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METHODS AND APPLICATIONS OF GENE FUSION DETECTION IN CELL-FREE
DNA ANALYSIS

CROSS-REFERENCE
[0001] This application claims the benefit of U.S. Provisional Application No. 62/239,879, filed

October 10, 2015, which application is incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION
[0002] Cancerous cells may have chromosomes that are fused together. If such a chromosome
is sequenced, it will generate reads that can be mapped into two different zones (on the same or
different chromosomes) of the genome. Gene fusion plays a role in the evolution of gene
architecture. Duplication, sequence divergence, and recombination are the major contributors at
work in gene evolution. When gene fusion happens in non-coding sequence region, it can lead
to the misregulation of the expression of a gene now under the control of the cis-regulatory
sequence of another gene. If it happens in coding sequences, gene fusion can cause the
assembly of a new gene, allowing the appearance of new functions by adding peptide modules
into a multi domain protein.
[0003] Chromosome banding analysis, fluorescence in situ hybridization (FISH), and reverse
transcription polymerase chain reaction (RT-PCR) are common methods employed at diagnostic
laboratories. These methods all have their distinct shortcomings due to the very complex nature
of cancer genomes. Recent developments such as high-throughput sequencing and custom DNA
microarrays bear promise of introduction of more efficient methods, but are still inadequate.
High-throughput genome sequencing technologies have been used as a research tool and are
currently being introduced in the clinics, and in the future of personalized medicine, whole

genome sequence data may be an important tool to guide therapeutic intervention.

SUMMARY OF THE INVENTION
[0004] In one aspect, systems and methods are disclosed for determining gene fusion by
determining a fused read containing sequencing data of at least a portion of a fused chromosome
DNA molecule; determining a predetermined point on the genome with least one mapped
portion of the fused read clipped at the predetermined point (a breakpoint); identifying two
mapped read portions from two breakpoints (breakpoint pair) as a potential fusion candidate;
creating one or more fusion sets based on breakpoint pairs and clustering the fusion sets into one
or more fusion clusters; and identifying each fusion cluster meeting a predetermined criterion as
a gene fusion.
[0005] In one aspect, the present disclosure provides a method for processing genetic sequence

read data from a sample, the method comprising: determining a fused read containing
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sequencing data of at least a portion of a fused chromosome DNA molecule; determining a
predetermined point on the genome with least one mapped portion of the fused read clipped at
the predetermined point (a breakpoint); identifying two mapped read portions from two
breakpoints (breakpoint pair) as a potential fusion candidate; creating one or more fusion sets
based on breakpoint pairs and clustering the fusion sets into one or more fusion clusters; and
identifying each fusion cluster meeting a predetermined criterion as a gene fusion.

[0006] In some embodiments, the method comprises assigning a unique molecule or read
identifier (read ID) to each read. In some embodiments, the method comprises clipping each
mapped portion of the reads from one or both sides. In some embodiments, the breakpoints are
independent of the reads in identity and are identified by a sign, a chromosome and a position.
In some embodiments, the breakpoints keep statistics including a number of reads and molecules
that are clipped or split at the breakpoint, and a number of wild-type reads and molecules that
pass over the breakpoint. In some embodiments, the method comprises selecting every two
mapped read portions with common read IDs that belong to two breakpoints with appropriate
signs as a potential fusion candidate. In some embodiments, the potential fusion candidate
location in the original read before mapping shows the read portion as originally located next to
each other. In some embodiments, the method comprises checking if read portions are mapped
on one strand for differences in the breakpoints’ signs. In some embodiments, the method
comprises tracking fusion set statistics.

[0007] In some embodiments, the fusion set statistics are breakpoint IDs, number of molecules,
or reads that are contained in the set. In some embodiments, the method comprises grouping
fusion sets with similar breakpoints in a fusion cluster. In some embodiments, the similar
breakpoints are breakpoints no more than 5 nucleotides, no more than 10 nucleotides or no more
than 25 nucleotides apart. In some embodiments, the method comprises defining a fusion
cluster between two regions in in the genome. In some embodiments, the method comprises
determining for the fusion cluster a number of fused molecules for each partner. In some
embodiments, the method comprises determining for the fusion cluster the number of fused
reads for each partner. In some embodiments, the method comprises determining for the fusion
cluster a number of wild-type molecules for each partner. In some embodiments, the method
comprises determining for the fusion cluster a number of wild-type reads or molecules for each
partner. In some embodiments, the method comprises determining for the fusion cluster a fusion
percentage for each partner as a ratio of fused molecules over total molecule for each partner. In
some embodiments, the total molecule comprises wild-type and clipped components. In some
embodiments, the method comprises determining for the fusion cluster gene information for

each partner. In some embodiments, the method comprises determining a downstream gene of
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the fusion cluster. In some embodiments, the criteria comprises having more than one molecule
in the cluster or having at least a molecule with both Watson and Crick strands.

[0008] In one aspect, the present disclosure provides a system to analyze genetic information,
comprising a DNA sequencer; a processor coupled to the DNA sequencer, the processor running
computer code to process genetic sequence read data from a sample, the computer code
comprising instructions for: determining a fused read containing sequencing data of a portion of
a fused chromosome DNA molecule; determining at least a predetermined point on the genome
with least one mapped portion of the fused read clipped at the predetermined point (a
breakpoint); identifying two mapped read portions from two breakpoints (breakpoint pair) as a
potential fusion candidate; creating one or more fusion sets based on breakpoint pairs and
clustering the fusion sets into one or more fusion clusters; and identifying each fusion cluster
meeting a predetermined criterion as a gene fusion.

[0009] In one aspect, the present disclosure provides a method comprising: sequencing DNA
molecules with a DNA sequencer to generate a collection of sequences; mapping the collection
of sequences to a reference genome; identifying fused reads from the mapped collection,
wherein a fused read contains sub-sequences, wherein a first sub-sequence maps to a first
genetic locus and a second sub-sequence maps to a second, distinct genetic locus; for each fused
read, identifying a first breakpoint at the first genetic locus and a second breakpoint at the
second genetic locus, wherein a breakpoint is a point on the reference genome where a sequence
of a fused read is clipped, and wherein the first and second breakpoints form a breakpoint pair;
generating sets of fused reads, each set comprising fused reads having the same breakpoint pair;
clustering sets of fused reads, wherein each cluster is formed from sets of fused reads having
first breakpoints within a first predetermined nucleotide distance and second breakpoints within
a second predetermined nucleotide distance; and determining a gene fusion for one or more
clusters, wherein a gene fusion for a cluster has, as a first fusion gene breakpoint, a breakpoint
selected from the first breakpoints in the cluster and, as a second fusion gene breakpoint, a
breakpoint selected from the second breakpoints in the cluster, and wherein the first and second
fusion gene breakpoints are each selected based on selection criteria.

[0010] In some embodiments, the distinct genetic loci are located on different chromosomes or
on different genes of the same chromosome. In some embodiments, the first and second
predetermined distances are each no more than 5 nucleotides, no more than 10 nucleotides or no
more than 25 nucleotides. In some embodiments, the selection criteria include the breakpoint
having the most fused reads in the cluster. In some embodiments, the method comprises

determining a gene fusion for a plurality of gene clusters.
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[0011] In one aspect, the present disclosure provides a method comprising: sequencing a
plurality of DNA molecules with a DNA sequencer; tagging each of the plurality of sequences
molecules with an identifier; mapping each tagged sequence to a reference genome; identifying
clipped reads from the mapped tagged sequences, wherein a clipped read is a tagged sequence
containing a mapped portion and a clipped portion, wherein the mapped portion maps to a
genetic locus and the clipped portion does not map to the genetic locus; determining a
breakpoint of each clipped read, wherein a breakpoint is a point on the reference genome where
a sequence of a clipped read is clipped; creating breakpoint sets, each breakpoint set comprising
identifiers of clipped reads having the same breakpoint; creating sets of breakpoint pairs by
comparing pairs of breakpoint sets, each set of breakpoint pairs including identifiers present in
both members of a compared pair of breakpoint sets; clustering sets of breakpoint pairs, wherein
each cluster includes sets of breakpoint pairs having a first breakpoint of the pair within a first
predetermined genetic distance and a second breakpoint of the pair within a second
predetermined genetic distance; and determining a gene fusion for one or more of the clusters,
wherein a gene fusion for a cluster has, as a first fusion gene breakpoint, a breakpoint selected
from the first breakpoints in the cluster and, as a second fusion gene breakpoint, a breakpoint
selected from the second breakpoints in the cluster, and wherein the first and second fusion gene
breakpoints are each selected based on a selection criteria. In some embodiments, the selection
criteria include the breakpoint having the most fused reads in the cluster.

[0012] In one aspect, the present disclosure provides a method for identifying a fusion gene
breakpoint, the method comprising: determining a fused read containing sequencing data of at
least a portion of a fused chromosome DNA molecule; determining a predetermined point on the
genome with least one mapped portion of the fused read clipped at the predetermined point (a
breakpoint); identifying two mapped read portions from two breakpoints (breakpoint pair) as a
potential fusion candidate; creating one or more fusion sets based on breakpoint pairs and
clustering the fusion sets into one or more fusion clusters; identifying each fusion cluster
meeting a predetermined criterion as a gene fusion, and identifying a breakpoint of the gene
fusion as the fusion gene breakpoint.

