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Abstract

Patient-derived cancer cells cultured in vitro are a cornerstone of cancer metabolism
research. More recently, the introduction of organoids has provided the research
community with a more versatile model system. Physiological structure and organiza-
tion of the cell source tissue are maintained in organoids, representing a closer link to
in vivo tumor models. High-resolution magic angle spinning magnetic resonance
spectroscopy (HR MAS MRS) is a commonly applied analytical approach for meta-
bolic profiling of intact tissue, but its use has not been reported for organoids. The
aim of the current work was to compare the performance of HR MAS MRS and
extraction-based nuclear magnetic resonance (NMR) in metabolic profiling of wild-
type and tumor progression organoids (TPOs) from human colon cancer, and further
to investigate how the sequentially increased genetic alterations of the TPOs affect
the metabolic profile. Sixteen metabolites were reliably identified and quantified both
in spectra based on NMR of extracts and HR MAS MRS of intact organoids. The
metabolite concentrations from the two approaches were highly correlated
(r = 0.94), and both approaches were able to capture the systematic changes in met-
abolic features introduced by the genetic alterations characteristic of colorectal can-
cer progression (e.g., increased levels of lactate and decreased levels of myo-inositol
and phosphocholine with an increasing number of mutations). The current work high-
lights that HR MAS MRS is a well-suited method for metabolic profiling of intact
organoids, with the additional benefit that the nondestructive nature of HR MAS
enables subsequent recovery of the organoids for further analyses based on nucleic

acids or proteins.

Abbreviations used: Ala, alanine; Cho, choline; GABA, gamma-aminobutyric acid; Gln, glutamine; Glu, glutamate; Gly, glycine; GPC, glycerophosphocholine; GSH, glutathione; HR MAS MRS,
high-resolution magic angle spinning magnetic resonance spectroscopy; Iso, isoleucine; Lac, lactate; Leu, leucine; Myo-In, myo-inositol; PC, phosphocholine; PCA, principal component analysis;
PE, phosphoethanolamine; Pro, proline; TPO, tumor progression organoid; Val, valine.
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1 | INTRODUCTION

For decades, patient-derived cancer cells cultured in vitro have been a cornerstone of mechanistic cancer research. This approach has led us to
the point where we have mapped multiple metabolic pathways that are dysregulated in cancer, and several drugs targeting key metabolic enzymes
have been evaluated in clinical trials.2™*

Although this model system has led to major breakthroughs in our understanding of cancer, it also has significant limitations. It is clear that
the metabolic characteristics of cancer cells cultured in vitro differ from those observed in vivo. Mori et al.”> demonstrated this elegantly by com-
paring the choline (Cho) metabolic pathway in MDA-MB-231 cells when cultured in vitro and as xenograft tumors, respectively. Moreover, the
cells are frequently selected based on their ability to survive and proliferate as monocultures under conditions that do not successfully mimic the
tumor microenvironment. Spatial orientation, differentiation, and interaction between different cell types are examples of aspects that are impor-
tant in cancer, but which are not easily studied in classical cell cultures.®”

In recent years, the art of generating three-dimensional (3D), multicell masses known as “organoids” has evolved.2 Organoids can be
established from stem-like cells, and while they are able to self-proliferate, they also maintain the physiological structure and organization of their
source tissue. In many aspects, organoids represent a bridge between in vitro monoculture and in vivo tumor models, and they have therefore
attracted significant interest in several fields of cancer research. While not presenting the full complexity of a tumor in a living organism, the
heterogeneity of cancer cells and the impact of stromal components on regulation of metabolic function are maintained.”

For metabolic profiling, methods based on mass spectrometry have been developed. However, mass spectrometry requires extensive sample
preparation and calibration curves for individual metabolites, and magnetic resonance (MR)-based analysis is an attractive alternative, being a
quantitative method with high reproducibility, with relatively easy sample preparation and potential for clinical translation of metabolic bio-
markers. In particular, high-resolution magic angle spinning MR spectroscopy (HR MAS MRS) has proven to be a useful tool in translational cancer
metabolomics, because of its ability to extract metabolic information from intact tissues in a nondestructive manner.” However, application of HR
MAS MRS to cancer organoids has not yet been reported. In this study, we compare the performance of HR MAS MRS and extraction-based
nuclear magnetic resonance (NMR) for metabolic profiling of human intestinal stem cell-derived organoids, representing the sequential acquisition
of genetic alterations in colorectal cancer.'® Both the analytical correlation between the two methods and their ability to detect metabolic differ-

ences between organoids are reported.

