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Abstract

Purpose: Aberrant DNA content has been discussed as a poten-
tial prognostic feature in prostate cancer.

Experimental Design: We analyzed the clinical significance of
DNA ploidy in combination with prognostic relevant deletions of
PTEN and 6q15 in 3,845 prostate cancers.

Result: The DNA status was diploid in 67.8%, tetraploid in
25.6%, and aneuploid in 6.8% of tumors, and deletions of PTEN
and 6q15 occurred in 17.8% and 20.3% of tumors. Abnormal
DNA content and deletions were linked to high Gleason score,
advanced tumor stage, and positive nodal stage (P < 0.0001 each).
The risk of PSA recurrence increased from diploid to tetraploid
and from tetraploid to aneuploid DNA status (P < 0.0001 each).
However, 40% of patients with Gleason score >4+4 and 55% of
patients with PSA recurrence had diploid cancers. This fraction
decreased to 21% (Gleason >4+4) and 29% (PSA recurrence) if

Introduction

Prostate cancer is the most prevalent cancer in men in Western
societies (1). While most cancers have a rather indolent clinical
course, prostate cancer still represents the third most common
cause of cancer-related death in men. Despite recent advances, the
only established pretherapeutic prognostic parameters currently
include Gleason grade and tumor extent on biopsies, preoperative
prostate-specific antigen (PSA), and clinical stage. Because these
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PTEN and/or 6q deletion data were added to ploidy data to
identify cancers with an aberrant DNA status. The significance
of combining both deletions and ploidy was further demonstrat-
ed in a combined recurrence analysis. Presence of deletions
increased the risk of PSA recurrence in diploid (P < 0.0001),
tetraploid (P < 0.0001), and aneuploid cancers (P = 0.0049), and
the combination of ploidy data and deletions provided clinically
relevant information beyond the CAPRA-S nomogram. Multivar-
iate modeling including preoperatively and postoperatively avail-
able parameters identified the "combined DNA status" as a strong
independent predictor of poor patient outcome.

Conclusions: The combinatorial DNA content analysis
involving general (ploidy) and specific events (deletions) has
the potential for clinical utility in prostate cancer. Clin Cancer Res;
22(11); 2802-11. ©2016 AACR.

data are statistically powerful but not sufficient for optimal
individual treatment decisions, there is a tremendous need for
better prognostic parameters enabling a more reliable prediction
of the aggressiveness of individual prostate cancers.

Measurement of the cellular DNA content by either flow
cytometry or static image cytometry has been extensively dis-
cussed as a potential prognostic tool in many cancer types in the
1980s and early 1990s of the last century (2-6). At that time,
ploidy measurement represented the best possible method to
globally assess tumor DNA content. It was postulated that a non-
diploid DNA status would indicate genomic instability, which in
principle should be linked to an aggressive cancer phenotype.
Various studies have demonstrated that tetraploidy and aneu-
ploidy are associated with unfavorable disease outcome in many
cancer types, such as cancers of the colon, breast, oral cavity,
urinary bladder and lungs (2-6). However, cytometry has not
become a routine tool in any of these cancers, mostly because the
prognostic information was clinically not relevant or because
better predictors were identified. Moreover, current methods, for
example fluorescence in situ hybridization (FISH) or—more
recently—next-generation sequencing (NGS), enable detection
of much more subtle genomic alterations and have thus recently
gained more attention by researchers.
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Translational Relevance

Distinguishing between the indolent and aggressive forms
of prostate cancer as early as possible is a major goal in current
prostate cancer research. DNA cytometry has been discussed as
a potential diagnostic test for more than a decade but has never
entered clinical practice. Here, we demonstrate that the pre-
dictive power of measuring gross alterations of DNA content
can be significantly improved by additional FISH-based mea-
surement of deletions of small chromosomal fragments that
will not become detectable by DNA flow cytometry. The gain
of prognostic information beyond established clinicopatho-
logical parameters of this combinatory approach was partic-
ularly strong in the subgroup of Gleason 3+4 cancers, which is
the most disputed subset with respect to a possible inclusion in
active surveillance concepts.

Studies evaluating DNA ploidy in prostate cancer have come to
varying conclusions. Some studies on 45-850 (mean 139) cancers
have suggested a relevant prognostic impact of ploidy (7-20),
while other studies on 33-447 (mean 122) cancers have failed to
find significant associations (7, 20-24). Deletions affecting var-
ious chromosomal loci are a hallmark of prostate cancer. In
particular, deletion of PTEN and 6q15 has been linked to adverse
tumor phenotype and early biochemical recurrence in several
studies, including our own work (25-28). In this study, we took
advantage of our large Hamburg prostate cancer cohort to evaluate
the potential impact of DNA cytometry data in a large consecutive
series of cancers. Moreover, we evaluated the combined impact of
measuring both a generally disturbed DNA content (ploidy sta-
tus) and presence of subtle genomic alterations—such as small
chromosomal deletions with known prognostic relevance, includ-
ing PTEN and 6q15 (25, 28). The data demonstrate that quan-
titative DNA measurement in combination with deletion mea-
surement is a powerful predictor of prognosis in prostate cancer.

Materials and Methods

Patients

Radical prostatectomy specimens were available from 3,845
patients for which both PTEN and 6q15 deletion status had been
successfully determined in earlier studies (25, 28). All patients
underwent surgery between 1992 and 2012 at the Department of
Urology and the Martini Clinics at the University Medical Center
Hamburg-Eppendorf. Follow-up data were available from a total
of 3,845 patients with a median follow-up of 45.1 months (range,
0-240.4 months). The clinical and pathological parameters of the
prostate cancers are given in Table 1. PSA values were measured
following surgery and PSA recurrence was defined as a postoper-
ative PSA of 0.2 ng/mL and increasing at subsequent measure-
ments. In addition, patients were grouped into 4 subsets defined
by clinically and biologically important features: Group 1 "organ
confined tumor growth" included 444 patients with organ-con-
fined tumors and no evidence of local or systemic dissemination
[no histological sign of extraprostatic extension and no biochem-
ical relapse (BCR) in long-term follow up (>3 years after
surgery)], group 2 "local invasive tumor growth" included 172
patients with histological proof of extraprostatic tumor growth
(pT3a or pT3b), but no BCR in long-term follow-up, or pT3
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tumors with BCR but permanent response to salvage radiation,
group 3 "occult systemic dissemination" included 307 cancers
with BCR after two local therapies (radical prostatectomy and
secondary—adjuvant or salvage—radiation), but without devel-
opment of overt distant metastases in long-term follow-up, and
group 4 "metastatic tumor growth" included 119 patients with
development of distant (bone and/or visceral) or regional (lymph
node) metastases. The remaining 2,803 cancers had not sufficient
clinical information to allow for unequivocal allocation to these
four groups. All prostate specimens were analyzed according to a
standard procedure, including a complete embedding of the
entire prostate for histological analysis (29).

