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INTRODUCTION

While most prostate cancer (PCa) patients have an indolent form of the disease that
may not even require treatment, about 10-15% of PCa patients have an aggressive form
that may progress to metastases and death, thus requiring intensive treatment. Several
clinical variables such as PSA levels, Gleason grade, and TNM stage are good
predictors for disease with poor clinical outcomes; however, their predictive performance
needs to be improved. Our inability to reliably distinguish between these two forms of
PCa, early on in the course of the disease has resulted in the over-treatment of many
and under treatment of some. Another dilemma is a large difference in PCa risk,
especially aggressive PCa, between races. African Americans (AAs) have the world’s
highest incidence of PCa and are twice as likely, as compared with Caucasians to die of
the disease. Inherited markers of aggressive PCa could be used for screening and
diagnosis of aggressive PCa at an early stage while reducing over-diagnosis and
treatment for others. The overall hypothesis is that inherited sequence variants in the
genome are associated with a lethal (aggressive) form of PCa but not indolent PCa, and
the difference in these variants between races may contribute to higher incidence of and
mortality from aggressive PCa in AA.

In this DOD proposal, we proposed: 1) To discover novel inherited genetic variants in
the genome that may be associated with aggressive but not indolent PCa using an
exome array approach; 2) To confirm the novel genetic variants using mass
spectrometry directed sequencing; and 3) To perform association tests of implicated
genetic variants among 1,500 most aggressive PCa and 1,500 least aggressive (i.e.
indolent) PCa.

BODY
Approved Revised Statement of Work:

Aim 1. To discover novel inherited genetic variants in the genome that may be
associated with aggressive but not indolent PCa using a WGS approach.

Step by Step method and expected results

1. Months 1-6: Preparation of the study, including regulatory review, IRB approval
and other logistical issues

2. Months 7-12: Perform exome SNP array analysis for 400 (200 aggressive PCa
and 200 indolent PCa ) cases in EAs and 400 (200 aggressive PCa and 200
indolent PCa ) cases in AAs from Johns Hopkins Hospital.

3. Months 13-18: Perform exome SNP array analysis for 200 (100 aggressive PCa
and 100 indolent PCa ) cases in EAs and 200 (100 aggressive PCa and 100
indolent PCa ) cases in AAs from Johns Hopkins Hospital. Perform statistical and
bioinformatics analysis for the combined dataset of 600 aggressive PCa cases
and 600 indolent PCa cases.



Outcome and deliverables

We expect to identify a certain number of novel rare variants most likely associated with
aggressive but not indolent PCa.

Aim 2. To confirm the genetic variants implicated in Aim 1 using Sequenom

Step by Step method and expected results
1. Months 19-22: Genotyping the top rare mutations among the additional PCa

samples using Sequenom
2. Months 23-24: Confirmation analysis of the top SNPs

Outcome and deliverable
We expect that a subset of the top rare mutations will be confirmed using the Sequenom
platform.

Aim 3. To perform association tests of selected genetic variants among 1,500
most aggressive PCa and 1,500 most indolent PCa.

Step by Step method and expected results
1. Months 25-26: Genotyping ~100 SNPs in 1,500 most aggressive PCa and 1,500

most indolent PCa patients

2. Months 27-28: Perform association test of these SNPs with aggressiveness of
PCa using a logistic regression model

3. Months 29-36: Final analysis and preparation of papers

Outcome and deliverable

We expect to identify several novel rare mutations that are associated with
aggressiveness of PCa using exome SNP array analysis. We will prepare and submit
papers reporting the major results from the study.

Detailed report

Study design modification. In our initial report for year 3, we proposed to perform
association tests of selected ~100 top genetic variants among additional aggressive
PCa and indolent PCa from JHH population using Sequenom Platform. During year 3,
we were able to obtain access to the Exome BeadChip array data for two additional
Caucasian populations (Michigan and CAPS) with 328 additional aggressive PCa
cases and 814 indolent PCa cases. Therefore, we also conducted a genome-wide
association analysis for rare variants with PCa aggressiveness in those two
populations. We also conducted a pooled analysis using all three populations with
Exome array data with a total of total of 1,919 PCa cases, including 470 aggressive
PCa cases and 1,449 indolent PCa cases. Only rare variants that were implicated in
all three populations were followed up for additional confirmation in additional 2,355
PCa cases with 1,076 aggressive PCa and 1,291 indolent PCa cases from CAPS
population. Compared with our original study design, the new design greatly improved
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our statistical power due to increased sample sizes. We were also able to decrease
the number of false positive results by including two more populations to compare the
association results for all the rare variants on the Exome Array chip.

Study Subjects. Subjects included in the John Hopkins (JHH) study were recruited
during Jan. 1999 to Dec. 2008. All of them underwent radical prostatectomy for
treatment of prostate cancer. Details of this study have been described in previous
publications. In this study, aggressive prostate cancer was defined as: 1) Gleason
Score 28; or 2) Gleason Score =7, with the most prevalent pattern being 4; or 3) stage
T3b or higher; or 4) involvement of regional lymph nodes; or 5) presence of distant
metastasis. Otherwise, the cancers were classified as non-aggressive prostate cancer.
In this study, a total of 1,177 subjects (including 777 EA and 400 AA samples) from
JHH study were genotyped using the Illlumina Human Exome BeadChip platform. In
addition, 772 PCa cases of AA descent including 388 subjects with aggressive PCa
and 384 indolent PCa cases were genotyped to replicate the rare variants that were
implicated in the first stage of Exome Array analysis based on AA population.

The second population included subjects recruited in Sweden from the CAPS study,
which were diagnosed from Jul. 2001 and Oct. 2003. Details of this study have been
described in previous publications. In the CAPS study, aggressive prostate cancers
were defined as: 1) Gleason Score 28; or 2) stage T3 or higher; or 3) involvement of
regional lymph nodes; or 4) presence of distant metastasis; or 5) serum PSA >50
ng/ml. Otherwise, the cancers were classified as non-aggressive prostate cancer. In
this study, 446 subjects from CAPS study were genotyped by ExomeArray. Among
them, 149 subjects were aggressive prostate cancer patients while 297 patients had
anon-aggressive form. In addition, 2,355 cases with 1,064 aggressive PCa cases and
1,291 indolent PCa cases were genotyped to replicate the rare variants that were
implicated in all the three populations.

