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METHYLATION BIOMARKERS FOR DIAGNOSIS OF PROSTATE CANCER

GOVERNMENT RIGHTS
This invention was made with Government support under contract CA111782 awarded by
the National Institutes of Health. The Government has certain rights in this invention.

BACKGROUND OF THE INVENTION

Identification of differentially altered genomic sequences also furthers the understanding of
the progression and nature of complex diseases such as cancer, and is key to identifying the
genetic factors that are responsible for the phenotypes associated with development of, for
example, the metastatic phenotype. Identification of copy number alterations in various types
of cancers can both provide for early diagnostic tests, and further serve as therapeutic targets.

Early disease diagnosis is of central importance to halting disease progression, and
reducing morbidity. Analysis of a patient's tumor provides the basis for more specific, rational
cancer therapy that may result in diminished adverse side effects relative to conventional
therapies. Furthermore, confirmation that a tumor poses less risk to the patient (e.g., that the
tumor is benign) can avoid unnecessary therapies.

Prostate cancer is the most commonly diagnosed malignancy for men in the United States
with an estimated 217,730 new cases projected for 2010. After more than two decades of
widespread serum prostate specific antigen (PSA) testing, clinical prostate cancer has shifted
to a predominantly localized disease. However, two large-scale, randomized trials of PSA
screening suggest that prostate cancer is over-diagnosed and over-treated, likely because
many cancers that are detected are never destined to progress. However, prostate cancer
can have an aggressive and lethal course and an estimated 32,050 men are projected to die
of prostate cancer in 2010. This broad range of clinical behavior is likely a reflection of the
underlying genomic diversity of the tumors. Previous studies of prostate tumors reported
significant heterogeneity in the gene expression profiles and genomic structural alterations
including DNA copy number changes and gene fusions often involving the ETS family of
transcription factors detectable in approximately half of prostate tumors. However, exon
sequencing of known oncogenes and tumor suppressors has found few somatic mutations
and the calculated background mutation rate appears to be relatively low. This suggests the
presence of other forms of genomic aberrations that contribute to the observed gene
expression variations, and in turn, the diversity in tumor behavior.

Conventional screening for prostate cancer utilizes the prostate specific antigen (PSA)
blood test, and the digital rectal exam (DRE). PSA is an enzyme produced in the prostate that
is found in the seminal fluid and the bloodstream. An elevated PSA level in the bloodstream
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does not necessarily indicate prostate cancer, since PSA can also be raised by infection or
other prostate conditions such as benign prostatic hyperplasia (BPH). Many men with an
elevated PSA do not have prostate cancer. Nonetheless, a PSA level greater than 4.0
nanograms per milliliter of serum was established initially as the cutoff where the sensitivity for
detecting prostate cancer was the highest and the specificity for detecting non-cancerous
conditions was the lowest. A PSA level above 4.0 ng per milliliter of serum may trigger a
prostate biopsy to search for cancer. The digital rectal exam is usually performed along with
the PSA test, to check for physical abnormalities that can result from tumor growth.

The PSA test is an imperfect screening tool. A man can have prostate cancer and still
have a PSA level in the “normal” range. Approximately 25% of men who are diagnosed with
prostate cancer have a PSA level below 4.0. In addition, only 25% of men with a PSA level of
4-10 are found to have prostate cancer. With a PSA level exceeding 10, this rate jumps to
approximately 65%.

Current methods of diagnosis and prognostication of prostate cancer are inadequate,
because most prostate tumors present with low PSA, intermediate grade and early stage.
Improved markers are of interest. The present invention addresses these needs.

SUMMARY OF THE INVENTION

The present invention relates to the identification of novel biomarkers for diagnosis and
prognosis of prostate cancer. The biomarkers of the invention are promoter sequences that
have altered methylation patterns relative to normal prostate tissue, as set forth, for example,
in Table 1, which lists genes shown herein to have hypermethylated or hypomethylated
promoter regions. While the vast majority showed hypermethylation; 4 of the biomarkers set
forth in Table 1 were hypomethylated: FCRL3, DARC, SCGB2A2, URB. In other
embodiments of the invention, it is shown that altered expression of DNA methyltransferases
(DNMT) and proteins that interact with DNMT result in increased methylation at a subset of
prostate tumor hypermethylation sites.

In some embodiments of the invention, the methylation status of one or a plurality of
biomarkers set forth in Table 1 is determined in a patient sample suspected of comprising
prostate cancer cells; wherein increased methylation at the indicated biomarker is indicative of
prostate cancer. In some embodiments, a plurality of markers is assessed, including 2, 5, 10,
15, 20, 25, 30, 35, 40, 45, 50, 55, 60 or more biomarkers are evaluated for hypermethylation.
In some embodiments, the biomarker is other than GSTP1 or CDKN2.

In some embodiments the patient sample is a tumor biopsy. In other embodiments the
patient sample is a convenient bodily fluid, for example a blood sample, urine sample, and the
like. The biomarkers of the present invention may further be combined with other biomarkers
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for prostate cancer, including without limitation prostate specific antigen, chromosome copy
number alterations, and the like.

In other embodiments, molecular assays are provided that determine the methylation
status of one or more biomarkers set forth in Table 2 to identify a risk classification for a
prostate cancer patient. For example, patients may be stratified using methylation status of

one or more genes associated with cancer recurrence or death from cancer.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1. Hierarchical clustering of prostate tissues by DNA methylation. Unsupervised
hierarchical clustering of 181 prostate tissues and 26,333 CpGs, by sample and by CpG. Red
branches represent tumor samples and blue branches represent benign adjacent samples.
Red pixels represent high DNA methylation while green pixels represent low DNA
methylation.

Figure 2. Differentially methylated CpGs of prostate tumors. Unsupervised hierarchical
clustering of 181 prostate tissues based on the 5,912 and 2,151 CpG sites hypermethylated
and hypomethylated in prostate tumors, respectively, as identified by 2-class SAM. Red
branches represent tumor samples and blue branches represent benign adjacent samples.
Red pixels represent high DNA methylation while green pixels represent low DNA
methylation.

Figure 3. GSTP1 CpG island hypermethylation in prostate tumors. (A) Diagram of the
RefSeq annotation of the GSTP7 gene. The green box represents a CpG island calculated by
UCSC Genome Browser. Circles are CpG sites assayed by HumanMethylation27: red circles
represent probes that were identified to be hypermethylated in prostate tumors by 2-class
SAM, the green circle represents a probe that was hypomethylated, and the gray circle
represents a probe that showed no significant change. The numbers below the circles
indicate the relative distance in base pairs from the predicted TSS. (B) Heatmap depicts DNA
methylation pattern of the 7 probes near GSTP1. The dendrogram is based on the
hierarchical clustering from Figure 2. Red branches represent tumor samples and blue
branches represent benign adjacent samples. Coordinates are based on NCBI36/hg18
human genome assembly.

Figure 4. Expression of DNMTs and EZH2 correlates with global hypermethylation in
prostate tumors. Comparison of transcript levels of DNMTs and EZH2 measured by TagMan
gPCR with the average DNA methylation levels of CpG sites that are hypermethylated in
prostate tumors. Blue circles are benign adjacent samples and red circles are tumor samples.
P-value was calculated by linear regression analysis. Y-axis: average DNA methylation levels
(beta score). X-axis: relative gene expression levels [log.(RQ)]. Black line: linear regression.
(A) DNMT1 expression. (B) DNMT3A expression. (C) DNMT3A2 expression. (D) DNMT3B
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expression. (E) EZH2 expression. (F) Comparison of DNMT and EZH2 transcript levels
between benign adjacent tissues (blue) and tumors (red). Significant differences are indicated
by asterisks; P values were calculated by t-test. Standard errors are depicted by error bars.
Y-axis: relative gene expression levels [log,(RQ)].

