
M O L E C U L A R O N C O L O G Y 1 0 ( 2 0 1 6 ) 8 7 9e8 9 4
ava i l ab le a t www.sc ienced i rec t . com

ScienceDirect

www.elsevier .com/locate /molonc
DNA damage signalling barrier, oxidative stress and treatment-

relevant DNA repair factor alterations during progression of

human prostate cancer
Daniela Kurfurstovaa, Jirina Bartkovab,c,*, Radek Vrteld,e, Alena Mickovaa,
Alena Burdovaa, Dusana Majerae, Martin Mistrike, Milan Kralf, Frederic
R. Santerg, Jan Bouchala,**, Jiri Bartekb,c,e,***
aDepartment of Clinical and Molecular Pathology, Institute of Molecular and Translational Medicine, Faculty of

Medicine and Dentistry, Palacky University, Olomouc, Czech Republic
bDanish Cancer Society Research Center, Copenhagen, Denmark
cScience for Life Laboratory, Division of Translational Medicine and Chemical Biology, Department of Medical

Biochemistry and Biophysics, Karolinska Institute, Stockholm, Sweden
dDepartment of Medical Genetics, Faculty of Medicine and Dentistry, Palacky University, Olomouc, Czech Republic
eLaboratory of Genome Integrity, Institute of Molecular and Translational Medicine, Faculty of Medicine and

Dentistry, Palacky University, Olomouc, Czech Republic
fDepartment of Urology, Faculty of Medicine and Dentistry, Palacky University, Olomouc, Czech Republic
gDivision of Experimental Urology, Department of Urology, Medical University of Innsbruck, Austria
A R T I C L E I N F O

Article history:

Received 5 January 2016

Received in revised form

23 February 2016

Accepted 24 February 2016

Available online 3 March 2016

Keywords:

Prostate tumorigenesis

DNA damage response barrier

p53 and NKX3.1 tumour suppressors

NQO1 and oxidative stress

TMPRSS2-ERG

PARP inhibitor biomarkers
* Corresponding author. Science for Life Lab
Biochemistry and Biophysics, Karolinska Ins

** Corresponding author. Department of Clini
public. Tel.: þ420 585 639 570.

*** Corresponding author. Danish Cancer Soci
73 57.

E-mail addresses: jib@cancer.dk (J. Bartko
http://dx.doi.org/10.1016/j.molonc.2016.02.00
1574-7891/ª 2016 Federation of European Bi
A B S T R A C T

The DNA damage checkpoints provide an anti-cancer barrier in diverse tumour types, how-

ever this concept has remained unexplored in prostate cancer (CaP). Furthermore, target-

ing DNA repair defects by PARP1 inhibitors (PARPi) as a cancer treatment strategy is

emerging yet requires suitable predictive biomarkers. To address these issues, we per-

formed immunohistochemical analysis of multiple markers of DNA damage signalling,

oxidative stress, DNA repair and cell cycle control pathways during progression of human

prostate disease from benign hyperplasia, through intraepithelial neoplasia to CaP, com-

plemented by genetic analyses of TMPRSS2-ERG rearrangement and NQO1, an anti-

oxidant factor and p53 protector. The DNA damage checkpoint barrier (gH2AX, pATM,

p53) mechanism was activated during CaP tumorigenesis, albeit less and with delayed

culmination compared to other cancers, possibly reflecting lower replication stress (slow

proliferation despite cases of Rb loss and cyclin D1 overexpression) and progressive loss

of ATM activator NKX3.1. Oxidative stress (8-oxoguanine lesions) and NQO1 increased dur-

ing disease progression. NQO1 genotypes of 390 men did not indicate predisposition to CaP,

yet loss of NQO1 in CaP suggested potential progression-opposing tumour suppressor role.

TMPRSS2-ERG rearrangement and PTEN loss, events sensitizing to PARPi, occurred
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frequently along with heterogeneous loss of DNA repair factors 53BP1, JMJD1C and Rev7 (all

studied here for the first time in CaP) whose defects may cause resistance to PARPi. Overall,

our results reveal an unorthodox DNA damage checkpoint barrier scenario in CaP tumor-

igenesis, and provide novel insights into oxidative stress and DNA repair, with implications

for biomarker guidance of future targeted therapy of CaP.

ª 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction 2013). The observed DDR activation is at its maximum in
Prostate cancer (CaP) is themost frequently diagnosedmalig-

nancy in men and one of the major causes of cancer-related

death in developed countries (Siegel et al., 2014). There is

currently some uncertainty about the value of systematic

screening for prostate-specific antigen (PSA), reflecting an

ongoing debate on potential CaP overdiagnosis and over-

treatment with no major benefits in terms of overall patient

survival (Andriole et al., 2012; Schroder et al., 2014). Prostate

cancer develops as androgen-dependent and initially re-

sponds to androgen deprivation therapies, however, ulti-

mately the disease progresses into a hormone-independent

and largely incurable stage with metastases to the bones,

lung, brain or liver. Therefore, there is a pressing need for

better understanding of molecular mechanisms underlying

CaP progression to inspire discoveries and validation of

new treatment strategies. Among the key factors implicated

in CaP pathogenesis are genomic alterations such as the

TMPRSS2-ERG and related fusion oncogenes, loss of tumour

suppressors such as PTEN, p53 or NKX3.1, inflammation,

enhanced DNA damage and chromosomal instability

(Felgueiras et al., 2014).

Cellular DNA damage response (DDR) represents a dy-

namic network of proteins capable of detecting DNA lesions

and signalling their presence to numerous effector pathways

including cell-cycle checkpoints, regulation of transcription,

chromatin remodelling, DNA repair and cell death mecha-

nisms (Jackson and Bartek, 2009). Proper DDR is essential

for genome maintenance, organismal development and tis-

sue homeostasis, while DDR malfunction may lead to grave

pathological consequences such as neurodegeneration, im-

munodeficiency, premature aging or cancer (Kastan and

Bartek, 2004; Jackson and Bartek, 2009). During the early

stages of cancer development, the DDR machinery becomes

activated in response to oncogene-triggered replication

stress and ensuing DNA breaks, thereby providing an induc-

ible biological barrier against malignant transformation and

tumour progression (Bartkova et al., 2005; Gorgoulis et al.,

2005; Halazonetis et al., 2008). Such DDR activation can be

documented by immunohistochemical analyses of tissue

sections from human clinical specimens, with antibodies

against activated (phosphorylated) forms of checkpoint ki-

nases ATM, Chk1 and Chk2, phosphorylated histone H2AX

(gH2AX) and p53, as well as foci formation characteristic of

response to DNA double strand breaks (DSBs), such as those

of the 53BP1 protein (Bartkova et al., 2005; Evangelou et al.,
the early, pre-invasive stages of human tumours yet it also

persists, at least in subsets of lesions at their fully developed

malignant stages (Bartkova et al., 2005, 2006; Gorgoulis et al.,

2005; Di Micco et al., 2006; Bartkova et al., 2010). The observed

partial decrease of the DDR activation in advanced tumours

likely reflects the selective pressure to bypass or inactivate

p53, ATM, Chk2 or other components of the DNA damage

checkpoints in the incipient cancer cells, as the fully opera-

tional DDR would otherwise induce cellular senescence or

death and thus block further progression of the tumour

(Bartkova et al., 2005, 2006; Gorgoulis et al., 2005;

