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Abstract

Nicotinamide phosphoribosyltransferase (NAMPT) is a rate-limiting enzyme for nico-
tinamide adenine dinucleotide (NAD) synthesis and is involved in cancer cell prolifera-
tion through regulation of energy production pathways. Therefore, NAMPT inhibitors
are promising drugs for cancer therapy by limiting energy supply of tumours. Herein,
we demonstrated that the NAMPT inhibitor FK866 ((E)-N-(4-(1-Benzoylpiperidin-
4-yl)butyl)-3-(pyridin-3-yl)acrylamide) dose-dependently inhibited growth and cell
motility of DU-145 prostate tumour spheroids and decreased the intracellular ATP
concentration. The apoptosis marker cleaved caspase-3 remained unchanged, but
the autophagy marker microtubule-associated protein 1A/1B-light chain 3 (LC3)
was upregulated. Growth inhibition was reversed upon co-administration of NAD to
the cell culture medium. FK866 decreased calcein as well as pheophorbide A efflux
from tumour spheroids and increased doxorubicin toxicity, indicating interference
with function of drug efflux transporters. DU-145 multicellular tumour spheroids
expressed the stem cell associated markers CD133, CD44, Oct4, Nanog, Sox2, and
drug transporters ABCB1, ABCG2, and ABCC1 which are associated with stem cell
properties in cancer cells. The ABCB1 inhibitor zosuquidar, the ABCG2 inhibitor
Ko143, and the ABCC1 inhibitor MK571 increased calcein retention. Neither pro-
tein expression of stem cell markers, nor drug transporters was significantly changed
upon FK866 treatment. In conclusion, our data suggest that FK866 inhibits prostate
cancer cell proliferation by interference with the energy metabolism, and function of

drug efflux transporters.
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1 | INTRODUCTION

Cancer cells are rapidly dividing cells, thus having a high energy
demand, which has to be fulfilled even in the hypoxic conditions in
the depth of solid tumours. The dysregulated tumour metabolism
is shifted from energy generation in the tricarboxylic acid (Krebs)
cycle to glycolysis (Warburg effect) to maintain robust and rapid
cancer cell proliferation.*? This specificity of cancer cell metabolism
has raised the idea to specifically interfere with cancer-associated
metabolic pathways in order to fight cancer by energy deprivation
of cancer cells. Energy-demanding metabolic pathways require me-
tabolites, such as the co-enzyme NAD. NAD plays a central role in
various cellular redox reactions and several cell survival- and pro-
liferation-supporting functions, such as regulation of mitochondrial
function, and stimulation of glycolysis via glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) and lactate dehydrogenase.® NAD is
regulating serine biosynthesis in tumour cells, and is a substrate for
poly(ADP-ribose)polymerase (PARP), a major player in DNA repair
processes. Moreover, NAD is required for the function of sirtuins,
which consume NAD to control cell longevity and cell survival under
stress conditions.* In mammalian cells, NAD generation is mainly reg-
ulated by the salvage pathway, which involves two central enzymes,
ie nicotinamide mononucleotide adenylyltransferase (NMNAT) and
nicotinamide phosphoribosyltransferase (NAMPT), which is the
rate-limiting enzyme in this pathway and converts nicotinamide
(NAM) to nicotinamide mononucleotide (NMN). Subsequently,
NMNAT generates NAD by transferring the adenylyl moiety from
ATP to NMN. Alternatively, NAD can be synthetized de novo from
tryptophan, which occurs predominantly in the liver or in the Preiss-
Handler (PH) pathway, where nicotinate phosphoribosyltransferase
(NAPRT) catalyzes the synthesis of nicotinic acid mononucleotide
(NAMN) from nicotinic acid (NA) and 5-phosphoribose-1-pyrophos-
phate (PRPP). NMNAT is then conjugating ATP to NAMN to gener-
ate NAD.® In the past years, an increasing number of pharmacologic
inhibitors of NAMPT has been developed to deprive cancer cells
from NAD and consequently energy supply. Since non-cancerous
cells are able to use any of the NAD-generating biochemical path-
ways, they do not die in response to NAMPT inhibitors like FK866,
or si-RNA-mediated down-regulation of enzymes involved in de novo
NAD synthesis, the PH pathway or salvage pathways.® This obser-
vation underscores the possibility to target specifically cancer cells
through NAMPT inhibition and reprieve non-cancerous cells under
these conditions. Overexpression of NAMPT has been observed in
a variety of tumours including prostate cancer.” The increased NAD
concentrations in NAMPT-overexpressing cancer cells are support-
ing rapid cycling times of cancer cells and increase cancer cell sur-
vival in presence of anticancer agents.® Although NAMPT inhibitors
are promising candidates for preventing tumour cell growth, clinical
studies using FK866 displayed toxicity to normal, rapidly proliferating
hematopoietic cells, and had to be discontinued, due to side effects
like thrombocytopenia.” This observation prompted the develop-
ment of a new generation of NAMPT inhibitors with less toxicity,