Figure 5. Overexpression of DNMTs and EZH2 results in increased methylation at a
subset of prostate tumor hypermethylation sites. Ideal (black) and empirical (red) cumulative
distribution functions of change in DNA methylation after DNMT or EZH2 transfection into
cultured normal prostate cells. The empirical distribution functions are based on the 5,912
CpGs that were hypermethylated in prostate tumors, while the ideal distribution functions are
based on all 26,333 CpGs assayed on the array. Overexpression of (A) DNMT3A, (B)
DNMT3A2, (C) DNMT3B1, (D) DNMT3B2, (E) DNMT3B3, (F) EZH2, (G) DNMT3A and EZH?2,
(H) DNMT3A2 and EZH2, () DNMT3B1 and EZHZ2, (J) DNMT3B2 and EZH2, and (K)
DNMT3B3 and EZH2.

Figure 6. Unpaired 2-class SAM comparing benign adjacent prostate tissues and tumors.
Benign adjacent vs tumor unpaired 2-class SAM analysis of the 181 prostate samples. False
discovery rate of 0.78% resulted in 8,063 differentially methylated CpGs including 5,912
hypermethylated CpGs (red) and 2,151 hypomethylated CpGs (green).

Figure 7. Paired 2-class SAM comparing benign adjacent prostate tissues and tumors.
Benign adjacent vs tumor paired 2-class SAM analysis of the 181 prostate samples. False
discovery rate of 0.78% resulted in 7,741 differentially methylated CpGs including 5,556
hypermethylated CpGs (red) and 2,185 hypomethylated CpGs (green).

Figure 8. APC proximal promoter hypermethylation in prostate tumors. (A) Diagram of
the RefSeq annotation of the APC gene. There are no CpG islands, calculated by the UCSC
Genome Browser, in this window. Circles are CpG sites assayed by HumanMethylation27:
red circles represent probes that were identified to be hypermethylated in prostate tumors by
2-class SAM. The numbers above and below the circles indicate the relative distance in base
pairs from the predicted TSS. (B) Heatmap depicts DNA methylation pattern of the 6 probes
near APC. The dendrogram is based on the hierarchical clustering from Figure 2. Red
branches represent tumor samples and blue branches represent benign adjacent samples.
Coordinates are based on NCBI36/hg18 human genome assembly.

Figure 9. RASSF1 proximal promoter hypermethylation in prostate tumors. (A) Diagram
of the RefSeq annotation of the RASSF71 gene. Green boxes represent the CpG islands
calculated by UCSC Genome Browser. Circles are CpG sites assayed by
HumanMethylation27: red circles represent probes that were identified to be hypermethylated
in prostate tumors by 2-class SAM and the gray circles represent probes that showed no
significant change. The numbers above and below the circles indicate the relative distance in
basepairs from the predicted TSS. (B) Heatmap depicts DNA methylation pattern of the 9

4



[21]

[22]

[23]

[24]

WO 2012/138609 PCT/US2012/031876

probes near RASSF1. The dendrogram is based on the hierarchical clustering from Figure 2.
Red branches represent tumor samples and blue branches represent benign adjacent
samples. Coordinates are based on NCBI36/hg18 human genome assembly.

Figure 10. Diagnostic markers of prostate cancer identified by PAM. Unsupervised
hierarchical clustering of 181 prostate samples based on the 87 diagnostic CpG sites
identified by PAM. Red branches represent tumor samples and blue branches represent
benign adjacent samples. Red pixels represent high DNA methylation while green pixels
represent low DNA methylation.

Figure 11. PyroMark validates HumanMethylation27 results. PyroMark sequencing
results compared to HumanMethylation27 beta scores at 9 diagnostic CpGs identified by
PAM. Blue circles are benign adjacent samples and red circles are tumor samples. Y-axis:
fraction methylation calculated from PyroMark. X-axis: fraction methylation calculated from
HumanMethylation27 (beta scores). Black line: linear regression. (A) CYBA (cg19790294).
(B) GDAP1L1 (cg04448487). (C) HIF3A (cg02879662). (D) LGLST (cg19853760). (E)
LOC387758 (cg04622802). (F) MCAM (cg21096399). (G) RPIP8 (cg13102585). (H)
RAB33A (cg24340926). (/) SCGB2A2 (cg22862656).

Figure 12. Comparison of neighboring CpGs by PyroMark. PyroMark sequencing results
comparing neighboring CpGs of the 9 diagnostic CpGs identified by PAM. Each diamond
represents a CpG methylation level for an individual sample. Lines connect CpGs from each
sample. Blue lines are benign adjacent samples, red lines are tumor samples. Y-axis:
fraction methylation calculated from PyroMark. X-axis: relative coordinates in basepairs. Box
indicates CpG assayed by HumanMethylation27. (A) CYBA (cg19790294). (B) GDAP1L1
(cg04448487). (C) HIF3A (cg02879662). (D) LGLST (cg19853760). (E) LOC387758
(cg04622802). (F) MCAM (cg21096399). (G) RPIP8 (cg13102585). (H) RAB33A
(cg24340926). (/) SCGB2A2 (cg22862656).

DETAILED DESCRIPTION OF THE EMBODIMENTS

Examples are put forth so as to provide those of ordinary skill in the art with a complete
disclosure and description of how to make and use the present invention, and are not
intended to limit the scope of what the inventors regard as their invention nor are they
intended to represent that the experiments below are all or the only experiments performed.
Efforts have been made to ensure accuracy with respect to numbers used (e.g., amounts,
temperature, etc.) but some experimental errors and deviations should be accounted for.
Unless indicated otherwise, parts are parts by weight, molecular weight is weight average
molecular weight, temperature is in degrees Centigrade, and pressure is at or near
atmospheric.
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All publications and patent applications cited in this specification are herein incorporated
by reference as if each individual publication or patent application were specifically and
individually indicated to be incorporated by reference.

The present invention has been described in terms of particular embodiments found or
proposed by the present inventor to comprise preferred modes for the practice of the
invention. It will be appreciated by those of skill in the art that, in light of the present
disclosure, numerous modifications and changes can be made in the particular embodiments
exemplified without departing from the intended scope of the invention. For example, due to
codon redundancy, changes can be made in the underlying DNA sequence without affecting
the protein sequence. Moreover, due to biological functional equivalency considerations,
changes can be made in protein structure without affecting the biological action in kind or
amount. All such modifications are intended to be included within the scope of the appended

claims.

Definitions

As used herein, the term “methylation status” as applied to a gene refers to whether one
or more cytosine residues present in a CpG context have or do not have a methylation group.
Methylation status may also refer to the fraction of cells in a sample that do or do not have a
methylation group on such cytosines. These cytosines are typically in the promoter region of
the gene, though may also be found in the body of the gene, including introns and exons.

As used herein, the term “prostate cancer” is used interchangeably and in the broadest
sense refers to all stages and all forms of cancer arising from the tissue of the prostate gland.

According to the tumor, node, metastasis (TNM) staging system of the American Joint
Committee on Cancer (AJCC), AJCC Cancer Staging Manual (7th Ed., 2010), the various
stages of prostate cancer are defined as follows: Tumor: TI: clinically inapparent tumor not
palpable or visible by imaging, T1a: tumor incidental histological finding in 5% or less of tissue
resected, T1b: tumor incidental histological finding in more than 5% of tissue resected, T1c:
tumor identified by needle biopsy; T2: tumor confined within prostate, T2a: tumor involves one
half of one lobe or less, T2b: tumor involves more than half of one lobe, but not both lobes,
T2c¢: tumor involves both lobes; T3: tumor extends through the prostatic capsule, T3a:
extracapsular extension (unilateral or bilateral), T3b: tumor invades seminal vesicle(s); T4:
tumor is fixed or invades adjacent structures other than seminal vesicles (bladder neck,
external sphincter, rectum, levator muscles, or pelvic wall). Node: NO: no regional lymph node
metastasis; NI: metastasis in regional lymph nodes. Metastasis: M0: no distant metastasis; Ml:
distant metastasis present.

