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Easily accessible biomarkers that may inform on the metastatic potential of localized prostate cancer
are urgently needed. Herein, we show that syntaphilin (SNPH), a molecule originally identified as a
negative regulator of mitochondrial dynamics in neurons, is abundantly expressed in prostate cancer.
SNPH distribution in prostate cancer is spatially biphasic, with high expression at the invasive front,
correlating with increased proliferative rates, as determined by Ki-67 labeling, and reduced levels in the
central tumor bulk, which are further decreased in patients with distant metastases. Higher levels of
SNPH are observed with increasing Gleason grade. Prostate tumors predominantly express a novel,
extraneuronal isoform of SNPH that accumulates in mitochondria and maintains oxidative metabolism
and tumor cell proliferation. These data suggest that SNPH is a novel marker of high Gleason grade
prostate cancer, differentially expressed at the invasive front compared with the central tumor bulk, and
is potentially down-regulated in metastatic disease. This biphasic pattern of expression may reflect a
dual function of SNPH in controlling the balance between cell proliferation and invasion in tumors.
(Am J Pathol 2019, 189: 1180e1189; https://doi.org/10.1016/j.ajpath.2019.02.009)
Supported by NIH grants R35 CA220446 and P01 CA140043 (D.C.A.).
Disclosures: None declared.
Prostate cancer remains the most prevalent malignancy
diagnosed in men and the second leading cause of cancer-
associated mortality in the Western world.1 Most prostate
cancer cases are not lethal as slow-growing cells remain
localized in the gland, and many patients are potentially best
managed by active surveillance rather than aggressive
treatments carrying significant morbidity.2 The 5-year
survival rate of these patients approaches 100% but de-
creases to 29% to 30%3,4 in men whose disease has spread
beyond the prostate.

Morphologically indistinguishable from clinically local-
ized high-grade disease, metastatic prostate cancer exhibits
monoclonal origin in primary multifocal lesions,5 cross-
metastatic seeding,6,7 and aggressive evolution in response
to androgen-deprivation therapy.8 Despite considerable
effort, the cellular and molecular requirements of metastatic
prostate cancer have remained elusive, and there are
currently no reliable approaches to identify the subset of
stigative Pathology. Published by Elsevier Inc
prostate cancer patients who will eventually acquire meta-
static competence and disseminated disease.
Recent experimental evidence has underlined the impor-

tance of tumor metabolism in disease progression. Consid-
erable interest has been devoted to the bioenergetics shift
toward aerobic glycolysis observed inmost tumors, including
prostate cancer, the so-called Warburg effect.9 However,
more recent data have demonstrated that mitochondrial bio-
energetics continue to play an important role in tumor meta-
bolism, conferring malignant traits of drug resistance, tumor
repopulation, and metastatic competence.10e13 The molecu-
lar determinants of this process are only beginning to emerge,
but there is evidence that changes in mitochondrial dynamics,
a process that affects organelle size, shape, and subcellular
. All rights reserved.
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Figure 1 Characteristics and scoring method of SNPH
immunohistochemical stain. A: Score 0: Gleason pattern
(GP) 3 cancer cells with negative staining. A nerve bundle
at the right lower corner serves as an internal positive
control and demonstrates granular cytoplasmic positivity.
B: Score 1þ: GP 3 cancer cells demonstrating finely
granular, loosely spaced cytoplasmic reactivity. C: Score
2þ: GP 4 tumor cells showing granular intracytoplasmic
reactivity occupying a greater proportion of cytoplasmic
space than a score of 1þ, but less than that seen in 3þ in
both quantity and quality of the stain. D: Score 3þ: Bright
and closely packed intracytoplasmic granular staining that
occupies the entire cytoplasm of most tumor cells and
occasionally obscures the nuclei. Original magnification,
�400 (AeD).
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SNPH Is a Biomarker in Prostate Cancer
motility, regulate tumor cell invasion and metastatic
dissemination in mouse models of disease.14

