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BACKGROUND OF THE INVENTION

The invention relates to optimized methods for analyzing nucleic acids from tumor
samples, e.g., methods having integrated optimized nucleic acid selection, read alignment, and

mutation calling.

SUMMARY
Methods disclosed herein provide integration of one or more optimized elements
including bait-based selection, alignment, and mutation calling, as applied, e.g., to optimized sets
of subgenomic intervals, e.g., sets of cancer related segments of the genome described herein.
Methods described herein provide for next generation sequencing (NGS)-based analysis of

tumors that can be optimized on a cancer-by-cancer, gene-by-gene and/or site-by-site basis.

Accordingly, in one example, the disclosure features a method of analyzing a tumor

sample. The method comprises:



99% sensitivity or specificity for nucleotide postions in at least 2, 5, 10, 20, 50 or 100 subgenomic
intervals, e.g., genes; or

(iv) wherein the method comprises one or more or all of:

a) sequencing a first subgenomic interval to provide for about 500X or higher sequencing
depth, e.g., to sequence a mutation present in no more than 5 % of the cells from the sample;

b) sequencing a second subgenomic interval to provide for about 200X or higher, e.g.,
about 200X-about 500X, sequencing depth, e.g., to sequence a mutation present in no more than
10 % of the cells from the sample;

c) sequencing a third subgenomic interval to provide for about 10-100X sequencing
depth, e.g., to sequence one or more subgenomic intervals (e.g., exons) that are chosen from: a)
a pharmacogenomic (PGx) single nucleotide polymorphism (SNP) that may explain the ability of
patient to metabolize different drugs, or b) a genomic SNPs that may be used to uniquely identify
(e.g., fingerprint) a patient;

d) sequencing a fourth subgenomic interval to provide for about 5-50 X sequencing
depth, e.g., to detect a structural breakpoint, such as a genomic translocation or an indel. For
example, detection of an intronic breakpoint requires 5-50X sequence-pair spanning depth to
ensure high detection reliability. Such bait sets can be used to detect, for example,
translocation/indel-prone cancer genes; or

e) sequencing a fifth subgenomic interval to provide for about 0.1-300X sequencing
depth, e.g., to detect copy number changes. In one example, the sequencing depth ranges from
about 0.1-10X sequencing depth to detect copy number changes. In other examples, the
sequencing depth ranges from about 100-300X to detect a genomic SNPs/loci that is used to
assess copy number gains/losses of genomic DNA or loss-of-heterozygosity (LOH).

Exemplary first and second sets of conditions include those wherein:

a first bait set is used for the first subgenomic interval and a second bait set is used for the
second subgenomic interval,

a first alignment method is applied to a read for the first subgenomic interval and a second
alignment method is applied to a read for second subgenomic interval;

a first mutation calling method is applied to a nucleotide position of the first subgenomic
interval and a second mutation calling method is applied to a nucleotide position of the second

subgenomic interval.



In an example:

a first nucleotide position is analyzed with a first set of bait conditions, a first alignment
method, and a first mutation calling method,;

a second nucleotide position is analyzed with said first set of bait conditions,a second
alignment method, and said first mutation calling method,;

a third nucleotide position is analyzed with said first set of bait conditions, said first
alignment method, and a second mutation calling method,

to provide three nucleotide positions each analyzed under unique, as compared to the other
two, conditions.

In an example, the conditions comprise those wherein:

a first bait set is used for the first subgenomic interval and a second bait set is used for the
second subgenomic interval,

a first alignment method is applied to a read for the first subgenomic interval and a second
alignment method is applied to a read for second subgenomic interval; or

a first mutation calling method is applied to a nucleotide position of the first subgenomic
interval and a second mutation calling method is applied to a nucleotide position of the second
subgenomic interval.

Exemplary characteristics include:

(i) the gene, or type of gene, in which the alteration is located, e.g., an oncogene or tumor
suppressor, a gene or type of gene characterized by a preselected or variant or type of variant,
e.g., a mutation, or by a mutation of a preselected frequency, or other gene or type of gene
described herein;

(ii) the type of alteration, e.g., a substitution, insertion, deletion, or translocation;

(iii) the type of sample, e.g., an FFPE sample, being analyzed for the alteration;

(iv) sequence in or near said the nucleotide position of the alteration being evaluated, e.g.,
sequence which can affect the expected propensity for misalignment for the subgenomic interval,
e.g., the presence of repeated sequences in or near the nucleodited position;

(v) a prior (e.g., literature) expectation of observing a read showing the alteration, e.g.,
mutation, e.g., in a tumor of preslected type;

(vi) the probability of observing a read showing the alteration due to base-calling error

alone); or



(vii) a preslected depth of sequencing desired for detecting the alteration.

In an example, the characteristic is other than the identity of the nucleotide
being sequenced, i.e., the characteristic is not whether the sequence is a or t.

In an example, step (b) is present. In an example, step (b) is absent.

In an example, subgenomic intervals from at least X genes, e.g. at least X genes from
Tables 1 and 1A, e.g., genes having the priority 1 annotation in Table 1 and 1A, are analyzed
under different conditions, and X is equal to 2, 3, 4, 5, 10, 15, 20, or 30.

In an example, the method comprises one or more of the following:

(i) the method, e.g., (b) of the method above, comprises the use of a bait set described
herein, e.g., a bait set as described under the heading Bait, or in the BAIT Module;

(ii) the method, e.g., (c) of the method above, comprises acquiring reads for a set or group
of subgenomic intervals or from a set or group of genes described herein;

(iii) the method, e.g., (d) of the method above, comprises the use of a plurality of alignment
methods described herein, e.g., methods described under the heading Alignment, or in the
Alignment Module;

(iv) the method, e.qg., (e) of the method above, comprises the use of a plurality of methods
for assigning a nucleotide value to a preselected nucleotide position, described herein, e.g.,
methods described under the heading Mutation Calling, or in the Mutation Calling Module or in
the section entitled “A Bayesian Approach for Sensitive Detection of Somatic Genomic
Alterations from Next-generation Sequencing of Clinical Cancer Specimens;” or

(v) the method comprises assigning a nucleotide value to a set of subgenomic intervals
described herein, e.g., in the sections entitled “Gene Selection or Gene Selection Module.”

In an example, the method includes: (i) and one, two, three, or all of (ii)-(v).

In an example, the method includes: (ii) and one, two, three, or all of (i) and (iii)-(Vv).

In an example, the method includes: (iii) and one, two, three, or all of (i), (ii), (iv) and
(v).

In an example, the method includes: (iv) and one, two, three, or all of (i)-(iii) and (v).

In an example, the method includes: (v) and one, two, three, or all of (i)-(iv).



In one aspect, the present disclosure refers to a method of analyzing nucleic acids from a
human subject for identifying mutations, the method comprising:

(@) providing fragmented DNA from the human subject, or providing cDNA derived from
RNA from the human subject;

(b) attaching adapters to the fragmented DNA or cDNA to generate adapter-ligated DNA,
wherein the adapters comprise:

(1) a primer binding site for amplification and/or sequencing, and
(2) a barcode sequence;

(c) capturing a plurality of target sequences, comprising simultaneously hybridizing in
solution a plurality of bait molecules with the adapter-ligated DNA of step (b), thereby
producing nucleic acid hybrids;

wherein the bait molecules each comprise:

(1) a binding entity that allows for separation of the nucleic acid hybrids of step

(c); and

(2) a sequence configured to hybridize to a target sequence;

wherein the plurality of bait molecules is capable of hybridizing to the plurality of target

sequences, and wherein the plurality of target sequences comprises at least:
(i) a first target sequence comprising a point mutation; and
(ii) a second target sequence comprising a structural breakpoint; and

(d) sequencing the captured plurality of target sequences.

In one aspect, the present disclosure refers to a method of analyzing nucleic acids from a
human subject for identifying mutations, the method comprising:
(a) providing fragmented nucleic acids from the human subject;
(b) attaching adapters to the fragmented nucleic acids to generate adapter-ligated nucleic
acids, wherein the adapters comprise:
(1) primer binding sites for amplification and/or sequencing, and
(2) a barcode sequence;
(c) capturing a plurality of target sequences, comprising simultaneously hybridizing in
solution a plurality of bait molecules with the adapter-ligated nucleic acids of step (b), thereby

producing nucleic acid hybrids;



wherein the bait molecules each comprise:
(1) a binding entity that allows for separation of the nucleic acid hybrids of step
(c); and
(2) a sequence configured to hybridize to a target sequence;
wherein the plurality of bait molecules is capable of hybridizing to the plurality of target
sequences, and wherein the plurality of target sequences comprises at least:
(i) a first target sequence comprising a point mutation; and
(i) a second target sequence comprising a structural breakpoint; and

(d) sequencing the captured plurality of target sequences.

