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Abstract

Even with systemic chemotherapy, cytoreductive surgery (CRS), and hyperthermic intraperitoneal chemotherapy
(HIPEQ), peritoneal metastases (PM) remain a common site of disease progression for colorectal cancer (CRC) and are
frequently associated with a poor prognosis. The mass spectrometry (MS) method known as Matrix-Assisted Laser
Desorption/lonization —Time of Flight (MALDI-TOF) is frequently used in medicine to identify structural compounds
and biomarkers. It has been demonstrated that lipids are crucial in mediating the aggressive growth of tumors. In
order to investigate the lipid profiles, particularly with regard to histological distribution, we used MALDI-TOF MS
(MALDI-MS) and MALDI-TOF imaging MS (MALDI-IMS) on patient-derived tumor organoids (PDOs) and PM clinical
samples. According to the MALDI-IMS research shown here, the predominant lipid signature of PDOs in PM tissues,
glycosphingolipid (GSL) sulfates or sulfatides, or STs, is unique to the areas containing tumor cells and absent from
the surrounding stromal compartments. Bioactive lipids are derived from arachidonic acid (AA), and AA-containing
phosphatidylinositol (Pl), or PI (18:0-20:4), is shown to be highly expressed in the stromal components. On the other
hand, the tumor components contained a higher abundance of Pl species with shorter and more saturated acyl
chains (C34 and C36 carbons). The cellular subversion of Pl and ST species may alter in ways that promote the growth,
aggressiveness, and metastasis of tumor cells. Together, these findings suggest that the GSL/ST metabolic program-
ming of PM may contain novel therapeutic targets to impede or halt PM progression.
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Introduction

Colorectal cancer (CRC) is the third most common
tumor and the second cause of cancer-related death
worldwide [51]. Peritoneal metastases (PM) from CRC,
are a primary cause of patient morbidity and mortal-
ity, as in recent population-based studies the prevalence
of synchronous PM was 3.8-5.7%, second only to liver
metastases, and the incidence of metachronous disease
was 3.5-5.9% [22, 28, 46, 58]. PM are less responsive to
systemic chemotherapy and associated with a poorer
prognosis, as compared with extra-peritoneal metastatic
sites like the liver and lung [9]. Historically, CRC-PM
have always been considered an end-stage disseminated
disease, only to be treated with palliative care. How-
ever, a better understanding of the patterns of disease
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progression has made it clear that the peritoneum rep-
resents the only site of metastatic disease in 41-45% of
patients. Accordingly, PM are currently seen as a locore-
gional disease stage, and a growing number of patients
are treated by cytoreductive surgery (CRS) coupled with
hyperthermic intraperitoneal chemotherapy (HIPEC).

In recent decades, the prognosis of CRC-PM treated
by CRS/HIPEC has improved and long-term survival is
now possible [1, 54, 58]. However, only highly selected
patients can benefit from CRS/HIPEC, and the majority
of them is excluded from combined treatment because
of advanced peritoneal involvement, poor clinical con-
ditions, and/or systemic metastases. Additionally, more
than 50-60% of patients undergoing CRS-HIPEC expe-
rience disease recurrence even after optimal treatments
[1].

It is still unclear what mechanisms control the PM’s
capacity to spread and why the prognosis for PM is so
bad. Currently, a number of molecular classifications for
CRC have been proposed. These include the presence or
absence of driver mutations (such as those in the RAS
and BRAF genes), the stability or instability of microsat-
ellite instability, the consensus molecular subtype (CMS),
and the intrinsic subtypes of CRC (CRIS) [43]. The rela-
tionship between these molecular characteristics and the
organotropism of peritoneal metastases derived from
colorectal cancer is, however, poorly understood [37].

Lipid metabolism has gained increased attention in
cancer research recently [35]. It is widely known that
CRC cells exhibit aberrant lipid metabolism, which is
defined by increased absorption and abundance of lipids
along with a general dependence on fatty acids (FAs).
Upregulated lipogenesis involves the synthesis of triacyl-
glycerols (TAGs) and FAs [21]. There also seems to be a
deregulation of mitochondrial oxidation, elongation, and
desaturation. The evidence of a "lipogenic phenotype"
linked to the development and progression of CRC is also
supported by the upregulation of lipid subclasses such
as ceramides (CERs), sterol esters (SEs), phosphatidyl-
glycerols (PGs), phosphatidylcholines (PC), phosphati-
dylethanolamines (PEs), and phosphatidic acids (PAs)
[42]. Furthermore, according to Liu et al. [26], FAs and
ethanolamine plasmalogens may have been the first CRC
diagnostic biomarkers in plasma. Moreover, TAGs have
been discovered to be the primary lipid markers that are
disrupted by the advancement of CRC [24].

Over the past ten years, MALDI-IMS investigations
have been the primary source of evidence about altera-
tions in the lipid composition of tumors connected to
malignancy [2]. Specifically, the composition and distri-
bution of hundreds of ion signals within cells and tissues
may be uncovered by using MALDI-MS and MALDI-
IMS. In fact, a number of studies [29] have employed
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similar techniques to characterize the lipid profile in a
range of cancer forms, including CRC. Shimma et al.
[47] discovered region-specific lipid profiles in relation
to CRC-derived liver metastases, while Thomas et al.
[53] discovered that a panel of lipid-based indicators was
both up- and down-regulated in these types of metasta-
ses. Thus far, no particular lipid signatures in PM samples
have been identified using MALDI-MS and MALDI-
IMS-based techniques.

Here, we attempted to concentrate on three key objec-
tives: (1) Determine whether PDO from PM patients
share lipidomic features using MALDI-MS; (2) Deter-
mine whether PDO features are present in cancerous
and absent in healthy PM tissues using MALDI-MS and
MALDI-IMS analysis; and (3) Investigate possible cor-
relations between PDO features and PM histological fea-
tures when using MALDI-IMS analysis.

Materials and methods

Chemicals and materials

All solvents (ULC-grade) were purchased from Merck
(Italy) unless stated otherwise. 9-Aminoacridine (9AA)
was purchased from Sigma-Aldrich (Italy). ITO glass
slides were obtained from Bruker Daltonics GmbH
(Bremen, Germany). Chloroform and ethanol (HPLC
grade) were purchased from Sigma-Aldrich (Italy). Meth-
anol (LC-MS grade) was from Fisher Scientific (Italy).

Human tissues and PM-derived PDOs

Peritoneal tissues were collected from patients with
PM who underwent surgical resection at the Peritoneal
Malignancies Unit of Fondazione IRCCS Istituto Nazi-
onale dei Tumori di Milano. The study was approved by
the Institutional Review Board (134/13; 1249/19) and was
conducted in accordance with the Declaration of Hel-
sinki, 2009. Written informed consents were acquired.
The six patients (PT21_14, PT19_01, PT19_03, PT21_11,
PT-R1T, and PT19_06) whose tumor samples were
acquired and subjected to MALDI-IMS analysis have
their clinical features listed in Supplementary Table 1.
By using MALDI-IMS, it was feasible to analyze normal
peritoneum tissue for patients PT21_14 and PT21_11.
Six additional normal peritoneum samples from a dif-
ferent group of PM patients (six patients) were sub-
jected to MALDI-MS analysis. Every normal tissue was
removed over ten centimeters away from the metasta-
ses. One part of the metastatic tissue (1 cm in diameter)
was placed in ice-cold phosphate-buffered saline (PBS;
ThermoFisher Scientific) containing gentamicin (50 ng/
ml, ThermoFisher Scientific) and amphotericin B (50 ng/
ml, ThermoFisher Scientific) for the generation of PDOs,
while a second specimen was frozen in liquid nitrogen
for molecular and histopathological analyses. PDOs were
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established as described in Varinelli et al. [59]. PDOs
were successfully established from metastatic lesions of
patients PT19_03, PT19_06 and PT21_11. PDO cultures
used for the MALDI-MS study was seeded on 24-well
plates and cultured to produce roughly 250 PDOs per
well. After that, PDOs were mechanically removed from
the Matrigel by adding a few pl of Cell Recovery Solution
(Corning) to the cell culture plate. PDOs from six wells
(about 500,000 cells) were combined into a single sample
for lipid extraction after being twice rinsed in ice-cold
PBS.

