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A B S T R A C T

Background: There remains a serious need to prevent the progression of invasive prostate cancer (PCa). We
previously showed that secreted extracellular nicotinamide phosphoribosyltransferase (eNAMPT) is a multi-
functional innate immunity regulator via TLR4 ligation which has been implicated in PCa progression. Here
we investigate the role of eNAMPT as a diagnostic biomarker and therapeutic target in the progression of PCa.
Methods: Tumor NAMPT expression and plasma eNAMPT level were evaluated in human subjects with various
PCa tumor stages and high risk subjects followed-up clinically for PCa. The genetic regulation of NAMPT expres-
sion in PCa cells and the role of eNAMPT in PCa invasion were investigated utilizing in vitro and in vivomodels.
Findings:Marked NAMPT expression was detected in human extraprostatic-invasive PCa tissues compared to
minimal expression of organ-confined PCa. Plasma eNAMPT levels were significantly elevated in PCa subjects
compared to male controls, and significantly greater in subjects with extraprostatic-invasive PCa compared
to subjects with organ-confined PCa. Plasma eNAMPT levels showed significant predictive value for diagnos-
ing PCa. NAMPT expression and eNAMPT secretion were highly upregulated in human PCa cells in response
to hypoxia-inducible factors and EGF. In vitro cell culture and in vivo preclinical mouse model studies con-
firmed eNAMPT-mediated enhancement of PCa invasiveness into muscle tissues and dramatic attenuation of
PCa invasion by weekly treatment with an eNAMPT-neutralizing polyclonal antibody.
Interpretation: This study suggests that eNAMPT is a potential biomarker for PCa, especially invasive PCa.
Neutralization of eNAMPTmay be an effective therapeutic approach to prevent PCa invasion and progression.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Prostate cancer (PCa) is the second most common male cancer
and there exists a serious unmet need for prevention of PCa progres-
sion and recurrence. Targeting the transition from organ-confined
PCa (95% 5-year survival) to metastatic cancer (30% 5-year survival)
is paramount to influencing PCa lethality [1,2]. In the majority of
cases, the PCa exhibits an indolent tumor phenotype. Unfortunately,
in a subset of patients, progression to an aggressive, metastatic PCa
phenotype is triggered [3]. To reduce PCa morbidity and mortality
requires the identification of risk factors that influence PCa invasive
progression, requires the identification of biomarkers that herald this
progression, and mandates the development of novel therapeutic
approaches to halt or attenuate this progression [4,5].

Innate immunity pathways involving locally-produced and circu-
lating chemokines/cytokines are known to be intimately involved in
the progression to aggressive and advanced PCa [6,7]. Nicotinamide
phosphoribosyltransferase (NAMPT) is an inflammatory cytokine
whose intracellular enzymatic activity (iNAMPT) is the rate-limiting
step in nicotinamide adenine dinucleotide (NAD) biosynthesis [8].
NAMPT-mediated NAD biosynthesis controls the functions of mam-
malian sirtuin family members, as well as other NAD-consuming
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Research in Context

Evidence before this study

Our research team has long been investigating NAMPT func-
tions and roles in diverse human diseases especially related to
innate inflammatory responses. Our system biology approach
and genomic-intensive strategies identified the secreted extra-
cellular eNAMPT as a novel upstream regulator in innate immu-
nity through binding to TLR-4 and activation of NFkB signaling
pathways. Innate immunity pathways and locally-produced or
circulating chemokines/cytokines are now known to be inti-
mately involved in cancer progression. Our interrogation of
published microarray datasets of four cancer types defined a
39-gene NAMPT-driven signature (N39) predicting a poor prog-
nosis in different cancers. The NAMPT knockdown-influenced
dysregulated genes were strongly enriched in cancer-related
KEGG terms and cancer biology signaling pathways such as in
apoptosis and prostate cancer. Silencing NAMPT expression
sensitizes tumors to chemotherapeutic agents while knowledge
regarding eNAMPT involvement in cancer pathobiology contin-
ues to evolve. To explore the role of NAMPT in tumorigenesis,
we screened 10 different common human cancers for an associ-
ation with NAMPT expression and found significant correlation
between human prostate adenocarcinoma and high NAMPT
expression. The cBioportal for Cancer Genomics database
(http://www.cbioportal.org/study) shows that NAMPT is ampli-
fied rather than being missense-mutated in prostate cancer.
This study further investigates the role of NAMPT/eNAMPT as a
diagnostic and therapeutic target in different stages of prostate
cancer.

Added value of this study

We have found that plasma eNAMPT levels have significant
predictive value for diagnosis of clinically significant prostate
cancer and for risk stratification of invasive prostate cancer. We
have also demonstrated that eNAMPT promotes aggressive
prostate cancer cell invasion significantly prevented by neutral-
izing eNAMPT. These findings suggest that plasma eNAMPT is a
novel biomarker for risk assessment in prostate cancer and a
critically important and novel therapeutic target.

Implications of all the available evidence

Currently, there is an urgent need to prevent prostate cancer
progression due to high incidence and untreatable nature of
the disease after progression. Under selective pressure or an
altered microenvironment, prostate cancer evolves from an
androgen-driven cancer to autocrine- or paracrine-driven can-
cer within the tumor microenvironment. This transition often
signals tumor invasion and dissemination, and eventually leads
to an autonomous castrate-resistant prostate cancer which is
incurable with current standard therapies. Thus, a novel ther-
apy targeting the autocrine or paracrine mediators may be
potentially a potent mechanism to prevent prostate cancer pro-
gression and reduce prostate cancer lethality. As the present
study suggests eNAMPT as an upstream mediator promoting
prostate cancer cell transition to an invasive phenotype, these
findings indicate a potential for innovative therapies, such as a
humanized eNAMPT-neutralizing monoclonal antibody, that
address the urgent need to prevent prostate cancer progression.
Our study may lead to development of a novel biomarker for
risk assessment and a novel therapeutic approach for prevent-
ing prostate cancer progression thereby significantly impacting
the clinical management of prostate cancer patients. As NAMPT

has been implicated in a variety of human cancers, our findings
in prostate cancer may well apply to other cancers as well.
Given our prior reports that NAMPT genetic variants signifi-
cantly influence NAMPT expression and eNAMPT secretion in
several pathological conditions, this study may lead to develop-
ment of precise personalized medicine for management of can-
cer patients.
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enzymes, such as PARPs, in each subcellular compartment, therefore,
involving in a variety of critical biological processes, including cell
metabolism and stress response [8, 9]. In contrast to iNAMPT, we pre-
viously have shown that the extracellularly-secreted NAMPT
(eNAMPT) is a key innate immunity regulator and potent damage-
associated molecular pattern protein (DAMP) responding to poten-
tially injurious danger signals [10-12] via ligation of Toll-like receptor
4 (TLR4) and activation of this evolutionarily-conserved inflamma-
tory cascade [10].