which may be used in therapeutic partnership with PARP inhibitors™®
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According to the cancer stem cell (CSC) hypothesis, a tiny group
of stem cell-like cells are responsible for development and progres-
sion of cancer disease. Cancer stem cells are highly proliferative
and contribute to tumour growth and spread of tumours within the
body.}*'? Notably, expression of stem cell markers is frequently as-
sociated with transporters of the ABC (ATP binding cassette) family.
Therefore, upon emergence of drug resistance due to overexpres-
sion of drug transporters, chemo/radiation therapy fails to eradicate
CSCs, thereby leading to CSC-mediated clinical relapse.*® Moreover,
it has been shown that occurrence of drug resistance as well as stem
cell gene expression is strikingly dependent on the tumour micro-
environment and three-dimensional (3D) structure of the tumour.
In this respect, it has been shown that chemo/radiation resistance
of tumour cells is increased when cells are grown as spherical tu-
mour spheroids in comparison to two-dimensional cell cultures.***>
Chemo/radiation resistance is enhanced in the hypoxic tumour tis-
sue milieu, which regulates both expression of drug transporters like
ABCB1,"> ABCG2,'® ABCC1Y and pluripotency-determining stem
cell genes'®

In the present study, we cultivated DU-145 prostate cancer
cells as 3D multicellular tumour spheroids and investigated tumour
growth, tumour cell motility, ATP content, doxorubicin toxicity, and
protein expression of stem cell genes and the drug transporters
ABCB1, ABCG2, and ABCC1 upon treatment with different con-
centrations of the NAMPT inhibitor FK866. Our data demonstrated
that interference with NAMPT results in growth inhibition, as well as
increased drug retention of tumour spheroids, which suggests inhi-
bition of drug transporter function presumably by ATP deprivation.
Notably, protein expression of stem cell genes and drug transporters
was not changed upon NAMPT inhibition indicating that their ex-
pression does not rely on intracellular NAD concentrations.

2 | RESULTS

2.1 | Effect of NAMPT inhibition on tumour
spheroid growth and cell motility

To investigate the cytotoxicity of the NAMPT inhibitor FK866,
10-day-old tumour spheroids with diameters approximating
120 + 17 um were incubated with different concentration of this
compound, ranging from 5 to 40 nmol/L, and tumour spheroid
growth was monitored during subsequent 5 days (day 10-day 15 of
cell culture). It was evident that FK866 dose-dependently inhibited
the growth of tumour spheroids (Figure 1) (n = 3). To investigate the
toxicity of FK866 in more detail, tumour spheroids were double-la-
belled with SYTOX green, which intercalates in the DNA of cells with
compromised cell membranes, and DRAQS5, which is permeablein liv-
ing and dead cells. Our data clearly showed, that following 5 days of
treatment, the number of dead cells increased with enhanced FK866
concentration (Figure 2) (n = 3). Moreover, detached cells from
FK866-treated tumour spheroids were not vital as indicated by Sytox
green/DRAQS5 double staining (data not shown). Besides inhibition
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FIGURE 1 Effect of different concentrations of FK866 on the growth of multicellular DU-145 tumour spheroids. Tumour spheroids were
treated from day 10 to day 15 of cell culture. The DMSO sample was used as vehicle control. (A) Representative transmission images of
tumour spheroids. The bar represents 200 um. (B) Line and scatter plot of tumour spheroid growth over time (n = 3). (C, D) Histogram of size
distribution of tumour spheroids before treatment (day 10), and after 5 d of treatment with FK866 (20 nM). * P < .05, significantly different

to the vehicle control

of tumour spheroid growth, inhibition of NAMPT by FK866 may in-
terfere with tumour cell motility. To investigate this issue, tumour
spheroids were outgrown and their outgrowth area was determined
as indicator of cell motility. As shown in Figure 3A, FK866 dose-de-
pendently decreased the outgrowth of cells from DU-145 tumour
spheroids, indicating inhibition of cell motility. The outgrowth inhibi-
tion effect upon incubation with 10 nmol/L FK866 was abolished
upon co-administration of extracellular NAD (10 pmol/L), indicating
that the observed effect was due to NAD-deprivation in the tumour
cells rather than an off-target non-specific effect of the compound
(Figure 3B) (n = 3). To assess the mechanism of tumour cell death,
apoptosis was investigated in tumour spheroids. To achieve this aim,
tumour spheroids were treated with either 5 or 20 nM FK866 for
5 days and the apoptosis marker cleaved caspase-3 was assessed
(Figure 4A, n = 4). Our data demonstrated that FK866 treatment
slightly, but not significantly increased the ratio of pro-caspase 3 to
cleaved caspase 3 expression. However, when single tumour cells
were treated with 20 nM FK866 and stained against the autophagy
marker LC3, a significant increase in LC3-I expression was observed
in immunohistochemistry experiments (Figure 4B, n = 5), indicating
initiation of autophagic processes. These data were confirmed by
western blot analysis (Figure 4C, n = 3), which demonstrated that
treatment with 5 and 20 nM FK866 significantly increased LC3-1 ex-

pression, whereas LC3-Il expression remained unchanged.

