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ARTICLE INFO ABSTRACT

Keywords: NADPH is a pivotal cofactor that maintains redox homeostasis and lipogenesis in cancer cells and interference
NADPH with NADPH production is a promising approach for treating cancer. However, how normal and cancer cells
ROS

differentially exploit NADPH-producing pathways is unclear, and selective approaches to targeting NADPH are
lacking. Here, we show that the assayed cancer cell lines preferentially depend on ME1-mediated NADPH pro-
duction. ME1 knockdown increases intracellular ROS levels and impairs lipogenesis in cancer cells, leading to
retarded proliferation and increased anoikis, while sparing normal cells. Notably, ME1 interference ultimately
resulted in adaptive upregulation of mitochondrial IDH2 dependent of AMPK-FoxO1 activation to replenish the
NADPH pool and mitigate cytosolic ROS. Combining ME1 ablation and IDH2 inhibition drastically reduces
intracellular NADPH and prevents resistance to ME1 interference, resulting in increased apoptosis and impeded
tumor growth and metastasis. This study demonstrates that cytosolic ME1 integrated with mitochondrial IDH2 is
essential for tumor growth and metastasis, thereby highlighting the blockade of metabolic compensation by
disrupting mitochondrial-cytosol NADPH transport as a promising approach to selectively targeting NADPH in
cancer cells that rely on NADPH-driven antioxidant systems.

ME1

IDH2

Reductive carboxylation
Metabolic adaptability

lipogenesis, cells have evolved multiple pathways and enzymes to pro-
duce NADPH in both the cytosol and mitochondria. At least four meta-
bolic pathways are involved in NADPH production; these pathways
include those controlled by glucose-6-phosphate dehydrogenase (G6PD)
and 6-phosphogluconate dehydrogenase (6PGD), which directly pro-
duces NADPH from glucose via the oxidative pentose phosphate
pathway (oxPPP); isocitrate dehydrogenase (IDH1 and IDH2), which
catalyze isocitrate decarboxylation; methylenetetrahydrofolate dehy-
drogenase (MTHFD1 and MTHFD2), which couple NADPH production
to methylene tetrahydrofolate oxidation; and malic enzyme (ME1, ME2
and ME3), which catalyze the oxidative decarboxylation of malate to
pyruvate [9,10]. Disrupting NADPH production by modulating the ac-
tivity or expression of these enzymes has been proposed as a viable
strategy of exploiting cancer metabolic vulnerabilities [11,12]. For
instance, G6PD inhibition reduced NADPH production and enhanced

1. Introduction

Cancer cells are characterized by rapid proliferation, anchorage-
independent cell growth and migration [1-3]. During the process of
rapid proliferation and metastasis, cancer cells encounter a drastic in-
crease in the production of reactive oxygen species (ROS) [4-6]. To
survive the increased ROS levels, cancer cells have evolved precise
machinery for maintaining redox homeostasis, which is important for
supporting tumor growth and metastasis [7]. NADPH is one of the most
important cofactors that scavenges ROS by replenishing the reduced
glutathione (GSH) and thioredoxin pools [8]. In addition, NADPH is
essential and is likely a rate-limiting factor for fueling lipid biosynthesis
[91.

Because of the contribution of NADPH to redox homeostasis and
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Abbreviations

2-HG 2-hydroxyglutarate
6PGD 6-phosphogluconate dehydrogenase
a-KG a-ketoglutarate

AICAR  acadesine

AMPK  Adenosine 5’-monophosphate activated protein kinase
CRC colorectal cancer

CTP citrate transporter protein

ECM extracellular matrix

EGF epidermal growth factor

FoxOl1 forkhead box O1

G6PD glucose-6-phosphate dehydrogenase

GBM glioblastoma

GLS glutaminase

GSH reduced glutathione

IDH isocitrate dehydrogenase

ME malic enzyme

MTHFD methylenetetrahydrofolate dehydrogenase

NAC N-acetylcysteine

NADP  nicotinamide adenine dinucleotide phosphate

NADPH reduced nicotinamide adenine dinucleotide phosphate
oxPPP  oxidative pentose phosphate pathway

PDAC pancreatic ductal adenocarcinoma

PDX patient-derived xenograft

ROS reactive oxygen species

oxaliplatin-induced apoptosis in colorectal cancer (CRC) xenografts and
in a patient-derived xenograft (PDX) model [13]. Genetic and pharma-
cological suppression of IDH1 activity inhibits glioblastoma (GBM) cell
growth and prolongs survival in an animal model of GBM in vivo [14],
whereas MTHFD?2 inhibition suppresses colorectal cancer growth [15].
In addition, pancreatic ductal adenocarcinoma (PDAC) patients who
harbor homozygous deletion of SMAD4 and ME2 become metabolically
vulnerable to ME3 depletion due to collateral depletion of NADPH [16].
Another line of evidence indicating that targeting NADPH production is
a promising strategy for cancer therapy is the finding that several key
oncogenes and tumor suppressor genes function to control tumor growth
and metastasis at least partially by modulating NADPH-producing
pathways [17-21].

Although accumulating evidence indicates that targeting NADPH is a
promising strategy for cancer therapy [11], two critical questions that
represent a bottleneck for the ultimate translation of NADPH targeting
strategies to clinical cancer therapies remain unaddressed. First, since
NADPH is essential in both normal and cancer cells, the mechanisms by
which cancer cells and normal cells differentially exploit metabolic en-
zymes to produce NADPH and the approaches by which we can harness
this distinction to selectively kill cancer cells while sparing normal cells
remain unclear. Second, a primary concern is that targeting a single
enzyme may not sufficiently inhibit NADPH production, considering
that at least four pathways are involved in NADPH production and that
several paralogous genes are involved even in a single pathway [9,22].
The metabolic plasticity of cancer cells may thus induce other enzymes
to replenish NADPH production when certain enzyme is genetically
deleted or pharmacologically inhibited [10]. Even in normal cells, adi-
pocytes reveal a hypoxia-induced switch of the major NADPH producer
from ME1 to the oxPPP [23]. Projecting forward, collateral targeting of
the paralogous isoform ME3 in patients harboring genomic deletion of
MEZ2 has been proposed as a desirable approach to treat PDAC. However,
patients with genomic deletion of paralogous isozymes often account for
only a small fraction of the population [16]. We thus reasoned that it is
tempting to target NADPH for cancer therapy based on understanding of
the mechanism by which certain subtypes of tumor cells differentially
exploit NADPH-producing pathways compared with normal cells and
may utilize the compensatory mechanism to replenish NADPH.

Here, we find that the assayed cancer cells but not normal cells
preferentially depend on ME1-catalyzed NADPH production. Interfer-
ence with ME1 pronouncedly reduces NADPH and increases ROS levels,
thereby slowing tumor growth and facilitating detachment-induced
death of cancer cells while sparing normal cells. Notably, ME1 inter-
ference alone is insufficient to trigger cancer cell apoptosis, and acquired
resistance is particularly identified during prolonged cell culture.
Mechanistically, ME1 silencing leads to adaptive activation of mito-
chondrial IDH2, which mediates NADPH compensation in an AMPK-
forkhead box O1 (FoxO1)-dependent manner. Combinatorial targeting
of cytosolic ME1 and mitochondrial IDH2 is thus proposed and

demonstrated to synergistically impede tumor growth and metastasis
both in vitro and in vivo.

2. Materials and methods
2.1. Cell lines and cell culture

Human mammary epithelial cells MCF-10A, human breast carci-
noma cells MCF-7, and human lung adenocarcinoma cells A549 were
obtained from the American Type Culture Collection (ATCC). Human
embryonal lung fibroblast MRC-5 and human colorectal cancer cells
HCT116 were obtained from the Stem Cell Bank, Chinese Academy of
Sciences (Shanghai, China). Human colon mucosal epithelial cells
NCM460 was obtained from Jining Shiye (Shanghai, Chnia). MCF-10A
and MRC-5 cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/
mL penicillin and 1 pg/mL streptomycin. MCF-7, NCM460 and A549
cells were cultured in Roswell Park Memorial Institute (RPMI) 1640
medium supplemented with 10% FBS, 100 U/mL penicillin and 1 pg/mL
streptomycin. HCT116 cells was cultured in McCoy’s 5A medium sup-
plemented with 10% FBS, 100 U/mL penicillin and 1 pg/mL strepto-
mycin. All cells were incubated at 37 °C with 5% CO; and the medium
was changed every other day.

2.2. Human breast cancer tissue specimens

Female breast cancer tissue specimens were collected after obtaining
written informed consent from all the patients. The scientific use of
clinical specimens was conducted in compliance with the Declaration of
Helsinki and approved by the ethics committee of The First Hospital of
Jilin University. 12 female patients with luminal A breast cancer (1
patient), luminal B breast cancer (9 patients) and triple negative breast
cancer (2 patients) with ages between 41 and 76. The available clinical
characters of these patients are summarized in Supplementary Table 1.
Each pair of tumor specimens and adjacent noncancerous tissues was
obtained from the same patient. The collected tissue specimens were
stored frozen at —80 °C until required for protein extraction.

