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based genotyping.  Results:  We demonstrate association of 
four common  DEFB104  haplotypes with the risk of prostate 
cancer in two independent patient cohorts. Moreover, we 
show that high copy numbers ( 1 9) of the defensin gene clus-
ter are significantly underrepresented in both patient sam-
ples.  Conclusions:  Our findings imply a role of the antibacte-
rial defensins in prostate cancerogenesis qualifying distinct 
gene variants and copy numbers as potential tumor mark-
ers.  Copyright © 2008 S. Karger AG, Basel 

 Introduction 

 The genetic etiology of prostate cancer (PC), which is 
a major health burden worldwide  [1] , is complex and the 
interplay of disease genes with environmental trigger fac-
tors is still incompletely understood. A suggestive genet-
ic linkage to chromosome 8p22–23 was reported for he-
reditary PC  [2–4] . The region contains in a 2-Mb interval 
several clusters of defensin (DEF) genes  [5] . Defensins are 
biocidal peptides acting against bacteria, fungi, and en-
veloped viruses with effector function in innate and 
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 Abstract 

  Background/Aims:  Prostate cancer represents the cancer 
with the highest worldwide prevalence in men. Chromo-
some 8p23 has shown suggestive genetic linkage to early-
onset familial prostate cancer and is frequently deleted in 
cancer cells of the urogenital tract. Within this locus some 
 � -defensin genes (among them  DEFB4 ,  DEFB103 ,  DEFB104 ) 
are localized, which are arranged in a gene cluster shown to 
exhibit an extensive copy number variation in the popula-
tion. This structural variation considerably hampers genetic 
studies. In a new approach considering both sequence as 
well as copy number variations we aimed to compare the 
defensin locus at 8p23 in prostate cancer patients and con-
trols.  Methods:  We apply PCR/cloning-based haplotyping 
and high-throughput copy number determination methods 
which allow assessment of both individual haplotypes and 
gene copy numbers not accessible to conventional SNP-
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adaptive immunity  [6, 7] . They have been implicated in 
the pathophysiology of a host of diseases with microbio-
logical components including HIV infection  [8, 9] , chron-
ic inflammatory bowel diseases (i.e. ulcerative colitis and 
Crohn’s disease)  [10, 11]  and psoriasis  [12] . The DEF locus 
exhibits extensive copy number variation (CNV) includ-
ing the  � -defensin (DEFB) genes  DEFB4 ,  DEFB103 , and 
 DEFB104   [5, 11, 13–15]  encoding the proteins hBD-2, 3 
and 4, respectively. Copy numbers of these genes influ-
ence the mRNA level  [14] , and low copy numbers have 
been suggested to predispose to Crohn’s disease  [11] , 
whereas increased numbers are associated with psoriasis 
 [12] .

  Defensins have attracted attention in cancer research 
because an inflammatory link to cancer appears likely 
 [16, 17] . In a murine model,  Defb29  initiates vasculogen-
esis in tumors. A recruitment of dendritic cell precursors 
through Ccr6, which are transformed to endothelial-like 
cells by Vegf-A  [18] , thus may represent a pivotal step in 
the progression of malignant disorders. In the same study, 
upregulation of  DEFB4  mRNA in human ovarian cancer 
and cancer-specific expression of hBD-2 and hBD-3 were 
observed. Very recently, it has been shown that at nano-
molar concentrations hBD-3 is a ligand of MC1R  [19] . 
Genetic variants of this receptor are associated with skin 
cancer. Loss of DEF genes from the 8p23 locus and/or
deficient expression of the  DEFB1 -encoded protein are 
associated with the progression of renal cell carcinoma 
 [20–22] .

  In families with hereditary pancreatic carcinoma, loss 
of the DEF cluster from the 8p22–23 region is associated 
with higher disease susceptibility  [3, 23, 24] . Similar to 
renal cell carcinoma, PC tissues show no or only faint 
 DEFB1  expression  [20] . However, systematic genetic stud-
ies of the DEFB locus in sporadic, common PC are still 
lacking. One of the reasons is that large-scale association 
studies to find genetic variants conferring a low to mod-
est disease risk are not feasible using conventional geno-
typing technologies  [5, 14, 15, 25, 26] . Only recently meth-
ods with the potential for high-throughput copy number 
quantification were published  [13, 27] . In view of the link-
age to the short arm of chromosome 8  [3, 20–24]  and the 
fact that exposure to defensin-sensitive infectious agents 
contributes to prostate carcinogenesis  [28] , DEF genes 
need to be evaluated as attractive candidates for associa-
tion studies in PC.

