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[01]

[02]

GENOMIC LANDSCAPES OF HUMAN BREAST AND
COLORECTAL CANCERS

This invention was made using grant funds from the U.S. government. Under the
term of the grants, the U.S. government retains certain rights in the invention. Grants

used include NIH grants CA 43460, CA 57345, CA 12113, and CA 62924,

A sequence listing is provided on a single compact disc. The compact disc contains a
file named templst.txt. The file is 22695 kb and was created October 03, 2008. The

content of the compact disc is incorporated herein.

TECHNICAL FIELD OF THE INVENTION

[03]

This invention is related to the area of cancer characterization. In particular, it relates

to breast and colorectal cancers.

BACKGROUND OF THE INVENTION

[04]

[05]

Discovery of the genes mutated in human cancer has provided key insights into the
mechanisms underlying tumorigenesis and has proven useful for the design of a new
generation of targeted approaches for clinical intervention (/). With the determination
of the human genome sequence and improvements in sequencing and bioinformatic
technologies, systematic analyses of genetic alterations in human cancers have

become possible (2-4).

Using such large-scale approaches, we recently studied the genomes of breast and
colorectal cancers by determining the sequence of the Consensus Coding Sequence
(CCDS) genes, a collection of the best annotated protein coding genes (5). In the
current study, we have extended these analyses to include examination of all of the
Reference Sequence (RefSeq) genes. The RefSeq database is a comprehensive, non-
redundant collection of annotated gene sequences that represents a consolidation of
gene information from all major gene databases (6). The RefSeq database is believed

to include the great majority of human gene sequences and represents the gold

“standard in the field.
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[06]

There is a continuing need in the art to identify genes and patterns of gene mutations

useful for identifying and stratifying individual patients’ cancers.

SUMMARY OF THE INVENTION

[07]

[08]

[09]

[10]

According to one embodiment of the invention a method is provided for diagnosing
breast cancer in a human. A somatic mutation in a gene or its encoded cDNA or
protein is determined in a test sample relative to a normal sample of the human. The
gene is selected from the group consisting of those listed in Fig. 10 (Table S4B) The

sample is identified as breast cancer when the somatic mutation is determined.

A method is provided for diagnosing colorectal cancer in a human. A somatic
mutation in a gene or its encoded cDNA or protein is determined in a test sample
relative to a normal sample of the human. The gene is selected from the group
consisting of those listed in Fig. 9 (Table S4A). The sample is identified as colorectal

cancer if the somatic mutation is determined.

A method is provided for stratifying breast cancers for testing candidate or known
anti-cancer therapeutics. A CAN-gene mutational signature for a breast cancer is
determined by determining at least one somatic mutation in a test sample relative to a
normal sample of a human. The at least one somatic mutation is in one or more
genes selected from the group consisting of Fig. 10 (Table S4B) A first group of

breast cancers that have the CAN-gene mutational signature is formed. Efficacy of a

candidate or known anti-cancer therapeutic on the first group is compared to efficacy

on a second group of breast cancers that has a different CAN-gene mutational
signature. A CAN gene mutational signature which correlates with increased or
decreased efficacy of the candidate or known anti-cancer therapeutic relative to other

groups is identified.

A method is provided for stratifying colorectal cancers for testing candidate or known
anti-cancer therapeutics. A CAN-gene mutational signature for a colorectal cancer is
determined by determining at least one somatic mutation in a test sample relative to a

normal sample of the human. The at least one somatic mutation is in one or more
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[12]

[13]

genes selected from the group consisting of Fig. 9 (Table S4A). A first group of
colorectal cancers that have the CAN-gene mutational signature is formed. Efficacy
of a candidate or known anti-cancer therapeutic on the first group is compared to
efficacy on a second group of colorectal cancers that has a different CAN-gene
mutational signature. A CAN gene mutational signature is identified which correlates
with increased or decreased efficacy of the candidate or known anti-cancer therapeutic

relative to other groups.

A method is provided for characterizing a breast cancer in a human. A somatic
mutation in a gene or its encoded cDNA or protein is determined in a test sample
relative to a normal sample of the human. The gene is selected from the group

consisting of those listed in Fig. 10 (Table S4B)

Another method provided is for characterizing a colorectal cancer in a human. A
somatic mutation in a gene or its encoded cDNA or protein is determined in a test
sample relative to a normal sample of the human. The gene is selected from the group

consisting of those listed in Fig. 9 (Table S4A).

These and other embodiments which will be apparent to those of skill in the art upon
reading the specification provide the art with additional methods and tools for better

managing cancer treatment.

BRIEF DESCRIPTION OF THE DRAWINGS

[14]

Fig. 1 Clustering of somatic mutations in protein structures. Individual somatic
mutations were mapped onto structural homology models based on known crystal
structure information. Homology models were built with MODPIPE (33) and
graphics were created with UCSF Chimera software (34). Yellow spheres indicate
mutated residues. (A) Two somatic mutations in the glycosylation enzyme GALNTS5
occur in residues on different sides of the enzyme active site. Stick models indicate
enzyme substrates. (B) Three somatic mutations in the transglutaminase TGM3
located at nearby surface regions of the protein (two mutations are present at the same

residue on the right-hand side).
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[15]

[16]

[17]

[18]

[19]

[20]

[21]

Fig. 2. PI3K pathway mutations in breast and colorectal cancers. The identities and
relationships of genes that function in PI3K signaling are indicated. Circled genes
have somatic mutations in colorectal (red) and breast (blue) cancers. The number of
tumors with somatic mutations in each mutated protein is indicated by the number
adjacent to the circle. Asterisks indicate proteins with mutated isoforms that may play
similar roles in the cell. These include insulin receptor substrates IRS2 and IRS4;
phosphatidylinositol 3-kinase regulatory subunits PIK3R 1, PIK3R4, and PIK3RS; and
nuclear factor kappa-B regulators NFKB1, NFKBIA, and NFKBIE.

Fig. 3. Cancer genome landscapes. Non-silent somatic mutations are plotted in two-
dimensional space representing chromosomal positions of RefSeq genes. The

telomere of the short arm of chromosome 1 is represented in the rear left corner of the

“green plane and ascending chromosomal positions continue in the direction of the

arrow. Chromosomal positions that follow the front edge of the plane are continued at
the back edge of the plane of the adjacent row and chromosomes are appended end to
end. Peaks indicate the 60 highest-ranking CAN-genes for each tumor type, with peak
heights reflecting CaMP scores (7). The dots represent genes that were somatically
mutated in the individual colorectal (Mx38) or breast tumor (B3C) displayed. The
dots corresponding to mutated genes that coincided with hills or mountains are black
with white rims; the remaining dots are white with red rims. The mountain on the
right of both landscapes represents TP53 (chromosome 17), and the other mountain

shared by both breast and colorectal cancers is PIK3CA (upper left, chromosome 3).

Fig. 4. (fig. S1.) Schematic of the experimental and bioinformatic approaches used in

the study

Fig. 5. Table 1. Summary of somatic mutations

Fig. 6. Table S1. Primers used for PCR amplification and sequencing

Fig. 7. Table S2. Distribution of somatic mutations in individual tumors

Fig. 8. Table S3. Somatic mutations discovered in RefSeq genes
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[23]

[24]

[25]

[26]

Fig. 9 (Table S4A) Colorectal CAN-genes

Fig. 10 (Table S4B) Breast CAN-genes

Fig. 11. Table S5. Summary of mutation prevalence study

Fig. 12. Table S6A. Gene groups and pathways preferentially mutated in colorectal

cancers

Fig. 13. Table S6B. Gene groups and pathways preferentially mutated in breast

cancers

DETAILED DESCRIPTION OF THE INVENTION

[27]

[28]

[29]

The inventors have developed methods for characterizing breast and colorectal
cancers on the basis of gene signatures. These signatures comprise one or more genes
which are mutated in a particular cancer. The signatures can be used as a means of
diagnosis, prognosis, identification of metastasis, stratification for drug studies, and

for assigning an appropriate treatment.

According to the present invention a mutation, typically a somatic mutation, can be
determined by testing either a gene, its mRNA (or derived cDNA), or its encoded
protein. Any method known in the art for determining a somatic mutation can be
used. The method may involve sequence determination of all or part of a gene,
cDNA, or protein. The method may involve mutation-specific reagents such as
probes, primers, or antibodies. The method may be based on amplification,
hybridization, antibody-antigen reactions, primer extension, etc. Any technique or

method known in the art for determining a sequence-based feature may be used.

Samples for testing may be tissue samples from breast or colorectal tissue or body
fluids or products that contain sloughed off cells or genes or mRNA or proteins. Such
fluids or products include breast milk, stool, breast discharge, intestinal fluid.
Preferably the same type of tissue or fluid is used for the test sample and the normal
sample. The test sample is, however, suspected of possible neoplastic abnormality,

while the normal sample is not suspect.
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[30]

[31]

[32]

[33]

Somatic mutations are determined by finding a difference between a test sample and a

‘normal sample of a human. This criterion eliminates the possibility of germ-line

differences confounding the analysis. For breast cancer, the gene (or cDNA or
protein) to be tested is any of those shown in Fig. 10. Table S4B. Any somatic
mutation may be informative. Particular mutations which may be used are shown in
Fig. 8 (Table S3). For colon cancer, the gene (or cDNA or protein) to be tested is any
of those shown in Fig. 9. Table S4A. Any somatic mutation may be informative.

Particular mutations which may be used are shown in Fig. 8 (Table S3).

The number of genes or mutations that may be useful in forming a signature of a
breast or colorectal cancer may vary from one to twenty-five. At least two, three, four,
five, six, seven, ten, fifteen, twenty, or more genes may be used. The mutations are
typically somatic mutations and non-synonymous mutations. Those mutations
described here are within coding regions. Other non-coding region mutations may

also be found and may be informative.

In order to test candidate or already-identified therapeutic agents to determine which

-patients and tumors will be sensitive to the agents, stratification on the basis of

signatures can be used. One or more groups with a similar mutation signature will be
formed and the effect of the therapeutic agent on the group will be compared to the
effect of patients whose tumors do not share the signature of the group formed. The
group of patients who do not share the signature may share a different signature or
they may be a mixed population of tumor-bearing patients whose tumors bear a

variety of signatures.

Efficacy can be determined by any of the standard means known in the art. Any index
of efficacy can be used. The index may be life span, disease free remission period,
tumor shrinkage, tumor growth arrest, improvement of quality of life, decreased side
effects, decreased pain, etc. Any useful measure of patient health and well-being can
be used. In addition, in vitro testing may be done on tumor cells that have particular
signatures. Tumor cells with particular signatures can also be tested in animal

models.
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[34]

[35]

Once a signature has been correlated with sensitivity or resistance to a particular
therapeutic regimen, that signature can be used for prescribing a treatment to a patient.
Thus determining a signature is useful for making therapeutic decisions. The
signature can also be combined with other physical or biochemical findings regarding
the patient to arrive at a therapeutic decision. A signature need not be the sole basis

for making a therapeutic decision.