Halazonetis et al., 2008). While the DDR barrier concept has

been well documented for diverse types of major solid tu-

mours derived from somatic cells, such as carcinomas of

the colon, breast, lung, urinary bladder or brain gliomas

(Bartkova et al., 2005, 2010; Gorgoulis et al., 2005; Evangelou

et al., 2013), it does not seem to apply for germ-cell tumours

(Bartkova et al., 2007, 2014). Most relevant for our present

study, the question to what extent is the DDR barrier model

applicable to prostate cancer pathogenesis has remained

largely unexplored.

Apart from oncogene-induced replication stress, oxida-

tive stress (reactive oxygen species) and the ensuing DNA

damage is another source of genomic instability in cancer,

a notion particularly relevant for prostate tumours that are

commonly associated with chronic inflammation (Sfanos

and De Marzo, 2012). One of the major factors involved in

cellular protection against oxidative stress is NQO1 (Siegel

et al, 1997, 2004; Beyer et al., 1996; Dinkova-Kostova and

Talalay, 2010), an enzyme that has also been implicated in

carcinogenesis, including stabilization of the p53 (Anwar

et al., 2003; Asher et al., 2001) tumour suppressor. NQO1-

deficient mice show reduced p53 induction and apoptosis,

increased susceptibility to chemically induced tumours

(Iskander et al., 2005; Long et al., 2000), and impaired NF-kB

function (Ahn et al., 2006). NQO1 C609T is a missense variant

that is homozygous in 4e20% of human population (Kelsey

et al., 1997). Cells with the homozygous NQO1 C609T geno-

type have no measurable NQO1 activity, reflecting the very

low levels of the NQO1 P187S protein, which is inherently

very unstable due to its rapid turnover via the ubiquitin pro-

teasome pathway (Siegel et al., 2001). We previously reported

this variant as a strong prognostic and predictive factor in

breast cancer (Fagerhorlm et al., 2008). AlthoughNQO1 status

has not been directly linked to prostate carcinogenesis

(Steiner et al., 1999) here we wished to analyse the patterns

http://dx.doi.org/10.1016/j.molonc.2016.02.005
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http://dx.doi.org/10.1016/j.molonc.2016.02.005


Table 1 e Patient cohort whose tumours were examined by
immunohistochemistry (N [ 103; distribution of the 35 samples
processed by optimized ‘fast fixation’ is indicated in parentheses).

Characteristic range/Number of patients

Age 51e60 61e70 71e81

32 (5) 56 (24) 15 (6)

Serum PSA (ng/ml) <4 4e10 >10

15 (4) 59 (23) 29 (8)

Gleason scores <7 7 >7

28 (8) 51 (21) 24 (6)

Cancer stages pT2a-c pT3a-b pT4

80 (29) 20 (5) 3 (1)

Risk groups low intermediate high

24 (8) 41 (16) 38 (11)

NQO1 Genotype CC CT TT

9 (6) 13 (5) 5 (4)

Cancer stages were evaluated as localized (pT2) and advanced (pT3

and pT4).

Risk categories were determined based on both clinical and patho-

logical data: low (pT1eT2a, GS � 6 and PSA � 10 ng/ml), intermedi-

ate (at least one of the following: pT2b-c, GS ¼ 7, or

10 < PSA � 20 ng/ml) and high (at least one of the following:

pT3eT4, GS > 7, or PSA > 20 ng/ml).

See Table 3 for genotype details.
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of NQO1 during the course of prostate tumorigenesis, along

with assessment of a spectrum of other proteins involved

in the maintenance of genome integrity (checkpoint signal-

ling and DNA repair), and 8-oxoguanine, an indicator of

oxidative DNA lesions detectable directly in archival clinical

specimens.

Another major motivation to carry out our present ana-

lyses was the emerging notion that defects in the DDR ma-

chinery, particularly those in some DNA repair pathways,

represent vulnerabilities that can be effectively targeted by

innovative cancer treatments. Possibly the best example of

such treatment strategy is the application of small molecule

inhibitors of PARP1 (Poly (ADP-Ribose) Polymerase-1), an

enzyme that participates in several functions within the

DDR network, and whose inhibition is highly toxic to cells

that are defective in homologous recombination (HR) repair,

such as cancer cells with mutant BRCA1 or BRCA2 repair

genes (Lord and Ashworth, 2012). This concept, known as

‘synthetic lethality’, reflects selective killing of cells with a

defective pathway (here HR) by inhibition of a complemen-

tary/redundant function (here PARP1 activity). Very relevant

to prostate cancer, recent studies suggested that also some

other features of cancer cells may sensitize to PARP inhibi-

tors (PARPi), including aberrant transcription due to the

androgen-driven occurrence of fusion oncogenes such as

TMPRSS2-ERG (Brenner et al., 2011), or loss of the PTEN

tumour suppressor (Mendes-Pereira et al., 2009). Despite

their promise, and recent approval of the first PARPi for clin-

ical cancer treatment, both in the USA and Europe, there are

also emerging aberrations that can cause enhanced resis-

tance to PARPi in cancers that are otherwise inherently sen-

sitive, such as those with mutant BRCA1. The latter scenario

is often referred to as ‘synthetic viability’, enhancing fitness

of cancer cells by a secondary mutation in a certain context,

here the lack of BRCA1 function. Among examples of syn-

thetic viability in BRCA1-defective tumours, several of which

have been identified in our laboratory, are loss of factors

involved in regulation of DSB repair by HR versus non-

homologous end joining (NHEJ), including 53BP1 (Bouwman

et al., 2010), Rif1 (Zimmermann et al., 2013), JMJD1C

(Watanabe et al., 2013) or Rev7 (Xu et al., 2015). We have

also documented that several of these factors are aberrantly

lost or their abundance decreased in subsets of human breast

carcinomas, especially those of the so-called triple-negative

type (Bouwman et al., 2010; Watanabe et al., 2013; Xu et al.,

2015) that have been regarded as promising for personalized

treatment by PARPi (Anders et al., 2010). On the other hand,

prevalence of potential aberrations of these DDR proteins re-

mains unknown in prostate cancer, a gap in our knowledge

that we wished to fill by our present study. Such analyses

are even more desirable at present, as the most recent Phase

II clinical trial showed high rate of positive responses to

PARPi among prostate cancer patients whose metastatic tu-

mours were no longer responding to standard treatments

(Mateo et al., 2015). Overall, with this work, we hoped to pro-

vide insights into both patho-biology of CaP progression (sta-

tus of DDR activation, oxidative stress, tumour suppressors),

as well as information about prevalence of candidate bio-

markers of response to PARPi treatment, both in terms of

predicted enhanced sensitivity (occurrence of TMPRSS2-
ERG fusions, defective PTEN) or resistance (decrease or loss

