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a b s t r a c t 

Nicotinamide phosphoribosyltransferase (NAMPT) is a key metabolic enzyme in NAD 

+ synthesis pathways and is 

found upregulated in several tumors, depicting NAD(H) lowering agents, like the NAMPT inhibitor FK866, as an 

appealing approach for anticancer therapy. Like other small molecules, FK866 triggers chemoresistance, observed 

in several cancer cellular models, which can prevent its clinical application. The molecular mechanisms sustaining 

the acquired of resistance to FK866 were studied in a model of triple negative breast cancer (MDA-MB-231 

parental – PAR), exposed to increasing concentrations of the small molecule (MDA-MB-231 resistant – RES). RES 

cells are not sensitive to verapamil or cyclosporin A, excluding a potential role of increased efflux pumps activity 

as a mechanism of resistance. Similarly, the silencing of the enzyme Nicotinamide Riboside Kinase 1 (NMRK1) 

in RES cells does not increase FK866 toxicity, excluding this pathway as a compensatory mechanism of NAD 

+ 

production. Instead, Seahorse metabolic analysis revealed an increased mitochondrial spare respiratory capacity 

in RES cells. These cells presented a higher mitochondrial mass compared to the FK866-sensitive counterparts, as 

well as an increased consumption of pyruvate and succinate for energy production. Interestingly, co-treatment of 

PAR cells with FK866 and the mitochondrial pyruvate carrier (MPC) inhibitors UK5099 or rosiglitazone, as well 

as with the transient silencing of MPC2 but not of MPC1, induces a FK866-resistant phenotype. Taken together, 

these results unravel novel mechanisms of cell plasticity to counteract FK866 toxicity, that, besides the previously 

described LDHA dependency, rely on mitochondrial rewiring at functional and energetic levels. 
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Reprogramming of energy metabolism has been considered a hall-

ark of cancer, as neoplastic diseases are characterized by a deregulated

ontrol of cell growth and division, that require adjustments of energy

etabolism [1] . The metabolic rewiring of cancer cells is often sustained

y an increased glycolysis, in the presence of oxygen, known as the War-

urg effect, that allows both ATP and biomass production due to an
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ncreased glucose uptake [2] . Still, aerobic glycolysis does not always

merge due to dysfunctional or impaired mitochondria functioning, as

nitially proposed by Warburg. Instead, hybrid glycolytic/OXPHOS phe-

otypes provide tumor tissues a higher level of metabolic flexibility, as

itochondria rewiring allow the utilization of carbon sources other than

lucose for energy production [ 3 , 4 ]. Moreover, the metabolic state of

ancer cells dictate the rate of mitochondrial biogenesis and turnover,

nd consequently the mitochondrial mass, which often is a positive
Biology (CIBIO), University of Trento, Trento, Italy. 

it (S. Ravera), chiara.zucal@unitn.it (C. Zucal), th.natthakan@gmail.com (N. 

o), nadia.bertola@gmail.com (N. Bertola), aribuongi00@gmail.com (A. Buon- 

, barbara.pardini@iigm.it (B. Pardini), alessio.nencioni@unige.it (A. Nencioni), 

zani) . 

pril 2023 

e CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

https://doi.org/10.1016/j.neo.2023.100903
http://www.ScienceDirect.com
http://www.elsevier.com/locate/neo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neo.2023.100903&domain=pdf
mailto:agata.carreira@unitn.it
mailto:silvia.ravera@unige.it
mailto:chiara.zucal@unitn.it
mailto:th.natthakan@gmail.com
mailto:Irene.Caffa@unige.it
mailto:cecilia.astigiano@gmail.com
mailto:nadia.bertola@gmail.com
mailto:aribuongi00@gmail.com
mailto:michela.rocuzzo@unitn.it
mailto:alessandra.bisio@unitn.it
mailto:barbara.pardini@iigm.it
mailto:alessio.nencioni@unige.it
mailto:santina.bruzzone@unige.it
mailto:alessandro.provenzani@unitn.it
https://doi.org/10.1016/j.neo.2023.100903
http://creativecommons.org/licenses/by-nc-nd/4.0/


A.S.A. Carreira, S. Ravera, C. Zucal et al. Neoplasia 41 (2023) 100903 

r  

p  

(  

a  

m  

w  

t

 

e  

y

9  

c  

a  

t

c  

t  

A  

n  

s  

i  

[

 

h  

s  

m  

b  

N  

p  

s  

t  

N  

e

 

t  

t  

n  

t  

e  

a  

p  

t  

p

M

C

 

f  

r  

d  

l  

t  

s  

d  

a

D

 

B  

(  

c  

U  

4  

(  

i

C

 

e  

o  

p

D

 

0  

a  

s  

a  

d

 

t  

r  

o  

0  

6  

t  

A  

s  

M  

v  

l  

t

 

C  

f  

t  

v

I

 

(  

f  

s

C

 

w  

t  

p  

m  

4

R

 

c  

o  

t  

(

2  

S  

a  

t

egulator of tumorigenesis [5] . Of note, the transcriptional coactivator

eroxisome proliferator-activated receptor gamma coactivator-1 alpha

PGC-1 𝛼) is a positive regulator of mitochondrial biogenesis as it medi-

tes the expression of nuclear encoded mitochondrial genes to enhance

itochondrial ATP production. PGC-1 𝛼 expression positively correlates

ith breast cancer invasiveness and metastasis, emphasizing its role in

umorigenesis behind bioenergetics [6] . 

Nicotinamide adenine dinucleotide (NAD 

+ ) is fundamental for en-

rgy metabolism, as it is a cofactor for enzymes involved in glycol-

sis, fatty acid oxidation and the tricarboxylic acids (TCA) cycle [7–

] . Additionally, NAD 

+ plays a critical role as substrate for NAD 

+ -

onsuming enzymes like sirtuins, poly-ADP-ribose polymerases (PARPs)

nd CD38/157, that among others, sustain DNA repair, genomic in-

egrity and regulation of transcription and signalling [10–12] . NAD 

+ 

an be synthetized from several precursors as nicotinamide (NAM), tryp-

ophan, nicotinic acid (NA) and nicotinamide riboside (NR) [ 13 , 14 ].

mong the enzymes involved in the synthesis pathways, the nicoti-

amide phosphoribosyltransferase (NAMPT), that catalyzes the conver-

ion of nicotinamide (NAM) to nicotinamide mononucleotide (NMN),

s considered the rate-limiting enzyme of the NAD 

+ “salvage ” pathway

15–17] . 

Due to its central role in NAD 

+ synthesis and bioenergetics, NAMPT

as been found to be upregulated in many solid tumors, revealing the

ignificance of the development of NAMPT inhibitors for cancer treat-

ent [18–21] . Moreover, NAMPT inhibitors like FK866 (APO866) have

een extensively used in preclinical cancer research to mimic cellular

AD(H) shortage, characteristic of the high energetic demand of rapidly

roliferating cancer cells [22] . Acquired resistance to FK866 was ob-

erved in several FK866-resistant cell line models, mainly due to mu-

ation on NAMPT or NAD 

+ -related genes, through the exploitation of

AMPT-independent NAD 

+ -synthesis pathways or by modulating the

xpression of multidrug resistance proteins [23–26] . 

