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Abstract. Matrix-assisted laser desorption/ionization coupled with Orbitrap mass
spectrometry (MALDI-Orbitrap-MS) is used for the clinical study of patients with renal
cell carcinoma (RCC), as the most common type of kidney cancer. Significant
changes in sulfoglycosphingolipid abundances between tumor and autologous nor-
mal kidney tissues are observed. First, sulfoglycosphingolipid species in studied
RCC samples are identified using high mass accuracy full scan and tandem mass
spectra. Subsequently, optimization, method validation, and statistical evaluation of
MALDI-MS data for 158 tissues of 80 patients are discussed. More than 120
sulfoglycosphingolipids containing one to five hexosyl units are identified in human

RCC samples based on the systematic study of their fragmentation behavior. Many of
them are recorded here for the first time. Multivariate data analysis (MDA) methods, i.e., unsupervised principal
component analysis (PCA) and supervised orthogonal partial least square discriminant analysis (OPLS-DA), are
used for the visualization of differences between normal and tumor samples to reveal the most up- and
downregulated lipids in tumor tissues. Obtained results are closely correlated with MALDI mass spectrometry
imaging (MSI) and histologic staining. Important steps of the present MALDI-Orbitrap-MS approach are also
discussed, such as the selection of best matrix, correct normalization, validation for semiquantitative study, and
problems with possible isobaric interferences on closed masses in full scan mass spectra.
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Introduction

S ulfoglycosphingolipids (glycosphingolipid sulfates or
sulfatides) are acidic sphingolipids characterized by a hy-
drophobic ceramide lipid backbone attached to a polar saccha-
ride chain composed of at least one anionic sulfate ester group
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[1]. Sulfoglycosphingolipids are distributed in various tissues,
including brain, kidney, and gastrointestinal tract, and they play
major roles in signal transduction, cell adhesion, modulating
growth, hormone or cytokine receptors, antigen recognition,
renal ammonium excretion, and other biological functions [2,
3]. Abnormal metabolism of glycosphingolipid sulfates is as-
sociated with various diseases. Expression changes in
sulfoglycosphingolipids concentrations have been reported in
association with chronic metabolic acidosis [3], metachromatic
leukodystrophy [4], Alzheimer’s disease [5, 6], and in numer-
ous malignant disorders, including RCC, colon, lung, and
ovarian carcinomas [2, 7-10]. The majority of studies focused
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on the analysis of galactosylceramide-I>-sulfates, the most
common type of sulfoglycosphingolipids containing one
hexosyl unit. Differences in the length, the degree of
unsaturation, the hydroxylation of N-linked fatty acyl and
sphingoid base in the ceramide part, and the number of hexosyl
and sulfate units in the saccharide part result in a large struc-
tural diversity of sulfoglycosphingolipids.

These structural features cannot be distinguished by immu-
nochemical or chromatographic methods; therefore, the utili-
zation of mass spectrometry (MS) is essential for this type of
analysis [11-13]. MS can bring the information about molec-
ular weights of compounds of interest, however, mass spectra
of lipids are very complex. Matrix interferences and isobaric
overlaps of many lipid species can be present for one nominal
mass, and the use of MS analyzer with high mass resolving
power, high mass accuracy, and MS/MS capability is usually
necessary to distinguish them [14]. Another important step is
the selection of a suitable ionization technique. Electrospray
ionization (ESI) is the most common ionization technique for
lipid analysis and has been applied in many cases in liquid
chromatography-mass spectrometry or shotgun MS analysis of
sulfatides [5, 11, 15-17]. However, matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) with
9-aminoacridine (9-AA), moderately strong base matrix en-
abling a selective formation of deprotonated molecules for
compounds with acidic character in the negative-ion mode
[18-20], has also been frequently used for analysis of
sulfatides, and compared with ESI resulted in higher sensitivity
and selectivity [18]. Moreover, MALDI mass spectrometry
imaging (MALDI-MSI) can bring additional information about
the spatial distribution of these lipids in studied tissue samples
[21, 22]. MALDI-MS is also useful in the characterization of
complex sulfoglycosphingolipids containing two and even
more hexosyl units [13, 19, 22, 23]. Systematic MALDI-MSI
study of mouse kidney resulted in the detection and spatial
localization of several complex lactosylceramide-II*-sulfates
and gangliotetraosylceramide-II°, IV? bis-sulfate [13, 22, 23].
Sulfoglycosphingolipids up to three hexosyl units were found
in different rat organs [19]. Analytical characterization of
sulfatides, major acidic glycosphingolipids in the kidney, is
important, especially in human tissue samples because their
concentration changes can be correlated with various diseases,
as described above. The measurement of many clinical samples
is necessary to consider both analytical and biological
variability.

RCC is the most common type of kidney cancer in adults.
RCC incidence and the mortality rate have been increasing
globally during the last decade [24-27]. The major RCC his-
tologic subtypes are clear cell (>75%), papillary (=15%), and
chromophobe (=5%). Many studies reported enhanced activity
of sulfotransferase and, consequently, elevated level of
sulfatation in human RCC samples (tissue and cell lines) based
on immunochemical analyses without MS application [8, 9,
28]. In contrast, MALDI-MS comparison of 59 RCC and 24
adjacent normal tissue samples reported decreased concentra-
tion of C24 and C22 hydroxylated monohexosyl sulfatides in
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RCC tumor tissue, but the authors described only a low number
of sulfatides and did not study complex species containing
more hexosyl units [29].

In the present study, ultrahigh-resolution MALDI-Orbitrap-
mass spectrometry in the negative-ion mode was used to iden-
tify as many sulfoglycosphingolipid molecular species as pos-
sible and to semiquantify those over a wide range of concen-
trations in RCC tumor and autologous normal tissues obtained
from 80 patients. MDA was performed for all studied tissue
extracts in order to visualize most significant changes in
sulfoglycosphingolipid profiles between tumor and autologous
normal tissue sections, and the results were compared with the
data previously reported in the literature.

