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Abstract

The poor availability of oxygen and nutrients in malignant tumors drives the
activation of various molecular responses and metabolic reprogramming in
cancer cells. Hypoxic tumor regions often exhibit resistance to chemotherapy and
radiotherapy. One approach to enhance cancer therapy is to indirectly increase
tumor oxygen availability through targeted metabolic reprogramming. Thus,
understanding the underlying metabolic changes occurring during hypoxia and
reoxygenation is crucial for improving therapy efficacy. In this study, we utilized
the HT29 colorectal adenocarcinoma cell line as a hypoxia-reoxygenation model
to investigate central carbon and lipid metabolism. Through quantitative NMR
spectroscopy and Flow-injection - differential mobility spectroscopy - tandem mass
spectrometry (FIA-DMS-MS/MS) analysis, we observed alterations in components
of mitochondrial metabolism, redox status, specific lipid classes and structural
characteristics of lipids during hypoxia and up to 24 h of reoxygenation. These
findings contribute to our understanding of the metabolic changes occurring
during reoxygenation and provide the basis for functional studies aimed at
metabolic pathways in cancer cells.
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Introduction

Poor availability of oxygen and blood-circulating nutrients are common
characteristics of malignant tumors stemming from an imbalance between
angiogenesis and rapid tumor cell growth and proliferation. The local hypoxic and
nutrient-deprived microenvironment triggers cancer cells to employ multiple
molecular responses like the activation and stabilization of hypoxia-inducible factor
(HIF) [1]. These responses induce, or often are caused by, metabolic reprogramming
of cancer cells that allows them to access alternative nutrient sources and rewire
intracellular metabolic pathways [2,3]. Among the metabolic alterations, the most
commonly appearing is increased glycolysis that results in the production of lactate
from pyruvate. Albeit less energetically efficient than mitochondrial respiration,
increased glycolytic flux characterizes most cancer cells even in conditions of
abundant O,, a phenomenon known as the Warburg effect [4]. It has been established
that stabilization of HIF1a (i.e. the O,-dependent a subunit of isoform 1 of HIF)
has an important contribution to the Warburg effect by inducing the expression n
of genes encoding glycolytic enzymes and glucose transporters as well as lactate
efflux [5,6]. Besides glycolysis, HIFs also regulate the formation of reactive oxygen
species (ROS) in multiple ways, for example by preventing pyruvate contribution
to mitochondrial oxidative phosphorylation (OXPHOS) [7,8], and inhibiting
de novo lipogenesis. Fatty acids (FA) are essential for cell survival, contributing to
phospholipid biosynthesis, crucial to membrane formation, producing signaling
lipids or energy via 3-oxidation [9]. Under normoxic conditions, FA biosynthesis
proceeds via the production of lipogenic citrate from glucose and glutamine, at
the expense of NAD*[10,11]. However, in hypoxic cancer cells, this route of lipid
synthesis has a high cost in NAD+, the regeneration of which requires the limited
0, as the terminal electron acceptor. Thus, tumor cells fulfill their demand for FAs
by taking up exogenous lipids and bypass the NAD*-consuming pathways [12].
Another factor that contributes to this metabolic switch is the decreased activity of
0,-dependent desaturases, like stearoyl-CoA desaturase (SCD). Desaturation of FAs
by SCD is critical to reduce the cytotoxic effects that accompany the accumulation
of saturated FAs, like for example the overproduction of ceramides (CERs) which
induce ER stress and apoptosis [9]. As such, hypoxic cancer cells rely on taking up
exogenous unsaturated FAs to support the synthesis of complex lipids, which in
some tumor types are also stored in lipid droplets in the form of triacylglycerols
(TAGs) and cholesterol esters (CEs) [13,14].

Hypoxia-induced metabolic reprogramming and the O,-dependent dynamic
changes occurring within tumors have emerged as an important area of research
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to improve the efficacy of cancer therapy [2]. It is well known that hypoxic regions
of tumors exhibit resistance to chemotherapy and radiotherapy (RT)[15,16].
Radioresistance in particular occurs via a network of complex mechanisms,
including HIF1a signaling, that reduce RT induced cytotoxic DNA damage[17].
Among the strategies to improve both radiosensitivity and chemosensitivity, one
emerging approach is to indirectly increase the availability of O, in the tumor
by targeted metabolic reprogramming that aims to lower the utilization of O, in
metabolic pathways [18,19]. One prominent example, which is currently being
tested in clinical trials of colorectal cancer patients (NCT03053544), is targeting
complex | of the electron transport chain (ETC) by metformin [20]. It was found
that metformin increases radiosensitivity in two ways, first by increasing toxic
ROS production after RT, and second by accumulating 2-OG which triggers the
degradation of HIF1a and its associated radioresistance-inducing signaling [21].
It is evident from this example that the development of drugs targeting selected
metabolic pathways requires knowledge of metabolic changes occurring in cancer
cells from normoxia to hypoxia and vice versa during reoxygenation.

Within this framework, in this study we used the colorectal adenocarcinoma
(CRQ) cell line HT29 as a model of hypoxia-reoxygenation to study central
carbon and lipid metabolism. HT29 cells are highly hypoxic in vivo, and they are
characterized by a mutation in PIK3CA gene that encodes the catalytic subunit
of phosphatidylinositol 3 kinase-a (PI3Ka) [22]. PIK3CA is the most frequently
mutated oncogene in human cancer and occurs in more than 30% of colorectal
cancers [23,24]. We used quantitative NMR spectroscopy and Flow-injection -
differential mobility spectroscopy - tandem mass spectrometry (FIA-DMS-MS/MS)
to analyze the changes in metabolites and lipids occurring during hypoxia
and reoxygenation. We used three distinct time periods for our analysis. One
short period of 30 m and 1h, to observe any acute changes in central carbon
metabolism, which might occur in parallel and/or due to the rapid degradation
of HIF upon oxygen sensing [25,26]. A second (12 h) and a third (24 h) period
of extended reoxygenation were aimed at long-term alterations particularly in
cellular lipid composition, as shorth-term reoxygenation up to 1h, exhibited no
significant changes in this molecular domain. We show how hypoxic HT29 cells
respond to reoxygenation by altering their mitochondrial metabolism, redox
status, and remodeling of specific lipid classes.
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Materials and Methods

Cell cultures

The human colorectal adenocarcinoma cell line HT29 was obtained from ATCC
(Manassas, USA). Cell culture media and all additives for cell growth were
purchased from Thermo Fisher Scientific, Waltham, Massachusetts, USA) A
total of 2.5 million cells were seeded per well in six-well plates (Corning, Costar
TC-Treated, Merck, Darmstadt, Germany) and cultured at 37 °C with 5% CO, in
humidified air, using Dulbecco's modified Eagle medium (DMEM; 10569010). The
cell media was supplemented with penicillin (5000 IU/mL), streptomycin (5 mg/mL)
(Pen-Strep, 15140122), and 10% (v/v) fetal calf serum (FCS, 10270106). To induce
hypoxic conditions, the cells were cultured under 1.0% O, in a hypoxia incubator
(InViv0,-200, Ruskinn Technology, Leeds, UK). Normal growth conditions (control
and reoxygenation) were performed at 20% O,. Samples of cells representing the
hypoxic condition were collected by washing and extraction within 1.5 minutes
of leaving the hypoxia incubator. For the reoxygenation experiment, hypoxic cells

were transferred to the normoxic incubator and samples, both cells and conditioned
media, were collected at 30 min, 1 h, 12 h and 24 h. Details regarding the sampling
procedures are provided below.

Flow Cytometry analysis

For flow cytometry analysis, the cells were cultured as described above. After
24 hours under hypoxia, the cells were harvested and washed twice with FACS
buffer containing PBS and 0.5% FCS. The cells were fixed with fixation buffer
(BD Biosciences, Franklin Lakes, USA) for 20 min at room temperature, followed
by a washing step with permeabilization buffer. The cells were then stained with
monoclonal phycoerythrin-labeled antibody against HIF-1a (Biolegend, 359704, UK).
Intracellular expression of HIF-1a was evaluated using flow cytometry (FACSCanto I,
BD Biosciences, Franklin Lakes, USA), and the data analysis was performed using
the FlowJo 10.7.1 software.

