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(57) ABSTRACT

Numerous cancer fusion genes have been identified and stud-
ied, and in some cases therapy or diagnostic techniques have
been designed that are specific to the fusion protein encoded
by the fusion gene. However, there has been little progress in
understanding the general features of cancer fusions genes in
a way that could provide the foundation for an algorithm for
predicting the occurrence of a fusion gene once the chromo-
somal translocation points have been identified by karyotype
analyses. In this study, characterization of 59 cancer fusion
genes indicated that all but a small percentage of the genes
involved in fusion events are either relatively large, compared
to neighboring genes, or are highly conserved in evolution.
These results support a basis for designing algorithms that
could have a high degree of predictive value in identifying
fusion genes once conventional microscopic analyses have
identified the chromosomal breakpoints.

18 Claims, 116 Drawing Sheets
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Fusion gene Translocation Fusion gene Translocation
TEL/EVII MLL 1(6;11)(q27: g23)
PML/RARA MLL 1(6;11)(q27: g23)

1 unknown 1(15;16)(q13: q13) MLL/ELL t(11;19)(q23: p13.1)
MLL-AF10 unknown t(5;17)(ql3: q12)
AMLI-ETO unknown 1(11;12)(q13: g24)
PML/RARA AML-1/RUNX1 1(6;21)(q22: q22)

2 unknown 1(2;11)(p23: q23) RPNI1-EVII t(3;3)(q21: g26)

TEL/EVI1] unknown t(10;11)(p13: q13)
MDSI/EVII MLL/ELL t(11;19)(q23: p13.1)

RUNX1/MTGI16 unknown 1(6;11)(p23: q13)
MDSI/EVII unknown 1(4;21)(g22: q11.2)
unknown t(4;12)(p10: q10) unknown 1(2;17)(ql11.2: p13)
honerin unknown t(10;11)(p13: q13)

3 unknown t(1;11)(p36: q16) unknown t(1;9)(p31: g34)

4 unknown t(14;19)(q32: q13.2) unknown t(1;15)(p34: gq21)

5 unknown t(5;15)(q13: q13) unknown 1(3;13)(q21: q34)

IgH-ECR unknown t(3;12)(g26: q13)
AML-MTG16 1(4;21)(q22: p11.2)

6 1(16;19)(q24: q13.1) unknown t(3;12)(q26: q13-21)

7 unknown t(7;17)(q22: q12) unknown t(4;21)(g22: q21)

8 unknown t(5;19)(p11.2: q13.1) MLL-ELL 1(11;19)(g23: pl13.1)

unknown t(19;21)(q13.1q11.2)
unknown t(7;17)(q22: q12)

9 unknown t(3;12)(g21: q13)

unknown t(7,22)(g22: q13)

10 unknown t(5;11)(q13: g23)

MLL-ELL t(11;19)(g23: p13.1)
AMLI/RUNX1 t(8;21)(q22: g22)
AMLI/RUNX1 1(8;21)(q22: g22)
unknown 1(7;22)(g22: q13)
unknown t(7;22)(q22: q13)
unknown t(X;2)(q28: p11.1)
unknown t(7;15)(q36: pl1.1)
unknown t(1;5)(p32: q12)
unknown t(15;22)(q22: q13)

Figure 42.
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1
METHOD TO IDENTIFY CANCER FUSION
GENES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Patent
Application 61/073,211, entitled “Identification of DNA Seg-
ments Involved in Chromosomal Rearrangements”, filed Jun.
17, 2008, the contents of which are herein incorporated by
reference.

FIELD OF INVENTION

This invention relates to chromosome analysis. Specifi-
cally, the invention analyzes isolated DNA segments and
determines the possibility of chromosomal rearrangement
through genotypic characteristic analysis.

BACKGROUND OF THE INVENTION

Cancer results from uncontrolled cellular growth, due to a
breakdown of normal cellular responses and cell cycle path-
ways, characterized by the progressive accumulation of
lesions in the tumor genome. The number, severity and types
of'these lesions determine the biological properties of a given
tumor. Genomic rearrangements, often the result of a trans-
location, interstitial deletion, or chromosomal inversion,
account for the onset, development and progression of many
tumorigenic diseases and predispositions to such diseases.
Oncogenic fusion genes may lead to a gene product with a
new or different function from the two fusion partners or
upregulation of the gene product. Most fusion genes are
found from hematological cancers, sarcomas and prostate
cancer (Mitelman F, et al., “The impact of translocations and
gene fusions on cancer causation.” Nat Rev Cancer. 2007
April; 7(4):233-45. Epub 2007 Mar. 15; Teixeira M R,
“Recurrent fusion oncogenes in carcinomas.” Crit Rev
Oncog. 2006 December; 12(3-4):257-71) and lymphomas
(Vega F, Medeiros L J, “Chromosomal translocations
involved in non-Hodgkin lymphomas.” Arch Pathol Lab Med.
2003 September; 127(9): 1148-60).

Mostifnot all fusion genes have been discovered as a result
of pursuing to the specific goal of isolating a fusion gene
expected to be associated with a chromosomal translocation,
with one recent exception representing a more general
approach (Raphael B J, et al. “A sequence-based survey of the
complex structural organization of tumor genomes.” Genome
Biol. 2008; 9(3):R59. Epub 2008 Mar. 25). Karyotypic detec-
tion of translocations has been very useful for cancer
researchers, especially in identification of chromosomal
translocation. Clinically, the presence or absence of specific
translocations has therapeutic and prognostic implications.
More fundamentally, genes identified at the translocation
breakpoints are strong candidates for involvement in malig-
nant transformation (Sanchez-Garcia, 1. Anna. Rev. Genet.
1997 40 31:429-453). These translocations serve as markers
of the malignant state and can be either the cause or the
consequence of the transformed state. For example, the Phila-
delphia chromosome is a specific t(9;22)(q34;q11) transloca-
tion that fuses the B-cell antigen receptor gene BCR and the
45 ABL oncogene (De Klein A, et al. “A cellular oncogene is
translocated to the Philadelphia chromosome in chronic
myelocytic leukaemia.” Nature. 1982 Dec. 23; 300(5894):
765-7). This fusion is thought to represent the crucial event in
the development of chronic granulocytic leukemia. However,
this translocation can also appear later in the course of mul-
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tiple forms of leukemia. Solid tumors as well may have char-
acteristic translocations, suggesting that the development of
an unstable chromosomal state increases the likelihood of
translocations which in turn 55 increase the likelihood of
tumor progression (Rabbitts T H, “Chromosomal transloca-
tions in human cancer.” Nature 1994 Nov. 10;372(6502):143-
9; Sanchez-Garcia I, “Consequences of chromosomal abnor-
malities in tumor development.” Annu Rev Genet. 1997,
31:429-53).

Chromosomal rearrangements are involved in a multiplic-
ity of cellular events, which includes oncogenesis. The rear-
rangements can be detected microscopically, but determining
the segments of DNA actually involved in the rearrangement
is a tedious process, especially within a large DNA region.
There are as many as 50,000 of these rearrangements with
almost all having essentially unknown fusion points, i.e. the
precise DNA segments are still undetermined. These rear-
rangements are listed in what is called the Mitelman database
at an NIH web site, which contains over 50,000 case reports
all representing likely unique chromosomal rearrangements.
In all cases they are associated with some human pathological
condition, mostly cancer. In most cases, limited DNA seg-
ments defining the novel chromosome junctions are not
known.

The study of cancer fusion genes, arising from chromo-
somal translocations during cancer cell development, has led
to a much more sophisticated understanding of the basis of
cancer and to designer drugs specifically targeted to certain
cancers. For example, translocations that have fused the
c-myc gene with the IgH gene have led to the understanding
that part of the development of Burkitt’s lymphoma is due to
an abnormal and apparently perennial activation of the c-myc
gene, which in turn stimulates cell proliferation (Taub, R., et
al. “Translocation of the c-myc gene into the immunoglobulin
heavy chain locus in human Burkitt lymphoma and murine
plasmacytoma cells.”” Proc. Nat’l Acad. Sci. USA. 1982
December; 79(24):7837-41; Dalla-Favera, R., et al. Human
c-myc one gene is located on the region of chromosome 8 that
is translocated in Burkitt lymphoma cells. Proc. Nat’l Acad.
Sci. USA. 1982 December; 79(24):7824-7; Neel, B. G, et al.
Two human c-onc genes are located on the long arm of chro-
mosome 8. Proc. Nat’l Acad. Sci. USA. 1982 December;
79(24):7842-6) and the understanding of the structure of the
ber-abl protein, resulting from the fusion of the ber and abl
genes (Heisterkamp, N., et al. Structural organization of the
ber gene and its role in the Ph' translocation. Nature. 1985
Jun. 27-Jul. 3; 315(6022):758-61), led to the discovery and
use of Gleevec (Buchdunger, E., et al. Inhibition of the Abl
protein-tyrosine kinase in vitro and in vivo by a 2-phenylami-
nopyrimidine derivative. Cancer Res. 1996 Jan. 1; 56(1):100-
4; Druker, B. 1., et al. Effects of a selective inhibitor of the Abl
tyrosine kinase on the growth of Ber-Abl positive cells. Nat.
Med. 1996 May; 2(5):561-6), which efficiently retards the
progress of chronic myelocytic leukaemia without the side of
effects of less specific, anti-proliferative drugs. Moreover, it
is expected that fusion proteins may be used to generate
cancer specific immune responses (Chiarle, R., et al. The
anaplastic lymphoma kinase is an effective oncoantigen for
lymphoma vaccination. Nat. Med. 2008 June; 14(6):676-80.
Epub 2008 May 11).