In one aspect, the present disclosure refers to a method of analyzing nucleic acids from a
human subject for identifying mutations, the method comprising:

(@) providing fragmented DNA from the human subject, or providing cDNA
derived from RNA from the human subject;

(b) attaching adapters to the fragmented DNA or cDNA to generate adapter-
ligated DNA, wherein the adapters comprise:

(1) a primer binding site for amplification and/or sequencing, and
(2) a barcode sequence;

(c) capturing a plurality of target sequences, comprising simultaneously
hybridizing a plurality of bait molecules with the adapter-ligated DNA of step (b), thereby
producing nucleic acid hybrids;

wherein the bait molecules each comprise:

(1) a binding entity that allows for separation of the nucleic acid hybrids
of step (c); and
(2) a sequence configured to hybridize to a target sequence;

wherein the plurality of bait molecules is capable of hybridizing to the plurality of
target sequences, and wherein the plurality of target sequences comprises at least the following
associated with a cancerous phenotype:

(i) a first target sequence comprising a point mutation; and

(i) a second target sequence comprising a structural breakpoint; and
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(d) sequencing the captured plurality of target sequences.

Alignment

Methods disclosed herein can integrate the use of multiple, individually tuned, alignment
methods or algorithms to optimize performance in sequencing methods, particularly in methods
that rely on massively parallel sequencing of a large number of diverse genetic events in a large
number of diverse genes, e.g., methods of analyzing tumor samples. In examples, multiple
alignment methods that are individually customized or tuned to each of a number of variants in
different genes are used to analyze reads. In examples, tuning can be a function of (one or more
of) the gene (or other subgenomic inerval) being sequenced, the tumor type in the sample, the
variant being sequenced, or a characteristic of the sample or the subject. The selection or use of
alignment conditions that are individually tuned to a number of subgenomic intervals to be
sequenced allows optimization of speed, sensitivity and specificity. The method is particularly
effective when the alignments of reads for a relatively large number of diverse subgenomic
intervals are optimized.

Accordingly, in one example, the disclosure features, a method of analyzing a sample,

e.g., a tumor sample. The method comprises:

(a) acquiring a library comprising a plurality members from a sample, e.g., a plurality of
tumor members from a tumor sample;

(b) optionally, enriching the library for preselected sequences, e.g., by contacting the
library with a bait set (or plurality of bait sets) to provide selected members (sometimes referred
to herein as library catch);

(c) acquiring a read for a subgenomic interval from a member, e.g., a tumor member from
said library or library catch, e.g., by a method comprising sequencing, e.g., with a next
generation sequencing method;

(d) aligning said read by an alignment method, e.g., an alignment method described herein;
and

(e) assigning a nucleotide value (e.g., calling a mutation, e.g., with a Bayesian method)
from said read for the preselected nucleotide position,
thereby analyzing said tumor sample,

wherein

a read from each of X unique subgenomic intervals is aligned with a unique alignment

method, wherein unique subgenomic interval means different from the other X-1 subgenoimc
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intervals, and wherein unique alignment method means different from the other X-1 alingment
methods, and X is at least 2.

In an example, step (b) is present. In an example step (b) is absent.
In an embodment, X is at least 3, 4, 5, 10, 15, 20, 30, 50, 100, 500, or 1,000.

In an example subgenomic intervals from at least X genes, e.g. at least X genes from
Tables 1 and 1A, e.g., genes having the priority 1 annotation in Table 1 and 1A, are aligned with
unique alignment methods, and X is equal to 2, 3, 4, 5, 10, 15, 20, or 30.

In an example, a method (e.g., element (d) of the method recited above) comprises

selecting or using an alignment method for analyzing, e.g., aligning, a read,

wherein said alignment method is a function of, is selected responsive to, or is optimized
for, one or more or all of:

(i) tumor type, e.g., the tumor type in said sample;

(ii) the gene, or type of gene, in which said subgenomic interval being sequenced is

located, e.g., a gene or type of gene characterized by a preselected or variant or type of

variant, e.g., a mutation, or by a mutation of a preselected frequency;

(iii) the site (e.g., nucleotide position) being analyzed,

(iv) the type of variant, e.g., a substitution, within the subgenomic interval being

evaluated;

(v) the type of sample, e.g., an FFPE sample; and

(vi) sequence in or near said subgenomic interval being evaluated, e.g., the expected

propensity for misalignment for said subgenomic interval, e.g., the presence of repeated

sequences in or near said subgenomic interval.

As referred to elsewhere herein, a method is particularly effective when the alignment of
reads for a relatively large number of subgenomic intervals is optimized. Thus, in an example, at
least X unique alignment methods are used to analyze reads for at least X unique subgenomic
intervals, wherein unique means different from the other X-1, and X is equal to 2, 3, 4, 5, 10, 15,
20, 30, 50, 100, 500, or 1,000.

In an example, subgenomic intervals from at least X genes from Tables 1 and 1A, e.g.,
having the priority 1 annotation in Table 1 and 1A, are analyzed, and X is equal to 2, 3, 4, 5, 10,
15, 20, or 30.



In an example, a unique alignment method is applied to subgenomic intervals in each of
at least 3, 5, 10, 20, 40, 50, 60, 70, 80, 90, or 100 different genes.

In an example, a nucleotide position in at least 20, 40, 60, 80, 100, 120, 140, 160 or 180
genes, e.g., genes from Tables 1 and 1A, is assigned a nucleotide value. In an example a unique
alignment method is applied to subgenomic intervals in each of at least 10, 20, 30, 40, or 50% of
said genes analyzed.

Methods disclosed herein allow for the rapid and efficient alignment of troublesome
reads, e.g., a read having a rearrangment. Thus, in example where a read for a subgenomic
interval comprises a nucleotide position with a rearrangement, e.g., an indel, the method can
comprise using an alignment method that is appropriately tuned and that includes:

selecting a rearrangement reference sequence for alignment with a read, wherein said
rearrangement reference sequence is preselected to align with a preselected rearrangement (in
examples the reference sequence is not identical to the genomic rearrangement);

comparing, e.g., aligning, a read with said preselected rearrangement reference sequence.

In examples, other methods are used to align troublesome reads. These methods are
particularly effective when the alignment of reads for a relatively large number of diverse
subgenomic intervals is optimized. By way of example, a method of analyzing a tumor sample
can comprise:

performing a comparison, e.g., an alignment comparison, of a read under a first set of

parameters (e.g., a first mapping algorithm or with a first reference sequence), and

determining if said read meets a first predetermined alignment criterion (e.g., the read can
be aligned with said first reference sequence, e.g., with less than a preselected number of
mismatches);

if said read fails to meet the first predetermined alignment criterion, performing a second

alignment comparison under a second set of parameters, (e.g., a second mapping

algorithm or with a second reference sequence); and,

optionally, determining if said read meets said second predetermined criterion (e.g., the

read can be aligned with said second reference sequence with less than a preselected

number of mismatches),

wherein said second set of parameters comprises use of a set of parameters, e.g., said

second reference sequence, which, compared with said first set of parameters, is more



likely to result in an alignment with a read for a preselected variant, e.g., a rearrangement,

e.g., an insertion, deletion, or translocation.

These and other alignment methods are discussed in more detail elsewhere herein, e.g., in
the section entitled “Alignment Module.” Elements of that module can be included in methods
of analyzing a tumor. In examples, alignment methods from the “Alignment Module” are
combined with mutation calling methods from the “Mutation Calling Module” and/or a bait set
from the “Bait Module.” The method can be applied to set of subgenomic intervals from the

“Gene Selection Module.”

Mutation Calling

Methods disclosed herein can integrate the use of customized or tuned mutation calling
parameters to optimize performance in sequencing methods, particularly in methods that rely on
massively parallel sequencing of a large number of diverse genetic events in a large number of
diverse genes, e.g., from tumor samples. In examples of the method mutation calling for each of a
number of preselected subgenomic intervals is, individually, customized or fine tuned. The
customization or tuning can be based on one or more of the factors described herein, e.g., the type
of cancer in a sample, the gene in which subgenomic interval to be sequenced is located, or the
variant to be sequenced. This selection or use of alignment conditions finely tuned to a number of
subgenomic intervals to be sequenced allows optimization of speed, sensitivity and specificity.
The method is particularly effective when the alignment of reads for a relatively large number of
diverse subgenomic intervals is optimized.

Accordingly, in one example, the disclosure features, a method of analyzing a sample,
e.g., a tumor sample. The method comprises:

(a) acquiring a library comprising a plurality members from a sample, e.g., a plurality of
tumor members from the sample, e.g., the tumor sample;

(b) optionally, enriching the library for preselected sequences, e.g., by contacting the
library with a bait set (or plurality of bait sets) to provide selected members, e.g., a library catch;

(c) acquiring a read for a subgenomic interval from a member, e.g., a tumor member from
said library or library catch, e.g., by a method comprising sequencing, e.g., with a next

generation sequencing method,;



(d) aligning said read by an alignment method, e.g., an alignment method described herein;
and

(e) assigning a nucleotide value (e.g., calling a mutation, e.g., with a Bayesian method or
a calling method described herein) from said read for the preselected nucleotide position,
thereby analyzing said tumor sample.

wherein a nucleotide value is assigned for a nucleotide position in each of X unique
subgenomic intervals is assigned by a unique calling method, wherein unique subgenomic interval
means different from the other X-1 subgenoimc intervals, and wherein unique calling method
means different from the other X-1 calling methods, and X is at least 2. The calling methods can
differ, and thereby be unique, e.g., by relying on different Bayesian prior values.

