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Abstract
Ion mobility coupling to mass spectrometry facilitates enhanced identification certitude. Further coupling to liquid chromatog-
raphy results in multi-dimensional analytical methods, especially suitable for complex matrices with structurally similar com-
pounds. Modified nucleosides represent a large group of very similar members linked to aberrant proliferation. Besides basal
production under physiological conditions, they are increasingly excreted by transformed cells and subsequently discussed as
putative biomarkers for various cancer types. Here, we report a method for modified nucleosides covering 37 species. We
determined collisional cross-sections with high reproducibility from pure analytical standards. For sample purification, we
applied an optimized phenylboronic acid solid-phase extraction on media obtained from four different pancreatic cancer cell
lines. Our analysis could discriminate different subtypes of pancreatic cancer cell lines. Importantly, they could clearly be
separated from a pancreatic control cell line as well as blank medium. m1A, m27G, and Asm were the most important features
discriminating cancer cell lines derived from well-differentiated and poorly differentiated cancers. Eventually, we suggest the
analytical method reported here for future tumor-marker identification studies.
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Introduction

Pancreatic carcinoma has a high mortality rate with currently
more than 250,000 deaths per year and will become the sec-
ond most cause of cancer-related deaths by 2030 [1, 2]. The
5-year survival rate of patients suffering from pancreatic can-
cer is below 5% and did not change during the last decades [3,
4]. One of the major challenges is the detection of pancreatic
ductal adenocarcinoma (PDAC) at an early and curable dis-
ease stage. On the one hand, patients only rarely exhibit car-
dinal symptoms and, on the other hand, tumor cells do not
show specific and sensitive biomarkers [5]. Pancreatic cancer
is usually detected at late advanced stages when only pallia-
tive therapies are available [6]. Approximately 20% of all
pancreatic cancer patients undergo curative resection, where-
as more than 60% of these patients experience local or meta-
static disease recurrence [7–9]. Since the carbohydrate anti-
gen 19-9 (CA19-9) is currently the only available clinical
tumor marker for PDAC, there is an urgent need of bio-
markers to reliably detect pancreatic cancer and to improve
patients’ prognosis [10]. Due to the lack of reliable bio-
markers, research is ongoing to identify other molecules in
the blood of PDAC patients to specifically detect pancreatic
cancer at an early stage. The attempts are summarized as
liquid biopsy and include the detection of mutated cell-free
DNA [11], small non-coding RNAs [12], tumor-specific an-
tibodies [13], and tumor-specific proteins [14] as well as
exosomes [15] and metabolites [16] secreted by tumor cells
for the early detection of PDAC. Especially the detection of
metabolites in conjunction with CA19-9 has shown promis-
ing results in screening a high-risk collective of patients with
pancreatic cancer [17]. Metabolites that were previously iden-
tified as potential markers for pancreatic cancer include lipids
and fatty acids [18]. Moreover, amino acids like alanine, iso-
leucine, leucine, lysine, and methionine were found to dis-
criminate between pancreatic carcinoma and healthy controls
[19, 20]. In general, RNA turnover is elevated in tumor tissue
compared to normal tissue [21] and additionally, RNA is ex-
tensively regulated by modifications [22]. However, modified
nucleosides are not subjected to the RNA salvage pathway
and consequently excreted into urine [23]. Therefore, modi-
fied nucleosides are discussed as tumor markers for various
malignancies such as breast cancer, urothelial bladder cancer,
or colorectal cancer [24–26].

The emerging field of metabolomics encounters, more than
the other omics sciences, difficulties in the coverage of the
whole metabolome due to its high chemical diversity of com-
pound classes such as small amino acids, sugars, tricarboxylic
acids, and nucleotides to lipids. Therefore, the analysis of the
whole metabolome with one method is impossible so far. As a
consequence, many different methods are applied in the field
of metabolomics. Twomain techniques are commonly applied
as detector systems, i.e., nuclear magnetic resonance (NMR)

