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m Multiple myeloma (MM) is a hematological malignancy that emerges from antibody-

producing plasma B cells. Proteasome inhibitors, including the US Food and Drug
* Mitochondrial pylju.vate Administration-approved bortezomib (BTZ) and carfilzomib (CFZ), are frequently used
mpqrt SRy a. siftee] for the treatment of patients with MM. Nevertheless, a significant proportion of patients
rc.)Ie n regL.JIatlng with MM are refractory or develop resistance to this class of inhibitors, which represents
bioenergetic and

proteolytic capacities s . . : ; i
of MM cells of proteasome inhibitors in MM is of paramount importance to bolster their efficacy in
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a significant challenge in the clinic. Thus, identifying factors that determine the potency

the clinic. Using genome-wide CRISPR-based screening, we identified a subunit of the
mitochondrial pyruvate carrier (MPC) complex, MPC1, as a common modulator of BTZ
response in 2 distinct human MM cell lines in vitro. We noticed that CRISPR-mediated
deletion or pharmacological inhibition of the MPC complex enhanced BTZ/CFZ-induced
MM cell death with minimal impact on cell cycle progression. In fact, targeting the MPC
complex compromised the bioenergetic capacity of MM cells, which is accompanied by
reduced proteasomal activity, thereby exacerbating BTZ-induced cytotoxicity in vitro.
Importantly, we observed that the RNA expression levels of several regulators of
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pyruvate metabolism were altered in advanced stages of MM for which they correlated
with poor patient prognosis. Collectively, this study highlights the importance of the MPC
complex for the survival of MM cells and their responses to proteasome inhibitors. These
findings establish mitochondrial pyruvate metabolism as a potential target for the
treatment of MM and an unappreciated strategy to increase the efficacy of proteasome
inhibitors in the clinic.
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Introduction

Multiple myeloma (MM) is the second most common hematological
malignancy, accounting for ~13% of all blood cancers." MM is a
genetically heterogenous disease, characterized by the accumu-
lation of malignant plasma cells in the bone marrow that display a
high number of chromosomal alterations and gene mutations.”
Patients with newly diagnosed MM who are typically treated with
a proteasome inhibitor (such as bortezomib [BTZ]), an immuno-
modulatory drug (eg, lenalidomide), and a glucocorticoid (eg,
dexamethasone) tend to respond well to this intensive therapeutic
regimen”; however, long-term remission and cure are extremely
rare, and a significant proportion of people diagnosed with MM
relapse or become resistant to these drugs.® Nevertheless, the
genetic landscape that determines the response of patients with
MM to the front-line proteasome inhibitor therapies remains
obscure.

Targeted and genome-wide mapping by RNA interference or
CRISPR technology has identified several genetic vulnerabilities
that influence the response of MM cells to proteasome inhibitors
in vitro, including ribosomal function, DNA damage pathways,
messenger RNA translation initiation, and proteasomal subunits.*®
More recently, metabolic rewiring of MM cells in response to pro-
teasome inhibitors has emerged as an additional critical element in
the development of relapsed/resistant cases.”'* To this end, MM
cells that developed resistance to proteasome inhibitors are char-
acterized by perturbations in cellular metabolism, including glycol-
ysis, oxidative phosphorylation, the tricarboxylic acid (TCA) cycle,
the pentose phosphate pathway, and serine synthesis.”"" Inter-
estingly, BTZ-resistant MM cells appear to rely heavily on mito-
chondrial respiration as their principal energy source'®; however,
the factors that drive the metabolic rewiring of proteasome inhibitor
resistance in MM cells remains elusive.

In this study, we performed in vitro CRISPR-based genome-wide
dropout screens in 2 human MM cell lines, using BTZ as a selective
agent. This approach identified the mitochondrial pyruvate carrier 1
(MPC1), a key metabolic protein that regulates the transport of
pyruvate into the mitochondrial matrix, as a common modulator of
BTZ response in MM cells in vitro. Genetic ablation or pharma-
cological inhibition of the MPC complex induces a metabolic
rewiring that compromises the proteasomal activity and increases
proteasome inhibitor—induced MM cell death in vitro. Importantly,
several pivotal players in pyruvate metabolism exhibit altered
expression in late stages of MM and correlate with poor prognosis
in a cohort of patients with MM (n = 771). Together, our findings
unravel the previously unrecognized importance of mitochondrial
pyruvate import in MM cells and their response to proteasome
inhibitors.

Methods

Cell lines and transfection

JIN3, RPMI-8226, U266B1, KMS-12BM, and 5TGM1 MM cells
were cultured in RPMI-1640 medium (Wisent) supplemented with
10% fetal bovine serum (Sigma) and 1% penicillin-streptomycin
(Wisent). The 5TGM1 cell line was a kind gift from Michael Tom-
asson (University of lowa, 1A) and Greg Mundy (Vanderbilt Uni-
versity, TN). All cell lines were regularly tested for mycoplasma
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contamination and authenticated for short tandem repeat DNA.
Lentivirus was produced in HEK293T cells using calcium phos-
phate transfection with psPAX2 (a lentiviral packaging plasmid),
VSV-g (an envelope plasmid), and 25 uM chloroquine (inhibitor of
lysosomal degradation). HEK293T supernatant was collected and
concentrated using 23% polyethylene glycol (50%), 8% NaCl
(5 M), and 7% 1x phosphate-buffered saline (PBS). Viral infection
was done in the presence of 8 pg/mL polybrene (lentiviral trans-
duction enhancer) and 1000 pg/mL F108 to improve cellular
transduction. Transduced cells were incubated at 37°C and
selected 48 hours later.