In an example, step (b) is present. In an example, step (b) is absent.
In an example, assigning said nucleotide value is a function of a value which is or

represents the prior (e.g., literature) expectation of observing a read showing a preselected variant,
e.g., a mutation, at said preselected nucleotide position in a tumor of type.

In an example, them method comprises assigning a nucleotide value (e.g., calling a
mutation) for at least 10, 20, 40, 50, 60, 70, 80, 90, or 100 preselected nucleotide positions,
wherein each assignment is a function of a unque (as opposed to the value for the other
assignements) value which is or represents the prior (e.g., literature) expectation of observing a
read showing a preselected variant, e.g., a mutation, at said preselected nucleotide position in a
tumor of type.

In an example, assigning said nucleotide value is a function of a set of values which
represent the probabilities of observing a read showing said preselected variant at said preselected
nucleotide position if the variant is present in the sample at a frequency (e.g., 1%, 5%, 10%, etc.)

and/or if the variant is absent (e.g., observed in the reads due to base-calling error alone).

In an example, a method (e.g., element (e) of the method recited above) comprises a
mutation calling method. The mutation calling methods described herein can include the
following:

acquiring, for a preselected nucleotide position in each of said X subgenomic intervals:
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(i) a first value which is or represents the prior (e.g., literature) expectation of observing

a read showing a preselected variant, e.g., a mutation, at said preselected nucleotide

position in a tumor of type X; and

(i) a second set of values which represent the probabilities of observing a read showing

said preselected variant at said preselected nucleotide position if the variant is present in

the sample at a frequency (e.g., 1%, 5%, 10%, etc.) and/or if the variant is absent (e.g.,

observed in the reads due to base-calling error alone);

responsive to said values, assigning a nucleotide value (e.g., calling a mutation) from said
reads for each of said preselected nucleotide positions by weighing, e.g., by a Bayesian method
described herein, the comparison among the values in the second set using the first value (e.g.,
computing the posterior probability of the presence of a mutation), thereby analyzing said
sample.

In an example, the method comprises one or more or all of:

(i) assigning a nucleotide value (e.g., calling a mutation) for at least 10, 20, 40, 50, 60,

70, 80, 90, or 100 preselected nucleotide positions, wherein each assignment is based on

a unique (as opposed to the other assignments) first and/or second values;

(i) the assignment of method of (i), wherein at least 10, 20, 30 or 40 of the assignments

are made with first values which are a function of a probability of a preselected variant

being present of less than 5, 10, or 20%, e.g., of the cells in a preselected tumor type;

(iii) assigning a nucleotide value (e.g., calling a mutation) for at least X preselected

nucleotide positions, each of which of which being associated with a preselected variant

having a unique (as opposed to the other X-1 assignments) probability of being present in

a tumor of preselected type, e.g., the tumor type of said sample, wherein, optionally, each

said of X assignments is based on a unique (as opposed to the other X-1 assignments)

first and/or second value (wherein X= 2, 3, 5, 10, 20, 40, 50, 60, 70, 80, 90, or 100);

(iv) assigning a nucleotide value (e.g., calling a mutation) at a first and a second

nucleotide position, wherein the likelihood of a first preselected variant at said first

nucleotide position being present in a tumor of preselected type (e.g., the tumor type of

said sample) is at least 2, 5, 10, 20, 30, or 40 times greater than the likelihood of a second

preselected variant at said second nucleotide position being present, wherein, optionally,
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the nucleic acid in a library from said sample, or the nucleic acid in a library catch from
that library;

(7) at least 1, 2 3, 4 or 5 preselected nucleotide positions having a preselected variant
present in greater than 10.0 % and less than or equal to 20 % of the cells in said sample,
of the nucleic acid in a library from said sample, or the nucleic acid in a library catch
from that library;

(8) atleast 1, 2 3, 4 or 5 preselected nucleotide positions having a preselected variant
present in greater than 20.0 % and less than or equal to 40 % of the cells in said sample,
of the nucleic acid in a library from said sample, or the nucleic acid in a library catch
from that library;

(9) at least 1, 2 3, 4 or 5 preselected nucleotide positions having a preselected variant
present at greater than 40.0 % and less than or equal to 50 % of the cells in said sample,
of the nucleic acid in a library from said sample, or the nucleic acid in a library catch
from that library; or

(10) atleast 1, 2 3, 4 or 5 preselected nucleotide positions having a preselected variant
present in greater than 50.0 % and less than or equal to 100 % of the cells in said sample,
of the nucleic acid in a library from said sample, or the nucleic acid in a library catch
from that library;

wherein, optionally, each assignment is based on a unique first and/or second value (e.qg,,
unique as opposed to the other assignments in the recited range (e.g., the range in (i) of
less than 1%) or unque as opposed to a first and/or second values for a determination in
one or more or all of the other listed ranges); or

(ix) assigning a nucleotide value (e.g., calling a mutation) at each of X nucleotide
positions, each nucleotide position, independently, having a likelihood (of a preselected
variant being present in the DNA of said sample) that is unique as compared with the
likelihood for a preselected variant at the other X-1 nucleotide positions, wherein X is
equal to or greater than 1, 2 3, 5, 10, 20, 40, 50, 60, 70, 80, 90, or 100, and wherein each
assignment is based on a unique (as opposed to the other assignments) first and/or second
value.

In examples of the method, a “threshold value” is used to evaluate reads, and select from
the reads a value for a nucleotide position, e.g., calling a mutation at a specific position in a
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gene. In examples of the method, a threshold value for each of a number of preselected
subgenomic intervals is customized or fine tuned. The customization or tuning can be based on
one or more of the factors described herein, e.g., the type of cancer in a sample, the gene in
which subgenomic interval to be sequenced is located, or the variant to be sequenced. This
provides for calling that is finely tuned to each of a number of subgenomic intervals to be
sequenced. The method is particularly effective when a relatively large number of diverse
subgenomic intervals are analyzed.

Thus, in another example the method of analyzing a tumor comprises the following

mutation calling method:

acquiring, for each of said X subgenomic intervals, a threshold value, wherein each of
said acquired X threshold values is unique as compared with the other X-1 threshold values,
thereby providing X unique threshold values;

for each of said X subgenomic intervals, comparing an observed value which is a
function of the number of reads having a preselected nucleotide value at a preselected nucleotide
position with its unique threshold value, thereby applying to each of said X subgenomic
intervals, its unique threshold value: and

optionally, responsive to the result of said comparison, assigning a nucleotide value to a
preselected nucleotide position,

wherein X is equal to or greater than 2.

In an example, the method includes assigning a nucleotide value at at least 2, 3, 5, 10, 20,
40, 50, 60, 70, 80, 90, or 100 preselected nucleotide positions, each having, independently, a first
value that is a function of a probability that is less than 0.5, 0.4, 0.25, 0.15, 0.10, 0.05, 0.04, 0.03,
0.02, or 0.01.

In an example, the method includes assigning a nucleotide value at at each of at least X
nucleotide positions, each independently having a first value that is unique as compared with the
other X-1 first values, and wherein each of said X first values is a function of a probability that is
less than 0.5, 0.4, 0.25, 0.15, 0.10, 0.05, 0.04, 0.03, 0.02, or 0.01,
wherein X is equal to or greater than 1, 2 3, 5, 10, 20, 40, 50, 60, 70, 80, 90, or 100.

In an example, a nucleotide position in at least 20, 40, 60, 80, 100, 120, 140, 160 or 180

genes, e.g., genes from Table 1, is assigned a nucleotide value. In an example unique
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first and/or second values are applied to subgenomic intervals in each of at least 10, 20, 30, 40,
or 50% of said genes analyzed.

Examples of the method can be applied where threshold values for a relatively large
number of subgenomic intervals are optimized, as is seen, e.g., from the following examples.
In an example, a unique threshold value is applied to subgenomic intervals in each of at

least 3, 5, 10, 20, 40, 50, 60, 70, 80, 90, or 100 different genes.

In an example, a nucleotide position in at least 20, 40, 60, 80, 100, 120, 140, 160 or 180
genes, e.g., genes from Table 1, is assigned a nucleotide value. In an example a unique threshold
value is applied to a subgenomic interval in each of at least 10, 20, 30, 40, or 50% of said genes
analyzed.

In an example, a a nucleotide position in at least 5, 10, 20, 30, or 40 genes from Table 1
having the priority 1 annotation is assigned a nucleotide value. In an example a unique threshold
value is applied to a subgenomic interval in each of at least 10, 20, 30, 40, or 50% of said genes
analyzed.

These and other mutation calling methods are discussed in more detail elsewhere herein,
e.g., in the section entitled “Mutation Calling Module.” Elements of that module can be included
in methods of analyzing a tumor. In examples, alignment methods from the “Mutation Calling
Module” are combined with alignment methods from the “Alignment Module” and/or a bait set
from the “Bait Module.” The method can be applied to set of subgenomic intervals from the

“Gene Selection Module.”

