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During the development of drug resistance, multiple myeloma (MM) cells undergo changes to their
metabolism. However, how these metabolic changes can be exploited to improve treatment efficacy is
not known. Here we demonstrate that targeting coenzyme Q10 (CoQ) biosynthesis through the
mevalonate pathway works in synergy with the proteasome inhibitor bortezomib (BTZ) in MM. We show
that gene expression signatures relating to the mitochondrial tricarboxylic acid (TCA) cycle and electron
transport chain (ETC) predispose to clinical BTZ resistance and poor prognosis in MM patients.
Mechanistically, BTZ-resistant cells show increased activity of glutamine-driven TCA cycle and oxidative
phosphorylation, together with an increased vulnerability towards ETC inhibition. Moreover, BTZ
resistance is accompanied by high levels of the mitochondrial electron carrier CoQ, while the
mevalonate pathway inhibitor simvastatin increases cell death and decreases CoQ levels, specifically in
BTZ-resistant cells. Both in vitro and in vivo, simvastatin enhances the effect of bortezomib treatment.
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Our study links CoQ synthesis to drug resistance in MM and provides a novel avenue for improving BTZ
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Introduction

Multiple myeloma (MM), the second most common haemato-
logic malignancy,' is an ideal model to study drug resistance. It
follows a relapsing course, with the majority of patients experi-
encing multiple relapses from different drugs, and is charac-
terised by the presence of multiple clones with differing
degrees of drug sensitivity at the time of diagnosis.'”

Over the past decade, proteasome inhibitors and immuno-
modulatory drugs have become the pillars of MM treatment
regimes, which have improved treatment outcomes and overall
survival. However, despite these recent breakthroughs, MM is
still an incurable cancer as most patients develop refractory
disease that cannot be cured.
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responses through statin-induced inhibition of mitochondrial metabolism.

Outcomes for MM patients have improved significantly with
the introduction of novel agents, such as the proteasome
inhibitor Bortezomib (BTZ). However, not all patients respond
to BTZ and many initial responders develop resistance during
the course of therapy.* A better understanding of MM devel-
opment can help find prognostic biomarkers for optimal treat-
ment, or novel therapeutic targets to enhance efficiency of
current MM therapy.

Changes in metabolism are increasingly regarded as one of
the hallmarks of cancer cells, including MM.®> Malignant cells
rewire multiple aspects of their metabolism to fulfil the higher
demand for energy, to produce building blocks for proliferation
and to maintain their redox balance. Several studies have
shown that serum from MM patients have altered levels of
amino acids and lipids.*” On a cellular level, MM is associated
with higher glycolysis, coupled to increased glucose uptake and
higher lactate production.®™*° At the same time, MM cells show
an addiction for the amino acid glutamine,'* the main carbon
source for the tricarboxylic acid (TCA) cycle in many cancer
cells, including MM."'™"* However, the TCA cycle can use
different carbon sources, including pyruvate derived from
glycolysis. Metabolic flux studies using **C stable isotopes have
shown that glutamine is dominant as a source for the TCA cycle
in MM as compared to glucose.™

Recent studies show that metabolism is further adjusted
when cells become resistant to BTZ treatment."”*® In a previous
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study, we have shown that BTZ-resistant cells use glucose to fuel
the pentose phosphate pathway (PPP) and serine synthesis
pathway (SSP), resulting in enhanced antioxidant capacity.'®
Other studies suggest that BTZ-resistant cells have increased
TCA cycle and oxidative phosphorylation (OXPHOS), resulting in
increased ATP production.'®'”'*?° Proteasome inhibition
induces mitochondrial damage, which results in oxidative stress
and eventually leads to apoptosis.*! It is therefore likely that
BTZ-resistant cells upregulate their mitochondrial energy pro-
duction and anti-oxidant capacity to counteract these effects. In
addition, increased OXPHOS has shown to promote protein
folding, mediating BTZ resistance.”® Although these studies
point to a clear association between energy metabolism and
proteasome-inhibitor response, whether and how energy meta-
bolism can be exploited to improve BTZ treatment efficacy
remains unclear.

Here, we characterize mitochondrial energy metabolism in
BTZ-resistant cells by using a multi-omics approach. Our data
indicate that a metabolic signature of TCA cycle and OXPHOS
gene expression predisposes to clinical BTZ resistance and poor
prognosis in MM patients. We show that this signature is
linked to elevated levels of the mitochondrial electron carrier
coenzyme Q10 (CoQ), a downstream product of the mevalonate
pathway. We further demonstrate that inhibition of the meva-
lonate pathway with simvastatin lowers CoQ levels in BTZ-
resistant cells, inducing apoptosis. Our results position the
combination of BTZ with statin-induced OXPHOS inhibition as
a novel strategy to improve MM treatment outcome.

Material and methods

Reagents

Human MM RPMI-8226 WT and BTZ-resistant cells were a kind
gift from Gerrit Jansen (VU University Medical Center, Amster-
dam, The Netherlands). AMO-1 and ARH-77 WT, BTZ- and
carfilzomib-resistant cells were kindly provided by C. Driessen
(Kantonsspital St. Gallen, Switzerland). BTZ was purchased
from Selleck Chemicals (Houston, TX, USA). All solvents were
obtained from Biosolve (Valkenswaard, The Netherlands) and
all other chemicals were obtained from Sigma-Aldrich (Zwijn-
drecht, The Netherlands), unless stated otherwise.