The Gleason Grading system is used to help evaluate the prognosis of men with prostate

cancer. Together with other parameters, it is incorporated into a strategy of prostate cancer
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staging, which predicts prognosis and helps guide therapy. A Gleason “score” or “grade” is
given to prostate cancer based upon its microscopic appearance. Tumors with a low Gleason
score typically grow slowly enough that they may not pose a significant threat to the patients
in their lifetimes. These patients are monitored (“watchful waiting” or “active surveillance”) over
time. Cancers with a higher Gleason score are more aggressive and have a worse prognosis,
and these patients are generally treated with surgery (e.g., radical prostectomy) and, in some
cases, therapy (e.g., radiation, hormone, ultrasound, chemotherapy).

As used herein, the term “tumor tissue” refers to a biological sample containing one or
more cancer cells, or a fraction of one or more cancer cells. Those skilled in the art will
recognize that such biological sample may additionally comprise other biological components,
such as histologically appearing normal cells (e.g., adjacent the tumor), depending upon the
method used to obtain the tumor tissue, such as surgical resection, biopsy, or bodily fluids.

As used herein, the term “adjacent tissue (AT)” refers to histologically “normal” cells that
are adjacent a tumor. For example, the AT expression profile may be associated with disease
recurrence and survival.

Prognostic factors are those variables related to the natural history of' cancer, which
influence the recurrence rates and outcome of patients once they have developed cancer.
Clinical parameters that have been associated with a worse prognosis include, for example,
increased tumor stage, PSA level at presentation, and Gleason grade or pattern. Prognostic
factors are frequently used to categorize patients into subgroups with different baseline
relapse risks.

The term “prognosis” is used herein to refer to the likelihood that a cancer patient will have
a cancer-attributable death or progression, including recurrence, metastatic spread, and drug
resistance, of a neoplastic disease, such as prostate cancer. For example, a “good prognosis”
would include long term survival without recurrence and a “bad prognosis” would include
cancer recurrence.

The term “recurrence” is used herein to refer to local or distant recurrence (i.e.,
metastasis) of cancer. For example, prostate cancer can recur locally in the tissue next to the
prostate or in the seminal vesicles. The cancer may also affect the surrounding lymph nodes
in the pelvis or lymph nodes outside this area. Prostate cancer can also spread to tissues next
to the prostate, such as pelvic muscles, bones, or other organs. Recurrence can be
determined by clinical recurrence detected by, for example, imaging study or biopsy, or
biochemical recurrence detected by, for example, sustained follow-up prostate-specific
antigen (PSA) levels = 0.4 ng/mL or the initiation of salvage therapy as a result of a rising PSA
level.

The term “Prostate Cancer-Specific Survival (PCSS)” is used herein to describe the time

(in years) from surgery to death from prostate cancer. Losses due to incomplete follow-up or
7
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deaths from other causes are considered censoring events. Clinical recurrence and

biochemical recurrence are ignored for the purposes of calculating PCSS.

The term "nucleic acid" as used herein refers to a deoxyribonucleotide or ribonucleotide in
either single- or double-stranded form. The term encompasses nucleic acids, i.e.,
oligonucleotides, containing known analogues of natural nucleotides that have similar or
improved binding properties, for the purposes desired, as the reference nucleic acid. The
term also encompasses nucleic-acid-like structures with synthetic backbones. DNA backbone
analogues provided by the invention include phosphodiester, phosphorothioate,
phosphorodithioate, methylphosphonate, phosphoramidate, alkyl phosphotriester, sulfamate,
3'-thioacetal, methylene(methylimino), 3'-N-carbamate, morpholino carbamate, and peptide
nucleic acids (PNAs).. PNAs contain non-ionic backbones, such as N-(2-aminoethyl) glycine
units. Other synthetic backbones encompasses by the term include methylphosphonate
linkages or alternating methylphosphonate and phosphodiester linkages and
benzylphosphonate linkages. The term nucleic acid is used interchangeably with gene, DNA,
polynucleotide, cDNA, mRNA, oligonucleotide primer, probe and amplification product.

The term a "nucleic acid array" as used herein is a plurality of target elements, each target
element comprising one or more nucleic acid molecules (probes) immobilized on a solid
surface to which sample nucleic acids are hybridized. The nucleic acids of a target element
can contain sequence from specific genes or clones, such as the probes of the invention.
Other target elements will contain, for instance, reference sequences. Target elements of
various dimensions can be used in the arrays of the invention. Generally, smaller, target
elements are preferred. Typically, a target element will be less than about 1 cm in diameter.
Generally element sizes are from 1 um to about 3 mm, preferably between about 5 um and
about 1 mm.

The target elements of the arrays may be arranged on the solid surface at different
densities. The target element densities will depend upon a number of factors, such as the
nature of the label, the solid support, and the like. One of skill will recognize that each target
element may comprise a mixture of probe nucleic acids of different lengths and sequences.
Thus, for example, a target element may contain more than one copy of a cloned piece of
DNA, and each copy may be broken into fragments of different lengths. The length and
complexity of the probe nucleic acid fixed onto the target element is not critical to the
invention. One of skill can adjust these factors to provide optimum hybridization and signal
production for a given hybridization procedure, and to provide the required resolution among

different genes or genomic locations. In various embodiments, probe sequences will have a
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complexity between about 1 kb and about 1 Mb, between about 10 kb to about 500 kb,
between about 200 to about 500 kb, and from about 50 kb to about 150 kb.

The term "sample of human nucleic acid" as used herein refers to a sample comprising
human DNA in a form suitable for determination of methylation status of selected biomarkers.
The nucleic acid may be isolated, cloned or amplified; and is typically genomic DNA or a
product thereof, e.g. an amplified product of a chromosomal region following bisulfite
conversion, efc. The nucleic acid sample may be extracted from particular cells or tissues.
The cell or tissue sample from which the nucleic acid sample is prepared is typically taken
from a patient suspected of having prostate cancer, usually a sample comprising the
suspected neoplastic cells.

Methods of isolating cell and tissue samples are well known to those of skill in the art and
include, but are not limited to tissue sections, needle biopsies, and the like. Frequently the
sample will be a clinical sample derived from a patient, including sections of tissues such as
frozen sections or paraffin sections taken for histological purposes. The sample can also be
derived from supernatants or the cells themselves from cell cultures, cells from tissue culture
and other media in which it may be desirable to detect chromosomal abnormalities or
determine copy number. In some cases, the nucleic acids may be amplified using standard
techniques such as PCR, prior to the hybridization. The sample may be isolated nucleic acids
immobilized on a solid. The sample may also be prepared such that individual nucleic acids
remain substantially intact.