Although knowledge regarding eNAMPT involvement in cancer
pathobiology is continuously evolving [13, 14], the role of
eNAMPT in PCa is largely unexplored [15, 16]. We have shown
that eNAMPT ligation of TLR4 and subsequent NF-kB signaling
pathways facilitate generation of tumor-supporting M2 macro-
phages [17], cells required for PCa escape from the capsule [18].
TLR4 is expressed on both PCa cells and tumor -infiltrating lym-
phocytes, macrophages and is linked to PCa tumorigenesis and
progression [19, 20]. Increased TLR4 expression and increased
TLR4 responsiveness have been observed in the PCa microenvi-
ronment [21]. Inflammation through TLR4 signaling promotes the
development of an immune-suppressive microenvironment with
recruitment of myeloid-derived suppressor cells [22]. Gene
knockout or silencing of TLR4 in PCa cells decreases tumor cell
migration, invasion and survival [23]. In the present study, we
now demonstrate eNAMPT as a significant biomarker for invasive
PCa and an effective biologic target for reducing/preventing
aggressive PCa invasion and potentially the lethality of late stage
PCa.
2. Methods

2.1. Patient subjects

Surgically-resected tissues from twenty-three subjects with pri-
mary prostate adenocarcinoma (January to November 2013) were
retrospectively collected and studied. The research protocol and ret-
rospective analysis were approved by the Institutional Review Board
of University of Arizona College of Medicine and Banner-University
Medical Center (IRB# 1907781076) and formal written consent
obtained from study subjects. Patient information was anonymized
and de-identified prior to analysis. All patients underwent radical
prostatectomy without neoadjuvant therapy with processed surgical
specimens reviewed by specialized PCa pathologists. Ten patients
exhibited organ-confined pathology stage 2 (pT2) PCa and 13
patients showed extraprostatic extension pathology stage 3 (pT3)
PCa (9 with pT3a and 4 with pT3b) (Table 1). All patients were free of
metastases to regional lymph nodes or distal organs. The prostate
specific antigen (PSA) levels at the time of pre-surgical evaluation
were recorded and blood samples collected from the study patients
(n = 20, 10-pT2, 10-pT3 PCa) before surgery was biobanked (�70 °C,
University of Arizona Cancer Center). Archived prostate tissue paraf-
fin blocks were collected from the twenty-three study patients and
from age-matched subjects (n = 10) with normal prostate tissue or
with benign prostatic hyperplasia (prostate biopsies or transurethral
prostatectomy).

http://www.cbioportal.org/study


TABLE 1
PCa patient clinical information, PSA levels, eNAMPT levels, tumor stages (pTNM)* and histologic grades.

Patients Age pTNM Gleason Score Grade Group PSA (ng/ml) eNAMPT (ng/ml)

1 73 pT2N0M0 3 + 3 = 6 1 9.4 29.69
2 63 pT2N0M0 3 + 3 = 6 1 5 25.55
3 70 pT2N0M0 3 + 4 = 7 2 10.8 30.15
4 65 pT2N0M0 3 + 4 = 7 2 4.4 31.07
5 62 pT2N0M0 3 + 4 = 7 2 10.3 19.96
6 52 pT2N0M0 3 + 4 = 7 2 2.8 21.83
7 64 pT2N0M0 3 + 4 = 7 2 19.1 26.93
8 79 pT2N0M0 3 + 4 = 7 2 10.8 30.15
9 72 pT2N0M0 4 + 3 = 7 3 5.2 23.23

10 71 pT2N0M0 4 + 3 = 7 3 9.6 17.61
11 50 pT3aN0M0 3 + 3 = 6 1 6.8 31.99
12 62 pT3aN0M0 3 + 4 = 7 2 4.5 23.69
13 71 pT3aN0M0 3 + 4 = 7 2 14 26.93
14 79 pT3bN0M0 3 + 4 = 7 2 12.5 ?
15 76 pT3aN0M0 4 + 3 = 7 3 8.4 26.47
16 63 pT3bN0M0 4 + 4 = 8 3 9.2 ?
17 67 pT3aN0M0 4 + 4 = 8 4 9.1 22.77
18 72 pT3aN0M0 4 + 4 = 8 4 12.6 45.69
19 68 pT3aN0M0 3 + 5 = 8 4 2.2 52.09
20 68 pT3aN0M0 5 + 4 = 9 5 6.6 41.58
21 70 pT3aN0M0 5 + 5 = 10 5 14 97.12
22 71 pT3bN0M0 4 + 5 = 9 5 13 ?
23 65 pT3bN0M0 4 + 5 = 9 5 13.5 24.62

*Staging based on the American Joint Committee on Cancer (AJCC) 8th edition 2018 tumor pathologic stag-
ing system.
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2.2. Immunohistochemistry staining and semi-quantitative analysis

Paraffin-embedded blocks of PCa and benign prostate tissues were
processed to 4 mm paraffin tissue sections. Three representative tis-
sue blocks and six sequential tissue sections per tissue block were
processed for each subject. After rehydration and serum blocking, the
paraffin sections were sequentially incubated with a rabbit anti-
human NAMPT polyclonal antibody with dilution of 1:1000 (Bethyl
Laboratories, Inc, Cat #A300-A375A, Montgomery, TX), HRP-conju-
gated ABC kit (VECTASTAIN ABC HRP kit, VECTOR Laboratories, Bur-
lingame, CA) and followed using DAB as detection reagent
(VECTASTAIN DAB kit, VECTOR Laboratories, Burlingame, CA). One
set of stained slides from each tissue block were counterstained with
hematoxylin for morphologic examination, and one parallel set of
stained slides were processed without counterstain for the analysis
of NAMPT immunoreactivity using Image J described below. Negative
controls and negative absorption controls were utilized without use
of primary antibody or pre-absorbed primary antibody solution
which was produced by incubation of the primary antibody with
NAMPT peptide at 4 °C overnight. Normal human placenta tissues
were used as positive controls. Immunohistochemistry staining stud-
ies were repeated three times.