Currently, chromosomal fusion cancer testing requires
laboratory personnel to identify the point of chromosomal
fusion by karyotype analysis, followed by fluorescence in-
situ hybridization (FISH) analysis of BAC clones to identify
DNA region involved. Finally, the genes, or regions, in prox-
imity to the BAC clone are analyzed for a fusion event using
mRNA-based assays, such as reverse PCR. Alternatively, a
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BAC library is created from cells possessing a translocation.
The end sequences of these clones are sequenced and ana-
lyzed by computer to identify any two “end sequences” that
are not on the same chromosome

A precise diagnosis is the first requirement for rational
therapy, since each individual patient, as well as each indi-
vidual tumor, has certain unique genetic traits. These differ-
ences in patients and tumors with similar phenotypic charac-
teristics may not have the same underlying genotypes, and
therefore, may respond differently to the same treatment. The
classical histopathological and clinical criteria used to assess
the likelihood of response to the most commonly used
modalities used to treat cancer and other diseases and disor-
ders are inadequate predictors of treatment efficacy. A case-
by-case approach to identifying fusion genes is inefficient,
with over 50,000 reported disease-associated chromosomal
rearrangements in the Mitelman database. Consequently,
there is a significant and unmet need for accurate diagnostic
methods that improve patient care and disease outcome.

SUMMARY OF THE INVENTION

The invention provides a means to analyze fusion inci-
dents, predicting, or at least substantially narrowing down,
genes involved in chromosomal arrangement detected by
light microscopy. The method requires the size of segments in
a DNA region be determined. To identify a segment of DNA
involved in a chromosome rearrangement, the largest genes
within the segment are determined. For example, if a micro-
scopic analysis reveals that the rearrangement has occurred
within a two million base pair segment, the largest three genes
in those 2 million base pairs is determined. After the DNA
segment size is known, the inventive statisical analyses are
applied.

Fifty-nine fusion genes were selected from the published
literature and the Atlas of Genetics and Cytogenetics in
Oncology and Haematology to determine whether these
genes have features in common that would distinguish them
from neighboring genes. This type of information offers the
ability to predict which genes, within the large regions
defined by karyotype analyses of chromosomal transloca-
tions, are most likely to be involved in a fusion event. The 59
genes involved in fusion events were analyzed to determine
which genomic characteristics the fusion genes share. The
common genomic characteristics were assessed to determine
the prognostic ability of using the genes to predict other
fusion genes within the genome.

The results indicated that, with a high degree of probability
and statistical significance, the majority of fusion genes are
either very large, compared to their neighbors, or have an
unusually high degree of evolutionary conservation, or both.
An algorithm was generated to calculate fusion events based
on these characteristics and the occurrence of the transloca-
tion events. Select large candidate genes were subjected to
PCR to test the prognostic ability of the algorithm on appar-
ent, unknown fusion genes associated with acute myeloid
leukemia (AML) chromosomal translocations and with trans-
locations in a variety of tissue culture cell lines. Analyses of
the data indicated that most known cancer fusion genes are
formed from relatively large genes, compared to neighboring
genes, or from genes that are highly conserved in evolution,
compared to neighboring genes. A quantitative assessment of
the expectations of identifying new fusion genes identified as
many as 32 new AML-related cancer fusion genes (Table 3)
using the size and evolutionary conservation parameters as
guides.
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Identification of gene-breakpoints without reference to
size or evolutionary conservation have indicated that the gene
density surrounding genes that form cancer fusion genes is
about 29 genes per 2 million base pairs. Thus, to generate a
PCR matrix of primers, such that primers representing all 29
genes from one chromosome participating in a translocation
were combined with primers representing all 29 genes from a
second chromosome, 29x29=841 assays would be necessary.
Each PCR assay would attempt to amplify cDNA from RNA
from a patient with a single, previously characterized trans-
location. Few of the translocation breakpoints are established
sufficiently precisely to narrow the gene region to about 2
million base pairs. Thus in most cases, more than 29 genes
will be candidates for participating in the fusion and more
primers would be required. But the above numbers provide a
comparison reference point for 32 translocations, ie, about a
total of 26,912 assays. Because the gene orientations are all
known, and would be revealed by simple inspection of the
human genome data representing the approximate position of
the translocation breakpoint and the p- or g-arm of the chro-
mosome involved in the translocation, only one primer, either
a 5' or 3' primer, would be needed to represent any given gene
in the PCR matrix.

The proposed approach indicates a 46% chance of identi-
fying a fusion gene by designing a PCR matrix where only the
5 largest genes are represented in the matrix, i.e., a PCR
matrix with 25 assays, with each assay representing mRNA
from cancer cells representing a single patient. This is
because there is a 67.8% chance that either one of the partners
will be among the top five largest genes (Table 1). Thus, for
thirty-two samples, there is the likelihood of identifying
about 15 cancer fusion genes with this approach, representing
a total of 32x25=800 PCR assays. In addition, an estimated
54% of the translocations could be pursued by application of
the evolutionary conservation parameter. For example, prim-
ers for the five most conserved genes in a DNA segment
representing a translocation breakpoint for chromosome A
could be combined with the primers representing the five
largest genes of chromosome B, and so on. This approach
would require 5x5 assay-matrix three more times to exploit
both evolutionary conservation and size parameters, leading
to the expectation of about more 12 fusion genes from 32
patient samples. The remaining 5 fusion genes could then be
identified by the expected 29x29 matrix representing a test for
100% of the possible genes in the two chromosomes at their
respective translocation breakpoints. The total number of
reactions, for all 32 patient samples, in this case, would be
about 6280, versus the 26,912 reactions needed without
application of size or evolutionary conservation parameters.

Testing was performed on 32 acute myeloid leukemia
(AML) samples (Moffitt Cancer Center tumor bank, Tampa,
Fla.), as seen in FIG. 42, where there is no information regard-
ing the AML-related fusion gene created by the transloca-
tions. Results are easily verified and cross-references using
other databases, such as PubMed (U.S. National Library of
Medicine, Bethesda, Md.), as seen in Tables 3 and 4. The
results demonstrate the relatively high frequencies of unstud-
ied translocations in current AML patients and the high like-
lihood of obtaining additional samples.

The proposed approach should lead to identification of 15
new fusion genes in about 46% of the above indicated 32
AML cases, which was expected based on results indicating
that about 68% of the fusion gene partners are among the five
largest genes in the region of the translocation breakpoint,
when there is an average gene density of about 20 and an
upper limit gene density of above 44, for 2 million base pairs.
This corresponds to a 7-fold enrichment in the above circum-
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stances. In situations where no fusion gene is identified by a
PCR matrix that covers the largest genes in two chromosomal
regions representing the two breakpoints for a translocation,
the top 17% most evolutionarily conserved genes are selected
and subjected to the PCR assay matrix. The testing is
expected to yield a total of 83% of the fusion genes tested.
Results of the 32 unknown AML translocations in Table 3
confirm these expectations. The tests were designed to verify
the algorithm for identification of fusion genes, which facili-
tates the inexpensive and technically straightforward large-
scale identification of fusion genes.

In specific embodiments, the algorithm is generated by
select translocations with chromosomal break points and
select largest 17% of genes for both chromosomal regions
involved in the translocation breakpoint. These selected
genes are subjected to a PCR assay matrix of patient sample
mRNA. The 17% most evolutionarily conserved genes for
one chromosome are then selected and matched with the
largest 17% of genes from the other chromosome, for a PCR
assay matrix. The selected genes are then focused on for
further testing. This method allows practical screening of the
general population for cancer fusion genes. This type of large-
scale screening has the potential of identifying cancer fusion
genes that occur in the absence of disease; and the potential of
early identification of cancer fusion genes that predict a high
likelihood of developing cancer. Further, an accelerated iden-
tification of cancer fusion genes will also improve public
health by providing for opportunities to design drugs specific
for the fusion protein and to monitor treatments and prog-
noses, with PCR-based monitoring tests that detect very small
numbers of cancer cells.