NMR-based metabolomics

NMR based metabolomics analysis was carried out following previously published
protocol [27]. LC-grade methanol, chloroform and chemicals for NMR buffer were
purchased from Merck, Darmstadt, Germany and LC-grade water from Honeywell,
Germany. To extract extracellular metabolites, 0.2 mL of conditioned culture
medium was collected from each well and immediately mixed with 0.4 mL of pre-
chilled (-80 °C) methanol. The mixture was vortexed for 10 seconds and placed
on dry ice for at least 30 minutes to allow for protein precipitation. Extracellular
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metabolites were obtained by centrifuging the mixture at 16000 x g at -4 °C for
20 minutes. To extract intracellular metabolites, the culture media was removed
from each well and cells were washed once with phosphate-buffered saline (PBS) at
37 °C. The cells were then snap frozen with liquid nitrogen to arrest metabolism. To
extract polar metabolites, the cells were mixed with a pre-chilled (-20 °C) solution
of methanol/chloroform/water (6.75:0.75:2.5, v/v/v) and centrifuged at 16000 x g at
-4 °C for 10 minutes. The remaining cell pellet was stored for protein quantification.
The supernatants of both extracellular and intracellular metabolites were dried
using a gentle nitrogen stream and stored at -80 °C until further analysis.

For NMR measurements, the dried extracts were dissolved in 250 pL of 0.15 M
K,HPO,/KH,PO, buffer (pH 7.4) in 99.9% deuterated water (*H,0), which included
0.2 mM NaN; and 0.05 mM or 0.2 mM trimethylsilylpropionic-d, acid sodium
salt (TSP; Cambridge Isotope Laboratories, Tewksbury, USA) for cell extracts or
culture medium extracts, respectively. Samples were transferred to 3 mm NMR
tubes (Bruker Corporation, Billerica, USA) and measured in a 14.1 T Avance Neo
NMR spectrometer (Bruker). A 1D H spectrum was collected per sample using
the noesygpprid pulse sequence (TopSpin 3.0) with a mixing time of 0.01 ms,
a relaxation delay of 4 s, an acquisition time of 2.65 s, and a spectral width of
12 kHz (20 ppm for 'H). The spectral data were processed and referenced to TSP
methyl protons at 0.00 ppm, and subsequently imported into Chenomx NMR
Suite 8 (Chenomx Edmonton, Canada) for metabolite quantification. Metabolite
assignment was based on the Chenomx database as well as 2D NMR experiments
(TOCSY and HSQC) of pooled samples. All NMR concentrations (uM or nmoles) were
corrected based on the protein mass of each sample. For extracellular metabolites,
the quantities of metabolites excreted or consumed by the cells were calculated by
subtracting the quantities from blank cells-free cultures under the same conditions.
Positive values of nmoles/ug of protein indicate excretion (efflux), while negative
values indicate consumption (influx).

FIA-DMS-MS/MS - based lipidomics

Comprehensive quantitative lipidomics analysis was conducted using the Shotgun
Lipidomics Assistant (SLA) [28]. All chemicals and consumables were of LC-MS grade
or higher. Methanol and ammonium acetate were purchased from Merck, Darmstadt,
Germany. Dichloromethane (DCM), methyl-tert-butyl ether (MTBE), 1-Propanol, and
LC-MS grade water were purchased from Honeywell, Germany. Lipids were extracted
using liquid-liquid extraction as previously described [29]. Briefly, conditioned media
were removed, and cells were washed with PBS. Then, 0.16 mL of methanol was
added to each well, and cells were scraped and transferred to microcentrifuge
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tubes. Lipids were extracted by adding 0.5 mL of methyl tert-butyl ether (MTBE),
0.2 mL of water, and 0.1 mL of internal standard mix (IS; Lipidyzer™ internal
standard kit, containing >50 labeled internal standards for 13 lipid classes; Sciex
Framingham, USA). Samples were vortexed for 30 minutes at room temperature
and centrifuged for 5 minutes at 16,000 x g at 20 °C. The upper organic layer
was collected and transferred to a glass vial. The extraction was repeated on the
remaining pellet with 0.1 mL of methanol, 0.3 mL of MTBE, and 0.1 mL of water.
The organic layers from the two extractions were combined, dried under a gentle
stream of nitrogen, and pellets stored for protein quantification. Samples for
FIA-DMS-MS/MS were resuspended with 0.25 mL of 10 mM ammonium acetate in
1:1 (v/v) methanol/dichloromethane.

Acquisition and quantification of lipids were performed using the SLA platform
on a QTrap 5500 mass spectrometer (Sciex, Framingham, USA) with differential
mobility spectrometry (DMS) interface, coupled to a Shimadzu Nexera X2 LC system.
The quantitation of lipids was performed as described previously [30,31]. In total,

13 lipid classes, including 850 lipid species, were quantified. Following quality
control analysis using pooled samples, the data for 513 lipid species was kept
for further analysis. The lipid classes included cholesterol esters (CE), ceramides
(CER), diacylglycerols (DAG), dihydroxyceramides (DCER), free fatty acids (FFA),
hexosylceramides (HCER), lactosylceramides (LCER), lysophosphatidylcholines (LPC),
lysophosphatidylethanolamines (LPE), phosphatidylcholines (PC), phosphatidyl-
ethanolamines (PE), sphingomyelins (SM), and triacylglycerols (TAG). For ease of data
analysis, we kept the original lipid nomenclature of the SLA platform. A translation to
the current Lipidmaps shorthand notation can be found in [32].

Protein quantitation

The protein pellets obtained after metabolite and lipid extraction were dissolved in
500 uL of SDS 2% (w/v) solution and sonicated for 1 h at 60 °C. Samples were then
vortexed and centrifugated for 5 min at 16000 x g at -4 °C. Protein was determined
using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) following the protocol of the manufacturer.

Data analysis

Data analysis was performed in GraphPad Prism Version 9.5.1. Statistical analysis
of all datasets included One-way ANOVA using Brown-Forsythe and Welch ANOVA
tests. Follow-up multiple comparisons of pairs were performed using the Dunnett
test, with a confidence interval of 95% for adjustment of calculated p-values. All
reported p-values and statistical significance represent adjusted p-values unless
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otherwise stated. Statistical significance without multiple comparisons (p-values
without multiplicity adjustment) was calculated by the unpaired Welch t-test.
Heatmaps, Venn diagrams and Volcano plots of metabolites and lipids were
generated in R (R Core Team (2023). R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing. Vienna, Austria. https://www.R-
project.org/) using the R packages pheatmap, RColorBrewer, factoextra, ggplot2,
and ggVennDiagram. Saturation Index (SI) was calculated from the total number
of saturated acyl chains, divided by the total number of unsaturated. For example,
in DAG which have two acyl chains, the total saturated number was the sum
of DAG with saturated FAs over the sum of DAG with unsaturated. For each DAG
used in the equation, if both acyl chains were saturated then its concentration was
multiplied by 2. If one acyl chain was saturated the concentration was multiplied by
1. If none was saturated, then the concentration is multiplied by 0. Similarly, for the
sum of unsaturated DAG in the denominator, the concentration of each DAG was
multiplied by 0 if all FAs were saturated, by 1 if one of two is unsaturated and by 2 if
both acyl chains are unsaturated.

Results

Influence of hypoxia on metabolism compared to normal

growth conditions

To investigate the effects of O, deprivation on central carbon and lipid metabolism,
we cultured the CRC cell line HT29 under hypoxic (1% O,) and normoxic (20% O,)
conditions. As expected, hypoxic cells showed a significant increase in HIF1a
expression (Figure 1A). Using NMR spectroscopy, we quantified the concentrations
of polar metabolites and found that hypoxic HT29 cells were more glycolytic, as
indicated by the increased consumption of glucose and secretion of lactate
compared to normoxic cells (Figure 1B). Several other metabolites of central carbon
metabolism also differed significantly (Figure 1C). Among them the most prominent
differences were found for 4-aminobutyrate (GABA), 5-aminovalerate (5-AVA),
aspartate, glutamate, proline, putrescine, and threonine that were significantly
lower in hypoxic cells, while 2-oxoglutarate (2-OG) creatine and taurine were
increased (Figure 1C, D). Interestingly, 2-OG was the only TCA cycle intermediate to
beincreasedin hypoxic cells, as all other carboxylic acids were decreased (Figure 1D).
From the analysis of the conditioned culture media, we found overall small
differences in the consumption of extracellular nutrients between normoxic and
hypoxic HT29. A notable exception was pyruvate which was less consumed from
the hypoxic cells although it is a nutrient that could be used to fuel TCA cycle
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(Figure 1E). On the other hand, hypoxic cells uptake significantly more cystine
and pyroglutamate (Figure 1E). Both nutrients can be used for the synthesis of
glutathione for which we did not detect a significant difference, while cystine is
also a potential source for the synthesis of taurine. The latter had a higher efflux
in normoxia (Figure 1E) but had significantly higher intracellular concentrations in
hypoxia (Figure 1C).