The intensity of NAMPT immunostaining in PCa tissue sections
was determined using ImageJ Fiji software (version 1.2; WS Rasband,
National Institute of Health, Bethesda, MD). The H&E slides, NAMPT-
immunostained with counterstain slides, and NAMPT-immunos-
tained without counterstain slides were reviewed by PCa-specialized
pathologist and regionally matched to identify the adenocarcinoma
areas and the normal/benign gland areas. To quantify the areas of
cells expressing NAMPT, 200 £ mosaic images of at least six region-
matched prostate adenocarcinoma areas and normal/benign gland
TABLE 2
PCa cohort, high risk cohort without PCa, healthy male control cohort and

PCa Subjects High Risk Without PCa

Total Number 104 180
Age (mean§SD) 67.4 § 6.7 67§8
PSA (ng/ml) (mean§SD) 9.4 § 6.5 6.7 § 3.9
eNAMPT (ng/ml) (mean§SD) 35.6 § 4.03 15.7 § 1.21
areas were randomly selected from three stained slides of each tissue
sample. The images were captured using binocular Leica light micro-
scope (LeicaTM DM2500) at bright field and CCD color video camera
(Leica DFC320) attached to a computer system and uploaded to
ImageJ software. At least 6 random areas of pure carcinoma or benign
gland tissue of each image were selected using the Selecting tool
in ImageJ software. Following the standard recommended protocol
[24, 25], the mean Gray Value at each selected area was measured
[25] using the Measurement tool in ImageJ to represent the NAMPT
immunostaining intensity. The acellular areas of each slide were
selected and measured as background Gray Value which was used to
normalize the NAMPT-immunostaining intensity. The gray values of
NAMPT immunostaining were quantified and presented as mean
Gray Value § s.e.m.. Data were compared between normal/benign
glands and prostate cancers, and between prostate cancers with
organ-confined tumor (pathology stage 2, pT2) and prostate cancers
with extra-prostatic tumor extension (pathology stage 3, pT3a and
pT3b).

2.3. ELISA detection of secreted eNAMPT in plasma

Levels of eNAMPT in plasma were detected in a total of 104 PCa
patients, 180 high risk subjects without PCa and 105 healthy male
controls from the University of Arizona Health Sciences Biorepository
(Table 2). The high risk group were men with PSA levels >4ng/ml, a
suspicious digital rectal examination, or PSA velocity >0.75ng/ml/
year (Table 2). Within this cohort of 253 men, seventy-three subjects
were subsequently diagnosed with PCa by prostate biopsies and the
remainder of the cohort (n = 180) remained PCa -free for up to a 5
year follow up period [26]. A previously reported non-commercial
in-house ELISA assay [11] utilizing a proprietary goat a-NAMPT
age-matched healthy male control cohort characteristics.

Healthy Male Controls Age-Matched Healthy Male Controls

105 27
46§18 68.5 § 10.4
NA NA
14.9 § 1.26 15.6 § 1.4
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polyclonal antibody, a rabbit polyclonal antibody (Thermo Scientific
cat. PA534858) and a secondary donkey anti-rabbit IgG antibody-
HRP (Life Technologies cat. A16035) [11] was used to asses eNAMPT
level in the plasma samples of 34 PCa, 130 high risk Not-PCa and 105
healthy control subjects. This ELISA assay was also utilized to assess
eNAMPT levels in supernatants from PC3 and DU145 cultures
exposed to a variety of stimuli.

To validate the in-house results, plasma eNAMPT levels were
measured in 70 PCa subjects and 50 high risk subjects without PCa
using commercial Human NAMPT/Visfatin ELISA Kit (EH482RB,
Thermo Fisher Scientific, Waltham, MA) according to the manufac-
ture’s protocol. Briefly, the diluted standards and samples were
added to NAMPT antibody coated wells, sequentially incubated with
NAMPT biotin conjugate, streptavidin-HRP, TMB substrate and stop
solution, measured at 450 nm with iMarkTM microplate absorbance
reader (Bio-Rad, Hercules, CA). This ELISA assay was also utilized to
assess eNAMPT levels in the plasma samples of PCa xenograft mice.

2.4. Western blot

As we described previously [11], protein extracts from PC3 and
DU145 cells were separated by 10% SDS-PAGE, transferred to nitro-
cellulose membranes (100 V for 1.5 h), and immunoreacted with a
rabbit anti-human NAMPT polyclonal antibody (1:10,000, Bethyl Lab-
oratories, Inc, Cat #A300-A375A, Montgomery, TX), or mouse anti-
human b-actin monoclonal antibody. Immunoreactive proteins were
detected with the enhanced chemiluminescent detection system
according to the manufacturer's directions (Amersham, Little Chal-
font, UK). Intensities of immunoreactive protein bands were quanti-
fied using ImageQuant software (Molecular Dynamics, Sunnyvale,
CA). All experiments were repeated a minimum of three times.

2.5. Human PCa cell cultures

The PC3 human PCa cell line (NCI-DTP Cat# PC-3, RRID:
CVCL_0035) is derived from a bone metastasis of a primary prostate
adenocarcinoma (ATCC� CRL-1435TM) and the DU145 cell line (NCI-
DTP Cat# DU-145, RRID:CVCL_0105) from a central nervous system
metastasis of a primary prostate adenocarcinoma [27]. When trans-
planted into nude or severe combined immunodeficient (SCID) mice,
the cells lines are tumorigenic [28]. PCa cell lines were maintained in
IDMEM (Gibco, Grand Island, NY) with 10% fetal bovine serum
(Gibco), penicillin (500 mg/ml), and streptomycin sulfate (500 mg/
ml) at 37 °C in humidified air with 5% CO2. All cell lines were vali-
dated by the STR profiling and showed >85% match. All populations
tested negative for the presence of mycoplasma and murine viruses.
For each experiment, triplicates were set up and repeated at a mini-
mal of three times.

2.6. Matrix metallopeptidases (MMPs) activity assay

The activity of MMPs were assessed in the supernatants of serum-
deprived DMEM medium from PC3 and Du-145 cell cultures with
eNAMPT 100 ng/ml incubation. The MMP activity assay kit
(#ab112146, Abcam, Cambridge, MA, USA) was used to analyze the
activity of MMPs from cell supernatants by incubating with Green
substrate. The fluorescence (Ex/Em=480/520 nm) was measured
using a GloMax�-Multi Detection System Fluorometer (Promega,
Madison, WI) to calculate the enzymatic activity of MMPs.

2.7. Chromatin immunoprecipitation (ChIP) assay and real-time qPCR

ChIP were performed using ChIP assay kit (#9003, Cell Signaling
Technology, Denver, MA) following manufacture protocol. Briefly,
PC3 and DU145 cells were transfected by On-Target Plus siRNAs
against HIF1a and HIF2a or siCONTROL#2 (Dharmacon Co., Lafayette,
CO) with FuGENE HD (Promega) as previously mentioned [29]. Cells
were exposed to normoxia (21% O2) or hypoxia (5% O2) for 24 hrs.
Chromatin was crosslinked by 1% formaldehyde, digested by Micro-
coccal Nuclease, and immunoprecipitated by anti-HIF1a, anti-HIF2a
(ab2185 and ab199, Abcam, Cambridge, MA) or normal rabbit IgG
with protein G magnetic beads. The purified DNA was quantitated by
Real-Time Quantitative PCR using SsoFast EvaGreen Supermix (Bio-
Rad, Hercules, CA) following the manufacturer’s protocol. Primer
sequences were as follow: 50-AGAGCTGGCGTCTGGGAG-30; and 50-
GCCTTCACCCCGTCACCC-30. The controls included the same samples
incubated with normal rabbit IgG as the primary antibody.

