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Abstract
Objectives
The aim of this study was to investigate the expression of two commonly altered genes ERG
and PTEN in prostate cancer (PC) and evaluate their prognostic significance. Despite conflicting published results, TMPRSS2-ERG gene fusion and PTEN loss are generally considered unfavorable markers for PC progression.

Materials and Methods
Of the 762 prostatic adenocarcinoma specimens obtained from radical prostatectomy, 613
without neoadjuvant hormone therapy were included in tissue microarrays for quantitatively
assessment of ERG and PTEN expression via immunohistochemistry. Statistical analysis
of the association between such expression and clinicopathological parameters, including
clinical prognosis, was performed with a p-value of <0.05 considered significant.

Results
During a median follow-up period of 44.0 months, 132 (21.5%) patients developed biochemical recurrence (BCR). ERG overexpression and PTEN loss were observed in 145 (23.7%)
and 253 (41.3%) cases, respectively. BCR-free survival was significantly better in patients
with ERG overexpression (p=0.005), but unfavorable among those with PTEN loss
(p=0.142). Sub-group analysis revealed that patients with PTEN loss and negative ERG expression had the worst BCR-free survival outcome (p=0.021). Furthermore, multivariate
analysis identified prostate-specific antigen level (10 ng/mL), Gleason score (>6),
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pathologic T stage (T3), positive surgical margin, and extraprostatic capsule extension as
significant risk factors for BCR (p<0.05).

Conclusions
Our results indicated that ERG overexpression was associated with favorable BCR-free
survival after radical prostatectomy for PC, whereas PTEN loss was with
unfavorable outcomes.

Introduction
Prostate cancer (PC), the most prevalent cancer in men, is the second leading cause of male
cancer death, not only in Western countries but also in the Asia [1]. Despite diverse multimodality treatment options and extensive researches, PC remains a major health burden in men,
and its diverse clinical outcomes regarding progression is a problem to be addressed owing to
the disease’s heterogeneity. Such a challenging diversity necessitates the proper stratification of
patients according to risk factors, such as levels of prostate-specific antigen (PSA) and its derivatives, Gleason score, and disease stage. However, these factors are not perfect; therefore, other
validating tools have been investigated to distinguish important molecular basis for better
prognostic prediction of PC.
In recent years, genetic aberrations, such as chromosomal translocations, have been reported
in most PC cases [2]. Previous studies have identified the TMPRSS2 (androgen-regulated transmembrane protease serine 2)-ERG gene fusion on chromosome 21 as the most common aberration and an important key driver in PC [3, 4]. Such an event juxtaposes the androgen-responsive
TMPRSS2 gene promoter to the coding region of the oncogenic ETS family transcription factor
ERG as a result of double-strand DNA break and improper repair induced by androgen and/or
genomic stress [5], subsequently leading to abnormally high expression of ERG protein. As
TMPRSS2-ERG gene fusion is highly specific and arises as an early molecular event in PC [6], its
association to clinical and pathological parameters has been extensively studied to evaluate its potential as a PC diagnostic and prognostic predicting tool. However, the role of ERG in PC prognosis remains debatable to date, mostly owing to different reported clinical outcomes [7–10].
Another commonly observed genomic event associated with the prognosis of human PC is
PTEN (phosphatase tension homolog) genomic deletion [11–13]. PTEN loss has also been
identified as one of the most common concomitant events with ERG genomic rearrangement
and an important negative regulator of the PI3K/AKT signaling pathway [13,14]. Recent studies on PTEN loss and ERG rearrangement have indicated a possible association between the genetic alteration events and unfavorable clinical outcome measures [4, 11, 13].
The aim of this study was to assess the expression profiles of ERG and PTEN in Korean patients with PC via immunohistochemical (IHC) analysis of specimens obtained from radical
prostatectomy and to evaluate their correlation to clinicopathological variables or prognostic
characteristics of progression-free survival.