Flow cytometry

Cell nuclei were extracted from formalin-fixed paraffin-embed-
ded tissues and stained for flow cytometry analysis using a modified
standard protocol (16, 21, 30). Two punches (diameter 0.6 mm)
per tissue block were taken with a hollow needle from 3,845
prostate cancers included in this study. Special emphasis was placed
on taking the punches from the same tumor area as used for PTEN/
6q15 deletion analysis before. For preparation of cell suspensions,
punches were re-embedded in paraffin, and cut into 50-im sections
using a microtome. The sections were placed in a nylon bag with a
mesh of 50 um, dewaxed in xylene, and rehydrated in a descending
series of ethanol (100%, 96%, 70%, water) prior to digestion in 5
mg/mL pepsin (Serva #31820.02), and resolved in 0.07 mol/L HCI
in a 37°C water bath for 30 minutes. Five milliliter cold phosphate
buffered saline was added to stop the reaction. The suspension was
centrifuged at 2,500 rpm to release cell nuclei from the nylon bags,
resuspended to a volume of 450 puL and transferred to 5 mL FACS
tubes. RNAse A (Sigma #R4875) was added to a final concentration
of 0.05 mg/mL (adjusted to pH 7.4) before incubation at 37°C for
30 minutes. Nuclei were then stained by adding 100 uL propidium
iodide solution (1 mg/mL) (Sigma, #P4864) for 5 minutesat4°Cin
the dark. The DNA content was measured in at least 1,000 stained
nuclei using a FACS Canto Il using the blue laser (488 nm) with the
filter configuration longpass 556 and bandpass 585/42.

Interpretation of the FACS results

DNA flow histograms were interpreted following standard criteria
asdescribed elsewhere (16, 17,22).Inbrief, the firstanalyzable peak,
indicating the fraction of cells with the lowest DNA content, was
considered DNA diploid and was given a DNA index of 1.0. DNA
indices for the following peaks were calculated relative to the 1.0
peak. Samples were considered DNA aneuploid when one or more
unequivocal peaks between DNA index 1.0 and 1.8 or >2.2 was
present. Tetraploidy was defined as the presence of one unequivocal
peak between DNA index 1.8 and 2.2 with more than 10% of all
cells. Otherwise, the sample was considered DNA diploid.

CAPRA (cancer of the prostate risk assessment) post-surgical
(CAPRA-S) score

The CAPRA-S score was calculated for the entire set of 3,845
prostate cancers as described before (31).

Statistical analysis

Statistical calculations were performed using JMP 11 software
(SAS Institute Inc.). Contingency tables and the > test were
performed to search for associations between molecular para-
meters and tumor phenotype. Analysis of variance (ANOVA)
analysis was performed to compare the preoperative PSA levels
with molecular and cytometry data. Survival curves were plotted
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Table 1. Associations between tumor phenotype and clinical endpoints and molecular features of prostate cancer (including PTEN deletion, 6q15 deletion, DNA

ploidy, and the 3-level DNA score)

PTEN deletion
n__ Normal Deletion P

6q15 deletion
Normal Deletion

P Diploid Non-diploid P

3-Level DNA score
Negative Intermediate High P

ploidy

pT stage pT2 2381 1.3 88.7 <0.0001 818 182 0.0001 745 255 <0.0001 55.0 341 10.8 <0.0001
pT3a an 248 75.2 77.7 223 58.8 412 34.8 428 224
pT3b 529 342 65.8 73.7 26.3 54.1 45.9 27.8 412 31.0
pT4 24 375 62.5 70.8 292 41.7 583 16.7 375 45.8
cT stage Tic 2830 146 854 <0.0001 804 19.6 0.0423 70.7 29.3 <0.0001 50.1 35.9 14.0 <0.0001
T2a 548 254 74.6 79.6 20.4 62.8 37.2 38.7 40.9 20.4
T2b 238  30.3 69.7 71.0 29.0 56.7 433 315 37.8 30.7
T2c 60 35.0 65.0 80.0 20.0 40.0 60.0 233 433 333
Gleason <3+3 780 918 82 <0.0001 886 N4 <0.0001 774 226 <0.0001 636 291 7.3 <0.0001
3+4 2047 839 16.1 81.6 18.4 70.9 29.1 493 37.7 13.0
3+4TG5 152 80.9 19.1 78.3 217 66.4 336 43.4 39.5 171
4+3 392 702 29.8 63.5 36.5 58.9 411 25.0 46.9 28.1
4+3TG5 256 69.9 30.1 68.8 313 50.8 49.2 24.6 414 34.0
>4+4 218 688 312 725 275 39.9 60.1 211 37.2 4.7
Nodal stage pNO 2203 815 18.5 <0.0001 77.0 23.0 0.2172 66.2 338 <0.0001 43.0 38.9 181 <0.0001
pN>0 245 612 38.8 73.5 26.5 47.8 52.2 229 40.4 36.7
Resection RO 3019 836 16.4  0.0004 80.1 199 03559 698 30.2 <0.0001 486 36.2 15.2 <0.0001
margin R1 761 78.1 219 78.6 214 60.2 39.8 381 40.5 214
Clinical Group1 444 90. 9.9 <0.0001 86.7 13.3 <0.0001 723 27.7 <0.0001 57.2 329 9.9 <0.0001
endpoints  Group 2 172 791 20.9 82.6 17.4 61.0 39.0 40.1 40.7 19.2
Group 3 307 684 31.6 7 28.3 58.0 42.0 30.6 4.7 27.7
Group 4 119 60.5 39.5 7.4 28.6 40.3 59.7 19.3 38.7 42.0
Pre-surgical ~ PSA 3845 105 10.0 0.5358 9.9 105 04737 97 10.8 0.0869 94 10.5 108 0134
PSA (ng/mL)

NOTE: The 3-level DNA score is defined as follows: Negative: DNA diploid and no deletion; Intermediate: DNA diploid with deletion or DNA tetraploid without
deletion; High: DNA tetraploid with deletion or DNA aneuploidy. Numbers in bold indicate significant values.

according to Kaplan-Meier. The log-rank test was applied to
detect significant differences between groups. Cox proportional
hazards regression analysis was performed to test the statistical
independence and significance between pathological, molecular,
and clinical variables. Gleason grade (in biopsies and radical
prostatectomies), clinical (cT) and pathological tumor stage (pT),
pathological nodal stage (pN), resection margin stage, and pre-
operative PSA levels were selected for multivariate analysis
because they represent the clinically most relevant variables.
Logistic regression was used to quantify the area under the
receiver-operator curve (ROC).

Results

DNA cytometry

Between 1,043 and 85,049 cell nuclei were measured per tumor
(mean 7,282 + 2,317). The average coefficient of variation was
8.03 +2.05 for the first peak. DNA cytometry revealed a diploid
DNA content in 2,605 of 3,845 (67.8%), a tetraploid DNA
content in 984 (25.6%), and an aneuploid DNA content in
256 (6.7%) of interpretable cancers. Aberrant ploidy was signif-
icantly associated with pT category, Gleason grade, clinical T stage,
R status, pN category, and clinical endpoints (P < 0.0001
each; Table 1). Of note, among 218 patients with a Gleason score
of >4+4 = 8; 60.1% had an abnormal DNA content, but there
were still 39.9% of these highly aggressive cancers with a normal
diploid DNA content. Abnormal DNA content was also tightly
linked to early PSA recurrence (P < 0.0001; Fig. 1A).

PTEN/6q15 deletions

Deletions of PTEN and 6q15 were earlier shown to be linked
to unfavorable tumor phenotype and PSA recurrence in our
patients (25, 28). The respective data for the 3,845 cancers with

2804 Clin Cancer Res; 22(11) June 1, 2016

interpretable cytometry profiles are shown in Table 1. As expected,
significant associations were seen with phenotypical parameters
and PSA recurrence (P < 0.0001) for both parameters.

