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Loss of mitochondrial pyruvate carrier 1
supports proline-dependent proliferation and
collagen biosynthesis in ovarian cancer
M. Rufaik Farook1, Zack Croxford1, Steffan Morgan 1, Anthony D. Horlock1, Amy K. Holt3, April Rees1,
Benjamin J. Jenkins1, Carmen Tse 1, Emma Stanton 1, D. Mark Davies 1,2, Catherine A. Thornton 1,
Nicholas Jones1, I. Martin Sheldon1, Emma E. Vincent3, James G. Cronin1,*
ABSTRACT

The pyruvate transporter MPC1 (mitochondrial pyruvate carrier 1) acts as a tumour-suppressor, loss of which correlates with a pro-tumorigenic
phenotype and poor survival in several tumour types. In high-grade serous ovarian cancers (HGSOC), patients display copy number loss of MPC1
in around 78% of cases and reduced MPC1 mRNA expression. To explore the metabolic effect of reduced expression, we demonstrate that
depleting MPC1 in HGSOC cell lines drives expression of key proline biosynthetic genes; PYCR1, PYCR2 and PYCR3, and biosynthesis of proline.
We show that altered proline metabolism underpins cancer cell proliferation, reactive oxygen species (ROS) production, and type I and type VI
collagen formation in ovarian cancer cells. Furthermore, exploring The Cancer Genome Atlas, we discovered the PYCR3 isozyme to be highly
expressed in a third of HGSOC patients, which was associated with more aggressive disease and diagnosis at a younger age. Taken together, our
study highlights that targeting proline metabolism is a potential therapeutic avenue for the treatment of HGSOC.

� 2024 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

High-grade serous ovarian cancer (HGSOC) is the leading cause of
death from gynaecological cancer [1,2]. The is due in part to late-stage
diagnosis, at which point disease is often widely metastatic in the
abdomen, resulting in a 10-year survival rate of only 15% [3,4]. Most
patients initially respond well to chemotherapy and attain complete
remission; however, relapse is common and the majority of patients
experience chemotherapy-resistant disease within 18-months of initial
treatment, making HGSOC an important clinical challenge [2,5].
Despite recent promising therapeutic developments, treating late-
stage HGSOC is rarely curative, and serves only to delay disease
recurrence. Thus, new targets and therapies are urgently needed to
better treat this aggressive and therapy-resistant disease.
Metabolic reprogramming, now an established hallmark of cancer, has
historically, focussed on the contribution of glycolytic and tricarboxylic
acid (TCA) cycle pathway activity to support tumorigenesis. Although,
more recently the contribution of amino acids as energy sources and in
the maintenance of cancer cell redox balance has come to the fore [6].
Cancer cells rewire metabolic pathways to meet the high energy de-
mands of tumour development, whilst producing the macromolecules
required for cell proliferation and survival. Thus, targeting cancer
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metabolism has been extensively explored, but can be challenging. For
instance, metabolic flexibility in ovarian cancer has been shown to
drive tumour progression and resistance to therapy [7e11].
Glucose is the primary source of carbon for generating the energy and
biosynthetic intermediates required for sustained growth and cell
survival [12]. Glucose-derived pyruvate, generated via glycolysis, is
transported into mitochondria via the mitochondrial pyruvate carrier
protein complex (MPC1 and MPC2), providing the major pool of acetyl-
CoA for oxidative metabolism [13,14]. Paradoxically, MPC1 is under-
expressed or deleted in multiple cancers, which correlates with poor
prognoses [15,16]. In HGSOC, around 78% of cases display copy
number loss of MPC1 (The Cancer Genome Atlas; TCGA) and overall, a
reduced expression of MPC1 [17]. Cancer cells may compensate for
disrupted transport of pyruvate into mitochondria by rerouting gluta-
mine metabolism to generate oxaloacetate (OAA) and acetyl-CoA to
sustain the tricarboxylic acid (TCA) cycle [18]. A shift to metabolic
dependence on glutamine also drives resistance to chemotherapy in
ovarian cancer [19,20]. Accordingly, ovarian cancers become reliant
on glutamine for cell survival, tumour growth, invasion, metastasis,
and therapy-resistance [19,21].
Glutamine is also metabolised via the pyrroline-5-carboxylate reduc-
tase (PYCR) isozymes, which provide the carbon and nitrogen required
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by cancer cells for proline-dependent cellular processes [22e26].
Proline is particularly important for cellular energy metabolism, redox
balance, and the production of the extracellular matrix (ECM) protein
collagen [22,26e30]. Furthermore, anchorage-independent induced
accumulation and secretion of proline supports increased production of
collagen in cancer cells [31]. Ovarian cancer cells deposit type VI
collagen during tumour formation, a factor found to contribute to
therapy resistance [32e34]. Breast cancer cells have also been found
to be dependent on extracellular pyruvate for collagen-based remod-
elling of the ECM in the lung metastatic niche [35], suggesting there
may be promise in targeting collagen biosynthesis and remodelling for
treatment of late-stage disease.
In this study we sought to determine whether dysregulated pyruvate
metabolism in ovarian cancer, due to reduced MPC1, drives collagen
deposition and ECM formation. We demonstrate that depletion ofMPC1
causes accumulation of intracellular pyruvate and increased expres-
sion of proline biosynthesis genes, which were demonstrated to be
critical for ovarian cancer cell proliferation and colony formation.
Furthermore, we show that altered proline metabolism underpins
cancer cell proliferation, reactive oxygen species (ROS) production, and
type I and type VI collagen formation in ovarian cancer cells. Consistent
with this, TCGA data obtained for HGSOC patients demonstrated copy
number gain of the chromosomal region containing the PCYR3 locus in
92% of HGSOC patients, with 1 in 3 patients displaying mRNA
amplification of PYCR3. In summary, we provide a mechanistic un-
derstanding underlying the role of MPC1 in ovarian cancer; coupling
dysregulated pyruvate metabolism to the metabolic reprogramming of
proline biosynthesis and collagen formation that may underpin ovarian
cancer progression and therapy resistance.

2. MATERIALS AND METHODS

2.1. Cell culture
The PEO1 (#10032308) and PEO4 (#10032309) cell lines were pur-
chased from the European Collection of Authenticated Cell Cultures,
England. The OVCAR3 (#HTB-161) cell line was purchased from
American Type Culture Collection, England. PEO1, PEO4 and OVCAR3
cell lines have previously been phenotypically and genotypically
characterised as representative of HGSOC [36,37]. For routine culture,
PEO1 and PEO4 cells were maintained in RPMI 1640 growth medium
(#31870, Thermo Fisher Scientific, UK), supplemented with 10% foetal
bovine serum (FBS) (#FB-1550, Biosera, USA), 2 mM glutamine
(#25030081, Thermo Fisher Scientific, UK), 1% antibacterial anti-
mycotic solution (ABAM) (#A5955, Merck, UK). For routine culture,
OVCAR3 cells were maintained in RPMI 1640 growth medium sup-
plemented with 20% FBS (#FB-1550, Biosera, USA), 2 mM glutamine,
0.1% insulin (#I0516, Merck) and 1% ABAM (#A5955, Merck). All cells
were cultured in TC treated Corning� T-25 (#CLS430639, Merck), T-
75 (#CLS430641U, Merck), or T-175 (#CLS431080, Merck) cell culture
flasks and incubated at 37 �C in a humidified 5% CO2 chamber.
Growth medium was replaced every 2e3 days and cells were sub-
cultured, using Accutase� cell detachment solution (#SCR005,
SigmaeAldrich), to ensure 70e80% confluency.

