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Identifying targetable metabolic dependencies
across colorectal cancer progression
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ABSTRACT

Colorectal cancer (CRC) is a multi-stage process initiated through the formation of a benign adenoma, progressing to an invasive carcinoma and
finally metastatic spread. Tumour cells must adapt their metabolism to support the energetic and biosynthetic demands associated with disease
progression. As such, targeting cancer cell metabolism is a promising therapeutic avenue in CRC. However, to identify tractable nodes of
metabolic vulnerability specific to CRC stage, we must understand how metabolism changes during CRC development. Here, we use a unique
model system e comprising human early adenoma to late adenocarcinoma. We show that adenoma cells transition to elevated glycolysis at the
early stages of tumour progression but maintain oxidative metabolism. Progressed adenocarcinoma cells rely more on glutamine-derived carbon
to fuel the TCA cycle, whereas glycolysis and TCA cycle activity remain tightly coupled in early adenoma cells. Adenocarcinoma cells are more
flexible with respect to fuel source, enabling them to proliferate in nutrient-poor environments. Despite this plasticity, we identify asparagine
(ASN) synthesis as a node of metabolic vulnerability in late-stage adenocarcinoma cells. We show that loss of asparagine synthetase (ASNS)
blocks their proliferation, whereas early adenoma cells are largely resistant to ASN deprivation. Mechanistically, we show that late-stage
adenocarcinoma cells are dependent on ASNS to support mTORC1 signalling and maximal glycolytic and oxidative capacity. Resistance to
ASNS loss in early adenoma cells is likely due to a feedback loop, absent in late-stage cells, allowing them to sense and regulate ASN levels and
supplement ASN by autophagy. Together, our study defines metabolic changes during CRC development and highlights ASN synthesis as a
targetable metabolic vulnerability in later stage disease.

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

Colorectal cancer (CRC) ranks second globally with regards to cancer
mortality, due to limited treatment options and low response rates
[1,2]. This, coupled with the concerning rise of CRC in younger people
[3], highlights an urgent need to understand the underlying molecular
mechanisms to improve therapeutic options. Despite the molecular
genetic progression of the adenoma-carcinoma sequence being well
defined [4,5], the underlying metabolic changes that accompany this
progression have not been well characterised. As targeting tumour cell
metabolism is a promising therapeutic avenue, defining metabolic
changes across tumour progression has the potential to highlight novel
vulnerabilities of CRC cells.
A number of recent in vivo studies across different tumour sites have
revealed that cancer cells transition through diverse metabolic states
at different stages of development, presenting potential opportunities
to target these distinct metabolic vulnerabilities [6]. However, meta-
bolic plasticity is a major clinical barrier, with drugs targeting this
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plasticity the subject of ongoing clinical trials [7]. Identification of
metabolic dependencies at specific stages of progression is crucial for
designing more effective treatments. Combination therapies appear to
be most effective when targeting metabolic vulnerabilities. For
instance, a recent study designed to identify strategies to target
metabolic plasticity found that upon deletion of glutaminase (GLS) 1
and 2, liver tumours rewire central carbon metabolism via compen-
satory action of transamidases, requiring targeting of both pathways to
inhibit tumour cell proliferation [8].
To target specific stages of CRC, including the pre-malignant or very
earliest stages of cancer development, we must first understand how
these stages are characterised with respect to metabolism, which
requires an appropriate model of colorectal origin. In vitro malignant
progression models of cancer have potential to be powerful tools for
identifying metabolic changes across tumour progression, but avail-
ability of these remain limited. These models have the advantage of
being of human origin and enable the investigation of cellular meta-
bolic activity using techniques such as stable isotope labelling (SIL). A
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recent study used transformed normal human lung fibroblasts to
produce a progression model of pre-malignant to highly tumorigenic
cell lines [9]. Large-scale proteomic and metabolomic analyses
revealed perturbations in nitrogen metabolism across the series,
implicating a high phosphoribosyl pyrophosphate amidotransferase
(PPAT)/GLS1 ratio in small cell lung cancer and other malignancies
through increased nucleotide synthesis [9]. Another study charac-
terised a metabolic signature of breast cancer progression, demon-
strating reduced oxidative metabolism and glycolysis maintenance
across cell line progression [10]. These findings highlight the potential
of in vitro malignant progression models and emphasise the need for
cancer-specific models to understand the nuances of metabolic
reprogramming in tumours arising from different tissues.
Despite the lack of in vitro models of CRC development, attempts have
been made to investigate the metabolic profile of CRC tissue at the
different stages of disease progression for use in prognostics, di-
agnostics and therapeutics [11,12]. One such study, using clinical
samples from four cohorts across two countries, discovered a signature
of 15 metabolites which could be used to predict recurrence and sur-
vival, despite the variable mutations, genetic backgrounds and disease
stage [11]. Identification of metabolic features specific to the pre-
malignant stage may be key for CRC prevention. Increased consump-
tion of glucose and inositol have been reported in polyps [13]; however,
exploration of dynamic metabolic activity in adenoma cells, rather than
measurement of static metabolite levels alone, is largely lacking.
Here, we identify metabolic changes across CRC development to reveal
tractable nodes of metabolic vulnerability with future potential for CRC
treatment. To do this we use a unique model system derived from a
human colorectal adenoma, transformed in sequence and recapitu-
lating the genetic changes seen in vivo, allowing us to probe the
different stages of colorectal tumour progression. We show that the
metabolism of early adenoma cells differs considerably from that of
adenocarcinoma cells, revealing metabolic changes across CRC
development. Early adenoma cells favour oxidative metabolism and are
not as metabolically plastic; but are less dependent on de novo
asparagine (ASN) biosynthesis than their progressed counterparts.
Using our approach, we discovered that the ASN synthesis pathway
plays an important role in late-stage adenocarcinoma cells. This is
supported by clinical data revealing ASNS expression is elevated in
colorectal tumour and metastatic tissue in comparison to normal tissue
and is associated with poorer overall survival. Loss of ASNS blocks
proliferation in late-stage cells, attenuating mTORC1 signalling and ATP
production, whereas early adenoma cells are largely resistant to ASNS
knockdown due to their ability to sense ASN levels and source it through
autophagy. Thus, using our progression model of CRC, we reveal that
ASNS is a node of metabolic vulnerability in CRC cells. Our results
highlight ASNS as a promising therapeutic target to combat aggressive
tumour cells while shielding surrounding healthy tissue. Hence, ASNS
dependence represents a weakness in the metabolic programme of late
CRC and may be an attractive future therapeutic target.

2. MATERIALS AND METHODS

2.1. Cell lines and culture
The human colorectal adenoma-derived cell line PC/AA/C1 (C1), where
the PC denotes the cell line, was derived from a patient with familial
adenomatous polyposis (FAP), and the transformed adenoma-derived
cell lines PC/AA/C1/SB (SB), PC/AA/C1/SB10 (10C) and PC/AA/C1/
SB10/M (M) were generated in the Paraskeva laboratory (University of
Bristol, UK), their derivation and characterisation have been previously
described [14,15]. Briefly, the PC/AA series represents colorectal tumour
2
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progression. The original cell line (PC/AA) was derived from a human
colorectal adenoma and cultured in vitro to produce the aneuploid,
clonogenic, anchorage-dependent line; AA/C1 (C1). This represents an
early-stage adenoma with an adenomatous polyposis coli (APC) muta-
tion. The AA/C1/SB (SB) cell line was generated from C1 cells following a
14 day 1 mM sodium butyrate treatment. These cells remained
anchorage dependent but had a higher proliferative rate and increased
colony forming efficiency (CFE) but were unable to initiate tumours in
nude mice. The SB cells were subsequently treated with the carcinogen
N-methyl-N0-nitro-N-nitrosoguanidine [16] to generate the AA/C1/SB10
(10C) adenocarcinoma line which exhibited further increased CFE,
anchorage independence and tumour initiation when xenografted to
nude mice. Finally, cells were extracted from xenograft tumours from
athymic mice inoculated with 10C cells and further cultured in vitro,
giving rise to the AA/C1/SB/10C/M (M) cell line. M cells showed
increased proliferation, CFE and tumour initiating capacity in xenograft
experiments compared to 10C cells and therefore represent a highly
tumorigenic, late-stage adenocarcinoma [14]. Growth medium was
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco; Thermo Fisher
Scientific, MA, USA) supplemented with 20% foetal bovine serum (FBS),
1 mg/mL hydrocortisone sodium succinate (SigmaeAldrich; Merck
KGaA), 0.2 U/mL insulin (SigmaeAldrich; Merck KGaA), 2mMglutamine
(Gibco; Thermo Fisher Scientific, MA, USA), 100 U/mL penicillin and
100 mg/mL streptomycin (Gibco; Thermo Fisher Scientific, MA, USA). All
cell lines were routinely assessed for microbial contamination (including
mycoplasma). Stocks were securely catalogued and stored, and pas-
sage numbers strictly adhered to prevent phenotypic drift.