Amplification refers to the process by which DNA templates are increased in number
through multiple rounds of replication. Conveniently, polymerase chain reaction (PCR) is the
method of amplification, but such is not required, and other methods, such as loop-mediated
isothermal amplification (LIA); ligation detection reaction (LDR); ligase chain reaction (LCR);
nucleic acid sequence based amplification (NASBA); multiple displacement amplification
(MDA); C-probes in combination with rolling circle amplification; and the like may find use.
See, for example, Kozlowski et al. (2008) Electrophoresis. 29(23):4627-36; Monis et al. (2006)
Infect Genet Evol. 6(1):2-12; Zhang et al. (2006) Clin Chim Acta. 363(1-2):61-70; Cao (2004)
Trends Biotechnol. 22(1):38-44; Schweitzer and Kingsmore (2001) Curr Opin Biotechnol.
12(1):21-7; Lisby (1999) Mol Biotechnol. 12(1):75-99. As known in the art, amplification
reactions can be performed in a number of configurations, e.g. liquid phase, solid phase,
emulsion, gel format, etc.

Sequencing platforms include, but are not limited to those commercialized by: 454/Roche
Lifesciences including but not limited to the methods and apparatus described in Margulies et
al., Nature (2005) 437:376-380 (2005); and US Patent Nos. 7,244,559; 7,335,762; 7,211,390;
7,244 567; 7,264,929; 7,323,305; Helicos BioSciences Corporation (Cambridge, MA) as
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described in U.S. application Ser. No. 11/167046, and US Patent Nos. 7501245; 7491498;
7,276,720; and in U.S. Patent Application Publication Nos. US20090061439;
US20080087826; US20060286566; US20060024711; US20060024678; US20080213770;
and US20080103058; Applied Biosystems (e.g. SOLID sequencing); Dover Systems (e.g.,
Polonator G.007 sequencing); lllumina as described US Patent Nos. 5,750,341; 6,306,597;
and 5,969,119; and Pacific Biosciences as described in US Patent Nos. 7,462,452; 7,476,504
7,405,281; 7,170,050; 7,462,468; 7,476,503; 7,315,019; 7,302,146; 7,313,308; and US
Application Publication Nos. US20090029385; US20090068655; US20090024331; and
US20080206764. All references are herein incorporated by reference. Such methods and
apparatuses are provided here by way of example and are not intended to be limiting.

Diagnostic Methods

In general, prostate cancer is detected in a patient based on the presence of one or more
differentially methylated biomarkers from the group set forth in Table 1 in a biological sample
(such as blood, sera, seminal fluid, urine and/or tumor biopsies) obtained from the patient. In
other words, the methylation status of the selected biomarkers indicates the presence or
absence of prostate cancer cells in a patient sample.

Various methods for determining the methylation status of the biomarkers set forth herein
may be employed for the purposes of the present invention. Profiling methods known in the
art include, without limitation, techniques based on one or more of bisulfite conversion,
digestion with methylation-sensitive restriction enzymes, and affinity purification of methylated
DNA. As discussed in the Examples, hypermethylation of one or more CpG islands in
promoter sequences of the genes set forth in Table 1 is indicative that a cell is a prostate
cancer cell.

In some embodiments, bisulfite conversion is used to determine the methylation status of
a biomarker. Methylated cytosine has roughly the same base-pairing characteristics as
unmethylated cytosine, and is thus indistinguishable by standard sequencing approaches. To
overcome this, genomic DNA is treated with sodium bisulfite under conditions that cause
deamination of unmethylated cytosine to uracil, while leaving methylated cytosine intact. The
converted DNA may be sequenced directly or amplified, where the uracil is then replaced with
thymine. Analysis of the DNA product may be performed by any convenient sequencing
method to quantify the extent of methylation at each cytosine.

In one embodiment of the invention a bead array-based analysis of DNA methylation is
used to determine biomarker methylation status. Bisulfite-converted sample DNA is assayed
with two primers, each labeled with a different fluorescent dye. One primer is designed to
hybridize if the cytosine is methylated (and unconverted), whereas the other will only hybridize
to a converted sequence. The two primers are used in a PCR reaction with a locus-specific
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methylation-insensitive primer. The ratio of the PCR products is ascertained using a bead
array platform. This technique provides quantitative evaluation of specific cytosines and can
process many samples in parallel.

Short or long oligonucleotide arrays also find use. In such assays a DNA sample if

bisulfite converted, and hybridized to a an array of oligonucleotides that distinguish between a
converted an unconverted sequence. To compare samples, each sample is hybridized to an
array and the resulting signals are compared. For methylation analysis, a tiling design is
useful, with equidistantly spaced probes across portions of a genome or an entire genome.
Commercially available tiling arrays are available for the human genome, as well as for
human promoters. Single-nucleotide polymorphism (SNP) arrays have probes that selectively
bind to specific polymorphic sequences, thus providing genotype information based on
relative hybridization to the polymorphic probes. Using SNP arrays for DNA methylation
analysis allows the genotyping of methylated DNA that has been isolated from polymorphic
individuals.
Alternatively, methylation-sensitive restriction endonucleases are useful in DNA methylation
analysis. Many such enzymes are known in the art, and are often inhibited by methylation of
their recognition site, although some specifically digest methylated DNA. Many variations of
restriction enzyme-based methods may be used in conjunction with genomic analysis.
Generally, comparisons are made between a sample treated with an enzyme or a cocktail of
enzymes and an untreated control; between a sample treated with a methylation-sensitive
enzyme compared with a control treated with a methylation-insensitive isoschizomer; or
between two test samples, such as two tissue types or mutant and wild-type samples, both
treated with the same enzyme.

Affinity purification may be performed to enrich for DNA methylated sequences, e.g.
utilizing methyl-binding domain (MBD), which binds methylated CG sites. Alternatively, a
commercially available monoclonal antibody that specifically recognizes methylated cytosine
can be used to immunoprecipitate methylated DNA.

Some methods may entail determining a baseline value of methylation status in a normal
control, or in a patient before administering a dosage of agent, and comparing this with a
value for the test response, i.e. after treatment, in a patient sample, efc. A significant increase
may include a value greater than the typical margin of experimental error in repeat
measurements of the same sample, expressed as one standard deviation from the mean of
such measurements of the methylation status of one or more biomarkers set forth herein in
the sample. Measured values of in a patient may be compared with the control value.

In other methods, a control value (e.g., a mean and standard deviation) is determined
from a control population of individuals who have known prostate cancer status, e.g.
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previously diagnosed; following treatment with a therapeutic agent; and the like. Measured
values are compared with the control value.

In other methods, a patient who is not presently receiving treatment but has undergone a
previous course of treatment is monitored for methylation status of a biomarker to determine
whether a resumption of treatment is required, .i.e. whether residual cancer cells are present.

One skilled in the art will recognize that there are many statistical methods that may be
used to determine whether there is a significant relationship between a diagnostic or
prognostic parameter of interest and methylation status of a biomarker as described herein.
In certain embodiments, the correlation of methylation status of multiple biomarkers may be
assessed. For this purpose, the correlation structures may be examined through hierarchical
cluster methods.

Assays can provide for normalization by incorporating the methylation status of certain
normalizing genes, which do not significantly differ in methylation status under the relevant
conditions. Normalization can be based on the mean or median signal of all of the assayed
biomarkers or a large subset thereof (global normalization approach). In general, the
normalizing genes, also referred to as reference genes should be genes that are known not to
exhibit significantly different methylation in prostate cancer as compared to non-cancerous
prostate tissue, and are not significantly affected by various sample and process conditions,
thus provide for normalizing away extraneous effects.

The methylation status data used in the methods disclosed herein can be standardized.
Standardization refers to a process to effectively put all the biomarkers on a comparable
scale. This is performed because some biomarkers will exhibit more variation than others.
Standardization is performed by dividing each methylation value by its standard deviation
across all samples for that biomarker. Hazard ratios are then interpreted as the relative risk of

recurrence per 1 standard deviation increase in methylation.