and mass spectrometry (MS). NMR offers some advantages
for structural elucidation and the possibility of in vivo mea-
surements is however also limited by the required amount of
sample. Mass spectrometry enables both high sensitivity and
structural elucidation. Due to the vast diversity of metabolites,
scientists use different techniques like gas chromatography
coupled to an electron impact mass spectrometer or liquid
chromatography coupled to a triple quadrupole MS or a
high-resolution MS (ToF, Orbitrap). For the analysis of mod-
ified nucleosides, reversed-phase liquid chromatography
coupled to various types of mass spectrometers has been com-
monly reported in the past [27, 28]. In the last decade, a new
technique became available in the metabolomics toolkit: ion
mobility [29]. Ion mobility can resolve different analytes
based on their charge, size, and shape [30]. Ions are acceler-
ated by electric force against a gas stream and thus separated
by their respective drift time. Currently, there are different
technologies used for coupling of IMS toMS such as traveling
wave IMS (TWIMS) [31, 32], drift-tube IMS (DTIMS) [33],
or trapped IMS (TIMS) [34]. Several studies aimed at resolv-
ing complex matrices by direct infusion experiments in an
IMS-ToF-MS, already including the analysis of nucleic acids.
Kanu et al. achieved separation of DNA nucleosides from
their mono-, di-, and triphosphates by direct infusion [35].
They suggested this fast method (less than 1 min) for future
DNA sequencing techniques. Quinn and colleagues were
challenged by the differentiation of isobaric nucleotides and
published a method for discriminating adenosine
monophosphate from deoxyguanosine monophosphate as
well as uridine monophosphate from pseudouridine
monophosphate also by direct infusion experiments [36].
Rose et al. established an elegant direct infusion experiment
for modified nucleosides on the transcriptome level, covering
the broadest range of nucleosides so far [37]. All these studies
used direct infusion experiments, as they intended to analyze
nucleic acids derived from macromolecules, which had been
purified beforehand resulting in a relatively purematrix. It will
however become necessary to apply chromatographic separa-
tion when analyzing nucleosides within a complex metabolite
mixture. Otherwise, ion suppression can significantly impair
the detection of the target molecules. Additionally, all of these
studies aimed at separating the nucleosides/nucleotides from
each other and did not report system- andmethod-independent
collisional cross-sections (CCS) as a unique chemical property
of the analytes.

Our study focused on modified nucleosides that could
potentially serve as biomarkers for early-stage pancreatic
cancer. Therefore, we developed an LC-IMS-MS method
for the detection of free nucleosides and their modifica-
tions considering their CCS values for additional identifi-
cation certitude. In a first approach, we screened cell cul-
ture supernatant from four different pancreatic cancer cell
lines and one normal pancreas cell line for modified
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nucleosides. We present a panel of modified nucleosides
secreted by pancreatic cancer cell lines but not the control
cell line. Further studies are necessary to evaluate and con-
firm these results in patient serum samples.

Materials and methods

Cell culture and culture conditions

The established pancreatic cancer cell lines Capan2, HPAFII,
MiaPaCa2, and Panc1 were originally purchased from the
American Type Culture Collection (ATCC, see Table 1). The

control pancreatic cell line KHM1106 was established and
provided from one surgical specimen after pancreas resection.
Informed consent was obtained for KHM1106 cell line usage
and approved by the local Ethics Committee Freiburg (126/17
and 371/14) and registered at the German Clinical Trials
Register (DRKS-ID DRKS00007561). All cells were grown
in DMEM high glucose medium containing GlutaMAX™
and pyruvate (Life Technologies, Darmstadt, Germany), sup-
plemented with 10% Fetal Bovine Serum (Life Technologies,
Darmstadt, Germany) as well as 100 U/mL penicillin and
100 μg/mL streptomycin (Life Technologies, Darmstadt,
Germany). The cells were incubated at 37 °C and 5% CO2

in a humidified atmosphere.

Table 1 Origin of the cell lines used in this study

Cell line Capan2 HPAFII MiaPaCa2 Panc1

Age 56 44 65 56

Sex Male Male Male Female

Derivation Primary tumor Ascites Primary tumor Primary tumor

Metastasis No Yes ND Yes

Differentiation Well Well Poor Poor

EMT Epithelial Epithelial Mesenchymal Mesenchymal

KRAS 12 Val 12 Asp 12 Cys 12 Asp

TP53 WT/Intron 4 Δ200-bp splice site 151 Ser 248 Trp 273 His/
273 Cys

CDKN2A/p16 WT/6-7 bp insertion HD (Δ20–25/Δ26–27/Δ29–34) HD HD

SMAD4/DPC4 WT WT WT WT

References [38–41] [38, 39, 41–43] [39, 41, 43–45] [38, 39, 41, 43, 45, 46]