A B c 5

. medium <«—»

" [ -

[+]
3

HIF-1a positive cells (%)
N
D-Glucose
(nmoles/ug protein)
8 & &
D-Glucose
(nmoles/ g protein)
o
—_ B
|
|
|
-
T
g2:2 3
3788 2
e

influx

13

=3 Normoxia
B Hypoxia

8

efflux

Lactate
o9 0 o

Choline Condition

ADP
Creatine** Normoxia
GP Hypoxia

o o
8 &

(nmoles/pg protein)
Lactate
(nmoles g protein)

0.02 G
NN W condition 15
om Ih L] ni n | |I f PE(P-18:020:4) l

. PE(P-16:0182) = 1
0.004- PE(P-16:0/22:4)
HCER(24:1)
0.002 CER(240) £l
PE(P-16:022:6)
0000 . R(220) 0

CER(22

& o 2 @ @ 3 2 S 3 PE(P-16:0/18:1)

5@ 58 2 2 50

F P L FF LSS ey g
‘?5’@ > HCER(220)
¢ | CER(16:0)

nmoles/ug protein

CER(24:1)

TAGSS:
1 FFA(24:0)

- i efflux SM(24:0)

i

influx

& o
3 &

DAG(16:0/20:4)
PE(0-16:0120:4)

&
Cystine
(nmolesyg protein)

:

Pyruvate
(nmoles/jg protein)
b b & b

2
Pyroglutamate
(nmoles/jig protein)

Taurine

(nmoles/g protein)
8

o
&
&

5 3 Normoxia
21 I Hypoxia
1

o . o [l

Jotwmd. ~ HENN

0.010
0.005:
0.000

nmoles / g protein

PE(0-18:01182)
PC(18:0/18:2)
LPE(18:0)
DAG(16:0/22:5)
DAG(18:0/18:1)

& & o?o Q@*\&@&ge R \‘f’ E & ©

Figure 1: Comparison of in vitro cultured HT29 cells in normoxia and hypoxia. (A), Expression of HIF1a
measured the number of cell positive (%) to HIF1a selective antibody. (B), Quantities of extracellular
and intracellular D-glucose and lactate. (C), Heatmap of metabolites with p<0.05 (before multiple
comparison of pairs correction), the scale represents standardized metabolite concentrations. (D), TCA
and linked to TCA metabolites. (E), Influx and efflux differences of extracellular metabolites. (F), Total
lipid classes concentrations. (G), Heatmap of standardized concentrations of significant lipid species
(p<0.05 before multiple testing correction). Star annotations indicate statistical significance after
multiple comparison of pairs correction, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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To assess how the lack of oxygen affected lipid metabolism, we used quantitative
targeted lipid analysis by FIA-DMS-MS/MS. Out of 850 quantified lipid species, 513
from 13 lipid classes passed quality control and were further analyzed. We first
compared the total concentrations of the lipid classes and observed a noticeable
decrease in total ceramides (CER) and hexosylceramides (HCER), while differences
in all other lipid classes were negligible (Figure 1F). Next, we examined the
concentrations of all 513 lipid species, and observed a small subset of 49 lipids
to have significant differences (p < 0.05) (Figure 1G). Among them, all detected
CER and HCER were the most decreased lipids in hypoxia. In addition to CER and
HCER, we found that five phosphatidyl-P-ethanolamines (PE(P)) were decreased by
the lack of O,. On the other hand, several diacylglycerols (DAG), a small number
of triacylglycerols (TAG), two phosphatidylcholines (PC), two phosphatidyl-O-
ethanolamines (PE(O)) and four sphingomyelins (SM) were significantly increased
under hypoxia. It should be noted that none of these differences remained
statistically significant after multiple testing correction. Taken together that out of
a large panel of lipids, just about 10% of them exhibited noticeable differences, we
conclude that hypoxia was not an important factor for the total lipid content of
HT29 cells.

In summary, growing cells under O, deprivation induces metabolic re-wiring that
occurs mainly in metabolites of the central carbon metabolism like increased
glycolysis and decreased TCA cycle intermediates except 2-OG, whereas lipid
metabolism was less affected

Acute reoxygenation is not sufficient to cancel or reverse the
hypoxia-induced effects on metabolism

Next, we aimed to evaluate whether a short supply of oxygen - for up to 1 h, could
have any effect on the metabolism of the cells grown under hypoxia. We applied
the same analytical methods and collected data from reoxygenated cells at 30 min
(RO-30m) and 1 h (RO-1h) post hypoxia. The data was then compared to the parallel
culture of normoxic cells. Overall, we found that most of the differences we reported
above between hypoxia and normoxia, were not affected by oxygen supply up to
1 hour (Figure S1). When looking at all the pairwise comparisons between normoxia
and hypoxia, normoxia and RO-30m, and normoxia and RO-Th, 38 metabolites
exhibited a significant change (p<0.05; no multiple testing correction) (Figure 2A).
Among them, 26 were in the pair of normoxia — hypoxia and just 12 metabolites
were unique for the two pairs comparing normoxia to either RO-30m or RO-Th
(Figure 2A, S1). In addition, out of these 12 metabolites, only glycine and formate
remained statistically significant after multiple testing correction (Figure 2B).
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Among the differences occurred in reoxygenation we observed an increase
of NADH which in turn induced a significant change in the ratio of NAD*/NADH
(Figure 2B) and thus to the redox status of HT29.
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Besides the few new changes, reoxygenated cells continued to consume more
extracellular glucose and excrete significantly more lactate (Figure 2C). However,
we also observed a buildup of intracellular lactate after 30 min of reoxygenation,
as well as an increase in intracellular pyruvate without an obvious change in its
uptake from the culture medium. (Figure 2C). In addition, GABA, 5-AVA aspartate,
and glutamate were still significantly lower in both RO-30m and RO-1h compared
to normoxia (Figure 2D). Although these 4 metabolites are linked to TCA cycle
via oxaloacetate and 2-OG, we found that the other TCA cycle intermediates
(fumarate, malate, succinate, citrate, and 2-OG) were increased in reoxygenated
cells (Figure 2D). This finding is well in line with the increase of intracellular pyruvate
and points to a possible increase of TCA cycle activity due to the restoration
of O, supply.

Analysis of the lipidome from the same samples revealed that 1h of reoxygenation
did not alter any of the changes observed between hypoxic and control cells, in
the total concentration of lipid classes (Figure 2E). Although we found half (50%)
of the significant pairwise comparisons between normoxia and hypoxia, normoxia
and RO-30m, and normoxia and RO-1h to be due to reoxygenation (Figure 2F),
careful examination revealed that most of them are due to further increase in
TAGs that were already higher in hypoxia compared to normoxia (Figure S2). An
exception were 5 DAG species which had identical concentrations in hypoxia and
normoxia but significantly increased in RO-30m (Figure 2G). Interestingly, 4 of them
contained the 18:1 alkyl chain and one the 16:1 possibly pinpointing to a restored
activity of SCD1.

Overall, our data showed that a short period of reoxygenation up to one hour,
induced subtle changes in central carbon metabolism, as for example increased
mitochondrial activity and increased availability of intracellular lactate and
pyruvate, but did not have any prominent effect on the cells lipidome.