2 | METHODS
21 | Organoid culturing

Wild-type (WT) and tumor progression organoids (TPOs) from human colon were obtained from the organoid biobank (HUB Organoids, Utrecht,
The Netherlands). The TPOs were established as described by Drost et al.*® and consisted of the following types: TPOO (WT), TPO2 (APC-KRAS
mutated), TPO2 (APC-P53 mutated), TPO3 (APC-KRAS-p53 mutated), and TPO4 (APC-KRAS-p53-SMAD4 mutated). Organoids were cultured in
small droplets (~ 20 pl) of Matrigel in well plates with six wells containing 200 ul of Matrigel per well and 2 ml of expansion medium. The compo-
sition of the expansion medium for each type of organoid is shown in Table 1.

Organoids were plated, after trypsinizing as multiple cell fragments. Rho-associated protein kinase (ROCK) inhibitor Y-27632 (10 uM) was
added to the medium for the first 5 days to enhance stem cell survival after trypsinization.?* After culturing for 5 days on expansion medium, the
organoids were re-plated less dense and cultured for 5 days on differentiation medium. The differentiation medium composition is shown in
Table 2.

The medium of the organoids was refreshed every 48 h and also 24 h before harvesting, the latter to reduce the effect of medium depletion
on the organoid metabolome as measured by *H NMR. To investigate the possible influence of culturing duration on metabolite concentrations,
the organoids were harvested at three different time points: after 10 days of total culturing time (the O-h samples), 12 days (the 48-h samples),
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TABLE 1 Composition of expansion medium (10.33 ml) for colon TPO culturing

+4++ Whnt R-spondin Noggin B27 n-AC Nicotinamide EGF A83 SB
WT 2ml 5ml 2 ml 1ml 200 pl 25 ul 100 ul 1w 1l 3.3 ul
APC-KRAS 9 ml - - 1ml 200 pl 25 ul 100 wl = 1l 3.3 ul
APC-P53 9 ml - - Iml 200 pl 25l 100 pl 1 1ul 33ul
APC-KRAS-P53 9 ml - - 1ml 200 pl 25l 100 pl - 1pl 33ul
APC-KRAS-P53-SMAD4 10 ml - - - 200 pl 25 ul 100 pl - 1l 3.3ul

Abbreviations: TPO, tumor progression organoid; WT, wild-type.
+-++: 500 ml of DMEM/F-12 + 5 ml of peniciline streptomycine + 5 ml of HEPES buffer + 5 ml of Glutamax 100x; B27 Thermofischer (50x); n-AC: n-
acetyl-cysteine 500 mM; nicotinamide 1000 mM; EGF: 50 pg/ml human epithelial growth factor; A83: 0.5 mM; SB: 9.1 mM SB20219.

TABLE 2 Composition of differentiation medium (10.20 ml) for colon TPO culturing

+44+ Whnt R-spondin Noggin B27 EGF A83
WT 5.5ml 2.5 ml 1ml 1ml 200 pl 1w 1l
APC-KRAS 9 ml - - 1ml 200 pl - 1ul
APC-P53 9 ml - - 1ml 200 pl 1 1pl
APC-KRAS-P53 9 ml - - 1ml 200 pl - 1pl
APC-KRAS-P53-SMAD4 10 ml - - - 200 pl - 1ul

Abbreviations: TPO, tumor progression organoid; WT, wild-type.
~+++: 500 ml of DMEM/F-12 + 5 ml of penicillin streptomycin + 5 ml of HEPES buffer + 5 ml of Glutamax 100x; B27 Thermofischer (50x); n-AC: n-
acetyl-cysteine 500 mM; EGF: 50 pg/ml human epithelial growth factor; A83: 0.5 mM.

and 14 days (the 96-h samples). Just prior to organoid harvesting, a digital image at 40 x magnification of each well was created with a Nikon TS
100 microscope.

