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Abstract
Patients with metastatic prostate cancer (PCa) have a poorer prognosis than patients with organ-confined tumors. We
strove to uncover the proteome signature of primary PCa and associated lymph node metastases (LNMs) in order to
identify proteins thatmay indicate or potentially promotemetastases formation.Weperformed a proteomic comparative
profiling of PCa tissue from radical prostatectomy (RPE) of patients without nodal metastases or relapse at the time of
surgical resection (n = 5) to PCa tissue from RPE of patients who suffered from nodal relapse (n = 5). For the latter
group, we also included patient-matched tissue of the nodal metastases. All samples were formalin fixed and paraffin
embedded.We identified and quantifiedmore than 1200 proteins by liquid chromatography tandemmass spectrometry
with subsequent label-free quantification. An increase of ribosomal or proteasomal proteins in LNM (compared to
corresponding PCa) became apparent, while extracellular matrix components rather decreased. Immunohistochemistry
(IHC) corroborated accumulation of poly-(ADP-ribose)-polymerase 1 and N-myc-downstream-regulated-gene 3, alpha/
beta hydrolase domain-containing protein 11, and protein phosphatase slingshot homolog 3 in LNM. These findings
strengthen the present interest in examining PARP inhibitors for the treatment of aggressive PCa. IHC also corroborated
increased abundance of retinol dehydrogenase 11 in metastasized primary PCa compared to organ-confined PCa.
Generally, metastasizing primary tumors were characterized by an enrichment of proteins involved in cellular lipid
metabolic processes with concomitant decrease of cell adhesion proteins. This study highlights the usefulness of a
combined proteomic-IHC approach to explore novel aspects in tumor biology. Our initial results open novel opportunities
for follow-up studies.
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Introduction
The American Cancer Society estimates 160,000 new cases of
prostate cancer (PCa) in 2017 and expects 26,000 patients to die
from PCa [1]. PCa prognosis is often favorable, especially when the
disease is organ-confined as 5-year survival rates of over 95% show.
The total removal of the prostate, called radical prostatectomy (RPE),
if necessary in combination with the radical removal of pelvic lymph
nodes, offers curative treatment. Apart from surgery, external beam
radiation or the implantation of radioactive metal seeds into the
prostate, called brachytherapy, is a further treatment possibility [2].
However, PCa returns in 15% to 30% of all cases as local relapse or in
terms of metastases [3]. Especially in metastatic state, the survival
rates drop to around 28% [4]. PCa metastasizes predominantly via
the lymphatic drainage ways to local lymph nodes in the small pelvis,
e.g., to those alongside the iliacal vessels, in the fossa obturatoria, or
presacral. In advanced stages or in case of relapse, PCa often affects
also aortal or caval lymph nodes [5], which are classified as distant
metastases.
The nodal relapse of PCa, meaning PCa-positive lymph nodes after

primary therapy, can be treated with metastases-directed therapy,
such as salvage lymph node dissection (salvage-LND) or targeted
radiation therapy [2,5,6].
For PCa risk and prognosis assessment, several well-established

prognostic schemes exist, e.g., the Gleason Grading/ISUP grade
groups [7], TNM classification, surgical margin status, or the height
of prostate-specific antigen (PSA) value at primary diagnosis.
However, these tools cannot predict the biological course and the
metastatic potential of primary PCa as precisely and reliable as
desired.
In cancer research, mass spectrometry (MS)–based proteomic

approaches are predestined methods for the initial identification of
potential new prognostic, diagnostic, or therapeutic markers, hence
opening novel opportunities for follow-up studies. The ability to
perform proteomic researches on formalin-fixed, paraffin-embedded
(FFPE) tissue [8–10] provided the possibility for retrospective
proteomic investigations on sample cohorts with a long-term follow up.
Many studies on the proteome of PCa, e.g., from Aiello et al. [11],

Davalieva et al. [12], or Iglesias-Gato et al. [13], compare malignant
to benign tissue. We considered it especially interesting to investigate
whether the proteome composition of malignant tissue differs from
other malignant tissue. Therefore, we compare tissue of primary PCa
from RPE of relapse-free patients (n = 5) to tissue of primary PCa
from RPE with nodal relapse in the course of median 32 months
(n = 5). Additionally, patient-matched primary tumor tissue was
compared to the tissue of recurrent lymph node metastases (LNMs)
(n = 5). Our focus laid on patients with LNM relapse only, as there is
increasing evidence for superior overall survival rates compared to
patients with metastases confined to other organs [14,15].
On FFPE tissue of the above-described sample cohorts, we

conducted a retrospective MS-based proteomic analysis with
label-free quantification with twofold purpose: a) We strove to
investigate whether metastasized primary PCa tissue, nonmetastasized
primary PCa tissue, and tissue of corresponding nodal metastases
exhibit measurable differences in their proteomic profile. b) We
aimed to identify individual proteins, which are differentially
expressed in metastasized versus nonmetastasized primary PCa tissue
and furthermore with significant divergent abundance between
metastasized primary PCa tissue of RPEs and corresponding tumor
tissue of nodal relapse. We hypothesize that these proteins could on
the one hand be predictors of LNM formation and/or indicate its
promotion or suppression. Potential candidates identified in this
initial study might also serve as starting point for biomarker research
on larger and randomized sample cohorts.