Lipid extraction from PDOs

Lipids from PDO cultures or PM-derived tissues were
extracted using Bligh and Dyer’s method [4] as described
in Ghislanzoni et al. [11]. 300 pL of chloroform/methanol
(2:1, v/v) was added to the cellular pellet. The suspension
was then mixed for 15 min at 1400 rpm and sonicated for
4 min. Deionized water (100 puL) was added to separate
the organic phase from the aqueous phase, and the sus-
pension was mixed for 1 min before centrifuging at 3000
g for 5 min at 20 °C. The organic phase (lower layer) con-
taining lipids was collected in a clean tube and dried in
a SpeedVac centrifuge. Lipids were then resuspended in
an appropriate volume of 2-propanol/ACN (60/40, v/v)
and sonicated. Next four replicates of 1 uL of the mixture
were layered on the indium tin oxide coated slides (ITO
slide, Bruker Daltonics), dried in a desiccator for approxi-
mately 60 min, and then stored at -80 °C until use.

Tissue samples processing

Sample preparation for MALDI analysis was performed
starting from the patient’s frozen biopsy stored at -80 °C.
Frozen PM-derived samples were cut into 10 pum-thick
slices using a cryostat (Leica Instruments GmbH). For
IMS analysis, frozen tissue sections were mounted on
ITO slide (Bruker Daltonics), dried in a desiccator for
approximately 60 min, and then stored at -80 °C until use.
At the same time, other sections were cut and collected
into vials for tissue homogenization and lipid extraction
using the Bligh and Dyer method [4]. Lipids were resus-
pended in an appropriate volume of 2-propanol/ACN
(60/40, v/v) and sonicated. One pL of lipid suspension
was deposited on ITO glass slides, performing replicates.

MS analyses

For every MALDI analysis, the 9-AA matrix was solu-
bilized in 2-propanol/ACN (60/40, v/v) to a final con-
centration of 10 mg/mL and applied onto the ITO glass
slides using a TM sprayer (HTX Technologies, Chapel
Hill, NC). For its application, the nozzle temperature was
set to 80 °C, the pressure to 10 psi, and the flow rate of
the LC pump to 0.12 mL/min. After matrix application,
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samples were left in the desiccator until spectra were
acquired. MS analysis was performed using an Ultraf-
leXtreme MALDI MS instrument equipped with a 1 kHz
SmartBeam II Nd:YAG/355 nm as an ionization source
(Bruker Daltonics). Spectra were obtained in reflector
negative mode within the m/z range of 600 to 1.600. An
internal calibration was performed by setting the peak
of the deprotonated PA (18:0-18:1) at m/z 701.50, ST
(d18:1-C16:0) at m/z 778.52 and PI (18:1-20:4) at m/z
885.56. Automatic acquisition was based on pixel-by-
pixel mode, guided by FlexControl 3.4 and FlexImaging
4.1 software. Single mass spectra were acquired by apply-
ing 200 laser shots in continuous raster mode over a dis-
tance of 20 pm and scanning areas of ~ 4 mm?. Data were
subsequently analyzed in SCiLS lab version 2024 (Bruker
Daltonics) by “processing methods” for peak picking,
baseline subtraction, and smoothing operations. Cen-
troid algorithm was used for peak picking. All spectra
were normalized to the total ion count (TIC).

For IMS on tissue sections, 200 laser shots were
summed to generate a representative spectrum for each
pixel, with the digitizer sampling rate at 1.25 GS/s. The
spatial resolution for tissue section imaging was set in
the range of 50 to 70 um. Software from Bruker Dalton-
ics (FlexControl, FlexImaging, FlexAnalysis, and SCiLS)
was used for spectra acquisition and analysis. Data analy-
sis was done by “processing methods” for peak picking,
baseline subtraction, and smoothing operations. The
centroid algorithm was used for peak picking. Following
MALDI-IMS, tissue sections were washed with methanol
for 30 s to remove the 9-AA matrix and then stained with
hematoxylin and eosin (H&E). The H&E-stained slides
were then acquired at high resolution (40X) using the
Aperio Scanscope Slide Scanner, imported into QuPath
software, and co-registered with the acquired MALDI-
IMS data using SCiLS Lab Software.

The MALDI-LIFT™ (MS/MS) fragmentation technique
was employed to produce ions related to headgroup and
fatty acyl chain loss, enabling the determination of the
lipid class, as outlined in a previous study by Suckau et al.
[50]. A preliminary determination of lipids was made by
searching the LIPID MAPS database (https://www.lipid
maps.org) with a tolerance of + 0.2 Da. Both the homoge-
nate samples and tissue slides were subjected to direct
application of the LIFT" method. In order to account
for the fairly limited resolving power of around 5000
at 885.56 (with a mass accuracy of<0.2 Da), tentative
assignments were made only if the proposed lipid species
were previously described.

Statistical analyses
SCIiLS software was used for statistical analysis of MS
and IMS data. Simultaneous preprocessing of all data sets
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was performed to ensure better comparability between
the sample sets. Imported data were pre-processed by
convolution baseline removal (width: 20) and TIC nor-
malization. The spatial bisecting K-means algorithm
(correlation distance) was used to calculate the spatial
dependency between locations and to determining the
similarity of mass spectra at each location. To define
common molecular features among the sample sets, dif-
ferent unsupervised multivariate classification methods
for mass spectra were applied: principal component anal-
ysis (PCA) was performed to determine the largest dif-
ference between PM and control samples as previously
described [13]. Additionally, probabilistic latent seman-
tic analysis (pLSA) was applied to determine differences
between the histological features and their correspond-
ing characteristic mass spectra. Receiver operating char-
acteristic analysis (ROC) was used to assess the quality of
all values within specific regions of interest (ROI) to dis-
criminate between intra-tumor areas. For this method,
the number of spectra in the ROIs of both groups was
approximately the same.
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Results
MALDI-MS analysis of lipids derived from PDOs
We analyzed the MALDI-MS lipid profiles of PDOs
from the metastatic tissues of three PM patients, iden-
tified as PT19_03, PT19_06, and PT21_11. The mass
spectra were acquired in negative mode. Lipids were
categorized as: 1) glycerophospholipids (GPLs), includ-
ing phosphatidylcholines (PMs), phosphatidylethano-
lamines (PEs), phosphatidylserines (PSs), phosphatidic
acids (PAs), phosphatidylinositols (PIs), phosphatidyl-
glycerols (PGs), and cardiolipins (CLs) [31]; 2) sphin-
golipids and glycosphingolipids (GSLs) [41], and 3)
glycosylphosphatidylinositols (GPIs) as the glycan-
phosphatidylinositol anchor precursors (GPI-AP) [33].
PDO profiles revealed many similarities (Fig. 1A).
Nonetheless, a distinct grouping of the three PDOs was
seen in the scatter plot produced by the PCA-based
unsupervised data processing of the 131 aligned ion
peaks (Fig. 1B). A clear separation between the PDOs
from PT21-11 patient and the other two PDO cell lines
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Fig. 1 Negative ion mode MALDI-MS analysis of the lipid extracts of three PDO cell lines derived from PT19_03, PT19_06 and PT21_11 patients. A
Lipid profiles acquired in negative ion mode by automatic acquisition. Lipid species can be grouped in two main ranges: the m/z range 700-900,
where GPL and GPS species are present, and the m/z range 1100-1500, where minor peaks compatible with GSLs and CLs species are visible. B
Two-dimensional principal component analysis (2D PCA) scores plot of the individual PDO cumulated spectra (525, 483 and 462, respectively) using
131 aligned peaks. Two principal components (PC) explained 79.28% of the variance of the data. In (C), we show the fragmentation pattern of ions
with m/z 885.6, 778.5,1088.5, and 1450 obtained by MS/MS analysis. m/z 885.6 corresponding to Pl 38:4 was fragmented into the characteristic
product ions with m/z419.2, 283.1, and 240.8; m/z 778.5 was fragmented into ions with m/z 96.9 (hydrogen sulfate ion), m/z 258.7 (dehydrogenated
galactose-sulfate) and m/z 240.7 (dehydrated galactose-sulfate), ions known to be representative signals of the ST head group and corresponding
to ST d18:1-C16:0. The m/z 1088.6 ion corresponding to the GIcNAc-PI 38:4 species [15] was fragmented into product ions with m/z 443.9
(GlcNAc-myo-inositol-1,2-cyclic phosphate) and its dehydration product at m/z 425.7. These two ions are characteristic of the negative ion
GIcNAC-PI spectra. Peaks at m/z 78.7, 152.7, and 282.9 are (phosphate), (glycerol-cyclic phosphate), and (stearate), respectively. m/z 1450.8