The present invention also provides methods and compo-
sitions directed to assessing or predicting whether a patient is
likely to respond to a particular drug or therapeutic regimen
by analyzing that patient’s genomic profile, for example, or a
region of the patient’s genomic profile that includes one or
more genetic or genomic loci of interest. The methods and
compositions of the invention are useful in determining a
therapeutic regimen for an individual patient, the preferred
therapy or therapeutic regimen being one that targets or treats
one or more physiological pathways affected by the genetic
rearrangements (e.g., one or more amplifications and/or dele-
tions) identified in the patient’s genomic profile, thereby ame-
liorating that patient’s condition. The methods and composi-
tions are useful in evaluating the suitability of a particular
therapy or therapeutic regimen for a particular patient. Cer-
tain embodiments of the present invention also assess the
likelihood of a patient’s response to a therapy that targets or
treats one or more downstream effects of chromosomal rear-
rangement at a particular genetic locus.

The present invention also provides a highly efficient
means to determine DNA segments involved chromosomal
rearrangements, and allows for an efficient means of screen-
ing genes, thereby allowing PCR tests for these rearrange-
ments. PCR primers can be designed to test each of these three
genes or to test potential mRNA fusions resulting from the
three gene fusions. If none of the top three sized-genes is part
of'the rearrangement, then select the top 7 genes, according to
species homology percentage peaks, over the 2 million base
pairs. The data indicates that with this follow up, there is
about an 83% chance of identitying the genes involved in the
chromosomal rearrangement. In sum, using this two step
procedure for any chromosomal rearrangement, there is only
about a 5% chance of not identifying a fusion gene or DNA
segment. Knowing the fusion points in chromosomal rear-
rangements could lead to mass population screening tools,
i.e., like a PSA test.
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6
BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference
should be made to the following detailed description, taken in
connection with the accompanying drawings, in which:

FIGS. 1(a) through 1(c) are spreadsheets on the RNA tran-
scripts for (ABL), and the transcripts on either side of the
known cancer fusion gene. The spreadsheet contains the exact
chromosomal coordinates represented by the fusion gene and
the surrounding genes. (upper right corner).

FIGS. 2(a) through 2(c) are spreadsheets on the RNA tran-
scripts for (AF4), and the transcripts on either side of the
known cancer fusion gene. The spreadsheet contains the exact
chromosomal coordinates represented by the fusion gene and
the surrounding genes. (upper right corner).

FIGS. 3(a) through 3(b) are spreadsheets on the RNA
transcripts for (ALK), and the transcripts on either side of the
known cancer fusion gene. The spreadsheet contains the exact
chromosomal coordinates represented by the fusion gene and
the surrounding genes. (upper right corner).

FIGS. 4(a) through 4(d) are spreadsheets on the RNA
transcripts for (BCR), and the transcripts on either side of the
known cancer fusion gene. The spreadsheet contains the exact
chromosomal coordinates represented by the fusion gene and
the surrounding genes. (upper right corner).

FIGS. 5(a) through 5(b) are spreadsheets on the RNA
transcripts for (BIRC3), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIGS. 6(a) through 6(e) are spreadsheets on the RNA tran-
scripts for (CLTCL1), and the transcripts on either side of the
known cancer fusion gene. The spreadsheet contains the exact
chromosomal coordinates represented by the fusion gene and
the surrounding genes. (upper right corner).

FIGS. 7(a) through 7(f) are spreadsheets on the RNA tran-
scripts for (CREBBP), and the transcripts on either side of the
known cancer fusion gene. The spreadsheet contains the exact
chromosomal coordinates represented by the fusion gene and
the surrounding genes. (upper right corner).

FIGS. 8(a) through 8(e) are spreadsheets on the RNA tran-
scripts for (DDIT3), and the transcripts on either side of the
known cancer fusion gene. The spreadsheet contains the exact
chromosomal coordinates represented by the fusion gene and
the surrounding genes. (upper right corner).

FIGS. 9(a) through 9(b) are spreadsheets on the RNA
transcripts for (DDX10v2), and the transcripts on either side
of the known cancer fusion gene. The spreadsheet contains
the exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIGS. 10(a) through 10(b) are spreadsheets on the RNA
transcripts for (DDX10), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIGS. 11(a) through 11(b) are spreadsheets on the RNA
transcripts for (ERG), and the transcripts on either side of the
known cancer fusion gene. The spreadsheet contains the exact
chromosomal coordinates represented by the fusion gene and
the surrounding genes. (upper right corner).

FIGS. 12(a) through 12(c) are spreadsheets on the RNA
transcripts for (ETV6), and the transcripts on either side of the
known cancer fusion gene. The spreadsheet contains the exact
chromosomal coordinates represented by the fusion gene and
the surrounding genes. (upper right corner).

FIGS. 13(a) through 13(d) are spreadsheets on the RNA
transcripts for (EWSR1), and the transcripts on either side of
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the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIGS. 14(a) through 14(5) are spreadsheets on the RNA
transcripts for (FKHRL1), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIGS. 15(a) through 15(5) are spreadsheets on the RNA
transcripts for (FLT1), and the transcripts on either side of the
known cancer fusion gene. The spreadsheet contains the exact
chromosomal coordinates represented by the fusion gene and
the surrounding genes. (upper right corner).

FIGS. 16(a) through 16(e) are spreadsheets on the RNA
transcripts for (FUS), and the transcripts on either side of the
known cancer fusion gene. The spreadsheet contains the exact
chromosomal coordinates represented by the fusion gene and
the surrounding genes. (upper right corner).

FIGS. 17(a) through 17(5) are spreadsheets on the RNA
transcripts for (JAZF1), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIGS. 18(a) through 18(5) are spreadsheets on the RNA
transcripts for (MALT1), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIGS. 19(a) through 19(d) are spreadsheets on the RNA
transcripts for (MLL1), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIGS. 20(a) through 20(e) are spreadsheets on the RNA
transcripts for (MLL11Q), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIGS. 21(a) through 21(5) are spreadsheets on the RNA
transcripts for (MLLT3), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIGS. 22(a) through 22(5) are spreadsheets on the RNA
transcripts for (MYST3), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIG. 23 is a spreadsheet on the RNA ftranscripts for
(NPM1), and the transcripts on either side of the known
cancer fusion gene. The spreadsheet contains the exact chro-
mosomal coordinates represented by the fusion gene and the
surrounding genes. (upper right corner).

FIGS. 24(a) through 24(b) are spreadsheets on the RNA
transcripts for (NTRK3), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIGS. 25(a) through 25(c) are spreadsheets on the RNA
transcripts for (NUP98), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIG. 26 is a spreadsheet on the RNA transcripts for
(PAX3), and the transcripts on either side of the known cancer
fusion gene. The spreadsheet contains the exact chromosomal
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coordinates represented by the fusion gene and the surround-
ing genes. (upper right corner).

FIGS. 27(a) through 27(b) are spreadsheets on the RNA
transcripts for (PAX7), and the transcripts on either side of the
known cancer fusion gene. The spreadsheet contains the exact
chromosomal coordinates represented by the fusion gene and
the surrounding genes. (upper right corner).

FIGS. 28(a) through 28(c) are spreadsheets on the RNA
transcripts for (PAX8v2), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIGS. 29(a) through 29(c) are spreadsheets on the RNA
transcripts for (PAX8), and the transcripts on either side of the
known cancer fusion gene. The spreadsheet contains the exact
chromosomal coordinates represented by the fusion gene and
the surrounding genes. (upper right corner).

FIGS. 30(a) through 30(d) are spreadsheets on the RNA
transcripts for (PML), and the transcripts on either side of the
known cancer fusion gene. The spreadsheet contains the exact
chromosomal coordinates represented by the fusion gene and
the surrounding genes. (upper right corner).

FIG. 31 is a spreadsheet on the RNA transcripts for
(PPARGC1A), and the transcripts on either side of the known
cancer fusion gene. The spreadsheet contains the exact chro-
mosomal coordinates represented by the fusion gene and the
surrounding genes. (upper right corner).

FIGS. 32(a) through 32(d) are spreadsheets on the RNA
transcripts for (RARAv2), and the transcripts on either side of
the known cancer fusion gene. The v contains the exact chro-
mosomal coordinates represented by the fusion gene and the
surrounding genes. (upper right corner).

FIGS. 33(a) through 33(d) are spreadsheets on the RNA
transcripts for (RARA), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIGS. 34(a) through 34(b) are spreadsheets on the RNA
transcripts for (RUNX1), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIG. 35 is a spreadsheet on the RNA transcripts for
(RUNX1TT1), and the transcripts on either side of the known
cancer fusion gene. The spreadsheet contains the exact chro-
mosomal coordinates represented by the fusion gene and the
surrounding genes. (upper right corner).

FIG. 36 is a spreadsheet on the RNA transcripts for
(SS18v2), and the transcripts on either side of the known
cancer fusion gene. The spreadsheet contains the exact chro-
mosomal coordinates represented by the fusion gene and the
surrounding genes. (upper right corner).

FIG. 37 is a spreadsheet on the RNA transcripts for (SS18),
and the transcripts on either side of the known cancer fusion
gene. The spreadsheet contains the exact chromosomal coor-
dinates represented by the fusion gene and the surrounding
genes. (upper right corner).

