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Abstract

The evidence for tumor suppressor genes at 8p is well
supported by many somatic deletion studies and genetic
linkage studies. However, it remains a challenge to pinpoint
the tumor suppressor genes at 8p primarily because the
implicated regions are broad. In this study, we attempted to
narrow down the implicated regions by incorporating
evidence from both somatic and germline studies. Using
high-resolution Affymetrix arrays, we identified two small
common deleted regions among 55 prostate tumors at 8p23.1
(9.8–11.5 Mb) and 8p21.3 (20.6–23.7 Mb). Interestingly, our
fine mapping linkage analysis at 8p among 206 hereditary
prostate cancer families also provided evidence for linkage at
these two regions at 8p23.1 (5.8–11.2 Mb) and at 8p21.3 (19.6–
23.9 Mb). More importantly, by combining the results from the
somatic deletion analysis and genetic linkage analysis, we
were able to further narrow the regions to f1.4 Mb at 8p23.1
and f3.1 Mb at 8p21.3. These smaller consensus regions may
facilitate a more effective search for prostate cancer genes at
8p. [Cancer Res 2007;67(9):4098–103]

Introduction

Deletion of sequences from chromosome 8p is the most
common deletion event in the genome of prostate tumors (1). In
a recent study that estimated the frequency of DNA copy number
alterations in the prostate cancer genome based upon all published
comparative genomic hybridization studies of prostate cancers,
we found that one third of 891 prostate cancers had a deletion at
8p21.3, considerably higher than the second most commonly
deleted region at 6q15 (22.4%; ref. 2). Despite the overwhelming
evidence for 8p deletions, few specific genes have been consistently
implicated as prostate tumor suppressor genes in this region. One
of the major obstacles in the identification of tumor suppressor
genes at 8p is the size of the deleted regions, which is affected by
the resolution of methods used to detect deletions. For example, in
our study cited above (2), the deleted region at 8p21.3 spans a 27.1-
Mb interval extending into 8p23.3 and 8p21.1 and contains many
genes. Higher-resolution detection methods that can detect small

deletions and complex deletion patterns are needed to identify 8p
tumor suppressor genes (3).

Furthermore, results from genetic linkage studies have provided
evidence for prostate cancer linkages at 8p (4, 5). In the largest
genome-wide linkage analysis done to date, Xu et al. (5) found
suggestive evidence for linkage at 8p21, one of the five most
significant in the genome, among 1,233 prostate cancer families of
the International Consortium for Prostate Cancer Genetics
(ICPCG). Similar to the results of somatic deletion studies, few
genes in this 8p region have been consistently implicated as major
prostate cancer susceptibility genes accounting for the 8p linkage.
One of the major difficulties is the low resolution of genetic linkage
studies, which are typically in the range of 10 to 20 cM, due to
limited meiosis events in families. For example, the 1-LOD drop
interval of 8p21 linkage identified in the ICPCG study was 13 cM
(39–52 cM) or 10 Mb (22–32 Mb).

Cancers are thought to arise as a result of alterations in
expression of tumor suppressor genes and oncogenes in prostate
epithelial cells. Altered gene expression may result from inherited
genetic changes and acquired somatic genetic changes, including
deletions, as hypothesized by the ‘‘two-hit’’ model (6). Therefore,
assuming that at least some fraction of prostate cancers arise from
a combination of inherited and acquired genomic events affecting
the same gene or combination of genes, studies that simulta-
neously examine inherited genetic changes and somatic genetic
alterations of chromosomal regions or genes may improve the
likelihood of identifying genes involved in cancer development.

In this study, we have taken three steps to identify genomic
regions that contain prostate cancer genes. First, we used high-
resolution Affymetrix single nucleotide polymorphism (SNP)
arrays to examine detailed deletion patterns at 8p among 55
prostate cancers. Second, we did a fine mapping linkage analysis
in 206 hereditary prostate cancer (HPC) families. Finally and
more importantly, we integrated results from somatic deletion
analysis and germline linkage analysis to identify a consensus
region.

