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Abstract

Background: Phosphatase and tensin homolog (PTEN) loss has long been associated with adverse findings in early prostate
cancer. Studies to date have yet to employ quantitative methods (qPTEN) for measuring of prognostically relevant amounts
of PTEN loss in postsurgical settings and demonstrate its clinical application. Methods: PTEN protein levels were measured
by immunohistochemistry in radical prostatectomy samples from training (n¼410) and validation (n¼272) cohorts. PTEN
loss was quantified per cancer cell and per tissue microarray core. Thresholds for identifying clinically relevant PTEN loss
were determined using log-rank statistics in the training cohort. Univariate (Kaplan-Meier) and multivariate (Cox propor-
tional hazards) analyses on various subpopulations were performed to assess biochemical recurrence-free survival (BRFS)
and were independently validated. All statistical tests were two-sided. Results: PTEN loss in more than 65% cancer cells was
most clinically relevant and had statistically significant association with reduced BRFS in training (hazard ratio [HR]¼2.48,
95% confidence interval [CI]¼1.59 to 3.87; P< .001) and validation cohorts (HR¼4.22, 95% CI¼2.01 to 8.83; P< .001). The
qPTEN scoring method identified patients who recurred within 5.4 years after surgery (P< .001). In men with favorable risk of
biochemical recurrence (Cancer of the Prostate Risk Assessment – Postsurgical scores <5 and no adverse pathological
features), qPTEN identified a subset of patients with shorter BRFS (HR¼5.52, 95% CI¼2.36 to 12.90; P< .001) who may be
considered for intensified monitoring and/or adjuvant therapy. Conclusions: Compared with previous qualitative
approaches, qPTEN improves risk stratification of postradical prostatectomy patients and may be considered as a
complementary tool to guide disease management after surgery.

Among single gene biomarkers, loss of phosphatase and tensin
homolog (PTEN) in prostate cancer is the most consistently as-
sociated with adverse events, including risk of upgrading at
prostatectomy, disease recurrence after surgery, and

progression to metastasis and death (1–3). Along with its prog-
nostic significance, well-established assays for PTEN assess-
ment make it an attractive candidate biomarker for risk
stratification to guide disease management (2).
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PTEN gene deletion is usually a subclonal event that produces
molecular heterogeneity in primary prostate cancers, making it
critical to assess with single-cell resolution (4–6). Because PTEN
protein loss is highly concordant with gene deletion, PTEN status
can be readily obtained by immunohistochemistry (IHC), which
accurately reflects genomic loss and has been extensively vali-
dated and adapted to Clinical Laboratory Improvement
Amendments laboratory standards (5,7,8). PTEN loss is very het-
erogeneous varying from partial (1%–99% cancer cells) to com-
plete loss (100% cancer cells) (5,7). The prognostic significance of
this variability has not been identified or validated, nor have spe-
cific clinical applications been identified for PTEN as a biomarker.

Because PTEN loss is strongly associated with prostate cancer
recurrence after surgery, its assessment might help guide deci-
sions around adjuvant radiation therapy (RT), which can improve
survival for patients at higher risk for relapse (9,10). The intensity
of postoperative monitoring and the optimal timing of RT are
controversial (11,12). For many patients, risk may be unclear, and
the choice between early (adjuvant) and late (salvage) RT can be
difficult (9–12). In select populations, biomarkers of recurrence
may improve decision-making in this context.

In the current study, we determine and independently validate
a quantitative scoring method, qPTEN, analyze the prognostic sig-
nificance of qPTEN thresholds, and investigate a potential clinical
application of qPTEN in postoperative treatment decisions.

Methods

Cohort Description

We assembled 3 retrospective radical prostatectomy (RP)
cohorts from separate institutions. University of Sao-Paulo
(Brazil) (n¼ 125; RP years, 2006–2015) and the Centre Hospitalier
d’University of Montreal (CHUM) (n¼ 285; RP years, 1993–2006)
were combined into a single training (n¼ 410) cohort
(Supplementary Table 1, available online). Archival tissues were
used to construct tissue microarrays (TMAs), which contained
three 1.0 mm cancer cores on average per case. A total of 272
patients and corresponding RP specimens from Kingston Health
Services Center (KHSC) (RP year, 2000–2012) (Supplementary
Table 1, available online) were used as a validation cohort, with
six 0.6 mm cancer cores per case on TMAs.