FIGS. 38(a) through 38(b) are spreadsheets on the RNA
transcripts for (SUZ12), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIGS. 39(a) through 39(c) are spreadsheets on the RNA
transcripts for (TMPRSS2v2), and the transcripts on either
side of the known cancer fusion gene. The spreadsheet con-
tains the exact chromosomal coordinates represented by the
fusion gene and the surrounding genes. (upper right corner).
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FIGS. 40(a) through 40(c) are spreadsheets on the RNA
transcripts for (TMPRSS2), and the transcripts on either side
of the known cancer fusion gene. The spreadsheet contains
the exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIGS. 41(a) through 41(5) are spreadsheets on the RNA
transcripts for (ZBTB16), and the transcripts on either side of
the known cancer fusion gene. The spreadsheet contains the
exact chromosomal coordinates represented by the fusion
gene and the surrounding genes. (upper right corner).

FIG. 42 is a table showing fusion genes and the chromo-
somal translocation of the gene for acute myeloid leukemia
samples.

FIG. 43 is a graph depicting the frequencies of sizes rep-
resented by the genes involved in fusion events and the neigh-
boring genes, one million base pairs on either side of the
fusion-related genes.

FIG. 44 is a graph depicting the interquartile size range for
the genes involved in fusion events and the neighboring
genes. The interquartile ranges are indicated by open boxes
and the median size is indicated by the bar in the box. The data
indicate that the interquartile ranges for the two classes of
genes do not overlap.

FIG. 45 is a graph showing an example of the evolutionary
peak height established for the MYST?3 gene, in contrast with
peak heights observed for genes within one million base pairs
on either side of the MYST3 gene.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Thirty-six genes involved in fusion events were selected
using the PubMed database (U.S. National Library of Medi-
cine, Bethesda, Md.) for a preliminary study. An additional 23
genes involved in fusion events were then selected from the
Atlas of Genetics and Cytogenetics in Oncology and Haema-
tology (Jean-Loup Huret, ed., University Hospital, Poitiers,
France). The analysis began using the latter 23 genes with
chromosome 22, and worked towards larger chromosomes
until 23 genes that did not involve either the immunoglobulin
or T-cell receptor loci were selected. To compare the fusion
genes with neighboring genes, a region of one million base
pairs was selected on either side of the fusion-related gene
using the Genome Browser (UCSC Genome Bioinformatics
Group, University of California, Santa Cruz, Calif.). The
available sizes for all genes in the two million base pair
region, and the region representing the fusion gene, were
downloaded into spreadsheets, seen in FIGS. 1-41(b). The
spreadsheets representing each fusion gene was then
inspected for the rank order of size of the fusion gene, down
to fifth largest in size. Genes involved in fusion events that
were below the fifth largest were simply noted as below the
fifth largest in size (b5). The genome browser data for evolu-
tionary conservation was also inspected for each region of
surrounding a fusion gene, as follows. The genome browser
window of 2 million base pairs, plus the length of a gene
involved in a fusion event, was arbitrarily divided into 42
segments, with each segment being assigned a peak height
representing the mammalian evolutionary conservation. The
peak heights were assigned in pixels using software able to
measure the number of pixels in the distance from the base-
line to the height of the peak. Each of the 42 segments was
identified as having a peak of rank order of one through five,
or below five (b5), as seen in FIG. 43. Thus, each fusion gene
was determined to be associated with an evolutionary conser-
vation value, represented by peak height, of one through five,
or below five. The settings for establishing the mammalian
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conservation values using the genome browser were as fol-
lows. For the Comparative Genomics tracks, “full” was
selected for the Conservation field. Fields for all other selec-
tions were set to “hide”. For the Conservation setting, all
primates were selected (chimp, rhesus, bushbaby); for the
placental mammal setting, all placental mammals were
selected (treeshrew, mouse, rat, guinea pig, rabbit, shrew,
hedgehog, dog, cat, horse, cow, armadillo, elephant, tenrec);
and for the vertebrate setting, only opossum and platypus
were selected. The pixel height was established as 100. For
generating the Excel file, the Table Browser was used. The
settings for using the Table Browser were as follows. “Genes
and Gene prediction tracks” was selected for the Group field;
“UCSC Genes” was selected for the Tracks field; and
“knownGene” was selected for the Table field; “selected
fields from primary and related tables” was selected for the
Output format field. Following the toggling of “get output”,
“name” (Name of gene), “txStart” (Transcription start posi-
tion), and “txEnd” (Transcription end position) were selected
from the list of hgl8.knownGene Table fields; “kgXref”
(Link together a Known Gene 1D and a gene alias) was
selected from the Linked Tables fields. “Allow Selection
From Checked Tables” was toggled. “refFlat” was then
selected. “Allow Selection From Checked Tables” was re-
toggled; “geneName” (Name of gene as it appears in genome
browser)” was selected from refFlat fields; “get output” was
toggled and saved as a .txt file. This file was then opened using
spreadsheets, seen in FIG. 4(a), et seq.

Example 1

Each of the genes, in each of FIGS. 1-41(b), on either side
of the fusion gene may have several versions, due to several
known primary transcripts. Thus, gene 1 may be listed five
times, for example, with each of the five members in the list
representing a genomic distance equal to the size of a previ-
ously described primary transcript. Each “gene” listed is the
genomic representation of all known primary RNA tran-
scripts on either side of the fusion gene, within 1,000,000
base pairs.

Present methodology does not permit one to equate a series
of'primary transcripts to specific genes. This would have to be
performed for each transcript by use of the gene code name in
the genomics database. However, this has been done manu-
ally and the total number of genes, independently of the
number of transcripts, is indicated in the spreadsheets. The
gene code name identifies every primary transcript region in
the spreadsheet list, to the far left of the file.

The rank order of size for the fusion gene is listed, com-
pared with all other genes provided in the figures, unless it is
below 5, in which case it is indicated as “b5”. In the majority
of cases, as indicated in detail by statistical analyses under
separate cover, the fusion gene is one of the top five genes,
based on size. The figures also indicate the association of the
fusion gene with the nearest comparative genomics peak. In
the majority of cases, the fusion gene is associated with one of
the highest several peaks, with a statistical analysis to follow.

The probability that the evolutionary conservation peak(s)
of'1,2,3,4,or5 occur within the fusion gene related segment
was first estimated using 36 fusion genes. For each fusion
gene approximately 2 million base pairs are considered with
one million base pairs on either side of the fusion gene, and
divided into 42 units. The number of units covered by the
fusion gene was obtained by adding 3 units to both sides of the
fusion gene. For a fusion gene that is 2 units long, the fusion
gene related segment is 8 (2+3+3) units.
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If there is no association between being a fusion gene and
higher rank order of gene associated conservation peak, the
top 1, 2, 3, 4, or 5 peaks should be evenly distributed among
the 42 units. The total number of 42 units is taken as the
denominator. Considering the numerator—number of units
related to the fusion gene, as described above, varies from
fusion gene to fusion gene, it is not straightforward to derive
the probability of being top 1, 2, 3, 4, or 5 of a fusion gene
under the null hypothesis. One approximate approach is to
average all the numerators from all fusion genes (10 units
long on average). It was assumed thattop 1, 2, 3,4, or 5 peaks
may occur anywhere among the 42 units independently. As a
result, the probability of being top 1, 2, 3, 4, or 5 conservation
peaks under the null hypothesis (p,) can be calculated as:

Pr(Top 1/H0)=%42=0.214 (D

Pr(Top 2/HO)=Pr(Top 1 or Top 2)=Prob(Top 1)+Prob
(Top 2)-Prob(Top 1 and Top 2)=%a2+%2-(%z2)
(%42)=0.383 2)

Pr(Top 3/HO)=Pr(Top 1 or Top 2 or Top 3)=Prob(Top
1)+Prob(Top 2)+Prob(Top 3)-Prob(Top 1 and
Top 2)-Prob(Top 1 and Top 3)-Prob(Top 2 and
Top 3)+Prob(Top 1 and Top 2 and Top 3)=%a2+
Yaz+%a2—(%a2)(Yaz)— (Ya2)(a2)—(Yaz2)(Yaz)+(%a2)
(%42)(%42)=0.515

Continue on this same line,

Pr(Top 4/H0)=0.619 )

Pr(Top 5/H0)=0.701 )

Furthermore the null hypothesis and alternative hypothesis
can be rewritten as:

(6
where p is the probability of being top 1, 2, 3, 4, or 5 conser-
vation peaks.

Statistical significance is obtained by comparing the
observed probability of beingtop 1, 2, 3, 4, or Shas very small
probability for uniformly distributed genes. The probability
of'being top 1, 2, 3, 4, or 5 of a fusion gene in terms of gene
size rank order is estimated and tested against p, using one-
sided z-test (normal approximation).