Experimental
Preparation of Mixtures of Internal Standards

Internal standards (IS), i.e., phosphatidic acid (PA) 14:0/14:0,
phosphatidylglycerol (PG) 14:0/14:0, phosphatidylethanol-
amine (PE) 14:0/14:0, phosphatidylcholine (PC) 14:0/14:0,
phosphatidylinositol (PI) 8:0/8:0, phosphatidylserine (PS)
14:0/14:0, sphingomyelin (SM) d18:1/12:0, and SulfoHexCer
d18:1/12:0 were purchased from Avanti Polar Lipids (Alabas-
ter, AL, USA) and used for the validation and semiquantitation
MALDI-MS experiments. Stock solutions of individual IS were
prepared in a mixture of chloroform and 2-propanol (1:4, v/v).
Two IS mixtures were subsequently prepared for validation and
semiquantitative experiments. IS mixture 1, used for the prep-
aration of calibration solutions, was prepared by mixing of 8 uL.
of'each IS. The ratio of IS used for the preparation of the second
IS mixture 2 as well as the concentration of stock solutions are
listed in the Supplementary Table S1.

RCC Tissue Samples and Their Extraction

Eighty kidney tumor and 78 autologous normal kidney tissue
samples from 80 RCC patients (see Table 1) were obtained
from the Department of Urology, Palacky University, Faculty
of Medicine and Dentistry and University Hospital, Olomouc,
Czech Republic. The study was approved by the Hospital
Ethical Committee, and all patients signed informed consent.
Tissues were obtained during surgery, immediately frozen, and
stored at —80 °C until sample processing and analysis. Extracts
of human kidney tissues were prepared by modified Folch
method with chloroform-methanol-water mixture. Briefly,
25 mg of kidney tissue and 17.5 pL (6 puL for low concentration
level and 24 uL for high concentration level in case of valida-
tion experiments) of IS mixture 2 were ultrasonicated with 6
mL of chloroform-methanol (2:1, v/v) mixture. The homoge-
nate was mixed with 120 puL of water and centrifuged at
3000 rpm for 5 min at room temperature. The bottom chloro-
form layer containing lipids was evaporated by a stream of
nitrogen and redissolved in 0.5 mL of chloroform-2-propanol
mixture (1:1, v/v). Samples were finally diluted four times in
methanol before the mixing with MALDI matrix solution.
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Table 1. Clinicopathological characteristics of RCC tissue samples (80 patients)
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Number of tissues Patients
Normal 78 Age range
RCC 80 Age median
Male 75% BMI range
Female 25% BMI median

Tumor stage (number of individual patients)
Not classified

Histological type of tumor

1881y Clear cell 71 (89%)
66y Papillary 5 (6%)
17.9-54.5 Chromophobe 2 (3%)
27.5 Oncocytic adenoma 1 (1%)
Ewing sarcoma 1 (1%)

pT1aNxMx (5), pT1bNxMx (5), pT2aNxMx (4), pT2bNxMx (2), pT3aNxMx (13)

I pT1aNOMO (8), pT1bNOMO (14)
1 pT2aNOMO (5), pT2bNOMO (1)

i pT3aNOMO (11), pT3aN1Mx (2), pT3bNOMO (1), pT3aNxMO (1)
v pT2bNxMI (1), pT3aNxM1 (3), pT3aNIMI (2)

Method Validation

A pooled sample was prepared from 20 randomly selected pa-
tients containing tumor and autologous normal tissue samples
equally. Validation parameters were studied according to “Guide-
line on bioanalytical method validation” by European Medicines
Agency [30] and included the following parameters: selectivity,
calibration curve, within-run and between-run precision, carry-
over effect, and freeze/thaw stability. Linearity range, limit of
detection (LOD), and limit of quantitation (LOQ) of developed
MALDI-MS method were determined using a pooled sample of
kidney tissues spiked with IS mixture 1, extracted, and then
diluted with methanol to provide the final concentration listed in
Supplementary Table S2. Linearity was determined from calibra-
tion curves of individual IS plotted as peak abundances against
concentrations of standard solutions and fitted by linear regres-
sion. LOD and LOQ were determined from signal-to-noise ratios
3 and 10, respectively. Selectivity of tested IS was verified based
on the preliminary measurement of six different tissue extracts
without the addition of IS. For validation of within-run precision,
three consecutive extractions of pooled RCC tissue extract with IS
were performed in both high and low concentration levels and
measured within 1 d. Between-run precision was determined
based on the measurement of nine RCC tissue extracts with IS
of high concentration level (six extracts were prepared in 1 d and
three were prepared the next day). Precision was calculated taking
into account mean value and standard deviation. Data are
expressed as relative standard deviation (% RSD). Measurement
of high number of samples with five repetitions is not possible
within one run on one MALDI plate. The washing step of the
plate is necessary before the next run; thus, the carry-over effect
should be determined to verify efficiency of the washing proce-
dure. Carry-over effect was determined from the blank sample,
which was spotted on the washed MALDI plate on the same
positions as previously measured calibration standards at the
upper limit of quantitation. Freeze/thaw stability was determined
for pooled sample with IS of high concentration level after two
freeze/thaw cycles involving the storage of sample at —20 °C
overnight and its thawing at room temperature for 1 h. Reproduc-
ibility of spotting was calculated as the standard deviation from
five consecutive spots of the sample. All validation parameters
were calculated using Microsoft Excel 2010.

Histologic Staining

Fresh tissue obtained from surgical resections was cut at 5 pm
thickness using Leica CM1950 cryostat microtome (Leica
Microsystems, Wetzlar, Germany) and stained with hematox-
ylin and eosin (H&E) as described elsewhere [31]. Adjacent
tissue slides of 10 pm thickness were obtained and subsequent-
ly subjected to MALDI-MSI experiments.