RP slides for all cohorts were re-reviewed for stage, surgical
margin status, and the World Health Organization grade group
(13) by 2 urologic pathologists (TJ and DMB). Median follow-up
was 5.7 years for training cohort and 4.9 years for validation co-
hort. See Supplementary Table 1 (available online) for clinical
and pathological summaries. For all patients, biochemical re-
currence was defined as 2 prostate-specific antigen values of no
less than 0.2 ng/ml after prostatectomy and/or documentation
of biochemical recurrence. Biochemical recurrence-free survival
(BRFS) was calculated from date of surgery and used as the clini-
cal endpoint. This retrospective study was approved by local
Ethics Review Boards at Queen’s University, CHUM, Canada,
and University of Sao Paulo, Brazil, which waived the require-
ment for informed consent.

Immunohistochemistry

IHC staining was performed on automated staining platforms:
Benchmark XT (Ventana Medical System, Inc, Tucson, AZ) for
CHUM cohort and Discovery XT (Ventana Medical System, Inc,
Tucson, AZ) for KHSC and Brazil cohorts. Briefly, paraffin-

embedded formalin-fixed high-density TMA blocks were sec-
tioned at 5 lm. After antigen retrieval (CC1, Ventana), 2 different
but equivalent rabbit monoclonal anti-PTEN antibodies were
used: Clone-D4.3 XP, dilution-1:100, Cell Signaling Technologies
for KHSC and Brazil; Clone-SP218, dilution-1:50, Spring
Biosciences for CHUM (5,7,14). Bound primary antibody was vi-
sualized using antirabbit IgG conjugated-HRP (DISCOVERY
OmniMap, Ventana). Negative and positive cell line controls in-
cluded cell blocks containing PC3 and LNCaP for PTEN loss and
RWPE-1 for intact PTEN. Expression of the ETS transcription fac-
tor ERG was scored using dichotomous (þve and -ve grouping)
scoring as previously described (15,16) (Supplementary Figure 1,
available online). Staining conditions are further detailed in
Supplementary Table 2 (available online).

Qualitative and Quantitative Evaluation of PTEN Loss
(qPTEN)

To minimize variation, identical approaches and algorithms
were used for both training and validation cohorts. Stained tis-
sue microarrays were scanned at 20� magnification. Using a
validated rubric (5,7), protein expression was independently vi-
sually scored by 2 urologic pathologists (TJ and DMB), blinded to
patient outcome. When PTEN scoring was discrepant, a third
pathologist (TLL) served as a tiebreaker. As previously described,
intact PTEN was defined as cytoplasmic and/or nuclear staining
above background, and subsequently, PTEN loss was defined as
any loss of cytoplasmic and/or nuclear staining (Supplementary
Figure 1, available online) (1,5,7).

Digital scoring was a semiautomated process. It was used to
count cells and determine the extent of PTEN loss. The intensity
of staining was not evaluated or quantified digitally. Because
digital scoring software did not reliably differentiate cancer cells
from benign, we visually identified and annotated areas con-
taining 1) all cancer cells and 2) all cancer cells exhibiting PTEN
loss. Cells in each region were counted using the automated
Cytonuclear v1.4 algorithm, HALO software, v1.94 (Indica Labs,
Inc, Albuquerque, NM).

Percentage of cells with PTEN loss was calculated as (number
of cancer cells with PTEN loss/total cancer cells) x 100. Likewise,
percentage of cores with PTEN loss was calculated as the (num-
ber of cores with any PTEN loss /total cores containing cancer) x
100. The range varied from 1% to 100%. Intact PTEN status was
represented as 0%.

Statistical Analysis

Fisher exact and v2 tests were performed to test association of
PTEN loss with available clinical and pathological variables us-
ing SPSS v24. Kaplan-Meier estimates of BRFS were plotted.

Cox proportional hazards models were generated for univar-
iate and multivariate analysis, and multiple pathological varia-
bles and molecular markers were adjusted for potential
confounding effects (Tables 1 and 2). For each variable, the pro-
portional hazards assumption was tested by checking statistical
significance of its interaction with BRFS using the Survival
Package in R (version 3.4.4) (17). All cases exhibiting PTEN loss in
the training cohort were selected, and log-rank statistics were
used to determine ideal thresholds for both percentage of PTEN
deleted cores and cells to better identify patients at risk of
experiencing shorter BRFS, using the Maxstat package in R (18).