2.3. SiRNA transfection

Scrambled small interfering RNA (siRNA) and siRNA targeting G6PD
and ME1 were purchased from Invitrogen. The targeted sequence siRNA
sequences for G6PD is 5'-ACG AGC UGA UGA AGA GAG UGG GUU U-3/,
and the sequences for ME1 #1 and #2 siRNAs are 5'-GAGAAGA-
GUAAGAGGUUCUGAAUAU-3' and 5-UGACCAGAUUCUACCUGAUU-
GUUAU-3', respectively. SiRNA targeting ME2 (cat. no. sc-75764), IDH1
(cat. no. sc-60829), IDH2 (cat. no. sc-62487), MTHFD1 (cat. no. sc-
61082), MTHFD2 (cat. no. sc-75937) and CTP (cat. no. sc-77046)
were purchased from Santa Cruz. Cells were transfected using
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lipofectamine™ RNAiMAX regent (Invitrogen, cat. no.13778030) for 48
h according to the manufacturer’s instructions and the efficiency of
silencing was confirmed by immunoblotting. Unless otherwise specified,
the ME1 siRNA used in this study is a mixture of ME1 #1 and ME1 #2.

2.4. Metabolic tracing

Isotopic tracers used in this study were all purchased from Cam-
bridge Isotope Laboratories. For metabolic tracing experiments, all cells
were cultured in the identical medium (RPMI 1640) for at least 3 pas-
sages. For NADPH tracing, cells were cultured in glucose-free RPMI
1640 containing 10 mM [1-2H] glucose, 10 mM [4-2H] glucose and 2
mM [2,3,3-2H] aspartate for indicated duration, respectively. For fatty
acids synthesis tracing, cells were cultured in glucose-free RPMI 1640
containing 10 mM [U-'3C] glucose for 72 h. For glutamine tracing, cells
were cultured in glutamine-free RPMI 1640 containing 2 mM [U-13C]
glutamine for 24 h. The labeling medium was replaced 2 h before cell
harvest.

2.5. Metabolomic sample preparation

Cells (approximately 3 x 10°/well) were seeded, cultured in 6-well
plates and harvested after indicated treatments. For metabolomic sam-
ple preparation, cells were permeabilized with 1 mL ice-cold 80%
methanol aqueous buffer containing 1.5 pg/mL 4-chloro-phenylalanine
as an internal standard (IS), followed by incubation at —80 °C for 20
min. The cell lysates were centrifuged at 14,000 g for 10 min at 4 °C, and
the resultant supernatants were evaporated to dryness. The samples
were reconstituted with HPLC-grade water in 100 pL and subjected to
analysis. Notably, samples involving NADPH measurement must be
processed within 6 h prior to analysis to avoid NADPH degradation. As
for fatty acid measurement, cells were washed with cold PBS twice,
collected and sonicated in 100 pL water on ice. Then, 800 pL ethyl ac-
etate containing 0.5 pg/mL heptadecanoic acid as an internal standard
(IS) was added into the samples followed by vortexing for 10 min. The
resultant lysates were centrifuged at 16,000 g for 10 min at 4 °C, and the
supernatants were evaporated to dryness. The samples were recon-
stituted with 200 pL HPLC-grade methanol and subjected to analysis.

2.6. LC-MS/MS-based metabolite analysis

Metabolites were analyzed using an LC-30A Shimadzu LC system
(Kyoto, Japan) coupled to a TripleTOF 5600 system (AB SCIEX, Foster
City, CA, USA). An XBridge BEH Amide HPLC column (100 mm x 4.6
mm, i,d. 3.5 pm) (Water, Milford, MA, USA) was used for metabolite
separation with a column temperature of 40 °C. The mobile phase
consisted of solvent A (95% 5 mM ammounium acetate buffer, pH
adjusted to 9, 5% acetonitrile) and solvent B (acetonitrile). The gradient
was set as follows: 0-3 min, 85% B; 3-6 min, 85-30% B; 6-15 min, 30-2%
B; 15-18 min, 2%B; 18-19 min, 2-85% B; 19-26 min, 85% B. The flow
rate was set at 0.4 mL/min. Following separation, MS data was acquired
in the negative mode, and collected in a data-dependent acquisition
mode. The following parameters were used: time-of-flight MS scan, m/z
50-1000 Da; product ion scan, m/z 50-1000 Da; ion source gas 1 (gas 1),
50 psi; ion source gas 2 (gas 2), 30 psi; curtain gas, 30 psi; source
temperature, 500 °C; ion spray voltage floating, —4500 V; declustering
potential (DP), —100 V; collision energy (CE), —35 V and CE spread, 10
V. The accurate mass was calibrated by Calibration Delivery System (AB
SCIEX) and automatic calibration was performed every five samples.
Mass isotopologue distribution for assayed metabolites was obtained by
dividing the intensity of each isotopologue by the summed intensities of
all the detected isotopomers with correction for natural isotope abun-
dance when 3C-labeling tracers were used; detected isotopologues
using 2H-labeling tracers were not corrected due to negligible natural
abundance of *H [9,24].

Fatty acids were analyzed using an Acquity H class UPLC system
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coupled with a Synapt G2 Si system (Waters, Milford, MA, USA). An BEH
Cig column (50 mm x 2.1 mm, i.d. 1.7 pm) (Waters, Milford, MA, USA)
was used for lipid separation with a column temperature of 40 °C. The
mobile phase consisted of solvent A (water) and solvent B (80% aceto-
nitrile, 20% isopropyl alcohol, v/v). The gradient was set as follows: 0-2
min, 70% B; 2-5 min, 70-75% B; 5-10 min, 75-80% B; 10-13 min, 80-
90% B; 13-16 min, 90-99% B; 16-21 min, 99%; 21-22 min, 99-70% B and
22-25 min, 70% B. The flow rate was set at 0.4 mL/min. MS data was
acquired in the negative mode and electrospray ionization was used as
the ionization source. The following parameters were used: capillary
voltage, 2.5 kV; sample cone, 55 V; extraction cone, 4 V; desolvation
temperature, 450 °C; source temperature, 150 °C; desolvtion gas flow,
650 L/h; cone gas flow, 50 L/h. Mass accuracy was automatically cali-
brated by lockspray. Fatty acids were identified by matching with
reference standards. Peak areas of targeted compounds were integrated
and quantified by QuanLynx™ (Waters, Milford, MA, USA), corrected
for natural isotope abundance and normalized to TIC (total ion chro-
matogram) algorithm.

2.7. Immunoblotting

Collected cells or tissue homogenates were lysed in RIPA lysis buffer
(Beyotime Biotechnology, cat. no. PO013B) with protease inhibitor
cocktail (APExBio, cat. no. K1007). The protein concentrations were
then determined by the bicinchoninic acid (BCA) Protein Assay (Beyo-
time Biotechnology, cat. no. P0011). The lysates were diluted by 4x XT
Sample Buffer (Bio-Rad, cat. no. 1610791) followed by boiling for at
least 5 min. Approximately 50-70 pg proteins were then loaded onto and
separated by 6%-12% SDS-PAGE gels, transferred to polyvinylidene
difluoride (PVDF) membranes (Bio-Rad, cat. no. 1620177) and incu-
bated with primary antibodies. Subsequently, the membranes were
incubated with HRP-conjugated secondary antibodies for 1 h at 37 °C.
The immunoblotted bands were detected by addition of HRP substrate
(Bio-Rad, cat. no. 170-5601), captured on a ChemDoc XRS™ System (Bio-
rad, Hercules, USA), and analyzed by ImageLab software. The primary
antibodies used in this study include antibodies against ME1 (1:1000,
5% non-fat milk, Abcam, cat. no. ab97445), G6PD (1:1000, 5% non-fat
milk, Abcam, cat no. ab993), p-actin (1:1000, 5% BSA, Cell Signaling
Technology, cat. no. 8457), IDH1 (1:1000, 5% non-fat milk, Cell
Signaling Technology, cat. no. 8137), IDH2 (1:1000, 5% BSA, Cell
Signaling Technology, cat. no. 56439), AMPK (1:1000, 5% BSA, Cell
Signaling Technology, cat. no. 5831), p-AMPK (1:1000, 5% BSA, Cell
Signaling Technology, cat. no. 2535), FoxO1 (1:1000, 5% non-fat milk,
Cell Signaling Technology, cat. no. 2880), ME2 (1:200, 5% non-fat milk,
Santa Cruz Biotechnology, cat no. 514850), MTHFD1 (1:500, 5% non-fat
milk, Proteintech, cat. no. 10794-1-AP), MTHFD2 (1:1000, 5% non-fat
milk, Proteintech, cat. no. 12270-1-AP) and B-Tubulin (1:3000, 5%
non-fat milk, Bioworld, cat. no. AP0064). The raw data for immuno-
blotting has been uploaded to Mendeley Data.

2.8. ROS measurement

Cells were incubated with serum-free medium containing 10 pM
2',7'-dichlorodihydrofluorescein  diacetate (DHFC-DA, Beyotime
Biotechnology, cat. no. S0033) for intracellular ROS measurement and
10 pM MitoSox solution (Invitrogen, cat.no. M36008) for mitochondrial
ROS measurement at 37 °C for 30 min, respectively. Afterwards, cells
were washed twice with cold phosphate buffered saline (PBS) and
resuspended in PBS. Fluorescence was immediately measured using BD
Accuri C6 Flow Cytometer (BD Biosciences, San Jose, USA).