MALDI-Orbitrap-MS Study

Mass spectra were measured using ultrahigh-resolution
MALDI mass spectrometer LTQ Orbitrap XL (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with the nitrogen
UV laser (337 nm, 60 Hz) with a beam diameter of about
80 um % 100 um. The LTQ Orbitrap instrument was operated
in negative-ion mode over a normal mass range m/z 400-2000;
the mass resolution was set to R = 100,000 (full width at half
maximum definition, at m/z 400) for all full scan mass spectra
experiments (identical setting was used for MALDI-MSI ex-
periments). 9-AA (Sigma-Aldrich, St. Louis, MO, USA) was
dissolved in methanol (Sigma-Aldrich)-water mixture (4:1,
v/v) to provide a concentration of 5 mg/mL, and mixed with
particular diluted tissue extracts (1:1, v/v). Deionized water
was prepared with a Milli-Q Reference Water Purification
System (Molsheim, France). Dried droplet crystallization was
used for the sample deposition on the target plate. The depos-
ited amount of samples was 1.5 pL. Each sample (spotted
matrix and tissue extract mixture) was prepared five times
and measured in negative polarity mode. The zig-zag sample
movement with 250 um step size was used during the individ-
ual data acquisition. The laser energy corresponded to 15% of
maximum, and two microscans/scan with two laser shots per
microscan at 36 different positions were accumulated for one
measurement to achieve a reproducible signal. For tandem
mass spectrometry (MS/MS), the isolation width Am/z 1, nor-
malized collision energy from 25% up to 80%, activation Q
value 0.250, activation time 30 ms, and helium as the collision
gas were used for collision-induced dissociation (CID) exper-
iments in LTQ linear ion trap. For pulsed Q collisional induced
dissociation (PQD), normalized collision energy 35%, activa-
tion Q value 0.7, and activation time 0.1 ms were applied. For
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higher energy collisional induced dissociation (HCD), normal-
ized collision energy from 25% up to 50% was applied.

MALDI-Orbitrap-MSI Experiments

Each tissue slice for the imaging experiments was immediately
thaw-mounted onto stainless or microscopic glass plate and
placed on the bottom side of sublimation condenser. The 9-AA
matrix deposition was performed in a modified sublimation
apparatus described previously [14] (Chemglass Life Science,
Vineland, NJ, USA) with a constant vacuum of 0.04 mbar.
Stable vacuum was obtained using the rotary pump Edwards
E2M28 (Edwards, Crawley, UK) supplemented with the sole-
noid valve DN15 (Vacuubrand, Wertheim, Germany) and con-
trolled by the vacuum controller CVC 3000 (Vacuubrand).
Sublimation time was 10 min and temperature obtained in oil
bath was 190 °C, respectively. All experiments were performed
with the automatic gain control turned off to achieve an iden-
tical number of laser shots for each pixel. The step size of the
sample was set to 120 pm. Four microscans were summed for
each mass spectrum (each pixel). Mass spectrometric images
were generated using tissue imaging visualization software
ImageQuest 1.0.1 (Thermo Fisher Scientific).

Statistical Data Analysis

MDA was performed using PCA and OPLS methods in the
SIMCA software, ver. 13.0 (Umetrics, Umed, Sweden). Data
were preprocessed before statistical analysis using Pareto scal-
ing and logarithm transformation. Box plots were calculated
using Microsoft Excel 2010 and the distribution of results
described using median, minimum, maximum, and variability
of data sets in the first and third quartiles.

Lipid Nomenclature

The lipid nomenclature used in this article is based on officially
accepted terms, and builds upon the LIPID MAPS system [32]
and the shorthand notation for lipid structures [33]. Although
the abbreviations for most of the lipids are well defined there,
the shorthand notation for sulfoglycosphingolipid species is
missing. Considering that structures of these compounds are
closely related to their neutral glycosphingolipid analogues,
such as glucosyl, galactosyl, or lactosyl ceramide species, and
the difference in the additional sulfate group in the saccharide
part of molecule only can be found, we used the similar
abbreviation for them and added only Sulfo- prefix indicating
the presence of sulfate group. In the following text, our sulfo
glycosphingolid shorthand notification is briefly described on
the example of SulfoHex,Cer 36:1 for a better understanding.
The Sulfo- prefix indicates the presence of one sulfate group,
the abbreviation Hex means presence of hexosyl unit without
specification of stereochemistry, and additional subscript gives
the information on their number (in our example two hexosyl
units) on ceramide (Cer) backbone. Subsequently, the colon
separating numbers 36:1 provides the information on the total
number of carbon atoms and double bonds (CN:DB) of N-
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linked fatty acyl and sphingoid base of ceramide part, and this
annotation is based on the common assumption of a sphingoid
base with two hydroxyl groups and no hydroxylation of N-
acyl. In case of presence of additional hydroxyl on the cer-
amide part without any specification of its position, the OH in
parentheses is space separated and placed behind the ceramide
DB number, e.g., SulfoHex,Cer 36:1 (OH). If the type of
sphingoid base and linked N-acyl is known from tandem mass
spectra, the fatty acyl/alkyl level notation is applicable [33].
The hydroxylation of N-acyl part, the positions of which in the
acyl chain are not known, is shown after the number of double
bonds separated by an underscore. The sphingoid backbone is
annotated by the number of hydroxyl groups in the sphingoid
base using small letter in front of CN:DB (d for di, t for tri) and
separated by a slash from the number of CN:DB of the N-
linked fatty acyl, i.e., d18:1/18:0_OH for N-acyl hydroxylation
and dihydroxylated sphingoid base, t18:0/18:1 for
trihydroxylated sphingoid base, and no hydroxylation of N-
acyl or t18:0/18:1 OH in case of additional hydroxylation of
both parts of ceramide. For sulfoglycosphingolipids containing
more than two hexosyl units, the presence of N-
acetylhexoseamine (HexNAc) is typical and HexNAc abbrevi-
ation is placed between Sulfo prefix and Hex,, in their short-
hand notation, i.e., SulfoHexNAcHex;Cer
(sulfoglycosphingolipid composed from one sulfate group,
three hexosyls, and one N-acetylhexoseamine in the saccharide
part).