  We have recently refined the genomic structure of the 
segmentally duplicated DEF locus and established a PCR/
cloning-based haplotyping method that allows assess-
ment of both individual haplotypes and gene copy num-

bers  [5] . We found that an individual’s haplotype varia-
tion is partially independent from copy number poly-
morphisms, thus adding another level of complexity to 
the understanding of CNV. This association study there-
fore considers both copy number and sequence variation 
as possible phenotype determinants. Here, we report that 
the frequency of four haplotypes of  DEFB104  significant-
ly varies between PC patients and controls. A novel pyro-
sequencing approach for copy number estimation of the 
DEFB cluster revealed that individuals with a high copy 
number ( 1 9) are underrepresented among PC patients.

  Methods 

 DNA Samples, Cell Lines and Oligonucleotides 
 Two independent cohorts of Caucasian patients who under-

went radical prostatectomy were sampled [95 individuals each, 
labeled cohort 1 (University Hospital Leipzig; mean age: 62.5 
years, median age: 63 years, range: 50–77 years) and cohort 2 
(University Hospital Jena; mean age: 62.9 years, median age: 64 
years, range: 46–69 years), respectively]. Genomic DNA was ob-
tained from EDTA blood drawn at surgery (QIAamp DNA Mini 
Kit). Genomic DNA samples from 95 male Caucasian control in-
dividuals (mean age: 48.8 years, median age: 50 years, range: 31–
71 years) were obtained from saliva and kindly provided by G.H. 
Scholz (Altenburg, Germany). The studies were approved by the 
Ethics Committees of the University of Leipzig (Vote No. 857) and 
Friedrich Schiller University Jena (Vote No. 1983-01/07). Written 
informed consent was obtained from all participants. The fund-
ing sources of the study played no role in study design, data col-
lection, data analysis, data interpretation or writing of the re-
port.

  A pool of  � 100 human genomic DNA samples was obtained 
from Roche. LNCaP (CRL-1740 TM ), PC3 (CRL-1435 TM ) and DU145 
(HTB-81 TM ) cell lines were obtained from ATCC. All primers 
were synthesized by Metabion.

  Determination of Haplotypes by the Analysis of Cloned PCR 
Products 
 Sequencing of individual clones obtained by subcloning of 

PCR products served to identify haplotypes at the  DEFB104
 locus. The primers TTCTGTAGCCCCAACACCTC and GG-
TGCCAAGGACATCTAGGA amplify a 500-bp fragment span-
ning four single nucleotide variations (rs17843871, rs2680507, 
rs17843872, rs4259430). PCR reactions were performed in 25- � l 
volume containing 5–30 ng genomic DNA and 10 pmol of each 
primer, using ReadyToGo PCR beads (Amersham). PCR cycling 
conditions were as follows: 94   °   C for 4 min; followed by 30 cycles 
at 94   °   C for 30 s, 60   °   C for 30 s, and 72   °   C for 30 s, with a final ex-
tension at 72   °   C for 10 min. PCR products were sequenced (San-
ger), with PCR primer GGTGCCAAGGACATCTAGGA using 
Dye Terminator 3.1 chemistry and a 3730xl DNA Analyzer (Ap-
plied Biosystems). Results were visually inspected with GAP4 
 [29] .

  Equal amounts of PCR products from PC patients and con-
trols were pooled, respectively, and aliquoted to 25  � l. Aliquots of 
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pooled PCR products as well as PCR products obtained from 
pooled genomic DNA and cell lines were supplemented with 1  � l 
of formamide, 2  � l of 7.5 m M  ammonium acetate and 85  � l of 
ethanol (6%, v/v) and stored at 4   °   C for 1 h. The DNA precipitates 
were collected by centrifugation, washed twice with 100  � l of eth-
anol (70%, v/v) and redissolved in 5  � l of water. This solution was 
used for topoisomerase cloning into pCR2.1-TOPO with the 
TOPO TA Cloning Kit (Invitrogen) according to the manufactur-
er’s instructions. Well-isolated colonies were transferred and 
grown in LB broth supplemented with ampicillin. Plasmid DNA 
was isolated from the cultures by BioRobot 8000 and MagAttract 
96 Miniprep Core Kit (Qiagen) and inserts were sequenced in 
both directions using M13 universal primers. Haplotypes were 
called by visual inspection of the sequence traces.