2.2. Small molecule inhibitors
To inhibit pyruvate transport into mitochondria UK5099 (#4186. Tocris,
UK), a potent inhibitor for MPC1, was used. Cell lines PEO1, PEO4 or
OVCAR3 were seeded at 2� 104 cells per 100 ml per well in a 96-well
plate. After 24 h, media were replaced with vehicle control (Dimethyl
sulfoxide; DMSO, #D8418, Merck) or UK5099 inhibitor at concentra-
tions of 2.5 mM or 5 mM. Each condition had a minimum of 4 technical
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replicates and experiments were repeated on at least three separate
occasions with independent cell passages.
To determine the effect of glutamine or proline on cell proliferation in
the presence of UK5099, high glucose DMEM media without gluta-
mine, phenol red or sodium pyruvate (#31053044, Thermo Fisher
Scientific) was mixed with DMEM media without glucose, glutamine,
phenol red or sodium pyruvate (#A1443001, Thermo Fisher Scientific)
to achieve 11.1 mM glucose serum-free growth media. Then, 10,000
cells/well in 200 ml media were seeded in a 96-well plate with five
technical replicate wells for each condition in DMEM media (20% FBS)
with 2 mM glutamine and no proline; DMEM media (20% FBS) without
glutamine and proline; or DMEM media (20% FBS) with 2 mM proline
but no glutamine. The 96-well plate was further incubated for 16 h at
37 �C and 5% CO2. Following the incubation, media was aspirated,
and cells were briefly washed with 200 ml of PBS. Plates were
immediately frozen at �80 �C before performing the CyQUANT assay.
The CyQUANT cell proliferation assay kit was used to quantify DNA
content following the manufacturer’s protocol (#C7026, Thermo Fisher
Scientific). Briefly, the cell supernatants were carefully aspirated, and
cells were gently washed with 100 ml of ice-cold PBS. The plate was
then stored at �80 �C for a minimum of 4 h. Prior to making up the
CyQUANT GR solution, the plate was thawed to room temperature.
Then 200 ml of CyQUANT GR buffer was added to each sample well.
The plate was wrapped in aluminium foil and incubated for 20 min at
room temperature with gentle agitation. A lDNA standard curve was
generated in duplicate in a new 96-well clear bottom black plate
(#CLS3603, SigmaeAldrich). The CyQUANT GR samples were then
transferred to the new 96-well clear bottom black plate. The fluo-
rescence was measured using POLARstar Omega plate reader (BMG
Labtech, Ortenberg, Germany) at 480 nm excitation and 520 nm
emission range and DNA concentrations extrapolated from the lDNA
standard curve.

2.3. Metabolic assays
Extracellular glucose concentrations were determined using the
glucose assay kit 1 (#1200032002, Eton Bioscience, USA), and
absorbance measured at 490 nm; Extracellular pyruvate concentra-
tions were determined using the pyruvate assay kit (#1200041002,
Eton Bioscience), and absorbance was measured at 570 nm; Extra-
cellular glutamine was determined using the Glutamine assay kit
(#ab197011, Abcam, Cambridge, UK), and absorbance was measured
at 450 nm; Extracellular L-lactate concentrations were determined
using the L-Lactate Assay Kit (#MAK329, Merck), and absorbance was
measured at 565 nm.
All assays were performed according to manufacturer’s instructions
and absorbance readings were measured using a POLARstar Omega
microplate reader (BMG Labtech). Metabolite concentrations were
extrapolated from a linear regression fit of known standards, and then
normalised to CyQUANT data (ng/ml DNA) to account for any differ-
ences in the number of cells.

2.4. Immunoblotting
Cell proteins were isolated using PhosphoSafe� Extraction Reagent
(#71296; Merck). Protein lysates (10 mg) were solubilized by boiling for
5 min in Laemmli loading buffer (#S3401-10VL, Merck) and separated
using SDS-polyacrylamide gel electrophoresis. The proteins were
transferred to a 0.2 mm polyvinylidene difluoro membrane (PVDF)
(Millipore, Watford, UK), using the Trans-Blot Turbo semi-dry transfer
system (Bio-Rad, UK). The membranes were then blocked for 1 h using
SuperBlock Blocking Buffer (#37537, Thermo Fisher Scientific).
Membranes were probed overnight at 4 �C with primary antibodies to
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


MPC1 (RRID: AB_2773729, #14462, Cell Signaling Technology (CST),
Danvers, MA, USA), MPC2 (RRID: AB_2799295, #46141, CST),
Hexokinase 1 (HK1; RRID:AB_2116996, #2024, CST), Hexokinase 2
(HK2; RRID:AB_2232946, #2867, CST), Pyruvate kinase M2 (PKM2;
RRID:AB_1904096, #4053, CST), Pyruvate dehydrogenase (PDH;
RRID:AB_2162926, #3205, CST), Lactate dehydrogenase A (LDHA;
RRID:AB_2066887, #3582, CST), Phosphofructokinase A (PFKP; RRI-
D:AB_2713957, #8164, CST), Glucose-6-phosphate dehydrogenase
(G6PD; RRID:AB_2797861, #12263, Cell Signaling), c-Myc (RRI-
D:AB_1903938, #5605, CST), TP53 Induced Glycolysis Regulatory
Phosphatase (TIGAR; RRID:AB_1249512, #sc-74577, Santa Cruz
Biotechnology) or Collagen VI (RRID:AB_2847919, #ab182744,
Abcam), diluted in 5% BSA (w/v) or 5% non-fat milk (w/v) in TBS-T,
according to each antibody’s datasheet. After three 5 min washes in
TBS-T, membranes were incubated for 1 h with 1:1000 dilution HRP-
linked anti-rabbit IgG (RRID:AB_2099233, #7074, CST) or anti-mouse
IgG (RRID:AB_330924, #7076, CST).
Protein reactivity was assessed by enhanced chemiluminescent,
Immobilon� ECL Ultra Western HRP Substrate (#WBULS0100, Merck,
UK). Membranes were analysed on the ChemiDoc XRS system (Bio-
Rad, UK) to acquire images for further analysis, ensuring protein bands
did not reach saturation. Densitometry of western blot bands was
determined using Quantity One version 4.6.3 software (Bio-Rad, UK).
After imaging, membranes were stripped for 30 min with Restore
Western Blot Stripping Buffer (#10057103, Thermo Fisher Scientific)
and re-probed with another primary antibody, or with 1:1000 dilution
anti-mouse b-actin (RRID:AB_2242334, #3700, CST), anti-rabbit b-
actin (RRID:AB_10899528, #ab115777; Abcam, UK) or VDAC (RRI-
D:AB_2272627, #4866, CST). Target protein bands were normalized
to b-actin or VDAC.

2.5. Short interfering RNA
Ovarian cancer cells were transfected using Lipofectamine RNAiMAX
Reagent (#13778100, Invitrogen, Waltham, MA) and siRNA (Horizon
Discovery Ltd.) targeting MPC1, PYCR1, PYCR2, or PYCR3 (duplex
sequences shown in Supplementary Table 1) in ABAM-free RPMI 1640
growth medium, supplemented with 10% FBS, and 2 mM glutamine.
Briefly, RNAiMAXeRNAi duplex complexes were formed by adding
50 pmol of siRNA to 500 ml of reduced serum Opti-MEM (#11058021,
Thermo Fisher Scientific. UK) in each well of a six-well plate, or with
50 pmol of scramble ON-TARGETplus non-targeting siRNA (#D-
001810, Horizon Discovery, UK). Then, 7.5 ml RNAiMAX was added to
each well containing the diluted RNAi molecules and plates were
incubated at room temperature for 20 min. Exponentially growing cells
were then seeded at 2� 105 cells per well in 2.5 ml per well of ABAM-
free growth media, supplemented with 10% foetal bovine serum for
the indicated time in Results. Efficacy of mRNA depletion was assessed
each time by Quantitative Real-Time (RT)-PCR or immunoblotting, for
each duplex. Following 72 h siRNA treatment cells were counted using
the Countess� Automated Cell Counter (Thermo Fisher Scientific, UK)
before use in further experiments.
In further experiments, cells were cultured in RPMI, DMEM or HPLM as
stated in Results. To normalise glucose concentrations across RPMI
and DMEM, high glucose DMEM media without glutamine, phenol red
or sodium pyruvate (#31053044, Thermo Fisher Scientific. UK) was
mixed with DMEM media without glucose, glutamine, phenol red or
sodium pyruvate (#A1443001, Thermo Fisher Scientific. UK) to achieve
11.1 mM glucose growth media supplemented with ABAM. HPLM
(A4899101; Thermo Fisher Scientific, UK) was supplemented with
dialyzed FBS (#26400044, Thermo Fisher Scientific) and 1% ABAM.
MOLECULAR METABOLISM 81 (2024) 101900 � 2024 Published by Elsevier GmbH. This is an open acce
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2.6. Quantitative RT- PCR
Cells were gently washed with PBS and harvested for RNA extraction
using the RNeasy Mini Kit (#74106, Qiagen, Crawley, UK.), according to
the manufacturer’s instructions. The purity and total RNA concentra-
tions were determined using the NanoDrop ND-100 spectrophotometer
(Labtech International, Uckfield, UK). The purity of the sample was
determined at 260/280 nm and 260/230 nm range ratios, and 1 mg of
total RNA added to a genomic DNA elimination reaction, followed by
conversion to cDNA (#205311, QuantiTect Reverse Transcription Kit,
Qiagen.), according to the manufacturer’s instructions. Quantitative
PCR was performed using intron-spanning primers (Supplementary
Table 2) and the IQ5 system (Bio-Rad, Hemel Hempstead, UK). The
arbitrary starting quantities of mRNA from experimental samples were
determined using standard curves generated from serial dilutions of
pooled reference RNA with QuantiFast SYBR green (#204156, Qiagen).
Sample and reference genes were analysed in triplicate, and mRNA
expression normalized to ACTB and RPL19 (Supplementary Table 2)
using the CFX Connect� Real-time PCR detection system (Bio-Rad,
UK). The PCR was performed according to SYBR green RT-qPCR
protocol, using the Bio-Rad CFX Manager, version 2.1. The data was
collected and analysed using CFX Connect software system. The
relative expression DDCq was calculated according to Livak and
Schmittgen’s methodology [38]. One-way ANOVA were performed on
expression data normalised to ACTB and RPL19.

