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zyme NAD™ and as a secreted cytokine.

as a secreted protein independent of its enzymatic activity.

\_

(Background: Nicotinamide phosphoribosyltransferase (NAMPT) acts both as an enzyme in the production of the coen-
Results: In breast cancer cells, NAMPT induces the epithelial-to-mesenchymal transition, a process that underlies metastasis,

Conclusion: Secreted NAMPT promotes epithelial-to-mesenchymal transition.
Significance: Extracellular NAMPT neutralization may be of therapeutic value.

N

J

Boosting NAD™* biosynthesis with NAD* intermediates has
been proposed as a strategy for preventing and treating age-
associated diseases, including cancer. However, concerns in this
area were raised by observations that nicotinamide phosphori-
bosyltransferase (NAMPT), a key enzyme in mammalian NAD™*
biosynthesis, is frequently up-regulated in human malignancies,
including breast cancer, suggesting possible protumorigenic
effects for this protein. We addressed this issue by studying
NAMPT expression and function in human breast cancer in
vivo and in vitro. Our data indicate that high NAMPT levels
are associated with aggressive pathological and molecular
features, such as estrogen receptor negativity as well as
HER2-enriched and basal-like PAM50 phenotypes. Consist-
ent with these findings, we found that NAMPT overexpres-
sion in mammary epithelial cells induced epithelial-to-mes-
enchymal transition, a morphological and functional switch
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that confers cancer cells an increased metastatic potential.
However, importantly, NAMPT-induced epithelial-to-mes-
enchymal transition was found to be independent of NAMPT
enzymatic activity and of the NAMPT product nicotinamide
mononucleotide. Instead, it was mediated by secreted
NAMPT through its ability to activate the TGFf signaling
pathway via increased TGFB1 production. These findings
have implications for the design of therapeutic strategies
exploiting NAD ™" biosynthesis via NAMPT in aging and can-
cer and also suggest the potential of anticancer agents
designed to specifically neutralize extracellular NAMPT.
Notably, because high levels of circulating NAMPT are found
in obese and diabetic patients, our data could also explain the
increased predisposition to cancer of these subjects.

The aging process is accompanied by a decline in systemic
NAD™ levels, possibly as a result of defective NAD ™ biosynthe-
sis and of poly(ADP-ribose) polymerase-mediated NAD™
depletion (1). Regardless of the underlying mechanism, declin-
ing NAD™ levels seem to facilitate the occurrence of several
age-related diseases, including cancer, because they negatively
affect the activity of sirtuins, NAD *-dependent enzymes with
pleiotropic antiaging and tumor-suppressive effects (2). Sup-
plementation of key NAD™ intermediates, such as nicotina-
mide, nicotinic acid, nicotinamide mononucleotide (the enzy-
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matic product of nicotinamide phosphoribosyltransferase
(NAMPT)),? and nicotinamide ribose, has been proposed as a
promising strategy for preventing and treating various age-as-
sociated disorders generated by NAD™ decline. In this context,
it is of interest that both nicotinic acid and nicotinamide
showed remarkable anticancer and antimetastatic effects in
breast cancer (BC) models (3).

However, controversy has arisen over the exploitation of
NAD™ biosynthesis in cancer because NAMPT, which is one
of the key enzymes for NAD" production in mammalian
cells, has been found to be frequently up-regulated in malig-
nant cells, suggesting that it may exert protumorigenic
effects (4). Specifically, strong NAMPT expression was
reported in breast, colorectal, brain, stomach, thyroid, endo-
metrial, ovarian, and prostate cancer as well as in multiple
myeloma, melanoma, and astrocytomas (4). The possibility
that NAMPT could be subjected to regulation by oncogenes
has also been proposed recently on the basis of the observa-
tion that v-myc avian myelocytomatosis viral oncogene homo-
log (MYC) promotes NAMPT up-regulation in different cell
types (5). Among the mechanisms that have been suggested to
explain the role of NAMPT in cancer are the increased meta-
bolic demands of cancer versus healthy cells, the ability to stim-
ulate the antiapoptotic effects of SIRT1 (i.e. p53 deacetylation),
and its propensity to trigger calcium signaling and cell motility
(4).

BCis a highly heterogeneous type of cancer that shares many
features with other common cancers, including mutations,
amplifications, or deletions in key oncogenes and tumor sup-
pressors (i.e. HER2, MYC, TP53, CDKN2A, and PTEN), an
important role of the tumor microenvironment, and the tend-
ency to metastasize through a process named epithelial-to-
mesenchymal transition (EMT) (6 —8). In addition, similar to
other types of cancer, BC is strongly related to age (9) as well as
to common lifestyle- and diet-related conditions such as obe-
sity (particularly postmenopausal BC) and diabetes (10, 11).
Importantly, although the last two decades have witnessed a
remarkable improvement in the prognosis of patients with BC,
the death toll of this disease remains high, with 40,000 deaths
per year in the United States and over 100,000 deaths in Europe
(12, 13). Therefore, further efforts to optimize BC prevention
and treatment are required.

Here we addressed the issue of the role of NAMPT in BC by
studying its expression in a large data set of primary BC (the
METABRIC set) (14) and assessed by which mechanism
increased NAMPT levels in mammary epithelial cells could
favor tumorigenesis. A new mechanism is described by which,
in mammary epithelial cells, NAMPT promotes EMT inde-

3The abbreviations used are: NAMPT, nicotinamide phosphoribosyltrans-
ferase; BC, breast cancer; EMT, epithelial-to-mesenchymal transition; sul-
forhodamine B; QPCR, quantitative real-time PCR; IHC, immunohistochem-
istry; eNAMPT, extracellular nicotinamide phosphoribosyltransferase;
Glc-6-PD, glucose-6-phosphate dehydrogenase; METABRIC, Molecular
Taxonomy of Breast Cancer International Consortium; CCLE, Cancer Cell
Line Encyclopedia; PBEF, Pre-B-Cell Colony Enhancing Factor (acronyms:
NAMPT, visfatin); MANOVA, multivariate analysis of variance or multiple
analysis of variance; CGH, comparative genomic hybridization; ER, estro-
gen receptor; PGR, progesterone receptor; PAM, prediction analysis of
microarray.
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pendent of its enzymatic activity and of its product nicotina-
mide mononucleotide but, rather, through its function as a
cytokine secreted into the extracellular environment.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—MCF10A, MCF7, T47D, MDA-
MB-231, BT549, MDA-MB-468, and Phoenix cells were pur-
chased from the ATCC. HMLE cells were a gift from Dr. Robert
A. Weinberg (Whitehead Institute for Biomedical Research,
Cambridge, MA). MCF10A and HMLE cells were cultured in
MCF10A medium (DMEM/F12 (Invitrogen) supplemented
with 5% horse serum, antibiotics, insulin (0.01 mg/ml), hydro-
cortisone (500 ng/ml), EGF (20 ng/ml), and cholera toxin (100
ng/ml) (all from Sigma-Aldrich, Milan, Italy)). Phoenix, MCF?7,
T47D, MDA-MB-231, BT549, and MDA-MB-468 cells were
maintained in RPMI 1640 medium supplemented with 10% FBS
(Invitrogen) and antibiotics. Puromycin, nicotinamide, and
protease/phosphatase inhibitor mixture were purchased from
Sigma-Aldrich. FK866 was provided by the National Institute
of Mental Health Chemical Synthesis and Drug Supply Pro-
gram, and CHS 828 was purchased from Cayman Chemical.
AZD5363 and GDC-0068 were from Selleck Chemicals, and
LY294002 and SB431542 were from Sigma-Aldrich. Recombi-
nant human NAMPT (produced in HEK 293 cells) was from
Adipogen (San Diego, CA).