Results and Discussion

Preliminary tests and comparison with other matrices showed a
good agreement with the literature [18], and 9-AA was evalu-
ated as the best matrix for the analysis of acidic lipids. Another
important step was the optimization of solvent composition to
minimize the sample spreading and thus achieve the homoge-
nous crystallization yielding better reproducibility and in-
creased sensitivity. The best results were obtained by dissolv-
ing the matrix in the mixture of methanol-water (4:1, v/v). The
deposition of small aliquot of chloroform on MALDI plate
spots before the application of diluted extract/matrix mixture
completely reduced the drop spreading. All preliminary exper-
iments, lipid identification for database creation, and subse-
quent validation for semiquantitative measurement were done
on the pooled RCC sample.

Problem with Mass Interferences

One of the most important steps is correct lipid identification
and verification that identified lipids are not influenced by
closed masses, which could further distort quantitative data.
The basicity of 9-AA allows the formation of deprotonated
molecules for polar lipid species containing acidic proton, such
as phospholipid or acidic sphingolipid species. More than 600
ions corresponding to lipid species were matched with theoret-
ical suggestions in the RCC pooled sample. Among these
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phospholipids (PA, PE, PG, PI, PS, cardiolipins, and corre-
sponding lyso species), sphingolipids (ceramide phosphate
(CerP), SM, sulfatides, and gangliosides), and sterol sulfates
were identified. Although a relatively high number of lipids
was matched using various identification software, such as MS
Analysis Tools on LipidMaps [34] or LipidXplorer [35], the
problem with lipid overlaps has to be considered in case of
measurement of only full scan mass spectrum without any
separation step or MS shotgun approaches. Overlaps of isoto-
pic envelopes of lipids is often present in complex biological
samples and the application of mass analyzer with high resolv-
ing power or isotopic correction for lower resolution MS is
required. The identification of overlapped lipids can be done
based on additional MS/MS spectra measurements, where
product ions corresponding to all precursors are present. How-
ever, this is not sufficient for quantitative studies of lipids,
where only ion intensities from full scan mass spectra are
compared. Supplementary Table S3 summarizes possible over-
laps for isotopes of particular lipid species in negative-ion mass
spectra. The high mass accuracy and high resolution Orbitrap-
MS allow better detection of closed masses, distinguishing
isobaric interferences and thus higher coverage and identifica-
tion confidence of studied lipids. The application of Orbitrap
XL analyzer with the resolution 100,000 (at m/z 400) is suffi-
cient to distinguish many interfering ions, but not in all cases.
9-AA matrix provides abundant [M — CH3] ions of phospha-
tidylcholines, which are of identical m/z values as deprotonated
molecules of phosphatidylethanolamines corresponding to fat-
ty acyl composition differing by C,H4 from PC (e.g.,
demethylated PC 38:4 is equal to deprotonated PE 40:4).
Erroneous assignment of PC as PE species can occur and the
quantitation of these species cannot be done without the previ-
ous separation step in negative-ion MALDI mass spectra of
complex biological samples containing phospholipids with a
significant PC content, as described previously [36]. Another
problem is that product ions of PC and SM, observed even in
negative-ion full scan mass spectrum, are of identical m/z
values as deprotonated molecules of PA and CerP. In addition,
ions corresponding to PA species largely yield from PS after
ion source elimination of serine moiety (Am/z C3HsNO,) in
negative-ion MS mode. A similar situation can be observed for
all deprotonated molecules of lysophospholipid species that are
of identical m/z values as product ions of their phospholipid
analogues. Despite the fact that the fragmentation of precursor
ion in full scan mass spectrum can be minor, lipids on these
masses should not be used in quantitative studies, in order to
avoid positive false results. All these problems have to be
considered in MALDI-MS or ESI-MS in which only intensities
from full scan mass spectrum are compared for relative or
absolute quantitation. Regarding the above mentioned prob-
lems and preliminary data from MSI, we focused mainly on the
analysis of sulfoglycosphingolipids (sulfatides), which showed
the highest differences between tumor and normal tissue parts.
Manual control of possible overlaps for all studied samples was
performed after data processing to avoid problems with possi-
ble interferences.
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Identification of Sulfoglycosphingolipid Species

This section summarizes the gas-phase fragmentation process-
es used for the elucidation of the structure of observed
glycosphingolipid sulfates. As described in the Introduction,
these compounds can differ in the composition of the ceramide
anchor part and the number of sulfates or hexosyl units in the
saccharide part. In studied samples of RCC tissues,
glycosphingolipid sulfates species containing from one up to
five hexosyl units and one sulfate group were encountered. The
total CN:DB number of N-linked fatty acyl and sphingoid
backbone in the ceramide part were predicted even from high
mass accuracy full scan mass spectra. In total, 52 species for
sulfoglycosphingolipids with one, 40 with two (48 in case of
fatty acyl level), 12 with three, 5 with four, and 10 with five
hexosyl units were identified with mass error below 3 ppm in
mass spectra of studied RCC tissue samples (Supplementary
Tables S4-S6). The application of MS/MS was necessary for
the determination of sulfate position or particular composition
of ceramide part. Most important product ions and neutral
losses (NL) observed in CID MS/MS of deprotonated mole-
cules of all identified sulfoglycosphingolipids containing two
up to five hexosyl units (including species recorded here for the
first time) are listed in Supplementary Tables S5 and S6.
Examples of their tandem mass spectra are shown in Figure 1.
Some ions of more complex sulfoglycosphingolipids with sev-
eral hexosyl units were close to LOD in the pooled sample.
These low abundant ions were only added to our database for
subsequent automatic collection of their intensities for all stud-
ied samples. Fragmentation was performed additionally in
samples where they were of higher abundance to obtain rele-
vant MS spectra. The fragmentation of sulfatides containing
only one hexose is described elsewhere [11, 37], but the sys-
tematic fragmentation study of sulfatides containing more hex-
ose units has not been described so far. Three types of frag-
mentations, CID, PQD in the linear ion trap, and HCD in the
HCD cell, can be performed with LTQ XL Orbitrap configu-
ration [38]. Supplementary Figure S1 illustrates three graphs of
dependence of fragmentation efficiency on used collision en-
ergy for selected glycosphingolipid sulfates (m/z 1050, 1066,
and 1595). The application of collision energy (at least 30% of
maximum) was necessary to start the fragmentation process,
but usually energy higher than 60% of maximum was used to
provide sufficient intensity of product ions required for the
identification of studied glycosphingolipid sulfates.

