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Abstract

Purpose  We conducted a systematic review to summa-
rize current evidence on the prognostic utility of DNA
methylation markers in prostate cancer and ascertain
knowledge gaps to inform future research.

Methods We identified relevant studies using combined
key search against PubMed database. Inclusion criteria
were studies of human subjects that examined the associ-
ation between DNA methylation markers and prostate
cancer disease outcomes. The methodological quality of
each study was systematically evaluated. Findings were
qualitatively summarized. Due to heterogeneity and con-
cerns of internal validity, no meta-analysis was performed.
Results Twenty studies were reviewed; sample size ran-
ged from 35 to 605 men in the prognostic analyses. Sixteen
studies examined methylation markers in prostate cancer
tissue and four examined circulating DNA methylation
markers. Of all genes reviewed, paired-like homeodomain
transcription factor 2 (PITX2) methylation was examined
in two more rigorously designed studies and was found to
be associated with biochemical recurrence. Common lim-
itations in current literature included small sample sizes,
lack of adequate adjustment for established prognostic
factors, and poor reporting quality.

Conclusion Evidence on the prognostic utility of meth-
ylation markers in prostate cancer is inconclusive. Future
research should ascertain large samples with adequate
follow-up and include patients of racial/ethnic minority and
those treated with modalities other than prostatectomy
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(e.g., using prostate cancer diagnostic biopsy as tissue
source).
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Introduction

Prostate cancer is the most commonly diagnosed non-
cutaneous cancer in men in the USA [1]. As a result of the
widely adopted prostate-specific antigen (PSA)-based
screening program, the majority of prostate cancer detected
in the USA is at a localized stage and often asymptomatic.
Treatment decisions for localized prostate cancer, espe-
cially for those with an intermediate Gleason grade, are
complicated by the fact that a large number of localized
prostate cancer tumors are slow growing and will not
otherwise cause symptoms even in the absence of treatment
[2]. Curative prostate cancer treatments, on the other hand,
often result in undesirable side effects such as urinary
incontinence and erectile dysfunction [3] and should be
considered in light of informed risk and benefit. However,
there is currently no established clinical algorithm that can
accurately predict risk of progression for these localized,
intermediate grade cancers. While nomograms for pre-
dicting insignificant prostate cancer have been developed
[4-6], studies showed that a considerable proportion of
patients remain misclassified by these nomograms [7-10].
These algorithms based on clinical and pathological fea-
tures also do not give information about biologic targets in
novel therapeutic development for aggressive disease.

In addition, prostate cancer recurrence and progression
following curative treatment also pose a significant public
health challenge. It has been reported that up to 20 % of the
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patients receiving radical prostatectomy experienced bio-
chemical recurrence within 5 years of surgery, with many
patients subsequently developing metastatic diseases [11].
Given such heterogeneity in the clinical course of prostate
cancer, prognostic and predictive biomarkers are urgently
needed to inform personalized treatment strategy, disease
monitoring, and use of adjuvant therapy. However, despite
a large number of studies searching for prognostic/predic-
tive biomarkers for prostate cancer, there is currently no
standard biomarker-based clinical test for prostate cancer
management. A comprehensive systematic review exam-
ining novel prognostic biomarkers for prostate cancer
concluded that the majority of these biomarker studies
were subjected to weaknesses in study design, limiting the
inference of findings in the literature [12]. Reliable prog-
nostic/predictive biomarkers for prostate cancer thus
remain to be established.

Aberrant DNA methylation is an early landmark event in
carcinogenesis [13]. DNA methylation represents a stable
and heritable form of gene silencing and is the most robust
and readily measurable epigenetic modification [14]. Hy-
permethylation of the promoter region of many classic tumor
suppressor genes has been found in many cancer types, which
suppresses the key cancer-preventing functions such as DNA
repair, cell adhesion, cell cycle control, and apoptosis [15].
Several genes, including those that encode glutathione
S-transferase pi 1 (GSTPI), adenomatous polyposis coli
(APC), Ras association domain-containing protein 1
(RASSFIA), and prostaglandin-endoperoxide synthase 2
(PTGS2), are hypermethylated in prostate cancer but not in
normal prostate tissue [ 16—18]. Methylation of these loci may
have utility in improving the sensitivity of prostate cancer
diagnosis [19-21]. Epigenetic mechanism such as DNA
methylation is also found to be involved in the regulation of
metastasis development [22, 23]. Therefore, it is reasonable
to hypothesize that methylation status of certain genes may
serve as useful biomarkers to predict tumor behavior.

To assess current knowledge on the prognostic utility of
DNA methylation in prostate cancer, we conducted a sys-
tematic review to summarize available evidence and
identify gaps in the literature to help guide the direction of
future research.

Methods

Study identification

A literature search in PubMed was conducted in June 2011
to identify studies that examined the prognostic utility of
DNA methylation markers in prostate cancer using the

following keywords in titles and abstracts: the key indexing
term “prostate” was combined with search terms
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“methylation,” “methylated,” “epigenetic,” “epigenet-
ics,” “hypermethylation,” “hypomethylation,” and “un-
methylated.” The search was not limited to the year of
publication, although all articles returned by the search
were published after 1990. A preliminary review of
abstracts was conducted to determine study relevance. An
initial set of eligibility criteria was applied at this stage of
the screening: (1) article in English; (2) include human
subjects (i.e., not based on in vitro or animal observation
only); (3) examined DNA methylation markers from any
source of tissue; and (4) examined characteristics associ-
ated with disease aggressiveness, including clinical char-
acteristics such as stage, Gleason’s score, and clinical
outcomes such as recurrence or metastasis. Studies that met
these initial eligibility criteria were included for further
review of the full-text article. In addition to the electronic
search of keywords, we also searched the reference list of
all identified relevant review articles on the subject of
epigenetic/methylation and prostate cancer.