Ho:p=povs. H,: p>po

Top 1 Peak: Hypothesis: Hy:p=0.214 vs. H,:p>0.215 (7

Dope=1%9=32.2% ®)

- P-po 0.322-0.214 )]
Z(statistics) = = - ;
Vool =po)/n V0.214(1 - 0.214)/59
p-value = 0.02

Top 2 Peaks: Hypothesis: H,:p=0.383 vs. H,:;p>0.383 (10)

Dops=2/59=49.2% an

. p—po 0.492 — 0.383 (12)
Z(statistics) = = = ;
Vpod=po)/n  v0.383(1-0.383)/59
p-value = 0.04

Top 3 Peaks: Hypothesis: Hy:p=0.515 vs. H,:;p>0.515 (13)

Doy ="%55=67.8% 14)
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»-po 0.678-0.515 (15)

Z(statisti = = =
(statistics) Vpol = po)/n V0.515(1-0.515)/59

p-value = 0.006

Top 4 Peaks: Hypothesis: Hy:p=0.619 vs. H,,:

p>0.619 (16)

Dope="59=72.9% a7”n

p- 0.729-0.619 (18)
Z(statistics) = PP = =1.74;

Vel —po)/n V06191 -0.619)/59

p-value = 0.04

Top 5 Peaks: Hypothesis: H,:p=0.701 vs. H,:p>0.701 (19)

Doy ="%50=84.7% (20)

p- 0.847-10.701 21
Z(statistics) = P po = =2.45;

Vrol—po)/n  V0.701(1 - 0.701)/59
p-value =0.007

As noted from the analysis, there is a significant associa-
tion between being a fusion gene and thetop 1, 2, 3, 4, 0r 5
conservation peaks falling within the fusion gene related seg-
ment (9 units average long) among the total 42 units repre-
senting 2 million base pairs (p-value=0.05).

The fusion gene associated segment is defined as 3 units on
both side of the gene and gene itself as compared to the total
units of 42 representing 2 million base pairs. As a result the
length of a fusion gene associated segment is 9 units on
average, which covers almost one quarter of the total 42 units.

For the 59 genes in the data set, the average number of
surrounding genes was 29.457, with a range from 4 to 75. The
rank order of size of 1 to 5 for the gene data set involved in
fusion events was determined, seen in Table 1, among all
genes present within one million base pairs on either side of
each fusion gene. Genes involved in fusion events that were
not among the top five in size were labeled as below 5 (b5) and
not ordered further. The size range was selected because
karyotype analyses in general has the potential of identifying
aregion of DNA represented by a chromosomal translocation
with a lower limit of about 2 million base pairs. Thus, this size
range represents the smallest range usually available, by
karyotype analyses, in defining a region that includes a gene
involved in a fusion event. The significance of the frequency
was also determined, based on the null hypothesis of a bino-
mial distribution of rank orders for the fusion genes (Table 1).
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TABLE 1

US 8,352,194 B1

Summary of sizes and degree of evolutionary conservation of genes

involved in fusion events.

Size Evolutionary
Fusion Fusion rank conservation
gene partner(s) order®  rank order”  Disease
Thirty-six genes from the literature

1 MLL 3/45 1 acute lymphoblastic leukemia
(ALL); M4/MS5 acute
nonlymphocytic leukemia
(ANLL); acute myelogenous
leukemia (AML)

2 AF4 3/25 1 acute lymphoblastic leukemia
(ALL)

3 MLLT3 1/23 1 acute non-lymphocytic
leukemias (ANLL)

4 MLLT1 5/45 1 CD19+ acute lymphoblastic
leukemia (ALL), acute non-
lymphocytic leukemia (ANLL)

5 CREBBP 1/59 2 treatment related leukemias

6 MYST3 4/19 1 acute myelomonocytic or
monocytic leukaemia (M4 or
M35 AML)

CREBBP See line 5

7 ABL 1/24 1 CML, acute lymphoblastic
leukemias (ALL), acute
nonlymphocytic leukemia
(ANLL)

8 BCR 2/24 4 CML, ALL, ANLL

9 ETV6 3/33 1 congenital fibrosarcoma
(CFS); congenital mesoblastic
nephroma (CMN, cellular and
mixed variants); secretory
ductal carcinoma of breast,
AML; refractory anemia with
excess blasts

10 NTRK3 2/12 1 CFS; CMN; secretory ductal
breast carcinoma

11 RUNX1 1/10 3 Bcell ALL (CD10+)

ABL See line 7
12 RUNXIT1 3/5 1 AML, ANLL
RUNX1 See line 11

13 ERG 1/12 5 AML; Ewing sarcoma;
prostate cancer

14 EWSR1 b5/26 1 Ewing tumors

15 TMPRSS2  b5/17 b5

16 FUS b5/55 2 Angiomatoid fibrous
histiocytoma (AFH); Myxoid
liposarcoma (MLS); AML.

17 DDIT3 b5/46 1 MLS

FUS See line 16

18 FKHRL1 4/18 5

19 PAX3 3/7 3 Alveolar rthabdomyosarcoma
(ARMS)

20 PAX7 5/18 1

21 RARA 3/63 b5 acute promyelocytic leukemia
(APL)

22 PML b3/33 5 APL

23 ZBTB16 3/17 3 APL with a ‘variant’
translocation

24 NPM1 b5/12 2 promyelocytic ANLL,
Anaplastic large cell
lymphoma (ALCL)

25 ALK /16 4 ALCL; cytoplasmic ALK,
inflammatory myofibroblastic
tumours

26 CLTCL1 1/34 1 ALCL

27 BIRC3 b5/20 1 B-cell non-Hodgkin lymphoma
(NHL); marginal zone B-cell
lymphoma (MZBCL) of
mucosa-associated lymphoid
tissue (MALT);

28 MALT1 b5/11 1 MALT lymphomas

29 DDX10 /13 b5 therapy related
myelodysplastic syndromes
(MDS); ANLL

30 NUP98 3/30 1 MDS; ANLL

31 JAZF1 2/19 2 endometrial stromal tumors

14



15

TABLE 1-continued

US 8,352,194 B1

Summary of sizes and degree of evolutionary conservation of genes
involved in fusion events.

16

Size Evolutionary
Fusion Fusion rank conservation
gene partner(s) order®  rank order”  Disease
32 FLT1 2/11 3 ?
33 PAXS 3/22 b5 follicular thyroid cancer
34 PPARGCIA 2/4 1 follicular thyroid cancer
35 SS18 5/7 b5 synovial sarcoma
36 SUZ12 4/20 2 endometrial stromal neoplasms
Twenty-three genes from Atlas of Genetics and
Cytogenetics in Oncology and Hematology
37 BCAS3 1/18 4 breast cancer
38 BCAS4 3/16 1 breast cancer
39 PDGFB b5/34 3 infiltrative skin tumors of
intermediate malignancy
40 COL1A1 b5/41 5 infiltrative skin tumours of
intermediate malignancy
41 SEPT5 b5/27 5 M4, M2, and M1 ANLL
MLL See line 1
42 ELL 2/50 2 M4/M5 leukemia
MLL See line 1
43 SH3GL1 b5/48 b5 leukemias
MLL See line 1
44 MN1 3/6 1 M4 ANLL and other myeloid
malignancies
ETV6 See line 9
45 TOP 1 4/8 5 acute monocytic leukemia
NUP98 See line 30
46 MYH9Y 2/31 b3 ALCL
ALK See line 25
47 MKL1 2/30 3 acute megakaryocytic
leukaemia found in infants
48 SMARCB1 b5/30 b5 tumor of uncertain origin,
occurring in early childhood
(due to inactivation of both
alleles)
49 NKX2-2 5/5 5 Ewing’s sarcoma
See line 14
50 TCF3 b5/75 3 B-ALL
51 LYL1 b5/57 2 T-cell acute lymphoblastic
leukemia; other T-ALL
52 BRD4 1/46 3 carcinoma with t(15;19)
(q14;p13) translocation
53 CRTC1 1/63 b5 mucoepidermoid carcinoma
(most common type of
malignant salivary gland
tumor)
54 NOTCH3 4/46 3 non-small-cell lung cancer
55 TFPT b5/60 3 childhood pre-B ALL
56 STK11 b5/73 2 Peutz-Jeghers syndrome (PIS)/
lung adenocarcinoma (due to
somatic mutations)
57 TPM4 b5/41 b5 rare soft tissue tumour found in
children and young adults;
ALCL
ALK See line 25
58 BCL2 2/17 2 B- cell NHL
59 ASPSCR1 b5/61 3 Alveolar soft part sarcoma; a

subset of renal cell carcinoma

“rank order and total number of genes within 1 million base pairs on either side are indicated, as in individual

spreadsheets in the Figures
b,

The association of a gene involved in a fusion event with
evolutionary conservation occurred independently of gene
size was determined by calculating the probability of this
association, and the significance of the frequencies. The cal-
culation took into account the 19 genes ranked as being not
among one of the top five sizes among neighboring genes,
using the null hypothesis of a binomial distribution of rank

60

65

as indicated in individual spreadsheets and graphical pdf files indicating evolutionary conservation peaks.

orders for the fusion genes, seen in Table 2. Results indicate
that genes previously identified as being involved in a fusion
event have a very high probability, with a high degree of
statistical significance, of being among the top five genes in
an average set of 29.457 genes, with varying frequencies and
significances for the top one through top five categories, seen
in Table 2.
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TABLE 2

Probability of a gene involved in a fusion event being in the
top 1-5 sizes in comparison with neighboring genes within
1 million base pairs on either side.