2.8. NAMPT gene promoter activity luciferase reporter assay

The plasmid constructs containing a 3-kb segment of the NAMPT
gene promoter (�3028 bp to +1 ATG) and the Renilla luciferase
reporter have been previously described [30, 31]. These plasmid con-
structs were transfected into PCa cell cultures (PC3 and DU145) with
Renilla luciferase reporter pRL-TK co-transfection as an internal con-
trol. Transfected cells were exposed to epidermal growth factor (EGF)
(100 ng/ml), the prolyl hydroxylase PHD2 inhibitor, FG-4592
(100 mM, to increase HIF1/2a), or testosterone (100 nM) for 4 or
24 h. Luciferase activity was measured by Dual-Luciferase Assay Kits.

2.9. In vitro PCa invasion assay

The Cultrex invasion assay was performed as previously described
[32, 33]. Prostate smooth muscle cells (PrSMC; Lonza, catalog no. CC-
2587), were placed into tissue culture Transwell inserts pre-coated
with collagen (24-well plate, 40,000 per well, Corning Inc, Catalog
No. 351,152) and incubated for 1 week. A differentiated layer of
PrSMCs was detected either by direct observation or by staining for
the smooth muscle marker, desmin. PC3 cells were serum-starved
overnight and a total of 500,000 PC3 cells were placed into each
insert. The upper chamber contained serum-free media, whereas the
lower chamber contained media with 150 ml/well of control vehicle
or conditioned media containing eNAMPT (100 ng/ml, human recom-
binant, Enzo Life Sciences Inc., Farmingdale, NY). To assess PC3 cell
invasion (24 h, 37 °C), the top and bottom chambers were aspirated,
washed twice, and invading PC3 cells detected using calcein-AM-con-
taining cell dissociation buffer and immunofluorescence reader at
485/520 (manufacturer instructions). To visualize the PC3 invasion
via immunofluorescent microscopy, inserts were washed in PBS,
fixed in paraformaldehyde, stained with nuclear dye DAPI and
stained for desmin to exclude PrSMC cells migrating through the col-
lagen layer.

2.10. Preclinical PCa xenograft models and PCa invasion in vivo

Our previously established PCa human xenograft model [34] was
utilized to assess tumor invasion analysis in vivo. SCID (C.B-Igh�1b/
IcrTac-Prkdcscid) mice consist of BALB-c/B-17 mice (Jackson Laborato-
ries, Bar Harbor, ME) were maintained in a pathogen-free environ-
ment (in compliance with USPHS guidelines and ethical approval).
Male SCID mice 5�6 weeks old were inoculated intraperitoneally
with 1 £ l06 PC3 cells suspended in 0.1 ml of phosphate-buffered
saline (PBS) using a tuberculin syringe with a 25-gage needle. The
anti-eNAMPT antibody treatment group (n = 5) consisted of mice
treated with intraperitoneal injection of a proprietary goat anti-
eNAMPT polyclonal antibody (pAb) (1 mg/kg, 3 times/week, 3
weeks). The control group (n = 5) received intraperitoneal injected of
PBS (3 times/week, 3 weeks). Both groups of mice were monitored
closely, weighted twice a week and were sacrificed within a CO2

chamber 21 days after inoculation. The thoracic and abdominal cavi-
ties were opened separately, leaving the diaphragm intact. Thoracic
cavity contents were removed and the chest ribcage with the
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diaphragm remaining attached, was next removed. The diaphragms
were next fixed in 10% buffered formalin for 48 h and then carefully
dissected from the ribcage using a razor blade. Serial perpendicular
sections within 2 mm interval were embedded in paraffin for light
microscopy. The thin diaphragm tissues were oriented vertically in
the embedding paraffin to allow for the preparation of transverse
sections of the diaphragm showing tumor colonies and the underly-
ing tissues of the diaphragm. An average of 3 tissue blocks per dia-
phragm were generated and three tissue sections (4 mM) per tissue
block produced.

2.11. Assessment of PCa cell diaphragmatic invasion

The architecture of diaphragm provided a convenient platform for
analyzing tumor cell muscle invasion in vivo. The tumor colonies
grossly observed on the diaphragmatic surface were measured in
area size using an electronic digital caliper. Each H&E slide of dia-
phragm from each animal was analyzed using an Olympus DP2-SAL
camera system and ImageJ software as follow: 1) The PC3 cell colo-
nies with invasive components were counted as the number of inva-
sive sites. 2) The area size of each PC3 cell colony on and within the
diaphragmatic muscle (total tumor size) and each invasive compo-
nent (invasive tumor size) were measured and calculated for the per-
centage of the invasive tumor size to the total tumor size. 3) The
deepest depth of tumor invasion of each invasive site was measured.
Immunohistochemistry staining for Ki67 (rabbit monoclonal anti-
body, clone 30�9, Ventana Medical Systems, Inc., Tucson, AZ) was
performed on the diaphragm paraffin tissue sections. The number of
invasive sites, the percentage of invasive tumor, the depth of tumor
invasion and the Ki67 proliferation index were compared between
control PCa-challenged SCID mice and eNAMPT pAb- treated mice.

2.12. Statistical analysis

The student t- tests and ANOVA were performed using GraphPad
Prism version 6.0 for the comparisons of NAMPT immunostaining
intensity among benign, organ-confined PCa and extra-prostatic
invasive PCa, the depth of tumor invasion, the percentage of invasive
tumor and the number of invasive sites between untreated and
eNAMPT pAb- treated animal groups, MMPs activity, eNAMPT secre-
tion levels in supernatants of PCa cells. The Mann-Whitney test U test
for independent samples or non-parametric test was used for the
comparison of eNAMPT plasma levels among controls, high risk sub-
jects without PCa and PCa subjects, and between organ-confined PCa
and extra-prostatic invasive PCa subjects. The correlations between
eNAMPT plasma levels and PSA level, and between iNAMPT and
eNAMPT production in PCa cells were assessed using Rho score. A p
value <0.05 was taken to be statistically significant.

Role of funding source: BLS is supported by the University of Ari-
zona Health Sciences Career Development Award. This funding
source has no role in this study design, data collection, data analyses,
interpretation, or writing of report.

