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Abstract
Butyrylcholinesterase (BChE) is a plasma enzyme that hydrolyzes ghrelin and bioactive esters, suggesting a role in
modulating metabolism. Serum BChE is reduced in cancer patients. In prostate cancer (PC), the down-regulation is
associated with disease recurrence. Nonetheless, how BChE is expressed in PC and its impact on PC remain unclear.
We report here the biphasic changes of BChE expression in PC. In vitro, BChE expression was decreased in more
tumorigenic PC stem-like cells (PCSLCs), DU145, and PC3 cells compared to less tumorigenic non-stem PCs and
LNCaP cells. On the other hand, BChE was expressed at a higher level in LNCaP cells than immortalized but non-
tumorigenic prostate epithelial BPH-1 cells. In vivo,BChEexpressionwas up-regulated inDU145 xenografts compared
to LNCaP xenografts; DU145 cell-derived lung metastases displayed comparable levels of BChE as subcutaneous
tumors. Furthermore, LNCaP xenografts produced in castrated mice exhibited a significant increase of BChE
expression compared to xenografts generated in intactmice. In patients, BChE expressionwas down-regulated in PCs
(n = 340) compared to prostate tissues (n = 86). In two independent PC populations MSKCC (n = 130) and TCGA
Provisional (n=490), BChEmRNA levelswere reduced fromWorldHealthOrganizationgradegroup 1 (WHOGG1) PCs
to WHOGG 3 PCs, followed by a significant increase in WHOGG 5 PCs. The up-regulation was associated with a
reduction in disease-free survival (P = .008). Collectively, we demonstrated for the first time a biphasic alteration of
BChE, its down-regulation at early stage of PC and its up-regulation at advanced PC.
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troduction
ostate cancer (PC) is the most common male-specific malignancy in
e developed world [1]. The disease develops from high-grade
ostatic intra-epithelial neoplasia (HGPIN), to invasive carcinoma,
d then to metastatic PC. Primary PCs can be approached by a
riety of management plans depending on the severity of the disease,
tient age and preference; this includes watchful waiting, radical
ostatectomy (RP), and radiation. PCs are graded using Gleason
ore (GS) and GS-based World Health Organization (WHO) PC
ading system (WHO grade group 1–5) which is also known as
UP (the International Society of Urological Pathology) grade [2–4].
hile a large proportion of GS6/WHO grade group 1 tumors are not
e-threatening, higher grade PCs are associated with increased risk of
sease progression. Approximately 30% of patients after RP will
velop recurrent PC characterized by biochemical recurrence (BCR)
ith a rise in serum prostate-specific antigen (PSA) [5]. Progression to
CR is a major turning point in PC development as a large
oportion of recurrent PCs will metastasize [6]. The standard
eatment for metastatic PCs is androgen-deprivation therapy (ADT);
evitably the cancer mutates to escape the effect of ADT and
velops into castration resistant prostate cancer (CRPC) [7]. PC
rmation and progression is regulated by complex factors, for which
r knowledge remains limited.
Butyrylcholinesterase (BChE) is an appealing candidate in PC.
ChE and acetylcholinesterase (AChE) are two choline esterases that
are 65% of amino acid identity [8]. They have different tissue
stributions and kinetics in hydrolyzing acetylcholine. AChE is
pressed at high levels in brain, muscle, and erythrocytes, while
ChE is abundant in liver, intestine, heart, kidney, and lung [9,10].
ChE hydrolyzes acetylcholine rapidly [9], which is consistent with
s classic role in hydrolyzing acetylcholine in cholinergic synapses of
e brain and autonomic nervous system [11]. Liver-produced BChE
secreted into serum [12]; the plasma BChE hydrolyzes butyrylcho-
e [12], succinylcholine [13], and ghrelin (the hunger hormone)
4–17]. The serum level of BChE is changed in numerous clinical
nditions. It is elevated in increased levels of serum triglyceride and
olesterol as well as in insulin resistance [18,19] and is decreased in
otein-energy malnutrition, stress, and inflammation [20]. This may
flect the metabolic alterations in these clinical conditions.
Inflammation and anorexia are associated with advanced cancer
1], supporting the observed common reduction of serum BChE in
ncer patients. This down-regulation is correlated with cancer
ogression [19]. Lower levels of serum BChE were detected in
tients with pancreatic cancer [22], colorectal carcinoma [23], oral
ncer [24], head and neck squamous cell carcinoma [25], non-small-
ll lung cancer [26], lung squamous cell carcinoma [27], papillary
nal cell carcinoma [28], bladder cancer [29], and upper urinary
ack urothelial carcinoma [30]. In patients with PC, reductions in
rum BChE are associated with decreases in BCR-free survival
1,32]. Nonetheless, the contributions of BChE to cancer
velopment remain unclear, which may be attributable to the lack
knowledge on tumor-associated BChE. With respect to PC, this

sue is also not settled, although there was a report for no alteration in
e BChE protein in primary PCs (n = 11) compared to benign
ostatic hyperplasia (BPH, n = 20) [33].
To investigate the above issue, we report here a thorough analysis
BChE expression in PC development. BChE expression was
amined at both the mRNA and protein levels in vitro, in vivo, and
patients in the context of PC tumorigenesis and progression. We
monstrated for the first time a biphasic alteration of BChE level, in
at the expression of BChE is down-regulated at early stage of PC
d up-regulated at advanced PC. It is important to note that the up-
gulation is associated with PC recurrence.
aterials and Methods

ell Culture and Generation of DU145 Spheres or Prostate
ancer Stem-Like Cells (PCSLCs)
LNCaP, PC3, and DU145 cells were obtained from American
ype Culture Collection (ATCC), and cultured in RPMI-1640
NCaP), F12 (PC3) and MEM (DU145) media supplemented
ith 10% FBS (Gibco) and 1% Penicillin–Streptomycin (Thermo
sher Scientific). Generation and culture of DU145 spheres were
rformed based on our published conditions [34]. In brief,
U145 monolayer cells (non-PCSLCs) were seeded at a density of
00 cells/mL in serum-free (SF) media (3:1 DMEM/F12 mixture)
hermo Fisher Scientific) containing 0.4% bovine serum albumin
SA) (Bioshop Canada Inc.). Cells were supplemented with 0.2×
ncentration of B27 minus Vitamin A (Thermo Fisher Scientific)
d 10 ng/ml EGF (Sigma Aldrich) in T75 flasks. Typical spheres
ere formed from 10 to 12 days. Immortalized human prostate
ithelial BPH-1 cells were kindly provided by Dr. SimonHayward
Vanderbilt University Medical Center, Nashville, TN, USA
5].