Reoxygenation for 24h post hypoxia induces a metabolic shift

An extended O, supply following hypoxia would give sufficient time for hypoxic
cells to adopt to a normoxic environment. Thus, we set out to measure whether
prolonged reoxygenation of HT29 cells result in adopting the metabolic
characteristics of normoxic cells or retain a hypoxia-induced phenotype. To address
this, we analyzed samples at 12 h and 24 h of reoxygenation. We then compared
them to the data obtained from hypoxic cells as well as with a parallel normoxic
culture. We found that reoxygenated cells maintained a higher lactate efflux both
at 12 h and 24 h, while surprisingly they also accumulated significantly more
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intracellular lactate compared to both hypoxic and normoxic cells at all studied
time points (Figure 3A). On the other hand, all TCA cycle intermediates were
comparable between normoxic and reoxygenated cells. Those TCA metabolites with
lower concentrations in hypoxia accumulated to reach normoxic levels, while 2-0OG
that was higher in hypoxia was reduced to normoxic levels (Figure 3B). Aspartate
and glutamate that had significantly lower concentrations in hypoxia, were further
reduced during reoxygenation and remained lower compared to both Norm-12h
and Norm-24h (Figure 3B). Based on the increase in TCA cycle intermediates and
(intracellular and extracellular) lactate build up upon O, restoration, we would also
expect an increase in ATP production. Strikingly, we found that ATP was significantly
lower in reoxygenated cells compared to Norm-12h and Norm-24h (Figure 3C).
In addition, creatine phosphate which can alternatively provide high energy
phosphates was also reduced compared to hypoxia, despite the accumulation of its
precursor, creatine in RO-12h and RO-24h (Figure S3).

We then looked at some of the most prominent differences we found in hypoxic
cells, and we observed that GABA (Figure 3D), and alanine (Figure S3) were
increased to reach normoxic levels after 24 h of O, restoration. However, this was

not the case for the other two most hypoxia-affected metabolites, 5-AVA, and
proline, which remained significantly lower in reoxygenated cells compared to
Norm-12h and Norm-24h (Figure 3D). Interestingly, reoxygenation induced a shift
in choline metabolism, with RO-12h and RO-24h taking up significantly less choline
from the medium but also having much higher intracellular pools. We found
that intracellular choline was further oxidized to betaine, especially at 24h at the
expense of reduced phosphorylation to form phosphocholine (Figure 3E). More to
that, reoxygenated cells also consumed more cystine, the precursor of intracellular
cysteine, which is a basic unit to synthesize glutathione. Similar to choline
oxidation, we found increased oxidized glutathione (GSSG) compared to reduced
glutathione (GSH) (Figure 3F). However, when we measured the total glutathione
(GSH + GSSG) we found that the significant difference at 12 h was attenuated at
24h with reoxygenated cells having similar concentrations to normoxic cells
(Figure 3F). Finally, both hypotaurine and its product taurine, were increased in
RO-12h and RO-24h. As these metabolites can be formed from intracellular cysteine,
this might explain the increased cystine uptake from reoxygenated cells to support
both taurine (mostly) and glutathione (secondary) synthesis.
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Figure 3: Effects of prolonged reoxygenation up to 24h in metabolism of hypoxic HT29 cells
(RO-12h and RO-24h) and comparisons with parallel normoxic culture of HT29 for the same time
period (Norm-12h and Norm-24h); (A) Influx and efflux of D-glucose and lactate, respectively and their
corresponding intracellular concentrations; (B) Quantities of TCA and linked to TCA metabolites,
statistical significance is indicated for comparisons against hypoxia; (C) Intracellular ATP and
(D) intracellular pools of GABA, 5-AVA and Proline; (E) Influx of choline, its intracellular levels and the
products of its oxidation (betaine) and phosphorylation (phosphocholine); (F) Influx of cystine to fuel
intracellular cysteine, levels of reduced and oxidized glutathione as well as their sum, and taurine
metabolism. Star annotations indicate statistical significance after multiple comparison of pairs
correction, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Taking all these observations together, we conclude that prolonged reoxygenation
altered the energetic state of the cells and favored oxidation in the TCA cycle and
in choline metabolism. Finally, the increase of GSSG and taurine point to a possible
reoxygenation-induced increase of ROS.

Hypoxia - reoxygenation affects the saturation rather than the total
lipid pool

Following the differences we found in the metabolic state of hypoxic cells after
24h reoxygenation, we investigated whether the lipidome was altered too. The
total concentrations of CER, HCER, DAG and LPE were lower in RO-12h and RO-
24h compared to Norm-12h and Norm-24h, respectively and except for HCER
and DAG, they were also comparable with hypoxic cells. We did not find any
noticeable differences for the remaining lipid classes. (Figure 4A). When we
investigated the concentrations of the lipid species specifically, we found several

were increased (Figure 4B, top). After 24h of reoxygenation, we observed fewer
significant differences between RO-24h and Norm-24h than at 12h. At this point,
a smaller subset of TAG were increased in RO-24h, while another small subset of
TAG together with 2 LPC, 3LPE, one PC, 2 DAG and one PC exhibited the more
decrease in RO-24h (Figure 4B, bottom). Interestingly, after careful examination of

DAG, CER, LPC and LPE significantly decreased in RO-12h, whereas a subset of TAG n

these differences, we observed that most of the decreased lipids in reoxygenated
cells were carrying saturated acyl chains whereas, most of the increased lipids were
carrying unsaturated or polyunsaturated acyl chains (Figure 4B bottom). Thus, we
set out to investigate whether this discrimination was persistent throughout the
whole experiment, or it was due to an alteration in the lipidome, specific to hypoxia
or reoxygenation. We calculated the saturation level for all TAG, i.e., the double
bonds present on the 3 alkyl chains of TAG, and we found that hypoxic cells had
significantly higher saturated TAG compared to normoxic cells (Figure 4C). The
same was true for reoxygenated cells up to Th. However, as O, restoration occurred
for longer time, TAG in RO-12h and RO-24h became less saturated (p<0.0001)
compared to the Norm-12h and Norm-24h, respectively. Considering that the total
concentration of TAG in all time points (hypoxia - RO-30m - RO-1h - RO-12h and
RO-24h) was comparable to the concentration in the corresponding normoxic cells
(Figures 1F, 2E and 4A) we can conclude that hypoxia and reoxygenation mainly
affect the saturation level of TAG rather than the total intracellular pool of TAG.
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Figure 4. Effects of prolonged reoxygenation up to 24h in lipid metabolism of hypoxic HT29 cells (RO-
12h and RO-24h) and comparisons with parallel normoxic culture of HT29 (Norm-12h and Norm-24h).
(A), Quantities of total lipid classes, stars in bars of RO-12h and RO-24h indicate statistical significance
against hypoxia whereas stars in bars of Norm-12h and Norm-24h indicate statistical significance
against RO-12h and RO-24h, respectively. (B), Volcano plots of lipid species for pairwise comparisons
of RO-12h - Norm-12h and RO-24h - Norm-24h. (C), Fold change of total alkyl chain saturation in TAG
for the pairwise comparisons between Hypoxia - Normoxia, RO-1h - Normoxia, RO-12h - Norm-12h
and RO-24h - Norm-24h. SFA(0) represent TAG with no saturated alkyl chains, SFA(1,2), TAGs with 1 or
2 saturated alkyl chains and SFA(3) TAG with all alkyl chains being saturated. (D), Saturation Index (SI)
for DAG, PC, CE, SM and CER; for S| definition see Methods. (E), Schematic representation of
sphingolipid (SL) metabolism. (F), Heatmap of standardized product/substrate ratios of quantified
SL species. Star annotations indicate statistical significance after multiple comparison of pairs
correction, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

Based on this observation, we next calculated the saturation index (SI) of all other
lipid classes (Figure 4D, S4). Similarly to TAG, we found PC to be more saturated
during hypoxia and short reoxygenation, but significantly less saturated after
long O, restoration (Figure 4D). DAG and CE also exhibited a lower S| at RO-12h
and RO-24h but there was no difference during hypoxia and at RO-30m and RO-1h.
Finally, we found that SM and CER in contrast to DAG and TAG, were significantly

less saturated in hypoxia and short reoxygenation but these Sl differences were
attenuated after long O, restoration.