Rank order of size of gene  Observed Expected
involved in a fusion event  Probability  probability p-value *
1 18.6% 3.3% <0.0001
lor2 33.9% 6.7% <0.0001
1,2,0r3 52.5% 10.0% <0.0001
1,2,30r4 61.0% 13.3% <0.0001
1,2,3,40r5 67.8% 16.7% <0.0001

*Z-test (normal approximation to binomial distribution) was used to test the null hypothesis
of NO association between being a fusion gene and higher rank order of gene size.

The size distributions for the genes involved in fusion
events was determined. Genes involved in a fusion event have
a mean size of 140,254 base pairs (interquartile range of
40,727-146,370), versus all of the neighboring genes, which
have a mean size of 35,891 base pairs (interquartile range of
6,358-35,986). Results indicate that the gene size is signifi-
cantly larger for genes involved in a fusion event than for their
respective, neighboring genes, seen in FIGS. 43 and 44.

The genome browser data suggests that genes involved in
fusion events were associated with high levels of evolutionary
conservation, as indicated by graphical (histogram) represen-
tations of the conservation parameters, seen in FIG. 45. To
test this possibility, the peak heights associated with each of
one of 42 arbitrary segments dividing the DNA region con-
taining the fusion gene plus 1 million base pairs on either side
of'each fusion gene were quantified. Genes involved in fusion
events were assigned a rank peak height order of 1 through 5
or below 5 (b5). The frequency of a gene involved in a fusion
event being associated with one of the top five peak heights,
and the statistical significance of the frequency of association,
were determined, with results indicating that genes associ-
ated with fusion events are more evolutionarily conserved
than the neighboring genes in the data set, seen in Table 3.

TABLE 3

Probability of a gene involved in a fusion event being associated with the
top 1-5 evolutionary conservation peaks.

Rank order of
evolutionary Observed Expected
conservation probability probability p-value*
1 32.2% 21.4% 0.02
lor2 49.2% 38.3% 0.04
1,2,0r3 67.8% 51.5% 0.006
1,2,30r4 72.9% 61.9% 0.04
1,2,3,40r5 84.7% 70.1% 0.07

*Z-test (normal approximation to binomial distribution) was used to test the null hypothesis
of NO association between being a fusion gene and higher rank order of conservation peak.

Example 2

To determine whether the association of a gene involved in
a fusion event with evolutionary conservation occurred inde-
pendently of gene size, the probability of this association was
determined, and the significance of the frequencies, for the 19
genes ranked as being not among one of the top five sizes
among neighboring genes. Results indicated that among
these relatively small genes, there was a significant associa-
tion with evolutionary conservation, seen in Table 4.

A subset of results were analyzed to estimate the probabil-
ity that the top 1-5 evolutionary conservation peak(s) occur
within the fusion gene related segment (fusion Gene +3 units
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on each site) given the fusion gene size, i.e. largest mRNA, is
below top 5. Statistical analysis was repeated, as above, using
19 fusion genes, where the gene size is below the top 5. The
probability of being top 1, 2, 3, 4, or 5 conservation peaks
under the null hypothesis (p,) can be calculated as:

Pr(Top 1/Hy)=7n=0.167 (22)
Pr(Top 2/Hy)=Pr(Top 1 or Top 2)=Prob(Top 1)+Prob

(Top 2)-Prob(Top 1 and Top 2)="42+7a2—(%42)

(V2)=0.306 (23)
Pr(Top 3/Hy)=Pr(Top 1 or Top 2 or Top 3)=Prob(Top

1)+Prob(Top 2)+Prob(Top 3)-Prob(Top 1 and

Top 2)-Prob(Top 1 and Top 3)-Prob(Top 2 and

Top 3)+Prob(Top 1 and Top 2 and Top 3)=742+

Vaz+Ya2—(Ya2)(Vaz) - (Vaz) (Vaz)- (Vaz2)(Vaz)+(Va2)

(Va2)(a2)=0.421 24)

Continue on this same line,

Pr(Top 4/H,)=0.518 (25)
Pr(Top 5/H,)=0.598 (26)

Using the null hypothesis above, with p the probability of
being in the top 1, 2, 3, 4, or 5 conservation peaks, p,) was
calculated using z-test under normal approximation;

Top 1 Peak: Hypothesis: H,:p=0.167 vs. H,:p>0.167 27)
Pops=19=21.1% (28)
p- 0.22-0.167 29
f(statistics) = P=Po = =0.51;
Vpoll—po)/n V0.167(1 -0.167)/19
p-value = 0.3
Top 2 Peaks: Hypothesis: H,:p=0.306 vs. H,:p>0.306 (30)
Dops=210=42.1% (31
p- 0.421-0.306 (32)
f(statistics) = P Po = =1.00;
Vpol=po)/n  V0.306(1-0.306)/19
p-value =0.14
Top 3 Peaks: Hypothesis: Hy:p=0.421 vs. H,:p>0.421 (33)
Pops=1719=63.2% (34)
p- 0.632-0.421 (35)
1(statistics) = L = =1.86;
Vpol=po)/n  V0421(1-0421)/19
p-value = 0.03
Top 4 Peaks: Hypothesis: H,:p=0.518 vs. H,:p>0.518 (36)
Pops=1719=63.2% 37
P-po 0.632-0.518 (3%)

1(statistics) =

Vool =po)/n - V0.518(1-0.518)/19 -
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-continued
p-value =0.16

Top 5 Peaks: Hypothesis: Hy:p=0.598 vs. H,:;p>0.598 39)

Dop='%15=78.9% (40)

p- 0.789-0.598 41)
1(statistics) = L = =1.70;

Vroll—po)/n V0.598(1 —0.598)/19

p-value = 0.04

For genes with size below top 5 there is a significant asso-
ciation between being a fusion gene and top 3 or 5 conserva-
tion peaks occurring within the fusion gene related segment
(7 units average long) among the total 42 units representing 2
million base pairs, p-value<0.05.

The observed proportions of being top 1, 2, 3, 4 or 5
conservation peaks obtained from the 19 fusions genes (gene
size below top 5) are smaller than those based on the full
sample set of 59 fusion genes.

TABLE 4

The probabilities of small genes involved in fusion events associated with
a high degree of evolutionary conservation

Rank order of Observed Expected
conservation peak probability probability p-value*
1 21.1% 16.7 0.3
lor2 42.1% 30.6 0.14
1,2,0r3 63.2% 42.1 0.03
1,2,30r4 63.2% 51.8 0.16
1,2,3,40r5 78.9% 59.8 0.04

*Z-test (normal approximation to binomial distribution) was used to test the null hypothesis
of NO association between being a fusion gene and higher rank order of conservation peak.

In the first analysis of the small gene association with
evolutionary conservation peaks, seen in Table 4, described in
the preceding paragraph, the probability of an association of
one of the top five evolutionary conservation peaks and the
indicated genes was considered, defining the association as
including a maximum distance on either side of the gene. This
approach was based on a standard assignment of a 42 peaks
per segment of DNA that included the gene involved in a
fusion event plus one million base pairs on either side of this
gene, i.e., the segment of DNA was divided into a 42 arbitrary
segments, as seen in FIG. 45, with one peak allowed per
segment. Thus, the data in Table 4 represent the probabilities
of'the top 1-5 evolutionary conservation peaks being associ-
ated with, on average, a 7 unit segment representing the fusion
gene size plus 3 units on either side.

To determine whether there was a more direct association
of the small fusion genes with evolutionary conservation
peaks, the analyses represented by Table 4 was repeated.
However, in this case, it was determined that the probability
that the small 19 genes involved in fusion events were asso-
ciated directly with an evolutionary conservation peak. The
standard for a direct association was the presence of one of the
top five evolutionary conservation peaks in the body of the
gene or within a fraction of a unit, when the regions that
included 2 million base pairs and the fusion were divided by
42 units, seen in FIG. 45. The average size of the genes, in
terms of these arbitrary units, was 1.16 units. The expected
result, based on random chance, would be that 13.1% of the
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fusion genes would be associated with one of the top five
evolutionary conservation peaks, keeping in mind that no
more than 42 peaks per gene region was permitted. The
observed result was that 47.4% of the small genes involved in
fusion events were associated with one of the top five evolu-
tionary conservation peaks, with a p value of <0.0001. (See
Statistical analyses of the rank order of evolutionary conser-
vation peaks (subset, where peak is associated with the gene).