P values less than .05 were considered statistically signifi-
cant. All statistical tests were two-sided.
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Results

Quantitative Assessment of PTEN Loss (qPTEN)

We quantified PTEN loss in percentage of cancer cells and per-
centage of cancer-containing cores. Thresholds for both PTEN
loss measures were trained using IHC data on 410 patients from
CHUM and Brazil. The 2 measures were highly correlated
(Spearman r¼ 0.773; P< .001).

By maximizing log-rank statistics, we identified a threshold
greater than 65% of cancer cells with PTEN loss that best identi-
fied patients with shorter BRFS (Figure 1; Supplementary Figure
2, available online). In both univariate (training, HR¼ 2.39, 95%
confidence interval [CI]¼ 1.57 to 3.62; P< .001; validation,
HR¼ 4.95, 95% CI¼ 2.48 to 9.90; P< .001) (Table 1) and multivari-
ate analysis (training, HR¼ 2.48, 95% CI¼ 1.59 to 3.87; P< .001;
validation, HR¼ 4.22, 95% CI¼ 2.01 to 8.83; P< .001) (Table 2)

Table 1. Univariate Cox proportional hazards models for BRFS

Training cohort Validation cohort

Variable HR (95% CI) P* HR (95% CI) P*

Age
1-unit increase (continuous) 1 (0.97 to 1.02) .92 1.05 (1.00 to 1.10) .07

PSA
1-unit increase (continuous) 1.041 (1.02 to 1.06) <.001 1.023 (0.97 to 1.08) .43

ERG status
Fusion vs no fusion 0.89 (0.63 to 1.25) .49 1.20 (0.66 to 2.19) .55

Grade groups (GG)
GG2 vs GG1 1.56 (1.01 to 2.42) .046 3.29 (1.39 to 7.80) .007
�GG3 vs GG1 2.63 (1.73 to 3.99) <.001 4.73 (1.72 to 13.03) .003

pStage
T3a vs T2 2.38(1.57 to 3.62) <.001 2.97 (1.65 to 5.34) <.001
T3b vs T2 5.04 (3.38 to 7.51) <.001 6.23 (2.58 to 15.04) <.001

Extraprostatic extension
Yes vs no 3.20 (2.30 to 4.47) <.001 3.42 (1.99 to 5.86) <.001

Seminal vesicle invasion
Yes vs no 4.38 (2.79 to 6.88) <.001 4.66 (1.99 to 10.94) <.001

Surgical margin
Yes vs no 2.95 (2.11 to 4.12) <.001 3.17 (1.72 to 5.86) <.001

PTEN status
Loss vs intact 1.92 (1.35 to 2.73) <.001 2.67 (1.55 to 4.62) <.001

PTEN loss (% cores)
Low (1%–50%) vs intact (0%) 1.61 (1.00 to 2.60) .05 1.53 (0.64 to 4.67) .34
High (>50%) vs intact (0%) 2.24 (1.46 to 3.44) <.001 3.71 (2.02 to 6.79) <.001

PTEN loss (% cells)
Low (1%–65%) vs intact (0%) 1.47 (0.89 to 2.41) .13 1.82 (0.91 to 3.64) .09
High (>65%) vs intact (0%) 2.39 (1.57 to 3.62) <.001 4.95 (2.48 to 9.90) <.001

*Two-sided log-rank test. BRFS ¼ biochemical recurrence-free survival; CI ¼ confidence interval; HR ¼ hazard ratio; PSA ¼ prostate-specific antigen; pStage ¼ pathologi-

cal stage; PTEN ¼ phosphatase and tensin homolog.