Organoid harvesting was performed on ice. The medium solution was pipetted off and the wells were carefully rinsed with 1 ml of ice-cold
saline without disrupting the Matrigel. The rinsing saline was pipetted off and replaced with 2 ml of ice-cold saline and the Matrigel with the
organoids was disrupted by pipetting fiercely up and down. The ice-cold saline with the disrupted Matrigel and organoids were gathered in 15-ml
falcon tubes and the wells were rinsed once more with 1 ml of ice-cold saline. Next, 9 ml of ice-cold saline was added to the 3 ml of ice-cold saline
with disrupted Matrigel and organoids in the falcon tubes, and the tubes were centrifuged at 0°C at 264 g for 4 min. The supernatant was care-
fully pipetted off. To dilute the medium solution residue below the *H NMR detection limit, the obtained organoid pellet was resuspended in
10 ml of ice-cold normal saline three times. After the washing step, the organoid pellets were snap-frozen in falcon tubes with liquid nitrogen and
stored at —80°C until HR MAS MRS analysis. Samples for HR MAS were shipped on dry ice to Trondheim. To the pellet samples that were
destined for extraction NMR, 800 pl of ice-cold absolute methanol was added prior to snap-freezing. All organoids destined for extraction NMR
were cultured and extracted in duplicate, providing full biological replicates. To reduce the number of samples, 48-h extraction samples were not

prepared for all organoid lines.

2.2 | Extraction

Glass beads (~ twice the volume of the organoid pellet) were added to the organoid pellet in 800 ul of absolute methanol and the samples were
sonicated on ice (0°C) (two x 45 s) with a rod sonicator. After sonication, 800 pl of ice-cold chloroform was added and the samples were vortexed
(five x 30 s) intermittently and stored on ice. Subsequently, 800 ul of ice-cold milliQ water was added and the samples were vortexed (five x 30 s)
intermittently and stored on ice. The tubes were centrifuged at 0°C for 20 min at 4200 g, to obtain phase separation and a thin protein layer
between the aqueous methanolic phase and the chloroform phase. Approximately 1.2 ml of the methanolic water fractions, with the polar metab-
olites, were pipetted off and dried in a speedvac for 2 h. Additionally, 300 pl of ice-cold methanol was added to the pellet samples and vortexed
(three x 30 s) intermittently and subsequently 300 ul of milliQ water was added and the samples were vortexed (three x 30 s) intermittently. The
samples were centrifuged again (at 0°C) for 20 min at 4200 g and the water methanolic fractions were pipetted off and added to the

corresponding fractions in the speedvac. The dried organoid extract samples were stored at —80°C until NMR measurement.
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Prior to NMR measurement, the frozen dried samples were dissolved in 550 pl of 50 mM phosphate buffer (pH 7.3) with 0.027 mM
trimethylsilylpropanoic acid (TSP) as the reference compound and 10% D,O for locking. The samples were centrifuged for 4 min and 500 pl of
the solution was pipetted into an NMR tube.

23 | NMR from extracts

The NMR measurements were performed on a Bruker Avance 600-MHz ultra (Bruker Biospin GmbH, Germany) using a gradient-pulsed one-
dimensional (1D) Nuclear Overhauser Enhancement SpectroscopY (NOESY) sequence (noesygpprld) with an acquisition time of 4 s; 57,690
datapoints; 1s presaturation delay time; sample averaging was varied between 256 to 784, to obtain sufficient signal to noise for later spectral
fitting. The temperature was kept at 25°C during the whole experiment. The FIDs were multiplied with an exponential line broadening of 0.5 Hz
and Fourier-transformed into 128 k.