Materials and Methods
Patients and tissue samples
From February 2005 to December 2013, 762 consecutive PC patients who underwent radical
prostatectomy at the Center for Prostate Cancer, National Cancer Center, Korea were
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prospectively identified. Of these, 613 cases were retrospectively reviewed after patients with
missing information such as loss to follow-up or follow-up duration of less than a year, those
who did not reach a postoperative undetectable PSA level of <0.2 ng/mL, and those with a history of neoadjuvant hormone therapy were excluded. All cases were independently reviewed
by two pathologists (Dr. WSP and LGW) according to the guidelines of the 2005 International
Society of Urological Pathology (ISUP) consensus conference [15]. All final prostatectomy
specimens were also reviewed again by two pathologists (Drs. WSP and SHK). Clinical data
were obtained from patients’ medical records. All study protocols were conducted according to
the ethical guidelines of the “World Medical Association Declaration of Helsinki-Ethical Principles for Medical Research Involving Human Subjects.” This study was approved by the Institutional Review Board of the Research Institute and Hospital National Cancer Center (IRB No.
NCCNCS 05–049). All enrolled patients provided written informed consent.

Construction of tissue microarray
Tissue microarray (16) blocks of representative tumor areas and paired normal tissue samples
were manufactured as previously described [16]. Duplicates of core tissues (2 mm in diameter)
were obtained from individual donor blocks and arranged in new recipient TMA paraffin
blocks using a trephine apparatus (SuperBioChips Laboratories, Seoul, Korea) [17]. All TMA
blocks were confirmed to contain suitable tumor and normal tissues via hematoxylin and eosin
staining. A total of 37 TMA blocks were created from this patient cohort.

Immunohistochemical analysis and assessment
IHC analysis of ERG and PTEN expression was performed on 4-μm sections from TMA blocks
using a Ventana automatic immunostainer (Ventana, Benchmark, Tuscan, AZ) and following
a standard protocol. Primary antibodies used in this study were ERG (1:100, EPR 3864, Epitomics, Burlingame, CA, USA) and PTEN (1:400, 28H6, Novocastra Laboratories Ltd, Newcastle on Tyne, UK). After deparaffinization, heat-induced antigen retrieval of ERG antibodies
was performed in pH 8.0 EDTA buffer as per the manufacturer’s instructions (CC1 protocol,
Ventana). For PTEN, freshly cut TMA sections were deparaffinized and incubated in pH 8.0
EDTA-citrate buffer at 98°C in a microwave for antigen retrieval as per the manufacturer’s instructions. Reactivity was detected using an I-View detection kit (Ventana Medical System).
We analyzed the intensity and extent of ERG immunostaining. The nuclei of endothelial
cells were used as an intrinsic positive control for ERG protein expression. The immunostaining results were analyzed semi-qualitatively for ERG. The staining intensity was categorized
using a four-tiered system as negative (0, no staining), weak (+1, only visible at high magnification), moderate (+2, visible at low magnification), or strong (+3, remarkable at low magnification). The staining extent was evaluated as the fraction of positive tumor cells for each tissue
spot. A final score was determined from these two parameters as follows: negative (0), absence
of ERG staining in 100% of tumor cells; weak (1), intensity of 1+ in >70% of tumor cells or
staining intensity of 2+ in 30% of tumor cells; moderate (2), intensity of 1+ in >70% of
tumor cells, or staining intensity of 2+ in >30% but  70% of tumor cells, or staining intensity
of 3+ in 30% of tumor cells; strong (3), intensity of 2+ in >70% of tumor cells, or staining intensity of 3+ in >30% of tumor cells [13]. The negative (0) and weak (1) samples were considered as negative ERG expression, whereas those with moderate (2) or strong (3) scores as
positive ERG expression.
PTEN immunoreactivity was examined via the comparison of staining intensity between
PC specimens and normal tissue. The IHC staining intensity was judged either normal or reduced as compared to PTEN expression on positive and negative control samples. Nuclear
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staining intensity of PTEN was estimated as follows: 0, negative (no appearance of stained
cells); 1+, weak (0–25% of all cells were positively stained); 2+, moderate (25–50% of all cells
were positively stained); and 3+, strong (>50% of all cells were positively stained). Disappearance of more than 25% of stained cells (intensity 0 and 1+) was defined as an absence of PTEN
expression [11]. Interpretation of all immunostaining results was evaluated independently. In
the rare instance of discrepancy, a consensus was reached via discussion on multi-head
microscopic observations.