2.9. Proliferation and colony formation assay
For cell proliferation assay, cells (approximately 2.5 x 10° cells/

well) were seeded in 96-well plates and cultured in medium containing
10% FBS. The medium was changed every day. At indicated time points,



C. Shao et al.

cells were stained with Hoechst 33342 (Beyotime Biotechnology, cat.
no. C1022) and the number of cells with stained nuclei was counted by
LionHeart FX (BioTek, Winooski, VT, USA). For colony formation assay,
~500 cells were seeded per well in 6-well plates and were transfected
with siRNAs or control. After 2 weeks, cells were fixed with 4% para-
formaldehyde for 20 min and stained with crystal violet solution
(Beyotime Biotechnology, cat. no. C0121) for 20 min. The images were
captured using Leica DMI 3000B light microscope (Leica, Wetzlar,
Germany) in a blinded manner.

2.10. Cell proliferation and cell viability

For EdU cell proliferation assay, cells (approximately 1 x 10° cells/
well) were seeded and cultured in 12-well plates. After indicated treat-
ments, cells were incubated with EAU solution (Beyotime Biotech-
nology, cat. no. C0071S) for 2 h. EdU incorporation was measured
according to the manufacturer’s instructions. To monitor cell viability, a
cell counting kit (CCK-8, Dojido Molecular Technologies, cat. no.
DJDB4000X) was used by following the manufacturer’s instructions.
Briefly, cells (approximately 7.5 x 10%/well) were seeded and cultured
in 96-well plates. After treatment, cells were washed with PBS twice,
and incubated with 100 pL non-phenol red medium containing 10%
CCK-8 solution at 37 °C for 1-4 h in each well. The absorbance was
measured at 450 nm using an automatic microplate reader (Synergy H1,
Bio-tek, Winooski, VT, USA).

2.11. Migration assay

To evaluate cell migration capacity, wound healing assay and
transwell migration assay were employed. For wound healing assay,
cells (approximately 2 x 105 cells/well) were seeded in 12-well plates.
After reaching ~95% confluence, cells monolayers were scratched by
the tip of a 200 pL pipette, washed with serum-free medium and cultured
in serum-free medium for 24 h. The images of wounds were captured at
0 h and 24 h with at least 3 fields per well using a Leica DMI 3000B light
microscope (Leica, Wetzlar, Germany). The relative migration distances
[(width of 0 h-width of 24 h)/width of 0 h x 100%] were calculated
using Image J (National Institutes of Health, Version 1.51). For transwell
migration assay, 24-transwell chambers (8.0 pm pore size, Corning, NY,
USA) were used. Briefly, approximately 2 x 10°/well cells were seeded
in the upper chamber and cultured with serum-free medium at 37 °C
with 5% CO,. After 24 h, medium containing 10% FBS was added to the
lower chamber. Then, cells adhering to the lower chamber were fixed
with 4% paraformaldehyde and stained with crystal violet solution for
20 min. Five randomly selected fields were counted for each filter (n =
3).

2.12. Spheroid cell culture

Cells (approximately 7.5 x 10° cells/well) were seeded in 96-well
ultra-low attachment spheroid microplates (Corning, USA), and
cultured in RPMI 1640 supplemented with 10% FBS, 100 U/mL peni-
cillin and 1 pg/mL streptomycin at 37 °C with 5% CO; for 7 days. The
medium was changed every other day.

2.13. Flow cytometric analysis of cell apoptosis

For cellular apoptotic rate analysis, cells were treated with 0.25%
typsin solution without EDTA, centrifuged at 3000 rpm for 5 min,
washed once with PBS and stained using Annexin V-FITC and Propidium
iodide (PI) solution (BD Pharminge, cat. no. 556547) for 15 min at room
temperature (avoid light). The percentage of apoptotic cells for each
sample was subsequently evaluated by BD Accuri C6 flow cytometer (BD
Biosciences, San Jose, USA).
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2.14. RNA extraction and quantitative RT-PCR

Total RNA was extracted from cells by RNAiso Plus reagent (Takara,
Japan) according to the manufacturer’s instructions. About 500 ng of
total RNA was used to generate complementary DNA (cDNA) using
Superscript II reverse transcriptase (Takara, cat. no. RR047A). Quanti-
tative RT-PCR (qRT-PCR) was performed using SYBR qPCR Master Mix
(Vazyme Biotech, cat. no. Q311-02) on a real-time PCR cycler (Step One
Plus, Applied Biosystems, CA, USA). Endogenous p-actin gene was used
as the internal control for normalizing target gene expression changes.
The primer Sequences used in this study are listed in Supplementary
Table 2.

2.15. Measurement of mitochondrial membrane potential

The mitochondrial membrane potential was determined using JC-1
mitochondrial membrane potential assay kit (Beyotime Biotechnology,
cat no. C2006) according to the manufacturer’s instructions. Briefly,
approximately 1 x 10*/well cells were seeded in 96-well plates. After
treatment, cells were incubated with 100 pM JC-1 probe solution in 37
°C for 30 min and followed by washing with wash solution according to
the instructions. JC-1 was detected by a fluorescent reader (Synergy H1,
Bio Tek, Winooski, VT, USA) with Ex 490/Em 530 nm for monomer
detection and Ex 525/Em 590 nm for aggregate detection. The ratio of
aggregates/monomers indicates the dissipation of mitochondrial trans-
membrane potential.

2.16. shRNA knockdown

Short hairpin RNA (shRNA) directed against ME1 (GCATCT-
GAACTCTGACTTTGA) was cloned into PHY-315 vector and packaged
into lentivirus (Hanyin Biotechnology, Shanghai, China). Approximately
5 x 10%/well cells were seeded in 6-well plates and cultured for 24 h,
followed by transfection with lentivirus encoding ME1 shRNA. After 2
days of transfection, cells were selected in 1 pg/ml puromycin for 5 days.
Knockdown efficiency was confirmed by immunoblotting.

2.17. In vivo tumorigenesis and metastasis models

All animal experiments were performed in accordance with institu-
tional guidelines and were approved by the Institutional Animal Care
and Use Committee (IACUC) at China Pharmaceutical University. For in
vivo tumorigenesis study, A549 cells (5 x 10°) were injected subcuta-
neously into the flank of 5-week-old male BABL/c nude mice (Model
Animal Research Center of Nanjing University, Nanjing, China). Mice
were randomized before being allocated to cages for treatment. When
the tumor volumes reached approximately 50 mm?, the tumor-bearing
mice were randomly assigned into 4 groups (n = 6). For tumoral
knockdown of ME1, ME1 siRNAs (#1, 5 nmol/mouse) were multi-point
injected intratumorally every other day. For IDH2 inhibition, AGI-6780
(60 mg/kg) was intragastrically administered every day. Tumor size was
measured every other day, and tumor volume was calculated using a
formula of length x width?/2. After 18 days, mice were euthanized and
tumors were removed, weighed and photographed. For the metastasis
model, A549 cells (4 x 106) were injected into the tail veins of four
groups of mice (n = 6). AGI-6780 (60 mg/kg) was intragastrically
administered every day. Mice were subjected to intraperitoneal injection
of D-luciferin 60 days post-injection, and lung colonization was moni-
tored using a PerkinElmer IVIS Spectrum bioluminescent imaging sys-
tem (Waltham, MA, USA). Then, the animals were sacrificed and lungs
were removed for examination of the metastatic nodules followed by
staining with hematoxylin and eosin (H&E).

2.18. Immunohistochemical staining and TUNEL

After sacrifice, the tumor tissues of mice were harvested, fixed with
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4% polyformaldehyde and embedded in paraffin and subjected to
immunohistological (IHC) analysis as previously described. In brief,
tumor sections were deparaffinized, rehydrated and heated at a sub-
boiling temperature in sodium citrate buffer (pH 6.0) for antigen
retrieval. The sections were then incubated in 3% hydrogen peroxide to
inactivate endogenous peroxidase activity and stained with indicated
primary antibodies at 4 °C overnight. The primary antibodies used in
this study include antibodies against ME1 (Abcam, 97445, 1:200), Ki-67
(Abcam, ab16667, 1:200) and IDH2 (Cell Signaling Technology, 56439,
1:200). After overnight incubation, the sections were washed, incubated
with secondary antibodies (DAKO, cat. no. K5007) and stained with DAB
substrate. Counterstaining was lastly carried out with hematoxylin.
The terminal deoxynucleotidyl transferase-mediated nick end la-
beling (TUNEL) assay was carried out using a TUNEL kit (Roche, cat
n0.11684817910) according to the manufacturer’s instructions. The
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staining images were captured on a Leica DMI 3000B light microscope
(Leica, Wetzlar, Germany) in a blinded manner.

2.19. Promoter reporter assay

The dual reporter plasmid expressing firefly luciferase under the
human IDH2 promoter and Renilla luciferase under the SV40 promoter
was constructed. MCF-7 cells were seeded in 12-well plates 24 h before
transfection and transiently transfected with 500 ng of the reported
plasmid using PolyJet (SignaGen, cat. no. SL100688). The luciferase
activity was determined according to the manufacturer’s instructions
(GeneCopoeia, cat. no. LF004).
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Fig. 1. Cancerous but not normal cells rely on ME1-mediated NADPH production.