of 53BP1, JMJD1C or Rev7).
2. Material and methods

2.1. Patients

The immunohistochemistry cohort study included 103

randomly selected patients with prostate cancer diagnosis,

who underwent radical prostatectomy at the University Hos-

pital in Olomouc between years 2003 and 2011. One of the

two subsets of our cohort from this pathology database con-

sisting of 68 patients from the years 2003 and 2010, was in

the form of the archived material of prostate tissue stored as

paraffin blocks, and fixed by standard procedures. Samples

from 35 patients obtained between 2010 and 2011

include prostate tissue that was fixed in small pieces (see

below and Table 1). NQO1 genotype was assessed in blood

samples from 390 men (see below and Table 3). This study

was approved by the ethical committee of the Faculty of Med-

icine and Dentistry, Palacky University.
2.2. Tissue processing and immunohistochemical
staining and scoring

It is known that the method of fixation, that is, its duration

and the fixation solution used, is very important in tissue pro-

cessing and may influence results of examination methods

such as PCR or immunohistochemistry (Howat and Wilson,

2014). In the standard procedure, the entire prostate, after its

surgical removal, is immersed in 10% formaldehyde solution

for 24-h fixation. Then it is prepared for histological

http://dx.doi.org/10.1016/j.molonc.2016.02.005
http://dx.doi.org/10.1016/j.molonc.2016.02.005
http://dx.doi.org/10.1016/j.molonc.2016.02.005
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examination. It commonly happens, especially if the prostate

is large, that its central parts are poorly fixed even after 24-h

fixation period, and such areas may undergo degenerative

changes. To control for such unwanted fixation bias, a

different approach to fixation was used in subset of samples

(n ¼ 35) to assess the effect of more optimal fixation on immu-

nohistochemistry (IHC) staining results. In the latter protocol,

the surgically removed prostate was measured and anno-

tated; the apex and base were removed and subsequently

divided into the right and left halves. The remaining tissue

was divided into the right anterior and posterior quadrants

and the left anterior and posterior quadrants. Then each pros-

tate part was put in a separate labeled container with 10%

formaldehyde and fixed until the following day. When immu-

nohistochemistry results obtained with sections from the

same prostate yet fixed in the two ways indicated above

were compared, histoscores (see below for histoscore calcula-

tion) for Rb and Ki67 (both p < 0.01), but not percentage of cell

positivity, were decreased in those tissues exposed to stan-

dard fixation as compared to the modified fixation protocol

of small tissue pieces. On the other hand, both histoscore

and percentage of cell positivity for NQO1, cyclin D1 and nu-

clear PTEN were increased in tissues with standard fixation

(p values for histoscores were p ¼ 0.029, p ¼ 0.049 and

p ¼ 0.001, respectively). For consistency, data for these

affected proteins that are shown in Figures and Tables, are

calculated from the sub-cohort subjected to the small-piece

faster fixation, although similar results could be seen across

the entire cohort. In order to avoid any misinterpretation

due to delayed fixation, several proteins were analysed only

in the sub-cohort (n ¼ 35) the tissues fromwhich were subject

to the optimized fixation protocol in smaller tissue pieces

(Supplementary Table 1).

After evaluating the slides stained with hematoxylin-

eosin, for each patient three blocks with predominance of

benign hyperplasia (BPH), prostate intraepithelial neoplasia

(PIN), and cancer (CaP), respectively, were selected for further

study. The stage of disease progression was estimated accord-

ing to morphological criteria recommended by the World

Health Organization Classification of Tumours (Eble et al.,

2004). Tissue sections of 5-mm thickness were cut and sub-

jected to optimized, sensitive immunoperoxidase staining

protocols, performed eithermanually: using either the Vectas-

tain Elite kit and nickel enhancement procedure without nu-

clear counterstaining (Bartkova et al., 2005) or by the

Ventana Benchmark XT workstation, using a kit and DAB

Detection View (see Supplementary Table 1 for antibody list

and staining methods). Each stained tissue section was first

examined at a low magnification, and slice margins, as well

as potential areas of acute inflammation or necrosis were

excluded from the scoring. Within the areas of BPH, PIN and

CaP of each case, 3 microscope fields at the 200� magnifica-

tion (for each of the BPH, PIN and CaP stages) were randomly

chosen and carefully evaluated. In the slides stained with

the antibodies against nuclear proteins, the percentage of pos-

itive nuclei was counted from the overall 300 nuclei from each

of the structures of interest (hyperplasia, PIN and carcinoma,

respectively). For slides stained with antibodies against

largely cytosolic proteins, percentage of positive cells was

assessed by examination of at least 200e300 cells (in 2 cases,

http://dx.doi.org/10.1016/j.molonc.2016.02.005
http://dx.doi.org/10.1016/j.molonc.2016.02.005
http://dx.doi.org/10.1016/j.molonc.2016.02.005


Table 3 e Frequencies of NQO1 genotypes and alleles.

N NQO1 genotype (rs1800566) Allele frequency

Pro187Pro Pro187Ser Ser187Ser Wild type Variant allele

609 CC 609 CT 609 TT C T

Prostate cancer 171 110 (64.3%) 56 (32.8%) 5 (2.9%) 276 (80.7%) 66 (19.3%)

Benign disease 219 149 (68.1%) 64 (29.2%) 6 (2.7%) 362 (82.6%) 76 (17.4%)

Sum 390 259 (66.4%) 120 (30.8) 11 (2.8%) 638 (81.8%) 144 (18.2%)

M O L E C U L A R O N C O L O G Y 1 0 ( 2 0 1 6 ) 8 7 9e8 9 4 883
only some 200 cells in the BPH structures could be found,

while a minimum of 300 cells was examined in all other cases

and in all cases for the PIN and CaP stage). The staining inten-

sity for both nuclear and cytoplasmic antigens was scored as

follows: 0 e negative, 1 e weak, 2 e moderate, 3 e strong

signal. Histoscore was then calculated as percentage of cell/

nuclear positivity multiplied by staining intensity, resulting

in histoscore values ranging from 0 (minimum) to 300

(maximum). In the vast majority of cases (all but 2 specimens)

300 cells were examined for each of the stages. For 2 patients,

the specimens contained enough PIN and CaP regions to eval-

uate 300 cells but only a small region of BPH thatwas sufficient

for only 200 cells to be evaluated.