We previously showed that cancer cells’ acquirement of resistance

o NAMPT inhibition, including MDA-MB-231, occurred in absence of

arget gene mutation or acquirement of multi drug resistance mecha-

isms, and invariably induces dependency of LDHA [25] . Nonetheless,

he exploitation of additional NAD 

+ -producing pathways as well as the

fficiency of mitochondrial metabolism were not investigated. Thus, the

im of the present study was to unravel the potential role of NAD 

+ -

roducing enzymes and mitochondria in sustaining metabolic adapta-

ion of triple negative breast cancer cells to NAD(H) shortage, that can

revent the success of NAMPT inhibitors for clinical application. 

aterials and methods 

ell lines culture conditions 

MDA-MB-231 (PAR) human breast cancer cell line was obtained

rom American Type Culture Collection (ATCC). MDA-MB-231 FK866-

esistant cell line (RES) was developed by increased exposure to FK866

uring a 3 month period of time, as previously described [25] . Cell

ines were cultured in DMEM (Gibco) and supplemented with 10% fe-

al bovine serum (FBS), 2 mM L-glutamine, and 100 U/mL penicillin-

treptomycin (all from Lonza). The culture media of RES cells was ad-

itionally supplemented with 100 nM of FK866. Cells were maintained

t 37 °C under humidified conditions with 5% CO 2 . 

rug treatments and in vitro cell viability 

PAR and RES cells were treated with FK866 (sc-205325, Santa Cruz

iotechnology), CHS-828 (200484-11-3, Cayman Chemical), verapamil

V4629, Sigma), antimycin A (A8674, Sigma), 5-FU (F6627, Sigma),

isplatin (PHR1624, Sigma), olaparib (HY-10162, MedChemExpress),

K5099 (5048170002, Sigma) and rosiglitazone (R2408, Sigma) for

8 h. In vitro drug sensitivity was assessed by OzBlue Cell Viability kit
2 
OzBiosciences) after 2 h of incubation, according to the manufacturer

nstructions. 

ell proliferation assay 

For proliferation assays, 3.0 × 10 4 cells were seeded and counted

very 24 h using 0.2% trypan blue exclusion to determine the number

f viable cells. Doubling time was calculated at the exponential growth

hase, between 48 and 72 h of seeding. 

etermination of NAD(H) and ATP/AMP levels 

For intracellular NAD(H) content determination, cells were lysed in

.6 M perchloric acid (PCA) (for NAD 

+ ) or in 0.1 M NaOH (for NADH)

t 4 °C. Cell extracts were centrifuged for 3 min at 16000 x g and the

upernatants were collected for the determination of NAD(H) content,

s described [27] . NAD(H) values were normalized to protein content,

etermined through the Bradford assay. 

To evaluate the ATP/AMP ratio as a marker of cellular energy sta-

us, intracellular ATP and AMP content was assayed spectrophotomet-

ically at 340 nm. ATP was measured in a medium containing 0.02 mL

f neutralized perchloric extract, 50 mM Tris-HCl pH 8.0, 1 mM NADP,

.5 mM MgCl 2 , 5 mM glucose, and 4 μg of purified hexokinase/glucose-

-phosphate dehydrogenase in 1 mL final volume, before and after

he addition of the hexokinase/glucose-6-phosphate dehydrogenase. For

MP assay, 0.02 mL of neutralized perchloric extract was added to an as-

ay medium containing 50 mM Tris-HCl, pH 8.0, 0.2 mM NADH, 0.5 mM

gCl 2 , 1 mM phosphoenolpyruvate, 0.2 mM ATP, 5 μg of purified pyru-

ate kinase/lactate dehydrogenase mixture, and 2 μg of purified adeny-

ate kinase [28] . ATP and AMP concentrations were normalized to pro-

ein content, determined through the Bradford assay. 

For measurements of total ATP levels, the CellTiter-Glo Luminescent

ell Viability Assay (G7571, Promega) was used, following the manu-

acturer’s protocol. Protein content of the cell lysate was measured by

he Bradford method and used for normalization of the luminescence

alues. 

rradiation (X-ray) 

PAR and RES cells were irradiated with X-rays using Xstrahl RS225

195 MeV – 10 mA) with a dose rate of 1.6 Gy per minute (dose ranging

rom 0 to 8 Gy). Immediately after irradiation, cells were collected and

eeded for the colony formation assay. 

olony formation assay 

Colony formation assay was performed by seeding 200 cells per

ell per condition in 6 well plates. Two days after, cells were

reated with the described concentration of FK866, CH868, 5FU, cis-

latin or olaparib. A week after the treatment (with either small

olecules/chemotherapeutics or irradiation), colonies were fixed with

% PFA and stained with crystal violet (C6158, Sigma) for counting. 

NA extraction and real-time qPCR 

TriZOL reagent (Invitrogen) was used for total RNA extraction, ac-

ording to the manufacturer’s instructions. cDNA synthesis was carried

ut with RevertAid RT Reverse Transcription Kit (K1691, ThermoScien-

ific) following manufacturer’s instructions. Real-time quantitative PCR

RT-qPCR) analyses were performed in triplicate using the ExcelTaq TM 

X qPCR Master Mix (SMOBIO) on a CFX96 Real-Time PCR Detection

ystem (Bio-Rad). The sequences of the primers employed in the study

re present in Table 1 . ΔCq method was used for samples’ mRNA quan-

ification, with RPLP0 or 𝛽-actin as housekeeping genes. 
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Table 1 

List of primers used to evaluate the expression of genes 

of interest by RT-qPCR analysis. 

Gene Primers (5’ to 3’) 

NAMPT FW: TTATGGAACGAAAGATCCTG 

RV: CAAAAGCATCTTTTTCATGGTC 

NAPRT FW:CTATGCCTTGGCTTTTCCCC 

RV:GAAGACCTTGCGGATCTCCT 

QPRT FW:CCCTCTGGGTCACACATCTT 

RV:GTGCTCATTATCACCGCAGA 

NMRK1 FW:TGTGTTTGGGAGGACTCGAA 

RV:CACTGCAATTTGGGAGGTGT 

MPC1 FW:CAGTGGGCGGATGACATTTG 

RV:GCGTGGCATGCAAACAGAAG 

MPC2 FW:ACCTACCACCGGCTCCTCGAT 

RV:CCAGCACACACCAACCCCCATT 

PPARGC1A FW: CCAAAGGATGCGCTCTCGTTCA 

RV: CGGTGTCTGTAGTGGCTTGACT 

TFAM FW: CCGAGGTGGTTTTCATCTGT 

RV: AGTCTTCAGCTTTTCCTGCG 

RPLP0 FW:CATTCTCGCTTCCTGGAG 

RV:CTTGACCTTTTCAGCAAGTGG 

ACTB FW: CTGGAACGGTGAAGGTGACA 

RV: AGGGACTTCCTGTAACAATGCA 
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rotein extraction and western blot analysis 

Samples were lysed for 10 min on ice with RIPA lysis buffer supple-

ented with Protease Inhibitor Cocktail (ThermoScientific), followed by

onication and clarification. SDS-polyacrylamide gel loaded with equal

mounts of proteins was used for protein separation, followed by the

ransference to a PVDF membrane. The primary antibodies used were:

AMPT/Visfatin (A300-779A, Bethyl Laboratories), NAPRT (ab211529,

bcam), QAPRT (TA501520, OriGene), NMRK1 (sc-398852, San-

aCruz Biotecnhologies), MPC1 (PA5116938, Cell Signalling), MPC2

ab236584, Abcam), PDH1Ea (sc-377092, SantaCruz Biotechnologies),

OMM20 (HPA011562, Sigma), 𝛽-actin (BK4970S CST) and Calnexin

ab133615, Abcam). 𝛽-actin and Calnexin were used as protein load-

ng controls. The anti-mouse and anti-rabbit secondary antibodies (111-

35-003) used were obtained from Jackson Immunoresearch Laborato-

ies. Signal was revealed with chemiluminescence detection kit reagents

Amersham ECL Select, GE Healthcare) at ChemiDoc (BioRad). The rel-

tive density of protein bands was analyzed using the ImageJ software

nd represented as the fold change of the corresponding control. A rep-

esentative western blot of three independent biological experiments is

hown. 

hRNA and siRNA transfection 

HEK293T cells were used to produce lentiviral vector particles (LVP).

ells were co-transfected with a Δ891 and a VSV-G encoding vector

long with the shNMRK1 plasmid. PLKO vector was used as the transfer

lasmid. Viral supernatants were collected, filtrated, and quantified 72 h

ost-transfection. Selection with puromycin (1 μg/mL) was performed

n RES cells stably transduced with shNMRK1. 