Cell culture

BTZ and carfilzomib-resistant cells were obtained as described
previously.>*** Cells were maintained in suspension culture in
RPMI-1640 (Lonza, Basel, Switzerland) medium supplemented
with 2 mM r-glutamine (Lonza), 10% fetal bovine serum (FBS)
(Gibco) and 100 pg ml~* penicillin/streptomycin (Lonza) and
were kept at 37 °C in humidified 5% CO, atmosphere. BTZ- and
carfilzomib resistant cells were continuously cultured in the
presence of BTZ or carfilzomib. Cells were cultured without
drugs 3-5 days prior to experiments. Media were supplemented
with 10% FBS and 100 pg ml~" penicillin/streptomycin unless
stated otherwise.
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LC-MS based metabolomics

LC-MS based metabolomics were performed as described.'®** For

metabolic screens, cells were resuspended in fresh RPMI medium at
a density of 1 x 10° cells per ml. After 2 hours, samples were washed
with PBS and harvested for LC-MS analysis.

For “C-tracer tracer studies, cells were resuspended in DMEM
containing 2 mM [U-"*CJi-glutamine (Cambridge Isotopes, Tewks-
bury, MA, USA) or with 25 mM [U-"*CJp-glucose and **C-glutamine
and harvested after 4 hours. For glutamine starvation experiments,
medium consisted of DMEM, supplemented with 25 mM [U-"*CJo-
glucose and 10% dialyzed FBS in the presence or absence of 2 mM
1-glutamine. LC-MS analysis was performed on an Exactive mass
spectrometer (Thermo Scientific, Breda, The Netherlands) coupled
to a Dionex Ultimate 3000 autosampler and pump (Thermo Scien-
tific). Peak intensities were normalised based on median peak
intensity. Isotope distributions were corrected for natural abun-
dance and data are plotted as relative peak area compared to WT
cells under control conditions. See ESIf for more detailed
information.

Proteomics with membrane fractionation

RPMI-8226 WT and BTZ-resistant cells were seeded in RPMI
medium at a density of 1 x 10° cells per ml and incubated for
2 hours. Per cell line, four biological replicates of 3 x 107 cells
were washed with PBS and harvested for fractionation using a
plasma membrane isolation kit (Abcam, ab65400). Proteomics
data were acquired using an UHPLC 1290 system (Agilent,
Santa Clara, CA, USA) coupled to an Orbitrap Q Exactive Plus
mass spectrometer (Thermo Scientific). See ESIt for more
detailed information.

Extracellular flux analysis

Extracellular flux analysis was performed using a Seahorse
Bioscience XFe24 Analyzer. RPMI-8226 WT and BTZ-resistant
cells were resuspended at a density of 1 x 10° cells per ml in
Seahorse XF Base medium (Seahorse Bioscience), supplemen-
ted with 25 mM glucose and 1 M NaOH, in the presence or
absence of 2 mM r-glutamine. 1 x 10° cells (100 pl) were added
to 5 wells of XF24 cell culture microplates (Seahorse Bioscience,
Agilent). After 30 minutes, microplates were centrifuged at
400 rpm to ensure cells were adhered to the bottom of the
plates. 425 pl of corresponding media was added and cells were
incubated for 60 min at 37 °C. The oxygen consumption rate
(OCR) in pmol O,/min was measured in triplicate at basal
conditions, and after the injection of 1 uM oligomycin,
0.1 uM FCCP and 2 pM of Rotenone and Antimycin A after
18, 36 and 54 min, respectively. After injections, measurements
of 3 min were performed in triplicate, preceded by 1 min of
mixture time and 2 min waiting time. OCR coupled ATP
production was calculated as the difference in OCR at basal
conditions and after the addition of oligomycin.

Cell viability and cell growth assays

Cells were suspended in triplicate at a density of 2-5 x 10° cells
per ml in RPMI-1640 medium in 96-well plates and incubated

This journal is © The Royal Society of Chemistry 2022
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with drugs at the indicated concentrations for 24-48 hours. Cell
growth was monitored continuously with the IncuCyte live-cell
imager system (Essen Bioscience, Hertfordshire, UK). Images
were acquired every 2 hours for 1-2 days, and analysed using
the IncyCyte Zoom software (Essen Bioscience). Cell growth was
defined as population doublings per 24-48 hours and calcu-
lated based on increased confluence.

Cell death was assessed after 24-48 hours by incubating
each well with 30 uM propidium iodide and measuring fluores-
cence after 15 minutes using the IncuCyte instrument. Cell
death was calculated based on the area of the fluorescent
signal, normalized to confluency of the wells. For experiments
using a combination of simvastatin and BTZ, cells were sus-
pended in triplicate at a density of 1 x 10° cells per ml in RPMI-
1640 medium in 96-well plates and pre-incubated with simvas-
tatin with the stated concentrations. After 24 hours, BTZ was
added and cell viability was measured after 48 hours by
incubation of cells with 50 uM resazurin for 2-4 hours, after
which absorption was measured at 570 nm and 600 nm using a
microplate reader. Results were calculated by subtraction of
background absorbance at 600 nm from absorbance at 570 nm.