Statistical analysis
Student t-test, Pearson’s λ2 test, or Fisher’s exact test was used for the comparison of differences in recurrence rate and various clinicopathological variables among patient groups. In
this study, disease progression was defined as biochemical recurrence (BCR) after prostatectomy, which was defined as a postoperative serum PSA elevation of >0.2 ng/mL assessed on two
different occasions following a decrease to non-detectable levels [18]. The first PSA value of 0.2
ng/mL or greater was used to define the time of recurrence. BCR-free survival curves were plotted using the Kaplan-Meier method and compared using the log-rank test. Multivariate survival analysis was evaluated using Cox’s proportional hazard models to identify independent
prognostic factors of disease progression with forward, backward, and stepwise selection of individual factors. All results were considered statistically significant when two-sided p-values
were less than 0.05. All analyses were performed by a medical statistician (AY, Ph.D.) using
STATA (release 9.2, STATA Inc., College Station, TX, USA).

Results
Patient demographics
The median age of all patients was 66 years (range, 44–89 years). The observed tumors were of
acinar type adenocarcinoma. The median follow-up period was 44 months (range, 12–154
months) with a median BCR-free survival of 32.0 months. A summary of clinicopathological
characteristics is shown in Table 1.

ERG expression and PTEN loss in prostatic adenocarcinoma
A summary of the IHC results is shown in Table 2. ERG expression was detected in the nucleus
of tumor cells but not in paired normal prostatic tissues (Fig 1A–1D), whereas PTEN expression was observed in the cytoplasm and nucleus of tumor cells and in normal prostatic glands
(Fig 1E–1H). ERG positive expression was detected in 145 (23.7%) cases, and absence of PTEN
expression, regarded as PTEN loss, was observed in 253 (41.3%) cases.

Correlation of ERG expression and PTEN loss with clinicopathological
parameters
Pearson’s λ2 test or Fisher’s exact test was performed to evaluate the correlation between ERG
and PTEN immunostaining and clinicopathological parameters. ERG overexpression had a
significant association with patient age (relative risk [RR] = 18.207), initial PSA level
(RR = 4.3), Gleason score (RR = 39.262), perineural invasion (RR = 5.17), high-grade prostatic
intraepithelial neoplasm (RR = 12.501), and BCR (RR = 8.964) (p<0.05). PTEN loss showed
significant correlation with positive surgical margin (RR = 8.524), lymphovascular invasion
(RR = 23.445), perineural invasion (RR = 24.489), and pathologic N stage (RR = 11.495) as
compared to wild-type PTEN (p<0.05, Table 3).
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Table 1. Summary of clinico-pathologic characteristics (N = 613)
Parameter

Number (%)

Age (Median, range; years)

66 (44–89)

Initial PSA level (Median, range; ng/dL)

8.0 (1–79)

Gleason score 6

342 (55.8)

3+4

128 (20.9)

4+3

74 (12.1)

8

79 (12.9)

Tumor multiplicity single

192 (31.3)

multiple

421 (68.7)

Extra-prostatic capsule extension

205 (33.4)

Positive surgical margin

154 (25.1)

Positive lymphovascular invasion

50 (8.2)

Positive perineural invasion

340 (55.5)

Seminal vesicle invasion

75 (12.2)

High grade PIN

352 (57.4)

pTstage by AJCC 7th. Edition*
pT2

405 (65.0)

pT3

177 (34.5)

pT4

1 (0.5)

pN+

28 (5.8)

Biochemical recurrence

132 (21.5)

Median follow-up duration (months)

44.0 (12–154)

*, Edge SB, Byrd DR, Compton CC, et al, eds. AJCC Cancer Staging Manual. 7th ed. American Joint
Committee on Cancer. Chicago: Springer-Verlag; 2010.
doi:10.1371/journal.pone.0122498.t001