Doubling Time Measurement and Cell Growth Assays—For
cell doubling time estimation, 10° cells/well were plated in
6-well plates and allowed to adhere overnight. At 0, 12, 36, and
48 h, cells were fixed with 3% TCA for 1 h at 4 °C. Thereafter,
plates were air-dried, stained for 1 h with 0.4% sulforhodamine
B (SRB) in 1% glacial acetic acid, rinsed three times with 1%
glacial acetic acid, and air-dried again. SRB was dissolved in 10
mM Tris, and optical density was measured at 515 nm on a
Tecan Infinte F200 Pro plate reader. Doubling time was finally
calculated from the signal corresponding to the different time
points. For cell growth assays, 1-5 X 10? cells/well were plated
in 96-well plates and allowed to adhere overnight. Thereafter,
cells were either fixed with 3% TCA or stimulated with or with-
out FK866 (10, 100, and 1000 nm). 72 h later, cells were fixed
with 3% TCA and stained with SRB, and cell growth was calcu-
lated as detailed in Ref. 15.

Plasmids—pQCXIP-IRES-PURO (pQXCIP) and pQCXIP-
NAMPT-IRES-PURO were a gift from Dr. J. Geoffrey Pickering
(Robarts Research Institute, University of Western Ontario,
London, ON, Canada) (16). pPQXCIP-NAMPT H247A was gen-
erated by site-specific mutagenesis utilizing the QuikChange
XL kit (Stratagene, catalog no. 200516) according to the
instructions of the manufacturer.

Retroviral Transduction—For retroviral transductions,
10° Phoenix cells were plated in 4 ml medium in 6-cm dishes
and allowed to adhere for 24 h. Thereafter, cells were trans-
fected with 4 ug of plasmid DNA using TransIT-293 (Mirus
Bio, Madison, WI) according to the instructions of the man-
ufacturer. Viral supernatants were harvested after 36, 48, 60,
and 72 h and used to infect MCF-10A cells (3 X 10°) in 10-cm
dishes in the presence of 5 ug/ml protamine sulfate. Success-
fully infected cells were selected using 1.3 ug/ml puromycin.
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NAMPT Silencing by RNAi—NAMPT silencing in MDA-
MB-231 was performed using pLKO.1 plasmids as described
previously (17). The sequences of the NAMPT silencing
sequences were as follows: sSARNA#1, 5'-GTAACTTAGATG-
GTCTGGAAT-3'; shRNA#2, 5-GAAGCCAAAGATGTC-
TACAAA-3'. As a control, a pLKO.1 plasmid encoding for a
scrambled shRNA was purchased from Addgene (Cambridge,
MA, plasmid no. 1864). In brief, pLKO.1 plasmids were
cotransfected with the packaging plasmids pVSV-G and 68.9
into 293T cells with Transit293 (Mirus Bio). 48 and 72 h after
transfection, the supernatants were harvested, filtered, and
used to infect MDA-MB-231 (which had been plated the day
before in 6-cm dishes at 3 X 10° cells/dish) in the presence of 5
png/ml protamine sulfate. Successfully infected cells were sub-
sequently selected with 1.2 pg/ml puromycin.

Immunoblotting—Unless otherwise specified, 3 X 10° cells
were plated in 6-well plates and allowed to adhere for 24 h.
Thereafter, cells were lysed in lysis buffer (50 mm Tris-HCI (pH
7.5), 150 mMm NaCl, 1% Nonidet P-40, and protease inhibitor
mixture), and protein concentration was determined according
to a standard Bradford assay. Proteins (30 ug) were separated
by SDS-PAGE, transferred to a PVDF membrane (Immo-
bilon-P, Millipore, Vimodrone, Italy), and detected with the
following antibodies: anti-NAMPT (anti-PBEF, catalog no.
A300-372A, Bethyl Laboratories, Inc., Montgomery, TX), anti-
E-cadherin (catalog no. 3195, Cell Signaling Technology, Dan-
vers, MA), anti-vimentin (catalog no. 5741, Cell Signaling
Technology), anti-Claudinl (catalog no. 4933, Cell Signaling
Technology), anti-ZO1 (catalog no. 8193, Cell Signaling Tech-
nology), anti-phospho-AKT (Ser-473, catalog no. 9271, Cell
Signaling Technology), anti-AKT (catalog no. 9272, Cell Signal-
ing Technology), anti-phospho-ERK p42/p44- (Thr-202/Tyr-
204, catalog no. 4377, Cell Signaling Technology), anti-ERK
(catalog no. 9102, Cell Signaling Technology), phospho-
SMAD3 (Ser-423/425, catalog no. sc-11769, Santa Cruz Bio-
technology), SMAD3 (catalog no. sc8332, Santa Cruz Biotech-
nology), and anti B-actin-HRP (catalog no. sc-47778, Santa
Cruz Biotechnology) using standard ECL. Band intensities were
quantified with the ChemiDoc imaging system (Bio-Rad).

Immunostaining and Flow Cytometry—3 X 10° cells were
plated in 6-well plates and allowed to adhere for 24 h. Subse-
quently, cells were detached, washed, and stained for 30 min at
4 °C with a CD24-PerCP-Cy5.5 antibody (catalog no. 561647)
and a FITC-anti-CD44 antibody (catalog no. 555478), both
from BD Biosciences. Cells were analyzed on a FACSCalibur by
acquiring 10,000 events.

Determination of Intracellular NAD™ Levels—For intracellu-
lar NAD" quantification, 10° cells/well were incubated in
6-well plates for 48 h in the presence or absence of FK866 (300
nMm). Thereafter, cells were harvested and lysed in 0.1 ml 0.6 m
perchloric acid at 4 °C. Intracellular NAD™ levels were deter-
mined as in Ref. 18.

Glucose-6-Phosphate Dehydrogenase Activity Assay—10° cells/
well were plated in 6-well plates in 1 ml of culture medium.
Supernatants were collected 48 h later and used for glucose-6-
phosphate dehydrogenase (Glc-6-PD) activity assays. In brief,
media were centrifuged to remove intact cells. 50 ul of super-
natant from each cell type was added to 950 ul of the assay

SASBMB

DECEMBER 5, 2014« VOLUME 289+NUMBER 49

mixture (0.1 m Tris-HCI (pH 8), 0.5 mm EDTA, 10 mm MgCl,,
0.2 mm NADP ™, and 0.6 mm glucose-6-P), and absorbance at
340 nm was spectrophotometrically detected for 5 min to
determine Glc-6-PD activity. Intracellular Glc-6-PD activity
was measured on cell lysates (40 ug of proteins was added to the
assay mixture).

ELISA for NAMPT and TGFBI Detection in Cell Supernatant—
Cellular supernatants were assayed for eNAMPT and TGF1 con-
centration using commercially available NAMPT and TGEFf1
ELISA kits (Adipogen SA and R&D Systems, respectively). In the
case of supernatants generated from cell lines with different pro-
liferation rates, to allow comparisons, ELISA results were normal-
ized to cell densities at the time of supernatant harvest as detected
by SRB staining (see above).

eNAMPT Immunodepletion from Cell Supernatants—10°
cells were plated in 75 cm? cell culture flasks. Supernatants
were harvested when cells reached 70 — 80% confluence, spun at
1200 X g at 4 °C for 5 min to remove intact cells and stored at
4 °C until subsequent use. 500 ul of Dynabeads protein G for
immunoprecipitation (Invitrogen) was washed twice with PBS-
Tween (Tween 0.02%) with the aid of a magnetic 15-ml tube
holder (M-Medical). Subsequently, the beads were resus-
pended in 250 ul of PBS and incubated on a tube rotator for 30
min at room temperature after the addition of 80 ul of anti-
NAMPT antibody (anti-PBEF, catalog no. A300-372A, Bethyl
Laboratories, Inc.). Thereafter, the beads were washed twice
with PBS and incubated overnight with 10 ml of cell superna-
tants on a tube rotator at 4 °C. Finally, the beads were removed
from the supernatants using a magnetic tube holder. Superna-
tants were sterile-filtered and stored at 4 °C until subsequent
use.