Bait

Methods described herein provide for optimized sequencing of a large number of genes
and gene products from samples, e.g., tumor samples, from one or more subjects by the
appropriate selection of baits, e.g., baits for use in solution hybridization, for the selection of
target nucleic acids to be sequenced. The efficiency of selection for various subgenomic
intervals, or classes thereof, are matched according to bait sets having preselected efficiency of
selection. As used in this section, “efficiency of selection” refers to the level or depth of
sequence coverage as it is adjusted according to a target subgenomic interval(s).

Thus a method (e.g., element (b) of the method recited above) comprises contacting the

library with a plurality of baits to provide selected members (e.g., a library catch).
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Accordingly, in one example, the disclosure features, a method of analyzing a sample,
e.g., a tumor sample. The method comprises:

(a) acquiring a library comprising a plurality of members (e.g., target members) from a
sample, e.g., a plurality of tumor members from a tumor sample;

(b) contacting the library with a bait set to provide selected members (e.g., a library
catch);

(c) acquiring a read for a subgenomic interval from a member, e.g., a tumor member from
said library or library catch, e.g., by a method comprising sequencing, e.g., with a next
generation sequencing method;

(d) aligning said read by an alignment method, e.g., an alignment method described herein;
and

(e) assigning a nucleotide value (e.g., calling a mutation, e.g., with a Bayesian method or
a method described herein) from said read for the preselected nucleotide position,
thereby analyzing said tumor sample,
wherein the method comprises contacting the library with a plurality, e.g., at least two, three,
four, or five, of baits or bait sets, wherein each bait or bait set of said plurality has a unique (as
opposed to the other bait sets in the plurality), preselected efficiency for selection. E.g., each
unique bait or bait set provides for a unique depth of sequencing. The term “bait set”, as used
herein, collectively refers to one bait or a plurality of bait molecules.

In an example, the efficiency of selection of a first bait set in the plurality differs from the
efficiency of a second bait set in the plurality by at least 2 fold. In an example, the first and
second bait sets provide for a depth of sequencing that differs by at least 2 fold.

In an example, the method comprises contacting one, or a plurality of the following bait
sets with the library:
a) a bait set that selects sufficient members comprising a subgenomic interval to provide

for about 500X or higher sequencing depth, e.g., to sequence a mutation present in no more than
5% of the cells from the sample;

b) a bait set that selects sufficient members comprising a subgenomic interval to provide
for about 200X or higher, e.g., about 200X-about 500X, sequencing depth, e.g., to sequence a

mutation present in no more than 10% of the cells from the sample;
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C) a bait set that selects sufficient members comprising a subgenomic interval to provide
for about 10-100X sequencing depth, e.g., to sequence one or more subgenomic intervals (e.g.,
exons) that are chosen from: a) a pharmacogenomic (PGXx) single nucleotide polymorphism
(SNP) that may explain the ability of patient to metabolize different drugs, or b) a genomic SNPs
that may be used to uniquely identify (e.g., fingerprint) a patient;

d) a bait set that selects sufficient members comprising a subgenomic interval to provide
for about 5-50 X sequencing depth, e.g., to detect a structural breakpoint, such as a genomic
translocation or an indel. For example, detection of an intronic breakpoint requires 5-50X
sequence-pair spanning depth to ensure high detection reliability. Such bait sets can be used to
detect, for example, translocation/indel-prone cancer genes; or

e) a bait set that selects sufficient members comprising a subgenomic interval to provide
for about 0.1-300X sequencing depth, e.g., to detect copy number changes. In one example, the
sequencing depth ranges from about 0.1-10X sequencing depth to detect copy number changes.
In other examples, the sequencing depth ranges from about 100-300X to detect a genomic
SNPs/loci that is used to assess copy number gains/losses of genomic DNA or loss-of-
heterozygosity (LOH). Such bait sets can be used to detect, for example, amplification/deletion-
prone cancer genes.

The level of sequencing depth as used herein (e.g., X-fold level of sequencing depth)
refers to the level of coverage of reads (e.g., unique reads), after detection and removal of
duplicate reads, e.g., PCR duplicate reads.

In one example, the bait set selects a subgenomic interval containing one or more

rearrangements, e.g., an intron containing a genomic rearrangement. In such examples, the bait
set is designed such that repetive sequences are masked to increase the selection efficiency. In
those examples where the rearrangement has a known juncture sequence, complementary bait
sets can be designed to the juncture sequence to increase the selection efficiency.

In examples, the method comprises the use of baits designed to capture two or more
different target categories, each category having a different bait design strategies. In examples,
the hybrid capture methods and compositions disclosed herein capture a defined subset of target
sequences (e.g., target members) and provide homogenous coverage of the target sequence,
while minimizing coverage outside of that subset. In one example, the target sequences include

the entire exome out of genomic DNA, or a selected subset thereof. The
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methods and compositions disclosed herein provide different bait sets for achieving different
depths and patterns of coverage for complex target nucleic acid sequences (e.g., nucleic acid
libraries).

In an example, the method comprises providing selected members of a nucleic acid
library (e.g., a library catch). The method includes:
providing a library (e.g., a nucleic acid library) comprising a plurality of members, e.g.,

target nucleic acid members (e.g., including a plurality of tumor members, reference members,
and/or PGx members);

contacting the library, e.g., in a solution-based reaction, with a plurality of baits (e.qg.,
oligonucleotide baits) to form a hybridization mixture comprising a plurality of bait/member
hybrids;

separating the plurality of bait/member hybrids from said hybridization mixture, e.g., by

contacting said hybridization mixture with a binding entity that allows for separation of said
plurality of bait/member hybrid,

thereby providing a library-catch (e.g., a selected or enriched subgroup of nucleic acid molecules
from the library),

wherein the plurality of baits includes two or more of the following:

a) a first bait set that selects a high-level target (e.g., one or more tumor members that
include a subgenomic interval, such a gene, an exon, or a base) for which the deepest coverage is
required to enable a high level of sensitivity for an alteration (e.g., one or more mutations) that
appears at a low frequency, e.g., about 5% or less (i.e., 5% of the cells from the sample harbor
the alteration in their genome). In one example; the first bait set selects (e.g., is complementary
to) a tumor member that includes an alteration (e.g., a point mutation) that requires about 500X
or higher sequencing depth;

b) a second bait set that selects a mid-level target (e.g., one or more tumor members that
include a subgenomic interval, such as a gene, an exon, or a base) for which high coverage is
required to enable high level of sensitivity for an alteration (e.g., one or more mutations) that
appears at a higher frequency than the high-level target in a), e.g., a frequency of about 10% (i.e.,
10% of the cells from the sample harbor the alteration in their genome). In one example; the
second bait set selects (e.g., is complementary to) a tumor member that includes an alteration

(e.g., a point mutation) that requires about 200X or higher sequencing depth;
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c) a third bait set that selects a low-level target (e.g., one or more PGx members that
includes a subgenomic interval, such as a gene, an exon, or a base) for which low-medium
coverage is required to enable high level of sensitivity, e.g., to detect heterozygous alleles. For
example, detection of heterozygous alleles requires 10-100X sequencing depth to ensure high
detection reliability. In one example, third bait set selects one or more subgenomic intervals
(e.g., exons) that are chosen from: a) a pharmacogenomic (PGx) single nucleotide
polymorphism (SNP) that may explain the ability of patient to metabolize different drugs, or b) a
genomic SNPs that may be used to uniquely identify (e.g., fingerprint) a patient;

d) a fourth bait set that selects a first intron target (e.g., a member that includes an intron
sequence) for which low-medium coverage is required, e.g., to detect a structural breakpoint,
such as a genomic translocation or an indel. For example, detection of an intronic breakpoint
requires 5-50X sequence-pair spanning depth to ensure high detection reliability. Said fourth
bait sets can be used to detect, for example, translocation/indel-prone cancer genes; or

e) a fifth bait set that selects a second intron target (e.g., an intron member) for which
sparse coverage is required to improve the ability to detect copy number changes. For example,
detection of a one-copy deletion of several terminal exons requires 0.1-300X coverage to ensure
high detection reliability. In one example, the coverage depth ranges from about 0.1-10X to
detect copy number changes. In other examples, the coverage depth ranges from about 100-
300X to detect a genomic SNPs/loci that is used to assess copy number gains/losses of genomic
DNA or loss-of-heterozygosity (LOH). Said fifth bait sets can be used to detect, for example,
amplification/deletion-prone cancer genes.

Any combination of two, three, four or more of the aforesaid bait sets can be used, for
example, a combination of the first and the second bait sets; first and third bait sets; first and
fourth bait sets; first and fifth bait sets; second and third bait sets; second and fourth bait sets;
second and fifth bait sets; third and fourth bait sets; third and fifth bait sets; fourth and fifth bait
sets; first, second and third bait sets; first, second and fourth bait sets; first, second and fifth bait

sets; first, second, third, fourth bait sets; first, second, third, fourth and fifth bait sets, and so on.