BCR-free survival analysis
At the time of analysis, 132 (21.5%) patients had experienced BCR. Patients with and without
ERG expression had significantly different BCR-free survival (p = 0.005, Fig 2A), whereas
PTEN loss showed no significant association with BCR-free survival (p = 0.142, Fig 2B). When
patients were stratified into four sub-groups according to ERG expression and PTEN loss status, significant differences in BCR-free survival were observed among all groups (p = 0.021,

Table 2. Immunohistochemistry results and biochemical recurrence rate for ERG and PTEN expression (N = 613).
Immuno-marker

Number (%)

Number of biochemical recurrence (%)

ERG Positive

145 (23.7)

26 (17.9)

Negative

468 (76.3)

144 (30.8)

358 (58.4)

92 (25.7)

253 (41.3)

78 (12.7)

ERG+/PTEN wild

93 (15.1)

12 (12.9)

ERG+/PTEN loss

52 (8.5)

14 (26.9)

ERG-/PTEN wild

267 (43.6)

78 (29.2)

ERG-/PTEN loss

201 (32.8)

66 (32.8)

PTEN wild type
loss type
ERG/PTEN proﬁle

doi:10.1371/journal.pone.0122498.t002
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Fig 1. Representative immunohistochemistry for ERG and PTEN in prostate cancer. (A) ERG negative,
(B) weak, (C) moderate, and (D) strong, and (E) PTEN negative, (F) weak, (G) moderate, and (H) strong,
respectively. (x40).
doi:10.1371/journal.pone.0122498.g001

Fig 2C). Those with ERG overexpression and wild-type PTEN had the best BCR-free survival,
and patients with ERG negativity and PTEN loss had the worst.
Multivariate analysis identified PSA level (10 ng/mL), Gleason score (>6), pathologic T
stage (T3), positive surgical margin, and extraprostatic capsule extension as significant independent prognostic factors for BCR (p<0.05, Table 4). However, ERG and PTEN profiles were
not significant predictive factors for BCR in multivariate analysis (p>0.05) although ERG overexpression was identified as a positive risk factor (hazard ratio [HR] = 0.617, 95% confidence
interval [CI] = 0.419–0.908, p = 0.014) and PTEN loss as a negative risk factor (HR = 1.163,
95% CI = 0.863–1.567, p = 0.320) for BCR by univariate analysis (Table 4).
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Table 3. Correlation analysis of clinicopathological parameters to ERG and PTEN expression.
p value
Parameters

ERG expression

PTEN loss

Age (yr) (<60, 60)

0.006,RR18.207

0.827

Initial PSA level (ng/mL) (<10, 10)

0.039, RR4.300

0.244

Gleason score (6, 3+4, 4+3, 8)

<0.001,RR39.262

0.095

Tumor volume (<10, 10)

0.055

0.078

Surgical margin (Positive, Negative)

0.875

0.033,RR8.524

Extraprostatic extension* (Positive, negative)

0.344

0.977

Lymphovascular invasion (Positive, Negative)

0.332

<0.001,RR23.445

Perienural invasion (Positive, Negative)

0.025, RR5.170

<0.001,RR24.489

Seminal vesicle invasion (Positive, Negative)

0.321

0.369

High grade PIN (Present, Absent)

<0.001,RR12.501

0.382

pTstage (pT2, pT3)

0.488

0.782

pNstage(Positive, Negative)

0.787

0.003,RR11.495

Biochemical recurrence(Present, Absent)