2.3. NQO1 genotyping

DNA samples were genotyped using a restriction fragment

length polymorphism (RFLP) assay reported earlier

(Fagerholm et al., 2008). Briefly, PCR amplicon (279 bp; forward

primer 50 e CCT GAG GCC TCC TTA TCA GA e 30, reverse

primer 50 eAGGCTG CTTGGAGCAAAATAe 30) was designed

to contain one HinfI restriction site specific to the C609T allele.

After digestion according to the enzyme manufacturer’s in-

structions (New England BioLabs), PCR products containing

the C609T allele are cleaved into fragments of 152 and 127

base pairs, readily distinguishable on regular 2% agarose

gels, whereas wild-type amplicons remain intact. EtBr was

used for staining the PCR products.

2.4. TMPRSS2-ERG status

In a subset of patients (N ¼ 12, Kolar et al., 2014), presence of

the chromosomal rearrangement at 21q22 was evaluated by

interphase fluorescence in situ hybridization using Poseidon

TMPRSS2-ERG (21q22) Del, Break, TC Probe (Kreatech Diagnos-

tics). Additional patients were evaluated by quantitative PCR.

With respect to the potential adverse effect of delayed fixation

in large pieces of tissue (see section 2.2 above), the TMPRSS2-

ERG status as examined by PCR was evaluated only in the

smaller cohort of patients (in 31 of the 35 samples) processed

with the optimized faster fixation protocol of smaller tissue

pieces. RNA was isolated from paraffin sections by RNeasy

FFPE Mini Kit (Qiagen), quantified by Nanodrop, preamplified

by Whole Transcriptome Amplification Kit (SigmaeAldrich)

and subjected to qPCR with specific primers and probes

(TMPRSS2-ERG: forward CTG GAG CGC GGC AGG AA, reverse

GTC CAT AGT CGC TGG AGG AG, probe Cy5-TGA GTG AGG

ACC AGT CGT TG-BHQ2; POLR2A: forward CAA GTT CAA
CCA AGC CAT TG, reverse CCA GCA TAG TGG AAG GTA TTC

A, UPL probe No. 87; LightCycler480, Roche). Samples with un-

detectable POLR2Awere considered as non-evaluable. In total,

10 patients were classified as TMPRSS2-ERG positive and 18 as

negative (8 positive and 11 negative within the fast fixation

cohort).

2.5. Statistical analysis

Relationships among expression of the analysed proteins,

NQO1 genotype and clinicopathological parameters were sta-

tistically evaluated using Statistica 12 software. Paired sam-

ples were assessed by Wilcoxon signed rank test while

different subgroups were compared either by ManneWhithey

or KruskaleWallis test. Correlations were evaluated by

Spearman correlation test.
3. Results

3.1. Markers and general trends of dynamic alterations
during CaP progression

To assess disease progression-related dynamics of potential

alterations in several important pathways governing patho-

biology and genome (in)stability of CaP, we examined a total

of 17 distinct antibody-defined markers (Supplementary

Table 1) in benign prostate hyperplasia (BPH), PIN and CaP le-

sions from a cohort of prostate cancer patients (Table 1). The

markers studied here were selected to characterize aspects

of the lesions including cell proliferation and cell cycle control

(Ki67, cyclin A, and the key components of the RB pathway:

cyclin D1, CDK inhibitor p16 and Rb tumour suppressor),

genome integrity control (p53 tumour suppressor, ATM kinase

and its regulator NKX3.1, general DNA damage signalling

marker gH2AX, and DNA repair factors: 53BP1, Rev7 and

JMJD1C), oxidative stress parameters (8-oxoguanine lesions

and the anti-oxidant factor NQO1, along with p53), as well as

the most CaP-relevant oncogene (TMPRSS2-ERG fusion) and

tumour suppressors (PTEN and its related Smad4, along with

p53, Rb andNKX3.1).Whilemost of the parameterswill be pre-

sented and evaluated in detail in the subsequent sections of

the Results devoted to specific areas of CaP biology, here we

mention some of the general trends related to disease pro-

gression, and comment on the Rb pathway and proliferation

rate. In general, immunohistochemically assessed expression

of NQO1, 8-oxoguanine, activated ATM (phospho-ATM),

gH2AX, cyclin D1, p53, p16, SPP1, nuclear PTEN and nuclear

http://dx.doi.org/10.1016/j.molonc.2016.02.005
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Figure 1 e Expression of selected proteins in benign hyperplasia (BPH), prostate intraepithelial neoplasia (PIN; LG, low-grade; HG, high-grade)

and prostate cancer (CaP). Low and high-grade PINs were distinguished for indicated proteins. Percentage of positive cells is shown for Rb

protein. Box-plots represent median, 25%e75% percentiles and range of values. Expression of all proteins were significantly different between

tumour and benign areas (p < 0.001; comparisons to PIN are available in Supplementary Table 2).
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Smad4weremostly increasing during the disease progression,

while abundance of Rb, Rev7, JMJD1C and 53BP1 were

decreasing (Figure 1, Supplementary Figure 1A,

Supplementary Table 2). Significant correlations were found

between some pairs or among groups of the studied markers

(Table 2) and these relationships as well as the pathogenetic

relevance will be discussed in the following paragraphs. In

the G1/S regulatory Rb pathway, levels of the oncogenic cyclin

D1 increased from benign hyperplasia through PIN to the

highest levels seen at the CaP stage, whereas Rb showed the

opposite trend with CaP stage marked by the highest fre-

quency of Rb loss (Figure 1). Consistent with previous studies,

the CDK4/6 inhibitor p16 was barely detectable in benign hy-

perplasia, elevated in the PIN lesions, and reached maximum

at the CaP stage (Figure 1). Aberrant decrease or loss of Rb

correlated with increased abundance of p53, the pattern often

reflecting protein stabilisation due to missense mutations of

p53 (Iggo et al., 1990; Bartek et al., 1990). Furthermore, cyclin

D1 expression correlated positively with Ki67 (general prolif-

eration), with patients’ age and serum PSA level (a commonly

used marker of androgen receptor signalling), the latter also

correlating with the age of the patients. Inspired by a 4-

marker signature of aggressive CaP (PTEN, Smad4, cyclin D1

and SPP1; Ding et al., 2011) we analysed also osteopontin (alias

SPP1, secreted phosphoprotein 1), an important cytokine

affecting cancer progression (Shevde and Samant, 2014).

SPP1 was increased in PIN and CaP which is in line with its

role in tumour microenvironment, however we did not

observe any correlation with other markers in our study

(data not shown).