ollecting Primary Prostate Cancer
Prostate cancer tissues were obtained from St. Joseph's Hospital in
amilton, Ontario, Canada under approval from the local Research
thics Board (REB# 11–3472) and with patient consent.

enograft Tumor and Lung Metastasis
Generation of xenografts and lung metastasis was carried out
cording to our established procedure [36–38]. LNCaP (RPMI-
40), DU145 (MEM), and PC3 (F12) cells were resuspended in 0.1
l cell culture medium/Matrigel mixture (BD) in their respective
edium with 1:1 ratio, and implanted subcutaneously into the flanks
6 weeks-old male NOD/SCID mice (The Jackson Laboratory).
umors growth was measured weekly with calipers, and tumor
lume (mm3) were calculated using the formula V = L × W2 × 0.52
ith L and W being the longest and shortest diameters, respectively.
eneration of LNCaP cell-derived xenografts in intact and castrated
ice was performed following our published procedure [39]. In brief,
CaP tumor cells were implanted as described above. Blood was
llected biweekly via facial vein to monitor serum PSA with ELISA
bcam).When tumor reached approximately 150mm3, mice received
ther castration (n = 5) or no surgery (n = 5). For the generation of lung
etastasis, 106 DU145 cells were resuspended into 0.3 mL of PBS and
jected through the tail vein of 6 weeks-old NOD/SCIDmice (n = 4).
ngs were harvested at 10 weeks post-injection. All animal work was
rried out according to experimental protocols approved by the
cMaster University Animal Research Ethics Board.

icroarray Analysis
Total RNA was isolated from DU145 monolayer and DU145
SCs with TRIZOL (Life Technologies). Gene expression was
amined using the Affymetrix Human Gene 1.0 ST microarrays,
rchased through the University Health Network Microarray
entre (UHNMAC, www.microarrays.ca, Toronto, ON).
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rocedures were carried out at UHNMAC according to the protocol
tailed by Affymetrix. Functional analysis of differentially expressed
nes was carried out using Ingenuity Pathway Analysis (Ingenuity) to
termine top diseases and biological functions.

anostring Gene Expression
RNA was isolated from 10 μm sections of Formalin-fixed, Paraffin-
bedded (FFPE) prostate cancer tissue with High Pure FFPET RNA

olation kit. Total RNA was sent to the Farncombe Metagenomics
acility (McMaster University) for nCounter Elements tags analysis.
NA probes for target gene was synthesized and raw gene counts from
e nCounter system were imported into the nSolver software. Raw
unts for respective gene tag and samples were normalized against
sitive controls and three endogenous reference genes: ATP-binding
ssette, sub-family F member 1, glyceraldehyde-3-phosphate dehy-
ogenase and B-tubulin. Normalization was performed by dividing the
w counts of the target gene by the geometric mean of the positive
ntrols followed by the geometric mean of the endogenous reference
nes. The fold change was determined by the ratio of the normalized
ne counts in the tumor and normal tissues.

uantitative Real-Time PCR Analysis of BChE Expression
Total RNA was isolated using TRIZOL, and reversely transcribed
to cDNA using superscript III (Thermo Fisher Scientific) according
the manufacturer's instructions. Quantitative real-time PCR was
rried out with the ABI 7500 Fast Real-Time PCR System (Applied
iosystems) using SYBR-green (Thermo Fisher Scientific). All
mples were run in triplicate. BChE (Forward): 5′-ACAGGC
AGCTTGTGCTATT-3′, BChE (Reverse): 5′-CAAAAGCCGAG
AAATTTTG-3′. β-Actin (Forward): 5′-ACCGAGCGCGGCTA
AG-3′, β-Actin (Reverse): 5′-CTTAATGTCACGCACGATTTCC-3′.

munohistochemistry (IHC)
IHC was performed on paraffin embedded and serially cut prostate
ncer tissues obtained from St. Joseph's Hospital, Hamilton,
ntario, Canada. Slides were deparaffinized in xylene and cleared
an ethanol series. Antigen retrieval was performed in a food steamer
r 20 minutes using sodium citrate buffer (pH = 6.0). Tissues were
ocked for 1 hour in PBS containing 1% BSA and 10% normal goat
rum (Vector Laboratories). BChE (1:250, Sigma Aldrich) antibod-
s were incubated overnight at 4°C. Tissues were subsequently
cubated in secondary antibody biotinylated goat anti-rabbit IgG,
d Vector ABC reagent (Vector Laboratories) according to the
anufacturer's instructions. Secondary antibody-only was used as
gative control. Washes were performed with PBS and slides were
unterstained with hematoxylin (Sigma Aldrich). Image analysis was
rformed using ImageScope software (Leica Microsystems Inc.).
aining intensity values derived from ImageScope were converted to
HScore using the formula [HScore = (% Positive) × (intensity) +
. The HScore was normalized through background subtraction and
eraged amongst approximately 10 images per tissue sample.

ut-Off Point Estimation
Cut-off point of BChE mRNA expression in separation of
current tumor from those without BCR was determined using
aximally Selected Rank Statistics (the Maxstat package) in R.

tatistical Analysis
Statistical analysis was performed using Student's t-test and one-
ay ANOVA followed by Tukey's and Bonferroni's multiple
mparisons tests with SPSS. Kaplan–Meier surviving curves and
g-rank test were performed using the R survival package. A value of
b .05 is considered statistically significant.
esults