An anti-cancer agent associated with a signature may be, for example, docetaxel,
paclitaxel, topotecan, adriamycin, etoposide, fluorouracil (5-FU), or
cyclophosphamide. The agent may be an alkylating agent (e.g., nitrogen mustards),
antimetabolites (e.g., pyrimidine analogs), radioactive isotopes (e.g., phosphorous and
iodine), miscellaneous agents (e.g., substituted ureas) and natural products (e.g., vinca
alkyloids and antibiotics). The therapeutic agent may be allopurinol sodium,
dolasetron mesylate, pamidronate disodium, etidronate, fluconazole, epoetin alfa,
levamisole HCL, amifostine, granisetron HCL, leucovorin calcium, sargramostim,
dronabinol, mesna, filgrastim, pilocarpine HCL, octreotide acetate, dexrazoxane,
ondansetron HCL, ondansetron, busulfan, carboplatin, cisplatin, thiotepa, melphalan
HCL, melphalan, cyclophosphamide, ifosfamide, chlorambucil, mechlorethamine
HCL, carmustine, lomustine, polifeprosan 20 with carmustine implant, streptozocin,
doxorubicin HCL, bleomycin sulfate, daunirubicin HCL, dactinomycin, daunorucbicin
citrate, idarubicin HCL, plimycin, mitomycin, pentostatin, mitoxantrone, valrubicin,
cytarabine, fludarabine phosphate, floxuridine, cladribine, methotrexate,
mercaptipurine, thioguanine, capecitabine, methyltestosterone, nilutamide,

testolactone, bicalutamide, flutamide, anastrozole, toremifene citrate, estramustine

‘phosphate sodium, ethinyl estradiol, estradiol, esterified estrogens, conjugated

estrogens, leuprolide acetate, goserelin acetate, medroxyprogesterone acetate,
megestrol acetate, levamisole HCL, aldesleukin, irinotecan HCL, dacarbazine,
asparaginase, etoposide phosphate, gemcitabine HCL, altretamine, topotecan HCL,
hydroxyurea, interferon alpha-2b, mitotane, procarbazine HCL, vinorelbine tartrate, E.
coli L-asparaginase, Erwinia L-asparaginase, vincristine sulfate, denileukin diftitox,
aldesleukin, rituximab, interferon alpha-2a, paclitaxel, docetaxel, BCG live
(intravesical), vinblastine sulfate, etoposide, tretinoin, teniposide, porfimer sodium,

fluorouracil, betamethasone sodium phosphate and betamethasone acetate, letrozole,
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[37]

[38]

[39]

etoposide citrororum factor, folinic acid, calcium leucouorin, 5-fluorouricil,

adriamycin, cytoxan, or diamino-dichloro-platinum.

The signatures of CAN genes according to the present invention can be used to
determine an appropriate therapy for an individual. For example, a sample of a tumor
(e.g., a tissue obtained by a biopsy procedure, such as a needle biopsy) can be
provided from the individual, such as before a primary therapy is administered. The
gene expression profile of the tumor can be determined, such as by a nucleic acid
array (or protein array) technology, and the expression profile can be compared to a
database correlating signatures with treatment outcomes. | Other information relating
to the human (e.g., age, gender, family history, etc.) can factor into a treatment
recommendation. A healthcare provider can make a decision to administer or
prescribe a particular drug based on the comparison of the CAN gene signature of the
tumor and information in the database. Exemplary healthcare providers include
doctors, nurses, and nurse practitioners. Diagnostic laboratories can also provide a

recommended therapy based on signatures and other information about the patient.

Following treatment with a primary cancer therapy, the patient can be monitored for
an improvement or worsening of the cancer. A tumor tissue sample (such as a biopsy)
can be taken at any stage of treatment. In particular, a tumor tissue sample can be

taken upon tumor progression, which can be determined by tumor growth or

-metastasis. A CAN gene signature can be determined, and one or more secondary

therapeutic agents can be administered to increase, or restore, the sensitivity of the

tumor to the primary therapy.

Treatment predictions may be based on pre-treatment gene signatures. Secondary or
subsequent therapeutics can be selected based on the subsequent assessments of the
patient and the later signatures of the tumor. The patient will typically be monitored

for the effect on tumor progression.

A medical intervention can be selected based on the identity of the CAN gene
signature. For example, individuals can be sorted into subpopulations according to

their genotype. Genotype-specific drug therapies can then be prescribed. Medical
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interventions include interventions that are widely practiced, as well as less
conventional interventions. Thus, medical interventions include, but are not limited
to, surgical procedures, administration of particular drugs or dosages of particular
drugs (e.g., small molecules, bioengineered proteins, and gene-based drugs such as
antisense oligonucleotides, ribozymes, gene replacements, and DNA- or RNA-based
vaccines), including FDA-approved drugs, FDA-approved drugs used for off-label
purposes, and experimental agents. Other medical interventions include nutritional
therapy, holistic regimens, acupuncture, meditation, electrical or magnetic stimulation,

osteopathic remedies, chiropractic treatments, naturopathic treatments, and exercise.

We report the sequences of an additiQnal 5,168 genes in 22 tumors. These new data
provide a much more complete picture of the cancer genome, allowing us to formulate
landscapes of breast and colorectal tumors (Fig. 3). We predict that the key features
of this landscape — a few gene mountains interspersed with many gene hills - will
prove to be a general feature of mbst solid tumors. We also present data on non-
coding and synonymous mutations in addition to non-synonymous mutations. As
well as providing information useful for estimating the passenger rate, the data in
table S2 shows that passenger rates vary considerably from tumor to tumor,
undoubtedly determined by their intrinsic mutability and the number of generations
and bottlenecks through which they have evolved. We also present more
sophisticated methods for identifying and classifying genes with more mutations than
predicted by the passenger rate Figs. 9, 10, (table S4). Additionally, we present a
variety of tools based on gene products' sequence and structure, as well as their
inclusion in certain pathways, that can help identify mutated genes that are most
deserving of further attention (Figs. 1,2, 8,9, 10, 12, 13 (tables S3, S4, S6)). These
tools can be used to prioritize the research that follows cancer genome sequencing

efforts.

In terms of such research, it is important to note that sequence data can inform other,
independent approaches to the study of cancer genes. For example, chromodomain
helicase DNA binding domain 5 (CHD5) was recently proposed to be a tumor
suppressor based on its functional properties and copy number alterations (22). We

identified somatic mutations in this gene in breast tumors; the combined data strongly
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support a role for this gene in tumorigenesis. Similarly, the NF-xB pathway member
IKBKE was recently suggested to be a breast cancer oncogene based on functional and
expression studies (23). We found somatic mutations in several additional
components of this signaling pathway (Fig. 2), reinforcing its importance in breast
cancers. The transglutaminase (TGM) enzymes have recently been implicated in
invasion and metastasis (24), and we identified multiple somatic mutations in TGM3
in colorectal cancers (Fig. 1). Additionally, a high-throughput retroviral insertional
mutagenesis screen in MMTV-induced mammary tumors in mice identified 33
common insertion sites as potential oncogenes (25); we found seven of these 33 genes
to be mutated in breast cancers. Given the entirely independent nature of these screens
(insertional mutagenesis in mouse vs. mutational analysis of human genes), these

results are remarkable.

Historically, the focus of cancer research has been on the gene mountains, in part
because they were the only alterations identifiable with available technologies. The
ability to analyze the sequence of virtually all protein-encoding genes in cancers has
shown that the vast majority of mutations in cancers, including those that are most
likely to be drivers, do not occur in such mountains and emphasize the heterogeneity
and complexity of human neoplasia. This new view of cancer is consistent with the
idea that a large number of mutations, each associated with a small fitness advantage,

drive tumor progression (26). But is it possible to make sense out of this complexity?

‘When all the mutations that occur in different tumors are summed, the number of

potential driver genes is large. But this is likely to actually reflect changes in a much
more limited number of pathways, numbering no more than 20 (1). This
interpretation is consistent with virtually all screens in model organisms, which have

generally shown that the same phenotype can arise from alterations in any of several

~genes. Other recent studies lend support to this interpretation. For example,

sequencing studies of the kinome in large numbers of tumors have shown that specific
kinases are sometimes mutated in a small fraction of tumors of a given type (4, 10, 27-
29). We cannot be certain that the bulk of the low frequéncy mutations observed in
our study are not péssengers. However, in the kinome studies, the position of
mutations within the activation loop and the demonstrated effects of the target

residues on kinase function unambiguously implicate many of these rare mutations as

10
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drivers. Similarly, recent analyses of myelomas suggest that there are multiple genes,
cach mutated in a small proportion of tumors, that can alter the same signal
transduction pathway (30, 31). And some of the low frequency mutations observed in
our study, such as activating mutations in the guanine nucleotide binding protein
GNAS and a homozygous nonsense mutation in BRCA1-associated protein (BAP1),
are likely to be functional (table S3). These examples, in addition to those in table S6,
bolster the argument that infrequent mutations can be drivers and that they function

through pathways that are already known.

Regardless of whether this pathway-centric interpretation is correct, it is clear that the
"easy" part of future cancer genome research will be the identification of genetic
alterations. The vast majority of subtle mutations in individual patients' tumors can

now be identified with existing technology (Fig. 3), making personal cancer genomics

‘areality. Though understanding the precise role of these genetic alterations in

tumorigenesis will be more challenging, opportunities for exploiting such personal
genomic data on cancers are already apparent. For example, many of the genes
altered in breast cancers appear to affect the NF-xB pathway (Figs. 12, 13; table S6),

suggesting that drugs targeting this pathway could be efficacious in breast cancers

-with such mutations (30, 31). Furthermore, our data indicate that individual breast

and colorectal cancers each contain an average of ~90 amino acid-altering mutations
that are absent in all normal cells, providing a wealth of opportunities for personalized
immunotherapy. Finally, any mutation identified in an individual cancer, whether
driver or passenger, can be used as an exquisitely specific biomarker to guide patient

management (32).

The above disclosure generally describes the present invention. All references
disclosed herein are expressly incorporated by reference. - The disclosure of

international application PCT/US07/017866 filed August 13, 2007, is expressly

‘incorporated by reference. A more complete understanding can be obtained by

reference to the following specific examples which are provided herein for purposes

of illustration only, and are not intended to limit the scope of the invention.

11
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EXAMPLES

EXAMPLE 1-- Sequencing strategy.

[45]

[46]

[47]

The first step in our approach was the design of primers that would permit polymerase
chain reaction (PCR)-based amplification and analysis of coding exons in the RefSeq
database. Of the 20,857 transcripts in‘the RefSeq database (representing 18,191
distinct genes), 14,661 transcripts were included in the CCDS set. These CCDS genes
were in general not evaluated again; the only exceptions were a small subset in which
particular regions of interest had been difficult to amplify and for these, new PCR
primers were designed. For the remaining 6,196 Refseq transcripts, 125,624 primers
were designed and used to amplify the coding exons. The entire list of primers used
to amplify the exons of the RefSeq genes (including the CCDS genes) is provided in
table S1.