In one example, each of the first, second, third, fourth, or fifth bait set has a preselected
efficiency for selection (e.g., capture). In one example, the value for efficiency of selection is
the same for at least two, three, four of all five baits according to a)-e). In other
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examples, the value for efficiency of selection is different for at least two, three, four of all five
baits according to a)-e).

In some examples, at least two, three, four, or all five bait sets have a preselected
efficiency value that differ. For example, a value for efficiency of selection chosen from one of
more of:

(1) the first preselected efficiency has a value for first efficiency of selection that is at
least about 500X or higher sequencing depth (e.g., has a value for efficiency of selection that is
greater than the second, third, fourth or fifth preselected efficiency of selection (e.g., about 2-3
fold greater than the value for the second efficiency of selection; about 5-6 fold greater than the
value for the third efficiency of selection; about 10 fold greater than the value for the fourth
efficiency of selection; about 50 to 5000-fold greater than the value for the fifth efficiency of
selection);

(ii) the second preselected efficiency has a value for second efficiency of selection that is
at least about 200X or higher sequencing depth (e.g., has a value for efficiency of selection that
is greater than the third, fourth or fifth preselected efficiency of selection (e.g., about 2 fold
greater than the value for the third efficiency of selection; about 4 fold greater than the value for
the fourth efficiency of selection; about 20 to 2000-fold greater than the value for the fifth
efficiency of selection);

(iii) the third preselected efficiency has a value for third efficiency of selection that is at
least about 100X or higher sequencing depth (e.g., has a value for efficiency of selection that is
greater than the fourth or fifth preselected efficiency of selection (e.g., about 2 fold greater than
the value for the fourth efficiency of selection; about 10 to 1000-fold greater than the value for
the fifth efficiency of selection);

(iv) the fourth preselected efficiency has a value for fourth efficiency of selection that is
at least about 50X or higher sequencing depth (e.g., has a value for efficiency of selection that is
greater than the fifth preselected efficiency of selection (e.g., about 50 to 500-fold greater than
the value for the fifth efficiency of selection); or

(v) the fifth preselected efficiency has a value for fifth efficiency of selection that is at
least about 10X to 0.1X sequencing depth.

In certain examples, the value for efficiency of selection is modified by one or more of:

differential representation of different bait sets, differential overlap of bait subsets,
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differential bait parameters, mixing of different bait sets, and/or using different types of bait sets.
For example, a variation in efficiency of selection (e.g., relative sequence coverage of each bait
set/target category) can be adjusted by altering one or more of:

(i) Differential representation of different bait sets — The bait set design to capture a given
target (e.g., a target member) can be included in more/fewer number of copies to enhance/reduce
relative target coverage depths;

(i) Differential overlap of bait subsets — The bait set design to capture a given target
(e.g., a target member) can include a longer or shorter overlap between neighboring baits to
enhance/reduce relative target coverage depths;

(iii) Differential bait parameters — The bait set design to capture a given target (e.g., a
target member) can include sequence modifications/shorter length to reduce capture efficiency
and lower the relative target coverage depths;

(iv) Mixing of different bait sets — Bait sets that are designed to capture different target
sets can be mixed at different molar ratios to enhance/reduce relative target coverage depths;

(v) Using different types of oligonucleotide bait sets —In certain examples, the bait set can
include:

(@) one or more chemically (e.g., non-enzymatically) synthesized (e.g., individually
synthesized) baits,

(b) one or more baits synthesized in an array,

(c) one or more enzymatically prepared, e.g., in vitro transcribed, baits;

(d) any combination of (a), (b) and/or (c),

(e) one or more DNA oligonucleotides (e.g., a naturally or non-naturally occurring DNA
oligonucleotide),

(f) one or more RNA oligonucleotides (e.g., a naturally or non-naturally occurring RNA
oligonucleotide),

(9) a combination of (e) and (f), or

(h) a combination of any of the above.

The different oligonucleotide combinations can be mixed at different ratios, e.g., a ratio
chosen from 1:1, 1:2, 1:3, 1:4, 1:5, 1:10, 1:20, 1:50; 1:100, 1:1000, or the like. In one example,
the ratio of chemically-synthesized bait to array-generated bait is chosen from 1:5, 1:10, or 1:20.
The DNA or RNA oligonucleotides can be naturally- or non-naturally-occurring.
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In certain examples, the baits include one or more non-naturally-occurring nucleotide to, e.g.,
increase melting temperature. Exemplary non-naturally occurring oligonucleotides include
modified DNA or RNA nucleotides. Exemplary modified nucleotides (e.g., modified RNA or
DNA nucleotides) include, but are not limited to, a locked nucleic acid (LNA), wherein the
ribose moiety of an LNA nucleotide is modified with an extra bridge connecting the 2' oxygen
and 4' carbon; peptide nucleic acid (PNA), e.g., a PNA composed of repeating N-(2-aminoethyl)-
glycine units linked by peptide bonds; a DNA or RNA oligonucleotide modified to capture low
GC regions; a bicyclic nucleic acid (BNA); a crosslinked oligonucleotide; a modified 5-methyl
deoxycytidine; and 2,6-diaminopurine. Other modified DNA and RNA nucleotides are known in
the art.

In certain examples, a substantially uniform or homogeneous coverage of a target
sequence (e.g., a target member) is obtained. For example, within each bait set/target category,
uniformity of coverage can be optimized by modifying bait parameters, for example, by one or
more of:

(i) Increasing/decreasing bait representation or overlap can be used to enhance/reduce
coverage of targets (e.g., target members), which are under/over-covered relative to other targets
in the same category;

(i) For low coverage, hard to capture target sequences (e.g., high GC content sequences),
expand the region being targeted with the bait sets to cover, e.g., adjacent sequences (e.g., less
GC-rich adjancent sequences);

(iii) Modifying a bait sequence can be made to reduce secondary structure of the bait and
enhance its efficiency of selection;

(iv) Modifying a bait length can be used to equalize melting hybridization kinetics of
different baits within the same category. Bait length can be modified directly (by producing
baits with varying lengths) or indirectly (by producing baits of consistent length, and replacing
the bait ends with arbitrary sequence);

(v) Modifying baits of different orientation for the same target region (i.e. forward and
reverse strand) may have different binding efficiencies. The bait set with either orientation

providing optimal coverage for each target may be selected;
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(vi) Modifying the amount of a binding entity, e.g., a capture tag (e.g. biotin), present on
each bait may affect its binding efficiency. Increasing/decreasing the tag level of baits targeting a
specific target may be used to enhance/reduce the relative target coverage;

(vii) Modifying the type of nucleotide used for different baits can be altered to affect
binding affinity to the target, and enhance/reduce the relative target coverage; or

(viii) Using modified oligonucleotide baits, e.g., having more stable base pairing, can be
used to equalize melting hybridization kinetics between areas of low or normal GC content
relative to high GC content.

For example, different types of oligonucleotide bait sets can be used.

In one example, the value for efficiency of selection is modified by using different types
of bait oligonucleotides to encompass pre-selected target regions. For example, a first bait set
(e.g., an array-based bait set comprising 10,000-50,000 RNA or DNA baits) can be used to cover
a large target area (e.g., 1-2MB total target area). The first bait set can be spiked with a second
bait set (e.g., individually synthesized RNA or DNA bait set comprising less than 5,000 baits) to
cover a pre-selected target region (e.g., selected subgenomic intervals of interest spanning, e.g.,
250kb or less, of a target area) and/or regions of higher secondary structure, e.g., higher GC
content. Selected subgenomic intervals of interest may correspond to one or more of the genes
or gene products described herein, or a fragment thereof. The second bait set may include about
1-5,000, 2-5,000, 3-5,000, 10-5,000, 100-5,000, 500-5,000, 100-5,000, 1000-5,000, 2,000-5,000
baits depending on the bait overlap desired. In other examples, the second bait set can include
selected oligo baits (e.g., less than 400, 200, 100, 50, 40, 30, 20, 10, 5, 4, 3, 2 or 1 baits) spiked
into the first bait set. The second bait set can be mixed at any ratio of individual oligo baits. For
example, the second bait set can include individual baits present as a 1:1 equimolar ratio.
Alternatively, the second bait set can include individual baits present at different ratio (e.g., 1:5,
1:10, 1:20), for example, to optimize capture of certain targets (e.g., certain targets can have a 5-
10X of the second bait compared to other targets).

In other examples, the efficiency of selection is adjusted by leveling the efficiency of
individual baits within a group (e.g., a first, second or third plurality of baits) by adjusting the
relative abundance of the baits, or the density of the binding entity (e.g., the hapten or affinity tag

density) in reference to differential sequence capture efficiency observed when using an
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equimolar mix of baits, and then introducing a differential excess of internally-leveled group 1 to
the overall bait mix relative to internally-leveled group 2.