Gene expression analysis

Gene expression data from clinical MM patients treated with BTZ or
dexamethasone were obtained from a public domain Gene Expres-
sion Omnibus dataset (accession number GSE9782).°° In this
genomics study with patients from four clinical trials, purified
MM samples were collected prior to treatment with BTZ
(188 patients) or dexamethasone (DEX) (76 patients). Patients were
classified based on their response to therapy: Complete response,
partial response, minimal response, no change, or progressive
disease. Patients with no change or progressive disease were
considered non-responders.*

The population-wide expression of each gene was normal-
ized to mean = 0 and SD = 1 and the mean expression of the
OXPHOS and TCA cycle KEGG pathways were calculated for
each patient. This patient-mean pathway expression was com-
pared between responders and non-responders using t-tests
and boxplots. The odds of non-response based on higher vs.
lower than average pathway expression was estimated with a
logistic regression model. The overall survival of patients with a
higher vs. lower than average pathway expressions was com-
pared using Cox proportional hazard models and survival
curves. The proportionality assumption was checked by testing
the linearity of the Schoenfeld residuals against log time and
was valid for all reported models (P > 0.05).

All gene expression analyses were done in R using the Biocon-
ductor platform®” and the GEOquery*® and GAGE* packages.

Cholesterol and CoQ analysis by LC-MS

Cells were resuspended in fresh RPMI medium at a density of
1 x 10° cells per ml in the presence of absence of 1 uM
simvastatin, atorvastatin or rosuvastatin. After 24 hours, sam-
ples were washed with PBS and harvested by centrifugation for
5 min at 1000 g at 4 °C. Cells were resuspended in 800 puL PBS
and transferred to round bottom glass tube. Cholesterol and

This journal is © The Royal Society of Chemistry 2022
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CoQ were extracted according to Bligh and Dyer.*° LC-MS
analysis was performed on an Q-Exactive HF mass spectrometer
(Thermo Scientific) coupled to a Vanquish autosampler and
pump (Thermo Scientific). See ESLT for more detailed
information.

5T33 MM in vivo studies

C57BL/KalwRij mice (Envigo Laboratories, Horst, Holland)
were housed and treated according to procedures approved
by the Ethical Committee for Animal Experiments of the Vrije
Universiteit Brussel (project number: 19-281-5). Female mice
were injected intravenously (i.v.) on day 0 with 5 x 10> 5T33MM
cells and divided into four groups: vehicle, single agent groups:
BTZ or simvastatin alone and combinations of simvastatin with
BTZ. Starting from day 1, mice were treated either with
40 milligrams per kilograms (mpk) simvastatin 6 x/week intra-
peritoneally (IP) for the designated treatment groups. Starting
from day 2, 0.6 mpk bortezomib was given twice per week
subcutanously (SC). Injection volumes did not exceed 100 pl.
The vehicle for simvastatin is composed of 10% DMSO, 10%
Tween 80 and saline. At day 18, spleens were harvested and
weighed, the percent plasma cells in the BM was determined on
May Grunwald-Giemsa stained BM smears from one femur,
and the M spike was measured as described.>*

Results

Expression of mitochondrial gene signatures is associated with
poor response and outcome to BTZ treatment specifically

Several studies have linked increased activity of metabolic
pathways in mitochondria to BTZ resistance in MM.">™” We
first questioned whether such mitochondrial signatures are
specifically associated with BTZ response or a general feature
of drug-resistant MM. Therefore, we correlated gene-expression
signatures of metabolic pathways to treatment outcome and
overall survival of treatment-naive MM patients on BTZ (n =
188) or dexamethasone (n = 76) therapy, using a public set of
genome-wide data from four clinical trials.”® The expression of
both OXPHOS enzymes (KEGG hsa00190, 132 genes, 110 mea-
sured) and TCA cycle enzymes (KEGG hsa00020, 30 genes, 29
measured) were associated with BTZ response and patient
survival (Fig. 1). Patients with higher than average OXPHOS
expression had 2.2-fold odds of being unresponsive to BTZ
(95%CI 1.2-4.1) and a 1.6-fold hazard of death (95%CI 1.1-2.2)
compared to those with lower than average expression (Fig. 1a
and b). Patients with higher than average TCA cycle expression
had 1.9-fold odds of being unresponsive to BTZ (95%CI 1.0-3.5)
and a 2.1-fold hazard of death (95%CI 1.4-3.0) compared to
those with lower than average expression (Fig. 1c and d). For
patients treated with dexamethasone instead of BTZ, no asso-
ciation between OXPHOS or TCA cycle expression and treat-
ment response or overall survival was observed (Fig. S1, ESIT).
Thus, these mitochondrial gene-expression sighatures are spe-
cific to BTZ resistance, rather than a general marker of poor
prognosis. Our results indicate that for treatment-naive
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Fig.1 OXPHOS and TCA cycle overexpression is associated with bortezomib response and survival in multiple myeloma patients. Tumour cell gene
expression data was available for 169 multiple myeloma patients before the start of BTZ therapy. After standardising the population-wide expression of
each gene to mean = 0, SD = 1, the mean expression of the KEGG oxidative phosphorylation pathway (132 genes, 110 measured) and the KEGG TCA cycle
pathway (30 genes, 29 measured) was calculated for each patient. (a) Expression of the OXPHOS pathway before the start of therapy was associated with
treatment response to bortezomib. (b) Patients with higher than average OXPHOS pathway expression had worse overall survival under bortezomib
therapy. (c) Expression of the TCA cycle pathway before the start of therapy was associated with treatment response to bortezomib. (d) Patients with
higher than average TCA cycle pathway expression had worse overall survival under bortezomib therapy. Expression by treatment response was

compared using t-tests, survival was compared using a Cox Proportional Hazards model. Crosses indicate censoring of survival information.

patients, a high expression of OXPHOS and TCA cycle-related
genes could be used to predict responses to BTZ therapy
specifically.