2.2. Immunoblotting
Whole-cell lysates were prepared in situ, using 1x lysis buffer (Cell
Signaling Technology, MA, USA) with the addition of a Protease In-
hibitor Cocktail Tablet (Roche Diagnostics, IN, USA). The cell debris
was removed by centrifugation and the protein concentration deter-
mined using a Bio-Rad DC Protein assay kit (Bio-Rad Laboratories, CA,
USA), according to the manufacturer’s protocol. Samples of 100 mg
total protein were prepared, 5x Laemmli buffer was added to each
sample before they were boiled for 5 min. Mini-Protean 3 Electro-
phoresis Cells (Bio-Rad Laboratories, CA, USA) were used to cast
acrylamide resolving gels. Following separation of the protein samples
using SDS-PAGE, the proteins were transferred onto Immobilon-P, a
PVDF membrane (Merck Millipore, CA, USA). The gel and membrane
were then assembled into a Transblot Cell (Bio-Rad Laboratories, CA,
USA), and voltage was applied for 1.5 h. The membrane was blocked
in 5% (w/v) milk blocking buffer, prior to immunoblotting, as previously
described [14]. The following primary antibodies, diluted in 0.5% (w/v)
milk dilution buffer, were used: ASNS (20843, Cell Signaling Tech-
nology, MA, USA; 1:1000), phospho-S6 ribosomal protein S235/236
(4858; Cell Signaling Technology; 1:2000), phospho-ULK1 S757
(6888; Cell Signaling Technology; 1:1000), Total oxidative phosphor-
ylation (OxPhos) Human Antibody Cocktail (Ab110411; Abcam, Cam-
bridge, UK; 1:200). The membranes were incubated overnight, after
which they were washed three times in Tris-Buffered Saline-0.1% (v/v)
Tween-20 (TBS-T). Subsequently, the membranes were incubated
with an appropriate horseradish peroxidise-conjugated secondary
antibody (1:1,000, anti-mouse IgG, cat. no. A4416; anti-rabbit IgG, cat.
no. A6154, both from SigmaeAldrich; Merck KGaA) in 0.5% (w/v) milk
dilution buffer. After incubation, the membranes were washed three
times in TBS-T and rinsed with distilled water prior to visualisation of
the signals using LumiGLO Peroxidase Chemiluminescence Substrate
(Kirkegaard & Perry Laboratories, MD, USA.). The length of time films
were exposed was dependent on the strength of the signal (between 1
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and 20 min). Equal loading was confirmed using a monoclonal mouse
anti-a-tubulin (1:10 000; cat. no. T9026; SigmaeAldrich; Merck
KGaA). Where indicated, three independent blots were quantified by
densitometry analysis using ImageJ software version 1.51r.

2.3. RNA interference (RNAi)
Cells were reverse transfected in Opti-MEM (Gibco Thermo Fisher
Scientific, MA, USA) with small interfering RNA (siRNA) using Lip-
ofectamine RNAiMAX (Invitrogen, Thermo Fisher Scientific, MA, USA)
according to manufacturer’s instructions and as previously in adenoma
cell lines [17]. Smartpool (pool of four distinct siRNA, see below for
sequences) negative control siRNA, and Smartpool ASNS-targeting
siRNA (Dharmacon, Horizon Discovery, Cambridge, UK; final concen-
tration 50 nM) were used in this study. Cells are incubated with
penicillin and streptomycin free media 48 h before transfection.
RNAiMAXeRNAi duplex complexes were formed by adding siRNA in
Opti-MEM (Invitrogen, Thermo Fisher Scientific, MA, USA) to RNAiMAX
in Opti-MEM in a dropwise manner and incubated for 20 min. Cells
were trypsinised, counted and combined with duplex complexes before
seeding. Cells were incubated overnight at 37 �C before medium
changing. Following a further 72 h cells were counted before use in
further experiments. Efficacy of knockdown was confirmed by
immunoblotting. Cells were supplemented with asparagine (ASN;
A4159; SigmaeAldrich; Merck KGaA; final concentration 0.1 mM)
chloroquine (CQ; C6628; SigmaeAldrich; Merck KGaA; final concen-
tration 10 mM), or 2-Deoxy-D-Glucose (2-DG; D8375; SigmaeAldrich;
Merck KGaA; final concentration 10 mM), as stated.

2.3.1. siRNA sequences
L-009377-00-0005, ON-TARGETplus Human ASNS siRNA - SMART-
pool, Target Sequences:
GGGUAGAGAUACAUAUGGA, UAUGUUGGAUGGUGUGUUU, GGUGAAAU-
CUACAACCAUA, GUAAAGAAACGUUUGAUGA.
D-001810-10-20, ON-TARGETplus Non-targeting siRNA - SMARTpool,
Target Sequences:
UGGUUUACAUGUCGACUAA, UGGUUUACAUGUUGUGUGA, UGGUUUA-
CAUGUUUUCUGA, UGGUUUACAUGUUUUCCUA.

2.4. Extracellular flux analyses
Mitochondrial stress test assays were carried out using the Seahorse
XFe96 Analyzer (Agilent Technologies) and data were acquired using
Seahorse Wave software v2.6 (Agilent Technologies, CA, USA). In-
jections of drugs during the assay were at timepoints stated in figures.
Injections were of oligomycin (75 351; SigmaeAldrich; Merck KGaA;
2 mM), FCCP (C2920; Sigma; 1 mM), antimycin A (A8674; Sigma;
1 mM), rotenone (R8875; Sigma; 1 mM) and monensin (M5273; Sigma;
20 mM). Raw ECAR and OCR measurements taken by the instrument
from individual wells were normalised to cell number using crystal
violet staining of plates immediately upon completion of the assay as
follows: cells were fixed in 4% PFA and stained using 0.5% crystal
violet (SigmaeAldrich; Merck KGaA) before solubilisation in 2% SDS
(Severn Biotech, Kidderminster, UK) and subsequent OD595 mea-
surements were obtained using an iMark microplate reader (Bio-Rad,
CA, USA). Data were normalised by dividing raw OCR/ECAR mea-
surement by OD595 for each well of the culture plate. Bioenergetics
analyses were carried out by taking normalised OCR/ECAR measure-
ments and applying them to a bioenergetics spreadsheet developed by
Ma et al. based on ATP calculations from Mookerjee et al. [18,19] to
generate J-ATP production data. Briefly, JATP-glycolysis (ATP produc-
tion from glycolysis) is the sum of lactate production (ATP production
by pyruvate reduction) and bicarbonate production (ATP production by
MOLECULAR METABOLISM 90 (2024) 102037 � 2024 The Authors. Published by Elsevier GmbH. This is
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pyruvate oxidation measured by the generation of carbon dioxide in the
TCA cycle). JATP-OxPhos (ATP production from oxidative phosphory-
lation) is the proportion of mitochondrial oxygen consumption rate
which is sensitive to mitochondrial electron transport inhibitors. ATP
production can also be divided into basal production (normal energy
demand of the cell prior to drug injection) and maximal production
(represents ATP producing capacity under metabolic stress). Glycolytic
index is a percentage of ATP produced by glycolysis compared to the
total ATP, representing the degree to which a cell uses glycolysis to
meet total ATP demands. Experiments were performed in biological
triplicate and each replicate includes 6e15 technical replicates.

2.4.1. Analysis of cell line progression model
Cells were seeded in regular growth medium (20% DMEM) into XF96 V3
PS Cell Culture Microplates (Agilent Technologies, CA, USA) then me-
dium changed the following day. Following 72 h of further culture, cells
were washed once then incubated with Seahorse XF DMEM assay
media (103 575; Agilent Technologies, CA, USA) supplemented with
10 mM glucose (103 577; Agilent Technologies, CA, USA), 2 mM
glutamine (103 579; Agilent Technologies, CA, USA) and 1 mM sodium
pyruvate (103 578; Agilent Technologies, CA, USA) for 1 h prior to assay.

2.4.2. Nutrient restriction analyses
Cells were seeded in regular 20% DMEM growth media into XF96 V3
PS Cell Culture Microplates, then medium changed the following day.
Following 72 h of further culture, cells were washed once then fed
Seahorse XF assay media supplemented with either 10 mM glucose
(for glutamine restriction) or 2 mM glutamine (for glucose restriction)
for 2 h prior to assay.

2.4.3. ASNS knockdown analyses
ASNS expression was suppressed using RNAi (as stated previously).
Reverse transfected cells were seeded into XF96 V3 PS Cell Culture
Microplates, then medium changed the following day with 20% DMEM
or 20% DMEM supplemented with 0.1 mM ASN. Following 72 h of
further culture, cells were washed once then fed Seahorse XF assay
media supplemented with 10 mM glucose, 2 mM glutamine and 1 mM
sodium pyruvate for 1 h prior to assay.