In this context, a molecule originally described as a
negative regulator of mitochondrial dynamics in neurons,15

syntaphilin (SNPH), has been identified as a key determi-
nant of the balance between cell proliferation and cell
invasion in tumors, including prostate cancer.16 Regulated
by stress stimuli of the tumor microenvironment, high levels
of SNPH maintain mitochondrial oxidative bioenergetics
and buffer reactive oxygen species to support tumor cell
proliferation. Conversely, unfavorable conditions of the
microenvironment, such as hypoxia, result in decreased
expression of SNPH in tumors. In turn, this lowers tumor
cell proliferation but promotes the redistribution of ener-
getically active mitochondria to the cortical cytoskeleton,
fueling increased tumor cell motility, invasion, and meta-
static dissemination, in vivo.14,16 Analysis of genomic
databases suggests that SNPH expression is decreased or
lost in advanced malignancies; thus, it is in line with greater
metastatic propensity.14 However, a potentially biphasic
function of SNPH at the cell proliferationecell invasion
interface in primary patient samples has not been previously
investigated.

In this study, we examined the expression of SNPH in a
cohort of localized and metastatic prostate cancer patients.
SNPH levels were found to be spatially controlled, and low
levels of expression in the central tumor bulk were associ-
ated with metastatic disease.
The American Journal of Pathology - ajp.amjpathol.org
Materials and Methods

Patient Cohort

On approval from the Yale University (New Haven, CT)
Institutional Review Board, the archival database of the
Department of Pathology at Yale New Haven Hospital (New
Haven, CT) was searched for radical prostatectomy speci-
mens removed to treat prostatic adenocarcinoma between
2007 and 2016. Hematoxylin and eosinestained sections of
tumor from each specimenwere reviewed by two pathologists
(M.J.H. and M.E.R.), and a total of 89 prostatic adenocarci-
noma cases were selected (88 radical prostatectomy and 1
cystoprostatectomy specimens). The 2015 modified Interna-
tional Society of Urological Pathology Gleason Scheme was
used to assign Gleason pattern (GP) and Gleason scores
(GSs), and cases were furthered categorized into five grade
groups (GGs), according to the grade group system endorsed
in the 2016 World Health Organization classification sys-
tem.17,18 Tumor stage was assigned according to the Amer-
ican Joint Committee on Cancer TNM (tumor, node,
metastasis) classification, seventh edition.19 To compare
SNPH expression levels between indolent and potentially
aggressive disease, 29 cases of GS 6 (GG 1) and 60 cases of
GS 7 to 10 (GG 2 to 5) were selected. Sixteen of the GG 2 to 5
patients had synchronous or metachronous regional lymph
node or distant metastases. For all patients, the tissue block
containing the highest volume of tumor and, in the case of GS
1181
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Figure 2 A: Low-magnification view of a cancer nodule, with the
central tumor bulk consisting predominantly of invasive cribriform Gleason
pattern 4 (hematoxylin and eosin stain). B: Low-magnification view of the
same cancer nodule, with an outer rim of accentuated SNPH staining. The
invasive front is defined as the external rim of each cancer nodule abutting
the adjacent stroma, as outlined in this image as the zone between the
dotted and solid lines. Arrows denote accentuated SNPH staining at the
tumor-stromal interface. Original magnification �12.5 (A and B).
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7 to 10, the highest percentage of GP 4/5 was selected for
immunohistochemical analysis. All cases were subjected to
SNPH analysis (see below). A subset was additionally eval-
uated by Ki-67 immunostaining.

In addition to primary tumor assessment, SNPH expression
was evaluated in paired metastases from 15 of the 16 patients
with metastases in whom tissue from the metastases was
available for staining (14 with regional lymph node metas-
tases, 1 of whom also had a distant metastasis, and 1 with
three separate distant metastases). SNPH expression was also
assessed in 15 additional unpaired distant metastases.
Immunohistochemistry

For SNPH analysis, sections (4 mm thick) were incubated
for 1 hour with a rabbit polyclonal antibody against SNPH
(number HPA049393; Sigma, St. Louis, MO) at 1:300
dilution. Antibody reactivity was detected with a kit using
peroxidase-diaminobenzidine as the chromogen (DAB
UltraView; Ventana, Tucson, AZ), and all slides were
counterstained with hematoxylin. A negative control was
run with each batch of slides without applying the primary
1182
antibody. Immunostaining for Ki-67 was performed on
sections (4 mm thick) and run on the Ventana Benchmark
XT automated stainer with the monoclonal MIB-1 (Dako,
Carpenteria, CA) antibody at 1:300 dilution.