  Estimation of Single Nucleotide Variation Frequencies by 
Pyrosequencing 
 Relative allele frequencies in the DNA pools of variants 

rs17843871, rs2680507, rs17843872, and rs4259430 were estimat-
ed as described previously  [25] .

  Estimation of Copy Numbers 
 For individual copy number assessment of the DEFB cluster, 

we performed a modified paralogue ratio test originally devel-
oped by Deutsch et al.  [27]  and applied by Armour et al.  [13]  to 
copy numbers of the DEFB cluster. We performed PCR using 
primers GTCCAAGGCTGGAATGCA and TTGGTGGGA-
CAAGTGATG, specific for a retroposed  HSPD1  pseudogene 
 (HSPDP)  within the DEFB cluster (hg18; chr8:   7786283–7786422 
and chr8:   7264985–7265124, respectively) and five paralogous 
single copy loci (hg18; chr2:   198061320–198061459; chr3:  
 36783978–36784117; chr4:   145987444–145987583; chr5:   21919673–
21919812; chr12:   55192269–55192407). Amplification was carried 
out as described above with 10 ng genomic DNA in 96-well PCR 
plates (ABgene) using Deep Vent DNA polymerase (New England 
Biolabs) and its respective buffer. Amplicons were precipitated 
and ligated overnight at room temperature with T7 DNA ligase 
into  Sma I-digested pUC19 in a volume of 10  � l. To carry out in-
dependent pyrosequencing analyses for each orientation of the 
amplicon within the vector [for further details, see  25 ], two am-
plification reactions were performed using ReadyToGo PCR 
beads (Amersham), 2  � l of the ligated sample, 5 � -biotinylated vec-
tor primers bt-CAGGAAACAGCTATGAC or bt-GTAAAAC-
GACGGCCAG, respectively, and pseudogene sequencing primer 
ACAGCAGCTCTTGTAGCATTAA (PCR conditions: 94   °   C for
2 min; followed by 30 cycles at 94   °   C for 30 s, 58   °   C for 30 s, and 
72   °   C for 30 s with a final extension at 72   °   C for 10 min). Biotin-
labeled PCR products were immobilized on Streptavidin Sepha-
rose TM  (GE Healthcare) by mixing 20  � l of the PCR product with 
6  � l Streptavidin Sepharose suspension, 10  � l water and 40  � l 1 !  
binding buffer (Biotage) followed by shaking at room temperature 
for at least 10 min. To remove the unbiotinylated DNA strand, the 
samples were sequentially washed with 70% ethanol and 0.5  M  
NaOH using the PyroMark Vacuum Prep Tool (Biotage). Immo-
bilized ssDNA was then washed with 1 !  washing buffer for 10 s, 
transferred to 40  � l 1 !  annealing buffer plus 4  � l target
specific sequencing primer (20 pmol/ � l in water), and kept at 
80   °   C under continuous shaking for 10 min. After equilibration 
to room temperature, the sequencing reaction was performed us-
ing the Pyro Gold Reagent Kit (Biotage) in the PSQ 96MA Pyro-

sequencing TM  instrument according to the manufacturer’s in-
structions. Iterative addition of nucleotides was in the order AGT-
GTCATCTGAGT to discriminate the  HSPDP  locus at chromosome 
8 (sequence downstream of the primer is GTGC) from the five 
calibrator loci (GGGC). Copy number of the DEFB locus in a dip-
loid genome was estimated by 10(1 – f)/f, where f is the fraction of 
the calibrator allele G at the second position downstream of the 
sequencing primer. These calculations were based upon the as-
sumption that (1) each DEFB cluster contains exactly one  HSPDP 
 locus, (2) all  HSPDP  loci in DEFB clusters contain the T allele at 
the diagnostic position, (3) five single copy  HSPDP  loci are lo-
cated elsewhere in the genome, all containing the G allele at the 
diagnostic position and (4) the estimated T frequency (1 – f) is 
proportional to the DEFB cluster number. The first two assump-
tions are supported by BLAST alignments of the  HSPDP  sequence 
to all available human clone sequences containing 8p23.1  � -de-
fensin cluster genes or parts of them. This includes not only clones 
implemented into the hg18 assembly but also those which cannot 
be unambiguously aligned to any of the two  � -defensin clusters 
in hg18 and therefore may represent additional copies. Exclusive-
ly the T allele of  HSPDP  was detected and no hints were found for 
the existence of more than one copy of  HSPDP  in clones harbor-
ing the flanking  DEFB4  and  DEFB103  genes. Assumption 3 was 
supported by an analogous BLAST approach to the entire human 
genome. In addition, since identical primers are used for the am-
plification of relatively small DNA segments of equal size, a PCR 
bias is avoided and a proportional propagation is very likely. In 
our experiments, copy number estimation was confined to those 
cases in which the results of two independent Pyrosequencing as-
says did not differ by more than 10%, and the average G frequen-
cies obtained were used in the respective calculations.