In an example, the method comprises the use of a plurality of bait sets that includes a bait
set that selects a tumor member, e.g., a nucleic acid molecule comprising a subgenomic interval
from a tumor cell (also referred to herein as “a tumor bait set”). The tumor member can be any
nucleotide sequence present in a tumor cell, e.g., a mutated, a wild-type, a PGX, a reference or an
intron nucleotide sequence, as described herein, that is present in a tumor or cancer cell. In one
example, the tumor member includes an alteration (e.g., one or more mutations) that appears at a
low frequency, e.g., about 5% or less of the cells from the tumor sample harbor the alteration in
their genome. In other examples, the tumor member includes an alteration (e.g., one or more
mutations) that appears at a frequency of about 10% of the cells from the tumor sample. In other
examples, the tumor member includes a subgenomic interval from a PGx gene or gene product,
an intron sequence, €.g., an intron sequence as described herein, a reference sequence that is
present in a tumor cell.

In another example, the disclosure features, a bait set described herein, combinations of
individual bait sets described herein, e.g., combinations described herein. The bait set(s) can be
part of a kit which can optionally comprise instructions, standards, buffers or enzymes or other
reagenats.

Gene Selection

Preselected subgenomic intervals for analysis, e.g., a group or set of subgenomic intervals
for sets or groups of genes and other regions, are described herein.

Thus, in examples a method comprises sequencing, e.g., by a next generation sequencing
method, a subgenomic interval from at least five, six, seven, eight, nine, ten, fifteen, twenty,
twenty-five, thirty or more genes or gene products from the acquired nucleic acid sample,
wherein the genes or gene products are chosen from: ABL1, AKT1, AKT2, AKT3, ALK, APC,
AR, BRAF, CCND1, CDK4, CDKN2A, CEBPA, CTNNBL1, EGFR, ERBB2, ESR1, FGFR1,
FGFR2, FGFR3, FLT3, HRAS, JAK2, KIT, KRAS, MAP2K1, MAP2K2, MET, MLL, MYC,
NF1, NOTCH1, NPM1, NRAS, NTRK3, PDGFRA, PIK3CA, PIK3CG, PIK3R1, PTCHL1,
PTCH2, PTEN, RB1, RET, SMO, STK11, SUFU, or TP53, thereby analyzing the tumor sample.
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Accordingly, in one example, the disclosure features, a method of analyzing a sample,
e.g., a tumor sample. The method comprises:

(a) acquiring a library comprising a plurality members from a sample, e.g., a plurality of
tumor members from a tumor sample;

(b) optionally, enriching the library for preselected sequences, e.g., by contacting the
library with a bait set (or plurality of bait sets) to provide selected members (e.g., a library
catch);

(c) acquiring a read for a subgenomic interval from a member, e.g., a tumor member from
said library or library catch, e.g., by a method comprising sequencing, e.g., with a next
generation sequencing method,;

(d) aligning said read by an alignment method, e.g., an alignment method described herein;
and

(e) assigning a nucleotide value (e.g., calling a mutation, e.g., with a Bayesian method or
a method described herein) from said read for the preselected nucleotide position,
thereby analyzing said tumor sample,
wherein the method comprises sequencing, e.g., by a next generation sequencing method, a
subgenomic interval from at least five, six, seven, eight, nine, ten, fifteen, twenty, twenty-five,
thirty or more genes or gene products from the sample, wherein the genes or gene products are
chosen from: ABL1, AKT1, AKT2, AKT3, ALK, APC, AR, BRAF, CCND1, CDK4, CDKN2A,
CEBPA, CTNNB1, EGFR, ERBB2, ESR1, FGFR1, FGFR2, FGFR3, FLT3, HRAS, JAK2, KIT,
KRAS, MAP2K1, MAP2K2, MET, MLL, MYC, NF1, NOTCH1, NPM1, NRAS, NTRK3,
PDGFRA, PIK3CA, PIK3CG, PIK3R1, PTCH1, PTCH2, PTEN, RB1, RET, SMO, STK11,
SUFU, or TP53.

In an example, step (b) is present. In an example, step (b) is absent.
In another example, subgenomic intervals of one of the following sets or groups are

analyzed. E.g., subgenomic intervals associated with a tumor or cancer gene or gene product, a
reference (e.g., a wild type) gene or gene product, and a PGx gene or gene product, can provide a
group or set of subgenomic intervals from the tumor sample.

In an example, the method acquires a read, e.g., sequences, a set of subgenomic intervals
from the tumor sample, wherein the subgenomic intervals are chosen from at least 1, 2, 3, 4, 5, 6,
7,8,9,10, 11, 12, 13 or all of the following:
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H) a translocation alteration of at least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 75, 110 or
more genes or gene products according to Table 3;

J) a translocation alteration of at least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 75, 110 or
more genes or gene products according to Table 3 in a solid tumor sample from the cancer types
specified therein;

K) a translocation alteration of at least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 75, 100, 150,
200 or more genes or gene products according to Table 4;

L) a translocation alteration of at least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 75, 100, 150,
200 or more genes or gene products according to Table 4 in a heme tumor sample from the
cancer types specified therein;

M) at least five genes or gene products selected from Table 1-4, wherein an allelic
variation, e.g., at the preselected position, is associated with a preselected type of tumor and
wherein said allelic variation is present in less than 5% of the cells in said tumor type;

N) at least five genes or gene products selected from Table 1, 1A-4, which are embedded

in a GC-rich region; or

O) at least five genes or gene products indicative of a genetic (e.g., a germline risk) factor
for developing cancer (e.g., the gene or gene product is chosen from one or more of BRCAL,
BRCAZ2, EGFR, HRAS, KIT, MPL, ALK, PTEN, RET, APC, CDKN2A, MLH1, MSH2, MSH6,
NF1, NF2, RB1, TP53, VHL or WT1).

In yet another example, the method acquires a read, e.g., sequences, a set of subgenomic
intervals from the tumor sample, wherein the subgenomic intervals are chosen from one, two,
three, four, five, ten, fifteen or all of the alterations described in Table 1B. In one example, the
subgenomic interval includes an alteration classified in one or more of Category A, B, C, D or E.
In other example, the subgenomic interval includes an alteration in KRAS G13D in a tumor
sample, e.g., a colon, lung or breast tumor sample. In other example, the subgenomic interval
includes an alteration in NRAS Q61K in a tumor sample, e.g., a melanoma or colon tumor
sample. In yet other examples, the subgenomic interval includes an alteration in BRAF V600E
in a tumor sample, e.g., a melanoma, colon, or lung tumor sample. In other example, the
subgenomic interval includes an alteration in BRAF D594G in a tumor sample, e.g., a lung
tumor sample. In other example, the subgenomic interval includes an alteration in PIK3CA

H1047R in a tumor sample, e.g., a breast or colon tumor
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sample. In yet other example, the subgenomic interval includes an alteration in EGFR L858R or
T790M in a tumor sample, e.g., a lung tumor sample. In other example, the subgenomic interval
includes an alteration in ERBBZ2 in a tumor sample, e.g., an ERBB2 amplification in a breast
tumor sample. In other example, the subgenomic interval includes an alteration in BRCAL in a
tumor sample, e.g., a BRCAL biallelic inactivation in a breast tumor sample. In other example,
the subgenomic interval includes an alteration in BRCA2 in a tumor sample, e.g., a BRCA2
biallelic inactivation in a pancreatic tumor sample. In other example, the subgenomic interval
includes an alteration in ATM in a tumor sample, e.g., an ATM biallelic inactivation in a breast
tumor sample. In other example, the subgenomic interval includes an alteration in TSC in a
tumor sample, e.g., a TSC biallelic inactivation in a colon tumor sample. In other example, the
subgenomic interval includes an alteration in PTEN in a tumor sample, e.g., a PTEN biallelic
inactivation in a breast or colon tumor sample. In yet other examples, the subgenomic interval
includes an alteration in VHL in a tumor sample, e.g., a VHL biallelic inactivation in a kidney
tumor sample. In other example, the subgenomic interval includes an alteration in ATR in a
tumor sample, e.g., an ATR biallelic inactivation in a breast tumor sample. In other example, the
subgenomic interval includes an alteration in MYC in a tumor sample, e.g., a MYC biallelic
inactivation in a breast tumor sample.

These and other sets and groups of subgenomic intervals are discussed in more detail

elsewhere herein, e.g., in the section entitled “Gene Selection Module.”

Any of the methods described herein can be combined with one or more of the examples
below.
In other examples, the sample is a tumor sample, e.g., includes one or more premalignant

or malignant cells. In certain, examples, the sample, e.g., the tumor sample, is acquired from a
solid tumor, a soft tissue tumor or a metastatic lesion. In other examples, the sample, e.g., the
tumor sample, includes tissue or cells from a surgical margin. The sample can be histologically
normal tissue. In another example, the sample, e.g., tumor sample, includes one or more
circulating tumor cells (CTC) (e.g., a CTC acquired from a blood sample).

In one example, the method further includes acquiring a sample, e.g., a tumor sample as
described herein. The sample can be acquired directly or indirectly.
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In other examples, the method includes evaluating a sample, e.g., a histologically normal
sample, e.g., from a surgical margin, using the methods described herein. Applicants have
discovered that samples obtained from histologically normal tissues (e.g., otherwise
histologically normal tissue margins) may still have an alteration as described herein. The
methods may thus further include re-classifying a tissue sample based on the presence of the
detected alteration.