Pathology Review and Scoring

SNPH stained slides were scored simultaneously by two pa-
thologists (M.J.H. and M.E.R.). For each slide, the percentage
of cell staining and the intensity of SNPH stain in cancer cells
were evaluated and recorded, both by GP and location in the
gland. That is, each GP component present on a slide was
separately scored for SNPH on a 0 to 3þ semiquantitative
scale, as follows: 0 indicates no staining; 1þ, faint, loosely
spaced, fine granular cytoplasmic staining; 2þ, intermediate
intensity between 1þ and 3þ; and 3þ, bright, closely packed,
coarse granular cytoplasmic staining frequently occupying the
entire cytoplasm (Figure 1). Since cribriform pattern was first
recognized as an independent prognostic factor for biochem-
ical recurrence in 2011,20 the adverse prognostic impact of the
presence of cribriform pattern has been reported in association
with postoperative metastasis, disease-specific survival,21 and
adverse pathologic findings.22 A recent review article by Icz-
kowski et al23 summarized the clinical significance of cribri-
form pattern in prostate cancer. Therefore, cribriform pattern
was specifically scored in addition to other GP 4 as part of the
association of SNPHwith different, outcome-relevant prostate
cancer pathologies. In addition, staining intensity was scored
by tumor location, as follows: i) overall SNPH score in all
tumor present on the slide; ii) the invasive front, defined as the
external rim of a tumor nodule abutting benign tissue; iii) the
central tumor bulk, defined as the central core of tumor,
excluding the invasive front; and iv) staining in areas of
extraprostatic extension (Figure 2). Invasive front and central
tumor bulk scores were calculated for each tumor nodule
present on the slide (with exception of eight GG 1 patients in
whom the amount of tumor present was insufficient to calcu-
late differential invasive front and central bulk score). H scores
for each score (both by GP and location) were calculated as
follows: 0 (percentage of cells with 0 intensity) þ 1 (percent-
age of cells with 1þ intensity) þ 2 (percentage of cells with
2þ intensity) þ 3 (percentage of cells with 3þ intensity). For
lymph node and distant metastases, the percentage of cell
staining and intensity of SNPH stain in cancer cells were
recorded.
After reviewing SNPH immunostains, 15 GG 2 to 5 cases,

manifesting high SNPH expression at the invasive front
relative to the central tumor bulk, were selected for prolifer-
ation index analysis by Ki-67 immunostain. For this analysis,
two Ki-67 hot spots were identified at�200 magnification in
both the invasive front and central tumor bulk locations. The
number of Ki-67epositive nuclei within each location was
counted on printed color images taken at�400magnification.
The Ki-67 labeling index (Ki-67 LI) was defined as the
number of Ki-67epositive cancer cells divided by the total
number of cancer cells present in the hot spot.
ajp.amjpathol.org - The American Journal of Pathology
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Table 1 Demographic Data

Variable
Grade group 1
(n Z 29)

Grade group 2
to 5 (n Z 60) P value

Age, years
Mean (SD) 60.9 (7.5) 62.5 (6.8) 0.319
Median (range) 61.0 (46e81) 63 (48e75)

Preoperative PSA,
ng/mL

Mean (SD) 6.0 (3.2) 8.9 (4.7) 0.032
Median (range) 5.5 (0.9e13) 7.6 (3e23)

Cancer involvement, %
Mean (SD) 6.1 (5.9) 27.2 (20.2) <0.001
Median (range) 5.0 (1e30) 20 (5e90)

Grade group, n (%)
1 29 (100) 0 (0) <0.001
2 0 (0) 7 (11.7)
3 0 (0) 25 (41.7)
4 0 (0) 4 (6.6)
5 0 (0) 24 (40)

T stage, n (%)
T2 28 (96.6) 20 (33.3) <0.001
T3 1 (3.4) 40 (66.7)

N stage, n (%)
N0 13 (100) 41 (73.2) 0.056
N1 0 (0) 15 (26.8)

Seminal vesicle
invasion, n (%)

Absent 29 (100) 41 (68.3) <0.001
Present 0 (0) 19 (31.7)

Extraprostatic
extension, n (%)

Absent 28 (96.6) 22 (36.7) <0.001
Present 1 (3.4) 38 (63.3)

Margin, n (%)
Negative 27 (93.1) 32 (54.2) <0.001
Positive 2 (6.9) 27 (45.8)

Biochemical
recurrence, n (%)

Absent 28 (100) 34 (60.7) <0.001
Present 0 (0) 22 (39.3)

N, node; PSA, prostate-specific antigen; T, tumor.

