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 Abstract 
 Prostate cancer is the most common male cancer and up to one fi fth of diagnosed patients will die of their disease. Current 
prognostic variables including T-category (of the TNM staging), the absolute or kinetics of prostatic specifi c antigen (PSA) 
and the pathologic Gleason score (GS) are utilized to place men in low, intermediate and high-risk prostate cancer risk 
groupings. There is great heterogeneity within the non-indolent intermediate risk group with respect to clinical response. 
It is therefore imperative that further genetic and other prognostic factors be identifi ed to better individualize treatment. 
 Somatic alterations in prostate cancer.  Herein, we review the potential for somatic alterations in tumor-associated genes (based 
on comparative genomic hybridization (CGH) in prostate cancers to be novel prognostic, and possibly predictive, factors 
for prostate cancer radiotherapy response. Intermediate risk prostate cancers show alterations in a number of genes thought 
to be involved in radiosensitivity, DNA repair, cell death and stem cell renewal. These include deletions at 21q (TMPRSS2: 
ERG), 13q (RB1), 10q (PTEN), 8p (NKX3.1), additions at 8q21 (containing c-Myc)) and haplo-insuffi ciency for p53, 
PARP1, ATM and DNA-PKcs.  Conclusions.  The use of high-resolution CGH for fi ne-mapping of deletions and amplifi ca-
tions in pre-radiotherapy prostate cancer biopsies is feasible. Genetic alterations may delineate localized prostate cancer 
from systemic disease and be used as a predictive factor in that patients would be individually triaged to local (surgery 
versus radiotherapy) and/or adjuvant (adjuvant androgen ablation or post-operative radiotherapy) therapies in a prospective 
fashion to improve outcome. The knowledge of abnormal DNA repair pathways within in a given patient could allow for 
the judicious use of targeted agents (PARP/ATM inhibitors) as personalized medicine.   
  Special considerations for genetic studies 
in intermediate risk prostate cancer 

 Prostate cancer is the most common cancer in men. 
More than 200 000 men are diagnosed in the USA 
and Canada each year with more than 30 000 to 
40 000 men dying of their disease; similar propor-
tions of men are duly affected in Europe. Using the 
prognostic variables of T-category, the absolute 
value and doubling time of serum prostate specifi c 
antigen (PSA), and the pathologic Gleason score 
(GS), men with localized prostate cancer are placed 
in low, intermediate and high-risk groupings based 
on the relative propensity for local and distant spread. 
These risk groupings can predict for biochemical 
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failure (based on PSA outcome data), disease-free 
and cause-specifi c survival [1,2]. 

 Intermediate risk prostate cancer can be defi ned 
as clinical T1-T2 disease, Gleason score  � 8 and 
PSA of  � 20 ng/ml, with at least one of the following 
adverse factors present: T2b disease, PSA  � 10, or 
Gleason score (GS)  � 7 [3]. Despite close to one third 
of all prostate cancer diagnosed presenting as inter-
mediate risk disease, this cohort has not been studied 
closely for novel predictive or prognostic factors. 
Current management options for men with interme-
diate prostate cancer include: (1) robotic, open or 
laparoscopic radical prostatectomy; (2) image-guided 
and intensity-modulated external beam radiotherapy 
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(IGRT-IMRT) to doses above 74 Gy; (3) IMRT less 
than 70 Gy but additional concurrent/adjuvant andro-
gen deprivation; or (4), a combination of IMRT plus 
a brachytherapy boost [2]. Even with the attempted 
homogenization of patient populations using current 
prognostic factors, intermediate-risk patients dem-
onstrate signifi cant clinical heterogeneity following 
modern-era image-guided and intensity modulated 
external beam radiotherapy (IGRT-IMRT) based on 
biochemical outcome data. The 5-year PSA-based 
biochemical failure rates range from 9 to 44% depend-
ing on the clinical series. Although some of this het-
erogeneity relates to variable use of dose-escalation 
with image-guidance, other prognostic factors may 
include inherent genetic factors that lead to local 
radioresistance or occult systemic metastases and/or 
adverse features associated with the 3-D prostate can-
cer microenvironment, such as hypoxia. Therefore 
this risk category has an urgent need for important 
genomic markers that allow for triaging patients to 
the best local and adjuvant therapies [2]. 