Materials and Methods

Detection of 8p deletions in somatic DNA from prostate cancers. All

subjects were prostate cancer patients undergoing radical prostatectomy

for treatment of clinically localized disease at Johns Hopkins Hospital. For

the somatic DNA deletion analysis of prostate cancers, we selected 55
subjects from whom genomic DNA of sufficient quantity (>5 Ag) and purity

(>70% cancer cells for cancer specimens, no detectable cancer cells for

normal samples) could be obtained by macrodissection of matched
nonmalignant (hereafter referred to as ‘‘normal’’) and cancer containing

areas of prostate tissue as determined by histologic evaluation of H&E-

stained frozen sections of snap-frozen radical prostatectomy specimens.
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Genomic DNA was isolated from trimmed frozen tissues as previously
described (7).

We used Affymetrix SNP array panels to detect DNA copy number

alterations, and for this study, we focused entirely on 8p deletions. We used

the 100K SNP array for the first 22 subjects (3) and then used the 500K SNP
array for the final 41 subjects (eight samples were analyzed using both 100K

and 500K arrays). For all subjects, we analyzed both tumor DNA and normal

DNA from the same subject using Affymetrix SNP arrays (either 100K or

500K array). The normal DNAs were extracted from histologically normal
prostate tissue from the same prostate or from the seminal vesicle of the

same patient. DNA copy number was calculated based on allele intensity

using two different software packages: Copy Number Analyzer for

Affymetrix GeneChip (CNAG2.0; ref. 8) and dChip analyzer (9). Allele-
specific analysis was also done to estimate DNA copy number for each

chromosome using CNAG2.0. The physical positions of detected deletions

were based on the Human hg17 Assembly (NCBI Build 35). The criteria used
in dChip analysis for this study are similar to those used for the 100K SNP

array analyses using CNAT, which has been described in our previous

publication (3). Briefly, to reduce random noise in allele intensity at

individual SNPs, we first estimated DNA copy number based on flanking
SNPs in the region, using the 10-SNP smoothing setting of dChip software to

obtain a genome smooth average copy number (GSACN) for each SNP. We

then defined deletions using the following working criteria: a minimum of

four consecutive SNPs with at least three of them having the following
characteristics: the GSACN ratios of tumor/matched normal <0.75, the

GSACN of the tumor DNA <1.9, and the minimum physical length of the

putative deletion z2 kb. To define deletions using CNAG2.0 software ( for

both intensity-based and allele-specific analyses), we also used a 10-SNP
smoothing setting to minimize random variations at individual SNPs. Each

deletion is defined by whether the log 2 ratio of probe intensity is below

Figure 1. Small and complex partial deletions of 8p. A, a visual summary for five of the smallest and most complex tumors that were detected at 8p. Top, distances in
Mb beginning at the pter (Chr8 ). Allele-specific CNAG output for each of these five tumors, with red or green for each respective chromosome. Solid vertical lines
highlight a region at 8p21.3-8p21.2, spanning from 20.6 to 23.7 Mb, that was deleted in all 30 tumors. Dotted vertical lines indicate a deleted region spanning from 9.8 to
11.5 Mb at 8p23.1 that is shared by 29 of the 30 tumors. B, results of deletion confirmation of the homozygous deleted regions by quantittaive real-time PCR analyses.
Left, results from DBC2/RHOBTB1 primers located within the putative homozygous deletion. Right, results from LOXL2 primers located outside the homozygous
deleted interval. C t values of the control (X-axis) and test (Y-axis) amplicons for the three dilutions of each DNA sample were plotted against each other. Offsets
between best-fit lines for the samples along the test amplicon axis at 25 C t of the control amplicon axis are used to infer DNA copy number. Tumor DNA is defined as
having a hemizygous deletion when C t < 0.68 and as having homozygous deletion when C t > 0.68, assuming 25% normal DNA contamination.
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(no overlap) with the baseline log 2 ratio defined by the matched normal
DNA. The baseline log 2 ratio has a theoretical value of zero, with small

variations due to random noise (as shown in Fig. 1). The results from all

three analyses are in agreement with each other, except that the boundaries
of the deletions defined by different analyses varied from one to five SNPs.