In another example, at least 10, 20, 30, 40, 50, 60, 70, 80, or 90 % of the reads acquired
or analyzed are for subgenomic intervals from genes described herein, e.g., genes from Table 1-
1A, or priority 1 genes from Table 1.

In an example, at least 10, 20, 30, 40, 50, 60, 70, 80, or 90 % of the mutation calls made
in the method are for subgenomic intervals from genes described herein, e.g., genes from Table
1-1A, or priority 1 genes from Table 1.

In an example, at least 10, 20, 30, 40, 50, 60, 70, 80, or 90 % of the unique threshold
values used the method are for subgenomic intervals from genes described herein, e.g., genes
from Table 1-1A, or priority 1 genes from Table 1.

In an example, at least 10, 20, 30, 40, 50, 60, 70, 80, or 90 % of the mutation calls
annotated, or reported to a third party, are for subgenomic intervals from genes described herein,
e.g., genes from Table 1-1A, or priority 1 genes from Table 1.

In an example, the method comprises acquiring a nucleotide sequence read obtained from
a tumor and/or control nucleic acid sample (e.g., an FFPE-derived nucleic acid sample).

In an example, the reads are provided by a NGS sequencing method.

In an example, the method includes providing a library of nucleic acid members and
sequencing preselected subgenomic intervals from a pluality of members of said library. In
examples the method can include a step of selecting a subset of said library for sequencing, e.g.,
a solution-based selection or a solid support- (e.g., array-) based selection.

In an example, the method includes the step of contacting a library with a plurality of
baits to provide a selected subgroup of nucleic acids, e.g., a library catch. In one example, the
contacting step is effected in solution hybridization. In another example, the contacting step is
effected in a solid support, e.g., an array. In certain examples, the method includes repeating the
hybridization step by one or more additional rounds of hybridization. In some
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examples, the methods further include subjecting the library catch to one or more additional
rounds of hybridization with the same or different collection of baits.

In yet other examples, the methods further include analyzing the library catch. In one
example, the library catch is analyzed by a sequencing method, e.g., a next-generation
sequencing method as described herein. The methods include isolating a library catch by, e.g.,
solution hybridization, and subjecting the library catch by nucleic acid sequencing. In certain
examples, the library catch can be re-sequenced. Next generation sequencing methods are
known in the art, and are described, e.g., in Metzker, M. (2010) Nature Biotechnology Reviews
11:31-46.

In an example, the assigned value for a nucleotide position is transmitted to a third party,
optionally, with explanatory annotation.

In an example, the assigned value for a nucleotide position is not transmitted to a third
party.

In an example, the assigned value for a plurality of nucleotide position is transmitted to a
third party, optionally, with explanatory annotations, and the assigned value for a second
plurality of nucleotide position is not transmitted to a third party.

In an example, at least 0.01, 0.02, 0.03, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0,
15, or 30 megabases bases, e.g., genomic bases, are sequenced.

In an example, the method comprises evaluating a plurality of reads that include at least
one SNP.

In an example, the method comprises determining an SNP allele ratio in the sample
and/or control read.

In an example, the method comprises assigning one or more reads to a subject, e.g., by
barcode deconvolution.

In an example, the method comprises assigning one or more reads as a tumor read or a
control read, e.g., by barcode deconvolution.

In an example, the method comprises mapping, e.g., by alignment with a reference
sequence, each of said one or more reads.

In an example, the method comprises memorializing a called mutation.
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In an example, the method comprises annotating a called mutation, e.g., annotating a
called mutation with an indication of mutation structure, e.g., a mis-sense mutation, or function,
e.g., a disease phenotype.

In an example, the method comprises acquiring nucleotide sequence reads for tumor and
control nucleic acid.
In an example, the method comprises calling a nucleotide value, e.g., a variant, e.g., a

mutation, for each of X subgenomic intervals, e.g., with a Bayesian calling method or a non-
Bayesian calling method.

In an example, multiple samples, e.g., from different subjects, are processed
simultaneously.
The methods disclosed herein can be used to detect alterations present in the genome or

transcriptome of a subject, and can be applied to DNA and RNA sequencing, e.g., targeted RNA
and/or DNA sequencing. Thus, another example featured in the disclosure includes methods for
targeted RNA sequencing, e.g., sequencing of a cODNA derived from an RNA acquired from a
sample, e.g., an FFPE-sample, to detect an alteration described herein. The alteration can be
rearrangement, e.g., a rearrangement encoding a gene fusion. In other examples, the method
includes detection of a change (e.g., an increase or decrease) in the level of a gene or gene
product, e.g., a change in expression of a gene or gene product described herein. The methods
can, optionally, include a step of enriching a sample for a target RNA. In other examples, the
methods include the step of depleting the sample of certain high abundance RNAs, e.g.,
ribosomal or globin RNAs. The RNA sequencing methods can be used, alone or in combination
with the DNA sequencing methods described herein. In one example, the method includes
performing a DNA sequencing step and an RNA sequencing step. The methods can be
performed in any order. For example, the method can include confirming by RNA sequencing
the expression of an alteration described herein, e.g., confirming expression of mutation or a
fusion detected by the DNA sequencing methods of the disclosure. In other examples, the
method includes performing an RNA sequencing step, followed by a DNA sequencing step.

In another example, the disclosure features a method comprising building a database of
sequencing/alignment artifacts for the targeted subgenomic regions. In example the database can
be used to filter out spurious mutation calls and improve specificity. In an example the database

is built by sequencing unrelated non-tumor (e.g., FFPE) samples or cell-lines and
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Methods described herein provide for a comprehensive analysis of a patient’s cancer
genome, with clinical grade quality. Methods include the most relevant genes and potential
alterations and include one or more of the analysis of mutations, copy number, rearrangments,

e.g., translocations, expression, and epigenetic markers. The out put of the genetic analysis can
be contextualized with descriptive reporting of actionable results. Methods connect the use with
an up to date set of relevant scientific and medical knowledge.

Methods described herein provide for increasing both the quality and efficiency of care.
This includes applications where a tumor is of a rare or poorly studied type such that there is no
standard of care or the patient is refractory to established lines of therapy and a rational basis for
selection of further therapy or for clinical trial participation could be useful. E.g., methods allow,
at any point of therapy, selection where the oncologist would benefit by having the full “molecular
image” and/or “molecular sub-diagnosis” available to inform decision making.

Methods described herein can comprise providing a report, e.g., in electronic, web-based,
or paper form, to the patient or to another person or entity, e.g., a caregiver, e.g., a physician, e.g.,
an oncologist, a hospital, clinic, third-party payor, insurance company or government office. The
report can comprise output from the method, e.g., the identification of nucleotide values, the
indication of presence or absence of an alteration, mutation, or wildtype sequence, e.g., for
sugenomic intervals associated with a tumor of the type of the sample. The report can also
comprise information on the role of a sequence, e.g., an alteration, mutation, or wildtype sequence,
in disease. Such information can include information on prognosis, resistance, or potential or
suggested therapeutic options. The report can comprise information on the likely effectiveness of
a therapeutic option, the acceptability of a therapeutic option, or the advisability of applying the
therapeutic option to a patient, e.g., a patient having a sequence, alteration or mutation identified in
the test, and in examples, identified in the report. E.g., the report can include information, or a
recommendation on, the administration of a drug, e.g., the administration at a preselected dosage
or in a preselected treatment regimen, e.g., in combination with other drugs, to the patient. In an
example, not all mutations identified in the method are identified in the report. E.g., the report can
be limited to mutations in genes having a preselected level of correlation with the occurrence,
prognosis, stage, or susceptibility of the cancer to treatment, e.g., with a preselected therapeutic
option. Methods featured herein allow for delivery of the report, e.g., to an entity described herein,

within 7, 14, or 21 days from receipt of the sample by the entity practicing the method.
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Thus, methods featured in the disclosure allow a quick turn around time, e.g., within 7, 14
or 21 days of receipt of sample.

Methods described herein can also be used to evaluate a histologically normal sample,
e.g., samples from surgical margins. If one or more alterations as described herein is detected,
the tissue can be re-classified, e.g., as malignant or pre-maligant, and/or the course of treatment
can be modified.

In certain examples, the sequencing methods described herein are useful in non-cancer
applications, e.g., in forensic applications (e.g., identification as alternative to, or in addition to,
use of dental records), paternity testing, and disease diagnosis and prognosis, e.g., for cystic
fibrosis, Huntington's Disease, Alzheimer's Disease, among others. For example, identification of
genetic alterations by the methods described herein can indicate the presence or risk of an
individual for developing a particular disorder.

Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this disclosure
belongs. Although methods and materials similar or equivalent to those described herein can be
used in the practice or testing of the present disclosure, suitable methods and materials are
described below. All publications, patent applications, patents, and other references mentioned
herein are incorporated by reference in their entirety. In addition, the materials, methods, and
examples are illustrative only and not intended to be limiting.