Materials and Methods

Ethics Statement
The study was approved by the Ethics Committee of the University

Medical Center Freiburg (no. 562/15). Before study inclusion, all
patient data were pseudonymized. Patients gave written informed
consent for the use of their tissues for research purposes.

Patient Cohort
This study includes 10 male patients with primary diagnosis of PCa

between 2003 and 2011. All patients underwent RPE. Five patients
(nos. 1-5) had LNM, either already at the time of RPE or LND or
they developed biochemical recurrence over time with local (rpN1) or
distant (rpM1 (LYM)) nodal relapse exclusively. In case of relapse,
they underwent a salvage-LND with therapeutic approach. Before
salvage-LND, patients received temporary androgen deprivation
therapy with bicalutamide (no. 1), radiation of the prostatic loge (no.
2-4), or no additional therapy (no. 5). The remaining five patients
(nos. 6-10) were free of biochemical relapse (postoperative PSAb 0.2
ng/ml). The median relapse-free interval was 10 years, with the latest
follow-up examination performed in 2017. Patient characteristics
including TNM classification at the time of RPE and salvage-LND,
Gleason Score/ISUP grade group, and the localization of the recurrent
LNM used for this study are specified in Table 1.

Tissue Collection, Fixation, and Macrodissection
Tissue specimens were harvested at the time of radical prostatec-

tomy with pelvic lymphadenectomy or at salvage-LND. Formalin
fixation was started latest within 20 minutes after surgical removal.
Tissue fixation in formalin and paraffin embedding was conducted
according to routine protocols. After processing, samples were
immediately anonymized.

Hematoxylin-eosin (HE)–stained sections of all samples were
inspected under a light microscope by experienced pathologists to
confirm diagnosis and to mark eligible tumor areas of invasive PCa or
LNM (0.5 cm2-3.0 cm2) for macrodissection of consecutive sections.
These sections were obtained by cutting 10-μm–thick slices from the
paraffin block on a microtome, mounted on a glass slide, and dried
overnight at 37°C. Deparaffinization in xylene and decreasing
concentrations of ethanol was performed as described previously
[16] and in an automated manner using the Medite Tissue Stainer
COT 20. Tumor areas corresponding to the adjacent HE-stained
tumor template were macrodissected of the deparaffinized tissue
sections with a scalpel or hollow needle. The tumor tissue was
transferred into 1.5-ml microreaction tubes.

Sample Preparation for LC-MS/MS Analysis and Data
Acquisition

For further tissue preparation for MS analysis, 100 μl of lysis buffer
(0.09 mMHEPES pH 8.0, 0.02 mMDTT, 0.1% Rapigest, in water)
was added per mm3 tissue. Samples were incubated at 95°C, shaking
at 750 rpm, for 1 hour. When cooled down to 25°C, pH was adjusted
to 7 to 8. Two micrograms of trypsin (sequencing grade,
Worthington, Lakewood, NJ)/mm3 tissue was added to the samples,
and they were incubated at 37°C for 18 hours. The samples were



Table 1. Clinical Characteristics of the Patient Cohort

Patient No. TNM Classification
at RPE

Gleason
Pattern

ISUP Grade
Group

Relapse-Free-Interval
[Years]

TNM Classification
at Relapse

Localization of LNM
Chosen for This Study

TU with LNM #1 pT3b pN0 cM0 4 + 4 (+5) 4 4 rpN1 rpM1 (LYM) Iliaca ex. recurrent LNM
#2 pT3a pN1 cM0 4 + 5 5 3 rpN1 rpM1 (LYM) Iliaca ex.
#3 pT2c pN0 cM0 4 + 5 5 2 rpN1 rpM1 (LYM) A. obt.
#4 pT3b pN1 cM0 4 + 3 (+5) 3 2 rpN1 rpM1 (LYM) Iliaca com.
#5 pT3a pN0 cM0 4 + 5 5 2 rpN1 rpM0 (LYM) Iliaca ex.