A. Major NADPH-producing pathways.

B. Effect of NADPH-producing enzyme knockdown on the relative NADPH/NADP" ratio in MCF-10A and MCF-7 cells (n = 4).

C. Effect of NADPH-producing enzyme knockdown on the relative NADPH/NADP™ ratio in MRC-5 and A549 cells (n = 4).

D. Effect of NADPH-producing enzyme knockdown on the relative NADPH/NADP™ ratio in NCM460 and HCT116 cells (n = 4).

E. Schematic illustration of the tracing of G6PD- and ME1-mediated NADPH production using [1-2H] glucose and [4-2H] glucose.

F. Comparison of G6PD- and ME1-mediated NADPH production in MCF-10A cells and MCE-7 cells after labeling with 10 mM [1-2H] glucose or 10 mM [4-?H] glucose

for 60 min (n = 4).

G. Immunoblot analysis of ME1 expression in the indicated cell lines. p-Actin was used as the loading control.
H. Immunoblot analysis of ME1 expression in eight human breast cancer tissue biopsies (T) and adjacent noncancer tissues (N). p-Tubulin was used as the loading

control.

Data are represented as mean + SD. The experiments in B, C, D and F were conducted once, and all other experiments were repeated at least twice. Statistical
significance was determined by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001. See also Supplementary Fig. 1.
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2.20. Quantification and statistical analysis

The metabolomic analysis and isotope tracing experiments were
performed once with multiple replicates as indicated in related figure
legends. Animal studies were performed once with each group con-
taining 6 mice to minimize type I/II errors. No sample was excluded
from data analysis. Data in the remaining figure panels represent at least
two independent experiments, unless stated otherwise, and the contents
are representive of the results drawn based on experimental replicates.
Statistical analyses were performed using GraphPad Prism 7 software
and statistical significance was determined by Student’s t-test (unpaired,
two-tailed). In all figures, error bars represent standard deviation and
the p values of less than 0.05 were considered significant; *p < 0.05, **p
< 0.01 and ***p < 0.001.

3. Results
3.1. Cancer cells and normal cells show different NADPH pathway usages

Tumor cells are characterized by enhanced production of ROS during
rapid proliferation and metastasis and by an amplified demand for lipid
biosynthesis [5]. NADPH is thus a critical factor required for cancer cell
proliferation and metastasis due to its contribution to both redox defense
and biosynthesis [25]. Four major intracellular pathways are respon-
sible for producing NADPH to meet the demand for reducing equivalent
generation: the oxPPP, folate pathway, ME pathway and IDH pathway
(Fig. 1A). Since cancer cells require more NADPH than normal cells to
support their uncontrolled growth and metastasis, we reasoned that
cancer cells exploit these pathways differently from normal cells. To test
this hypothesis, we used siRNAs to knock down the major
NADPH-producing enzymes (Supplementary Fig. 1A) and measured the
NADPH/NADP" ratio in three human non-transformed cell lines
(MCF-10A, MRC-5 and NCM460) and established human cancer cell
lines (MCF-7, A549 and HCT116). As shown in Fig. 1B, in MCF-10A
cells, silencing ME1, ME2, IDH1, IDH2 and MTHFD2 did not signifi-
cantly affect the NADPH/NADP™ ratio, whereas knocking down G6PD or
MTHFD1 significantly decreased the NADPH/NADP™ ratio with G6PD
contributing more to NADPH production than MTHFDL1. In contrast, in
MCE-7 cells, ME1 knockdown, in addition to G6PD and MTHFD1
knockdown, decreased the NADPH/NADP" ratio. Similarly, both G6PD
and MTHFD1 knockdown markedly influenced the NADPH/NADP™"
ratio in the non-transformed cell lines MRC-5 and NCM460, whereas
ME1 knockdown decreased the NADPH/NADP™ ratio specifically in the
cancer cell lines A549 and HCT116 (Fig. 1C and D).

To validate whether the assayed cancer cells and normal cells prefer
different NADPH production routes, we employed deuterium tracers to
directly compare redox-active hydrogen labeling flux of NADPH medi-
ated by the two major NADPH producers, G6PD and ME1, in MCF-7 and
MCF-10A (Fig. 1E) [9,23,26]. Considering the redox-active hydrogen
labeling of NADPH occurs very quickly (Supplementary Fig. 1B) and
may undergo enzyme-catalyzed hydrogen-deuterium exchange with
water during prolonged incubation [27], we performed a short-term
labeling experiment and examined the labeled NADPH mass iso-
topomers when NADP' remains unlabeled. Fig. 1F showed the prefer-
ential dependence of MCF-7 cells on ME1 and MCF-10A cells on G6PD
for NADPH production. This distinction may be explained by the
observation that the ME1 protein level was much higher in these
representative cancer cells than in the assayed normal cells, while the
protein levels of the other NADPH-producing enzymes showed negli-
gible or inconsistent differences between the cancer and normal cells
(Fig. 1G and Supplementary Fig. 1C). In addition, the ME1 protein level
mostly increased (8 out of 12 biopsies) in examined breast cancer tissue
biopsies compared with the adjacent normal tissues (Fig. 1H). Collec-
tively, these data suggest that certain cancer cells preferentially depend
on ME1-catalyzed NADPH production compared to the assayed normal
cells, and such specific NADPH pathway usage can be exploited to target
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cancer cells.
3.2. ME] is pivotal for supporting cancer cell growth

The metabolic tracing results revealed a stronger dependence of
certain cancer cells on ME1 for NADPH production. It is thus anticipated
that ME1 interference may selectively disrupts redox homeostasis and
lipid biosynthesis in these cancer cells while sparing the normal cells. As
expected, ME1 knockdown resulted in increased intracellular ROS levels
in cancer cells including MCF-7, A549 and HCT116 but not in the
examined non-transformed cells (Fig. 2A). NADPH is also important for
de novo synthesis of fatty acids. Consistently, both saturated and un-
saturated fatty acid synthesis was impaired in cancer cells but not in
normal cells with ME1 knockdown as revealed by [u-13¢j glucose
tracing, implying the diminished fatty acid synthesis due to MEIL-
mediated NADPH loss in the examined cancer cells (Fig. 2B). These
observations indicated an unmet demand for NADPH by rapidly prolif-
erating cancer cells to withstand redox stress and support lipogenesis
when ME1 was interfered.

In agreement with the above results, ME1 silencing (Fig. 2C) dras-
tically inhibited the colony formation and impeded the proliferation of
both MCF-7 and A549 cells (Fig. 2D and E). This was further confirmed
by the EAU incorporation assay in MCF-7 and A549 cells (Fig. 2F) but not
in the assayed normal cells (Supplementary Fig. 2A and B). Meanwhile,
the diminished proliferation of MCF-7 and A549 cells after ME1
knockdown can be rescued by exogenous supplementation with fatty
acids (Supplementary Fig. 2C). To further validate the role of ME1 in
supporting the rapid proliferation of cancer cells, EGF was administered
to promote proliferation [28]. ROS levels increased rapidly in an EGF
dose-dependent manner, supporting that rapid cell proliferation is
associated with increased production of intracellular ROS levels (Sup-
plementary Fig. 2D and E). Importantly, ME1 was adaptively upregu-
lated upon EGF treatment (Supplementary Fig. 2E), and ME1 silencing
abrogated the EGF-promoted proliferation of both MCF-7 and A549 cells
(Supplementary Fig. 2F). Collectively, these data indicate that ME1 is
critical in maintaining NADPH levels for redox homeostasis and lipid
biosynthesis, and thereby supports cancer cell proliferation.

3.3. ME]I regulates cancer cell migration and anchorage-independent
survival

Metastasis is the major factor enhancing cancer malignancy and is
often responsible for the failure of anticancer treatment [29,30]. During
tumor metastasis, cancer cells must detach from the extracellular matrix
(ECM) and overcome the increased ROS generated during this process to
avoid anoikis [31-33]. Hence, anchorage-independent growth is a
hallmark of cancer cells with migratory capacity. Thus, we hypothesized
that ME1 might also be vital for the anchorage-independent survival and
growth of cancer cells by maintaining redox homeostasis. As expected,
compared with monolayer cells, spheroid MCF-7 and A549 cells were
characterized by elevated ROS levels, accompanied by upregulated ME1
expression (Fig. 3A). ME1 knockdown significantly decreased the size of
cancer cell spheroids (Supplementary Fig. 3A and B). In suspension
culture, cells with control knockdown showed resistance to anoikis,
while cells with ME1 knockdown showed significantly increased
apoptosis (Fig. 3B), indicating that ME1 is important for the
anchorage-independent survival of cancer cells. Moreover, the Trans-
well assay results showed that the fraction of ME1 knockdown cells
passing through the membrane was reduced compared with the fraction
of control cells (Fig. 3C). In addition, the wound healing assay results
also revealed that ME1 knockdown cells migrated slower than control
knockdown cells to close the gap of the scratch wound, while the
impaired migratory ability was partially rescued by NADPH supple-
mentation (Fig. 3D), indicating that reduced NADPH level induced by
ME1 knockdown impacts on cancer cell migration. Altogether, these
results confirm that ME1 is vital in supporting the
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Fig. 2. MEL1 is pivotal for supporting cancer cell growth.

siCtrl

A. Intracellular ROS levels in MCF-10A and MCF-7 cells, MRC-5 and A549 cells and NCM460 and HCT116 cells after ME1 knockdown (n = 3).
B. Effect of ME1 knockdown on labeled fatty acid levels in MCF-10A and MCF-7 cells, MRC-5 and A549 cells, and NCM460 and HCT116 cells cultured in medium

containing 10 mM [u-13¢c] glucose for 72 h (n = 4).