was fragmented into product ions with m/z 831.7, 751.7,695.6, 697.6, 415.2,417.5, 281, and 279 typical fragments of CL72:7, with the most intense
peaks corresponding to linoleate (m/z 279), monoacylglycerol phosphatidate (m/z 415.2), and diacylglycerol phosphatidate (m/z 695.6)
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from PT19_03 and PT19_06 patients was observed
along the first component.

The peaks at m/z 807.6, 833.6, 835.6, 861.6, 863.6, and
885.6 were attributable to PI species 32:1 (16:0-16:0),
34:2 (16:1-18:1), 34:1 (16:0-18:1), 36:2 (18:1-18:1), 36:1
(18:0-18:1), and 38:4 (18:0-20:4), respectively (Fig. 1
and Suppl. File 1). The 861.5 PI species that contain two
monounsaturated FAs (MUFAs) unexpectedly prevailing
over the 885.6 PI species containing the polyunsaturated
FAs (PUFA), C20:4 (AA) in all PDO samples. The peaks
corresponding to the main GSL sulfates (STs) (peaks at
m/z 778.6, 904.6, and 906.6) (Fig. 1A) were abundantly
present in all PDO cell lines. Clusters of CLs and GPI-
APs at different intensities were represented in all three
PDO lines.

ST species varied in terms of sphingoid base and FA
composition. The species we detected were mainly galac-
tosyl STs (SMd4s, [17]), rich in d18 sphingoid base and
C16:0, C24:0, and C24:0-OH FA chains (Fig. 1A, C and
Suppl. File 1).

Among GPI-APs, the most intense peak was at m/z
1088.6, which is normally the predominant species con-
taining C20:4 and the stearic acid with a saturated C18
chain (Fig. 1A, C and Suppl. File 1).

Peaks that corresponded to PIs, STs, and GPI-APs
dominated the spectra from the three PDO lines. Each of
these lipids plays a crucial role in determining the mem-
brane’s structural microdomains and how it behaves.
Higher PI (18:0-18:1) levels in PIs may help PDO cells
since they may make them more resilient to metabolic
stress [55].

Tissue classification based on lipid profiles

We investigated the potential for identifying PDO lipid
characteristics in the tumor cell regions of clinical PM
samples, especially those related to ST species. We first
looked at the lipid profiles of homogenates made from
PM samples (PT21_11T and PT21_14T) from two
patients, as well as the lipid profiles of nearby healthy
peritoneal tissues (PT21_11N and PT21_14N). Figure 2
displays the averaged MALDI mass spectra of PM sam-
ples along with the matched healthy peritoneum. It was
feasible to identify with precision the profiles of PM and
healthy peritoneum in both patients after applying unsu-
pervised PCA to the spectra data (Fig. 2A). This enabled
us to assess if the analysis was sensitive enough to iden-
tify tumor-containing tissues.

(See figure on next page.)
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In terms of ST species, the AUC value supported the
hypothesis that STs are characteristics of tumor cells
in PDOs and in PM tissues. In fact, ST-related peaks:
at m/z 7785 (d18:1-C16:0), 794.5 (d18:1-C16:0-OH),
878.6 (d18:1-C22:0-OH), 904.6 (d18:1-C24:1-OH), 906.6
(d18:1-C24:0-OH), and 922.7-924.7 (t18:0-C24:0, t18:0-
C24:1)) could distinguish between tumor and non-tumor
tissues (Fig. 2A). Additionally, the complete separation of
the PCA-based grouping demonstrated the uniqueness of
the peritoneum and PM lesions (Fig. 2B).

In order to investigate the existence or lack of sulfa-
tide species in normal peritoneal tissues further, we used
MALDI-MS to analyze normal peritoneum tissue from
six different PM patients. Normal peritoneum tissue
from a new series of PM patients, collected distal to met-
astatic lesions, was solubilized and subjected to MALDI-
MS analysis (Fig. 2C and D) in an effort to explore the
presence of STs. It is evident from a comparison of the
six profiles that there are numerous commonalities
among the lipid profiles of (Figs. 2C), notwithstanding
their imperfect overlap. The primary peaks in the mass
spectra cells can be seen in the major GPLs range. Differ-
ent PI species are given to the signals at m/z 835.6, 863.6,
and 885.5. Additionally, peaks potentially corresponding
to N-acylphosphatidylethanolamine (NAPE) species and
minor peaks corresponding to CLs species were found
in the lipid profiles. The boxplots of the PI 38:4 and STs
peak intensities in the peritoneal tissue of the PT21_19
patient is shown in Fig. 2D, and they may be used as a
representative example for the other peritoneal tissues
under consideration. We can infer from these results—
which are still based on a small sample size—that ST spe-
cies is either absent or weakly detectable in the normal
peritoneal tissues of PM patients.

Spatial segmentation of lipid species in PM lesions

Six PM lesions, derived from six different PM patients
(PT21_14T, PT19_01T, PT19_03T, PT21_11T, PT_RI1T,
PT19_06T), and one healthy peritoneum section from
patient PT21_14 (PT21_14N), were subjected to a histol-
ogy-directed MALDI-IMS analysis to determine whether
PDOs lipid features could distinguish tumor cell compo-
nents from stromal components and healthy peritoneum.
For each tissue, we show the hematoxylin—eosin (H&E)
staining after the removal of the 9AA matrix (Fig. 3A)
that highlighted the complex and heterogeneous mor-
phologic structure of PM lesions and the lipid-based

Fig. 2 MALDI-MS analysis of PM vs matched healthy peritoneum from PT21_11 and PT21_14 patients. A Intra-patient mass spectra peaks of PM
lesion vs healthy peritoneum with the AUC values of the most discriminative peaks. B 3-dimensional plot of PCA scores of inter-patient mass spectra
peaks originating from healthy peritoneum and tumor tissue. A percentage explaining the variance between samples is shown. C MS spectra

from normal peritoneal tissues from six PM patients. D The peak intensities distributions in solubilized PT21_19N tissue are depicted through box
plots that match m/z values of certain STs (778.5, 794.5, 904.6, 906.6) and Pl 38:4 (885.6)
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segmentation map, obtained via bisecting k-means clus-
tering by SCIiLS Lab software (Fig. 3B), that efficiently
captured heterogeneity in a spatially resolved manner.