CRISPR/Cas9 genome-wide screen

For the genome-wide CRISPR-CRISPR-associated protein 9
(CRISPR/Cas9)-based screen, 270 million U266/Cas9 and JIN3/
Cas9 cells were transduced with TKOv1 concentrated library virus
at a multiplicity of infection of 0.2, as described previously,'®
ensuring a minimum of a 600-fold coverage for each individual
single guide RNA (sgRNA) represented in the cell population. Two
days later, puromycin was added to the media at a final concen-
tration of 5 pg/mL and incubated for 4 days to allow for the
emergence of resistant cells with fully repaired sgRNA library—
targeted loci. Cells were then split into 2 pools, each in triplicate,
at a cell density of 54 million cells per replicate and treated with
either vehicle (dimethyl sulfoxide [DMSQ]) or BTZ at 3 nM (25%
inhibitory concentration [IC,s]) and cultured for 2 weeks with
puromycin at a concentration of 1.5 pg/mL. Cells were passaged
every 3 days, maintaining a minimum cell concentration of 54
million cells per replicate to ensure that a 600-fold library coverage
was maintained over the duration of selection. At each time point
cell pellets were collected and frozen before genomic DNA
extraction. Cell pellets were resuspended in 6 mL DNA lysis buffer
(10 mM Tris—Cl, 10 mM EDTA, and 0.5% sodium dodecyl sulfate at
pH 8.0) with 100 pg/mL RNase A, followed by incubation at 37°C
for 60 minutes. Proteinase K was subsequently added (final con-
centration, 400 pg/mL), and lysates were further incubated at
55°C for 2 hours. Samples were then briefly homogenized by
passing them through a 18G needle 3 times and then through a
22G needle 3 times. Sheared samples were transferred into pre-
spun 15 mL Maxtract tubes (Qiagen) mixed with an equal volume of
neutral phenol:chloroform:isoamyl alcohol (25:24:1) solution,
shaken, and centrifuged at 1500g for 5 minutes at room temper-
ature. The aqueous phase was extracted and precipitated with 2
volumes of ethanol and 0.2 M NaCl. Air-dried pellets were resus-
pended in water and quantitated via UV absorbance spectrometry.

Two-color CRISPR competitive growth assay

Next, 20 000 cells were infected at a multiplicity of infection of
~1.2 to ensure 100% transduction efficiency with either virus
particles of NLS-mCherry LacZ-sgRNA or NLS-BFP GOI-sgRNA.
After transduction (96 hours), mCherry- and BFP-expressing cells
were mixed 1:1 and plated with or without BTZ (4 nM) in a 12-well
format. The cells were subcultured when near-confluency was
reached, and BTZ containing medium was replaced every 3 days.
Cells were imaged for BFP and mCherry signal the day of initial
plating (t = 0) and on days 4, 8, 12, and 16. Data were acquired
using the fluorescence-activated cell sorter (FACS) Fortessa
cytofluorimeter and processed with FACSDiva version 8.0 soft-
ware (BD Biosciences).
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Immunoblotting

Selected cell lines were treated as indicated before trypsinization,
collection, and PBS washes. Cells were placed in 1x lithium
dodecyl sulfate loading buffer (10 mM Tris-HCL, 140 mM Tris-
base, 0.5 mM EDTA, 1% lithium dodecyl sulfate, and 10% glyc-
erol) with 1x protease (Roche) and phosphatase (Sigma) inhibi-
tors. Following sonication, cell lysates were cleared via
centrifugation at maximum speed for 15 minutes at 4°C. After the
addition of loading dye and 2-mercaptoethanol, cleared lysate was
placed at 70°C for 10 minutes. Protein lysates were subjected to
immunoblotting as previously described (Findlay et al'®). Mem-
branes were blocked with 5% bovine serum albumin in Tween 20
(0.015%)—tris-buffered saline for 3 hours at 4°C and probed
overnight with primary antibody at a dilution of 1:1000 in Tween
tris-buffered saline. Secondary antibodies were used at a dilution
1:10 000 in Tween tris-buffered saline. Signal was detected using
Immobilon Western Chemiluminescent HRP substrate (GE
Healthcare) and an Azure 400 machine (Azure Biosystems).

Proliferation assay

Cells were incubated with various drugs and/or with media for the
times indicated in the figure legends. Cells were trypsinized and
resuspended in media, and live cells were quantified via Trypan
blue exclusion using a hemocytometer, daily for 4 days.

Apoptosis and cell cycle

Apoptosis was measured via flow cytometry, with annexin V-647
and propidium iodide (PI) staining. Briefly, the cells were washed
twice in wash buffer (0.01 M Hepes, 0.14 M NaCl, and 2.5 mM
CaCl,) and stained with annexin-V-647 for 15 minutes at room
temperature, followed by a final wash and the addition of 2 pg/pL of
Pl. Viability of cells was assessed by gating PI* vs PI” cells.

Cell cycle was measured flow-cytometrically using PI. Briefly, cells
were washed in PBS and fixed in 70% ethanol at 4°C overnight.
The following day the cells were washed thrice with PBS and
incubated with PI (1:2000). Data were acquired using FACSCanto
Il cytofluorimeter and processed with FACSDiva 8.0 software (BD
Biosciences).

Drug preparation and treatment

BTZ, Carfilzomib (CFZ), UK-5099, CB-839 (Selleck Chemicals),
and MitoTEMPO (Sigma) powder were dissolved in DMSO, filter
sterilized, and stored at —20°C. For in vitro experiments, BTZ and
CFZ were used at a final concentration of 2.5 to 5 nM, UK-5099
was used at a final concentration of 10 pM, CB-839 was used at
a final concentration of 5 uM, and MitoTEMPO was used at a final
concentration of 20 pM.

LC-MS metabolomic analysis

All liquid chromatography—mass spectrometry (LC-MS) grade
solvents and salts were purchased from Fisher (Ottawa, ON,
Canada: water, acetonitrile, methanol, formic acid, ammonium
acetate, and ammonium formate. The authentic metabolite stan-
dards and N-ethylmaleimide were purchased from Sigma-Aldrich
Co [Oakville, ON, Canadal).

Nucleotide detection and analysis was performed using LC-
tandem MS (LC-MS/MS) at the Metabolomics Core Facility of
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the Goodman Cancer Research Centre. Cultured cells were
treated with BTZ and UK-5099 for 16 and 24 hours, respectively.
Cells were washed in ammonium formate 3 times, then quenched
in cold 50% methanol (v/v) with acetonitrile and N-ethylmaleimide
supplementation at 1 mg/mL. Cells were lysed and homogenized
by bead beating for 30 seconds at 50 Hz, using 4 ceramic beads
(2 mm) per sample (SpeedMill Plus, Analytik Jena). Cellular extracts
were partitioned into aqueous and organic layers after dimethyl
chloride treatment and centrifugation. The aqueous supernatants
were dried via vacuum centrifugation, with the sample temperature
maintained at —4°C (Labconco, Kansas City, MO). Dried extracts
were subsequently resuspended in 50 pL of chilled H,O and
clarified via centrifugation at 1°C. Sample injection volumes for
analyses were 5 plL per injection.