Study inclusion/exclusion criteria

Upon full-text review, articles that met the initial inclusion
criteria and examined the association between DNA meth-
ylation markers obtained at the time of diagnosis or treatment
(i.e., obtained from tissue prior to the development of study
outcomes) and prostate cancer disease outcomes were
included in this systematic review. Prostate cancer outcomes
were defined as any of the following: (a) biomedical (PSA)
recurrence; (b) local recurrence; (c) use of adjuvant therapy;
(d) metastasis; (e) disease-free survival; (f) disease-specific
survival; and (g) overall survival. In the event that two or
more studies examined overlapping study populations, all
studies were retained if they reported on different DNA
methylation markers. If no additional markers were evalu-
ated, studies of smaller sample size or earlier publication (if
equal sample size) were excluded.

Data extraction

For each study, the following information was extracted
when possible and applicable, using a standard data col-
lection form: first author, year of publication, country
where the study was conducted, study (sample collection)
period, study design, subject description, age, race, sample
size, prostate cancer treatment, outcome examined, follow-
up time, source/type of tissue, genes examined, and method
of methylation assay. In addition, information on findings
and statistical methods was extracted for genes that were
examined by at least three studies, using a data collection
form which included study first author and year, statistical
method, form of methylation marker modeled, covariate
included in the model, definition of outcome evaluated,
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survival by marker category, marker effect estimates, and
p value. Data were extracted by one investigator and
checked by another investigator; discrepancy was resolved
by consensus.

Study evaluation

The methodological quality of each study was evaluated
systematically using the methods proposed by Hayden
et al. [24] on appraising the quality of prognosis studies as
well as the REMARK reporting guidelines for tumor
marker prognostic studies [25]. As recommended by these
guidelines, we assessed the quality of each study based on
the following six potential sources of bias: (1) study pop-
ulation, (2) sample ascertainment and attrition due to
missing data or loss-to-follow-up, (3) prognostic factor
measurement, (4) outcome measurement, (5) confounding
measurement and account, and (6) statistical analysis.
Specific quality assessment items within each of the six
areas were then developed, based on the quality assessment
algorithms developed by Sutcliffe et al. [12] for prostate
cancer prognosis studies.

For each quality assessment item, if a study adequately
addressed this item, a “yes” was assigned to that item for
that study. If the study provided some, but not all of the
critical information that should have been reported, a
“partial” was assigned. If the study did not properly
address the item or did not provide sufficient information, a
“no” or “unsure” was noted in such situations. If the item
did not apply to a study, a “N/A” was assigned. The spe-
cific quality assessment items and algorithm for scoring are
detailed below.

Study population

Two quality assessment items were evaluated: (1) Whether
the inclusion and exclusion criteria were adequately
described. This should include information on the recruit-
ment period, prostate cancer treatment modality, and use of
neoadjuvant therapy. (2) Whether baseline characteristics
of the study sample were described. This should include
age as well as information on all established prognostic
factors such as race, PSA, clinical and/or pathological
stage, Gleason grade, and surgical margin status when
applicable. For race, we did not require studies conducted
in countries other than the USA and Canada to report on
race given the relatively limited racial diversity in these
countries. As proposed by Sutcliffe et al. [12], rather than
defining the degree of representativeness of the study
population to the ideal source population of interest, we
focused on whether the study had clearly characterized the
population to which the study results were applicable.

Study ascertainment and attrition

Three quality assessment items were evaluated: (1) Whe-
ther the study reported the number of eligible patients in
the pool from which the study subjects were selected
(sampling scheme). (2) Whether the study reported the
proportion of subjects lost to follow-up at any time after
the study baseline. (3) Whether the study addressed the
impact of study attrition, including the effect of missing
baseline covariate, methylation measurement, or outcome
data. If the study appropriately applied multiple imputa-
tions for missing values, a “yes” was assigned. If the
study applied single or other form of imputation, and
compared the results from complete dataset and the
imputed datasets, a “partial” was assigned. If the study
did not use imputation but discussed the potential impact
of missing data in terms of the plausible direction and
magnitude of bias, a “partial” was assigned. If the study
had no discussion about the impact of missing data, a
“no” was assigned. If there was no or minimal (i.e.,
<10 %) missing data, then this item was considered not
applicable (N/A) to that study.