2.2 | FK866 increases doxorubicin toxicity in DU-
145 tumour spheroids

Cytostatic anthracyclines are generally used in clinical therapy to
treat multiple types of cancer. It is a first-line chemotherapy treat-
ment for patients with metastasized, hormone-resistant prostate
cancer (PCa) or for patients with high-risk, localized PCa that could
benefit from early chemotherapy treatment.'? Generally, chemo-
therapy is associated with severe side effects, which increase with
the dose of the applied chemotherapeutic. One measure to avoid
side effects of chemotherapy would therefore be the combination
of two or more substances at low concentrations to achieve an
additive cytotoxic effect. To test this aspect, we investigated the
dose-dependent toxicity of doxorubicin in DU-145 prostate can-
cer cells. Our data demonstrated that doxorubicin dose-depend-
ently decreased the outgrowth/tumour spheroid diameter ratio in
a concentration range between 0.1 and 5 umol/L, when applied
over a time period of 5 days (Figure 5A, n = 2). In a next step we
incubated outgrown tumour spheroids for 5 days with 0.1 umol/L
doxorubicin either in presence or absence of 10 nmol/L FK866.
Our data indicate, that the cytotoxic effect of doxorubicin was
increased in presence of FK866 (10 nmol/L), indicating that this
compound may be used as adjuvant in anthracycline cancer treat-

ment (Figure 5B, n = 5).
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FIGURE 2 Toxicity of different FK866 concentrations in DU-145 tumour spheroids. Tumour spheroids were treated from day 10 to day
15 of cell culture with either 10, 20 or 40 nmol/L FK866, and cell vitality was assessed by double labelling with the dead cell indicator Sytox
green, and the live and dead cell indicator DRAQ5. It was evident that FK866 treatment dose-dependently increased the number of Sytox
green-positive cells (n = 3). Green: Sytox green, red: DRAQS5, blue: transmission, green/red/blue: overlay image. The bar represents 50 um

2.3 | FK866 increases calcein and doxorubicin
retention in DU-145 tumour spheroids, but decreases
intracellular ATP

We and others have previously shown that DU-145 multicellular
tumour spheroids develop an intrinsic drug resistance, which is
dependent on the three-dimensional tissue context and regulated
by hypoxia-inducible factor-la (HIF-1a) in the hypoxic milieu of
the tumour tissue.r>?° We therefore investigated, whether FK866
would interfere with drug efflux from tumour spheroids, and loaded
tumour spheroids (10-day-old) with the live cell indicator and drug
transporter substrate calcein AM (0.1 umol/L) 21 gither in absence
or presence of FK866 (40 nmol/L), which was pre-incubated for
24 hours. In parallel, efflux of pheophorbide A (5 umol/L), which
is a substrate for ABCG2,%? was assessed in absence and presence
of FK866. After loading with calcein AM, tumour spheroids were
washed and calcein retention was monitored over 180 minutes. It
was evident that pre-treatment with FK866 significantly increased

calcein retention in multicellular tumour spheroids, which was

significant after 120 and 180 minutes, thus indicating that FK866
was interfering with drug efflux mechanisms (Figure 6A,B, n = 4).
Moreover, FK866 totally abolished pheophorbide A efflux from tu-
mour spheroids (Figure 6C, n = 3). When tumour spheroids were
co-labelled with calcein and doxorubicin (0.1 umol/L), calcein as well
as doxorubicin fluorescence was significantly increased upon pre-in-
cubation with FK866 (Figure 6D,E, n = 3), thus corroborating our ex-
periments on increased doxorubicin toxicity in presence of FK866,
and suggesting that the efflux of calcein and doxorubicin was inhib-
ited under these experimental conditions. This assumption was vali-
dated by experiments where tumour spheroids were pre-incubated
for 24 hours with FK866, and for 2 hours with the ABCB1 antagonist
zosuquidar (0.1 umol/L), the ABCG2 antagonist Ko143 (0.1 uM), or
the ABCC1 inhibitor MK-571 (50 umol/L). All antagonists of drug ex-
trusion transporters elevated calcein retention (Figure 6F, n = 3). Co-
administration of FK866 with either Ko143, zosuquidar, or MK-571
did not significantly increase calcein retention. Taken together these
data suggest that ABCB1, ABCG2, and ABCC1 are contributing to