Table 2. Multivariate Cox proportional hazards model for BRFS in association with percent of cells and cores with PTEN loss using threshold

Variable

BRFS in association with % of cells with PTEN loss BRFS in association with % of cores with PTEN loss

Training cohort Validation cohort Training cohort Validation cohort

HR (95% CI) P* HR (95% CI) P* HR (95% CI) P* HR (95% CI) P*

Age, 1-unit increase, y 0.97 (0.94 to 0.99) .04 1.05 (0.99 to 1.11) .08 0.97 (0.94 to 1.00) .046 1.04 (0.98 to 1.10) .16
PSA, 1-unit increase 1.02 (1.00 to 1.05) .05 1.00 (0.94 to 1.07) .94 1.03 (1.00 to 1.05) .04 0.99 (0.93 to 1.06) .81
ERG, fusion vs no fusion 0.86 (0.59 to 1.24) .41 0.74 (0.39 to 1.41) .36 0.84 (0.58 to 1.23) .38 0.82 (0.43 to 1.57) .55
Grade groups (GG)

GG2 vs GG1 1.03 (0.64 to 1.66) .91 1.67 (0.62 to 4.50) .31 1.05 (0.65 to 1.69) .85 1.96 (0.73 to 5.27) .18
�GG3 vs GG1 1.75 (1.09 to 2.82) .02 2.19 (0.68 to 7.10) .19 1.75 (1.09 to 2.82) .02 2.48 (0.77 to 7.97) .13

Extraprostatic extension, yes vs no 1.52 (1.01 to 2.29) .04 1.69 (0.82 to 3.46) .15 1.53 (1.01 to 2.29) .04 1.66 (0.81 to 3.38) .16
Seminal vesicle invasion, yes vs no 4.19 (2.40 to 7.33) <.001 2.62 (0.98 to 7.00) .05 4.21 (2.41 to 7.36) <.001 2.21 (0.82 to 5.97) .12
Surgical margin (SM), Yes vs no 2.40 (1.63 to 3.53) <.001 2.14 (1.06 to 4.34) .03 2.39 (1.63 to 3.52) <.001 2.1 (1.05 to 4.20) .03
PTEN loss (% cells)

Low (1%–65%) vs intact (0%) 1.61 (0.95 to 2.75) .08 1.45 (0.70 to 3.01) .32 1.96 (1.18 to 3.26) .009 1.25 (0.48 to 3.28) .64
High (>65%) vs intact (0%) 2.48 (1.59 to 3.87) <.001 4.22 (2.01 to 8.83) <.001 2.15 (1.36 to 3.42) .001 2.75 (1.46 to 5.17) .002

*Two-sided log-rank test. BRFS ¼ biochemical recurrence-free survival; CI ¼ confidence interval; HR ¼ hazard ratio; PSA ¼ prostate-specific antigen; PTEN ¼ phospha-

tase and tensin homolog.
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cases, above threshold had statistically significant association
with shorter BRFS. Similarly, a threshold of more than 50% can-
cer cores with PTEN loss was associated with shorter BRFS in
training and validation cohorts (see Tables 1 and 2;
Supplementary Figure 2, available online). No statistical signifi-
cance was found between the high PTEN loss (>65%) and low
PTEN loss (1%–65%) groups in univariate (P¼ .10) and multivari-
ate (P¼ .16) analysis in the training cohort (Supplementary
Figure 2, available online). In the validation cohort, however,
patients with high PTEN loss (>65%) cancer cells had statisti-
cally significantly shorter BRFS compared with patients with
low PTEN loss (1%–65%), both in univariate (P¼ .02) and multi-
variate (P¼ .02) analysis (Supplementary Figure 2, available
online).

To further assess the clinical importance of patients with
higher level PTEN loss (>65% for cells or >50% for cores), the
patients with intact and lower PTEN loss were merged into one
group (0%–65% for cells and 0%–50% for cores) in Kaplan-Meier
analysis (Figure 2). Using an identical approach in both cohorts,
we found that patients with high level PTEN loss above thresh-
old (>65%) of cancer cells had statistically significantly de-
creased BRFS times in both training (10.2 years vs 5.4 years;
P< .001; Figure 2A vs 2B) and validation cohorts (7.4 years vs 4.3
years; P< .001; Figure 2D vs 2E). In addition, 45.8% (44 of 96;
Figure 2A vs 2B) of patients PTEN loss below threshold was
reclassified as not aggressive and experienced excellent (>10
years median) survival rates (Figure 2A vs 2B).

Focusing on percent cores with PTEN loss, patients in the
training cohort with loss in more than 50% of cancer-containing
cores experienced shorter BRFS rates compared with patients
with intact PTEN (0%) or PTEN loss below 50% (10.2 years vs 5.8
years; P< .001; Figure 2A vs 2 C). However, in the validation co-
hort, only a modest survival difference was seen (7.4 years vs
6.1 years; P< .001; Figure 2D vs 2 F). ERG status did not have a
statistically significant effect on BRFS (Tables 1 and 2) and was
not associated with any clinical or pathological variables
(Supplementary Table 3, available online).