24 | HR MAS MRS acquisition

Organoid samples were thawed and put into 20-ul disposable inserts. Lock reference (~4.3 mg/~4 pl) containing D,O with formate (25 mM) was
added to the samples. The inserts were then inserted into 80-ul zirconium HR MAS rotors (4-mm diameter) and sealed. The HR MAS MR spectra
were recorded using a Bruker Avance Ill spectrometer (14.1 T) containing a H/*3C MAS probe. The samples were spun at 5 kHz at magic angle,
and the temperature was kept at 5°C during the whole experiment. MR spectra were acquired using the following MR sequence and acquisition
parameters: a 1D *H NOESY pulse sequence with water presaturation (Bruker; noesygpprld); the acquisition time was 2.7 s; the presaturation
delay time was 1 s; the acquisition bandwidth was 29.9 ppm; there were 98,304 datapoints; and 256 scans were acquired for all spectra. The FIDs
were multiplied with an exponential line broadening of 0.3 Hz and Fourier-transformed into 64 k.

The acquisition of HR MAS NOESY spectra was chosen rather than a Carr-Purcell-Meiboom-Gill (CPMG) method, because it also shows
lipids and/or other macromolecules in the samples that may change with mutation status.

2.5 | Analysis of MR spectra from extracts and HR MAS

After MR acquisition, each spectrum was manually preprocessed in Topspin (v. 4.0.6). This included referencing of the spectra using alanine [Ala]
at 1.48 ppm as an internal standard, and zero and first order phasing. Selected metabolites (phosphocholine [PC], lactate [Lac], myo-inositol
[Myo-In], phosphoethanolamine [PE], glycerophosphocholine [GPC], Ala, glutathione [GSH], glutamate [Glu], glutamine [GIn], glycine [Gly], choline
[Cho], gamma-aminobutyric acid [GABA], proline [Pro], valine [Val], isoleucine [lso], and leucine [Leu]) in the MR spectra were spectrally fitted
manually using a Chenomx profiler. Prior to quantification in the Chenomx profiler, all the extraction NMR spectra were apodized to a final
linewidth of 1.1 Hz, based on the linewidth of the internal standard TSP. The formate peak was used for the HR MAS spectra.

Fitting individual peaks on top of broad peaks in the HR MAS spectra was performed by subtracting fit from spectrum to look for any
remaining sharp peaks, or by approximately measuring the heights of the fitted peaks compared with the spectrum. Quantified metabolite concen-

trations were then found, and each concentration was normalized to the total amount of all metabolite concentrations (relative metabolite con-
[Metabolite]

>~ [All metabolites]

and the linear association between the metabolite levels obtained was measured by calculating Pearson correlation coefficients. One sample was

centration = ( ). The relative metabolite concentrations from corresponding HR MAS and extract MR spectra were then matched,
removed from the analysis attributable to outlying characteristics (TPO2, APC-p53, 0 h). One other MR spectrum was missing from the extracts
(TPO2, APC-p53, 48h).

The normalized metabolite concentrations were then imported into MATLAB (v. R2017a). PLS toolbox (Eigenvector Research, v. 8.1.1) was
used for principal component analysis (PCA). Metabolite concentrations were preprocessed using mean centering before the analysis. PCA score
plots and loading profiles from PCA were then investigated.

HR MAS MR spectra were also analyzed using PCA to exploit additional information from other spectral components than the quantified
metabolites. The spectra were then imported into MATLAB (v. R2017a), aligned using the max peak value from formate at 8.45 ppm, baseline
corrected using asymmetric least squares baseline estimation as described,’? and peak aligned using icoshift.'® The spectral area from 8.7 to
0.8 ppm was selected for multivariate analysis. The residual water and formate peaks, and regions without visible peaks or contamination (ethanol
and methanol), were removed before analysis (i.e., 8.47-8.43, 5.4-4.5, 3.47-3.436, 3.133-3.06, 2.81-2.658, and 1.18-1.04 ppm). Spectra were
mean normalized and mean centered before PCA, which was performed using PLS toolbox. PC1 and PC2 score plots and loading profiles from the
HR MAS MR spectra were visually inspected.
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3 | RESULTS

Microscopic images (40 x magnification) of the different organoid cultures are shown in Figure 1. The WT organoids are predominantly cystic,
while the cancerous TPOs become more solid-like as the number of mutations increases. Note that the TPOO and TPO2 organoid cultures are of
comparable organoid density, while the TPO3 and TPO4 organoids are plated more densely. As the organoids are cultured under static conditions
(i.e., the medium is changed every 48 h, and also 24 h before harvesting), the organoid density is expected to influence not only the medium com-
position at harvesting, but also the metabolic profile of the organoids.