Example 3

A subset of results were analyzed to estimate the probabil-
ity that the top 1-5 evolutionary conservation peak(s) occur
within the fusion gene given the fusion gene size, i.c. largest
mRNA, is below top 5. Statisical analysis was repeated, as
above, using 19 fusion genes, where the gene size is below the
top 5. Nineteen fusion genes, where the gene size is below the
top 5, were considered, using the approximately 2 million
base pairs (one million base pairs on either side of the fusion
gene), divided into 42 units. The hypothesis used is the same
as above. The probability of being top 1, 2, 3, 4, or 5 conser-
vation peaks under the null hypothesis (p,) can be calculated
as:

Pr(Top 5/Hg)=1—-(1-1.16/42)5=0.131 (42)

The probability of being top 1, 2, 3, 4 or 5 conservation
peak of a fusiongene is estimated and tested against the
expected probability (p,) using one-sided z-test (normal
approximation).

Top 5 Peaks: Hypothesis: Hy:p=0.131 vs. H,:p>0.131 (43)
Pobs=719=47.4% (44)
P-po 0.474-0.131 (45)

f(statistics) = = =443,
Vpoll —po)/n V0.131(1-0.131)/19

p-value = 0.0001

For genes with size below the top 5 sizes, there is a signifi-
cant association between being a fusion gene and being
among the top 1, 2, 3, 4, or 5 conservation peaks occurring
within the fusion gene segment among, with a total 42 units
representing 2 million base pairs, p-value<0.0001.

Example 4

The above analyses represent previously identified genes
involved in fusion events in cancer. Thus, the analyses do not
take into consideration biases that could exist in the process of
discovery of these genes. For example, it is possible that
larger genes were discovered more frequently because their
size made them more accessible to any or all of the technolo-
gies used in the process of identifying the fusion gene. Like-
wise, evolutionarily conserved genes may be more funda-
mental to cellular function and thus may have been more
readily identified and understood by the research community.
Thus, it is possible that numerous efforts to identify small
genes that are not evolutionarily conserved have failed
because smaller genes were not as easily recoverable and
identifiable by the available technology; or because genes that
are not evolutionarily conserved were simply too poorly
understood to permit experimental progress in resolving the
fusion event.

However, the above analyses clearly indicate that there
exists at least one subclass of large and evolutionarily con-
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served genes that participate in fusion events. And, it remains
possible that all genes involved in fusion events are larger and
are more evolutionarily conserved than their neighboring
genes, particularly keeping in mind the following issues.
First, a larger gene represents a larger target size. Repeat
sequences, such as Alu repeats, are likely important in facili-
tating the recombination of chromosomes and chromosome
segments leading to translocations (Chen S J; et al. (1989):
Phl+ber- acute leukemias: implication of Alu sequences in a
chromosomal translocation occurring in the new cluster
region within the BCR gene. Oncogene 4:195-202; Papa-
dopoulos P C, et al. (1990): Characterization of the translo-
cation breakpoint sequences in Philadelphia-positive acute
lymphoblastic leukemia. Genes Chromosomes. Cancer
1:233-239). A larger gene size is likely to represent a larger
number of available repeats, or other recombination-stimu-
lating DNA structures (Kurahashi H, etal. (2007): Molecular
cloning of a translocation breakpoint hotspot in 22ql1.
Genome Res. 17:461-469; Babcock M, et al. (2007): AT-rich
repeats associated with chromosome 22q11.2 rearrangement
disorders shape human genome architecture on Yql2.
Genome Res. 17:451-460), for facilitating the recombination.
Second, evolutionarily conserved genes are likely to be genes
that function earlier in development, consistent with the
notion that ontogeny recapitulates phylogeny. And, cancer
cells are generally considered to arise from stem cells having
proliferative capacity, where, based on “ontogeny recapitu-
lating phylogeny”, it is reasonable to assume genes common
to many mammals would be expressed. Evolutionarily con-
served genes could thus be genes that are: (i) active and
therefore exposed to recombination “accidents™ during the
stem cell stage; or (ii) specifically linked with stem-cell
endowed proliferative capacity.

The evolutionary conservation peaks exploited for the sta-
tistical analyses in this study usually represented exons
encoding 5' or 3' untranslated regions (UTRs). This is due to
the fact that, in most cases, these are the largest exons in the
genes that were analyzed. However, the evolutionarily con-
served genes involved in fusion events were generally con-
served throughout the coding regions and often showed con-
servation in proximal noncoding regions. To date, there has
been no indication that fusion partners share transactivator or
microRNA binding sites that might suggest equivalent regu-
lation at equivalent points during stem cell development,
despite some preliminary analyses. Furthermore, there is no
data yet available that genes involved in fusion events have
unusually large 5' or 3' UTRs.

Once DNA segments of limited size are known, poly-
merase chain reaction (PCR) tests may be developed to assay
for the rearrangement, as is known in the art. The present
invention provides a technique for isolating DNA segments
within a chromosomal rearrangement observable by micro-
scope. These tests can be useful in cancer diagnosis and
treatment, to determine whether cancer cells with particular
rearrangements are present, as well as useful in other dis-
eases.

The data above indicate approaches for the development of
an algorithm for the rapid and efficient identification of DNA
segments involved in cancer related chromosomal transloca-
tions. Assays of genes that are among the five most evolution-
arily conserved genes in the 2 million base pair region results
in about a 3.6 fold enrichment over random chance in identi-
fying the genes involved in the fusion event. Currently, there
are no routine, systematic approaches to identifying cancer
fusion genes, but there are two approaches in the literature
that are being explored. However, these approaches require
extensive and expensive laboratory techniques and facilities
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(Volik, S., et al. Decoding the fine-scale structure of a breast
cancer genome and transcriptome. Genome Res. 2006
March; 16(3):394-404. Epub 2006 Feb. 3; Maher, C. A, et al.
Transcriptome sequencing to detect gene fusions in cancer.
Nature. 2009 Mar. 5; 458(7234):97-101. Epub 2009 Jan. 11).
There are also certain microarray approaches that take advan-
tage of the imbalance of sequence or SNP copy numbers to
identify translocation breakpoints, but these approaches can
only identify unbalanced translocation breakpoints and also
involve expensive and sophisticated laboratory techniques
(Volik, S., et al. Decoding the fine-scale structure of a breast
cancer genome and transcriptome. Genome Res. 2006
March; 16(3):394-404. Epub 2006 Feb. 3; Maher, C. A, et al.
Transcriptome sequencing to detect gene fusions in cancer.
Nature. 2009 Mar. 5; 458(7234):97-101. Epub 2009 Jan. 11).

In contrast to the traditional approaches, the data presented
with the associated algorithm require only PCR primer
design, followed by RT-PCR for assays for candidate fused
mRNAs. This far less labor-intensive approach should lead to
the identification of cancer fusion genes a significant percent-
age of the time. The frequency of cancer fusion gene detection
can be increased by selecting for large sized candidate, con-
tributing gene partners. This approach permits routine iden-
tification of novel fusion genes in very modest laboratory
settings, thus empowering individual public health workers
around the world where local genetic polymorphisms may
predispose to unique translocations but where expensive
analyses facilities are unavailable and access to services by
expensive biotech companies is not practical.

Six of the fusion gene partners in the original data set were
from AML: (MLL, MYST3, ETV6, RUNX1T1, ERG, and
FUS). All of these genes are among the top five largest genes
in the 2 million base pair region studied, except for FUS,
which is the second most evolutionarily conserved gene in the
2 million base pair region studied for this gene. Thus, the new
AML fusion genes were not expected to be any different from
other cancers with regard to the frequency of large and evo-
Iutionarily conserved genes.

Most if not all of the 32 novel translocations represent
genome sizes larger than 2 million base pairs. The first ten
translocations examined showed distinct translocations from
Table 3 and evidence an average of 11.16 megabases for each
chromosomal breakpoint, with a range of 1.9 to 27.8 mega-
bases (re-listed as a subset, in Table 4). Thus, the number of
PCR assays needed to cover the entirety of two translocation
breakpoints averaging 11.16 megabases, given the gene den-
sity of 29 genes per 2 million base pairs, would be: [(11.16/
2)x29]*=equaling about 26,186 PCR assays. To test all ten
translocations represented by Table 4, 10x26,186 PCR assays
would need to be conducted. The algorithms permit low-cost
accumulation of fusion genes, by many relatively modest
oncology departments, without need to resort to expensive
biotech or big pharmaceutical services to follow up on patient
prognoses.

As one example, with results from Table 5 alone, which is
the “worst case scenario” in terms of available data at the end
of the project, 20 fusion gene partners constitute about [20x
162 genes]=about 3200 genes. If 40% of these fusion gene
partners are among the largest 17%, the chi square test would
indicate that large genes are favored, with a p-value of 5.4x
1073; if 20% of the genes were among the largest 17%, the
p-value would be 0.23, i.e., not significant. (These statistical
tests were done using random number generators to obtain
statistical “test data” for the expected versus observed cat-
egories.)
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Actual sizes and gene numbers for selected regions identified as being

involved in chromosomal translocations.