 In any systematic approach to study the prostate 
cancer genome within pre-treatment core biopsies 
(and relate these fi ndings to radiotherapy outcome), 
it must be recognized up front that intra- and inter-
tumoral (and indeed, intra-biopsy) heterogeneity 
exists and this can potentially confound the inter-
pretation of the genomic  “ status ”  of the entire gland 
[4]. This must be accounted for when validating any 
signature for use as a new prognostic or predictive 
factor. Furthermore, the tumor microenvironment 
(e.g. hypoxia; epithelial-mesenchymal interactions) 
may add complexity to a DNA or RNA profi le for 
a given patient. Appropriate sample acquisition 
using macro- or micro-dissection in close collabora-
tion with prostate cancer pathologists is required for 
the careful study of genetic factors in intermediate-
risk prostate cancer [5]. This is important to validate 
the genetic factor, despite tumor heterogeneity, as 
being an additional factor to GS as a primary deter-
minant of radiotherapeutic outcome. This is particu-
larly true for prostate cancer as it is unique in being 
a multi-focal disease scattered throughout the glan-
dular volume. Each of these foci may be clonal and 
have differential biology and propensity for aggres-
sive phenotypes, including the capacity for metastasis 
[4]. These data support the current approach of 
using image-guided radiotherapy or intra-prostatic 
brachytherapy to the entire prostatic volume to erad-
icate all possible tumor clonogens. An increased 
understanding of biological and genetic heterogene-
ity within the gland may support the future use of 
focal therapies to sub-glandular volumes [6]. This 
approach is currently under active study using MRI-
based HDR (high-dose rate) brachytherapy or EBRT 
(external beam radiotherapy) IMRT boosts. 
 In one approach to novel molecular prognostic 
factors, the Radiation Therapy Oncology Group 
(RTOG) has completed studies on a wide range of 
immunohistochemical (IHC) markers [7]. These 
studies used tissues from Phase 3 trials of non-image 
guided radiotherapy (IGRT) (with and without and-
rogen ablation) for a variety of risk groups. The IHC-
based assessment of protein expression for the p53, 
p16 INK4a , Ki-67, MDM2 and BCL2 proteins has 
been measured by the RTOG and over-expression of 
these proteins are adverse prognostic markers for out-
come post-treatment [7]. However, these IHC pro-
tein expression markers have not been suffi ciently 
validated in modern-day IGRT-IMRT cohorts against 
biochemical outcome or cause-specifi c survival; but 
it is hoped that they can be integrated with current 
prognostic markers to select optimal treatment for 
individual patients (e.g. dose-escalation versus use of 
adjuvant androgen deprivation). 

 Another approach is to study the somatic tumor 
genetics of patients based on tissues derived from 
pre-treatment biopsies and utilize genomics to add 
prognostic power for personalized medicine 
approaches. We will now discuss the latter approach 
in intermediate risk prostate cancer in terms of fea-
sibility for the radiation oncologist and patient and 
high-light some preliminary genetic fi ndings that are 
provocative for use in outcome prognostication. We 
will restrict the discussion to tumor genetics although 
it is appreciated that normal tissue genetics relating 
to bowel, bladder and penile toxicity also have an 
important role in determining the overall therapeutic 
ratio of a treatment protocol.   

 Somatic alterations in prostate cancer: 
Focusing on genetic loci that may alter 
clinical radiocurability 

 It has been estimated that each tumor contains more 
than 10 000 mutations where a number of the muta-
tions will be  “ driver ”  mutations; yet even more will 
be  “ passenger ”  mutations. Either of these could be 
helpful to delineate personalized medicine if they 
involve genetic loci that alter radioresponse  in vivo  
through altered DNA repair, cell cycle control, intra-
cellular signaling, tumor metabolism and cell death. 
One way to determine somatic mutations in human 
tumors is to use array comparative genomic hybrid-
ization (aCGH). This is a technique to detect DNA 
copy number variations at the chromosomal and 
sub-chromosomal levels. DNA from a tumor test 
sample and a normal human reference sample are 
labeled using different fl uorophores and hybridized 
to thousands of probes printed on a glass slide. The 
ratio of the fl uorescence intensity of the hybridization 
of tumor-normal DNA is calculated as a measure of 
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the copy number changes for particular chromo-
somal loci and software (e.g.  SeeGH  software) calcu-
lates the DNA loss, normal, and or probabilities for 
a given locus. aCGH can also generate a global mea-
sure of genetic instability by calculating the  percent 
of genomic alteration (PGA)  per tumor sample, for a 
given patient. aCGH results are usually confi rmed  in 
situ  in paraffi n sections from the same patient using 
loci-specifi c DNA probes during fl uorescent-in-situ-
hybridization (FISH). See Figure 1 for schematic 
summary of the aCGH process. 