Quantitative Real-time PCR (QPCR)—Total RNA was extracted
from cells using the RNeasy mini kit (Qiagen, Milan, Italy) accord-
ing to the instructions of the manufacturer. 1 ug of RNA was
reverse-transcribed in a final volume of 50 ul using a high-capacity
cDNA reverse transcription kit (Invitrogen). 5 ul of the resulting
cDNA was used for QPCR with a 7900 HT fast real-time PCR
instrument (Applied Biosystems by Invitrogen). NAMPT (for-
ward, 5- AGCCGAGTTCAACATCCTCCT-3'; reverse, 5'-
AGACATCTTTGGCTTCCTGGAT-3'), E-cadherin (forward,
5-TGCCCAGAAAATGAAAAAGG-3'; reverse, 5'-GTGTAT-
GTGGCAATGCGTTC-3'), N-cadherin (forward, 5'-ACAGTG-
GCCACCTACAAAGG-3'; reverse, 5'-CCGAGATGGGGTT-
GATAATG-3'), vimentin (forward, 5'-GAGAACTTTGC-
CGTTGAAGC-3’; reverse: 5'-GCTTCCTGTAGGTGGCA-
ATC-3'), fibronectin (forward, 5'-CAGTGGGAGACCTCGAG-
AAG-3'; reverse, 5'-TCCCTCGGAACATCAGAAAC-3’), and
ZEBI1 (forward, 5'-GAAAATGAGCAAAACCATGATCCTA-3';
reverse, 5'-CAGGTGCCTCAGGAAAAATGA-3"), mRNA levels
were detected using SYBR Green GoTaq® QPCR Master Mix
(Promega, Milan, Italy) according to the protocol of the manufac-
turer. Gene expression was normalized to housekeeping gene
expression (B-actin). Comparisons in gene expression were calcu-
lated using the 24" method.

Light Microscopy—Cells were imaged at room temperature
using the X10 magnification of a Zeiss AXIOVERT200 micro-
scope and an Olympus C-4040ZOOM camera. The image files
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were acquired with Olympus CAMEDIA Master 2.5 software
and subsequently processed using Microsoft Photo Editor.

Confocal Microscopy—3 X 10* MCF10A vector or NAMPT
cells were plated on glass coverslips (Thermo Scientific Nunc
Lab-Tek II chamber slide system) and allowed to adhere over-
night. Cells were then fixed with 4% paraformaldehyde, washed,
saturated, and incubated with anti E-cadherin or anti-vimentin
primary antibody overnight at 4 °C. Specific staining was visu-
alized with a goat anti-rabbit Alexa Fluor 488 secondary anti-
body (Molecular Probes, Eugene, OR), and nuclei were coun-
terstained with Qnuclear™ deep red stain (Invitrogen). Then
glass coverslip were mounted using Prolong Gold antifade rea-
gent (Invitrogen). The images were collected using a three-
channel TCS SP2 laser-scanning confocal microscope (Leica
Microsystems, Wetzlar, Germany).

Statistical Analysis—Each experiment was repeated at least
three times. Statistical analyses were performed with GraphPad
Prism software version 5 (GraphPad Software) using one-way
analysis of variance for multiple group comparisons or
unpaired Student’s ¢ test for two-group comparisons. p values
below 0.05 were considered significant. For the statistical anal-
yses of data from the METABRIC (14) and the Cancer Cell Line
Encyclopedia (19) data sets, correlations of gene transcripts
were performed using Pearson’s correlations, with Holm’s
adjusted p values of less than 0.01 considered significant. Com-
parison of NAMPT levels in ER-positive versus ER-negative
tumors was done using Welch two-sample ¢ test (« = 0.01).
One-way analysis of variance models, with Tukey contrast mul-
tiple comparisons of means and single-step adjusted p values
(adjusted o = 0.05) were used to assess differences in NAMPT
expression for tumor features with more than two categorical
levels. A MANOVA model including all of the statistically sig-
nificant variables at univariate analysis and their interactions,
entered in a backward/forward stepwise fashion, was used for
multivariate assessment of potential associations between the
aforementioned BC characteristics and NAMPT expression.
Variables with an adjusted a < 0.05 were reported as signifi-
cant. All analyses were two-sized. Statistical calculations and
related plots were performed using R v. 3.01 and the packages
Remdr, stats, survival, and car.

NAMPT Detection in Primary Tumor Specimens by Immuno-
histochemistry (IHC)—NAMPT expression was evaluated in a
cohort of 40 patients treated at our center between 2008 and
2011. This study was approved by the Ethics Committee of the
IRCCS AOU San Martino-IST, Genoa, Italy (Protocol
01/2013). For each selected paraffin block, two 4-um serial sec-
tions were cut. One section was stained with H&E, and the
other was mounted on SuperFrost Plus slides and made avail-
able for IHC. IHC for NAMPT was performed using the anti-
NAMPT rabbit polyclonal antibody H-300 (Santa Cruz Bio-
technology) as described in Lee et al. (20). Slides were imaged
using X20 magnification of an Olympus BX61 microscope.
NAMPT expression scoring was done according to Lee et al.
(20). Tumors were staged according to the TNM classification
of malignant tumors (TNM). Human epidermal growth factor
receptor 2 (HER2), estrogen receptor (ER), and progesterone
receptor (PGR) expression were evaluated by routine diagnos-
tic IHC.
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RESULTS

NAMPT Expression in BC Is Associated with Estrogen Receptor-
negative, HER2-enriched, and Basal-like Tumors—We assessed
NAMPT mRNA expression in the METABRIC discovery set
(14), a clinically annotated, publicly available BC gene expres-
sion microarray data set. This data collection contains com-
plete information from 517 patients with tumor stages 1-4,
including tumor size, histological grading, staging, hormone
receptor status, HER2 amplification status as assessed by array-
CGH, and intrinsic phenotype according to the PAM50 classi-
fication (21). The METABRIC data set also presents the unique
advantage of coming together with a validation set of similar
size for the confirmation of statistical associations. In the afore-
mentioned discovery set, NAMPT showed a wide expression
range, with a more than 4-fold log2 change between the lowest
and the highest expresser tumors (mean 6.8, range 5.4—9.5, S.D.
0.6). Given the high variability of NAMPT expression in BC, we
searched for biological and clinical features that would account
for such an observation. We observed that ER status, histolog-
ical grading, and the PAM intrinsic phenotype classification
were associated with different NAMPT levels at univariate anal-
ysis (Fig. 1, A—C) whereas stage, primary tumor size, age, men-
opausal status, and HER2 amplification status as determined by
array-CGH were not. In particular, NAMPT levels were higher
in ER-negative versus ER-positive tumors (p = 1.7 X 10>, Fig.
1A), in higher versus lower grade cancers (F test p = 0.0009,
Tukey contrast multiple comparison test for high versus low
and high versus intermediate grade adjusted single-step p <
0.05, Fig. 1B), and in HER2-enriched, basal-like, and normal-
like tumors versus luminal A and B tumors (F test p = 1.8 X
107 '°, Tukey contrast multiple comparison test for the afore-
mentioned comparisons adjusted single-step p < 0.05 or less,
Fig. 1C). ER status and PAMS50 intrinsic phenotype remained
statistically significant in the validation dataset (n = 531),
where the pairwise comparison for PAM50 remained signifi-
cant for basal-like versus luminal A and B tumors with an
adjusted p value of less than 0.001, as well as between HER2-
enriched tumors and luminal ones (p < 0.05). Histological
grade showed a non-significant trend in the same direction of
the analysis performed in the training set.

A multivariate one-way analysis of variance model including
all of the statistically significant variables of the univariate anal-
ysis and their interactions was also utilized. Here only the
PAMS50 intrinsic phenotype classification was initially found to
be independently associated with NAMPT levels (p = 0.0003).
However, in the validation set, the associations between
NAMPT expression, on the one hand, PAM50 (p = 0.0096), ER
status (p = 0.003), and their interaction (p = 0.02), on the other,
were all found to be significant.