TU without LNM #6 pT2c pN0 cM0 3 + 3 1 13
#7 pT2c pN0 cM0 3 + 3 1 9
#8 pT3b pN0 cM0 3 + 4 2 7
#9 pT3b pN0 cM0 3 + 5 4 10
#10 pT3a pN0 cM0 3 + 4 2 10

This study comprised 10 patients with histologically confirmed PCa in radical prostatectomy. Five patients had lymph node metastases, either already at primary diagnosis or in kind of nodal relapse during
the following 2 to 4 years. From these patients, specimens of the primary tumors and lymph node metastases were investigated. Five further patients remained relapse-free, with a median relapse-free interval
since the radical prostatectomy of 10 years. Here, specimens of the primary tumors were investigated.
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centrifuged at 19,000g for 15 minutes to remove cellular detritus, and
the supernatant was transferred to a fresh microreaction tube. The
peptide concentration was measured with a bicinchoninic acid assay
[17]. Sodium dodecyl sulfate polyacrylamide gel electrophoresis with
silver nitrate gel staining was performed to visualize tryptic digestion.
In case of incomplete digestion, tryptic digestion was repeated.
Rapigest was degraded by addition of final concentrations of 3 M
guanidinium hydrochloride and 0.2 M hydrochloric acid, incubation
for 30 minutes at 37°C, followed by centrifugation at 1900g for 10
minutes. The supernatant was desalted using self-packed C18 Stage
tips [18]. Acetonitrile was removed from the samples by centrifugal
vacuum evaporation. A total of 0.5 μg of each sample was analyzed on
a Q-Exactive plus (Thermo Scientific) mass spectrometer coupled to
an Easy nanoLC 1000 (Thermo Scientific) with a flow rate of
300 nl/min. Buffer A was 0.5% formic acid, and buffer B was 0.5%
formic acid in acetonitrile (water and acetonitrile were at least high-
performance liquid chromatography gradient grade quality). A
gradient of increasing organic proportion was used for peptide
separation (main ramp 5%-40% acetonitrile in 80 minutes). The
analytical column was an Acclaim PepMap column (Thermo
Scientific), 2 μm particle size, 100 Å pore size, length 150 mm,
and inner diameter 50 μm. The mass spectrometer operated in
data-dependent mode with a top 10 method at a mass-to-charge ratio
of 300 to 2000.

Immunohistochemistry (IHC)
We performed immunohistochemical staining of five antibodies

(AbCam, Cambridge, MA): poly (ADP-ribose) polymerase-1
(PARP1; mouse monoclonal anti-human, clone A6.4.12,
[ab110915]), N-Myc downstream-regulated gene 3 protein
(NDRG3; rabbit monoclonal anti-human, clone EPR9011(B)
[ab133715]), retinol dehydrogenase 11 (RDH11; rabbit polyclonal
anti-human, [ab85849]), ABHD11 (NBP2-33574, Novus), and
protein phosphatase slingshot homolog 3 (SSH3) (NBP-100-0674).
First, tissue sections (1 tissue section per paraffin sample block) of
2 μm were deparaffinized and subjected to heat-induced epitope
retrieval [19]. The staining protocol included the following steps:
incubation with H2O2 (5 minutes), with primary antibodies (60
minutes), with mouse/rabbit linker (15 minutes), and with
horseradish peroxidase and secondary antibody (20 minutes) and
finally incubation with 3,3′-diaminobenzidine (10 minutes). Samples
were counterstained manually with hematoxylin; xylene was used as
permanent mounting medium. Positive controls were performed on
control tissue as suggested by the antibody manufacturer (human
placenta and skin for PARP1 and human kidney for NDRG3,
RDH11 ABHD11, and SSH3) and on PCa as well as LNM tissue.
For negative controls, antibody-diluent solution instead of the
primary antibody was added to the samples; all other steps were idem.

LC-MS/MS Data Analysis
MS data were analyzed by MaxQuant version 1.5.28 [20] with the

Uniprot human database downloaded on November 26, 2013,
containing 20,271 reviewed canonical sequences without isoforms
[21]. The analysis included an initial search with a precursor mass
tolerance of 20 ppm for mass recalibration and a main search with
precursor mass and fragment mass tolerances of 6 ppm and 20 ppm,
respectively. The search included a fixed modification of carbamido-
methyl cysteine and no variable modifications. Tryptic cleavage
specificity with up to two missed cleavages was used with a minimal
peptide length of seven amino acids. The false discovery rate was set to
0.01 for peptide and protein identifications in individual analyses.
Relative protein quantification was done label-free using MaxLFQ
[22]. Proteins were only further considered if they were identified and
quantified in at least four of the five patient cases for both
comparisons. Files obtained by MaxQuant were further processed
using RStudio v.0.99.446 (R Foundation for Statistical Computing,
Vienna, Austria) as previously described [23]. Decoy sequences and
potential contaminant entries were removed. Ratios were log2
transformed, and a linear model was fitted using the limma package
[24]. Proteins with a 50% increased or decreased ratio (log2 delta
LFQ N/b +/−0.58) and a limma-moderated P value of b.01 (for
selection of individual proteins for immunohistochemical analysis) or
b.05 [for gene ontology (GO) enrichment analysis and alike] were
classified as having an altered abundance (Figure 1E). STRING
[25,26] and DAVID [27] were used for the biological interpretation
of significantly affected proteins.