Downregulation of MPC1 and/or MPC2 in PAR cells was performed

ith transient transfection of siMPC1 (sc-95332, Santa Cruz Biotechnol-

gy) and/or siMPC2 (sc-78813, Santa Cruz Biotechnology) using INTER-

ERin in vitro siRNA miRNA transfection reagent (Polyplus), according

o the manufacturer’s instructions. 

lycolysis rate and mitochondrial respiration 

The glycolytic rate, spare respiratory capacity and the mitochondrial

espiration were assessed in both PAR and RES cells, respectively with

he Seahorse Glycolysis Rate assay kit (103344-100, Agilent) and with

he Seahorse MitoStress kit (103015-100, Agilent), following the manu-

acturer’s instructions. Shortly, cells were seeded in the seahorse assay
3 
lates for 48 h in Seahorse DMEM supplemented with 10 mM glucose,

 mM glutamine, 1 mM pyruvate (all from Agilent). The day before the

ssay, a cartridge was hydrated using Seahorse calibrant XF (Agilent)

nd incubated overnight at 37 °C in a CO 2 deprived atmosphere. The

xygen consumption rate (OCR) and the extracellular acidification rate

ECAR) were determined on a XF e 96 Seahorse Bioanalyzer (Agilent).

he final concentration of injected compounds was: 1 μM oligomycin;

 μM FCCP (carbonyl cyanide-4(trifluoromethoxy) phenylhydrazone);

 μM UK5099; 5 μM of each rotenone and antimycin A; 10 mM glucose;

nd 50 mM 2-DG (2-deoxy-glucose). OCR and ECAR were normalized

o the samples’ protein content using the Bradford reagent. 

In other experiments, to assess the contribution of the pathways

eaded by respiratory complex I or II, the OCR was measured with an

mperometric electrode (Unisense Microrespiration, Unisense A/S, Den-

ark) in a closed chamber, at 25 °C. For each experiment, 2 × 10 5 cells

ere resuspended in phosphate buffer saline (PBS) and permeabilized

ith 0.03 mg/mL digitonin for 1 min. To activate the pathway com-

osed by respiratory complexes I, III, and IV, 10 mM pyruvate plus 5 mM

alate were added. To induce the pathway formed by complexes II, III,

nd IV 20 mM succinate plus 100 𝜇M rotenone (the specific inhibitor of

omplex I) were employed [29] . 

NA extraction 

DNA was extracted from PAR and RES cells to determine mitochon-

rial mass by estimating the mitochondrial DNA (mtDNA) to nuclear

NA (nuclearDNA) ratio. Cells were lysed in 100 μL of lysis buffer

100 mM Tris-HCl pH 8, 200 mM NaCl, 5 mM EDTA, 0.2% SDS, 0.2

g/mL proteinase K freshly added) for 2 h at 56 °C. Debris removal

as obtained by centrifugation at 14000 rpm for 10 min at room tem-

erature, followed by DNA precipitation with 500 μL of isopropanol.

fter centrifugation at 14000 rpm for 5 min at room temperature, the

ellet was washed with 70% ethanol. Subsequently, samples were cen-

rifuged at 14000 rpm for 5 min at room temperature, the supernatant

as discarded, and the DNA pellet was dried at room temperature. Fi-

ally, the DNA pellet was resuspended in 50 𝜇l DNase-free water and

ne hundred nanograms was used for further analysis. 

itochondrial mass determination 

To determine the mitochondrial mass of PAR and RES cells, the ratio

etween mitochondrial and nuclear DNA as well as confocal analysis

sing a mitochondrial probe were used. 

The nuclear-encoded gene, human B2M, and the mitochondrial-

ncoded gene, human tRNALeu were used to calculate the relative

tDNA:nuclearDNA ratio. RT-qPCR was performed in triplicate using

he ExcelTaq TM 2X qPCR Master Mix (SMOBIO) on a CFX96 Real-

ime PCR Detection System (Bio-Rad) and the 2 − ΔΔCt method was

sed to calculate the gene expression. The sequences of the used

rimers were: B2M FW: 5’-TGCTGTCTCCATGTTTGATGTATCT-

’, B2M RV: 5’-TCTCTGCTCCCCACCTCTAAGT-3’, tRNALeu

W: 5’-CACCCAAGAACAGGGTTTGT-3’, and tRNALeu RV: 5’-

GGCCATGGGTATGTTGTTA-3’. 

Further assessment of PAR and RES cells mitochondrial mass was

etermined by incubating cells with 100 nM of MitoTracker Green FM

Life Technologies, M7514) and Hoechst (1:5000) for mitochondria and

uclei staining, respectively. 200 cells per well were seeded in 384-well

ptic glass plates (CellCarrier384, Perkin Elmer) and Z-stacks were ac-

uired with a Leica TCS SP8 laser scanning confocal system, installed

n a Leica DMi8 inverted fluorescence microscope, using a HC PL APO

0x/0.75 CS2 objective. The acquisition parameters were kept constant

hroughout all the conditions. 

After single cell segmentation, the mean intensity of the green fluo-

escent MitoTracker signal was quantified on the sum projection of all

he stacks comprising the total area of each cell. 
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o  
Cell segmentation and signal intensity measurement has been per-

ormed using a semi-automatic macro in Fiji/ImageJ [30] . Representa-

ive images of PAR and RES cells were linearly adjusted only for bright-

ess and contrast. At least 300 nuclei were analyzed per condition. 

itochondrial substrate dependencies 

Mitochondrial substrate utilization was assessed with Biolog Mito-

lates S-1 (Biolog, Hayward, CA, USA, #14105), as suggested by the

anufacturer. MitoPlates were incubated in Omnilog® at 37 °C for 1 h

ith Biolog Mitochondria Assay Solution (MAS) containing Biolog re-

ox dye MC and saponin (Sigma-Aldrich, 84510, 20 μg/μL) to allow

ubstrate rehydration and cell permeabilization. Viable cell number was

reviously determined by trypan blue exclusion and resuspended in Bi-

log MAS, after washing with PBS 1x. Cells were added to the Mito-

lates and the kinetic reading of the rate of purple color formation was

easured in Omnilog® system (OD 590nm 

) for 4 h. The background was

orrected for the blank sample (no substrate). 

espiratory complexes activity 

To determine the activity of respiratory complexes I, II, III and

V, 50 𝜇g of total protein homogenate was used [31] . The reactions

ere followed for 5 min, with 1 min-interval collecting data, and ab-

orbance values were measured in a spectrophotometer. Complex I

NADH-ubiquinone reductase) activity was assayed in a medium con-

aining 50 mM Tris–HCl pH 7.4, 50 mM KCl, 5 mM MgCl 2 , 1 mM EGTA,

.6 mM NADH, 0.8 mM ferricyanide, and 50 μM antimycin A. The reduc-

ion of ferrocyanide in the presence of NADH was followed at 420 nm

 𝜀 = 1 mM 

− 1 ⋅cm 

− 1 ). Similarly, Complex II (succinate dehydrogenase)

ctivity was assayed in similar conditions but using 20 mM succinate

nstead of NADH. Complex III (cytochrome c reductase) activity was

ssayed in a 50 mM Tris buffer pH7.4, 5 mM KCl, 2 mM MgCl 2 , 0.5 M

aCN, 0.03% oxidized Cyt C, 0.6 mM NADH, and 10 mM succinate. The

eduction of cytochrome c in the presence of NADH was followed at 550

m ( 𝜀 = 19.1 mM 

− 1 ⋅cm 

− 1 ). For Complex IV (cytochrome c oxidase) ac-

ivity assessment, the oxidation of reduced cytochrome c was followed

t 550n m ( 𝜀 = 19.1 mM 

− 1 ⋅cm 

− 1 ), in a 50 mM Tris buffer pH7.4, 5 mM

Cl, 2 mM MgCl 2 , containing 0.03% reduced cytochrome c. 