The primers were used to PCR-amplify and sequence the DNA from 11 breast and 11
colorectal cancers as well as DNA from matched normal tissues of two patients. The
samples used for this analysis were the same as those used in the previous study of
CCDS genes (5). The sequence data from this Discovery Screen were assembled and
evaluated using stringent quality criteria (7), resulting in successful analysis of 93% of
targeted amplicons. We used bioinformatic and experimental strategies to distinguish
germline variants and artifacts of PCR or sequencing from true somatic mutations (fig.
S1). Genetic alterations found in the two normal samples and those present in SNP
databases were removed and sequence traces of the remaining potential alterations
were visually inspected to remove false positive calls in the automated analysis. After
these steps, the amplicons of the remaining alterations were re-amplified from the
tumor DNA (to ensure reproducibility) and from DNA of matched normal tissue (to
remove unannotated germline variants). Finally, the putative somatic mutations were
examined in silico to ensure that the alterations did not occur as a result of mistargeted

amplification of related regions of the genome (7).

To further evaluate the genes with somatic mutations in the Discovery Screen, we

‘determined their sequence in a Validation Screen of 24 additional samples of the same

tumor type in which the mutation was originally identified. Similar methods to those

12
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noted above were used to exclude germline variants, PCR and sequencing artifacts,
and alterations due to mistargeted amplification of related genomic regions.
Amplicons with putative somatic mutations were re-amplified in DNA from the tumor
and from matched normal tissues to determine whether the alterations were truly

somatic.

EXAMPLE 2-- Somatic mutations.

[48]

Combining the data from the current analysis with those previously obtained in
CCDS genes, we found that 1718 genes (9.4% of the 18,191 genes analyzed) had at
least one non-silent mutation in either a breast or colorectal cancer (Table 1 and table
S3). The great majority of alterations were single base substitutions (92.7%), with
81.9% resulting in missense changes, 6.5% resulting in stop codons, and 4.3%
resulting in alterations of splice sites or untranslated regions immediately adjacent to
the start and stop codons (Table 1). The remaining somatic mutations were insertions,
deletions, or duplications (7.3%). The mutation spectrum of colorectal cancers
differed from that of breast cancers, and these spectra were similar to those observed

in the previous CCDS study and in other analyses (4, 5). In the current study we

‘analyzed the nature of the non-synonymous mutations in more detail and found a very

large excess of C to T transitions at 5'-CpG-3' in colorectal cancers, representing 19-
fold more than expected from the representation of 5'-CpG-3' sites in the coding
regions of the genome. Similarly, there was a marked excess of G to C transversions

at 5'-GpA-3' sites in breast cancers, representing 4.5 fold more than expected (7).

EXAMPLE 3-- Passenger mutation rates.

[49]

The somatic mutations found in cancers are either "drivers" or "passengers" (4).
Driver mutations are causally involved in the neoplastic process and are positively
selected for during tumorigenesis. Passenger mutations provide no positive or
negative selective advantage to the tumor but are retained by chance during repeated

rounds of cell division and clonal expansion.
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We used two independent methods to estimate the passenger mutation rates in the
analyzed cancers. First, we evaluated 23.8 Mb of chromosome 8 in eleven colorectal
cancer samples similar to those used in the Discovery Screen. This was performed
with high density oligonucleotide microarrays containing every possible single base
pair substitution. The tumors used for this analysis each had only one allele of
chromosome 8 (i.e. they showed loss of heterozygosity), rendering the detection of
sequence alterations sensitive and reliable. A total of 151 somatic mutations were
identified in 262 Mb of tumor DNA, and all but one of these were located in non-
coding regions. Thus, there were a total of 0.6 non-coding mutations per Mb analyzed
(95% CI: 0.52 to 0.64 mutations/Mb). Because only one copy of chromosome 8 was
analyzed in these studies, the non-coding mutation rate per diploid genome was
inferred to be 1.2 mutations/Mb. We then performed detailed LOH analyses of the 11
tumors used in the Discovery Screen using 317,503 polymorphisms. An average of
16% of polymorphic alleles showed LOH. It is known from studies of human genetic
variation that the frequency of nonsynonymous (amino acid changing) mutations is
approximately half that of mutations in non-coding regions (8, 9). After correcting
for loss of heterozygosity and the difference in mutation rates between non-coding and
nonsynonymous mutations, these analyses result in an estimated passenger mutation
rate of 0.55 nonsynonymous mutations per Mb tumor DNA in colorectal cancers (7).
We consider this a minimum estimate because the ratio of mutations in non-coding
regions to non-synonymous mutations in coding regions is likely to be higher in the
germline than in tumors due to greater negative selection for mutations in coding
regions in the germline. Although we have not directly measured mutation rates in
non-coding sequences in breast cancers, Stephens et al. have estimated that the rate of
non-synonymous mutations in breast cancers is 0.33 per Mb and we used this as our

minimum estimate for this tumor type (10).

Estimates of the passenger mutation rates were also obtained through the
quantification of synonymous (silent) missense mutations in the current study. As the

majority of synonymous changes are expected to be biologically inert and thereby not

_selected for or against during tumorigenesis, such changes can be used as a tool to

estimate passenger mutation rates (11). The analysis of synonymous mutations

provided two estimates of the non-synonymous mutation rate (7). One estimate was
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based on the ratio of non-synonymous to synonymous mutations observed in the

human germline (8, 9). The second estimate was derived by calculating the expected

ratio of non-synonymous to synonymous changes after accounting for codon usage of
RefSeq genes and the different mutation spectra observed in colorectal and breast
cancers. We considered this estimate to be a maximum because it did not take into
account the fact that nonsynonymous mutations that retard cell growth will be selected

against during tumorigenesis.

EXAMPLE 4-- Evaluating mutated genes.

[52]

[53}

The mutational data obtained can be used to identify candidate cancer genes (CAN-
genes) that are most likely to be drivers and are therefore most worthy of further
investigation. In the current study, we considered a gene to be a CAN-gene if it
harbored at least one nonsynonymous mutation in both the Discovery and Validation
Screens and if the total number of mutations per nucleotide sequenced exceeded a
minimum threshold (7). Using these criteria, we identified a total of 280 CAN-genes,
equally distributed between colorectal and breast cancers (tables S4A and B,
respectively). The 280 CAN-genes listed in tables S4A and B included most of the
191 CAN-genes identified in Sjoblom et al. (5) but differed by virtue of the inclusion
of 114 new CAN-genes identified in the additional 6,196 transcripts sequenced, the
removal of data from a breast tumor with an abnormally high passenger mutation rate,

the use of an experimental rather than statistical definition of CAN-genes, and

-additional evaluation of mutations in samples that had undergone whole genome

amplification (7).

It is reasonable to assume that genes that are mutated more frequently than predicted
by chance are more likely to be drivers. In the current study, we used a more
sophisticated version of a metric, called the cancer mutation prevalence (CaMP) score,
to rank genes by the number and nature of the mutations observed (tables S4A and B).
To assess the likelihood that each of these genes is mutated at a frequency higher than
the passenger mutation rate, we devised a ner method based on Empirical Bayes'
simulations (7). Though the likelihoods depend on the passenger rates (tables S4A
and B), the rankings of the genes by CaMP scores are similar regardless of the
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assumed passenger mutation rates (rank correlations > 0.9). CaMP scores thereby
provide priorities for future studies that are independent of many of the assumptions

required to calculate passenger probabilities.

To determine the mutation prevalence of a subset of CAN-genes with more precision,
we analyzed 40 CAN-genes in a separate cohort of 96 patients with colorectal cancers
(7). The genes chosen were in biologic pathways of interest to our groups and ranked
1st to 119th by CaMP scores. Colorectal cancers rather than breast tumors were
chosen because more purified tumor tissues of this type were available. Twenty-five
of the 40 genes (62%) were found to be mutated in at least one of the 96 cancers and,
as predicted from our data and simulations, most were mutated in 5% or less of the
cancers (table S5). The remaining 15 CAN-genes were not mutated in any of the
additional 96 cancers studied, but this finding is still compatible with these genes
being mutated in a low but significant fraction of tumors; the evaluation of more
colorectal tumors than the 131 included in our study would be necessary to exclude

this possibility.

EXAMPLE 5-- Additional analyses of mutated genes.

[55]

Mutation frequency is not the only type of information that can help determine
whether a mutated gene is worthy of further evaluation. The analyses of the predicted
effects on protein function can add independent evidence helpful for prioritization of
specific genes and mutations for future research. For example, mutations producing
stop codons, out-of-frame insertions or deletions, or splice site abnormalities are very

likely to interfere with the normal function of the gene product (tables S3 and S4). To

“evaluate missense changes, two sequence-based methods for evaluating the

probability that a specific alteration would have a deleterious effect on protein
function were employed, Sorting Intolerant from Tolerant (SIF T) and LogR.E-values
based on Pfam domains (7). These probabilities are listed for each evaluable
mutation identified in our study in table S3. For each CAN-gene, the number of
missense mutations that were predicted to disrupt function in a statistically significant

manner is included in table S4.
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Predictions about the functional effects of mutations can also be made at the structural
level. We were able to generate structural models for 622 of the RefSeq gene
mutations from X-ray crystallography or nuclear magnetic resonance (NMR)
spectroscopy of their encoded proteins (12, 13). Some of the models were intriguing
in that they showed clustering of mutations around active sites of proteins or near an

interface residue (examples in Fig. 1). We also used LS-SNP software (14) to predict

‘the likelihood that each mutation would destabilize the protein, interfere with the

formation of a domain—domain interface, or have an effect on protein-ligand binding

(table S3, summarized for CAN-genes in table S4).

Finally, we were able to identify a number of mutations that occurred at locations

identical to those of genes involved in hereditary human diseases or that clustered at

adjacent locations in the cancers analyzed. Such alterations are likely to have

functional effects on these proteins. These included the R360W mutation in the RET
tyrosine kinase, corresponding to an identical loss of function germline change in
Hirschsprung disease (15). Likewise, the R1624W mutation in the PKHD1 gene in
colorectal cancer is identical to that observed in polycystic kidney disease, a syndrome
that has neoplastic features (16). The T745M mutation in the cell adhesion gene
CRBI gene is identical to one that has been shown to be a cause of retinitis
pigmentosa (17). In addition to these examples, we identified 126 mutations in 39
proteins that occurred within a distance of 10 amino acids from one another. In
particular, mutations in at least two independent tumors occurred in the DTNB,
EDDI, GNAS, and TGM3 genes at exactly the same residue, implicating that region

as vital to the protein's potential tumorigenic function.

EXAMPLE 6-- Analysis of mutated pathways.