BTZ-resistant cells upregulate the entire mitochondrial
metabolic machinery

To investigate whether specific mitochondrial proteins or com-
plexes were upregulated in BTZ resistance, we performed
proteomics and metabolomics analysis on BTZ-sensitive wild-
type (WT) and BTZ-resistant (BTZ/100) RPMI-8226 MM cells.
BTZ/100 cells grow in the presence of 100 nM BTZ>* and have a
48 hour ICs, value ~250 nM, against ~7 nm for WT (Fig. S2a,
ESI+)."® To improve proteomics coverage of metabolic enzymes,
a fractionation strategy was used, separating cytosolic from
membrane fractions before measuring these separately. A total
of 7210 proteins were identified, with >5380 proteins quanti-
fied in at least 2 out of 4 biological replicates. Amongst these,
1807 proteins were involved in cellular metabolism (based on
KEGG pathways; Fig. S2b, ESIt). Gene Ontology (GO) enrich-
ment analysis of differentially expressed metabolic enzymes
(=2-fold, p < 0.05) revealed that different processes related to
mitochondrial energy metabolism were amongst the highest
enriched GO processes in BTZ-resistant cells (Fig. S2c, ESIT).
Almost all proteins (Fig. 2a) and metabolites (Fig. 2b) across the
TCA cycle and ETC complexes were significantly upregulated in
BTZ-resistant cells compared to WT cells. Functionally, BTZ-
resistant cells showed an increased basal oxygen consumption
rate (OCR) (Fig. 2¢) and increased levels of ATP-coupled respira-
tion (Fig. 2d), in line with previous studies."®"” Combined,
these data show that BTZ-resistant cells upregulate the entire
mitochondrial energy metabolism machinery, resulting in a

22 | Mol Omics, 2022, 18, 19-30

more active TCA cycle coupled to increased mitochondrial ATP
production (Fig. 2e).

BTZ-resistant cells use glutamine to sustain a high TCA cycle
activity, but are not dependent on glutamine for survival

Successful intervention in mitochondrial energy metabolism
requires a detailed understanding of its metabolic wiring to identify
potential metabolic dependencies. To investigate which pathways
are feeding into mitochondrial metabolism in BTZ-sensitive and
-resistant, WT and BTZ/100 cells were grown in the presence of
[U-"*Cl-glucose or [U-"*C]-glutamine and the incorporation of *C-
carbon in citrate was followed using mass spectrometry (Fig. 3a). As
expected, glutamine was the main carbon source for the TCA cycle
in both WT and BTZ/100 cells, as evidenced by the high fraction of
labelled citrate from or [U-"*C}-glutamine (Fig. 3b). In contrast, BTZ/
100 cells showed less incorporation of *C-glucose as compared to
WT cells (Fig. 3c), in line with our previous findings, where we
showed that BTZ/100 cells use glucose predominantly to fuel anti-
oxidant pathways.'® In addition, BTZresistant cells displayed a
higher uptake of extracellular glutamine as compared to WT cells
(Fig. 3d), together with significantly upregulated levels of GPT2,
GOT2 and GLUD1 (>2-fold, p < 0.05; Fig. S2d, ESIt). Although
both WT and BTZ/100 MM cells predominantly use glutamine to
fuel their TCA cycle, the higher TCA cycle activity in BTZ/100 cells
likely necessitates an increased consumption of glutamine. OCR
measurements indeed confirmed that glutamine is a major source
for mitochondrial energy production in BTZ/100 cells, as starving
the cells from glutamine resulted in a severe drop in ATP production
in BTZ/100 cells specifically (Fig. 3e and f).

We next investigated whether the increased glutamine con-
sumption of BTZ/100 cells also constituted a metabolic vulner-
ability by culturing cells under glutamine-starved conditions.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Bortezomib-resistant cells have higher activity of mitochondrial energy metabolism. (a) Bar graphs display the average log 2 fold change (FC) of
metabolic enzymes involved in the TCA cycle (GO:0006099) and electron transport chain (ETC) (GO:0022900). Enzymes that were significantly up- (red)
or downregulated (blue) in RPMI-8226 bortezomib-resistant (BTZ/100) cells compared to wild type (WT) are marked with * (b) Bar graphs display the
relative metabolite levels of TCA cycle intermediates in RPMI-8226 wild type (WT) cells (black) and bortezomib-resistant (BTZ/100) cells (grey). (c and d)
Seahorse XF Cell Mito Stress Test of WT and BTZ/100 cells (c) and ATP production (d). WT and BTZ/100 cells were plated in XF base medium exposed to
the Seahorse XF Cell Mito Stress Test, consisting of automated treatment with oligomycin, FCCP, and the combination of antimycin A and rotenone at the
indicated times. The oxygen consumption rate (OCR) was measured over time using the XFe24 Analyzer. (e) Schematic overview of the TCA cycle and
ETC. Data are mean OCR =+ SD (n = 5). One-way ANOVA tests were performed (**** = p < 0.0001, *** = p < 0.001).