For targeted metabolite analysis, samples were injected onto an
Agilent 6470 triple-quadrupole LC-MS/MS (Agilent Technologies).
Chromatographic separation of metabolites was achieved by using
a 1290 Infinity ultra-performance quaternary pump liquid chroma-
tography system (Agilent Technologies). The mass spectrometer
was equipped with a Jet Stream electrospray ionization source, and
samples were analyzed in negative mode. The source-gas tem-
perature and flow rate were set at 150°C and 13 L/min, respec-
tively; the nebulizer pressure was set at 45 psi, and capillary
voltage was set at 2000 V. Multiple reaction monitoring parameters
(qualifier/quantifier ions and retention times) were either obtained
or optimized using authentic metabolite standards.

Chromatographic separation of the isomers and other metabolites
was achieved by using a Zorbax Extend C18 column 1.8 um, 2.1 x
150 mm? with guard column 1.8 um, and 2.1 x 5 mm? (Agilent
Technologies). The chromatographic gradient started at 100%
mobile phase A (97% water, 3% methanol, 10 mM tributylamine,
15 mM acetic acid, and 5 pM medronic acid) for 2.5 minutes,
followed with a 5-minute gradient to 20% mobile phase C (meth-
anol, 10 mM tributylamine, 15 mM acetic acid, and 5 pM medronic
acid), a 5.5-minute gradient to 45% phase C, and a 7-minute
gradient to 99% phase C at a flow rate of 0.25 mL/min. This
was followed by a 4-minute hold time at 100% mobile phase C.
The column was restored by reverse flow with 99% mobile phase D
(90% acetonitrile) for 3 minutes at 0.25 mL/min, followed
by increase of the flow rate to 0.8 mL/min over 0.5 minutes and
a 3.85-min hold, after which the flow rate was decreased to
0.6 mL/min over 0.15 minutes. The column was then reequilibrated
at 100% phase A over 0.75 minutes, during which the flow rate
was decreased to 0.4 mL/min and held for 7.65 minutes. One
minute before the next injection, the flow was brought back to
forward flow at 0.25 mL/min. For all LC-MS analyses, 5 pL of
sample was injected. The column temperature was maintained at
35°C.

Universally labeled '3*C-L-Glutamine tracing and LC-
MS analysis

Four million U266 cells were incubated with 2 mM L-[U'C]-
Glutamine (Cambridge Isotope Laboratories) and the indicated
drugs for 1 hour. Cells were subsequently washed with cold PBS
twice and once in cold HyO before being frozen and lyophilized
without thawing and extracted using ice-cold acetoni-
trile:methanol:water (2:2:1) solution containing 1 pL/mL of an
internal standard mix. Cell pellets were sonicated for 10 minutes,
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rotated for 60 minutes at —20°C, and centrifuged at 21 000g for
10 minutes. The supernatant was transferred to a new 1.7-mL
microcentrifuge tube and pulse vortexed, and 300 pL was trans-
ferred to a new 1.7-mL microcentrifuge tube for drying in a
Speedvac Vacuum concentrator (Thermo Fisher) for 2 hours
without heating at a vacuum ramp of 4. Dried metabolite extracts
were resuspended in 80 pL of acetonitrile:water (1:1), vortexed for
10 minutes, and stored at —20°C overnight. The ensuing day,
samples were centrifuged at 21 000g for 10 min, and the super-
natants were transferred to autosampler vials. A quality control
(QC) sample was prepared by pooling equal volumes from each
sample and was processed as the other samples.

For LC-MS, 2 puL of sample was injected using a Thermo Vanquish
Flex UHPLC into a Millipore SeQuant ZIC-pHILIC (2.1 x 150 mm;
5 pm particle size, Millipore Sigma #150460) column with an
attached ZIC-pHILIC guard column (20 x 2.1 mm, Millipore Sigma
#150437). The mobile phase was run at a flow rate of 0.150 mL/
min, containing buffer A [20 mM (NH,4),CO3z and 0.1% NH,OH
(v/v)] and buffer B (acetonitrile) with the following linear gradients:
from O to 20 minutes buffer A from 20% to 80%, from 20 to
20.5 minutes buffer A from 80% to 20%, and from 20.5 to
28 minutes held at 20% buffer A. Data were attained using a
Thermo Q Exactive MS operated in negative mode with a spray
voltage set to 3.0 kV, the heated capillary held at 275°C, and the
heated electrospray ionization probe held at 350°C. The sheath
gas flow rate was set to 40 units, the auxiliary gas flow rate to 15
units, and the sweep gas flow rate to 1 unit. MS data resolution
was set at 70 000, the automatic gain control target at 10e6, and
the maximum injection time at 200 milliseconds. The QC sample
was analyzed at the beginning and at the end of the LC-MS run as
well as at approximately every seventh injection throughout.

LC-MS data were processed using the Thermo Scientific Trace-
Finder version 5.1 software. Targeted metabolites were identified
based on the University of lowa Metabolomics Core facility
standard-confirmed in-house library, defining a target ion and
at least 1 confirming ion and accurate mass, retention time,
and MS/MS fragmentation pattern, when present. The NOREVA
tool used the QC sample analyzed throughout the instrument run
to apply local polynomial fits to metabolite peak areas and correct
for instrument drift.'” For '®C-tracing analysis, '?C-natural abun-
dance was corrected using previously defined equations.'®

Seahorse XF96 respirometry assay

The oxygen consumption rate and extracellular acidification rate
(ECAR) were measured using a Mito Stress Test Kit and XF96
Extracellular Flux Analyzer (Seahorse Bioscience) per the manufac-
turer's protocol. In brief, 96-well plates were coated with CellTak at a
concentration of 22.5 pg/uL, per the manufacturer's protocol, and left
at 4°C overnight. On the day of measurement, cells were washed with
XF base media supplemented with 10 mM glucose, 2 mM glutamine,
and 1 mM sodium pyruvate (Wisent) and incubated for 1 hour to
equilibrate before reading. ECAR and oxygen consumption rate
measurements were taken before and after the addition of oligomycin
(1 pM), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
(0.25 pM), and rotenone/antimycin (1 pM) and used to calculate
adenosine triphosphate (ATP) production, bioenergetic capacity, and
supply flexibility index, as previously described.'®
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Metabolic assays

Lactate and glucose concentrations were measured as previously
described.”® Briefly, 100 000 cells were plated and grown in 6-well
plates (35 mm) and incubated with fresh growth medium in the
presence or absence of BTZ and/or UK5099 for 48 hours before
sample collection. Analysis of glucose consumption and lactate
production was performed on samples of the extracted media
using the Nova BioProfile Analyzer 400 (Nova Biomedical) and
normalized to cell number.