own-Regulation of BChE During PC Tumorigenesis
Reductions of serum BChE in patients with PC have been
served [31,32]. Although there was a report for non-changes of
ChE protein expression in primary PCs (n = 11) compared to BPH
= 20) [33], the status of BChE expression in PC needs further
vestigation. To address this issue, we examined BChE mRNA
pression in prostate cancer stem-like cells (PCSLCs) which we have
olated from DU145 cells [34]. In comparison to DU145 monolayer
on-PCSLC) cells, BChE mRNA expression was dramatically
duced in PCSLCs based on the analyses of cDNA microarray
igure 1A) and real-time PCR (Figure 1B). As PCSLCs are associated
ith 100 fold elevation in tumorigenesis compared to non-PCSLCs
4], the above observations indicate a down-regulation of BChE
ring PC development.
To further investigate this notion, we determined BChE mRNA
pression in 7 pairs of PC and prostate tissues using Nanostring
chnology. The PC tissues had 60–80% of cancer. In 5/7 pairs of
ssues, PTEN expression was decreased, while ERG expression was
creased (indicative of TMPRSS2-ERG fusion) (Table 1). Down-
gulation of PTEN and up-regulation of ERG due to TMPRSS2-
RG fusion occur frequently in PC [40,41], thus validated these
ssues for the analysis of PC-associated gene expression. In
mparison to the matched prostate tissues, BChE mRNA expression
as reduced in 5/7 tumor tissues (Table 1), supporting a down-
gulation of BChE in PCs.
To further examine BChE down-regulation in PC, we retrieved
ChE mRNA expression data from the Grasso [42] and Taylor [43]
tasets in the Oncomine™ database (Compendia Bioscience, Ann
rbor, MI). In both cohorts, a significant decrease in BChE mRNA
pression was detected in PC (n = 190) compared to non-tumor
ostate tissues (n = 57) (Figure 1, C and D); it was not clear whether
ChE level was further reduced in metastatic PCs (Figure 1, C
d D). We also extracted the BChE mRNA expression data from the
SKCC dataset [44], and demonstrated a significant decrease of
ChE mRNA expression in PC (n = 150) compared to prostate
ssues (n = 29) (Figure 1E). The down-regulation discriminates PC
om normal prostate tissues with an area under curve (AUC) value of
77 (Figure 1F). Collectively, we provide a comprehensive set of
vitro and clinical evidence for a down-regulation of BChE

pression in PC cells during tumorigenesis.

eterogeneous Alteration of BChE During PC Progression
The observed reduction of BChE in PC compared to non-tumor
ostate tissues above (Table 1; Figure 1, C-E) reveals that the down-
gulation is associated with PC formation. We then determined
hether the decrease is also associated with PC progression; this
ssibility is suggested by the robust down-regulation of BChE in
U145 PCSLCs (Figure 1, A and B). This concept is in line with
ChE reduction in response to CNTN1 overexpression in DU145
d C4–2 PC cells (Figure 2, A and B). CNTN1 promotes PC
ogression [36].
To further investigate this association, we examined BChE
pression in a set of PC cell lines, BPH-1, LNCaP, DU145, and
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Figure 1. down-regulation of BChE in prostate cancer. (A) DU145 monolayer and sphere cells were analyzed by DNA microarray (3
repeats) for BChE mRNA. The average levels of BChE mRNA (log2) are graphed. ***P b .001 by a two-tailed Student's t-test. (B) Real-time
PCR analysis of BChE mRNA expression in DU145 monolayer cells and sphere cells. Experiments were repeated three times. BChE
mRNA levels were normalized to actin and expressed in fold change to DU145 monolayer cells; means ± standard deviation (SD) are
graphed. *** P b .001 in comparison to DU145 monolayer cells by a two-tailed Student's t-test. (C-E) Data was extracted from the Grasso
(C), Taylor (D) datasets within Oncomine™ (Compendia Bioscience, Ann Arbor, MI), and the MSKCC dataset within cBioPortal (E). Means
± SD are graphed; * P b .05 by a two-tailed Student's t-test in comparison to Normal; $ P b .05 in comparison to primary PC (two-tailed
Student's t-test). (F) A receiver-operating characteristic (ROC) curve of primary PCs versus normal prostate tissues. AUC: area under the
curve.

Table 1. Nanostring Analysis of Gene Expression in Primary Prostate Cancer tissues

Genes P1 a P2 a P3 a P4 a P5 a P6 a P7 a

BCHE * N −5.9 N −3.4 −1.5 −3.2 −1.5
TMPRSS2-ERGb +16.2 +30.2 N c N +17 +25.3 +27.3
PTENb −1.4 −1.4 N N −1.4 −1.3 −2.6

a Patients 1–3 (GS6), patients 4–6 (GS7, 4 + 3 for P4,5, and 3 + 4 for P6), and P7 (GS4+ 4).
b TRPRSS2-ERG and PTEN were used as positive controls for up-regulated and down-regulated genes

in PC.
c No alterations.
* P b .01 in comparison to benign tissues (two-tailed Student's t-test).

Translational Oncology Vol. 11, No. 4, 2018 Reduction of BChE in prostate cancer Gu et al. 1015
3 lines. BPH-1 is an immortalized but non-tumorigenic prostate
ithelial cells [35]; LNCaP cells were derived from lymph node
etastasis, while DU145 and PC3 cells were isolated from brain and
ne metastasis, respectively. This sample collection thus includes
me major steps in PC progression, including immortalization, early
age metastasis (lymph node), and distance metastasis (brain and
ne). Unexpectedly, LNCaP cells display the highest level of BChE
pression, followed by DU145 cells with both PC3 and BPH-1
pressing the lowest level of BChE (Figure 2C).
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Figure 2. Changes in BChE expression in PC cell lines. (A, B) The indicated empty vector (EV) and contactin 1 (CNTN1) stable lines were
previously established [36]. BChE mRNA levels in these cell lines were determined using real-time PCR and normalized to actin. BChE
mRNA levels were presented as fold change to the respective EV lines. Means ± SD are graphed. * P b .05 in comparison to the EV lines
by a two-tailed Student's t-test. (C) BChEmRNA levels in immortalized prostate epithelial cells (BPH-1), PC3, DU145, and LNCaP cells were
determined using real-time PCR, normalized to actin, and presented as fold change to the BChE mRNA level in BPH-1 cells. Experiments
were repeated three times; means ± SD are graphed. *** P b .001 in comparison to BPH-1 cells by a two-tailed Student's t-test; $$$ P b
.001 in comparison to DU145 cells by a two-tailed Student's t-test.
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We then investigated the association of BChE expression with PC
ogression in vivo. Xenograft tumors were produced using either
U145 monolayer cell or sphere (PCSLC) cells. Unlike the down-
gulation of BChE in DU145 spheres (Figure 1, A and B), the
nografts (n = 4) generated from sphere cells exhibit comparable level
BChE as xenografts (n = 3) produced by monolayer cells