  Statistics 
 Haplotype frequencies among cases and controls were tested 

for statistical significance using both a global and haplotypewise 
 �  2  statistics. However, since all analyzed clones were derived 
from a fixed number of individuals, the corresponding haplo-
types did not represent statistically independent observations. 
This implies that the distribution of the calculated  �  2  statistics 
could not be assumed to follow a  �  2  distribution. Instead, p val-
ues were obtained by stepwise simulation. To this end, an indi-
vidual’s diploid copy number was first simulated according to 
the data generated in the experiments described above. Next, 
each copy was assigned a haplotype at random, using the com-
bined haplotype distribution as observed in cases and controls. 
(Note that, under the null hypothesis of equal haplotype distri-
butions in the two groups, the pooled observations represent the 
best estimate of the joint distribution.) From the simulated gen-
otypes, comprising the same number of individuals as the orig-
inal data, a haplotype distribution for subsequent clone sam-
pling was derived giving each individual (not copy) the same 
weight. In this way, the simulation took post-PCR pooling into 
account. Finally, the same number of clones was sampled from 
each group-specific distribution as in the original experiment. 
This process was repeated one million times. From the simu-
lated data,  �  2  statistics were calculated in each round and the 
relative number of times by which the simulated  �  2  statistics ex-
ceeded the original one was taken as its p value (p = 0 was con-
servatively interpreted as p  !  10 –4 ). Since an omnibus  �  2  test was 
performed prior to the haplotypewise tests, no correction for 
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multiple testing was deemed necessary for the latter. Wilcoxon 
rank sum and Fisher’s exact tests of DEFB copy number differ-
ences were performed using the R statistical software package 
(http://www.rproject.org).

  Results 

 Assessment of DEFB104 Haplotypes 
 We amplified a 500-bp fragment in the region of 

 DEFB104 , located within the DEFB cluster on chromo-
some 8p23 and harboring four single nucleotide varia-
tions ( fig. 1 ). Direct sequencing of the PCR products from 
individual DNA samples revealed a variation of the peak 

heights in the electropherograms, indicating differences 
of both copy number and allele distribution within these 
copies ( fig. 2 ). Due to the complex structure of the locus, 
it cannot be decided whether the electropherograms
reflect SNPs (single nucleotide polymorphisms), PSVs 
(paralogous sequence variations), or MSVs (multisite 
variations)  [30] . We will henceforth use the terms ‘MSV’ 
for convenience and ‘haplotype’ for the physical combi-
nations of their respective alleles.

  Inspection of the four MSVs in 285 individuals (2  !  
95 PC patients and 95 control individuals) did not reveal 
any sample in which all positions appeared to be homo-
zygous. In accordance with differences in copy number 
and allele distribution within copies, numerous asym-
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  Fig. 1.  Human DEF gene locus at 8p23.  a  Representation in the UCSC genome browser, hg18.  b  Gene organiza-
tion of the DEFB cluster with  DEFB104  and  HSPDP  in red.  c  Amplified  DEFB104  region with the four MSV used 
for haplotyping. 



 Genetic Defensin Variants and Prostate 
Cancer 

Tumor Biol 2008;29:83–92 87

metric or skewed heterozygote MSV patterns were also 
observed.