Samples from each TPO were analyzed using both *H HR MAS MRS of thawed snap-frozen organoids and *H NMR after polar phase metab-
olite extraction. We were able to reliably identify and quantify about 16 metabolites from the spectra. Representative NMR spectra from extracts
and HR MAS MR spectra from intact organoids are shown in Figure 2. The main difference between the extract NMR spectra and the HR MAS
MR spectra was the presence of lipids. Polar phase (methanol) metabolite extraction removes lipids from the samples and lipids are consequently

TPO4

TPOO TPO2 (APC-KRAS) TPO2 (APC-p53)

FIGURE 1 Representative microscope images (at 40 x magnification) from each TPO, all captured at O h, that is, 10 days after trypsinizing
with 5 days’ growth on expansion medium and 5 days on differentiation medium. TPO, tumor progression organoid
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FIGURE 2 Representative NMR spectra (TPO3, O h) from extract (top panel) and HR MAS *H (bottom panel) MRS analysis. The labeled
metabolites are: 1: PC, 2: Lac, 3: Myo-In, 4: PE, 5: GPC, 6é: Ala, 7: GSH, 8: GIn, 9: Glu, 10: Gly, 11: Cho, 12: GABA, 13: Pro, 14: Val, 15: Iso, 16: Leu.
*Methanol contamination. Metabolites downfield (> 4.7 ppm) were difficult to reliably identify and quantify due to low SNR, and this part of the
spectrum is thus not included in the figure. Ala, alanine; Cho, choline; GABA, gamma-aminobutyric acid; GIn, glutamine; Glu, glutamate; Gly,
glycine; GPC, glycerophosphocholine; GSH, glutathione; HR MAS, high-resolution magic angle spinning; Iso, isoleucine; Lac, lactate; Leu, leucine;
MRS, magnetic resonance spectroscopy; Myo-In, myo-inositol; NMR, nuclear magnetic resonance; PC, phosphocholine; PE,
phosphoethanolamine; Pro, proline; SNR, signal-to-noise ratio; TPO, tumor progression organoid; Val, valine
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FIGURE 3  Analysis of relative metabolite concentrations found in *H NMR spectra from extracts versus HR MAS MR spectra. Relative
metabolite concentrations from HR MAS and extract *H NMR analysis; R = 0.94, p < 0.0001. Each dot represents the relative concentration of
one metabolite from one sample in the case of HR MAS and the average of two samples in the case of extracts. This means that the variation in
concentration per metabolite shown depends on organoid type and organoid culturing time. Extracted samples are the average of full biological
replicates with the tips of the horizontal bars representing the individual experimental values. In cases where no bars are visible, the experimental
values coincide within the plotted symbol. Ala, alanine; Cho, choline; GABA, gamma-aminobutyric acid; GIn, glutamine; Glu, glutamate; Gly,
glycine; GPC, glycerophosphocholine; GSH, glutathione; *H NMR, proton nuclear magnetic resonance; HR MAS MR, high-resolution magic angle
spinning magnetic resonance; Iso, isoleucine; Lac, lactate; Leu, leucine; Myo-In, myo-inositol; PC, phosphocholine; PE, phosphoethanolamine; Pro,

proline; Val, valine

TABLE 3

Metabolite name
Ala
Cho
GABA
Glu

GIn
GSH
Gly
GPC
Iso

Lac
Leu
Myo-In
PC

PE

Pro

Val

Mean * SD Extracts

0.08 + 0.02
0.023 + 0.001
0.03 £0.01
0.04 £ 0.03
0.03 £ 0.02
0.016 + 0.006
0.020 = 0.005
0.014 + 0.014
0.005 + 0.001
04 +0.2
0.006 + 0.001
02+0.1
0.07 £ 0.05
0.06 + 0.03
0.04 £0.01
0.006 + 0.001

Mean + SD HR MAS

0.07 £ 0.01
0.057 + 0.003
0.022 = 0.009

0.04 £ 0.03

0.03 £ 0.02
0.013 £ 0.006
0.017 = 0.005
0.010 + 0.007

0.0060 + 0.0008
0.5+0.2
0.008 + 0.002

0.14 £ 0.06

0.06 + 0.04

0.07 £ 0.03
0.018 + 0.008
0.008 + 0.002

Pearson correlation coeff. (r)