SNPH Is a Biomarker in Prostate Cancer
SNPH RNA Expression

Fresh tissue was collected prospectively from six radical
prostatectomy specimens, to include both benign and malig-
nant tissue (10 samples total). The collected specimens were
bisected, with half snap frozen for RNA analysis and half
submitted in formalin for routine histology to confirm tissue
content. Flash-frozen human prostate tissue specimens were
pulverized into a powder using a cold mortar and pestle. RNA
was extracted from the tissue powder using the RNeasy Mini
Kit (catalog number 74104; Qiagen, Redwood City, CA) and
quantified on aNanodrop (Thermo Fisher Scientific,Waltham,
MA). cDNA was synthesized using 3 mg of extracted RNA.
The differential expression of SNPH isoforms in prostate
cancer samples was quantified by quantitative PCR, as
described previously.16 Briefly, custom isoformespecific
The American Journal of Pathology - ajp.amjpathol.org
TaqMan gene expression assays to detect long human SNPH
transcript (L-SNPH; https://www.ncbi.nlm.nih.gov; accession
number NM_001318234.1) or short human SNPH transcript
(S-SNPH; https://www.ncbi.nlm.nih.gov; accession number
NM_014723) were used. Custom L-SNPH assay primers and
probes were as follows: forward, 50-TCAG-
GGTTGTTGAGAGGAGTCA-30; reverse, 50-CCAGTTGG-
CCCGTGGTT-30; and probe, 50-ATAATACGGGAAG-
CCCC-30. Custom S-SNPH assay primers and probe were as
follows: forward, 50-AGTGGTGCGAGCCG-30; reverse, 50-
GGTGGGATGGGCGGTATC-30; and probe, 50-CAGTGG-
ACTCAGCCCCC-30. A standard synthetic gBlock
containing the target amplicons for common SNPH (short þ
long), short SNPH, long SNPH, actin, and GAPDH in
tandem was purchased from Integrated DNA Technologies
(Coralville, IA). The efficiency of amplification of the three
assays (long, short, and common SNPH) was determined
using the Ct slope method, with six concentrations of
common SNPH (short þ long), short SNPH, long SNPH,
actin, and GAPDH in tandem standard covering a 5-log
range and found to be identical (P > 0.05 for all
comparisons). The means � SD were as follows: Ex
long Z 82.33 � 8.069; Ex short Z 80.90 � 2.700; and Ex
common Z 84.82 � 7.179. The means � SD for
the correlation coefficients were: R2 long Z 0.9975 �
0.002500; R2 short Z 0.9875 � 0.01250; and R2

common Z 0.9970 � 0.001000. All R2 values were
identical (P > 0.05 for all comparisons). Absolute copy
number for each transcript was determined against a standard
curve of common SNPH (short þ long), short SNPH, long
SNPH, actin, and GAPDH in tandem that was run in parallel
with the cDNA samples. For relative quantitation, the DDCt
method was used.

Statistical Analysis

The association between categorical clinicopathologic fea-
tures and grade group were evaluated by c2 or Fisher’s
exact test. The means of continuous demographic data be-
tween grade groups were compared using a two-group t-test.
A paired t-test was used to compare the H score of SNPH
and Ki-67 LI between invasive front and central tumor bulk.
A two-sample t-test was used to compare the H score of
SNPH between GG 1 cases and GG 2 to 5 cases. One-way
analysis of variance with post-hoc Bonferroni’s correction
was used to conduct multiple comparisons of H scores be-
tween different GPs. Cuzick’s test was used for examing the
trend of SNPH H scores over the ordered GPs. Two-sided
tests were used for all analyses, with P < 0.05 regarded
as statistically significant.