the drug efflux mechanism in DU-145 tumour spheroids.
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FIGURE 3 Outgrowth of DU-145 multicellular tumour spheroids following treatment with different concentrations of FK866. Tumour
spheroids were plated on day 10 of cell culture to coverslips, and the ratio between outgrowth area and tumour spheroid diameter was
assessed after staining with the live cell indicator calcein AM. (A) Effect of different doses of FK866 on tumour cell outgrowth from tumour
spheroids (n = 3). (B) Reversal of outgrowth inhibition upon FK866 (10 nmol/L) by exogenous NAD (10 umol/L) (n = 3). The upper panel in (B)
shows representative calcein-labelled outgrown tumour spheroids. The bar represents 100 um. *P < .05, significantly different to the vehicle
control. #P < .05, significantly different to the FK866 treated sample

Since ABC transporters are primary active, thus needing ATP for 2.4 | Protein expression of stem cell markers,
proper transport function, intracellular ATP concentrations were as well as the drug efflux transporters ABCB1,
determined. It was shown that treatment of tumour spheroids for ABCG2, and ABCC1
48 hours with either 20 or 40 nmol/L FK866, decreased the intra-

cellular ATP content by approximately 35% (Figure 7, n = 4), which The efficiency of cancer chemotherapy is hampered by intrinsic
represents a significant linear trend and suggests that the observed and acquired drug resistance, and presence of drug resistant CSCs.
reduction in drug efflux may be due to limited ATP availability for Prostate cancer cells, including cells from the DU-145 cell line, have

drug transporters. been previously demonstrated to express stem cell markers when
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FIGURE 4 Effect of FK866 on apoptosis and autophagy in DU-145 tumour cells. (A) Protein expression of the apoptosis marker cleaved
caspase 3 and pro-caspase 3 in DU-145 tumour spheroids treated from day 10 to day 15 of cell culture with either 5 or 20 nmol/L FK866.
3-actin, as well as vinculin were used as loading control. Shown is a representative western blot. The bar chart shows the mean + SEM of

n = 4 independent experiments. (B) LC3 expression in single cells DU-145 tumour cells which were treated for 48 h with FK866 (20 nmol/L).
Shown are representative cells, which were labelled with an antibody directed against LC3 (green), and with the nuclear marker DRAQ5
(red) presented either separately or in overlay images. The bar represents 35 um. The bar chart shows the mean + SEM of five independent
experiments. (C) Protein expression of LC3-1 and LC3-1I. Shown is a representative western blot. Vinculin was used as loading control. The
bar charts show the means + SEM of three independent experiments. *

cultured as prostaspheres.?® Stem cell properties are frequently as-
sociated with expression of the drug extrusion transporters ABCB1
and ABCG2, which are regulated by hypoxia.t>'® We therefore in-
vestigated whether inhibition of NAD generation by FK866 would
affect protein expression of the stem cell proteins CD44, CD133,
Nanog, Oct4, Sox2, and ABCB1, ABCG2, ABCC1. Our data showed
that incubation for 5 days with 5 and 20 nmol/L FK866 did not signif-
icantly change expression of stem cell proteins (Figure 8A-E, n = 4),
and drug extrusion transporters ABCB1 (Figure 8F, n = 4), ABCG2
(Figure 8G, n = 4), and ABCC1 (Figure 8H, n = 3). This suggests,
that the observed increased calcein retention in DU-145 tumour

P < .05, significantly different to the vehicle control

spheroids was not due to decreased expression of drug extrusion
transporters, and expression of stem cell markers did not protect
DU-145 tumour cells from the cytotoxic action of FK866.

3 | DISCUSSION

Targeting the metabolism of tumour cells is a promising strategy
to fight cancer. This may be achieved by NAMPT inhibition, which
leads to attenuation of glycolysis at the glyceraldehyde 3-phos-
phate dehydrogenase step due to the reduced availability of NAD
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FIGURE 5 Outgrowth of DU-145 multicellular tumour spheroids
following treatment with different concentrations of doxorubicin,
and additive effects of doxorubicin and FK866 co-administration.
(A) Plated DU-145 tumour spheroids were remained untreated or
were treated with either 0.1 umol/L, 0.5 umol/L, 1 umol/L, 2umol/L
or 5 umol/L doxorubicin, and the ratio between outgrowth area and
tumour spheroid diameter was assessed (n = 2). (B) Plated tumour
spheroids were either treated with doxorubicin (0.1 umol/L),