  Haplotype Frequencies Differ Significantly between 
PC Patients and Controls 
 To analyze the potential association between partic-

ular MSV patterns and PC predisposition, we applied a 
PCR/cloning-based haplotyping method  [5] . We per-
formed PCR on the individual samples and pooled the 
resulting amplicons separately for PC patients (cohort 1) 
and controls, respectively. We then subcloned the two 
PCR product pools as well as individual amplicons from 
three PC cell lines and assessed the haplotype frequencies 
of the four MSVs within the amplified region ( table 1 ). The 

most common haplotype in both groups, GAGC, is the 
only one for which GenBank and TraceDB entries support 
the existence in great apes (chimpanzee and baboon). 
Therefore, it likely represents the ancestral haplotype.

  Prior to further quantitative analyses, it must be taken 
into account that post-PCR pooling leads to an overrep-
resentation of alleles derived from patients with low 
DEFB cluster copy number, whereas alleles from genomes 
with a high copy number are underrepresented. If there 
is a preference of certain haplotypes to be present in high-
or low-copy-number genomes, the outcome of post-PCR 
pooling would be biased. Cross-validation of post- versus 
pre-PCR pooling could not be performed on DNA sam-
ples collected from PC patients and controls. Although 
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  Fig. 2.  Traces from the sequencing of PCR products derived from three individuals (M18, M31, M104). Varia-
tion of the peak heights for the different alleles at the MSV positions indicates differences in copy numbers as 
well as in the distribution of genetic variants within these copies. 
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DNA isolation has been done by the same procedure, dif-
ferences in sample quality could not be avoided (data not 
shown). Instead, we used a commercially available pool 
of genomic DNA samples derived from approximately 
100 individuals as pre-PCR control. For this pool it has 
been shown that SNP allele frequencies are equal to those 
for the Caucasian population, indicating homogeneous 
representation of individual DNA samples. However, no 
information is available concerning age and gender of the 
included individuals. When estimated from the genomic 
pool, the observed haplotype distribution was not found 
to differ significantly from that of the post-PCR pool of 
control individuals (simulation p = 0.26, global  �  2  test; 
 table 1 ). Though due to different DNA samples this con-

trol experiment cannot completely rule out biases intro-
duced by postamplification pooling, it reduces the pos-
sibility that a bias is introduced by this approach.

  To ensure that the analyzed clones and their numbers 
were not subjected to haplotype-related biases during 
propagation in  Escherichia coli , we compared the allele 
frequencies of the four MSVs determined by subcloning 
with those obtained by Pyrosequencing. Results from 
both methods were in reasonable agreement ( table 2 ). 
Moreover, for the clones with the two most abundant 
haplotypes (GAGC, GGGC), we assessed the insert ori-
entation with respect to the vector and found a ratio 
close to 1:   1. This was also the case for the combination 
of all other clones, indicating unbiased in vivo   clone 

Table 1. DEFB104 haplotype distribution in two independent cohorts of PC patients, control individuals and PC cell lines

HT PC cohort 1 PC cohort 2 Control Genomic
pool

HTf DU145 LNCaP PC3 PC cohort vs.
control (P)

n f n f n f n f n f n f n f cohort 1 cohort 2

GAGC 369 0.515 263 0.411 219 0.397 82 0.446 0.442 – – 43 0.672 13 0.464 0.005 n.s.
GGGC 154 0.215 116 0.181 179 0.325 61 0.331 0.263 – – 21 0.328 15 0.536 0.003 <10–4

GAAT 104 0.145 81 0.127 36 0.065 9 0.049 0.096 – – – – – – 0.002 0.02
CAGT 44 0.061 30 0.047 27 0.049 2 0.011 0.042 – – – – – – n.s. n.s.
GAAC 26 0.036 18 0.028 – – 1 0.005 0.017 34 0.479 – – – – 0.001 0.003
GAGT 10 0.014 38 0.059 15 0.027 5 0.027 0.032 – – – – – – n.s. n.s.
CAGC 8 0.011 32 0.050 12 0.022 8 0.044 0.032 – – – – – – n.s. n.s.
CAAT 1 0.001 34 0.053 63 0.114 16 0.087 0.064 – – – – – – <10–4 0.008

GGAT – – 18 0.028 – – – – 0.007 – – – – – – –    }GGAC – – 5 0.008 – – – – 0.002 37 0.521 – – – – – <10–4

GGGT – – 5 0.008 – – – – 0.002 – – – – – – –

Table 2. Comparison of MSV major allele frequencies obtained via subcloning/Sanger sequencing vs. Pyrosequencing