Results

Clinical and Pathologic Features of Patients

Consistent with previous observations, significant differences
in clinicopathologic features and outcome were observed in
1183
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Figure 3 Hematoxylin and eosinestained slides and
corresponding SNPH immunohistochemical stains. A and
B: Low-magnification view of the edge of a tumor nodule,
with the invasive front (IF) at the left lower corner. The
tumor cells are arranged in fused/poorly formed glands
with accentuation of SNPH staining at the invasive front
and gradual attenuated expression toward the central
tumor bulk at the right upper corner (asterisks). C and D:
Tumor cells at the central tumor bulk with weak, finely
granular 0 to 1þ positivity within the cytoplasm. E and F:
Tumor cells at the invasive front, showing much higher 3þ
SNPH staining with coarse, closely packed cytoplasmic
positivity. The granular positivity occupies the entire
cytoplasm in most tumor cells. Original magnification:
�100 (A and B); �400 (CeF).
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Hwang et al
the GG 1 and GG 2 to 5 patient groups24,25 (Table 1). GG 2 to
5 patients included 15 with synchronous lymph node
metastasis, 1 of whom later developed a distant metastasis,
and 1 with metachronous distant metastases. No differences
in clinicopathologic features were found between patients
with or without metastasis, except for the finding that the
presence of extraprostatic extension was significantly asso-
ciated with metastasis (P Z 0.032) compared with no
extraprostatic extension (Supplemental Table S1).

Syntaphilin Immunohistochemistry Staining

Adenocarcinoma
Immunohistochemical detection of SNPH in archival pros-
tate cancer specimens was feasible and appeared as variably
packed, faint to coarse granular cytoplasmic staining
1184
(Figure 1). In the vast majority of tumors (78/81, 96.3%),
SNPH H scores were significantly higher at the invasive
front compared with central tumor regions (P < 0.0001)
(Figure 3, and Figure 4, A and B). In two cases, invasive
front and central tumor H scores were identical; and in one
case, the central tumor score was greater. In addition,
invasive front H scores of GG 2 to 5 tumors were higher
than the invasive front scores of GG 1 tumors (P Z 0.008)
(Figure 4C). No difference between central tumor H scores
was found between GG 1 and GG 2 to 5 tumors. There was
an increasing trend in SNPH expression with increasing GP
(P Z 0.001 from Cuzick’s test for trend) (Figure 4D).
Higher SNPH H scores were observed with increasing GP,
with GP 5 H scores being significantly higher than GP 4
(P < 0.001) and GP 3 (P Z 0.001) H scores. GP 3 H scores
in GG 2 to 5 tumors were significantly higher than GP 3
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 A and B: SNPH expression is higher at the invasive front than in central tumor bulk regions in both grade group (GG) 1 and GG 2 to 5 tumors. C:
SNPH expression at the invasive front is higher in GG 2 to 5 tumors than in GG 1 tumors. D: There is a trend of higher SNPH expression in high-grade Gleason
pattern (GP), with pure GP 3 in GG 1 demonstrating the lowest H score (pG3: pure Gleason pattern 3 in grade group 1; G3: Gleason pattern 3 in grade group
2e5; G4: Gleason pattern 4; G5: Gleason pattern 5). **P < 0.01, ****P < 0.0001 (paired t-test); yyyP < 0.001 (Cuzick trend test).

Figure 5 SNPH H scores in central tumor bulks are lower in grade group
2 to 5 cases with metastases than in cases without metastases. *P < 0.05.

SNPH Is a Biomarker in Prostate Cancer
scores in GG 1 tumors (P Z 0.004) (Figure 4D). Interest-
ingly, extraprostatic extension H scores were greater than
both paired invasive front (P Z 0.017) and paired central
tumor bulk (P < 0.001) H scores (Supplemental Figure S1).

Considering cribriform pattern (G4C), in 60 patients with
GG 2 to 5 scores, 31 (57%) had a component of cribriform
pattern 4. There was no difference in H scores for G3, G4,
and G5 patterns between prostates with (n Z 31) and
without (n Z 29) cribriform pattern 4 (P Z 0.36 to
PZ 0.95). In addition, G4C H scores were no different (not
greater) than G4 H scores in cases without a cribriform
component (P Z 0.97). Furthermore, when comparing H
scores within the same tumor, G4C H scores were not
greater than scores in any other Gleason pattern, whereas G5
H scores were significantly higher than G4C scores
(P Z 0.048).

Central tumor SNPH H scores were significantly lower in
the 16 patients with synchronous or metachronous metas-
tases compared with central H scores in patients without
metastases (P Z 0.027) (Figure 5). By contrast, invasive
front H scores were not different in patients with and
without metastasis. SNPH H scores did not correlate with T
stage or evidence of biochemical recurrence. Most distant
metastases expressed SNPH strongly, with greater intensity
than that found in either regional lymph node metastases
(P Z 0.015) or primary tumors (P < 0.001) (Supplemental
Figure S2).