0.75
0.44
0.49
0.80
0.87
0.58
0.34
0.87
0.09
0.98
0.14
0.97
0.98
0.87
0.34
—0.03

Relative metabolite concentrations (mean + SD) from organoid extracts MRS and from HR MAS, the correlation between them and
p values. Note that the relative metabolite concentrations are averages over all organoid lines and time points

p value
0.03*
0.80
0.0006*
0.03*
0.02*
0.08
0.2
0.02*
0.37
0.01*
0.35
0.01*
0.009*
0.02*
0.2

0.4

Abbreviations: Ala, alanine; Cho, choline; GABA, gamma-aminobutyric acid; GIn, glutamine; Glu, glutamate; Gly, glycine; GPC, glycerophosphocholine;
GSH, glutathione; HR MAS, high-resolution magic angle spinning; Iso, isoleucine; Lac, lactate; Leu, leucine; MRS, magnetic resonance spectroscopy;

Myo-In, myo-inositol; PC, phosphocholine; PE, phosphoethanolamine; Pro, proline; SD, standard deviation; Val, valine.

*p < 0.05.
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only visible in the HR MAS MR NOESY spectra. Broad peaks from lipids can be suppressed by a CPMG T2 filter in the HR MAS MR spectra.

However, lipid content may differ between TPOs and could be a potential biomarker for malignancy.

The relative metabolite concentrations obtained from the extract NMR and HR MAS MR spectra are shown in Figure 3. The metabolite con-
centrations of the extraction samples are averages of full biological duplicates, where the tips of the horizontal bars represent the original experi-
mental values. Looking at all the metabolites, we observed that the concentrations were highly correlated (r = 0.94, p < 0.0001). The correlation
coefficients and p values for individual metabolites are shown in Table 3. The relative concentration of each metabolite was analyzed using PCA,
as shown in Figure 4. The analysis shows that PC1 explains 83.7% of the variance in relative metabolite concentration from the extract NMR
spectra, and 94.6% from HR MAS MR spectra. TPO3 and TPO4 were characterized by lower levels of Myo-In, PC, Glu, and GIn, and higher levels
of Lac. Analysis of HR MAS MR spectra by PCA confirmed that TPOO and TPO2 had higher levels of Myo-In, PC, PE, Glu, and GIn, and lower
levels of Lac, compared with TPO3 and TPO4. Adding pareto scaling before PCA gave very similar results (not shown). Figure 5 shows an over-
view of the relative concentration of Lac, Myo-In, Glu, GIn, Pc, and PE from the extracted organoid samples at two different time points. There
appears to be no clearly distinguishable trend of relative metabolite concentration and culturing duration. The HR MAS MR spectra also contained
signals from lipids. No clear differences in the amount of lipids were observed between different TPO types. Score and loading profiles from PCA
of HR MAS MR spectra are shown in Figure 6.

4 | DISCUSSION

In this study we compared metabolite levels obtained by HR MAS MRS of thawed snap-frozen organoid pellets and solution NMR of polar

organoid extracts. Both methods showed increased levels of Lac and decreased levels of Myo-In and PC with increased TPO state. The two
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FIGURE 4 PCA from metabolite concentrations in (A) *H MR spectra from extracts and (B) HR MAS analysis. PC1 scores for each sample (left
panel) and corresponding loading profile (right panel). Sample ID: 1: TPOO0_0 h, 2: TPO0_48 h, 3: TPO0_96 h, 4: TPO2_0 h, 5: TPO2_48 h, 6:
TPO2_96 h, 7: TPO2_p53APC_0 h, 8: TPO2_p53APC_48 h, 9: TPO2_p53APC_%96 h, 10: TPO3_0 h, 11: TPO3_48 h, 12: TPO3_96 h, 13: TPO4_0
h, 14: TPO3_48 h, 15: TPO4_96 h. Ala, alanine; Cho, choline; GABA, gamma-aminobutyric acid; GIn, glutamine; Glu, glutamate; Gly, glycine; GPC,
glycerophosphocholine; GSH, glutathione; HR MAS, high-resolution magic angle spinning; Iso, isoleucine; Lac, lactate; Leu, leucine; Myo-In, myo-
inositol; PC, phosphocholine; PCA, principal component analysis; PE, phosphoethanolamine; Pro, proline; TPO, tumor progression organoid; Val,
valine
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FIGURE 5 Selection of relative metabolite concentrations measured in organoid extracts at O h (10 days’ culturing) and 96 h (14 days’
culturing) as a function of the number of mutations. Data shown are average values from full biological replicates with the individual experimental
values shown by the tips of the “error” bars. GIn, glutamine; Glu, glutamate; Lac, lactate; Myo-In, myo-inositol; PC, phosphocholine; PE,
phosphoethanolamine; TPO, tumor progression organoid; WT, wild-type