Other features and advantages of the disclosure will be apparent from the detailed

description, drawings, and from the claims.

DESCRIPTION OF THE FIGURES

The drawings are first described.

FIG. 1A-F is a flowchart depiction of an embodiment of a method for multigene analysis
of a tumor sample.

FIG. 2 depicts the impact of prior expectation and read depth on mutation detection.

FIG. 3 depicts the mutation frequencies in more than 100 clinical cancer samples.

FIG. 4 is a linear representation of a coverage histogram. The number of targets (y-axis)
are depicted as a function of coverage (x-axis). Line #1 represents the coverage using a bait set

that includes biotinylated, array-derived RNA oligonucleotide baits spiked with biotinylated,
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What is claimed is:

1. A method of analyzing nucleic acids from a human subject for identifying mutations,
the method comprising:

(@) providing fragmented DNA from the human subject, or providing cDNA derived from
RNA from the human subject;

(b) attaching adapters to the fragmented DNA or cDNA to generate adapter-ligated DNA,
wherein the adapters comprise:

(1) a primer binding site for amplification and/or sequencing, and
(2) a barcode sequence;

(c) capturing a plurality of target sequences, comprising simultaneously hybridizing in
solution a plurality of bait molecules with the adapter-ligated DNA of step (b), thereby
producing nucleic acid hybrids;

wherein the bait molecules each comprise:

(1) a binding entity that allows for separation of the nucleic acid hybrids of step

(c); and

(2) a sequence configured to hybridize to a target sequence;

wherein the plurality of bait molecules is capable of hybridizing to the plurality of target

sequences, and wherein the plurality of target sequences comprises at least:
(i) a first target sequence comprising a point mutation; and
(ii) a second target sequence comprising a structural breakpoint; and

(d) sequencing the captured plurality of target sequences.

2. The method of claim 1, further comprising separating the captured target sequences

from the nucleic acid hybrids of step (c) prior to sequencing the captured target sequence.

3. The method of claim 1, wherein the captured target sequences are sequenced with next

generation sequencing.
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4. The method of claim 1, wherein the mutations are associated with a cancerous
phenotype, wherein the cancerous phenotype comprises one or more of cancer risk, cancer
progression, cancer treatment, or resistance to cancer treatment.

5. The method of claim 1, wherein step (a) comprises providing less than 5 micrograms
of fragmented DNA from the human subject.

6. The method of claim 1, wherein the size of the fragmented DNA is 600 bp or less.

7. The method of claim 1, wherein the size of the bait molecules is about 100-300 bases.

8. The method of claim 1, wherein the plurality of target sequences comprises a target
sequence in a gene chosen from ABL1, AKT1, AKT2, AKT3, ALK, APC, AR, BRAF, CCND1,
CDK4, CDKN2A, CEBPA, CTNNBL, EGFR, ERBB2, ESR1, FGFR1, FGFR2, FGFR3, FLT3,
HRAS, JAK2, KIT, KRAS, MAP2K1, MAP2K2, MET, MLL, MYC, NF1, NOTCH1, NPM1,
NRAS, NTRK3, PDGFRA, PIK3CA, PIK3CG, PIK3R1, PTCH1, PTCH2, PTEN, RB1, RET,
SMO, STK11, SUFU, or TP53.

9. The method of claim 1, wherein the plurality of target sequences comprises a target
sequence in a gene chosen from ABL2, ARAF, ARFRP1, ARID1A, ATM, ATR, AURKA,
AURKB, BAP1, BCL2, BCL2A1, BCL2L1, BCL2L2, BCL6, BRCA1, BRCA2, CBL,
CARD11, CBL, CCND2, CCND3, CCNE1, CD79A, CD79B, CDH1, CDH2, CDH20, CDHS5,
CDKGo6, CDK8, CDKN2B, CDKN2C, CHEK1, CHEK2, CRKL, CRLF2, DNMT3A, DOTIL,
EPHAS, EPHAS5, EPHAG, EPHAY, EPHB1, EPHB4, EPHB6, ERBB3, ERBB4, ERG, ETV1,
ETV4, ETVS5, ETV6, EWSR1, EZH2, FANCA, FBXW?7, FGFR4, FLT1, FLT4, FOXP4,
GATAL, GNA11, GNAQ, GNAS, GPR124, GUCY1A2, HOXA3, HSP90AAL, IDH1, IDH2,
IGFI1R, IGF2R, IKBKE, IKZF1, INHBA, IRS2, JAK1, JAK3, JUN, KDM6A, KDR, LRP1B,
LRP6, LTK, MAP2K4, MCL1, MDM2, MDM4, MEN1, MITF, MLH1, MPL, MRE11A,
MSH2, MSH6, MTOR, MUTYH, MYCL1, MYCN, NF2, NKX2-1, NTRK1, NTRK2, PAK3,
PAXS5, PDGFRB, PKHD1, PLCG1, PRKDC, PTPN11, PTPRD, RAF1, RARA, RICTOR,
RPTOR, RUNX1, SMAD2, SMAD3, SMAD4, SMARCA4, SMARCB1, SOX10, SOX2, SRC,
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TBX22, TET2, TGFBR2, TMPRSS2, TNFAIP3, TNK, TNKS2, TOP1, TSC1, TSC2, USP9X,
VHL, or WT1.

10. The method of claim 1, wherein the bait molecules further comprise a primer binding

site for amplification.

11. The method of claim 1, wherein the barcode sequence allows for identification of a

sample from the subject or identification of the fragmented DNA.

12. The method of claim 1, further comprising amplifying the captured plurality of target
sequences.

13. The method of claim 1, wherein the adapter-ligated DNA of step (b) is amplified

before hybridization in step (c).

14. The method of claim 1, wherein step (d) generates sequencing reads which are
analyzed by a method comprising:

(1) distinguishing between sequencing errors and real sequence variations by
identifying differences between at least three duplicate reads of a DNA molecule from the human
subject, wherein any difference between duplicate reads is a sequencing error; and

(2) generating a consensus sequence from the at least three duplicate reads of the
DNA molecule;

wherein the duplicate reads of the DNA molecule are identified by the barcode

sequence of step (b) and/or the possession of the same starting or ending sequences.

15. The method of claim 1, wherein the mutations comprise a somatic mutation, a single
nucleotide polymorphism (SNP), or both.

16. A method of analyzing nucleic acids from a human subject for identifying mutations,
the method comprising:

(a) providing fragmented nucleic acids from the human subject;
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(b) attaching adapters to the fragmented nucleic acids to generate adapter-ligated nucleic
acids, wherein the adapters comprise:

(1) primer binding sites for amplification and/or sequencing, and
(2) a barcode sequence;

(c) capturing a plurality of target sequences, comprising simultaneously hybridizing in
solution a plurality of bait molecules with the adapter-ligated nucleic acids of step (b), thereby
producing nucleic acid hybrids;

wherein the bait molecules each comprise:

(1) a binding entity that allows for separation of the nucleic acid hybrids of step

(c); and

(2) a sequence configured to hybridize to a target sequence;
wherein the plurality of bait molecules is capable of hybridizing to the plurality of target
sequences, and wherein the plurality of target sequences comprises at least:
(i) a first target sequence comprising a point mutation; and
(i) a second target sequence comprising a structural breakpoint; and
(d) sequencing the captured plurality of target sequences.

17. The method of claim 16, wherein the nucleic acids comprise genomic DNA or cDNA.

18. A method of analyzing nucleic acids from a human subject for identifying mutations,
the method comprising:
(@) providing fragmented DNA from the human subject, or providing cDNA
derived from RNA from the human subject;
(b) attaching adapters to the fragmented DNA or cDNA to generate adapter-
ligated DNA, wherein the adapters comprise:
(1) a primer binding site for amplification and/or sequencing, and
(2) a barcode sequence;
(c) capturing a plurality of target sequences, comprising simultaneously
hybridizing a plurality of bait molecules with the adapter-ligated DNA of step (b), thereby
producing nucleic acid hybrids;

wherein the bait molecules each comprise:
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(1) a binding entity that allows for separation of the nucleic acid hybrids
of step (c); and
(2) a sequence configured to hybridize to a target sequence;
wherein the plurality of bait molecules is capable of hybridizing to the plurality of
target sequences, and wherein the plurality of target sequences comprises at least the following
associated with a cancerous phenotype:
(i) a first target sequence comprising a point mutation; and
(it) a second target sequence comprising a structural breakpoint; and

(d) sequencing the captured plurality of target sequences.

19. The method of claim 18, wherein in step (c) the plurality of bait molecules is

hybridized with the adapter-ligated DNA of step (b) in solution or on solid support.

20. The method of claim 1, wherein the structural breakpoint results from an in-frame
deletion of one or more codons, an intragenic deletion, an intragenic insertion, a deletion of a full
gene, an inversion, an interchromosomal translocation, a tandem duplication, a gene fusion, a

genomic rearrangement that comprises an intron sequence, or a gene duplication.

21. The method of claim 1, wherein the structural breakpoint is an exon-exon junction.
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