TP synthesis through Fo ‐F1 ATP Synthase 

To evaluate the ATP synthesis through the F o -F 1 ATP synthase ac-

ivity, cells were incubated for 10 min at 37 °C in a medium con-

aining: 100mM Tris-HCl pH 7.4, 100 mM KCl, 1 mM EGTA, 2.5 mM

DTA, 5 mM MgCl 2 , 0.2 mM di(adenosine-5) penta-phosphate, 0.6

M ouabain, ampicillin (25 𝜇g/mL), 5 mM KH 2 PO 4 , and 10 mM

yruvate plus 5 mM malate, used as respiratory substrates. ATP syn-

hesis started after the addition of 0.2 mM ADP and was moni-

ored for 2 min in a luminometer (Glomax 20/20, Promega) by

he luciferin/luciferase chemiluminescent method (luciferin/luciferase

TP bioluminescence assay kit CLSII, Roche, Basel, Switzerland).

n ATP standard solution between 10 − 10 and 10 − 7 M was used

or calibration. To assess the specificity of the method for ATP-

ynthase assay, ATP synthesis was also evaluated in the presence of

0 𝜇M Oligomycin, a specific inhibitor of ATP synthases F o moiety

28] . 

etermination of the mitochondrial membrane potential (MMP, Δ𝜓 m 

) 

The lipophilic cationic probe TMRE (ab113852, Abcam) was used to

etermine the mitochondrial membrane potential ( Δ𝜓 m 

). TMRE rapidly

quilibrated between cellular compartments due to differential mem-

rane potential, and a decrease in fluorescence indicated reduced Δ𝜓 m 

.

pon 48 h treatment with FK866 and/or UK5099, cells were rising with

BS and TMRE (800 nM) was added directly to the assay wells. After
4 
5 min’ incubation at 37 °C, the fluorescent signal was assessed in a

icroplate at the Spark (Tecan) plate reader, with excitation at 544 nm

nd emission at 590 nm. The uncoupling agent FCCP (20 μM) was used

s negative control. 

tatistical analysis 

Data was expressed as mean ± standard error of mean (SEM) of three

ndependent biological experiments conducted in technical triplicates,

nless indicated otherwise. Statistical significance between control and

est groups was determined using Student’s t-test or one-way ANOVA,

onsidering values of ∗ p < 0.05, ∗ ∗ p < 0.01, and ∗ ∗ ∗ p < 0.001 as signifi-

ant. Data were plotted by Graph prism 6 software. 

esults 

esistance to FK866 is not dependent on canonical mechanism of 

harmacoresistance 

FK866-resistant MDA-MB-231 cells (RES) were obtained by expos-

ng the MDA-MB-231 parental cells (PAR) to increasing concentrations

f FK866, for over a 3-month period of time. As previously reported by

ur group, the same NAD(H) level was observed for PAR and RES cells.

K866 treatment in PAR cells led to an almost complete depletion of

AD(H) while RES cells were able to maintain about half of the NAD(H)

tarting amount [25] . RES cells did not show changes in the doubling

ime during the growth exponential phase and were splitted with the

ame ratio ( Fig. 1 A). Cell viability was assessed after 48 h of FK866 treat-

ent using the resazurin-based fluorescent OzBlue reagent ( Fig. 1 A-E)

nd by colony formation assay (Supplementary Fig. 1A-E). The complete

nsensitiveness of RES cells to FK866 did not allow the calculation of the

C 50 , even with increasing FK866 time exposure (Supplementary Fig.

F), while for PAR cells it was calculated as 4.7 nM ( Fig. 1 A), which

s aligned with our previous data [25] . Similarly, RES cells presented

ross-resistance to the NAMPT inhibitor CHS-828 ( Fig. 1 B), but not to

ommon chemotherapeutic drugs like 5-fluoruracil (5FU), cisplatin, to

he PARPs inhibitor olaparib and to X-ray exposure ( Fig. 1 C–F), con-

rming a NAMPT-dependent resistance. 

The development of drug resistance to NAMPT inhibitors can be con-

erred by gene mutation [32] . However, NAMPT coding sequence was

ot mutated (data not shown) in the resistant cell line, as previously

eported for other FK866-resistant models [23] . The treatment with in-

ibitors of drug efflux pumps, like verapamil or cyclosporin A (CsA),

ailed to sensitize RES cells to FK866, and the expression levels of the

BCB1 and ABCC1 were not significantly modulated between PAR and

ES cells ( Fig. 1 G-H). Thus, the role of the multi-drug resistance mech-

nisms in the acquirement of resistance to FK866 in this cell model

as not further investigated. Therefore, RES cells developed alterna-

ive mechanisms, other than target mutation or activation of multi drug

fflux pumps to acquire FK866 pharmacoresistance. 

esistance to FK866 is not dependent on compensatory NAD 

+ biosynthesis 

athways 

Intracellular NAD(H) biosynthesis is mainly sustained by the sal-

age pathway from nicotinamide, with NAMPT being the rate-limiting

nzyme of the reaction. Additional NAD 

+ biosynthesis pathways use

icotinic acid, tryptophan, and nicotinamide riboside, as substrates for

APRT, QAPRT and NMRK, respectively ( Fig. 2 A). 

Given the role of these enzymes in the maintenance of intracellular

AD(H), we hypothesized that upon NAMPT inhibition through FK866,

ells could sustain intracellular NAD(H) levels by compensatory mech-

nisms of NAD 

+ biosynthesis. 

The acquirement of resistance to FK866 leads to a down-regulation

f both NAMPT and NAPRT expression levels and to an up-regulation
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Fig. 1. Resistance to FK866 is not dependent on canonical mechanisms of pharmacoresistance Comparison of PAR and RES cells’ doubling time, as well as their 

sensitivity to NAMPT inhibitors, chemotherapeutics, X-rays radiation and to efflux pumps inhibition. (A) Doubling time of PAR and RES cells was calculated between 

48 and 72 h after cell seeding, at the exponential growth phase, as an indication of the proliferative ratio of these cells. Sensitivity of PAR and RES cells to the small 

molecules (A) FK866 and (B) CH828 assessed by OzBlue assay after 48 hours of exposure to 0.1–500 nM of the compounds. Cross-resistance of PAR and RES cells to 

the chemotherapeutics (C) 5-Fluoruracil (5FU) and (D) cisplatin after 48 hours of treatment, and to (E) olaparib after 6 days of treatment. Viability assessed through 

OzBlue assay. (F) Colony formation ability of irradiated PAR and RES cells was assessed 7 days after the exposure to 2-8 Gy of X-rays. (G) RES cells sensitization to 

FK866 upon 48 hours of concomitant treatment with the efflux pumps inhibitors verapamil and cyclosporine A (CsA) and (H) expression of the efflux pumps ABCB1 

and ABCC1. Final concentrations: FK866 – 20 nM; CsA – 5 μM; Verapamil – 5 μM. All the experiments were performed in triplicate. Repeated measures one-way 

ANOVA was used to calculate statistical significance (ns- non significant) between DMSO and experimental conditions. 
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f NMRK1. QAPRT expression was not detected ( Fig. 2 B). Similar re-

ults were observed for NAMPT, NAPRT and NMRK1 transcripts levels

 Fig. 2 C). 