CER constitute a critical hub in sphingolipid (SL) metabolism [33] (Figure 4E), and
we have seen here that the CER class was more affected by hypoxia than other
lipid classes (Figure 1F). Thus, we set out to investigate further on CER metabolism
by first analyzing the substrate/product ratios between CER, HCER, LCER and SM
lipid species (Figure 4F). We observed that all ratios of HCER/CER, except 16:0, were
lower in hypoxia and reoxygenation up to Th compared to normoxia, but at 12h
and 24h, these ratios were higher in reoxygenated cells. LCER (16:0) production
from HCER(16:0), as well as all SM/CER ratios, were increased in hypoxic cells and
up to 1h of reoxygenation and then exhibited a similar ratio to normoxic cells at
12h (LCER/HCER) and 24h (both LCER/HCER and SM/CER). We next investigated the
composition of each SL class, as expressed by the ratio of each lipid species to the
total class (Figure S5). Apart from CER (16:0), the remaining CER with acyl chains of
22:0,24:0 and 24:1, had higher ratios in hypoxia and up to 12h of reoxygenation and
then became similar to normoxic cells at 24h. With regard to SM, those with acyl
chains of 18:0, 20:0 and 22:0 were lower in hypoxia and up to Th of rexygenation,
whereas all other SM species had higher rates in hypoxic and reoxygenated cells
up to Th. At 12h and 24h, all SM ratios were similar between reoxygenated and
normoxic cells.
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Overall our data show that hypoxia and reoxygenation, induces changes in the
saturation levels of 6 lipid classes. Among them TAG, DAG, PC and CE were only
affected after prolonged reoxygenation while CER and SM were affected during
and shortly after hypoxia. In addition, CER and SM classes, not only exhibited
differences between hypoxic and normoxic cells but also in their composition in
specific lipid species, pointing to different enzymatic activities and/or signalling
within SL metabolism.

Discussion

In this study we set out to describe the metabolic rewiring of the CRC cell line HT29
when cultured in an oxygen deprived environment and more importantly, how this
cell line responds to O, restoration. HT29 has one of the most common oncogene
mutations in PIK3CA gene and has been found to exhibit resistance to hypoxia [34].
Here we found that hypoxia increased glycolysis from an already enhanced basal
state [35]. The lack of oxygen also affected mitochondrial metabolism as we found
almost all TCA cycle intermediates reduced. One exception to this was 2-OG which
was the most accumulated metabolite in hypoxic HT29. Beyond 2-OG, we also
found a set of metabolites, namely GABA, 5-AVA, glutamate, aspartate, and proline
to be significantly reduced in hypoxia. Interestingly, restoring oxygen was not
sufficient to completely normalize all hypoxia-induced metabolic changes. While
our findings indicated a normoxia-like glycolysis and mitochondrial metabolism
(e.g., TCA cycle activity) after 24 h of rexygenation, we also observed characteristic
changes pointing to increased oxidation and ROS production and a surprising
reduction of ATP levels. In contrast to the evident rewiring in central carbon
metabolism, the lipidomics analysis resulted only in a small set of lipids being
influenced by O, deprivation, i.e., CER and HCER. However, our analysis revealed an
underlying difference induced by hypoxic conditions, that is a significant change in
the saturation level of the most abundant lipids, like TAG, DAG, PC, and CE.

It was recently found that the proliferation and survival of cancer cells carrying
an PIK3CA mutation, as is HT29, is sensitive to the tricarboxylic acid cycle (TCA)
cycle enzyme 2-oxoglutarate dehydrogenase (OGDH)[35]. This enzyme catalyzes
the irreversible conversion of 2-OG and Coenzyme A - SH (CoA-SH) to succinyl-
CoA and CO, in an NAD*-dependent step. Suppression of OGDH has resulted
in the accumulation of 2-OG, the reduction of the TCA cycle intermediates,
succinate and fumarate as well as aspartate. The latter is connected to 2-OG via
the malate-aspartate shuttle and transamination reactions occurring at both sides
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of the mitochondrial membrane, critical to maintain redox homeostasis and the
regeneration of cytosolic NAD". It has been shown in the same study [35] that
excess of 2-OG in PIK3CA mutant cells, deregulates the malate-aspartate shuttle,
reduces the intracellular levels of aspartate and the NAD*/NADH ratio. In our work
with HT29, we found hypoxia to induce an excess of 2-0G, significantly lower levels
of aspartate and a reduction of NAD*/NADH ratio up to 1 h of reoxygenation,
compared to normoxic cells (Fig 2B). Thus, our data are consistent with a hypoxia
induced OGDH suppressed state. Interestingly, upon extended O, restoration, 2-OG
was reduced, its downstream TCA cycle metabolites succinate and fumarate as well
as aspartate were increased but the ratio of NAD*/NADH remained to the same
levels as in hypoxia, RO-30m and RO-1h (Figure S6). Regeneration of NAD* occurs
by ETC activity coupled to the synthesis of ATP, by the conversion of pyruvate to
lactate, the malate-aspartate shuttle and the desaturation of poly unsaturated fatty
acids (PUFA) [36]. On the other hand, NAD* can be consumed for glycolysis, in the
TCA cycle and in the oxidation of FAs. In our study, we observed that reoxygenated
cells did not produced ATP at the same level as the normoxic cells although the

increased oxidation of glutathione suggests an increased ROS production via
OXPHOS. However, after 24h of reoxygenation, hypoxic HT29 produced more lactate
compared to normoxic cells, suggesting higher rate of conversion from pyruvate.
Furthermore, reoxygenation induced significantly higher desaturation of TAG, DAG,
PC and CER compared to normoxic cells. Desaturation of FAs was recently described
as a mechanism to regenerate cytosolic NAD+ when ETC or lactate production were
impaired [37]. In our study the latter condition does not apply for reoxygenated
cells while we observed the oxygen-dependent increase of desaturation. Thus
overall, we would expect reoxygenation to increase NAD* regeneration but this did
not occur in our study (SFig 4). It is possible that the high glycolytic rates and the
increase of TCA cycle activity, consume NAD* that counteracts its regeneration.

Together with aspartate, GABA was one of the most reduced metabolites in
hypoxic HT29. GABA can be synthesized from glutamate like 2-OG, or via the
metabolism of polyamines, such as putrescine. The reaction of GABA with 2-0G
results in the formation of succinic acid semialdehyde which subsequently forms
succinate, thus, by-passing the formation of succinyl-CoA in the TCA cycle that
requires one molecule of CoA. Although GABA has been extensively described
as a neurotransmitter, it is known now that CRC cells including HT29, have GABA
receptors which upon activation via binding of GABA or its agonists, inhibit
migration of cancer cells and induce their apoptosis [38,39]. In our study, GABA and
both its possible precursors, glutamate, and putrescine, were significantly lower in
hypoxia but after reoxygenation gradually reached comparable levels to normoxic
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cells. Noteworthy, 5-AVA, which was together with GABA aspartate and glutamate
the most reduced metabolite in hypoxia, is also a weak GABA agonist via its binding
to 4-aminobutyrate:2-oxoglutarate aminotransferase [36]. 5-AVA is the degradation
product of lysine, and since PIK3CA mutant cells exhibit high expression of genes
encoding lysine degradation [35], we can assume that 5-AVA synthesis is favored
in normoxic condition. However, although normoxic HT29 maintained the high
concentration of 5-AVA, the reoxygenated cells failed to reach this level even
after 24h of O, restoration. In addition, we found lysine to be significantly higher
in normoxic HT29 (Fig 1C), which cannot justify an increase of its degradation to
produce 5-AVA. Nevertheless, to the best of our knowledge, this is the first time
that 5-AVA is reported in hypoxic cancer cells to have such a significant difference
compared to the normoxic culture. Taken all together the GABA receptor apoptotic
and antimigratory function, and the critical role of GABA and its agonists like 5-AVA,
we hypothesize that GABA synthesis might be a possible target to further explore
in the context of supporting cancer therapy.

As mentioned above, glutamate is the precursor of 2-OG in the mitochondria - the
other source being the oxidation of pyruvate—derived citrate. A previous study has
reported that glutaminolysis, and in particular the activity of glutamate pyruvate
transaminase 2 (GPT2) that converts glutamate to 2-OG, is upregulated in PIK3CA
mutants like HT29 and other CRC cell lines in hypoxia [40]. Thus, our findings of
the significant reduction of glutamate together with the accumulation of 2-OG
could be explained by overexpression of GPT2. Besides fueling TCA cycle via 2-0OG,
glutamate is also used for the synthesis of glutathione, together with glycine and
cysteine. The precursor of the latter, cystine, was increasingly consumed by hypoxic
cells, indicating an increased requirement for GSH as a cell defense to ROS. Indeed,
we observed that upon prolonged reoxygenation, there was a decrease of GSH and
an increase of GSSG, suggesting that O, supply resulted in enhanced mitochondrial
oxidative metabolism and the production of ROS. However, another use of cysteine
(formed from extracellular cystine) is for the synthesis of hypotaurine, in an
oxygen dependent step [41]. Hypotaurine in turn is converted to taurine by the
flavin-containing monooxygenase FMO 1, consuming either NADH or NADPH and
oxygen. One of taurine’s function is to act as an indirect antioxidant by enhancing
the activities of enzymes which catalyze antioxidant scavenging. Another role
of taurine is to counteract on hypotaurine-induced proliferation and to induce
apoptosis, as it was found upon extracellular taurine supplementation to HT29 [42].
Here we found both hypotaurine and taurine to be increased in reoxygenated HT29,
possibly due to increased O, and NAD(P)H availability. Thus, based on taurine’s well
described anti-tumor progression properties when accumulated in CRC cells [42]
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targeting the hypotaurine - taurine reaction by increasing O, availability might be
a candidate to control tumor progression.