In conclusion, high NAMPT levels are associated with nega-
tive hormonal receptor status as well as with the basal-like and
the HER2-enriched PAM intrinsic phenotypes in BC. The over-
all significance of the association between these biological fea-
tures and NAMPT levels appears to be high, although other, still
unknown factors must clearly contribute to determine NAMPT
expression, as evidenced by the moderate size effect of the
model in the discovery set. It is presently unclear how to inter-
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FIGURE 1. NAMPT expression is associated with ER-negative, basal-like, and HER2-enriched BC. A, NAMPT expression stratified by ER status. y axis,
normalized log2 intensity; thick horizontal lines, means; boxes, 25-75th percentiles; whiskers, 95% percentiles; open circles, outliers. B, NAMPT expression
stratified by histological grade. interm, intermediate. C, NAMPT expression stratified by the intrinsic phenotype classification (PAM50). HER2, HER2-enriched;
normal, normal-like. A and B, brackets represent statistically significant pairwise comparisons. *, p < 0.05; **, p < 0.01; ***, p < 0.001. For graphical limitations,
brackets in C are not reported. D, NAMPT expression as detected by IHC and H&E staining in five primary BCs. Patient and tumor features were as follows.
Patient#1:age at diagnosis, 51; histology, lobular breast cancer; stage, pT1c; ER 95%; PGR 90%; NAMPT score, 3. Patient#2: age at diagnosis, 39; histology, ductal
breast cancer; stage, pT2; ER 90%; PGR 90%; NAMPT score, 4. Patient#3: age at diagnosis, 59; histology, ductal breast cancer; stage, pT1c; ER negative; PGR
negative; NAMPT score, 4. Patient#4: age at diagnosis, 49; histology, apocrine breast cancer; stage, pT2; ER negative; PGR negative; NAMPT score, 3. Patient#5,

age at diagnosis, 46; histology, ductal breast cancer; stage, pT1¢; ER 95%; PGR 80%; NAMPT score, 4.

pret the results for the normal-like phenotype, especially in
light of the criticism pointing toward a possible bias for this
cluster as actually including tumors from other phenotypes but
with an overall low cellularity that precludes a precise classifi-
cation (22).

Using IHC, Lee et al. (20) found previously that NAMPT
expression in BC was predominantly confined to the malignant
cells rather than to the adjacent non-cancerous tissues . Similar
patterns of NAMPT expression we observed in a cohort of
patients treated at our center (1 = 40), of which five represent-
ative cases are presented in Fig. 1D. These findings suggest that
the aggressive biological features of BCs expressing high
NAMPT are probably mediated by the NAMPT produced by
tumor cells. Nevertheless, because NAMPT is also expressed by
white blood cells, some of which (such as macrophages) have
been ascribed a role in mammary carcinogenesis (23), we also
searched for possible correlations between NAMPT and leuko-
cyte markers in the METABRIC data set. Specifically, STAT1
and CD45 (PTPRC) were used as proxies for tumor-infiltrating
leukocytes (24). Although no statistical association between
NAMPT and STATI was found (p = —0.074), a correlation
between NAMPT and CD45 expression could be detected (p =
0.42), raising the theoretical possibility that infiltration by pro-
tumorigenic leukocytes may be responsible for the increased
aggressiveness of BCs expressing high NAMPT (23). Therefore,
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we aimed to assess whether NAMPT overexpression in mam-
mary epithelial cells would be sufficient to confer on them
adverse biological features and to elucidate the underlying
mechanism(s).

NAMPT Promotes EMT in Mammary Epithelial Cells—
NAMPT was overexpressed in the non-tumorigenic breast epi-
thelial cell line MCF10A by retroviral transduction (Fig. 2A4).
Morphological examination of these cells readily revealed the
acquisition of an elongated fibroblast-like phenotype (Fig. 2B),
suggesting that NAMPT overexpression could have caused an
EMT (7, 25). EMT is a complex change in cell function upon
which epithelial cells switch from a polarized, epithelial pheno-
type to a mesenchymal status, which makes them prone to leave
the epithelial layer where they belong and migrate to distant
sites (7, 25). Hallmarks of EMT in BC cells include E-cadherin
down-regulation and the expression of mesenchymal genes
such as N-cadherin, vimentin, and fibronectin (26). In mam-
mary epithelial cells, EMT is also typically accompanied by the
acquisition of a CD24'°*/CD44"€" phenotype (27). In line with
the hypothesis that NAMPT-overexpressing MCF10A cells
(NAMPT-MCF10A) had undergone EMT, they were found to
exhibit markedly reduced E-cadherin levels compared with
control cells by QPCR, whereas N-cadherin, vimentin, and
fibronectin mRNAs were all up-regulated (Fig. 2C). NAMPT
overexpression was associated with a markedly reduced expres-
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FIGURE 2. NAMPT overexpression induces EMT-like cellular changes in MCF10A cells. A-F, MCF10A cells were transduced with human NAMPT or with a
control vector (vector). Thereafter, cells were imaged by light microscopy or used for RNA isolation, protein lysate generation, confocal microscopy, or flow
cytometry analyses. One representative experiment of three is presented. A, NAMPT and B-actin levels in protein lysates were detected by immunoblotting. B,
the fibroblast-like morphology of NAMPT-MCF10A in a representative light microscopy image. C, NAMPT, E-cadherin, N-cadherin, vimentin, fibronectin, and ZEB1
mRNA levels in NAMPT-MCF10A and vector cells were quantified by QPCR. **, p < 0.01; ***, p < 0.001. D, ZO-1, claudin, vimentin, E-cadherin, and $3-actin levels
were detected by immunoblotting. £, E-cadherin and vimentin representation and distribution in NAMPT-MCF10A and vector cells were assessed by confocal
microscopy. F, CD24 and CD44 expression on NAMPT-MCF10A and vector cells was evaluated by flow cytometry.

sion of the tight junction proteins ZO-1 and Claudin-1, as
detected by Western blotting, whereas the same type of analysis
confirmed the strong down-regulation in E-cadherin and the
up-regulation of vimentin (Fig. 2D). Confocal microscopy read-
ily showed the loss of E-cadherin expression at the cell mem-
brane level in NAMPT-MCF10A, whereas intracellular vimen-
tin expression was increased in the same cells (Fig. 2E). Finally,
flow cytometry analysis of NAMPT-MCF10A and control cells
showed that the former had down-regulated CD24 expression
and had switched to a CD24"°8/CD44"¢" phenotype (Fig. 2F)
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(6, 14). Therefore, these findings are consistent with high
NAMPT expression promoting EMT in MCF10A cells. Nota-
bly, compared with the control cells, NAMPT-MCF10A also
exhibited a 4-fold increase in the mRNA levels of ZEB1 (Fig.
1C), a zinc finger transcription factor that acts as a transcrip-
tional repressor of E-cadherin and that has been associated pre-
viously with the occurrence of EMT (25).

In MCF10A, cadherin switching has been reported to be
influenced by cell confluence, with sparse cultures favoring
N-cadherin over E-cadherin expression and, vice versa, conflu-
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vimentin, and ZEBT mRNA levels in NAMPT-HMLE and vector cells were quantified by QPCR. *, p < 0.05; **, p < 0.01; ns, not significant. C, ZO-1, E-cadherin,
vimentin, ZEB1, and B-actin levels in NAMPT-HMLE cells and in their vector cells were detected by immunoblotting. A-C, one representative experiment of

three is presented.

ent cultures favoring E-cadherin expression and tight junction
formation (28). In our experiments, vector MCF10A and
NAMPT-MCF10A were found to have comparable doubling
times (29.15 and 29.98 h, respectively), were always plated in
equal numbers, and their cultures were always closely moni-
tored to avoid that obvious differences in cell confluence may
skew the results of our analyses. Therefore, the reported differ-
ences between NAMPT-MCF10A and control cells in terms of
epithelial and mesenchymal markers are extremely unlikely to
reflect differences in cell confluence between the two cell lines.