Since both NMRK1 and NAMPT catalyze the production of the pre-

ursor of NAD 

+ Nicotinamide Mononucleotide (NMN), we hypothesized

hat NMRK1 up-regulation could compensate NAMPT down-regulation.

hus, we generated a RES cell line stably silenced for NMRK1 ( Fig. 2 D).

MRK1 silenced cells did not change their doubling time and, after

reatment for 48 h with 100 nM of FK866, cell viability was not affected

 Fig. 2 E). Upon treatment, the total NAD(H) levels decreased in resistant

ells independently of the NMRK1 silencing while the NADH/NAD 

+ ra-

io increased. Instead, the ATP/AMP ratio followed the same fashion as

he total NAD(H) levels ( Fig. 2 F, G, H). 

Therefore, the silencing of NMRK1 did not sensitize RES cells to

K866 in any of the assays tested ( Fig. 2 D-H), leading to the conclusion

hat compensatory NMRK1-mediated NAD 

+ biosynthesis is not relevant

n the resistant phenotype. 
5 
K866 persistent exposure induces an increase of spare respiratory capacity

n RES cells 

NAMPT inhibitors’ mechanism of action leads to an overall decrease

f intracellular NAD(H), which is an essential coenzyme for the gly-

olytic enzymes. To understand if a modulation of the glycolytic flux

ccurs in RES, we performed a seahorse analysis using the Glycolytic

ate Assay, to determine the glycolytic proton efflux rate (glycoPER),

n indirect measure of glycolysis. In this assay, the ECAR sustained by

he extrusion of protons into the extracellular media from the conver-

ion of glucose to pyruvate, was quantified. Additionally, the OCR was

sed to subtract the mitochondrial-derived CO 2 contribution to the ex-

racellular acidification. 

Basal glycolytic level was measured as well as compensatory glycol-

sis, by the acute injection of rotenone and antimycin A, complex I and

II inhibitors, respectively. The injection of 2-Deoxy-D-glucose (2DG),

 glucose analog and inhibitor of glycolysis first enzyme hexokinase,
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Fig. 2. Resistance to FK866 is not dependent on compensatory NAD 

+ biosynthesis pathways Overview of NAD(H) biosynthesis pathways and genetic differences in 

this pathway between PAR and RES. Characterization of RES shNMRK1 cells. (A) In the de novo NAD 

+ synthesis, the amino acid tryptophan is converted to nicotinic 

acid mononucleotide (NAMN) through a series of reactions culminating with the formation of quinolinic acid (QA), the substrate of QA phosphoribosyl transferase 

(QPRT). NAMN can be also produced through the Press-Heindler pathway, with nicotinic acid (NA) being used as substate for nicotinic acid phosphoribosyl trans- 

ferase (NAPRT). NAMN is further converted to NAD 

+ by NMN adenyl transferases (NMNAT) and NAD synthetase (NADSYN). Instead, nicotinamide phosphoribosyl 

transferase (NAMPT) that catalyze the conversion of nicotinamide (NAM) to nicotinamide mononucleotide (MNM), is the rate-limiting enzyme of NAD 

+ synthesis 

pathways. NAM levels are sustained by dietary input, as well as by the regeneration through NAD 

+ -consuming enzymes like PARPs, sirtuins and CD38/157. NMN 

is also the product of the conversion of nicotinamide riboside (NR) by nicotinamide riboside kinase (NMRK), and is the substrate of NMNAT for NAD 

+ synthesis. 

(B) Western blot showing endogenous levels of NAMPT, NAPRT, QAPRT and NMRK1 in PAR and RES cells ( 𝛽-ACTIN was used as a loading control). Representative 

image and quantification of 3 replicates are shown. (C) RT-qPCR to determine NAMPT, NAPRT and NMRK1 expression in PAR and RES cells. RPLP0 was used as a 

house-keeping gene. (D) Development of NMRK1 stable silenced RES cells (RES shNMRK1). NMRK1 knockdown was assessed by western blot. The effect of NMRK1 

silencing to FK866 (20 nM) sensitivity was assessed by (E) cell viability and proliferation assays, (F) total NAD(H) levels quantification, (G) NADH/NAD + and (H) 

ATP/AMP ratios determination, after 48 hours of exposure. All the experiments were performed in triplicate. Repeated measures one-way ANOVA was used to 

calculate statistical significance (ns- not significant, ∗ ∗ P < 0.01, ∗ ∗ ∗ P < 0.001) between DMSO and experimental conditions. 
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huts down glucose oxidation and consequently the proton efflux, al-

owing to determine the contribution of other sources of extracellular

cidification that are not attributed to glycolysis or mitochondrial TCA.

n this assay, we did not observe a significant difference of either basal

r compensatory glycolysis between PAR and RES cells ( Fig. 3 A). 

We then assessed the mitochondrial function using the Seahorse Mi-

oStress Assay, in which the OCR is measured after injection of mod-

lators of cellular respiration. The first injection of oligomycin (ATP

ynthase inhibitor) decreases the electron flow through the ETC, result-
6 
ng in a reduction of mitochondrial respiration and consequently OCR.

he following injection of FCCP have the opposite effect: being an un-

oupling agent, it leads to proton leakage into the mitochondria, that

s counteracted by an increase activity of complex I-IV, resulting on

n increased OCR. This injection is used to calculate the spare respi-

atory capacity, an indirect measure of the ability of cells to respond

o increase metabolic demands. Lastly, rotenone and antimycin A are

oncomitantly injected to inhibit the mitochondrial dependent oxygen

onsumption. 
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Fig. 3. FK866 continuous exposure induces increase of spare respiratory capacity and mitochondrial mass in RES cells Metabolic evaluation of glycolytic rate 

and mitochondrial function. (A) Glycolysis rate assay of PAR and RES cells to determine basal and compensatory glycolysis. (B) Representative MitoStress test to 

determine (C) basal respiration, maximal respiration and spare respiratory capacity of PAR and RES cells. Abbreviations: Oligo - Oligomycin; FCCP -Carbonyl cyanide- 

p-trifluoromethoxyphenylhydrazone; Rot/AA - Rotenone and Antimycin A. RES cells present a higher mitochondrial mass. (D) RT-qPCR to determine tRNAleu and 

B2M expression in PAR cells (non treated - NT - and treated for 48 hours with 10 nM of FK866) and RES cells. The ratio between these genes reflect the mitDNA/nDNA 

ratio (mitochondrial versus nuclear DNA). RPLP0 was used as a house-keeping gene. (E) Western blot showing upregulation of TOMM20 in RES cells ( 𝛽-ACTIN was 

used as a loading control). Representative image and quantification of 3 replicates are shown. (F) RT-qPCR to determine PGC1- 𝛼 and TFAM expression in PAR and 

RES cells. RPLP0 was used as a house-keeping gene. (G) Mitotracker Green FM staining of PAR and RES cells’ mitochondria (Green - left) and Hoechst (Blue- middle) 

staining of cells nuclei. Composite image as a merge of the green and blue channels with scaling bar of 20 μm (right). Quantification of the MitoTracker mean 

intensity of at least 300 nuclei of PAR and RES cells is shown. All the experiments were performed in triplicate. Repeated measures one-way ANOVA was used to 

calculate statistical significance (ns- non significant, ∗ P < 0.05, ∗ ∗ P < 0.01, ∗ ∗ ∗ P < 0.001) between PAR and RES cells. 
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Seahorse analysis revealed that RES cells present a significant higher

aximum respiratory capacity than PAR. As both cell lines show the

ame basal OCR values, the spare respiratory capacity (difference be-

ween maximum and basal respiration) is higher in RES, suggesting the

nduction of an adaptation of the mitochondrial function to the contin-

ous exposure to FK866 ( Figs. 3 B-C, Supplementary 2A, B). 

itochondrial function is modulated in RES cells 

The increased mitochondrial spare respiratory capacity in

K866-resistant cells pinpoints a potential role of mitochondrial

ewiring during the acquirement of resistance to the small molecule.

n fact, several mitochondrial stress adaptations, like increased
7 
itochondrial biogenesis, have been described to mediate drug

esistance [33] . 