2.7. Stable isotope tracer analysis (SITA) by gas chromatography-
mass spectrometry (GCeMS)
For sample preparation, OVCAR3 cells treated with scramble control or
siRNA were cultured for 72 h and were re-seeded at 4� 104 cells/cm2

in a T-25 flask for the time specified in Results. All media used for SITA
were supplemented with dialyzed FBS (A3382001; Thermo Fisher
Scientific, UK). For heavy labelled glucose SITA, cells were incubated
with uniformly labelled D-Glucose (Ue13C6) (11.1 mM; #CLM-1396; CK
isotopes, Leicestershire, UK) in glucose free RPMI 1640 (#11879020,
Thermo Fisher Scientific) growth media for 72 h. For heavy labelled L-
glutamine SITA, cells were incubated with uniformly labelled L-gluta-
mine (Ue13C5) (2 mM; #CLM-1822, CK isotopes, UK) in glutamine free
RPMI 1640 (Thermo Fisher Scientific, #21870076) or glutamine free
DMEM (Thermo Fisher Scientific, #A1443001) for 72 h. For heavy
labelled L-Arginine SITA, cells were incubated for a period of 60 h and
media supplemented with 13C Arginine (Ue13C6) (2 mM; #CLM-2265;
CK isotopes, UK) for the final 12 h.
Following incubation with stable isotopes, cells were gently washed with
ice cold saline solution and lysed in 80% methanol. Lysates were
centrifuged (10,000�g for 10 min at 4 �C) to remove any cell debris and
cell extracts were dried at 4 �C using a speed vacuum concentrator.
Cellular metabolites were extracted and analysed by gas
chromatography-mass spectrometry (GCeMS) using a previously
described protocol [39]. Briefly, metabolite extracts were derived using
N-(tert-butyldimethylsilyl)-N-methyl trifluoroacetamide (MTBSTFA) as
described previously [40]. D-myristic acid (750 ng/sample) was added as
an internal standard to metabolite extracts, and metabolite abundance
was expressed relative to internal standards and normalised to cell
number. GCeMS analysis was performed using an Agilent 5975C GC/MS
equipped with a DB-5MS þ DG (30 m � 250 mm x 0.25 mm) capillary
column (Agilent J and W, Santa Clara, CA, USA). For SITA experiments,
mass isotopomer distributions (MID) were determined using a custom
algorithm developed at McGill University [41]. Initial matrix values for
each sample were normalised to a myristic acid internal standard. Then
myristic acid normalised values were normalised for cell number (MID
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enrichment). Finally, all the MID enrichment values were arranged as a
pint glass model to obtain total pool abundancies of 12C and 13C.

2.8. Clonogenic assay
An in vitro clonogenic assay was performed to assess the ability of a
single cell to grow into a colony, following the protocol described by
[42]. Briefly, cells were treated with scrambled control or targeting
siRNA for 72 h. The cells were harvested and pelleted by centrifuging
at 800�g for 5 min. Cells were resuspended in fresh RPMI media and
seeded in 6-well plates at 800 cells per well in a final volume of 2.5 ml
and incubated for 21 days at 37 �C in a humidified chamber containing
5% CO2. Media was renewed on cells every 3e4 days. Following the
aspiration of media from the wells, the cells were gently rinsed twice
with PBS. Then, to fix and stain, 2 ml of 0.5% w/v crystal violet in 6% v/
v glutaraldehyde was added to the wells. The plate was left covered in
foil for 30 min at room temperature. The 0.5% w/v crystal violet in 6%
v/v glutaraldehyde stain was carefully removed to avoid disturbing
colonies, and the wells were rinsed by gentle submersion in water. The
plates were left to dry at room temperature. The stained colonies were
photographed using a Sony a7 digital camera. Colonies were manually
counted by using a light microscope and the Murgaa Clicker counter
(www.Murgaa.com/mac-mouse-click-counter) considering 20 cells or
more as a colony.
For Haematoxylin and Eosin staining, 72 h siRNA transfected cells were
detached with Accutase� (Sigma) and reseeded at 2.5 � 104 cells/ml
in 2.5 ml RPMI or HPLM media in 6-well plates (7.5 � 104 cells per
well) and plates incubated for a further 8 days. After incubation, cells
were gently fixed with 2.5 ml of 3% paraformaldehyde for 10 min.
Paraformaldehyde was removed, and 2.5 ml Haematoxylin Solution
(Mayer’s, Modified) (#ab220365, Abcam, UK) was added to each well
and incubated for 6 min, and then washed with distilled water until
water ran clear, before adding 2.5 ml Eosin Y Solution (Modified
Alcoholic) (#ab246824, Abcam, UK) to each well for 2 min and washed
with distilled water until water ran clear. Cells were imaged using
EVOS� XL Core Imaging System Microscope (Thermo Fisher
Scientific).

2.9. In silico analyses
In silico analyses was undertaken using the cBioPortal for cancer
genomics database at https://www.cbioportal.org [43]. The data used
for analysis was a combined dataset study comprising the complete
set of tumours from The Cancer Genome Atlas (TCGA) PanCancer Atlas
study, profiling 32 cancer types, consisting of 10,967 samples (https://
www.cancer.gov/about-nci/organization/ccg/research/structural-
genomics/tcga). The data, including the mRNA expression, copy
number variants (CNV), and patient survival shown in this paper were
generated and pre-analysed in the original papers before being made
available on cBioPortal.com. The CNV data was originally generated
using the Genomic Identification of Significant Targets in Cancer
(GISTIC) bioinformatic pipeline, developed by Mermel et al., from the
raw sequencing data which allocates the sample a status based on the
CNV: deep deletion, shallow deletion, diploid, gain, amplification [44].
The mRNA expression data was generated with RNA Seq V2 RSEM and
was normalised during the Illumina sequencing process during the
original data collection.

2.10. NanoString nCounter� XT gene expression assay
RNA samples were stored at�20 �C and reagents were kept at�80 �C
and were thawed on ice until required. All surfaces, PCR hood, and
equipment were cleaned with RNaseZAP� (#AM9780, Thermo Fisher
Scientific) to destroy any RNase. RNA concentration and quality was
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determined with a Nanophotometer� and samples were diluted with
RNase free H2O to 50 ng/5 ml. A master mix was created using the
nCounter� XT CodeSet kit by adding 70 ml Hybridisation buffer to the
Reporter CodeSet tube, mixed by inversion and spun down. Of the
master mix, 8 ml was added to 5 ml of each sample in separate tubes.
Then, 2 ml Capture ProbeSet was added to each sample, mixed by
inversion, and spun down. Samples were incubated on a Thermo-Cycler
at 65 �C for 20 h (followed by 4 �C hold).
Tubes were removed from Thermo-Cycler and spun down briefly, then
made up to 35 ml with RNase free H2O, mixed via gentle flicking, and
spun down. From the samples, 13 ml were loaded to nCounter� car-
tridge wells, before being placed in the nCounter� SPRINT profiler
System and the run initialised. The results were processed and analysed
using nSolver advanced analysis software, with some graphs used
directly from software output, and some raw files analysed manually.