The third study population included subjects recruited by the University of Michigan.
The definition of prostate cancer aggressiveness in the Michigan population is exactly
the same as in the JHH study. In this study, 864 subjects from Michigan study were
genotyped using the Human Exome BeadChip platform. Among them, 179 subjects
were aggressive prostate cancer patients while 517 subjects had a non-aggressive
form of the disease.

Genotyping and Quality Control. Genotyping of samples in the first stage was
conducted using the lllumina Human Exome BeadChip at the Center for Cancer
Genomics, Wake Forest University School of Medicine. A total of 247,870 genetic
variants were included in the ExomeArray. Those polymorphic SNPs were used for
sex and IBS check of all subjects using PLINK software (Purcell 2007). In addition,
polymorphic SNPs were also used to estimate the missing rate per individual. In each
stage, subjects with genotyping missing rate >5% were removed from further analysis.
For subjects in stage 1 with exome data available, IBS check and sex check were also
performed. SNPs with missing rates >2% in subjects passed quality control (QC) were
removed from further analysis.

Top variants selected to be confirmed in CAPS and JHH were genotyped using



TheSequenom MassArray system. The MassARRAY system is composed of four
parts: assay components for primer extension reactions, SpectroCHIP arrays (silicon
chips consisting of 384 elements on which extension products are spotted), a MALDI-
TOF mass spectrometer, and SpectroTYPER software for automated scoring of SNP
alleles. SNPs were genotyped by multiplexing of ~15 SNPs that were genotyped in a
single analysis. PCR were performed using standard conditions. Reactions were
scaled down to 5ul and used less than 10ng of genomic DNA per multiplexing group.
All of the post-PCR reactions were performed using proprietary MassARRAY
components and equipment for increased consistency and accuracy.

Several measures were taken to ensure the quality of the genotype data using the
Sequenom platform. All samples were aliquoted into genotyping plates and each was
assigned a unique barcode. All plates contained an asymmetric distribution of control
samples (CEPH and water) throughout the plate in order to prevent plate flipping and
to allow for unique identification. To ensure high quality genotyping, 2 quality control
samples and 2 blank samples were included in each 96-well plate. Cases and controls
were randomly included in each plate and their status was blinded to laboratory
personnel.

Bioinformatics analysis (Variant effect prediction): All coding nonsynonymous variants
were assessed for potential effect by Polymorphism Phenotyping version 2
(PolyPhen2), which is a tool for predicting the possible impact of an amino acid
substitution on the structure and function of a human protein. For a given variant,
PolyPhen2 calculates a Naive Bayes posterior probability that the mutation is
damaging and then appraised qualitatively as benign, possibly damaging, or probably
damaging (Adzhubei 2010).

Statistical analysis for single SNP__effect. Principal components analysis was
conducted to detect potential population stratification by EIGENSTRAT software (Price
2006). The top five eigenvectors which indicated ancestral heterogeneity within a
group of individuals were adjusted as covariates in the multivariate logistic regression
analysis.

All polymorphic genetic variants that passed QC were evaluated for associations with
prostate cancer aggressiveness. For genetic variants with any of the genotype counts
<5, Fisher's exact test was applied to investigate potential association. For genetic
variants with genotype counts >5, multivariate logistic regression analysis was
conducted assuming an additive genetic model, adjusting for age-at-diagnosis and the
top five eigenvectors. All analyses were performed using the PLINK software package
(Purcell 2007).

Gene-based analysis: We used a novel statistical approach called Sequence Kernel
Association Test (SKAT), to conduct gene-based analysis of rare variants for
aggressive PCa. SKAT is a supervised and flexible regression method to test for
association between rare variants in a gene or genetic region and a continuous or
dichotomous trait. Compared to other methods of estimating the joint effect of a subset
of SNPs, SKAT is able to deal with variants that have different direction and
magnitude of effects, and allows for covariate adjustment (Wu 2011). In addition,
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SKAT can also avoid arbitrary selection of threshold in burden test. Moreover, SKAT is
computationally efficient, compared to a permutation test, making it feasible to analyze
the large dataset in our study.

Results
EA population. Detailed clinical and demographic characteristics for the study
population in stage 1 were presented in Table 1.

Table 1. Clinical and Demographic Characteristics of Subjects in Stage 1.

JHH # (%) MI # (%) CAPS # (%)
Agg Non-Agg Non-Agg Agg Non-Agg
Characteristics (N=142) (N=635) Agg (N=179) (N=517) (N=149) (N=297)
Age at enrollment (Year)
Mean (sd) 51.5(3.9) 49.29 (4.44) NA NA NA NA
Age at disgnosis
<55 NA NA 178 (99.4) 517 (100) 48 (32.2) 93 (31.3)
>55 NA NA 1(0.6) 0 101 (67.8) 204 (68.7)
Missing NA NA 0 0 0 0

Family History (first-degree relatives)

No 125(88.0)  551(86.8) NA NA 105 (70.5) 184 (62.0)
Yes 15 (10.6) 66 (10.4) NA NA 41 (27.5) 109 (36.7)
Missing 2(1.4) 18 (2.8) NA NA 3(2.0) 4(1.3)

PSA levels at diagnosis for cases or at enrollment for controls (ng/ml)

<4 21 (14.8) 224 (35.3) 12 (6.7) 164 (31.7) 7(4.7) 60 (20.2)
4.01-9.99 78 (54.9) 357 (56.2) 89 (49.7) 281 (54.4) 25(16.8) 157 (52.9)

10-19.99 23 (16.2) 45 (7.1) 30 (16.8) 39 (7.5) 22 (14.8) 55 (18.5)

20-49.99 18 (12.7) 4(0.6) 20 (11.2) 4(0.8) 25 (16.8) 23 (7.7)