Prognostic marker measurement

Four quality assessment items were evaluated: (1) Whether
there was a clear definition of the DNA methylation marker
measured, including a description of the gene and the
region(s) within the gene. A “yes” was assigned if the PCR
primer sequence was provided. (2) Whether there was
sufficient information about the laboratory procedures,
including the information on source of DNA, storage
conditions, sample volume, and specific reagents/kits used
for methylation profiling. A “yes” was assigned if all these
components were addressed, and a “partial” was assigned
if only some were addressed. (3) Whether the measurement
method was sufficient to limit misclassification. This
should include description of quality control procedures
such as the use of positive/negative controls and/or dupli-
cated runs. (4) Whether the DNA methylation level was
adequately modeled. If the study used a quantitative
methylation assay, and modeled methylation level as a
continuous variable, such as the normalized index of
methylation (NIM), a “yes” was assigned. A “partial” was
assigned if methylation level was only assessed as a binary
variable as in non-quantitative methylation PCR or if
continuous methylation values were dichotomized using
non-outcome-dependent thresholds. If the threshold was
outcome-dependent, a “no” was assigned, since this
approach is likely to introduce bias. Also, if the study did
not standardize for background signals, a “no” was
assigned.
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Outcome measurement

Three quality assessment items were evaluated: (1) Whe-
ther the study outcomes were clearly defined. This should
include methods used for assessing the outcome and the
length of follow-up. If the outcome was metastasis or
prostate cancer-related death, then method of ascertain-
ment should be reported. (2) Whether the definition for
biochemical recurrence (when applicable) was based on
consensus recommendations, i.e., PSA >0.2 ng/ml after
prostatectomy, [26] or for radiotherapy, an increase by
>2 ng/ml above the nadir PSA level (2005) [27] or three
consecutive PSA rise above the nadir (1997) [28] following
radiotherapy. (3) For multicenter studies, we required an
explicit statement for whether outcome assessment meth-
ods were consistent for all study sites. This should include
the use of a standard clinical follow-up protocol for all
study subjects. For single center study, we assumed the
standard clinical protocol was applied.

Confounding measurement

Confounding measurement and account comprised of one
quality assessment item: whether all established prognostic
factors were adjusted for, regardless of their crude statis-
tical significance. These factors included race (when
applicable), clinical stage, Gleason score, preoperative
PSA, and surgical margin status (when applicable) [29]. If
only some of the factors listed above were adjusted, a
“partial” was assigned. A “no” was assigned if only crude
assessment was done.

Statistical analysis

Five quality assessment items were evaluated: (1) Whether
there was sufficient presentation of data to assess the
quality of the analysis. This should include presentation of
crude associations between (a) methylation markers and
established prognostic factors, (b) methylation markers and
outcomes of interest, and (c) established prognostic factors
and outcomes of interest. (2) Multivariable findings were
not selectively reported. That is, risk estimates and confi-
dence intervals for all methylation markers included in the
multivariable analyses were reported, regardless of statis-
tical significance. If all markers in the multivariable anal-
yses were reported but only p value was reported, a
“partial” was assigned. (3) Whether the statistical method
was appropriate for the study design. (4) Whether the
number of events per variable was adequate. A minimum
of 10 was considered acceptable. (5) Whether internal or
external validation was performed. An external validation
consists of validating the findings in a study sample inde-
pendently collected, whereas an internal validation may
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consist of validation in a non-overlapping subset of the
original sample or with a bootstrapping technique.

Each study was independently evaluated by two inves-
tigators [CC and MHB]. Discrepancy was resolved by
consensus. Results from the evaluation of each quality
assessment item across studies were summarized in a bar
chart. Given that the sample size in many of the included
studies was small, we also discussed findings from studies
that included more than 200 subjects, as these represent the
most informative studies in the literature to date. Due to the
heterogeneity across studies and concerns regarding inter-
nal validity, a meta-analysis was not carried out. This
review therefore focuses on the assessment of the quality of
evidence related to the prognostic utility of methylation
markers in prostate cancer, and the identification of
methodological and knowledge gaps to inform the direc-
tion of future research.

Results

A total of 1,756 articles were retrieved upon the combined key
term search. Based on review of the abstracts, 1,507 original
articles and eight review articles were excluded for not
meeting the initial eligibility criteria. The full text was
reviewed for the remaining 214 original articles, and 18
studies were found to meet the final inclusion criteria. Two
other studies were identified to meet the inclusion criteria from
manual search of the reference list of the 18 included studies.
The study population in Bastian et al. [30] overlapped with
Bastian et al. [31], Liu et al. (2008 in The Prostate) [32]
overlapped with Liu et al. (2008 in Clinical Cancer Research)
[33], and Liu et al. [34] overlapped with Kron et al. [35].
However, since these studies reported on different methyla-
tion markers, all of these studies were retained. A total of 20
studies were included in this systematic review. Figure 1
shows the flowchart of the study identification process.

The study design, study population, methylation markers,
and outcomes examined in these 20 studies are summarized
in Table 1. Sixteen studies were based on a retrospective
cohort design, and four studies used a case—control design.
Sixteen studies focused on subjects who underwent radical
prostatectomy. Of these, subjects from 10 studies were free
of neoadjuvant treatment, while six studies did not describe
whether there was use of neoadjuvant therapy. One study
examined hormone-refractory prostate cancer in which all
patients were initially treated with maximum androgen
blockage. The remaining three studies did not include
treatment modality as a selection criterion. Most studies
included subjects diagnosed in the PSA era (after 1986) [2],
although one study had included subjects diagnosed in the
pre-PSA era, and six studies did not report the calendar time
period from which their subjects were included. Most studies
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Combined key search (#1-#7)
Electronic PubMed search

results
N=1,756
A A 4
Abstract review Abstract review
Original article Review article
N=1,721 N=35 Not meeting
initial
Not meeting Exclude Exclude _ ellg.lbll.lty
initial » criteria
o ey e A\ 4 A\ 4 N=8
eligibility
criteria Full text review Manual search of the
n =1,507 Original article reference list
N=214 Review articles
N=27
Not meeting Exclude
inclusion < Citations full text
criteria reviewed P
n =196 N=143 <
A 4 A 4
Manual search | Studies for inclusion Citations that met the
of reference list N=18 inclusion criteria
Citations that N=0
met the
mc‘lu51'0n v
criteria
N=2 Total number of

studies that met the
inclusion criteria
N=20

Combined key searches

#1 Prostate (and) Methylation

#2 Methylated (and) Prostate

#3 Epigenetic (and) Prostate

#4 Epigenetics (and) Prostate

#5 Hypermethylation (and) Prostate
#6 Hypomethylation (and) Prostate
#7 Unmethylated (and) Prostate