[0013] In one aspect, the present disclosure provides a method for diagnosing a condition in a
subject, the method comprising: determining a fused read containing sequencing data of at least
a portion of a fused chromosome DNA molecule; determining a predetermined point on the
genome with least one mapped portion of the fused read clipped at the predetermined point (a
breakpoint); identifying two mapped read portions from two breakpoints (breakpoint pair) as a
potential fusion candidate; creating one or more fusion sets based on breakpoint pairs and

clustering the fusion sets into one or more fusion clusters; and identifying each fusion cluster
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meeting a predetermined criterion as a gene fusion, wherein said gene fusion is indicative of the
condition.

[0014] In some embodiments, the condition is a cancer. In some embodiments, the cancer is
selected from the group consisting of: a hematological cancer, a sarcoma, and a prostate cancer.

In some embodiments, the method further comprises administering a treatment to the subject.

INCORPORATION BY REFERENCE
[0015] All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if each individual publication, patent, or

patent application was specifically and individually indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] The novel features of the invention are set forth with particularity in the appended
claims. A better understanding of the features and advantages of the present invention will be
obtained by reference to the following detailed description that sets forth illustrative
embodiments, in which the principles of the invention are utilized, and the accompanying
drawings of which:
[0017] FIG. 1 diagrams an exemplary process for detecting gene fusion.
[0018] FIG. 2 depicts possible different scenarios to create a fused chromosome from two other
chromosomes.
[0019] FIG. 3A shows an exemplary +/- breakpoint with read portions that are clipped from
left/right, respectively.
[0020] FIG. 3B shows exemplary merging process used with gene fusion detection.
[0021] FIG. 4 diagrams a system of the invention.
[0022] FIG. 5 shows an exemplary gene fusion between Chromosome A and Chromosome B,
and DNA fused reads mapping across the breakpoint.
[0023] FIG. 6 shows the exemplary mapping of a DNA fragment to two locations in a reference
genome.
[0024] FIG. 7 shows exemplary fused reads in which mapped breakpoints are differently
located.
[0025] FIG. 8 shows exemplary grouping of mapped fused reads into sets and sets into clusters
for calling a fusion gene breakpoint.

[0026] FIGS. 9A-9C show exemplary illustrations of the gene fusion detection process.

DETAILED DESCRIPTION OF THE INVENTION

[0027] The present invention relates to systems and methods for detecting gene fusions.
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[0028] Precise mapping of the breakpoint of a fusion gene is challenging. Errors in sequencing
and difficulty aligning a fusion gene are just two of the difficulties encountered when trying to
map a breakpoint. The systems and methods described herein may provide one or more of the
following advantages. The system can identify fusion genes that can contribute to tumor
formation because fusion genes can produce much more active abnormal protein than non-
fusion genes. The system accurately determines cancer presence, as fusion genes are oncogenes
that cause cancer; these include BCR-ABL, TEL-AML1 (ALL with (12 ; 21)), AMLI1-ETO
(M2 AML with t(8 ; 21)), and TMPRSS2-ERG with an interstitial deletion on chromosome 21,
often occurring in prostate cancer. In the case of TMPRSS2-ERG, by disrupting androgen
receptor (AR) signaling and inhibiting AR expression by oncogenic ETS transcription factor, the
fusion product regulate the prostate cancer. Most fusion genes are found from hematological
cancers, sarcomas, and prostate cancer. Oncogenic fusion genes may lead to a gene product
with a new or different function from the two fusion partners. Alternatively, a proto-oncogene is
fused to a strong promoter, and thereby the oncogenic function is set to function by an
upregulation caused by the strong promoter of the upstream fusion partner. The latter is
common in lymphomas, where oncogenes are juxtaposed to the promoters of the
immunoglobulin genes. Oncogenic fusion transcripts may also be caused by trans-splicing or
read-through event. Analysis of these gene fusions from a perspective of genome sequence and
structure could provide relevant data to guide development of improved cancer diagnostics and
targeted therapies.

[0029] FIG. 1 shows an exemplary process for determining gene fusion. In general, the process
captures genetic data from sequencer and applies merging techniques that align and connect the
sequenced Pair-End reads of which the insert size is smaller than the sum of the two read length
and after merging assigns a unique read identifier (read ID) to each read (12). Next, the process
extracts all breakpoints and locates fusion candidates (16). The process then forms fusion sets
based on breakpoint pairs and determines statistics for fusion clusters (20). Fusion clusters are
then identified by matching predetermined criteria as detected fusions (24).

[0030] Details on the process of FIG. 1 are discussed next. Cancerous cells may have
chromosomes that are fused together. If such a chromosome is sequenced, it will generate reads
that can be mapped into two different zones (on the same or different chromosomes) of the
genome. This behavior is utilized to detect fusion.

[0031] Before mapping, a unique read identifier (read ID) is assigned to each read and would be
encoded in the read header in one or more FASTQ file(s), as detailed below. Alternatively, a
unique molecule, such as an oligonucleotide comprising a unique barcode, can be used instead

of the read ID. Once the FASTQ file(s) is (are) mapped, this encoded read ID will be retrieved
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and it can easily show what hits are coming from the same original read. Next, the process
extracts all the breakpoints: a fused read (a read contains the sequencing data of a partial DNA
molecule coming from a fused chromosome) cannot be mapped as a whole to the genome and
the mapper maps different portions of them to different locations on the genome. This presents
a challenge when using conventional techniques to attempt breakpoint mapping. Each mapped
portion of such reads is clipped from one or both sides. A breakpoint is a point on the genome
where at least one mapped portion of a fused read is clipped. Breakpoints are independent of the
reads in their identity and are identified by their sign, chromosome and position. A +/-
breakpoint has read portions that are clipped from left/right, respectively. All the reads that are
clipped or split from the same side in a position are listed in the related breakpoint read list.
Breakpoints also can keep other statistics, like number of reads and molecules that are clipped or
split at the breakpoint; or the number of wild-type reads and molecules that pass over the
breakpoint. The gene information at the breakpoint position also can be provided. By assigning
breakpoints, with or without clustering, the methods and systems described herein can be used to
accurately determine the locus where gene fusion has occurred.
[0032] The process then finds fusions: every two mapped read portions with common read IDs
that belong to two breakpoints with appropriate signs is a potential fusion candidate. They also
need to have the correct piece order (their location in original read before mapping), that shows
the read portion were originally located next to each other, to be considered a true fusion
candidate. In addition, the resulting fusion must be biologically possible in terms of sequence
strands. This simply means that if the read portions are mapped on the same strand (both 5’
strand or both 3’ strand) then the breakpoints’ signs must disagree and vice versa. An example
of this is shown in FIG. 2.
[0033] All extracted fusion candidates are put in fusion sets based on the breakpoint pairs.
Fusion sets also can keep statistics like breakpoint IDs and number of molecules and reads that
are contained in the set. These statistics may be tracked.
[0034] Clustering is then performed. All fusion sets with close enough breakpoints will be
grouped in a fusion cluster. As a result, a fusion cluster is defined between two regions in in the
genome. The present disclosure also provides determining for a fusion cluster a number of
fused molecules for each partner, the number of fused reads for each partner, a number of wild-
type molecules for each partner, a number of wild-type reads or molecules for each partner, or a
fusion percentage for each partner as a ratio of fused molecules over total molecule for each
partner.
[0035] FIG. 5 shows a hypothetical gene fusion between Chromosome A and Chromosome B.

As a result of crossing over, the gene fusion contains a portion of each chromosome. The point
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of cross over is referred to as the breakpoint. In cell free DNA, DNA fragments may map across
the breakpoint, such as Fused Read 1, Fused Read 2 and Fused Read 3.

[0036] Sequencing produces sequences of the DNA fragments. Software marks each sequence
with an identifying tag. Software also maps these resultant sequences onto a reference genome.
FIG. 6 shows hypothetical mapping of Fused Read 1 to a reference genome. Mapping software
will map a sequence of a fused read to wherever in the reference genome sufficient homology is
found. Ambiguous sequences can be mapped to multiple locations in the reference genome.
[0037] In the case of a fused read that maps across a breakpoint of a fusion gene, the software
typically will map the sequence of a fused read twice, once to each chromosome. However, in
each case, the mapping software cannot property map a portion of the sequence (a subsequence)
to the reference genome. Accordingly, the mapped sequence will include both a sub-sequence
that maps to the reference genome and a sub-sequence that, as a result of poor homology, does
not map to the same locus. Such a sub-sequence is referred to as a “clipped” sequence. The
point on the reference genome at which the read is clipped is the breakpoint.

[0038] Because each sequence bears an identifying tag, a sequence mapped to two different
locations can be identified as originating from the same original sequence due to identical tags.
So, for example, a sub-sequence of the sequence having sufficient homology is mapped to
Chromosome A and a sub-sequence of the sequence having insufficient homologogy is clipped.
Similarly, the mapping software will map the sequence to Chromosome B, clipping the sequence
where there is insufficient homology.