igure 3A). Furthermore, lung metastases (Supplementary Figure 1;
= 4) were produced using DU145 monolayer cells; the same cell-
nerated lung metastases expressed likely higher BChE compared to
nografts (n = 3) derived from DU145 monolayer cells (Figure 3A).
dditionally, we also produced subcutaneous xenografts using
NCaP, PC3, and DU145 cells. While LNCaP cells expressed a
gnificantly higher level of BChE than DU145 cells in vitro
igure 2C), the reverse was observed in xenografts (Figure 3B). We
rther examined BChE expression in PC treated with and without
stration. LNCaP cell-based xenografts were produced in NOD/
ID mice; animals were either castrated (n = 5) or non-castrated
= 5) when tumors grew to approximately 150mm3. Castration was
sociated with an initial decline in serum PSA for 3 weeks, followed
ith elevations by 4 weeks, indicative of CRPC status [39]. In
mparison to xenografts generated in intact mice, LNCaP xenograft
mors produced in castrated mice showed a significant higher level of
ChE (Figure 3C). Collectively, these results demonstrate complex
terations of BChE expression in PC progression.
The above heterogeneity in terms of BChE expression in vitro
d in vivo could also be demonstrated in primary PCs. In our
amination of 8 Gleason score (GS) 6–7 and 16 GS8–10 PCs
upplementary Table 1), a general higher level of the BChE protein
pression was detected in PIN lesions and GS6–7 PC (Figure 4A);
e difference was statistically significant (Figure 4B). However, the
gh-grade PC population has tumors expressing a high level of
ChE (Supplementary Table 1) and intra-tumor regions with high
ChE expression were also observed in high-grade PCs (Figure 4A,
e patient #19). Consistent with the nuclear expression of BChE in
nografts, its predominant nuclear distribution was detected in
imary PCs (Figure 4A). Collectively, the above results suggest a
mplex relationship between BChE expression and PC
ogression.

iphasic Alteration of BChE Expression Following PC
rogression
To further examine BChE expression during PC progression, we
trieved BChE gene expression data from the TCGA Provisional
taset (n = 490) within the cBioPortal database along with Gleason
ore-based PC grades. The GS grade system has been further defined
the WHO grade group 1–5. We first converted the GS grades into
HO grade group (GS6 = WHO grade group 1, GS3+ 4 = WHO
ade group 2; GS4+ 3 = WHO grade group 3, GS8 = WHO grade
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Figure 3. Examination of BChE expression in xenograft tumors. (A) Subcutaneous (s.c.) xenograft tumors were produced using either
DU145 sphere cells or monolayer cells. Lung metastases were generated using DU145 monolayer cells via tail vein injection. BChE
protein expression in these tumors was examined using immunohistochemistry (IHC) staining. Two images of typical individual tumors
were presented. BChE staining was quantified using Hscores; means ± SD were included along with the P values determined by a two-
tailed Student's t-test. (B) S.C. xenografts were derived from the indicated cell lines (n = 5 per cell line). BChE mRNA expression in the
xenografts was determined using real-time PCR, normalized to actin, and presented as fold change to LNCaP cell-produced xenografts.
Means ± SD are graphed; **P b .01 and $$ P b .01in comparison to LNCaP and PC3 xenografts by a two-tailed Student's t-test,
respectively. (C) LNCaP xenograft tumors were produced in intact (n = 5) or castrated (n = 5) mice. BChE mRNA expression was
determined using real-time PCR, normalized to actin, and presented as fold change to the BChEmRNA level detected in xenograft tumors
in intact mice. Means ± SD are graphed; *** P b .001 by a two-tailed Student's t-test.
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oup 4, and GS9–10 = WHO grade group 5), and observed a trend
decline in BChE expression following PC progression from WHO
ade group 1 to WHO grade group 3 (Figure 5A). A significant
duction of BChE expression in WHO grade group 3 and WHO
ade group 4 PCs in comparison to WHO grade group 1 tumors was
monstrated (Figure 5A); this supports BChE down-regulation in
vs prostate tissues (Figure 1, C–E). Intriguingly, a significant

evation of BChE expression occurs following PC progression from
HO grade groups 3 and 4 PCs to WHO grade group 5 tumors
igure 5A). In addition to Student's t-test used above to analyze
ChE expression in different PC grades, we also performed multiple
oup comparisons using one-way ANOVA (P = .0057). The
gnificant up-regulation of BChE in WHO grade group 5 compared
WHO grade group 3 was confirmed by post-hoc analysis (P b .01
Tukey's multiple comparisons test and P b .05 by Bonferroni's

ultiple comparisons test). Similar BChE expression pattern was
so detected in an independent and smaller MSKCC dataset [44]
igure 5B). Additionally, while gene expression in the TCGA
ovisional dataset was determined with RNA sequencing, mRNA in
e MSKCC dataset was profiled by cDNA microarray. The
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Figure 4. BChE protein expression in primary PCs. Low grade (GS ≤ 7, n = 8) and high-grade PCs (GS ≥ 8, n = 16, see Supplementary
Table 1 for details) were stained for BChE using IHC. Typical images for two low-grade PCs and 2 high-grade PCs are shown (A). The
staining was quantified using Hscores, means ± SD were graphed; ** P b .01 in comparison to low-grade PCs by a two-tailed Student's t-
test (B).
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monstration of similar BChE alterations in two independent datasets
ith different approaches for gene expression supports the authenticity
BChE expression changes in PC. The biphasic change is likely
ecific for BChE. While AChE is another major choline esterase and
ares 65% of amino acid identity with BChE [8], its expression is
eadily up-regulated following PC progression (Supplementary Figure
. Taken together, we demonstrate a biphasic alteration of BChE
RNA expression in PC (n = 720, Figure 5).