2.11. Bioenergetic studies
The Seahorse XFe96 analyzer (Agilent, UK) was used to measure
extracellular flux upon MPC1 inhibition with UK5099, via the oxygen
consumption rate (OCR; pmol/min) and the extracellular acidification
rate (ECAR; mpH/min) in real-time, according to the manufacturer’s
instructions. Briefly, two days prior to the experiment PEO1, PEO4, or
OVCAR3 cells were seeded at 3 � 104 cells per well in an XFe96 cell
culture plate, excluding several wells which were used as blanks, and
cultured overnight at 37 �C in a humidified 5% CO2 chamber. The day
before the experiment cells were treated with UK5099 (5 mM) or
vehicle and the cells were incubated at 37 �C and 5% CO2 in a hu-
midified chamber. On the day of the assay, pre-warmed Seahorse
media was adjusted to pH 7.35 at 37 �C. Supernatants from the cell
culture plate were gently aspirated and cells were carefully washed
with 200 ml warm Seahorse RPMI media, then 150 ml of glucose- and
glutamine-free Seahorse RPMI media was pipetted into each well and
the plate incubated for 1 h at 37 �C in a non-CO2 incubator. Glucose
(11.1 mM) and glutamine (2 mM) solutions were diluted in Seahorse
media and pH adjusted to 7.35 with sodium hydroxide (#S2770,
SigmaeAldrich). The sensor cartridge ports were loaded with 25 ml
glutamine media (final concentration 2 mM) and placed in the Sea-
horse XFe96 analyzer for calibration. Following the calibration, the
utility plate was replaced with a cell culture plate and XFe96 protocol
was setup to measure the basal rate for 30 min then simultaneously
measure OCR and ECAR for a further 2 h after injection of glucose or
glutamine. Upon completion of the Seahorse XFe96 analyzer, the su-
pernatant was carefully removed, and cells were washed gently with
PBS. The cell culture plate was frozen at �80 �C for 3 h before
carrying out a CyQUANT DNA quantification assay for normalisation.
The data obtained were normalised to the DNA content of each well
determined by the CyQUANT assay. The respiratory parameters of OCR
and ECAR were calculated using the data obtained from the Seahorse
XFe96 analyzer after normalisation. Basal respiration values were
normalised to the point of metabolite injection.

2.12. Enzyme-linked immunosorbent assay
Supernatants were collected from OVCAR3 cell cultures that had been
targeted with siRNA or Scramble control. Human Pro-Collagen 1A1
(RRID:AB_3076400, #DY6220-05) and Human TGF-b1 (RRI-
D:AB_2877059, #DY240-05) DuoSet� ELISA kits were purchased
from R&D Systems, UK. Antibody and protein standard reagents in the
kits were reconstituted as specified by the manufacturer’s instructions,
aliquoted and stored at �80 �C. Half-area 96 well plates (#3690,
Corning, UK) were coated with capture antibody overnight at room
temperature prior to conducting the assay. The TGF-b1 ELISA required
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activation of supernatants prior to addition to the plate. This required
the addition of 1 M HCl to 100 ml of the supernatant followed by 10 min
incubation at room temperature. Then 20 ml of 1.2 M NaCl in HEPES
was added to the samples. After each addition, the samples were
mixed thoroughly. ELISAs were conducted as per the manufacturer’s
protocols. Absorbance was measured at 450 nm and 540 nm and a 4-
parameter fit curve was generated to extrapolate unknown concen-
trations in the supernatants from known standards.

2.13. Flow cytometry
The mitochondrial superoxide ion (O2

�e) MitoSOX� Red (#M36008,
Life Technologies; ThermoFisher, UK) is oxidised by superoxide, to
produce a red fluorescence (Ex/Em 510/580 nm). A 5 mM solution of
MitoSOX� Red in FACS buffer was added to 0.5 � 106 cells. Cells
were incubated in the dark for 15 min at 37 �C with 5% CO2, before
being washed with 2 ml FACS buffer and centrifuged at 515�g for
7 min at 4 �C. Flow cytometry data was acquired using the ACEA
NovoCyte flow cytometer and analysed using FlowJo� (version 10.1;
BD Biosciences). Appropriate controls were used including unstained
and single stains to correct for fluorescence spill over. Quality control
(QC) particles (Agilent, UK) were used daily to reduce inter-session
instrument variability.

2.14. Statistical analysis
Raw data were handled using Microsoft Office Excel 365. The arranged
data were exported to GraphPad Prism to generate graphs and statis-
tical analyses (GraphPad Prism, version 8.3.1, USA). The Kolmogorove
Smirnoff test was used to check for normality, and data sets that
deviated from normality resulted in a non-parametric test or were
Figure 1: MPC expression is dependent on metabolite availability in HGSOC cells.
protein expression by immunoblotting, or (b) MPC1 or (c) MPC2 gene expression by RT-qP
glucose (11 mM) without glutamine, restricted glucose (1 mM) with 2 mM glutamine or res
monitored by qPCR after 24 h; (f) OVCAR3 cells were depleted of MPC1 by targeted siRNA f
demonstrating correlation of MPC1 versus MPC2 expression in HGSOC patient tumours. S
Tukey’s multiple comparison test. Data was obtained from n ¼ 3 (A, B, C, D, E) or n ¼ 4 (F
or SD (B, C, D, E); *p � 0.05, **p � 0.01 or ***p � 0.001.
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transformed to achieve normality. Parametric data were analysed using
analysis of variance (ANOVA) for two or more groups. One-way ANOVA
with either Bonferroni or Tukey’s post hoc test was used to compare the
treatments group with the control. For multiple comparisons, two-way
ANOVA was used with Dunnett’s or �Sídák’s multiple comparisons test.
Data are presented as the mean � standard error of the mean (SEM)
unless stated otherwise. Statistics were determined from averages
derived from at least three independent passages of cells unless
otherwise stated. Significance values were assigned when p� 0.05 (*),
p � 0.05 (**), or p � 0.01 (***).