[0039] However, as a result of several factors, including errors in sequencing and characteristics
of the mapping algorithm, a DNA fragment including a breakpoint of a fusion gene may not map
precisely to the breakpoint locus on each of the reference chromosomes. For example, the
mapping software may identify the breakpoint of a sequence somewhat upstream or somewhat
downstream of the actual breakpoint.

[0040] Because each sequence bears an identifying tag, a sequence mapped to two different
locations can be identified as originating from the same original sequence due to identical tags.
So, for example, a sub-sequence of the sequence having sufficient homology is mapped to
Chromosome A and a sub-sequence of the sequence having insufficient homologogy is clipped.
Similarly, the mapping software will map the sequence to Chromosome B, clipping the sequence
where there is insufficient homology.

[0041] However, as a result of several factors, including errors in sequencing and characteristics
of the mapping algorithm, a DNA fragment including a breakpoint of a fusion gene may not map
precisely to the breakpoint locus on each of the reference chromosomes. For example, the

mapping software may identify the breakpoint of a sequence somewhat upstream or somewhat

-8-



WO 2017/062970 PCT/US2016/056314
downstream of the actual breakpoint. These errors can affect the accuracy of, for example, a
cancer diagnosis that depends upon accurate gene fusion information. The present disclosure
[0042] Several hypothetical mapping errors are shown in FIG. 7. Fused Read 1 maps properly,
with breakpoints indicated in the reference chromosomes as Breakpoint Al and Breakpoint B1
(first and second breakpoints). This fused read has breakpoint pair A1-B1. Fused Read 2 maps
improperly, with the breakpoint for Chromosome 1 determined to be upstream, at Breakpoint A2
(first breakpoint). However, the breakpoint in Chromosome B is mapped correctly at
Breakpoint B1 (second breakpoint). This fused read has breakpoint pair A2-B1. Fused Read 3
also maps improperly, with the breakpoint for Chromosome A mapped correctly at Breakpoint
Al (first breakpoint), but the breakpoint for Chromosome B determined to be downstream, at
Breakpoint B2 second breakpoint). This fused read has breakpoint pair A1-B2. In such a
situation, software has identified several breakpoints for the fusion gene.

[0043] According to a method of this disclosure, in order to call a breakpoint in a fusion gene,
mapped sequences are grouped into sets based on common breakpoint pairs and then into
clusters based on breakpoints within a predetermined base distance in the reference genome.
[0044] Such a method is described in FIG. 8. Sequences for Fused Reads 1, 2, 3, 4, 5 and 6 are
mapped to Chromosomes A and B of the reference genome. Sequences in which the
breakpoints on both sides of the fusion are grouped into a set. In the example, Fused Reads 1
and 4 share breakpoint pair Al and B1, and are grouped into Set I. Fused Reads 2 and 5 share
breakpoint pair A2 and B1, and are grouped into Set II. Fused Reads 3 and 6 share breakpoint
pair Al and B2, and are grouped into Set IIL.

[0045] In this example, breakpoints A1 and A2 are within a predetermined genetic distance A
(e.g., 10 bases), and breakpoints B1 and B2 are within a predetermined genetic distance B.
Accordingly, Sets I, IT and III and grouped into a cluster.

[0046] The fusion gene breakpoint is called using selection criteria selected by the user. In
some embodiments, the criteria comprise having more than one molecule in the cluster and/or
having at least a molecule with both Watson and Crick strands. In one method, the breakpoint in
each chromosome is determined by a voting method, in which the breakpoint among all the
breakpoints having the most associated fused reads is called as the fusion gene breakpoint. In
other methods, breakpoints of different sequences may be weighted using a quality algorithm.
In the example of FIG. 8, in Chromosome A, Breakpoint Al is associated with four fused reads,
while Breakpoint A2 is associated with two fused reads. Therefore, the first gene fusion
breakpoint is called at A1. In Chromosome B, Breakpoint B1 is associated with four fused
reads, while Breakpoint B2 is associated with two fused reads. Therefore, the second gene

fusion breakpoint is called at B1.
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[0047] Another exemplary method is shown in FIGs. 9A-9C. DNA molecules are sequenced
using a DNA sequencing system, such as a high throughput sequencer. Sequences can be
analyzed to generate consensus sequences of original molecules in the collection. The collection
of sequences generated are tagged with unique identifiers (in this case, 1-7). The sequences are
mapped to a reference genome. In this example, the sequences each map to two different
locations in the reference genome. Mapped portions are depicted as bars, while clipped portions
are depicted as dashed lines. Breakpoints of all the sequences are identified. In this example,
the breakpoints on chromosome A are A1, A2 and A3. The breakpoints on chromosome B are
B1, B2 and B3. Mapped reads are organized into sets based on common breakpoints.
Breakpoint pairs are determined as pairs of sequences having the same identifier and the same
breakpoints on each chromosome. A predetermined distance on the chromosome to cluster
breakpoints is determined. In this example, the cluster includes breakpoints Al and A2, and B1
and B2. Breakpoints A3 and B3 are outside of the predetermined distance and, therefore, are not
included in the cluster. A breakpoint pair in the original molecules is called based on selected
criteria. In this example, the criteria are based on voting. Accordingly, breakpoints Al and B1
are called as the breakpoint pair based on having a majority of the molecules within the cluster.
[0048] The system can handle multiple alignments of short sequences that is commonly seen in
splicing. Longer sequences can be obtained around the fusion point to confirm their alignments.
To reduce the false-positive rate, a list of filters, including read number, sequence similarity,
read position distribution filter can be used to provide results with high specificity. In addition,
expression estimation tool RSEM (RNA-Seq by Expectation Maximization) can be used to
apply the Expectation Maximization (EM) algorithm with sparse optimization to estimate
chimerical transcript abundance. Furthermore, this abundance quantification can be increase the
identification accuracy. Taken together, these features allow the system to provide a more
complete view of gene fusion events.

[0049] The system can encompass obtaining a plurality of sequence reads from one or more
samples in any suitable file format, identifying sets of duplicative sequence reads, and storing
only one read for each set of the duplicative sequence reads. Suitable file formats include the
FASTA and FASTQ file formats. FASTA and FASTQ are common file formats used to store
raw sequence reads from high throughput sequencing. FASTQ files store an identifier for each
sequence read, the sequence, and the quality score string of each read. FASTA files store the
identifier and sequence only. These two file formats are the inputs to many common sequencing
alignment and assembly algorithms. The invention recognizes that the read sequence
information for FASTQ and FASTA files within and across samples tends to be highly

redundant or duplicative. This means that many of the sequence reads will consist of the same
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sequence. Methods of the invention exploit this redundancy to achieve a many-fold reduction in
file size, and there is no loss in the retrieval of the stored data. For example, the invention can
be used to read the FASTA/FASTQ file associated with a sample and store only the unique read
sequences in a master read sequence file.

[0050] The system further encompasses collecting meta information, such as a read identifier,
for each read that has the same sequence as the identified unique sequence. This meta
information can then be written to a file for that sample in which the meta information is
correlated to the unique sequence reads identified in original FASTA/FASTQ file and now
stored in a master read sequence file. Because this new file does not contain the duplicative
information found in the original file, it is smaller and easier to transfer than the original file.
Moreover, the compressed file need not contain any actual sequence data at all. In certain
aspects, the compressed file may simply contain the identifier for the sequence read indexed to
the unique sequences stored in the master file.

[0051] Sequence data can be compressed by obtaining—using a computer system comprising a
processor coupled to a non-transitory memory—a plurality of sequence reads. Each sequence
read can include a sequence string as well as meta information. The sequence reads may be
provided in the format of one or more FASTA or FASTQ files, for example, with the meta
information including the description line (preceded by the “>" character) and optionally, in the
case of FASTQ, quality scores. The sequence string preferably represents nucleotide sequence
data, e.g., using IUPAC nucleotide codes. A subset of the sequence strings that contains only
unique entries is identified. Systems and methods of the invention may then be used to write
output that includes the identified subset and—for each of the plurality of sequence reads—the
meta information for that sequence read with an indicator of the unique entry in the subset that
represents that sequence read.

[0052] In some embodiments, the subset (i.e., containing only unique sequence reads) is written
to a master reads file, which may be a text file. Preferably, the unique sequence reads are
represented in the master reads file using IUPAC nucleotide codes so that the files are human-
readable and further processing (e.g., using a scripting language such as Perl or Python) can be
easily performed. The meta information may be written to compressed output files
corresponding to the input FASTA or FASTQ files.

[0053] Methods can include reconstituting the original input from only the output and in certain
embodiments the retrieval is lossless, even perfectly lossless. That is, the output may be
processed to create new FASTA or FASTQ files comprising the plurality of sequence reads.
Where the retrieval is lossless, the new FASTA or FASTQ files contain the same information as

the FASTA or FASTQ files.
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[0054] The invention is amenable with any suitable type of data file. In addition to the

aforementioned FASTA and FASTQ files, sequence reads can also be captured in Variant Call
Format (VCF) files. With advances in high throughput sequencing, it is common for multiple
sequencing centers to detect variants in the human genome and report them through these VCF
files. The invention can facilitate the development of a unified database to store variant
information in VCF files from different sources in a way that allows researchers to perform
complex allele-, sample-, and population-level queries across centers. The unified database can
consolidate variant information in the VCF files from different samples by storing every unique
allele (e.g. unique sequence read) on one universal allele table and by storing references of these
unique alleles to associated samples and sample-level meta-data.