 aCGH and other DNA-based studies have shown 
that prostate cancer progression is associated with 
increased gross chromosomal alterations [8 – 11]. 
These include: deletions of  PTEN  and  ATBF1 , 
amplifi cation of c -MYC  and the prostate cancer 
fusion gene,  TMPRSS2/ERG ; androgen receptor 
gene amplifi cation;  KLF5  and  KL6  deletion. Dele-
tions have also been reported for the  RB1 ,  NKX3-1 , 
 E-cadherin ,  p16  INK4A ,  p27  KIP , and  SMAD4  genes. 
However, most of these alterations listed above were 
identifi ed in samples representing high-risk (T3/T4, 
Gleason score  �  7 or PSA  �  20 ng/ml) and meta-
static disease and, until recently, it was unknown 
which of these genes are mutated solely in intermedi-
ate risk disease. 

 Newer aCGH and SNP (single-nucleotide poly-
morphism) arrays are now available with increased 
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resolution, that can globally survey for DNA copy 
number alterations using only 100 – 300 nanograms 
of DNA and at a resolution of approximately 50 – 70 
kilobases [12]. In a recent study, we showed that it 
was possible to dissect and extract DNA from indi-
vidual fresh-frozen prostate biopsies that were taken 
pre-radiotherapy in patients who received image-
guided radiotherapy to a median dose of 76 Gy. Prior 
to radiotherapy, each patient underwent TRUS-
guided insertion of three intra-prostatic fi ducial 
markers for radiotherapy planning. At the same time, 
they underwent three biopsies (two for formalin-
fi xation and one fl ash-frozen in liquid nitrogen) as 
described [13]. This was an important test of whether 
gland-derived biopsies containing foci with more 
than 70% tumor cells could be used for DNA analy-
ses given this is the tissue available to the radiation 
oncologist upon which potential management deci-
sions are made. Furthermore, there was little intra-
biopsy heterogeneity when DNA was extracted from 
various foci within a biopsy, suggesting that the local 
prostate gland microenvironment is genetically 
homogenous. We are currently furthering our studies 
to see whether there is heterogeneity in alterations 
between sextant biopsies within a patient. 

 In our recent study, the number of genetic alter-
ations per DNA sample ranged from 4 to 28, with a 
mean of 12. Losses were signifi cantly more common 
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  Figure 1.     Flow diagram of array CGH technology for determining sub-chromosomal losses and gains within the prostate cancer genome 
(see text for details). Areas of tumor tissue are micro-dissected within pre-treatment biopsies based on a pathologist ’ s markings. DNA is 
then extracted from the dissected tissue and subjected to aCGH hybridization. The aCGH  “ hits ”  are defi ned by fl uorescence-based, image 
analysis software. Allelic losses and gains can be validated within the same patient ’ s tissues, or amongst groups of patients, using loci-
specifi c fl uorescent-in-situ-hybridization (FISH). The fi nal aCGH validated  “ hits ”  can be compared between responders and non-responders 
to radiotherapy to develop novel prognostic and predictive factors.  
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than gains, accounting for 81% of all alterations. The 
majority of DNA alterations were single copy gain or 
loss. No homozygous deletions were observed [13]. 
The latter is important as it will be important to test 
whether the allelic losses observed translate into 
reduced RNA and protein expression/function within 
our patient population. 

 In at least one quarter of the patients, we have 
observed alterations in loci that were previously 
reported for high risk prostate cancer, including 
allelic losses of 21q (TMPRSS2: ERG), 13q (Rb1), 
10q (PTEN), 8p (NKX3.1), 17q (p53) and allelic 
gains at 8q21 (containing c-Myc). We have validated 
many of these aCGH  “ hits ”  using locus-specifi c 
FISH within the remaining patient ’ s paraffi n based 
diagnostic biopsy tissues and have shown that aCGH 
from the frozen biopsy has excellent concordance 
with FISH  in situ . This suggests that at the level of 
aCGH resolution, many of the microfoci contain the 
same genetic alteration. Additionally, there were also 
six novel microdeletions noted in more that 20% of 
the cohort at 1q, 5q, 20q, and 22q; some of which 
affect DNA repair gene loci (see below). In a larger 
group of 115 patients, all these changes have been 
validated (Ishkanian et al. 2010 in prep.). 