ChE Up-Regulation in PC is Associated with PC Recurrence
To examine the impact of BChE expression on PC progression, we
termined a potential association of BChE expression and PC
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Figure 5. Biphasic alterations of BChE expression in PC. BChE
mRNA data was retrieved from the TCGA Provisional (A) and
MSKCC (B) datasets within cBioPortal. Means and dot distributions
of BChE mRNA expression in individual WHO grade group 1–5
were graphed. Statistical analyses were performed using a two-
tailed Student's t-test. The P values for the indicated comparisons
are shown. * P b .05 in comparison to WHO grade group two PCs
(A); $$ P b .01 in comparison toWHO grade group 3 PCs (A); && P b
.01 in comparison to WHO grade group 4 PCs (A). The data was
also analyzed by one-way ANOVA and post-hoc analysis using
Tukey's multiple comparison test and Bonferroni's multiple
comparison test. For one-way ANOVA, P = .0057 (A) and P =
.1688 (B). For the TCGA dataset (A), * P b .05 for the comparison of
WHO grade group 5 PCs and WHO grade group 3 PCs by both
Tukey's multiple comparison test and Bonferroni's multiple
comparison test.
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currence. We extracted BChE mRNA expression data and the follow-
data on PC recurrence (BCR) from the MSKCC dataset. The cut-off
int was first estimated to separate the recurrent PCs fromnon-recurrent
using the Maximally Selected Rank Statistics available from the

axstat package in R (Figure 6A). PCs with BChE expression above the
t-off point display a significantly higher level of BChE expression
mpared to those expressing BChE below the cut-off point (Figure 6B).
e then assigned a binary code “1” (cut-off point-positive) to PCs with
ChE expression N the cut-off point score and “0” (cut-off point-
gative) to PCs with BChE expression ≤ the cut-off point score. This
monstrated that cut-off point-positive PCs were associated with a
nificant reduction in disease free survival (DFS) (Figure 6C).
We further investigated the impact of BChE expression on PC
currence using the large TCGA cohort (n = 490). The BChE
pression data and the recurrence information were retrieved and
alyzed following the above system. However, a cut-off point could
t be defined to classify PCs with elevated risk of recurrence (data
t shown). The BChE expression data determined by RNA
quencing in this dataset shows high variability (Figure 5A), which
ight be a contributing factor for its inability to stratify tumors for
sk of recurrence. To solve this issue, we derived a subpopulation (n =
5) consisting of tumors with BChE expression N the Median level
BChE expression. We then estimated the cut-off point and analyzed
FS in PCs positive or negative for the cut-off point. In comparison to
mors negative for the cut-off point, the cut-off point-positive PCs
splayed a reduction in DFS (Figure 6D). These results are in
cordance with the observed effect of elevations in BChE expression on
recurrence in the MSKCC dataset (Figure 6C).
iscussion
ChE has been and remains a very appealing biomarker in cancer
agnosis owing to the common reduction of plasma BChE in
ultiple cancer types and the general association of the decrease with
or prognosis [19]. This concept is becoming even more attractive
the recent demonstration that BChE hydrolyzes ghrelin [15,17],
us regulating metabolism. Alteration of metabolism is a major
ntributor of tumorigenesis and cancer progression [45]. In line with
is knowledge, decreases in serum BChE were associated with PC
ogression in terms of Gleason score advancement, bone metastasis,
d recurrence following radical prostatectomy [31,32]. Nonetheless,
ductions of serum BChE may reflect the general deterioration of
tient's health condition and not directly indicate a role of BChE in
morigenesis and development.
We performed the first thorough examination of BChE expression
prostate cancer at both the protein and mRNA levels using in
tro, in vivo, and patient-related approaches. Intriguingly, BChE
pression displays a biphasic alteration following PC development.
vitro, a reduction of BChE expression was associated with PC
ogression, evident by its down-regulation in DU145 PCSLCs
mpared to DU145 non-PCSLCs, as well as in DU145 and PC3
lls compared to LNCaP cells. These observations were consistent
ith the reported BChE down-regulation in the CRPC-derivative of
NCaP C4–2 cells compared to LNCaP cells [46]. However, we also
served a reverse pattern, i.e. significantly elevations of BChE
pression in tumorigenic LNCaP and DU145 cells over the
mortalized non-tumorigenic prostate epithelial BPH-1 cells. This
verse pattern is supported by a recent report in which ectopic
pression of an AR type 3a variant was found to inhibit LNCaP cell
oliferation and reduce BChE expression [47]. In vivo, BChE
pression in xenograft tumors does not reflect the status of BChE
pression in their parental cell in vitro, suggesting a complex role of
ChE in PC tumorigenesis. This notion is consistent with the BChE
pression in more than 600 patients examined which demonstrated:
significant down-regulation of BChE expression in PCs vs prostate
ssues, a significant decrease in BChE in WHO grade group 3 PCs
mpared to WHO grade group 1 PCs, and a significant up-
gulation of BChE in WHO grade group 5 PCs. To our best
owledge, this is the first demonstration of biphasic alterations of
ChE expression in human cancers in general and PC in particular.
onetheless, a decrease in BChE expression was reported in
lorectal carcinoma [48] and BChE up-regulations were observed
ovarian cancer [49] as well as head and neck squamous cell
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Figure 6. Up-regulation of BChE is associated with a reduction of disease free survival in PC. (A-C) BChE mRNA data from the MSKCC
dataset (cBioPortal) was estimated for a cut-off point to separate recurrent PC from non-recurrent PC using Maximally Selected Rank
Statistics (the Maxstat package) in R. The vertical dot-line shows the cut-off point and the associated P value (A). Mean BChE mRNA level
in PCs expressing less than or equal to the cut-off point was compared to that in PCswith BChEmRNA expression above the cut-off point.
The P value was determined using a two-tailed Student's t-test (B). Kaplan–Meier survival analysis of two groups of PC classified according
to the cut-off point. MMDF: median months disease free; NA: not available as MMDF being not reached. Numbers of patient at risk at the
start of the indicated follow-up period were included. Kaplan–Meier and log-rank test were carried out with the R survival Package (C). (D)
BChE mRNA data was retrieved from the TCGA Provisional dataset (cBioPortal). PCs were group based on the Median level of BChE
mRNA expression. The group (n = 245) above the Median was estimated for a cut-off point of separating recurrent from non-recurrent
tumors, followed by analysis of PC recurrence in PCs classified according to the cut-off point. Numbers of patient at risk at the start of the
indicated follow-up period were included. Kaplan–Meier and log-rank test were performed using the R survival Package.