[0055] Implementations of the system can include a method for compressing sequence data.
The method includes: obtaining—using a computer system comprising a processor coupled to a
non-transitory memory—a plurality of sequence reads, each sequence read comprising a
sequence string and meta information; identifying a subset of the sequence strings that contains
only unique entries; writing output comprising the subset and—for each of the plurality of
sequence reads—the meta information for that sequence read with an indicator of the unique
entry in the subset that represents that sequence read. Preferably the output comprises one or
more text files that store the subset using IUPAC nucleotide codes. Preferably, the output is
stored as plain text (e.g., and may be opened using a text editor program and read on-screen by a
person). In a preferred embodiment, the sequence read data is stored without loss. The method
may include processing the output to create new FASTA or FASTQ files comprising the
plurality of sequence reads. The plurality of sequence reads may be obtained as FASTA or
FASTQ files and the new FASTA or FASTQ files may contain the same information as the
FASTA or FASTQ files. In some embodiments, the output occupies less than % of the disk
space required to store the obtained plurality of sequence reads.

[0056] General methods for obtaining samples, generating sequencing reads, and various types
of sequencing useful for practicing the invention will now be described. It is to be understood
that these exemplary methods are not limiting and may be modified as necessary by those skilled
in the art.

[0057] Obtaining a plurality of sequence reads can include sequencing a nucleic acid from a
sample to generate the sequence reads. As explained in detail below, obtaining a plurality of
sequence reads can also include receiving sequencing data from a sequencer. Nucleic acid in a
sample can be any nucleic acid, including for example, genomic DNA in a tissue sample, cDNA
amplified from a particular target in a laboratory sample, or mixed DNA from multiple

organisms. In some embodiments, the sample includes homozygous DNA from a haploid or
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diploid organism. For example, a sample can include genomic DNA from a patient who is
homozygous for a rare recessive allele. In other embodiments, the sample includes
heterozygous genetic material from a diploid or polyploidy organism with a somatic mutation
such that two related nucleic acids are present in allele frequencies other than 50 or 100%, i.e.,
20%, 5%, 1%, 0.1%, or any other allele frequency.

[0058] In one embodiment, nucleic acid template molecules (e.g., DNA or RNA) are isolated
from a biological sample containing a variety of other components, such as proteins, lipids, and
non-template nucleic acids. Nucleic acid template molecules can be obtained from any cellular
material, obtained from animal, plant, bacterium, fungus, or any other cellular organism.
Biological samples for use in the present invention also include viral particles or preparations.
Nucleic acid template molecules can be obtained directly from an organism or from a biological
sample obtained from an organism, e.g., from blood, serum, plasma, urine, cerebrospinal fluid,
saliva, stool, lymph fluid, synovial fluid, cystic fluid, ascites, pleural effusion, amniotic fluid,
chorionic villus sample, fluid from a preimplantation embryo, a placental sample, lavage and
cervical vaginal fluid, interstitial fluid, a buccal swab sample, sputum, bronchial lavage, a Pap
smear sample, or ocular fluid. Any tissue or body fluid specimen (e.g., a human tissue of bodily
fluid specimen) may be used as a source for nucleic acid to use in the invention. Nucleic acid
template molecules can also be isolated from cultured cells, such as a primary cell culture or cell
line. The cells or tissues from which template nucleic acids are obtained can be infected with a
virus or other intracellular pathogen. A sample can also be total RNA extracted from a
biological specimen, a cDNA library, viral, or genomic DNA. A sample may also be isolated
DNA from a non-cellular origin.

[0059] Nucleic acid obtained from biological samples may be fragmented to produce suitable
fragments for analysis. Template nucleic acids may be fragmented or sheared to a desired
length, using a variety of mechanical, chemical, and/or enzymatic methods. DNA may be
randomly sheared via sonication using, for example, an ultrasonicator sold by Covaris (Woburn,
Mass.), brief exposure to a DNase, or using a mixture of one or more restriction enzymes, or a
transposase or nicking enzyme. RNA may be fragmented by brief exposure to an RNase, heat
plus magnesium, or by shearing. The RNA may be converted to cDNA. If fragmentation is
employed, the RNA may be converted to cDNA before or after fragmentation. In one
embodiment, nucleic acid is fragmented by sonication. In another embodiment, nucleic acid is
fragmented by a hydroshear instrument. Generally, individual nucleic acid template molecules
can be from about 2 kb bases to about 40 kb. In a particular embodiment, nucleic acids are
about 6 kb-10 kb fragments. Nucleic acid molecules may be single-stranded, double-stranded,

or double stranded with single-stranded regions (for example, stem- and loop-structures).
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[0060] A biological sample may be lysed, homogenized, or fractionated in the presence of a
detergent or surfactant as needed. Suitable detergents may include an ionic detergent (e.g.,
sodium dodecyl sulfate or N-lauroylsarcosine) or a nonionic detergent. Once a nucleic acid is
extracted or isolated from the sample it may be amplified.

[0061] Amplification refers to production of additional copies of a nucleic acid sequence and is
generally carried out using polymerase chain reaction (PCR) or other technologies known in the
art. The amplification reaction may be any amplification reaction known in the art that
amplifies nucleic acid molecules such as PCR. Other amplification reactions include nested
PCR, PCR-single strand conformation polymorphism, ligase chain reaction, strand displacement
amplification and restriction fragments length polymorphism, transcription based amplification
system, rolling circle amplification, and hyper-branched rolling circle amplification, quantitative
PCR, quantitative fluorescent PCR (QF-PCR), multiplex fluorescent PCR (MF-PCR), real time
PCR (RTPCR), restriction fragment length polymorphism PCR (PCR-RFLP), in situ rolling
circle amplification (RCA), bridge PCR, picotiter PCR, emulsion PCR, transcription
amplification, self-sustained sequence replication, consensus sequence primed PCR, arbitrarily
primed PCR, degenerate oligonucleotide-primed PCR, and nucleic acid based sequence
amplification (NABSA). Amplification methods that can be used include those described in
U.S. Pat. Nos. 5,242,794; 5,494,810; 4,988,617; and 6,582,938. In certain embodiments, the
amplification reaction is PCR as described, for example, U.S. Pat. No. 4,683,195; and U.S. Pat.
No. 4,683,202, hereby incorporated by reference. Primers for PCR, sequencing, and other
methods can be prepared by cloning, direct chemical synthesis, and other methods known in the
art. Primers can also be obtained from commercial sources such as Eurofins MWG Operon
(Huntsville, Ala.) or Life Technologies (Carlsbad, Calif)).

[0062] Amplification adapters may be attached to the fragmented nucleic acid. Adapters may
be commercially obtained, such as from Integrated DNA Technologies (Coralville, Iowa). In
certain embodiments, the adapter sequences are attached to the template nucleic acid molecule
with an enzyme. The enzyme may be a ligase or a polymerase. The ligase may be any enzyme
capable of ligating an oligonucleotide (RNA or DNA) to the template nucleic acid molecule.
Suitable ligases include T4 DNA ligase and T4 RNA ligase, available commercially from New
England Biolabs (Ipswich, Mass.). Methods for using ligases are well known in the art. The
polymerase may be any enzyme capable of adding nucleotides to the 3’ and the 5' terminus of
template nucleic acid molecules.

[0063] The ligation may be blunt ended or utilize complementary overhanging ends. In certain
embodiments, the ends of the fragments may be repaired, trimmed (e.g. using an exonuclease),

or filled (e.g., using a polymerase and dNTPs) following fragmentation to form blunt ends. In
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some embodiments, end repair is performed to generate blunt end 5' phosphorylated nucleic acid
ends using commercial kits, such as those available from Epicentre Biotechnologies (Madison,
Wis.). Upon generating blunt ends, the ends may be treated with a polymerase and dATP to
form a template independent addition to the 3'-end and the 5'-end of the fragments, thus
producing a single A overhanging. This single A is used to guide ligation of fragments with a
single T overhanging from the 5'-end in a method referred to as T-A cloning. Alternatively,
because the possible combinations of overhangs left by the restriction enzymes are known after
a restriction digestion, the ends may be left as-is, i.e., ragged ends. In certain embodiments,
double stranded oligonucleotides with complementary overhanging ends are used.

[0064] Embodiments of the invention involve attaching the barcode sequences to the template
nucleic acids. In certain embodiments, a barcode is attached to each fragment. In other
embodiments, a plurality of barcodes, e.g., two barcodes, are attached to each fragment. A
barcode sequence generally includes certain features that make the sequence useful in
sequencing reactions. For example the barcode sequences are designed to have minimal or no
homo-polymer regions, i.e., 2 or more of the same base in a row such as AA or CCC, within the
barcode sequence. The barcode sequences are also designed so that they are at least one edit
distance away from the base addition order when performing base-by-base sequencing, ensuring
that the first and last base do not match the expected bases of the sequence.