Combination of ploidy and deletion data

The combination of crude DNA alterations (ploidy) and
subtle specific changes (deletions) leads to substantial
improvements of associations with phenotype and prognosis.
We create a "3-level DNA score" for the combination according
to the following criteria: negative, DNA diploid and no dele-
tion; intermediate, DNA diploid with deletion (of at least one
of PTEN and 6q) or DNA tetraploid without deletion; high,
DNA tetraploid with deletion or DNA aneuploidy. As for
deletions and ploidy alone, the combined approach revealed
a tight link with unfavorable phenotype (Table 1). It is remark-
able that the fraction of cancers with Gleason score >4-+4 with
a diploid DNA content and no deletion decreased to 21.1% in
this combinatorial approach. The relevant effect of deletions
over ploidy alone is best demonstrated in the PSA recurrence
data (Fig. 1H-J). Here, the presence of deletions resulted in a
massive deterioration of outcome in the subgroups of diploid,
tetraploid, and aneuploidy cancers. The combination of ploidy
and deletions was also tightly linked to our alternative clinical
endpoints (P < 0.0001; Fig. 2A).

Impact on PSA recurrence and clinical endpoints in subgroups

Separate analyses in subgroups of cancers with Gleason score
<3+3, 344 (with and without tertiary Gleason 5), 4+3 (with
and without tertiary Gleason 5), and Gleason >4+4 revealed
that the assessment of DNA alterations was particularly
relevant in Gleason 3+4 cancers (Fig. 1C), while the effect was
less relevant and failed to reach statistical significance in the
other subgroups. Also the analyses of our alternative clinical

Clinical Cancer Research
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Figure 1.

PSA recurrence-free interval of patients with diploid, tetraploid, and aneuploidy cancers in all cancers (A), subset of Gleason <3+3 cancers (B), Gleason 3+4 with
tertiary Gleason grade (TG) 5 cancers (C), Gleason 344 without TG 5 cancers (D), Gleason 4+3 with TG 5 cancers (E), Gleason 443 without TG 5 cancers (F), Gleason
>4+4 cancers (G). Prognostic impact of deletions of PTEN and/or 6415 in subsets of diploid cancers (H), tetraploid cancers (I), aneuploid cancers (J).

endpoints show that the effect was only relevant in the Gleason
3+4 subset, too (Fig. 2B).

Multivariate analyses

Four multivariate analyses were performed evaluating the
clinical relevance of our "3-level DNA score" in different
scenarios (Table 2). Scenario 1 was utilizing all postoperatively
available parameters, including pathological tumor stage, path-
ological lymph node status (pN), surgical margin status, pre-
operative PSA value, and pathological Gleason grade obtained
after the morphological evaluation of the entire resected pros-
tate. Scenario 2 was utilizing all postoperatively available
parameters with exception of the nodal status. The rationale
for this approach was that the indication and extent of lymph

WWwWw.aacrjournals.org

node dissection is not standardized in the surgical therapy of
prostate cancer and that excluding pN in multivariate analysis
can markedly increase case numbers. Two additional scenarios
had the purpose to model the preoperative situation. Scenario 3
included the "3-level DNA score," preoperative PSA, clinical
tumor stage (cT stage), and Gleason grade obtained on the
prostatectomy specimen. Because postoperative determination
of a tumor's Gleason score is more accurate than the preoper-
atively determined Gleason grade (subjected to sampling errors
and consequently under-grading in more than one third of
cases), another multivariate analysis was added. In scenario 4,
the preoperative Gleason grade obtained on the original biopsy
was combined with preoperative PSA, cT stage, and the "3-level
DNA score." In all these analyses, the "3-level DNA score"

Clin Cancer Res; 22(11) June 1, 2016

2805



Lennartz et al.

A 100% T
20% -
80%
70% -
60% -
50%
40% —
30% -
20%
10% +—
0% _— _—
Negative (n = 440) Intermediate (n = 390)
B 100%
20% -
80%
70%
60%
50% -
40%
0%
20%
10%
0%
AN E] S| & E 2|58
= [l " - oA " i 1 il
" = (3 L} n = = = =
S e e = = i e = s
-] v 2| & ¢l e &
s | 5| E 2| 3| = B3| =
5| 2 5|3 | 2
2| 5 2| E = NE
£ g £
Gleason s3+3 Gleason 3+4 Gleason 443
P=0.2676 P=0.0038 P=0.6262

emerged as an independent predictor of prognosis with high
statistical significance. ROC analyses were then performed to
estimate whether the "3-level DNA score" can improve the
predictive power in the 4 different clinical scenarios in subsets
of 2,392 to 3,780 cancers for which data on these parameters
and ploidy/deletion were available. These analyses revealed a
gain of the predictive accuracy by 0.6% in the strongest scenario
1, 1.3% in scenario 2, 1.6% in scenario 3, and 2.6% in scenario
4 containing the preoperative prognostic parameters (Gleason
at biopsy, clinical stage, preoperative PSA; Table 3).

Comparison with a clinical nomogram (CAPRA-S)

High scores of the established clinical CAPRA-S nomogram
were strongly linked to early biochemical recurrence in our cohort
(P <0.0001; Supplementary Fig. S1a). In order to estimate if our
"3-level DNA score" can improve the predictive power beyond the
nomogram, Kaplan-Meier plots of the 3-level DNA score were
prepared in subsets of cancers with an identical CAPRA-S score.
This analysis revealed that the assessment of DNA alterations
provided additional prognostic information beyond the nomo-
gram. The "3-level DNA score" added significant prognostic

2806 Clin Cancer Res; 22(11) June 1, 2016
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information in subsets with CAPRA-S scores 0-1 (P = 0.0007;
Supplementary Fig. S1b), 2-3 (P = 0.0016; Supplementary
Fig. S1c), 4-5 (P = 0.0278; Supplementary Fig. S1d), and
6-8 (P = 0.0010; Supplementary Fig. Sle). For the highest
score (9-12), there was at least nonsignificant trend toward
a poor prognosis for cancers with an intermediate or high 3-
level DNA score (P = 0.4273; Supplementary Fig. S1f).

Discussion

DNA flow cytometry revealed 6.8% aneuploid and 25.6%
tetraploid prostate cancers in this study. All earlier studies ana-
lyzing series of at least 30 cases are summarized in Fig. 3. These
data show that our rate of non-diploid cancers is in the range of
earlier studies analyzing consecutive patient cohorts (9, 11-14,
16-19, 22). Markedly higher rates—ranging from 39.7% to
74.8%—were mainly found in studies enriched for advanced
(7, 10, 14, 16, 17, 23, 32) or high grade cancers (22, 33). Some
of the studies resulting in particularly low frequencies of non-
diploid cancers had preselected for Tla or clinically localized
cancers (7, 8, 13, 16, 20, 34).
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Table 2. Multivariate analyses including established clinicopathological prognostic parameters and the combined ploidy/deletion score ("3-level DNA score") in
different clinical scenarios

Scenario P HR 95% Cl
1 Preoperative PSA level >20 vs. 10-20 0.0019 1.4 11-1.8
10-20 vs. 4-10 0.0048 13 11-1.6