MSV MA PC cohort 1 Control Genomic pool DU145 LNCaP PC3

cloning PS cloning PS cloning PS cloning PS cloning PS cloning PS

(n = 716) (n = 551) (n = 184) (n = 71) (n = 64) (n = 28)

rs17843871 G 663 0.93 0.92 449 0.81 0.84 158 0.86 0.84 – – – – – – – – –
rs2680507 A 562 0.78 0.79 372 0.68 0.69 123 0.67 0.71 34 0.48 0.49 43 0.67 0.64 13 0.46 0.51
rs17843872 G 585 0.81 0.81 452 0.82 0.82 158 0.86 0.83 – – – – – – – – –
rs4259430 C 557 0.78 0.78 410 0.74 0.73 152 0.83 0.79 – – – – – – – – –

MA = Major allele; n = total number of analyzed alleles; PS = Pyrosequencing; – = not polymorphic.

Haplotypes refer to the order of alleles at MSVs rs17843871, rs2680507, 
rs17843872 and rs4259430. Figures in bold represent common haplotypes 
(HTf >0.01) with a significant frequency difference between the control 
group and both PC cohorts. P = Statistical significance of differences in the 
haplotype distribution between PC patients and control individuals; p val-

ues were obtained by stepwise simulation (for details, see Materials and 
Methods); HT = haplotype; n  = clone number; f = fraction; HTf = average 
haplotype frequency in PC cohorts 1, 2, controls and genomic pool; n.s. = 
not significant; – = not observed.
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propagation. Taken together, the described control ex-
periments highlight the validity of our haplotyping ap-
proach.

  Comparison of the haplotype distribution between PC 
patients (cohort 1) and control individuals revealed a 
highly significant difference (global  �  2  = 146.094, simula-
tion p  !  10 –4 ). The frequencies of five of the observed 
haplotypes differed significantly between the two groups 
(simulation p  !  0.05, haplotypewise  �  2  statistics;  table 1 ). 
To verify these findings, we replicated our analysis in an 
independent, age-matched PC sample (cohort 2). Re-
markably, four common haplotypes (allele frequency 
 1 1%) showed a significant frequency difference between 
the control group and both PC cohorts (highlighted in 
bold in  table 1 ), with GAAC only present in the PC 
groups.

  Haplotype Distribution in PC Cell Lines 
 Haplotype analysis of PC cell lines revealed that both 

androgen-responsive (LNCaP) and hormone-indepen-
dent cells (DU145, PC3) contained only two haplotypes 
per genome ( table 1 ). For LNCaP and PC3, these were the 
most common ones (GAGC and GGGC). DU145, in con-
trast, contains relatively rare haplotypes: (1) GAAC – en-
riched in the PC groups, and (2) GGAC – found at minor 
frequency in PC cohort 2, but neither in PC cohort 1 nor 
the controls.

  DEFB CNV in PC Patients 
 To assess the copy number of the DEFB cluster, we 

adapted a paralogue ratio test  [13, 27]  that compares a ret-
roposed  HSPD1  pseudogene  (HSPDP)  within the DEFB 
cluster ( fig. 1 ) with five paralogues on chromosomes 2, 3, 
4, 5 and 12 as calibrator loci. Quantification of one diag-
nostic MSV (positions within hg18 annotated DEF clus-
ters are chr8:   7265040 and chr8:7786367, respectively) by 
Pyrosequencing revealed that both PC cohorts lack
individuals with a copy number  1 9 (for individual copy 
numbers see online supplement material www.karger.
com/doi/10.1159/000135688), which is a significant differ-
ence to control individuals (p  !  0.01 for PC cohorts 1 and 
2, Fisher’s exact test;  fig. 3 ). Furthermore, both PC cohorts 
have a lower median number of  HSPDP  copies than con-
trols, whereas the difference in the overall copy number 
distribution is statistically significant only for cohort 1 
(p  !  0.001, Wilcoxon rank sum test;  fig. 3 ). Copy number 
determination in the PC cell lines seemed to be inappro-
priate because it is known that these cells exhibit unusual 
karyotypes and, consequently, an unknown number of 
reference copies that will deteriorate any calculation.