[0065] The barcode sequences are designed such that each sequence is correlated to a particular
portion of nucleic acid, allowing sequence reads to be correlated back to the portion from which
they came. In certain embodiments, the barcode sequences range from about 5 nucleotides to
about 15 nucleotides. In a particular embodiment, the barcode sequences range from about 4
nucleotides to about 7 nucleotides. Since the barcode sequence is sequenced along with the
template nucleic acid, the oligonucleotide length should be of minimal length so as to permit the
longest read from the template nucleic acid attached. For example, a plurality of DNA barcodes
can comprise various numbers of sequences of nucleotides. In certain embodiments, the barcode
sequences comprise 2, 3, 4, 5,6, 7,8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25, 26, 27, 28, 29, 30 or more nucleotides. When attached to only one end of a polynucleotide,
the plurality of DNA barcodes can produce 2, 3,4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30 or more different identifiers. Alternatively, when
attached to both ends of a polynucleotide, the plurality DNA barcodes can produce 4, 9, 16, 25,
36, 49, 64, 81, 100, 121, 144, 169, 196, 225, 256, 289, 324, 361, 400 or more different
identifiers (which is the 2 of when the DNA barcode is attached to only 1 end of a
polynucleotide).
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[0066] Generally, the barcode sequences are spaced from the template nucleic acid molecule by
at least one base (minimizes homo-polymeric combinations). In certain embodiments, the
barcode sequences are attached to the template nucleic acid molecule, e.g., with an enzyme. The
enzyme may be a ligase or a polymerase, as discussed below.

[0067] Amplification or sequencing adapters or barcodes, or a combination thereof, may be
attached to the fragmented nucleic acid. Such molecules may be commercially obtained, such as
from Integrated DNA Technologies (Coralville, Iowa). In certain embodiments, such sequences
are attached to the template nucleic acid molecule with an enzyme such as a ligase. Suitable
ligases include T4 DNA ligase and T4 RNA ligase, available commercially from New England
Biolabs (Ipswich, Mass.). The ligation may be blunt ended or via use of complementary
overhanging ends. In certain embodiments, following fragmentation, the ends of the fragments
may be repaired, trimmed (e.g. using an exonuclease), or filled (e.g., using a polymerase and
dNTPs) to form blunt ends. In some embodiments, end repair is performed to generate blunt
end 5' phosphorylated nucleic acid ends using commercial kits, such as those available from
Epicentre Biotechnologies (Madison, Wis.). Upon generating blunt ends, the ends may be
treated with a polymerase and dATP to form a template independent addition to the 3'-end and
the 5’-end of the fragments, thus producing a single A overhanging. This single A can guide
ligation of fragments with a single T overhanging from the 5'-end in a method referred to as T-A
cloning. Alternatively, because the possible combinations of overhangs left by the restriction
enzymes are known after a restriction digestion, the ends may be left as-is, i.e., ragged ends. In
certain embodiments double stranded oligonucleotides with complementary overhanging ends
are used.

[0068] After any processing steps (e.g., obtaining, isolating, fragmenting, amplification, or
barcoding), nucleic acid can be sequenced.

[0069] Sequencing may be by any method known in the art. DNA sequencing techniques
include classic dideoxy sequencing reactions (Sanger method) using labeled terminators or
primers and gel separation in slab or capillary, sequencing by synthesis using reversibly
terminated labeled nucleotides, pyrosequencing, 454 sequencing, lllumina/Solexa sequencing,
allele specific hybridization to a library of labeled oligonucleotide probes, sequencing by
synthesis using allele specific hybridization to a library of labeled clones that is followed by
ligation, real time monitoring of the incorporation of labeled nucleotides during a
polymerization step, polony sequencing, SOLiD sequencing targeted sequencing, single
molecule real-time sequencing, exon sequencing, electron microscopy-based sequencing, panel
sequencing, transistor-mediated sequencing, direct sequencing, random shotgun sequencing,

whole-genome sequencing, sequencing by hybridization, , capillary electrophoresis, gel
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electrophoresis, duplex sequencing, cycle sequencing, single-base extension sequencing, solid-
phase sequencing, high-throughput sequencing, massively parallel signature sequencing,
emulsion PCR, co-amplification at lower denaturation temperature-PCR (COLD-PCR),
multiplex PCR, sequencing by reversible dye terminator, paired-end sequencing, near-term
sequencing, exonuclease sequencing, sequencing by ligation, short-read sequencing, single-
molecule sequencing, real-time sequencing, reverse-terminator sequencing, nanopore
sequencing, MS-PET sequencing, and a combination thereof. In some embodiments, the
sequencing method is massively parallel sequencing, that is, simultaneously (or in rapid
succession) sequencing any of at least 100, 1000, 10,000, 100,000, 1 million, 10 million, 100
million, or 1 billion polynucleotide molecules. In some embodiments, sequencing can be
performed by a gene analyzer such as, for example, gene analyzers commercially available from
Illumina or Applied Biosystems. Sequencing of separated molecules has more recently been
demonstrated by sequential or single extension reactions using polymerases or ligases as well as
by single or sequential differential hybridizations with libraries of probes. Sequencing may be
performed by a DNA sequencer (e.g., a machine designed to perform sequencing reactions).
[0070] A sequencing technique that can be used includes, for example, use of sequencing-by-
synthesis systems. In the first step, DNA is sheared into fragments of approximately 300-800
base pairs, and the fragments are blunt ended. Oligonucleotide adaptors are then ligated to the
ends of the fragments. The adaptors serve as primers for amplification and sequencing of the
fragments. The fragments can be attached to DNA capture beads, e.g., streptavidin-coated beads
using, e.g., Adaptor B, which contains 5'-biotin tag. The fragments attached to the beads are
PCR amplified within droplets of an oil-water emulsion. The result is multiple copies of
clonally amplified DNA fragments on each bead. In the second step, the beads are captured in
wells (pico-liter sized). Pyrosequencing is performed on each DNA fragment in parallel.
Addition of one or more nucleotides generates a light signal that is recorded by a CCD camera in
a sequencing instrument. The signal strength is proportional to the number of nucleotides
incorporated. Pyrosequencing makes use of pyrophosphate (PP1) which is released upon
nucleotide addition. PPi is converted to ATP by ATP sulfurylase in the presence of adenosine 5’
phosphosulfate. Luciferase uses ATP to convert luciferin to oxyluciferin, and this reaction
generates light that is detected and analyzed.

[0071] Another example of a DNA sequencing technique that can be used is SOLiD technology
by Applied Biosystems from Life Technologies Corporation (Carlsbad, Calif.). In SOLiD
sequencing, genomic DNA is sheared into fragments, and adaptors are attached to the 5" and 3’
ends of the fragments to generate a fragment library. Alternatively, internal adaptors can be

introduced by ligating adaptors to the 5’ and 3’ ends of the fragments, circularizing the
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fragments, digesting the circularized fragment to generate an internal adaptor, and attaching
adaptors to the 5’ and 3' ends of the resulting fragments to generate a mate-paired library. Next,
clonal bead populations are prepared in microreactors containing beads, primers, template, and
PCR components. Following PCR, the templates are denatured and beads are enriched to
separate the beads with extended templates. Templates on the selected beads are subjected to a
3’ modification that permits bonding to a glass slide. The sequence can be determined by
sequential hybridization and ligation of partially random oligonucleotides with a central
determined base (or pair of bases) that is identified by a specific fluorophore. After a color is
recorded, the ligated oligonucleotide is removed and the process is then repeated.

[0072] Another example of a DNA sequencing technique that can be used is ion semiconductor
sequencing using, for example, a system sold under the trademark ION TORRENT by Ion
Torrent by Life Technologies (South San Francisco, Calif.). Ton semiconductor sequencing is
described, for example, in Rothberg, et al., An integrated semiconductor device enabling non-
optical genome sequencing, Nature 475:348-352 (2011); U.S. Pub. 2010/0304982; U.S. Pub.
2010/0301398; U.S. Pub. 2010/0300895; U.S. Pub. 2010/0300559; and U.S. Pub.
2009/0026082, the contents of each of which are incorporated by reference in their entirety.
[0073] Another example of a sequencing technology that can be used is Illumina sequencing.
[llumina sequencing is based on the amplification of DNA on a solid surface using fold-back
PCR and anchored primers. Genomic DNA is fragmented, and adapters are added to the 5" and
3" ends of the fragments. DNA fragments that are attached to the surface of flow cell channels
are extended and bridge amplified. The fragments become double stranded, and the double
stranded molecules are denatured. Multiple cycles of the solid-phase amplification followed by
denaturation can create several million clusters of approximately 1,000 copies of single-stranded
DNA molecules of the same template in each channel of the flow cell. Primers, DNA
polymerase and four fluorophore-labeled, reversibly terminating nucleotides are used to perform
sequential sequencing. After nucleotide incorporation, a laser is used to excite the fluorophores,
and an image is captured and the identity of the first base is recorded. The 3’ terminators and
fluorophores from each incorporated base are removed and the incorporation, detection and
identification steps are repeated. Sequencing according to this technology is described in U.S.
Pat. No. 7,960,120; U.S. Pat. No. 7,835,871; U.S. Pat. No. 7,232,656; U.S. Pat. No. 7,598,035;
U.S. Pat. No. 6,911,345; U.S. Pat. No. 6,833,246; U.S. Pat. No. 6,828,100; U.S. Pat. No.
6,306,597; U.S. Pat. No. 6,210,891; U.S. Pub. 2011/0009278; U.S. Pub. 2007/0114362; U.S.
Pub. 2006/0292611; and U.S. Pub. 2006/0024681, each of which are incorporated by reference

in their entirety.
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[0074] Another example of a sequencing technology that can be used includes the single
molecule, real-time (SMRT) technology of Pacific Biosciences (Menlo Park, Calif)). In SMRT,
each of the four DNA bases is attached to one of four different fluorescent dyes. These dyes are
phospholinked. A single DNA polymerase is immobilized with a single molecule of template
single stranded DNA at the bottom of a zero-mode waveguide (ZMW). It takes several
milliseconds to incorporate a nucleotide into a growing strand. During this time, the fluorescent
label is excited and produces a fluorescent signal, and the fluorescent tag is cleaved off’
Detection of the corresponding fluorescence of the dye indicates which base was incorporated.
The process is repeated.