Fragmentation of SulfoHex,Cer

The colored arrows in all fragmentation schemes or NL and ion
masses in MS/MS spectra in Figures 1, 2 and 3, Supplementary
Figures S2-S5, and Supplementary Tables S5 and S6 are
associated with the fragmentation processes related to particu-
lar parts of studied sulfoglycosphingolipids, where red repre-
sents NL and ions of saccharide part, green represents NL of N-
acyl part, and blue represents NL of sphingoid base part.
Figure 1a—c show a comparison of MS/MS for deprotonated
SulfoHex,Cer d18:1/24:1 at m/z 1050. As illustrated in
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Figure la, the HCD fragmentation is dominated by product
ions in low mass region, where three abundant ions at m/z 97
[HSO4], m/z 241 [C¢H9Os5SO5]", and m/z 403
[C12H19019S05], together with several ions (m/z 315, 259,
and 257) of lower intensity are present. Suggested structures of
all these ions originating from saccharide part are shown in the
fragmentation scheme based on CID fragmentation approach in
Figure 2. On the other hand, ions in low mass region are
missing in CID fragmentation (Figure 1b) due to low-mass
cutoff of ion trap, and these ions are present only in additional
multistage mass spectra of particular product ions. The pres-
ence of saccharide part can be inferred only from m/z 403 and
from NL of Am/z 404 obtained from the same fragmentation
process yielding deprotonated ceramide at m/z 646. Similarly
as for monohexosyl sulfatides [11], important ions providing
information on fatty acyl length of N-acyl at m/z 702 (NL of
fatty acyl chain as a ketene via the NH-CO bond cleavage), m/z
684 (NL of ketene and additional loss of water), sphingoid base
at m/z 812 (NL of sphingoid base as aldehyde), and m/z 8§10
(812-H,) are generated during the low energy process of CID
fragmentation in the linear ion trap (see Figure 2 for more

details). In contrast to renal sulfatides in the mice models
reported by Marshing et al. [13], ceramide anchor with o-
hydroxyl acyl chains are often observed in human RCC tissue
samples. The fragmentation pattern is similar as for the ana-
logues with N-acyl non-hydroxylated chains except for one
additional specific fragmentation arising from the cleavage of
C—C bond between the carbonyl and a-hydroxy carbon, as
demonstrated in the fragmentation scheme of SulfoHex,Cer
d18:1/24:1(OH) (Supplementary Figure S2) in the fragmenta-
tion path of m/z 1066-730 (NL of Am/z 336). The scheme of
basic CID fragmentation processes together with the list of
observed NL corresponding to present hydroxylated and non-
hydroxylated fatty acyls of N-acyl part and sphingoid base part
with two or three hydroxyls for all identified SulfoHex,Cer
species are shown in Figure 3. Couple of ions are further
formed by direct NL of Am/z 162 (C¢H;¢Os, hexose-H,0)
and 180 (CgH;,04) in MS/MS of all deprotonated molecules
of dihexosylceramide sulfates (see ions at m/z 888 and 870 in
Figure 1b). Although these NL could misleadingly indicate the
sulfate position on the first hexosyl unit (closer to ceramide
anchor), the opposite is true, and these ions are formed by the
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Figure 2. Suggested fragmentation pattern of SulfoHex,Cer d18:1/24:1 at m/z 1050. The color of arrows is associated with NL of
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rearrangement process described previously for monohexosyl
sulfatides [11]. This rearrangement is also observed during
MS? and MS* fragmentations and even ions corresponding to
particular sulfo-ceramide after two subsequent rearrangement
processes were found for these compounds (see fragmentation
path 1050-888 (870)-726 (708) in Figure 2). Incorrect assign-
ment of sulfate position would provide false positive result and
would be in conflict with the metabolic pathways of these
compounds [39]. Particular ions presented in MS/MS of iden-
tified SulfoHex,Cer species are listed in Supplementary Ta-
ble S5. The last type of fragmentation (Figure lc), PQD,
provides similar fragmentation as for CID; however, at the
same time it allows the observation of low m/z fragments that
are usually excluded from CID spectra and also helps to access
higher energy dissociation channels [40].

Fragmentation of SulfoHexNAcHex,Cer,
SulfoHexNAcHex;Cer, SulfoHexNAcHex ,Cer

In the case of MS/MS of deprotonated molecule of
SulfoHexNAcHex,Cer at m/z 1227, the most abundant ion
was formed after NL of Am/z 203 (N-acetylhexoseamine-
H,0), as demonstrated in Figure 1d and Supplementary Fig-
ure S3 in the CID spectrum and the fragmentation scheme of

SulfoHexNAcHex,Cer d18:1/22:0, respectively. This promi-
nent NL confirms an outer position of N-acetylhexoseamine
unit. Another important but less abundant ion at m/z 887, is
formed via the NH-CO bond cleavage and additional water
loss (Am/z 340) and confirms 22:0 N-acyl in the ceramide part.
The information on d18:1 sphingoid base was obtained with
the help of ion at m/z 989 formed after NL of particular
aldehyde (Am/z 238). In general, these NL (Figure 3) originated
from ceramide part are present in all MS/MS of all identified
sulfoglycosphingolipids containing one to five hexosyl units
(Supplementary Tables S5 and S6), and they are also observed
in other fragmentation paths obtained by measurements of MS"
spectra, as demonstrated in fragmentation schemes of selected
sulfoglycosphingolipids (Supplementary Figures S2—S5). For
SulfoHexNAcHex;Cer species containing the additional hex-
ose linked to HexNAc, typical NL of Am/z 365 (combined NL
of Am/z 162 and 203) together with NL of outer hexose Am/z
162 and Am/z 180 (hexose) are observed in MS/MS, as evident
in MS/MS of deprotonated molecule of SulfoHexNAcHex;Cer
d18:1/24:1 at m/z 1415 (Figure le). MS/MS of deprotonated
molecules of SulfoHexNAcHex,Cer (Figure 1f) are character-
ized by the NL of Am/z 162 (180), 365, and 527. The presence
of Am/z 365 and no NL corresponding to the loss of two
hexoses provides evidence that the last hexosyl unit is probably
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Figure 3. CID fragmentation process together with the list of observed NL corresponding to hydroxylated and non-hydroxylated N-
acyl and sphingoid base parts for all identified SulfoHex,Cer species