To assess whether the findings in MCF10A could be repro-
duced in a different cellular model, NAMPT was also overex-
pressed by retroviral transduction in HMLE cells (another non-
tumorigenic breast epithelial cell line (27)). In this second cell
line, which we found to have higher baseline NAMPT levels
compared with MCF10A (1.5- to 2-fold, Fig. 34), NAMPT
overexpression also resulted in vimentin, N-cadherin, and
ZEBI up-regulation even though E-cadherin was not affected
(Fig. 3B). Western blot analyses confirmed that NAMPT-
HMLE expressed higher vimentin and ZEB1 levels but similar
E-cadherin amounts compared with the control cells (Fig. 3C).
In addition, ZO-1 down-regulation in NAMPT-HMLE was also
documented. Overall, these findings indicate that HMLE cells
also up-regulate mesenchymal markers and ZEB1 in response
to NAMPT overexpression, although the persistence of E-cad-
herin suggested that, in this cell line, NAMPT-induced EMT
was possibly not as complete as the one observed in MCF10A.

NAMPT Is Highly Expressed in Mesenchymal-like BC Cell
Lines—We subsequently reasoned that, if high NAMPT pro-
motes EMT, mesenchymal-like BC cell lines should express
higher NAMPT levels compared with luminal lines (29).
Indeed, in full agreement with this hypothesis, within the cell
line panel tested, the three mesenchymal-like BC cell lines
MDA-MB-231, BT549, and MDA-MB-468 were expressing the
highest amounts of NAMPT, whereas NAMPT levels in lumi-
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nal MCF7 and T47D cells were the lowest (comparable with
those observed in plain MCF10A) (Fig. 4, A and B). Because
NAMPT is also secreted by cells (extracellular NAMPT
(eNAMPT)) and acts as an adipocytokine in the extracellular
environment (4), we also monitored eNAMPT levels in the
supernatants of these cell lines using a commercially available
ELISA. Once again, MDA-MB-231, BT549, and MDA-MB-468
cells produced the highest eNAMPT amounts, whereas
eNAMPT concentrations in media from MCF7 and T47D cells
were the lowest in the entire panel (Fig. 4C). Additional data
supporting a correlation between NAMPT and mesenchymal
features of BC cells came from the statistical analysis of data
from the Cancer Cell Line Encyclopedia (CCLE), a publicly
available data set of DNA copy number, mRNA expression, and
mutation data from 1000 cancer cell lines, including 60 BC cell
lines (19). Specifically, within the CCLE BC cell line panel, we
found a strong correlation between the expression of NAMPT
on the one hand and that of vimentin, fibronectin (Fig. 4, D and
E), SNAII (p = 0.52), and SNAI2 (p = 0.59) (SNAI1/2 being
transcription factors with a key role in EMT (25)) on the other.
Finally, it is noteworthy that a remarkable association between
NAMPT and vimentin in the clinical METABRIC data set was
also present (Fig. 4F). Therefore, these analyses indicated a
strong link between NAMPT and mesenchymal features in BC
cell lines and in primary tumors, further supporting the notion
that NAMPT promotes EMT.

EMT Induction by NAMPT Is Independent of its Enzymatic
Activity—NAMPT is a key enzyme for NAD™" biosynthesis in
mammalian cells, allowing the reconversion of nicotinamide
(the main degradation product of NAD ™ itself) back to NAD*
(1, 30). Specifically, NAMPT catalyzes the condensation of nic-
otinamide with 5-phosphoribosyl-1-pyrophosphate to yield
nicotinamide mononucleotide (31). The latter is subsequently
converted to NAD " by nicotinamide mononucleotide adenilyl-
transferases (NMNAT1-3) (31). We conducted several exper-
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FIGURE 4. NAMPT is highly expressed in mesenchymal-like BC cell lines, and its expression is associated with mesenchymal markers in CCLE BC cell
lines and in the METABRIC data set. A-C, 1-3 X 10° MCF10A, HMLE, MCF7, T47D, MDA-MB-231, BT549, or MDA-MB-486 cells/well were cultured in 2 ml of
medium in 6-well plates for 48 h. Thereafter, supernatants were harvested, and cells were either used for protein lysate preparation or fixed with TCA, stained
with sulforhodamine B, and utilized for ELISA result normalization. One representative experiment of three is presented. A and B, NAMPT and B-actin levels
were detected by immunoblotting. Band intensities were quantified, and, after normalization to B-actin, NAMPT expression in each cell line was compared with
its levels in MCF10A cells. C, eNAMPT levels in cell supernatants were quantified by ELISA. Results were normalized to cell density as measured by SRB. D and
E, scatter plot representations of NAMPT versus vimentin (VIM) and fibronectin (FN1) expression in CCLE BC cell lines. F, scatter plot representations of NAMPT

versus vimentin expression in the METABRIC dataset.

iments to ascertain whether NAMPT-induced EMT would be
dependent on NAMPT enzymatic activity. In the first place, we
assessed NAD " levels in NAMPT-MCF10A versus vector cells
and found that NAMPT overexpression did not increase intra-
cellular NAD™ (Fig. 5A4). Thereafter, we attempted to revert
EMT in NAMPT-MCEF10A cells by treating them with FK866, a
well characterized NAMPT inhibitor (IC,, = 0.14 nm) (32).
Incubation with 300 nm FK866 (a concentration that largely
exceeded its IC,, and that has been found previously to be suf-
ficient to induce biological effects in FK866-sensitive cellular
models (18)) blunted intracellular NAD™ concentration by
~25% in NAMPT-MCF10A (Fig. 54) but not in control
MCF10A cells, although a trend toward a reduction could be
observed in these cells, too. Despite its ability to lower intracel-
lular NAD™ in NAMPT-MCF10A, FK866 failed to revert
E-cadherin down-regulation, as well as N-cadherin, vimentin
and ZEBI up-regulation, in these cells even after a 2-week incu-
bation (Fig. 5B). Similar results were obtained with CHS 828, an
unrelated NAMPT inhibitor (IC,, = 0.07 nm) (Fig. 5B) (33).
Notably, FK866 failed to restore E-cadherin expression in
NAMPT-MCF10A even when added to the cell culture
medium from the moment of MCF10A cell transduction with
NAMPT (data not shown), therefore making it unlikely that
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NAMPT enzymatic activity could confer an early imprinting to
MCF10A cells (in terms of EMT induction) that cannot be sub-
sequently reverted. It is also noteworthy that, different from
other cell types, MCF10A cells were found to be extremely
resistant to the cytotoxic activity of the NAMPT inhibitors
tested. This feature, which has been noted previously by Cerna
et al. (34) and which is shared by HMLE cells, too, could be
explained by the fact that barely any reduction in NAD* levels
in response to FK866 could be detected in these cells, whereas
other cell types, such as T-lymphocytes, undergo a much more
pronounced NAD™ depletion and eventually die in response to
a protracted incubation with these compounds (18). Attempts
were also made to recreate the effects of NAMPT overexpres-
sion in MCF10A cells by supplementing the cell culture
medium with nicotinamide mononucleotide, the product of
NAMPT catalytic activity, or with other NAD™ precursors
whose addition into cell culture we found previously to result in
increased intracellular NAD™ concentrations, namely with 100
uM nicotinamide and with 100 uM nicotinic acid (35, 36). How-
ever, neither of these NAD™ precursors showed an effect on
E-cadherin, vimentin, or ZEBI expression (Fig. 5C). Finally,
MCF10A cells were transduced with a NAMPT isoform
(NAMPT H247A) that has been reported previously to be cat-
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FIGURE 5. NAMPT promotes EMT independent of its enzymatic activity. A, 10° NAMPT-MCF10A or vector cells/well were incubated in 6-well plates for 48 h
in the presence or absence of 300 nm FK866. Thereafter, cells were lysed in perchloric acid, and intracellular NAD* content was determined. B, NAMPT-MCF10A
or vector cells were cultured in 6-well plates for 14 days in the presence or absence of 300 nm FK866 or CHS 828. Thereafter, cells were used for RNA extraction
and E-cadherin, N-cadherin, vimentin, and ZEBT levels were quantified by QPCR. C, NAMPT-MCF10A or vector cells were cultured in 6-well plates for 14 days with
or without 100 uM nicotinic acid (NA), nicotinamide (NAM), or nicotinamide mononucleotide (NMN). Thereafter, RNA was isolated, and E-cadherin, vimentin, and
ZEBT1 mRNA levels were quantified by QPCR. D, 10° cells transduced with NAMPT, NAMPT H247A, or a control vector were plated in 10-cm Petri dishes. 48 h later,
cells were used for RNA extraction, and E-cadherin, vimentin, and NAMPT mRNA levels were determined by QPCR. E, MDA-MB-231 cells were cultured in 6-well
plates for 2 weeks in the presence or absence of 300 nm FK866. Thereafter, cells were used for RNA extraction, and N-cadherin, vimentin, and ZEBT levels were
quantified by QPCR. A—E, *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not statistically significant. One representative experiment of three is presented.