Interestingly, in RES cells we also observed an increase of the

RNAleu/B2M ratio, that are respectively mitochondrial and nuclear

enes, in comparison with PAR. The acute exposure of PAR cells

o 10 nM of FK866 for 48 h also led to an increment of the

itDNA/nuclearDNA ratio, suggesting that a positive modulation of the

itochondrial DNA is an immediate mechanism of cell adaptation to

AMPT inhibition ( Fig. 3 D). Aligned with this data, RES cells showed

n increased expression of the nuclear gene encoding the translocase of

uter mitochondrial membrane 20 (TOMM20), an indirect measure of

itochondrial mass [34] ( Fig. 3 E). 

Additionally, we also observed an augmented expression of nuclear

enes involved in the activation of mitochondrial biogenesis as the
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eroxisome proliferator-activated receptor gamma coactivator-1 alpha

PGC-1 𝛼) and mitochondrial transcription factor A (TFAM) in RES cells

 Fig. 3 F). To confirm the molecular data, we performed a mitochon-

rial staining using the green fluorescent probe MitoTracker Green,

hich localizes to mitochondria independently of its membrane poten-

ial. Image-based quantitative analysis of the probe mean intensity con-

rmed a 2-fold increase of the mitochondrial mass in RES cells compared

ith PAR cells ( Fig. 3 G). 

Collectively, these data indicate that acute FK866 treatment induces

n immediate cell response leading to increased amount of mitochon-

rial to nuclear DNA ratio, that during long term FK866 administration

esults in increased mitochondrial mass. 

ES cells show a dependency on pyruvate as carbon source for the TCA 

Similarly to mitochondrial function modulation, rearrangement of

itochondrial bioenergetics is also observed in chemoresistance [33] .

o dig deeper into the role of mitochondrial energetic hubs involved

n the adaptation to FK866 exposure, we performed a mitochondrial

ubstrate dependency assay (Mitoplate S-1). This assay measures the

eal time kinetics of electron flow rates upon oxidation of substrates that

roduce NADH or FADH 2. The rate of substrate oxidation is a measure

f the reduction of a tetrazolium redox dye (MC) that acts as a terminal

lectron acceptor. 

PAR and RES cells were permeabilized with saponin and incubated

n a Mitoplate S-1 already containing several mitochondrial substrates

nd the redox dye. The initial rate of substrate oxidation during the first

hree hours of the assay was used to identify mitochondrial metabolic

ependencies. 

Both cell lines presented an almost null background (no substrate)

hat was subtracted to every tested condition. The TCA substrates 𝛼-

eto-glutaric acid, succinic acid, fumaric acid and malic acid presented

he highest levels of MC reduction, as they directly enter TCA to pro-

uce NADH and FADH 2 . These conditions are the positive control of

he assay, assuring the successful cell permeabilization without mito-

hondrial disruption. However, no differences were observed between

he cell models tested. Of notice, RES cells presented a decrease in fatty

cids oxidation in comparison with PAR, that is significant for the com-

ination of palmitoyl-DL-carnitine and malic acid ( Fig. 4 A). 

Instead, RES cells show a significant increase in pyruvic acid oxida-

ion when in combination with lower doses of L-malic acid [35] . We also

bserved a tendency of pyruvic acid alone to increase the initial electron

ow rate in RES cells when compared with PAR cells ( Fig. 4 A). This re-

ult indicates a shift of mitochondrial substrate’s dependencies, namely

owards the utilization of pyruvate, upon FK866 long term exposure. 

To confirm these observations, we performed a mitochondrial func-

ion assay using the Seahorse Mitostress kit, in the presence of UK5099,

 MPC inhibitor, that will prevent the MPC mediated import of pyru-

ate into the mitochondria. This compound was acutely injected after

he measurement of the cellular basal OCR levels, followed by the se-

uential addition of oligomycin, FCCP and rotenone/antimycin A. We

bserved that PAR cells are sensitive to MPC inhibition ( Fig. 4 B) but

ES cells showed a stronger decrease of the maximal respiration in the

ells exposed to UK5099 in comparison to the vehicle DMSO control,

onfirming the importance of the MPC-dependent pyruvate import for

itochondrial functioning ( Fig. 4 C). 

We hypothesized that an increase in pyruvate oxidation rate could

e related with an increased expression of the pyruvate dehydrogenase

PDH) complex or with an increase of the pyruvate import to the mito-

hondria. However, RES cells did not show a modulation of the PDH1Ea

ubunit nor of the mitochondrial pyruvate carrier 1 and 2 (MPC1 and

PC2) when compared to PAR cells (Supplementary Fig. 3A-B). 

Taken together, these data unravel the metabolic dependency of

yruvate as carbon source for the mitochondria in long term exposure

o FK866. 
8 
he uncoupling of glycolysis and mitochondrial respiration favored by 

PC2 blockage induces a FK866 resistant-like phenotype in PAR cells 

To gain some insights on whether MPC modulates the acquirement of

esistance to FK866 in triple negative breast cancer, PAR and RES cells

ere exposed to increasing concentrations of UK5099 for 48 h. Both cells

howed the same sensitivity to the drug (IC 50 > 100 μM, Supplementary

ig. 4A). However, the treatment of the parental cells with UK5099 in

ombination with FK866 lead to a significant increase in cell viability

hen compared to FK866 single administration ( Fig. 5 A). 

Instead, no significant differences were observed for the co-treatment

f RES cells with both small molecules ( Fig. 5 B). Similar results were

btained for the treatment with rosiglitazone, a previously described

PC inhibitor (Supplementary Fig. 4B-C). 

To understand if the acquirement of a FK866-resistant like pheno-

ype in the PAR cells was specifically dependent on pyruvate transport,

ells were transiently silenced for MPC1 and/or MPC2 and viability and

TP levels were assessed after 48 h of FK866 treatment. FK866 treat-

ent reduced both viability and ATP levels in the control condition.

nterestingly, the treatment of FK866 upon the silencing of MPC2 par-

ially but significantly rescued the FK866 toxic effect observed in the

ontrol condition. The same trend was obtained for the ATP level mea-

urements. Instead, the silencing of MPC1 or MPC1 and MPC2 did not

ead to a significant rescue of FK866 toxicity for the analyzed param-

ters, even if the dual silencing approach showed an increasing trend

 Fig. 5 C-D). Taken together, this data unravels the pivotal importance

f regulating the pyruvate import to mitochondria via MPC2 as a me-

iator of the adaptation of triple negative breast cancer cells to FK866

xposure. 

cquired resistance to FK866 induces dependency on succinate, even in 

yruvate-deficiency conditions 

To investigate the mitochondrial bioenergetic dependencies, we

uestioned if the observed mitochondrial function in RES cells was asso-

iated with a differential activity of the ETC complexes. The ETC com-

lexes uses NADH and FADH 2 , produced trough the oxidation of carbon

ources on the TCA, and generate the MMP to sustain mitochondrial ATP

roduction. 