FK866 (10 nmol/L) or a combination of both (n = 5). Notably,

FK866 treatment increased the toxicity of doxorubicin. *P < .05,
significantly different to the vehicle control. P < .05, significantly
different to the doxorubicin-treated sample

for the enzyme.?* The data of the present study demonstrated,
that lowering intracellular NAD levels by use of the NAMPT in-
hibitor FK866 efficiently kills DU-145 tumour cells grown in the
three-dimensional context of multicellular tumour spheroids.
Growth of multicellular tumour spheroids and motility of tumour
cells was inhibited even in nanomolar concentrations of FK866
(10-40 nmol/L), which was attenuated in the presence of NAD,
indicating that the effect was due to limitation of NAD supply.
FK866 treatment only moderately increased apoptosis, but stimu-
lated autophagy as indicated by increased expression of LC3. It
has been previously shown, that autophagic induction by starva-

tion and energy deprivation stimulates the conversion of LC3-I to

LC3-1l and upregulates LC3 e><pression.25 Depletion of intracel-
lular NAD levels by FK866 has been recently shown to result in
autophagic death of multiple myeloma cells?® as well as of adult
T-cell leukaemia/lymphoma (ATL) cells.?”” Moreover, our data
showed that FK866 increased the tissue accumulation and toxic-
ity of doxorubicin at low dose, which may allow the clinical use of
lower concentrations of this anthracycline when co-administrated
with NAMPT inhibitors, thus potentially reducing the severe toxic
side effects of anticancer agents especially on the heart.?® DU-
145 cancer cells express the drug extrusion transporters ABCB1,%?
ABCG2,'® and ABCC1°% which are regulated by hypoxia and con-
fer an intrinsic drug resistance, when cells are grown as hypoxic
tumour spheroids. Notably, our previous data demonstrated that
ABCB1 expression was upregulated by the glycolysis end-product
pyruvate, suggesting that drug resistance is related to the glyco-
lytic metabolism of tumour cells.?’ To evaluate the basis for in-
creased doxorubicin toxicity upon FK866 treatment, calcein and
pheophorbide A retention assays were performed. Calcein AM is
a live cell stain, readily taken up by cells and cleaved by intracellu-
lar esterases to generate fluorescent calcein, which is a substrate
for ABCB1 and ABCC1.%! Pheophorbide A is a fluorescent prod-
uct of chlorophyll breakdown and specific substrate for ABCG2.%?
Our data showed, that FK866 significantly inhibited calcein efflux
comparably to the ABCB1 antagonist zosuquidar or the ABCG2
antagonist Ko143, suggesting that ABCB1 and ABCG2 substan-
tially contribute to the drug resistance phenotype of DU-145
prostate tumour spheroids. Moreover, pheophorbide A efflux was
inhibited by FK866, underlining the contribution of ABCG2. Since
MK-571 increased calcein retention a role of ABCC1 in intrinsic
drug resistance of DU-145 tumour spheroids is suggested. ABC
transporters are ATPases that transport their substrates against
the concentration gradient by binding and hydrolysis of ATP at
the ABC moiety of the molecule.® In our experiments, treatment
with FK866 decreased intracellular ATP, which may affect ABC
transporter function. Depletion of ATP by FK866 has been pre-
viously demonstrated in breast cancer cells,>* ovarian carcinoma
cells®® and colonic cancer cells.®® Alternatively, FK866 could bind
to ABC transporters and block the transport function by reducing
ATPase activity. Notably, protein expression of ABCB1, ABCG2,
and ABCC1 was not affected upon pre-incubation with FK866,
indicating that the increased calcein retention was due to inhi-
bition of drug transporter function, rather than protein expres-
sion. This observation is reasonable, since drug extrusion by ABC
transporters requires sufficient ATP supply, which is hampered if
metabolic ATP-generating pathways like glycolysis and the mito-
chondrial respiratory chain are running short of NAD and NADH
upon NAMPT inhibition.

Expression of ABC transporters is frequently associated to
stem cell features in tumour cells. Moreover, it was evidenced,
that NAMPT overexpression induces pluripotency through sig-
nalling pathways, which are controlling stemness.”38 Indeed, our

data showed that DU-145 multicellular tumour spheroids strongly
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expressed the cancer stem cell markers CD44, CD133, and the
general pluripotency markers Nanog, Oct 4, and Sox2. Drug resis-
tance is a general feature of stem cells including cancer stem cells

(CSCs), which helps them to escape from anticancer therapies.
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Consequently, down-regulation or inhibition of drug extrusion

transporters was demonstrated to sensitize tumours towards
chemotherapeutic agents via targeting C5Cs.37%2 Moreover, a

recent study demonstrated, that either shRNA gene inactivation

A B C
A) control FK866 (40 nM ® ©
&2 ;
g
. 3 140 w42 o
i moin E —A— control P 0 FK866| (20nM)
@ 120 ~O— 40nMFK866 £ 4 4. ‘contro
(5] o )
o 3
@ 100 N g -
60 min 3 e _ s
c i * o
g 60 2
% Q -é_ *-
o 5}
g 40 a s
® 2
i T 20 ; 2 06 :
120 min 0 20 40 60 80 100120140 160 180200 % 0 10 2 30 40 sC
time (min) time (min)
180 min
(D) —— i calcein/AM+ doxorubicin+ (E) 180 *
cailcein oxorubicin FK866 FK866 160 ad
.g 140
3 120 -
o 100 T
2
g 80 = =
g o0
S 40
20
0
X O\(\ V(\X
° ) oé'\o\§ 6\0\@ 0'§0\ ,\66\(}
—— — « N e S
transmission overlay transmission overlay a Q'Z}clibb $ 50.:3’%%
< <
(F)
160 - *
140 - ;
* /