50-99.99 0 0 19 (10.6) 1(0.2) 25 (16.8) 0

2100 0 0 0 0 43 (28.9) 0

Missing 2(1.4) 5(0.8) 9 (5.0) 28 (5.4) 2(1.3) 2(0.7)
T-stage

T 0 0 0 1(0.2) 20 (13.4) 173 (58.2)

T2 47 (33.1) 512 (80.6) 71(39.7) 467 (90.3) 26 (17.4) 122 (41.1)

T3a 53 (37.3) 123 (19.4) 33 (18.4) 49 (9.5) 0 0

T3b 41 (28.9) 0 33 (18.4) 0 0 0

T3c 0 0 0 0 0 0

T3x 1(0.7) 0 0 0 83 (55.7) 0

T4 0 0 3 0 18 (12.1) 0

TX 0 0 0 0 0 0

Missing 0 0 39 (21.8) 0 2(1.3) 2(0.7)
N-stage

NO 119 (83.8) 627 (98.7) 119 (66.5) 410 (79.3) 36 (24.2) 60 (20.2)

N1 16 (11.3) 0 26 (14.5) 0 22 (14.8) 0

NX 1(0.7) 8(1.3) 20 (11.2) 107 (20.7) 91 (61.1) 237 (79.8)



Missing 0 0 14 (7.8) 0 0 0

M-stage
MO 0 0 81 (45.3) 257 (49.7) 76 (51.0) 110 (37.0)
M1 0 0 15 (8.4) 0 45 (30.2) 0
MX 142 (100) 635 (100) 72 (40.2) 260 (50.3) 28 (18.8) 187 (63.0)
Missing 0 0 11(6.1) 0 0 0

Gleason (biopsy)

<4 0 0 0 6(1.2) 0 21(6.7)

5 0 8(1.3) 0 21 (4.1) 9 (6.0) 49 (16.5)
6 1(0.7) 420 (66.1) 6 (3.4) 272 (52.6) 25 (16.8) 163 (54.9)
7 (3+4) 16 (11.3) 207 (32.6) 16 (8.9) 218 (42.2) 0 60 (20.2)
7 (4+3) 75 (52.8) 0 84 (46.9) 0 48 (32.2) 0

7 (total) 91 (64.1) 207 (32.9) 100 (55.9) 218 (42.2) 48 (32.2) 60 (20.2)
8 31(21.8) 0 31(17.3) 0 22 (14.8) 0

9 19 (13.4) 0 35 (19.6) 0 31(20.8) 0

10 0 0 3(1.7) 0 3(2.0) 0

Missing 0 0 0 0 11 (7.4) 4(1.3)

In stage 1 of the Exome Array analysis, a total of 247,870 genetic variants were
included in this ExomeArray. Among them, 92,173, 88,087 and 71,435 genetic
variants were polymorphic in JHH, Michigan and CAPS populations, respectively. For
polymorphic genetic variants, only those with a missing rate >0.98 in subjects passed
QC were kept for further statistical analyses, including 91,998 variants in JHH, 87,879
variants in Ml and 71,220 variants in CAPS. 79,729, 60,243, 57,126 genetic variants
had an MAF < 0.1 in the JHH, Michigan and CAPS population, respectively.

Association Analysis for single variants.

We did not observe any association between genetic variants and PCa
aggressiveness achieved genome-wide significance (P<5E-7) in JHH, Michigan or
CAPS populations. In the JHH population, 47 variants were significantly associated
with PCa aggressiveness with p-value < 1E-3, including 13 rare variants with minor
allele frequency (MAF) < 0.05, and 34 common ones (MAF = 0.05). In the Michigan
population, we found 27 variants significantly associated with PCa aggressiveness (p-
value < 1E-3), including 11 rare ones and 16 common ones. In the CAPS population,
we identified 18 variants significantly associated with PCa aggressiveness (p-value <
1E-3), including 7 rare ones and 11 common ones. No variants are significantly
associated with PCa aggressiveness with p-value < 1E-3 in all three populations.

We therefore conducted association analysis in a pooled sample of all three
populations. A total of 39 genetic variants achieved P-value<0.001 in the pooled
analysis. Among them, 31 variants had effects in the same direction in all three
populations. We further examined the 31 variants and found 11 of them 11 variants
were showed significant association (P < 0.05) in at least 2 populations. The
association results of the 11 variants in each population and the pooled analysis were
presented in Table 2.



Table 2. Associations between single variants and prostate cancer aggressiveness in JHH, Michigan and CAPS populations in Exome