4-10 vs. <4 0.0819 13 1.0-1.9

pT stadium pT4 vs. pT3b 0.2294 14 0.8-2.2

pT3b vs. pT3a 0.0009 14 11-1.7

pT3a vs. pT2 <0.0001 19 15-2.3

Gleason grade prostatectomy >4+4 vs. 4+3 0.0403 13 1.0-1.6

443 vs. 3+4 <0.0001 19 16-2.3

344 vs. <3+3 0.0004 18 13-2.6

N status N1 vs. NO 0.0005 15 12-19

R status R1vs. RO 0.1463 11 1.0-1.4

3-level DNA score High vs. intermediate 0.0382 1.2 1.0-1.5

Intermediate vs. low 0.1753 11 0.9-14

2 Preoperative PSA level >20 vs. 10-20 0.0019 14 11-1.7
10-20 vs. 4-10 <0.0001 14 12-17

4-10 vs. <4 0.1 12 1.0-1.6

pT stadium pT4 vs. pT3b 0.2800 13 0.8-2.1

pT3b vs. pT3a <0.0001 1.6 1.3-1.9

pT3a vs. pT2 <0.0001 1.8 1.5-2.2

Gleason grade prostatectomy >4+44 vs. 4+3 0.0030 1.4 11-1.8

443 vs. 3+4 <0.0001 2.0 17-2.4

344 vs. <3+3 <0.0001 21 16-2.7

R-Status R1vs. RO 0.0016 13 11-15

3-Level DNA score High vs. intermediate 0.0065 13 11-15

Intermediate vs. low 0.00M 13 11-1.6

3 Preoperative PSA level >20 vs. 10-20 0.0004 15 12-18
10-20 vs. 4-10 <0.0001 1.5 1.3-18

4-10 vs. <4 0.0105 14 11-1.9

cT stadium T3avs. T2¢ 0.0005 0.4 0.2-0.7

T2c vs. T2b 0.0093 1.6 11-23

T2b vs. T2a 0.1192 12 1.0-1.6

T2a vs. Tic 0.0027 13 11-1.6

Gleason grade prostatectomy >4+44 vs. 4+3 <0.0001 19 15-2.4

443 vs. 3+4 <0.0001 24 21-2.9

344 vs. <3+3 <0.0001 24 19-31

3-Level DNA score High vs. intermediate 0.0048 13 11-15

Intermediate vs. low <0.0001 1.4 1.2-17

4 Preoperative PSA level >20 vs. 10-20 <0.0001 16 1.3-19
10-20 vs. 4-10 <0.0001 1.6 1.4-19

4-10 vs. <4 0.0039 15 11-2.0

cT stadium T3avs. T2¢ 0.0039 0.5 0.3-0.8

T2c vs. T2b 0.0105 1.6 11-2.3

T2b vs. T2a 0.1871 12 0.9-15

T2a vs. Tic 0.0014 14 11-1.6

Gleason grade biopsy >4+4 vs. 4+3 <0.0001 1.6 1.3-2.0

4+3vs. 3+4 <0.0001 15 1.2-1.9

344 vs. <3+3 <0.0001 17 1.4-2.0

3-Level DNA score High vs. intermediate <0.0001 1.4 12-1.7

Intermediate vs. low <0.0001 15 13-18

NOTE: Scenario 1 contains the strongest parameters that become available only after prostatectomy, while scenario 4 includes the "minimal" parameters that are

available at the time of the biopsy. Scenarios 2 and 3 include both pre- and postoperative parameters. HR, hazard ratio; Cl, confidence interval.

Non-diploid DNA status was tightly linked to unfavorable
cancer features, such as high Gleason grade, advanced tumor
stage, and positive nodal stage. Comparable findings had
been reported from the vast majority of earlier studies. Most
of the larger studies analyzing at least 100 cancers reported
associations with Gleason grade (13, 16, 18), other grading
systems (7, 13, 16, 20), or tumor stage (13,16,18). Accordingly,
DNA ploidy was also strongly associated with PSA recurrence at
least in some of these studies (7, 10). Similar findings were also
made in earlier and smaller studies involving fewer than 100
patients (7, 12, 17, 19,23, 32, 34). Given the undisputed link of

www.aacrjournals.org

non-diploid DNA with unfavorable tumor phenotype, it is
likely that those studies on 33 (23), and 81 (24) patients
failing to find associations with PSA recurrence were disturbed
by low patient numbers.

Based on this obvious link of non-diploid DNA status and
poor tumor phenotype and clinical outcome, ploidy measure-
ment was earlier suggested for routine use in the diagnostic
work-up of biopsies (35, 36). It was claimed that ploidy data
could compensate for possible mistakes made by the pathol-
ogist in his Gleason grading, which is a very strong prognostic
feature but notorious for subjectivity and interobserver
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Table 3. Improvement of the accuracy of predicting biochemical recurrence in different models

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Model AUC Gain AUC Gain AUC Gain AUC Gain
1 Basic model 0.7669 0.7703 0.7452 0.7223
2 -+ Ploidy 0.7675 0.09% 0.7743 0.53% 0.7501 0.65% 0.7315 1.27%
3 + PTEN/6q deletion 0.7707 0.50% 0.7819 1.52% 0.7581 1.73% 0.7420 2.72%
4 + Ploidy and 0.7726 0.74% 0.7833 1.69% 0.7615 2.19% 0.7487 3.65%

PTEN/6q deletion

NOTE: The basic model includes only the established clinicopathological prognostic parameters as defined by our four clinical scenarios. Models 2-3 include the
parameters of the basic model and, in addition, the ploidy data (model 2), the deletion data (model 3), and the combination of ploidy and deletion data (model 4). AUC
indicates the area under the curve in receiver-operator analysis. Gain indicates the difference (on a percentage basis) in the AUC of models 2, 3, and 4 as compared

with the basic model 1.

variability (37-39). That ploidy measurement by itself cannot
make Gleason grading "safe" in its capability to identify the
"dangerous" cancers is, however, demonstrated by the 39.9% of
Gleason >4+4 cancers (known to have a dismal prognosis),
and the 55.2% of cancers with PSA recurrence, having a diploid
DNA content. Given that many subtle DNA changes—such as
small chromosomal deletions—are strongly linked to unfavorable
prostate cancer prognosis (25, 26, 40), and considering that a loss
of a small fragment of a chromosome will not become detectable
by DNA flow cytometry, it is not surprising that many aggressive
prostate cancers are DNA diploid.

We therefore hypothesized that adding powerful prognostic
deletion markers to ploidy analysis would optimize our assay
for identifying biologically aggressive prostate cancers. Dele-
tions of PTEN and 6q15 were selected for this purpose because
both of them are strongly linked to unfavorable disease out-
come and also because these deletions cover relevant molecular
subgroups (25-28). PTEN deletions preferably occur in ERG
fusion-positive and 6q15 deletions in ERG fusion-negative
cancers (25, 28). That the addition of these deletions to pure
ploidy data may be advantageous for an approach to identify
potentially aggressive cancers is already suggested by the much
lower rate of cancers with Gleason >4+4 (now 21.1% as
compared with 39.9% without considering deletions) and of
cancers with PSA recurrence (now 29.0% as compared with
55.2% without considering deletions) when deletion analysis is
combined with ploidy analysis. The strong additional benefit of
our combined approach is further demonstrated by the striking
difference in the risk of PSA recurrence in each individual
subgroup defined by DNA ploidy (diploid, tetraploid, aneu-
ploid) depending on whether or not PTEN and/or 6q15 dele-
tions were additionally present.

Limitations of this study include the use of PSA recurrence as
a clinical endpoint instead of cancer specific death, which was a
rare event in our cohort, and that the analysis was performed on
prostatectomy specimens instead of true core needle biopsies.
We do not feel that these issues question the message of this
study. Specifically, we believe that PSA recurrence is an excellent
surrogate marker if it comes to the assessment of prognostic
biomarkers. From our experience, all prognostic parameters
predicting PSA recurrence in prostatectomy samples are also
linked to other endpoints such as time to metastasis, time to
cancer-related death, or unfavorable disease course in patients
not undergoing potentially curative therapy. Gleason grade
represents the best example for this notion. It is well accepted
that high Gleason grade is associated with all possible unfa-
vorable clinical endpoints. To our knowledge, there is no
molecular or morphologic feature that was shown—in suffi-
ciently large studies—to be robustly linked to PSA recurrence

2808 Clin Cancer Res; 22(11) June 1, 2016

but to be unrelated to metastasis and cancer-related death.
Molecular parameters that have been described to be linked
to metastasis and cancer-related death in patient cohorts
describing at least 100 patients with unfavorable events include
p53 (41, 42), bcl-2 (41), microvessel density (41), Ki-67 (42),
CD10 (43), cyclin D1 (44), telomere length (45), HER2-neu
(46), Stat5a/b (47), AMACR (48), HSP-27 (49), and MDM2
(42). All these parameters have also been linked to PSA recur-
rence in the respective studies (44, 46-48).