2.5. Stable isotope labelling (SIL)

2.5.1. Sample preparation
Cells were seeded in regular 20% DMEM into 6 cm plates (Corning, NY,
USA) for 72 h, before being washed twice with PBS prior to incubation
with Ue13C-glucose (U-[13C]-Glc) or Ue13C-glutamine (U-[13C]-Q)
labelling media for 24 h. U-[13C]-Glc labelling media consisted of DMEM
supplemented with 10 mM D-glucose (Ue13C6; CLM-1396; Cambridge
Isotope Laboratories, MA, USA), 2 mM glutamine, 100 U/mL penicillin
and 100 mg/mL streptomycin and 10% dialysed FBS (Gibco; Thermo
Fisher Scientific, MA, USA). U-[13C]-Q labelling media consisted of
DMEM supplemented with 2 mM L-glutamine (Ue13C5; CLM-1822;
Cambridge Isotope Laboratories, MA, USA), 10 mM glucose, 100 U/
mL penicillin and 100 mg/mL streptomycin and 10% dialysed FBS.
Following labelling, cells were washed twice with saline (NaCl, 9 g/L)
and lysed with 0.8mLmethanol at�80 �C, sonicated using a BioRuptor
(UCD-200 TM, Diagenode) for 3 � 30 s pulses, before samples were
centrifuged at 21 000�g at 4 �C and dried using a speed vacuum.
Samples were prepared for gas chromatography coupled to mass
spectrometry (GC/MS) analysis as in [20]. Briefly, pellets were resus-
pended in 30 mL pyridine containing 10 mg/mL methoxyamine hydro-
chloride (Sigma) and 1 mL of the internal standard myristic acid-D27
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dissolved in pyridine (750 ng/mL) was added to each sample. Samples
were heated to 70 �C for 30 min followed by the addition of 70 mL of N-
tert-Butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA) (Sigma)
and a further incubation for 1h at 70 �C.

2.5.2. Gas chromatography coupled to mass spectrometry (GC/MS)
GC/MS was performed at McGill University, Montreal, Quebec, using
previously detailed methods [20,21]. An Agilent 5975C GC/MS
equipped with a DB-5MS þ DG (30 m � 250 mm x 0.25 mm) capillary
column (Agilent J&W, Santa Clara, CA, USA) was used for GC/MS
analysis. Data were collected by electron impact set at 70 eV. 1 mL of
derivatized sample was injected in splitless mode. Inlet temperature
was set to 280 �C and helium gas was used as a carrier (flow rate of
1.5512 mL/min). The quadrupole was set at 150 �C and the GC/MS
interface at 285 �C. The oven program for all metabolite analyses was
60 �C for 1 min, then increasing at a rate of 10 �C/min until 320 �C.
Bake-out was at 320 �C for 10 min. Sample data were acquired both in
scan (1e600 m/z) and selected ion monitoring (SIM) modes. All me-
tabolites analysed were previously validated by the McGill Metab-
olomics Core Facility using authentic standards (Sigma) to confirm
mass spectra and retention times. All spectra are compared to that of
unlabelled controls.

2.5.3. Data analysis
Integration of ion intensities was performed using Agilent ChemStation
software. Mass isotopamer distributions (MIDs) were derived using an
algorithm developed at McGill University [20]. Relative metabolite
levels were normalised to cell number using counts from duplicate
plates with Cytosmart cell counter (Corning, NY, USA). Experiment was
performed in biological triplicate. 13C-incorperation and mass iso-
topomer distribution analysis (MIDA) was performed using an in-house
algorithm, this is described in detail in [20]. Using the algorithm,
matrices were used to correct each metabolite for the natural contri-
bution of isotopomer enrichment. The total percentage of 13C incor-
poration for a given metabolite is calculated by subtracting the
proportion of unlabelled metabolite from 1.

2.5.4. SIL following ASNS knockdown
ASNS expression was suppressed using RNAi (as stated previously)
Cells were reverse transfected and seeded into 6 cm plates (Corning,
NY, USA), and medium changed with 20% DMEM the following day,
then cultured for a further 48 h. Cells were washed twice with PBS prior
to pulse with Ue13C-glucose or Ue13C-glutamine labelling media for
24 h. Cells were lysed and intracellular metabolites analysed by GC/MS
as described above. Experiment was performed in biological triplicate.

2.6. Transmission electron microscopy (TEM)
Cells were grown in T25cm2

flasks (Corning, NY, USA) for 48 h,
washed twice with PBS before being fixed with glutaraldehyde.
Samples were prepared as detailed previously [22], by the Wolfson
Bioimaging Facility, University of Bristol, UK). Images of cell lines in the
progression model obtained via TEM were imported into Adobe Pho-
toshop for analyses of mitochondrial number and morphology. Each
mitochondrion within a cell was analysed for area, length and
roundness. A minimum of 10 cells per cell line were analysed.

2.7. Nutrient restriction proliferation assays
To determine differences in proliferation cells were seeded into 96 well
plates (Corning, NY, USA) in full 20% DMEM for 72 h then washed
twice with PBS before media containing reduced glucose or glutamine
levels was added. Reduced glucose media consisted of DMEM
4
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supplemented with 4 mM glucose (Agilent Technologies, CA, USA),
2 mM glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin
and 10% dialysed FBS (Gibco; Thermo Fisher Scientific, MA, USA).
Reduced glutamine media consisted of DMEM supplemented with
0.5 mM glutamine (Agilent Technologies, CA, USA), 10 mM glucose
(Agilent Technologies, CA, USA), 100 U/mL penicillin and 100 mg/mL
streptomycin and 10% dialysed FBS (Gibco; Thermo Fisher Scientific,
MA, USA). To detect viable adherence of cells, plates were subse-
quently fixed in 4% PFA at day 0 (day of treatment), day 3, day 5 or day
7, and stained using 0.5% crystal violet (SigmaeAldrich; Merck KGaA),
which binds both proteins and DNA, before being solubilisation in 2%
SDS (Severn Biotech, Kidderminster, UK). Used as a measure of cell
viability OD595 measurements, were obtained using an iMark micro-
plate reader (Bio-Rad, CA, USA). Data are expressed as OD595 of
selected timepoint relative to OD595 at day 0. Experiments were per-
formed in biological triplicate and each replicate includes 5 technical
replicates.

2.8. ASNS knockdown proliferation assays
ASNS expression was suppressed using RNAi (as stated previously).
The reverse transfected cells were seeded into 96 well plates and
medium changed the following day with 20% DMEM or 20% DMEM
supplemented with 0.1 mM ASN, 10 mM 2-DG or 10 mM CQ, as indi-
cated in text and figures. Plates were immediately incubated in IncuCyte
ZOOM live cell imaging system. Phase confluence (%) was measured
every 4 h for times indicated in graphs. IncuCyte system scanned and
took images at four different fields in each well. For each individual well,
phase confluence measurements taken at each timepoint were
measured relative to the initial measurement (0 h) and data were
expressed as relative confluence measurements. For ASNS knockdown
2-DG experiments, CellEvent caspase-3/7 green detection reagent
(C10423; Invitrogen; Thermo Fisher Scientific, MA, USA. 1:1000) was
used to measure apoptosis. For each well, green object count (1/mm2)
was normalised to relative confluence at each timepoint and results
expressed as relative apoptosis. Experiments were performed in bio-
logical triplicate and each replicate includes 4e6 technical replicates.

2.9. Tandem mass tag (TMT) proteomic analysis
Cells were seeded in 20% DMEM and cultured in T25cm2

flasks
(Corning, NY, USA) for 48 h, then medium changed and cultured for a
further 24 h. Whole cell lysates were prepared from cells as previously
described in situ, using 1x lysis buffer (Cell Signaling Technology, MA,
USA) [14]. Lysates were submitted to the proteomics facility at the
University of Bristol, UK, where TMT proteomic analysis was carried out
[23].

2.9.1. TMT labelling and high pH reversed-phase chromatography
Aliquots of 100 mg of each sample were digested with trypsin (2.5 mg
trypsin; 37 �C, overnight), labelled with TMT ten plex reagents ac-
cording to the manufacturer’s protocol (Thermo Fisher Scientific,
Loughborough, LE11 5RG, UK) and the labelled samples pooled. An
aliquot of 50 mg of the pooled sample was desalted using a SepPak
cartridge according to the manufacturer’s instructions (Waters, Milford,
Massachusetts, USA). Eluate from the SepPak cartridge was evapo-
rated to dryness and resuspended in buffer A (20 mM ammonium
hydroxide, pH 10) prior to fractionation by high pH reversed-phase
chromatography using an Ultimate 3000 liquid chromatography sys-
tem (Thermo Fisher Scientific). In brief, the sample was loaded onto an
XBridge BEH C18 Column (130 Å, 3.5 mm, 2.1 mm� 150 mm, Waters,
UK) in buffer A and peptides eluted with an increasing gradient of
buffer B (20 mM Ammonium Hydroxide in acetonitrile, pH 10) from 0 to
MOLECULAR METABOLISM 90 (2024) 102037
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95% over 60 min. The resulting fractions (concatenated into 15 in total)
were evaporated to dryness and resuspended in 1% formic acid prior
to analysis by nano-LC MSMS using an Orbitrap Fusion Lumos mass
spectrometer (Thermo Scientific).