Array analysis

MAF MAF Genotype Genotype
Population ~ SNP CHR BP Gene A1/A2 Agg indolent Agg Indolent OR P-value
JHH
bs1_156907115 1 156,907,115 ARHGEF11 G/IA 0.408 0.346 17177142 80/272/273 1.38  2.30E-02
bs2_233990575 2 233,990,575 INPP5SD AIG 0.007  0.000 0/2/134 0/0/625 3.18E-02
rs115393439 2 233,990,592  INPP5D C/IA 0.018  0.003 0/5/131 0/4/621 5.83 1.19E-02
rs464494 5 76,003,258 IQGAP2 AIG 0.375  0.457 22/58/56 120/331/174  0.70 1.42E-02
rs61740965 5 81,608,563 ATPBAP1L G/A 0.022  0.004 0/6/130 0/5/620 5.62  6.40E-03
rs10274334 7 47,925,331 PKD1L1 G/IC 0.500 0.382 31/72/31 95/287/243 1.62 5.25E-04
rs7385804 7 100,235,970 TFR2 C/IA 0.456  0.378 27/70/39 91/290/244 1.42 1.35E-02
rs2418135 9 113,901,309 OR2K2 G/A 0.618  0.480 19/66/51 172/306/147  1.82 2.20E-05
rs61753080 11 119,005,003 HINFP AIG 0.007  0.004 0/2/133 0/5/616 1.85  3.64E-01
rs11116595 12 85,165,879 SLC6A15 AIG 0.382  0.436 22/60/54 114/317/194  0.79  9.77E-02
rs17474506 17 38,990,780 TMEM99 G/IC 0.085  0.050 3/17/116 3/57/565 1.74  4.10E-02
Michgan
bs1_156907115 1 156,907,115 ARHGEF11 G/A 0422  0.336 29/93/57 56/235/225 1.46 3.35E-03
bs2_233990575 2 233,990,575  INPP5D AG 0.008  0.000 0/3/176 0/0/517 1.69E-02
rs115393439 2 233,990,592  INPP5SD C/IA 0.008  0.001 0/3/176 0/1/516 8.73  5.47E-02
rs464494 5 76,003,258 IQGAP2 AIG 0.358  0.460 20/88/71 113/250/154  0.66 1.16E-03
rs61740965 5 81,608,563 ATPBAP1L G/A 0.017  0.004 0/6/173 0/4/513 439  2.23E-02
rs10274334 7 47,925,331 PKD1L1 G/C 0.441 0.431 38/82/59 89/268/160 1.02 8.65E-01
rs7385804 7 100,235,970 TFR2 C/IA 0455 0.374 42/79/58 85/217/215 1.34 1.40E-02
rs2418135 9 113,901,309 OR2K2 G/A 0.500  0.480 45/89/45 116/263/137 1.09  4.71E-01
rs61753080 11 119,005,003  HINFP AIG 0.020  0.005 0/7/170 0/5/510 4.14 1.58E-02
rs11116595 12 85,165,879 SLC6A15 AG 0.377  0.485 31/73/75 119/263/135 0.64  4.55E-04
rs17474506 17 38,990,780 TMEM99 G/IC 0.089  0.052 1/30/148 1/52/463 1.78 1.53E-02
CAPS
bs1_156907115 1 156,907,115 ARHGEF11 G/A 0.403 0.368 23/74/52 39/140/117 1.17  2.96E-01
bs2_233990575 2 233,990,575  INPP5D AIG 0.010  0.000 0/3/146 0/0/296 3.73E-02
rs115393439 2 233,990,592  INPP5SD C/IA 0.023  0.007 0/7/142 0/4/292 3.54  4.96E-02
rs464494 5 76,003,258 IQGAP2 AIG 0.366  0.411 19/71/59 47/149/100 0.84  2.50E-01
rs61740965 5 81,608,563 ATPBAP1L G/A 0.003  0.002 0/1/148 0/1/295 199  0.99
rs10274334 7 47,925,331 PKD1L1 G/IC 0.534  0.444 45/69/35 60/143/93 1.46  8.54E-03
rs7385804 7 100,235,970 TFR2 C/IA 0.453  0.439 26/83/40 50/160/86 1.13  4.32E-01
rs2418135 9 113,901,309 OR2K2 G/A 0.540  0.453 43/75/31 65/138/93 1.39  2.05E-02
rs61753080 11 119,005,003  HINFP AIG 0.023  0.007 1/5/143 0/4/291 3.52  4.99E-02
rs11116595 12 85,165,879 SLC6A15 AIG 0.389  0.476 25/66/58 63/155/77 0.72  2.81E-02
rs17474506 17 38,990,780 TMEM99 G/IC 0.074  0.052 1/20/128 1/29/266 1.44  2.30E-01
Pooled
bs1_156907115 1 156,907,115 ARHGEF11 G/IA 0412  0.347 69/244/151 175/646/615 1.33  3.68E-04



bs2_233990575 2 233,990,575  INPP5D AG 0.009 0.000 0/8/456 0/0/1437 1.23E-05
rs115393439 2 233,990,592  INPP5D C/A 0.016 0.003 0/15/449 0/9/1428 5.23 7.86E-05
rs464494 5 76,003,258 IQGAP2 AG 0.365 0.449 61/217/186 280/730/427 0.72 5.01E-05
rs61740965 5 81,608,563 ATPGAP1L G/A 0.014 0.003 0/13/451 0/10/1427 4.07 9.41E-04
rs10274334 7 47,925,331 PKD1L1 G/IC 0.488 0.412 114/223/125  244/697/496  1.32 2.83E-04
rs7385804 7 100,235,970 TFR2 C/IA 0.455 0.389 95/232/137 226/666/545 1.29 9.36E-04
rs2418135 9 113,901,309 OR2K2 G/IA 0.547 0.474 139/230/95 328/706/402 1.37  4.81E-05
rs61753080 1" 119,005,003  HINFP AIG 0.017 0.005 1/14/446 0/14/1416 3.59 7.98E-04
rs11116595 12 85,165,879 SLC6A15 AIG 0.383 0.462 78/199/187 296/735/406  0.72 2.92E-05
rs17474506 17 38,990,780 TMEM99 G/IC 0.083 0.052 5/67/392 5/138/1293 1.67 7.34E-04

Among those 11 variants, a rare but recurrent missense genetic variant
bs2 233990575 in the INPP5D region had consistent effect on PCa aggressiveness
among all of the 3 populations at a liberal P-value of 0.05 (Table 2). It is located at
233,990,575 bp of chromosome 2, the bs2 233990575 rare allele ‘A’ appeared only in
aggressive PCa subjects, with a minor allele frequency of 0.008, 0.008 and 0.010 in
JHH, MI and CAPS populations, respectively. On contrast, this rare allele was not
observed among the 625, 517 and 296 non-aggressive PCa subjects in JHH, M| and
CAPS populations, respectively (Table 2).

Therefore, we examined the other genetic variants located in the INPP5D gene region.
We found another rare missense variant rs115393439, which was 17 bp upstream of
bs2_ 233990575 and significantly associated with PCa aggressiveness in the JHH and
CAPS populations, with P of 0.012 and 0.050, respectively (Table 2). In addition,
rs115393439 was associated with PCa aggressiveness with a marginal P = 0.055 in
the MI population (Table 2). Similar with bs2_ 233990575, the minor allele frequency
of rs115393139 was higher in aggressive PCa subjects than in non-aggressive PCa
cases, resulting in an odds ratio (OR) of 5.83, 8.73 and 3.54 in JHH, Ml and CAPS,
respectively (Table 2).