[58]

It is becoming increasingly clear that pathways rather than individual genes govern the
course of tumorigenesis (1). Mutations in any of several genes of a single pathway
can thereby cause equivalent increases in net cell proliferation. Accordingly, we
devised a method to determine whether the genes within specific pathways were
mutated more often than predicted by chance. The resultant "pathway CaMP" score

incorporated the total number of mutations from all genes within each group, the
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number of different genes mutated, the combined sizes of the genes in each group, and

the total number of tumors examined (table S6) (7).

Using this metric, we analyzed a highly curated database (Metacore, GeneGo, Inc),

that includes human protein-protein interactions, signal transduction and metabolic

pathways, and a variety of cellular functions and processes. By including the number
of mutated genes in addition to the total number of mutations as parameters, we
excluded pathways that simply contained one gene that was mutated at high frequency
(e.g., pathways containing only TP53 mutations). There were 108 pathways that were
found to be preferentially mutated in breast tumors. Many of the pathways involved
PI3K signaling (Fig. 2 and table S6B). Mutations in PIK3CA are frequent in multiple
tumor types, including breast cancers (18-21). In the current study, we identified
mutations not only in PIK3CA but also previously unreported mutations in GABI,
IKBKB, IRS4, NFKB1, NFKBIA, NFKBIE, PIK3R1, PIK3R4, and RPS6KA3
implicating both the PI3K pathway in general and NF-xB signaling in particular in
breast tumorigenesis. Within the 38 significant colorectal cancer pathways that
appeared to be mutated in a statistically significant manner, there were also many that
centered on PI3K (Fig. 12; table S6A). The pathway components mutated in

colorectal cancers differed from those in breast, with mutations found in IRS2, IRS4,

-PIK3R5, PRKCZ, PTEN, RHEB, and RPS6KB1 in addition to PIK3CA. Additional

pathways altered in colorectal cancer were related to cell adhesion, the cytoskeleton,
and the extracellular matrix (Fig. 12; table S6A), supporting the idea that interactions
between the cancer cell and the extracellular environment are important steps in the

neoplastic process.

Finally, there were nine examples of mutated genes whose protein products were
predicted to interact with other mutated genes more often than predicted by chance.
The average number of mutant gene products with which these nine mutant genes
interacted was 25 (Fig. 12, Fig. 13; table S6A and 6B). These results illustrate the
potential utility of pathway-based analyses and highlight a variety of different gene

groups and pathways that can help focus further investigations on these tumor types.
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EXAMPLE 7-- The genomic landscapes of colorectal and breast cancers.

The colorectal and breast cancers analyzed in the Discovery Screen contained an

average of 77 and 101 non-silent mutations in RefSeq genes, respectively (table S2).
The number of mutations per tumor was similar among colorectal tumors (ranging
from 49 to 111) but was more variable in breast cancers (varying from 38 to 193).
The number of mutated CAN-genes per tumor averaged 15 and 14 in colorectal and

breast cancers, respectively.

The “landscapes” of typical colorectal and breast cancer genomes are depicted in Fig.
3. In these landscapes, every RefSeq gene is given a location on a 2-dimensional map
corresponding to its chromosomal position, and all mutated genes in that tumor are
indicated by a dot. The relief feature of the map is provided by the CAN-genes with
the 60 highest CaMP scores (Figs. 9, and 10; table S4). Just as topographical maps
contain geological features of varying elevations, the cancer genome landscape
consists of relief features (mutated genes) with heterogeneous heights (determined by
CaMP scores). There are a few "mountains" representing individual CAN-genes
mutated at high frequency. However, the landscapes contain a much larger number of
“hills” representing the CAN-genes that are mutated at relatively low frequency. It is
notable that this general genomic landscape (few gene mountains and many gene hills)

is a common feature of both breast and colorectal tumors.
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EXAMPLE 8-- Supporting Online Material

Materials and Methods

[63]

[64]

[65]

Gene selection. The Reference Sequence database (RefSeq) represents a curated

sequence database of 20,857 transcripts from 18,191 unique genes (as of March 2006;

http://www.ncbi.nlm.nih.gov/RefSeql). The Consensus Coding Sequence (CCDS)

database represents a subset of the genes included in the RefSeq database
(http://www.ncbi.nlm.nih.gov/CCDS/). All transcripts and genes in the CCDS
database are contained within the RefSeq database; however, the RefSeq database
contains an additional 6,196 transcripts (from 5,168 unique genes) that are not

included in CCDS. We previously sequenced the transcripts included in the CCDS

| database (S1). In the current study we determined the sequence of the coding regions

(exons plus four bases of adjacent introns or untranslated regions) of the remaining
6,196 transcripts. We excluded transcripts that were located at multiple locations in
the genome as a result of gene duplication as well as those located on the Y
chromosome. The combined dataset of all 18, 191 genes in RefSeq (including those
genes in CCDS that were analyzed previously) was used for the analysis and

conclusions described in the text.

Bioinformatic resources. RefSeq gene and transcript coordinates (release 16, March

2006), human genome sequences, and single nucleotide polymorphisms were obtained

from the UCSC Santa Cruz Genome Bioinformatics Site (http://genome.ucsc.edu).

Homology searches in the human and mouse genomes were performed using the
BLAST-like alignment tool BLAT (S2) and In Silico PCR
(http://genome.ucsc.edu/cgi-bin/hgPcr). All genomic positions correspond to UCSC

Santa Cruz hg17 build 35.1 human genome sequence. The -3.4 million single

-nucleotide polymorphisms (SNPs) of db SNP (release 125) that were validated

through the HapMap project (S3) were used for automated removal of known
polymorphisms.

Primer design. Primers for PCR amplification and sequencing of each coding exon

~were designed as described previously (S1), with the exception that additional manual

curation was performed to determine the correct reading frame of a subset of RefSeq
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genes. Briefly, primer pairs were generated using Primer3
(http://frodo.wi.mit.edu/cgibin/primer3/primer3_www.cgi). with forward and reverse
PCR primers located no closer than 50 bp to target exon boundaries. Exons larger
than 350 bp were divided into multiple overlapping amplicons. PCR products were
designed to range in size from 300 to 600 bp and primer pairs were filtered using
UCSC In Silico PCR to exclude pairs yielding more than a single product. A
universal sequencing primer (M13 forward, 5-GTAAAACGACGGCCAGT-3'; SEQ
ID NO: 131,069) was appended to the 5' end of the primer in the pair with the smallest
number of mono- and dinucleotide repeats between itself and the target exon. For
convenience, all forward and reverse primer sequences used in the previous and

current study are listed in table S1 (SEQ ID NO: 1-131,068, respectively).

DNA samples, PCR amplification, and sequencing. DNA samples from ductal breast
carcinoma cell lines, primary breast tumors, colorectal cancer cell lines and
xenografts, and matched normal tissue or peripheral blood were obtained as described
previously (S1). In brief, the samples used in the Colorectal Cancer Discovery Screen
were cell lines (three) or xenografts (eight), each developed from a liver metastasis of
a different patient. The eleven samples used in the Breast Cancer Discovery screen
were cell lines obtained from ATCC with the following ATCC 10 numbers: B1 C =Hs
578T; B2C= HCC1008; B3C = HCC1954; B4C = HCC38; B5C = HCC1143; B6C =
HCC1187; B7C = HCC1395; B8C = HCC1599; B9C = HCC1937; B10C =
HCC2157; B11 C = HCC2218 (see table S2). | We chose the tumors used in the
Discovery Screen on the following bases. First, the colorectal I cancer samples were
all late-stage tumors derived from liver metastases because such tumors contain all the
mutations found in early stage tumors, but the converse is not true. We wished to gain
a picture of the genomic landscapes of fully progressed neoplasms rather than of
intermediate stages. The genes identified through this analysis can in the future be
analyzed in early stage tumors to determine their timing with respect to the neoplastic

process. Another reason to study metastatic cancers is that these are the only ones that

are lethal. Similarly, most of the breast cancers represented the most aggressive type

(estrogen receptor negative, progesterone receptor negative, and ERBB2
negative)(S1). These tumors are the most difficult to manage clinically as they are

often refractory to therapy. Another reason underlying the choice of the breast cancers
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is that these are the only publicly available cell lines, to our knowledge, for which
corresponding normal cells are also available (through ATCC). This availability
provides positive controls for mutation analysis by other groups and will facilitate
functional studies in the future. The samples used in the Colorectal Cancer Validation
Screen were xenografts or cell lines derived from advanced cases (but not necessarily
metastatic sites). The 96 samples used for further mutational analysis of 40 CAN-
genes were xenografts derived from cancers of various stages. The samples used in
the Breast Cancer Validation Screen were primary breast tumors microdissected using
laser capture (S1). Whole genome amplification, performed as previously described
(S1), was used to generate sufficient quantities of DNA for Validation Screen samples
when required. PCR and sequencing reactions (including the monitoring of DNA
sample identity) were performed as described previously (S1). All samples were
obtained in accordance with the Health Insurance Portability and Accountability Act

(HIPAA).

Mutation discovery screen. RefSeq exons were amplified and sequenced in 11
colorectal cancer samples, 11 breast cancer samples, and two matched normal DNA
samples. Mutational analysis was performed as described previously (S1). In brief,
mutational analysis was performed for all coding exonic sequences and the flanking
four base pairs (bp) of intronic or UTR sequences using Mutation Surveyor
(Softgenetics, State College, PA; http://www.softgenetics.com) coupled to a relational
database (Microsoft SQL Server). Only amplicons meeting stringent quality criteria
were analyzed: at least 75% of the tumor samples had to have Phred quality scores of
:0:20 in :0:90% of the bases within the target region of each amplicon. In the
amplicons that passed these quality criteria, three groups of mutations were removed:
nonsynonymous changes in tumor samples identical to changes in the two normal
DNA samples, known single-nucleotide polymorph isms (db SNP entries previously
validated by the HapMap project), and false positive artifacts that could be eliminated
by visual inspection of chromatograms. Somatic synonymous mutations were not
removed from analysis in the current study, though they were removed in our previous

study of CCDS genes. Following mutational analysis, each putative mutation was

.independently reamplified in both tumor DNA (to eliminate artifacts) and in DNA

from normal tissue from the same patient (to eliminate germ line variants). To
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exclude the possibility that putative somatic mutations were caused by amplification
of homologous but non-identical sequences, BLAT (S2) was used to search the human
genome for related exons. For samples from xenografts , BLAT was used to similarly
search the mouse genome to exclude the possibility that a putative mutation actually

represented a homologous mouse sequence.

Mutation validation screen. Every gene in which a nonsynonymous mutation was

found in the Discovery Screen was further analyzed by amplification and sequencing

-of 24 additional tumor samples of the same tissue type. All RefSeq transcript

variants were investigated for each gene of interest. Mutation detection, confirmation
of alterations, and determination of somatic status was performed as described above,
with the exception that all germline variants previously observed in the normal DNA
samples of the Discovery Screen were excluded as possible somatic mutations. All
somatic mutations observed in the Discovery and Validation Screens (including

synonymous changes) are reported in table S3.