It clearly produced the distinction between tumor cell-
rich areas (yellow) and the adjacent stromal areas (red)
and necrotic areas (blue). PT21_14N, the healthy perito-
neum, clustered with stromal regions (red). This suggests
that while areas of tumor tissues rich in stroma or poor in
tumor cells resemble normal normal peritoneum tissue,
areas of tumor tissues rich in tumor cells show similar
histo-molecular spectrum properties.

Software from SCiLS Lab was used to analyze the
spectra in order to understand the changes in lipid pro-
files. The spectra were then separated using pLSA,
which associates MS data with specific areas and makes
lipid fingerprint deconvolution easier. We considered
215 peaks that were present in all samples. A total of
five components turned out to be the best number for
explaining sample variance. Figure 3C shows the distri-
bution of pLSA scores for healthy peritoneum and PT-
tumor samples and Fig. 3D-related spectra components.
The segmentation outcomes are cross-corroborated by
these results (Fig. 3A and B). Components 1 and 3 define
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peritoneal tissue; component 1 is distributed in 4 of the
6 PM lesions and reflects a stroma type where Pls, espe-
cially PI 38:4, and gangliosides (GGs) are predominant,
while component 3 depicts the lipid-specificity of the sin-
gle healthy tissue.

Component 2 characterizes regions of the tissue with
a high concentration of tumor cells and a high intensity
of ST ion species. The ST-related peaks, which were hall-
marks of pLSA component 2, were exclusively seen in
tumor tissue areas. They had m/z values of 778.5 (d18:1-
C16:0), 794.5 (d18:1-16:0-OH), 878.6 (d18:1-C22:0-OH),
904.6 (d18:C24:1-OH), 906.7 (d18:1-C24:0-OH), and
922.6-924.6 (t18:0-C24:0-OH, t18:0-C24:1-OH).

Based on the AUC value, discrimination ability was cal-
culated. An optimal discriminating capacity (AUC>0.9)
of ST species, which are defined by m/z 778.5, 794.5,
878.6, and 906.7, was found by ROC curve analysis on
data subsets that include both tumor and stroma areas
that are specified by a segmentation map (Fig. 4A). Using
the identical pLSA, patient PT19_06 did not have this out-
come. Nevertheless, weak ion intensity for m/z 778.5 and
906.7 was seen in a two-way comparison pLSA experi-
ment comparing PT21_14 (healthy peritoneum) (Fig. 4B).

Spatial segmentation
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Fig. 3 MALDI-IMS of tissue sections. A Sections from a normal peritoneum and PM lesions from six patients, stained with H&E for sections
overlapping with the MALDI-IMS image. Blu lines surround tumor cells-rich areas (annotated by the reference pathologists). B Segmentation map

analysis of MALDI-IMS spectral data. Assigned areas per spectral similarity are indicated with color generated by bisecting k-means clustering based
on 215-aligned peaks and dendrogram with the respective correlation distances (numbers) representing non tumor cells-rich areas (in red), tumor
cells-rich areas (in yellow) and necrotic areas (in blue). C Unsupervised multivariate analysis and correlation with sections'regions. The unsupervised
multivariate analysis was performed on the single pixels using pLSA based on 215-aligned peaks with deterministic initialization algorithm; week
denoising and TIC normalization were performed
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PT21_14N vs PT19_06T

AUC=0.89

AuC=0.88

Fig. 4 Univariate analysis of MALDI-IMS data determining single lipids is the most discriminative between stroma-rich and tumor cells-rich areas.
A ROC analysis (AUC values) testing the power of ST-related peaks to distinguish between normal peritoneum tissue or regions rich in stroma
and areas rich in tumor cells. Note it is shown a portion of the spectrum containing 215-aligned peaks that was used for automatic segmentation
showed in Fig. 3. B STs discriminate between PT19_06 (PM sample) and normal peritoneum. PT19_06 shows discriminant STs (d18:1-C16:0

and d18:1-C24:0-OH) ion intensity when compared to normal peritoneum

pLSA 3 represents lipids that are significantly upregulated
in the healthy peritoneum (Fig. 3). The pLSA component
4 matched the necrotic regions in two patients and also con-
tained interesting species at m/z 951.7, 977.7, 1001.6, and
1027.6, potentially corresponding to NAPE species (Fig. 5A,
Suppl. File 2). pLSA component 5 included PI, GG, and
CL species, mainly localized in the stromal areas (Fig. 5B).
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Four major CL clusters were observed in components
4 and 5, most of which had multiple individual CL spe-
cies at several isobaric masses (Fig. 5C). An interesting
inverse correlation for spatial distribution was noted for
CL and ST species (Fig. 5D). GPI-APs that were particu-
larly represented in PDOs (see Fig. 1) were not confirmed
as biomarkers in the PM lesions.

GM3 34:1 GM3 40:1 GM3 42:2
m/z1261.8
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Fig. 5 Spatial localization of selected lipid species. A NAPEs distributions in necrotic areas (N); B GGs-distributions in stroma areas; and CL72
and CL74 distributions in C together with their inverse correlation with ST 42:1-OH (at 906.7, ST(d18:1-C24:0-OH)) in D
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ST localization was limited to tumor cells-rich areas

Figure 6 shows H&E-stained microscopic images of the
PT_RIT sample that can help in visualizing the mor-
phology of the tissue and therefore can help in the iden-
tification and differentiation of tumor areas (marked in
red) in the tissue. The same areas were overlaid with
an optical image. The expression pattern of two dif-
ferentially expressed ions at m/z 885.6 (PI 38:4) and
906.7 (ST 42:1-OH) is shown. The visualization allows
a straightforward correlation of the expression pattern
with the tissue morphology of PT_R1T slide (Fig. 6).
While the ion at m/z 885.6 (PI 38:4) is most intensely
distributed in the stroma, m/z 906.7 (ST 42:1-OH) is
more intense in tumor cells’ areas. Asterisks indicate
ions corresponding to other STs colocalized with ST
42:1-OH species.

The PT-R1T sample’s H&E-stained microscopic pic-
tures, shown in Fig. 6, can aid in the identification and
distinction of tumor regions (highlighted in red) in the
tissue by allowing one to see the tissue’s morphology. The
optical picture was superimposed over the same regions.
Two differently expressed ions at m/z 885.6 (Pl 38:4)
and 906.7 (ST 42:1-OH) are displayed along with their
expression patterns. A simple association between the

Page 9 of 13

expression pattern and the tissue shape of the PT-R1T
slide can be made thanks to the visualization (Fig. 6). The
stroma has the most intensive distribution of the ion at
885.6 (PI 38:4), but the regions around tumor cells have
a higher intensity of m/z 906.7 (ST 42:1-OH). Ions cor-
responding to different STs are indicated.