A subset of putative deletions were subject to confirmation by

quantitative real-time PCR using the ABI Prism 7000 Sequence Detection

System, as described in detail elsewhere (3).
Linkage analysis in prostate cancer families and construction of a

recombinant map. All 206 HPC families were collected and studied at the

Brady Urology Institute at Johns Hopkins Hospital (Baltimore, MD) as

described previously (4). Prostate cancer diagnosis was verified by medical
records for each affected male studied. Age at diagnosis of prostate cancer

was confirmed either through medical records or from two other

independent sources. The mean age at diagnosis was 64.3 years for the
cases in these families. Eighty-four percent of the families are non-Jewish

Caucasians, 6.9% are Ashkenazi Jewish, and 8.8% are African Americans.

Thirty fine mapping microsatellite markers spanning about 35 Mb at 8p

were genotyped in these 206 HPC families. Following multiplex PCR using
fluorescently labeled primers, the resulting PCR fragments were separated

using capillary electrophoresis using an ABI 3700 sequencer. Marker allele
frequencies were estimated from the 214 independent individuals in the

data set. The marker order and distances were primarily based on

information available from the MAP-O-MAT web site (10). Four markers

were not available in the MAP-O-MAT web site; their order and distances
were interpolated from the University of California Santa Cruz (UCSC)

Genome Browser.3 Multipoint linkage analyses were done using both

parametric and nonparametric methods implemented by the computer

program GENEHUNTER-PLUS (11, 12). For the parametric analysis, the
same autosomal-dominant model that was used by Smith et al. (13) was

assumed. For the nonparametric analysis, the estimated marker identical by

descent (IBD) sharing of alleles for the various affected relative pairs was

compared with its expected values under the null hypothesis of no linkage
(NPL). A statistical ‘‘Z-all’’ in the program was used (14). Allele sharing LOD

scores were then calculated based on the statistical ‘‘Z-all’’ and assigning

equal weight to all families using the computer program ASM (12).

Results

Detection of somatic DNA deletions. Detectable deletions at
8p were observed in 29 of the 55 prostate cancers (52.73%)
examined in this study (Table 1). Although many of these deletions
involved almost the entire short arm of chromosome 8, we
detected partial 8p deletions in 10 of these tumors. Among these
partial deletions of 8p, five were smaller or more complex (Fig. 1A).
This includes a tumor with a small deletion at 8p21 (G7-022), three
tumors containing multiple interstitial deletions (G7-013, G9-010,
and G7-028), and two tumors with several small homozygous
deletions (G7-028 and G6-002). No copy number polymorphisms
were detected in these samples, and these homozygous deletions
are due to somatic DNA loss.

To independently confirm the ability of our method to detect
either heterozygous or homozygous deletion events at 8p21.3, we
did quantitative real-time PCR analyses for tumor G6-002 using
two primer pairs: one located within the putative homozygous
deletion (DBC2/RHOBTB1) and the other located outside the
homozygous deleted interval (LOXL2). The results of this analysis
were most consistent with the deletion being homozygous at the
DBC2/RHOBTB1 locus (DC t = 0.90) and being flanked by
hemizygous deletions at the LOXL2 locus (DC t = 0.38; Fig. 1B).

The pattern of deletions observed among the partial 8p deletions
suggests the presence of two smaller deletion regions. In particular,
a region at 8p21.3-8p21.2, spanning from 20.6 to 23.7 Mb, was
deleted in all 29 tumors (Fig. 1A, solid vertical lines). We detected
another deleted region spanning from 9.8 to 11.5Mb at 8p23.1 that
is shared by 28 of the 29 tumors (Fig. 1, dotted vertical lines). The
primary reason these regions seem to be separated is due to the
three tumors with interstitial deletions.

Prostate cancer linkage region. Linkage analysis of 206
prostate cancer families provided evidence for a susceptibility
gene at 8p from both parametric (using a dominant model) and
nonparametric linkage analyses (Fig. 2). Interestingly, two separate
linkage peaks were observed. One peak was found at the marker
D8S258 of 8p21.3 (20,411,446), with a LOD score of 2.51 (P = 0.0007)
and an NPL score of 3.14. The 1-LOD drop interval spanned
f4 Mb, between 19.6 and 23.9 Mb. The other peak was found at
the marker D8S503 of 8p23.1 (9,270,543), with a LOD score of 1.50
(P = 0.009) and an NPL score of 2.72. The 1-LOD drop interval
spanned f5.4 Mb, between 5.8 and 11.2 Mb. There were 49 families