Finally not surprisingly for a CaP cohort, yet very relevant

for the context with other markers, the overall proliferation

rate deduced from the percentage of cells positive for the

Ki67 marker was generally low (around 10% of cancer cells

at the CaP stage). In addition, the fraction of S/G2 phase cells,

as judged by cyclin A positivity, was even much lower than

Ki67, within the range of 1e5% of cancer cells (data not

shown), suggesting thatmost of the Ki67-positive tumour cells

are in the G1 phase.

Overall, we conclude that the proliferation rate of the le-

sions is generally very low and, more importantly, that the

expression patterns of most of the examined markers show

dynamic changes during progression of the disease from the

benign lesions towards full malignancy.

3.2. DNA damage signalling barrier

One of the key issues, we wished to address in this study, was

the extent and timing of potential DNA damage signalling

activation during CaP progression, as a sign of the endoge-

nous DNA damage response barrier against tumour progres-

sion analogous to other major solid tumours (Halazonetis

et al., 2008). The level of DNA damage signalling, judged

from the staining patterns of gH2AX as a general marker of

active DDR kinases such as ATM or ATR, was detectable in

a small fraction (around 2%) of cells at the BPH stage, usually

increased several fold at the PIN stage of the same patient,

and was highly variable, in a few cases even reaching

40e70% of positive tumour cells at the CaP stage. The graph-

ical summary of the data is presented in Figure 1, and
examples of immunohistochemical staining for gH2AX are

shown in Figure 2A, along with aberrantly enhanced abun-

dance of p53 protein, the major downstream effector of

DDR signalling. Furthermore, we observed a very similar

trend to that seen for gH2AX also for the activated,

serine1981-phosphorylated form of ATM (pATM), the major

kinase responsible for histone H2AX phosphorylation,

increasing from BPH through PIN towards the CaP stage

(Figures 1 and 2B, top images). Indeed, among all the bio-

markers tested in our present study, gH2AX and pATM corre-

lated most closely with each other (Table 2). Another aspect

of DDR activation, especially response to DNA double strand

breaks (DSBs) is the characteristic formation of so-called nu-

clear foci that mark accumulation of DDR proteins such as

53BP1 in the DSB-flanking chromatin (Lukas et al., 2011).

Indeed, focal nuclear staining was apparent at closer inspec-

tion of slides stained for gH2AX and 53BP1, at least in some

tumour cell nuclei (Figure 2B, lower images). Despite the

detectable DDR activation, however, the overall extent of

such signalling was clearly below that seen in other major

solid tumour types, and the maximum was seen later during

CaP progression. This intriguing difference can be exempli-

fied by an overall graphical comparison of the extent of

DDR signalling activation in CaP versus urinary bladder

tumour progression (Bartkova et al., 2005), depicting subsets

of cases with at least 10% of gH2AX-positive tumour cells

(Figure 2C).

Regarding clinicopathological parameters, aberrantly

enhanced expression of p53 and positivity for the proliferation

marker Ki67 were significantly higher in tumours with Glea-

son score 4 þ 3 or worse (Figure 2D). Furthermore, overabun-

dant p53 (the highest levels of which likely reflect missense

mutations of the p53 gene) was also higher in the advanced

CaP tumours in comparison with the localized ones

(Figure 2D).

Given that loss of the NKX3.1 is one of the characteristic

features of CaP, and that one of the emerging functions of

this tumour suppressor is a positive regulation of ATM kinase

activation (Bowen et al., 2013), we regarded the status of

NKX3.1 as a potential component of the DDR barrier mecha-

nism. While the patterns of NKX3.1 were variable, there was

a clear trend of maximum protein detection at the BPH stage,

compared to generally aberrantly lower levels in both PIN and

CaP lesions. The graphical summary of these results is pre-

sented in Figure 1 (bottom right graph) and representative ex-

amples of immunohistochemical staining patterns for NKX3.1

shown are shown in Figure 2E. Last but not least, since both

the DDR checkpoint signalling and the p16 tumour suppressor

can induce cellular senescence, we also considered p16 in the

context of the potential anti-tumour barriers. As briefly

mentioned in section 3.1, abundance of p16 was increasing

from BPH, through PIN to maximal levels in CaP lesions.

Notably, this trend is overall reminiscent of the increasing

DDR signalling, and examples of p16 staining patterns at

various stages of CaP progression are shown in Figure 2F.

What was also apparent at closer inspection, however, was

that at both the PIN and the CaP stages, p16 expression was

often heterogeneous and completely missing in some tumour

areas (Figure 2F, far right), possibly reflecting focal loss of this

tumour suppressor.

http://dx.doi.org/10.1016/j.molonc.2016.02.005
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Figure 2 e DNA damage response as an anticancer barrier in prostate cancer. Increasing genotoxic stress from BPH to PIN and CaP is illustrated

by gH2AX, p53 and phospho-ATM staining (A and B). Strong p53 positivity may indicate p53 mutation (A, far-right image). Nuclear foci of
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Figure 3 e Oxidative stress and NQO1 in prostate cancer. Both 8-oxoguanine and NQO1 increase from BPH to PIN and CaP (A; different

staining method is shown in upper panel of B). All tumours from patients with the genetically confirmed NQO1 variant homozygote genotype (TT

at position 609) lacked detectable NQO1 protein (A, the third image in the lower panel; B, far-right image in the upper panel). Notably, we found

several large NQO1 protein-negative areas in tumours from patients with the heterozygous (CT) genotype, a phenomenon that was particularly

apparent in the immunoperoxidase-stained sections without nuclear counterstaining, where the stromal blood vessels showed clear NQO1

positivity (arrows) in contrast to surrounding negative cancer cells (A, far-right image in the lower panel). Whereas expression of the other protein

markers examined in our present study remained apparently unaffected by the lack of NQO1, in one case the area-restricted lack of NQO1

correlated with the local loss of PTEN staining on parallel sections (B, the two bottom right images). Furthermore, strong perinuclear expression

of NQO1 expression was observed in some patients (B, the two bottom left images). Scale bars represent 50 mm. Consistent with the role of NQO1

in protecting basal levels of p53 from proteolysis, tumours from patients with the homozygous TT variant of NQO1 featured significantly lower

expression of p53 in comparison with both heterozygous and normal homozygous NQO1 genotypes (Figure 3C, p < 0.005). Box-plots represent

median, 25%e75% percentiles and range of values.