3. RESULTS

3.1. Inhibition of MPC1 induces cell proliferation in HGSOC cell
lines
As the chromosomal region encoding MPC1 is frequently deleted or
MPC1 expression is reduced in multiple cancer types [15,17], we
investigated its role in ovarian cancer. MPC1 is not detectable in
w53% of ovarian cancer cell lines [45] and strikingly, there is a copy
number variant (CNV) loss of MPC1 in nearly 80% (289 of 367) of
HGSOC cases. Therefore, to investigate the role of MPC1 in ovarian
cancer we used HGSOC cell lines with either low (PEO1) or relatively
higher (PEO4 and OVCAR3) expression of MPC1. HEPG2 cells, which
express high levels of MPC1 are shown as a comparator (Figure 1A).
MPC1 and MPC2 are proposed to function as a complex [15,46,47].
Expression of the MPC1 and MPC2 genes differed between cells, with
OVCAR3 expressing relatively high levels of MPC1, and PEO4 cells
displaying high expression of MPC2, when cultured in RPMI with 2 mM
glutamine (Figure 1B,C). To better represent the tumour
(a) HGSOC cell lines and the HEPG2 positive control cell line were assessed for MPC1
CR; HGSOC cells were cultured in glucose and glutamine (11 mM, 2 mM, respectively),
tricted glucose (1 mM) without glutamine, and expression of (d) MPC1 or (e) MPC2 was
or 72 h and MPC1 or MPC2 expression was assessed by immunoblotting; (g) TCGA data
tatistical significance was evaluated using an unpaired t-test or one-way ANOVA with
) independent cell passages for each experiment. Data expressed as mean � SEM (A, F)
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microenvironment, we next determined the effect of depleting glucose
or glutamine on MPC1 or MPC2 gene expression, under glucose
(11 mM) and glutamine (2 mM) replete, glucose restricted (1 mM), or
glutamine depleted (0 mM) conditions. Expression of MPC1 was
relatively low in PEO1 and PEO4 cells, except when glutamine was
depleted under replete glucose conditions in PEO4 cells (Fig. 1D).
OVCAR3 cells displayed relatively higher MPC1 expression overall,
which was accentuated when glutamine was depleted under restricted
glucose conditions (Fig. 1D), suggesting a compensatory mechanism
of MPC1 upregulation when glucose and glutamine are restricted.
MPC1 and MPC2 function as a heterodimeric complex; however, MPC2
has recently been reported to function as a homodimer transporter of
pyruvate, albeit at reduced efficacy over the heterodimeric MPC
complex [54], potentially explaining the lack of accumulated pyruvate
in PEO4 cells, which display increased MPC2 expression (Fig. 1C).
PEO4 cells displayed increased expression of MPC2 when glutamine
(2 mM) was replete, independent of glucose concentration, which was
not evident in PEO1 or OVCAR3 cells (Fig. 1E). Whilst low expression of
MPC1 correlates with a poor prognosis in many cancer types, the effect
of altered MPC2 expression is less consistent [15]. Next, we depleted
MPC1 in OVCAR3 cells, using siRNA (Figs. S1aec), which resulted in
reduced MPC2 protein (Fig. 1F). Exploring the TCGA database, we
Figure 2: Depletion of MPC1 results in accumulation of intracellular pyruvate in OVCA
(C) OVCAR3 cells were depleted of MPC1 by targeted siRNA for 72 h, cells were cultured fo
performing the CyQUANT cell proliferation assay; HGSOC cell lines were treated with UK
centrations were assayed in cell supernatants; Oxygen consumption rate (OCR) was assay
(2 mM) in glucose-free media. Statistical significance was evaluated using one-way ANOVA
passages for each experiment. Data expressed as mean � SEM; *p � 0.05 or ***p �
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discovered CNV gain of MPC2 inw93% (284 of 303) of HGSOC cases.
We questioned whether loss of MPC1 also correlated with altered
expression of MPC2 in patients. Accordingly, data from HGSOC patients
showed a moderately positive correlation of MPC2 with MPC1
expression, supporting our in vitro data (Spearman’s rank correlation
coefficient ¼ 0.4; Fig. 1G).
Using the MPC1 inhibitor UK5099, an a-cyanocinnamate analogue [48],
resulted in significant increases in proliferation of PEO1 and OVCAR3
cells, represented by an increase in total cellular DNA, and an increased
trend in PEO4 cells (Figs. S1def). Furthermore, depletion of MPC1
increased proliferation in PEO1 cells after 72 h (Figure 2A). However,
this effect was less apparent in PEO4 and OVCAR3 cells over 24 and
48 h, and at 72 h, conversely, there was a significant reduction in the
number of PEO4 and OVCAR3 cells (Figure 2B,C). Next, we monitored
depletion of key metabolites from the media. HGSOC cell lines treated
with UK5099 metabolised approximately the same concentrations of
glucose as the vehicle controls (Fig. 2E), which did not correlate with
increased lactate in the cell supernatants (Fig. 2F) and we observed no
substantial changes in key glycolysis pathway enzymes (Fig. S2a).
Pyruvate accumulates in response to MPC inhibition in myoblasts,
retinal cells, cortical neurons, and cervical cancer cells [46,49e52].
Accordingly, UK5099 treated OVCAR3 cells exhibited a significant
R3 cells and a switch to utilisation of glutamine for OXPHOS. (A) PEO1, (B) PEO4 or
r a further 24 h, 48 h, or 72 h, DNA concentrations were determined by lysing cells and
5099 (5 mM) for 24 h and (D) glucose, (E) lactate (F) pyruvate or (G) glutamine con-
ed in MPC1 inhibited (H) PEO1, (I) PEO4 or (J) OVCAR3 cells after injection of glutamine
with Tukey’s multiple comparison test. Data was obtained from n ¼ 3 independent cell
0.001.
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increase in extracellular pyruvate, although this was not evident in the
PEO1 and PEO4 cell lines (Fig. 2G). These data suggest that pyruvate
transport into the mitochondria is impaired in OVCAR3 cells upon MPC
inhibition. During disrupted mitochondrial pyruvate import, glutamine
oxidation has been demonstrated to maintain TCA cycling in ovarian
cancer cells [53]. Therefore, we investigated whether inhibition of MPC
using UK5099 would result in elevated compensatory glutamine uptake.
We noted an increased trend of glutamine uptake by cells treated with
UK5099, which reached significance in the PEO4 cells when compared
to vehicle control (Fig. 2H). Ovarian cancers may become dependent on
glutamine for tumour growth, invasion, metastasis, and resistance to
chemotherapy leading to “glutamine addiction” [19e21]. Using the
Seahorse XF Bioanalyzer, we explored this phenomenon further by
inhibiting MPC1 with UK5099 and injecting glutamine onto HGSOC cells
cultured in glucose-free media. This resulted in an increase in the ox-
ygen consumption rate (OCR) in the HGSOC cell lines (Figure 2IeK),
indicative of increased OXPHOS in response to glutamine. Furthermore,
this was more apparent in the OVCAR3 cell line when MPC1 was
inhibited with UK5099, compared to the vehicle control (Fig. 2K),
suggesting reduced MPC function may drive ovarian cancer cells to
utilise glutamine to maintain the TCA cycle. Overall, the metabolic
flexibility of ovarian cancer cells may indicate a mechanism for adapting
MPC complex gene expression in order to sustain ovarian cancer cell
proliferation under conditions of nutrient deprivation.

3.2. Depletion of MPC1 leads to increased abundance of
nonessential amino acids
As depletion of glutamine had such an obvious effect on MPC1
expression in OVCAR3 cells cultured in low glucose (Fig. 1D), and to
avoid the confounding effects of high MPC2 expression in PEO4 cells
Figure 3: MPC1 depletion influences nonessential amino acid metabolism in OVCA
tabolites in scramble control or MPC1 depleted OVCAR3 cells treated with L-Glutamine (Ue
control or MPC1 depleted OVCAR3 cells by RT-qPCR; (C) intracellular metabolite concentrat
the scrambled control, represented by dotted line; MID for (D) serine or (E) glycine in D-Gl
using one-way ANOVA with Tukey’s multiple comparison test. Data was obtained from n
expressed as mean � SEM; *p � 0.05. Abbreviated enzyme names represent Lactate dehy
GLS, glutamate dehydrogenase; GLUD1.
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(Figure 1C,E), or low expression of bothMPC1 and MPC2 in PEO1 cells,
we concentrated our efforts on the OVCAR3 cell line to further study the
role of MPC1 and glutamine in HGSOC cells. Moreover, given that
pharmacologically, UK5099 also inhibits plasma membrane mono-
carboxylate transporters, albeit at Ki values two to three times higher
than used here [54], and UK5099 inhibits inflammatory cytokine
production independent of MPC expression [55], we further explored
the role of MPC1 in HGSOC cell proliferation and metabolism using
siRNA.
Stable isotope tracer analysis (SITA) using uniformly labelled 13C L-
glutamine ([Ue13C5] L-glutamine) indicated that long-term depletion of
MPC1 (Fig. S2b) resulted in an increase of the nonessential amino acid
aspartate (Figure 3A), an amino acid important for the biosynthesis of
nucleotide precursor purines and pyrimidines. Furthermore, tracer
analysis of [Ue13C6] D-glucose (Fig. S3c) indicated that glutamine and
glucose each contributed to around half of the endogenous pool of
aspartate in MPC1 depleted OVCAR3 cells, although we found no
changes in expression of the aspartate aminotransferases, GOT1 or
GOT2 when MPC1 was depleted (Fig. 3B). In support of our data, MPC
inhibition or depletion resulted in accumulation of aspartate in mouse
retina, mouse myoblasts and cortical neurons [46,49,50,52]. We also
observed intracellular accumulation of the conditionally essential
amino acids glycine, proline and serine (Fig. 3C). In support of this, and
the observed increases in DNA in MPC1 inhibited cells (Fig. S1f), we
observed increased incorporation of [Ue13C6] D-glucose into serine
and glycine when MPC1 was depleted (Figure 3D,E). These data are
consistent with previous studies in cancer, where glucose-derived
carbon is shown to be diverted into de novo serine biosynthesis via
phosphoserine aminotransferase 1 (PSAT1), potentially necessitating
the generation of aKG from glutamate [56e58].
R3 cells. (A) mass isotopomer distribution (MID) of intracellular TCA-associated me-
13C5) for 72 h was determined by GCeMS; (B) expression of GOT1 or GOT2 in scramble
ions of MPC1 depleted cells normalised to the intracellular metabolite concentrations of
ucose (Ue13C6) treated OVCAR3 cells after 72 h. Statistical significance was evaluated
¼ 4 (A, C) or n ¼ 3 (B, D, E) independent cell passages for each experiment. Data
drogenase A; LDHA, Alanine transaminase; ALT, pyruvate carboxylase; PC, glutaminase;

ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article
3.3. Depletion of MPC1 increases cellular proline
As aforementioned, depletion of MPC1 resulted in an increase in the
conditionally essential amino acid proline (Fig. 2C). As a substrate for
tumours, glutamine is considered second only to glucose [59]; how-
ever, disregarding limitations of pathway enzymes, proline and
glutamine are interconvertible [22]. Thus, we reasoned that if gluta-
mine became limited, exogenous proline may rescue cell proliferation.
In agreement, cell proliferation was reduced in glutamine depleted
media when MPC was inhibited and rescued by exogenous supple-
mentation of proline (Figure 4A). Next, we further explored the role of
MPC1 on OVCAR3 cell metabolism under differing culturing conditions,
by comparing OVCAR3 cells cultured in [Ue13C5] L-glutamine sup-
plemented RPMI to cells cultured in [Ue13C5] L-glutamine supple-
mented DMEM (both media contained equivalent concentrations of
10 mM glucose). Strikingly, whilst intracellular glutamine concentra-
tions were comparable between scramble andMPC1 depleted OVCAR3
Figure 4: Media influences glutamine metabolism in MPC1 depleted OVCAR3 cells. (A
or vehicle control under glutamine replete (2 mM) or deficient (0 mM) media conditions; M
OVCAR3 cells cultured in (B) RPMI 1640 or (C) DMEM; MID for proline from L-Glutamine(Ue
relative isotope abundance in pyruvate from scramble control or MPC1 depleted OVCAR3
from glutamate (TCA cycle) or ornithine (Urea cycle); MID for ornithine from L-Arginine (Ue13

for proline from L-Arginine (Ue13C6) treated scramble control or MPC1 depleted OVCAR3 c
with Tukey’s multiple comparison test or two-way ANOVA with �Sídák’s multiple compariso
passages for each experiment. Data expressed as mean � SEM; **p � 0.01 or ***p �

8 MOLECULAR METABOLISM 81 (2024) 101900 � 2024 Published by Elsevier GmbH. This is
cells cultured in [Ue13C5] L-glutamine supplemented RPMI (Fig. 4B), in
[Ue13C5] L-glutamine supplemented DMEM the intracellular abun-
dance of labelled glutamine was vastly reduced (by w93%) in MPC1
depleted OVCAR3 cells when compared to scramble control (Fig. 4C).
We hypothesised that this reduction is potentially partly due to diver-
sion of glutamine into proline biosynthesis, as exogenous proline is not
available in DMEM. To support this, we observed increased incorpo-
ration of [Ue13C5] L-glutamine into mþ5 proline in MPC1 depleted
OVCAR3 cells cultured in DMEM (Fig. 4D). Interestingly, we also noted
that that there was less incorporation of labelled glutamine into
aspartate in MPC1 depleted OVCAR3 cells cultured in [Ue13C5] L-
glutamine supplemented DMEM when compared to OVCAR3 cells
cultured in RPMI (Figs. S3a and S3b), whilst there was increased
incorporation of labelled glutamine into pyruvate (Fig. 4E), which was
not evident in [Ue13C5] L-glutamine supplemented RPMI (Fig. 3A),
indicating under certain metabolic conditions, L-glutamine can
) CyQUANT analysis of proline (2 mM) supplemented OVCAR3 cells treated with UK5099
ID for glutamine from L-Glutamine (Ue13C5) treated scramble control or MPC1 depleted
13C5) treated scramble control or MPC1 depleted OVCAR3 cells cultured in (D) DMEM;

cells cultured in (E) DMEM; (F) a schematic of the proline biosynthetic pathway utilised
C6) treated scramble control or MPC1 depleted OVCAR3 cells cultured in (G) DMEM; MID
ells cultured in (H) DMEM. Statistical significance was evaluated using one-way ANOVA
n test. Data was obtained from n ¼ 3 (A, B) or n ¼ 4 (C, D, E, G, H) independent cell
0.001.
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Figure 5: PYCR2 and PYCR3 isozymes are critical for HGSOC proliferation and colony formation: (A) OVCAR3 or (B) PEO1 expression of PYCR1, PYCR2 or PYCR3 by qPCR in
scramble control or MPC1 depleted cells over 24 h; (C) MYC protein abundance in scramble control or MPC1 depleted OVCAR3 cells after 72 h or 144 h siRNA; (D) CyQUANT cell
proliferation assay assessing the DNA concentration of OVCAR3 cells at 24 h, 48 h or 72 h under PYCR1, PYCR2 or PYCR3 depleted conditions; (E) clonogenic assay of OVCAR3 cells
cultured for 21 days following PYCR1, PYCR2 or PYCR3 depletion; (F) MitoSOX� assay measuring the mitochondrial ROS produced by MPC1, PYCR1, PYCR2 or PYCR3 depleted cells;
(G) MID for pyroglutamate from L-Glutamine (Ue13C5) treated scramble control or MPC1 depleted OVCAR3 cells cultured in DMEM. Statistical significance was evaluated using a
unpaired t-test or one-way ANOVA with Tukey’s multiple comparison test or two-way ANOVA with �Sídák’s multiple comparison test. Data was obtained from n ¼ 2 (E), n ¼ 3 (A, B) or
n ¼ 4 (C, D, F, G) independent biological cell passages for each experiment. Data expressed as mean � SD (A, B) or SEM (C, D, F, G); *p � 0.05, **p � 0.01 or ***p � 0.001.
contribute to pyruvate when mitochondrial pyruvate transport is
impaired.
Mitochondrial PYCR1 and PYCR2 isozymes are essential for colorectal
cancer cell proliferation and survival [60]. Initially, D1-pyrroline-5-
carboxylate synthetase (P5CS/ALDH18A1) converts glutamate to D1-
pyrroline-5-carboxylate (P5C), followed by the conversion of P5C to
proline via mitochondrial PYCR1 or mitochondrial/cytosolic PYCR2.
Alternatively, ornithine derived P5C can be metabolised to proline via a
cytosolic PYCR3 isozyme (also known as PYCRL; Fig. 4F) [22,61]. The
cytosolic PYCR3 isozyme utilises ornithine, an arginine-derived inter-
mediate, rather than glutamate [62]. Defective arginine synthesis,
known as arginine auxotrophy, is a common metabolic vulnerability in
cancer and the rate-limiting enzyme for arginine synthesis, arginino-
succinate synthetase (ASS1), is expressed at high levels in primary
HGSOC cases [63] and in OVCAR3 cells [64]. Here, in OVCAR3 cells,
treated with [Ue13C6] L-arginine for 12 h, L-arginine contributed
>50% of the intracellular pool of ornithine (Mþ5; Fig. 4G), with a
smaller proportion contributing to proline (Mþ5), although there were
no observed significant differences in cells depleted of MPC1 (Fig. 4H).
Overall, these data indicate that ovarian cancer cells adapt to exoge-
nous amino acid availabilities to maintain de novo proline biosynthesis.

3.4. PYCR isozymes play a role in proliferation and redox
homeostasis
Next, we assessed expression of the key isozymes involved in the de
novo biosynthesis of proline to determine whether any changes are
driven my MPC1 loss/inhibition. Consistent with our hypothesis,
depletion of MPC1 resulted in OVCAR3 cells significantly increasing
expression of PYCR isozyme genes (Figure 5A), which was not evident
MOLECULAR METABOLISM 81 (2024) 101900 � 2024 Published by Elsevier GmbH. This is an open acce
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in the relatively low MPC1/MPC2 expressing PEO1 ovarian cancer cells
(Figure 1A,B and 4b). According to TCGA, MYC is overexpressed in
>50% of HGSOC cases. Previous studies have shown that altered
proline metabolism and increased PYCR expression in cancer are
driven by MYC [65,66]. In support of TCGA data, we observed high
expression of MYC in scramble control cells, which did not significantly
alter with MPC1 depletion. However, after 144 h MPC1 depletion MYC
abundance was shown to be reduced (Fig. 5C). To further explore a
role for PYCR isozymes in ovarian cancer cell proliferation and colony
formation, we depleted PYCR1, PYCR2, or PYCR3 (Figs. S4aec) in
OVCAR3 cells for 72 h and reseeded for 24 h, 48 h, 72 h or for 21 days
in a colony formation assay. Here, the PYCR2 and PYCR3 isozymes, but
not PYCR1, were critical for cell proliferation (Fig. 5D) and colony
formation in OVCAR3 cells (Fig. 5E). Proline dehydrogenase (PRODH)
and PYCRs form a metabolic relationship known as the prolineeP5C
cycle. The catabolism of proline is mediated by PRODH, in the reverse
reaction to that catalysed by PYCR isozymes from P5C. The proline-
P5C cycle mediated by PRODH and PYCR isozymes link mitochon-
dria and the cytosol to maintain redox homeostasis [67,68]. Further-
more, proline biosynthesis functions as a vent for TGF-b induced
mitochondrial redox stress in cancer associated fibroblasts [69]. We
therefore next assessed mitochondrial ROS, using the mitochondrial
superoxide probe, MitoSOX. Depletion of PYCR2, but not PYCR1 or
PYCR3 isozymes, resulted in a w35% increase in MitoSOX (Fig. 5F).
Kuo et al. demonstrated PYCR2 protects cells from overt stress by
interacting with RRMB2 [70]. Using SITA, we also noted significantly
increased incorporation of [Ue13C5] L-glutamine into pyroglutamate
(Mþ5; Fig. 5F) in MPC1 depleted cells. Altered pyroglutamate is
indicative of a decrease in ATP or a turnover of glutathione in cells, due
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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to increased oxidative stress [71,72]. Taken together, these results
demonstrate that MPC1 and PYCR isozymes play a role in HGSOC cell
proliferation and suppression of oxidative stress.