Proteasome activity

Cells (100 000) were plated in a 96-well plate and cultured for 24
hours before collection. Proteasomal-mediated degradation was
evaluated using a 20S proteasome assay kit from Cayman
Chemical per the manufacturer’'s protocol and normalized to cell
count.

Patient data set analysis

The IA18 Release of CoMMpass data were downloaded from the
MM research foundation (MMRF) researcher gateway portal, which
consists of 903 RNA sequencing data sets of baseline CD138"
plasma cell bone marrow samples from patients with newly diag-
nosed MM. Among them, overall survival or progression-free sur-
vival information was available for 771 patients, which were
included in our analysis. We incorporated all patient data available,
irrespective of their treatment regimen. Genes involved in pyruvate
metabolism were incorporated into a multivariate Cox regression
analysis (R-Studio) to generate a pyruvate metabolism gene
signature. The gene signature and patient survival data were
organized via quartiles with the high pyruvate signature and low
pyruvate signature plotted via Kaplan Meier (Prism).

Data from 2 other RNA sequencing studies that evaluated
expression throughout MM development were retrieved from the
Gene Expression Omnibus database. Data of bone marrow—
derived CD138* plasma cells from 7 patients with monoclonal
gammopathy of undetermined significance (MGUS), 39 patients
with MM, and 6 patients with plasma cell leukemia were obtained
from GSE2113. Data of bone marrow—derived CD138" plasma
cells from 15 healthy donors, 22 patients with MGUS, 17 patients
with smoldering MM, 69 patients with MM, and 32 patients with
relapsed MM were obtained from GSE6477. Expression was
plotted based on the disease state.

Purification and analysis of primary MM cells

All samples used in this study were collected following an Emory
University Institutional Review Board—approved protocol in
compliance with all relevant ethical regulations (IRB00057236), as
described previously.”’ Patient samples were stained with anti-
CD38-phyocerythrin and anti-CD45-allophycocyanin-Cy7 (BD
Biosciences) to identify MM cells, and cell viability was monitored
via annexin-V—fluorescein isothiocyanate (BD Pharminogen) flow
cytometry analysis after treatment with the indicated concentration
of drug, as previously described.??

Statistical analyses

All quantitative experiments are plotted as graphs with the mean +
standard error of the mean, with data from the independent number
of experiments indicated in the figure legend. All data sets were
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tested for normal distribution by Shapiro-Wilk test. Statistical sig-
nificance was determined using the test indicated in the figure
legends. All statistical analyses were performed using Prism
version 9 (Graphpad Software).

Results

CRISPR screening identifies MPC1 as a modulator of
BTZ response in MM cells

To identify the factors that modulate BTZ response in MM cells, we
used 2 different human MM lines that recapitulate some of
the cytogenetic heterogeneity observed in patients with MM?: the
U266 cell line is characterized by deletions in chromosome 13 and
17p, involving RB7 and TP53 genes respectively;?® whereas the
JINS cell line harbors an amplification of chromosome arm 1921, a
frequent chromosomal aberration in MM.?* To ensure high genome
editing capacity, we stably expressed Cas9 in both cell lines by
lentiviral transduction (supplemental Figure 1A), and genome
editing efficiency was confirmed by targeting FAM83G
(supplemental Figure 1B).

Next, we performed CRISPR-based genome-wide screening in
both human MM cell lines by transducing them with the TKO
version 1 sgRNA library,”® and selecting them with puromycin
(Figure 1A). Both U266 and JIN3 transduced cell lines were
subsequently treated with either BTZ IC,5 or with vehicle (DMSO)
for 21 days before being processed for next-generation
sequencing analysis. MaGECK algorithm was used to determine
the relative abundance of a given sgRNA and identify genes whose
knockout confers either resistance or sensitivity to BTZ (—0.2 <
p-score < 0.2; supplemental Table 1).%° In both cell lines, gene set
enrichment analysis identified the proteasome core complex as
significantly enriched in the sensitizing arm of both screens
(supplemental Figure 1C; supplemental Table 2). In fact, several
subunits of the 20S proteasome (PSMB1, PSMB4-6, and
PSMBS8) sensitize to BTZ in both MM cell lines (Figure 1B;
supplemental Figure 1D; supplemental Table 1), as previously
shown.”® Similarly, pathway enrichment analysis identified several
processes that have been described to modulate the response to
proteasome inhibitors (supplemental Figure 1C; supplemental
Table 2),2 including homologous recombination,>”2° cell cycle,*°
and RNA-mediated processes.®?"? Collectively, these findings
confirmed the validity of our CRISPR-based screening approach.