H2AX and 53BP1 as markers of DNA damage response activation in CaP (B). The overall extent of DDR signalling is less pronounced in CaP

than in other somatic tumour types (e.g. bladder cancer), and it culminates at the malignant, rather than pre-malignant stage. (C). Higher Gleason

score was associated with stronger staining of p53 (probably mutated) and faster proliferation (assessed by Ki67). Enhanced p53 and, more

importantly, decreased Rev7 staining were observed in advanced CaP compared to localized ones (D). Complete (NKX3.1) and partial (p16) loss of

tumour suppressors can be observed in invasive CaP (E and F). Scale bars represent 50 mm.
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Figure 4 e Effect of TMPRSS2-ERG status. Expression of PTEN was significantly lower, while NQO1 and nuclear Smad4 had a trend towards

higher expression in tumours with positive TMPRSS2-ERG (A). Tumours with positive TMPRSS2-ERG and low PTEN (histoscore less then

160) had a trend to a higher proliferation compared to other combination of fusion status and PTEN expression (B). Box-plots represent median,

25%e75% percentiles and range of values.
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We conclude that the DNA damage checkpoint signalling is

indeed activated in human prostate premalignant lesions and

evenmore so in subsets of CaP lesions. On the other hand, the

overall extent of DDR signalling is less pronounced than in

other somatic tumour types such as carcinomas of the urinary

bladder and colon (Bartkova et al., 2005), lung carcinomas

(Gorgoulis et al., 2005), or gliomas (Bartkova et al., 2010), and

it culminates at the malignant, rather than pre-malignant

stage, a pattern that is consistent also with the lower fre-

quency of p53 overexpression (mutation) in CaP. The potential

mechanisms and significance of these results including the

apparent presence of DSB foci that we observe, will be consid-

ered in a broader context and more details in the Discussion

section.

3.3. Oxidative stress and NQO1

Chronic inflammation and oxidative stress are among the

hallmarks of CaP, and such conditions can also contribute to

genomic instability. To gain a better insight into the kinetics

and extent of oxidative stress in the course of human prostate

tumorigenesis, we next examined 8-oxoguanine (8-oxoG, a

key oxidative DNA lesion) and the status of NQO1, a cytopro-

tective enzyme of major importance in combating oxidative

stress and a factor that stabilizes p53 (Dinkova-Kostova and

Talalay, 2010) by immunohistochemistry in our cohort of 103

prostatic lesions. In addition, we also established the genetic

status of NQO1 with respect to its protein-destabilizing poly-

morphism (C609T variant) as a candidate cancer-

predisposing or -promoting factor in the blood of a control

cohort of 390 men (Table 3).

Our immunohistochemical analysis showed that abun-

dance of 8-oxoG as well as NQO1 was increasing from BPH,

through PIN to CaP stages (see summary graphs in Figure 1).

While both markers localized mainly in the cytoplasmic

compartment of tumour cells (Figure 3A, B), nuclear positivity

was also detectable and in a few cases, NQO1 was
predominantly perinuclear (Figure 3B and data not shown).

Consistent with their mutual functional link we also found a

positive correlation between increasing NQO1 and 8-oxoG

(Table 2). As expected, all tumours from patients with the

genetically confirmed NQO1 variant homozygote genotype

(TT at position 609) lacked detectable NQO1 protein (see exam-

ples in Figure 3A, B). Notably, however, we also found several

large NQO1 protein-negative areas in tumours from patients

with the heterozygous (CT) or wild-type homozygous (CC) ge-

notype (see Figure 3A, B for examples), a phenomenon that

was particularly apparent in the immunoperoxidase-stained

sections without nuclear counterstaining, where the stromal

blood vessels showed clear NQO1 positivity in contrast to sur-

rounding negative cancer cells (Figure 3A, far-right image).

Whereas expression of the other protein markers examined

in our present study remained apparently unaffected by the

lack of NQO1 (see Supplementary Figure 1B for an example

of parallel sections stained for NQO1 and 53BP1, respectively),

in one case the area-restricted lack of NQO1 correlated with

the local loss of PTEN staining on parallel sections

(Figure 3B, the two bottom right images). Notably, the area

was positive for the other markers examined on parallel sec-

tions, thereby excluding false negative results for NQO1 and

PTEN due to fixation problems or tissue necrosis. Further-

more, consistent with the role of NQO1 in protecting basal

levels of p53 from proteolysis, tumours from patients with

the homozygous TT variant of NQO1 featured significantly

lower expression of p53 in comparison with both heterozy-

gous and normal homozygous NQO1 genotypes (Figure 3C,

p < 0.005). Patterns of other examined proteins were unaf-

fected by the NQO1 genotype, further supporting the intimate

functional relationship between NQO1 and p53. There was no

association of NQO1 expression with clinicopathological pa-

rameters (serum PSA, Gleason score, or risk groups).

Our genetic analysis of NQO1 status in the cohort of 171

CaP patients and 219 healthymen did not reveal any increased

prevalence of the variant NQO1 genotype with prostate cancer

http://dx.doi.org/10.1016/j.molonc.2016.02.005
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(Table 3). These results do not support a role of NQO1 ’insuffi-

ciency‘ in genetic predisposition to prostate cancer, at least

not in the population of men in the Czech republic studied

here. On the other hand, the NQO1 protein expression data

that we obtained suggest a potential contribution to oxidative

stress response and CaP progression (see Discussion for more

details on the potential relevance and implications of these

findings).

3.4. Treatment-relevant aberrations in DNA repair

Treatment with PARP inhibitors takes advantage of certain

cancer-predisposing or epromoting abnormalities in the

DDR machinery, particularly status of proteins that impact

the choice of DNA repair pathway by deregulating the balance

of DSB repair through homologous recombination (HR) versus

non-homologous end joining (NHEJ) mechanisms (Lord and

Ashworth, 2012). Motivated by emerging promising results

from clinical trials with PARPi in several types ofmalignancies

including castration-resistant CaP (Mateo et al., 2015), we

examined 5 markers that are likely to impact response to

PARPi in our CaP progression cohort. Two of these factors,

occurrence of the TMPRSS2-ERG fusion oncogene and loss of

the PTEN tumour suppressor have been extensively studied

and we chose these for comparison with the other markers

and due to their relevance for genome instability. On the other

hand, expression of the 3 chosen DNA repair proteins, 53BP1,

JMJD1C and Rev7, whose aberrant loss in certain genetic back-

grounds, as we recently showed for breast cancer (Bouwman

et al., 2010; Watanabe et al., 2013; Xu et al., 2015), can cause

resistance to PARPi, has not been examined in the context of

CaP so far.