alytically inactive (37, 38). Both NAMPT-MCF10A and QPCR because it was always below detectable levels. With
MCF10A cells expressing the catalytically inactive NAMPT respect to the expression of N-cadherin, vimentin, and ZEBI,
exhibited a marked down-regulation in E-cadherin and vimen-  no up- or down-regulation in response to FK866 could be doc-
tin up-regulation compared with control cells (Fig. 5D), umented (Fig.5F). Therefore, consistent with the data obtained
although cells transduced with NAMPT H247A had slightly in MCF10A cells, in this mesenchymal BC cell line, NAMPT
higher levels of E-cadherin compared with NAMPT-MCF10A enzymatic activity did not seem to be involved in the mainte-
cells. Taken together, these findings confirm that the loss of nance of the mesenchymal features.

epithelial features and the expression of mesenchymal markers NAMPT Promotes EMT as an Extracellularly Released Solu-
in NAMPT-MCF10A cells is independent of the enzymatic ble Factor—As mentioned previously, in addition to acting
activity of this protein. intracellularly, NAMPT protein is also secreted by cells

Experiments were also performed to determine whether through a non-canonical mechanism and is easily detected in
FK866 would have any effect on the mesenchymal features of cell culture media and in plasma (4, 39). eNAMPT acts as a
BC cells with an established EMT phenotype. To this end, cytokine with proinflammatory, prochemotactic, antiapop-
MDA-MB-231 cells were selected because FK866 was found to  totic, and proangiogenic effects (40—-42). Notably, although
minimally affect their growth (24, 20, and 27% growth inhibi- eNAMPT has enzymatic activity, its effects as an extracellular
tion at 72 h in response to 10 nm, 100 nM, and 1 um FK866, protein were shown to be, at least in some instances, independ-
respectively), while, at the same time, reducing intracellular ent ofit (4, 26, 37, 39). Therefore, we decided to assess a poten-
NAD™ by more than 50%. Conversely, BT549 and MDA-MD- tial role of eNAMPT in the EMT phenotype of NAMPT-
468 were more sensitive to the growth-inhibiting effects of this MCF10A cells. We were able to detect a strong increase in
drug (for BT549, 51, 54, and 67% growth inhibition at 72 hin eNAMPT levels in cell supernatants from NAMPT-MCF10A
response to 10 nM, 100 nM, and 1 um FK866, respectively; for cells. Although control MCF10A cells typically exhibited
MDA-MD-468, 32, 38, and 41% growth inhibition at 72 h in eNAMPT concentrations of less than 2 ng/ml in their superna-
response to 10 nm, 100 nM, and 1 um FK866, respectively) and, tants, eNAMPT levels in the supernatants from NAMPT-
therefore, were not selected for these experiments. In MDA- MCF10A cells were similar to those detected with MDA-MB-
MB-231 cells, E-cadherin expression could not be monitored by 231 and BT549 mesenchymal-like BC cells (typically ranging
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immunodepleted. Thereafter, cells were used for RNA extraction or for protein lysate generation. E-cadherin, N-cadherin, vimentin,and ZEB1T mRNA levels
were quantified by QPCR. ZO-1, E-cadherin, claudin, and y-tubulin levels were detected by immunoblotting. D, MCF10A cells treated with conditioned
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herin, vimentin, and ZEBT mRNA levels were quantified by QPCR. A, B, and E, *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not statistically significant. One

representative experiment of three is presented.

between 4—10 ng/ml). The increased levels of eNAMPT in
NAMPT-MCF10A cells did not reflect passive leakage from
dying cells because NAMPT-MCF10A and control cells both
exhibited less than 10% spontaneous apoptosis (as detected by
annexin V/propidium iodide staining and flow cytometry). In
addition, Glc-6-PD activity in cell supernatants (taken as a
marker for passive protein leakage from damaged cells), did not
differ between the two cell types (data not shown). Conditioned
medium from NAMPT-MCF10A or control cells was prepared
and used to culture plain MCF10A cells for 14 days. Cells cul-
tured in the presence of conditioned medium from NAMPT-
MCF10A readily acquired a fibroblast-like morphology that
was accompanied by a striking reduction in E-cadherin expres-
sion and by a consistent up-regulation of N-cadherin, vimentin,
and ZEBI (see below). Therefore, these data indicated that the
ability of overexpressed NAMPT to induce EMT was transmis-
sible through the cell supernatants. To assess whether the pres-
ence of eNAMPT in the conditioned medium from NAMPT-
MCF10A was required for EMT induction by the medium itself,
we optimized an immunodepletion protocol that effectively
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reduced eNAMPT concentration (Fig. 6A). eNAMPT depletion
completely abrogated the ability of the conditioned medium
from NAMPT-MCF10A to induce EMT in MCF10A cells, as
detected by monitoring E-cadherin, N-cadherin, and vimen-
tin expression by QPCR (Fig. 6B) as well as ZO-1, E-cad-
herin, and claudin protein levels by immunoblotting (Fig.
6C). These findings were paralleled by the absence of a fibro-
blast-like morphology in the cells exposed to eNAMPT-
depleted NAMPT-MCF10A supernatants (Fig. 6D). Inter-
estingly, eNAMPT immunodepletion also prevented the up-
regulation in ZEBI expression that was induced in MCF10A
cells by NAMPT-MCF10A supernatants (Fig. 6B).

To determine whether an endogenous eNAMPT would also
promote EMT in MCF10A cells, we utilized conditioned
medium from MDA-MB-231 cells from which eNAMPT was
either immunodepleted or not (MDA-MB-231 cells were found
to grow normally in MCF10A medium, allowing us to prepare
conditioned medium for MCF10A culture). In MDA-MB-231
medium, by utilizing the same method as above, a remarkable
reduction from 6.2 to 0.2 ng/ml in eNAMPT concentration was
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achieved. Conditioned medium from plain MCF10A cells or
from MDA-MB-231 cells (with or without eNAMPT depletion)
was utilized to culture plain MCF10A cells for 2 weeks. Despite
the limits of this approach, it was of interest to observe that
MDA-MB-231 medium induced N-cadherin, vimentin, and
ZEBI up-regulation in MCF10A and that these effects were
completely abrogated by eNAMPT depletion (Fig. 6E). Notably,
despite the presence of high eNAMPT levels, MDA-MB-231
supernatants failed to induce E-cadherin down-regulation in
MCF10A cells, which conceivably reflected the interference
with eNAMPT-induced EMT by other factors secreted by
MDA-MB-231 cells themselves.

Finally, as a confirmation of the ability of eNAMPT to induce
EMT in mammary epithelial cells, we incubated plain MCF10A
or HMLE cells with a commercially available recombinant
human eNAMPT (generated in HEK 293 cells) for 2 weeks. In
both cell lines, recombinant eNAMPT essentially recreated the
effects of NAMPT overexpression (and of conditioned medium
from NAMPT-overexpressing cells in the case of MCF10A
cells). Namely, in MCF10A cells, recombinant eNAMPT
induced the acquisition of an elongated, fibroblast-like mor-
phology (Fig. 7A); E-cadherin down-regulation; as well as an
increase in N-cadherin, vimentin, and ZEB1 mRNA (Fig. 7B).