techniques led to similar results across 16 metabolites, indicating that HR MAS is a good method of choice as sample preparation is easy and
straightforward compared with the extraction procedure.

For determination of low-molecular metabolites in cells and organoids using MRS, selecting the appropriate unit of measurement is not trivial.
In extraction-based NMR, metabolite levels can, for example, be related to the number of cells, the dry weight of the cells, or the total amount of
protein in the sample. Determining these variables adds to the analytical variability and may not necessarily add to the biological significance of
the experiments. In metabolomics, it is therefore common practice to use multivariate statistical tools to compare cells that are cultured under
different conditions or exposed to different interventions without the need for normalization to biomass.}* While this relaxes the requirements
for analytical accuracy, the precision must be sufficient to allow reproducible comparisons of specimens. The same applies to metabolic analysis

of organoids. As MRS inherently is an analytical technique with high accuracy and precision,*>*¢

metabolic profiling of organoids should be per-
formed using methods that introduce as few sources of analytical error as possible. In this work, we therefore aimed to evaluate the functional
performance of a method that includes as few preparatory steps as possible, and compare the results with those obtained with a classical
extraction-based NMR protocol. As the sample preparation is fundamentally different, direct comparison of absolute concentrations is not
relevant. Instead, we evaluated the overall congruence of the two datasets by means of Pearson correlation, and their ability to reveal metabolic
differences between organoid lines by means of PCA.

In contrast to extraction NMR, the HR MAS MRS protocol provides information from intact organoids, and no loss of metabolites is expected

during sample preparation. Although the presence of macromolecules could, in theory, cause restricted rotational tumbling of metabolites, visual
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FIGURE 6 PCA from HR MAS MRS. Left panel: PC1 versus PS2 score plot. Right panel: PC1 loading profiles. Quantified metabolites from the
spectral region with poorer SNR are not included (outside 1 and 4.5 ppm). Sample ID: 1: TPOO_0O h, 2: TPOO0_48 h, 3: TPO0_96 h, 4: TPO2_0 h, 5:
TPO2_48 h, 6: TPO2_96 h, 7: TPO2_p53APC_0 h, 8: TPO2_p53APC_48 h, 9: TPO2_p53APC_96 h, 10: TPO3_0 h, 11: TPO3_48 h, 12: TPO3_96
h, 13: TPO4_0 h, 14: TPO3_48 h, 15: TPO4_96 h. Cho, choline; GABA, gamma-aminobutyric acid; GIn, glutamine; Glu, glutamate; GPC,
glycerophosphocholine; GSH, glutathione; HR MAS MR, high-resolution magic angle spinning magnetic resonance; Lac, lactate; Myo-In, myo-
inositol; PC, phosphocholine; PCA, principal component analysis; PE, phosphoethanolamine; SNR, signal-to-noise ratio; TPO, tumor progression
organoid

inspection of the spectra indicated that the two methods provide spectra of similar quality. Assignment of peaks confirmed that the two methods
produce similar spectra, as the same 16 metabolites were quantified in both datasets. This suggests that loss of metabolites because of low
extraction efficiency (extraction NMR) or interaction with macromolecules (HR MAS MRS) is unlikely to cause major differences between the two
methods. As expected, polar extraction eliminates lipophilic compounds from the samples, while HR MAS MRS spectra contained lipid signals
because T2 filtering was not applied. Lipid signals may carry significant biological information related to the tumor microenvironment and treat-
ment response.*”*® However, we did not detect significant differences in the lipid profiles between any of the TPO types.