Based on our genetic data for TMPRSS2-ERG, and immuno-

histochemistry analyses of PTEN and the 3 DNA repair pro-

teins, we found that fusion of TMPRSS2-ERG occurred in 42%

of tumours (Figure 5c), while expression of PTEN, 53BP1,

Rev7 and JMJD1C was decreasing during the progression

from BPH, through PIN to CaP (see Figure 1 and

Supplementary Figure 1A, for graphical overviews). The

TMPRSS2-ERG fusion was associated with lower expression

of PTEN and with a trend towards higher expression of

NQO1 and nuclear Smad4, a factor involved in PTEN-related

cellular signalling (Figure 4A). Furthermore, tumours positive

for TMPRSS2-ERG and low in PTEN expression (histoscore

below 160) showed a trend towards higher proliferation

compared to other combinations of the TMPRSS2-ERG fusion

status and PTEN expression (Figure 4B).

As to the overall patterns of the 3 repair proteins, 53BP1

and JMJD1C correlated with each other, while JMJD1C corre-

lated also with Rev7 (Table 2). Notably, the aberrant decrease

or loss of 53BP1, Rev7 and JMJD1C was heterogeneous, largely

evident in only patches of cancer cells, though for Rev7 such

apparent loss could affect very large areas of the tumour

(Figure 5A and B). The observed lack of these repair factors

was commonly restricted to only one of the proteins (see

Figure 5B for parallel sections of a CaP stained for the 3 factors,

with only Rev7 missing in the tumour area marked by the ar-

row) suggesting that such heterogeneous absence of these

repair proteins was selective and did not simply reflect some

tissue fixation problems or areas of necrosis, for example.
The summary of the data for the 5 markers, showing prev-

alence of the aberrant caseswithin our cohort of CaP tumours,

along with their potential impact on response to PARPi treat-

ment of cases deemed suitable for this emerging therapy, is

presented in Figure 5C. Functional ramifications and patho-

genetic as well as treatment-related relevance of these results

are discussed below.
4. Discussion

This study provides multiple insights into the dynamically

changing landscape of key factors implicated in genome

integrity control including DNA damage signalling and

repair, oxidative stress and cell cycle regulation during the

natural course of human prostate tumorigenesis. Apart

from complementing previous studies (Aparicio et al., 2011)

on CaP progression-related alterations of the Rb pathway

components (here cyclin D1, p16 and Rb), we wish to high-

light the conceptual advances and potential clinical rele-

vance of three separate yet related topics from the dataset

we present: i) DNA damage response activation as a candi-

date biological barrier against CaP progression; ii) Oxidative

stress and the role of NQO1; and iii) DNA repair-related aber-

rations in CaP relevant for the emerging treatment strategy

with PARP inhibitors.

First, based on the overall patterns of the DNA damage sig-

nalling markers gH2AX, pATM, focal pattern of 53BP1, and

accumulation of p53, we conclude that in the course of human

prostate tumour progression, the DNA damage checkpoint‘

barrier’ indeed becomes activated. While this phenomenon

is conceptually broadly analogous to scenarios seen in pro-

gression of other somatic tumour types such as carcinomas

of the lung, breast, colon or urinary bladder (Bartkova et al.,

2005, 2010; Gorgoulis et al., 2005; Evangelou et al., 2013), we

would like to emphasize some unorthodox features of this

DDR barrier concept in prostate, distinct from other types of

malignancies (see e.g. the comparison with urinary bladder

tumours, Figure 2C). Such unorthodox aspects include the

overall lesser extent, and later culmination of the DDR signal-

ling during the progression from BPH and PIN, to culminate

only at the CaP stage. We propose that the biological basis

for this different DDR barrier scenario may reflect a combina-

tion of reasons, including the overall slower proliferation rate

(documented here by the lowKi67 scores and very low fraction

of S/G2 cells as revealed by cyclin A staining), possibly the low

expression of histone H2AX per se, as reported for prostate

luminal cells (Jaamaa et al., 2010), and also tumorigenic events

characteristic for CaP, such as the very frequent loss of NKX3.1

tumour suppressor whose function is normally required for

proper activation of the ATM kinase (Bowen et al., 2013). The

observed slow proliferation rate of prostate tumours is

furthermore likely to cause less replication stress compared

to other major malignancies. Indeed, replication stress is

commonly high in other types of tumours where it represents

the major source of endogenous DNA damage, thereby

inducing the DDR checkpoint barrier which consequently pro-

vides selective pressure to favour outgrowth of tumour clones

withmutant p53 (Halazonetis et al., 2008). This line of thought

appears consistent with the fact that the frequency of

http://dx.doi.org/10.1016/j.molonc.2016.02.005
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Figure 5 e Potential predictive markers for prostate cancer therapy with PARP inhibitors. The aberrant decrease or loss of 53BP1 and Rev7 was

heterogeneous, largely evident in only patches of cancer cells (A, upper panel), though for Rev7 such apparent loss could affect very large areas of

the tumour (A, far-right image in the lower panel). The observed lack of these repair factors was commonly restricted to only one of the proteins (B,

parallel sections of a CaP stained for the indicated proteins with only Rev7 missing in the tumour area marked by the arrow) suggesting that such

heterogeneous absence of these repair proteins was selective and did not simply reflect some tissue fixation problems or areas of necrosis. The

summary of data for five potential predictive markers, showing prevalence of the aberrant cases within our cohort, along with their potential impact

on response to PARPi treatment (C).
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missense mutations of the p53 gene is generally much lower

in CaP compared to most other carcinoma types. Indeed,

based on a recent meta-analysis of public cancer genetics da-

tabases the frequency of p53 mutations is only 17% in CaP

(Williams et al., 2014), and this parallels very closely the sub-

set of CaP cases (14%) which in our present study showed

high percentage of p53-positive cells, a feature that we

showed in the past was characteristic for stabilized mutant

p53 proteins (Iggo et al., 1990; Bartek et al., 1990). In this

context, we propose that the DDR checkpoint barrier is gener-

ally less active in CaP (our current results), hence causing less

pressure for checkpoint bypass, and thereby a lower ‘need’ to

select for p53 mutations than in other tumours. This overall
concept of the DDR barrier as a pressure selecting for p53 mu-

tations is further supported by testicular germ cell tumours,

which show hardly any evidence of the DDR barrier activation

and, consistent with our arguments, show an exceptionally

low p53 mutation rate (Bartkova et al., 2007, 2014). Also rele-

vant to this topic is the positive correlation between aberrant

loss of the Rb tumour suppressor and the high expression of

p53 (the ‘mutation pattern’) in our cohort (Table 2). Since

loss of Rb deregulates the G1/S controlling ‘restriction point’

(Bartek et al., 1996) and causes replication stress and DDR bar-

rier activation (Tort et al., 2006), we would predict that such

context should favour selection of p53-mutant cancer cells

in order to avoid DDR-evoked senescence or apoptosis that
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would prevent tumour growth, a notion supported by the cor-

relations between Rb loss and aberrant p53, and between

aberrant p53 and advanced/aggressive CaP stage, observed

in our present dataset.