Fig. 1 Study identification flowchart

(n = 16) examined methylation markers in prostate tissues,
while four studies examined the methylation in serum
markers. Most studies (n = 18) used bisulfite conversion
and methylation-specific PCR for the methylation sequenc-
ing. Twelve studies examined the outcome of biochemical
recurrence only.

Findings of study quality evaluation
Summary of findings

Opverall, none of the studies examined in this review ful-
filled all evaluation criteria. In general, most studies either

fully or partially fulfilled requirements for characterization
of the inclusion/exclusion criteria and baseline study pop-
ulation. All studies provided a clear description of the
prognostic factors evaluated, and most studies appeared to
employ the standard methylation assays with quality con-
trol procedures to limit assay error. In terms of outcome
assessment, most studies either fully or partially described
the outcome definition. For studies that examined the
biochemical recurrence outcome, most studies used the
standard definition. Studies largely varied on methods and
reporting quality in the area of statistical analysis. That
said, most studies employed an adequate statistical mod-
eling approach and did not selectively report multivariable
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findings. However, there were several areas that most
studies failed to address. For example, study attrition was
rarely reported. Additionally, lack of adequate sample size
and lack of validation effort were common among studies
identified. Figure 2 summaries the counts of studies in each
designation for each quality assessment item. Limitations
in the current literature are discussed further below for each
quality assessment area:

Study population

Common reasons for inadequate reporting of inclusion/
exclusion criteria were failure to report the time frame of
recruitment (n = 6), and lack of explanation as to whether
neoadjuvant therapy was considered an inclusion/exclusion
criteria (n = 6). Inadequate description of the baseline
study sample was typically due to lack of information on
race/ethnicity by studies conducted within the USA or
Canada (n = 16).

Total count: ¥ m Total count: N

m Total count: P m Total count: U

20
18
16 |
14
12
10

Count of studies

o N B O O

a1l Q2 a3 Q4 as Qs Qa7

Study
population

Study

attrition measurement

LHI Lk A

Prognostic factor

Study ascertainment and attrition

We found that only six studies adequately reported the study
sampling rate. All of which included consecutive patients
during a period of time. Furthermore, only three studies
reported the proportion of subjects lost to follow-up. Among
these three studies, one study reported significant attrition as
half of the subjects did not have follow-up information. None
of the studies offered discussion on the potential impact of
study attrition, although two studies had minimal loss-to-
follow-up. Therefore, the potential impact of study attrition
on study internal validity was difficult to assess.

Prognostic factor measurement
Most studies provided some information about the speci-
men handling and assay protocols, but only four provided

all the information outlined by reporting guidelines. Four
studies that employed methylation assays that produced

= Total count: NA

Ql0 Qi1 Qil2 Q13 Qil4 Q15 aQls Q17 aQis

Outcome  Confounding
measurement  account

Statistical analysis

Study quality evaluation item

Fig. 2 Summary of findings from study quality evaluation. Y Yes,
N no, P partial, U unknown due to lack of details presented, NA not
applicable. Study population QIl: Inclusion and exclusion are
adequately described, including methods to identify study population
and period of recruitment. Q2: Baseline study sample is adequately
described for key characteristics: age, race, PSA, clinical and/or
pathological stage, biopsy and/or pathological Gleason grade, surgical
margin. Study attrition Q3: Study reported participation or sampling
rate. Q4: Study reported % loss-to-follow-up. QS5: The authors
commented on the potential impact of study attrition. Prognostic
factor measurement Q6: Clear description of measured prognostic
factors is provided (e.g., DNA area of methylation measured). Q7:
Sufficient information about laboratory procedures, including the
information on source of DNA, storage condition, sample volume,
specific reagents/kits used for bisulfite conversion and methylation-
specific PCR, and sample handling. Q8: Measurement method is
sufficient to limit misclassification (i.e., positive/negative PCR and
methylation controls, same setting/method for all subjects). Q9: Is
methylation level well defined and adequate? Either continuous
methylation levels are reported or non-data-dependent cutoffs are

used? Outcome measurement Q10: Is the outcome clearly defined,
including length of follow-up? Q11: If the study has an outcome of
biochemical recurrence, has the international definition of biochem-
ical recurrence been used? (PSA >0.2 ng/ml after prostatectomy, or a
rise by 2 ng/ml or more above the nadir PSA or three consecutive
PSA rises above the nadir following radiotherapy.) Q12: The method
and setting for outcome measurement are the same for all study
participants (i.e., a standard outcome assessment protocol). Con-
founding measurement and account Q13: Overall, does the model
include all classical markers (PSA, stage, Gleason grade, and surgical
margin if applicable) so that established prognostic factors are
appropriately accounted for? Statistical analysis Q14: There is
sufficient presentation of data to assess the adequacy of the analysis.
Q15: Multivariable analysis findings not selectively reported (i.e., risk
estimates and confidence intervals for all methylation markers in the
multivariable analyses were reported, regardless of statistical signif-
icance). Q16: Statistical modeling is appropriate for the study design.
Q17: Adequate the number of events per variable (>10 was
considered acceptable). Q18: The use of internal or external
validation

@ Springer
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binary output (methylated vs. not methylated), while the
reminder used quantitative ms-PCR. However, despite
having continuous methylation values, 13 studies modeled
methylation level as a dichotomized variable, which likely
resulted in the loss of information. Furthermore, two of
these studies used an outcome-driven cutoff value to
dichotomize methylation, which may have resulted in over-
optimism bias.

