segments were traversed 
two times, and one Small segment was traversed three times. 
The increased copy number that would be expected by these 
traversals is observed in the relative copy number, where the 
average tumor cells containing approximately 35 copies of 
this DM. The segments that are traversed twice have a copy 
number of roughly 70. The segment traversed three times 
appears to have increased copy number compared to the 
twice-traversed segments (-85 vs. -75), but the small size of 
this segment makes it difficult to compute accurate relative 
copy number. 
0051. As before, there is evidence of tumor breakpoints in 
the blood sample of patient TCGA-06-0152, but to a lesser 
degree than observed in the blood sample of TCGA-06-0648. 
11 of the 20 breakpoints have low levels of read support, 
while 9 breakpoints have no read support in the blood. There 
are numerous reasons why this could be the case. For 
instance, the blood data may have been sequenced at lower 
coverage, resulting in a lower chance of sequencing across 
any given Somatic breakpoint. Alternatively, the reason may 
be biological in nature, whereby some mechanism induced 
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the TCGA-06-0152 tumor to shed DMs into the bloodstream 
at a lower rate than TCGA-06-0648, reducing the observed 
concentration of DMs in the blood. 
0052. The presence of tumor discordant reads in the blood 
of DM-specific breakpoints then suggests that these GBM 
borne DMs are crossing the blood-brain bather and entering 
the patient’s bloodstream. Most tantalizing is that the number 
of GBM-borne DMs in the blood is such that DM-specific 
breakpoints are detectable using sequencing data at average 
coverage derived only from the blood of the patient. Although 
the sequencing evidence strongly suggests the presence of 
oncogenic DMs, FISH (fluorescence in situ hybridization) 
analysis of the amplified oncogenes would have to be per 
formed on both tumor and matched normal samples to con 
firm this hypothesis. 
0053 Viewed from another perspective, it should be 
appreciated that genome instability and structural rearrange 
ment is a distinctive hallmark of the cancer genome. With 
next-generation sequencing technologies, the inventors’ abil 
ity to measure structural rearrangements that occur through 
tumorigenesis and progression has significantly improved, 
however created an urgent need for rearrangement discovery, 
analysis, and visualization methods to aid better comprehen 
sion of these events. 
0054) To address these challenges, the inventors’ sequenc 
ing analysis pipeline streamlines the discovery of individual 
tumors mutations, Small indels, copy number alterations, 
allele-specific amplifications and deletions, and genomic 
rearrangements. For example, in one representative analysis, 
rearrangements are refined to breakpoint precision using 
unmapped, putative split reads found in the vicinity of the 
breakpoint when available. The results are then presented, 
preferably in an interactive, web-based genome browser that 
provides analysis and visualization of both high-level, pro 
cessed results as well as the raw data from which they were 
derived, which is schematically illustrated in FIG. 9. 
0055. The sequencing analysis pipeline was used to dis 
cover high-confident, Small- and large-scale Somatic events in 
17 whole genome glioblastoma multiforme (GBM) tumor 
samples from The Cancer Genome Atlas (TCGA) project, 
using their matched normal sequences to identify somatic 
rearrangements. Among many interesting structural aberra 
tions identified in these samples, the inventors found two 
tumors with complicated rearrangement patterns in regions of 
extreme amplification that could be assembled to construct 
circular double minute chromosomes at base-level precision 
as can be seen in FIGS. 10A/B and 11A/B. Evidence of 
breakpoints specific to the double minute were found in blood 
sequencing data, raising the possibility that patient-specific 
PCR-based assays could be developed to quantify the pres 
ence of somatic rearrangements to use as a proxy in monitor 
ing the progression of brain tumors. 
0056. Also, four GBM tumors were found exhibiting 
EGFR amplifications and rearrangements indicating the pres 
ence of the EGFRVIII mutant gene, whereby exons 2-6 of 
EGFR are deleted. Comparing the read support of the 
EGFRVIII associated breakpoints to the amount of normally 
mapped reads in the neighborhood suggest that the EGFRVIII 
mutant emerges after the amplification of wild-type EGFR, 
existing as a fraction of the total number of EGFR copies in 
the tumor. Exemplary results are presented in FIGS. 12A/B. 
0057 Therefore, it should be appreciated that the ability to 
integrate relative copy number with breakpoints provides a 
new way to understand the genomic topology of the cancer 
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cell. More specifically, the inventors demonstrated that, in the 
case of highly amplified regions of the tumor, both the 
observed copy number and highly Supported breakpoints can 
be completely explained by Solving a simple breakpoint 
graph, which describes the order and orientation of the highly 
amplified segments in the tumor genome. 
0058. In the GBM samples discussed here, the optimal 
Solutions to the breakpoint graphs of amplified segments are 
circular. These circular solutions suggest that the observed 
amplified regions may have formed a circular chromosome 
called a double minute. The presence of oncogenes on each 
double minute and their highly amplified state indicate that 
the double minutes have strong oncogenic potential, confer a 
selective advantage to the tumor cell, and their formation 
were likely a key event in the tumorigenesis of both GBM 
tumors. 