In an attempt to analyze additional and possibly better clinical
endpoints in prostatectomy samples, clinical subgroups were
defined that reflect the "biological milestones" of cancer progres-
sion, including (i) organ-confined tumors (pT2) without relapse
inlong-term follow-up, (ii) "local invasive" cancers (pT3) without
relapse or with permanent response to local secondary radiation
in long-term follow-up, (iii) "occult systemic" disease character-
ized by failure of two local therapies (radical prostatectomy and
secondary radiation), but no evidence of distant metastases in
long-term follow-up, and (iv) metastatic disease characterized by
presence or development of regional or distant metastases. These
subgroups are clinically valuable as only group 1 is potentially
suited for an active surveillance strategy. That our "3-level DNA
score" was strongly associated with unfavorable alternative clin-
ical endpoints (Fig. 2A) provides additional support for the
potential clinical relevance of the combination from DNA ploidy,
PTEN, and 6q15 deletions.

It is obvious that studies evaluating prognostic biomarkers
should optimally be performed on pretherapeutic tissue samples
(i.e., prostate biopsies) rather than on samples obtained after
definitive therapy (i.e., prostatectomy). From a practical point of
view, such analyses are hardly feasible, however. This is not only
because initial biopsies from cancer patients are typically distrib-
uted among many diagnostic institutions but also because the
precious needle biopsies would be exhausted after only a few
studies. To mimic as much as possible the presurgical situation,
we have performed multivariate statistical analyses that use para-
meters available before surgery in addition to statistical models
using post-surgical parameters. That strong independent associa-
tions of our "3-level DNA score" with early PSA recurrence was
found in all analyzed pre- and post-surgical scenarios strongly
argues for this combined DNA score representing a biomarker
with clinical relevance in prostate cancer. It was therefore no
surprise that our DNA score also provided a benefit of prognostic
information beyond an established clinical nomogram, i.e., the
CAPRA-S score.

In summary, the results of our study demonstrate that
measurement of the gross DNA content in combination with
analyzing two specific deletions by FISH provide strong
and independent prognostic information in prostate cancer.
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This especially holds true for the subgroup of Gleason 3+4
cancers, which is the most disputed subset with respect to a
possible inclusion in active surveillance concepts. In contrast
to most previously published prognostic features, e.g., based
on RNA or protein expression analyses, FISH and flow cyto-
metry provide highly reproducible yes/no answers. We thus
expect that future trials utilizing this combined DNA measure-
ment for prediction of cancer aggressiveness on pretherapeutic
prostate cancer biopsies will prove strong utility of our
approach.
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Supplementary figure 1: Benefit of the 3-level DNA score beyond the CAPRA-S
nomogram for prediction of early biochemical recurrence. A) Prognostic impact of
different levels of the CAPRA-S score. B)-F) Additional prognostic impact of the 3-
level DNA score in subsets of cancers with B) CAPRA-S score 0-1, C) CAPRA-S
score 2-3, D) CAPRA-S score 4-5, E) CAPRA-S score 6-8, F) CAPRA-S score 9-
12. The 3-level DNA score combines cancers according to the following criteria:
negative, DNA diploid and no deletion; intermediate, DNA diploid with deletion (of
at least one of PTEN and 6q) or DNA tetraploid without deletion; high, DNA tetraploid
with deletion or DNA aneuploidy.
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2 Darstellung der Publikation
2.1 Einleitung

Das Prostatakarzinom ist die haufigste Krebserkrankung des Mannes und steht an
dritter Stelle der krebsbedingten Todesursachen in den westlichen
Industrienationen [1]. Die grof3te Gruppe der Prostatakarzinome ist allerdings wenig
aggressiv und verursacht daher zeitlebens keine Symptome. Autopsiestudien
haben gezeigt, dass die meisten Manner eher ,mit* als ,an“ einem Prostatakarzinom
versterben [2]. Dennoch existieren auch Tumoren, welche hoch aggressiv sind und

zu einem lebensbedrohlichen Krankheitsverlauf fihren [3].

Die heutigen diagnostischen Verfahren zur Friherkennung des Prostatakarzinoms
bestehen aus der digital rektalen Untersuchung, dem Prostata spezifischen Antigen
(PSA)-Screening im Serum, bildgebender Verfahren sowie bei auffalligen Befunden
eine Ultraschall gesteuerte Biopsie der Prostata. Am Biopsiematerial erfolgt die
pathologische Beurteilung des Karzinoms mittels des Gleason-Scores [4]. Der
Gleason-Score beschreibt den Grad der Entdifferenzierung der Drisenstruktur und
wird in den Stufen gut differenziert (1) bis undifferenziert (5) angegeben [5].

Diese etablierten diagnostischen Methoden reichen jedoch nicht aus, um die
lebensbedrohlichen Prostatakarzinome von den eher ,gutartig verlaufenden
Tumoren sicher zu unterscheiden. Die therapeutische Empfehlung, ob eine
aggressive chirurgische Therapie, Radiatio oder eine aktive Uberwachung des
Patienten (,Active Surveillance®) durchgefihrt werden soll, ist daher in der
momentanen Situation sehr schwierig. Aus diesem Grund entscheiden sich die
meisten Manner fir die Entnahme der Prostata mit dem nahezu sicheren
Ausschluss eines potentiell lebensbedrohlichen Verlaufes. Dies ist allerdings mit
einer signifikanten Morbiditat verbunden. Zur Verminderung der Ubertherapie ist ein
primares Ziel der Prostatakarzinomforschung die Etablierung von prognostisch
relevanten molekularen Markern, welche die etablierten Prognoseparameter bei der
Einschatzung der Aggressivitat des Tumors unterstiitzen konnen. Kurzlich konnte
bereits erfolgreich eine Verbesserung des ,klassischen“ Gleason-Scores durch die
Einflhrung des ,quantitativen® Gleason-Scores in der Arbeitsgruppe des Instituts fur
Pathologie am Universitatsklinikum Hamburg-Eppendorf etabliert werden [6]. Des
Weiteren zeigen Studien, dass Deletionen als haufigste genetische Veranderungen