Outcome measurement

We found that 10 studies did not provide clear outcome
definition or study follow-up time. Among the 16 studies
that examined the biochemical recurrence outcome, one
study applied non-standard definitions and five did not
provide the definition of biochemical recurrence. We also
found that most studies did not report the protocol for
assessing study outcomes, i.e., no information was provided
about the frequency for follow-up PSA measurement and/or
clinical follow-up visits, and whether or not the same pro-
tocol was used for all study subjects. However, most were
single center studies, and only five included multiple cen-
ters. In summary, we found outcome definition inadequately
provided by about half of the studies reviewed.

Confounding measurement and account

We found that only six studies adequately account for and
eight studies partially accounted for the established prog-
nostic factors in the multivariable analysis. Five studies did
not perform multivariable analysis. For the other study, it
was not clear what was included in the multivariable
analysis. Thus, current evidence on the incremental prog-
nostic utility of methylation markers beyond established
clinical factors is limited.

Statistical analysis

Most studies were based on a small sample size, and five
studies [36—40] did not have adequate event to variable
ratio (i.e., <10) in the final model. The event to variable
ratio was unclear for six studies [33, 34, 41-44]. Most
except five studies did not include any validation effort.
Overall, small sample size and lack of any validation effort
appeared to be the most significant concerns regarding
statistical analysis and are likely to affect the validity and
generalizability of the study findings.

Summary of current finding on prognostic utility
of methylation markers

The associations between prostate cancer disease outcomes
and methylation markers for the following genes have been

@ Springer

examined in three or more studies and are summarized in
Table 2. Glutathione S-transferase pi 1 (GSTPI) and
adenomatous polyposis coli (APC) were the most com-
monly evaluated genes to date. Other genes included in
this review are nuclear receptor protein retinoic acid
receptor beta (RAR-beta), Ras association domain-con-
taining protein 1 (RASSFIA), paired-like homeodomain
transcription factor 2 (PITX2), prostaglandin-endoper-
oxide synthase 2 (PTGS2), cyclin D2 (CCND?2), and
endothelin receptor type B (EDNRB). Except one study
[45], all other studies examined methylation level in the
gene promoter region. Level of evidence for each of
these genes is presented below in the order of the number
of studies available.

GSTP1

GSTPI, or glutathione S-transferase gene, encodes a
detoxifying enzyme that catalyzes conjugation reactions
with reduced glutathione [46]. GSTP1 plays a role in the
metabolism and elimination of potentially harmful xeno-
biotics, thus protects cells from DNA damage and cancer
development. GSTPI promoter hypermethylation is the
most common epigenetic abnormality observed in prostate
cancer [16]. We identified eight studies that examined
prostate cancer tissue GSTPI methylation levels and
prostate cancer progression [36-38, 40, 42-44, 47]. Of the
four studies that conducted multivariable analyses, two
studies reported an inverse association between GSTPI
hypermethylation and disease progression (Table 2), while
the other two reported lack of association. We also iden-
tified three studies that examined the methylation status of
GSTPI in circulating cell-free DNA and reported a positive
association between GSTPI hypermethylation and disease
progression. However, one of these studies [39] considered
GSTPI methylation in combination with four other genes
(APC, PTGS2, MDRI, and RASSFIA), and reported
methylation in at least one gene was significantly associ-
ated with poor patient outcome. In general, studies that
evaluated GSTP/ methylation failed to conduct the nec-
essary multivariable analyses required to evaluate the
incremental prognostic value of GSTPI beyond traditional
clinical prognostic factors. Most studies also suffered from
limitations due to small sample size and were likely
underpowered to detect significant effects. The three
studies of circulating methylation markers had generally
consistent and statistically significant findings, yet all three
of these studies were small and are subjected to potential
publication bias among other biases. With the limitations in
mind, there does not seem to be consistency in the pre-
dictive value of circulating GSTPI methylation markers
and tissue GSTPI methylation.
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APC

APC, a tumor suppressor gene, encodes the protein ade-
nomatous polyposis coli which plays a critical role in
several cellular processes, including cell division, adhe-
sion, and cell migration [48]. Mutations in this gene are
known to increase risk of colorectal cancer [49]. We
identified seven studies that examined APC methylation
status in prostate cancer tissue and risk of prostate cancer
disease progression [34, 36-38, 42, 44, 47] Of the five
studies that conducted a multivariable analysis, all except
one study reported a significantly (or marginally signifi-
cant) elevated hazard ratio with APC hypermethylation.
Therefore, although none of the studies accounted for all
known prognostic factors, there appeared to be some sug-
gestion of the prognostic utility of APC methylation status
for prostate cancer progression.