2.9.2. Nano-LC mass spectrometry
High pH RP fractions were further fractionated using an Ultimate 3000
nano-LC system in line with an Orbitrap Fusion Lumos mass spec-
trometer (Thermo Scientific). In brief, peptides in 1% (vol/vol) formic
acid were injected onto an Acclaim PepMap C18 nano-trap column
(Thermo Scientific). After washing with 0.5% (vol/vol) acetonitrile 0.1%
(vol/vol) formic acid peptides were resolved on a 250 mm � 75 mm
Acclaim PepMap C18 reverse phase analytical column (Thermo Sci-
entific) over a 150 min organic gradient, using 7 gradient segments (1e
6% solvent B over 1min., 6e15% B over 58min., 15e32%B over
58min., 32e40%B over 5min., 40e90%B over 1min., held at 90%B for
6min and then reduced to 1%B over 1min.) with a flow rate of
300 nl min�1. Solvent A was 0.1% formic acid and Solvent B was
aqueous 80% acetonitrile in 0.1% formic acid. Peptides were ionized by
nano-electrospray ionization at 2.0 kV using a stainless-steel emitter
with an internal diameter of 30 mm (Thermo Scientific) and a capillary
temperature of 300 �C.
All spectra were acquired using an Orbitrap Fusion Lumos mass
spectrometer controlled by Xcalibur 3.0 software (Thermo Scientific)
and operated in data-dependent acquisition mode using an SPS-MS3
workflow. FTMS1 spectra were collected at a resolution of 120 000,
with an automatic gain control (AGC) target of 200 000 and a max in-
jection time of 50 ms. Precursors were filtered with an intensity
threshold of 5000, according to charge state (to include charge states
2e7) and with monoisotopic peak determination set to Peptide. Pre-
viously interrogated precursors were excluded using a dynamic window
(60sþ/�10ppm). The MS2 precursors were isolated with a quadrupole
isolation window of 0.7m/z. ITMS2 spectra were collected with an AGC
target of 10 000, max injection time of 70 ms and CID collision energy of
35%.
For FTMS3 analysis, the Orbitrap was operated at 50 000 resolution
with an AGC target of 50 000 and a max injection time of 105 ms.
Precursors were fragmented by high energy collision dissociation
(HCD) at a normalised collision energy of 60% to ensure maximal TMT
reporter ion yield. Synchronous Precursor Selection (SPS) was enabled
to include up to 10 MS2 fragment ions in the FTMS3 scan.

2.9.3. Data analysis
The raw data files were processed and quantified using Proteome
Discoverer software v2.1 (Thermo Scientific) and searched against the
UniProt Human database (downloaded March 2020: 165 104 entries)
using the SEQUEST HT algorithm. Peptide precursor mass tolerance
was set at 10 ppm, and MS/MS tolerance was set at 0.6 Da. Search
criteria included oxidation of methionine (þ15.995 Da), acetylation of
the protein N-terminus (þ42.011 Da) and Methionine loss plus acety-
lation of the protein N-terminus (�89.03 Da) as variable modifications
and carbamidomethylation of cysteine (þ57.0214) and the addition of
the TMT mass tag (þ229.163) to peptide N-termini and lysine as fixed
modifications. Searches were performed with full tryptic digestion and a
maximum of 2 missed cleavages were allowed. The reverse database
search option was enabled and all data was filtered to satisfy false
discovery rate (FDR) of 5%.

2.9.4. Proteomics data processing
Protein groupings were determined by PD2.1, however, the master
protein selection and all further statistical analysis described below was
MOLECULAR METABOLISM 90 (2024) 102037 � 2024 The Authors. Published by Elsevier GmbH. This is
www.molecularmetabolism.com
performed in the R statistical environment. First, the current status of all
protein accessions was retrieved and updated with redirected or
obsolete accessions, and the accession improved such that where two
proteins have identical peptide sequences, the best annotated Uniprot
accession is used. Further, the current uniprot review and annotation
status or all candidate master proteins was retrieved, and for each
protein group the master protein was re-selected as the best annotated
candidate master protein, improving biological insight without affecting
identification or quantification quality. Protein abundances were nor-
malised within each sample to total peptide amount. The normalised
abundances were then Log2 transformed to bring them closer to a
normal distribution. Statistical significance was determined using
Welch’s T-Tests between the conditions of interest. PCAs were calcu-
lated using the FactoMineR package to give an indication of the main
sources of variance. All peptide data were filtered to satisfy FDR of 5%
using the Benjamini-Hochberg method. Significantly regulated proteins
(FDR<5%, -log10 p-value>1.3 and log2 fold changeþ/�0.48) were
selected for further pathway enrichment analyses using Gene Ontology
(GO) [24,25] and Kyoto Encyclopedia of Genes and Genomes (KEGG)
[26]. Experiment was performed in biological triplicate.

2.10. ASNS expression in tumour, normal and metastatic colon
tissue
Analysis of ASNS expression was performed in normal (n ¼ 377),
tumour (n ¼ 1450) and metastatic (n ¼ 99) human colorectal tissue
using TNMplot [27] with publicly available gene chip data from Gene
Expression Omnibus (GEO) [28] and The Cancer Genome Atlas (TCGA;
https://www.cancer.gov/tcga).

2.11. Survival analysis
Survival analyses was performed in relation to ASNS expression.
Kaplan Meier plots were generated using PROGgeneV2 [29] and
publicly available CRC datasets (GSE17536; GSE29621) from GEO [28].
Briefly, survival analysis was carried out using backend R script to
perform Cox proportional hazard analysis on the selected datasets.
PROGgeneV2 used ASNS expression data (bifurcated based on the
median; samples were categorised into having ‘High’ or ‘Low’ ASNS
expression) and survival variable data to perform survival analysis and
generate Kaplan Meier plots. GSE17536 e gene expression by profile
array from 174 CRC patients at the Moffitt Cancer Center. GSE29621e
gene expression by profile array from 65 CRC patients at the Moffitt
Cancer Center.

2.12. Statistical analysis
Statistical analyses were performed in GraphPad Prism (GraphPad
Software MA, USA) using One-way ANOVA with post-hoc Tukey’s
multiple comparison’s test, Student’s t-test or one sample t-test, as
stated. Significance was expressed as *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001. Results are expressed as
mean � SEM of three independent cultures, unless otherwise stated.
Research materials and data associated with this paper are available
as stated above or upon request.

3. RESULTS

3.1. Glycolytic and oxidative metabolism shift early in colorectal
tumour progression
To investigate metabolic changes across colorectal tumour progres-
sion, we have used a model system consisting of four cell lines of the
same lineage (Figure 1A). Serial transformation of this cell line series
has been described in detail previously [14] and in Methods.
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 5
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Figure 1: A bioenergetic shift occurs early in colorectal tumour progression. (A) Schematic showing generation of the in vitro colorectal adenoma to carcinoma progression
model. Figure created using BioRender.com. (B & C) Seahorse Extracellular Flux Analyzer traces of extracellular acidification rate (ECAR; B) and oxygen consumption rate (OCR; C).
Oligo, oligomycin A; FCCP, carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone; Ant, antimycin A; Rot, rotenone. (D) Rate of ATP generation via glycolysis at baseline. (E)
Glycolytic index; ATP produced by glycolysis as a percentage of the total ATP produced by the cell at baseline. (F) Rate of ATP generation via oxidative phosphorylation (OxPhos) at
baseline. (G) Maximal respiratory capacity (MRC); OCR following FCCP addition. (H) Spare respiratory capacity (SRC); difference between baseline OCR and MRC. (I) Bioenergetic
scope of tumour cell lines detailing shift from basal to maximal ATP production from glycolytic (JATP-glycolysis) and oxidative (JATP-OxPhos) metabolism. (BeI) Data are represented
as mean � SEM of three independent cultures and normalised to cell number. (DeH) Tukey’s multiple comparisons test. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Initially, to interrogate any overall differences in oxidative or glycolytic
metabolism across progression, we performed a mitochondrial stress
test using a Seahorse Extracellular Flux Analyzer to measure extra-
cellular acidification rate (ECAR) and oxygen consumption rate (OCR),
proxy measures for glycolysis and OxPhos respectively, in each of the
cell lines (Figure 1B,C). Glycolytic rate was increased substantially in
SB cells in comparison to C1, with no further increase in the 10C and M
cell lines (Figure 1D), suggesting the switch to an increased glycolytic
rate occurs early in colorectal tumour progression. Consistent with this,
the C1 early adenoma cells have a significantly lower glycolytic index
compared to the rest of the series (Figure 1E), representing the ATP
produced by glycolysis as a percentage of the total ATP produced by
the cell [18,19].
Regarding oxidative phosphorylation (OxPhos), the most progressed
adenocarcinoma cells (M) generate significantly more ATP through this
pathway than the earlier stage cells, whereas there are no significant
differences in ATP production between the C1, SB and 10C cells at
baseline (Figure 1F). However, the early adenoma C1 cells have a
much greater maximal (Figure 1G) and spare respiratory capacity
(Figure 1H), suggesting these cells may have greater capability to
increase ATP production through OxPhos when stressed. The shift
from basal to maximal ATP production via glycolytic and oxidative
metabolism in each of the cell lines in the progression reveals a distinct
clustering of the SB, 10C and M cell lines, relative to the early stage C1
adenoma cells (Figure 1I).
To determine if the differences in oxidative metabolism are due to
changes in mitochondrial number or morphology, we carried out
transmission electron microscopy (TEM) to measure mitochondrial
number, area, length, and roundness (Supplementary Figs. S1AeG).
These analyses revealed no significant differences in any of the pa-
rameters measured throughout the adenoma to carcinoma progres-
sion. We also assessed expression levels of the individual respiratory
complexes by immunoblot (Supplementary Fig. S1H). Although we
observe some differences across the series, the most notable being
increased expression of complex III in SB, 10C and M in comparison to
C1, they are unlikely to explain the measured changes in OxPhos that
we observe.
Taken together, these data indicate that increased glycolytic rate is an
early event in colorectal tumour progression; however, this does not
come at the expense of OxPhos, which is maintained and eventually
increased in late-stage cells.