SASBMB

DECEMBER 5, 2014« VOLUME 289+NUMBER 49

Merge

FIGURE 7. Recombinant eNAMPT induces EMT in mammary epithelial cells. A and B, MCF10A cells were incubated for 14 days with or without (control) 100
ng/ml recombinant human eNAMPT. Thereafter, cells were imaged by light microscopy (A) and, finally, used either for RNA extraction and E-cadherin,
N-cadherin, vimentin, and ZEBT mRNA quantification by QPCR (B) or for confocal microscopy (C, E-cadherin detection, Qnuclear deep red (Qnuclear) nuclei
staining, and their overlaps). D, HMLE cells were incubated for 14 days in 6-well plates with or without (control) 100 ng/ml recombinant human eNAMPT.

Thereafter, RNA was extracted, and E-cadherin, N-cadherin, vimentin, and ZEBT mRNA levels were quantified by QPCR. *, p < 0.05; **, p < 0.01. A-D, one
representative experiment of three is presented.
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E-cadherin down-regulation in response to eNAMPT was also
readily documented by confocal microscopy (Fig. 7C). In
HMLE cells, stimulation with eNAMPT led to N-cadherin,
vimentin, and ZEBI up-regulation (Fig. 7D), but, again, in anal-
ogy to what was observed in response to NAMPT overexpres-
sion (Fig. 3B), E-cadherin down-regulation could not be
detected in this cell line.

NAMPT Promotes EMT by Increasing TGFf1 Production—
Having established that NAMPT overexpression in mammary
epithelial cells induces the expression of mesenchymal markers
and of the transcription factor ZEB1, or even a full EMT, as in
the case of MCF10A cells, that these effects are independent of
NAMPT enzymatic activity, and that they are likely mediated
by NAMPT in its secreted form (eNAMPT), it being sufficient
to recreate them, we sought to determine the underlying mech-
anisms. To this end, we monitored the activation of EMT-pro-
moting signaling cascades (25) in response to recombinant
eNAMPT in MCF10A. Although no increase in phosphoryl-
ated ERK could be detected, both AKT and SMAD3 became
phosphorylated in response to eNAMPT (Fig. 84). To deter-
mine the role of the observed AKT activation in NAMPT-in-
duced EMT, we treated MCF10A with 100 ng/ml eNAMPT for
2 weeks in the presence or absence of two validated AKT inhib-
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FIGURE 8. NAMPT promotes TGF 31 production, and EMT in NAMPT-overexpressing cells is mediated by TGF 3 receptor signaling. A, 2 X 10> MCF10A
cells/well were plated in 6-well plates, allowed to adhere for 24 h, and subsequently stimulated for the indicated amounts of time with 100 ng/ml recombinant
human eNAMPT. Thereafter, cells were lysed, and phospho-AKT (Ser-473), total AKT, phospho-ERK (p42/p44, Thr-202/Tyr-204), total ERK, phospho-SMAD3
(Ser-423/Ser-425), and total SMAD3 levels were detected by immunoblotting. cntr, control. B and C, 10° NAMPT-MCF10A, NAMPT-HMLE, or their respective
vector control cells were plated in 2 ml of medium in each well of a 6-well plate. 48 h later, supernatants were harvested, and TGF1 levels were quantified by
ELISA. D-F, MDA-MB-231 cells were lentivirally engineered to express a scrambled shRNA as a control or either one of two NAMPT-targeting shRNAs. Puromy-
cin-selected cells were plated in equal numbers in 6-well plates (10° cells/well). 48 h later, cells were used for RNA extraction and QPCR quantification of NAMPT
mRNA (D), or they were fixed with TCA and stained with SRB for subsequent normalization of the ELISA results. Cell supernatants were assayed for eNAMPT and
TGFB1 levels using commercially available ELISAs (E and F). G, NAMPT-MCF10A or their vector control cells were cultured for 2 weeks in 6-well plates.
NAMPT-MCF10A cells were cultured in the presence of either 10 um SB431542 or of vehicle (dimethyl sulfoxide). Subsequently, RNA was extracted, and
E-cadherin, N-cadherin, vimentin and ZEBT mRNA levels were quantified by QPCR. *, p < 0.05; **, p < 0.01; ns, not statistically significant. A-G, one representative

experiment of three is presented.

itors, AZD5363 and GDC-0068, or of the PI3K inhibitor
LY294002. However, neither of the three compounds was able
to revert the effects of eNAMPT (E-cadherin down-regulation
and up-regulation of mesenchymal markers and of ZEBI) in
this cell line (data not shown). Therefore, although possibly
relevant for other biological effects, AKT activation did not
mediate the EMT induced in MCF10A by eNAMPT.

SMAD3 belongs to the TGE signaling pathway, which is
probably the most thoroughly characterized EMT-promoting
signaling cascade (25). Because eNAMPT has been reported
previously to induce the secretion of cytokines and growth fac-
tors (43), we reasoned that increased eNAMPT levels in cell
supernatants from NAMPT-overexpressing cells could induce
EMT by stimulating TGFB1 production. In line with this
hypothesis, both NAMPT-MCF10A and NAMPT-HMLE were
found to have higher TGFf1 levels in their supernatants com-
pared with their respective control cells (Fig. 8, B and C). To
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evaluate whether NAMPT would also promote TGFS1 produc-
tion in a mesenchymal-like BC cell line, we silenced NAMPT in
MDA-MB-231 cells utilizing two different shRNAs, both of
which effectively reduced NAMPT mRNA as well as eNAMPT
levels in cell supernatants (Fig. 8, D and E). Notably, opposite to
what was observed by Santidrian et al. (3), in our hands,
NAMPT silencing did reduce MDA-MB-231 proliferation,
bringing the doubling time from 33.3 h for control cells (engi-
neered with a scrambled shRNA) to 44.2 h and 43.9 h for cells in
which NAMPT was silenced with NAMPT shRNA#1 or #2,
respectively. That being so, as predicted, TGF1 concentration
in supernatants from NAMPT-silent MDA-MB-231 cells was
lower compared with the control cells (Fig. 8F). Finally, to
assess which role the increased TGFB1 production had in the
EMT phenotype of NAMPT-MCF10A cells, we treated the latter
with SB431542, a well characterized inhibitor of TGFf3 receptor
tyrosine kinase activity. SB431542 completely reverted E-cadherin
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down-regulation as well as vimentin, N-cadherin, and ZEBI up-
regulation in NAMPT-MCF10A cells, bringing the expression of
these mRNAs to the levels found in control cells (Fig. 8G). There-
fore, these findings indicate that the EMT observed in NAMPT-
MCF10A cells was critically reliant upon TGE signaling.

DISCUSSION

In this work, we show that BC types with an aggressive clin-
ical behavior, such as ER-negative, HER2-enriched, and basal-
like BC, express high NAMPT levels. We demonstrate that
NAMPT overexpression is sufficient to induce EMT in mam-
mary epithelial cells. Importantly, the induction of these phe-
notypes by NAMPT is shown to be independent of its catalytic
activity as an NAD™ biosynthetic enzyme and to reflect its
function as a cytokine (eNAMPT). Specifically, our data indi-
cate the ability of NAMPT to increase the production of
TGEB1, which, in turn, is responsible for EMT induction. The
translational relevance of these findings is highlighted by the
fact that concentrations of eNAMPT that we found to induce
EMT in vitro are commonly detected in patients (44 —48), indi-
cating that this protein is actually likely to contribute to EMT
regulation and cancer in clinical contexts.