Potential Clinical Applications for qPTEN Assessment
After Radical Prostatectomy

We assessed whether qPTEN might add prognostic information
to Cancer of the Prostate Risk Assessment Postsurgical (CAPRA-
S), a widely accepted risk calculator for postsurgical recurrence
(19,20). Patients with higher CAPRA-S scores (>5) or with ad-
verse pathological features such as positive surgical margins,
seminal vesicle invasion, and lymph node metastasis are

known to be at high risk for reduced BRFS9. In contrast, patients
with low CAPRA-S scores (<5) and without adverse pathological
features are considered to have favorable outcomes, although a
subset of these patients experience biochemical recurrence
(BCR) and shorter BRFS. A biomarker for recurrence in this pa-
tient subset might be useful in guiding postoperative manage-
ment. In these men, multivariate analysis showed that PTEN
loss in more than 65% cancer cells identified an increased risk
of developing BCR in both training (HR ¼ 2.36, 95% CI¼ 1.06 to
5.26; P¼ .04) and validation cohorts (HR ¼ 5.52, 95% CI¼ 2.36 to
12.9; P< .001) (Table 3). Addition of PTEN variable in a Cox model
containing CAPRA-S increased the c-index from 0.62 to 0.69 in
the validation cohort (Table 3). These findings indicate that in
selected patient subsets, qPTEN assessment can add clinically
significant value to standard risk assessment tools.

Discussion

This work is the first to report an association between BRFS and
the extent of PTEN loss as assessed using a quantitative ap-
proach. Digital scoring of PTEN loss per cancer cell and visual
scoring of percent cancer cores with PTEN loss were compared
with a well-established visual scoring method that reports any
PTEN loss. Given conflicting previous results regarding the prog-
nostic distinction between different extents of PTEN loss (5,21),
we took a more systematic approach to define the extent of
PTEN loss that is most prognostically relevant. When we tested
various thresholds, we found that more than 65% cancer cells
and more than 50% cores with PTEN loss were stronger indica-
tors of poor prognosis than previously reported scoring meth-
ods (5,7). Cell-based qPTEN more accurately identified cases
with poor BRFS, increasing the hazard ratios associated with
PTEN loss. Thus, if PTEN status is considered in guiding treat-
ment, the more stringent quantitative threshold of more than
65% cancer cells proposed here could potentially decrease over-
treatment. In support of this finding, Trotman et al. (22) demon-
strated dose-dependent effects of PTEN inactivation on murine
prostate cancer progression. Representing only half of patients
with detectable PTEN loss, patients with levels above thresholds
experienced biochemical recurrence twice as fast as patients be-
low these thresholds.

CAPRA-S is a well-validated risk assessment tool used for
prognostication of prostate cancer patients. Patients with a
CAPRA-S score above 5 are considered to be at high risk of
experiencing biochemical recurrence (19). Although numerous
studies have demonstrated prognostic utility of CAPRA-S risk
assessment tool in prostate cancer, current treatment

Figure 1. Threshold selection for percent cancer cells with qPTEN loss using maximally log-rank statistics. All 98 cases with PTEN loss from the training cohort were in-

cluded in the analysis. Each data point in this figure represents between 1 and 3 patients because several cases showed overlapping values of % PTEN loss in cancer

cells. Standardized log-rank statistics values were computed for each distinct threshold value of percent cancer cells with PTEN loss in the training cohort. The highest

log-rank statistics value corresponded to a threshold of 65% and was chosen as an optimal threshold for identifying patients with shorter biochemical recurrence-free

survival. Patients with low PTEN loss (1%–65% cancer cells) are shown as � and high PTEN loss (>65% cancer cells) is represented as �. The thresholds for both percent

cells and cores were selected using the same approach. PTEN ¼ phosphatase and tensin homolog.
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guidelines do not include CAPRA-S, and postoperative treat-
ment decisions are made based on the presence of either ad-
verse pathological features (surgical margin, pathological stage,
and extraprostatic extension) or rising prostate-specific antigen
without adverse pathology (9,10,12). Timing, dosage, or combi-
nation of various postoperative treatment types still remain
unclear and are currently assessed in ongoing clinical trials