80 -

40 -

\
20 §

:
0 | Q/%

3 7

calcein fluorescence (greylevel values)

\ S AN AN
C L W P AN
00{\\ ng NN 0&)\ & &b(& §{- §\b
& S & o
® < ®
<F w <t



SAUER ET AL.

“ | vy LE Y—JRRRY g isn
FIGURE 6 Drugretentionin DU-145 tumour spheroids upon pre-incubation with FK866. Tumour spheroids (10-day-old) were incubated
with FK866 (40 nmol/L) for 24 h and subsequently labelled for 30 min with either calcein AM (0.1 uM), or for 60 min with pheophorbide A

(5 umol/L). After washing with fresh cell culture medium, calcein fluorescence was assessed after 60, 120, and 180 min. (A) Representative
calcein-labelled tumour spheroids after different times of calcein washout from the incubation medium. The bar represents 100 um. (B) Line
and scatter plot of calcein retention in tumour spheroids after different times of calcein washout (n = 4). (C) Efflux kinetics of pheophorbide
A, which was recorded in 60 s intervals (n = 3). (D, E) Effect of FK866 (40 nmol/L) on calcein and doxorubicin retention in tumour spheroids.

Tumour spheroids were pre-incubated for 24 h with FK866 and 4 h before inspection with calcein AM (0.1 umol/L), and doxorubicin

(0.1 umol/L). 120 min before fluorescence recording the fluorescence dyes were removed from the incubation medium. (D) Shown are
representative fluorescence images of calcein (green) and doxorubicin (red) stainings, as well as overlay images. The bar represents 100 um.
(E) The bar chart shows the mean + SEM of three independent experiments. (F) Effect of FK866 (40 nmol/L), the ABCB1 antagonist
zosuquidar (0.1 umol/L), the ABCG2 antagonist Ko143 (0.1 umol/L) and the ABCC1 antagonist MK-571 (50 umol/L) on calcein retention
after 180 min of calcein washout. Tumour spheroids were treated for 24 h with FK866, and for 2 h with zosuquidar, Ko143 or MK-571 either
alone, or in combination with FK866 before calcein labelling (n = 3). *P < .05, significantly different to the vehicle control
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FIGURE 7 ATP concentration in tumour spheroids upon
incubation with FK866. 10-day-old tumour spheroids were treated
for 48 h with either 20, or 40 nmol/L FK866, and intracellular ATP
concentration was determined by a fluorometric ATP assay kit.
Presented are the means + SEM of n = 4 independent experiments,
which showed a significant linear trend

of NAMPT or treatment with FK866 reduced the vitality of mu-
rine P19 teratocarcinoma-derived CSCs grown as single cells, and
decreased the expression of pluripotency genes.43 The data of
the present study demonstrated that prolonged incubation with
FK866 neither changed the expression of ABC transporters, nor
of stem cell markers. Hence, our data suggest that the stem cell
features of DU-145 multicellular tumour spheroids did not protect
the cells from the toxic action of NAMPT inhibitor.

It has been recently shown that several cancers and cancer cell
lines including the androgen-insensitive PC3 prostate cancer cell line
lack NAPRT expression,** implicating that NAD synthesis in these
cancer cells exclusively depends on NAMPT, and suggesting that
the efficacy of FK866 treatment should be higher as compared to
cancer cells that express NAPRT.® Yet a recent study demonstrated
that while NA did not protect NAPRT1-deficient tumour cell lines
from NAMPT inhibition in vitro, it reduced efficacy of NAMPT inhib-

itors in cell culture- and patient-derived tumour xenografts in vivo,

presumably due to increased circulating levels of metabolites gen-
erated by mouse liver, in response to NA or through competitive re-
activation of NAMPT by NAM.*® An alternative, clinically applicable
strategy could be the co-administration of DNA-damaging antican-
cer drugs with NAMPT inhibitors, since PARP-mediated poly ADP-
ribosylation requires large amounts of NAD. Thus, in the absence of
NAD, DNA repair by PARP will be impaired, and cancer cell lethality
upon NAMPT inhibition be increased. Consequently, the inhibition
of drug transporter function by FK866 reported in the present study
will facilitate uptake of DNA-damaging agents like doxorubicin and

render chemotherapy of cancer more efficient.