linked to the first or second hexosyl unit from the side of
ceramide part. Product ions associated with saccharide units
are present in all MS/MS of glycosphingolipid sulfates. The
cleavage of the bond between ceramide and whole saccharide
part results in the formation of negatively charged ceramide
and particular saccharide ions, as illustrated in Figure 1d-f,
where adequate ions at m/z 620 and 606 (624) for MS/MS of
SulfoHexNAcHex,Cer d18:1/22:0, ions at m/z 646 and 768
(786) for MS/MS of SulfoHexNAcHex;Cer d18:1/24:1, and
ions at m/z 646 and 930 (948) for MS/MS of
SulfoHexNAcHex,Cer d18:1/24:1 are observed, respectively.
Other smaller product ions of whole saccharide chain formed
by the cleavage of the interglycosidic bond (m/z 444, 241, and
97) are further generated in particular MS/MS during CID
process. The rearrangement of sulfates described above for
mono- and dihexosyl sulfates is not observed in MS/MS spec-
tra of deprotonated molecules of their analogues with more
hexosyl units, and this fragmentation process is observed only
during additional MS" of their product ions that correspond to
the mass of SulfoHex,Cer. This fact indicates that sulfate
rearrangement is preferred for ions with sulfate position on
the last hexosyl unit (Supplementary Figures S2—-S5).

MALDI-Orbitrap-MSI Experiments

MALDI-Orbitrap-MSI was further used to obtain information on
the lipid composition of RCC and autologous normal tissues. Two
adjacent surgically removed kidney tissue slices of selected RCC
patient were cut simultaneously. The first tissue slice was subject-
ed to histologic staining for the diagnostic evaluation of RCC and

surrounding non-affected tissues. Ion currents corresponding to
m/z values of identified sulfoglycosphingolipids and other lipid
species were further extracted in case of MALDI-MSI of the
second tissue slice. The spatial maps were compared with the
results obtained from histology with the aim to find the largest
differences in lipid profiles between the two tissue parts. All MS
images representing extract ion currents (EIC) of m/z values were
reconstructed with mass tolerance of Am/z 0.005. 9-AA matrix
was also used in case of MSI experiments. Long-term stability of
matrix allowed measuring pictures with lateral resolution of
120 pum with highest Orbitrap XL resolving power of 100,000
(at m/z 400). Figure 4 represents a perfect correlation of MSI and
histology. Visualization of particular ions was performed using
the combo picture including two colors (green and red) separately
used for EIC of m/z, and m/z,, where the color saturation ex-
presses peak intensity. The highest elevation in RCC tissue part
was observed for SulfoHex,Cer, while some other lipids, such as
phospholipids of composition 36:4 were markedly decreased, as
illustrated here by representative EIC of SulfoHex,Cer 42:1 at m/z
1052 and PE 36:4 at m/z 738. Similar results were obtained for
another patient. Two separately surgically removed tumor and
normal tissue parts are compared in this case (Supplementary
Figure S6). A different color visualization of changes in the lipid
distribution, blue to red, is applied here, where blue represents the
lowest abundance and red represents the highest abundance of
particular EIC of deprotonated molecules or their ratios. Visuali-
zation of changes in the lipid ratio is very useful, especially when
lipids of similar structures are compared, because no further
normalization to IS is necessary (see section on validation). Al-
though sulfoglycosphingolipids are shown to be very important in
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Figure 4. Comparison of H&E staining (a) with MALDI-MS
imaging (b) of two adjacent tissue slices composed of tumor
and adjacent autologous normal tissues parts. Green repre-
sents EIC of [PE 36:4 — H]™ at m/z 738.508, and red represents
EIC of [SulfoHex,Cer 42:1 — H]” at m/z 1052.693

RCC metabolism based on the previous MALDI-MSI experi-
ments, at least several dozens of patients should be analyzed to
obtain statistically relevant results. However, the MALDI-
Orbitrap-MS imaging of such number of patients is time-
consuming in view the fact that one tissue image of 1 cm” size
0f 200 um lateral resolution is measured approximately 3.5 h with
the application of highest mass resolution and high spectra aver-
ring to achieve reliable pictures. Thus, we decided to validate and
apply classic MALDI-MS approach of matrix/tissue extract mix-
ture measurement for this semiquantitative characterization and
subsequent statistical comparison of selected lipids in tumor and
autologous normal tissues of 80 RCC patients. Validation, partic-
ular statistical results, and the correlation with MALDI-MSI are
described below.

Validation of MALDI-Orbitrap-MS Method

The principal problem of MALDI-MS quantitative analyses
arises from the ionization suppression effects and heterogeneity
of matrix/analyte cocrystalization during sample preparation.