Surprisingly, lowering the extracellular glutamine concentration
to 0.5 mM resulted in a significant growth inhibition in WT cells
only (Fig. 3g). Moreover, complete glutamine starvation induced
significantly more cell death in WT cells compared to BTZ-
resistant cells (Fig. 3h) and re-addition of extracellular gluta-
mine after a 24 h period of glutamine starvation restored cell
proliferation in BTZ/100 cell only (Fig. S3a, ESIf). The same
phenotype was seen when we treated WT and BTZ/100 cells with
the allosteric glutaminase inhibitor BPTES. While BPTES
reduced cell viability in both WT and BTZ/100 cells (Fig. S3b,
ESIT), no cell death was seen in BTZ/100 cells (Fig. S3c, ESIT).
Finally, while WT cells showed no measurable basal respiration
in the absence of glutamine, the OCR of BTZ/100 cells without
glutamine was comparable to the OCR of WT cells under control
conditions (Fig. 3e). To study how BTZ/100 cells maintain
mitochondrial activity in the absence of glutamine, we cultured
cells for 4 hours under glutamine-starved conditions in the
presence of "*C-glucose. In the absence of glutamine, the levels
of TCA cycle intermediates dropped in both cell types (Fig. S3d,

This journal is © The Royal Society of Chemistry 2022

ESIT), as expected. However, in line with the mitochondrial
activity measurements BTZ/100 cells maintained significantly
higher levels citrate and succinate than WT cells (Fig. S3d, ESIf).
In addition, NADH levels in BTZ/100 cells remained stable,
while these significantly decreased in WT cells (Fig. S3d, ESIT).
Notably, a large part of citrate and succinate remained unla-
beled from '*C-glucose, also in the absence of glutamine
(Fig. S3d, ESIY), suggesting that BTZ/100 cells can switch carbon
sources other than glucose and glutamine for the production of
TCA cycle intermediates. Together, our results demonstrate that
under normal conditions, BTZ-resistant cells use more extra-
cellular glutamine for metabolic processes in the mitochondria,
but also have a higher metabolic flexibility, allowing these cells
to cope with glutamine starvation.

The mevalonate pathway through CoQ production is an
important metabolic driver of BTZ resistance

As BTZ-resistant cells have developed a metabolic plasticity that
allows them to counteract interventions in TCA-cycle feeder
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Fig. 3 Bortezomib-resistant cells are less dependent on extracellular glutamine for survival. (a) Schematic overview of the TCA cycle and the two
important carbon sources glucose and glutamine. (b and c) LC-MS analysis of intracellular citrate fractions in RPMI-8226 wild type (WT) (black) and
bortezomib resistant (BTZ/100) cells (grey). Cells were grown in complete medium containing 25 mM [U-13C]-p-glucose and 2 mM 2C-glutamine (b) or
25 mM 2C-p-glucose and 2 mM [U-13C] glutamine (c). Intracellular metabolites were extracted after 4 hours, followed by LC-MS analysis. Data are means
+SD (n = 3) of BC-labeled fraction of total citrate pool. (d) LC-MS analysis of extracellular glutamine levels in the culture medium of RPMI-8226 wild type
(WT) and bortezomib resistant (BTZ/100) cells. Cells were suspended in RPMI medium containing 1 mM L-glutamine. Media samples were collected after
8 hours. Results represent uptake of glutamine as compared to cell-free media (n = 3). (e and f) Seahorse XF Cell Mito Stress Test of WT and BTZ/100 cells
and ATP production in the presence and absence (—GLN) of extracellular glutamine, consisting of automated treatment with oligomycin, FCCP, and the
combination of antimycin A and rotenone at the indicated times. Data are mean OCR + SD (n = 5). (g and h) Growth rate (g) and cell death (h) of WT and
BTZ/100 cells after a 24 hour treatment with decreasing concentrations of glutamine (GLN) present in the culture medium. Results represent % growth
rate (g) or % cell death (h) & SD compared to non-treated controls (n = 3). One-way ANOVA tests were performed (**** = p < 0.0001, *** = p < 0.001).