Mutations in non-coding sequences. To determine the rate of mutations in noncoding
sequences in colorectal cancers, we used variant detection oligonucleotide
microarrays. We selected tumors that had lost heterozygosity for all or nearly all of
chromosome 8p. This loss of heterozygosity enhances the sensitivity of mutational
analysis in microarrays because the great majority of mutations in these tumors will be
homozygous (i.e., without the "noise" emanating from the wild type allele (S4)). The

publicly available chromosome 8p sequence was masked for repeats using

RepeatMasker (http://www.repeatmasker.org/), and oligonucleotide probes were

designed to query each nucleotide position in the 23.79 Mb of non-repetitive 8p
sequence, as previously described (84, S5). Chromosome 8p was amplified as 3840
minimally overlapping -10 kb regions from each of eleven tumor samples using long
range PCR as described (S4). Labeled PCR products were hybridized and the arrays
scanned as previously described (S4). The mutations identified were then validated

by individual genotyping on arrays and confirmed by dideoxy sequencing.

Analysis of loss of heterozygosity. Loss of heterozygosity (LOH) was evaluated in the

Discovery screen colorectal cancers using Illumina's HumanHap300 Genotyping
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BeadChip arrays. Genotype and intensity data were collected for over 317,000
polymorphic sites in each sample. The single nucleotide polymorphism (SNP) loci
used in this assay were taken from the International HapMap Project and were
selected for regions of the genome that are highly conserved or in close proximity to a
gene. Using Illumina BeadStudio software, the normalized intensity values (log R
ratio) and normalized genotype calls (B allele frequency) were plotted by genomic
position across the entire genome. Regions that had undergone LOH were identified
by an extended stretch of homozygous genotype calls (B allele frequencies of >0.9 or
<0.1). For small regions of homozygous genotype calls «5 Mb) we also looked for a
corresponding decrease in intensity (decreased log R ratio). Base positions of LOH
boundaries were identified as the genomic location of the first heterozygous SNP on
either side of the LOH region. On average, 16% of the tumors' genomes were found

to harbor LOH.

Estimation of passenger mutation rates. The combination of somatic mutation
detection with microarrays and LOH analyses described above was used to derive one
estimate of passenger mutation frequencies in colorectal cancers, termed the
"External" rate. This was determined to be 0.55 nonsynonymous mutations/Mb (=1.2
mutations per Mb non-coding diploid DNA x 0.5 nonsynonymous mutations per
mutation in non-coding DNA x the fraction of diploid tumor DNA [1 - 0.16] + 0.6
mutations per Mb non-coding haploid DNA x 0.5 nonsynonymous mutations per
mutation in non-coding DNA x the fraction of haploid tumor DNA [0.16], i.e., 0.55 =
[1.2x0.5x[1-0.16] + 0.6x 0.5 x 0.16]). As noted in the text, the External rate for

breast cancers was assumed to be 0.33 nonsynonymous mutations/Mb.

To estimate the passenger mutation rates from the synonymous mutations discovered
in the current study, we first determined the expected nonsynonymous to synonymous
mutation ratios. These were estimated in two ways. First, we calculated this ratio
based on coding SNPs identified in previous sequencing studies (S6) (S7). The ratio
of nonsynonymous (NS) to synonymous (S) mutations in these studies was 1.02. This
ratio may be an underestimate of the true passenger mutation rate because the
selection against NS mutations may be more stringent in the germ line than during

tumor development. We therefore also determined the NS:S ratio from the data

25



WO 2009/049166 PCT/US2008/079526

[73]

[74]

described in the current study in a manner similar to that previously described (88). In
brief, context-specific mutation rates were used to determine the expected frequency
of mutations that would create NS vs. S mutations. Each nucleotide of each codon
was mutated in silico to determine whether a particular change would result in a NS or
S change, thereby accounting for all possible changes to all bases of each codon. The
fraction of changes resulting in NS and S alterations were adjusted to account for the

type of base that was mutated, the base change that resulted from the mutation, the

immediate 5' and 3' neighbors to the mutated base, and codon usage. Through

analysis of all RefSeq genes, we determined that the expected NS:S ratios were 2.41
and 2.65 in colorectal and breast cancers, respectively. As noted in the text, these
theoretical estimates provide an upper bound to the true mutation rate because they do
not take into account the fact that nonsynonymous mutations that retard cell growth

will be selected against during tumorigenesis.

The products of these ratios and the observed synonymous mutation rates in each
screen yielded two different estimates of the passenger mutation rates, termed "SNP-
based" and "NS/S-based,” respectively. For example, the rate of synonymous
mutations in the colorectal cancer Discovery Screen was 0.97 mutations/Mb. The
SNP-based passenger rate was therefore estimated to be 0.99 NS mutations/Mb (=0.97
x 1.02) while the NS/S-based passenger rate was 2.35 NS mutations/Mb (=0.97 x
2.41). In the breast cancer Discovery screen, the rate of synonymous mutations was
1.37, leading to SNP- and NS/S-based passenger rates of 1.40 and 3.62 NS

mutations/Mb, respectively. Different rates of synonymous mutations were observed

in the various screens employed in our study, likely reflecting biologic differences in

the samples analyzed. In the colorectal cancer Validation screen, the SNP- and NS/S-
based passenger rates were estimated to be 1.44 and 3.41 NS mutations/Mb,
respectively. In the breast cancer Validation screen, the SNP- and NS/S based

passenger rates were estimated to be 0.74 and 1.91 NS mutations/Mb, respectively.

Computational analysis of mutations. Each missense mutation was analyzed by
calculating a Sorting Intolerant From Tolerant (SIFT) probability (S9) and a 10gRE-
value score (S10). SIFT was installed and run locally and only probabilities from

variants with a median sequence information of <3.25 are listed in table S3.
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Alignment files were generated using the October 2006 UniProt database. Mutations
with a SIFT score ~0.05 are associated with a false positive rate of 20% (S9). Pfam-
based LogRE-value scores were derived from expect values provided by the HMMER
2.3.2 software. The Is mode was used to search against the Pfam protein family
database. LogRE-value scores were calculated as log10 (EvariantlEcanonical) only
for canonical domains with expect values less than 1. In cases where multiple Pfam
domains were found to overlap a single variant, the domain with the largest (i.e., least

significant) LogRE-value score was used.

Structural modeling of mutations. For each somatic missense mutant identified in a
breast or colorectal tumor sample, we applied a protocol developed for the LS-SNP
large scale SNP annotation web service (S11). The UCSC Genome Browser API
library was used to extract all human UniProt protein sequences that aligned with the
genomic address of each mutant. Protein structure homology models for each
sequence were then built with MODPIPE and MODELLER (S12-15). The MODPIPE
pipeline identifies x-ray crystal structures ("templates") of proteins homologous to
each protein sequence of interest By building a PSI-BLAST profile (using 10 iterations
and E-value cutoff of 0.0001) and aligning the profile to a library of candidate
template sequence profiles with IMPALA (S16, 17). Homology models are built with
MODELLER for all sequence-template matches with statistically significant
alignments (E-value < 0.0001). Amino acid residues that are near binding surfaces (at
the interface of the protein and its ligand or at the interface between two protein
domains) are often functionally important. Therefore, each template protein structure
was checked for positions that are within a short distance of small molecule ligands

(<5.0 A) or adjacent protein domains (<6 A) using the LIGBASE and PIBASE

databases (S18, 19). All missense mutants that aligned to one of these "ligand-

binding" or "domain interface" amino acid residues in the template structure were
identified using the sequence-template alignments constructed by MODPIPE. If a
missense mutation aligned to a binding or interface residue in a template protein

structure, it was annotated as a binding or interface residue.

The LS-SNP score was calculated by a soft margin support vector machine trained on

disease and neutral mutations annotated in UniProt (S15) with predictive features
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described previously (S11). Negative LS-SNP scores predict a deleterious missense
mutant while positive scores predict a neutral missense mutant. The absolute value of
the score provides a confidence measure for the prediction. In a three-fold cross-

validation test, the classifier yielded a false positive rate of 33%.

Differences in CAN-genes between Sjoblom et al. and the current study. Sjoblom et
al. reported a total of 191 CAN-genes while 280 CAN-genes are reported in this
study. This difference is due to the following factors:

1. A major difference was that we discovered 114 new CAN-genes among the
RefSeq genes analyzed in the current study. These genes were not included in

the CCDS gene database and were not analyzed in the Sjoblom et al. study.

2. One of the breast cancers used in the Validatioﬁ cohort of both Sjoblom et
al. and the current study (BB23) was found to have more than six times the
average number of synonymous mutations and more than ten times the average
number of total mutations identified in the other breast cancers, presumably
due to a higher passenger mutation rate. Because of the greater difficulty in
interpreting the significance of mutations in tumors with abnormally high
passenger mutation rates, we excluded all mutations identified in this tumor.
This was a conservative measure, as a subset of these could have contributed

to tumorigenesis.

3. CAN-genes were defined differently than in Sjoblom et al. In the current
study, CAN-genes were simply defined as those in which at least one
nonsynonymous mutation was discovered in both the Discovery and
Validation Screens and whose length-dependent mutation rate exceeded a
threshold (see section on Statistical Analyses of CAN-genes below). This
definition emphasizes that CAN-genes are simply candidates that require
further evaluation to implicate them as causal contributors to neoplasia. A
new statistical method to determine the likelihood that each CAN-gene is
mutated at greater frequency than expected by chance is presented in the

current study (see below). However, the frequency of mutation among tumors
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is not the only criterion that can be used to help assess the relevance of
mutations in cancers. Other bioinformatic methods to help prioritize CAN-

genes for future research are described in the text and in tables S4 and S5.

4. Whole genome amplification (WGA) with 929 polymerase was used in
both Sjoblom et al. and in the current study to obtain sufficient DNA for
samples in the Validation Screen. However, we recently found that WGA can
produce a small fraction of artifactual mutations, even when as many as five
WGA reactions are pooled together and used as templates for PCR (as was
always employed in our studies). Analogous problems with WGA have
recently been independently observed by others (S20, S21). We therefore
confirmed mutations present in WGA samples by analyzing non-amplified
samples from the same tumors whenever possible and excluded those that

could not be confirmed from tables S3 and S4.