3.2. Contributions of glucose and glutamine to central carbon
metabolism changes across colorectal adenoma to carcinoma
progression
Central carbon metabolism is aberrant in cancer cells compared to
normal tissue, with increased use of both glucose and glutamine by
tumours being well-documented [30,31]. To explore in detail how
central carbon metabolism is altered across colorectal cancer pro-
gression, we cultured our cell line series in the presence of uniformly
labelled 13C-glucose (U-[13C]-Glc) or 13C-glutamine (U-[13C]-Q). Con-
ventional metabolism of U-[13C]-Glc and U-[13C]-Q in tumour cells is
illustrated in Supplementary Figs. S2A and B. In general, we observed
a decrease in incorporation of glucose-derived carbon into TCA cycle
intermediates and associated non-essential amino acids (NEAA) in the
more progressed lines in comparison to the C1 early adenoma cells,
with the exception of a-ketoglutarate, fumarate and asparagine
(Figure 2A). In contrast, we observed an increase in incorporation of
glutamine-derived carbon into the TCA cycle and associated NEAAs in
the more progressed tumour cells compared to early adenoma cells
(Figure 2B). These findings are supported by mass isotopologue
MOLECULAR METABOLISM 90 (2024) 102037 � 2024 The Authors. Published by Elsevier GmbH. This is
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distribution (MID) analysis which confirm decreased abundance of fully
labelled isotopologues from glucose (Figure 2C) and an increased
abundance of the mþ4 isotopologue from glutamine in TCA cycle
metabolites (Figure 2D) in the more progressed adenoma and
adenocarcinoma cells in comparison to the C1 early adenoma cells. A
higher ratio of mþ5 glutamate/mþ5 glutamine in the more progressed
lines in comparison to the early adenoma C1 cells from U-[13C]-Q also
indicates reduced rates of glutaminolysis in C1 cells (Figure 2E).
These observations, taken together with the bioenergetic analysis
(Figure 1), suggest that in early adenoma C1 cells, glycolysis and the
TCA cycle are more tightly coupled; exemplified by less lactate pro-
duction (i.e., lower ECAR) through the glycolytic pathway (Figure 1)
with more glucose carbon entering the TCA cycle (Figure 2). However,
as cells progress from the early adenoma stage, the contribution of
glucose carbon to the TCA cycle drops and lactate production is
increased (i.e., higher ECAR; Figure 1). This is combined with
increased use of glutamine-derived carbon for TCA cycle anaplerosis
and non-essential amino acid (NEAA) biosynthesis (Figure 2). The
metabolic switch happens early in the adenoma to carcinoma pro-
gression sequence, as SB cells are metabolically distinct from the C1
cells (summarised in Figure 2F).

3.3. Late-stage colorectal adenocarcinoma cells acquire metabolic
plasticity and resistance to nutrient stress
As a tumour grows and the cells acquire mutations and progress, the
metabolic niche they inhabit becomes more challenging and
competitive [32]. Our study so far has identified changes in bio-
energetics and central carbon metabolism across CRC development,
we next wanted to understand if these changes support tumour pro-
gression during periods of nutrient stress.
To challenge the cells and test their metabolic flexibility, we carried out
proliferation assays and extracellular flux analysis in low nutrient
conditions (4 mM glucose or 0.5 mM glutamine). Relatively, the most
progressed cells (M) proliferated most efficiently across 7 days in
4 mM glucose (Figure 3AeC). Interestingly, the SB and 10C cells
performed worst in this assay, this could be explained due to the
significant shift to glycolytic metabolism we observed in these cells in
comparison to the early C1 cells (Figure 1D,E), making them more
dependent on glucose availability.
To understand how colorectal tumour cells adapt bioenergetically to
low glucose conditions, we performed a mitochondrial stress test in
the absence of glucose in our tumour progression model (Figure 3DeG
and Supplementary Figs. S3AeD). Inhibition of glucose metabolism
was confirmed by w80% decrease in maximal ATP production from
glycolysis in all cell lines (Figure 3H and Supplementary Figs. S3AeD).
Interestingly, the C1 early adenoma cells were unable to increase
baseline ATP production via OxPhos to compensate for reduced
glycolytic ATP production following glucose restriction, in contrast to
the more progressed cells (Figure 3I). Despite their ability to increase
OxPhos at baseline in response to glucose restriction, the advanced
adenocarcinoma cells (M) showed significantly reduced maximal ATP
production via OxPhos (Figure 3J) and spare respiratory capacity (SRC)
following FCCP addition in the absence of glucose (Figure 3K). This is
an intriguing observation, though it does not appear to negatively
impact their ability to survive and proliferate in low glucose conditions
(Figure 3AeC).
Across 7 days in 0.5 mM glutamine, the most advanced adenocarci-
noma cells (M) were again found to proliferate most efficiently,
whereas there were no significant differences between the C1, SB and
10C cells (Figure 3L-N). We repeated the mitochondrial stress test
assay in the absence of glutamine, these analyses revealed no change
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Figure 2: Central carbon metabolism changes across colorectal tumour progression. (A & B) Heatmaps showing percentage incorporation of uniformly labelled U-[13C]-Glc
(A) or U-[13C]-Q (B) into downstream metabolites in each cell line. Data are represented as log2 ratio to mean for each individual metabolite from three independent cultures. (C & D)
Mass isotopologue distribution (MID) analysis of TCA cycle intermediates from U-[13C]-Glc (C) or U-[13C]-Q (D). (E) Ratio of mþ5 glutamate/mþ5 glutamine taken from U-[13C]-Q
labelling data generated in (B & D). (F) Schematic outlining early shift in central carbon metabolism across colorectal adenoma to carcinoma progression. There is an early shift to
enhanced glycolytic metabolism (lactate production; Figure 1) concomitant with increased glutamine-fuelled TCA cycle anaplerosis (Figure 2) as early adenoma (C1) cells transition
to intermediate adenoma (SB) cells. This is maintained through the later stages of tumour progression to late adenocarcinoma. (C, D & F) Figures created using BioRender.com.
(CeE) Data are represented as mean � SEM of three independent cultures. Tukey’s multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 3: Adaptation to nutrient stress varies across colorectal tumour progression. (AeC) Proliferation assay in low glucose conditions. (DeG) Seahorse Extracellular Flux
Analyzer oxygen consumption rate (OCR) traces in C1 (D), SB (E), 10C (F) and M (G) cells in presence (þGlc; 10 mM) or absence (-Glc; 0 mM) of glucose. Oligo, oligomycin A; FCCP,
carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone; Ant, antimycin A; Rot, rotenone. (HeJ) Rates of maximal ATP generation via glycolysis (H), basal ATP generation via OxPhos
(I) and maximal ATP generation via OxPhos (J) in the absence of glucose. (K) Spare respiratory capacity (SRC) in the absence of glucose. Data expressed as -Glc/þGlc. (LeN)
Proliferation assay low glutamine conditions. (OeR) OCR traces in C1 (O), SB (P), 10C (Q) and M (R) cells in presence (þQ; 2 mM) or absence (-Q; 0 mM) of glutamine. (SeV) Rate
of maximal ATP generation via OxPhos (S), spare respiratory capacity (T), and rates of basal ATP generation via glycolysis (U) and maximal ATP generation via glycolysis (V) in the
absence of glutamine. Data expressed as -Q/þQ. Data are represented as mean � SEM of three independent cultures. (B, C, M & N) Tukey’s multiple comparisons test. (HeK; Se
V) One sample t-test. *p < 0.05; **p < 0.01; ***p < 0.001.
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in basal OCR under glutamine restriction in any of the tumour cell lines
(Figure 3O-R).
However, we found that the adenoma cells (C1 and SB) exhibited
decreased levels of maximum OCR following FCCP addition in the
absence of glutamine, which translated to significantly reduced ATP
production (Figure 3S). This also resulted in decreased SRC in C1 cells
(Figure 3T). Whilst there were no changes in basal ECAR in any of the
tumour cells following glutamine restriction (Figure 3U), the maximal
glycolytic rate was altered only in the C1 cells, where it was signifi-
cantly reduced (Figure 3V and Supplementary Figs. S3EeH). These
data indicate that the early adenoma cells are no longer able to
maintain maximal ATP production through OxPhos during glutamine
restriction in the same way as the more progressed tumour cells.
Taken together, our analyses under nutrient-depleted conditions reveal
that late-stage adenocarcinoma cells are more metabolically plastic
and better able to adapt to low nutrient conditions than earlier stage
adenoma and adenocarcinoma cells, translating to an increased ability
to proliferate in low glucose and glutamine environments.