pathways, we next turned our attention to OXPHOS and per- were downregulated in BTZ/100 cells. In line with the proteo-
formed cell growth assays in the presence of ETC complex mics data, intracellular levels of CoQ were significantly upre-
inhibitors (Fig. 4a). Complex I inhibitors showed 25-50 fold gulated in BTZ/100 cells as compared to WT cells (Fig. 4e and f),
lower ICs, values on cell growth in BTZ/100 cells compared to while no significant difference in cholesterol was seen
WT cells (Phenformin: 193 uM vs. 3.86 uM (Fig. 4b); Metformin:  (Fig. 4fand e). To investigate whether increased CoQ levels are
19.4 mM vs. 0.81 mM; Rotenone: 236 nM vs. 5.65 nM (Fig. S4a, a general feature of BTZ-resistant cells, we also included BTZ-
ESIY)), whereby complex I inhibition appeared cytostatic rather sensitive AMO-1 MM cells and its BTZ- and carfilzomib-
than cytotoxic (Fig. S4b, ESIt). In contrast, Complex III (Anti- resistant counterpart, and WT and BTZ-resistant ARH-77
mycin A) and ATP synthase (Oligomycin) inhibitors showed no  cells."®** Both AMO-1 and ARH-77 BTZresistant cells had no
differences ICs, values between both cell types (2.28 nM vs. increased levels of CoQ (Fig. S4c, ESIT). However, higher levels
1.46 nM and 4.78 nM vs. 4.27 nM respectively; Fig. 4b), suggest- of enzymes involved in CoQ synthesis were found in AMO-1
ing that the first steps in the ETC potentially constitute a BTZ-resistant MM cells in another study, as well as in BTZ-
metabolic vulnerability in BTZ-resistant cells. resistant HL-60 cells,'® suggesting that BTZ-resistant cells have
Coenzyme Q10 (CoQ) acts as a mitochondrial electron higher activity CoQ biosynthesis, to support increased
carrier and is therefore important for ETC complex I and OXPHOS.
complex II activity (Fig. 4a). CoQ is a downstream product of While the HMG-CoA reductase (HMGCR) inhibitor simvas-
the mevalonate pathway, which is also involved in synthesis of tatin is widely used as a cholesterol blocker, recent studies
cholesterol, dolichols and prenyl units (Fig. 4c). Notably, our show that in cancer, simvastatin predominantly lowers CoQ
proteomics data identified enzymes selectively involved in CoQ levels, while less effect is seen on cholesterol levels.** Simvas-
synthesis to be amongst the highest upregulated proteins in tatin, via CoQ, therefore provides an alternative route for ETC
BTZ-resistant cells (Fig. 4d). Proteins that are shared between inhibition in cancer cells.>*”**> We next questioned whether the
the cholesterol and CoQ biosynthesis pathways (HMGCR, mevalonate pathway and downstream CoQ synthesis can be
ACAA2 and MVK) were also upregulated, while downstream targeted in BTZ/100 cells to overcome resistance. WT and BTZ/
enzymes that are specifically involved in cholesterol synthesis 100 cells were first exposed to several statins (HMGCR

24 | Mol Omics, 2022, 18,19-30 This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Bortezomib-resistant cells have elevated Coenzyme Q levels and are more vulnerable to simvastatin-induced OXPHOS inhibition. (a) Schematic
representation of the electron transport chain and used inhibitors. (b) Growth rate of RPMI-8226 wild type (WT) (black) and bortezomib-resistant (BTZ/
100) (grey) cells after a 48 hour treatment with increasing concentrations of Phenformin, Antimycin A and Oligomycin. Results represent % growth rate +
SD compared to non-treated controls (n = 3). (c) Schematic representation of mevalonate pathway and inhibitors. Statins inhibit HMG-CoA reductase
(HMGCR), the rate limiting step of the mevalonate pathway. (d) Bar graphs display the average log2 FC of metabolic enzymes involved in the
Geranylgeranylation (GO:0018344), CoQ biosynthesis (GO:0006744) and cholesterol biosynthesis (GO:0006695). Enzymes that were significantly up-
(red) or downregulated (blue) in BTZ/100 cells compared to WT are marked with *. (e and f) LC-MS analysis of intracellular cholesterol (e) and CoQ
(f) levels in WT (black) and BTZ/100 cells (grey). (g) Growth rate of WT (black) and bortezomib-resistant (BTZ/100) cells after a 48 hour treatment with
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non-treated controls (n = 3). (i and j) LC-MS analysis of intracellular cholesterol (i) and CoQ (j) levels in WT (black) and BTZ/100 cells (grey) after a 24 hour
treatment with 1 uM simvastatin (k and |) LC-MS analysis of intracellular Malate (k) and ATP (1) levels in WT (black) and BTZ/100 cells (grey) after 24 hours
treatment with 1 uM simvastatin. Data represents relative peak area of metabolite + SD compared to non-treated controls (n = 3). One-way ANOVA tests
were performed (* = p < 0.05).
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inhibitors). BTZ/100 cells showed an increased sensitivity for
simvastatin (Fig. 4g) and atorvastatin compared to WT cells,
while rosuvastatin was not effective in either cell line (Fig. S4d,
ESIt). In contrast to the cytostatic complex I inhibitor phenfor-
min, simvastatin showed cytotoxic effects on BTZ/100 but not
WT cells (Fig. S4b, ESIt). While AMO-1 and ARH-77 BTZ-
resistant cells showed no increased intracellular CoQ levels,
simvastatin treatment resulted in a significant decrease in cell
viability, as compared to their WT counterpart (Fig. S4e, ESIY),
confirming that BTZ-resistant cells are more sensitive to
simvastatin.

To demonstrate that the effect of simvastatin is via its action
on CoQ synthesis, rather than other downstream pathways of
the mevalonate pathway, we tested the effect of Lonafarnib
(Farnesyl-transferase inhibitor) and GGTI-298 (Geranylgeranyl-
transferase inhibitor) (Fig. 4c and h). Indeed, GGTI-298 showed
no effect on cell growth in both WT and BTZ/100 cells.
Lonafarnib on the other hand induced a similar reduction of
cell growth as simvastatin.