Discussion

Precision medicine is applied in oncology to bet-
ter identify which patients will benefit from a specific
treatment in order to improve their clinical outcome
[45]. Genomic platforms are the preferred strategy for
identifying genetic mutations that may be suitable for
predictive therapy. Although, this approach results in
increased response rates [8, 40, 61], it is not yet fully
satisfactory. For this reason, it is of great importance
to combine a drug screening on patient-derived tumor
cells. PDOs are widely used to examine the effects of
thousands of drugs and select the most suitable ones
[20, 60] as they have been shown to better recapitu-
late key aspects of tissue composition, including tumor
architecture, heterogeneity, function, remaining geneti-
cally stable in culture [16].

IMS spectrum

E&E stained,
post-IMS optical +
tumor cell annotation

Ante-IMS optical image +
tumor cell annotation

N s
P

- w g " o " n S w
E lon image of ST42:1-OH +
tumor cell annotation

’ Pl 38:4-rich regions (tumor stroma)

IMS spectrum

0 o " W

Fig. 6 PT-R1T tissue section images showing the QuPath markup image. A Images correspond to H&E-stained section; B-E optical and ion images
showing the spatial distribution of Pl 38:4 and ST 42:1-OH. Red mask indicates tumor cells-rich areas annotated by the pathologist using QuPath.
Representative spectra for Pl 38:4-rich areas and ST 42:1-OH-rich areas are shown. lons corresponding to different STs and PI38:4 are indicated

by asterisks
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PM is a very low-targetable tumor disease and there is
an urgent need to develop more effective therapies. Sev-
eral groups, including ours, are exploring the possibility
of using PDOs for drug discovery [3, 10, 27, 56, 59].

Our methodology was based on the already proven
concept that PM undergo profound alterations in lipid
homeostasis due to reprogramming of metabolism, which
in turn affects signaling pathways [23, 36]. We developed
screening modalities to profile lipids in PDOs and naive
biopsies using MALDI-MS and MALDI-IMS [49]. Con-
sistent with our methodology, we observed lipid species
including PAs, PIs, GPI-APs, STs, GGs and CLs and iden-
tified lipid signatures peculiar to PDOs and PM biopsies.

The key lipid classes identified emerged in all three
PDOs, despite the different mutational status and growth
conditions. Specifically, the spectra of the three PDO
lines showed commonalities in the signatures of PI, ST
and GPI-AP precursor species, but showed remarkable
differences in the CL region.

While GPI-APs accumulation was not observed in the
clinical samples, the expression of specific STs was evi-
dent in both PDOs and PM biopsies with a similar pat-
tern. It should be considered that the culture method of
PDOs may influence chemical and mechanical properties
by producing effects on PDO growth, development, or
morphology [39].

In our MALDI-IMS experiments on PM and nor-
mal peritoneum, lipid patterns are clearly identifiable.
The pLSA component 1 is primarily detecting varia-
tions within the stroma areas of tumor tissues from vari-
ous patients. It is distinguished by a high intensity of PI
that contains AA, specifically PI (18:0-20:4). Accord-
ing to Kawashima et al. [18], PI (18:0-20:4) was mostly
found in stromal areas surrounding the cancer cells and
had strong concentrations that varied across individuals.
According to Hardwick et al. [14], AA (as a precursor of
eicosanoids) and the PI cascade are related to inflamma-
tion and insulin resistance.

For every tumor specimen, the pLSA component 2
correctly identified the ST-positive regions. Tumor cells
contained ST species, not the healthy peritoneum or the
stroma surrounding the tumor cells.

In the healthy peritoneum, pLSA component 3 was
found to include high levels of PI (18:0-20:4) and PA spe-
cies, which are known to be powerful cell signaling mol-
ecules [7] and [25]. Furthermore, PA species are the main
precursors of all GPIs, including PM, PE, and PS species
[48]. The necrotic regions’ diversity was recorded by the
pLSA component 4, which was mostly represented by
lipids that could have been NAPE species are synthesized
by acylation of the free amine group of ethanolamine-
containing glycerophospholipids can be defined as sign-
aling lipids [30, 34, 44, 62].
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The variation related to the GG-enriched regions of the
stroma, such as monosialoganglioside GM3 (d18:1-24:1)
and GM3 (d18:1-16:0), was detected by pLSA compo-
nent 5. It is noteworthy that cancer cells can release GGs
into the tumor microenvironment, where they may stim-
ulate the growth of tumors and function as an anti-tumor
immunity [57]. Given that the majority of GG species
exhibit strong immunosuppressive properties, it is pos-
sible to imagine them as checkpoint molecules that are
released to disrupt continuous immunosurveillance. This
is interesting because stromal areas are where we found
these lipid species.

ST species specifically identified tumor cells in both
PDOs and clinical samples. Galactose from UDP-galac-
tose is added to ceramides with a final 3-O-sulfation
alteration to create STs, which are sulfated GSLs. STs are
multifunctional chemicals that have several roles in the
neurological system, immunological system, bacterial
and viral infections, hemostasis and thrombosis, insulin
production, and hemostasis. Accordingly, illnesses arise
because of aberrant metabolism or changed ST expres-
sion [52]. In several human malignancies, such as renal
cell carcinoma, colon and lung adenocarcinomas, and
ovarian cancer, where they have been demonstrated to
facilitate metastasis, STs may accumulate up as a result of
increased galactosylceramide sulfotransferase (Gal3ST1)
increased activity [38]. Notably, ST expression and con-
centration are raised in renal cell carcinoma, and this has
been mechanistically connected to ST upregulation by
HIFla [52].

It is not clear what regulates the metabolism levels of
sulfatides inside cells. Research shows that peroxisome
proliferator-activated receptor a (PPARa) activation
increases the synthesis of sulfatides in the mouse liver
by enhancing the activity of cerebroside sulfotrans-
ferase (CST), a key enzyme in sulfatide production [32].
Another research study indicates that PPARa controls
both the beginning and end stages of the sulfatide pro-
duction process [63]. Therefore, it has been suggested
that activating PPARa can help cells safeguard against
and reduce the negative impacts of both fatty acids and
sulfuric acid by increasing sulfatide production. In the
same vein, clofibrate and fenofibrate are classic PPAR«
agonists which can increase sulfatides levels [19]. MK886,
an inhibitor of PPARq, induced a decrease in serum sul-
fatides levels in skin cells from patients with very long-
chain acyl-CoA dehydrogenase deficiency and excessive
fatty acid accumulation activated PPARa and increased
sulfatides levels [63]. Thus, several lines of evidence sug-
gest that PPAR« activation is a crucial regulator of sulfa-
tides levels.

Several highly expressed ST species, including hydroxy-
lated species that co-localized with ST enrichment zones,



Sarcinelli et al. Cancer & Metabolism (2024) 12:18

were found in PM by our research. Like other GSLs, STs
can be hydroxylated and have a varied structure with var-
ying acyl chain and ceramide moiety lengths. Although
the precise function of fatty acid 2-hydroxylation is
unknown, it seems to have an impact on membrane flu-
idity [12]. Furthermore, STs containing the long- and
short-chain isoforms (C16:0 and C24:0, respectively) are
typically detected, the former is associated with the mat-
uration of insulin [5], while the latter is connected to the
inhibition of the immune system [6]. Despite these ini-
tial observations, future studies are necessary to further
explore ST’s pathological role in the PM.