Statistical Analyses of CAN-genes. The statistical analyses focused on quantifying
the evidence that the mutations in a gene reflect an underlying mutation rate that is
higher than the passenger rate (S22-25). The basis of this quantification was an
Empirical Bayes analysis (S26) comparing the experimental results to a reference
distribution representing a genome composed only of passenger genes. This was
obtained by simulating mutations at the passenger rate in a way that precisely
replicated the two-stage experimental design. Specifically, for the Discovery phase,
we considered each gene in turn and simulated the number of mutations of each type
from a binomial distribution with suécess probability equal to the context-specific

passenger rate. The number of available nucleotides in each context was the number

~of successfully sequenced nucleotides for that particular context and gene in the

samples studied in the Discovery Screen. When considering base pair substitution
mutations, we considered only nucleotides-at-risk, i.e., those nucleotides that could
result in a non-synonymous mutation when altered. For example, missense mutations
at the third position of many codons would not result in a nonsynonymous mutation so
were excluded from consideration. For all genes in which at least one mutation was
generated in this simulation, the process was repeated, this time with the number of

samples used in the Validation Screen. In the simulations employing the SNP- and
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NS/S-based passenger rates, different passenger mutation rates were used in the
Validation and Discovery stages of the simulations for the reasons described above
("Estimation of passenger mutation rates" section). We finally applied to the
simulated data the same threshold that was applied to the experimental data, that is,
we included only genes whose mutation rates were >15 and >6 mutations per Mb of
successfully sequenced nucleotides for genes whose coding exons were greater or less

than 10 kb, respectively.

Using these simulated datasets, we evaluated the passenger probabilities for each of
the CAN genes. In Sjoblom et al., we calculated a false discovery rate (FOR) for
groups of genes that had CaMP scores above a threshold. The FOR estimates the

proportion of true passenger genes among a group of genes which may contain both

-passengers and nonpassengers. In contrast, the passenger probabilities calculated here

(tables S4A and S4B) represent statements about specific genes rather than about
groups of genes. The passenger probability is therefore more informative, when
considering individual genes, than the false discovery rate. It is obtained via a logic
related to that of likelihood ratios: the likelihood of observing a particular score in a
gene if that gene is a passenger is compared to the likelihood of observing it in the real
data. The gene-specific score used in our analysis was based on the Likelihood Ratio
Test (LRT) for the null hypothesis that, for the gene under consideration, the mutation
rates are all the same as the passenger mutation rates. To obtain this score, we simply
transformed the LRT to s = log ;o (LRT). Higher scores indicate evidence of
mutation rates above the passenger rates. The approach for evaluating passenger
probabilities is the same as that described in Efron and Tibshirani (S21). Specifically,
for any given score s, F(s) represents the proportion of simulated genes with score
higher than s in the experimental data, Fy is the corresponding proportion in the
simulated data, and py is the estimated overall proportion of passenger genes
(discussed below). The variation across simulations is small but nonetheless we
generated and collated 1600 datasets to estimate Fy. We then numerically estimated
the density functions f and f; corresponding to F and F, and calculated, for each score
s, the ratio Pofo(s)/ f(s), also known as "local false discovery rate" (S26). Density

estimation was performed using the function "density" in the R statistical
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programming language (S27) with default settings. An open source R package for

performing these calculations is available from the authors as well as from Science.

The passenger probability calculations depend on an estimate of po, the proportion of

true passengers. Our implementation seeks to give an upper bound to po and thus

provide conservatively high estimates of the passenger probabilities. We start by
constructing histograms of the observed and simulated values of 10g(LRT) for all
genes in RefSeq, using bins of one unit. Consider the bin ranging from 0 to 1, which
is composed mostly of genes with no mutations. Suppose that there are 1000
experimental genes and 1050 simulated genes in that bin. The 1000 genes include
both passengers and non-passengérs, while the 1050 genes should contain only
passengers. Thus we can conclude that the number of passengers in the simulated set
is too large and that py is at most 1000/1050. Because this argument can be applied to

all bins, we can estimate Po to be the reciprocal of the largest ratio between the

.simulated and observed bin counts. Estimates of po were found to be stable over a

wide range of bin sizes. This method is an adaptation of the approach proposed in
Efron and Tibshirani (S26). In their approach, bin counts are modeled as a function of
the scores using Poisson regression. In our case, a similar smoothing was achieved
more simply by binning similar score values. We also constrained the passenger
probabilities to change monotonically with the score by starting with the lowest values
and recursively setting values that decrease to the next value to their right. A detailed

mathematical account of the main analytic techniques used is provided in (S28).

The cancer mutation prevalence (CaMP) score was introduced in (S1) and described

in additional detail in (S28). For each CAN-gene, we calculated the probability pg of

observing its exact mutation profile given the assumed passenger mutation rate. The

mutation profile of a gene refers to the numbers of each of the 25 context-specific
types of mutations in that gene (e.g., C to T transition mutations at 5-CpG-3' sites are
one type). The CaMP score is defined as the negative log of pg divided by the relative
rank of pg among the CAN-genes. For visualization purposes in Fig. 3, all genes
with CaMP scores <9, as determined with the SNP-based bassenger rate, were
represented as hills of the same dimension. The CaMP scores calculated for each

colorectal and breast CAN-gene are provided in tables S4A and B, respectively. To
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compute CaMP scores in the SNP- and NS/S based passenger rate scenarios, we

defined the pg as the product of two separate binomials for the two stages.

Analysis of mutation prevalence study. As described in the text, we experimentally
tested 40 CAN-genes in a separate cohort of 96 cancers. Finding several additional
mutations in these genes can provide strong evidence that they are mutated at rates
higher than the passenger rate. Because the process of selection of these 40 genes for
further study could not be easily represented in terms of mutation counts, it was
difficult to generate reference distributions such as the ones used to compute
passenger probabilities for the Discovery and Validation Screens. We therefore chose
an analytic method that was insensitive to the selection process. In table S5, we report
the a posteriori probability that the mutation rate for each gene studied was above the
passenger rate. For this we used an Empirical Bayes estimate of the probability of the
gene being a passenger to be the prior. This was constructed as for table S4A. For
each of the 40 genes in the mutation prevalence study, we then computed a Bayes
Factor, based on the results of the mutation prevalence study alone, for the hypothesis
that the gene was mutated at the passenger mutation rate. Computation of the Bayes
Factor requires specification of a prior distribution of mutation rates that corresponds
to the alternative hypothesis. To construct this distribution, we assumed that, for each
of non-passenger gene, the 25 non-passenger mutation rates followed Gamma
distributions. These are further assumed to have the same shape parameter and scale
parameters set so that the mean non-passenger rates are equal to the corresponding
passenger mutation rates multiplied by a single scaling factor common to all contexts.
The shape parameter and the scaling factor were estimated empirically from the set of
CAN genes as follows. Drawing from the probabilities in table S4 we randomly
assigned each gene to a true status of either passenger or hon—passenger. We then fit,
by maximum likelihood, a Poisson-gamma model in which mutations had a Poisson
distribution and gene-specific mutation rates had a gamma distribution. Finally,
Bayes' rule was used to combine the prior and Bayes Factor into the posterior
probabilities reported in table S5. This method controlled for multiple testing via the

prior distribution.

32



WO 2009/049166 PCT/US2008/079526

[83]

[84]

Analysis of mutated gene pathways and groups. Four types of data were obtained
from the MetaCore database (GeneGo, Inc., St. Joseph, MI): pathway maps, Gene

Ontology (GO) processes, GeneGo process networks, and protein-protein interactions.

' The memberships of each of the 20,857 transcripts in these categories were retrieved

from the databases using RefSeq identifiers. In GeneGo pathway maps, 21,252
relations were identified, involving 5,175 transcripts and 362 pathways. For Gene
Ontology processes, a total of 33,797 pairwise relations were identified, involving
11,473 transcripts and 2,809 GO groups. For GeneGo process networks, a total of
27,312 pairwise relationships, involving 8,157 transcripts and 115 processes, were
identified. The predicted protein products of each mutated gene were also evaluated
with respect to their physical interactions with proteins encoded by other mutated
genes as inferred from the MetaCore database. For each group in each of these four
categories (pathways, GO Processes, GeneGo process networks, and protein-protein

interactions), transcripts were combined into genes and several statistics were then

‘calculated. First, we calculated the total number of nucleotides within each group that

were successfully sequenced in our study. The total number of NS mutations
observed in the study in each category was then tallied. The number of NS mutations
observed, the number of nucleotides successfully sequenced, and the passenger
mutation rates were then used to evaluate the probability of observing as many
mutations as observed in the group, or more, using a binofnial distribution (group P-
value). The passenger mutation rate used for these calculations was the average of the
estimates for the Discovery Screen (1.56 nonsynonymous mutations/Mb for both
colon and breast; see above section on "Estimation of passenger mutation rates"). The
group P-values for observing the number of mutations were calculated in the R
statistical environment and subsequently corrected for multiplicity employing the

Benjamini- Hochberg algorithm (S29) with an alpha of 0.05.

We next determined whether any of the groups found to be significant in terms of the
total number of mutations in the group were also significant with regards to the
number of mutated genes. This second stage excluded groups in which one or a few
genes in the group (such as TP53 or APC) accounted for most of the mutations in that
group. For each group, we counted the number of genes sequenced and the number of

genes mutated in the study. The significance of association between belonging to a
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group and being a CAN-gene was assessed with a chi-square test using an alpha of
0.05. Because this second stage considered only those groups that were found to be
statistically significant in terms of the total number of mutations (as described in the
paragraph above), no further penalties for multiple comparisons were applied. Groups
that were statistically significant in both analyses (i.e., by total number of mutations

and by total number of genes with mutations) are listed in table S6.
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We claim;

1. A method of diagnosing breast cancer in a human, comprising the steps of:
determining in a test sample relative to a normal sample of the human, a
somatic mutation in a gene or its encoded cDNA or protein, said gene selected from the
group consisting of those listed in Fig. 10 (Table S4B).
identifying the sample as breast cancer when the somatic mutation is

determined.

2. The method of claim 1 wherein the mutation is selected from those shown in Fig. 8
(Table S3).
3. The method of claim 1 wherein the test sample is a breast tissue sample or a suspected
breast cancer metastasis.
4. The method of claim 1 wherein the normal sample is a breast tissue sample.
5. A method of diagnosing colorectal cancer in a human, comprising the steps of:
determining in a test sample relative to a normal sémple of the human, a
somatic mutation in a gene or its encoded cDNA or protein, said gene selected from the
group consisting of those listed in Fig. 9 (Table S4A);
identifying the sample as colorectal cancer when the somatic mutation is

determined.

6. The method of claim 5 wherein the mutation is selected from those shown in Fig. 8
(Table S3).

7. The method of claim 5 wherein the test sample is a colorectal tissue sample or a
suspected colorectal cancer metastasis.