The 11 variants significantly associated with PCa aggressiveness in stage 1 were
selected for confirmation study in additional subjects of European descendant from
CAPS, including 1,064 subjects with aggressive PCa and 1,291 subjects with non-
aggressive PCa. One variant, rs10274334 on chromosome 7 failed the probe design.
The remaining 10 variants were successfully genotyped and statistical analysis was
performed to test the association between those 10 variants with PCa aggressiveness.
We found that the rare variants rs115393439 in INPP5D gene and rs61753080 in
HINFP gene showed significant association (P<0.05, Table 3), with an OR of 1.96 and
1.72, respectively. The variant rs115393439 leads to the amino acid substitution from
Threonine (Thr) to Proline (Pro); while rs61756080 results to the amino acid
substitution from Glycine (Gly) to Glutamic Acid (Glu).



Table 3. Associations between variants and prostate cancer aggressiveness in additional 1,064 aggressive and 1,291 indolent PCa

cases from CAPS population

MAF Genotype Genotype P-
SNP CHR BP Gene A1/A2 MAF Agg  Indolent  Agg Indolent OR  value
bs1_156907115 1 156,907,115 ARHGEF11  G/A 0.352 0.344 141/467/456  154/579/558 1.04 0.49
bs2_233990575 2 233,990,575 INPP5D A/G 0.002 0.002 0/4/1060 0/6/1285 0.81 0.98
rs115393439 2 233,990,592 INPP5D CIA 0.015 0.008 0/32/1032 0/20/1271 1.96 0.02
rs464494 5 76,003,258 IQGAP2 AIG 0.409 0.409 163/544/357  217/623/451 1.01 0.85
rs61740965 5 81,608,563 ATPBAP1L G/A 0.006 0.005 0/12/1052 0/13/1278 1.12 0.84
rs7385804 7 100,235,970 TFR2 CIA 0.429 0.438 173/566/324 260/610/419 0.95 0.44
rs2418135 9 113,901,309 OR2K2 G/A 0.477 0.473 236/542/286 296/629/365 1.00 0.97
rs61753080 11 119,005,003 HINFP A/G 0.018 0.010 0/38/1026 1/25/1265 1.72 0.03
rs11116595 12 85,165,879 SLC6A15 AIG 0.461 0.454 220/540/304 268/636/387 1.02 0.71
rs17474506 17 38,990,780 TMEM99 G/C 0.056 0.057 4/112/948 7/133/1151 0.99 0.95

Gene-based association analysis.

In addition to single variant analysis, we performed the gene-based association
analysis in each population using SKAT. All polymorphic variants that passed quality
control were included in the analysis. We found there were 4 genes, 3 genes and 1
gene significantly associated with PCa aggressiveness (p-value < 1E-4) in the JHH, MI
and CAPS population, respectively (Supplementary Table 3). In the JHH population,
the gene CREB3L1 (cAMP Responsive Element Binding Protein 3-like 1), KLF13
(Kruppel-like Factor 13), ROBO4 (Roundabout, Axon Guidance Receptor, Homolog 4),
and ZCCHC6 (Zinc Finger, CCHC Domain Containing 6) presented significant
association; in the Michigan population, the significant genes were TEK (Tyrosine
Kinase, Endothelial), CDH2 (Cadherin 2), and BEST2 (Bestrophin 2); while in the
CAPS population, the gene showed significant association with PCa aggressiveness
was actually a pseudogene LOC100128542. We then explored if there were genes
contributing to PCa aggressiveness in at least two populations, setting a p-value
threshold of 1E-3. We found 30 genes significantly associated with PCa
aggressiveness in the JHH population (p-value < 1E-3), 22 genes in the MI population,
and 70 genes in the CAPS population (Table 4). However, none of these genes that
were significant at a P-value of 1E-03 were shared in more than 1 population.
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Table 4. Gene-based analysis in JHH, MI and CAPS using SKAT.

Population  SetlD P.value N.Marker.All N.Marker.Test

JHH
CREB3L1 2.55E-06 9 9
KLF13 1.43E-05 1 1
ROBO4 2.63E-05 9 9
ZCCHC6 4. 17E-05 7 7
RNF208 1.01E-04 2 2
LOC152742 1.24E-04 2 2
TRIM17 1.72E-04 3 3
L3MBTL2 1.78E-04 4 4
SNX10 2.01E-04 2 2
CXorf68 2.01E-04 1 1
ZSCAN23 2.01E-04 1 1
F8 2.01E-04 2 2
FAM45A 2.28E-04 1 1
KRTAP22-1 2.63E-04 2 2
RSG1 2.88E-04 3 3
TMEM177 3.11E-04 7 7
CDH®6 3.32E-04 4 4
SPAG7 3.40E-04 2 2
RAB26 3.48E-04 3 3
IL16 3.70E-04 12 12
ZNF829 4.24E-04 3 3
EXOC3L2 4.32E-04 2 2
RIMS3 5.03E-04 3 3
MIR4697 5.60E-04 1 1
ARHGEF10 6.36E-04 12 12
C90rf135 6.41E-04 8 8
MLXIPL 6.65E-04 6 6
PNMA2 6.73E-04 3 3
CCL16 9.79E-04 1 1
AHNAK 9.98E-04 32 32

Michigan
TEK 1.47E-05 9 9
CDH2 5.24E-05 14 14
BEST2 7.97E-05 4 4
LOC100130581 1.45E-04 1 1
OR11L1 2.38E-04 8 8
S100PBP 2.59E-04 4 4
LOC643339 4.25E-04 2 2
INMT 5.07E-04 11 11
LOC148145 5.51E-04 1 1
NRIP3 5.80E-04 3 3
PPARGC1B 6.33E-04 13 13
TIMM44 7.05E-04 8 8
LOC401164 7.18E-04 3 3
RFC1 7.47E-04 2 2
SLC16A5 7.47E-04 2 2
SRSF1 7.71E-04 1 1
MORN3 7.79E-04 4 4
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CDH3 7.79E-04 10 10
DDHD1 8.71E-04 2 2
TMEM106C 9.02E-04 5 5
KLK15 9.52E-04 4 4
LINC00284 9.80E-04 1 1
CAPS
LOC100128542 6.03E-05 2 2
HS3ST2 2.04E-04 2 2
PCDH8 2.47E-04 4 4
MRPL9 2.55E-04 7 7
PIGA 2.85E-04 1 1
CCNI2 3.29E-04 1 1
MGC45800 3.40E-04 3 3
ZNF624 3.79E-04 2 2
MAD2L1BP 5.16E-04 1 1
KIAA1462 5.41E-04 9 9
BTN2A1 5.95E-04 4 4
LOC645206 9.17E-04 2 2
WDR72 9.19E-04 13 13

African American population

Association analysis for single variant in the discovery stage.