Conclusion

Numerous recent studies and clinical procedures have
shown that patients with intraperitoneal metastases can
benefit from local surgery, such as HIPEC, which can
reduce symptoms and improve quality of life, despite the
widespread belief that metastatic tumors cannot be sur-
gically treated. The results of recent investigations have
shown that abnormal lipid metabolism is one of the key
mechanisms underlying tumor dissemination. Therefore,
treating abnormal lipid metabolism may lower the inci-
dence of tumor metastasis. It is assumed that metastases
may not form at all or may occur less frequently if one
or more metabolic reprogramming processes are blocked
during the tumor metastasis process. Hence, developing
medications that focus on these specific targets could
benefit individuals with advanced forms of cancer.

PDO lipid components are identified in PM patients’
metastatic lesions by using MALDI-MS and MALDI-
IMS. The PDO lipids found in cancerous metastatic
lesions are common to peritoneal tumors and/or are
barely detectable in normal tissues. These tumor specific
lipid features are very useful in determining the spatial
organization and phenotypes of tumor cells in tissues,
whereas traditional techniques such as histological and
immunofluorescence imaging are restricted to a few
molecular markers.

ST buildup in individual PM lesions is described by our
proof-of-principle study that makes use of the special
application of MALDI-MS and MALDI-IMS. If ST accu-
mulation will be confirmed in a larger cohort of patients,
a novel and attractive pathway for the metabolic target-
ing of PM metastatic growth will open up. Therefore, this
feature of tumor cells may facilitate the development of
novel drugs that specifically target cancer cells.

ST accumulation is common to both metachro-
matic leukodystrophy and multiple sulfatase deficiency.
Numerous approaches are being tested in clinical trials to
decrease ST accumulation, which is predominantly regu-
lated by two enzymes: ceramide galactosyltransferase
(CGT or UGT8) and galactose-3-O-sulfotransferase
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(CST or Gal3St1). Currently, trials are underway to eval-
uate initial compounds targeting enzymes that could also
have potential in cancer treatment. Additionally, further
investigation is needed in clinical trials regarding the
signaling pathway regulated by PPARa.

Abbreviations

9AA 9-Aminoacridine

AA Arachidonic acid

ACN Acetonitrile

AUC Area under the curve

CcL Cardiolipin

CRC Colorectal cancer

CRS Cytoreductive surgery

FA Fatty acid

Gal3sT1 Galactosylceramide sulfotransferase

GG Ganglioside

GPI Glycosylphosphatidylinositol

GPI-AP Glycan-phosphatidylinositol anchor precursors
GPL Glycerophospholipid

GSL Glycosphingolipid

H&E Hematoxylin and eosin

HIF1 Hypoxia-inducible factor

HIPEC Hyperthermic intraperitoneal chemotherapy
HPLC High-performance liquid chromatography
MS Mass spectrometry

IMS Imaging mass spectrometry

ITO Indium tin oxide

LC-MS Liquid chromatography-mass spectrometry
LIFT Laser ionization fragmentation technology
MALDI Matrix-assisted laser desorption/ionization
PA Phosphatidic acid

PBS Phosphate-buffered saline

PM Peritoneal metastases

PC Phosphatidylcholine

PCA Principal component analysis

PDO Patient-derived organoid

PDX Patient-derived xenograft

PE Phosphatidylethanolamine

PG Phosphatidylglycerol

PI Phosphatidylinositol

pLSA Probabilistic latent semantic analysis

PM Peritoneal metastases

ROC Receiver operating characteristic

ST Sulfatide

TAG Triacylglycerol

TIC Total ion count

TOF Time of flight

UDP-glucose  Uridine diphosphate glucose

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540170-024-00345-3.

Supplementary Material 1.
Supplementary Material 2.
Supplementary Material 3.

Authors’ contributions

I. Bongarzone, IB: Conceptualization, data curation, software, formal analysis,
validation, investigation, visualization, methodology, supervision, writing—orig-
inal draft, writing-review and editing. G.M. Sarcinelli, GMS: Conceptualization,
data curation, formal analysis, validation, investigation, methodology, review
and editing. L. Varinelli, LV: Methodology, funding acquisition, review and edit-
ing. M. Gariboldi, MG: Supervision, funding acquisition, review and editing. S.
Ghislanzoni, SG: Methodology, review and editing. F. Padelli, FP: Methodology.


https://doi.org/10.1186/s40170-024-00345-3
https://doi.org/10.1186/s40170-024-00345-3

Sarcinelli et al. Cancer & Metabolism (2024) 12:18

M. Milione, MM: Methodology, supervision, review and editing. D. Lorenzini,
DL: Methodology, supervision, review and editing. A. Vingiani, AV: Method-
ology, supervision, review and editing. D. Baratti, DB: Resources, funding

acquisition, review and editing. M. Guaglio, MG: Resources, review and editing.

S. Kusamura, SK: Resources, review and editing. M. Deraco, MD: Resources,
review and editing. G. Pruneri, GP: Resources, Supervision, review and editing.

Funding

This work has received funding from by the Italian Ministry of Public Health
(RF 2019-12370456), from the European Union’s Horizon 2020 research

and innovation programme under grant agreement No 101016923
(101.13039/100010661) and was supported by "5 per 1000"funds (2019 MUR
and 2015 Ministry of Health, financial support for research) — institutional
grant BRI 2021 "Harnessing the extracellular matrix to awaken the immune
response in patients with peritoneal metastasis”to Dr. Luca Varinelli, PhD.

Availability of data and materials
The data that support the findings of this study are available on request from
the corresponding author.

Declarations

Ethics approval and consent to participate

The study was conducted according to the Declaration of Helsinki and
approved by the local Ethics Committee (Fondazione Istituto Nazionale dei
Tumori, Milano prot. n. (134/13; 1249/19). Written informed consent was
obtained by all cancer patients enrolled in the study.

Competing interests
The authors declare no competing interests.

Received: 8 January 2024 Accepted: 19 June 2024
Published: 28 June 2024

References

1. Baratti D, Kusamura S, Pietrantonio F, Guaglio M, Niger M, Deraco M.
Progress in treatments for colorectal cancer peritoneal metastases dur-
ing the years 2010-2015. A systematic review. Crit Rev Oncol Hematol.
2016;100:209-22.

2. Bowman AP, Bogie JFJ, Hendriks JJA, Haidar M, Belov M, Heeren RMA, et al.

Evaluation of lipid coverage and high spatial resolution MALDI-imaging
capabilities of oversampling combined with laser post-ionisation. Anal
Bioanal Chem. 2020;412(10):2277-89.

3. BozziF, Mogavero A, Varinelli L, Belfiore A, Manenti G, Caccia C, et al. MIF/
CD74 axis is a target for novel therapies in colon carcinomatosis. J Exp
Clin Cancer Res. 2017;36(1):16.

4. Breil C, Abert Vian M, Zemb T, Kunz W, Chemat F.“Bligh and Dyer”and
Folch methods for solid-liquid-liquid extraction of lipids from micro-
organisms comprehension of Solvatation. mechanisms and towards
substitution with alternative solvents. Int J Mol Sci. 2017;18(4):708.

5. Buschard K, Antvorskov JC. The C24:0 sulfatide isoform as an important
molecule in type 1 diabetes. Front Biosci (Landmark Ed). 2022,27(12):331.

6. Buschard K, Blomqgvist M, Mansson J-E, Fredman P, Juhl K, Gromada
J.C16:0 sulfatide inhibits insulin secretion in rat beta-cells by reduc-
ing the sensitivity of KATP channels to ATP inhibition. Diabetes.
2006;55(10):2826-34.

7. Dennis EA, Deems RA, Harkewicz R, Quehenberger O, Brown
HA, Milne SB, et al. A mouse macrophage lipidome. J Biol Chem.
2010;285(51):39976-85.