C. Immunoblot analysis of ME1 knockdown efficiency using two specific siRNAs in MCF-7 and A549 cells.

D. Colony formation assay of MCF-7 and A549 cells with control transfection or ME1 knockdown. Scale bar, 500 pm.

E. Growth curve of MCF-7 and A549 cells with control transfection or ME1 knockdown (n = 3).

F. EdU incorporation assay of MCF-7 and A549 cells with control transfection or ME1 knockdown (n = 6). Scale bar, 100 pm.

Data are represented as mean + SD. The experiments in B and F were conducted once, and all other experiments were repeated at least twice. Statistical significance
was determined by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001; N.S., nonsignificant. See also Supplementary Fig. 2.

anchorage-independent survival and migration of cancer cells and
thereby cancer metastasis.

3.4. MEI interference adaptively upregulates IDH2 as a compensatory
mechanism

Considering that cancer cells have evolved powerful adaptability and
that at least four pathways and dozens of enzymes contribute to NADPH

production, we sought to determine whether cancer cells could recover
from ME1 interference via adaptive activation of other enzymes for
NADPH replenishment and thereby causes acquired resistance. To
validate this assumption, we extended the cell culture time to 96 h.
When ME1 was silenced in MCF-7 cells, the NADPH/NADP™ ratio
gradually increased at 96 h compared with that detected at 48 h
(Fig. 4A). In addition, detachment-induced anoikis decreased in cells
with ME1 knockdown after 96 h compared with that detected after 48 h
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Fig. 3. ME1 regulates cancer cell migration and anchorage-independent survival.

A. Intracellular ROS and ME1 protein levels in monolayer and spheroid MCF-7 and A549 cells (n = 3).

B. Apoptosis rate of cells with control transfection or ME1 knockdown cultured in suspension for 48 h (n = 3).

C. Transwell migration assay of MCF-7 and A549 cells with control transfection or ME1 knockdown (n = 3). Scale bar, 100 pm.

D. Wound healing assay of MCF-7 (n = 12) and A549 cells (n = 12) with control transfection, ME1 knockdown or ME1 knockdown with NADPH supplementation

(200 pM for 24 h). Scale bar, 50 pm.

Data are represented as mean =+ SD. The data represent at least two independent experiments. Statistical significance was determined by Student’s t-test. **p < 0.01,

***p < 0.001. See also Supplementary Fig. 3.

(Fig. 4B). These results indicate that cancer cells have adaptively
developed a compensatory survival strategy to cope with the NADPH
deficiency stress induced by ME1 knockdown, possibly by upregulating
or activating other enzymes involved in NADPH production. We thus
screened the expression of NADPH-producing enzymes after ME1
knockdown (Supplementary Fig. 4A) and found that IDH2 levels were
markedly increased (Fig. 4C and Supplementary Fig. 4B and C). Previous
studies have shown that reductive glutamine metabolism mediated by
cytosolic IDH1 is an important metabolic reprogramming mechanism in
replenishing mitochondrial NADPH pool to combat oxidative stress
[24]. Therefore, we proposed that the adaptive upregulation of mito-
chondrial IDH2 may lead to increased reductive glutamine metabolism
to compensate for the cytosolic NADPH loss induced by ME1 knock-
down. To test this hypothesis, we used [U-'*C] glutamine in stable
isotope tracing experiments to analyze the flux of reductive glutamine
metabolism in MCF-7 cells (Supplementary Fig. 4D). We noted that,
after ME1 knockdown, the m+4 fraction of citrate produced from
oxidative glutamine metabolism was reduced, while the m+5 fraction

contributed by reductive carboxylation of glutamine was increased.
Citrate m+5 produces acetyl-CoA m+2 and oxaloacetate m+3, which
further produces fumarate m+3 and malate m+3. Consistently, the
malate m+3 and fumarate m+3 fractions generated from reductive
glutamine metabolism were also increased in ME1 knockdown cells
(Fig. 4D). In addition to MCF-7 cells, we also found a decreased citrate
m-+4 and increased citrate m+5 fraction after ME1 knockdown in A549
cells (Supplementary Fig. 4E).

Together with the above evidences of an adaptive increase in
reductive carboxylation after ME1 knockdown, flux analysis with the
tracer [2,3,3-2H] aspartate confirmed that cells produced more NADPH
via the IDH-mediated route than the control knockdown cells (Fig. 4E),
implying that IDH2 upregulation is responsible for mitigating the ME1-
mediated NADPH stress. To establish the causal link, we inhibited IDH2
using AGI-6780 [34], and found the inhibition significantly diminished
the adaptive increase of the citrate m+5, malate m+3 and fumarate
m+3 fractions in ME1-knockdown MCF-7 cells (Fig. 4F and Supple-
mentary Fig. 4F). Expectedly, IDH2 inhibition in ME1 knockdown cells



C. Shao et al.

A MCF-7

Redox Biology 36 (2020) 101685

] _wwr siCtrl siME1-48 h siME1-96 h
2 12 o I
& S
a -
2 o g~ <
I '8 2
8 5|8 £
3 0 3 |= g
s g <
- [ - -
E 0.0 a
s S Annexin-V
W
C MCF-7 A549 D MCF-7
Citrate Malate ...
El IDH2 (46 kDa) I:l‘] IDH2 (46 kDa) & . & i m s
[} - @ 60 M siME1
Mm (64 0a) CICT U i fu
g w0 I
s & & 2 & & 0 0 0
O L& S S FEESE
- IDH-NADPH H o | |
[2,3,3-2H]aspartate — [2,2-2H]oxalacetate F % =0 ek NADP* ‘,ME1-‘> pyr Cytosol
o
o= i
4‘ s E 20 ‘malate silencing
S - 3
—citrate = isocitrate ——— a-ketoglutarate g g 10 malate QI.\
" £ E
NADP'  NADP-EH) 4 ;
&g 0 .. Reductive c'n §O cit
siCtrl  siME1 iurum carboxylation ’ \CTP’
’ *
F —_ G 3 MCF-7 \i:ucl isocit
g aS B siCtrl - DMSO 2 129 — suec | -
50 [ siCtr - AG-6780 a IDH2 IDH1
2 [ SMET - DMSO 2 T -
2 [ SIME1 - AGI-6780 % 0.8 / NADPH T
£30 a aan u-KG ~——aKG
@
£20 2 o4 )
24 g GlIn = GIn — Glu
3 004
0 4
M+4 M5 SiME1 - - 4+ +
AGI6780 - + - +

Fig. 4. ME1 interference adaptively upregulates IDH2-mediated NADPH production as a compensatory mechanism.

A. Effect of ME1 knockdown on the relative NADPH/NADP™ ratio in MCF-7 cells cultured for prolonged durations (n = 4).

B. Apoptosis rate of ME1 knockdown cells cultured in suspension at the indicated times (n = 3).

C. Immunoblot analysis of ME1 and IDH2 expression in MCF-7 and A549 cells under the indicated treatments. $-Tubulin was used as the loading control.

D. Analysis of citrate, fumarate and malate mass isotopologues in MCF-7 cells cultured in medium containing 2 mM [U-3C] glutamine for 24 h (n = 5).

E. Percentage of NADP?H labeling from [2,3,3—2H] aspartate (2 mM, 24 h) in MCF-7 cells with control transfection or ME1 knockdown (n = 3).

F. Citrate m+4 and m+5 isotopologues in MCF-7 cells treated as indicated and cultured in medium containing 2 mM [u-'3cy glutamine for 24 h (n = 3 for the siME1
DMSO group and n = 5 for others). The concentration of AGI-6780 used in this study is 2.5 pM.

G. Effect of combinatorial targeting ME1 and IDH2 (2.5 pM AGI-6780 for 24 h) on

relative NADPH/NADP™" ratio in MCF-7 cells (n = 3).

H. Mitochondrial reductive carboxylation and subsequent isocitrate/citrate transport is adaptively upregulated by ME1 knockdown and functions as a compensatory

route to replenish the cytosolic NADPH pool.

Data are represented as mean + SD. The experiments described in A and F were conducted once, and all other experiments were repeated at least twice. Statistical
significance was determined by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001. See also Supplementary Fig. 4.

led to an almost depleted NADPH pool, reiterating the pivotal role of
mitochondria-cytosol citrate/isocitrate shuttle in replenishing the
cytosolic NADPH pool upon MEL1 interference (Fig. 4G and Supple-
mentary Fig. 4G). Silencing both ME1 and IDH2 phenocopied the pro-
nounced NADPH/NADP™ reduction in MCF-7 and A549 cells with ME1
knockdown and IDH2 inhibition (Supplementary Fig. 4H). Moreover,
since the IDH-dependent NADPH compensation also requires the
transport of citrate between the cytosol and mitochondria [35,36], we
silenced the citrate transporter protein (CTP, SLC25A1) and indeed
found the knockdown blocked the IDH-mediated NADPH supplementary
route (Supplementary Fig. 4I), which ultimately resulted in marked
decrease of NADPH/NADP™" level (Supplementary Fig. 4J). Together,
these results revealed that cancer cells with cytosolic ME1 knockdown
developed a compensatory mechanism by adaptively upregulating IDH2
and subsequently increasing isocitrate/citrate produced reductively in
mitochondria that then enters the cytosol and participates in NADPH

generation to sustain the cytosolic NADPH supply and suppress ROS.
This compensatory change underpins the acquired resistance to ME1
interference (Fig. 4H).