We investigated the associations between genetic variants and PCa aggressiveness
using ExomeArray in African Americans from JHH study. Although no single variant
reached genome-wide significance (P<5x%10-7), we found 16 variants associated with
PCa aggressiveness with P<1x10-3 (Table 5).

Table 5. Associations between variants and prostate cancer aggressiveness in African American men in JHH population.

SNP CHR BP Gene A1/A2 MAF  MAF Genotype  Genotype OR P-value
Agg Non- Agg Non-Agg
Agg

rs663824 1 43,649,508 WDR65 AIG 0.440 0.130 5/12/2008  0/7/20 5.28 4.21E-04
rs4147825 1 94,560,938  ABCA4 AIG 0173  0.482 1/7/2018 7/12/2008 0.23 7.37E-04
rs1801274 1 161,479,745 FCGR2A  A/G 0.269 0.630 1/12/2013  12/10/2005 0.22 1.94E-04
rs1564348 6 160,578,860 SLC22A1 G/A 0231 0.019 1/10/2015  0/1/26 15.90 8.67E-04
rs4947385 7 51,963,775 COBL G/A 0.269 0.593 1/12/2013  11/10/2006 0.25 7.85E-04
rs28750165 7 107,616,188 LAMB1 AIG 0.077 0.365 0/4/22 4/11/2011 0.14 3.94E-04
rs590937 10 43,149,991 ZNF33B AIG 0.269 0593 2/10/2014  6/20/2001 0.25 7.85E-04
rs7095762 10 115,910,928 C100rf118 A/C 0519 0.185 6/15/2005 0/10/17 4.75 3.10E-04
rs1061159 10 115,922,774 C100rf118 A/G 0.500 0.185 6/14/2006  0/10/17 4.40 6.23E-04
rs9664945 10 116,008,497 VWA2 AIG 0.500 0.185 6/14/2006  0/10/17 4.40 6.23E-04
rs1908946 12 25,243,115 LRMP G/IC 0.080 0.352 0/4/21 4/11/2012 0.16 8.45E-04
rs2306480 15 40,539,373 PAK6 AIG 0.654 0.333 13/8/5 2/14/2011 3.78 9.67E-04
rs1197682 15 42,171,483 SPTBN5 AIG 0.019 0.278 0/1/25 1/13/2013 0.05 2.02E-04
rs890499 15 42,179,424 SPTBN5 AIG 0.019 0.259 0/1/25 0/14/13 0.06 3.93E-04
rs28418770 19 57,931,425  ZNF17 G/A 0.077 0.352 0/4/22 4/11/2012 0.15 5.97E-04
rs6136489 20 1,923,734 SIRPA A/C 0.442 0111 5/13/2008 0/6/21 6.35 1.31E-04
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Association Analysis in Additional African Americans in confirmation stag

The 16 variants significantly associated in stage 3 were selected for confirmation in an
additional 772 African Americans from the JHH study, including 388 subjects with
aggressive PCa and 384 subjects with non-aggressive PCa. In addition to the 16
variants associated with PCa aggressiveness in AAs, the significant variants
confirmed in Caucasians in stage 2, rs115393439 in INPP5D and rs61758030 in
HINFP, were also selected. Moreover, we also evaluated the association between an
additional 7 variants in INPP5D and 3 variants in HINFP that were polymorphic in AAs,
and PCa aggressiveness. Among the 28 variants selected, 2 of them failed in probe
design, and 1 variant, rs11539439 was not polymorphic in African Americans.
Therefore, 26 SNPs remained for statistical analysis. We found that 2 variants,
rs75905572 and rs183287568 in HINFP were significantly associated with PCa
aggressiveness (P<0.05). The allele “G” of rs75905572, was present less frequent in
the aggressive PCa (4.2%), compared with indolent PCa (6.7%), with a P-value of
0.046. Men who carry the “G” allele had 0.61 fold decreased risk for aggressive PCa,
compared with men carrying the “C” allele (OR = 0.61, P= 0.046). The allele “C” of
rs183287568, was present less frequent in the aggressive PCa (1.1 %), compared
with indolent PCa (0.1%), with a P-value of 0.039. Men who carry the “C” allele had
7.74 fold increased risk for aggressive PCa, compared with men carrying the “T” allele
(OR =7.74< P =0.039)

Table 6. Associations between variants and prostate cancer aggressiveness in stage 4.