Taking into consideration the high heterogeneity of MM, we
focused our attention on hits that increased sensitivity to BTZ in
both U266 and JINS cell lines (8 > —0.2; Figure 1C; supplemental
Table 3). This analysis revealed 75 overlapping genes that scored
highly in both screens, including the transcriptional factor /RF4
(U266: p=—0.42358; JJN3: p = —0.3689; Figure 1D), which has
previously been implicated in the response to BTZ.3® To infer
clinical relevance in our analysis, we examined their RNA expres-
sion using the MMRF CoMMpass database (n = 921).>* Interest-
ingly, MPC1, which encodes for a subunit of the MPC complex,
scored as a top gene (Figure 1E). Of note, this complex was
identified a decade ago®®*® but remains to be characterized in MM
cells. In fact, our CRISPR-based approach identified several fac-
tors involved in pyruvate metabolism in at least 1 MM cell
line (supplemental Figure 1C-D), including the other subunit of the
MPC complex, MPC2 (U266: f = —0.14864) as well as the
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pyruvate dehydrogenase complex composed of PDHA (U266:
p = —0.16121) and PDHB (U266: p = —0.19437; JINS:
=—0.13871). These data suggest that pyruvate metabolism may
play an important role in the response of MM cells to BTZ in vitro.
Thus, we focused our attention on the role of mitochondrial pyru-
vate import and validated this hit using a CRISPR-based 2-color
competition assay (Figure 1F).°” We targeted MPC1 with 3
unique sgRNAs (sgMPC1-1, -2, and -3) coupled to blue fluores-
cent protein (BFP) in U266 cells and used a sgRNA targeting LacZ
(sgCitrl) coupled to mCherry as control. Although targeting MPC1
only modestly affected cell proliferation at steady state (DMSO,
~25%; Figure 1G), it strongly sensitized U266 cells to BTZ (3 nM)
in this assay (~55%). Altogether, these data point toward an
important contribution of MPC1 in the response of MM cells to
BTZ in vitro.

Targeting the MPC complex exacerbates BTZ-induced
MM cell death

MPC is a 150 kDa complex composed of both MPC1 and MPC2,
which transports pyruvate across the inner mitochondrial mem-
brane.*® To better understand how the MPC complex influences
BTZ response in MM cells in vitro, we generated MPC1 knockout
clones (sgMPC1-1 and -2) in both JIN3 and U266 cells using
CRISPR technology (supplemental Figure 1D-E). Interestingly, loss
of MPC1 correlated with a drastic reduction in endogenous MPC2
protein levels (supplemental Figure 1E), highlighting the interde-
pendent relationship between both MPC subunits.® Firstly, we
monitored the proliferative capacity of these clones and their
respective cycle distribution, and we confirmed that MPC7 dele-
tion has limited impact on untreated MM cells (supplemental
Figure 1G-l). Still, MPC1-depleted JIN3 cells displayed higher
sensitivity to BTZ (ICso = 5.3-5.6 nM) compared with control cells
(ICs0 = 6.6 nM; supplemental Figure 1J).

We further investigated the contribution of MPC1 in the modulation
of BTZ response by monitoring clonal viability through Pl staining in
the presence of BTZ (4 nM, 48 hours) or vehicle control. As
expected, MPC1-deficient JIN3 and U266 clones displayed
significantly higher levels of PI* cells upon exposure to BTZ
(Figure 2A). Coupling our Pl analysis with annexin-V staining, we
observed a significant increase in the proportion on MPC1-
knockout cells in late apoptosis upon BTZ treatment (Figure 2B-C).
We made a similar observation using the second-generation pro-
teasome inhibitor CFZ (4 nM, 48 hours; Figure 2D), highlighting
that MPC1 abrogation potentiates the effect of proteasome
inhibitors in MM cells.

The MPC complex can be targeted by a series of inhibitors,*°
including the cell permeable a-cyanocinnamate compound UK-
5099, which specifically modifies a thiol group of a cysteine on
the carrier (Figure 2E). We took advantage of this drug to further
characterize the link between the MPC complex and the response
to proteasome inhibitors in MM cells. In this set of experiments, we
tested a panel of both human (JIN3, U266, RPMI-8266, and KMS-
12-BM) and mouse (5TMG1) MM cell lines that have different
intrinsic sensitivities to BTZ (supplemental Figure 2A) and exposed
them to a suboptimal dose of BTZ that, when applied alone, had
limited effect on cell viability as monitored by Pl staining
(Figure 2F). Of note, UK-5099 treatment alone did not cause any
significant increase in the proportion of PI* cells in the MM cell
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Figure 1. CRISPR screening identifies MPC1 as a modulator of BTZ response in MM cells. (A) Schematic of our CRISPR-based genome-wide screening pipeline

developed in MM cells. (B) Representation of the CRISPR-based dropout screen performed in U266 and JIN3 cells in the presence of BTZ (ICys). Genes are represented in

alphabetically order with their respective MAGeCK p-score. (C) Overlapping genes from U266 and JIN3 sensitizing arms (MAGeCK p < —0.2). (D) Representation of the

overlapping sensitizers identified in panel C with their respective MAGeCK p-score in JIN3 cell line (x-axis) and U266 cell line (y-axis). (E) Expression analysis of the 75 overlapping

sensitizers in the MMRF CoMMpass database (n=921). The top 9 most-expressed genes are represented in this panel. (F) Competitive growth assay in the presence or absence
of BTZ (3 nM) or DMSO (vehicle) in U266 cells. Data are represented as the ratio of BFP:mCherry* % standard error of the mean, normalized to day O (3 different sgRNAs; n= 3).
Significance was determined using two-way ANOVA followed by a Sidak test. *P < .05; **P < .01; ***P < .005. ANOVA, analysis of variance; BFP, blue fluorescent protein.

lines tested (Figure 2F). However, UK-5099 potentiated the effect
of BTZ, because of which their combination significantly reduced
MM cell viability in vitro (Figure 2F). Importantly, combining UK-
5099 with BTZ rapidly affected MM cell viability, peaking at 48
hours after treatment relative to each inhibitor alone (supplemental
Figure 2B). Another surrogate method to monitor cell death relies
on the presence of cells with fractional DNA content, designated
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as the sub-G1 population.*’ The analysis of our cell cycle data
revealed a more dramatic induction of a sub-G1 population upon
treatment with both BTZ and UK-5099 as compared with each
single treatment (supplemental Figure 2C). Consistent with these
data, annexin-V/PI staining showed a significant increase in the
proportion of early and/or late apoptotic cells upon exposure to
both UK-5099 and a proteasome inhibitor (BTZ or CFZ) relative to
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Figure 2. Targeting the MPC complex exacerbates BTZ-induced apoptosis of MM cells. (A) JJN3 and U266 cells were treated with BTZ (4 nM) for 48 hours, followed by

an assessment of cell viability via Pl staining (n = 5). Significance was determined using one-way ANOVA followed by a Dunnett test. *P < .05; **P < .005; ***P < .005. (B)

Representative flow cytometry analysis of JJN3 and U266 cells treated with either DMSO or BTZ (4 nM) for 48 hours and stained with annexin-V/PI. (C) Representation of the
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vehicle controls (Figure 2G-H; supplemental Figure 2D-E). Alto-
gether, these data suggest that genetic or pharmacological
targeting of the MPC complex enhances proteasome inhibitor—
induced cell death in MM cells in vitro.