8. Frampton GM, Fichtenholtz A, Otto GA, Wang K, Downing SR, He J,
et al. Development and validation of a clinical cancer genomic profil-
ing test based on massively parallel DNA sequencing. Nat Biotechnol.
2013;31(11):1023-31.

9. Franko J, Shi Q, Meyers JP, Maughan TS, Adams RA, Seymour MT, et al.
Prognosis of patients with peritoneal metastatic colorectal cancer given
systemic therapy: an analysis of individual patient data from prospective

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

Page 12 of 13

randomised trials from the Analysis and Research in Cancers of the Diges-
tive System (ARCAD) database. Lancet Oncol. 2016;17(12):1709-19.

Fujii M, Shimokawa M, Date S, Takano A, Matano M, Nanki K, Ohta 'Y,
Toshimitsu K, Nakazato Y, Kawasaki K, et al. A colorectal tumor organoid
library demonstrates progressive lossof niche factor requirements during
tumorigenesis. Cell Stem Cell. 2016;18(6):827-38. https://doi.org/10.
1016/j.stem.2016.04.003.

. Ghislanzoni S, Sarcinelli GM, Bresci A, Manetti F, Polli D, Tomassetti A, et al.

Reduced sulfatide content in deferoxamine-induced senescent HepG2
cells. Int J Biochem Cell Biol. 2023;159:106419.

Hama H, Young DA, Radding JA, Ma D, Tang J, Stock SD, et al. Require-
ment of sphingolipid alpha-hydroxylation for fungicidal action of syringo-
mycin E. FEBS Lett. 2000;478(1-2):26-8.

Hanselmann M, Kirchner M, Renard BY, Amstalden ER, Glunde K, Heeren
RM, Hamprecht FA. Concise representation of mass spectrometry images
by probabilistic latent semantic analysis. Anal Chem. 2008,;80:9649-58.
https://doi.org/10.1021/ac801303x.

Hardwick JP, Eckman K, Lee YK, Abdelmegeed MA, Esterle A, Chil-

ian WM, et al. Eicosanoids in metabolic syndrome. Adv Pharmacol.
2013;66:157-266.

Houjou T, Hayakawa J, Watanabe R, Tashima Y, Maeda Y, Kinoshita T,

et al. Changes in molecular species profiles of glycosylphosphati-
dylinositol anchor precursors in early stages of biosynthesis. J Lipid Res.
2007;48(7):1599-606.

Huch M, Gehart H, van Boxtel R, Hamer K, Blokzijl F, Verstegen MMA, et al.
Long-term culture of genome-stable bipotent stem cells from adult
human liver. Cell. 2015;160(1-2):299-312.

Ishizuka I, Tadano-Aritomi K. Characterization of sulfoglycosphingolip-
ids by direct probe electron impact mass spectrometry. J Biochem.
1984,96:829-39. https://doi.org/10.1093/oxfordjournalsjbchem.a134901.
Kawashima M, lwamoto N, Kawaguchi-Sakita N, Sugimoto M, Ueno

T, MikamiY, et al. High-resolution imaging mass spectrometry reveals
detailed spatial distribution of phosphatidylinositols in human breast
cancer. Cancer Sci. 2013;104(10):1372-9.

Kimura T, Nakajima T, Kamijo Y, Tanaka N, Wang L, Hara A, et al. Hepatic
cerebroside sulfotransferase is induced by PPARa activation in mice. PPAR
Res. 2012;2012:174932.

Kondo J, Inoue M. Application of cancer organoid model for drug screen-
ing and personalized therapy. Cells. 2019;8(5):470.

Krauf3 D, Fari O, Sibilia M. Lipid metabolism interplay in CRC-an update.
Metabolites. 2022;12(3):213.

Lemmens VE, Klaver YL, Verwaal VJ, Rutten HJ, Coebergh JWW, de

Hingh IH. Predictors and survival of synchronous peritoneal carcino-
matosis of colorectal origin: a population-based study. Int J Cancer.
2011;128(11):2717-25.

Liu M, LiuY, Feng H, Jing Y, Zhao S, Yang S, et al. Clinical significance of
screening differential metabolites in ovarian cancer tissue and ascites by
LC/MS. Front Pharmacol. 2021;12:701487.

LiuT, Peng F, Yu J, Tan Z, Rao T, Chen Y, et al. LC-MS-based lipid profile in
colorectal cancer patients: TAGs are the main disturbed lipid markers of
colorectal cancer progression. Anal Bioanal Chem. 2019;411(20):5079-88.
https://doi.org/10.1007/500216-019-01872-5.

LiuY, SuY, Wang X. Phosphatidic acid-mediated signaling. Adv Exp Med
Biol. 2013;991:159-76.

LiuT,Tan Z,Yu J, Peng F, Guo J, Meng W, et al. A conjunctive lipidomic
approach reveals plasma ethanolamine plasmalogens and fatty acids as
early diagnostic biomarkers for colorectal cancer patients. Expert Rev Prot-
eomics. 2020;17(3):233-42. https://doi.org/10.1080/14789450.2020.1757443.
Luo Z, Wang B, Luo F, Guo Y, Jiang N, Wei J, et al. Establishment of a large-
scale patient-derived high-risk colorectal adenoma organoid biobank
for high-throughput and high-content drug screening. BMC Med.
2023;21(1):336.

Lurvink RJ, Bakkers C, Rijken A, van Erning FN, Nienhuijs SW, Burger JW,
et al. Increase in the incidence of synchronous and metachronous peri-
toneal metastases in patients with colorectal cancer: a nationwide study.
Eur J Surg Oncol. 2021;47(5):1026-33.

Mirnezami R, Spagou K, Vorkas PA, Lewis MR, Kinross J, Want E, et al.
Chemical mapping of the colorectal cancer microenvironment via MALDI
imaging mass spectrometry (MALDI-MSI) reveals novel cancer-associated
field effects. Mol Oncol. 2014;8(1):39-49.


https://doi.org/10.1016/j.stem.2016.04.003
https://doi.org/10.1016/j.stem.2016.04.003
https://doi.org/10.1021/ac801303x
https://doi.org/10.1093/oxfordjournals.jbchem.a134901
https://doi.org/10.1007/s00216-019-01872-5
https://doi.org/10.1080/14789450.2020.1757443

Sarcinelli et al. Cancer & Metabolism (2024) 12:18

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

Mora M, Sagristd M-L, Trombetta D, Bonina FP, De Pasquale A, Saija

A. Design and characterization of liposomes containing long-chain
N-acylPEs for brain delivery: penetration of liposomes incorporating GM1
into the rat brain. Pharm Res. 2002;19(10):1430-8.

Morita S-Y, Ikeda Y. Regulation of membrane phospholipid biosynthesis in
mamnmalian cells. Biochem Pharmacol. 2022;206:115296.

Nakajima T, Kamijo Y, Yuzhe H, Kimura T, Tanaka N, Sugiyama E, et al.
Peroxisome proliferator-activated receptor a mediates enhancement of
gene expression of cerebroside sulfotransferase in several murine organs.
Glycoconj J. 2013;30:553-60.

Nakano M, Sabido-Bozo S, Okazaki K, Aguilera-Romero A, Rodriguez-
Gallardo S, Cortes-Gomez A, et al. Structural analysis of the GPI glycan.
Plos One. 2021;16(9): e0257435.

Natarajan V, Reddy PV, Schmid PC, Schmid HH. N-Acylation of ethan-
olamine phospholipids in canine myocardium. Biochim Biophys Acta.
1982;712(2):342-55.