KiTs

This invention also provides diagnostic kits for the detection of methylation status
alterations in the target biomarkers. In a preferred embodiment, the kits include one or more
hybridization probes, e.g. a bead based array, etc. to the target regions of the invention,
and/or probes for amplification. The kits can additionally include bisulfite reagents and
instructional materials describing when and how to use the kit contents. The kits can also
include one or more of the following: various labels or labeling agents to facilitate the
detection of the probes, reagents for the hybridization including buffers, sampling devices
including fine needles, swabs, aspirators and the like, positive and negative controls and so
forth.

12



[58]

[59]

[60]

WO 2012/138609 PCT/US2012/031876

EXPERIMENTAL

DNA methylation profiles have not been compared on a large scale between prostate
tumor and normal prostate, and the mechanisms behind these alterations are unknown. In
this study, we quantitatively profiled 95 primary prostate tumors and 86 benign adjacent
prostate tissue samples for their DNA methylation levels at 26,333 CpGs representing 14,104
gene promoters by using the lllumina HumanMethylation platform. A 2-class Significance
Analysis of this dataset revealed 5,912 CpG sites with increased DNA methylation and 2,151
CpG sites with decreased DNA methylation in tumors (FDR < 0.8%). Prediction Analysis of
this dataset identified 87 CpGs that are the most predictive diagnostic methylation biomarkers
of prostate cancer. By integrating available clinical follow-up data, we also identified 69
prognostic DNA methylation alterations that correlate with biochemical recurrence of the
tumor. To identify the mechanisms responsible for these genome-wide DNA methylation
alterations, we measured the gene expression levels of several DNA methyltransferases
(DNMTs) and their interacting proteins by TagMan gPCR and observed increased expression
of DNMT3A2, DNMT3B, and EZH2 in tumors. Subsequent transient transfection assays in
cultured primary prostate cells revealed that DNMT3B1 and DNMT3B2 overexpression
resulted in increased methylation of a substantial subset of CpG sites that also showed tumor-
specific increased methylation.

Results

To explore the prostate DNA methylome, we profiled 95 primary prostate tumors and 86
benign adjacent prostate tissues, including 70 matched pairs, using the Illlumina
HumanMethylation27 microarrays. These tissue samples were harvested from men who
underwent radical retropubic prostatectomy for clinically localized prostate cancer. Surgeries
were performed between 1998 and 2007 and detailed clinical data, including follow-up and
recurrence status were available in 96 patients (88%). Mean patient age, pre-operative serum
PSA levels, clinical stage and pathological Gleason grade were compatible with the risk
profiles of contemporary patients undergoing surgery for prostate cancer.

The lllumina HumanMethylation27 platform assays 27,578 CpG sites, almost all in the
proximal promoter regions of 14,495 transcription start sites. After batch correcting and
quality filtering the data, we were able to determine quantitative methylation status (beta
scores; range: 0 to 1) for 26,333 CpG sites in 14,104 promoters. To investigate the
similarities and differences of the DNA methylation profiles of the benign adjacent samples
and tumor samples, as well as their heterogeneity, we performed unsupervised hierarchical
clustering on the entire dataset (Figure 1). When the data were clustered by sample, we
observed two main clusters — one comprised almost entirely of benign adjacent samples
(77/88) and the other comprised almost entirely of the tumor samples (67/71). The branch
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lengths in the benign adjacent sample cluster were generally shorter than the branch lengths
in the tumor sample cluster, indicating more heterogeneity in methylation profiles among the
tumor samples. Twenty-two of the samples did not fall into either of the two main clusters and
formed long off-shooting branches or small clusters. Eighteen of these were tumor samples,
further indicative of the heterogeneous nature of the tumor DNA methylome. By visual
inspection, the majority of the samples showed relatively little methylation change between
the tumor and benign adjacent clusters (Figure 1), and most of these invariable CpG sites
showed low levels of methylation in both benign adjacent and tumor samples. However, there
were distinct CpG clusters with methylation patterns that distinguished the benign adjacent or
tumor sample clusters, and, strikingly, a large number of CpG sites showed increased
methylation in the tumor cluster compared to the benign adjacent cluster.

To identify the CpG sites with statistically different DNA methylation status between
benign adjacent prostate tissues and tumors, we performed a two-class Significance Analysis
of Microarrays (SAM). As we had matched benign adjacent tissues for only 70 of the 95
tumors used in this study, we conducted the SAM analysis as unpaired. The analysis
identified 5,912 CpG sites hypermethylated in tumors compared to benign adjacent tissues,
and 2,151 CpG sites hypomethylated at FDR < 0.8% (Figure 6). We performed hierarchical
clustering on all samples based on these 8,063 differentially methylated CpG sites (Figure 2).
When the fold-change was examined for these sites, 1,851 sites had a 2-fold or greater
change and as high as a 141-fold increase in methylation for a CpG near the transcriptional
start site of ZNF342 (average normal beta: 5.30E-4, average tumor beta: 0.0756). All but 609
of the CpGs had a change of 5% or greater. While these 609 sites had a low level of fold-
change, these were nonetheless identified as statistically significant changes that were
detectable because of the large sample size (Figure 6).

The 8,063 differentially methylated sites corresponded to 4,224 hypermethylated and
1,792 hypomethylated promoters. Of the 11,116 gene promoters represented by two or more
CpG sites on the HumanMethylation27 platform, only 223 had opposite methylation effects
(i.e., at least one hypermethylated CpG and at least one hypomethylated CpG). When the
distances from transcriptional start sites were compared in these 223 promoters with opposite
methylation effects, we saw enrichment for hypermethylated CpGs in the -100 bp to +800 bp
range, whereas we saw enrichment for the hypomethylated CpGs in the -700 bp to -200 bp
range. Thus, overall, nearly one third (8,063/26,333) of assayed promoter CpGs had a
statistically significant change in DNA methylation, with most of those showing an increase in
methylation. Interestingly, 43% (6,015/14,104) of all gene promoters assayed had at least
one CpG with a tumor-specific methylation change. We repeated this analysis using two-
class paired SAM on only the 70 matched sample pairs and observed similar results.
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Diagnostic methylation markers. Among the CpG sites that we found to be differentially
methylated in tumor versus benign adjacent prostate tissues by SAM, and shown clustered in
Figure 2, were several sites that had been previously characterized in prostate tumors, most
notably several CpG sites near or within the GSTP7 gene. Hypermethylation of the CpG
island overlapping the transcriptional start site of the GSTP7 gene has been associated with
transcriptional silencing and is described as the most common molecular alteration in prostate
cancer identified to date. Since GSTP1 promoter methylation is very common and specific for
prostate cancer, many investigators have proposed using this methylation event as a
diagnostic biomarker for prostate cancer. The HumanMethylation27 arrays contain seven
CpG sites in the GSTP1 promoter. Five of these sites showed significantly increased DNA
methylation in tumors, four of which are located in the promoter CpG island that had been
previously characterized as a site of hypermethylation in prostate cancer, while the fifth lies 88
bp downstream of the annotated CpG island boundary (red circles in Figure 3A). The two
remaining CpGs showed either no differential methylation (gray circle in Figure 3A) or slight
but statistically significant hypomethylation (green circle in Figure 3A); both lie further
upstream of the transcriptional start site, outside of the promoter CpG island. Our data not
only confirm the previously described hypermethylation of the GSTP7 promoter CpG island,
but also show that CpG DNA methylation alteration is highly context dependent even within a
single promoter.