Positive controls stained positive; negative controls remained
negative in all staining cycles. We evaluated the three immunohis-
tochemical markers according to a well-established and widely used
pathological scoring system. Thereby, the percentage of positively
stained tumor tissue out of all tumor tissue and the staining intensity,
graduated with 0 = negative, 1 = weak, 2 = moderate, or 3 = strong,
are assessed [28,29]. For both, we considered only those tumor areas
which corresponded to the HE-stained tumor templates. Thus, we
ensured to evaluate IHC on the same tumor areas that underwent
proteomic analysis.

Data Availability. The MS proteomics data have been deposited
to the ProteomeXchange Consortium [30] via the PRIDE partner
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Figure 1. Workflow of the study. After surgery (A), PCa and LNM tissues were formalin-fixed and paraffin-embedded (B). On HE-stained
sections, experienced pathologists marked tissue areas for proteomic analysis. These were used as templates for the macrodissection of
tumor tissue on the deparaffinized sections to analyze (C). Proteins were extracted from the tissue pieces, digested into peptides, and
analyzed with LC-MS/MS (D). MaxQuant was used for peptide/protein identification and MaxLFQ for label-free quantification. During data
analysis, we compared the sample groups TU with LNM, TU without LNM, and recurrent LNM against each other (E). IHC was performed
to corroborate interesting protein candidates from proteomics data (F).
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repository with the dataset identifier PXD005833 (reviewer account
details: username: reviewer29110@ebi.ac.uk, password: 2YrVi3YT).

Results

General Approach
We aimed for a comprehensive proteomic investigation of PCa,

including five cases of primary tumors (TU) that formed neither
primary nor secondary metastases, five cases of TUs that gave rise to
recurrent LNMs, together with the corresponding, patient- matched,
recurrent LNMs. FFPE specimen represents the standard tissue for
histopathological diagnosis and evaluation of human malignancies.
Formalin-induced crosslinks reduce tissue degradation to a minimum
and ensure the maintenance of tissue architecture and correct
appraisal of, e.g., the tumor infiltration in adjacent structures in
lymph or vein vessels. FFPE specimen allows for a long-term
follow-up as well as straightforward and easy sample preparation for
proteomic investigations.

Protein extraction was performed with a “direct trypsinization”
protocol that minimizes sample consumption and yields robust results in
quantitative proteomics. For relative protein quantification, we employed
a label-free approach. The entire workflow is summarized in Figure 1.

Protein Identification from FFPE Samples
In each patient sample, up to 1867 proteins were identified and

quantified at a false discovery rate b1% (Supplementary Tables 1 and 2).
However, incomplete overlap of proteome coverage is an intrinsic feature
ofMS-based proteomics [31], and some proteins may only be expressed in
some cases. We focused on proteins that were identified and quantified in
at least four cases of each subcohort (primary PCa without metastases and
without relapse, primary PCa with secondary nodal metastases, recurrent
lymph node metastases). With these conditions, a Venn representation of
the proteome coverage shows that 1294 proteins were commonly
identified in all three subcohorts (Figure 2A, Supplementary Table 3).

Differentially Regulated Proteins
Abundance differences were log2-transformed and visualized with

boxplots (Figure 2B). As highlighted in Figure 2C, the log-
transformed LFQ values display a prototypical profile [32].

To identify proteins that are significantly enriched or depleted in the
aforementioned comparisons, we employed limma statistics [33], which
is particularly powerful with regard to multiple testing correction and
prevention of false-positive discoveries in the analysis of omics-style
data. We chose the following criteria to distinguish significantly
regulated proteins: 1) limma-moderated P value b .01 (P b .05 for
enrichment analysis) and 2) average increase or decrease in abundance
bymore than 50% (log2 N 0.58 for increase; log2 b −0.58 for decrease).
These criteria highlighted 35 differentially regulated proteins between
nonmetastasizing, relapse-free primary PCa and metastasizing primary
PCa with nodal relapse as well as 87 differentially regulated proteins
between nodal metastasizing primary tumors and their corresponding
secondary LNMs. The corresponding volcano plots are visualized in
Figure 2D and E; P values and average log2 ratios are listed in
Supplementary Tables 1 and 2.