des Prostatakarzinoms eine hohe prognostische Relevanz besitzen [7-10].
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Generell kommt es im Rahmen der Akkumulation von genetischen Verdnderungen
in Tumorzellen oft auch zu Veranderungen des DNA-Gehalts. Bei einem Teil der
Tumoren kommt es im Laufe der Tumorprogression zu einer Verdopplung des
Chromosomensatzes (Tetraploidie), oft gefolgt von einem Verlust eines groéf3eren
Teiles der zugewonnenen Chromosomen (Aneuploidie). Es ist daher nicht
erstaunlich, dass die Messung des DNA-Gehaltes bereits in zahlreichen Studien als
potentiell prognostischer Parameter untersucht wurde [11-29]. Obwohl die Mehrzahl
der durchgefuhrten Studien bereits zwischen 1980 und 1990 vero6ffentlicht wurden,
gibt es immer noch Tumorentitaten in denen unklar ist, ob der DNA-Gehalt zur
besseren Einschatzung des Progressionsrisikos eingesetzt werden kann. Die
Bestimmung des Ploidiestatus von Tumorzellen kann mittels Durchflusszytometrie
oder Bildzytometrie erfolgen. Dabei wird angenommen, dass nicht-diploide
Tumoren als Surrogat fur genomische Instabilitat stehen, welche generell fir hohe
Tumoraggressivitat spricht. In zahlreichen Tumorentitaten konnte nachgewiesen
werden, dass tetraploide und aneuploide Tumoren deutlich mit einem ungunstigen
Tumorphanotyp assoziiert sind. Auch beim Prostatakarzinom wurde vorgeschlagen,
die Ploidie Bestimmung als diagnostische Methode zur Differenzierung von
Patienten mit guter und schlechter Prognose zu nutzen [30, 31]. Trotz dieser
Erkenntnisse fand die Bestimmung des Ploidiestatus keine Anwendung in der
Diagnostik von Tumoren. Grund dafur ist vor allem, dass Methoden gefunden
wurden, wie z.B. ,Fluorescence in situ hybridizazion“ (FISH) oder ,next-generation
sequencing“ (NGS), mit denen auch kleinste zytometrisch nicht erfassbare klinisch

relevante genetische Veranderungen nachgewiesen werden kdnnen.

Die Ergebnisse der Studien tiber den Ploidiestatus des Prostatakarzinoms variieren
stark. Einige Studien mit 45 bis 850 Patienten suggerierten eine prognostische
Relevanz [32-52], andere mit 33 bis 447 Patienten fanden dies nicht [53-58].

Fur unsere Studie nutzten wir Tumoren aus unserer grol3en Hamburger Prostata
Kohorte, um die potentielle prognostische Relevanz der Ploidie beim
Prostatakarzinom endgultig zu klaren. Dariiber hinaus untersuchten wir die klinische
Relevanz des Ploidiestatus in Verbindung mit zwei der haufigsten prognostisch
relevanten Deletionen des Prostatakarzinoms (PTEN und 6g15). Insgesamt konnte
die vorliegende Studie zeigen, dass zumindest die Kombination der Bestimmung
des Ploidiestatus und des Kopiezahlstatus von PTEN und 6qgl5 einen viel

versprechenden prognostischen Test flr das Prostatakarzinom darstellt.
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2.2 Material und Methoden

Patientenkollektiv und klinische Endpunkte

Fur diese Studie nutzten wir Daten von 3.845 Patienten tber den Kopiezahlstatus
von PTEN und 6915 aus jeweils einer ,tissue microarray” (TMA) Studie [7, 8]. Alle
Patienten wurden zwischen 1992 und 2012 in der urologischen Klinik oder der
Martini  Klinik des Universitatsklinikums Hamburg-Eppendorf prostatektomiert.
Klinische Verlaufsdaten waren fur alle Patienten mit einem Median von 45 Monaten
vorhanden. Ein PSA Rezidiv wurde angenommen ab einem Wert von 0,2 ng/ml.
Aulerdem wurden die Patienten in vier Gruppen mit dem Schwerpunkt auf klinische
und biologische Parameter unterteilt: Gruppe 1 (organbeschranktes
Tumorwachstum) beinhaltete 444 Patienten mit auf die Prostata beschranktem
Tumorwachstum (pT2) ohne biochemisches Rezidiv innerhalb drei Jahren. Gruppe
2 (lokal invasives Tumorwachstum) beinhaltete 172 Patienten mit
extraprostatischem Tumorwachstum (pT3a oder pT3b) ohne biochemisches
Rezidiv innerhalb drei Jahren oder mit einem biochemischen Rezidiv, welches aber
permanent auf eine sekundére adjuvante oder Salvage-Bestrahlungstherapie
angesprochen hat. Gruppe 3 (okkulte systemische Dissemination) beinhaltete 307
Patienten mit einem biochemischem Rezidiv nach zwei lokalen Therapien (radikaler
Prostatektomie und sekundare adjuvante oder Salvage-Bestrahlungstherapie), aber
ohne Fernmetastasen im Langzeitverlauf. Gruppe 4 (metastatisches
Tumorwachstum) beinhaltete 119 Patienten mit Fern- (Knochen- und/oder
viszeralen) oder Lymphknotenmetastasen. Die restlichen 2.803 Patienten hatten
nicht ausreichend klinische Informationen, um sie einer der vier Gruppen zuordnen

zu konnen.

Durchflusszytometrie

Die Durchflusszytometrie ist eine Methode zur Analyse von Struktur und
molekularen Eigenschaften von einzelnen Zellen. Fiur die Bestimmung der Ploidie
wurden Prostatakarzinomzellen aus in Formalin fixiertem, in Paraffin eingebettetem
Gewebe vereinzelt und mittels Propidiumiodide gefarbt. Der genaue Ablauf der

Methode ist in der beigefuigten Publikation detailliert beschrieben.
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Interpretation der Durchflusszytometrieresultate

Die Ergebnisse der Messung der einzelnen Prostatatumoren lieferten Histogramme,
welche den DNA Gehalt vieler Zellen eines Prostatakarzinoms darstellten. Der erste
darstellbare Peak mit dem geringsten DNA Gehalt wurde als diploider Peak
gewertet und bekam einen DNA Index von 1,0. Der DNA Gehalt von weiteren
aufgetretenen Peaks wurde in Relation zu dem DNA Gehalt des ersten Peaks
gesetzt und stellte damit den DNA Index des weiteren Peaks dar. Zeigte das
Histogramm eines Tumors einen weiteren Peak mit einem DNA Index zwischen 1,8
und 2,2 mit mehr als 10% aller Zellen in diesem Bereich, wurde der Tumor als
Tetraploid gewertet. Zeigte sich ein Peak aul3erhalb dieses DNA Index Bereiches,
wurde der Tumor als Aneuploid gewertet. Wenn neben dem ersten Peak kein

weiterer vorlag, wurde der Tumor als Diploid gewertet.

2.3 Ergebnisse

Insgesamt konnten pro Tumor zwischen 1.043 und 85.049 Zellkerne analysiert
werden. Einen diploiden Status hatten 2.605 der 3.845 (67,8%) Tumoren. Einen
abweichenden DNA Gehalt wiesen 1.240 der Tumoren auf. Davon waren 984
(79,4%) tetraploid und 256 (20,6%) aneuploid. Eine PTEN Deletion wiesen 684
(17,8%) und eine 615 Deletion 781 (20,3%) der Tumoren auf. Eine detaillierte
Darstellung aller Ergebnisse ist in der beigefligten Publikation zu finden.

Die wesentlichen Ergebnisse sind:

1. Ein veranderter DNA Gehalt ist mit einem schlechten Phanotyp des
Prostatakarzinoms assoziiert.

2. Die Wabhrscheinlichkeit eines PSA Rezidivs steigt von diploiden Uber
tetraploiden zu aneuploiden Tumoren an.

3. Fast die Hélfte aller Tumoren mit einem schlechten Phanotyp weisen einen
diploiden Status auf. Durch die Kombination der Ploidie mit den Deletionen
von PTEN und 6915 reduziert sich dieser Anteil auf um die Halfte.

4. Der Nachweis einer Deletion steigert die Wahrscheinlichkeit des PSA
Rezidivs sowohl in diploiden als auch tetraploiden und aneuploiden

Tumoren.
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5. Die prognostische Aussagekraft des kombinierten DNA Status ist
unabhdngig von den etablierten pra- und  postoperativen

Prognoseparametern.