3.5. The AMPK-FoxO1 axis underlies adaptive IDH2 upregulation

Since both the mRNA and protein levels of IDH2 were adaptively
enhanced upon ME1 knockdown, we speculated that this change is
transcriptionally regulated. We searched for potential transcription
factors with IDH2-binding capacity in the GenoMatix database and
found FoxOl response elements within the IDH2 promoter region
(Supplementary Fig. 5A). Interestingly, both the mRNA and protein
levels of FoxO1 were elevated after ME1 knockdown (Fig. 5A and Sup-
plementary Fig. 5B). We next investigated the mechanistic link between
ME1 knockdown and FoxOl upregulation. Previous studies demon-
strated that increased ROS levels can lead to AMPK activation [37,38],
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Fig. 5. The AMPK-FoxO1 axis underlies adaptive IDH2 upregulation.

A. Immunoblot analysis of FoxO1, p-AMPK and AMPK expression in MCF-7 and A549 cells with control transfection or ME1 knockdown. p-Tubulin was used as the
loading control.

B. Immunoblot analysis of p-AMPK, AMPK, FoxO1 and IDH2 in MCF-7 cells treated with AICAR (1 mM), compound C (5 pM) or both for 24 h. f-Tubulin was used as
the loading control.

C. Immunoblot analysis of p-AMPK, AMPK, FoxO1 and IDH2 in MCF-7 cells treated with AICAR (1 mM), AS1842856 (0.2 pM) or both for 24 h. p-Tubulin was used as
the loading control.

D. Immunoblot analysis of FoxO1 and IDH2 in MCF-7 cells with control transfection or ME1 knockdown and treated with or without AS1842856 (0.2 uM) for 24 h.
B-Tubulin was used as the loading control.

E. Dual-luciferase reporter assay in MCF-7 cells with control transfection or ME1 knockdown (n = 3).

F. Dual-luciferase reporter assay in MCF-7 cells treated with AICAR (1 mM), compound C (5 pM) or both for 24 h (n = 3).

G. Dual-luciferase reporter assay in MCF-7 cells treated with AICAR (1 mM), AS1842856 (0.2 uM) or both for 24 h (n = 3).

H. The pathway through which IDH2 is activated by ME1 knockdown in a manner dependent on AMPK-FoxO1 can contribute to the replenishment of the cytosolic
NADPH pool to reduce redox stress and support lipogenesis.

Data are represented as mean + SD. The data represent at least two independent experiments. Statistical significance was determined by Student’s t-test.
0.001. See also Supplementary Fig. 5.
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an established indicator of metabolic stress. Activated AMPK further AMPK activation, we found that, apart from IDH2, two known target
promote FoxO1 translocation to the nucleus for transcriptional activity genes of FoxO1, MnSOD and p21 [39,42], were increased at mRNA level
[39-41]. We thus investigated whether AMPK activation is involved in after ME1 knockdown as well (Supplementary Fig. 5B). Moreover, such
ME1 knockdown-induced FoxO1l upregulation. As expected, ME1 upregulation can also be induced by AICAR treatment, and further
knockdown led to drastic AMPK activation (Fig. 5A), while N-ace- blocked by either coadministering compound C or AS1842856 with
tylcysteine (NAC) treatment eliminated ROS and largely abolished the AICAR, respectively (Supplementary Fig. 5D and 5F). To further validate

regulation of downstream effectors, as evidenced by the decreased this transcriptional mechanism, we cloned 0.8 kb of genomic DNA up-
phosphorylated AMPK, FoxO1 and IDH2 levels (Supplementary Fig. 5C). stream of the transcription start site of the IDH2 gene into a luciferase
Consistent with these results, administration of AICAR, an AMPK acti- reporter plasmid and performed a luciferase reporter assay. ME1
vator, increased the expression of FoxO1 and IDH2 at both the mRNA knockdown significantly activated the luciferase activity of the IDH2
level and protein levels and promoted nuclear translocation of FoxO1 promoter (Fig. 5E). In addition, AICAR increased the luciferase activity
(Fig. 5B and Supplementary Fig. 5D and E). In contrast, when compound of the IDH2 promoter, whereas this increase was revoked by compound

C, an AMPK inhibitor, was coadministered with AICAR, the effect of C and AS1842856 (Fig. 5F and G). Moreover, treatment with
AICAR was largely abrogated (Fig. 5B and Supplementary Fig. 5D and AS1842856 pronouncedly reduced NADPH/NADP" in ME1-deficient
E). In addition, treatment with the FoxO1 inhibitor AS1842856 abro- MCF-7 and A549 cells, phenocopying the effect induced by ME1
gated AICAR- and ME1 knockdown-induced adaptive upregulation of knockdown and IDH2 inhibition (Supplementary Fig. 5H). Collectively,
IDH2 (Fig. 5C and D and Supplementary Fig. 5F) and diminished these results indicate that IDH2 is transcriptionally upregulated upon
AICAR-induced nuclear translocation of FoxO1l (Supplementary ME1 knockdown through the AMPK-FoxO1 signaling pathway (Fig. 5H).
Fig. 5G), suggesting that acquired resistance to ME1 silencing was
driven by activation of the AMPK-FoxO1-IDH2 pathway. In further
support of the transcriptional regulation of IDH2 by FoxO1 following
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3.6. Combined interference of ME1 and IDH2 synergistically induce
cancer cell apoptosis

Although the level of G6PD, in addition to that of IDH2, was adap-
tively increased after ME1 knockdown (Supplementary Fig. 4A), previ-
ous studies and our data indicated that G6PD is essential for maintaining
NADPH/NADP" homeostasis in both the assayed normal cells and can-
cer cells, while IDH2 knockdown has little influence in the examined
normal cells (Fig. 1B-D). Consistently, treatment with RRx-001, a G6PD
inhibitor, exhibited non-specific toxicity to the examined normal and
cancer cells (Supplementary Fig. 6A). Hence, we proposed a rationale of
combining IDH2 rather than G6PD inhibition with ME1 ablation for
targeting NADPH and thereby triggering apoptosis in cancer cells.
Notably, ME1 knockdown alone increased intracellular ROS levels
despite no significant change in mitochondrial ROS (Supplementary
Fig. 6B and Fig. 2A). To further determine whether the compensatory
upregulation of mitochondrial IDH2 mitigates the cytosolic ROS, ME1-
knockdown cells were treated with IDH2 inhibitor, AGI-6780. This
cotreatment significantly increased both the mitochondrial and total
intracellular ROS levels compared to those in ME1 knockdown cells
(Fig. 6A and Supplementary Fig. 6B). Mitochondrial outer membrane
permeability was also pronouncedly enhanced when compared to cells
with interference of single enzyme (ME1/IDH2) as indicated by JC-1
staining (Supplementary Fig. 6C). Accordingly, a marked disruption in
fatty acid synthesis was observed after cotreatment (Fig. 6B). Conse-
quently, combining IDH2 inhibitor treatment with ME1 knockdown
drastically increased the apoptosis of both MCF-7 and A549 cells due to
NADPH depletion-induced ROS accumulation and lipogenesis disrup-
tion (Fig. 6C). Consistently, knockdown of both ME1 and IDH2 also
substantially decreased cell viability (Supplementary Fig. 6D). The in-
creases of ROS level and apoptotic rate were partially rescued by pre-
treating the cells with NAC, a ROS scavenger (Fig. 6D and E). Apart from
targeting IDH2, knockdown of CTP phenocopied the effects of IDH2
inhibition in synergizing with ME1 knockdown to increase cytotoxicity
in both MCF-7 and A549 cells (Fig. 6F). In addition, inhibition of IDH1,
another essential enzyme involved in mitochondrial-cytosol citrate/
isocitrate shuttle, with GSK864 in ME1 knockdown cells also decreased
the cell viability (Supplementary Fig. 6E). Importantly, co-interference
of ME1 and IDH2 did not affect the viability of MCF-10A and MRC-5
cells (Supplementary Fig. 6F). These results indicate that combinatorial
targeting of ME1 and IDH2 can induce apoptosis in certain cancer cells
while sparing the normal cells that do not primarily rely on ME1-
mediated NADPH production.