[0075] Another example of a sequencing technique that can be used is nanopore sequencing
(Soni & Meller, 2007, Progress toward ultrafast DNA sequence using solid-state nanopores, Clin
Chem 53(11):1996-2001). A nanopore is a small hole, of the order of 1 nanometer in diameter.
Immersion of a nanopore in a conducting fluid and application of a potential across it results in a
slight electrical current due to conduction of ions through the nanopore. The amount of current
which flows is sensitive to the size of the nanopore. As a DNA molecule passes through a
nanopore, each nucleotide on the DNA molecule obstructs the nanopore to a different degree.
Thus, the change in the current passing through the nanopore as the DNA molecule passes
through the nanopore represents a reading of the DNA sequence.

[0076] Another example of a sequencing technique that can be used involves using a chemical-
sensitive field effect transistor (chemFET) array to sequence DNA (for example, as described in
U.S. Pub. 2009/0026082). In one example of the technique, DNA molecules can be placed into
reaction chambers, and the template molecules can be hybridized to a sequencing primer bound
to a polymerase. Incorporation of one or more triphosphates into a new nucleic acid strand at
the 3’ end of the sequencing primer can be detected by a change in current by a chemFET. An
array can have multiple chemFET sensors. In another example, single nucleic acids can be
attached to beads, and the nucleic acids can be amplified on the bead, and the individual beads
can be transferred to individual reaction chambers on a chemFET array, with each chamber
having a chemFET sensor, and the nucleic acids can be sequenced.

[0077] Another example of a sequencing technique that can be used involves using an electron
microscope as described, for example, by Moudrianakis, E. N. and Beer M., in Base sequence
determination in nucleic acids with the electron microscope, III. Chemistry and microscopy of
guanine-labeled DNA, PNAS 53:564-71 (1965). In one example of the technique, individual
DNA molecules are labeled using metallic labels that are distinguishable using an electron
microscope. These molecules are then stretched on a flat surface and imaged using an electron

microscope to measure sequences.
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[0078] Sequencing according to embodiments of the invention generates a plurality of reads.
Reads according to the invention generally include sequences of nucleotide data less than about
150 bases in length, or less than about 90 bases in length. In certain embodiments, reads are
between about 80 and about 90 bases, e.g., about 85 bases in length. In some embodiments,
methods of the invention are applied to very short reads, i.e., less than about 50 or about 30
bases in length. Sequence read data can include the sequence data as well as meta information.
Sequence read data can be stored in any suitable file format including, for example, VCF files,
FASTA files or FASTQ files, as are known to those of skill in the art.

[0079] FASTA is originally a computer program for searching sequence databases and the name
FASTA has come to also refer to a standard file format. See Pearson & Lipman, 1988,
Improved tools for biological sequence comparison, PNAS 85:2444-2448. A sequence in
FASTA format begins with a single-line description, followed by lines of sequence data. The
description line is distinguished from the sequence data by a greater-than (“>") symbol in the
first column. The word following the “>” symbol is the identifier of the sequence, and the rest
of the line is the description (both are optional). There should be no space between the “>” and
the first letter of the identifier. It is recommended that all lines of text be shorter than 80
characters. The sequence ends if another line starting with a “>” appears; this indicates the start
of another sequence.

[0080] The FASTQ format is a text-based format for storing both a biological sequence (usually
nucleotide sequence) and its corresponding quality scores. It is similar to the FASTA format but
with quality scores following the sequence data. Both the sequence letter and quality score are
encoded with a single ASCII character for brevity. The FASTQ format is a de facto standard for
storing the output of high throughput sequencing instruments such as the Illumina Genome
Analyzer. Cock et al., 2009, The Sanger FASTQ file format for sequences with quality scores,
and the Solexa/lllumina FASTQ variants, Nucleic Acids Res 38(6):1767-1771.

[0081] For FASTA and FASTQ files, meta information includes the description line and not the
lines of sequence data. In some embodiments, for FASTQ files, the meta information includes
the quality scores. For FASTA and FASTQ files, the sequence data begins after the description
line and is present typically using some subset of IUPAC ambiguity codes optionally with “—.
In a preferred embodiment, the sequence data will use the A, T, C, G, and N characters,

w_ o

optionally including or U as-needed (e.g., to represent gaps or uracil).

[0082] In some embodiments, the at least one master sequence read file and the output file are
stored as plain text files (e.g., using encoding such as ASCII; ISO/IEC 646, EBCDIC; UTF-8; or
UTF-16). A computer system provided by the invention may include a text editor program

capable of opening the plain text files. A text editor program may refer to a computer program
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capable of presenting contents of a text file (such as a plain text file) on a computer screen,
allowing a human to edit the text (e.g., using a monitor, keyboard, and mouse). Exemplary text
editors include, without limit, Microsoft Word, emacs, pico, vi, BBEdit, and TextWrangler.
Preferably, the text editor program is capable of displaying the plain text files on a computer
screen, showing the meta information and the sequence reads in a human-readable format (e.g.,
not binary encoded but instead using alphanumeric characters as they would be used in print
human writing).

[0083] While methods have been discussed with reference to FASTA or FASTQ files, methods
and systems of the invention may be used to compress any suitable sequence file format
including, for example, files in the Variant Call Format (VCF) format. A typical VCF file will
include a header section and a data section. The header contains an arbitrary number of meta-
information lines, each starting with characters ‘##’, and a TAB delimited field definition line
starting with a single ‘#’ character. The field definition line names eight mandatory columns
and the body section contains lines of data populating the columns defined by the field definition
line. The VCF format is described in Danecek et al., 2011, The variant call format and
VCFtools, Bioinformatics 27(15):2156-2158. The header section may be treated as the meta
information to write to the compressed files and the data section may be treated as the lines,
each of which will be stored in a master file only if unique.

[0084] Certain embodiments of the invention provide for the assembly of sequence reads. In
assembly by alignment, for example, the reads are aligned to each other or to a reference. By
aligning each read, in turn to a reference genome, all of the reads are positioned in relationship
to each other to create the assembly. In addition, aligning or mapping the sequence read to a
reference sequence can also be used to identify variant sequences within the sequence read.
Identifying variant sequences can be used in combination with the methods and systems
described herein to further aid in the diagnosis or prognosis of a disease or condition, or for
guiding treatment decisions.

[0085] In some embodiments, any or all of the steps of the invention are automated.
Alternatively, methods of the invention may be embodied wholly or partially in one or more
dedicated programs, for example, each optionally written in a compiled language such as C++
then compiled and distributed as a binary. Methods of the invention may be implemented
wholly or in part as modules within, or by invoking functionality within, existing sequence
analysis platforms. In certain embodiments, methods of the invention include a number of steps
that are all invoked automatically responsive to a single starting queue (e.g., one or a
combination of triggering events sourced from human activity, another computer program, or a

machine). Thus, the invention provides methods in which any or the steps or any combination
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of the steps can occur automatically responsive to a queue. Automatically generally means
without intervening human input, influence, or interaction (i.e., responsive only to original or
pre-queue human activity).
[0086] The system also encompasses various forms of output, which includes an accurate and
sensitive interpretation of the subject nucleic acid. The output of retrieval can be provided in the
format of a computer file. In certain embodiments, the output is a FASTA file, FASTQ file, or
VCF file. Output may be processed to produce a text file, or an XML file containing sequence
data such as a sequence of the nucleic acid aligned to a sequence of the reference genome. In
other embodiments, processing yields output containing coordinates or a string describing one or
more mutations in the subject nucleic acid relative to the reference genome. Alignment strings
known in the art include Simple UnGapped Alignment Report (SUGAR), Verbose Useful
Labeled Gapped Alignment Report (VULGAR), and Compact Idiosyncratic Gapped Alignment
Report (CIGAR) (Ning, Z., et al., Genome Research 11(10):1725-9 (2001)). These strings are
implemented, for example, in the Exonerate sequence alignment software from the European
Bioinformatics Institute (Hinxton, UK).
[0087] In some embodiments, a sequence alignment is produced—such as, for example, a
sequence alignment map (SAM) or binary alignment map (BAM) file—comprising a CIGAR
string (the SAM format is described, e.g., in Li, et al., The Sequence Alignment/Map format and
SAMtools, Bioinformatics, 2009, 25(16):2078-9). In some embodiments, CIGAR displays or
includes gapped alignments one-per-line. CIGAR is a compressed pairwise alignment format
reported as a CIGAR string. A CIGAR string is useful for representing long (e.g. genomic)
pairwise alignments. A CIGAR string is used in SAM format to represent alignments of reads to
a reference genome sequence.
[0088] A CIGAR string follows an established motif. Each character is preceded by a number,
giving the base counts of the event. Characters used can include M, I, D, N, and S (M=match;
I=insertion; D=deletion, N=gap; S=substitution). The CIGAR string defines the sequence of
matches/mismatches and deletions (or gaps). For example, the CIGAR string 2MD3M2D2M
will mean that the alignment contains 2 matches, 1 deletion (number 1 is omitted in order to
save some space), 3 matches, 2 deletions and 2 matches.
[0089] As contemplated by the invention, the functions described above can be implemented
using a system of the invention that includes software, hardware, firmware, hardwiring, or any
combinations of these. Features implementing functions can also be physically located at
various positions, including being distributed such that portions of functions are implemented at