  Discussion 

 Convincing epidemiological evidence supports the 
role of chronic infection and inflammation as a pivotal 
step in PC carcinogenesis  [28] . A high number of sexual 
partners and a history of sexually transmitted infections 
have been described as an independent risk factor for PC 
 [31, 32] . The presence of bacterial signatures in the pros-
tate gland under physiological conditions  [33]  and the 
finding that variants in the innate immune receptor 
TLR4  [34]  are associated with an increased risk for early 
PC development have asserted the proposed link between 
the defense against persisting infections and prostate car-
cinogenesis  [35] . Increasing evidence indicates that per-
sistent mucosal or epithelial cell colonization by micro-
organisms in general induces carcinogenesis via the con-
comitant inflammatory response  [16, 17] . This qualifies 
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  Fig. 3.  Copy number distribution in PC cohort 1 and 2 and in con-
trols shown as box plots. Boxes represent the region between the 
first and the third quartile (i.e. the central 50% of the data). The 
bold horizontal line represents the median. The ends of the dashed 
vertical lines mark the smallest and largest copy number located 
less than 1.5 times the interquartile distance from the first and 
third quartile, respectively. Other observations may be deemed 
outliers and are shown as open circles.  *  *  *  p  !  0.001 in a Wilcox-
on rank sum test;  ##  p  !  0.01 in a post hoc Fisher’s exact test, re-
spectively, comparing the number of individuals with copy num-
ber below and above 9. n.s. = Not significant. 
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antibacterial peptides such as defensins as candidates for 
an important role also in cancer development and mani-
festation. Thereby defensins may be expressed in prostate 
tissue  [36]  and/or immunocompetent cells  [7]  attracted to 
the sites of tumorigenesis.

  In the present study, we demonstrate for the first time 
an association between genetic variants in the DEFB lo-
cus, a major player in the innate immune defense, and the 
risk of PC. The investigation was only possible because 
new technologies were developed. Conventional geno-
typing assays would fail for this locus due to CNV rang-
ing between 2 and 12 in an individual genome  [14, 15]  
( fig. 2 ). In previous efforts to refine the genomic structure 
of the 8p23 locus  [5] , we determined haplotypes of  DEFB4 
 and  DEFB104  in four individual genomes by a newly
established PCR/cloning-based method. Five different 
haplotypes, defined by four MSVs, were identified for 
 DEFB104 . In contrast, only four haplotypes were found 
for  DEFB4 , although haplotypes at the analyzed locus of 
similar size are determined by five variable positions. 
Due to its higher diversity and its central position within 
the DEFB cluster, we chose  DEFB104  for a detailed analy-
sis to characterize new genetic markers for PC predispo-
sition. As the PCR/cloning-based haplotyping method  [5]  
is not applicable to large sample numbers, we performed 
a post-PCR pooling strategy. This approach did not intro-
duce a significant bias as results were comparable to a 
pre-PCR pooled sample ( table 1 ). Moreover, it should be 
noted that, in contrast to our gender-matched male PC 
controls, the commercially available pre-PCR pool con-
tained genomic DNA from both males and females. The 
absence of a difference between the haplotype distribu-
tions of the controls and the pre-PCR pool is therefore in 
agreement with the expectations for the autosomal locus 
8p23, and does not provide any evidence for gender-spe-
cific haplotype patterns.

  The frequencies of four common haplotypes differed 
significantly between each of two independent, age-
matched PC Caucasian patient cohorts and controls, re-
spectively. Remarkably, haplotype GAAC is seen in the 
PC cohorts (3.6 and 2.8%, respectively), is absent in the 
controls, and represented by just one clone obtained from 
the pooled genomic DNA. In contrast, CAAT was found 
to be strikingly underrepresented in the cancer groups 
(0.1 and 5.3%, respectively) but to be fairly abundant 
among the controls (11.4%). Since haplotypes of individ-
ual clones, as used in our experiments, do not represent 
statistically independent observations, the significance 
of the observed differences between PC patients and con-
trols had to be assessed by simulation. One crucial as-

sumption underlying this simulation was the statistical 
independence of the  DEFB104  haplotype in a given DEFB 
cluster from both the copy number and the haplotypes 
present in other DEFB copies on the same chromosome. 
According to our current understanding of CNVs  [37–
40] , however, the larger range of possible DEFB cluster 
copy numbers  [5, 11, 14, 15] , the large size of  � 350 kb of 
the repeat unit, and the inverse orientation of the two 
most outward copies predispose the locus to frequent
intra- and interchromosomal recombination, unequal 
crossing-over and gene conversion  [5] , thereby justifying 
the setup of our simulations. Moreover, the simulations 
were based upon haplotype and copy number distribu-
tions as obtained from the combined data sets of similar 
numbers of PC patients and control individuals. In com-
parison to a random control data set, this approach re-
sulted in data pools that were highly enriched by PC pa-
tients. That significant differences were observed despite 
these constraints is a strong argument that our observa-
tion is valid.