RAR-beta

The human RAR-beta gene encodes the nuclear receptor
protein retinoic acid receptor beta. RAR-beta is a nuclear
transcriptional regulator mediates cellular signaling in
embryonic morphogenesis, cell growth, and differentiation
[50]. It is thought that this protein functions as a tumor
suppressor by limiting growth of many cell types [51]. We
identified five studies that examined the association
between prostate cancer tissue RAR-beta methylation status
and risk of prostate cancer disease progression [37, 38, 40,
42, 43]. In the only study [37] where multivariable analysis
was conducted, RAR-beta was not significantly associated
with biochemical recurrence. The other four studies also
reported a lack of statistical significance in their unadjusted
findings. All of these studies had a sample size less than
100 men.

RASSF1A

The RASSFIA gene encodes the Ras association domain-
containing protein 1. The encoded protein was found to
interact with DNA repair protein XPA as well as inhibit the
accumulation of cyclin D1 and thus induce cell cycle arrest
[52]. Loss or altered expression of this gene has been
implicated in the development of various cancers, sug-
gesting the tumor suppressor role of this gene [53]. We
identified four studies that examined the association
between prostate cancer tissue RASSFIA methylation sta-
tus and risk of prostate cancer disease progression [34, 38,
42, 44]. Only one study [34] examined the association
between RASSFIA and biochemical recurrence in multi-
variable analysis and found that RASSFIA was not asso-
ciated with biochemical recurrence. Of the three studies
that reported the crude association only, two did not find
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any significant association and one reported an inferior
5-year biochemical recurrence-free survival for those with
RASSFIA hypermethylation. Of these four studies, three
studies suffered from limited sample size, and one study
did not report the number of events.

PITX2

The human PITX2 gene encodes the protein called paired-
like homeodomain transcription factor 2, also known as
pituitary homeobox 2. This protein acts as a transcription
factor and regulates procollagen lysyl hydroxylase gene
expression [54]. PITX2 hypermethylation has been
observed in several tumor types, including acute myeloid
leukemia [55], lung [56], and breast [57]. We identified
three studies that examined the association between pros-
tate cancer tissue PITX2 methylation status and risk of
prostate cancer disease progression [43, 45, 58]. All three
studies reported a significant positive association between
PITX2 hypermethylation and risk of progression. While
one study only examined the crude association, the other
two studies had relatively larger sample sizes (i.e., >200
subjects) and number of outcome events. Both of these
studies had accounted for all important established prog-
nostic factors for prostatectomy patients. As such, there
is some evidence for the prognostic utility of PITX2
based on two studies that appear to have better quality and
greater internal validity when compared to other included
studies.

PTGS2

Human PT7TGS2 gene encodes protein prostaglandin-endo-
peroxide synthase 2, also known as cyclooxygenase-2
(COX-2). PTGS2 converts arachidonic acid to pros-
taglandin-endoperoxide H2 and is involved in all stages of
carcinogenesis [59]. PTGS?2 elicits cell-autonomous effects
on tumor cells resulting in stimulation of growth, increased
cell survival, enhanced tumor cell invasiveness, stimulation
of neovascularization, and tumor evasion from the host
immune system [59]. Elevated levels of PTGS2 expression
also facilitate a pro-inflammatory environment. We iden-
tified three studies that examined the association between
prostate cancer tissue PTGS2 methylation status and risk of
biochemical recurrence, all of which reported multivariable
adjusted associations with biochemical recurrence [37, 40,
44]. Of these, two studies suggested a positive association
with PTGS2 methylation and disease progression, while
the other one reported lack of association. It should be
noted that all three studies had a small sample size, and
most did not report the factors accounted for in the mul-
tivariable analysis. These limitations call for caution in
interpreting the results of these studies.
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CCND2

The human CCND2 gene encodes the protein called G1/S-
specific cyclin-D2. The cyclin proteins are regulators of
cyclin-dependent kinases and mediate the transition of cells
from G1 to S phase and thus promote cell cycle progression
and chromosomal instability [60]. We identified three
studies that examined the association between prostate
cancer tissue CCND2 methylation status and risk of pros-
tate cancer disease progression [38, 42, 58]. CCND2
methylation status was not found to be associated with
disease progression in two studies in the crude analysis. In
the other study where multivariable analysis was conducted
[42], CCND2 was evaluated along with APC methylation
status. Hypermethylation (>75th percentile) of both genes
was associated with disease progression [hazard
ratio = 4.33 (1.52-12.33)] during >8 years of follow-up.
Again, two of the three studies had limited sample size of
less than 100 subjects.

EDNRB

The human EDNRB gene encodes the protein endothelin
receptor type B. Endothelin receptor type B is a G protein-
coupled receptor which activates a phosphatidylinositol-
calcium second messenger system [61]. This receptor
regulates several critical biological processes, including the
development and function of blood vessels, the production
of certain hormones, and the stimulation of cell growth and
division [62]. We identified three studies that examined the
association between prostate cancer tissue EDNRB meth-
ylation status and risk of biochemical recurrence [36, 37,
441], all of which reported a lack of statistical significant
association. Only one study conducted multivariable anal-
ysis for EDNRB. However, all three studies used dichoto-
mized methylation status and suffered from limited sample
size, which may not have sufficient power to detect a
significant association.