Among differentially regulated proteins between nonmetastasizing,
relapse-free primary PCa and primary PCa with nodal relapse was the
cell-surface protein prostate-specific membrane antigen (PSMA).
Elevated levels of PSMA have been reported before, e.g., by Ross et
al. in an IHC study on RPE specimen [34], and overexpression of
PSMA correlates with advanced pathological state and predicts
biochemical recurrence. In addition to elevated levels, Lapidus et al.
showed the enzyme's activity to be increased in PCa compared to BPH
or normal prostate tissue [35]. Therefore, PSMA is discussed as a
promising target for immunotherapy [36] or for diagnosis of PCa [37].
In a recently published phase 1 clinical study, PSMA-based PET/CT
scans were shown to be superior in the detection of bonemetastases and
equal in the detection rates of soft tissue metastases compared to
conventional imaging techniques [38]. Our proteomic findings on
PSMA are in line with the bulk of published studies: in comparison to
nonmetastasizing and relapse-free PCa, we measured a N4.75-fold
increase of PSMA in primary tumor tissue of relapsing and nodal
metastasizing PCa (average log2 = 2.25; Plimmab .0013). This consis-
tency validates the quality of our experimental proteomic approach.

Biological Processes and Motifs Distinguishing Metastasizing
and Nonmetastasizing Primary Tumors

In order to functionally classify the proteins, which we found
differentially regulated in metastasizing versus nonmetastasizing PCa
tissue, we employed GO-term enrichment. For this, we focused on
those proteins that were significantly more abundant in metastasizing
PCa as compared to nonmetastasizing PCa. Twenty-four percent of
these proteins map to cellular lipid metabolic process (Figure 3A);
among contributing proteins were, e.g., acetyl-coa-carboxylase 1
(Uniprot accession Q13085), carnitine-O-acetyltransferase (Uniprot
accession P43155), or beta-hexosaminidase (Uniprot accession
P07686). This result accords with literature, as alterations in the
lipid metabolism are described for many tumors, including PCa [39],
which, e.g., overexpresses key enzymes of lipid de novo synthesis like
the fatty acid synthetase [40]. In a recent review, it was pointed out
that lipid accumulation plays a key role in cancer cell survival,
protection against stress, and proliferation [41].

“Muscle contraction” and “single organism cell-cell adhesion” were
found as the most depleted GO terms (Figure 3B). Proteins contributing
to “muscle contraction” included, e.g., gelsolin (Uniprot accession
P06396) or synemin (Uniprot accession O15061), proteins involved in
the actin filament or intermediate filament organization. The cluster
“single organismal cell-cell adhesion” included, e.g., integrin-linked
protein kinase 1 (Uniprot accession Q13418), membrane primary amine
oxidase (Uniprot accession Q16853), or tenascin (Uniprot accession
P24821). DAVID bioinformatics analysis produced comparable results.
Affected proteins did not cluster noteworthily in STRING functional
annotation clustering (data not shown).

Altered Biological Processes and Motifs in Lymph Node
Metastases Compared to Corresponding Primary Tumors

We further employed STRING clustering to functionally classify
the differentially regulated proteins that distinguish lymph node
metastases from metastasizing primary PCa tissue. We noticed several
clusters (Figure 3C), e.g., increased abundance of ribosomal and
proteasomal proteins in recurrent LNM. This points towards
increased protein turnover in LNM as compared to the corresponding
primary tumors. On the contrary, proteins with functions in focal
adhesion, cytoskeleton organization, muscle contraction, or compo-
nents of the extracellular matrix were depleted in recurrent LNM in
comparison to tissue of the metastasizing primary TU. This could
indicate less cohesive tumor cells in LNM compared to primary
tumors. Other algorithms, like DAVID functional annotation
clustering and GO term enrichment, yielded comparable results.

http://reviewer29110@ebi.ac.uk
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Figure 2. Overview of proteomic results. (A) The Venn diagram shows that 1294 proteins were shared among all three groups. This
number and the other numbers given refer to proteins which were present in at least four of five replicates per group. (B) The average FCs
were visualized as boxplots. (C) Histograms showing the average log2-transformed LFQ protein intensities of the three sample groups. (D
and E) Volcano plots showing average FC values and limma-moderated P values. Comparing recurrent LNM to TU with LNM, 87 proteins
met significance criteria (P value b .01). Comparing TU with LNM to TU without LNM, 35 proteins displayed a P value b .01.
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Immunohistochemical Investigation of Differential Levels of
PARP1, NDRG3 RDH11, ABHD11, and SSH3
From the set of differentially regulated proteins, we selected five