The MPC complex determines the bioenergetic
capacity of MM cells under stress

The MPC complex plays a pivotal role in cell metabolism by pro-
moting the transport of pyruvate derived from glycolysis, providing a
major substrate for mitochondrial respiration, thereby fueling the
TCA cycle and boosting oxidative phosphorylation.*? To better
understand the role of the MPC complex in MM cells, we analyzed
the bioenergetic profiles of both JIN3 and U266 MM cell lines,
using the Seahorse bioanalyzer. Abrogation of MPC1 resulted in a
decrease in both basal and maximal respiration rates as well as a
reduced spare respiratory capacity as compared with MPC1-
proficient JJN3 and U266 controls (Figure 3A-B). In turn, ECAR
measurement under mitochondrial stress showed a significant
increase under basal conditions between MPC7-knockout and
control clones (Figure 3C; supplemental Figure 3A). These data
correlated with a rapid depletion of glucose and a significant
enrichment of lactate in the media of MPC1-deficient vs -proficient
JIN3 and U266 cells (Figure 3D; supplemental Figure 3B), sug-
gesting that abrogation of MPC1 results in increased glycolysis as
a compensatory mechanism for the respiratory defects that we
observed (Figure 3A-B). Next, we quantified the effect of targeting
MPC1 on maximal theoretical ATP production from oxidative
phosphorylation [JATP(Ox)] and glycolysis [JATP(Glyc)]."®
Consistent with these experiments, we noticed that MPC1 abro-
gation decreased JATP(Ox) (Figure 3E-F). Albeit a concomitant
increase in JATP(Glyc), MPC1 loss strongly impaired total cellular
bioenergetic capacity [JATP(Ox) + JATP(Glyc)] in both JIN3 and
U266 cell lines (Figure 3E-F). Altogether, these data indicate that
MPC1 plays a key role in the bioenergetic capacity of MM cells
in vitro.

Targeting the MPC complex alters glutamine
metabolism in MM cells

To better understand how mitochondrial pyruvate import enhances
the response of MM cells to BTZ, we extended our metabolic
analysis to the pharmacological inhibition of both pathways.
Consistent with our genetic study, inhibiting the MPC complex with
UK-5099 significantly impaired both basal and maximal respiration
of U266 cells (Figure 4A), which was accompanied by an
increased glucose uptake and lactate secretion in the media
(supplemental Figure 4A), a phenomenon that was also observed
in combination therapy with both UK-5099 and BTZ. In turn, BTZ
only minimally affected basal respiration and maximal respiration
capacity of U266 cells (Figure 4A), with no significant changes in

the levels of either glucose or lactate in the media as compared
with vehicle-treated controls (supplemental Figure 4A).

To further investigate whether metabolic perturbations could
explain how MPC1 loss potentiates the cytotoxic effect of pro-
teasome inhibitors, we performed a systematic LC-MS-based
metabolomic profiling. As expected, we observed a significant
accumulation of intracellular pyruvate in U266 cells treated with
UK-5099 in the presence or absence of BTZ, with a concomitant
decrease in TCA cycle intermediates, such as citric acid/isocitrate,
cis-aconitic acid, and o-ketoglutarate (a-KG; Figure 4B-C;
supplemental Figure 4B). We extended our metabolomic profiling
to JIN3 cells and observed similar metabolic perturbations upon
treatment with UK-5099 in the presence or absence of BTZ
(supplemental Figure 4C). As previously observed in U266 cells,
inhibiting the MPC complex with UK-5099 was accompanied by an
increased glucose uptake and lactate secretion in the media in
JIN3 cells (supplemental Figure 4A).

High glycolytic flux has been associated with increased reactive
oxygen species, which can promote cell death.*>** Therefore, we
wondered whether the metabolic perturbations observed in MM
cells upon treatment with UK-5099 could result in the production
of reactive oxygen species, thereby potentiating proteasome
inhibitor—induced cell death in vitro. We took advantage of the
mitochondria-targeted antioxidant MitoTEMPO that has been
described for its effective superoxide scavenging properties.*
Interestingly, cotreatment of U266 cells with MitoTEMPO did not
abolish the effect of UK-5099 in enhancing BTZ-induced MM cell
death (supplemental Figure 4D). In fact, pyruvate supplementation,
which has previously been shown to have antioxidative proper-
ties,*® promoted MM cell death, even in the absence of BTZ
(supplemental Figure 4E). These data suggest that more complex
mechanisms may be at play in targeting of the MPC complex to
potentiate BTZ-induced MM cell death.

Inhibition of the MPC complex and subsequent reduction in mito-
chondrial pyruvate import is known to induce glutamine anaple-
rosis, resulting in metabolite entry into the TCA cycle.*” Inversely,
proteasome inhibition has been shown to downregulate glutamin-
ases,”® thereby suggesting that combinatorial targeting may
simultaneously reduce mitochondrial pyruvate import and gluta-
minolysis. We therefore explored the impact of combining UK-
5099 with BTZ on glutamine intermediates by LC-MS. Strikingly,
inhibiting both the MPC complex and the proteasome resulted in a
significant alteration of glutamine metabolism marked by a deple-
tion of glutamine in both JIN3 and U266 cells, with a concomitant
increase in aspartate, a glutamine-derived amino acid (Figure 4D;
supplemental Figure 4F). N-ethylmaleimide—glutathione depletion
was also observed in U266 cells upon inhibition of both the MPC
complex and the proteasome (Figure 4D).