  Against the background of the extraordinary plastic-
ity of the DEFB locus and its wide range of CNV, an im-
portant question concerns possible differences in copy 
numbers among cells of the same individual as a result of 
mitotic recombination that in turn may increase with 
age. This also challenges our assumption that copy num-
bers determined in blood are representative of other nor-
mal tissues/organs including prostate. There is, however, 
currently no evidence for somatic DEFB mosaicism  [13] . 
Furthermore, the inheritance of copy numbers is in 
 1 99.8% compatible with Mendelian rules  [40] , excluding 
frequent de novo recombination.

  Only the second MSV (rs2680507, A]G) within the 
haplotyped region is a nonsynonymous coding variant 
and entails an amino acid exchange (I]V). Among the 
PC risk-associated haplotypes, the one carrying the G al-
lele (GGGC) is overrepresented in controls, whereas two 
of the A allele-carrying haplotypes (GAAT, GAAC) are 
more and the third (CAAT) is less abundant in PC pa-
tients. It should, however, be stated that currently there is 
no reason to regard any of the PC-associated  DEFB104 
 haplotypes as a causative genetic variant. The  DEFB104 
 locus was selected as genetic marker for the analyses sim-
ply due to methodological reasons (high MSV density). 
Most likely, the conspicuous haplotypes are linked to 
causative variations somewhere else in the  DEF  cluster, a 
question that can only be resolved by supplementing non-
genetic studies.

  We estimated the copy number of the DEFB cluster in 
patients and controls adapting a paralogue ratio test  [27]  
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by calibrating a DEFB cluster-specific  HSPDP  MSV to 
autosomal loci via Pyrosequencing.

  In parallel, a very similar high-throughput method 
was recently developed by others  [13]  using a  Hae III frag-
ment length polymorphism. Although earlier studies  [15]  
suggest that the DEFB cluster is always inherited as a unit 
resulting in equal copy numbers of all defensin genes and 
 HSPDP , this was only assumed  [11, 12]  but never explic-
itly shown. Only recently could we confirm this assump-
tion experimentally by applying a multiplex ligation-de-
pendent probe amplification assay  [41]  and therewith jus-
tifying the application of the paralogue ratio test to assess 
the copy number of the DEFB cluster. Remarkably, both 
PC cohorts consistently lacked individuals with copy 
numbers  1 9 ( fig. 3 ). Notably, low copy numbers of the 
DEFB cluster give rise to inflammatory disorders like 
Crohn’s disease  [11] . This disease is associated with an 
increased risk of colorectal cancer  [42] , but an associa-
tion with PC has not yet been described. It would, there-
fore, be of interest to analyze the appropriate DEF haplo-
type composition in Crohn’s disease patients.

  In summary, we have performed the first disease as-
sociation study of a locus, considering both copy number 
and sequence variation. We were able to correlate se-
quence variants within the DEFB cluster with PC in two 
independent, age-matched Caucasian patient cohorts 

and postulate that certain  DEFB104  haplotypes may serve 
as predictive markers for PC. DEFB cluster copy numbers 
higher than nine are significantly underrepresented in 
both patient samples. This adds a new level of complexity 
to the currently emerging research focus on the function-
al impact of CNVs in the human genome and on their role 
in complex diseases  [43, 44] . Although the functional 
consequences of the described genetic variants are not yet 
resolved, the results point to a pivotal role of a perturbed 
antimicrobial barrier defense and/or of the defensin-trig-
gered inflammation response in the etiopathogenesis of 
PC  [19, 28] . Further prospective studies are necessary to 
show whether the respective haplotypes, in connection 
with copy number determination, may serve as reliable 
and feasible genetic markers in PC diagnostics and prog-
nostics.
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