Benign Prostate
SNPH staining was present in benign tissue in all samples,
with a variety of staining intensities noted (Figure 6).
Glands in the peripheral and central zones typically showed
weak, powdery cytoplasmic staining (1þ). The ejaculatory
ducts and seminal vesicles stained strongly with coarse
intracytoplasmic granules (2 to 3þ). Normal urothelium or
urothelial metaplasia typically demonstrated moderate (2þ)
intensity staining. In the transition zone, epithelium in
benign prostatic hyperplastic nodules demonstrated stronger
staining compared with nonatrophic glands in the peripheral
zone or central zones. Atrophic glands occasionally
demonstrated stronger (1 to 2þ) staining than that seen in
immediately adjacent glands without atrophy. In addition to
The American Journal of Pathology - ajp.amjpathol.org
epithelial staining, stromal cells in the transition zone typi-
cally demonstrated 1 to 2þ staining, especially in nodular
hyperplasia.

Ki-67 Labeling Index of the Invasive Fronts and Central
Bulk

Among 15 selected cases with a pronounced difference in
SNPH scores between the invasive front (SNPH expression
2þ to 3þ) and central tumor bulk (SNPH expression 0 to
1þ), the Ki-67 LI was higher at the invasive front (5%
versus 3.7%; P Z 0.011).

RNA Expression in Cancer and Benign Peripheral Zone
Tissue

Recent studies have demonstrated that transcription of the
SNPH locus in humans produces at least two alternatively
spliced isoforms: a long SNPH variant, corresponding to
previously described neuronal SNPH; and a short, extra-
neuronal SNPH isoform, characterized by mitochondrial
localization and functionally implicated in the balance be-
tween tumor cell proliferation and tumor cell invasion.16

Quantitative PCR of individual SNPH isoforms in fresh
benign and tumor samples identified the short SNPH iso-
form as the dominant variant expressed in these settings
(Figure 7A). In contrast, a long SNPH isoform, previously
1185
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Figure 6 Hematoxylin and eosin (H&E)estained slides and corresponding SNPH immunostains in normal structures and nonmalignant conditions of the
prostate. A and B: Peripheral zone acini showing 1þ SNPH expression. Ganglion cells and nerve bundles are recognized and show 2þ to 3þ staining. C and D:
Seminal vesicle with clusters of acini and ducts, demonstrating intracytoplasmic lipofuscin pigment on H&E-stained slides. The epithelial cells show heterogeneous
SNPH intensity, ranging from1þ to 3þ, with a trendof weaker positivity in the ducts. E and F:Urothelial metaplasia with heterogeneous 1þ to 2þ SNPH staining.G
and H: Simple and partial atrophy, with flat to low-columnar epithelial cells demonstrating decreased cytoplasmic volume. The epithelial cells show variable 1þ to
2þ positivity, with higher staining identified in partial atrophy at the right lower corner. I and J:Benign prostatic hyperplasia, with stromal cells demonstrating 2þ
SNPH staining. The stromal cells of the peripheral zone show focal weak 1þ positivity. K and L: High-grade prostatic intraepithelial neoplasia with a micropapillary
pattern and a tufting pattern. The luminal cells show prominent nucleoli and stronger 1þ to 2þ staining compared with the benign acini, with 0 to 1þ staining at
the left upper corner. Original magnification: �200 (AeF, K, and L); �100 (G and H); �40 (I and J).

Hwang et al
characterized for expression in neuronal tissue, was mostly
undetectable in benign prostate and primary tumor samples
(Figure 7A).16 In addition, there was a preliminary trend for
higher expression of short SNPH in tumor, compared with
normal prostate samples (Figure 7B).
Discussion