3.7. Dual targeting of ME1 and IDHZ inhibits tumor growth and
metastasis

We next sought to determine whether the dual targeting strategy is
also effective in vivo. ME1 siRNA was directly injected into A549 xeno-
grafts every other day in combination with daily intragastric adminis-
tration of the IDH2 inhibitor AGI-6780 (60 mg/kg) for combinatorial
targeting of ME1 and IDH2. Remarkably, this dual targeting strategy
significantly slowed tumor growth (Fig. 7A-C) as compared with tar-
geting single enzyme alone. The intratumorally-injected ME1 siRNA
successfully diminished ME1 protein level in tumors indicated by IHC
staining (Fig. 7D). The in vivo antitumoral effect by dual interference
with ME1 and IDH2 was further confirmed by Ki-67 staining and TUNEL
assays that show repressed cell proliferation and increased apoptosis
(Fig. 7D). Moreover, consistent with the results in cultured cells, the
protein level of IDH2 in A549 tumor xenografts was drastically increased
in response to ME1 knockdown, demonstrating the physiological rele-
vance of ME1-IDH2 pathways in replenishing NADPH (Fig. 7E).

Since ME] interference alone resulted in resistance to anchorage-
independent apoptosis, we proposed that dual targeting of ME1 and
IDH2 would lead to a synergistic effect in impeding tumor metastasis. To
test this hypothesis, A549-shCtrl or A549-shME1 cells were injected into
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the tail vein of nude mice, and these two groups of mice were further
separated into groups treated either with or without AGI-6780. The
resulting four groups of mice were sacrificed at 60 days post injection to
examine the metastatic nodules formed on the lung surfaces. Despite
significant inhibition of metastasis, shME1 mice still exhibited meta-
static nodules, whereas dual targeting of ME1 and IDH2 inhibited tumor
metastasis (Fig. 7F and G). Hematoxylin and eosin (H&E) staining
further validated this synergistic effect in vivo (Fig. 7H). Collectively, our
results strongly indicate that dual targeting of ME1 and IDH2 is a
promising therapeutic strategy to combat tumor growth and metastasis.

4. Discussion

Metabolic reprogramming that favors uncontrolled proliferation and
metastasis is a prominent hallmark of tumor development [6,43]. Sub-
stantial efforts have thus been made to uncover potential targetable
nodes responsible for the metabolic adaptation of cancer cells [44,45].
NADPH production is one of these important metabolic nodes and rep-
resents a central hub connecting oncogene activation, metabolic
reprogramming, and tumor growth and metastasis [46,47]. Notably, a
global landscape of cancer cell line metabolism unveiled NADPH in-
crease in relation to genetic events such as KEAP1 mutation, implying
the essentiality of NADPH’s buffering capacity against redox stress [11].
Thus, enzymes involved in the generation of NADPH including ME, IDH,
G6PD, 6PGD and MTHFD have been exploited for their potential as
druggable therapeutic targets and holds promise for cancer therapy [10,
13-16]. However, the mechanism by which cancer cells and normal cells
differentially exploit NADPH-producing pathways and the optimal ap-
proaches to prevent the highly possible resistance to therapeutic in-
terventions targeting a single metabolic enzyme are unclear, considering
that cancer cells are well recognized for their powerful adaptability and
metabolic plasticity. Here, we show that compared with the assayed
normal cells, cancer cells preferentially depend on ME1-mediated pro-
duction of NADPH to support uncontrolled growth and metastasis. ME1
interference slows tumor growth and inhibits metastasis while sparing
normal cells; however, it results in resistance upon prolonged cell cul-
ture by adaptively increasing mitochondrial IDH2-mediated NADPH
production as a compensatory mechanism in an
AMPK-FoxO1-dependent manner. Combinatorial interference with ME1
and IDH2 thus leads to synergistic inhibition of NADPH production and
thereby greatly impedes tumor growth and metastasis.

Selectively and specifically targeting cancer cells while sparing
normal cells is an important requirement for exploiting metabolic vul-
nerabilities for anticancer therapy [48]. At least four metabolic path-
ways and dozens of enzymes are involved in NADPH production. A
critical question is thus how tumor cells and normal cells differentially
exploit these pathways and enzymes. Based on siRNA screening, meta-
bolic tracing and functional validation, we identified a preferential
usage of ME1-mediated NADPH production route for cancer cells using
three established human cancer cell lines and three human
non-transformed cell lines. This identification allows ME1 to be har-
nessed as a viable target that can selectively kill cancer cells while
sparing normal cells. Our results agree with those of previous studies
indicating that repression of ME1 leads to oxidative stress, suppressed
cell growth, attenuated migratory capacity and remodeled cellular
metabolism in several types of cancer cells, such as nasopharyngeal,
colorectal and bladder cancer cells [20,49-53]. In addition, increased
ME1 expression and activity are associated with poor prognosis in breast
cancer and hepatocellular carcinoma and with radiation resistance in
lung cancer [54-56]. Taken together, our results and previous findings
support ME1 as a promising target specific for slowing tumor growth
while sparing normal cells.

Consistent with previous quantitative flux analysis results [9], we
noted substantial contribution from both G6PD and ME1 to NADPH
production in cancer cell lines, including MCF-7, A549 and HCT116
cells. It is thus not surprising that previous findings indicated that



C. Shao et al. Redox Biology 36 (2020) 101685

A MCF-7 A549
e 3
- | sIME1+AGI-6780 - siME1+AGI-6780 E
c =} c o
3 AGI-6780 f 3 AGI-6780 x
o ‘ 2 o _ H
= /\ siME1 k. = siME1 1
[T} | ] Q r/‘\ r
= S\ siCtrl * © siCtrl =
e e _ N—— S
o 160wt 10 w0 siME1 - = . WP ® 10t 10w’ w® sIME1
AGI8TE0 - + -+ e AGI-6TE0 - + - +
DCFDA DCFDA
B MCF-7 A549
Labeled palmitic acid Labeled stearic acid Labeled oleic acid Labeled palmitic acid Labeled stearic acid Labeled ocleic acid
ek e
—_ e o wes I - .
12 12 Fa 12 Fek 12 12 L 12 *kx
z z | 2 e 2 2 |gm 2 |3 .
£ £ £ ® ® ]
5 08 § 0.8 ks 5 o0s E 03 5 08 - § 0.8 Py
.E ant .E .§ e 5 *hE £ £
3 o o @ @ of ]
% 0.4 % 04 g 04 g 04 g 0.4 ‘:: 04
& « & & @ &
0.0 0.0 00 0.0 0.0 0.0
SIME1 - + o+ sIME1 - + o+ SIME1 - - + + siME1 - -+ o+ siME1 - - 4+ + SiME1 - - 4+ +
AGLETSD - + = + AGIETB0 - + - + AGIETE0 - + - AGI6T80 - + - o+ AGlLETE0 - + - o+ AGleT80 - + - +
c MCF-7 A549
sictrl SIME1-1 SiME1-2 sictrl SIME1-1 SiME1-2 s
9 ] Z 9 i |
@ T ‘s ) :
T |2 Yy T |E 1
g (3] “1 2|8 !
L i y 2 1
13 LA E
= 1) =" = i
k] ] 1 = 1
[ — 5|8
@ . }
g & gl @
Q ! | 1 o
34 N 3 ) <] 1
Annexin V Annexin V
MCF-7 A549
D
5 wan
siME1+AGI-6780+NAC g siIME1+AGI-6780+NAC § 4 '—|
- £\ siME1+AGI-6780 8 - SIME1+AGI-6780 23
£ — . - 5 iIME1+NAC s =
H +
3 s!ME1 NAC % 3 sf 2 24 L, '—I
= A siME1 g = siME1 2 L1
] P\ | sictr+Nac 8 /a\ SICHr+NAC <
. siCtrl SiME1 I [\\1 . '_1\ siCtrl I
i 10107 10® 10" 10® 10® 17 Acie7eo - S
NAC -+ -+ + NAC -+ -+ -+
E _ MCF-7 - F
Z 2 A549 ~ ~
2 ek 2 *hk = £
E = 2
§ 80 r Py € w I_‘ . % Z
> ] 3
= = -] 4
8 [_‘ 8 I_‘ f- =
g 4 © 40 3 8
= £ M ®
k] 5 z 8
& K3 & ki
0 0 ® ]
SIMET - -+ 4+ 4+ + SIMEL - -+ 4+ o+ o .
AGI-6780 - = = o= + + AGI-6780 - - = + +
NAC - % - % - % NAC -+ -+ -+

Fig. 6. ME1 and IDH2 synergistically induce cancer cell apoptosis.

A. Effect of IDH2 inhibition by 2.5 pM AGI-6780 for 24 h, ME1 knockdown and the combined treatment on intracellular ROS levels in MCF-7 and A549 cells (n = 3).
B. Effect of IDH2 inhibition by 2.5 pM AGI-6780 for 24 h, ME1 knockdown and the combined treatment on labeled fatty acid abundance levels in MCF-7 and A549
cells cultured in medium containing 10 mM [u-'3¢cy glucose for 72 h (n = 4).

C. Effect of IDH2 inhibition by 2.5 pM AGI-6780 for 24 h, ME1 knockdown and the combined treatment on apoptosis rate in MCF-7 and A549 cells (n = 3).

D. Intracellular ROS levels in MCF-7 and A549 cells after ME1 knockdown and dual targeting of ME1 and IDH2 in culture with or without 10 mM NAC treatment for
24h (n=3).

E. Relative viability of MCF-7 and A549 cells after ME1 knockdown and dual targeting of ME1 and IDH2 in culture with or without 10 mM NAC treatment for 24 h (n
=5).