8. The method of claim 5 wherein the normal sample is a colorectal tissue sample.

9. A method to stratify breast cancers for testing candidate or known anti-cancer

therapeutics, comprising the steps of:

determining a CAN-gene mutational signature for a breast cancer by

determining at least one somatic mutation in a test sample relative to a normal sample of a
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human, wherein the at least one somatic mutation is in one or more genes selected from the
group consisting of Fig. 10 (Table S4B);
forming a first group of breast cancers that have the CAN-gene mutational
signature; _
comparing efficacy of a candidate or known anti-cancer therapeutic on the first
group to efficacy on a second group of breast cancers that has a different CAN-gene
mutational signature;
identifying a CAN gene mutational signature which correlates with increased
or decreased efficacy of the candidate or known anti-cancer therapeutic relative to other
groups.
10. The method of claim 9 wherein the at least one mutation is selected from those shown
in Fig. 8 (Table S3).
11. The method of claim 9 wherein the test sample is a breast tissue sample.
12. The method bf claim 9 wherein the normal sample is a breast tissue sample.
13. The method of claim 9 wherein the CAN-gene mutational signature comprises at least
2 genes selected from Fig. 10. Table S4B.
14. The method of claim 9 wherein the CAN-gene mutational signature comprises at least
3 genes selected from Fig. 10. Table S4B.
15. The method of claim 9 wherein the CAN-gene mutational signature comprises at least
4 genes selected from Fig. 10. Table S4B.
16. The method of claim 9 wherein the CAN-gene mutational signature comprises at least
5 genes selected from Fig. 10. Table S4B.
17. The method of claim 9 wherein the CAN-gene mutational signature comprises at least
6 genes selected from Fig. 10. Table S4B.
18. The method of claim 9 wherein the CAN-gene mutational signature comprises at least
7 genes selected from Fig. 10. Table S4B.
19. A method to stratify colorectal cancers for testing candidate or known anti-cancer

therapeutics, comprising the steps of:

determining a CAN-gene mutational signature for a colorectal cancer by
determining at least one somatic mutation in a test sample relative to a normal sample of the
human, wherein the at least one somatic mutation is in one or more genes selected from the

group consisting of Fig. 9 (Table S4A);
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forming a first group of colorectal cancers that have the CAN-gene mutational
signature;
comparing efficacy of a candidate or known anti-cancer therapeutic on the first
group to efficacy on a second group of colorectal cancers that has a different CAN-gene
mutational signature;
identifying a CAN gene mutational signature which correlates with increased
or decreased efficacy of the candidate or known anti-cancer therapeutic relative to other
groups.
20. The method of claim 19 wherein the at least one mutation is selected from those
shown in Fig. 8 (Table S3).
21. The method of claim 19 wherein the test sample is a colorectal tissue sample.
22. The method of claim 19 wherein the normal sample is a colorectal tissue sample.
23. The method of claim 19 wherein the CAN-gene mutational signature comprises at
least 2 genes selected from Fig. 9 (Table S4A).
24, The method of claim 19 wherein the CAN-gene mutational signature comprises at
least 3 genes selected from Fig. 9 (Table S4A).
25. The method of claim 19 wherein the CAN-gene mutational signature comprises at
least 4 genes selected from Fig. 9 (Table S4A).
26. The method of claim 19 wherein the CAN-gene mutational signature comprises at
least 5 genes selected from Fig. 9 (Table S4A).
27. The method of claim 19 wherein the CAN-gene mutational signature comprises at
least 6 genes selected from Fig. 9 (Table S4A).
28. The method of claim 19 wherein the CAN-gene mutational signature comprises at
least 7 genes selected from Fig. 9 (Table S4A).
29. A method of characterizing a breast cancer in a human, comprising the steps of:
determining in a test sample relative to a normal sample of the human, a
somatic mutation in a gene or its encoded cDNA or protein, said gene selected from the

group consisting of those listed in Fig. 10 (Table S4B).

30. The method of claim 29 wherein the mutation is selected from those shown in Fig. 8
(Table S3).
31. The method of claim 29 wherein the test sample is a breast tissue sample or a

suspected breast cancer metastasis.
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32. The method of claim 29 wherein the normal sample is a breast tissue sample.

33. A method of characterizing a colorectal cancer in a human, comprising the steps of:
determining in a test sample relative to a normal sample of the human, a

somatic mutation in a gene or its encoded cDNA or protein, said gene selected from the

group consisting of those listed in Fig. 9 (Table S4A).

34. The method of claim 33 wherein the mutation is selected from those shown in Fig. 8
(Table S3).

35. The method of claim 33 wherein the test sample is a colorectal tissue sample or a
suspected colorectal cancer metastasis.

36. The method of claim 33 wherein the normal sample is a colorectal tissue sample.
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table S1. Primers used for PCR amplification and sequencing®

PCT/US2008/079526

Gore somions  Giony  Ceomcpouen Dol Forvard primst saquancs! R e Reversa pimar vequencd
ASG INAL 1307862 1 chr1g:B355E581-53556615 172 MIICTCAGAAGTTCACCCTTTGLC [ ] YATGGCTGCTICTGTCASTSG
AISG HM_1307862 2 chriEIE56463-63556508 -ar K13-GAAGGACAAACACGGGAAGAG L3 TGCGTCTCATARACTGCAAGG
A13G NM_§307882 3 <hri 8RIS56105-63356575 -A2 GTGAGGTCTGGGAATGATGS 8 H1T-GGTGACTIGGAGGAAGGTAG
A1BG NM_130786.2 4 chr1F:63555460-63555733 -109 M13-CTCCATCCCTGTCTCCTTCAC 51 TCAGGATGAATGTEGTCATGE
AIBG NM_130788.2 £ AwiBBISS4558-51554855 <103 N13-0AAGGGTGITCCTGGGATTG "5 AMGTTGGTATTGGACCCTGE
AIBG NM_I307882 L} chr19:63553547-62553020 -S4 ‘AGAGTCAGCCAAGSGCAAGAG (24 K13-GACGECCAAGGAMGAGG
A1BG NM_1X0788.2 7 cAriSE3550520-63550818 -3 ACAGGGAAGATGAAGCCG 13 13-GAGACCCASCGCTAACGAG
Al Nu_wu.i L ] A 9835501 90-83550207 L] M3I-GATTIGCGCGAGGAGGAG 208 ACCCATCCACTTTGAGGACAC
A28P3 NM_{45894.1 H chi15:7323003-7323080 -107 MI3-ATTTGGCTCCCAGCTTTGTAG 106 CTICTCACTGACTACGCGAGS
A2BPY NM_145881.5 2 chr167508143-7508352 =TS GATCTGGOAGCMGGTITCTG n MIZ-AGAGTCCCTGGGTAGATEGG
ABPY HM_145891.1 3 chriBTSR779-7560923 183 CACCCAGTGBACGCTCAG 53 M13-COCAAMCTTACATGAGACAGGG
A RM_145491.% 4 chriGTR7245-7577303 23 IS ATGGACGTGGGAAMEAATTAC AL ACTGAACCCGATGTCTITCC
A28P1 HM_t45891.1 s chriGTSISSS1-TS85644 =120 N1CATUTTACAGAACTGAAGCCAGG n ‘CATACAAGACGCCAATGATGC
A28P1 NML_145801.1 8 chriSTSITITI-TSATA34 -15) MISTTTGTYATGCACCTACTGCCTIT - AMGACAGTGTCAATGCCCAG
A28P1 NM_145881.3 7 <hr185:7597287-7597341 -i33 CCRAMEGACALCTCCYTTAC ne MIL-TTGCCCAAGBAAYCATTCAG
APt NM_143891.1 a chriG7R20605-7620688 35 TCATTICTCTACATTYCYICGG 97 M13-CECAATECTGACGGATCTAAC
A2BP1 NM_145891.1 9 CAri&7643947-7643950 ~190 TCATCCTCTCTGGAGTCCCAC ” MIS-AGTGAAGACCATCATGCGCTS
A28P1 NM_345891.1 10 Ari&TE51559-7651502 176 AMTGTITGYCGATGLCCAG kL) M1-TACAGGGATAGCCACCTCACS
AZ8P1 NM_145091.1 " ChIIRTEEETTS- TE85841 E 4 MI3-GATTTOGATAACAGCTGCTCTG 121 ACGTTCACCATGGGACCTAAC
A28P1 NML_145891.8 12 chri6:7699058-7699134 128 MISAATTTGCTTCTCACTGGAAGATG ™ TTMGGGGAAGTGAGAGGALD
A28P1 NM_145491.1 13 chri@:7700625- 7700748 437 MIJ-AATGACCTGGGATGGGTAGG 220 AMCYCCTACAGCCAGCAACS
A28P1 NM_t45881.1 12 chBYRINZ-TERIT0 -n RISATCOBAAGCAATTGGCAGAGAS 159 TAYICATCTTATATGGCAGAGCC
A28P4 RM_945891.¢ 14 chr18:7700625-7700626 <137 AAYCACCTGCOATGGETAGE = AL lmmﬁw
AN NN_000014 1 S 2ABISIE25-N8T12 -3 M13TITGGGACCACATGGATIGTAG 195 CCTTABGAAGGCTTTGCATATTAG
AN NM_000014 2 hrZH 52228157408 159 TICTTATGCATGGCCTTCAAC a MIXTGCAGTTCTTAGCAACCTCCE
AN NM_000014 3 chr12:9156239.91581388 81 MILTCCAGGGAAGAGTGCAACAG in ECARAGTAGGCLTGTAGGCTS
N RA_000014 4 hH2:9156021-9155074 24 MISCGAGGACAGTCTAGTCTTTGTE n TCTICCTSTCCCTARYCTTES
A NR_000014 13 chriZS4176-8154197 21 CATGCCYGTATCAATAAATGTAGT 103 M1XGGGAGTTTGAAGGCTTCTCCT
2N NU_000014 ] chr12:9153720-9153858 169 M13-GCCTTCAAMGYCCCATAGAGC TS CATGGGAAATGRAMEGACTCS
A2 NM_0000t4 ? chri2H153183-5153283 -185 MISTGAMTETTCATITGAGAGOAGG 8 TITGTATTGCCACTOCTCC
2N NM_000014 a chri29151386-9151507 s MISAGCAGAGGRAAGTACAGACAGS 15 TCTGAAACACTCACAATGAGT
A2k NM_000014 9 SUT29150353-9150458 78 MIFTCACACCGBTTATCTGACCAC 1350 GACTGCCTICCAGYCAATTCC
A2 HM_00X54 10 chri2:0150008-9150208 169 CCCABATCCAAGAAGAAGGAA e MISGTGACTTGTACAATGCTATTTCAA
A NM_000014 " chri2:9148101-9143268) -120 MI13-GTCCTCAGTGECTGGAACT "4 CCTTCAATCGOTTICTAATIGE
AN NM_-000014 12 chr{2:3145305-9148537 178 16 CATOCCTACATITGAAGCAS 53 TCTAAMMGAGCTTCATGATTACTTGCTC
AR NM_000014 13 chr12:0145008-21 45070 Biil TCTTGAGGTGAATTATTIGCCG m MI3-COAAAGAATTTATYCATTCATGTGAC
AZd NM_000034 A2 chri2:9143243- 0143306 =181 ATGAGAGGASAGAGGGCTTIG "7 MIZ-CTGCCACTACCTTGCTGAATG
AN NM_000014 15 chri2:91424689-9142519 n M13-CTCTACAAATICGAGTRAATG 133 TTCCYTACCAATGAAAGCCCA
2N HM_000014 16 chri2:9139401-0128563 -83 AGAGCGAGACTCCATTTCAA » MI3-CCTCAACTAGGACATGAAGGT
AzZM NM_000014 17 chii29138835-5138947 -2 MI3TGGATTGCTIUTCAMTTCAA 165 CABCCTAACACATSTACCTCCN
AN NM_000014 18 ITNATII7-SITAC 158 AGAAGETTTCCTIGATGACGE "”s M1S-CAATGTGAGGTAATGGATGTGTT
AN RM_000014 19 chri2:$135063-93352802 <153 TTCCCATCTCAATCCTTGATTA 149 M13-TGCTTTATGGTGCAATTITAGT
N NM_0000T4 20 chrIZOTIMTISIIILS -108 TGABGCAACCTGAAATCTAACC 7 M13-AAATCGEAGCATCTAGTGRTC
A4 NM_000014 21 cht12:9133784.9133836 -1 NIFTTCCGTTCCTGEITETGTAT 104
A NML_000014 n chr12:0133062-0133114 -166 MI3-TGCATCGAACTACCTCTTACG 102 MIGCATTGATGGTGCTTCAG
A2 NM_000014 23 A2 208512040 -B0 M13-GGCATAGTCCTABCITCTGGE 107 CAAGCCCAAMGAAGAAGAGAAG
AR NM_000014 4 <hr12:5122501.9123578 ~$d6 TTGCTITCAAYCATACTTCTATCCE 138 M13-GGAGGTTGBAGAGTGGATAGYTTC
AN NM_D00014 25  chri2:a1231059123104 TS MIFAGGAMCTATCCACTCTCCAACC 132 TCTGATIACCTIGCTAATCTTGGTG
A2M NM_D00014 26 hZM2I563-9121720 =75 GAABCCTOTTGCTSTGAAGTG - [ MIS-TCCTCTGAGRETTTCCCTTIAG
A2 HM_000014 n AI29121208-9121283 ~108 GGGATGGATATGGGTAAGGATG 105 M13-GTACTGUCATTGCATAGAMG
AR NM_000014 22 Ar129120618-0120789 8 H1I-TGTOATCCGTGTATTIGECTS & CACAGGAGGTAGGAGTOAGGS
M NM_000014 2 ArI2:0118422-0118648 -3 ‘M13-GGCTTGBOTACYTTCACCYIG 159 TYTGGCCCTCTTTGACTTTG
A2M NM_000014 30 hITHESIENIETI £ 3 MIFAGTCCCTCACATGRATCTITG -3 GTCCACGTCCCTAACCCTITC
AN HM_000014 i chri2 1162219116349 < M13-TCAGAGAAAGGGTTAGGGACS 157 TCCTGGATGGACAATGTAAACC
AN ‘NM_000034 a2 chri2H114350-91 14441 -5 MIRGCTGTGGAATGCTTAACATGO 25 GCAGGAACCTGCTGACAATS
A2M NM_000014 a3 c128913607-9113678 17 AAAGCATTTOAAGAATYCTACCCTC 20 MIXTTCTCAAMTTTCTAGCATGGAAGTG
A NM_000014 34 chri29192602-9142705 A4 TCTGCACAATITAATTAAGGACCC 54 HI2-CCCAACACATCTCLTAMEETS
A NM_000014 3 chr{2:9112045-91 92087 -5 CTTCCTTGACLTGTATCCCAC 156 MIFTAAGGTTIGACAGAGYCAGCG
AN HM_D00014 38 chAIZ0111685-9111702 -188 GATTGCTTATGGGTAATGATTTGG 119 M13-TTOAATGARCAGGAACAGGS
ALGALT RM_0174364 1 ch22:43413393-41414455 281 MI3OTCTOTCGLAGAGAGTGGAAG 288 ABCACATGAACAGGAAGTTGG
MBALT WN_0I74354 1 hQET433IFA41414455 "t ATCTACTGGCACGTIGTGGG 570 MIMAACAATGAAGTCCGTGTCCAG
MGALT NM_O17436.4 1 h22:41413383-41414455 7 ATAACCTGCCAGCAGAGATCC 71‘ HMI3GATCCASCCGTTGTAGTRGTC
MGALT B_0174364 1 224 141339347414455 84 CATIGTTCTCAAGAACCYGLG 29 M13-CACACGTGGACAGCATAGATG
MOALT NI_01T4384 1 ChR2AT413383-41414435 708 ACTTCGTGGACCACTACAACG 120 M1-CTCCCACAGCTCCTCAACAS
AONT KM_016181.1 1 chri:138332388-129332706 35 TGATTTAAGGAGCAGGCTGS % M13-TCTCCGACCTBAGTCCTTIACG
MCNT NM_Ot6181,1 1 chr139025603-135326418 13 ‘M13TGGGAGCTGGCTYCTTTAAG 434 TGCAGGGCATAAGAGACATTG
ALGNT NM_oé1e1.1 2 Srd:38925503-1 39328418 ] ATCATCTGAAMYACGBTSGC 2 M13-GCAGCAGCAMETAGTATTAG
ALGNT NM_otef6t.1 2 chrd:139325808-13032¢410 08 GAAGACTTCCAGGAGGTBAGC 100 M13-CTGACATTTGAGAGGCAACCC
AMY NM_20728% T T MEE4I50-34584405 149 M1>GTGTGGTACCTACTGCCC 122 CACGACACAMCATCTCCCAC
AL HM_207288 1 STSTOI25-345TOR50 =110 MIXTGCCTACCACATGCTAACCAC 164 GOGTCTAATCCTGGAGACCTCG
AAAY NN 207284 1 CTMSTISEIIM5TISN =2 RIITTICTICCCTITGCTTICACAG 208 TAAGAGGAGCCAGTGTGATGC
AAAL NM_207238 2 CINT3AS41SI5-2454 1660 ~145 TTCTICTCTTGGAAGCTACAG 110 M13-CCAYCCAAGCAATTAAMCAGG
AL NW_207285 3 CNT4STI0IE-34517051 288 TCCAMIAGCAGAAGYCCTITC s MIPACGTICAGCAAGGGAGGTAAG
AART N 207263 3 che734458147-34456200 -182 CCTCTOCACTITETIGLTETG ™ M13-CTCCAGTCTTACCAALCTAGT
AL NI&_207284 3 chT3425785- 34420855 144 M3 TGTCTAAGCCAATGTCGTGAA A4S GAGATTCAATGCAATCCCYAT
ARAY NM_207287 3 ST ICDITT4230524 BT M13-TCTGACCTAATCTTCATTGCAGS i) TGTGGATCAGAAGTCCAGGE
3