candidates for further investigation by IHC. These include PARP1,
which participates in DNA repair [42] and for which we found
elevated levels in LNMs as compared to metastasized and relapsing
primary tumors. Furthermore, we selected NDRG3, for which a
tumor-promoting role in PCa is suspected [43] and for which we also
found elevated levels in LNMs as compared to metastasized and
relapsing primary tumors. Lastly, we selected RDH11 for immuno-
histochemical investigation. This enzyme is highly expressed in the
prostate and physiologically involved in the metabolism of
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Figure 3. Functional annotation of differentially regulated proteins.(A/B) GO term enrichment in TU with LNM compared to TU without
LNM. Predominantly enriched biological process (BP) was “cellular metabolic process,” while “muscle contraction” was reported the
most depleted BP. (C) STRING functional annotation clustering revealed several clusters, which are marked in green if clustering proteins
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short-chain aldehydes [44]. RDH11 was significantly increased in
metastasizing primary tumors as compared to nonmetastasizing,
relapse-free primary tumors. It caught our interest as a possible
association or function in the context of PCa is rather unknown. In
Table 2, proteins selected for IHC follow-up are listed with their
respective statistical metrics.
IHC visualizes the presence of a protein with the help of a
colorimetric reaction. We evaluated the staining intensity for PARP1,
NDRG3, RDH11, ABHD11 and SSH3 with the above-described
score to estimate the relative quantitation of a protein in the tissue.

Regarding PARP1 IHC staining, all tumor areas in all three
experimental subcohorts stained positive and displayed a nuclear



Table 2. Immunohistochemical Investigation

Uniprot Acc. Protein Name Gene
Name

Ø FC P Value CI.L CI.R Ø Identified
Peptides

Ø Sequence
Coverage [%]

Recurrent LNM vs TU with LNM Q9UGV2 Protein NDRG3 NDRG3 1.43 .00029 0.88 1.98 2.60 9.79
P09874 Poly-(ADP-Ribose)-Polymerase PARP1 0.63 .0361 0.05 1.22 6.20 8.42
Q8NFV4 Alpha/beta hydrolase domain-containing protein 11 ABHD11 2.30 .0021 1.02 3.59 2.8 9.3
Q8TE77 Protein phosphatase Slingshot homolog 3 SSH3 1.77 .0026 0.85 2.69 0.7 1.4

TU with LNM vs TU without LNM Q8TC12 Retinol dehydrogenase 11 RDH11 1.23 .00361 0.48 1.97 8.33 33.07

Proteins chosen for immunohistochemical corroboration are listed with their respective FC value, P value, confidence intervals, average number of identified peptides, as well as average sequence coverage
among the five biological replicates per group. The FC value is the log2-transformed ratio of a protein's intensity in two samples, which is commonly calculated to show an increase (for positive values) or
decrease (for negative values) of the respective proteins' abundance in one condition/sample.
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staining pattern; representative images are shown in Figure 4A.
PARP1 average staining intensity was highest in the LNM (medium
intensity score 2.48), followed by nonmetastasizing primary TU
(medium intensity score 2.14) and by metastasizing primary TU
(medium intensity score 1.86), as displayed in the bar charts in Figure 4A.
In line with our proteomic results, the stronger PARP1 staining
intensity in LNMs, indicating a higher PARP1 abundance in the
metastases as compared to the patient-matched primary TU, was
significant (P = .014, Student's t test). There was no significant
difference in PARP1 staining intensity in metastasizing and non-
metastasizing primary tumors.
NDRG3 is annotated as a cytoplasmic protein, and cytoplasmatic

staining was detected in IHC on metastasizing and nonmetastasizing
TU as well as on LNM (Figure 4B). NDRG3 staining intensity was
lowest in nonmetastasizing PCa (medium intensity score 0.95)
followed by metastasizing PCa (medium intensity score 1.55), and
LNM displayed the strongest intensity with a medium score of 2.28.
The stronger staining intensity in LNM compared to metastasizing
TU was significant with a P value = .012, Student's t test.
Furthermore, we noticed significantly elevated NDRG3 staining in

metastasizing primary tumors as compared to nonmetastasizing
primary tumors (P value = .03, Student's t test).
ABHD11 showed a cytoplasmic staining pattern in IHC (Figure 4C),

although some reports also point to a mitochondrial localization [45].
ABHD11 intensity displayed a trend for increased intensity in LNM
(medium intensity score 2.04) as compared to patient-matched
metastasizing TU (medium intensity score 1.46, P value = .1081,
Student's t test). The ABHD11 staining intensity in metastasizing
compared to nonmetastasizing TU was almost comparable (medium
intensity score 1.40 and 1.46, P value = .8183, Student's t test).
SSH3 is expressed at a low level in normal prostate glandular cells [46]

and also in the primary PCa of our staining cohort; the IHC intensity was
rather weak (Figure 4D), with a medium intensity score of 0.86 in
nonmetastasizing tumors and 1.04 in the metastasized group, with no
statistically significant difference. The LNM displayed a stronger IHC
intensity (medium IHC intensity score 1.94), which was significant in
comparison to the metastasized primary tumors (P value = .013,
Student's t test).
RDH11 displays a cytoplasmatic staining pattern in IHC. RDH11