In addition to GSTP1, we also examined our data specifically for methylation changes in
the promoters of APC and RASSF1, which have also been previously shown to have
hypermethylation in prostate cancer and were represented by multiple probes on the
HumanMethylation27 array. With APC, all six CpG sites represented on the array showed
hypermethylation in tumors, located 122 bp upstream to 488 bp downstream of the TSS
(Figure 8). With RASSF1, three CpGs sites were probed, located 58 bp upstream to 176 bp
downstream of the TSS and within a CpG island boundary; all three were hypermethylated
(Figure 10). However, five of the six probes located more than 2 kb downstream of the TSS in
a second CpG island did not show differential methylation.

While hierarchical clustering of samples using the most differentially methylated CpG sites
(the set shown in Figure 2) was able to distinguish most tumors from benign adjacent tissues,
the classification was not perfect, as indicated by the inclusion of benign adjacent tissue
samples within the tumor cluster and vice versa. To identify CpG sites that could best predict
either the tumor state or the benign adjacent state, we performed a Prediction Analysis of
Microarrays (PAM), to perform sample classification. This analysis generated a list of 87
predictive CpG sites, most of which had increased methylation in the tumor samples (83/87),
and represented 82 gene promoters total (Figure 11, Table 1). The CYBA, GSTP1, KLK10,
PPT2 and CXCL1 promoters each had two CpGs represented in this list. Notably, in this
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ranked list of 87 predictive methylation alterations, the GSTP7 hypermethylation was ranked
57th (Table 1). Thus we have identified 56 molecular events, most of which had not been
previously characterized, that are better identifiers of prostate cancer than is GSTP1. We

validated several of these diagnostic methylation markers by PyroMark sequencing.
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Prognostic methylation markers. To explore tumor heterogeneity, we compared the
methylation profiles of the 86 tumors with respect to Gleason grade and time to biochemical
recurrence (defined as serum PSA > 0.07 ng/mL after surgery) of the donors. Gleason grade
is a powerful predictor of treatment failure, tumor progression and death from prostate cancer,
and biochemical recurrence has also been correlated with prostate cancer-specific mortality.
Next, we conducted a SAM survival analysis with the time to biochemical recurrence as the
survival variable. With a false discovery rate of 26.8%, we identified six CpGs that showed
greater methylation in tumors from men who had shorter time to recurrence and 63 CpGs that
showed lower methylation in patients with shorter time to recurrence (Table 2). This strong
bias towards lower methylation in aggressive tumors was striking as we observed a bias for
CpG sites with increased methylation in the tumor/benign adjacent comparison. At a false
discovery rate of 26.8%, we expect that 18 of those calls to be false. At a lower false
discovery rate cutoff of 1%, we only observed four CpGs that showed higher methylation in
patients with shorter time to recurrence and none that showed lower methylation (Table 2).
While we were only able to identify a small number of CpGs whose methylation state
correlated with time to recurrence, we noted that several of these CpG sites are in the
proximal promoter genes of known cancer-related genes, including 3 CpGs near MAGE gene
family members which encode for strictly tumor-specific antigens (Chomez et al. 2001) and 4
CpGs near WTH1, a transcription factor gene associated with Wilm's tumor.
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Correlation of tumor hypermethylation with DNA methyliransferase expression. With
nearly one third of assayed CpGs showing changes in DNA methylation between tumor and
benign adjacent samples, we hypothesized that one or more of the DNA methyltransferases
(DNMTs), or a protein that interacts with a DNMT, had altered activity, possibly due to
changes in transcript abundance, in prostate tumors. Such alterations in activity could in turn
lead to global DNA methylation changes. To test this hypothesis, we selected RNA from 10 of
the benign adjacent and 36 of the tumor samples, and measured the transcript abundance of
DNMT1, DNMT3A, DNMT3A2, DNMT3B, DNMT3L and EZHZ2 using the TagMan Gene
Expression assay. These genes comprise the known maintenance methyltransferase
(DNMTT), all known methyltransferases with de novo capability [DNMT1, DNMT3A,
DNMT3B], and two interacting proteins thought to target methyltransferases to specific
genomic regions [DNMT3L and EZHZ]. In addition, we uniquely assayed DNMT3A and its
alternative promoter variant DNMT3AZ2 by using transcript-specific primers and probes. While
several splice variants of DNMT3B have been characterized, we were unable to design
variant-specific primers and probes for them, so instead we designed primers and probes to
the common region of all DNMT3B variants. We did not observe detectable levels of DNMT3L
transcript abundance from either tumor or benign adjacent samples. When the transcript
levels of the remaining genes were compared between benign adjacent and tumor samples
with a two-tailed t-test, three showed significant changes: DNMT3A2 (P = 0.0013), DNMT3B
(P =0.024) and EZH2 (P = 0.026), while DNMT1 and DNMT3A did not (Fig 4F).

We compared the expression values for these five genes to global DNA methylation
levels. Specifically, we plotted the mean percent methylation of all 5,912 hypermethylated
CpG sites against relative expression of each methyltransferase or interacting protein, and
calculated regression and the goodness-of-fit of the regression for each sample. Again,
DNMT3A2 (r*= 0.272, P = 0.0031), DNMT3B (r*= 0.197, P = 0.0056) and EZH2 (r*= 0.211, P
= 0.0037) all showed significant correlation between expression and global hypermethylation,
while DNMT1 and DNMT3A did not (Figure 4A — 4E). The correlation between DNMT3A2,
DNMT3B and EZH2 expression and global hypermethylation, in conjunction with the observed
over-expression of the same genes in tumors, suggests a causal role in the global methylation
changes seen in prostate tumor.

DNMT overexpression recapitulates hypermethylation events seen in prostate tumors. To
determine whether the increased transcript abundance of DNMT3A2, DNMT3B and EZHZ2 in
tumor cells has a causal role in the hypermethylation of a large number of promoter CpGs, we
expressed these genes from the CMV promoter in transient transfection assays in primary
cultures of normal prostatic epithelial cells. We used plasmids expressing DNMT3A,

DNMT3A2, DNMT3B1, DNMT3B2, and DNMT3B3, an EZH2-cDNA plasmid, and a no-insert
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plasmid. @ We co-transfected each cDNA plasmid with the no-insert plasmid, and
independently with the EZH2 plasmid, and also included a mock no-insert plasmid only
transfection. We calculated the change in DNA methylation for each CpG between each
cDNA transfection and the mock transfection after 48 hours. We then plotted the ideal
cumulative distribution function of the DNA methylation level change at all 26,333 CpG sites
along with the empirical cumulative distribution function of just the changes at the 5,912 CpG
sites hypermethylated in tumors (Figure 5A - 5K), and tested the difference in the two
distribution functions using the Kolmogorov-Smirnov (K-S) test. In all eleven experimental
transfections, the distribution of the 5,912 CpG sites was significantly enriched compared to
the null: DNMT3A (P = 6.0E-45), DNMT3A2 (P = 3.5E-62), DNMT3B1 (P = 1.2E-31),
DNMT3B2 (P = 5.2E-39), DNMT3B3 (P = 4.6E-44), EZH2 (P = 1.1E-59), DNMT3A+EZH2 (P
= 7.8E-64), DNMT3A2+EZH2 (P = 9.8E-65), DNMT3B1+EZH2 (P = 2.1E-29),
DNMT3B2+EZH2 (P = 6.7E-42), DNMT3B3+EZH2 (P = 2.5E-67). Consistent with our
hypothesis, when the plots of the empirical cumulative distribution functions were visually
inspected, we observed that the low P-value of the K-S test appeared to be driven more by
the CpGs of increased methylation rather than CpGs of decreased methylation in all eleven
conditions.