4 | MATERIALS AND METHODS

4.1 | Culture technique of DU-145 prostate tumour
cells

The human prostate cancer cell line DU-145 was grown routinely
in 5% CO,/humidified air at 37°C with Ham's F10 medium (Gibco,
Thermo Fisher Scientific) supplemented with 10% fetal bovine serum
(FBS) (Gibco), 2 mmol/L L-glutamine, 0.1 mmol/L 2-mercaptoethanol,
2 mmol/L non-essential amino acids (NEA), 100 U/mL penicillin, and
50 pg/mL streptomycin. Spheroids were grown from single cells.

4.2 | Cultivation technique of 3D multicellular
tumour spheroids

Confluent cell monolayers were enzymatically dissociated with
0.1% trypsin and 0.05% EDTA (Gibco), seeded in siliconated 250 mL
bioreactor flasks (Integra Biosciences) with 250 mL complete me-
dium, and agitated at 20 strokes/min using a Cellspin stirrer system
(Integra Biosciences). Cell culture medium was partially (100 mL)
changed every day. For incubation with FK866, multicellular tumour
spheroids (diameter 120 + 17 um) were transferred to bacteriologi-
cal tissue culture plates (diameter 6 cm) filled with 5 mL Ham's F10
cell culture medium. They were subsequently treated for 5 days with

different concentrations of FK866 (Sigma) as indicated.
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FIGURE 8 Protein expression of the stem cell genes (A) CD44, (B) CD133, (C) Nanog, (D) Oct 4 and (E) Sox 2 and the ABC transporters
ABCBI1 (F), ABCG2 (G), and ABCC1 (H) upon treatment of 10-day-old tumour spheroids for 5 consecutive days with either 5 or 20 nmol/L
FK866. Shown are representative western blots. Vinculin was used as loading control. The bar charts show the means + SEM of n =4
independent experiments for CD44, CD133, Nanog, Oct 4, Sox 2, ABCB1, ABCG2, and n = 3 for ABCC1

4.3 | Western blot analysis

Whole protein extraction was carried out after washing the tumour
spheroids in PBS and lysing in RIPA lysis buffer (50 mmol/L Tris-
HCI (pH 7.5), 150 mmol/L NaCl, 1 mmol/L EDTA (pH 8.0), 1 mmol/L
glycerophosphate, 0.1% SDS, 1% Nonidet P-40), supplemented
with protease inhibitor cocktail (Biovision) for 20 minutes on ice.
Samples were centrifuged at 24 700 g for 10 minutes at 4°C to
pellet the debris. After determination of the protein concentra-
tion using a Lowry protein assay, 20 pg of protein samples were
boiled for 10 minutes at 70°C, separated in PAGE Ex Precast gels
(4%-12%) (Lonza), and transferred to PVDF membranes by the
XCell SureLock Mini-Cell Blot Module (Invitrogen) at 180 mA for
90 minutes. Membranes were blocked with 5% (wt/vol) dry fat-
free milk powder in Tris-buffered saline with 0.1% Tween (TBST)
for 60 minutes at room temperature. Incubation with primary an-
tibody was performed at 4°C overnight. Used primary antibodies
were: rat anti-human ABCG2 (dilution 1:1000) (Abcam, Cat. No.
ab24115), mouse anti-human ABCB1 (dilution 1:1000) (Abcam,
Cat. No. ab3364), mouse anti-human ABCC1 (dilution 1:5000)
(Proteintech Cat. No. 67228-1-lg), mouse anti-human Oct4 (di-
lution 1:1000) (Thermo Fisher Scientific, Waltham, MA, USA,
Cat. No. Mab4305MIl), goat anti-human Nanog (dilution 1:1000)
(Abcam, Cat. No. ab77095), rabbit anti-human CD133 (dilution
1:1000) (Abcam, Cat. No. ab16518), mouse anti-human CD44 (di-
lution 1:1000) (Thermo Fisher Scientific, Cat. No. PIMA515462),
polyclonal rabbit anti-human Sox2 (dilution 1:1000) (Thermo
Fisher Scientific, Cat. No. PA1-16968), monoclonal rabbit anti-hu-
man cleaved caspase 3 (Asp 175) (dilution 1:1000) (Cell Signaling
Technology, Frankfurt, Germany, Cat. No. mAb #9664), monoclo-
nal rabbit anti-human caspase-3 (Abcam Cat. No. ab184787), poly-
clonal rabbit anti-human LC3 (Proteintech, Cat. No. 14600-1-AP).
After washing with 0.1% TBST, the membrane was incubated with a
horseradish peroxidase (HRP)-conjugated secondary antibody (di-
lution 1:1000) (Cell Signaling Technology) for 60 minutes at room
temperature. The blot was developed using an enhanced chemilu-
minescence (ECL) solution to produce a chemiluminescence signal.
For quantification, the density of protein bands on the western blot
image, which was acquired using the peglab gel documentation sys-
tem (VWR International), was assessed by Image J. The final quan-
tification reflects the relative amounts of protein as a ratio of each

target protein band to the respective housekeeping protein.