Cells were treated with FK866, UK5099 or the combination of both

or 48 h, and enzymatic activity of the uncoupled complexes was as-

essed and normalized to the sample protein content. Complexes I-IV

resented the same enzymatic activity for all the treatments performed

nd among the two cell lines ( Fig. 6 A–D). Conversely, the activity of

TP synthase (Complex V), induced by the pyruvate/malate addition,

ecreased similarly in PAR and RES cells, during either the single-

reatment with FK866 or UK5099. 

Instead, combining the exposure of cells to both small molecules, we

bserved that Complex V activity was less affected in RES cells compared

o PAR cells ( Fig. 6 E, Supplementary Fig. 4). We further confirmed that

he increased ATP synthase activity is sustained by the maintenance of

he MMP, determined spectrophotometrically through the measurement

f TMRE fluorescence. This dye accumulates in active mitochondria ac-

ording with their membrane potential. The co-treatment of RES cells

ith FK866 and UK5099 did not decrease MMP, indicating a continued

itochondrial ATP production. 

Instead, in PAR cells we observed a significant decrease of the fluo-

escent counts in the same condition, associated with a diminished abil-

ty of these cells to produce energy in the mitochondria when uncoupled

rom glycolysis. As the ionophore uncoupler of the oxidative phosphory-

ation, FCCP was used as positive control. FCCP determined a decrease

f MMP for both cell lines ( Fig. 6 F). These data show that the long-term

xposure to FK866 increases the fitness of mitochondria in ATP synthesis

hrough an increase in ATP synthase activity, that is not only sustained

y the MPC-dependent pyruvate import, but potentially by alternative
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Fig. 4. RES cells show a dependency on pyruvate as carbon source for the TCA Assessment of mitochondrial dependencies. (A)The Mitoplate S-I assay from Omnilog 

was used to determine the initial mitochondrial substrate oxidation rate (3 hours of assay) between PAR and RES cells. Representative MitoStress test to determine 

basal respiration, maximal respiration and spare respiratory capacity of (B) PAR and (C) RES cells upon acute injection of UK5099 (2 μM). All the experiments were 

performed in triplicate. Repeated measures one-way ANOVA was used to calculate statistical significance (ns- non significant, ∗ P < 0.05, ∗ ∗ P < 0.01, ∗ ∗ ∗ P < 0.001) 

between PAR and RES cells. 

9 
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Fig. 5. The uncoupling of glycolysis and mitochondrial respiration favored by MPC2 blockage induce a FK866 resistant-like phenotype in PAR cells. Co-treatment 

of (A) PAR and (B) RES cells with UK5099 (0.1–100) μM and FK866 as well as with FK866 single administration (Final concentrations of FK866: 5 nM for PAR cells 

and 20 nM for RES). Viability assessed by OzBlue assay after 48 h of exposure and compared with DMSO condition. Effect of MPC1 (siMPC) and/or MPC2 (siMPC2) 

transient silencing in PAR cells in terms of (C) cell viability and (D) relative ATP level, in combination with FK866 5 nM. All the experiments were performed in 

triplicate. Repeated measures one-way ANOVA was used to calculate statistical significance ( ∗ P < 0.05, ∗ ∗ P < 0.01, ∗ ∗ ∗ P < 0.001) between control and experimental 

conditions. 
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etabolic mechanisms that maintain the MMP in pyruvate-deprivation

onditions. 

Thus, we decided to investigate mitochondrial substrate dependence

n the presence of pyruvate/malate and succinate/rotenone during the

ilencing and inhibition of MPC subunits to identify the pathways led

y Complex I and Complex II, respectively ( Fig. 6 G). The OCR measure-

ents revealed that mitochondria of RES cells presented a higher OCR

han PAR cells, showing a preferential utilization of pyruvate/malate.

eduction of pyruvate entrance into the PAR cells’ mitochondria, by

harmacological means, decreased the pyruvate plus malate-induced

CR but increased the succinate-dependent respiration, suggesting an

ttempt to compensate the oxygen consumption decrement through

omplex I. In the presence of FK866, however, mitochondria are de-

rived of the ability to activate both Complex I and II, either in the pres-

nce or absence of UK5099. In RES cell’s mitochondria, MPC blockage

educed pyruvate dependent OCR, and did not increase succinate uti-

ization, that is already higher than in PAR. Interestingly, FK866 treat-

ent was not affecting neither pyruvate nor succinate dependent OCR,

urther confirming the insensitivity of these cells to NAMPT inhibition.

pon cotreatment with UK5099 and FK866, we still observed succinate

xploitation that sustained OCR. Therefore, resistant cells show a higher

itochondrial function than parental ones, sustained by both pyruvate

nd succinate oxidation. 

iscussion 

Metabolic rearrangement offers cancer cells the plasticity to respond

nd adapt to toxic insults [36] . In this study, we used a triple negative

reast cancer cell line that is resistant to the NAMPT inhibitor FK866
10 
o dissect molecular mechanisms sustaining the cellular adaptation to

rolonged NAD(H) shortage. 

Previously reported FK866-resistant cell models often present

AMPT mutations that prevent inhibitors’ binding to its catalytic site

 23 , 32 ]. Still, in RES cells, NAMPT is not mutated. Accordingly, this

odel shows cross-resistance to CHS-828, another NAMPT inhibitor

37] , but not for some classes of chemotherapeutics commonly used

n the clinics for cancer treatment, like 5-fluoruracil (antimetabolite),

isplatin (alkylating agent) and olaparib (PARPs inhibitor). FK866-

esistant colon cancer cells, present an increased sensitivity to the DNA

amage inducer 𝛾-irradiation of the resistant cells in comparison with

heir sensitivity counterparts, likely due to mutations of PARP and PARG

enes [26] . However, PAR and RES cells present the same colony forma-

ion ability upon X-rays exposure which indicates a similar DNA repair

ystem. These data are supported by the observed similar sensitivity of

AR and RES cells to the DNA damage repair protein PARP inhibitor

laparib. Still, the mutational status of NAD 

+ -related enzymes was not

urther investigated, so we cannot exclude their role in the mechanism

f acquirement of resistance to FK866. 

Canonical mechanisms of pharmacoresistance differ depending on

he drug but can often include the increase of transporter pumps, as

escribed for other FK866 resistant models [ 23 , 24 , 38 ]. The treatment

ith the drug efflux pumps’ inhibitors verapamil and cyclosporine A, did

ot sensitize RES cells to FK866, excluding the role of multi-drug resis-

ance (MDR) mechanisms in the acquired resistance to FK866 in these

ells. In line with these data, a modulation of the ABCB1 and ABCC1

evels in RES cells was not observed. Thus, RES cells present a NAMPT-

ependent acquired resistance to FK866, that is not dependent on the

anonical mechanisms of acquired resistance. 
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Fig. 6. FK866 long-term exposure model increases succinate consumption. Assessment of Complex I-IV and ATP synthase activities, and Mitochondrial Membrane 

Potential (MMP). (A – D) The activities of Complex I-IV in PAR and RES cells were measured upon treatment with FK866 and/or UK5099. (E) ATP synthase activity and 

mitochondrial membrane potential (MMP) were determined in the same conditions, with FCCP being used as positive control for MMP measurement. Determination 

of mitochondrial substrate consumption. (G) OCR measurements of cells permeabilized with digitonin and treated with UK5099 and/or FK866, in the presence of 

pyruvate/malate (P/M) or succinate/rotenone (Succ + Rotenone) were also determined. (H) Schematic representation of the PAR cells adaptation by mitochondrial 

rewiring upon NAD(H) shortage: in RES cells an increased mitochondrial function and mass, and consequently of pyruvate and succinate consumption, is observed. 