3.5. MPC1 and PYCR isozymes orchestrate HGSOC collagen
production
Collagen remodelling genes, regulated by TGF-b signalling, promote
metastasis of ovarian cancer cells and correlate with a poor overall
survival in serous ovarian cancer patients [73]. As proline metabolism is
particularly important for the production of collagen, we next investi-
gated whether the PYCR isozymes play a role in ovarian cancer cell TGF-
b production by depletingMPC1 or PYCR isozymes to assess their effect
on TGF-b production. Whilst depletion of MPC1 did not alter TGF-b,
depletion of PYCRs resulted in reduced extracellular TGF-b (Figure 6A).
As TGF-b production was affected by depletion of PYCR isozymes, we
next looked at their role in the expression of collagen proteins. Collagen
type I alpha 1 chain (COL1A1) expression is correlated with resistance of
ovarian cancer to cisplatin and Taxol [74,75]. We observed Pro-COL1A1
to be increased in cell supernatants when PYCR2 or PYCR3 was
depleted (Fig. 6B). Type VI collagen expression correlates with grade of
Figure 6: PYCR isozymes orchestrate TFG-b1 and collagen production in
OVCAR3 cells. (A) TGF-b1 production in supernatants from Scrambled control treated,
or MPC1, PYCR1, PYCR2, or PYCR3 depleted OVCAR3 cells after 72 h; (B) Pro-COL1A1
production in supernatants from Scrambled control treated, or MPC1, PYCR1, PYCR2, or
PYCR3 depleted OVCAR3 cells after 72 h; (C) immunoblotting for Collagen VI production
in Scrambled control treated, or MPC1, PYCR1, PYCR2, or PYCR3 depleted OVCAR3
cells alone or in combination after 72 h. Statistical significance was evaluated using
one-way ANOVA with Tukey’s multiple comparison test or two-way ANOVA with �Sídák’s
multiple comparison test. Data was obtained from n ¼ 3 independent biological cell
passages for each experiment. Data expressed as mean � SEM; *p � 0.05,
**p � 0.01 or ***p � 0.001.
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ovarian tumour, metastasis, resistance to cisplatin and worse patient
overall survival [34,73,76]. Immunoblotting demonstrated Type VI
collagen was not basally expressed in OVCAR3 cells, however, when
MPC1 and PYCR2 were co-depleted in these cells, there was a robust
increase in Type VI collagen protein abundance (Fig. 6C). Overall, these
data suggest MPC1 and PYCR isozymes work in concert to regulate
collagen production in HGSOC cells.

3.6. PYCR isozymes are overexpressed in HGSOC patients
As depletion of PYCR2 or PYCR3 had similar effects on reducing OVCAR3
cell viability (Fig. 4B) and colony formation (Fig. 4D), we next explored
TCGA to assess their expression in HGSOC patients. The expression of
PYCR2 has previously been demonstrated to be w5.8 times higher in
chemotherapy resistant versus chemotherapy naïve ascites derived
tumour cells [77]. In HGSOC patients, the PYCR1 or PYCR2 genes were
over expressed in around 3% and w14% of cases, respectively, with
copy number gain of PYCR2 in 75% of cases (114/152 HGSOC patients).
Patients also displayed copy number gain of PCYR3 in 92% of cases,
with 1 in 3 patients displaying mRNA amplification of PYCR3 (102 of 311
cases) and 44% of cases reporting high mRNA (Figure 7A). Further-
more, across 33 different types of cancers profiled in TCGA (10,945
patients), PYCR3 was amplified the most in HGSOC patients (Fig. 7B)
and increased expression of PYCR3 equated to an ovarian cancer
diagnosis at an earlier age of 54-years compared to 63-years (Fig. 7C).
Furthermore, increased expression of PYCR3was associated with more
aggressive disease indicated clinically by significantly increased
vascular invasion (TCGA). Taken together, these data suggest that
amplification of PYCR3 correlates with more aggressive disease in vitro
and in vivo and represents a promising novel target in the treatment of
HGSOC. To further explore the roles of PYCR isozymes in HGSOC cells,
we used the physiologically representative Human Plasma-Like
Medium (HPLM). In support of the previous clonogenic assay data over
21 days (Fig. 5E), OVCAR3 cell proliferation was reduced by depletion of
PYCR2 or PYCR3, which was further exacerbated by culturing cells in
physiologically relevant HPLM versus RPMI media (Fig. 7D).
As PYCR3 is overexpressed in approximately a third of HGSOC patients,
we focused on targeting PYCR3. Therefore, we next depleted PYCR3 in
OVCAR3 cells cultured in HPLM and assayed changes in metabolic gene
expression using a NanoString nCounter Metabolic Pathways Panel. We
showed increased tumour necrosis factor (TNF) (Fig. 7F) and
lymphotoxin-beta (LTB) in PYCR3 depleted cells (Fig. 7G). The TNF
superfamily (TNFSF) member 14 (TNFSF14) LIGHT, which has a role in
antitumour immunity, interacts with diverse cells within the tumour
microenvironment via lymphotoxin b receptor (LTbR) [78]. Furthermore,
folate receptor alpha (FOLR1) expression was reduced in PYCR3
depleted OVCAR3 cells (Fig. 7H). The FOLR1 gene has been reported to
be highly overexpressed in ovarian cancer, driving ovarian tumour
proliferation and invasion [79] and is associated with cisplatin treatment
resistance [80]. Overall, this data indicates that targeting PYCR3 could
potentiate antitumour immunity and reduce tumour proliferation and
invasion (Figure 8).

4. DISCUSSION

Tumour-associated genetic alterations result in dysregulation of cancer
cell metabolic pathways, facilitating nutrient acquisition in a typically
nutrient-restricted tumour microenvironment [27,81]. The reduced
expression of MPC1 or MPC2, key orchestrators of pyruvate import into
the mitochondrial matrix [82], correlates with poor prognoses in several
cancer types including head and neck, lung, colon, kidney, and prostate
[15,16,83e86]. As data from TCGA indicates that the chromosomal
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 7: More than one third of HGSOC patients display increased PYCR3 expression, depletion of PYCR3 reduces colony formation. (A) TCGA data demonstrates 92.3%
copy number variance of the PYCR3 gene, and increased PYCR3 mRNA expression vs putative copy-number of PYCR3, in 300 HGSOC patient tumours compared to normal tissue
(shallow deletion, blue; diploid, grey; gain, light-red; and amplification, red); (B) alteration frequency of PYCR3 across all cancers profiled by TCGA with >100 cases per cancer (red,
amplification); (C) Median diagnosis age in unaltered or altered PYCR3 HGSOC cases; (D) targeting of PYCR1, PYCR2, or PYCR3 in OVCAR3 cells cultured in RPMI or HPLM media for
8 days and stained with eosin; (E) NanoString analysis of PYCR3 depletion in OVCAR3 cells: expression of (F) TNF, (G) LTB, or (H) FOLR1. Statistical significance was evaluated using
one-way ANOVA with Tukey’s multiple comparison or unpaired t-test. Data was obtained from n ¼ 3 or n ¼ 4 independent cell passages for each experiment. Data expressed as
mean � SEM; *p � 0.05, **p � 0.01 or ***p � 0.001. (For interpretation of the references to color/colour in this figure legend, the reader is referred to the Web version of this
article.)