In addition to the oxidation of glutathione, we also measured an increased
production of betaine upon O, restoration. Betaine is the product of choline
oxidation at the expense of its phosphorylation and the synthesis of phosphocholine
to support PC synthesis. Based on these findings, we can conclude that extended
reoxygenation of hypoxic HT29 resulted in an increase of oxidation processes and
possibly an increase in ROS production. The latter is not surprising, as it is one of
the goals to support the effectiveness of chemotherapy and radiation therapy in
cancer treatment.

Another important finding was the accumulation of intracellular creatine in
reoxygenated cells even though it was equally consumed from the culture
medium in all conditions of our experiment. Creatine metabolism involves its
phosphorylation to phosphocreatine using one molecule of ATP. Phosphocreatine

has a 50% higher energy for the y-phosphate compared to ATP and it provides
an oxygen-independent pathway for energy. As such, it was recently found that
phosphocreatine promotes highly hypoxic CRC tumors growth and metastasis
and the creatine - phosphocreatine (Cr-PCr) metabolic axis is now being tested
as a potential therapeutic target for CRC [43]. In agreement with this, we found
that hypoxic HT29 had significantly higher phosphocreatine and lower ATP, thus
utilizing the oxygen-independent phosphorylation of creatine to generate energy.
When O, availability increases, reoxygenated cells form phosphocreatine at
comparable levels with the normoxic cells. In contrast, the already lower ATP levels
in hypoxic cells were further reduced in reoxygenation. ATP could be consumed
for FA synthesis; however, we did not observe any increase in the total lipid pools.
Another possibility is that hypoxic HT29 rely on lactate fermentation to produce ATP
and they retain this phenotype even when O, is restored, in contrast to normoxic
cells that can also produce ATP via ETC activity.

Our lipidomics analysis revealed underlying structural differences in lipids, as for
example the increased desaturation of mainly TAG upon restoration of oxygen.
While for most lipid classes we did not identify notable differences in their
total concentrations, CER exhibited significantly lower levels in hypoxic cells.
Sphingolipid metabolism and ceramides in particular have gain attention recently
in studies aiming to decipher the structural and signaling functions of lipids in CRC
progression [44,45]. In general, increased CER are correlated to cell cycle arrest
and apoptosis, while increased HCER and LCER contribute to tumor growth and
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metastasis. However, distinct species also exhibit different effects. For instance,
increased concentration of CER(16:0) leads to apoptosis, in contrast to CER(24:0) and
CER(24:1) which facilitate proliferation [44]. In our study, we found hypoxic HT29 to
have lower levels of CER(16:0) and higher CER(24:0) and CER (24:1). This result might
also contribute to the resistance of HT29 to hypoxic stress. Interestingly, upon
restoration of O,, CER(16:0) increased to higher levels than normoxic HT29, thus
pointing to a clear benefit of increased oxygen availability to halt the growth of this
cell line. However, when we analyzed the product/substrate ratios between SLs with
the same alkyl chain length, we saw a higher production of SM from CER in hypoxia
and less HCER from CER. While SM/CET ratio was similar between reoxygenated and
normoxic cells after 24h, the HCER species with longer FA chains, 22:0, 24:0 and
24:1, exhibited higher ratios at 24h in RO compared to normoxic HT29. This might
indicate a favorable adaptation of this cell line to abundant oxygen conditions;
however, further functional studies are needed to support this finding.

This study was conducted on a single in vitro cultured cell line. As such, it is possible
that the alterations we observed in central carbon and lipid metabolism could differ
in an experimental animal model in vivo. Thus, further investigations are necessary
to be performed in vivo to confirm the metabolic changes occurring in cancer cells
from normoxia to hypoxia and vice versa during reoxygenation. These continuation
studies could in turn, facilitate the development of drugs targeting selected
metabolic pathways aimed to improve the efficiency of anti-tumor therapies.



Metabolomic and lipidomic analysis of the colorectal adenocarcinoma cell line HT29 | 187

Supplementary Materials: The following supporting information can be
downloaded at: www.mdpi.com/xxx/s1, Figure S1: Heatmap of standardized
metabolite concentrations of HT29 in normoxia, hypoxia, RO-30m and RO-1h;
Figure S2: Heatmap of standardized concentrations of significant lipid species;
Figure S3: Intracellular and extracellular concentrations of creatine, alanine, and
creatine phosphate in hypoxic, normoxic and reoxygenated HT29 up to 24h;
Figure S4: Saturation Index (SI) for CE, FFA, LPC, LPE and PE; Figure S5: Heatmap of
standardized species/total class ratios for quantified sphingolipids; Figure S6: NAD*/
NADH ratio as well the intracellular concentrations of NAD* and NADPH in hypoxic,
normoxic and reoxygenated HT29 up to 24h; Excel file with all data included in
this study, intracellular metabolites, exchange of extracellular metabolites, total
concentration of lipid classes, concentrations of all 513 lipid species, saturation and
fold changes of TAG and Saturations Indices for all lipid classes.

Author Contributions: Conceptualization, J.C.Alarcon Barrera, Alejandro
Ondo-Mendez, Martin Giera and Sarantos Kostidis; Formal analysis, J.C.Alarcon

Barrera and Sarantos Kostidis; Funding acquisition, Martin Giera; Investigation,
J.C.Alarcon Barrera; Methodology, J.C.Alarcon Barrera and Sarantos Kostidis;
Project administration, Martin Giera; Resources, Martin Giera; Software, Sarantos
Kostidis; Supervision, Martin Giera and Sarantos Kostidis; Visualization, Sarantos
Kostidis; Writing — original draft, J.C.Alarcon Barrera and Sarantos Kostidis; Writing
- review & editing, J.C.Alarcon Barrera, Alejandro Ondo-Mendez, Martin Giera and
Sarantos Kostidis. All authors have read and agreed to the published version of
the manuscript.”

Funding: J.C.A-B. is supported by a grant from the Administrative Department of
Science, Technology and Innovation, COLCIENCIAS, Colombia (Call 756/2016)..

Data Availability Statement: All data used in this study is provided in
Supplementary Materials

Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



188 | Chapter 6

References

Nakazawa, M.S.; Keith, B.; Simon, M.C. Oxygen Availability and Metabolic Adaptations. Nat Rev
Cancer 2016, 16, 663-673, doi:10.1038/nrc.2016.84.

Vander Heiden, M.G.; DeBerardinis, R.J. Understanding the Intersections between Metabolism
and Cancer Biology. Cell 2017, 168, 657-669, doi:10.1016/j.cell.2016.12.039.

Pavlova, N.N.; Thompson, C.B. The Emerging Hallmarks of Cancer Metabolism. Cell Metab 2016,
23,27-47,doi:10.1016/j.cmet.2015.12.006.

Vander Heiden, M.G.; Cantley, L.C; Thompson, C.B. Understanding the Warburg Effect: The
Metabolic Requirements of Cell Proliferation. Science 2009, 324, 1029-1033, doi:10.1126/
science.1160809.

Semenza, G.L. HIF-1 Mediates Metabolic Responses to Intratumoral Hypoxia and Oncogenic
Mutations. J Clin Invest 2013, 123, 3664-3671, doi:10.1172/JCI67230.

Doherty, J.R.; Cleveland, J.L. Targeting Lactate Metabolism for Cancer Therapeutics. J Clin Invest
2013, 123,3685-3692, doi:10.1172/JCI69741.

Kim, J; Tchernyshyov, |; Semenza, G.L; Dang, C.V. HIF-1-Mediated Expression of Pyruvate
Dehydrogenase Kinase: A Metabolic Switch Required for Cellular Adaptation to Hypoxia. Cell
Metabolism 2006, 3, 177-185, doi:10.1016/j.cmet.2006.02.002.