F. Effect of combinatorial targeting ME1 and CTP on relative cell viability of MCF-7 and A549 cells (n = 6).

Data are represented as mean + SD. The experiments in B were conducted once, and all the other experiments were repeated at least twice. Statistical significance

was determined by Student’s t-test. **p < 0.01, ***p < 0.001. See also Supplementary Fig. 6.
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Fig. 7. ME1 and IDH2 synergistically inhibit cancer growth and metastasis.

A. Tumor volume progression in mice subcutaneously xenografted with A549 cells treated as indicated (n = 6). siME1s (5nmol/animal) were injected intratumorally
every other day and AGI-6780 (60 mg/kg) was administrated orally everyday.

B. Tumor weights in mice subcutaneously xenografted with A549 cells treated as indicated (n = 6).

C. Photograph and size comparison of excised tumors (n = 6).

D. Representative ME1, Ki-67 immunostaining and TUNEL in xenografted tumors (n = 6). Scale bar, 100 pm.

E. Representative immunohistochemical staining of IDH2 in xenograft tumors with in vivo ME1 knockdown (n = 6). Scale bar, 100 pm.

F. Bioluminescence images of mice treated as indicated were obtained on day 60. AGI-6780 (60 mg/kg) was administrated orally everyday.

G. Left, representative images of metastatic nodules on the surface of lungs in nude mice. Right, metastatic nodules were counted and recorded with or without a
microscope (n = 6).

H. Representative images of H&E-stained lung sections (n = 6). Scale bar, 200 pm.

Data are represented as mean + SD. Statistical significance was determined by Student’s t-test. **p < 0.01, ***p < 0.001.

disrupting G6PD also reduced NADPH and GSH levels, increased ROS metabolism upon G6PD interference [10]. Although we cannot exclude
levels [10], and ultimately promoted chemotherapy-induced apoptosis the possibility that ME1 is also important for the function of other
in cell-based xenografts and PDX models in colorectal cancer [13]. normal cells, our data indicate that these subtypes of cancer cells rely on
However, a critical concern raised by our findings is that G6PD, unlike MEL1 preferentially to G6PD for NADPH production to a much higher
MEL, is also indispensable for maintaining redox homeostasis in the extent than the examined normal cells. In addition to its effect on

assayed normal cells. Its physiological importance has been demon- NADPH generation to maintain redox homeostasis and lipid synthesis,
strated by embryonic lethality after homozygous deletion of G6PD [57], ME1 can also negatively regulate the key tumor suppressor p53 by
and reiterated by a recent study showing pronounced defects in folate promoting its MDM2-dependent degradation [20]. Thus, it is reasonable
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to expect that targeting ME1 may confer another advantage by acti-
vating p53 to inhibit tumor growth.

Although previous results together with these findings indicate that
ME]1 interference can slow cancer cell proliferation [50,53], resistance
to ME1 silencing was observed in cancer cells cultured for extended
durations, suggesting that cancer cells may adaptively upregulate or
activate other enzymes involved in NADPH production. As expected,
screening for changes in enzyme expression levels showed that cytosolic
G6PD and mitochondrial IDH2 levels were significantly enhanced. This
compensatory mechanism by increasing NADPH production may thus
result in resistance to ROS-triggered cell death and may partially restore
the proliferative capacity of cancer cells. We thus investigated whether
combinatorial targeting of ME1 and IDH2 could lead to a synergistic
effect on reducing tumor growth and metastasis. Although the influence
of IDH2 inhibition alone was negligible, ME1 silencing combined with
IDH2 inhibition dramatically slowed tumor growth, triggered apoptotic
cell death, and completely inhibited metastasis, indicating that combi-
natorial targeting of ME1 and IDH2 is a promising therapeutic strategy
for cancer types that are sensitive to NADPH interference.

Cytosolic IDH1 and mitochondrial IDH2 function in the bidirectional
conversion of a-ketoglutarate and isocitrate [58]. Therefore, these en-
zymes play important roles in balancing the transfer of NADPH between
the cytoplasm and mitochondria, considering that NADPH per se cannot
be transported between these two compartments and relies on the iso-
citrate/citrate transport. Consistent with previous findings [24], we
found that IDH2 minimally affected the growth and survival of cells in
monolayer culture. Thus, IDH2 likely functions as a sophisticated
backup mechanism that is activated only under stress conditions, such as
those encountered after ME1 silencing or during detachment. Silencing
of cytosolic ME1 resulted in an increase in cytosolic but not mitochon-
drial ROS levels. These results can be explained by the adaptive upre-
gulation of mitochondrial IDH2, which may help cancer cells to
withstand the ME1 knockdown-induced redox challenge, since IDH2
inhibition drastically increased mitochondrial ROS levels in
ME1-silenced cells. Notably, previous studies have also shown that
nicotinamide nucleotide transhydrogenase (NNT) transfers hydride
from NADH to NADP™ to supply the mitochondrial NADPH required by
IDH2 for reductive carboxylation [59,60]. It is thus important to
determine in future studies whether the NNT-mediated NADPH forma-
tion is also adaptive to cytosolic ME1 knockdown, which is necessary in
supporting increased NADPH consumption by the upregulated IDH2 and
maintaining the redox balance in mitochondria. This explains the con-
stant mitochondrial ROS levels in MCF-7 and A549 cells following the
ME1 knockdown as shown in Supplementary Fig. 6B.

Although most previous reports focused on the gain-of-function of
mutated IDH2 in producing oncometabolite 2-HG [34,61], our study
highlights that the wild type IDH2, integrated with cytosolic ME1, is
essential for tumor growth and metastasis. In further support of the
compensatory role of IDH2-mediated NADPH transport between the
cytosol and mitochondria, CTP knockdown largely phenocopied the
effect of IDH2 inhibition and silencing. Previous findings indicated that
the increased mitochondrial ROS induced by cell detachment or com-
plex I inhibition activates the cytosolic reductive carboxylation
pathway, soliciting the transport of isocitrate/citrate into mitochondria
and thereby supplementing the mitochondrial NADPH pool to mitigate
mitochondrial redox stress [24,62,63]. In contrast, our results indicate
that in conditions of ME1 interference, the accumulated malate and the
facilitated conversion of a-KG to isocitrate mediated by the upregulated
IDH2 may contribute to replenish the cytosolic NADPH pool via the
CTP-mediated citrate/isocitrate shuttle. In addition to the adaptive
upregulation of other NADPH producers, the decreased NADPH pool
from the deletion of NADPH-producing enzymes may be also restored by
increasing the metabolic flux of other compensatory pathways [10].
Collectively, these results strongly indicate that targeting one enzyme
may not be sufficient for limiting NADPH in cancer cells. Moreover, our
results together with previous findings [24] support that the allocation
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and transport of NADPH between mitochondria and cytosol are the key
to sustaining the proliferation and anchorage-independent survival of
certain NADPH-sensitive cancer cells and that approaches for disrupting
this transport can be exploited for cancer therapy.

Mechanistically, the increased cytosolic ROS level due to ME1l
knockdown can activate AMPK [37], which promotes nuclear trans-
location of FoxO1 [39,41,64]. The transcriptionally active FoxO1 then
upregulates the expression of IDH2, a newly identified target gene of
FoxO1. Thus, the AMPK-FoxO1 pathway underscores why increased
cytosolic ROS level adaptively upregulates a mitochondrial enzyme for
NADPH compensation. Previously, AMPK activation in response to
glucose deprivation or G6PD knockdown has been demonstrated to be
crucial for NADPH maintenance by inhibiting acetyl-CoA carboxylases
to decrease NADPH consumption involved in fatty acid synthesis [65].
These two signaling pathways both ramified from AMPK activation for
NADPH compensation represent redundant metabolic adaptation ma-
chinery equipped by cancer cells when they encounter energy stress [66,
671.

Because of the close connection of mitochondrial to cytosolic pro-
duction of NADPH in supporting tumor growth and metastasis, we
suppose that combined interference of cytosolic together with mito-
chondrial enzymes, as the case for ME1 and IDH2, would represent
promising NADPH targeting approach to cancer therapy. Nevertheless,
since cancer cells have evolved powerful adaptability, disrupting the
function of a single gene/protein may be insufficient, and resistance to
almost all kinds of targeted therapies has been observed [68,69]. Recent
evidence indicates that targeting metabolic nodes also tends to cause
acquired metabolic resistance [70,71]. For instance, PDAC cells treated
with glutaminase (GLS) inhibitors were found to switch to
GLS-independent glutamate production to fuel glutamine metabolism
[72]. We believe that this risk also applies to targeting the NADPH
metabolic network, particularly considering that at least four pathways
and dozens of enzymes are involved in NADPH production. Here, we
propose that combinatorial targeting of cytosolic ME1 and mitochon-
drial IDH2 is promising as a widely applicable NADPH-targeting strat-
egy for certain cancer types. Nevertheless, a global study on cell type,
tissue and environmental stimulus-dependent NADPH pathway usage is
important for evaluating the translational value of the ME1-IDH2 tar-
geting strategy. In addition, an IDH2 inhibitor is already available;
despite being designed to inhibit mutated IDH2, it is also effective
against wild-type IDH2. Therefore, the initial discovery of an inhibitor
that dually targets ME1 and IDH2, currently underway in the authors’
laboratory, will ultimately allow clinical translation of the present
findings.
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