To test specifically whether the list of 5,912 CpG sites was statistically enriched for CpGs
with substantially increased DNA methylation, we performed a series of chi-square tests.
Based on the distribution of CpG methylation levels in tumor and benign adjacent tissues at
these CpG sites, we set a cutoff value of 0.05. In other words, CpG sites where the
methylation increased by 5 percent or greater in the experimental transfection compared to
the mock transfection were considered to have substantially increased DNA methylation. We
calculated expected values based on the distribution of these CpGs with substantially
increased DNA methylation in the entire set of 26,333 CpGs. When chi-square tests were
performed, all eleven experimental conditions had very low p-values: DNMT3A (P = 1.1E-45),
DNMT3A2 (P = 1.7E-66), DNMT3B1 (P = 8.9E-127), DNMT3B2 (P = 1.8E-157), DNMT3B3 (P
= 6.6E-10), EZH2 (P = 9.4E-31), DNMT3A+EZH2 (P = 1.5E-13), DNMT3A2+EZH2 (P = 1.1E-
11), DNMT3B1+EZH2 (P = 1.9E-185), DNMT3B2+EZH2 (P = 9.4E-107), DNMT3B3+EZH2 (P
= 2.3E-68). Again, DNMT3B1 and DNMT3B2, which are alternative splicing isoforms differing
by the presence of one exon, both in the presence and absence of EZHZ2 co-transfection,
showed the lowest P-values, all less than 1E-100. From these data, we conclude that our list
of 5,912 CpGs is indeed enriched for CpGs with substantially increased methylation when
DNMTs or EZHZ2 were overexpressed, with DNMT3B1 and DNMT3B2 appearing to have the
strongest impact on the DNA methylation levels at these sites.

Based on these data, we further investigated the altered DNA methylation in the

DNMT3B1 and DNMT3B2 overexpression experiments. Because these splice isoforms differ
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by only one exon coding for 21 amino acids in a linker region, we suspected that they would
share many targets. To identify the CpGs targeted by DNMT3B1 and DNMT3B2 in prostate
tumors, we examined the list of CpGs that were hypermethylated in prostate tumors and in the
overexpression experiments. Specifically, we looked for overlaps in the list of CpGs with 5%
or greater increase in methylation compared to the mock in the DNMT3B1 (1267 CpGs),
DNMT3B1+EZH2 (1322 CpGs), DNMT3B2 (1261 CpGs), and DNMT3B2+EZH2 (1235 CpGs)
overexpression experiments. Four hundred and thirty eight CpGs were represented in all 4
lists and an additional 425 CpGs were represented in 3 of the 4 lists. We performed two
permutation tests to determine the likelihood of our results. In the first permutation test, we
generated 4 lists of CpGs (1267, 1322, 1261 and 1235 CpGs, respectively) drawn randomly
from the whole list of 26,333 CpGs and counted the number of incidences where there was an
overlap of 438 CpGs in all 4 lists. It was never observed in the 10,000 iterations. In our
second permutation test, we repeated the first permutation test but changed the criteria to
observing at least 863 CpGs overlapping in 3 of the 4 lists. This too was never observed in
10,000 iterations. This provided further evidence that the differentially methylated CpGs in the
DNMT3B1 and DNMT3B2 overexpression experiments indeed significantly deviated from
random sampling, and are likely to be those that are specifically, directly or indirectly, targeted
by these methyltransferases.

Alterations in DNA methylation have been shown to play a role in tumorigenesis and
cancer progression in many malignancies. Until recently, technical limitations have restricted
these findings to either characterization of a handful of candidate loci or of overall abundance
of 5-methylcytosine in the genome. No prior study has examined the methylation profiles of
normal prostate tissue necessary to determine the methylation changes that occur during or
as a result of tumorigenesis. Here, we present quantitative DNA methylation levels at more
than 26,000 loci across 14,000 gene promoters. Because we assayed 95 cancers and 86
benign adjacent prostate tissues in parallel at CpGs specifically enriched at gene promoters,
we were able to show that 43% of gene promoters represented in our assay had a tumor-
specific methylation change. In addition to confirming methylation changes seen in previously
published candidate loci studies, we also identified thousands of novel changes, including a
set of hypermethylated loci more strongly predictive of prostate cancer than GSTP71. Our data
show that DNA methylation changes in prostate cancer occur on a broad scale, at many loci
throughout the genome.

DNA methylation alteration has been observed in early cancers and precursor lesions
suggesting that methylation changes drive malignant initiation rather than tumor progression.
Our observations are largely consistent with this hypothesis. If the acquisition of DNA

methylation alterations continues throughout tumor progression, variation in methylation
27



[74]

[75]

[76]

WO 2012/138609 PCT/US2012/031876

profiles should be observed in tumors of different histological grades and clinical outcomes.
Although we detected more heterogeneity among tumors than among benign adjacent
tissues, the vast majority of tumors fell in a single cluster and we did not observe obvious
subclassifications, though some tumor samples did cluster with benign adjacent samples. We
compared clinical outcomes of the donors of the tumors that clustered with benign adjacent
tissues against the donors of the other tumors but did not observe any differences in Gleason
grades or time-to-recurrence. However, from the little inter-tumor heterogeneity that did exist,
we identified several dozen DNA methylation changes that correlated with patients' time-to-
recurrence.

The fact that we observed changes at a very specific subset of CpG sites across most
tumors, rather than a global DNA methylation deregulation or instability, suggests a common
mechanism among prostate cancers. This specificity in target sites was particularly apparent
in gene promoters assayed by multiple probes and by the PyroMark assay. The case of
GSTP1 illustrates this point well, where the methylation changes were highly context
dependent: only the CpG island overlapping the transcriptional start site was hypermethylated.
Based on these findings, we suspect that cellular processes involved with targeted CpG
methylation regulation are themselves misregulated or altered in early tumor initiation. The
most likely candidates are DNMTs and DNMT-interacting proteins. In support of this
hypothesis, we observed significant correlations between the gene expression levels and
levels of global hypermethylation for several of these candidates. In vitro experiments in
normal prostatic epithelial cells confirmed that overexpression of DNMT3B1 and DNMT3B2
leads to the hypermethylation of a subset of the prostate tumor-specific changes. These data,
together with previous observations, strongly suggests that dysregulation of DNMTs and
possibly DNMT- interacting proteins are among the earliest events in tumorigenesis.

While we did not address the mechanism for the observed decreased methylation of some
CpGs in tumors, there are three likely possibilities. First, there may be aberrations in the
maintenance DNA methyltransferase gene, DNMT1. Although we did not observe a decrease
in the DNMTT1 transcript level, there may be translational dysregulation of this gene or
mutations that leads to decreased activity. Decrease in DNMTT activity may lead to improper
maintenance and gradual loss of methylation with every DNA replication. However, this would
likely lead to a global loss rather than targeted loss at particular CpGs, and therefore, is the
least likely scenario. A second possibility is the dysregulation of a direct or indirect DNA
demethylase. Finally, the targeted hypomethylation may be the result of dysregulation of an
interacting protein of DNMT1 or the hypothetical DNA demethylase.

By approaching DNA methylation in cancer from a genomic perspective, we were able to
gain new insights into the underlying biology of prostate cancer, as well as discover novel

markers for more accurate diagnosis of the disease. In addition, this is the first study
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comparing methylation in prostate cancer to benign adjacent tissue. Expanding an integrative
analysis to include DNA methylation data along with gene expression and CNV data provides
a better understanding of prostate cancer biology, and biomarkers for use in a clinical setting.

Materials and Methods

Sample collection and preparation. All prostate samples used for this study were collected
at the Stanford University Medical Center between 1999 and 2007 with patient’s informed
consent under an IRB-approved protocol. Multiple tissue samples were harvested from each
prostate, flash frozen and stored at -80°C. Sections of each prostate tissue sample were
evaluated by a genitourinary pathologist. The tumor and non-tumor areas were marked and
contaminating tissues were trimmed away from the block as described previously. Tumor
samples in which at least 90% of the epithelial cells were cancerous, and non-tumor samples
having no observable tumor epithelium, were selected for extraction of DNA and RNA.