0059 Equally important to the reconstruction of a part of 
these tumor genomes that likely had an enormous impact in 
the development of both tumors, is the fact that nearly every 
breakpoint specific to the DMs also has detectable read sup 
port in the blood of that patient. This finding Suggests that 
GBM-borne DMs are entering the bloodstream by some 
mechanism, which is especially significant since it suggests 
that GBMtumors featuring oncogenic DMs may be detected 
and monitored using blood samples without requiring prior 
tumor sequencing. 
0060. One possible transport mechanism for these onco 
genic DMS is via microVesicles, which are extracellular frag 
ments of the plasma membrane shed from most cell types that 
can contain various cellular components. Studies have shown 
that tumor cells release an abundance of microvesicles con 
taining multiple Sub-cellular particles, including nucleic 
acids and proteins, that have the potential to be used for 
diagnostics and monitoring. Initially mRNA, miRNA and 
angiogenic proteins were identified in serum taken from 
patients with GBM tumors (Nat. Cell Biol. 2008 December; 
10(12): 1470-1476). More recently, Balajetal (Nat Commun 
2011; 2:180) have isolated microvesicles containing single 
stranded DNA (ssDNA) with amplified oncogenic sequences, 
in particular c-Myc. 
0061. The ability to detect DMs in the bloodstream should 
extend to other cancers that commonly feature highly ampli 
fied DMs containing known oncogenes, such as EGFR in 
non-Small cell lung cancer and c-Myc in acute myelogenous 
leukemia. In fact, the ability to detect DMs with this method 
may improve for tumor types where the bloodstream is more 
accessible. Furthermore, drugs that specifically target genes 
commonly amplified via DM-based mechanism may be pre 
scribed based on evidence collected solely from the blood 
stream, avoiding painful, and in the case of GBM tumors, 
dangerous tumor biopsies. 
0062 One can envision sequencing-based assays that 
incorporate whole-genome sequencing data of blood samples 
to reliably determine if a region Surrounding known onco 
genes, such as EGFR, c-Myc, MDM2, etc., exhibit a clustered 
pattern of breakpoints indicative of an amplified double 
minute. Combining discordant reads across Such regions 
should improve the ability to identify these regions even when 
the concentration of DMs in the bloodstream is low. If 
microvesicles indeed transport DMs, then techniques to 
enrich for microvesicles will further improve the ability to 
detect low levels of oncogenic DMs from blood samples. 
0063. Therefore, based on the above, it should be appre 
ciated that the molecular diagnostic tools presented herein 
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can be employed in the diagnosis and/or confirmation of a 
neoplastic disease without prior knowledge of the disease. 
Most preferably, the biological sample is blood or serum/ 
plasma fraction of blood, but may also include biopsy mate 
rial or aspirates. Still further, it is contemplated that such 
diagnostic methods may be suitable for all types of neoplastic 
diseases, and especially cancers (e.g., various carcinomas, 
lymphomas, and sarcomas). 
0064 Consequently, the inventors especially contemplate 
the use and/or identification of one or more rearrangement 
patterns of genetic information, where most preferably, the 
genetic information is directly obtained from whole blood (or 
a processed fraction thereof). Most typically, the rearrange 
ment patterns include genomic rearrangement, particularly 
where a circular molecule is formed from genomic material 
(typically having a size of equal or less than 3 Mb). In espe 
cially contemplated uses and methods, the circular rear 
ranged genetic material includes at least a portion of an onco 
gene and/or tumor Suppressor gene. However, and most 
typically, the circular rearranged genetic material will include 
a fully functional or at least fully expressable form of an 
oncogene and/or tumor Suppressor gene. Thus, a sample of a 
mammal can be analyzed in various therapeutic, diagnostics, 
or prognostic methods (preferably using a simple blood test 