Papandreou, |; Cairns, R.A,; Fontana, L.; Lim, A.L; Denko, N.C. HIF-1 Mediates Adaptation to
Hypoxia by Actively Downregulating Mitochondrial Oxygen Consumption. Cell Metabolism 2006,
3,187-197, doi:10.1016/j.cmet.2006.01.012.

Ackerman, D. Simon, M.C. Hypoxia, Lipids, and Cancer: Surviving the Harsh Tumor
Microenvironment. Trends in Cell Biology 2014, 24, 472-478, doi:10.1016/j.tcb.2014.06.001.

Wise, D.R.,; Ward, PS.; Shay, J.E.S,; Cross, J.R,; Gruber, J.J,; Sachdeva, U.M.,; Platt, J.M.; DeMatteo,
R.G.; Simon, M.C; Thompson, C.B. Hypoxia Promotes Isocitrate Dehydrogenase-Dependent
Carboxylation of a-Ketoglutarate to Citrate to Support Cell Growth and Viability. Proceedings of
the National Academy of Sciences 2011, 108, 19611-19616, doi:10.1073/pnas.1117773108.

Metallo, C.M.; Gameiro, P.A.; Bell, E.L.; Mattaini, K.R.; Yang, J.; Hiller, K.; Jewell, C.M.; Johnson, Z.R;
Irvine, D.J.; Guarente, L.; et al. Reductive Glutamine Metabolism by IDH1 Mediates Lipogenesis
under Hypoxia. Nature 2012, 481, 380-384, doi:10.1038/nature10602.

Li, Z.; Ji, B.W.; Dixit, P.D.; Tchourine, K.; Lien, E.C.; Hosios, A.M.; Abbott, K.L.; Rutter, J.C.; Westermark,
A.M.; Gorodetsky, E.F,; et al. Cancer Cells Depend on Environmental Lipids for Proliferation When
Electron Acceptors Are Limited. Nat Metab 2022, 4,711-723, doi:10.1038/s42255-022-00588-8.

Bensaad, K.; Favaro, E.; Lewis, C.A,; Peck, B.; Lord, S.; Collins, J.M.; Pinnick, K.E.; Wigfield, S.; Buffa,
F.M.; Li, J.-L; et al. Fatty Acid Uptake and Lipid Storage Induced by HIF-1a Contribute to Cell
Growth and Survival after Hypoxia-Reoxygenation. Cell Reports 2014, 9, 349-365, doi:10.1016/j.
celrep.2014.08.056.

Ackerman, D.; Tumanoy, S.; Qiu, B.; Michalopoulou, E.; Spata, M.; Azzam, A.; Xie, H.; Simon, M.C;
Kamphorst, J.J. Triglycerides Promote Lipid Homeostasis during Hypoxic Stress by Balancing
Fatty Acid Saturation. Cell Rep 2018, 24, 2596-2605.e5, doi:10.1016/j.celrep.2018.08.015.

Grau, C.; Overgaard, J. Effect of Etoposide, Carmustine, Vincristine, 5-Fluorouracil, or Methotrexate
on Radiobiologically Oxic and Hypoxic Cells in a C3H Mouse Mammary Carcinoma in Situ. Cancer
Chemother. Pharmacol. 1992, 30, 277-280, doi:10.1007/BF00686295.

Dewhirst, M.W.; Cao, Y.; Moeller, B. Cycling Hypoxia and Free Radicals Regulate Angiogenesis and
Radiotherapy Response. Nat Rev Cancer 2008, 8, 425-437, doi:10.1038/nrc2397.



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Metabolomic and lipidomic analysis of the colorectal adenocarcinoma cell line HT29 | 189

Telarovic, I; Wenger, R.H.; Pruschy, M. Interfering with Tumor Hypoxia for Radiotherapy
Optimization. Journal of Experimental & Clinical Cancer Research 2021, 40, 197, doi:10.1186/
513046-021-02000-x.

Coates, J.T.; Skwarski, M.; Higgins, G.S. Targeting Tumour Hypoxia: Shifting Focus from Oxygen
Supply to Demand. BJR 2019, 92, 20170843, doi:10.1259/bjr.20170843.

Kery, M.; Papandreou, |. Emerging Strategies to Target Cancer Metabolism and Improve Radiation
Therapy Outcomes. BJR 2020, 93, 20200067, doi:10.1259/bjr.20200067.

Zannella, V.E; Dal Pra, A,; Muaddi, H.; McKee, T.D.; Stapleton, S.; Sykes, J.; Glicksman, R.; Chaib,
S, Zamiara, P; Milosevic, M.; et al. Reprogramming Metabolism with Metformin Improves
Tumor Oxygenation and Radiotherapy Response. Clinical Cancer Research 2013, 19, 6741-6750,
doi:10.1158/1078-0432.CCR-13-1787.

Kurelac, I.; lommarini, L.; Vatrinet, R.; Amato, L.B.; De Luise, M.; Leone, G.; Girolimetti, G.; Umesh
Ganesh, N, Bridgeman, V.L; Ombrato, L,; et al. Inducing Cancer Indolence by Targeting
Mitochondrial Complex | Is Potentiated by Blocking Macrophage-Mediated Adaptive Responses.
Nat Commun 2019, 10, 903, doi:10.1038/s41467-019-08839-1.

The Phosphoinositide 3-Kinase Pathway | Science Available online: https://www.science.org/
doi/10.1126/science.296.5573.1655?url_ver=239.88-2003&rfr_id=ori:rid:crossref.org&rfr_
dat=cr_pub%20%200pubmed (accessed on 17 March 2023).

High Frequency of Mutations of the PIK3CA Gene in Human Cancers | Science Available
online: https://www.science.org/doi/10.1126/science.1096502?url_ver=739.88-2003&rfr_
id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed (accessed on 17 March 2023).

Lawrence, M.S.; Stojanov, P; Mermel, C.H.; Robinson, J.T.; Garraway, L.A.; Golub, T.R.; Meyerson, M.;
Gabriel, S.B.; Lander, E.S.; Getz, G. Discovery and Saturation Analysis of Cancer Genes across 21
Tumour Types. Nature 2014, 505, 495-501, doi:10.1038/nature12912.

Tian, Y.-M.; Yeoh, KK.; Lee, M.K; Eriksson, T.; Kessler, B.M.; Kramer, H.B.; Edelmann, M.J.; Willam, C;
Pugh, C.W.; Schofield, C.J;; et al. Differential Sensitivity of Hypoxia Inducible Factor Hydroxylation
Sites to Hypoxia and Hydroxylase Inhibitors*. Journal of Biological Chemistry 2011, 286, 13041-
13051, doi:10.1074/jbc.M110.211110.

Masson, N.; Singleton, R.S.; Sekirnik, R.; Trudgian, D.C.; Ambrose, L.J.; Miranda, M.X; Tian, Y.-
M.; Kessler, B.M.; Schofield, C.J.; Ratcliffe, PJ. The FIH Hydroxylase Is a Cellular Peroxide Sensor
That Modulates HIF Transcriptional Activity. EMBO reports 2012, 13, 251-257, doi:10.1038/
embor.2012.9.

Kostidis, S.; Addie, R.D.; Morreau, H.; Mayboroda, O.A.; Giera, M. Quantitative NMR Analysis of
Intra- and Extracellular Metabolism of Mammalian Cells: A Tutorial. Anal Chim Acta 2017, 980,
1-24,d0i:10.1016/j.aca.2017.05.011.

Su, B.; Bettcher, L.F; Hsieh, W.-Y,; Hornburg, D.; Pearson, M.J.; Blomberg, N.; Giera, M.; Snyder, M.P;
Raftery, D.; Bensinger, S.J; et al. A DMS Shotgun Lipidomics Workflow Application to Facilitate
High-Throughput, Comprehensive Lipidomics. J. Am. Soc. Mass Spectrom. 2021, 32, 2655-2663,
doi:10.1021/jasms.1c00203.

Matyash, V.; Liebisch, G.; Kurzchalia, T.V.; Shevchenko, A.; Schwudke, D. Lipid Extraction by Methyl-
Tert-Butyl Ether for High-Throughput Lipidomics Journal of Lipid Research 2008, 49, 1137-
1146, doi:10.1194/jlr.D700041-JLR200.