To further support the hypothesis that simvastatin acts on
BTZ/100 cells via interfering with CoQ synthesis and that this,
in turn, lowers mitochondrial metabolism, we performed a
metabolomic screen of WT and BTZ-resistant cells in the
presence and absence of simvastatin. Simvastatin significantly
lowered CoQ, but not cholesterol levels in both WT and BTZ/
100 cells (Fig. 4i and j), as well as in the panel of AMO-1 and
ARH-77 cells (Fig. S4f, ESIT). The effect of simvastatin on CoQ
levels in AMO-1 cells is smaller than in the other cell lines,
which corresponds to the lower effect of simvastatin on cell
viability in these cells. Atorvastatin and rosuvastatin also low-
ered CoQ levels in WT and BTZ/100 cells, although the effect of
rosuvastatin was less pronounced, in line with the effect on cell
growth (Fig. S4g, ESIT). Together, these data indicate that the
effect of statins in BTZ-resistant cells is correlated to the
decrease in intracellular CoQ levels.

In addition, the TCA cycle intermediate malate decreased
upon simvastatin treatment in BTZ/100 but not WT cells,
indicative of lower TCA cycle activity (Fig. 4k). The substantially,
albeit not significantly, lower levels of ATP in BTZ/100 cells
further support the notion that mitochondrial energy metabo-
lism is affected in BTZ/100 but not WT cells (Fig. 41). BTZ/100
cells also showed a higher secretion of lactate after simvastatin
treatment (Fig. S4h, ESI}), indicating that BTZ-resistant cells
increase their glycolytic activity in response to simvastatin,
likely to compensate for the decrease in mitochondrial energy
production.?*>

Simvastatin enhances the effect of Bortezomib in vitro and

in vivo

Because high levels of CoQ appear to be important for cells to
become resistant to BTZ, we next investigated if lowering CoQ
levels with simvastatin would enhance the effect of BTZ. Hence,
we pre-incubated WT and BTZ-resistant cells with simvastatin
for 24 hours, before exposing cells to BTZ. Indeed, preincuba-
tion with simvastatin enhanced the sensitivity towards BTZ of
both sensitive and resistant RPMI-8226 cells (Fig. 5a) and in
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AMO-1 WT, ARH-77 WT and BTZ-resistant cells (Fig. S4i, ESI}).
No significant effect was seen in AMO-1 BTZ-resistant cells, but
simvastatin also resulted in a minor decrease in CoQ levels in
these cells (Fig. S4f, ESIt).

Finally, we investigated whether simvastatin, in combi-
nation with BTZ, could reduce tumour load in vivo. We used
the 5T33MM mouse model, which is an immune competent
model that faithfully recaptures the human disease, with MM
tumours secreting M-proteins, residing in the bone marrow,
and migrating to hematopoietic organs including the spleen.**
The combination of BTZ and simvastatin significantly
enhanced cell death in 5T33MM cells in vitro (Fig. 5b), con-
firming that the combination of simvastatin and BTZ works
in vitro in this model system. In vivo, BTZ treatment reduced the
tumour burden in the bone marrow by 19% (Fig. 5¢) and serum
M protein levels by 37% (Fig. 5d), while simvastatin alone had
no effect on these parameters. The combination of simvastatin
and BTZ significantly reduced the serum M protein level,
tumour burden and spleen weight as compared to BTZ treat-
ment alone (tumourload: 28.6% MM cells in combo compared
to 48.5% in BTZ group; M spike: 4.2 ¢ d”" vs. 8.1 g dl™'; spleen
weight: 0.38 g vs. 0.54 g) (Fig. 5c-e). Together, these results
show that simvastatin synergizes with BTZ both in vitro and
in vivo and pose mevalonate pathway inhibitors as novel
compounds for combination treatment with BTZ or to treat
BTZ-resistant patients.

Discussion

Despite the positive developments due to targeted cancer
therapies, resistance to therapeutic agents is acknowledged as
a major problem. This is especially true for MM, which remains
an incurable disease mainly due to the occurrence of drug
resistance. Considering that metabolism plays an essential role
in resistance against anti-cancer drugs,*® we aimed to identify
metabolic pathways involved in BTZ resistance, targeting of
which would work synergistically with BTZ treatment to ulti-
mately improve treatment efficacy. Publicly-available gene-
expression data from MM patient samples identified a priori
upregulated TCA cycle and OXPHOS pathways as predictive of
intrinsic clinical BTZ resistance and poor prognosis, as has
previously been described for a mitochondrial biogenesis
signature.’®*” Importantly, signatures are specific to BTZ resis-
tance, rather than a general marker of poor prognosis. The
same pattern is visible also in cell lines that acquired BTZ
resistance through exposure to the drug, suggesting that an
upregulated TCA cycle and ETC activity is core feature of BTZ-
resistant MM.