Summary of larger study findings of methylation
discovery

Five studies that evaluated methylation markers in prostate
cancer tissue met the sample size requirement of 200 or
more. Cotterll et al. [63] conducted a case—control study of
304 men with radical prostatectomy, with an additional 223
men in an independent validation set. Subjects with a
median age of 60 were ascertained from four hospitals
from the USA and Germany. This study performed a
genome-wide search for prognostic methylation markers.
Among the top five candidate markers identified, 3 mark-
ers, G protein-coupled receptor (GPR7), or neuropeptides
B/W receptor 1 (NPBW1), epoxide hydrolase 3 (ABHD9),

and an expressed sequence tag on chromosome 3 (Chr3-
EST) significantly distinguished patients with and without
early recurrence. ABHD9 and Chr3-EST were further
analyzed among an independent validation set of patients
with 59 early biochemical recurrence and 134 without
recurrence. In multivariable regression, ABHD9 and Chr3-
EST were both significantly associated with recurrence,
adjusting for Gleason score, pathology stage, and surgical
margin. The strengths of the study include the use of an
independent validation set. Lacking the outcome definition
used at each institute as well as racial information renders
it difficult to assess to whom the study results may apply.
However, the consistency in the associations with these
two markers in different patient subsets provides some
preliminary evidence for the prognostic utilities of these
two genes.

Weiss et al. [58] conducted a cohort study of 605
patients aged 40-80 years who were treated with radical
prostatectomy between 1993 and 2000 at three medical
centers in the USA. Weiss and colleagues examined the
associations between methylation status of six genes pre-
viously shown to be predictive of prostate cancer out-
comes: ABHD9, CCND2, Chr3-EST, GPR7, histone cluster
2, H2bf (HIST2H2BF), and PITX2 and biochemical
recurrence during a median follow-up period of 66 months.
A total of 65 biochemical recurrence events were observed.
Except CCND2, all markers were significantly associated
with biochemical recurrence in bivariate analysis. PITX2
had the strongest association and was further evaluated in
the multivariable analysis [hazard ratio = 2.1 (1.2-3.9)],
adjusting for Gleason score, pathological stage, preopera-
tive PSA, and surgical margin status. Furthermore, PITX2
methylation status split the patients with intermediate
Gleason score seven into two groups with significantly
separated survival curves.

Banez et al. [45] conducted a multicenter cohort study to
examine the predictive utility of PITX2 for biochemical
recurrence in prostate cancer patients treated with prosta-
tectomy between 1995 and 2001. This study was conducted
in the USA and Netherlands. A total of 476 men with
localized prostate cancer from four medical centers were
included in the analytical cohort. About half of these men
were white (56 %), and 25 % were black. There were a
total of 106 biochemical recurrence events, although the
median length of follow-up was not reported. This study
represents a validation effort of previous findings on PITX2
and included an independent sample that was not used in
previous analysis. Study results and limitation were dis-
cussed in the previous section for PITX2.

Kron et al. [35] conducted a cohort study of 232 patients
diagnosed at a mean age of 61 years between 1998 and
2001 and who underwent radical prostatectomy at the one
institute in Canada. The authors examined the association
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between homeobox D3 (HOXD3) promoter hyper-methyl-
ation (>75th percentile) and biochemical recurrence. Mean
follow-up time was 1,600 days in this study, with a total of
85 patients developing biochemical recurrence during fol-
low-up. In multivariable analysis adjusting for Gleason
score, pathological stage, surgical margin status, and age,
HOXD3 hyper-methylation was not a significant predictor
for biochemical recurrence [HR = 0.50 (0.19-1.33)].
However, the racial composition and definition for bio-
chemical recurrence were not provided, rendering it diffi-
cult to assess to whom results may apply.

Liu and colleagues conducted a cohort study of 219
patients which was a subset of the population included in
Kron et al. [35]. The authors examined the associations
between promoter methylation status of an additional three
genes: APC, transforming growth factor-beta 2 (TGF-
beta?), RASSFIA, and biochemical recurrence [34]. In
multivariable analyses adjusting for Gleason score, patho-
logical stage, surgical margin, and age, methylation status
of all three genes were not significantly associated with
biochemical recurrence. However, APC and TGF-beta2
methylation predicted biochemical recurrence in patients
with pT2 and pT3a stage disease, respectively. The com-
bination of three markers, APC, TGF-beta2, and HOXD3,
was then examined. Hypermethylation (i.e., >75th per-
centile) of two or more genes was significantly predictive
of the biochemical recurrence. However, in addition to the
limitations identified in Kron et al. [35], the number of
events observed was not provided for this study, although
there appeared to be up to 8 years of follow-up. Overall,
this study suffered from poor reporting quality, which
hindered the assessment of the validity of their results.

Discussion

Level of current evidence on the prognostic utility
of DNA methylation markers

In this systematic review of 20 studies that examined the
prognostic utility of DNA methylation markers in prostate
cancer, we identified several common limitations in the
quality of the study design as well as the quality of
reporting. Overall, many of the available studies appeared
to be conducted as a secondary analysis and thus were not
based on a robust study design. Many studies did not report
on the racial composition of the study population. Simi-
larly, the sampling scheme and subject selection methods
were often not reported, raising concerns about potential
selection bias that may be inherent in these studies. Fur-
thermore, rate of loss-to-follow-up was not reported by
many studies, making it difficult to assess the potential bias
introduced by attrition. In terms of laboratory assay, most
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studies used standard bisulfite conversion and ms-PCR as
the method to measure DNA methylation status. Most
studies employed adequate quality control procedures.
However, many studies dichotomized the continuous
methylation level which might result in loss of information.
In terms of outcome measurement, several studies failed to
describe the length of follow-up, as well as the definition
for clinical disease progression. However, for studies that
examined the biochemical recurrence, most used the stan-
dard definition for biochemical recurrence. Most studies
did not include all established clinical prognostic factors,
and hence did not allow the evaluation of the incremental
prognostic utility of methylation markers beyond clinical
factors. Lastly, most studies suffered from a small sample
size, as only five studies had a sample size greater than 200.
Small sample size is a serious limitation when interpreting
the non-significant findings from these studies. Finally,
most studies lacked any validation effort.