different physical locations.
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[0090] As one skilled in the art would recognize as necessary or best-suited for performance of
the methods of the invention, a computer system or machines of the invention include one or
more processors (e.g., a central processing unit (CPU) a graphics processing unit (GPU) or
both), a main memory and a static memory, which communicate with each other via a bus.
[0091] FIG. 4 diagrams a system 701 suitable for performing methods of the invention. As
shown in FIG. 7, system 701 may include one or more of a server computer 705, a terminal 715,
a sequencer 715, a sequencer computer 721, a computer 749, or any combination thereof. Each
such computer device may communicate via network 709. Sequencer 725 may optionally
include or be operably coupled to its own, e.g., dedicated, sequencer computer 721 (including
any input/output mechanisms (I/O), processor, and memory). Additionally or alternatively,
sequencer 725 may be operably coupled to a server 705 or computer 749 (e.g., laptop, desktop,
or tablet) via network 709. Computer 749 includes one or more processor, memory, and I/O.
Where methods of the invention employ a client/server architecture, any steps of methods of the
invention may be performed using server 705, which includes one or more of processor,
memory, and I/O, capable of obtaining data, instructions, etc., or providing results via an
interface module or providing results as a file. Server 705 may be engaged over network 709
through computer 749 or terminal 715, or server 705 may be directly connected to terminal 715.
Terminal 515 is preferably a computer device. A computer according to the invention
preferably includes one or more processor coupled to an /O mechanism and memory.

[0092] A processor may be provided by one or more processors including, for example, one or
more of a single core or multi-core processor. An I/O mechanism may include a video display
unit (e.g., a liquid crystal display (LCD) or a cathode ray tube (CRT)), an alphanumeric input
device (e.g., a keyboard), a cursor control device (e.g., a mouse), a disk drive unit, a signal
generation device (e.g., a speaker), an accelerometer, a microphone, a cellular radio frequency
antenna, and a network interface device (e.g., a network interface card (NIC), Wi-Fi card,
cellular modem, data jack, Ethernet port, modem jack, HDMI port, mini-HDMI port, USB port),
touchscreen (e.g., CRT, LCD, LED, AMOLED, Super AMOLED), pointing device, trackpad,
light (e.g., LED), light/image projection device, or a combination thereof. Memory according to
the invention refers to a non-transitory memory which is provided by one or more tangible
devices which preferably include one or more machine-readable medium on which is stored one
or more sets of instructions (e.g., software) embodying any one or more of the methodologies or
functions described herein. The software may also reside, completely or at least partially, within
the main memory, processor, or both during execution thereof by a computer within system 701,
the main memory and the processor also constituting machine-readable media. The software

may further be transmitted or received over a network via the network interface device.
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[0093] While the machine-readable medium can in an exemplary embodiment be a single
medium, the term “machine-readable medium” should be taken to include a single medium or
multiple media (e.g., a centralized or distributed database, and/or associated caches and servers)
that store the one or more sets of instructions. The term “machine-readable medium” shall also
be taken to include any medium that is capable of storing, encoding or carrying a set of
instructions for execution by the machine and that cause the machine to perform any one or
more of the methodologies of the present invention. Memory may be, for example, one or more
of a hard disk drive, solid state drive (SSD), an optical disc, flash memory, zip disk, tape drive,
“cloud” storage location, or a combination thereof. In certain embodiments, a device of the
invention includes a tangible, non-transitory computer readable medium for memory.
Exemplary devices for use as memory include semiconductor memory devices, (e.g., EPROM,
EEPROM, solid state drive (SSD), and flash memory devices e.g., SD, micro SD, SDXC, SDIO,
SDHC cards); magnetic disks, (e.g., internal hard disks or removable disks); and optical disks
(e.g., CD and DVD disks).

[0094] In some embodiments, the methods and systems of the present disclosure can be used to
diagnose a disease or condition, e.g., cancer. The term “diagnosis” as used herein refers to
methods by which the skilled worker can estimate and/or determine whether or not a patient is
suffering from a given disease or condition. In some embodiments, the methods of the invention
can be used in the prognosis of a disease of a disease or condition, e.g., cancer. The term
“prognosis” as used herein refers to the likelihood of a disease or condition progression,
including recurrence of a disease or condition. In some embodiments, the methods of the
invention can be used to assess the risk of developing a disease or condition, e.g., cancer. For
example, the methods and systems described herein can be used to identify a breakpoint or gene
fusion associated with a particular diagnosis, prognosis, or risk of developing a disease or
condition. Moreover, the methods and systems described herein can be used to identify a
breakpoint or gene fusion associated with a predicted therapeutic outcome. Thus, the methods
and systems can be used to guide the treatment of the disease or condition (e.g., by
administering a compound or agent to a subject), or to guide the preparation of a medicament for
treatment of the disease or condition.

[0095] As used herein, “treating” a disease or condition refers to taking steps to obtain
beneficial or desired results, including clinical results. Beneficial or desired clinical results
include, but are not limited to, alleviation or amelioration of one or more symptoms associated
with diseases or conditions. As used herein, “administering” or “administration of” a compound
or an agent to a subject can be carried out using one of a variety of methods known to those

skilled in the art. For example, a compound or an agent can be administered, intravenously,
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arterially, intradermally, intramuscularly, intraperitonealy, intravenously, subcutaneously,
ocularly, sublingually, orally (by ingestion), intranasally (by inhalation), intraspinally,
intracerebrally, and transdermally (by absorbtion, e.g., through a skin duct). A compound or
agent can also appropriately be introduced by rechargeable or biodegradable polymeric devices
or other devices, e.g., patches and pumps, or formulations, which provide for the extended, slow,
or controlled release of the compound or agent. Administering can also be performed, for
example, once, a plurality of times, and/or over one or more extended periods. In some aspects,
the administration includes both direct administration, including self-administration, and indirect
administration, including the act of prescribing a drug. For example, as used herein, a physician
who instructs a patient to self-administer a drug, or to have the drug administered by another
and/or who provides a patient with a prescription for a drug is administering the drug to the
patient. In some embodiments, a compound or an agent is administered orally, e.g., to a subject
by ingestion, or intravenously, e.g., to a subject by injection. In some embodiments, the orally
administered compound or agent is in an extended release or slow release formulation, or
administered using a device for such slow or extended release.

[0096] As used herein, the term “cancer” includes, but is not limited to, various types of
malignant neoplasms, most of which can invade surrounding tissues, and may metastasize to
different sites (see, for example, PDR Medical Dictionary, 1st edition (1995), incorporated
herein by reference in its entirety for all purposes). The terms “neoplasm” and “tumor” refer to
an abnormal tissue that grows by cellular proliferation more rapidly than normal and continues
to grow after the stimuli that initiated proliferation is removed. Such abnormal tissue shows
partial or complete lack of structural organization and functional coordination with the normal
tissue which may be either benign (such as a benign tumor) or malignant (such as a malignant
tumor). Examples of general categories of cancer include, but are not limited to, carcinomas
(malignant tumors derived from epithelial cells such as, for example, common forms of breast,
prostate, lung and colon cancer), sarcomas (malignant tumors derived from connective tissue or
mesenchymal cells), lymphomas (malignancies derived from hematopoietic cells), leukemias
(malignancies derived from hematopoietic cells), and germ cell tumors (tumors derived from
totipotent cells, in adults most often found in the testicle or ovary; in fetuses, babies and young
children, most often found on the body midline, particularly at the tip of the tailbone), blastic
tumors (a typically malignant tumor which resembles an immature or embryonic tissue) and the
like. Examples of the types of neoplasms intended to be encompassed by the present invention
include but are not limited to those neoplasms associated with cancers of neural tissue, blood
forming tissue, breast, skin, bone, prostate, ovaries, uterus, cervix, liver, lung, brain, larynx,

gallbladder, pancreas, rectum, parathyroid, thyroid, adrenal gland, immune system, head and
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neck, colon, stomach, bronchi, and/or kidneys. In particular embodiments, types and number of
cancers that may be detected include, but are not limited to, blood cancers, brain cancers, lung
cancers, skin cancers, nose cancers, throat cancers, liver cancers, bone cancers, lymphomas,
pancreatic cancers, skin cancers, bowel cancers, rectal cancers, thyroid cancers, bladder cancers,
kidney cancers, mouth cancers, stomach cancers, solid state tumors, heterogeneous tumors,
homogenous tumors and the like. In particular embodiments, the cancer is a hematological
cancer, a sarcoma, or a prostate cancer.