R. Jirasko et al.: MALDI-MS of Sulfoglycosphingolipids in RCC

Other compounds presented in the sample compete with the
analyte during these processes, and the analyte of identical
concentration can provide different absolute signal in the stud-
ied extracts of particular patients with regard to their biological
and chemical variability (e.g., high abundance of acylglycerols
is usually observed for obese patients, etc.). When compounds
of interests belong to the identical lipid class (i.e.,
sulfoglycosphingolipids) and thus provide similar chemical
and physical properties (e.g., similar behavior during extrac-
tion, cocrystalization with matrix, identical solubility, etc.),
their relative abundance or changes in ratios of intensities of
particular deprotonated molecules can be compared within
studied RCC patients to correct for these problems and achieve
acceptable semiquantitative results. Another and more com-
mon normalization is the application of IS, which should be
from the same lipid class, should contain the same lipid back-
bone, the head group as the compound of interest, and differ
only in fatty acyl chain length in order to show similar chemical
and physical properties. The isotopically labeled lipids or IS
with shorter fatty acyls (C12) are usually used in quantitative
lipidomics and must not interfere with endogenous or matrix
ions [41]. The test of selectivity proved that no interferences in
close region of m/z are present (data not shown). The selectivity
was followed by the measurement of calibration curve of
selected IS (Supplementary Figure S7) to obtain information
on the linearity range (0.37-1700 pmol/mL), LOD (0.11
pmol/mL), and LOQ (0.37 pmol/mL) values. The linearity
range over three orders of magnitude with R greater than
0.99 proved the possibility of semiquantitation and comparison
of studied sulfoglycosphingolipids in RCC tissue extracts.
Among other validation parameters, carry-over effect was not
observed, RSD of within-day and between-day precisions did
not exceed 30%, and RSD for freeze/thaw stability was less
than 20% (see Supplementary Tables S7 and S8). The matrix
effect is evident from the Supplementary Table S9, where the
absolute signal of internal standard is compared within 20
different RCC tissues extracts resulting in RSD 45%. Valida-
tion parameters showed that the method is applicable for semi-
quantitative study to find main differences in
sulfoglycosphingolipid composition between tumor and autol-
ogous normal tissues. The reproducibility of spotting was
calculated as the standard deviation from five consecutive spots
of the sample (see particular RSD of five spots in round
brackets in particular lines in Supplementary Tables S7 and
S8) and it is around 10%.

MALDI-Orbitrap-MS Study of 80 RCC Patients

This study evaluated 80 RCC tumor and 78 adjacent normal
tissue samples collected from 80 patients who underwent sur-
gery at the University Hospital in Olomouc, Czech Republic
from 2013 to 2015 (Table 1). Supplementary Figure S8 repre-
sents the flow chart of the present MALDI-MS study. Tumor
and autologous normal tissues were analyzed for each patient.
Each tissue is represented by one average MALDI-MS spec-
trum with thousands of m/z values. The automatic peak
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Figure 5. MDA of normalized intensities of sulfoglycosphingolipid species in 158 normal and tumor tissue parts of 80 RCC patients:
(a) the score plot of unsupervised PCA method (abbreviation ccRCC means clear cell renal cell carcinoma), (b) the score plot, and (c)

the S-plot of supervised OPLS-DA method

assignment is subsequently performed and particular m/z peaks
are matched with deprotonated molecules from a database
created during the identification procedure using the Excel
macro script. This peak assignment results in the generation
of the list of present m/z (illustrated here by numbers 1 to X) of
studied sulfo glycosphingolipids with the average intensities
(INT) in particular spectra for each 158 samples (illustrated
here by capitals A to Z). The values of intensities below LOQ
(minimum value of statistical confidence level) are subsequent-
ly replaced by 2/3 of lowest quantified value in order to unify
statistically insignificant or zero values and enable further
processing based on logarithmic calculations, similarly as de-
scribed previously by Martin-Fernandez et al. [42]. Corrected
intensities are subsequently normalized to IS or particular ratios
of intensities within one lipid class are generated. Finally,

statistical evaluation and comparison of normalized data set is
performed. The total acquisition time of one sample including
five consecutive spots was around 10 min. The control sample
should be placed at the beginning, middle, and end positions of
MALDI plate within each run for later verification of signal
stability. If the measurement of studied samples cannot be
performed on one MALDI plate, the control sample should
also be placed on another MALDI plate or identical MALDI
plate after the washing step. The measurement of all 158
studied samples with five repetitions was performed within 3
d including two washing steps of MALDI plate. Two control
samples were randomly selected from our sample set, and low
RSD in Supplementary Table S10 show good reproducibility
of relative signal for selected sulfoglycosphingolipids and dem-
onstrate that no significant effect disrupting the measurement is
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Figure 6. Box plots representing sum of intensities of particular lipid subclasses normalized to the internal standard or their ratios in
studied 158 normal and tumor tissues of 80 RCC patients. Numbers in brackets signify number of samples of particular RCC tissue

subtype

observed within 3 d of study. The RSD values in the brackets
behind the average values and standard deviations inside of
particular columns under each day represent the signal fluctu-
ation within three positions (start, middle, and end) of MALDI
plate (except first-day run of tissue sample 10T for which only
one position was measured) and total RSD expresses total
signal variation including plate positions and particular days
of all three runs. The absolute signal of sulfoglycosphingolipids
is related either to the intensity of used IS or to another
observed sulfatide. Additional control can be subsequently
done after PCA or OPLS-DA plot creation, where minimum
statistical scattering should be observed for these control sam-
ples, as illustrated in Figure 5a and b. Control samples of tumor
are dark red (seven points), whereas control samples from
normal tissues are dark green (three points). Low statistical
scattering of control samples proves the stability and reproduc-
ibility of all individual steps in the sample preparation and
analysis.

Statistical Evaluation of Normalized
MALDI-Orbitrap-MS Data

MDA of normalized data of all 158 samples using unsuper-
vised (PCA) and supervised (OPLS-DA) statistical tools was
performed for the simplified visualization of most significant
differences between tumor and autologous normal tissues (Fig-
ure 5). The intensities of sulfoglycosphingolipids containing
more than two hexosyl units were not input for the statistical
comparison because these compounds were detected only in
less than 10% of studied samples, mostly in tumor tissues.
Particular data points of individual tissue types are specifically
colored for better visualization in score plots, where green is