1*“ten unknown  Paired breakpoints for Average side

fusions from Fig. translocations Genome for fused Number of genes
42 fromtopto  representing unknown region size  breakpoints above 140 kb (mean
bottom fusion genes (megabases) (megabases) fusion partner size)

1 15q13 5.7 16.2 5
19913 26.7 8

2 2p23 8.0 9.5 9
11923 11.0 6

3 1p36 27.8 27.8 17
11q13 27.8 8

4 14932 17.5 11.6 12
19p13.2 5.7 2

5 5q13 9.9 7.8 4
15q13 5.7 5

6 16924 6.1 6.21 1
19q13.1 6.3 1

7 7922 9.3 8.0 8
17q12 6.6 4

8 Spll 1.9 4.1 0
19q13.1 6.3 1

9 3921 8.1 9.9 6
12q13 11.7 5

10 5q13 9.9 10.5 4
11923 11.0 6

In addition to permitted efficient screening of cancers, the
present data is useful in designing immune system-based
tumor treatments, such as identifying tumor-specific anti-
gens. Immune cells may be stimulated target cancer-specific
stem cells or normal proliferation antigens. An example of
vaccinating with fusion proteins is shown by Maslak, et al.
(Maslak, P G, et al. “A pilot vaccination trial of synthetic
analog peptides derived from the BCR-ABL breakpoints in
CML patients with minimal disease.” Leukemia. 2008
August; 22(8):1613-6. Epub 2008 Feb. 7).

Inthe preceding specification, all documents, acts, or infor-
mation disclosed does not constitute an admission that the
document, act, or information of any combination thereof was
publicly available, known to the public, part of the general
knowledge in the art, or was known to be relevant to solve any
problem at the time of priority.

The disclosures of all publications cited above are
expressly incorporated herein by reference, each in its
entirety, to the same extent as if each were incorporated by
reference individually.

While there has been described and illustrated specific
embodiments of a chromosome-based screening method, it
will be apparent to those skilled in the art that variations and
modifications are possible without deviating from the broad
spirit and principle of the present invention. It is also to be
understood that the following claims are intended to cover all
of the generic and specific features of the invention herein
described, and all statements of the scope of the invention
which, as a matter of language, might be said to fall therebe-
tween.

What is claimed is:
1. A method of identifying fusion genes, comprising the
steps of:
generating a chromosomal rearrangement assay algorithm,
further comprising the steps:
providing a set of DNA segments involved in fusion
events by cytogenetic analysis of chromosomes;
assessing the correlation of the DNA segments genom-
ics characteristics to the fusion event, further com-
prising the steps of:
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calculating the probability the DNA segments are
within the top conservation peaks of the DNA
region;
comparing the observed size of the DNA segments to
the probability the DNA segments are within the
top conservation peaks;
selecting a DNA, generating cDNA from mRNA, or select-
ing a mRNA comprising a potential fusion gene;
segmenting a region of the DNA, cDNA, or mRNA con-
taining the possible fusion gene;
subjecting the region of DNA to the assay algorithm,
wherein the assay algorithm ranks the region of DNA
based on size, evolutionary conservation within a pre-
determined group of animals, or based on size and evo-
Iutionary conservation within a predetermined group of
animals;
selecting the fusion genes having the largest size, the high-
est evolutionary conservation score, or the largest size
and highest evolutionary conservation score;
selecting PCR primers complementary to the most con-
served genes or gene products for a first chromosome,
the largest genes or gene products in a DNA segment for
afirst chromosome, or the genes or gene products having
a combined largest size and highest evolutionary con-
servation score for a first chromosome;
selecting PCR primers complementary to the most con-
served genes or gene products, for a second chromo-
some, the largest genes or gene products in a DNA
segment for a second chromosome, or the genes or gene
products having a combined largest size and highest
evolutionary conservation score for a second chromo-
some; and
combining the PCR primers complementary to the selected
genes or gene products for the first chromosome with the
PCR primers complementary to the selected genes or
gene products for the second chromosome;
wherein the combined primers identify fusion genes.
2. The method of identifying fusion genes of claim 1,
wherein the DNA selected is a DNA region that comprises a
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potential fusion gene and about 1 million base pairs on either
side of the potential fusion gene.

3. The method of identifying fusion genes of claim 2,
wherein the DNA region is further segmented into 42 seg-
ments.

4. The method of identifying fusion genes of claim 3,
wherein the DNA segments are segregated into equal-sized
segments.

5. The method of identifying fusion genes of claim 1,
wherein the largest genes in the DNA segment are the largest
17% of genes.

6. The method of identifying fusion genes of claim 1,
wherein the largest genes in the DNA segment are the 17%
most conserved genes.

7. The method of identifying fusion genes of claim 1,
wherein the evolutionary conservation is determined by
assigning a value to the conservation of the DNA segment
based on genetic difference from-the predetermined group of
animals.

8. An assay for detecting and characterizing chromosomal
rearrangements comprising:

generating a chromosomal rearrangement assay algorithm,

further comprising the steps:
obtaining a set of DNA segments involved in fusion
events by cytogenetic analysis of chromosomes;
assessing the correlation of the DNA segments genom-
ics characteristics to the fusion event, further com-
prising the steps of:
calculating the probability the DNA segments are
within the top conservation peaks of the DNA
region;
comparing the observed size of the DNA segments to
the probability the DNA segments are within the
top conservation peaks;
selecting a DNA, generating cDNA from mRNA, or select-
ing a mRNA comprising a potential chromosomal rear-
rangement,

segmenting a region of the DNA, cDNA, or mRNA con-

taining a possible fusion gene;

subjecting the region of DNA to the assay algorithm,

wherein the assay algorithm ranks the region of DNA
based on size, evolutionary conservation within a pre-
determined group of animals, or based on size and evo-
Iutionary conservation within a predetermined group of
animals;

selecting the fusion genes or gene products having the

largest size, the highest evolutionary conservation score,
or the largest size and highest evolutionary conservation
score;
generating a matrix of PCR primers from the selected
genes or gene products having the largest size, the high-
est evolutionary conservation score, or the largest size
and highest evolutionary conservation score; and

performing a PCR or RT-PCR assay using the matrix of
PCR primers;

wherein the PCR or RT-PCR assay results identify fusion

genes.
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9. The assay of claim 8, wherein the DNA region selected
comprises a potential chromosomal rearrangement and about
1 million base pairs on either side of the potential fusion gene.
10. The assay of claim 8, wherein the largest genes in the
DNA segment are the largest 17% of genes.
11. The assay of claim 8, wherein the largest genes in the
DNA segment are the 17% most conversed genes.
12. The assay of claim 8, wherein the evolutionary conser-
vation is determined by assigning a value to the conservation
of the DNA segment based on genetic difference from the
predetermined group of animals.
13. The assay of claim 8, wherein the matrix of PCR
primers uses one primer for each selected gene, where the one
primer is complementary to a 5' of a selected gene or 3' of a
selected gene.
14. The assay of claim 8, further comprising
selecting PCR primers complementary to the five most
conserved genes and largest genes in a DNA segment for
a first chromosome;

selecting PCR primers complementary to the five most
conserved genes and largest genes in a DNA segment for
a second chromosome;

combining the PCR primers complementary to the selected
genes for the first chromosome with the PCR primers
complementary to the selected genes for the second
chromosome.

15. The method of identifying fusion genes of claim 1,
wherein the predetermined group of animals is primates, pla-
cental mammals, or vertebrates;

wherein the primates group comprises chimp, rhesus, and

bushbaby;
wherein the placental mammals group comprises tree-
shrew, mouse, rat, guinea pig, rabbit, shrew, hedgehog,
dog, cat, horse, cow, armadillo, elephant, and tenrec; and

wherein the vertebrate group comprises opossum and
platypus.

16. The method of identifying fusion genes of claim 1,
further comprising:

generating a matrix of PCR primers from the selected

genes having the largest size and highest evolutionary
conservation score;

performing a PCR or RT-PCR assay using the matrix of

PCR primers;

wherein the PCR or RT-PCR assay results identity chro-

mosomal rearrangements.

17. The method of identifying fusion genes of claim 16,
wherein the matrix of PCR primers uses one primer for each
selected gene, where the one primer is complementary to a 5'
of a selected gene or 3' of a selected gene.

18. The assay of claim 8, wherein the predetermined group
of animals is primates, placental mammals, or vertebrates;

wherein the primates group comprises chimp, rhesus, and

bushbaby;

wherein the placental mammals group comprises tree-

shrew, mouse, rat, guinea pig, rabbit, shrew, hedgehog,
dog, cat, horse, cow, armadillo, elephant, and tenrec; and
wherein the vertebrate group comprises opossum and

platypus.
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