0.002, RR8.964

0.163

*, Extraprostatic capsule extension
doi:10.1371/journal.pone.0122498.t003

Discussion
In this study, we evaluated ERG protein expression in PC with reference to normal prostatic
tissue using TMAs derived from prostatectomy specimens. IHC was performed instead of fluorescence in situ hybridization [9] or quantitative polymerase chain reaction (qPCR), which is
widely used to detect ERG gene fusion and its association with known clinicopathological variables for BCR [4, 19, 20]. However, several recent reports have demonstrated the reliability of
ERG detection by ERG-specific antibody on paraffin-embedded prostate tissues and the excellent correlation of IHC and FISH for detecting ERG rearrangement [3, 21]. Falzarano et al. reported IHC staining of ERG with a high specificity of 99% and sensitivity of 96% in PC
specimens obtained from needle biopsy and radical prostatectomy [22, 23]. Furthermore, IHC
analysis of ERG expression offers the advantages of a relatively simple, efficient, and low-cost
method compared to other molecular techniques used for interpreting ERG fusion expression
in prostate specimens [21].
Previous studies have suggested the association between ERG expression and favorable [13]
or unfavorable outcomes [4, 8] in PC, which was either in agreement with or contradicting our
results. However, loss of PTEN has generally been linked to unfavorable outcomes in PC,
which was consistent with the results of this study [4, 11, 13, 24]. Moreover, several prior studies reported no relationship between ERG expression and BCR [17, 25]. The conflicting results
on ERG overexpression and its clinical implications might be explained by various reasons,
such as the different ethnicity and demographics of enrolled patients and the prognostic endpoint of BCR-free survival, instead of PC-specific mortality, due to short follow-up duration.
Regarding the prognostic value of ERG expression, some studies reported no correlation
with disease progression and its associated parameters [25], while others reported a strong
prognostic marker [26]. In the present study, we demonstrated that ERG overexpression had a
significant impact on BCR-free survival with or without PTEN expression (p = 0.005, Fig 2A)
and observed favorable clinical outcome with a HR of 0.768 in multivariate analysis despite statistical insignificance (p = 0.202, Table 4). In addition, the study also showed a high correlation
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Fig 2. Biochemical recurrence free survival curve according to expression of ERG and PTEN.
doi:10.1371/journal.pone.0122498.g002
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Table 4. Association of clinico-pathologic parameters and immunostains with biochemical recurrence free survival based on Cox Proportional
Hazards Regression Models.
Variable

Univariate
P-value

Age <60

Hazardratio

95% CI lower –upper limit

Multivariable
Hazardratio

95% CI lower –upper limit

0.005

1.612

1.159–2.243

P-value

0.519

1.149

0.753–1.754

60, <65

0.213

1.294

0.863–1.941

65, <70

0.898

1.026

0.692–1.522

<0.001

2.408

1.775–3.266

3+4

<0.001

2.354

1.579–3.509

0.002

1.907

1.260–2.885

4+3

<0.001

2.875

2.040–4.051

<0.001

2.343

1.631–3.366

8

<0.001

5.647

3.820–8.348

<0.001

3.590

2.316–5.563

Tumor volume (10%)