 In summarizing our published data, the genetic 
alterations within 25% of intermediate risk patients 
overlap with the genetic alterations observed for 
high-risk patients. This suggests that some of these 
markers may predict not only for local tumor growth 
and aggression, but also for the propensity for sub-
clinical metastases. In an attempt to genetically place 
patients into local versus systemic risk categories, 
Lapointe and co-workers [14] used array CGH in 
tissues from prostate and lymph node metastases to 
defi ne three sub-types of prostate cancer: one (sub-
type-1) was linked to clinically favorable behavior 
while the other two remaining subtypes (subtypes-2 
and -3) linked with more aggressive prostate cancer, 
including metastases. Specifi cally, sub-type-1 con-
tained prostate cancers with deletions on 6q and 5q 
and was associated with clinically indolent disease. 
However, deletions on 8p and 21q (NKX3-1; 
TMPRSS2-ERG), 10q (PTEN) and gains/amplifi ca-
tion of 8q (c-Myc) was associated with locally aggres-
sive and metastatic disease. The authors concluded 
that at least two states of prostate cancer that could 
be delineated by genomic alterations: indolent and 
locally confi ned versus disease with increased pro-
pensity for metastases. We are currently testing as to 
whether patients with abnormal PTEN-MYC have a 
decreased radiotherapeutic outcome and preliminary 
fi ndings in a new cohort of 115 men suggest that this 
signature is associated with increased biochemical 
failure at more than fi ve years post-therapy (Zafarana 
et al. 2010 in prep.). 
 It is of great interest that a number of our aCGH 
 “ hits ”  have involved the allelic loss of genetic loci that 
normally harbor DNA damage and repair genes 
including loss of  PARP1, ATM, DNA-PKcs, p53, Rb  
and  RAD17 . If this leads to functional loss of DNA 
repair or damage signaling, then these patients may 
benefi t from targeted therapies (e.g. inhibitors of 
PARP, ATM, DNA-PKcs, MTp53 and CHK1) in 
addition to the potential tumor cell radiosensitization 
based on inherently abnormal DNA repair [15,16]. 
For example, PTEN defi ciencies have been linked to 
defi ciencies in RAD51-mediated homologous recom-
bination (HR) during the repair of DNA double 
stranded breaks. If this leads to an HR defi ciency in 
prostate cancer, it could manifest as an increased 
sensitivity to agents such as PARP inhibitors which 
block base excision repair and DNA single strand 
repair during DNA replication [17]. Indeed, our use 
of high-resolution CGH identifi ed a novel deletion 
at 1q42.12-42.3 which contains the  PARP-1  gene 
and these patients may benefi t from the use of ATM 
or DNA-PKcs inhibitors if the therapeutic ratio can 
be maintained. Similarly, our documented loss of 
p53 function due to allelic loss or gene mutation in 
more than 25% of patients ([12] and manuscript in 
prep. 2010) suggests that some patients could ben-
efi t from the use of p53-associated targeted therapies 
such as the use of CHK1 inhibitors or the use of 
Nutlins and PRIMA-1 that target p53-defective cells 
following radiotherapy [16,18,19]. The NKX3.1 
protein has been recently implicated the DNA dam-
age response of prostate cancer cells by interacting 
with the MRE11-ATM signaling axes and a loss of 
NKX3.1 may lead to increased cellular radiosensitiv-
ity [17]. We are currently cataloging all these aCGH 
alterations and with additional information from 
RNA analyses, tissue microarray protein expression 
data and bioinformatics we are placing patients into 
repair-profi cient and repair-defi cient groups as an 
independent prognostic factor in radiotherapy 
response (Figure 2). 

 Finally, the role of the  TRMPRSS2:ERG  somatic 
fusion in prostate cancer progression remains con-
troversial and to date, no role has been suggested 
for this fusion event and altered radiotherapy out-
come [20,21]. Deletion at 21q22.2 is observed in 
more than a third of our patients, corresponding to 
the  TMPRSS2:ERG  locus. Future studies will aim 
to identify frequency of this loss in a larger sample 
set, and correlate this with clinical outcome in 
order to better understand its prognostic signifi -
cance. An important component to this research 
platform is validation of all aCGH fi ndings in a 
single frozen biopsy using high-throughput FISH 
in tissue microarrays derived from similarly treated 
intermediate- risk patients (e.g. with more than fi ve 
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year median follow-up following dose-escalated treat-
ments using IGRT-IMRT).   