Figure 8: Loss of MPC1 alters proline metabolism and collagen production. MPC1: Mitochondrial Pyruvate Carrier 1; MPC2: Mitochondrial Pyruvate Carrier 2; PYCR: pyrroline-
5-carboxylate reductase; P5C: 1-Pyrroline-5-carboxylic acid; ATP: Adenosine triphosphate; a-KG: alpha-ketoglutarate; NAD(P)H: Reduced nicotinamide adenine dinucleotide
(phosphate); NAD(P): Nicotinamide adenine dinucleotide (phosphate).
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Original Article
locus for MPC1 shows CNV loss in>80% ovarian cancer patient cases
[15,17], our aim was to investigate the role of MPC1 in ovarian cancer
progression. Our data indicates short-term inhibition ofMPC1 in ovarian
cancer cells results in increased cell proliferation, whilst chronic
depletion of MPC1 results in increased expression of PYCR isozymes,
key enzymes involved in the final step of proline biosynthesis. We show
that HGSOC colony formation is dependent on PYCR2 and PYCR3, a
gene found to be most overexpressed in ovarian cancer, compared to all
other tumour types profiled (>10,000 cases) on the TCGA database. We
also demonstrated that PYCRs are required for ovarian cancer cell TGF-
b1 production, a known driver of both fibrosis and malignancy, and that
MPC1 and PYCR isozymes orchestrate the production of collagen pro-
teins known to be important in ovarian cancer progression and resis-
tance to chemo- and immunotherapies (Fig. 8) [33,34].
Loss of MPC function mimics a glucose depleted tumour microenvi-
ronment, initiating compensatory cellular metabolism, including
glutamine anaplerosis [46]. Previous work has established a key role
for glutamine in maintaining the TCA cycle upon inhibition of MPC1
[18]. Here, we show depletion of MPC1 resulted in glutamine-
dependent increases in proliferation of ovarian cancer cell lines in
the short-term and considerable pyruvate accumulation in high MPC1
expressing ovarian cancer cells. MPC1 and MPC2 are proposed to
function as a complex [15,46,47] and more recent evidence suggests
MPC2 can function independently of MPC1 [87]. Interestingly, OVCAR3
cells with low MPC2 expression accumulated pyruvate which was not
evident in the high MPC2 expressing PEO4 cells, suggesting MPC2
may compensate for loss of MPC1 and maintain mitochondrial pyru-
vate influx in these cells.
Metabolic studies using engineered biosensors or 13C-enriched sub-
strates to monitor pyruvate metabolism have shown reduced activity of
MPC-dependent metabolic pathways in cancers [18,88]. Circulating
concentrations of aspartate are amongst the lowest of all the circu-
lating amino acids. Aspartate synthesis is dependent on the electron
transport chain and is an endogenous metabolic limitation in cancer
cell proliferation and tumour growth [89e91]. Here, in metabolic
tracing studies we show depletion of MPC1 resulted in a 6-fold in-
crease in endogenous aspartate and decreased alanine abundance,
with the majority of enriched aspartate derived from 13C-glutamine via
the TCA cycle. Furthermore, our results demonstrated no change in
expression of aspartate aminotransferases in MPC1 depleted ovarian
cancer cells, in contrast to other studies showing increased aspartate
dependence on oxaloacetate and GOT2 [50]. Furthermore, whilst still
significant, the observed increase in aspartate in MPC1 depleted cells,
when compared to scramble control, was reduced when cultured in
DMEM rather than RPMI. In support of our data, previous studies have
reported increased aspartate and reduced alanine abundances in
mouse retina, mouse myoblasts and cortical neurons [46,49,50,52],
although in some cases this was in response to depletion of Mpc2, not
Mpc1 [46]. Despite several studies reporting this phenomenon, the cell
signalling processes controlling the fate of aspartate upon MPC
depletion remain unclear and require further exploration.
Inhibition of MPC1 induced OVCAR3 cancer cells to switch to glutamine
for OXPHOS, which was not evident in PEO4 cells, although as afore-
mentioned, the necessity to utilise glutamine may be reduced in these
cells due to increased expression and utilisation of MPC2 [87]. We also
noted increased intracellular proline upon prolonged depletion ofMPC1
in OVCAR3 cells. Interestingly, Schell et al. showed a selective pressure
against high MPC1 expression in cancer cells grown in anchorage-free
conditions in vitro or in vivo [92] and, in a recent study, Pilley et al.
reported that proline accumulated to high levels in a 3D cultured, rather
than 2D cultured, colorectal cancer cell line (HCT116). Moreover, proline
12 MOLECULAR METABOLISM 81 (2024) 101900 � 2024 Published by Elsevier GmbH. This is
did not begin to accumulate until at least 24 h after detachment of the
cells [31]. PYCR isozymes, involved in proline biosynthesis from
glutamine or ornithine, are upregulated in various cancer types with
PYCR1 reported to be the most overexpressed metabolic enzyme
overall, driving metastasis and tumour growth [62]. We demonstrated
depletion ofMPC1 resulted in upregulation of PYCR1, PYCR2 and PYCR3
genes. Although, from SITA, neither 13C-enriched glucose or glutamine
were initially traced through to the increased intracellular proline
observed in MPC1 depleted ovarian cancer cells. However, as RPMI
1640 media is supplemented with proline (0.17 mM), we also used un-
supplemented DMEM. Cells that were depleted ofMPC1 and cultured in
DMEM displayed exhaustion of most of their intracellular glutamine over
72 h and displayed increased 13C-labelled (mþ5) proline, that was also
evident in the control cells, suggesting loss of exogenous proline (or
other metabolites present in RPMI) could result in diversion of glutamine
into proline biosynthesis. Unlabelled proline could also be derived from
arginine via PYCR3. Therefore, we cultured MPC1 depleted cells with
13C-arginine enriched DMEM and traced a significant proportion of
arginine through to ornithine and to a lesser extent proline. Although,
this could be due to the cells only being exposed to labelled arginine for
12 h. Therefore, under some circumstances the cytosolic PYCR3
isozyme, that reportedly exclusively utilises ornithine rather than
glutamine for proline synthesis, may play an important role in proline
biosynthesis in ovarian cancer cells [62].
Depletion ofMPC1may result in a pseudohypoxic state (reduced flux of
pyruvate into mitochondria) for cancer cells, due to reduced electron
transport chain activity, supported by reduced basal OCR in UK5099
inhibited ovarian cancer cells. The PYCR1 isozyme supports prolifer-
ation under oxygen-limiting conditions [93], and proline biosynthesis
from glutamine in IDH1 mutant cells, permitting the TCA cycle to
progress in lieu of oxygen consumption [94], potentially explaining the
exhaustion of intracellular glutamine upon depletion of MPC1,
observed here. Depletion of PYCR1 did not reduce colony formation in
ovarian cancer cells; however, depletion of PYCR2 (mitochondrial
glutamine/cytosolic ornithine) or PYCR3 (cytosolic ornithine) resulted in
reduced OVCAR3 cell proliferation and colony formation, particularly
when cells were cultured in the more physiologically representative
HPLM. Furthermore, depletion of PYCR3 altered key genes involved in
ovarian cancer progression and therapy-sensitivity, including reduced
expression of FOLR1, which is expressed in the majority of ovarian
carcinomas, including in up to 76% of HGSOC cases [95].
Although less explored than PYCR1, previous studies employing
metabolomic profiling identify PYCR2 as the most significantly altered
protein involved in amino acid metabolism in hepatocellular and
oesophageal squamous cell carcinomas [96,97]. Tumours with rela-
tively high PYCR2 also display upregulation of pathways involved in
DNA replication [98]. As for PYCR1, increased expression of PYCR2
may also permit cells to cope with excessive oxidative species as a
consequence of increased metabolic activity, as loss of PYCR2 is
demonstrated to result in apoptosis from oxidative stress [99]. Here,
loss of PYCR2 resulted in a w35% increase in superoxide production
(O2��) in OVCAR3 cells, suggesting PYCR2 is involved in controlling
oxidative stress in these cells.
The desmoplastic subtype of HGSOC represents the poorest prognosis,
highlighting the contribution of the ECM in ovarian cancer progression
[100,101]. Adhesion of cancer cells to ECM enhances tumorigenicity
and confers resistance to chemotherapeutic agents [102]. As PYCR are
important in collagen biosynthesis and COL6A3 has previously been
demonstrated to be important in ovarian cancer progression, we
investigated whether MPC1 depletion and PYCR gene expression
played a role in collagen formation. Remarkably, depletion of PYCR2 in
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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conjunction with MPC1 resulted in increased expression of collagen VI
in the OVCAR3 cell line. As aforementioned, depletion of MPC1 favours
anchorage-independent growth [92]; previous studies show cancer
cells grown in 3D show increased expression of collagen VI [31].
The C5 subdomain of collagen Type VI a3 is immediately cleaved off
after secretion, known as endotrophin, a molecule with potent pro-
tumorigenic signalling capacity in breast and colon cancers [103e
105]. Endotrophin induces pulmonary breast cancer metastasis by
inducing TGF-b dependent epithelial mesenchymal transition in vivo
[105]. Type VI collagen is also a biomarker for pancreatic cancer and is
elevated in the serum of breast cancer patients [106,107], so these
findings may be important for tumour progression in other cancer
types. Although, the key events that orchestrate this switch from
proliferation to collagen Type VI biosynthesis remain to be determined.
Here, we provide a mechanistic understanding underlying the role of
MPC1 in ovarian cancer. Although, it must be noted that the three
representative HGSOC cell lines used in this study displayed diverse
MPC1 and MPC2 expression, which was further influenced by the
presence of glutamine in the media. However, overall we show MPC1
is involved in dysregulated pyruvate metabolism, the metabolic
reprogramming of PYCR expression and proline biosynthesis, redox
balance, and collagen formation, all of which may play an important
role in ovarian cancer progression and therapy resistance.
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