3. Results

3.1. NAMPT is highly expressed in invasive PCa with extraprostatic
extension

Prostatic tissues from 23 subjects (Table 1) with primary PCa who
underwent radical prostatectomy surgery without neoadjuvant ther-
apy, were analyzed. Ten subjects had organ-confined, Stage 2 (pT2)
PCa and 13 subjects had extraprostatic extension, Stage 3a/b (pT3)
PCa. Immunohistochemistry staining of prostate tissue from ten age-
matched control subjects with normal or benign prostate hyperplasia
(Fig. 1A and 1B) demonstrated barely detectable NAMPT expression
compared to negative control (Fig. 1C). In contrast, NAMPT tissue
immunoreactivity was significantly increased in each PCa tissue sam-
ple (23/23) (p<0.05). The collected PCa tissues were next grouped
into organ-confined PCa (pT2) and extraprostatic PCa (pT3a and
pT3b) based on pathologic stage. Representative NAMPT staining
images from three organ-confined PCa subjects are shown in
Figs. 1D-F with all 10 organ-confined PCa subjects (n = 10) demon-
strating moderate NAMPT expression in the cytoplasm of neoplastic
epithelium. Interestingly, NAMPT immunoreactivity in the organ-
confined group was of moderate intensity even in high morphologic
grade PCa (Gleason grade 4 + 4 = 8, Group 4) (Fig. 1F). In contrast,
each extraprostatic invasive PCa tissue evaluated (n = 13) showed
markedly enhanced NAMPT expression (Fig. 1G-I), was significantly
higher than organ-confined PCa (p<0.05), and consistently high
regardless of histologic Gleason grades. Fig. 1G illustrates that a PCa
subject with low Gleason score (3 + 3 = 6, Group 1) but high patho-
logic stage pT3 where NAMPT was strongly expressed in the low
grade well-formed neoplastic glands especially in the extraprostatic-
invasive PCa invading through prostate capsule into peri‑prostate fat
tissue. In PCa subjects with Gleason scores 3 + 4 = 7 (Group 2) to
5 + 5 = 10 (Group 5) with high pathology stage pT3, NAMPT expres-
sion was consistently high in the high grade poorly-formed glands
and solid sheet-like PCa cells. Same as shown in Fig. 1G, high density
of NAMPT expression was detected in a PCa subject with Gleason
score 3 + 4 = 7, Group 2 PCa (Fig. 1H), as well as a PCa subject with
Gleason grade 5 + 5 = 10, Group 5 PCa (Fig. 1I). Quantitation of
NAMPT immunostaining intensity showed significantly higher
NAMPT expression levels in PCa tissues compared to benign prostate
tissues (p<0.05) and were significantly increased in extraprostatic-
invasive PCa compared to organ-confined PCa (p<0.05). Together,
these data indicate that prostate cancers with extraprostatic exten-
sion exhibit high NAMPT expression regardless of Gleason score
grade suggesting that NAMPT expression may be closely related to
the invasive status of PCa.

3.2. Plasma eNAMPT level is elevated in PCa and greater in invasive PCa
with extraprostatic extension

The mean average plasma eNAMPT levels in total 34 PCa subjects
was 32.3 § 4.3 ng/ml with a median of 24.2 ng/ml which was signifi-
cantly higher compared with 130 high risk subjects without PCa
(mean 17.7 § 0.9 ng/ml; median 15.1 ng/ml), 105 healthy male con-
trols (mean 14.9 § 1.3 ng/ml; median 12.3 ng/ml) and 27 age-
matched healthy male controls (mean 15.6 § 1.4 ng/ml; median
18.6 ng/ml) (Fig. 2A). A commercial ELISA kit used to validate ele-
vated plasma eNAMPT levels in 70 PCa subjects revealed a mean
plasma eNAMPT level of 39.0 § 3.6 ng/ml (median 29.5 ng/ml) which
were significantly more elevated than plasma eNAMPT levels in 50
high risk subjects (mean 13.7 § 1.2 ng/ml; median 11.3 ng/ml)
(Fig. 2B, Table 2). These data further confirmed plasma eNAMPT lev-
els to be significantly increased in PCa subjects.

In our PCa study cohort, twenty subjects with definitive patho-
logic stages (10 organ-confined pT2 PCa, and 10 extraprostatic-inva-
sive pT3 PCa) had blood collected for plasma eNAMPT test. Plasma
eNAMPT levels in extraprostatic-invasive PCa were significantly
higher than organ-confined PCa (mean 39.3 § 7.2 ng/ml vs
24.3 § 1.7 ng/ml; median 29.5 ng/ml vs 24.4 ng/ml, p = 0.028)
(Fig. 2C). In the extraprostatic-invasive PCa group, subject #21
(Table 1) had a high-grade, poorly differentiated PCa (Gleason score
5 + 5 = 10, group 5) and a very high plasma eNAMPT level of 97.1 ng/
ml which explained well the nature of disease but appeared as a “sta-
tistical outlier”. We excluded this outlier from the dataset, and were
reassured as eNAMPT levels remained significantly different between
organ-confined versus extraprostatic-invasive group with a re-calcu-
lated p value of 0.019 (p<0.05).

Plasma eNAMPT levels appear to successfully identify subjects
developing PCa from those who were suspected for PCa based on PSA



Fig. 1. NAMPT expression is significantly increased in PCa with extraprostatic invasion. Immunohistochemistry revealed minimal NAMPT detection in normal (A) and benign
hyperplastic (B) prostate tissues. Antibody negative controls (C) showed no staining in PCa tissue. NAMPT immunostaining (arrows) was weak to moderate in histologic Group 1 (D,
E) or Group 3 (F) organ-confined PCa (Gleason scores 3 + 3 = 6 or 4 + 3 = 7) but was markedly increased in extraprostatic invasive PCa with Gleason score 3 + 3 = 6, Group 1 (G),
3 + 4 = 7, Group 2 (H) or 5 + 5 = 10, Group 5 (I) and invasion into periprostatic fat (*) and nerve (n). ImageJ software semi-quantitation of NAMPT immunostaining intensity (J) repre-
sented as mean Gray Value confirmed significantly higher NAMPT staining in PCa tissues compared to benign prostate tissues (n = 10) (* p<0.05) with further significant increased
expression in extraprostatic-invasive PCa (n = 13) compared to organ-confined PCa (n = 10) (** p<0.05). A-I, x 200.
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levels and clinical examination. To test plasma eNAMPT as a diagnos-
tic tool, receiver operating characteristic (ROC) curve was generated
to show the relationship between sensitivity and specificity in deter-
mining the predictive value of plasma eNAMPT for diagnosing PCa.
As shown in Fig. 2D, the area under the empirical ROC curve (AUC)
was 0.79 which was significant (p<0.05). The sensitivity and specific-
ity for high plasma eNAMPT >20 ng/ml (set by the upper level of 95%
confidence interval in 130 high risk Not-PCa subjects as 19.5 ng/ml)
were 79% and 82%, respectively. These results suggest the potential
for plasma eNAMPT levels as an adjunct for PCa screening and risk
stratification. We generated the receiver operating characteristic
(ROC) curve to show the predictive value of plasma eNAMPT for diag-
nosing extraprostatic-invasive PCa. Although the number of samples
was limited in this PCa cohort, as shown in Fig. 2D, the area under
the empirical ROC curve (AUC) was 0.76 which was significant
(p<0.05). Spearman’s Rho correlation calculations in these 20 PCa
subjects with different stages of PCa showed significant correlation
between plasma eNAMPT levels and PCa tumor stages (organ-con-
fined versus extraprostatic-invasive, p = 0.041). These data suggest
that plasma eNAMPT levels may serve as a potential biomarker for