MAF MAF Genotype Genotype

SNP CHR BP Gene A1/A2  Agg Indolent  Agg Indolent OR P-value

r$663824 1 43,649,508 WDR65  AG 0218 0238  23/110/224 26/111/205 0.89 0.41

rs4147825 1 94,560,938 ABCA4  T/C 0339 0346  42/159/156 42/153/146 0.97 0.78
rs1801274 1 161,479,745  FCGR2A A/G 0455 0462  70/186/101 69/178/95 098  °87

rs114254639 2 233,989,671  INPPSD  G/C  0.004 0004  0/3/354 0/3/339 0.96 0.99
rs145592503 2 233,989,802  INPPSD  T/C 0011 0012  0/8/348 0/8/334 0.96 0.99
rs148905765 2 233,989,933  INPPSD  A/G  0.020 0010  0/14/343  0/7/335 1.93 0.18
(5142612494 2 233,990,001  INPPSD  T/C  0.006 0001  0/4/353 0/1/341 3.85 0.38
rs112464218 2 233,990,295  INPPSD  A/G  0.025 0020  1/16/340  1/12/327  1.23 0.59
rs1564348 6 160,578,860  SLC22A1 CT 0413  0.113  7/67/283 1351278 01 0.99
(54947385 7 51,963,775 COBL CT 0404 0390  61/167129 57/153/132 1.06 0.58
rs28750165 7 107,616,188  LAMBL  T/C 04151  0.168  7/94/256  9/97/236  0.88 0.42
rs590937 10 43,149,991 ZNF33B  T/C 0446 0428  72/175/108 68/157/117 1.09 0.45
rs7095762 10 115,910,928  Cl0orfll8 A/C 0295 0294  39/133/185 24/153/165 1.01 0.95
rs9664945 10 116,008,497  VWA2 AG 0303 0284  37/143/176 23/148/166 1.08 0.51

rs61753080 11 119,005,003  HINFP AG 0003 0004  0/2/355 0/3/339 0.64 0.68
rs114318772 11 119,005,057  HINFP AG 0006 0003  0/4/347 0/2/338 1.94 0.69
rs75905572 11 119,005,900  HINFP G/IC 0042 0067  1/28/327  1/44/207 061 0046
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0.039

rs183287568 11 119,006,298 HINFP CIT 0.011 0.001 0/8/349 0/1/341 7.74

rs1908946 12 25,243,115 LRMP CIG 0.244 0.254 19/137/201  24/126/192 0.95 0.71
rs2306480 15 40,539,373 PAK6 A/G 0.426 0.444 67/171/118 67/170/104 0.93 0.52
rs890499 15 42,179,424 SPTBN5 AIG 0.175 0.189 11/103/242  19/91/230 0.91 0.53
rs28418770 19 57,931,425 ZNF17 G/A 0.197 0.225 16/109/231  19/116/206  0.85 0.21
rs6136489 20 1,923,734 SIRPA T/G 0.320 0.346 37/155/165  34/169/139  0.89 0.31

Gene-based analysis

We also performed gene-based analysis using the SKAT approach in the AA
population. The top genes with P-values < 1E-03 are presented in Table 7. We
conducted the SKAT analysis based on all variants. A total of 33 genes sets were
identified (Table 7). The top gene sets associated with aggressive PCa were JOSD1,
C100rf118 and PHEX, with P-values that ranged from 3.95E-04 to 4.82E-04.

Table 7. Top signficant genes associated with aggressive PCa using SKAT approach in AAs from JHH
population (based on all variants)

SetlD P.value N.Marker.All N.Marker.Test

JOsD1 0.000395 2 2
C100rf118 0.000463 2 2
PHEX 0.000482 3 3
FOXP2 0.001433 2 2
MIR663A 0.002451 2 2
MBTPS2 0.002472 1 1
UCN3 0.0026 1 1
SOX14 0.00356 4 4
OTOS 0.003864 1 1
LOC100133050 0.003864 4 4
POM121L4P 0.003901 1 1
LOC339593 0.004047 4 4
CRY1 0.004529 2 2
HTR2C 0.004545 1 1
C9orf4 0.004659 1 1
ELF4 0.005329 1 1
KLHL14 0.006274 1 1
GPAM 0.006491 7 7
PDE3A 0.006595 5 5
C200rf203 0.00676 1 1
CELF2 0.007475 1 1
UBL5 0.007773 1 1
Clorfli4 0.007844 1 1
MIR1252 0.008487 1 1
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MGC12916 0.00865 3 3
NBPF3 0.008682 4 4
EMB 0.008763 1 1
LOC283624 0.008908 1 1
TMED11P 0.009345 1 1
C140rf133 0.009361 1 1
MIR4272 0.009538 2 2
EPGN 0.009573 1 1
Discussion

To our knowledge, our study represents one of the first comprehensive studies to
identify rare variants that are associated with aggressive PCa in both EAs and AAs. Our
data generated from the entire funding period identified novel rare variants that were
associated with aggressive PCa. In summary, using a multi-stage study design, we
identified two novel rare variants associated with PCa aggressiveness in Caucasians,
including 1 in the INPP5D gene and 1 in the HINFP gene. We also discovered two
additional novel rare variants in the HINFP gene that were associated with PCa
aggressiveness in African Americans. More importantly, those rare variants are located
in the coding region of the genes, leading to amino acids changes. The replication of
these findings in additional populations indicated that the variants identified may
represent truly associated genes with PCa aggressiveness.

We selected the lllumina Human Exome BeadChip (ExomeArray) as our genotyping
platform to study rare variants. The ExomeArray chip represents the newest gene chip
that delivers unparalleled coverage of putative functional exonic variants. The relatively
cheaper cost of this platform makes it possible to study larger sample sizes. The Exome
Beachip is comprised of >240,000 markers, including >200,000 nonsynonymous SNPs,
nonsense mutations, SNPs in splice sites and promoter regions, as well as thousands of
GWAS tag markers. Nearly 90% of the SNPs on the exome arrays are rare, with a
MAF<5%. In addition, the markers on the lllumina Human Exome BeadChips are
selected from over 12,000 individual exome and whole-genome sequences,
representing diverse populations, including those of European and African descent.
Therefore, it is more efficient and economical to use exome arrays to identify rare
variants associated with aggressive PCa, compared with whole genome sequencing.