In MCF10A mammary epithelial cells, NAMPT overexpres-
sion (or stimulation with eNAMPT) induced a striking up-reg-
ulation of mesenchymal markers and of the transcription factor
ZEB1. These changes were accompanied by E-cadherin down-
regulation and by the acquisition of a CD24'°%/CD44"&" phe-
notype, effects that are all consistent with the occurrence of a
complete EMT (27). Interestingly, in NAMPT-HMLE cells (or
in HMLE cells stimulated with eNAMPT), the increased
expression of mesenchymal markers and ZEB1 was not paral-
leled by a reduction in E-cadherin. This discrepancy could be
explained by the fact that, curiously, HMLE cells expressed
NAMPT levels (both intracellular NAMPT and eNAMPT) that
were significantly higher than those of MCF10A, essentially
matching those observed in mesenchymal-like BC cell lines.
Therefore, it is possible that high baseline NAMPT expression
may make HMLE cells less sensitive to NAMPT overexpression
and justify the incomplete EMT that these cells undergo. An
alternative explanation for the persisting expression of E-cad-
herin in NAMPT-HMLE is offered by reports of cases of
TGFpB1-induced EMT occurring without E-cadherin down-
regulation. Maeda et al. (28) found that the E-cadherin
expressed at the cell surface of NMuMG/E9 cells (another
mammary epithelial cell line) did not change during TGFS1-
induced EMT. These authors proposed that, in their model,
N-cadherin (which was up-regulated by TGFB1) would act as a
competitor of E-cadherin, suppressing its function and allow-
ing EMT to occur. Therefore, because N-cadherin became
readily up-regulated in NAMPT-HMLE cells, it is possible that
a functional EMT actually occurred in these cells despite the
persistence of E-cadherin.

The facts that mesenchymal-like BC cell lines express higher
NAMPT levels compared with luminal cell lines, that a strong
correlation exists in CCLE BC cell lines between the expression
of NAMPT on the one hand and that of the mesenchymal mark-
ers vimentin and fibronectin and of the pro-EMT transcription
factors SNAI1/2 on the other hand, and that an association
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between NAMPT and vimentin expression is present in the
METABRIC dataset, too, are all consistent with one another
and with our in vitro data and strongly support the notion that
NAMPT is an EMT-inducing protein.

The additional experiments we performed essentially con-
verged to rule out that EMT induction in mammary epithelial
cells overexpressing NAMPT is dependent on the enzymatic
activity of this protein because no actual increase in intracellu-
lar NAD™ levels was detected in NAMPT-MCF10A cells com-
pared with vector cells; chemical NAMPT inhibitors did not
revert the EMT even when applied early after cell transduction
with NAMPT; cell supplementation with nicotinamide mono-
nucleotide, the enzymatic product of NAMPT, did not induce
EMT and neither did other NAD ™ precursors such as nicotinic
acid or nicotinamide; and overexpression of a mutated, catalyt-
ically inactive NAMPT also resulted in a marked down-regula-
tion of E-cadherin and in vimentin up-regulation in MCF10A
cells. In addition, consistent with these data, treatment with
FK866 had not effect on the EMT phenotype of MDA-MB-
231 cells. These results are in line with those of Li et al. (26),
who reported that eNAMPT protects macrophages from
endoplasmic reticulum stress-induced apoptosis independ-
ent of its catalytic activity by promoting IL6 secretion, and
with those of Liu et al. (37), according to which eNAMPT
enzymatic activity is not required for it to induce IL8 pro-
duction in pulmonary epithelial cells. In analogy with these
two studies, in our models, a key biological effect of NAMPT
(EMT) was also found to rely on the ability of its secreted
form to stimulate the secretion of another cytokine
(TGEB1), which, in turn, was responsible for activating
intracellular signaling cascades and for producing functional
changes (SMAD3 activation and consequent EMT).

Notably, in the experiments aimed at assessing whether
NAMPT also promotes TGFB1 production in MDA-MB-231
cells, two NAMPT-silent MDA-MB-231 cell lines were gener-
ated. In these cell lines, E-cadherin mRNA remained below
detectable levels and, therefore, could not be used to monitor
potential modulations of the mesenchymal features of the cells.
However, vimentin mRNA levels could be assessed, and they
were found not to be affected by reduced NAMPT (data not
shown). Therefore, in this model of mesenchymal-like BC,
reducing cell exposure to eNAMPT was not sufficient to revert
the established EMT phenotype.

Our findings of an association between NAMPT expression
and ER-negative tumors are consistent with those of Lee et al.
(20), who used ITHC to detect NAMPT in BC and found that
high NAMPT expression correlated with ER negativity and
progesterone receptor negativity. In addition, similar to this
previous study, the IHC analyses we performed also detected a
preferential expression of NAMPT in tumor cells rather than in
tumor stroma or in tumor-infiltrating leukocytes. However,
although Lee et al. (20) found that NAMPT expression also
correlated with tumor size, no correlation between NAMPT
mRNA and tumor size was detected in our data set. It is also
noteworthy that, in the study by Lee et al. (20), high NAMPT
expression was also associated with poor disease-free and over-
all survival.
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Our data indicate that the eNAMPT secreted by tumor
cells (particularly by those expressing high levels of this pro-
tein) is likely sufficient to promote EMT. However, it is con-
ceivable that the eNAMPT produced at distant sites (i.e. by
circulating leukocytes or by adipose tissue) could also favor
EMT and, thereby, carcinogenesis and metastasis. Dalamaga
et al. (46) reported that, among postmenopausal women,
serum eNAMPT levels are higher in patients with BC com-
pared with healthy subjects and with patients with benign
breast lesions. In the same study, a strong correlation
between serum eNAMPT and the absence of ER and proges-
terone receptor in BC was detected (46). In addition to BC,
plasma eNAMPT was found to be elevated in hepatocellular,
gastric, endometrial, and colorectal carcinomas as well as in
astrocytomas, myeloma, and male oral squamous cell carci-
noma (4). Finally, circulating eNAMPT levels are typically
increased in patients with obesity and type 2 diabetes (49).
Because both conditions are known risk factors for many
common cancers (10, 11), including BC, it is appealing to
speculate that high eNAMPT concentrations in the extracel-
lular environment of obese or diabetic patients could
account, at least in part, for their predisposition to cancer.

Taken together with the available data on this enzyme, our
results portrait NAMPT as a double-faced protein. On one
hand, through its ability to rescue nicotinamide and increase
intracellular NAD™ levels, NAMPT can activate enzymes with
tumor-suppressive properties such as SIRT1, SIRT3, SIRT6,
and mitochondrial complex I (3, 50, 51). Dietary supplementa-
tion with nicotinamide (the substrate of NAMPT) or nicotina-
mide mononucleotide (the product of NAMPT) is expected to
boost these effects, with possible benefits in terms of cancer
prevention and treatment (52). On the other hand, when
secreted into the extracellular environment, NAMPT
(eNAMPT) may exert unwanted effects with the potential to
promote tumorigenesis. These include its activity as an anti-
apoptotic, chemotactic, proinflammatory, and proangiogenic
factor and, as shown here, the ability to induce TGFB1 produc-
tion and, thereby, to promote EMT, with at least some of these
functions being independent of the enzymatic activity of
eNAMPT (4, 26, 37, 40—-42). In such a scenario, therapeutic
effects for agents that selectively targeted eNAMPT, such as
monoclonal antibodies, nanobodies, or aptamers, can easily be
anticipated. By selectively neutralizing eNAMPT, such agents
could potentially be used to prevent EMT (and therefore, pos-
sibly, reduce the risk of metastasis) in cancers with high
NAMPT expression (whether eNAMPT neutralization is also
going to be effective at reverting established EMT phenotypes
remains unclear and needs to be demonstrated) or in condi-
tions in which circulating eNAMPT levels are excessively high,
possibly predisposing to cancer, such as in obesity or type 2
diabetes (49).

In conclusion, our data indicate that high NAMPT levels
in mammary epithelial cells promote EMT through a mech-
anism that is independent of the enzymatic activity of
NAMPT but reflects its function as a cytokine with the abil-
ity to promote TGFB1 production. On the basis of these data,
eNAMPT-targeting therapeutic approaches appear to have a
rationale as a means for preventing EMT and the disorders in
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which it plays a key pathophysiological role, including
metastasis.
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