Fig. 2. Plasma eNAMPT levels track with human PCa and its invasion. A. Compared to healthy male controls (Controls), age-matched healthy male controls (M-Controls) and sub-
jects with high PSA levels but without PCa (High risk), plasma eNAMPT levels were significantly higher in subjects developed PCa (PCa) (*, **, ***p<0.0001). B. Plasma eNAMPT levels
were measured using the NAMPT ELISA detection kit from Thermo Fisher Scientific. This confirmed the significant increase in plasma eNAMPT levels in PCa (n = 70) compared to
subjects without PCa (n = 50) (* p<0.05). C. Plasma eNAMPT levels were significantly higher in extraprostatic invasive PCa compared to organ-confined PCa (*p<0.05). D. Calculated
by MedCal, the plasma eNAMPT levels (n = 34 PCa, 130 high risk, and 105 healthy male control) had significant (AUC 0.79, p<0.0001) predictive value for diagnosing PCa. Calculated
by MedCal, the plasma eNAMPT levels (n = 10 organ-confined PCa, 13 extraprostatic-invasive PCa) had significant (AUC 0.76, p<0.05) predictive value for diagnosing invasive PCa.
E. In contrast, there was no significant difference in presurgical blood PSA levels of subjects with organ-confined versus extraprostatic-invasive PCa (p>0.05). F. There was no signifi-
cant correlation among the PSA levels and eNAMPT levels (n = 164, p>0.05).

B.L. Sun et al. / EBioMedicine 61 (2020) 103059 7



8 B.L. Sun et al. / EBioMedicine 61 (2020) 103059
diagnosis of PCa and a high level of eNAMPT may link to extrapro-
static PCa invasion.

The PSA serum test is currently the only clinically-utilized bio-
marker to assess PCa risk. PSA levels in men with extraprostatic-inva-
sive PCa (n = 13) did not significantly differ from men with organ-
confined PCa (n = 10) (mean 9.2 § 4.2 ng/ml vs 8.5 § 4.9 ng/ml;
median 9.4 ng/ml vs 8.7 ng/ml, p = 0.25) (Fig. 2E), consistent with pre-
vious observations that serum PSA levels correlate poorly with PCa
tumor staging [35]. Spearman’s Rho correlation calculations in 164
subjects with or without PCa showed no significant correlation
between PSA levels and eNAMPT levels (p = 0.17) (Fig. 2F). In
addition, the plasma eNAMPT levels were not correlated with age
(r(105) =0.11, p>0.05).

3.3. NAMPT expression is upregulated in PCa cells by hypoxia-inducible
factor 1/2a and EGF

We next examined the molecular mechanisms potentially con-
tributing to regulation of NAMPT expression in PCa. As cellular adap-
tation to hypoxic microenvironment correlates with PCa tumor
invasion, metastasis, and resistance to chemoradiation [36], we
assessed the role of hypoxia-inducible factors (HIF) in driving NAMPT
expression as well as PCa cell activation by the epidermal growth fac-
tor (EGF) signaling pathway known to drive PCa metastatic progres-
sion and tumor growth [37, 38]. NAMPT expression was detected
utilizing NAMPT promoter and luciferase reporters [30] in two trans-
fected human PCa metastatic cell lines, PC3 (Fig. 3A) and DU145 cells
(Fig. 3B). Significant increases in PC3 and DU145 NAMPT transcrip-
tional activities were observed in response to the prolyl hydroxylase
inhibitor, FG-4592, which increases protein expression of HIF1a and
HIF2a, as well as in response to EGF stimulation. In contrast, NAMPT
promoter activities were not significantly modified by androgen tes-
tosterone in either PCa cell line (Fig. 3A and 3B), consistent with the
known androgen-independent phenotype of PC3 and DU145 cell
lines [39]. Immunoblots for protein expression confirmed FG-4592-
and EGF-induced NAMPT protein expression in PC3 (Fig. 3C) and
DU145 cells (Fig. 3D) whereas testosterone did not. FG-4592 and EGF
also induced eNAMPT secretion into the media from PC3 cells
(Fig. 3E) and DU145 cells (Fig. 3F) indicating that hypoxia and EGF
increase eNAMPT bioavailability to potentially impact PCa progres-
sion (Pearson's Correlation Coefficient r(24) =0.94, p<0.01). We uti-
lized the ChIP assay to confirm HIF1a and HIF2a binding the NAMPT
promoter which was significantly increased by hypoxia and
decreased by siRNAs for HIF1a and HIF2a (Fig. 3G and 3H).

3.4. eNAMPT accelerates PCa cell invasion of smooth muscle in vitro

Prostate cancer dissemination requires invasion of smooth muscle
tissues during vascular intravasation, extravasation and prostatic
extracapsular extension [40]. A 3-D in vitro cell culture model of PCa
cell invasion was used [33] involving placement of PCa cells on a layer
of prostate smooth muscle cells (PrSMC) (Fig. 4A). eNAMPT (100 ng/
ml) was added into the lower chamber and PC3 cells migrating
through the PrSMC layer detected by directly cell counts in the lower
chamber (Fig. 4B) or by observing PC3 cells attached to the abluminal
aspect of Transwell insert (Fig. 4C). In the control group with media
alone in the abluminal chamber, PC3 cells migration through the
PrSMC and collagen layers was minimal (24 h). In contrast, PC3 cell
migration was significantly increased when eNAMPT was present in
the lower chamber media. Fig. 4B and 4C showed results representa-
tive of at least 3 technical replicates. These data demonstrated that
eNAMPT accelerates PC3 invasiveness through smooth muscle cells.
To further explore the possible mechanisms by which eNAMPT pro-
motes PCa cell invasion, we investigated MMP production by PC3 and
DU145 PCa cells in response to eNAMPT challenge. eNAMPT signifi-
cantly increased MMPs release from both PC3 and DU145 detected as
MMPs activity in cell supernatants as early as 4 h and much greater
after 24 h of eNAMPT treatment (Fig. 4D).