2.4 Diskussion

In der vorliegenden Studie konnte mittels DNA Zytometrie in 6,8% ein aneuploider
und in 25,6% ein tetraploider Status in den untersuchten Prostatakarzinomen
nachgewiesen werden. Diese Ergebnisse stehen im Einklang mit vorherigen
Studien, die ebenfalls den Ploidie Status mittels DNA Zytometrie an nicht
selektierten Prostatakarzinomen untersuchten [33, 35, 36, 38, 40, 41, 48, 53, 59,
60]. Einen deutlich héheren Anteil an nicht-diploiden Tumoren von 39,7 bis 74,8%
fanden lediglich Studien, die insbesondere Tumoren mit fortgeschrittenem Stadium
oder mit einem hohen Gleason-Score untersuchten [35, 36, 39, 44-46, 49, 53, 57,
58, 61, 62]. Studien, die Karzinome in frihen Stadien untersuchten, fanden einen
geringeren Anteil an nicht-diploiden Tumoren [32, 41, 43, 47, 56, 63-65].

Der nicht-diploide DNA Status war deutlich assoziiert mit ungunstigen
Tumoreigenschaften, wie z.B. einem hohen Gleason-Score, einem
fortgeschrittenen  Tumorstadium und der Lymphknotenmetastasierung.
Vergleichbare Ergebnisse wurden in den meisten friheren Studien gefunden, die
mindestens 100 Tumoren untersuchten [33, 37, 41, 42, 45, 47, 59, 64]. In diesen
Studien konnte eine Assoziation zwischen nicht-diploiden Tumoren und dem
Gleason-Score, anderen Gradingsystemen oder dem Tumorstadium nachgewiesen
werden. Des Weiteren zeigte der Ploidie Status in einigen dieser Studien eine starke
Assoziation mit der Wahrscheinlichkeit eines PSA Rezidivs [37, 64]. Dies konnte
allerdings auch in Studien gezeigt werden, die sehr kleine Patientenkohorten
untersuchten [34, 36, 38, 46, 57, 61, 63].

Aufgrund des Zusammenhangs zwischen dem nicht-diploiden DNA Status und
einem schlechten klinischen Verlauf, wurde die Messung des Ploidie Status bereits
als Methode fur die Routinediagnostik am Biopsie Material vorgeschlagen [30, 31].
Es besteht die Hoffnung, dass die Kenntnis tber den Ploidie Status die subjektive
Aussagekraft des Gleasongradings zumindest partiell ausgleicht. Der Gleason-
Score ist der beste prognostische Parameter beim Prostatakarzinom [6]. Allerdings

unterliegt das Grading durch den Pathologen einer hohen Subjektivitat, die zu einer
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starken Interobserver-Variabilitdt fihren kann [66-68]. Die Messung des Ploidie
Status kann allerdings mit Sicherheit das Gleasongrading nicht ersetzen. Dies zeigt
sich insbesondere dadurch, dass 40% der Tumoren mit einem Gleason-Score 24+4,
welche Bekannterweise eine schlechte Prognose haben, und 55% der Tumoren mit
einem PSA Rezidiv einen diploiden Status haben. Unter der Beriicksichtigung, dass
mittels der DNA Zytometrie nicht alle chromosomalen Veranderungen detektiert

werden konnen, ist dieses Ergebnis nicht besonders tberraschend.

Das Prostatakarzinom ist insbesondere durch kleine chromosomale Deletionen von
hoher prognostischer Relevanz charakterisiert [7, 8, 10]. Diese chromosomalen
Veranderungen kénnen mittels Zytometrie nicht nachgewiesen werden. Dies erklart,
warum die meisten aggressiven Prostatatumoren diploid sind. Basierend auf dieser
Tatsache entstand die Hypothese, dass zur Identifizierung der biologisch
aggressiven Tumoren eine kombinierte Untersuchung des Ploidie Status und der
prognostisch relevanten Deletionen ideal ware. Um diese Hypothese zu prifen,
wurden die Deletionen von PTEN und 6915 ausgewéhlt, da diese eine starke
Assoziation zu einem schlechten klinischen Verlauf aufweisen [7, 8, 10, 69].
Zusatzlich reprasentieren sie zwei relevante Subgruppen des Prostatakarzinoms.
PTEN Deletionen sind deutlich mit der TMPRSS2:ERG Fusion assoziiert [7],
wahrend Deletionen von 6q15 vermehrt in ERG negativen Tumoren auftreten [8].
Dass die Kombination Ploidie/Deletionen von Vorteil ist, zeigt die deutlich geringere
Rate an Tumoren mit einem hohen Gleason-Score und einem PSA Rezidiv im
Gegensatz zur Ploidie alleine. Durch die Kombination mit dem Deletionsstatus
reduzierte sich der Anteil an ,normalen“ Tumoren von 40% auf 21% (Gleason 24+4)
bzw. von 55% auf 29% (PSA Rezidive). Der eindeutige Vorteil dieses kombinierten
Prognosetestes zeigt sich vor allem bei der genauen Betrachtung der
Wahrscheinlichkeit des PSA Rezidives in den einzelnen Subgruppen. Hier zeigt
sich, dass die prognostische Relevanz des diploiden-, tetraploiden- und
aneuploiden Status von der Abwesenheit oder Anwesenheit der PTEN bzw. 6q15
Deletion abhangt.

Eine theoretische Einschrankung dieser Studie ist die Verwendung des PSA
Rezidivs als Studienendpunkt statt des tumorspezifischen Todes. Der
tumorspezifische Tod ist ein gangiger Studienendpunkt bei den meisten
Tumorentitéaten. Beim Prostatakarzinom kann dieser jedoch nicht verwendet

werden, da er nur selten vorkommt (weniger als 5% der Patienten) [70]. Des
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Weiteren wurden die Analysen an Proben aus Prostatektomiepraparaten
durchgefiihrt und nicht an den fur die Therapieentscheidung wichtigen
Stanzbiopsien. Wir sind jedoch der Meinung, dass diese ,Einschrankungen® die
Aussagekraft unserer Studie nicht limitieren. Das PSA Rezidiv ist ein
hervorragender Parameter zur Bestimmung der prognostischen Aussagekraft von
molekularen Markern. Alle Prognoseparameter, die mit einem frihen PSA Rezidiv
zusammenhangen, sind ebenfalls mit zahlreichen anderen biologischen
Parametern des Prostatakarzinoms assoziiert. Dazu zéhlen der Zeitpunkt der
Metastasierung, der tumorspezifische Tod sowie der schlechte Krankheitsverlauf
von Patienten, bei denen die Ektomie keinen kurativen Ansatz hatte. Der Gleason-
Score ist das beste Beispiel daflr. Es ist allgemein anerkannt, dass ein hoher
Gleason-Score mit all diesen biologischen Parametern bzw. klinischen Endpunkten
korreliert [6, 71]. Unserer Kenntnis nach gibt es keine molekularen oder
morphologischen Veranderungen beim Prostatakarzinom, fir die in gro3en Studien
eine eindeutige Assoziation zum PSA Rezidiv, aber nicht der Metastasierung oder
dem tumorspezifischen Tod nachgewiesen werden konnte. Es gibt auf3erdem
zahlreiche Studien mit mindestens 100 Patienten, die einen Zusammenhang
zwischen verschiedenen molekularen Parametern und der Metastasierung bzw.
dem tumorspezifischen Tod zeigen konnten [72-84]. Dazu z&hlen z.B. p53, bcl-2,
Ki-67, CD10, Cyclin D1, Telomer Ladnge, HER2-neu, Stat5a/b, AMACR, HSP-27 und
MDM2, welche alle mit einem frihen PSA Rezidiv assoziiert sind [74, 75, 77, 78,
81, 85-94].