The similarity of the spectra obtained with HR MAS MRS and extraction NMR was further confirmed by the correlation analysis. As the total
signal intensity of the spectra varied between the methods, we chose to normalize to the total area under the curve for the assigned metabolites.
Similar indirect approaches for comparison of HR MAS MRS and extraction NMR have also been used by others.!? The global correlation was
good (R = 0.94, p < 0.0001), but was notably lower for some of the individual metabolites. Although this could be caused by variable extraction
efficiency, the lowest correlations were found for metabolites that were difficult to integrate accurately due to low signal-to-noise ratio and/or
poor spectral resolution. Importantly, the multivariate analysis clearly demonstrated that both HR MAS MRS and extraction NMR successfully
differentiated the TPOs. The loading profiles were strikingly similar, identifying Lac, PC, and Myo-In as the major metabolites contributing to the
differentiation. As PCA is an unsupervised method with high sensitivity for systematic differences in spectral information, these results indicate
that HR MAS NMR and extraction NMR are functionally equivalent for metabolic analysis of organoids.**

While extraction NMR is potentially best suited for focused analysis of polar metabolites present in low concentrations, HR MAS MRS is per-
formed after a minimum of sample preparation. This has several advantages, such as the absence of spectral contamination caused by compo-
nents used in the extraction procedure and the nondestructive nature of the method in contrast to extraction NMR. Moreover, the organoids
may be recovered after HR-MAS analysis to extract nucleic acids or isolate proteins.” HR MAS also provides a more direct link for translation to
in vivo MRS, as the organoids are intact.

PCA indicated systematic associations between the metabolic profile of the organoid lines and their mutational profile. The TPO lines are
designed to represent the typical sequential acquisition of specific genetic alterations that underlies the progression of colorectal cancer.?® The
relationship between the metabolic reprogramming frequently observed in cancer and the stepwise malignant transformation is poorly under-
stood, but our data suggest a gradual drift towards the cancer-specific phenotype. Specifically, the Lac levels increase gradually with the number
of mutations. All the mutations in the organoid lines have been suggested to contribute to deregulated glycolytic activity in cancer, and our data
indicate that these metabolic effects of mutations are additive.2°22

The data also indicate that the Myo-In levels of the organoids decreased with the number of mutations. Myo-In is not universally recognized
as a metabolic biomarker in cancer, but there is ample evidence that inositol metabolism is dysregulated in cancer.?*?* Mechanistic studies of ino-
sitol metabolism in this TPO organoid model system could potentially contribute to an improved understanding of how this metabolic pathway is

involved in cancer progression.
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We observed a negative association between PC level and the number of mutations. The general consensus on Cho metabolism in cancer is
25,26

that the level of PC increases with malignancy.

However, several reports suggest differential regulation of Cho metabolism in vitro and in vivo.>2?” Furthermore, metabolic profiling of colo-
rectal biopsies has suggested that PC levels are higher in benign lesions than in both normal intestinal epithelium and colorectal cancer.?® Because
it has been suggested that PC levels correlate with the cellular proliferation rate,?’ the metabolic landscape in colorectal cancer may contrast to
that of other cancers due to the high proliferation rate of intestinal epithelium in its natural state. Again, multicellular spheroids may represent a

more relevant model for mechanistic studies of metabolism than cells cultured in monolayers.

5 | CONCLUSIONS

Overall, this study shows that the metabolic data obtained by HR MAS MRS analysis of intact organoids are highly similar to those obtained with
polar extraction NMR. Both correlation analysis and PCA indicate that HR MAS MRS can be used in metabolic profiling of organoids and other
3D cell culture systems. In our setup, HR MAS MRS offered the advantage of minimal sample preparation and nondestructive analysis. The latter
makes this technique closer in resemblance to in vivo MR spectroscopy. Finally, comparison of metabolic profiles from TPOs indicate that meta-
bolic changes occur at a very early stage of disease progression. Successive accumulation of mutations was associated with a gradual alteration in
metabolic characteristics.
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