1020 Reduction of BChE in prostate cancer Gu et al. Translational Oncology Vol. 11, No. 4, 2018
rcinoma [25]. In light of our research here, it will be interesting to
termine whether biphasic alterations in BChE expression also
cur in these cancers.
Importantly, up-regulation of BChE is associated with PC
currence. Similar results in other cancer types were also reported.
p-regulation of BChE is associated with a reduction in OS in
arian cancer [49,50] and head and neck squamous cell carcinoma
5]. Additionally, in a chemical-induced rat model of hepatocellular
rcinoma, BChE was induced in poorly differentiated tumor cells
1]. Collectively, while the role of BChE reductions in the early
ases of PC tumorigenesis remains unclear, evidence supports its up-
gulation being associated with PC recurrence.
The mechanisms underlying the biphasic alteration of BChE
pression in PC and its functional impact on PC are not clear. Based
the steadily up-regulation of AChE following the advancement of
HO grade group in PC, it is tempting to propose that BChE may
hibit PC tumorigenesis at early stages through catalyzing non-
etylcholine substrates and that BChE enzymatic activity towards a
fferent substrate facilitates PC progression at late stages. This
ssibility is appealing as cancer metabolism may differ at different
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ages of progression. Alternatively, BChE may affect PC through
echanisms independent of its enzymatic activity. Despite these
certainties, our study clearly demonstrates the different roles of PC-
sociated BChE from serum BChE in PC. It will be intriguing to
vestigate the functional impact of BChE in PC in future. In view of
e general reduction of serum BChE in multiple cancer types, our
dings will likely be applicable to other cancers.
Finally, the potential roles of BChE in PC and other cancer types
ould be evaluated in the context of BChE deficient mice [52] and
mans [53,54], both being healthy. This genetic evidence indicates
at loss of BChE can be compensated or alternatively BChE may not
a major oncogenic factor.
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Supplementary data to this article can be found online at https://
i.org/10.1016/j.tranon.2018.06.003.

cknowledgements
he results shown here are in part based upon data generated by the
CGA Research Network (http://cancergenome.nih.gov/). D.T. is
pported by an Award from Teresa Cascioli Charitable Foundation
esearch Award in Women's Health and grants from Canadian
ancer Society (grant #: 319412) and Cancer Research Society.

onflict of Interest Statement
All authors declare no conflict of interest.

eferences

1] Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin DM,
FormanD, and Bray F (2015). Cancer incidence and mortality worldwide: sources,
methods and major patterns in GLOBOCAN 2012. Int J Cancer 136, E359-86.

2] Egevad L, Delahunt B, Srigley JR, and Samaratunga H (2016). International
Society of Urological Pathology (ISUP) grading of prostate cancer - An ISUP
consensus on contemporary grading. APMIS 124, 433–435.

3] Gordetsky J and Epstein J (2016). Grading of prostatic adenocarcinoma: current
state and prognostic implications. Diagn Pathol 11, 25.

4] Epstein JI, Zelefsky MJ, Sjoberg DD, Nelson JB, Egevad L, Magi-Galluzzi C,
Vickers AJ, Parwani AV, Reuter VE, and Fine SW, et al (2016). A contemporary
prostate cancer grading system: a validated alternative to the Gleason Score. Eur
Urol 69, 428–435.

5] Zaorsky NG, Raj GV, Trabulsi EJ, Lin J, and Den RB (2013). The dilemma of a
rising prostate-specific antigen level after local therapy: what are our options?
Semin Oncol 40, 322–336.

6] ShipleyWU, SeiferheldW, LukkaHR,Major PP, Heney NM,GrignonDJ, Sartor
O, Patel MP, Bahary JP, and Zietman AL, et al (2017). Radiation with or without
antiandrogen therapy in recurrent prostate cancer. N Engl J Med 376, 417–428.

7] Semenas J, Allegrucci C, Boorjian SA, Mongan NP, and Persson JL (2012).
Overcoming drug resistance and treating advanced prostate cancer. Curr Drug
Targets 13, 1308–1323.

8] Allderdice PW, Gardner HA, Galutira D, Lockridge O, LaDu BN, and
McAlpine PJ (1991). The cloned butyrylcholinesterase (BCHE) gene maps to a
single chromosome site, 3q26. Genomics 11, 452–454.

9] Dave KR, Syal AR, and Katyare SS (2000). Tissue cholinesterases. A comparative
study of their kinetic properties. Z Naturforsch C 55, 100–108.

0] Prody CA, Zevin-Sonkin D, Gnatt A, Goldberg O, and Soreq H (1987).
Isolation and characterization of full-length cDNA clones coding for
cholinesterase from fetal human tissues. Proc Natl Acad Sci U S A 84,
3555–3559.

1] Das UN (2007). Acetylcholinesterase and butyrylcholinesterase as possible
markers of low-grade systemic inflammation. Med Sci Monit 13, RA214-A221.

2] Chatonnet A and Lockridge O (1989). Comparison of butyrylcholinesterase and
acetylcholinesterase. Biochem J 260, 625–634.

3] Evans FT, Gray PW, Lehmann H, and Silk E (1952). Sensitivity to
succinylcholine in relation to serum-cholinesterase. Lancet 1, 1229–1230.
4] De Vriese C, Gregoire F, Lema-Kisoka R, Waelbroeck M, Robberecht P, and
Delporte C (2004). Ghrelin degradation by serum and tissue homogenates:
identification of the cleavage sites. Endocrinology 145, 4997–5005.

5] Brimijoin S, Gao Y, Geng L, and Chen VP (2018). Treating Cocaine Addiction,
Obesity, and Emotional Disorders by Viral Gene Transfer of Butyrylcholines-
terase. Front Pharmacol 9, 112.

6] Schopfer LM, Lockridge O, and Brimijoin S (2015). Pure human butyrylcho-
linesterase hydrolyzes octanoyl ghrelin to desacyl ghrelin. Gen Comp Endocrinol
224, 61–68.

7] Brimijoin S, Chen VP, Pang YP, Geng L, and Gao Y (2016). Physiological roles for
butyrylcholinesterase: A BChE-ghrelin axis. Chem Biol Interact 259, 271–275.

8] Iwasaki T, Yoneda M, Nakajima A, and Terauchi Y (2007). Serum
butyrylcholinesterase is strongly associated with adiposity, the serum lipid
profile and insulin resistance. Intern Med 46, 1633–1639.

9] Santarpia L, Grandone I, Contaldo F, and Pasanisi F (2013). Butyrylcholines-
terase as a prognostic marker: a review of the literature. J Cachexia Sarcopenia
Muscle 4, 31–39.

0] Lampon N, Hermida-Cadahia EF, Riveiro A, and Tutor JC (2012). Association
between butyrylcholinesterase activity and low-grade systemic inflammation.
Ann Hepatol 11, 356–363.

1] Ogunkeye OO and Roluga AI (2006). Serum cholinesterase activity helps to
distinguish between liver disease and non-liver disease aberration in liver function
tests. Pathophysiology 13, 91–93.