Given these limitations noted, it is not presently possible
to draw strong inference for any of these markers. Thus, no
formal recommendation can be made as which markers
should receive higher priority for evaluation. However,
based on the review of current evidence, the more prom-
ising marker of choice for further evaluation would be
PITX2, APC, ABHD9, and Chr3-EST, due to the avail-
ability of independent validation as well some consistency
in the literature available to date. Notably, findings from
several studies are also suggestive of the prognostic utility
of a combined test of methylation of several genes.

We identified four studies that examined circulating DNA
methylation markers. Disseminated tumor cells and DNA
from apoptotic and necrotic tumor cells are released into the
bloodstream early in tumor development [64]. Analyses of
circulating tumor cells or cell-free DNA allow the detection
of tumor-related genetic and epigenetic alterations that are
relevant to cancer development and progression [65]. Serum
markers can also be obtained repeatedly and monitored
longitudinally, theoretically allowing close monitoring of
disease progression and treatment response. The selection of
appropriate tumor-related genes that are known to have a
distinct tumor-related methylation profile is critical in the
search for clinically useful tests. Among the four studies
identified in this systematic review [30, 31, 39, 66], genes
examined included GSTPI, APC, MDRI, EDNRB, CD44,
NEP, PTGS2, RASSF1A, RAR-beta, ESR1, CDHI, DAPK,
MGMT, pl6, pl4, and TIMP3. GSTPI methylation was
found to be associated with prostate cancer outcome in three
studies. However, as previously described, significant vari-
ability and validity concerns exist in study population and
study methods. Therefore, the prognostic role of serum
methylation markers, especially GSTPI, in prostate cancer
needs to be more rigorously examined, particularly by ade-
quately powered studies.
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Knowledge gaps and future directions

In addition to the study limitations identified, we also
identified knowledge gaps in the literature that may inform
the direction of future studies. First, we found that most
studies included patients who underwent radical prosta-
tectomy. Evaluation of methylation markers in radiation
treated patients, and men without treatment is lacking. As
such, there is a lack of research for overall prognostic
markers that may inform prognosis without the influence of
treatment. For this purpose, cohort of patients who are
under active surveillance or watchful waiting will be nee-
ded. An even better design is to utilize archived specimens
from randomized clinical trials of active surveillance to
minimize potential selection bias associated with treatment
choice. Both methylation markers in circulating DNA or
prostate cancer tissue derived from diagnostic biopsy cores
are viable candidates for the search of overall prognostic
markers as well as for predictive markers in the context of
radiation therapy.

Second, it should be noted that not all biochemical
recurrence will be clinically meaningful; and distant
metastasis should be the most critical outcome to evaluate.
Therefore, future research should pursue longer follow-up
to study the most clinically meaningful outcomes with
adequate power. Third, there is a lack of studies that pri-
mary focuses on African-American men. African-Ameri-
can men are not only at higher risk of developing prostate
cancer, but they are also at increased risk of dying from
prostate cancer. The mechanism of this racial disparity in
prostate cancer has not been fully elucidated. However,
many studies have suggested that biological factors con-
tribute to the racial disparity observed. To this end, pre-
vious studies have found different methylation profiles in
prostate cancer tissue of Caucasian versus African-Amer-
ican men [67, 68]. Therefore, the search for a prognostic
algorithm should consider potential racial/ethnic variations
with stratified analyses.

Limitations of present systematic review

There are several limitations of this systematic review that
should be mentioned. First, in the literature search process,
the initial title and abstract screening were not done by
duplicates. Instead, two investigators [MC and MP] split
the literature search and the title/abstract/full-text screen-
ing. However, these investigators were asked to obtain
consensus should they encounter any uncertainty. Second,
the variations in study design and poor quality in reporting
made it challenging to compare study results. Our results
were therefore limited to qualitative summary of currently
available data, as opposed to literature synthesis. Lastly,
due to the small number of studies available for any given

marker, we did not formally evaluate the likelihood of and
the potential impact of publication bias.

Conclusion

In conclusion, this review demonstrates that the current
literature is inconclusive regarding the prognostic and
predictive value of DNA methylation markers in prostate
cancer. Like in many other systematic reviews of prog-
nostic markers, critical concerns in internal validity and
reporting quality are identified. As such, it is important to
reinforce the need for adequate study design and adherence
to reporting recommendations in order to facilitate the
development of useful clinical tumor markers. Several
areas found to be limited in the current literature deserve
particular attention in future studies. These include sample
size, inclusion of African-Americans, inclusion of patients
under active surveillance or watchful waiting (e.g., using
prostate cancer tissue from diagnostic biopsy as the tissue
source), efforts to minimize loss-to-follow-up, use of
continuous methylation levels, and accounting for all
established clinical prognostic factors to evaluate incre-
mental prognostic utility of the novel marker. Furthermore,
given the advancement in technology, evaluation of prog-
nostic methylation markers should move toward multiplex
assays and consider multiple markers simultaneously to
assess the utility of a multi-marker test.
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