Final concentrations: FK866 – 10 nM for PAR cells and 100 nM for RES; UK5099 – 100 μM for both cell lines. All the experiments were performed in triplicate. 

Repeated measures one-way ANOVA was used to calculate statistical significance ( ∗ P < 0.05, ∗ ∗ P < 0.01, ∗ ∗ ∗ P < 0.001) between PAR and RES cells. 
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Importantly, cancer cells’ dependency on other enzymes for NAD(H)

ynthesis like QAPRT or NAPRT can bypass the NAMPT inhibitors’ de-

endent NAD(H) depletion [25,39–42] . In our model, QAPRT is not ex-

ressed but NMRK1 expression is positively modulated in RES, in op-

osition to NAPRT, that presents the inverse trend. This data is aligned

ith a recent study that showed that dependence of NAMPT is subject

o resistance by NMRK1-dependent synthesis of NAD(H), which can ex-
11 
lain the failure of NAMPT inhibitors [43] . However, the stable silencing

f NMRK1 in RES cells did not sensitize these cells to FK866 treatment,

nd NAD(H) and ATP were kept unaltered. 

Interestingly, we found that the acquisition of resistance to FK866

etermines specific mitochondrial adaptation. Real-time cell metabolic

nalysis revealed that RES cells have an increased spare respiratory ca-

acity (SRC) sustained by a higher maximal respiration ( Fig. 6 H). In-
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eed, SRC is a critical component of cellular bioenergetics as it corre-

ates with mitochondrial plasticity and its ability to adapt in response

o energetic stress conditions [ 44 , 45 ], with several studies reporting a

ositive correlation between high levels of SRC and resistance to anti-

ancer drugs as cisplatin and 5FU likely due to a shift toward a mito-

hondrial metabolism [ 46 , 47 ]. Still, to our knowledge, this is the first

ime that an increased SRC has been associated with FK866 resistance.

imilarly, mitochondrial-mediated chemoresistance has also been asso-

iated with an increase in the mitochondrial mass [48–50] . Aligned with

hese studies, we observed an increase in the mitochondrial DNA versus

uclear upon parental cells’ treatment with FK866, revealing a FK866-

epedent increase of mitochondrial mass. The mtDNA/nDNA ratio was

urther augmented once cells became fully resistant. An increase of the

xpression of PGC-1 𝛼, TFAM and Sirt1 transcripts and of TOMM20 pro-

ein levels were also observed. These results corroborate the hypothesis

hat prolonged NAD(H) shortage led to an increased mitochondrial bio-

enesis and mass ( Fig. 6 H). 

Alterations on mitochondria physiology imply the maintenance of

he import of carbon sources to sustain the TCA cycle, ETC and ulti-

ately ATP synthesis. Using a Mitoplate-SI, we questioned the mito-

hondrial substrate dependences of RES cells and revealed that these

ells metabolize pyruvate in combination with low doses of malic acid

aster than the parental ones, but this phenotype was not recapitulated

y either pyruvate or malic acid alone. In fact, it is described that malic

cid acts as a spark for the TCA cycle to have optimal oxidation rates

35] , which confirms that RES cells present a higher dependence on

yruvate metabolism. 

Mitochondrial dependence on pyruvate was further confirmed

hrough the inhibition of its uptake by the mitochondrial pyruvate car-

ier (MPC). RES cells treated with the MPC inhibitor UK5099 failed to

chieve the same levels of maximal respiration as the control, which

mplied a lower spare respiratory capacity. Although not strictly cor-

elated with differential activity, as the expression of both subunits of

he MPC complex was not altered between the parental and resistant

ells, the increased pyruvate oxidation seems not to be associated with

n augmented pyruvate uptake through MPC. 

Given the role of MPC for the mitochondrial adaptation to NAD low-

ring agents observed in RES cells, we questioned the effect UK5099

reatment on the sensitivity to FK866 in these cell lines. The cotreat-

ent with the MPC inhibitor and FK866 led to an increase of cellu-

ar viability, counteracting FK866 toxicity in PAR cells. Moreover, by

ransient silencing of MPC1 and/or MPC2, we were able to associate

he resistant phenotype observed with the subunit 2 of MPC (MPC2)

nd not with MPC1. Instead, sensitivity to FK866 was not modulated

pon MPC inhibition in RES cells. These data revealed that MPC inhibi-

ion is likely important for the immediate/chronic response to FK866

xposure in triple negative breast cancer but does not entirely sus-

ain the resistant phenotype. The blocking of pyruvate entrance into

he pyruvate would rather stimulate LDHA activity, allowing the recy-

ling of NAD 

+ cytoplasmatic levels, as previously observed in RES cells

25] . 

Additionally, we observed that complexes I-IV activities, measured

n an uncoupled way, were not altered either with the single or combi-

ation treatment of FK866 and UK5099, confirming that the respiratory

omplexes are not the target of these molecules, and that the FK866

nd UK5099 effect of OxPhos function depend on the altered pyruvate

nd NAD(H) availability. We showed that the combination of FK866

nd UK5099 treatments in RES cells led to a higher activity of ATP syn-

hase (Complex V), and consequently ATP production, compared with

he parental cells. The increased ATP synthase activity is sustained by

he maintenance of the mitochondrial membrane potential (MMP), in

he same conditions. Collectively, this data show that RES cells’ mi-

ochondria are adapted to maintain MMP and ATP synthesis in MPC-

lockage dependent pyruvate-deficiency conditions. Of note, the pyru-

ate import to the mitochondria is coupled with the symport of one

roton [22] . Blocking MPC would prevent not only the import of pyru-
12 
ate but also of the proton, which favor the maintenance of a higher

MP and ultimately ATP production by Complex V. 

Further analysis of mitochondrial function revealed that RES cells

resent higher basal OCR than PAR cells in the presence of succi-

ate, suggesting a mitochondrial adaptation during NAD(H) shortage

 Fig. 6 H). Indeed, upon MPC blockage, PAR cells can exploit succinate

tilization as carbon source for the TCA. Taken together, our data sug-

est that acquired resistance to NAMPT inhibition is likely developed

hrough several steps. Initially, the blockage of MPC2, and thus the un-

oupling of glycolysis and mitochondrial respiration, results in higher

yruvate cytoplasmatic accumulation. In alignment with previous work

rom our group, cytoplasmatic pyruvate can be used by LDHA, to keep

AD 

+ levels high in the cytoplasm. The lack of pyruvate leads mitochon-

ria to adapt to be able to keep OxPhos, namely through the exploitation

f succinate as a carbon source for the TCA and increase of mitochon-

rial mass. In the last stages of the acquisition of a stable FK866 resistant

ell line, both pyruvate and succinate are used to sustain ATP synthesis.

Taken together, our data show that mitochondrial plasticity provides

 metabolic advantage to cells’ adaptation to NAD(H) shortage. 

onclusions 

In this work, we developed a model of triple negative breast can-

er cells that are resistant to FK866, to dissect the molecular adapta-

ions of cells to NAD(H) shortage. We observed that the acquired resis-

ance to NAMPT inhibition is sustained by an overall metabolic rewiring

ustained by mitochondrial adaptations. These cells presented a higher

yruvate and succinate consumption than the parental ones, that main-

ain an increased mitochondrial spare respiratory capacity, mass and

iogenesis. 

Taken together, these data give some insights on the mechanisms

eveloped by cancer cells in response to NAD(H) shortage, which can

hallenge the NAMPT inhibitors usage in the clinics. 
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