In this study, SNPH, a molecule originally described as
neuronal specific, was found to be abundantly expressed in
prostate cancer, where its levels correlated with higher
Gleason grade tumors. A distinctive feature of these ob-
servations is that SNPH was expressed in prostate cancer
with a spatially unique distribution: higher SNPH levels
were more prominently localized at the invasive front
1186
compared with the central tumor bulk, correlating with
increased Ki-67 labeling also at the invasive front. In
addition, the lower SNPH levels in the central tumor bulk
were further down-regulated in patients with metastatic
disease. Using isoform-specific molecular analysis, it was
found that prostate cancer expresses a novel, short SNPH
variant localized to mitochondria and functionally impli-
cated in controlling the balance between cell proliferation
and cell invasion.
The molecular and cellular determinants of metastatic

prostate cancer have not been completely elucidated, but
there is growing consensus that progressing disease is
clonally heterogeneous, which may select for cells with
endowed metastatic propensity.6e8 The results presented
herein of a heterogeneous, location-specific expression of
SNPH may be consistent with this model, potentially
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 A: Total RNA extracted from the indicated prostate tissue
samples was amplified with isoform-specific primers for the detection of a
long (L) or short (S) SNPH isoform by b-actinenormalized quantitative PCR.
B: The conditions are as in A, and the ratio of S/L SNPH expression in
normal (N) or tumor (T) prostate tissue samples was calculated. Data are
expressed as means � SD of replicates (A). n Z 2 independent amplifi-
cation experiments (A).

SNPH Is a Biomarker in Prostate Cancer
identifying malignant clones with differential proliferative
or migratory potential. In most cancer nodules, strong
SNPH staining was limited to a few layers of cells at the
outer tumor-stroma interface, which was defined as the
invasive front, whereas the cells internal to the invasive
front (central tumor bulk) showed weak to negative SNPH
staining in most cases. This degree of heterogeneity has
been observed before in prostate cancer and may reflect
differences in nutrient availability or other stress conditions
of the tumor microenvironment. Accordingly, Sethi et al26

demonstrated that proteins involved in the epithelial-
mesenchymal transition are more prominently expressed at
the invasive front in human prostate cancer. In addition,
Esposito et al27 also demonstrated stronger staining of
SNAI2, a zinc-finger protein of the Snail family of tran-
scription factors, at the invasive front, compared with the
tumor center, potentially reflecting a differential methylation
status of the SNAI2 gene promoter in the center of tumors
versus the invasive front.
The American Journal of Pathology - ajp.amjpathol.org
In addition to differences in spatial distribution, there was
more pronounced expression of SNPH at the invasive front
in GG 2 to 5 compared with GG 1 cases and a trend of
increased SNPH expression in adenocarcinoma of higher
Gleason grade. These findings suggest a positive correlation
between SNPH expression at the invasive front and
aggressive disease, in agreement with a small, but statisti-
cally significant, increase in the Ki-67 LI at the invasive
front compared with the central tumor bulk. The idea of
increased cell proliferation at the invasive front in prostate
cancer is not widely studied, but there is evidence for high
Ki-67 expression at the invasive front in breast cancer,28

correlating with postoperative distant metastasis and
disease-specific survival.29 This may be consistent with
laboratory findings in which a three-dimensional tumoroid
culture of prostate cancer cell lines also demonstrated
increased Ki-67 staining at the invasive front.30 Conversely,
analysis of the central tumor bulk showed almost invariably
lower H scores for SNPH than those at the invasive front of
the same tumor. When GG 2 to 5 cases were further sub-
categorized into those with or without metastasis, cases with
disseminated disease showed weaker SNPH at the central
tumor bulk compared with cases without metastasis. The
reduced level of SNPH expression in these settings is in
keeping with recent evidence obtained in cancer cell lines
and prostate cancer xenograft models, in which loss of
SNPH was associated with increased tumor cell migration,
invasion, and metastatic dissemination.14,16