3.5. PCa cell muscle invasion in vivo is attenuated by an eNAMPT-
neutralizing polyclonal antibody (pAb)

We next utilized a in vivo preclinical model of PCa invasion [33]
with the inferior diaphragmatic muscle of the SCID mouse as the PCa
invasion platform. PC3 cells were intraperitoneally injected into 2
groups of SCID mice with both groups sacrificed at 4 weeks. One PC3
group was administered an eNAMPT-neutralizing polyclonal anti-
body (pAb, 1 mg/kg) by intraperitoneal injection (3 times/week, 3
weeks). The second group received IP injection of PBS (control,
3 times/week, 3 weeks). The diaphragms from control and eNAMPT
pAb-treated groups were harvested and examined grossly and micro-
scopically. Control group mice exhibited a significantly greater size of
tumor colonies growing on the inferior surface of the diaphragm as
well as extensive deep invasion when compared to eNAMPT pAb-
treated mice (tumor colony size control 14.3 § 4.6 mm2 versus pAb-
treated 6.9 § 2.9 mm2, p<0.05). Histologic examination showed an
aggressively invasive PC3 cell phenotype with robust diaphragmatic
smooth muscle invasion (Fig. 5A). Tumor colonies in eNAMPT pAb-
treated mice were smaller-sized than untreated mice and exhibited
markedly reduced superficial invasion or no invasion (Fig. 5B). Immu-
nohistochemistry staining for Ki67 showed abundant PC3 cell nuclei
positive for Ki67 in untreated mice (Fig. 5C) and significantly fewer
positive PC3 cell nuclei in eNAMPT pAb-treated mice (Fig. 5D). The
mean Ki67 proliferation index in untreated mice was significantly
higher than eNAMPT pAb-treated mice (84.6% § 4.7% versus 51.9% §
11.6%) (Fig. 5H). The diaphragm-invading PC3 cells in vivo demon-
strated high NAMPT expression by immunohistochemistry (Fig. 5E)
and mice with PC3 xenografts exhibited significantly higher plasma
eNAMPT levels compared to mice with PC3 xenografts treated with
eNAMPT-neutralizing antibody (Fig. 5F). Furthermore, a significantly
greater number of invasion sites (5.0 § 1.3) were observed in
untreated control mice, compared to eNAMPT pAb-treated mice
(2.0 § 0.9, p<0.05). Consistent with these findings, for each tumor
foci, the deepest depth of tumor invasion was significantly greater in
the untreated control group (102.5 § 13.9 mm) when compared to
the eNAMPT pAb-treated group (11.8 § 3.3 mm, p<0.05) (Fig. 5G).
The percentage of invasive component within the tumor colonies
were also calculated by measuring the area size of the invasive tumor
within the diaphragm and the area size of the entire tumor colony.
The percentage of invasive tumor was significantly higher in the
untreated control group (32.2% § 6.8%) compared to the eNAMPT
pAb-treated group (1.25% § 1%, p<0.05). Together, these results
showed that weekly eNAMPT-neutralizing pAb treatment signifi-
cantly inhibited PC3 cell invasion in vivo without significant weight
changes or adverse effects. These data support eNAMPT-mediated
promotion of PCa invasiveness and eNAMPT targeting (neutralizing
antibody) as a potentially effective therapeutic strategy to prevent
the development of an aggressively invasive PCa phenotype.

4. Discussion

This study highlights several novel observations including the
strong NAMPT expression in invasive prostate cancer tissues and the
significant elevation of plasma eNAMPT in men with PCa, especially
men with extraprostatic invasion. The American Urological Associa-
tion recommends blood PSA screening for early PCa detection [41],
however, this assay suffers from high false-positive results, high vari-
ability and poor correlation with PCa aggressiveness. Unlike plasma
eNAMPT levels, in our limited cohort, PSA levels failed to distinguish
stage 3 extraprostatic invasive PCa from stage 2 organ-confined PCa,
and failed to identify PCa in high risk subjects. Prostate biopsies using
the Gleason tumor grading system, in which a higher score correlates



Fig. 3. Influence of PCa-relevant transcription regulators on NAMPT promoter and eNAMPT secretion. PC3 and Du145 cell cultures were treated with FG-4592 100 uM, or EGF
100 ng/ml, or testosterone 100 nM for 4 or 24 h. The NAMPT promoter activities (using dual-luciferase assay) were significantly increased in response to FG-4592 and EGF (p<0.05)
as early as 4 h and were sustained for up to 24 h (A, B), results confirmed by western blots of NAMPT protein levels in cells at 24 h (C, D). NAMPT promoter activities and expression
were unchanged in response to testosterone challenge (A-D), Measurement of secreted eNAMPT into culture media of PC3 and Du145 cells (ELISA) were significantly increased in
response to FG-4592 and EGF (p<0.05) but not to testosterone for 24 h (E, F). Detected by ChIP assay, HIF1a and HIF2a significantly bind to NAMPT promoter region under hypoxia
(Hyp) compared to normoxia (Norm), and the bindings were significantly decreased by transfection of specific HIF1a SiRNA (siH1) or HIF2a SiRNA (siH2) in both PC3 and DU145
cells (*, ** p<0.05). Non-specific IgG and siRNA (siC) were used as internal controls (G-H).
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with a greater prognostic chance for metastatic disease [42], also
failed to stratify cancer stages in PCa subjects with low Gleason
scores [35]. For example, PCa cohort subject #11 (Table 1) exhibited a
low Gleason score (3 + 3 = 6), and a low grade PSA level of 6.8 ng/ml,
parameters that failed to predict the presence of stage III extrapro-
static invasive PCa. In contrast, this subject exhibited a plasma
eNAMPT level of 31.9 ng/ml, a level well above the range of eNAMPT
levels in the organ-confined PCa group (range 16.7 to 31.07 ng/ml)
potentially heralding suspicion for an aggressive invasive PCa. Ele-
vated eNAMPT plasma levels may be associated with other risk
factors including inflammation, obesity or genetic variance [29, 30,
43] and as a tumor marker is clearly not specific to PCa. However, a
combination of eNAMPT and PSA plasma levels and biopsy may
potentially provide a higher predictive value in risk stratification for
PCa. Future studies evaluating a larger PCa cohort are needed to vali-
date eNAMPT as a biomarker for diagnosis of PCa and stratification
for high-risk invasive PCa.

The incidence of metastatic PCa has steadily increased 92%
between years 2004 to 2013 in the United States [44]. Surgical, radia-
tion, and hormonal therapies have reduced PCa mortality; however,



Fig. 4. Effect of eNAMPT on in vitro PCa invasion assays. PC3 cells were placed atop a 2�3 cell layer of prostate smooth muscle cells (PrSMCs) on a Boyden chamber insert as
shown in the PCa invasion in vitro model (A). eNAMPT (100 ng/mL) added in the solution compartment was a chemoattractant stimulating PC3 cells to migrate through PrSMCs
compared to control culture media over 24hr period shown by counting cells in the Boyden chamber (B, p<0.05) or by observing under microscope (C). MMPs activity was signifi-
cantly increased in both PC3 and DU145 cell cultures in response to eNAMPT (100 ng/ml) stimulation as early as within 4 hrs and much greater after 24 hrs (D). B, C and D data
were representative of triplicate repeats.
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curative options in advanced PCa remain extremely limited. Although
the majority of patients respond to androgen-deprivation therapy
initially, nearly all eventually develop metastatic castration-resistant
PCa. Since 2004, multiple newly developed agents, androgen recep-
tor-targeted agents, cellular immunotherapy, and radiopharmaceuti-
cal radium-223 have received FDA-approved for metastatic
castration-resistant PCa [45]. Unfortunately, clinical progression
remains extremely common despite the initial clinical effectiveness
of these interventions [46]. Thus, targeting the transition from non-
invasive organ-confined PCa, which has 95% five-year survival, to
invasive metastatic cancer, with only 30% five-year survival, becomes
critical to improve the outcome of this disease.