4.4 | Immunohistochemistry

DU-145 cells were grown as monolayer culture on gelatine-coated

cover slips. Sub-confluent cells were fixed for 20 minutes in ice-cold

methanol, and permeabilized in 1% Triton-X-100, diluted in phosphate
buffered saline (PBST). Blocking against unspecific binding was per-
formed by incubation for 1 hour in PBS, supplemented with 10% fat-
free milk powder. Staining with a rabbit anti-human antibody against
the autophagy marker LC3 (Proteintech, Cat. No. 14600-1-AP) (dilu-
tion 1:100) was performed at 4°C overnight. As secondary antibody
an Alexa 488 anti-rabbit antibody was used. Cell nuclei were stained
by the nuclear marker DRAQ5 (Thermo Fisher Scientific). In each ex-
periment 20 cells were assessed. Immunohistochemical analysis was
performed by use of a confocal laser scanning microscope (Leica SP2
AOBS) using the 488 nm line of an argon ion laser for Alexa 488 ex-

citation and a 633 nm line of a He/Ne laser from DRAQS5 excitation.

4.5 | Drug extrusion assay

Multicellular tumour spheroids (10-day-old) were loaded for
20 minutes with the live cell indicator calcein AM (0.1 uM)
(Thermo Fisher) or pheophorbide A (5 umol/L) (Cayman Chemical)
for 60 minutes, either in absence or upon pre-incubation with
40 nmol/L FK866 (calcein), or 20 nmol/L FK866 (pheophorbide
A) for 24 hours. Subsequently, tumour spheroids were washed
with fresh cell culture medium and cellular calcein fluorescence
was monitored at 0, 60, 120 and 180 minutes using the 488 nm
argon laser band of a confocal microscope (Leica SP2 AOBS; Leica
Microsystems) and emission at 515-525 nm. Pheophorbide A was
excited using the 633-nm HeNe laser of the confocal setup and
fluorescence emission was analyzed with a 660-nm bandpass
filter. Pheophorbide A efflux was assessed every 60 seconds for

45 minutes.

4.6 | Cell motility assay

Ten-day-old DU-145 tumour spheroids were plated on 6-cm tis-
sue culture plates, which resulted in attachment and outgrowth of
tumour cells from the spheroid core. For visualization, outgrown
tumour spheroids were stained with 0.1 pmol/L calcein AM. The out-
growth area was set into relation to the diameter of spheroid core as

an indication of tumour cell motility.

4.7 | Cell toxicity assay

DU-145 cancer cells grown as multicellular tumour spheroids
were treated from day 10 to day 15 of cell culture with FK866.
Subsequently, cell culture medium was removed and tumour sphe-

roids were double-labelled in PBS with the cell toxicity marker Sytox
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green which labels dead cells (Thermo Fisher) (0.1 uM) and DRAQ5
(Abcam) (1 umol/L) which labels live and dead cells for 15 minutes
at room temperature. Finally tumour spheroids were washed with
fresh cell culture medium and analyzed by confocal microscopy.
Excitation of Sytox green was performed using the argon laser of
the confocal microscope at 488 nm, and emission was recorded at
515-525 nm. DRAQS5 was excited with a He/Neon laser at 633 nm
and emission recorded at >655 nm.

4.8 | Determination of intracellular ATP

The ATP content of tumour spheroids was determined by use of a
fluorometric ATP assay kit (Sigma-Aldrich, Cat. No. ab83355), which is
based on the phosphorylation of glycerol in order to generate a prod-
uct that can be quantified fluorometrically (Ex/Em = 535/587 nm).
Briefly, 10-day-old tumour spheroids were treated for 48 hours with
either 20 or 40 nmol/L FK866 or vehicle. Subsequently, they were
homogenized by addition of ATP assay buffer and centrifuged at
13 000 g. ATP was determined in the supernatant as described by the
provider by use of a microplate reader (Tecan Infinite 200, Thermo
Fisher), and ATP concentrations were calculated from a calibration

curve which was determined before the experiment.

4.9 | Statistical analysis

For statistical analysis GraphPad InStat statistics software (GraphPad
Software Inc., La Jolla, CA, USA) was used. Data are given as mean
values + standard error of the mean (SEM), with n denoting the
number of experiments performed with independent cell cultures.
In each experiment at least 20 multicellular tumour spheroids were
analyzed unless otherwise indicated. Student's t test for unpaired
data and one-way ANOVA with Dunnett's post hoc test were ap-
plied as appropriate for statistical analysis. A value of P < .05 was

considered significant.
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