Figure 2 (continued) annexin-V/PI analysis displayed in panel B for both JIN3 (n = 8) and U266 cells (n = 9). Significance was determined using two-way ANOVA followed by a
Dunnett test. *P < .05; ***P < .0001. (D) Similar to panel C, except that BTZ was replaced by CFZ (4 nM) for both JIN3 (n = 5) and U266 cells (n = 5). Significance was

determined using two-way ANOVA followed by a Dunnett test. *P < .0005. (E) Schematic representing UK-5099 inhibiting pyruvate entry into the mitochondrial matrix via MPC1
and MPC2. (F) JIN3 (n = 4), U266 (n = 5), RPMI-8266 (n = 3), KMS-12-BM (n = 3), and 5TGM1 cells (n = 5) were treated with BTZ (3 nM) and UK-5099 (10 uM) for 48 hours,
followed by an assessment of cell viability via Pl. Significance was determined using two-way ANOVA followed by a Dunnett test. *P < .05; *P < .005. (G) Representative flow
cytometry analysis of JJN3 and U266 cells treated with either BTZ (3 nM) and UK-5099 (10 pM) for 48 hours and stained with annexin-V/PI. (H) Representation of the annexin-V/P|
analysis displayed in panel G for both JJN3 (n = 5) and U266 cells (n = 6). Significance was determined using two-way ANOVA followed by a Dunnett test. *P < .05; *P < .005.
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To further understand the role of MPC inhibition on glutamine TCA
cycle anaplerosis, we performed '3C-labeled glutamine tracer
loading of TCA metabolites in U266 cells (supplemental
Figure 4G).*° Across all treatments, we observed high and equal
levels of '3C-labeled glutamine, indicating uniform tracer loading
(>95%). Notably, we noticed significantly increased M + 5 or M +
4 TCA cycle intermediates upon MPC inhibition, in the presence or
absence of BTZ, beginning at the a-KG entry point throughout the
most distal TCA cycle metabolite measured, malate (supplemental
Figure 4H). These data are indicative of greater glutamine ana-
plerosis upon inhibition of the MPC complex, as previously
described.”” Of note, TCA cycle metabolite pool sizes were
significantly decreased, indicating that anaplerotic compensation
was incomplete (supplemental Figure 4l). Notably, UK-5099-
induced TCA cycle pool size decreases were greatest upstream of
a-KG, as exemplified by citrate, in comparison with no decrease in
the a-KG pool size, further denoting glutamine anaplerosis
(supplemental Figure 4l). These data demonstrate that MM cells
rely on glutamine influx into the TCA cycle to compensate for the
loss of mitochondrial pyruvate import.

Previous work has shown that glutamine starvation inhibits the
proteolytic activity of the ubiquitin proteasome in monocytes.>®
Thus, we wondered whether the underlining metabolic rewiring
caused by the lack of mitochondrial pyruvate import may indirectly
impair proteasomal activity in MM cells. As predicted, we observed
a significant reduction in the 20S proteasomal activity of MPC1-
knockout vs control U266 cells (Figure 4E), which is further
exacerbated by the addition of BTZ. In line with these findings, we
noted that the pharmacological inhibition of the MPC complex in
combination with a suboptimal dose of BTZ (4 nM) further inhibits
the proteolytic activity of U266 cells compared with monotherapy
(Figure 4F). Strikingly, glutamine starvation alone impairs the pro-
teolytic activity of U266 cells (Figure 4G), confirming the interplay
between glutamine and ubiquitin-dependent  proteolysis.>®
Furthermore, inhibition with with CB-839 of the glutaminase
glutaminase that converts glutamine into glutamate (5 pM)
enhances BTZ-induced MM death in vitro (Figure 4H),">°" alike
what we observed when we targeted the MPC complex. Alto-
gether, these data suggest that glutamine anaplerosis observed
upon inhibition of the MPC complex in MM cells may mimic
glutamine starvation, thereby impairing proteasomal activity and
potentiating BTZ-induced cell death.

Pyruvate metabolism has prognostic potential for the
survival of patients with MM

To investigate the clinical relevance of our findings, we used 2
distinct cohorts of patients with MM (GSE6477 and GSE2113)

among whom transcriptomic analysis was performed in early and
late stages of the disease (supplemental Figure 5A), and we

focused our attention on the expression of genes involved in
pyruvate metabolism (supplemental Figure 5B). Interestingly,
several regulators of pyruvate metabolism, including MPC1, LDHB,
and DLAT, were differently expressed between MGUS and naive or
relapsed MM in the first cohort of patients (GSE6477; Figure 5A).
We made similar observations between MGUS, MM, and plasma
cell leukemia, a more aggressive stage of MM, in an independent
cohort of patients (GSE2113; Figure 5B), suggestive of a tran-
scriptionally driven metabolic rewiring of MM cells during the
course of this disease.

We extended our analysis to the MMRF CoMMpass database (n =
921), in which the majority of patients had been treated with a
proteasome inhibitor-based regimen, and investigated the prog-
nostic potential of pyruvate metabolism on patient outcome.
Strikingly, the high expression of our pyruvate metabolic signature
correlated with a significantly poorer overall survival of patients with
MM (median, P <.0001; Figure 5C). Moreover, high expressors of
this pyruvate metabolic signature display a significantly poorer
progression-free survival (median, P < .0001; Figure 5C).

To validate our clinical analysis, we tested the efficacy of UK-5099
in potentiating BTZ response in samples from patients with MM.
Strikingly, cotreatment with UK-5099 and BTZ of 4 different human
MM samples significantly impaired the viability of MM cells
(Figure 5D). Altogether, these data highlight the importance of
pyruvate metabolism in the pathobiology of MM and its response to
proteasome inhibitors (Figure 5E), thereby delineating it as a
potential prognostic biomarker and therapeutic target for the
treatment of MM.

Discussion

Over the past 2 decades, proteasome inhibitors have revolution-
ized the treatment of patients with MM by exploiting the heightened
dependency of MM cells on the protein QC pathway as a thera-
peutic target.” Problematically, MM cells can acquire resistance to
proteasome inhibitors through both genetic and nongenetic
mechanisms,®? highlighting our knowledge gap on the biological
pathways that influence the clinical effectiveness of this class of
drugs. Previous studies have endeavored to map the genetic
dependencies of MM cells in response to proteasome inhibitors
using RNA interference technology.*®’ Here, we developed a
high-throughput approach that is based on CRISPR technology to
systematically interrogate the factors that influence the response of
MM cells to BTZ in vitro, allowing the identification of a restricted
number of novel modulators of proteasome inhibitors.”