190 | Chapter 6

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Alarcon-Barrera, J.C; von Hegedus, J.H.; Brouwers, H. Steenvoorden, E. loan-Facsinay, A,
Mayboroda, O.A.; Ondo-Mendez, A.; Giera, M. Lipid Metabolism of Leukocytes in the Unstimulated
and Activated States. Anal Bioanal Chem 2020, 412, 2353-2363, doi:10.1007/5s00216-020-02460-8.

Ghorasaini, M.; Mohammed, Y.; Adamski, J.; Bettcher, L.; Bowden, J.A; Cabruja, M.; Contrepois,
K.; Ellenberger, M.; Gajera, B.; Haid, M.; et al. Cross-Laboratory Standardization of Preclinical
Lipidomics Using Differential Mobility Spectrometry and Multiple Reaction Monitoring. Anal.
Chem. 2021, 93, 16369-16378, doi:10.1021/acs.analchem.1c02826.

Ghorasaini, M.; Tsezou, K.I; Verhoeven, A.; Mohammed, Y.; Vlachoyiannopoulos, P; Mikros, E.;
Giera, M. Congruence and Complementarity of Differential Mobility Spectrometry and NMR
Spectroscopy for Plasma Lipidomics. Metabolites 2022, 12, 1030, doi:10.3390/metabo12111030.

Hannun, Y.A.; Obeid, L.M. Sphingolipids and Their Metabolism in Physiology and Disease. Nat Rev
Mol Cell Biol 2018, 19, 175-191, d0i:10.1038/nrm.2017.107.

Yao, K.; Gietema, J.A; Shida, S.; Selvakumaran, M.; Fonrose, X.; Haas, N.B.; Testa, J.; O'Dwyer, P.J.
In Vitro Hypoxia-Conditioned Colon Cancer Cell Lines Derived from HCT116 and HT29 Exhibit
Altered Apoptosis Susceptibility and a More Angiogenic Profile in Vivo. Br J Cancer 2005, 93,
1356-1363, doi:10.1038/sj.bjc.6602864.

llic, N.; Birsoy, K.; Aguirre, A.J,; Kory, N.; Pacold, M.E.; Singh, S.; Moody, S.E.; DeAngelo, J.D.; Spardy,
N.A.; Freinkman, E.; et al. PIK3CA Mutant Tumors Depend on Oxoglutarate Dehydrogenase. Proc
Natl Acad SciUS A 2017, 114, E3434-E3443, d0i:10.1073/pnas.1617922114.

Xie, N.; Zhang, L.; Gao, W.; Huang, C.; Huber, P.E.; Zhou, X.; Li, C.; Shen, G.; Zou, B. NAD+ Metabolism:
Pathophysiologic Mechanisms and Therapeutic Potential. Sig Transduct Target Ther 2020, 5, 1-37,
doi:10.1038/541392-020-00311-7.

Kim, W.; Deik, A.; Gonzalez, C.; Gonzalez, M.E,; Fu, F,; Ferrari, M.; Churchhouse, C.L.; Florez, J.C;
Jacobs, S.B.R.; Clish, C.B,; et al. Polyunsaturated Fatty Acid Desaturation Is a Mechanism for
Glycolytic NAD+ Recycling. Cell Metabolism 2019, 29, 856-870.e7, doi:10.1016/j.cmet.2018.12.023.

Kleinrok, Z.; Matuszek, M.; Jesipowicz, J.; Matuszek, B.; Opolski, A.; Radzikowski, C. GABA Content
and GAD Activity in Colon Tumors Taken from Patients with Colon Cancer or from Xenografted
Human Colon Cancer Cells Growing as s.c. Tumors in Athymic Nu/Nu Mice. J Physiol Pharmacol
1998, 49,303-310.

Huang, D.; Wang, Y.; Thompson, J.W,; Yin, T.; Alexander, P.B.; Qin, D.; Mudgal, P; Wu, H.; Liang, Y.;
Tan, L.; et al. Cancer-Cell-Derived GABA Promotes (3-Catenin-Mediated Tumour Growth and
Immunosuppression. Nat Cell Biol 2022, 24, 230-241, doi:10.1038/541556-021-00820-9.

Hao, Y.; Samuels, Y.; Li, Q.; Krokowski, D.; Guan, B.-J.; Wang, C.; Jin, Z.; Dong, B.; Cao, B.; Feng, X;;
et al. Oncogenic PIK3CA Mutations Reprogram Glutamine Metabolism in Colorectal Cancer. Nat
Commun 2016, 7, 11971, doi:10.1038/ncomms11971.

Veeravalli, S.; Phillips, I.R.; Freire, R.T.; Varshavi, D.; Everett, J.R.; Shephard, E.A. Flavin-Containing
Monooxygenase 1 Catalyzes the Production of Taurine from Hypotaurine. Drug Metab Dispos
2020, 48,378-385, doi:10.1124/dmd.119.089995.

Hou, X.; Hu, J,; Zhao, X.; Wei, Q.; Zhao, R,; Li, M.; Li, Q. Taurine Attenuates the Hypotaurine-Induced
Progression of CRC via ERK/RSK Signaling. Frontiers in Cell and Developmental Biology 2021, 9,
doi:10.3389/fcell.2021.631163.

Kurth, I.; Yamaguchi, N.; Andreu-Agullo, C; Tian, H.S.; Sridhar, S.; Takeda, S.; Gonsalves, F.C.; Loo,
J.M,; Barlas, A.; Manova-Todorova, K.; et al. Therapeutic Targeting of SLC6A8 Creatine Transporter
Suppresses Colon Cancer Progression and Modulates Human Creatine Levels. Sci Adv 2021, 7,
eabi7511, doi:10.1126/sciadv.abi7511.



44,

45.

Metabolomic and lipidomic analysis of the colorectal adenocarcinoma cell line HT29 | 191

Machala, M.; Prochazkova, J.; Hofmanova, J.; Kralikova, L.; Slavik, J.; Tylichova, Z.; Ovesna, P;
Kozubik, A.; Vondracek, J. Colon Cancer and Perturbations of the Sphingolipid Metabolism. Int J
Mol Sci 2019, 20, 6051, doi:10.3390/ijms20236051.

Hannun, Y.A.; Obeid, L.M. Sphingolipids and Their Metabolism in Physiology and Disease. Nat Rev
Mol Cell Biol 2018, 19, 175-191, d0i:10.1038/nrm.2017.107.




192 | Chapter 6

Supplementary material

[N N e e condition

|

i

i—,

Putrescine 2
Glutathione*

Asparagine™
. NADPH* 1
Fumarate

Citrate
Succinate 0
ATP*

I Glutamine*

[ Alanine

Fructose -1
Lysine

Betaine

| Threonine

Aspartate
Glucose
Proline

5-AVA
Pantothenate
GABA
Glutamate
Methionine*
ADP

Acetate
Taurine

GPC
Isopropanol*
Formate*
Glycine
Creatine
Lactate

2-0G
O-Acetylcarnitine*
NADH*
UDP-GalNAc*
NADP+*
Choline
Creatine phosphate

Condition
Normoxia
Hypoxia
RO-30m
RO-1h

Figure S1. Heatmap of standardized metabolite concentrations of HT29 in normoxia, hypoxia, RO-30m
and RO-Th. The subset of metabolites with p<0.05 (ANOVA, before multiple testing correction) are
displayed. Star annotations indicate statistical significance after multiple testing correction, * p<0.05.
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Figure S2. Heatmap of standardized concentrations of significant lipid species (p<0.05 before multiple
testing correction). Only the subset of lipids with p<0.05 (ANOVA, before multiple testing correction)
are displayed.
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Figure S3. Intracellular and extracellular concentrations of creatine, alanine, and creatine phosphate in
hypoxic, normoxic and reoxygenated HT29 up to 24h. Star annotations indicate statistical significance
after multiple testing correction, * p<0.05, ** p<0.01, *** p<0.001.
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Figure S4. Saturation Index (Sl) for CE, FFA, LPC, LPE and PE; for S| definition see Methods. Star
annotations indicate statistical significance after multiple testing correction, * p<0.05, ** p<0.01.
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Figure S5. Heatmap of standardized species/total class ratios for quantified sphingolipids.
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Figure S6. NAD+/NADH ratio as well the intracellular concentrations of NAD+ and NADPH in hypoxic,
normoxic and reoxygenated HT29 up to 24h.
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