3 http://genome.ucsc.edu/

Table 1. Estimated regions of large deletions at 8p

Tumor Gleason

scores

Position (start–end), Mb

Hemizygous deletions Homozygous

deletions

G7-022 6 19.5-27.4

G7-013 7 9.8-11.5, 20.6-30.2, 31.1-40.8

G7-028 7 3.2-14.7, 15.2-15.9, 18.1-36.7 4.0-5.0, 5.6-5.8
G9-010 9 0.2-0.9, 5.2-13.6,

16.9-23.7, 24.2-24.4, 39.2

to centromere
G7-017 7 0.2-26.8

G9-005 9 6.3-39.0

G9-003 9 4.1-36.1

G7-021 7 4.9 to centromere
G7-026 7 0.2-31.5

G6-002 6 0.2-42.4 22.4-23.0, 25.9-26.0

G7-029 7 0.2-39.0

G6-015 6 0.2-42.0
G9-008 9 0.2-39.9

G8-005 8 0.2 to centromere

G8-002 8 0.2-42.2
G9-004 9 0.2-43.4

G7-033 7 0.2-43.6

G7-042 7 0.2-43.2

G7-051 7 0.2 to centromere*
G7-016 7 0.2-42.3

G7-023 7 0.2-43.8

G7-019 7 0.2-43.8

G7-004 7 0.2-43.0
G9-001 9 0.2-43.6

G9-009 9 0.2-43.8

G9-011 9 0.2-43.5

G7-015 7 0.2 to centromere*
G7-024 7 0.2 to centromere*

G6-016 6 0.2 to centromere*

Note: The 10-SNP smoothing log 2 ratio output from CANG 2.0 for the
study subjects can be found at http://www1.wfubmc.edu/Genomics/

Publications+and+Data/.

*Deletion extends beyond the centromere.
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with LOD scores > 0.588 (Pnominal = 0.05) within the 8pter-8p12
region, with all but two of these families being linked to at least one
of the two regions described above. Among these families, 18
families had positive LOD scores across these two regions, 16
families had positive LOD scores only at 8p21.3, and 13 families had
positive LOD scores only at 8p23.1.

Combined results from somatic deletion and genetic linkage
analyses. When we combined the results from our somatic deletion
study and germline linkage study, the results overlapped, impli-
cating two consensus regions at 8p (Fig. 3). One was at 8p21.3
between 20.6 and 23.7 Mb, and the other was at 8p23.1 between 9.8
and 11.2 Mb. Many known and predicted genes are located within
these two consensus regions. Five known genes and seven pre-
dicted genes are located within the 8p23.1 consensus region. A far
greater number of genes are located at the 8p21.3 consensus region,
with at least 37 known protein-coding genes. Some of these genes,
including NKX3.1 , have been previously associated with HPC (15).

Interestingly, the 8p21.3 homozygous deletion (between 22.4 and
23.0 Mb) identified in the tumor G6-002 falls within the f3-Mb
8p21.3 consensus region. Ten known genes are located within this
homozygous deletion region.

Discussion

Chromosome 8p has received a great deal of attention from
cancer researchers in the past decade because it is commonly
deleted in prostate cancer (1, 16) as well as in many other cancers,
including colon, breast, ovarian, liver, lung, bladder, and head and
neck cancer. Furthermore, results from multiple genetic linkage
studies provide evidence that 8p may harbor major prostate cancer
susceptibility genes. Considerable efforts have been devoted to the
identification of specific prostate cancer genes at 8p that account
for the observations from deletion and linkage studies. Although
several candidate genes at 8p have been reported to be involved in
prostate cancer development, including NKX3.1, N33, MSR1 , and
DLC1 , few are consistently implicated among different studies. One
of the major difficulties is the broad genomic regions implicated in

these deletion and linkage studies; for example, most of the
observed deletions involve the entire 8p arm. In this study, we used
two complementary methodologies in an attempt to effectively
narrow the genomic region(s) harboring prostate cancer genes. We
used high-resolution Affymetrix SNP arrays to define detailed
deletion patterns at 8p among 55 prostate cancers. This analysis
led to the identification of two small deleted regions at 8p21.3 and
8p23.1. We did a fine mapping linkage analysis at 8p among 206
HPC families and obtained evidence for linkage at these two
regions. Most importantly, we combined the results from the
somatic deletion analysis and genetic linkage analysis to further
narrow the regions to f3.1 Mb at 8p21.3 and f1.4 Mb at 8p23.1.
These much smaller consensus regions will likely facilitate more
effective searches for prostate cancer genes at 8p.