Mechanistically, we show that BTZ-resistant cells in vitro
have higher activity of the TCA cycle and that glutamine is the
major source for TCA cycle in both BTZ-sensitive and -resistant
cells. Many cancer cells are highly dependent on glutamine for
survival and proliferation’>*® and withdrawal of glutamine
from the culture media results in growth arrest and cell death
of (drug-sensitive) MM cells.""* Our results show that upon

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Simvastatin synergizes with Bortezomib in vitro and in vivo. (a) Cell viability of WT (black) and bortezomib-resistant (BTZ/100) cells after a 48 hour
treatment with bortezomib (5 nM and 200 nM respectively) with and without a 24 hour preincubation with 100 nM Simvastatin. Results represent % cell
viability + SD compared to non-treated controls ((n = 3).). (b) Cell death of 5T33MMvv cells after 24 hour treatment with 5 uM simvastatin, 2 nM
Bortezomib or the combination. Results represent % cell death £ SD (n = 3). (c—e) The effect of simvastatin with and without bortezomib treatment on
different multiple myeloma parameters in mice. Data are means + SD (n = 9) of each treatment group. (c) Spleen weight (g) as indication of tumour load.
(d) M-spike, which was analysed by protein electrophoresis on collected serum (g di™%). (e) Analysis of plasmacytosis on May-Grunwald-Giemsa stained
cytosmears (% MM cells on total number of cells). One-way ANOVA tests were performed (* = p < 0.05, ** = p < 0.01).

acquiring BTZ-resistance, MM cells remain dependent on glu- could also vary depending on the proteasome inhibitor used.
tamine for proliferation, but no longer for survival. Moreover, The overexpression of the drug efflux transporter ABCB1/P-
our data show that under conditions of glutamine starvation, glycoprotein, an ATP-dependent efflux pump, is an important
BTZ-resistant cells are able to retain higher levels of TCA cycle underlying mechanism of carfilzomib resistance.'®** This
intermediates and mitochondrial oxygen consumption rates. dependence on ATP production may make carfilzomib-
Although the exact pathways that fuel to TCA cycle under these resistant cells particularly sensitive to the sudden decrease in
conditions remain to be identified, oxidation of branched chain ~ ATP-production capacity that would result from glutamine
amino acids or fatty acids and scavenging pathways that use starvation or glutaminase inhibition.

macromolecules to generate metabolites®>*® are all likely Importantly, we are the first to link high CoQ levels to BTZ
candidates. A previous study showed that proteasome response and show that inhibition of CoQ synthesis through
inhibitor-resistant AMO-1 cells are more sensitive to glutami- the HMGCR inhibitor simvastatin or the farnesyl-transferase
nase inhibition compared to wild-type cells,'” especially in inhibitor lonafarnib is more effective in BTZ-resistant cells.
combination with carfilzomib. It is not clear why proteasome- Simvastatin strongly enhanced the effect of BTZ in both WT
inhibitor resistant AMO-1 appear to react differently to inhibi- and BTZ-resistant cell lines in vitro and in vivo, proposing
tion of glutamine metabolism. However, RAS mutations are combination treatments of BTZ and mevalonate pathway inhi-
known to modulate glutamine metabolism and the sensitivity ~bition as a novel strategy to treat (intrinsically) BTZ-resistant
to glutamine metabolism inhibitors.*>**> Although the RAS patients. The identified TCA cycle/OXPHOS signature could be
status in the bortezomib-resistant cell lines is not known, their of use to predict BTZ response in patients and stratify patients
WT counterparts harbour different KRAS mutations.”® It is that would particularly benefit from combined simvastatin/
therefore conceivable that a different mutational KRAS status bortezomib treatment.

contributes to the differences in sensitivity between these two Simvastatin is an approved drug for the treatment of
cell lines. The sensitivity to glutamine metabolism inhibition hypercholesterolaemia and is currently under investigation
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for cancer therapy.**°
lower the levels of CoQ in serum
mitochondrial respiration and increase oxidative stress.
Recent studies show that simvastatin has limited effect on

Besides lowering cholesterol, statins

4718 and are known to decrease
33,34

cholesterol levels in cancer cells and that the effect in cancer
is merely a result of lowering CoQ levels, resulting in impaired
OXPHOS.*>** In line with these findings, our data also point
towards changes in CoQ synthesis rather than cholesterol in
the mode of action of simvastatin in BTZ-resistant MM.

Statins have been shown to overcome cell adhesion-mediated
drug resistance in MM by geranylgeranylation in a co-culture
system of MM and bone marrow stromal cells*® and a small
pilot study showed that simvastatin overcomes drug resistance
in refractory MM.>® However, the RPMI-8226 cells used in our
study are not adherent and no stromal cells were present during
the experiments. A recent study showed that MM are dependent
on the mevalonate pathway, resulting to statin sensitivity, acting
via geranylgeranylation.>" Geranylgeranylation inhibition with
GGTI-298 had no effect in both WT and BTZ-resistant cells,
indicating that geranylgeranylation does not play a role in BTZ-
resistant RPMI-8226 cells. Instead, our data support inhibition
of CoQ synthesis as a novel mechanism via which statins can
overcome drug resistance. Statins are associated with a 24%
reduction in the hazard of multiple-myeloma specific mortality
in a propensity-matched cohort of 2656 patients,>® supporting
preclinical data. Our data provides novel insights in the relation
of simvastatin and BTZ response in patients and we are the first
to link energy metabolism, CoQ synthesis and statin treatment
to BTZ resistance.

Conclusions

In conclusion, our findings demonstrate that an increased TCA
cycle activity is associated with higher energy production via
the ETC and that this is a core feature of both intrinsic and
acquired drug resistance. Importantly, we show that CoQ path-
way inhibition with simvastatin enhances the effect of BTZ both
in vitro and in vivo. Our data provide a rationale for the
combination of simvastatin and BTZ as a novel therapy to
target BTZ resistance.
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