 Conclusions: A need for better models in 
pre-clinical prostate cancer radiobiology 
studies and  “ next generation ”  deep 
sequencing of prostate cancer 

 As part of our intermediate risk study, we compared 
our CGH profi les of human intermediate risk pros-
tate cancers with the CGH profi les of normal or 
malignant prostate epithelial cell lines commonly 
used in prostate cancer research (i.e. PREC, BPH, 
22RV1, PC3, DU145 and LNCAP). As expected, 
there were no copy number alterations detected in 
the PREC cell line derived from  “ normal ”  prostate 
epithelium, but huge differences existed amongst 
these cell lines with alterations that were not consis-
tent with the primary human biopsy data. Only the 
aCGH data from the 22RV1 cell line/xeonograft 
(which expresses WTp53, has a karyotype of 50 chro-
mosomes, expresses PSA, and is androgen-sensitive) 
approximated the changes found in human interme-
diate risk disease [13]. As such, from a genetics and 
radiotherapy standpoint, the radiobiology commu-
nity needs to develop primary prostate cancer xeno-
grafts to study radioresponse  in vivo  as the commonly 
used prostate cancer models do not recapitulate 
human intermediate risk prostate cancer. 

 In conclusion, the use of high-resolution CGH 
for fi ne-mapping of deletions and amplifi cations in 
pre-radiotherapy prostate cancer biopsies is feasible. 
We have also shown that many regions previously 
identifi ed in high-risk disease are also present in 
Gleason 6/7 patients. Genetic alterations may delin-
eate localized prostate cancer from systemic disease 
and be used as a predictive factor in that patients 
would be individually triaged to local (surgery versus 
radiotherapy) and/or adjuvant (adjuvant androgen 
ablation or post-operative radiotherapy) therapies in 
a prospective fashion to improve outcome. This iter-
ative approach to pre-clinical and clinical validation 
of a novel genetic prognostic marker is shown in 
Figure 3. Furthermore, if allelic loss is associated 
with a loss of gene function, this information would 
be useful to select individualized therapies based on 
synthetic lethality (e.g. use of PARP inhibitors in 
patients with loss of ATM, NKX3.1, and DNA-
PKcs function) or abnormal intracellular signaling 
(PTEN). An important concept is that the genetic 
changes that are currently documented are refl ective 
of the genetics of clonogens within the irradiated 
volume that are capable of re-growing the tumor if 
they are resistant to radiotherapy. Finally, although 
beyond the scope of this review, information regard-
ing loss of DNA repair or signaling in normal tissues 
based on SNP or functional analyses will also be 
important to document in order to effectively deter-
mine a molecular therapeutic ratio on a patient to 
patient basis [22 – 24]. 

 As high-throughput sequencing costs decrease, 
it is anticipated that  “ next generation ”  deep sequenc-
ing and paired-end analyses will overtake aCGH 
in the next three to fi ve years for DNA-associated 
Figure 2. Summary of DNA copy number gains (red) and losses (green) from 24 intermediate risk prostate samples (adapted from 
Ishkanian et al. 2009). The values of 0.5 and -0.5 indicates a level of 50% frequency gain or loss, respectively. Regions of copy number 
alteration containing genes associated with both prostate cancer and tumor cell radiosensitivity are shown.
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genomic studies. These are powerful technologies in 
which automated DNA sequencers now have the 
capacity to sequence millions, and soon billions, of 
DNA bases per day and could be done for as little 
at  $ 1 000.00 USD per genome within fi ve years. 
A Canadian-led project within the International 
Cancer Genomic Consortium is attempting to utilize 
these high-throughput technologies to sequence the 
entire genome of at least 1 500 prostate cancers 
(www.icgc.org) and relate this to outcome. Although 
the data are not yet available to be used in clinical 
practice, this new information will no doubt lead to 
practical changes pertaining to the treatment of indo-
lent versus non-indolent prostate cancer, radioresis-
tant prostate cancers and prostate cancers that harbor 
occult metastases at the time of diagnosis.  
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