2] Mitsunaga S, Kinoshita T, Hasebe T, Nakagohri T, Konishi M, Takahashi S,
Gotohda N, and Ochiai A (2008). Low serum level of cholinesterase at
recurrence of pancreatic cancer is a poor prognostic factor and relates to systemic
disorder and nerve plexus invasion. Pancreas 36, 241–248.

3] Morera Ocon FJ, Ripoll Orts F, Garcia-Granero Ximenez M, Pastor MJ, and
Bernal Sprekelsen JC (2007). Decrease of serum cholinesterase in colorectal
cancer. Med Clin 129, 729–730.

4] Nair KK, Pramod GV, Chaudhuri K, and Ashok L (2017). Estimation of serum
butyryl cholinesterase in patients with oral squamous cell carcinoma: a cross-
sectional study. J Clin Diagn Res 11, ZC59–ZC62.

5] Castillo-Gonzalez AC, Nieto-Ceron S, Pelegrin-Hernandez JP, Montenegro MF,
Noguera JA, Lopez-Moreno MF, Rodriguez-Lopez JN, Vidal CJ, Hellin-
Meseguer D, and Cabezas-Herrera J (2015). Dysregulated cholinergic network as
a novel biomarker of poor prognostic in patients with head and neck squamous
cell carcinoma. BMC Cancer 15, 385.

6] Shin J, Song SY, Ahn HS, An BC, Choi YD, Yang EG, Na KJ, Lee ST, Park JI,
and Kim SY, et al (2017). Integrative analysis for the discovery of lung cancer
serological markers and validation by MRM-MS. PLoS One 12e0183896.

7] Martinez-Moreno P, Nieto-Ceron S, Torres-Lanzas J, Ruiz-Espejo F, Tovar-
Zapata I, Martinez-Hernandez P, Rodriguez-Lopez JN, Vidal CJ, and Cabezas-
Herrera J (2006). Cholinesterase activity of human lung tumours varies according
to their histological classification. Carcinogenesis 27, 429–436.

8] Munoz-Delgado E, Montenegro MF, Morote-Garcia JC, Campoy FJ, Cabezas-
Herrera J, Kovacs G, and Vidal CJ (2008). The expression of cholinesterases in
human renal tumours varies according to their histological types. Chem Biol
Interact 175, 340–342.

9] Koie T, Ohyama C, Yamamoto H, Hatakeyama S, Imai A, Yoneyama T,
Hashimoto Y, Kitayam M, and Hirota K (2014). Significance of preoperative
butyrylcholinesterase as an independent predictor of survival in patients with
muscle-invasive bladder cancer treated with radical cystectomy. Urol Oncol 32,
820–825.

0] Noro D, Koie T, Hashimoto Y, Tanaka T, Ohyama C, Tobisawa Y, Yoneyama
T, Imai A, Hatakeyama S, and Yamamoto H, et al (2018). Significance of
preoperative butyrylcholinesterase level as an independent predictor of survival in
patients with upper urinary tract urothelial carcinoma treated with nephrour-
eterectomy. Jpn J Clin Oncol 48, 184–189.

1] Koie T, Ohyama C, Hatakeyama S, Imai A, Yoneyama T, Hashimoto Y,
Yoneyama T, Tobisawa Y, Hosogoe S, and Yamamoto H, et al (2016).
Significance of preoperative butyrylcholinesterase as an independent predictor of
biochemical recurrence-free survival in patients with prostate cancer treated with
radical prostatectomy. Int J Clin Oncol 21, 379–383.

2] Battisti V, Bagatini MD,Maders LD, Chiesa J, Santos KF, Goncalves JF, Abdalla
FH, Battisti IE, Schetinger MR, and Morsch VM (2012). Cholinesterase
activities and biochemical determinations in patients with prostate cancer:
influence of Gleason score, treatment and bone metastasis. Biomed Pharmacother
66, 249–255.

https://doi.org/10.1016/j.tranon.2018.06.003
https://doi.org/10.1016/j.tranon.2018.06.003
http://cancergenome.nih.gov
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0005
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0005
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0005
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0010
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0010
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0010
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0015
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0015
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0020
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0020
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0020
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0020
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0025
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0025
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0025
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0030
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0030
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0030
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0035
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0035
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0035
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0040
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0040
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0040
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0045
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0045
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0050
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0050
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0050
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0050
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0055
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0055
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0060
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0060
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0065
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0065
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0070
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0070
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0070
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0075
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0075
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0075
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0080
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0080
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0080
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0085
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0085
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0090
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0090
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0090
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0095
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0095
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0095
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0100
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0100
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0100
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0105
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0105
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0105
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0110
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0110
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0110
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0110
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0115
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0115
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0115
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0120
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0120
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0120
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0125
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0125
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0125
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0125
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0125
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0130
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0130
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0130
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0135
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0135
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0135
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0135
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0140
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0140
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0140
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0140
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0145
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0145
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0145
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0145
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0145
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0150
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0150
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0150
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0150
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0150
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0155
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0155
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0155
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0155
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0155
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0160
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0160
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0160
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0160
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0160


[3

[3

[3

[3

[3

[3

[3

[4

[4

[4

[4

[4

[4

[4

[4

[4

[4

[5

[5

[5

[5

[5

1022 Reduction of BChE in prostate cancer Gu et al. Translational Oncology Vol. 11, No. 4, 2018
3] Nieto-Ceron S, Vargas-Lopez H, Perez-Albacete M, Tovar-Zapata I, Martinez-
Hernandez P, Rodriguez-Lopez JN, and Cabezas-Herrera J (2010). Analysis of
cholinesterases in human prostate and sperm: implications in cancer and fertility.
Chem Biol Interact 187, 432–435.

4] Rybak AP, He L, Kapoor A, Cutz JC, and Tang D (2011). Characterization of
sphere-propagating cells with stem-like properties from DU145 prostate cancer
cells. Biochim Biophys Acta 1813, 683–694.

5] Hayward SW, Wang Y, Cao M, Hom YK, Zhang B, Grossfeld GD, Sudilovsky
D, and Cunha GR (2001). Malignant transformation in a nontumorigenic
human prostatic epithelial cell line. Cancer Res 61, 8135–8142.