As expected, our pipeline showed that targeting subunits of the
19S proteasome, including PSMC5, PSMD5, and PSMD?7, protect
MM cells from proteasome inhibitors, as previously described.®>®
In turn, loss of a functional 20S proteasome further sensitizes

Figure 3. The MPC complex is required for bioenergetic capacity of MM cells. (A) OCR monitored by the Seahorse XF96 extracellular flux analyzer in JJN3 and U266 cells

(n = 5). (B) Analysis of the different mitochondrial metabolic parameters obtained from the OCR in panel A. Significance was determined using two-way ANOVA followed by a
Dunnett test. *P < .05; *P < .005; ***P < .0001. (C) Quantification of basal ECAR and stressed ECAR in JJN3 and U266 cells (n = 5). Significance was determined using two-
way ANOVA followed by a Dunnett test. *P < .05; *P < .005. (D) Media metabolite analysis of JJN3 (n = 4) and U266 cells (n = 5), with a focus on extracellular glucose and
lactate. Significance was determined using two-way ANOVA followed by a Dunnett test. *P < .05; *P < .005; ***P < .0001. (E) The metabolic capacity and flexibility of cells were

represented by plotting the basal, oligomycin-treated, and maximal rates of ATP production from glycolysis (Jate gly) and oxidative phosphorylation (Jatp 0x), upon MPC1 knockout

in both JJN3 and U266 cells (n = 5). (F) Fold change in the bioenergetic capacity and of cells described in panel A (n = 5). Significance was determined using two-way ANOVA

followed by a Dunnett test. *P < .05. OCR, oxygen consumption rate.
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Figure 5. Pyruvate metabolism has prognostic potential for patients with MM. (A) Expression profiling of genes related to pyruvate metabolism at different stages of MM:

MGUS (n = 22), SMM (n = 24), MM (n = 73), and relapsed MM (n = 28). Significance was determined using two-way ANOVA followed by a Dunnett test. *P < .05; *P < .005;
***P < .0001. (B) Expression profiling of genes related to pyruvate metabolism at different stages of MM in the GSE2113 data set: MGUS (n = 6), MM (n = 20), and PCL (n =5).
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our recent findings on the contribution of the MPC complex in the response to proteasome inhibitors and function in MM cells. OXPHOS, oxidative phosphorylation; PCL, plasma

cell leukemia; SMM, smoldering MM.
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MM cells to BTZ in vitro, highlighting the opposing effects of the
catalytic core and the regulatory subunits of the proteasome on
the response to proteasome inhibitors.® Our approach identified
additional MM-specific dependencies, including the transcrip-
tional factor IRF4.°° Previous work has described the addiction of
MM cells toward this transcription factor and its associated reg-
ulatory network,”* and analysis of BTZ resistance in blood cancer
lines correlated with an increased expression of IRF4,%° in line
with our findings that loss of IRF4 sensitizes MM cells to pro-
teasome inhibitors. Of interest to this study, we noticed that a
series of genes linked to mitochondrial metabolism potentiates
the efficacy of BTZ in at least MM cell line, including the nico-
tinamide adenine dinucleotide hydrogen dehydrogenase NDUFA7
alongside the pyruvate kinase pyruvate kinase muscle isozyme,
both subunits (PDHA and PDHB) of the pyruvate dehydrogenase
complex, and both subunits of the MPC complex, highlighting the
critical contribution of mitochondrial metabolism in the response
to proteasome inhibitors.'?

After decades of research on mitochondrial pyruvate metabolism,
the recent identification of the molecular components that form
the MPC (eg, MPC1 and MPC2) revolutionized this research
area. In-depth analysis of this complex has suggested that MPC1
is critical to the stability of MPC2 protein®?, an observation that
we confirmed in our MPC1-knockout MM cell lines. Rather than
identifying the sole contribution of MPC1 in MM cells, our study
characterized the global contribution of the MPC complex in this
subset of hematological malignancies. Not surprisingly, our find-
ings are in line with previous reports, which described the central
role of the MPC complex in the bioenergetic capacities of both
healthy and cancerous cells.’®®® More importantly, our study
highlights the importance of glutaminolysis as an alternative
energy source in response to impaired mitochondrial pyruvate
transport, which was initially observed in glioma cells.*” Gluta-
mine is considered the most abundant amino acid in the blood®°
and could therefore be a critical energy supply for the mainte-
nance of MM cells and their survival in response to proteasome
inhibitors,'*°1:61:62

Proteasome inhibition has been shown to act through multiple
mechanisms to induce cell death, including the activation of the
unfolded protein response, the inhibition of the nuclear factor kB
pathway and the induction of apoptosis through JNK and p53.°°
However, it remains largely unexplored how proteasome inhibi-
tors may influence the metabolism of MM cells and indirectly
compromise their survival. Proteasome activity has been shown to
regulate T-lymphocyte metabolism and cell fate,°* whereas pro-
teasome inhibitors, through the modulation of c-myc levels, have
been demonstrated to affect glutamine metabolism in renal cell
carcinoma.”® In turn, work in monocytes has pointed toward a
direct link between glutaminolysis and proteasome activity.>® Our
data suggest that the efficacy of proteasome inhibitors may be
linked to the bioenergetic state of MM cells and their ability to
induce a metabolic rewiring toward glutamine metabolism.

Altogether, our study defines mitochondrial pyruvate transport as
a novel modulator of proteasome inhibitors in MM cells, thereby
providing a rational for the targeting of this metabolic pathway in
the treatment of this hematological malignancy. Analysis of pro-
teasome inhibitor-resistant MM has highlighted the metabolic
switch that occurs in these cells: high glycolytic activity and

€ blood advances 25 juLy 2023 - voLumE 7, NUMBER 14

increased serine metabolism have been linked to BTZ resistance
in MM cells.®'® A metabolic switch toward higher mitochondrial
metabolism, protein folding, and sphingomyelin synthesis was
also observed in BTZ- and CFZ-resistant MM cells,'” suggesting
a central role for metabolic rewiring in the adaptation of MM cells
to proteasome inhibitors. Importantly, our findings delineate
potential resistance mechanisms, including metabolic rewiring
toward glutaminolysis, as potential compensatory pathways to
consider in the therapeutic evaluation of MPC inhibitors.
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