In addition to a positive correlation between Ki-67 LI and
SNPH expression, it was found that pure GP 3 glands had
lower SNPH expression than GP 3 glands associated with GP
4 or 5. This observation fits well with the prior work in which
pure GP 3 adenocarcinoma glands had a lower Ki-67 LI than
GP 3 glands associated with cribriform GP 4.31 In fact, a
potential biological difference between glands of pure GP 3
and GP 3 associated with GP 4 or 5 has been previously
proposed. One study demonstrated that phosphatase and
tensin homolog (PTEN) loss, LPL/8p loss, andMYC/8q gain
were more commonly identified in GP 3 glands associated
with GP 4 than pure GP 3 glands.32 Furthermore, it has been
shown that hundreds of genes are differently expressed in GP
3 glands embedded in GS 7 prostatic adenocarcinoma
compared with pure GP 3 glands in GS 6 prostatic adeno-
carcinoma.33 Independent studies have also demonstrated a
clonal relationship between GP 3 glands and the adjacent
adenocarcinoma glands of higher Gleason grade in at least a
subset of cases.34,35 However, GP 3 and associated GP 4
glands likely diverge early during cancer progression, given
that there are multiple private mutations that are not shared
between them. Interestingly, GP 3 glands in these cases retain
the typical indolent-appearing histologic pattern, although
they have acquired multiple additional molecular alterations,
in addition to the shared genetic alterations with adjacent GP
4 glands.35 Haffner et al36 reported a case in which the lethal
clone from a metastasis was traced back to a small region in
the primary tumor, composed of GP 3 glands exhibiting loss
1187
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of PTEN expression, an SPOP mutation, and a TP53 muta-
tion. Interestingly, the molecular changes of those lethal
metastases suggest that they did not arise from tumor glands
of higher Gleason grade near the GP 3 region. This suggests
that cancer of low-grademorphologymay still be the origin of
a lethal clonewhen it is embedded in glands of higher Gleason
grade. Our SNPH data, revealing differences in GP 3
expression between GG 1 and GG 2 to 5 cases, provide
additional evidence that not all GP 3 glands are identical.
Whether SNPH expression has a potential role as a biomarker
for identifying higher-risk GP 3 tumor glands will require
further study.

Taken together, the results presented herein can be
explained by the dual function of SNPH in cancer.
Consistent with recent findings, we demonstrated that a
short, extraneuronal SNPH variant was the dominant form
expressed in our series of prostate cancer.16 At the molec-
ular level, this SNPH isoform localizes to mitochondria and
maintains oxidative bioenergetics, supporting ATP produc-
tion and reduced generation of toxic reactive oxygen
species. Accordingly, high SNPH levels supported
increased tumor cell proliferation,14,16 in line with the ob-
servations reported herein that high SNPH expression at the
invasive front correlated with an increased Ki-67 LI. Like-
wise, the observed SNPH expression in distant metastases
may indicate that these lesions remain highly proliferative.
Conversely, reduction of SNPH levels reduced proliferation
but dramatically enhanced tumor cell motility. This was
attributable to the second function of SNPH as an inhibitor
of mitochondrial trafficking. Accordingly, loss of SNPH in
these settings promoted heightened redistribution of mito-
chondria to the cortical cytoskeleton of tumor cells, fueling
increased membrane dynamics of cell motility, tumor cell
invasion, and metastasis in vivo.16 This dual function of
SNPH in controlling the balance between cell proliferation
and cell motility, a process also called phenotype switch-
ing,37 may explain the biphasic spatial distribution of SNPH
observed herein. Accordingly, evidence collected from cell
culture models, including prostate cancer,16 suggests that
SNPH levels are exquisitely sensitive to changes commonly
observed in the microenvironment of tumor growth. In this
context, microenvironment stress conditions in the central
tumor bulk due to hypoxia or reduced nutrient availability
may result in SNPH loss and increased metastatic pro-
pensity, whereas more favorable conditions of unrestricted
oxygen and nutrient availability at the invasive front may
maintain higher levels of SNPH in the tumor cell popula-
tion, resulting in sustained mitochondrial bioenergetics and
Ki-67þ tumor cell proliferation. Consistent with this model,
hypoxia, as quantified by direct electrode measurement and
immunohistochemical studies,38,39 has long been recog-
nized as a key driver of prostate cancer, influencing protein
expression,40 intraductal carcinoma/cribriform architec-
ture,41 higher Gleason scores and grades,42 a more aggres-
sive clinical stage,43 and increased incidence of biochemical
recurrence.44
1188
In summary, we have identified a unique, spatially
biphasic distribution of SNPH in prostate cancer with sharp
differential expression between the invasive front and cen-
tral bulk regions of the tumor. Broadly, these findings may
reinforce a proposed model of clonal heterogeneity of pro-
gressing prostate cancer and suggest that SNPH may be
differentially exploited in central versus proliferative sites,
depending on the conditions of the tumor microenviron-
ment. The results obtained herein in primary patient cohorts
also reaffirm a critical, emerging role of mitochondrial
biology in influencing tumor behavior, including prostate
cancer. Whether a spatially differential expression of SNPH
could help identify patients with greater risk of metastatic
dissemination is worthy of further investigation.

Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.ajpath.2019.02.009.
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