that detects double minutes, and particularly double minutes 
that include an oncogene and/or tumor Suppressor gene. Con 
versely, and premised on the observation that tumor bearing 
individuals have double minutes in the blood stream (and 
particularly double minutes that include an oncogene and/or 
tumor Suppressor gene), it should be recognized that new or 
heretofore unidentified oncogenes and/or tumor suppressor 
genes may be discovered from analysis of double minutes 
isolated from tumor bearing individuals (or even cell cultures 
or animal models). 
0065 Based on further observations, the inventors also 
contemplate that a numerical ratio of double minutes relative 
to genomic information may be employed as a threshold for 
indication of a disease, and particularly a neoplastic disease. 
Thus, analysis of double minutes may be used as a leading 
indicator to predict risk or spread of cancer. Of course, it 
should be noted that the double minute need not necessarily 
include an oncogene and/or tumor Suppressor gene for Such 
analysis. 
0066. Moreover, it is contemplated that the type of onco 
gene in a double minute might also be associated with a 
particular type of disease, and especially neoplastic disease. 
Thus, analysis of genetic rearrangements from whole blood 
and identification/quantification of an oncogene and/or tumor 
Suppressor gene in the double minute may provide valuable 
information on the type, progression, and/or risk of a particu 
lar neoplasm. Therefore, numerous whole blood-based tests 
(e.g., no separation, filtering, etc.) are deemed particularly 
useful for detection of an oncogene in the diagnosis or pre 
diction or a disease. For example, upon establishment of 
specific breakpoints and rearrangements that are characteris 
tic to a particular tumor type, primers could be designed that 
specifically help identify presence and/or quantity of Such 
rearrangements (and DM). Similarly, therapeutic efficiency 
or drug effects may be determined in methods using analysis 
of double minutes, and especially those that include an onco 
gene and/or tumor suppressor gene. Such methods of testing 
may be particularly useful in the context of certain chemo 
therapeutic and/or radiation treatment, which is predicated on 
double strand breaks (or inhibition of repair thereof). 
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0067 Based on the observation that double minutes can be 
isolated from whole blood in substantial quantities, the inven 
tors also contemplate that the double minutes may be associ 
ated with proteins, lipoproteins, lipids, and/or vesicle struc 
tures, and particularly microvesicles. Thus, and where the 
double minutes are encapsulated in microvesicles, it should 
be appreciated that the surface epitopes from the 
microvesicles are representative of the cells from which the 
microvesicles originated. Consequently, the tumor origin 
(e.g., tissue type) can be identified based on analysis of 
microvesicle membrane components. 
0068. It should be apparent to those skilled in the art that 
many more modifications besides those already described are 
possible without departing from the inventive concepts 
herein. The inventive subject matter, therefore, is not to be 
restricted except in the spirit of the appended claims. More 
over, in interpreting both the specification and the claims, all 
terms should be interpreted in the broadest possible manner 
consistent with the context. In particular, the terms "com 
prises” and “comprising should be interpreted as referring to 
elements, components, or steps in a non-exclusive manner, 
indicating that the referenced elements, components, or steps 
may be present, or utilized, or combined with other elements, 
components, or steps that are not expressly referenced. Where 
the specification claims refers to at least one of something 
selected from the group consisting of A, B, C . . . and N, the 
text should be interpreted as requiring only one element from 
the group, not A plus N, or B plus N, etc. 
What is claimed is: 
1. A method of analyzing genomic data, comprising: 
determining a relative copy number between a tumor 