Primary prostate cell culture and transfection assays. A primary culture of human
prostatic epithelial cells (E-PZ-231) was established from benign tissue of the peripheral zone
of the prostate of a 56 year-old man who underwent radical prostatectomy to treat prostate
cancer. Using previously described methods, primary cultures were serially passaged. When
tertiary passage cells were about 50% confluent, they were fed Complete PFMR- 4A medium
(Peehl 2002) without gentamycin until they reached ~85% confluency. Cells in each 60-mm,
collagen-coated dish were then transfected with 10 pug of plasmid DNA using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. After 48 hours, cells from three
60-mm dishes per condition were dissociated with TrypLE Express (Invitrogen), centrifuged,
and snap-frozen in liquid nitrogen. These cell pellets were then used for DNA isolation.

Nucleic acid isolation. DNA and RNA were isolated from tissue samples or cell cultures
using Qiagen AllPrep DNA/RNA mini kit (Qiagen) following the manufacturer’s protocol, with
the exception of the RNA from primary prostate cell cultures. This RNA was isolated with
Trizol Reagent (Invitrogen) according to the manufacturer’s instructions.

Sodium bisulfite conversion. Sodium bisulfite conversion of genomic DNA was performed
using the EZ-96 DNA Methylation Kit (Deep-Well format) (ZymoResearch). The conversion
was completed using the alternative incubation protocol for lllumina Infinium Methylation
Assay, as described by the manufacturer.

Methylation analysis by lllumina Infinium HumanMethylation27. Five hundred ng of
sodium bisulfite-converted genomic DNA from patient samples or cultured cells were assayed
by Infinium HumanMethylaton27, RevB Beadchip Kits (lllumina). The assay was performed
using the protocol as described by the manufacturer.

Beta score calculations, quality filtering and batch normalization. HumanMethylation27

array results were initially extracted and analyzed using lllumina BeadStudio software with the
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Methylation Module v3.2. Beta scores were calculated manually using values exported from
BeadStudio. For each probe intensity value, we subtracted the median negative background
control probe value based on the color channel. The beta score was calculated using the
background subtracted intensity values as: B = Intensitymetyates / (INtENSitymetnyiateas +
Intensityunmetnyiated). ANy negative beta scores were converted to a zero. Any beta scores with
an associated detection p-value of greater than 0.01 were converted to "missing values". To
correct for any array-by-array variation, we imputed all missing values using KNN Impute, then
performed normalization using the ComBat R-package (Johnson et al. 2006). All previously
imputed values were converted back to "missing values" for subsequent analyses.

To remove CpG probes with potentially problematic hybridization, we performed BLAT on
all 27,578 probe sequences against the GRCh27/hg19 build of the human genome. One
thousand and twenty eight probes showed questionable mapping and therefore were removed
from analysis. We also identified 217 probes that included a SNP of greater than 3% minor
allele frequency within 15 bp of the assayed CpG. These probes were also rejected with
consideration to potential variation in probe hybridization due to the common SNP.

Clustering. Prior to each hierarchical clustering, the beta scores were mean centered.
Hierarchical clustering of the arrays was done using the software Cluster 3.0 with Average
Linkage. Because these datasets were too large to cluster the genes by Cluster 3.0, gene
clustering was done using XCluster, available through the Stanford Microarray Database,
using non-centered Pearson Correlation to perform the hierarchical clustering.

Significance Analysis of Microarray (SAM). Each SAM was performed as described in the
software manual. The data were analyzed using the latest version of SAM available at the
time of this manuscript preparation, which was version 3.09c. SAM was implemented using R
version 2.10.0.

Prediction Analysis of Microarray (PAM). Prior to PAM, the CpGs were sorted by standard
deviation across all tumors and benign adjacent tissue. To improve statistical power, only
CpGs which had a standard deviation of 0.04 or greater were analyzed. PAM was performed
as described in the software manual. The data were analyzed using the latest version of PAM
available at the time of this manuscript preparation, which was version 2.11. PAM was
implemented using R version 2.10.0. Based on visual examination of the training errors and
the cross-validation results, we set the shrinkage threshold to 10.5.

PyroMark assays. PyroMark assays were performed at the Stanford Protein and Nucleic
Acid Facility using the manufacturer’s recommended protocol (Qiagen). For each target
region, 3 primers were used: a forward and reverse PCR primer and a sequencing primer.

TagMan gene expression assay. Expression levels of genes encoding several DNMT and
DNMT-interacting proteins, as well as beta-2-microglobulin as an endogenous control, were

measured in 10 benign adjacent and 36 tumor samples by TagMan Gene Expression Assay.
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We used the following Applied Biosystems inventoried assays with FAM/MGD labeled probes
(Assay ID in parentheses): DNMT1 (Hs00945900 g1), DNMT3A (Hs00173377_m1),
DNMT3A2 (Hs00601097_m1), DNMT3B (Hs01003405_m1), DNMT3L (Hs01081364_m1),
EZH2 (Hs01016789_m1) and the Human B2M (beta-2-microglobulin) Endogenous Control.
Twenty five ng of cDNA were assayed in triplicate for each target, using the protocol as
described by the manufacturer, on the ABI PRISM 7900HT instrument.

The results were analyzed using the ABI SDS 2.4 and ABI RQ Manager 1.2.1 software.
Briefly, the average CT and delta-CT were calculated for each DNMT and EZH2. By
integrating the average CT value from the B2M CT, we calculated the delta-delta-CT. All
sample delta-delta-CT values were normalized to that of a tumor sample PC625T to generate
an RQ value. To present the RQ value as a positive value, we added 5 to each RQ value.

Expression vectors. The pcDNA3/Myc- EZHZ construct was a generous gift from A.
Chinnaiyan (Okano et al. 1999). The pcDNA3/Myc-DNMT3A, pcDNA3/Myc-DNMT3A2,
pcDNAS3/Myc-DNMT3B1, pcDNA3/Myc-DNMT3B2 and pcDNA3/Myc-DNMT3B3 constructs
were a generous gift from A. Riggs (Chen et al. 2005).
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WHAT IS CLAIMED IS:

1. A method for diagnosis of prostate cancer, the method comprising:

determining the presence of a change in methylation state in one or more biomarker(s)
set forth in Table 1 in a sample suspected of comprising prostate cancer cells,

wherein the presence of altered methylation relative to a control sample is indicative of
the presence of prostate cancer cells in the sample.

2. The method of claim 1, genomic DNA is isolated from sample suspected of
comprising prostate cancer cells.

3. The method of Claim 2, wherein said sample is a biopsy sample.

4, the method of Claim 2, wherein said sample is a blood sample.

5. The method of Claim 2, wherein said sample is a urine sample.

6. The method of Claim 2, wherein said sample is seminal fluid sample or a

component of seminal fluid.

7. The method of Claim 1, wherein at least 5 biomarkers are screened.

8. The method of Claim 1, wherein said screening comprises the step of
converting unmethylated cytosine resides in said genomic DNA to uracil in a converted DNA
sample.

9. The method of Claim 6, wherein said converted DNA sample is amplified.

10. The method of Claim 7, wherein said amplified DNA is sequenced to determine
the methylation status of said one or more biomarkers.

11. The method of Claim 7, wherein said amplified DNA is hybridized to a probe or
an array of probes to determine the methylation status of said one or more biomarkers.

12. The method of claim 9, wherein the probe is attached to a solid surface.

13. The method of Claim 9, wherein said probe is attached to a bead.
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