Pakiet A, Kobiela J, Stepnowski P, Sledzinski T, Mika A. Changes in lipids
composition and metabolism in colorectal cancer: a review. Lipids Health
Dis. 2019;18(1):29.

Pan G, MaY, Suo J, LiW, Zhang Y, Qin S, et al. Discovering biomarkers in
peritoneal metastasis of gastric cancer by metabolomics. Onco Targets
Ther. 2020;13:7199-211.

Peinado H, Zhang H, Matei IR, Costa-Silva B, Hoshino A, Rodrigues G, et al.
Pre-metastatic niches: organ-specific homes for metastases. Nat Rev
Cancer. 2017;17(5):302-17.

Porubsky S, Nientiedt M, Kriegmair MC, Siemoneit J-HH, Sandhoff

R, Jennemann R, et al. The prognostic value of galactosylceramide-
sulfotransferase (Gal3ST1) in human renal cell carcinoma. Sci Rep.
2021;11(1):10926.

Prince E, Cruickshank J, Ba-Alawi W, Hodgson K, Haight J, Tobin C, et al.
Biomimetic hydrogel supports initiation and growth of patient-derived
breast tumor organoids. Nat Commun. 2022;13(1):1466.

Pritchard CC, Salipante SJ, Koehler K, Smith C, Scroggins S, Wood B,

et al. Validation and implementation of targeted capture and sequenc-
ing for the detection of actionable mutation, copy number variation,
and gene rearrangement in clinical cancer specimens. J Mol Diagn.
2014;16(1):56-67.

Quinville BM, Deschenes NM, Ryckman AE, Walia JS. A comprehensive
review: sphingolipid metabolism and implications of disruption in sphin-
golipid homeostasis. Int J Mol Sci. 2021;22(11):5793.

Rachieriu C, Eniu DT, Mois E, Graur F, Socaciu C, Socaciu MA, et al. Lipid-
omic signatures for colorectal cancer diagnosis and progression using
UPLC-QTOF-ESI4+MS. Biomolecules. 2021;11(3):417.

Sawayama H, Miyamoto Y, Ogawa K, Yoshida N, Baba H. Investigation of
colorectal cancer in accordance with consensus molecular subtype clas-
sification. Ann Gastroenterol Surg. 2020;4(5):528-39.

Schmid HH, Schmid PC, Natarajan V. N-acylated glycerophospholipids
and their derivatives. Prog Lipid Res. 1990;29(1):1-43.

Schmidt KT, Chau CH, Price DK, Figg WD. Precision oncology medicine:
the clinical relevance of patient-specific biomarkers used to optimize
cancer treatment. J Clin Pharmacol. 2016;56(12):1484-99.

Segelman J, Granath F, Holm T, Machado M, Mahteme H, Martling A.
Incidence, prevalence and risk factors for peritoneal carcinomatosis from
colorectal cancer. Br J Surg. 2012;99(5):699-705.

Shimma S, Sugiura Y, Hayasaka T, Hoshikawa Y, Noda T, Setou M. MALDI-
based imaging mass spectrometry revealed abnormal distribution of
phospholipids in colon cancer liver metastasis. J Chromatogr B Analyt
Technol Biomed Life Sci. 2007;855(1):98-103.

Shin JJ, Loewen CJ. Putting the pH into phosphatidic acid signaling. BMC
Biol. 2011;9:85. https://doi.org/10.1186/1741-7007-9-85.

Spraggins JM, Caprioli RM. High-speed MALDI-TOF imaging mass spec-
trometry: rapid ion image acquisition and considerations for next genera-
tion instrumentation. J Am Soc Mass Spectrom. 2011,22(6):1022-31.
Suckau D, Resemann A, Schuerenberg M, Hufnagel P, Franzen J, Holle A.
A novel MALDI LIFT-TOF/TOF mass spectrometer for proteomics. Anal
Bioanal Chem. 2003;376(7):952-65.

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al.
Global Cancer Statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2021;71(3):209-49.

Page 13 of 13

52. TakahashiT, SuzukiT. Role of sulfatide in normal and pathological cells
and tissues. J Lipid Res. 2012;53(8):1437-50.

53. Thomas A, Patterson NH, Marcinkiewicz MM, Lazaris A, Metrakos P, Chau-
rand P. Histology-driven data mining of lipid signatures from multiple
imaging mass spectrometry analyses: application to human colorectal
cancer liver metastasis biopsies. Anal Chem. 2013;85(5):2860-6.

54. Thomassen |, van Gestel YR, Lemmens VE, de Hingh IH. Incidence, prog-
nosis, and treatment options for patients with synchronous peritoneal
carcinomatosis and liver metastases from colorectal origin. Dis Colon
Rectum. 2013;56(12):1373-80.

55. Thurmer M, et al. PI(18:1/18:1) is a SCD1-derived lipokine that limits
stress signaling. Nat Commun. 2022;13:2982. https://doi.org/10.1038/
s41467-022-30374-9.

56. van de Wetering M, Francies HE, Francis JM, Bounova G, lorio F, Pronk A,
et al. Prospective derivation of a living organoid biobank of colorectal
cancer patients. Cell. 2015;161(4):933-45.

57. van der Haar Al, Windhouwer B, van Vliet SJ. Current state-of-the-art on
ganglioside-mediated immune modulation in the tumor microenviron-
ment. Cancer Metastasis Rev. 2023;42(3):941-58.

58. van Gestel YRBM, Thomassen |, Lemmens VEPP, Pruijt JFM, van Herk-
Sukel MPP, Rutten HJT, et al. Metachronous peritoneal carcinoma-
tosis after curative treatment of colorectal cancer. Eur J Surg Oncol.
2014;40(8):963-9.

59. Varinelli L, Guaglio M, Brich S, Zanutto S, Belfiore A, Zanardi F, et al. Decel-
lularized extracellular matrix as scaffold for cancer organoid cultures of
colorectal peritoneal metastases. J Mol Cell Biol. 2023;14(11):mjac064.

60. Verduin M, Hoeben A, De Ruysscher D, Vooijs M. Patient-derived
cancer organoids as predictors of treatment response. Front Oncol.
2021;11:641980.

61. Wagle N, Berger MF, Davis MJ, Blumenstiel B, Defelice M, Pochanard P,
et al. High-throughput detection of actionable genomic alterations in
clinical tumor samples by targeted, massively parallel sequencing. Cancer
Discov. 2012;2(1):82-93.

62. Wellner N, Diep TA, Janfelt C, Hansen HS. N-acylation of phosphatidyle-
thanolamine and its biological functions in mammals. Biochim Biophys
Acta. 2013;1831(3):652-62.

63. YangY,FengY, Zhang X, et al. Activation of PPAR alpha by fatty acid
accumulation enhances fatty acid degradation and Sulfatide synthesis.
Tohoku J Exp Med. 2016;240(2):113-22.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1186/1741-7007-9-85
https://doi.org/10.1038/s41467-022-30374-9
https://doi.org/10.1038/s41467-022-30374-9

	Sulfatide imaging identifies tumor cells in colorectal cancer peritoneal metastases
	Abstract 
	Introduction
	Materials and methods
	Chemicals and materials
	Human tissues and PM-derived PDOs
	Lipid extraction from PDOs
	Tissue samples processing
	MS analyses
	Statistical analyses

	Results
	MALDI-MS analysis of lipids derived from PDOs
	Tissue classification based on lipid profiles
	Spatial segmentation of lipid species in PM lesions
	ST localization was limited to tumor cells-rich areas

	Discussion
	Conclusion
	References