6] Yan J, Ojo D, Kapoor A, Lin X, Pinthus JH, Aziz T, Bismar TA, Wei F, Wong
N, and De Melo J, et al (2016). Neural cell adhesion protein CNTN1 promotes
the metastatic progression of prostate cancer. Cancer Res 76, 1603–1614.

7] He L, Fan C, Kapoor A, Ingram AJ, Rybak AP, Austin RC, Dickhout J, Cutz JC,
Scholey J, and Tang D (2011). alpha-Mannosidase 2C1 attenuates PTEN
function in prostate cancer cells. Nat Commun 2, 307.

8] He L, Ingram A, Rybak AP, and Tang D (2010). Shank-interacting protein-like
1 promotes tumorigenesis via PTEN inhibition in human tumor cells. J Clin
Invest 120, 2094–2108.

9] Lin X, Gu Y, Kapoor A, Wei F, Aziz T, Ojo D, Jiang Y, Bonert M, Shayegan B,
and Yang H, et al (2017). Overexpression of MUC1 and genomic alterations in
its network associate with prostate cancer progression. Neoplasia 19, 857–867.

0] Cancer Genome Atlas Research N (2015). The molecular taxonomy of primary
prostate cancer. Cell 163, 1011–1025.

1] Jamaspishvili T, Berman DM, Ross AE, Scher HI, DeMarzo AM, Squire JA, and
Lotan TL (2018). Clinical implications of PTEN loss in prostate cancer. Nat Rev
Urol 15, 222–234.

2] Grasso CS, Wu YM, Robinson DR, Cao X, Dhanasekaran SM, Khan AP, Quist
MJ, Jing X, Lonigro RJ, and Brenner JC, et al (2012). The mutational landscape
of lethal castration-resistant prostate cancer. Nature 487, 239–243.

3] Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao Y, Carver BS, Arora VK,
Kaushik P, Cerami E, and Reva B, et al (2010). Integrative genomic profiling of
human prostate cancer. Cancer Cell 18, 11–22.
4] Robinson D, Van Allen EM, Wu YM, Schultz N, Lonigro RJ, Mosquera JM,
Montgomery B, Taplin ME, Pritchard CC, and Attard G, et al (2015).
Integrative clinical genomics of advanced prostate. Cancer Cell 161, 1215–1228.

5] Wong N, Ojo D, Yan J, and Tang D (2015). PKM2 contributes to cancer
metabolism. Cancer Lett 356, 184–191.

6] Chen Q, Watson JT, Marengo SR, Decker KS, Coleman I, Nelson PS, and Sikes
RA (2006). Gene expression in the LNCaP human prostate cancer progression
model: progression associated expression in vitro corresponds to expression changes
associated with prostate cancer progression in vivo. Cancer Lett 244, 274–288.

7] Hu DG, McKinnon RA, Hulin JA, Mackenzie PI, and Meech R (2016). Novel
nine-exon AR transcripts (Exon 1/Exon 1b/Exons 2-8) in normal and cancerous
breast and prostate cells. Int J Mol Sci 18.

8] Montenegro MF, Ruiz-Espejo F, Campoy FJ, Munoz-Delgado E, de la Cadena
MP, Rodriguez-Berrocal FJ, and Vidal CJ (2006). Cholinesterases are down-
expressed in human colorectal carcinoma. Cell Mol Life Sci 63, 2175–2182.

9] Willis S, Villalobos VM, Gevaert O, Abramovitz M, Williams C, Sikic BI, and
Leyland-Jones B (2016). Single gene prognostic biomarkers in ovarian cancer: a
meta-analysis. PLoS One 11e0149183.

0] Gao Y, Liu X, Li T, Wei L, Yang A, Lu Y, Zhang J, Li L, Wang S, and Yin F
(2017). Cross-validation of genes potentially associated with overall survival and
drug resistance in ovarian cancer. Oncol Rep 37, 3084–3092.

1] Yokoyama S, Kaneko A, Dempo K, Chisaka N, Mori M, and Onoe T (1982).
Histochemical and cytochemical study of butyrylcholinesterase activity in rat
hepatocellular carcinomas induced by 3′-methyl-4-dimethylaminoazobenzene.
Cancer Res 42, 4158–4163.

2] Li B, Duysen EG, Saunders TL, and Lockridge O (2006). Production of the
butyrylcholinesterase knockout mouse. J Mol Neurosci 30, 193–195.

3] Manoharan I, Boopathy R, Darvesh S, and Lockridge O (2007). A medical
health report on individuals with silent butyrylcholinesterase in the Vysya
community of India. Clin Chim Acta 378, 128–135.

4] Duysen EG, Li B, and Lockridge O (2009). The butyrylcholinesterase knockout
mouse a research tool in the study of drug sensitivity, bio-distribution, obesity
and Alzheimer's disease. Expert Opin Drug Metab Toxicol 5, 523–528.

http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0165
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0165
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0165
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0165
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0170
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0170
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0170
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0175
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0175
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0175
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0180
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0180
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0180
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0185
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0185
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0185
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0190
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0190
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0190
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0195
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0195
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0195
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0200
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0200
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0205
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0205
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0205
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0210
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0210
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0210
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0215
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0215
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0215
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0220
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0220
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0220
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0225
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0225
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0230
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0230
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0230
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0230
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0235
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0235
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0235
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0240
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0240
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0240
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0245
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0245
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0245
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0250
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0250
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0250
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0255
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0255
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0255
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0255
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0260
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0260
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0265
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0265
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0265
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0270
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0270
http://refhub.elsevier.com/S1936-5233(18)30188-8/rf0270

	Biphasic Alteration of Butyrylcholinesterase (BChE) During Prostate Cancer Development
	Introduction
	Materials and Methods
	Cell Culture and Generation of DU145 Spheres or Prostate Cancer Stem-Like Cells (PCSLCs)
	Collecting Primary Prostate Cancer
	Xenograft Tumor and Lung Metastasis
	Microarray Analysis
	Nanostring Gene Expression
	Quantitative Real-Time PCR Analysis of BChE Expression
	Immunohistochemistry (IHC)
	Cut-Off Point Estimation
	Statistical Analysis

	Results
	Down-Regulation of BChE During PC Tumorigenesis
	Heterogeneous Alteration of BChE During PC Progression
	Biphasic Alteration of BChE Expression Following PC Progression
	BChE Up-Regulation in PC is Associated with PC Recurrence

	Discussion
	Appendix A. Supplementary Data
	section19
	Acknowledgements
	Conflict of Interest Statement
	References