3.4. Amino acid metabolism is dysregulated across colorectal
adenoma to carcinoma progression
Thus far, our work has characterised significant metabolic reprog-
ramming in the progressed adenocarcinoma cells in comparison to the
early adenoma cell line (C1). To further understand these metabolic
changes, we carried out proteomic analyses in the C1 and M cell line
models; these lines representing the extremes of our colorectal tumour
progression model. We identified significantly regulated expression of
2251 proteins between the cell lines (p < 0.05; fold change>1.4;
FDR<5%; Figure 4A). We performed over-representation analyses of
these data using gene ontology (GO) biological process categorisation,
which revealed ‘metabolic process’ as the top hit (Figure 4B). Further
interrogation of these data using the KEGG pathway database estab-
lished multiple metabolism-associated hits in the most highly enriched
pathways. Hits included ‘valine, leucine and isoleucine degradation’,
‘propanoate metabolism’, ‘biosynthesis of amino acids’, ‘carbon
metabolism’ and ‘metabolic pathways’ (Figure 4C). These findings
highlight potential differences in amino acid metabolism between the
early adenoma and late adenocarcinoma cells.
Therefore, we next measured the abundances of amino acids across
colorectal tumour progression in all four cell lines. We observed higher
levels of all essential amino acids in C1 cells compared to the more
progressed cancer cells (Figure 4D), likely due to increased usage in
the more progressed tumour cells. This is consistent with the most
highly enriched KEGG pathway in M cells - ‘valine, leucine and
isoleucine degradation’ e in comparison with C1 cells (Figure 4C). In
general, levels of NEAA are elevated in the more progressed cell lines
in comparison to the C1 cells, with the exception of alanine and proline
(Figure 4D). To explore these differences in more detail, we assessed
abundance of enzymes involved in NEAA synthesis, taken from our
earlier proteomics analysis (Figure 4A). Several enzymes involved in
NEAA biosynthesis were significantly regulated (highlighted in bold) in
late-stage adenocarcinoma cells (M) in comparison to early adenoma
cells (C1), such as upregulation of GPT and GLS2, and downregulation
of GOT2 and GPT2 (Figure 4E).
To investigate NEAA biosynthesis across colorectal tumour progression
further, we used SIL in all four cell lines. Generally, abundance of NEAA
and 13C incorporation (U-[13C]-Glc or U-[13C]-Q depending on the
pathway being examined) was increased in the more progressed cells
relative to the C1 early adenoma cells (Figures 4F-M), with the notable
exceptions of alanine (Figure 4H) and proline (Figure 4K). Interestingly,
we observed a stepwise increase in both aspartate (Figure 4L) and
10
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asparagine (Figure 4M) abundance (and U-[13C]-Glc incorporation) with
progression from early adenoma to late adenocarcinoma. MID analysis
confirmed enhanced biosynthesis of asparagine in M cells in com-
parison to C1, from both glucose and glutamine (Figure 4N,O). This is
consistent with the observed significant increase in asparagine syn-
thetase (ASNS) abundance in M cells in comparison to C1 in our
proteomics analysis (Figure 4E). Together, these data demonstrate
aberrant amino acid metabolism across colorectal tumour develop-
ment and in particular highlight a potential role for the asparagine
biosynthesis pathway in promoting CRC progression.

3.5. ASNS expression is increased in colorectal cancer and
supports tumour cell phenotype
As ASN biosynthesis (summarised in Figure 5A) was increased across
CRC progression, and ASNS abundance was elevated in M cells in
comparison to C1, we decided to assess ASNS expression across our
cell line series. We confirmed increased expression of ASNS in late-
stage M cells and revealed higher abundance in the SB and 10C
cells in comparison to C1 cells by immunoblot (Figure 5B). Consistent
with this, using The Cancer Genome Atlas (TCGA) we found that ASNS
expression was significantly elevated in human colorectal tumour
(2.64-fold) and metastatic (2.22-fold) tissue in comparison to normal
(Figure 5C). High levels of ASNS expression were also associated with
significantly poorer overall survival in CRC patients using two separate
publicly available CRC datasets (GSE17536; Figure 5D; n ¼ 174; HR
1.63; p ¼ 0.013 and GSE29621; Supplementary Fig. S5A; n ¼ 65; HR
2.64; p ¼ 0.004).
Given these findings, we next set out to investigate the role of ASNS in
colorectal tumour cell phenotype. Proliferation was compared using an
Incucyte Zoom live cell imaging system in early C1 cells and late M
cells following ASNS knockdown using RNAi. Parallel samples from
these experiments were used to confirm ASNS knockdown (see
Figure 6AeD). We found that proliferation of C1 cells was only
moderately impaired by ASNS knockdown (17% reduction in conflu-
ence versus control siRNA at 120 h; Figure 5E; Supplementary
Fig. S5B), whereas M cell proliferation was almost entirely blunted
following suppression of ASNS expression (61% decrease in conflu-
ence versus control siRNA at 96 h; Figure 5F; Supplementary Fig. S5C).
The phenotype was rescued by exogenous ASN, demonstrating the
growth promoting effects of ASNS are attributable to its role in ASN
synthesis (Figure 5E,F; Supplementary Figs. S5B and C). Inhibition of
proliferation via ASNS knockdown appears to be cytostatic rather than
cytotoxic, as there were no differences in apoptosis detected by
caspase 3/7 staining (Supplementary Figs. S5D and E).
To explore the metabolic implications of ASNS knockdown in the
relatively insensitive C1 adenoma cells in comparison to the sensitive
M adenocarcinoma cells, we carried out extracellular flux analysis.
Consistent with the minimal effect of ASNS knockdown on prolifera-
tion, we observed no measurable differences in OCR or ECAR following
ASNS knockdown in the C1 adenoma cells (Figure 5G,H;
Supplementary Figs. S5FeH). However, ASNS suppression in the M
adenocarcinoma cells showed reduced basal OCR and basal and max
ECAR, which was rescued by ASN addition (Figure 5I,J; Supplementary
Figs. S5IeK). These data indicate ASNS activity supports OxPhos and
glycolysis in late-stage colorectal carcinoma cells, but this association
is absent in early adenoma cells.
To explore this further, we carried out SIL using U-[13C]-Glc and U-[13C]-
Q in C1 and M cells transfected with control or ASNS targeting siRNA.
Incorporation of glutamine is reduced in TCA cycle intermediates in both
the C1 (Figure 5K) and M cells (Figure 5L) following ASNS suppression.
However, the cell lines diverge regarding glucose incorporation into the
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Figure 4: Amino acid metabolism is dysregulated across colorectal adenoma to carcinoma progression. (A) Volcano plot of data summarising proteomic analysis of C1 vs
M cells. Significantly upregulated proteins (M/C1) are marked in red, downregulated in blue and non-significant in black (FDR<5%, -log10 p-value>1.3 and log2 fold changeþ/
�0.48). (B & C) Gene Ontology (GO) biological process (B) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment (C) analyses of the 2251 significantly
regulated proteins identified in (A). (D) Heatmap displaying relative abundance of amino acids in each of the cell lines. Data are represented as log2 ratio to mean for each individual
amino acid from three independent cultures. (E) Schematic of non-essential amino acid (NEAA) biosynthesis pathways branching off from glycolysis and the TCA cycle. Colour of
enzyme (oval) represents degree of upregulation (red) or downregulation (blue) of abundance (M/C1) using proteomics data generated in (A). Significantly regulated enzymes in
bold. Figure created using BioRender.com. (FeM) Relative abundance data of indicated NEAA in (D) including the proportion of U-[13C]-Glc incorporation, this represents the total
amount of 13C incorporation into each metabolite. (N & O) Mass isotopologue distribution of asparagine in C1 and M cells by U-[13C]-Glc (N) or Ue13C-Q (O) labelling. Student’s t-
test. *p < 0.05; **p < 0.01; ***p < 0.001. (FeO) Data are represented as mean � SEM of three independent cultures.
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Figure 5: ASNS expression is increased in colorectal cancer and supports tumour cell proliferation through ASN synthesis. (A) Schematic of the asparagine biosynthesis
pathway. Colour of amino acids (rectangles) represents their relative abundance in M cells (log2 ratio to mean for each amino acid) using data from heatmap in Figure 4D. Colour of
asparagine synthetase (ASNS) represents significant upregulation of ASNS in M/C1 using data from Figure 4E. Figure created using BioRender.com. (B) Immunoblot of ASNS
abundance in cell lines indicated. a-Tubulin serves as loading control. Representative of three independent experiments. (C) Violin plot of ASNS expression in normal (n ¼ 377),
tumour (n ¼ 1450) and metastatic (n ¼ 99) human colorectal tissue using TNMplot [27] and publicly available gene chip data from The Cancer Genome Atlas (TCGA). ASNS
expression was significantly increased in colorectal tumours (2.64-fold; Dunn’s p ¼ 1.84 � 10�116) and metastases (2.22-fold; Dunn’s p ¼ 3.38 � 10�2) compared to normal
colonic tissue. (D) Overall survival analysis in relation to ASNS expression from GSE17536 [29]. Cohort divided at median of ASNS expression. n ¼ 174; HR 1.63; p ¼ 0.013. (E & F)
Proliferation of C1 (E) and M (F) cells following transfection with non-targeting control (Control) or ASNS-targeting siRNA, with or without 0.1 mM asparagine (ASN) supplementation.
Basal ATP generation via OxPhos in C1 (G) and M (I) cells and basal ATP generation via glycolysis in C1 (H) and M (J) cells following transfection with non-targeting control (Control)
or ASNS-targeting siRNA, with or without 0.1 mM ASN supplementation. (KeN) Stable isotope labelling (SIL) using uniformly labelled U-[13C]-Q (K & L) or U-[13C]-Glc (M & N). Data
represent the percentage of total 13C incorporation (combining all labelled isotopologues) into TCA cycle intermediates and associated amino acids in C1 (K & M) and M (L & N)
cells. (O) Proliferation of M cells following transfection with non-targeting control (Control) or ASNS-targeting siRNA, with vehicle control (VC) or 10 mM 2-Deoxy-D-Glucose (2-DG).
Assay performed as in (E & F). (EeO) Data are represented as mean � SEM of three independent cultures. (GeN) Student’s t-test. (O) Tukey’s multiple comparisons test
*p < 0.05; **p < 0.01; ***p < 0.001.
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TCA cycle. There was largely no major difference in glucose labelling in
TCA cycle intermediates upon ASNS knockdown in C1 adenoma cells
(Figure 5M); however, glucose incorporation was increased in almost all
TCA cycle intermediates in the M adenocarcinoma cells upon ASNS
suppression (Figure 5N). These data suggest that M cells compensate
for reduced glutamine anaplerosis by diverting glucose into the TCA
cycle away from lactate production (hence reduced ECAR with ASNS
knockdowne Figure 5J), in an insufficient effort to maintain OxPhos. To
target this metabolic fragility unique to the late-stage adenocarcinoma
cells, we used 2-deoxy-D-glucose (2-DG) e a glucose analogue and
glycolysis inhibitor [33e35]e as a means of preventing compensatory
glucose shuttling and further inhibiting tumour cell proliferation medi-
ated by ASNS knockdown (Fig. S5L). We found 2-DG in combination
with ASNS suppression led to a further decrease in M adenocarcinoma
cell proliferation (Figure 5O; Supplementary Figs. S5M and N). These
data indicate that using 2-DG to target compensatory glucose shuttling
enhances the anti-proliferative impact of ASNS knockdown in later
stage adenocarcinoma cells.