used for normal, red for clear cell RCC (ccRCC), blue for
papillary RCC, yellow for chromophobe RCC, pink for
oncocytic adenoma, and brown for Ewing’s sarcoma tissue
samples. The score plot of PCA method (Figure 5a) shows a
good clustering of normal and tumor tissue data points with a
small degree of overlap in the region at the boundary of groups.
No separation from the normal tissue samples is only observed
for chromophobe RCC subtype. The first component in PCA
method explains 39.7% of the variation, whereas the second
component explains 21.5%. The application of supervised
OPLS-DA method with predefined two groups of samples
(normal versus tumor) exhibits even better group separation
(Figure 5b). Lipid species responsible for separation quality of
clusters are visualized in the S-plot (Figure 5c¢). SulfoHex,Cer
44:2, SulfoHex,Cer 43:2, SulfoHex,Cer 43:1, SulfoHex,Cer
42:0 (OH), SulfoHex,Cer 44:1, SulfoHex,Cer 41:2,
SulfoHex,Cer 40:0 (OH), SulfoHex,Cer 34:2 (OH), and
SulfoHex,Cer 42:3 (OH) belong among the most upregulated
sulfoglycosphingolipids, whereas SulfoHexCer 41:1 (OH),
SulfoHexCer 42:0 (2*OH), SulfoHexCer, 41:0 (OH),
SulfoHexCer 42:1 (2*¥*OH), SulfoHexCer 40:0 (OH),
SulfoHexCer 40:1 (OH), SulfoHexCer 41:0 (2*OH), and
SulfoHexCer 43:1 (OH) are most downregulated in tumor
tissues. The significant elevation of some non-hydroxylated
SulfoHexCer, such as SulfoHexCer 42:3, SulfoHexCer 42:4,
SulfoHexCer 44:3, and SulfoHexCer 40:3, is also observed in
RCC tumor tissues. Box plots representing normalized inten-
sities of selected up- and downregulated lipids or their ratios are
illustrated in Supplementary Figures S9-S11, respectively. In
general, the most pronounced trend in tumor tissues is upreg-
ulation of sulfoglycosphingolipids with two hexosyl units
SulfoHex,Cer and SulfoHex,Cer (OH) and downregulation
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of SulfoHexCer (OH), as evident from the box plots of sums of
normalized intensities of particular sulfoglycosphingolipid
subclasses for all histologic subtypes in Figure 6. The elevation
of SulfoHex,Cer and SulfoHex,Cer (OH) is only observed in
case of clear cell RCC (ccRCC), but not for other RCC sub-
types. On the other hand, significant decrease of SulfoHexCer
(OH) is observed in all tumor tissues with the exception of
chromophobe subtype, which provides no significant differ-
ences from normal tissues (Figures Sa and 6b). These trends are
corroborated by previously published reports describing en-
hanced activity of sulfotransferase in human RCC, as well as
by the article of Kim et al. [29], where the decrease of
SulfoHexCer 40:1 (OH) and SulfoHexCer 42:1 (OH) was the
most significant difference between RCC tumor and autologous
normal tissues. Furthermore, the MALDI-MS measurement of
80 patients shows the good correlation with MSI data described
above (Supplementary Figure S6). Although, the present paper
is focused mainly on the analysis of sulfoglycosphingolipids,
other lipid species (SM or phospholipids) together with appro-
priate IS were present in measured mass spectra allowing for
their normalization and comparison in studied tissue samples.
The downregulation of SM 36:1, SM 38:1, PE 36:4 and PE 34:2
observed in the tumor is in agreement with recently published
data obtained using hydrophilic interaction liquid chromatogra-
phy coupled to electrospray MS [43].

Biomarkers play an increasingly important role in the man-
agement of cancer patients [44], but the utilization of bio-
markers in RCC patients is currently limited. Although targeted
therapy is the mainstay of systemic treatment in RCC, treat-
ment strategy is based on sequential administration of another
drug with known activity in the disease after the failure of prior
therapy rather than a targeted approach directed by molecular
biomarkers [45]. It remains to be determined in future studies
whether sulfoglycosphingolipids could be useful as biomarkers
in patients with this common malignancy.

Conclusions

In this work, we have demonstrated that MALDI-Orbitrap-MS
with 9-AA as matrix enables a semiquantitative comparison of
sulfoglycosphingolipids in 158 tumor and autologous normal
tissues of 80 RCC patients. The high sensitivity and the linearity
range over 3 orders of magnitude in the negative-ion mode allows
us to analyze a wide range of studied sulfoglycosphingolipids
altogether in one mass spectrum. In total, 52 species for
sulfoglycosphingolipids with one, 40 with two (48 for fatty acyl
level), 12 with three, 5 with four, and 10 with five hexosyl units
are identified in studied RCC tissue samples using high resolution
full scan and tandem mass spectra measurements. Many of iden-
tified sulfoglycosphingolipids are reported here for the first time.
Systematical description of gas-phase fragmentation processes for
all sulfoglycosphingolipid subclasses differing in the number of
hexosyl units (up to five hexosyl units) is further done with the
aim to detailed structural elucidation including the composition of
saccharide and ceramide parts. Significant differences in
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sulfoglycosphingolipid abundances are found based on the statis-
tical comparison of all studied RCC tumor and autologous normal
tissues. The elevated levels of SulfoHexCer, SulfoHex,Cer, and
SulfoHex,Cer (OH) species in tumor tissues compared to adjacent
normal tissues correlate with previously described enhanced cere-
broside sulfotransferase activity in RCC cells [8, 9, 28, 46]. On the
other hand, the decreased concentration of SulfoHexCer (OH) is
observed in agreement with the results reported by Kim et al. [29].
Sulfoglycosphingolipids, compounds with anionic extracellular
charge, have been recently found to be responsible for urinary
pH regulation, ammonium excretion, and play an important role in
the regulation of acidobasic homeostasis [3]. It was demonstrated
that the lack of renal sulfatides leads to more acidic urinary pH. On
the other hand, RCC metabolism showed close association with
glutamine metabolism [47] and uses glutamine as energy source
resulting in the overexpression of ammonium ions. Thus, the
dysregulation of sulfoglycosphingolipids can be a consequence
of RCC metabolic pathways. The present MALDI-Orbitrap-MS
results indicate the highest significance in the comparison of
specific intensity ratio of upregulated SulfoHexCer,
SulfoHex,Cer, and SulfoHex,Cer (OH) to downregulated
SulfoHexCer (OH), which showed to be most powerful for tumor
and autologous normal tissue differentiation, and opened the way
for the investigation of sulfoglycosphingolipids role as biomarkers
for early RCC diagnosis or monitoring of treatment results that
could potentially aid in increasing the cure rate. We assume that
these concentration changes should be also be reflected in body
fluids, and thus the current research will continue with an analysis
of plasma and urine of cancer patients and healthy volunteers with
emphasis on dysregulated sulfoglycosphingolipids identified in
tumor tissues.
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