The second major topic addressed here was the character

of progression-related changes in oxidative DNA lesions and

the role(s) of the major anti-oxidant’ enzyme NQO1 in predis-

position to, or progression, of CaP. At the genetic level, we

have not observed any association between NQO1 genotype

and CaP incidencewhich is in linewith other studies of Cauca-

sian populations (Steiner et al., 1999; Ergen et al., 2007;

Steinbrecher et al., 2010; Stoehr et al., 2012). At the biomarker

level studied by immunohistochemistry, we found that both

NQO1 expression and 8-oxoG detection were increasing

from BPH to PIN and CaP, indicating an increase of oxidative

stress during carcinogenesis and a potential contribution of

NQO1 to genome integrity protection. Increased 8-oxoG with

age and in CaP has been found by differentmethods in tissues,

urine and serum (Malins et al., 2001; Miyake et al., 2004;

Kosova et al., 2014). Also, a role of NQO1 in blocking CaP pro-

gression has been recently proposed for the mouse TRAMP

CaP model (Thapa et al., 2014). Furthermore, NQO1 silencing

in CaP cells enhanced the levels of nuclear IKKalpha and NF-

kB while decreasing the levels of p53, leading to interactions

between NF-kB and p300 that reinforce cellular pro-survival

signalling (Thapa et al., 2014; Bouchal et al., 2011). The role

of NQO1 in protecting basal levels of p53 from proteasomal

degradation is well established (Dinkova-Kostova and

Talalay, 2010) and consistent with our present findings of

low p53 protein levels in patients with the homozygous

C609T variant genotype of NQO1 that basically eliminates

the function of NQO1 from such cells and tissues. What was

intriguing and not reported before was the total absence of

NQO1 protein in large tumour areas in which NQO1 was

clearly expressed in blood vessel endothelium. We observed

this scenario in several cases of CaP, and suggest that this

cancer-selective loss of NQO1 may reflect a pressure to miti-

gate the anti-tumour functions of NQO1, including its ability

to stabilize wild-type p53 as a critical component of the

cellular anti-cancer mechanism. In other words, we speculate

that such focal loss of NQO1 in advancing CaP lesions supports

the candidacy of NQO1 for a tumour suppressor whose loss

may facilitate tumour progression. This model is also consis-

tent with the fact that NQO1 attenuation fueled proinflamma-

tory signalling and promoted androgen-independent prostate

cancer cell survival (Thapa et al., 2014).

Last but not least, as prostate tumours feature extensive

chromosomal instability, and patients with CaP tumours har-

bouring defective DSB repair have recently shown promising

response to the emerging treatment with PARPi (Mateo et al.,

2015), we wish to highlight our present results related to de-

fects in DSB repair factors and aberrations relevant for cellular

responses to PARPi, as candidate future predictive bio-

markers. Highly relevant for CaP is also the fact that PARP1

enzymatic activity is required for AR-driven gene expression

and ensuing CaP cell proliferation in the context of both hor-

mone therapyesensitive and CRPC models of disease

(Schiewer and Knudsen, 2014). PARP1 also regulates the activ-

ity of ETS transcription factors in models of prostate cancer,
which is of clinical significance, given the high percentage of

prostate tumours that harbor fusions that put ETS expression

under the control of AR activity (as through the TMPRSS2eERG

fusion) (Brenner et al., 2011). As such, regulation of both AR

and ETS transcription factors by PARP1 are now being

exploited in a clinical trial combining PARPi and an AR-

directed drug (abiraterone acetate) for patients with metasta-

tic CRPC (NCT01576172). Among the factors reported to sensi-

tize prostate cancer cells to PARPi is the most frequent

oncogenic TMPRSS2-ERG rearrangement and loss of the

PTEN tumour suppressor (Brenner et al., 2011; Mendes-

Pereira et al., 2009). Here, we have confirmed the occurrence

of these pathogenic events in sizeable subsets of CaP cases

in our cohort (Figure 5C), and showed that at least in terms

of PTEN loss, such aberrations may occur in a heterogeneous

mannerwithin a given lesion, likely reflecting clonal evolution

of the advancing tumours. Notably, nuclear PTEN is important

for chromosome stability maintenance, regulation of DNA

replication and replication fork recovery (Shen et al., 2007;

He et al., 2015).

In addition, we have identified subsets of CaP cases with

various degrees of aberrantly reduced or lost expression of

DNA repair factors 53BP1, JMJD1C and Rev7, none of which

has been examined in CaP to date. The reason for analysing

these three repair proteins is that we previously found their

defects in cohorts of human triple-negative breast carcinomas

(Bouwman et al., 2010; Watanabe et al., 2013; Xu et al., 2015)

and showed that their aberrant loss impacts the balance be-

tween the HR and NHEJ repair pathways, thereby causing

resistance to PARPi in HR-defective tumours which are other-

wise very sensitive to PARP inhibition. Our present work

established that all 3 proteins show some focal defects in sub-

sets of CaP cases, however a substantial loss of 53BP1 and

JMJD1C was not observed, a feature different from more pro-

nounced defects among triple negative breast cancers. This

difference is in fact hopeful for responses to treatment with

PARPi in prostate cancer patients, as the potential problem

of treatment resistance caused by extensive loss of 53BP1 or

JMJD1C is likely to be greater in breast cancer compared with

CaP. On the other hand, we did find aberrant lack of Rev7 in

large tumour areas in a small fraction of the tumours

(Figure 5). Therefore, we suggest that aberrant reduction or

loss of these factors, particularly of Rev7 might represent

one of the hurdles for the new targeted therapy of CaP with

PARP inhibitors. We furthermore note that tumours in our

cohort were primary CaP lesions and by the time metastatic

spread occurs, i.e. at the stage most relevant for PARPi treat-

ment (Mateo et al., 2015) at least some of the secondary CaP

clones may show more pronounced defects in the repair fac-

tors which show only patchy loss in the primary tumour. In

addition, we suggest that also overexpression of cyclin D1

and loss of NKX3.1, which both occurred in our cohort and

are frequent in CaP, should be considered as potential bio-

markers of response to PARPi, as cyclin D1 promotes HR

(Jirawatnotai et al., 2011; Bartek and Lukas, 2011) and NKX3.1

facilitates ATM signalling that is important for DNA repair

(Bowen et al., 2013).

Taken together, our current study helps to elucidate the

role of the genome integrity machinery and oxidative stress
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in the patho-biology of CaP. In addition, given that the first

PARPi called Lynparza (formerly olaparib) has recently been

approved for clinical use (Kim et al., 2015), and also showed

promise in treatment of a subset of castration-resistant meta-

static CaP (Mateo et al., 2015), our present findings can be of

value in future biomarker studies, especially related to tar-

geted treatment with the PARP inhibitors.
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