genomic sequence and a matched normal genomic 
Sequence; 

identifying putative breakpoints in the tumor genomic 
sequence and the matched normal genomic sequence; 

refining the putative breakpoints to identify a breakpoint 
location and an orientation of the tumor genomic 
Sequence; 

using a read support threshold to confirm the breakpoint as 
a significant breakpoint; 

using the relative copy number, the significant breakpoint, 
and the orientation to determine a genomic arrangement 
having a circular Solution. 

2. The method of claim 1 wherein the step of determining 
the relative copy number is performed using dynamic win 
dowing and/or wherein the step of identifying putative break 
points is performed using discordant paired reads. 

3. The method of claim 1 wherein the genomic arrange 
ment is determined by generating a breakpoint graph and 
Solving the breakpoint graph to arrive at the circular solution. 

4. The method of claim 1 wherein the step of refining the 
putative breakpoints is performed using fragmenting the 
tumor genomic sequence and comparing the fragments with a 
reference database. 

5. The method of claim 1 wherein the read support thresh 
old is user-determined. 

6. The method of claim 1 wherein the circular solution is 
indicative of a double minute chromosome as the genomic 
arrangement. 

7. The method of claim 1 wherein the tumor genomic 
sequence is from a tumor that is a Solid tumor, and wherein the 
tumor genomic sequence is isolated from genetic material 
present in a biological fluid. 
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8. The method of claim 7 wherein the biological fluid is 
blood. 

9. The method of claim 8 wherein the solid tumor is glio 
blastoma multiforme or non-small cell lung cancer. 

10. A method of analyzing genomic data, comprising: 
associating a copy number of a tumor genomic sequence 

with a breakpoint in the tumor genomic sequence upon 
reaching a read Support threshold for the breakpoint; 

determining orientation of the tumor genomic sequence; 
and 

determining genomic arrangement using the copy number, 
position of the breakpoint, and orientation of the tumor 
genomic sequence. 

11. The method of claim 10 wherein the read support 
threshold is a user-defined read support threshold. 

12. The method of claim 10 wherein the step of determin 
ing genomic arrangement is performed by generating a break 
point graph using the copy number of the tumor genomic 
sequence, the position of the breakpoint within a genome, and 
the orientation of the tumor genomic sequence, wherein in the 
breakpoint graph the copy number is expressed as an edge and 
wherein the breakpoint position is expressed as a vertex. 

13. A method of analyzing genomic data of a solid tumor, 
comprising: 

identifying the Solid tumor as a tumor of which at least a 
portion of a tumor genome is present in a biological 
fluid; 

obtaining from a patient the biological fluid and isolating 
the at least portion of the tumor genome; and 

using the isolated at least portion of the tumor genome to 
analyze the genomic data according to a method of claim 
1 or claim 10. 

14. The method of claim 13 wherein the at least portion of 
the tumor genome is present as a double minute chromosome. 

15. The method of claim 13 further comprising a step of 
identifying an oncogene or a tumor suppressor gene within 
the isolated at least portion of the tumor genome. 

16. The method of claim 15 further comprising a step of 
treating the patient using a pharmaceutical regimen that tar 
gets the oncogene or tumor Suppressor gene. 
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17. A method of analyzing genomic data of a solid tumor, 
compr1S1ng: 

obtaining from a patient a biological fluid and isolating at 
least a portion of a tumor genome from the biological 
fluid; and 

determining if a region Surrounding an oncogene exhibit a 
clustered pattern of breakpoints indicative of an ampli 
fied double minute. 

18. The method of claim 17 wherein oncogene is a wild 
type or mutant form of EGFR, c-Myc, or MDM2. 

19. The method of claim 17 wherein the step of determin 
ing comprises use of a method according to claim 1 or claim 
10. 

20. The method of claim 17 wherein the solid tumor is 
glioblastoma multiforme or non-Small cell lung cancer, and 
wherein the biological fluid is blood. 

21. A method of de-novo diagnosing a neoplastic disease, 
comprising: 

obtaining a biological sample from a patient and isolating 
a nucleic acid from the sample: 

analyzing the nucleic acid for a copy number of a genomic 
sample and a breakpoint in the genomic sample: 

associating the copy number of the genomic sequence with 
the breakpoint in the genomic sequence upon reaching a 
read support threshold for the breakpoint: 

determining orientation of the genomic sequence; and 
determining genomic arrangement using the copy number, 

position of the breakpoint, and the orientation of the 
genomic sequence; and 

using the genomic arrangement to determine likelihood for 
the neoplastic disease. 

22. The method claim 21 further comprising a step of 
identifying the genomic arrangement as a double minute. 

23. The method claim 22 further comprising a step of 
identifying an oncogene or tumor Suppressor gene in the 
genomic arrangement. 

24. The method claim 21 wherein the neoplastic disease is 
a gastric cancer, a colon cancer, a prostate cancer, a lung 
cancer, a leukemia, or a breast cancer. 
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