3.6. Regulation of asparagine availability is a node of metabolic
vulnerability in later stage colorectal adenocarcinoma cells
The role of ASN in mTORC1 activation has recently been established
[36,37], and mTORC1 signalling is well known to promote cellular
growth and proliferation [38]. We therefore analysed phosphorylation
of mTORC1 targets following siRNA-mediated suppression of ASNS in
the early C1 cells vs the later stage M cells. In the C1 cells, immunoblot
analyses revealed that ASNS knockdown did not impact phosphory-
lation of mTORC1 signalling targets; S6 ribosomal protein and ULK1
(Figure 6A,B). By contrast, in M cells, mTORC1 activity appeared tightly
coupled to ASNS expression, indicated by significantly reduced S6 and
ULK1 phosphorylation following ASNS suppression, which is reversed
following the addition of asparagine (Figure 6C,D).
An explanation for this could be that C1 cells remain able to source
ASN in the absence of ASNS activity, which may also explain their
insensitivity to ASNS knockdown in proliferation assays (Figure 5E). We
hypothesised that adenoma cells may be resistant to ASNS knockdown
and able to maintain mTORC1 activity as they are able to scavenge
ASN through autophagy [39,40]. In an attempt to sensitise C1 cells to
ASNS knockdown, we treated them with the autophagy inhibitor
chloroquine (CQ) and analysed cell proliferation over 120 h. Critically,
CQ-mediated inhibition of autophagy sensitised the adenoma cells to
ASNS knockdown, significantly reducing proliferation in comparison to
control cells (Figure 6E,F; Supplementary Fig. S6A).
Interestingly, we observed that CQ upregulated abundance of ASNS in
adenoma cells (Figure 6G; Supplementary Fig. S6A), presumably a
mechanism for attempting to restore intracellular ASN levels, suggesting
ASN biosynthesis and autophagy are intrinsically linked in adenoma cells.
Moreover, further analysis of immunoblot data (Figure 6AeD) revealed
significantly reduced ASNS abundance in the C1 adenoma cells, but not
the M adenocarcinoma cells, following ASN supplementation (Figure 6H).
These observations suggest a feedback loop present in early adenoma
cells (to sense and regulate ASN levels) to maintain a check on prolif-
eration, that is lost in the late-stage cells. M adenocarcinoma cells
require ASN yet have lost the ability to sense and regulate its levels using
autophagy. Together, our findings suggest ASNS is a node of metabolic
vulnerability in later stage colorectal adenocarcinoma cells.