(11,12). We hypothesized that within a subgroup of patients
with a CAPRA-S score less than 5 and without any adverse path-
ological features, qPTEN loss could help identify patients at risk
of experiencing shorter BRFS who might benefit for early post-
operative management. With CAPRA-S included in multivariate
Cox model, PTEN variable was found statistically significant in
training (HR ¼ 2.36, 95% CI¼ 1.06 to 5.26; P¼ .036) and validation

Table 3. Multivariate Cox proportional hazards model for BRFS in association with % of cells in patients with CAPRA-S scores less than 5 and
without adverse pathological features (positive surgical margin, seminal vesicle invasion, or lymph node involvement)

Variable

Model without PTEN loss (% cells) Model with PTEN loss (% cells)

Training cohort Validation cohort Training cohort Validation cohort

HR (95% CI) P* HR (95% CI) P* HR (95% CI) P* HR (95% CI) P*

ERG fusion (Yes vs No) 0.78 (0.39 to 1.56) .49 1.38 (0.62 to 3.10) .43 0.77 (0.39 to 1.54) .46 1.32 (0.58 to 2.97) .51
CAPRA-S (1-unit increase) 1.49 (1.13 to 1.96) .005 1.46 (1.06 to 2.02) .02 1.49 (1.13 to 1.97) .005 1.42 (1.02 to 1.99) .04
PTEN loss (% cells)
>65% vs intact (0%–65%)† — — — — 2.36 (1.06 to 5.26) .036 5.52 (2.36 to 12.90) <.001

C-index (SE) of the model 0.66 (0.04) 0.62 (0.05) 0.68 (0.04) 0.69 (0.05)

*Two-sided log-rank test. BRFS ¼ biochemical recurrence-free survival; CAPR-S ¼ Cancer of the Prostate Risk Assessment Postsurgical; CI ¼ confidence interval; HR ¼
hazard ratio; PSA ¼ prostate specific antigen; PTEN ¼ phosphatase and tensin homolog.

†0%–65% group includes PTEN intact cases.

P P P

P
PP

0–50% (E/N: 37/194)
>50% (E/N: 16/30)

Median survival: 10.2y Median survival: 5.4y Median survival: 5.8y

Median survival: 6.1y
Median survival: 4.3yMedian survival: 7.4y

A B C

D E F

Figure 2. Quantitative analysis of PTEN loss (qPTEN) better stratifies risk of recurrence after surgery. Graphs show Kaplan-Meier curves for biochemical recurrence-free

survival stratified by any PTEN loss vs qPTEN loss. Training cohort (A, B, C): Both models (A vs B and C) were statistically significant (any PTEN loss, P< .001 vs % of

cells/cores, P< .001). Patients with PTEN loss above thresholds had statistically significant decreased median biochemical recurrence-free survival time from 10.2 years

(any PTEN loss) to 5.4 years (>65% cells) (P< .001) and to 5.8 years (>50% cores) (P< .001). Using the thresholds, 45.8% (44 of 96) of patients reclassified as clinically insig-

nificant loss (A vs B), whereas the remaining 54.2% (52 of 96) of cases showed shorter time to recurrence (A vs B). Corresponding results for the validation cohort (D, E,

F) were similar to the training cohort. Note: In Kaplan-Meier curves, patients with intact PTEN are included in groups 0%–65% (cells) and 0%–50% (cores). Two-sided log-

rank test was used to assess Kaplan-Meier estimates. E/N ¼ event/total number of patients; PTEN ¼ phosphatase and tensin homolog.

A
R

T
IC

LE

1102 | JNCI J Natl Cancer Inst, 2020, Vol. 112, No. 11



(HR ¼ 5.52, 95% CI¼ 2.36 to 12.9; P< .001) cohorts. Addition of
PTEN variable in Cox models containing CAPRA-S increased the
c-index in both training and validation cohorts (Table 3).

We considered using PTEN loss as a continuous variable to
assess risk of recurrence, an approach that could be explored
further. Instead, we chose a dichotomous single threshold–
based approach, which is often favored because it is more re-
producible and more easily adopted in clinical practice guide-
lines (23). Thus, the main purpose for the qPTEN threshold was
to accurately identify a group of patients who experience
shorter BRFS. Graphing P values for BRFS (Figure 1) indicated a
peak effect at a threshold of 65% loss. As shown in
Supplementary Figure 2 (available online), a threshold of more
than 65% clearly identified a group of patients who experienced
statistically significant shorter BRFS with median survival of
less than 6 years compared with the other groups (intact and
low PTEN loss 1%–65%), whose median survival exceeded 10
years in both the training and the validation cohorts.