Um potentiell bessere klinische Endpunkte fir die Analyse zu nutzen, wurden von
uns vier klinische Gruppen definiert, die die wesentlichen biologischen
Charakteristika der Tumorprogression beschreiben. Gruppe 1: Lokal begrenztes
Tumorwachstum (pT2) ohne biochemisches Rezidiv im weiteren klinischen Verlauf,
Gruppe 2: Uber die Prostata hinausgehendes Tumorwachstum (pT3) ohne
biochemisches Rezidiv oder mit reversiblem PSA Rezidiv nach lokaler Bestrahlung,
Gruppe 3: Okkult systemische Tumoren ohne Anzeichen fir Metastasen und ohne
Ansprechen auf die folgende Therapie, sowie Gruppe 4: Lymphogene und oder
hdmatogene Metastasierung. Diese vier Gruppen sind klinisch hoch relevant.
Insbesondere die Gruppe 1 kennzeichnet Patienten, die fur die ,Active Survaliance”
Strategie in Frage kommen. Dass unser ,3-level DNA score“ einen starken

Zusammenhang mit den ungunstigen klinischen Endpunkten zeigte, weist deutlich
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auf die hohe klinische Relevanz der kombinierten Analyse aus DNA Status und

Deletion Status hin.

Es ist offensichtlich, dass Studien zur Validierung von prognostischen Biomarkern
Optimalerweise an  pratherapeutischen  Gewebeproben (Prostatabiopsie)
durchgeflihrt werden sollten und nicht an Gewebeproben, die nach der Therapie
gewonnen wurden. Dies ist in der Praxis jedoch haufig schwer durchzufihren.
Grund dafur ist, dass die initialen Biopsien der Tumorpatienten haufig in
unterschiedlichen Instituten untersucht werden. Dies und die Tatsache, dass das
Biopsiematerial nur in geringer Menge vorliegt, fihrt dazu, dass an diesem
Gewebematerial nur wenige Analysen durchgefuhrt werden kénnen. Um die
praoperative Situation so gut wie maglich darzustellen, haben wir unterschiedliche
multivariate Analysen durchgefuhrt, die sowohl préa- als auch postoperative
Parameter berlcksichtigen. Dass in diesen Analysen unser ,3-level DNA score®
sowohl in den pré- als auch in den postoperativen Szenarien fur die Vorhersage des
frihen PSA Rezidivs geeignet ist, spricht deutlich dafirr, dass dieser Score eine
hohe klinische Relevanz beim Prostatakarzinom hat. Basierend darauf ist es nicht
Uuberraschend, dass unser ,3-level DNA score” auch in dem etablierten klinischen

Nomogramm (CAPRA-S score) prognostische Informationen liefert.

Insgesamt zeigen die Ergebnisse unserer Studie, dass die Messung des DNA
Gehaltes in Kombination mit zwei spezifischen Deletionsloci (,3-level DNA score®)
ein unabhangiger prognostischer Marker beim Prostatakarzinom ist. Dies trifft
insbesondere fur die Gruppe der Tumoren mit einem ,guinstigeren Gleason-Score
(3+4) zu, welche potentiell fur die ,Active Survaliance“ Strategie geeignet sind. Im
Gegensatz zu den meisten friiher vorgeschlagenen prognostischen Parametern, die
auf der Messung der mRNA oder Proteinexpression basieren, fihren sowohl die
FISH, als auch die Durchflusszytometrie zu sehr gut reproduzierbaren ,ja“ oder
,nein“ Antworten. Aus diesem Grund sind wir der Meinung, dass unser ,3-level DNA
score” in der Zukunft als Marker zur Vorhersage der Tumoraggressivitat an den

pratherapeutischen Prostatabiopsien hervorragend geeignet ist.
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2.5 Zusammenfassung

Ein nicht-diploider DNA Status wurde als potentieller prognostischer Parameter
beim Prostatakarzinom diskutiert. In unserer Studie analysierten wir die klinische
Relevanz der DNA Ploidie in Kombination mit den prognostisch relevanten
Deletionen PTEN und 6qg15 an 3.845 Prostatakarzinomen. Von diesen Tumoren
waren 67,8% diploid, 25,6% tetraploid und 6,8% aneuploid. Deletionen von PTEN
zeigten 17,8% und von 6q15 20,3% der Karzinome. Der veranderte DNA Gehalt
und die Deletionen waren assoziiert mit einem hohen Gleason-Score, einem
fortgeschrittenen Tumorstadium und positivem Lymphknotenstatus (p<0,0001 fur
alle). Die Wahrscheinlichkeit eines frihen PSA Rezidivs stieg von den diploiden
uber die tetraploiden zu den aneuploiden Tumoren an (p<0,0001 fur alle). Allerdings
hatten 40% der Patienten mit einem Gleason-Score 24+4 und 55% der Patienten
mit einem PSA Rezidiv Tumoren mit einem diploiden Status. Durch die Kombination
mit der PTEN und/oder 6q Deletion reduzierte sich dieser Anteil auf 21% (Gleason
24+4) und 29% (PSA Rezidiv). Die prognostische Relevanz der kombinierten
Deletion und Ploidie Analysen (,3-level DNA score®) wurde zudem sowohl in einer
univariaten als auch in einer multivariaten Analyse geprift. Das Risiko eines frihen
PSA Rezidivs wurde in den diploiden (p<0,0001) und auch in den tetraploiden
(p<0,0001) sowie den aneuploiden (p=0,0049) Tumoren durch die Anwesenheit der
Deletionen erhoht. In der multivariaten Analyse zeigte der ,3-level DNA score” eine
hohe prognostische Relevanz unabhangig von den etablierten préa- und
postoperativen Prognoseparametern. Insgesamt zeigen die Ergebnisse der
vorliegenden Arbeit, dass die kombinierte Analyse des DNA Gehaltes aus dem
Ploidie Status und den spezifischen chromosomalen Verénderungen eine hohe

klinische Relevanz beim Prostatakarzinom hat.
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2.6 Abstract

Aberrant DNA content has been discussed as a potential prognostic feature in
prostate cancer. We analyzed the clinical significance of DNA ploidy in combination
with prognostic relevant deletions of PTEN and 6g15 in 3,845 prostate cancers. The
DNA status was diploid in 67.8%, tetraploid in 25.6% and aneuploid in 6.8% of
tumors. Abnormal DNA content was linked to high Gleason score, advanced tumor
stage, and positive nodal stage (p<0.0001 each). Deletions of PTEN and 6915
occurred in 17.8% and 20.3% of tumors, and were linked to high Gleason score and
advanced tumor stage (p<0.0001 each). The risk of PSA recurrence increased
significantly from diploid to tetraploid and from tetraploid to aneuploid DNA status
(p<0.0001 each). However, 40% of patients with Gleason score 24+4 and 55% of
patients with PSA recurrence had diploid cancers. This fraction decreased to 21%
(Gleason 24+4) and 29% (PSA recurrence) if PTEN and/or 6q deletion data were
added to ploidy data to identify cancers with an aberrant DNA status. The
significance of combining both deletions and ploidy was further demonstrated in a
combined recurrence analysis. Here, presence of deletions increased the risk of
PSA recurrence in diploid (p<0.0001), tetraploid (p<0.0001), and aneuploid cancers
(p=0.0049). Multivariate modeling including preoperatively and postoperatively
available parameters identified the “combined DNA status” as a strong independent
predictor of poor patient outcome. It is concluded, that a combinatorial DNA content
analysis involving general (ploidy) and specific events (deletions) have the potential

for clinical utility in prostate cancer.
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