4. DISCUSSION

The aim of this study was to understand how metabolism changes
across CRC development and to identify tractable nodes of metabolic
MOLECULAR METABOLISM 90 (2024) 102037 � 2024 The Authors. Published by Elsevier GmbH. This is
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vulnerability with potential for CRC treatment. To do this we used a
unique in vitro model of CRC progression allowing us to study meta-
bolic changes at the very earliest, right through to the later, more
aggressive stages of human colorectal tumour progression. Using this
model allowed us to characterise several distinct metabolic changes
that occur across progression leading to the identification of the de-
pendency of late-stage cells on ASNS (Figure 7A).
Importantly, our model has allowed us to explore the dynamic meta-
bolic changes that characterise the very earliest stages of CRC
development. We show that metabolism is reprogrammed early in the
adenoma to carcinoma progression and is maintained throughout the
series, consistent results have been described using human colorectal
tissue [41] and mouse models [42,43]. Colorectal tumour cells switch
early to a glycolytic phenotype (from C1 to SB; Figure 2F), elevating
lactate production but maintaining oxidative metabolism, this transition
is maintained (SB to 10C to M). These observations are in line with
previous findings from in vivo analyses of human tumours originating
from multiple tissue types [44], and studies of colorectal adenomas
in vivo, where increased consumption of glucose [13,45,46] and
inositol [13] were observed, supporting the idea that a glycolytic switch
occurs early in tumorigenesis and validating our progression model
used in this study. Our data suggest the contribution of either pyruvate
carboxylation (PC) or malic enzyme (ME) flux, however, with the data
we have available we are not able to make conclusions with respect
these pathways when using uniformly labelled [13C]-Glucose. The gold
standard method for investigating PC activity involves using 3,4-[13C]-
Glucose, as this can only produce mþ1 TCA cycle intermediates if
carbon enters via PC and does not produce any labelling via acetyl-coA
[47]. Therefore, further experiments using a 3,4-[13C]-Glucose tracer
would be required to investigate this further.
Our SIL data reveal that the early glycolytic switch is accompanied by
enhanced glutaminolysis, which is also sustained through progression
(Figure 2F). Thus, at this early transition (C1 to SB), increased
glutamine-anaplerosis maintains the TCA cycle (of note, we did not find
any evidence of glutamine oxidation), compensating for the deficit in
glucose carbon which is diverted instead towards lactate production.
Increased glutaminolysis is an established feature of colorectal car-
cinoma cells [48e52], however, our data suggest this is an early
reprogramming event, initiated in the pre-malignant stages of CRC. It is
important to note that further mechanistic studies are required to
elucidate any causal relationships between metabolic changes and
colorectal cancer progression. Following further investigation, these
findings could have important implications for prevention strategies at
an early, pre-cancerous stage. Our data suggest treatment with
glutaminase inhibitors such as CB-839 [53,54] could be efficacious at
this pre-malignant stage with potential to provide protection against
recurrence, generation of new polyps or progression to malignancy,
although further studies will be required.
The model system used here recapitulates the genetic changes
observed in vivo across colorectal cancer progression [14]. Mutations
that activate the WNT pathway are extremely common driver events in
CRC, with mutation of the APC tumour suppressor gene the most
frequent initiating event [55]. In our model, the C1 cells were derived
from a polyp from a familial adenomatous polyposis (FAP) patient.
These patients are born with a germline mutation affecting one APC
allele, spontaneous loss of the second wild-type allele leads to
enhanced WNT signalling and adenoma formation at an early age [56].
It is worth noting that aberrant WNT pathway activation has been
associated with some of the metabolic phenotypes we observe at the
early stages of tumour progression in our model. For example,
enhanced glycolysis has been reported through WNT-mediated
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 13
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Figure 6: ASNS activity is required for maintaining mTORC1 signalling in adenocarcinoma cells but is dispensable in early adenomas. (AeD) Analysis of mTORC1
signalling following siRNA-mediated ASNS suppression. Immunoblots of ASNS, phosphorylated ribosomal S6 protein (S235/236) and phosphorylated ULK1 (S575) expression
following transfection with non-targeting control or ASNS-targeting siRNA, with or without 0.1 mM ASN supplementation in C1 (A) and M (C) cells. a-Tubulin serves as loading
control. Quantification of three independent cultures by densitometry using Image J in C1 (B) and M (D) cells. (E & F) Proliferation of C1 cells following transfection with non-
targeting control or ASNS-targeting siRNA, with or without 10 mM chloroquine (CQ). Water used as vehicle control (VC). (G) Relative abundance of ASNS protein (ASNS/a-
Tubulin) in C1 cells following 10 mM CQ addition. (H) Relative abundance of ASNS protein (ASNS/a-Tubulin) following 0.1 mM ASN supplementation in cell lines indicated. (G & H)
Quantification of three independent cultures by densitometry using Image J. (AeH) Data are represented as mean � SEM of three independent cultures. (B & D) One sample t-test.
(F) Tukey’s multiple comparisons test. (G & H) Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001.
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regulation of PDK1 [57] and pyruvate carboxylase [58] expression, and
WNT target c-MYC has been shown to promote broad metabolic
reprogramming [41,59,60]. It may be that genetic events that dereg-
ulate WNT signalling could underlie some of the metabolic phenotypes
we observe. However, as our series of cell lines were initially derived
from a polyp already harbouring aberrant WNT activation due to loss of
Figure 7: ASNS is a node of metabolic vulnerability in later stage colorectal adenoca
but have an inactive ASN-sensing mechanism. This renders them unable to sense and
maintain their high proliferative rate. Thus, M cells are vulnerable to ASNS depletion in the a
and regulate expression of ASNS accordingly to keep a check on cellular proliferation, or
(Figure 6). (B) Targeting ASNS in late adenocarcinoma (M) cells using siRNA reduces glutam
derived carbon into the TCA cycle, diverting glucose carbon away from lactate production (
that of the early adenoma (C1) cells. Targeting this compensatory glucose shuttling into
Figure created using BioRender.com.
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both wild-type APC alleles, it is more likely that alternative underlying
driver mutations account for changes in metabolism we see in our
model. However, a recent study examining metabolic changes across
colorectal cancer progression in human tissue found that although
mutations were found throughout the cancer stages, these mutations
were not associated with metabolite levels in the tissue and that
rcinoma cells. (A) Late-stage adenocarcinoma cells (M) have become addicted to ASN
react to levels of ASN via autophagy activation, leaving them with insufficient ASN to
bsence of extracellular ASN. Early adenoma cells (C1) can sense high or low ASN levels
in the event of ASNS loss can activate autophagy to maintain intracellular ASN level
ine-derived carbon flux into the TCA cycle. This causes compensatory influx of glucose-
Figure 5). This shifts the metabolic and proliferative phenotype of M cells back towards
the TCA cycle with 2-DG further sensitises M cells to ASNS suppression (Figure 5O).
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metabolic reprogramming was caused primarily by aberrant MYC
expression [41].
We found that oxidative metabolism was maintained throughout CRC
progression and was enhanced in the most progressed adenocarci-
noma cells (M), supporting its consideration for therapeutic interven-
tion [53,61,62]. It has been shown that CRC cells consume more
oxygen and contain more mitochondria than surrounding normal
colonic tissue in vivo [63]. Transmission electron microscopy data did
not indicate any significant differences in mitochondrial number
throughout progression (Supplementary Fig. S1), although our ana-
lyses cannot rule out differences in cristae morphology.
Despite demonstrating metabolic plasticity with respect to nutrient
source (supporting their ability to proliferate in nutrient-poor environ-
ments); importantly, we found that adenocarcinoma cells were highly
dependent on de novo ASN biosynthesis. This is supported by clinical
data showing ASNS expression is elevated in colorectal tumour and
metastatic tissue in comparison to normal and is associated with
poorer overall survival. Consistent with this, high levels of ASN have
previously been found to promote breast cancer metastases, with
enhanced ASNS expression in primary tumours strongly correlating
with metastatic potential [64]. In our model, enhanced ASNS abun-
dance in the more progressed cells may be associated with activating
mutations in the KRAS oncogene [14], which has previously been
linked to increased ASNS expression in CRC cells [65].
Loss of ASNS expression in late-stage cells blocked proliferation, while
only minimally disadvantaging the early-stage cells. The phenotype
was rescued with exogenous ASN demonstrating that it is reduced
supply of the amino acid that impacts the cells rather than the physical
presence of the enzyme or another by-product of its activity. Previous
studies in CRC cells have shown that manipulation of ASN/ASNS only
results in growth arrest in the context of glutamine depletion [39,65].
However, we observe a strong phenotype in glutamine replete con-
ditions suggesting our cells are dependent on ASN regardless of
glutamine availability.
Another important discovery from our study is the ASN-mediated
potentiation of glycolytic metabolism in human CRC. At the time of
writing, we found one other study - by Xu et al. - reporting that ASNS/
ASN manipulation affects glycolysis in the context of thermogenesis in
brown adipose tissue in mice [66]. We also show that ASNS sup-
pression reduces glutamine-derived carbon flux into the TCA cycle.
Interestingly, these metabolic changes demonstrate a shift back to-
wards the metabolic phenotype characterising the early-stage cells
(Figure 7B). This shift to glucose utilisation sensitised cells to 2-DG,
targeting the compensatory glucose carbon shuttling into the TCA
cycle. A recent study in pancreatic cancer demonstrated that depletion
of extracellular asparagine sensitised tumours to inhibition of mito-
chondrial metabolism [67]. These data support the growing body of
evidence highlighting the importance of combination therapies when
targeting metabolic vulnerabilities in cancer [7,53,68].
In agreement with the Xu study, and others by Krall et al. [36,37], our
data show that ASN promotes mTORC1 signalling. However, we show
that dependence on ASNS expression for maintenance of mTORC1
activity in colorectal tumour cells is very much dependent on stage of
progression. We found that mTORC1 signalling was inhibited in M cells
upon ASNS loss (this was reversed by ASN supplementation), but not in
C1 cells. This led us to hypothesise that C1 cells were able to source
ASN through an ASNS-independent mechanism, such as autophagy,
which has been previously observed in CRC cells [39,40]. We found
that the autophagy inhibitor CQ sensitised early adenoma cells to ASNS
suppression, further inhibiting proliferation of the early-stage cells. We
therefore identified a feedback mechanism for sensing and regulating
MOLECULAR METABOLISM 90 (2024) 102037 � 2024 The Authors. Published by Elsevier GmbH. This is
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ASN levels that is present in early adenoma cells, allowing them to
maintain a check on proliferation - that is lost in late adenocarcinoma
cells - leaving these cells vulnerable to manipulation of the ASN/ASNS
axis. Further experimental validation across additional colorectal
tumour models is needed to consolidate these findings.
ASNS therefore represents an exciting potential target for CRC therapy.
But it is important to remember that targeting ASNS will only be
effective in the context of asparaginase treatment or upon blockade of
ASN uptake. Asparaginase has been used to treat acute lymphoblastic
leukaemia in the clinic for decades by reducing levels of circulating
ASN [69]. However, these cancers eventually develop resistance by
increasing de novo ASN synthesis through upregulation of ASNS
expression [70,71]. Interestingly, asparaginase has been shown to be
effective in treating CRC with mutations that inhibit GSK3a e such as
those caused by R-spondin fusions e but was ineffective in APC and
b-catenin mutant CRCs, which represent the vast majority of cases.
This same study demonstrated that pharmacological inhibition of
GSK3a could sensitise APC and b-catenin mutant CRCs to aspar-
aginase by preventing the release of ASN through GSK3a-mediated
protein degradation [40]. Our results agree that preventing access to
ASN in APC mutant cells e both at the adenoma and carcinoma stage
e may be critical when targeting ASNS for CRC therapy. Specific ASNS
inhibitors are currently in development [72] and may offer effective
future treatment strategies for CRC, and indeed other cancers, in
combination with asparaginase and/or autophagy inhibition. We have
therefore demonstrated the strength of our model for the identification
of metabolic dependencies and potential therapeutic strategies,
exemplified by the identification of ASNS as a node of metabolic
vulnerability in CRC.

5. CONCLUSIONS

It is well established that metabolic reprogramming drives colorectal
tumour initiation and progression but exactly how this programme
evolves across colorectal tumour progression has not been fully
defined. Using a model system - comprising human early adenoma to
late adenocarcinoma colorectal cancer cells of the same lineage,
recapitulating key characteristics of human tumours in vivo - we
identified a metabolic vulnerability specific to late-stage adenocarci-
noma cells. We found that loss of ASNS blocks proliferation and
mTORC1 activity in late-stage cells, whereas early adenoma cells are
largely resistant to ASN deprivation. This is due to a feedback loop,
absent in late-stage cells, allowing them to sense and regulate ASN
levels and supplement ASN by autophagy. Our study defines metabolic
changes across colorectal cancer development and highlights ASN
synthesis as a targetable metabolic vulnerability in later stage disease.
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