intensity was lowest in nonmetastasizing TU (medium intensity score
1.99); it was higher in the metastasized group (medium intensity
score 2.45) and highest in the LNM (medium intensity score 2.56).
The RDH11 intensity difference between nonmetastasizing TU and
metastasizing TU was statistically significant (P value = .0093,
Student's t test), and IHC thereby corroborated the proteomic
analysis. The difference in RDH11 staining intensity between LNMs
and corresponding primary tumors was not significant.
Discussion
In this study, we compared the proteome composition of different
PCa tissues (nonmetastasizing primary TU, metastasizing primary
TU, secondary LNM). Comparing malignant to malignant tissue, we
aimed to carve out differences among those and thereby contribute to
a better characterization of heterogenous-appearing PCa. Our study
differs from the vast majority of PCa proteomic studies, which
typically compare tumor tissue to “normal” prostate tissue or benign
hyperplasia.

We identified and quantified over 1200 proteins in FFPE tissue of
metastatic and nonmetastatic primary PCa and in recurrent LNMs
and highlighted different proteome motifs. The total case number of
our study is comparably small with five biological replicates per
experimental group.

Our protocol included a macrodissection step to enrich for tumor
tissue. Macrodissection has been shown to produce equally accurate
protein identification numbers as laser capture dissection [47] in
FFPE samples. Besides, we chose macrodissection because of the
possibility to cover relatively large tumor areas and thereby avoid bias
due to intratumorous heterogeneity, which is often distinct in PCa.
To further strengthen our analysis, we focused on proteins that were
shared among at least four replicates and among at least two
experimental groups.

We measured an increased abundance of PARP1, NDRG3,
ABHD11, and SSH3 in metastases and confirmed this by IHC. We
showed that PARP1, NDRG3, ABHD11, and SSH3 are enriched in
recurrent LNMs as compared to patient-matched primary tumors.
Furthermore, we found that RDH11 is more abundant in
metastasized compared to nonmetastasized primary PCa tumors.

PARP1 is involved in DNA damage sensation and induces its
repair when the damage is within physiological limits and otherwise
induces apoptosis of the cell [48]. PARP1 also contributes to the
transcriptional regulation of protumorigenic processes like cell growth
or epithelial-to-mesenchymal transition [49–51]. Monotherapy with
specific PARP inhibitors (PARPi) is highly effective in patients
harboring defects in BRCA 1/2 genes, most often ovarian or breast
cancer patients [52]. These mutations are rare in PCa patients [53],
but other genomic alterations have been proposed to account for
susceptibility to PARPi. Important candidates in this context are, e.g.,
ETS gene rearrangements, as PARP has been shown to physically
interact with the gene fusion product TMPRSS2:ERG and seems to
be required for ERG-mediated gene transcription, cell invasion, and
PCa progression [54,55]. Several strategies to treat PCa with PARPi
are currently investigated in clinical trials. First results show that
PARPi are able to induce antitumoral effects, e.g., as measured by
PSA response or a decrease in circulating tumor cells [56]. In our
study, we found an increased PARP1 abundance in recurrent LNM,
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Figure 4. IHC stainings for (A) PARP1, (B)NDRG3 (C) ABHD11, (D) SSH3, and (E) RDH11 in recurrent LNM,TUwith LNM,andTUwithout LNM,
respectively. Staining intensity was evaluated manually and scored as follows: 0 = negative, 1 = weak, 2 = moderate, or 3 = strong. The
average intensity scores for each group are plotted in the bar charts on the right side. Statistically significant differencesweremarkedwith an
asterisk (*) and the respective P value (Student's t test).
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which was corroborated by IHC stainings. Suggesting an underlying
functional correlate for this, we can herewith support the idea that
PARP1 inhibition might be a promising therapeutic option in
patients with metastatic disease.
Protein NDRG3 is a member of the NDRG family, a group of

proteins highly conserved among species and expressed in various
tissues, including a high expression in the normal prostate. The
physiological function of NDRG3 is only partly known so far [57].
Lee et al. shed some light onto the functional mechanisms and
pathways NDRG3 is involved in and describe a lactate-induced
cellular response to hypoxia with NDRG3 playing a key role: In
normoxia, NDRG3 undergoes proteasomal degradation; under
prolonged hypoxia, however, lactate accumulates and stabilizes
NDRG3. The stabilized NDRG3 protein then acts via the Raf-ERK
signaling pathway and mediates cell growth and angiogenesis [58].
In hepatitis B virus–related hepatocellular carcinoma NDRG3