Intracellular NAMPT (iNAMPT) involvement has been demon-
strated in PCa [16] and other human malignancies including colorec-
tal, ovarian, breast, gastric, thyroid, endometrial carcinomas,
myeloma, melanoma, astrocytoma, and malignant lymphoma [14, 16,
47, 48]. These studies validate NAMPT as a novel ‘‘oncogene’’ with a
central role in carcinogenesis influencing human cancer pathology.
NAMPT expression influences genes involved in cancer pathogenesis
and survival. Our interrogation of microarray data sets derived from
four cancer types defined a 39-gene NAMPT-driven signature (N39)
that predicted a poor prognosis [18] with NAMPT-influenced genes
strongly dysregulating cancer biology signaling pathways including
those involved in PCa [18]. This signature is enriched in cancer-
related KEGG terms, such as pathways in cancer, colorectal cancer,
renal cell carcinoma, as well as prostate cancer. Interrogation of the
cBioportal for Cancer Genomics (https://www.cbioportal.org) shows
NAMPT to be amplified in TCGA public data sets of PCa, further vali-
dating NAMPT as a novel ‘‘oncogene’’ with influence on human can-
cer pathology. Silencing NAMPT expression sensitizes tumors to
chemotherapeutic agents [49] supporting NAMPT as a clinically-rele-
vant therapeutic target. Prior targeting of NAMPT for cancer treat-
ment has been focused on developing agents that inhibit iNAMPT
enzymatic activity and regulation of biosynthesis of NAD via a salvage

https://www.cbioportal.org


Fig. 5. Effect of eNAMPT on in vivo PCa invasion assays. PC3 cells invaded through diaphragm muscle layer in untreated SICD mice (n = 5) (A); intraperitoneal injection with
eNAMPT neutralizing antibody significantly inhibited the tumor invasion (n = 5) (B, G, *p<0.05). Immunohistochemistry showed abundant Ki67-positive PC3 cells in untreated
group (C) compared to fewer Ki67-positive cells in eNAMPT antibody-treated PC3 cells (D). The percentages of Ki67-positive cells were significantly higher in untreated group
(Veh) compared to eNAMPT pAb-treated group (eNAMPT ab) (H, *p<0.05). PC3 cells highly expressed NAMPT in vivo detected by immunohistochemistry (E) and the plasma
eNAMPT levels were significantly higher in untreated group (Veh) compared to normal mice (Ctr) and eNAMPT pAb treated group (Ab) (F, *p<0.05). A-D x200; E x100.

B.L. Sun et al. / EBioMedicine 61 (2020) 103059 11
pathway with the synthesis of nicotinamide mononucleotide (NMN)
from nicotinamide (NAM) and phosphoribosyl pyrophosphate (PRPP)
[12, 50]. iNAMPT enzymatic inhibitors (GMX-1776 or CHS-828, APO-
866 aka Daporinad or FK866), have been developed as anti-cancer
treatment options. However, based on the safety and efficacy
reported from four phase I clinical trials, significant dose-limiting
toxicities such as thrombocytopenia and various gastrointestinal
symptoms were observed before treatment effects were reached [51,
52]. To date, a safe therapeutic window has not been achieved by
inhibiting iNAMPT enzymatic activity.
In this study, we explored extracellular secreted eNAMPT as a spe-
cific therapeutic target for invasive PCa, demonstrating an effective
treatment approach by neutralizing eNAMPT to prevent PCa invasive
progression from organ-confined cancer to extraprostatic invasive
cancer. We demonstrated that eNAMPT enhances tumor invasiveness
and that neutralizing circulating eNAMPT with a pAb prevents PCa
smooth muscle invasion. Based upon extensive studies in inflamma-
tory preclinical models of disease [10, 53-55], we speculate that the
mechanism by which eNAMPT accelerates tumor invasiveness is via
its function as a damage-associated molecular pattern protein
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(DAMP) responding to hypoxia and mechanical stress [30] and acti-
vating JNK1, p38, ERK [56] and Stat3 pathways [57] as a result of liga-
tion of Toll-like receptor 4 (TLR4). TLR4 ligation markedly increases
NFkB-dependent expression of inflammatory chemokines and cyto-
kines [10, 11] and mediates cell growth/survival and angiogenesis.
TLR4 is expressed on PCa cells, muscle cells, tumor infiltrating lym-
phocytes and M2 macrophages, and has been well linked to PCa
tumorigenesis and invasion [19, 20, 58, 59]. As an immune effector
molecule, eNAMPT is released by a variety of injurious stimuli,
including hypoxia, and by diverse sources in the tumor microenvi-
ronment (macrophages, lymphocytes, PCa cells). Based on our earlier
report, we speculate that eNAMPT/TLR4-mediated inflammatory sig-
naling facilitates generation of tumor-supporting M2 macrophages
recognized to be associated with PCa onset, PCa recurrence and tran-
sition to aggressive PCa metastases [11, 60]. We further speculate
that a humanized eNAMPT-neutralizing mAb currently in develop-
ment will dampen PCa inflammatory cascades and delay the transi-
tion from indolent PCa to aggressive, castration-resistant, metastatic
PCa phenotype. We anticipate a much safer and more effective thera-
peutic approach by targeting extracellular eNAMPT rather than inhib-
iting intracellular iNAMPT in cancer therapy. Although the molecular
mechanisms by which eNAMPT functions as a mediator to promote
tumor cell invasion and the specific functioning form of eNAMPT
secreted by PCa are still unclear and will be further investigated, our
current study demonstrates the significant efficacy of anti-eNAMPT
neutralizing antibodies in preventing aggressive PCa invasion in pre-
clinical PCa mice models. Targeting eNAMPT appears to be a promis-
ing safe and effective approach for treatment of PCa invasive
progression and potentially other cancers as well.

In summary, eNAMPT appears to be a druggable target amenable
to eNAMPT-neutralizing biologic therapy in preventing PCa invasion.
Therapeutic targeting of eNAMPT may antagonize and potentially
delay the switch to aggressive invasive disease in androgen depriva-
tion therapy-resistant PCa and prevent PCa progression. While specu-
lative, this is consistent with prior studies demonstrating that
uncoupling the dynamic reciprocity that occurs in androgen-inde-
pendent tumor interaction in the metastatic microenvironment,
results in a halt in progression to metastases. Clinical trials in men
with PCa utilizing eNAMPT-neutralizing therapies, possibly selecting
subjects via eNAMPT plasma levels or by NAMPT genotypes, may
prove effective approach in halting PCa progression.
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