The gene Inositol Polyphosphate-5-Phosphatase 1 (INPP5D) is a member of INPP5
family. It encodes a Phosphatidylinositol (Ptdins) phosphatase that specifically
hydrolyzes the 5-phosphate of phosphatidylinositol (3,4,5)-triphosphate (Ptdins (3,4,5)
P3) to produce PtdIns(3,4)P2, and therefore negatively regulating the PI3K
(phosphoinositide 3-kinase) pathways. Acting as an inhibitor of the PI3K pathway,
INPPS5D is considered as a tumor suppressor in acute myeloid leukemia, Hodgkin's
lymphoma, and acute lymphoblastic leukemia (Luo et al. 2004; Metzner et al. 2009;
Tiacci et al. 2012). Besides, INPP5D has been identified as the target of the cellular
tumor antigen p53 in human breast cancer adenocarcinoma MCF7 cells and testicular
germ cell tumor-derived human embryonal carcinoma cells (Kerley-Hamilton et al. 2005;
Lion et al. 2013). Although the role INPP5D plays in prostate tumor cells has not been
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established, it is possible that INPP5D contributed to prostate cancer progression
through PI3K or p53 pathway.

The gene Histone H4 Transcription Factor (HINFP) is heavily involved in cell cycle
progression. It encodes a key transcription factor of histone H4 genes, which play a
central role in genome replication and stability (Marzluff et al. 2002; Mitra et al. 2003).
HINFP is essential for E2F-independent activation of the histone H4 gene family (Mitra
et al. 2003). Responding to the Cyclin E / Cyclin-dependent Kinase 2 cell cycle
signaling, HINFP binds to p220, and thus regulates histone H4 gene transcription at the
G1/S phase transition (Miele et al. 2005; Mitra et al. 2003). As Cyclin E / CDK2-
dependent mechanisms contribute to prostate cancer cell proliferation (Flores et al.
2010), the resulting pathological consequences may be mediated through HINFP. In
addition, HINFP interacts directly with methyl-CpG-binding protein-2 (MBD2) (Sekimata
et al. 2001), which is repressed in prostate cancer (Patra et al. 2002). Since MBD2 is
heavily involved in DNA methylation mediated transcription repression (Sekimata et al.
2001), HINFP may contribute to prostate cancer progression in this manner. In addition,
HINFP directly regulated other cell cycle and cancer related genes, including ATM,
PRKDC and CKS2 (Medina et al. 2007), which provide potential mechanism through
which HINFP contributes to prostate cancer progression.

In addition to the single variant analysis, we also performed gene-based approach to
identify genes associated with PCa aggressiveness. The gene-based approach (SKAT)
we adopted is a novel statistical approach. SKAT is a supervised and flexible regression
method to test for association between rare variants in a gene or genetic region and a
continuous or dichotomous trait. Compared to other methods of estimating the joint
effect of a subset of SNPs, SKAT is able to deal with variants that have different
direction and magnitude of effects, and allows for covariate adjustment (Wu 2011). In
addition, SKAT can also avoid arbitrary selection of threshold in burden test. Moreover,
SKAT is computationally efficient, compared to a permutation test, making it feasible to
analyze the large dataset in our study. Interestingly, several of the top targets identified
by SKAT analysis (CREB3L1 and KLF13) encode transcription factors.

Besides all the above findings, we have also carefully calculated the study power based
on our modified study design. We have >80% power to detect an OR of 1.7 (2.8) for
variants with a MAF of 0.05 (0.01), at an alpha level of 1E-05 (2-sided). Therefore, we
have sufficient power to identify novel rare mutations with relatively large effect based
on our proposed sample size. We also considered several procedures to control for
multiple test correction and SNP selection to be confirmed in additional independent
samples. The Bonferroni corrected P-values are 2E-7 (0.05/200,000 variants) and 2E-6
(0.05/20,000 genes), for single variant analysis and gene-based analysis, respectively.
However, not all the tests for single variants are independent due to linkage
disequilibrium (LD) structure among variants. In addition, previous studies also showed
that the true associations do not necessarily reach the stringent Bonferroni corrected P-
value cutoffs. Therefore, to balance study power and false positives, rare variants in Aim
1 that meet either of the following criteria with less stringent P-value cutoffs will be
selected for replication: 1) variants reach a p-value of 1E-3 in single variant analysis; 2)
variants in genes which reach a p-value of 1E-3 in gene-based analysis by SKAT. The
adoption of the two-stage study design will further help to remove false positives.
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In conclusion, we have identified several novel rare variants and genes that are
associated with aggressive PCa in Caucasians and African American men. The newly
identified variants can provide more insight into the etiology of aggressive PCa and
provide potential effective targets for therapy of aggressive PCa.

KEY RESEARCH ACCOMPLISHMENTS

1)
2)

3)

4)

5)

Completed IRB and other logistical issues

Performed single rare variant analysis, bioinformatics analysis, and gene-based
analysis (SKAT) to identify rare variants that have strong effects on aggressive
PCa risk in exome-array data among a total of 1,919 PCa cases, including 470
aggressive PCa cases and 1,449 indolent PCa cases.

Performed replication study in additional 1,421 aggressive PCa cases and 1,633
indolent PCa cases to confirm the variants that implicated in the discovery stage.
Successfully identified two novel rare variants associated with PCa
aggressiveness in Caucasians, including one (rs115393139 ) in INPP5D
geneand one(rs61753080) in HINFP gene. OR of rs11593139 is 5.83, 8.73 and
3.54 in JHH, Michigan and CAPS, respectively. OR of rs61753080 is 1.85, 3.52
and 4.14 in JHH, Michigan and CAPS, respectively.

Successfully identified two novel rare variants, rs75905572 and rs183287568, in
the HINFP gene that were associated with PCa aggressiveness in African
American men, with OR of 0.61 and 7.74, respectively.

REPORTABLE OUTCOMES

1)
2)

Top variants and genes in the genome that are significantly associated with
aggressive PCa in EAs (Table 2 - Table 4)
Top variants and genes in the genome that are significantly associated with
aggressive PCa in AAs (Table 5 - Table 7)

CONCLUSION

1)
2)

3)

We have made great progress in achieving the goals described in the approved
Statement of Work.

We have identified and confirmed several novel rare variant in the INPP5D gene
and HINFP gene that are associated with aggressive PCa in both Caucasians
and African American men.

The newly identified variants can provide more insight into the etiology of
aggressive PCa and provide potential effective targets for therapy of aggressive
PCa.
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