The high-resolution SNP arrays provide a better tool to identify
small DNA copy number alterations and to examine detailed
patterns of deletions. With a denser resolution of SNPs covering the
8p region, combined with allele specific analysis, we were able to
detect small deletions and better define the boundaries of
deletions. In addition, the high density of SNPs revealed interstitial
8p deletions in three cancers. These findings allowed us to identify
two small overlapping deleted regions at 8p21.3 and 8p23.1. It is
interesting to note that these two separate deleted regions are
within the single 27.1-Mb deleted region at 8p identified from a
combined analysis of 891 prostate cancers as the most deleted
region in the genome (2). Our current study provides evidence that
the previously known commonly deleted region may consist of two
separate deleted regions.

The fine mapping panel of 29 markers at 8p in our linkage study,
with an average of f1-cM resolution, provides a better tool to
dissect detailed linkage patterns among the 206 HPC families. In
this study, we were able to confirm prostate cancer linkage at 8p
among a large number of prostate cancer families. More
importantly, we were able to obtain statistical evidence for two
separate linkage regions. One of the linkage regions (19.6–23.9 Mb
at 8p21.3) overlapped with the 1-LOD drop interval at 8p21 (22–32
Mb) reported from 1,233 ICPCG prostate cancer families (5).

Figure 2. Linkage analysis results at 8p
among 206 prostate cancer families.
Two primary linkage peaks that we
observed. Y-axis, LOD (light purple lines )
and NPL (dark blue lines ) scores; X-axis,
physical position along the 8p arm. For the
peaks observed at 8p21.3 and 8p23.1,
vertical dashed lines have been used to
indicate the span of 1-LOD drop intervals.
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As hypothesized in the ‘‘two-hit’’ model (10, 11), inherited genetic
defects, combined with acquired somatic changes, ultimately alter
the expression and/or function of tumor suppressor genes and lead
to cancer. Therefore, approaches that combine information from
germline and somatic studies may provide better power to identify
cancer genes. This combined approach has been successfully used
to identify the APC gene for familial adenomatous polyposis (FAP).
Results from genetic linkage studies in FAP families, somatic loss of
heterogeneity analysis, and an interstitial germline deletion all
converged to a small region at 5q21 and led to the identification of
the APC gene (17). Although there are large differences between the
rare syndrome of FAP and prostate cancer, the principle of the
‘‘two-hit’’ model may still apply, and our combined approach
represents a critical step toward the identification of prostate
cancer genes at 8p.

It is interesting that both somatic deletion analysis of prostate
tumors and germline linkage analysis of prostate cancer families
identified the same genomic regions. Although by no means
conclusive, this overlap is consistent with the hypothesis that the
same gene or genes is affected both at the germline and somatic
levels. Unfortunately, because tumor tissue is not available from the
families linked to this region, we can not determine whether the non-
linked allele is more likely to undergo somatic deletion, as is ob-

served in multiple inherited cancer syndromes. The observation that
most tumors with 8p deletions have deleted both of the implicated
regions, and that at least some prostate cancer families are linked to
both regions, suggests that multiple genes in these intervals may
need to be affected before prostate carcinogenesis can proceed
effectively. In any event, the results of this integrated analysis
improve the confidence that these two regions most likely contain
prostate cancer genes as well as provide more detailed positional
information regarding the genomic regions harboring these genes.

In summary, we have combined genetic linkage information with
somatic deletion mapping in an attempt to refine the localization
of prostate cancer genes on the short arm of chromosome 8. The
genomic intervals narrowed by this combined approach provide
novel positional information useful for the eventual identification
of specific genes important in prostate carcinogenesis.

Acknowledgments

Received 12/12/2005; revised 1/24/2007; accepted 2/9/2007.
Grant support: National Cancer Institute grants CA106523 and CA95052 (J. Xu)

and Department of Defense grant PC051264 (J. Xu).
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

We thank all the study subjects who participated in this study.

Figure 3. Combined results of somatic deletion study and germline linkage study. Overlapping results provided by our analyses of germline linkage and somatic
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