[0097] While preferred embodiments of the present invention have been shown and described
herein, it will be obvious to those skilled in the art that such embodiments are provided by way
of example only. Numerous variations, changes, and substitutions will now occur to those
skilled in the art without departing from the invention. It should be understood that various
alternatives to the embodiments of the invention described herein may be employed in practicing
the invention. It is intended that the following claims define the scope of the invention and that
methods and structures within the scope of these claims and their equivalents be covered

thereby.
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CLAIMS
WHAT IS CLAIMED IS:
1. A method for processing genetic sequence read data from a sample, the method
comprising:

determining a fused read containing sequencing data of at least a portion of a
fused chromosome DNA molecule;

determining a predetermined point on the genome with least one mapped portion
of the fused read clipped at the predetermined point (a breakpoint),

identifying two mapped read portions from two breakpoints (breakpoint pair) as a
potential fusion candidate;

creating one or more fusion sets based on breakpoint pairs and clustering the
fusion sets into one or more fusion clusters; and

identifying each fusion cluster meeting a predetermined criterion as a gene
fusion.

2. The method of claim 1, comprising assigning a unique molecule or read identifier
(read ID) to each read.

3. The method of claim 1, comprising clipping each mapped portion of the reads from
one or both sides.

4. The method of claim 1, wherein the breakpoints are independent of the reads in
identity and are identified by a sign, a chromosome and a position.

5. The method of claim 4, wherein the breakpoints keep statistics including a number of
reads and molecules that are clipped or split at the breakpoint, and a number of wild-type reads
and molecules that pass over the breakpoint.

6. The method of claim 2, comprising selecting every two mapped read portions with
common read IDs that belong to two breakpoints with appropriate signs as a potential fusion
candidate.

7. The method of claim 6, wherein the potential fusion candidate location in the original
read before mapping shows the read portion as originally located next to each other.

8. The method of claim 6, comprising checking if read portions are mapped on one
strand for differences in the breakpoints’ signs.

9. The method of claim 1, comprising tracking fusion set statistics

10. The method of claim 9, wherein the fusion set statistics are breakpoint IDs, number
of molecules, or reads that are contained in the set.

11. The method of claim 1, comprising grouping fusion sets with similar breakpoints in a

fusion cluster.
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12. The method of claim 11, wherein the similar breakpoints are breakpoints no more
than 5 nucleotides, no more than 10 nucleotides or no more than 25 nucleotides apart.

13. The method of claim 1, comprising defining a fusion cluster between two regions in
in the genome.

14. The method of claim 1, comprising determining for the fusion cluster a number of
fused molecules for each partner.

15. The method of claim 1, comprising determining for the fusion cluster the number of
fused reads for each partner.

16. The method of claim 1, comprising determining for the fusion cluster a number of
wild-type molecules for each partner.

17. The method of claim 1, comprising determining for the fusion cluster a number of
wild-type reads or molecules for each partner.

18. The method of claim 1, comprising determining for the fusion cluster a fusion
percentage for each partner as a ratio of fused molecules over total molecule for each partner.

19. The method of claim 1, wherein the total molecule comprises wild-type and clipped
components.

20. The method of claim 18, comprising determining for the fusion cluster gene
information for each partner.

21. The method of claim 1, comprising determining a downstream gene of the fusion
cluster.

22. The method of claim 1, wherein the criteria comprises having more than one
molecule in the cluster or having at least a molecule with both Watson and Crick strands.

23. A system to analyze genetic information, comprising

a DNA sequencer;

a processor coupled to the DNA sequencer, the processor running computer code
to process genetic sequence read data from a sample, the computer code comprising instructions
for:

determining a fused read containing sequencing data of a portion of a fused
chromosome DNA molecule;

determining at least a predetermined point on the genome with least one mapped
portion of the fused read clipped at the predetermined point (a breakpoint);

identifying two mapped read portions from two breakpoints (breakpoint pair) as a
potential fusion candidate;

creating one or more fusion sets based on breakpoint pairs and clustering the

fusion sets into one or more fusion clusters; and
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identifying each fusion cluster meeting a predetermined criterion as a gene
fusion.
24, A method comprising:

(a) sequencing DNA molecules with a DNA sequencer to generate a collection of
sequences,;

(b) mapping the collection of sequences to a reference genome;

(c) identifying fused reads from the mapped collection, wherein a fused read
contains sub-sequences, wherein a first sub-sequence maps to a first genetic locus and a second
sub-sequence maps to a second, distinct genetic locus;

(d) for each fused read, identifying a first breakpoint at the first genetic locus and
a second breakpoint at the second genetic locus, wherein a breakpoint is a point on the reference
genome where a sequence of a fused read is clipped, and wherein the first and second
breakpoints form a breakpoint pair;

(e) generating sets of fused reads, each set comprising fused reads having the
same breakpoint pair;

(f) clustering sets of fused reads, wherein each cluster is formed from sets of
fused reads having first breakpoints within a first predetermined nucleotide distance and second
breakpoints within a second predetermined nucleotide distance; and

(g) determining a gene fusion for one or more clusters, wherein a gene fusion for
a cluster has, as a first fusion gene breakpoint, a breakpoint selected from the first breakpoints in
the cluster and, as a second fusion gene breakpoint, a breakpoint selected from the second
breakpoints in the cluster, and wherein the first and second fusion gene breakpoints are each
selected based on selection criteria.

25. The method of claim 24, wherein the distinct genetic loci are located on different
chromosomes or on different genes of the same chromosome.
26. The method of claim 24 wherein the first and second predetermined distances are
each no more than 5 nucleotides, no more than 10 nucleotides or no more than 25 nucleotides.
27. The method of claim 24, wherein the selection criteria include the breakpoint having
the most fused reads in the cluster.
28. The method of claim 24, comprising determining a gene fusion for a plurality of gene
clusters.
29. A method comprising:
(a) sequencing a plurality of DNA molecules with a DNA sequencer;
(b) tagging each of the plurality of sequences molecules with an identifier;

(c) mapping each tagged sequence to a reference genome;
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(d) identifying clipped reads from the mapped tagged sequences, wherein a
clipped read is a tagged sequence containing a mapped portion and a clipped portion, wherein
the mapped portion maps to a genetic locus and the clipped portion does not map to the genetic
locus;

(e) determining a breakpoint of each clipped read, wherein a breakpoint is a point
on the reference genome where a sequence of a clipped read is clipped;

(f) creating breakpoint sets, each breakpoint set comprising identifiers of clipped
reads having the same breakpoint;

(g) creating sets of breakpoint pairs by comparing pairs of breakpoint sets, each
set of breakpoint pairs including identifiers present in both members of a compared pair of
breakpoint sets;

(h) clustering sets of breakpoint pairs, wherein each cluster includes sets of
breakpoint pairs having a first breakpoint of the pair within a first predetermined genetic
distance and a second breakpoint of the pair within a second predetermined genetic distance; and

(1) determining a gene fusion for one or more of the clusters, wherein a gene
fusion for a cluster has, as a first fusion gene breakpoint, a breakpoint selected from the first
breakpoints in the cluster and, as a second fusion gene breakpoint, a breakpoint selected from
the second breakpoints in the cluster, and wherein the first and second fusion gene breakpoints
are each selected based on a selection criteria.

30. The method of claim 29, wherein the selection criteria include the breakpoint having
the most fused reads in the cluster.
31. A method for identifying a fusion gene breakpoint, the method comprising:

(a) determining a fused read containing sequencing data of at least a portion of a
fused chromosome DNA molecule;

(b) determining a predetermined point on the genome with least one mapped
portion of the fused read clipped at the predetermined point (a breakpoint),

(c) identifying two mapped read portions from two breakpoints (breakpoint pair)
as a potential fusion candidate;

(d) creating one or more fusion sets based on breakpoint pairs and clustering the
fusion sets into one or more fusion clusters;

(e) identifying each fusion cluster meeting a predetermined criterion as a gene
fusion, and

(f) identifying a breakpoint of the gene fusion as the fusion gene breakpoint.

32. A method for diagnosing a condition in a subject, the method comprising:
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(a) determining a fused read containing sequencing data of at least a portion of a
fused chromosome DNA molecule;
(b) determining a predetermined point on the genome with least one mapped
portion of the fused read clipped at the predetermined point (a breakpoint),
(c) identifying two mapped read portions from two breakpoints (breakpoint pair)
as a potential fusion candidate;
(d) creating one or more fusion sets based on breakpoint pairs and clustering the
fusion sets into one or more fusion clusters; and
(e) identifying each fusion cluster meeting a predetermined criterion as a gene
fusion,
wherein said gene fusion is indicative of the condition.
33. The method of claim 32, wherein the condition is a cancer.
34. The method of claim 33, wherein the cancer is selected from the group consisting of:
a hematological cancer, a sarcoma, and a prostate cancer.

35. The method of claim 34, further comprising administering a treatment to the subject.
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