<0.001

3.395

2.085–5.527

0.022

1.848

1.092–3.129

Positive Surgical Margin

<0.001

2.318

1.733–3.101

<0.001

1.977

1.467–2.663

Pathologic T stage pT3

<0.001

3.128

2.338–4.185

0.002

8.290

2.249–30.555

0.253

1.431

0.774–2.648

70
PSA 10
Gleason score 6

Pathologic N stage pN0
pN1
pNx

0.370

0.839

0.572–1.231

<0.001

2.978

2.223–3.989

0.022

0.213

0.057–0.797

ERG overexpression

0.014

0.617

0.419–0.908

0.202

0.768

0.512–1.152

PTEN loss

0.320

1.163

0.863–1.567

Extraprostatic extension*

*, Extraprostatic capsule extension
doi:10.1371/journal.pone.0122498.t004

of ERG expression with known prognostic factors such as age, PSA level, Gleason score, extraprostatic capsule extension, and BCR (Table 3). These results were similar to those of previous
reports showing that ERG had a prognostic value for PC recurrence, including BCR, showed
correlation with Gleason score, and promoted cancer progression in conjunction with PTEN
loss [11, 27].
Due to other factors such as ethnic differences and favorable outcome of ERG expression in
this study, the proportion of subjects with ERG expression (23.7%) and those with both ERG
positivity and PTEN loss (41.3%) differed from previously reported values (ERG, 44–65%;
PTEN loss, up to 70%) [19, 25]. The low prevalence of ERG expression and PTEN loss in this
study in comparison other studies might be explained by ethnic aspects because other studies
of Asian cohorts reported a similar prevalence of ERG and PTEN to ours [21, 28], whereas
those conducted in Western population reported higher rates [29, 30]. These ethnic differences
have already been suggested as Asian-oriented studies showed a much lower frequency of ERG
expression (7.5–28.0%) compared to Caucasian (50.1–52.4%) and African-American (28.2–
31.3%) studies [29–32]. In addition, such an ethnic difference might be implicated in the different clinical outcomes of Asian PC patients with ERG overexpression compared to Western patients [2, 28, 32–35]. This meant that PC prevalence and its prognosis, as well as genomic
alterations of ERG expression might vary in different geographic locations and according to
ethnic differences with the greatest prevalence in Caucasians and the lowest among Asians
[36, 37], possibly as a result of specific environmental and/or genetic risk factors affecting
Western and Asian men.
In this study of PC specimens, ERG overexpression showed a significant association with
patient age (RR = 18.207), initial PSA level (RR = 4.3), Gleason score (RR = 39.262), perineural
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invasion (RR = 5.17), high-grade prostatic intraepithelial neoplasm (RR = 12.501), and BCR
(RR = 8.964) (p<0.05), whereas PTEN loss exhibited a significant correlation with positive surgical margin (RR = 8.524), lymphovascular invasion (RR = 23.445), perineural invasion
(RR = 24.489), and pathologic N stage (RR = 11.495) (p<0.05, Table 3). These correlations
might be reflected in the prognostic results of combined ERG expression and PTEN loss. ERG
overexpression was associated with favorable outcome, hence the correlation with younger patients who often had a lower Gleason score, resulting in a low BCR rate. On the other hand,
PTEN loss showed invasive characteristics of PC, such as positive margin and lymphovascular,
nodal, and perineural invasion, resulting in unfavorable outcome. However, in the analysis of
prognostic factors for BCR, only PSA level (10 ng/dL), Gleason score (>6), pathologic T3
stage (T3), positive surgical margin, and extraprostatic capsule extension were statistically
significant (p<0.05, Table 4), while ERG overexpression and PTEN loss exhibited a positive
and negative trend, respectively, without statistical significance (HR = 0.768 and HR = 1.315,
respectively) (p<0.05). These parameters with ERG expression [11, 38] and PTEN loss [4, 13,
24] have been shown with similar trends of association with disease progression in previous
studies.
In the comparison between PTEN loss and wild-type PTEN, wild-type PTEN was associated
with a better BCR-free survival rate, but the result was not statistically significant (p = 0.142,
Fig 2B). However, it might suggest potential differences in survival, which could be clarified in
future studies that include larger numbers of patients (Fig 2B), because other reports have indicated the prognostic significance of PTEN loss in disease progression [14, 38–41]. Regarding
the BCR free-survival analysis of combined PTEN and ERG expression, ERG expression with
wild-type PTEN showed the best BCR free-survival among four subgroups (p = 0.016, Fig 2C),
suggesting a critical function of ERG with PTEN in PC and that their prognostic association
might be stronger when multiplexed with each other, possibly owing to the involvement of a
critical pathway of prostate carcinogenesis [11, 13, 17]. Al Bashir et al. suggested that the presence of distinct molecular alterations such as CRISP3 (cysteine-rich secretory protein 3) gene
in the subgroup of PC with PTEN and ERG expression might have additional clinical implication if they were assessed collectively [13].
The limitation of this study was its retrospective design and short follow-up duration, insufficient for the evaluation of PC-specific mortality. The low rate of ERG and PTEN expression
might be speculated as the results of the shrinkage of prostate specimen during pathological
specimen processing, different methods of detection and scoring of ERG expression, or technical and material differences in the antibodies used because there is no validated antibody for
determining the status both ERG and PTEN. Currently, there are variations in the methods
used for identification of ERG rearrangements and in the recording and scoring of expression
levels. A consensus must be reached with regard to the clinical utility of ERG prior to its widespread adoption into clinical practice.

Conclusion
This study shows that ERG expression had predictive values for BCR free survival of PC after
radical prostatectomy with initial PSA and pathologic T stage. In addition, the combination of
PTEN wild type with ERG positive expression also shows clinical significance in better BCR
free survival.
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