expression was overexpressed in clinical tumor specimen as well as in
HBV expressing hepatocellular carcinoma cell lines. NDRG3 levels
were inversely correlated with levels of the liver specific micro-RNA
miRNA-122. Transfection of miRNA-122 into hepatocellular
carcinoma cell lines repressed the transcription and expression of
NDRG3. Furthermore, the viral replication rate and the cell division
rates were significantly reduced when NDRG3 levels were low. Due
to the described role in HBV-related hepatocellular carcinoma, the
authors suggest NDRG3 (and miRNA-122) as a candidate molecular
diagnostic biomarker or future therapeutic target [59].
Regarding PCa, several studies reported alterations in NDRG3

levels or NDRG3-mediated cancer-promoting effects. In PCa cell
lines, NDRG3 expression is upregulated upon androgen treatment,
increases cell growth and migration capacities, and promotes tumor
growth in mouse models. Furthermore, NDRG3 overexpression led
to an increase of several angiogenetic chemokines (CXCL1, CXCL3,
CXCL5), which is in the line with the results of Lee et al. and suggest
a potential role in angiogenesis [43].
An IHC study on 206 pairs of PCa and corresponding

noncancerous tissue reported an overexpression of NDRG3 in
tumor compared to normal tissue, which was positively correlated
with advanced pathological state, presence of metastases, as well as
shortened relapse-free and overall survival [60].
In our study, we found increased levels of NDRG3 in

metastasizing and nodal relapsing primary PCa compared to
nonmetastasizing, relapse-free primary PCa.
ABHD11 is expressed only to a low level in glandular prostate cells
[61] and, to date, has not been associated with PCa. In other human
malignancies, such as ovarian cancer, increased levels induced cancer
cell proliferation, invasion, and migration and inhibited apoptosis in
cell culture [62]. Regarding its physiological function, ABDH11 was
suggested to be a regulator of lipid metabolism [63]. Increased
ABDH11 enzymatic activity in human lung adenocarcinoma could be
mapped to the development of distant metastases and aggressive cancer
phenotypes, which is why the authors suggested ABDH11 as a potential
biomarker for lung adenocarcinoma [64]. In our proteomic data,
ABDH11was among the top candidates enriched in LNMcompared to
metastasizing TU [ave. fold change (FC) = 2.8, P value = .0021]. We
therefore aimed to confirm this result by IHC. A difference in staining
intensity was clearly visible and measurable. Although this difference
failed to reach statistical significance, we were able to show a rectified
trend in line with proteomic data and suggest ABHD11 for further
investigation in the context of PCa.

To the current state of knowledge, SSH3 is physiologically
involved in actin filament dynamics [65]. This is interesting per se, as
actin filaments and the cytoskeleton in general play a crucial role in
cancer cells’ ability to migrate and form metastasis. Whether SSH3
has a role in the formation of LNM in PCa remains to be determined;
nevertheless, its increased abundance in LNM of PCa compared to
corresponding primary tumors, which we show in proteomic and
IHC data, is a novel finding.

Apart from PARP1 and NDRG3, RDH11 was selected for IHC
corroboration of proteomics data. RDH11 is an enzyme involved in the
metabolism of short-chain aldehydes and is highly expressed in the
prostate [21,66]. In a gene expression study on profiling androgen-
regulated transcripts, RDH11 expression was induced upon androgen
stimulation in cell culture [44], which makes RDH11 a possible
mediator of androgen effects. Furthermore, the authors describe a
substantial structural homology of RDH11 to the short-chain
dehydrogenase family and hypothesized that RDH11 might likewise
be involved in steroid synthesis or degradation. In our study, a
GO-term–based cluster named “cellular lipid metabolism” was
predominantly enriched in nodal metastasized PCa compared to
nonmetastasized, relapse-free PCa. Among the contributing proteins
was RDH11. Our MS data revealed increased levels of RDH11 in
primary PCa with nodal relapse in comparison to nonmetastasizing,
relapse-free PCa, which could be confirmed by IHC. So far, a
differential expression of RDH11 in metastasized and nonmetastasized
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PCa has not been described. However, RDH11 has been proposed
previously to function as a marker for malignant prostate tissue, as
reported in a gene expression study on the cancer cell line LNCaP,
where RDH11 contributed to a panel of marker genes for malignant
prostate tissue [67]. Taken together, the results of our and other studies
point towards a noteworthy yet rather unknown precise function of
RDH11 in the biology of PCa and provide a starting point for further
research.

In summary, we successfully investigated the proteome of PCa
using FFPE specimens of primary tumors and of LNMs with LC-MS/
MS and IHC. We showed that different PCa tissues exhibit
measurable different biological motifs and found several proteins
with possibly interesting function in the biology of PCa, such as
RDH11, PARP, and NdRG3.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.neo.2017.10.009.
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