This is the first study to show prognostic significance for
quantitative assessment of PTEN loss for personalized disease
management and could be used as a proof of principle for future
biomarker(s) quantification. Although the statistical signifi-
cance of the threshold in multivariate analysis will depend on
competing risk factors such as surgical margins, stage, and
grade, the differences in BRFS above and below threshold are
clearly similar in both the training and validation cohorts,
which differ in patient composition (see below).

When quantifying PTEN loss, we observed a statistically sig-
nificant improvement in risk stratification for percent cells over
percent TMA cores. Reporting percent of cells with PTEN loss is
feasible, whether by digital quantitation or visual estimation.
Visual estimation may not be much different for pathologists
than reporting percent high-grade cancer in biopsy specimens,
which is currently being incorporated into a number of practice
guidelines (24), although future studies should address whether
PTEN loss is best assessed on a per-cell or per-sample basis.

The current findings may also have relevance in
preoperative settings. If the current observations are confirmed
in biopsies (which may require different thresholds), qPTEN as-
sessment at diagnosis may assist with decisions to choose ac-
tive surveillance or definitive treatment. Based on the findings
reported here, only PTEN loss above threshold levels should be
considered a reliable indicator of aggressive cancer.

We note that qPTEN was far more prognostic in the valida-
tion cohort than the training cohort. This finding was surpris-
ing, given higher BCR event rates in the training cohort
(Supplementary Table 1, available online). The composition of
the training and validation cohorts is different as shown in
Supplementary Table 1 (available online). The validation cohort
is clinically less aggressive with BCR rate of 19.9%, whereas the
training cohort exhibits BCR rate of 34.9% (Supplementary Table
1, available online). Therefore, it is not surprising to find vari-
ability in hazard ratios between 2 cohorts as seen in Tables 1–3.
Adjustment of prognostic power between variables is common
in multivariate Cox proportional hazards analysis. In Table 2,
some variables in multivariate analysis of validation cohort be-
come statistically nonsignificant because of the presence of
other powerful pathological and molecular variables such as
seminal vesicle invasion and positive surgical margins in the
model. Regardless of the differences in cohort compositions and
tissue sampling (see below), PTEN loss (% cell) remained statisti-
cally significant with a hazard ratio greater than 2 in both
cohorts compared with other clinicopathological variables
(Tables 2 and 3), demonstrating generalizability of the proposed

models to wider populations, which can be seen as a strength of
this study (25).

We note that the training cohort sampled each patient’s can-
cer with 3 TMA cores, whereas the validation cohort sampled 6
cores. As expected, the training cohort sampled less than half
as many cancer cells per case than the validation cohort (me-
dian 2500 cells vs 6250 cells, respectively; Supplementary Figure
3, available online). We speculate that optimal performance of
qPTEN may require assessment of a certain minimum number
of samples and/or cancer cells. Future studies in more clinically
relevant biopsy and surgical samples are needed to explore this
possibility. In addition, the subjects in this study were typical
surgical candidates with relatively low risk of progression after
surgery. Therefore, a larger number of events may need to be
studied to further refine PTEN loss dosage effects and
thresholds.

These results indicate that PTEN is a powerful prognostic bio-
marker for low- and intermediate-risk prostate cancer after sur-
gery. PTEN loss is highly prognostic for BRFS regardless of ERG
status. In assessing risk of BCR, the extent of PTEN loss is particu-
larly important. Rather than combining all cases with PTEN loss
into a single unfavorable category, evaluating the extent of PTEN
loss with specific thresholds should allow better separation of fa-
vorable and unfavorable prognosis, especially in low- and inter-
mediate-risk cancers where clinical risk assessment tools
sometimes fail. In particular, PTEN IHC might be useful in
counseling patients regarding postoperative monitoring and/or
therapy. qPTEN loss on surgical and diagnostic tissues has the
potential to more accurately identify clinically significant pros-
tate cancers while reducing the rate of overtreatment.
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