AAAT NM_207285 7 4BZETIIAB271Y ~11% MI3-GCCCTRAATTATTTCTTGOATS 107 AATTGCCAMCCTGGTCACTAG
“Whan » guna gives e to multipls ianscripls, the prises for shared axens ars Estad Lader ON)Y ol m- 2 Mnﬂmnlhqllhnlﬁ»wnmmwum:mﬂtmrm TPosionolthe 5
¢ D exon. $UrIkn 'ty prime? ralativs £ the firat base of e exon. Plus signs lndicels pesiton of the 3 end of the
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table $5. Summary of mutation prevalence study

Nonsynonymous pagsenger Passenger Passenger

Gene name Accession ,,o,,s;:;:;mou mutations in 96 probability Probabllity Probability

number s mutations’ additional Extemalf SNPT NSISt
tumors

ABCA1 NM_005502 4 1 0.75 0.95 0.96
ACSLS NM_016234 2 o 0.39 0.74 0.95
ADAM19 NM_033274 2 0 0.62 0.87 0.95
ADAM29 NM_014269 2 0 0.30 0.69 0.94
ADAMTS18  NM_199355 5 2 0.00 0.07 0.82
ADAMTSL3  NM_207517 9 5 0.00 0.00 0.03
APC NM_000038 171 138 0.00 0.00 0.00
C100rf137 NM_015608 3 0 0.20 0.73 0.94
CNTN4 NM_175613 3 1 0.02 0.17 0.88
EDD1 NM_015802 4 1 0.89 1.00 0.95
EPHA3 NM_005233 10 6 0.00 0.00 0.00
EPHBS6 NM_004445 4 0 0.08 0.58 0.93
EYA4 NM_004100 2 0 0.27 0.62 0.95
FBXW7 NM_033632 14 9 0.00 0.00 0.00.
GNAS NM_000516 5 2 0.00 0.04 0.67
GUCY1A2 NM_000855 7 4 0.00 0.00 0.01
HISTIH18 NM_005322 2 0 0.07 0.31 0.96
KRAS NM_004885 79 62 0.00 0.00 0.00
LGRS NM_021636 3 1 0.05 0.33 0.94
MAP2K7 NM_145185 6 3 0.00 0.00 0.02
MMP2 NM_004530 5 2 0.00 0.02 0.61
NAV3 NM_014903 8 3 0.00 0.01 064
ORS1E1 NM_152430 4 1 0.00 0.01 0.28
PIK3CA NM_006218 28 23 0.00 0.00 0.00
PRKD1 NM_002742 5 3 0.00 0.00 0.39
PTEN NM_000314 4 1 0.00 0.07 0.48
PTPRU NM_005704 3 0 0.93 0.98 0.96
RET NM_020975 5 2 0.01 0.17 0.89
RUNXTT1 NM_175634 4 1 0.01 0.16 0.86
SCN3B NM_018400 2 0 0.09 0.34 0.90
SECSL1 NM_021807 5 2 0.00 0.03 0.63
SLC29A1 NM_004955 2 0 0.17 0.53 0.93
78X22 NM_016954 2 0 0.23 0.58 0.95
TCF7L2 NM_030756 10 7 0.00 0.00 0.01
TGM3 NM_003245 4 1 0.02 0.18 0.91
TNN NM_022093 5§ 0 0.00 0.11 0.81
TP53 NM_000546 79 61 0.00 0.00 0.00
UHRF2 NM_152896 2 0 041 0.77 0.95
UQCRC2 NM_003366 2 0 0.1 0.38 0.87
ZNF442 NM_030824 2 ) 0.17 0.54 0.90

*Number of mutations found in the entire dataset, i.e., those identified in the Discovery and Validation Screens plus
those found in the study of 96 additional tumors. In the study of the 96 additional tumors, eight synonymous
mutations in seven genes were identified in addition to the nonsynonymous mutations listed. 'Passenger
probabilities were determined for the entire dataset. Three different passenger probabiities are listed for each gene,
as these values depended on the assumed passenger mutation rate (see text of Supplementary Online Material for
details). The three values correspond to passenger rates based on extemal data ("External"), SNPs ("SNP") or
NS/S ratios ("N'S/S"). As noted in the fext, the External and NS/S-based rates are fikely to be underestimates and

overrestimates, respectively, of the true passenger rales.

Fig. 11
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