a bFig. 1 Overlaid EICs of the
analyzed nucleosides. Numbering
according to Table 2. a Analysis
of nucleoside standard mix. b
Analysis of nucleosides in
MiPaCa2 medium
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Cells were seeded in 75-cm2 plastic flasks (Sarstedt,
Nümbrecht, Germany) and passaged at least once a week at
around 70% confluency. For cell seeding, cells were washed
with × 1 PBS (Life Technologies, Darmstadt, Germany) and
incubated with 0.05% Trypsin/EDTA (Life Technologies,
Darmstadt, Germany) at 37 °C and 5%CO2. Cells were count-
ed using a TC20™ Automated Cell Counter (BioRad,
München, Germany). 1 × 106 cells were seeded in 12 mL of
culture medium and incubated as described above until
reaching 90% confluency. The culture medium was replaced
twice a week. For nucleoside analysis, the culture medium
was harvested, centrifuged at 350g for 5 min and immediately
frozen at − 80 °C.

Nucleoside extraction/extraction of cis-diols

Nucleosides were extracted using Bond Elut Phenylboronic
Acid (PBA) solid-phase extraction (SPE) columns (500 mg,
6 mL) (Agilent, Waldbronn, Germany). Cell culture medium
samples were thawed at room temperature, spiked with
isoguanosine as internal standard to a concentration of
0.5 μg/mL, and alkalized to pH 9.9 with ammonia solution.
SPE was performed under vacuum. The columns were equil-
ibrated with 2 × 5 mL acetonitrile/water (7:3, v/v) acidified
with 1% formic acid, followed by 2 × 5 mL methanol/water

(1:1, v/v), 2 × 5 mL ammonium acetate solution (250 mM, pH
9.9), 2 × 5 mL methanol/water (1:1, v/v), 2 × 5 mL
acetonitrile/water (7:3, v/v) acidified with 1% formic acid,
2 × 5 mL methanol/water (1:1, v/v), and 2 × 5 mL ammonium
acetate solution (250 mM, pH 9.9). Afterwards, the cell cul-
ture medium sample was applied to the column. Washing
steps were performed with 2 × 5 mL ammonium acetate solu-
tion (250 mM, pH 9.9) and 4 × 5 mL methanol/water (1:1,
v/v). Nucleosides were eluted with 6 mL methanol/water
(1:1, v/v) acidified with 1% formic acid. One milliliter of the
eluate was evaporated and the pellet was resuspended in
100 μL water for analysis.

Chromatography, mass spectrometry, and ion
mobility

AWaters UPLC i-Class coupled to a Synapt G2Si was used.
The sample manager was kept at 8 °C. A Waters BEH-C18
column (1.8-μm particle size, 2.1 × 100 mm) was kept at
40 °C. The chromatography program was 99.9% A (A: water
with 0.1% formic acid, B: methanol with 0.1% formic acid)
hold for 2 min, to 85% A within 3 min, to 50% A within
1.5 min, and to 2% A within 1.5 min, hold for 4 min. Re-
equilibration was achieved within 3 min. The flow rate was
set to 200 μL/min.
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Fig. 2 Addition of ion mobility
lead to increased spectral
cleanliness as shown for SAM
(arrow): a shows the whole
spectrum at the retention time of
SAM, while b shows the
spectrum only at the
corresponding drift time
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The Waters Synapt G2Si, which uses traveling wave ion
mobility spectrometry (TWIMS), was optimized regarding
IMS resolution for the desired mass range (50–600 m/z) and
reduction of in-source fragmentation as well as fragmentation
within the IMS cell. This was necessary due to the lower

resolving power of TWIMS (up to 45) when compared to
drift-tube IMS (DTIMS, resolving power 58-77) or trapped
IMS (TIMS, resolving power 154-183). A review comparing
these different metrics and difficulties when comparing the
different IMS platforms was recently published [47]. The

Table 2 Summary of the analyzed nucleosides with the corresponding
numbering and abbreviation used throughout this manuscript. The
expected mass to charge ratios were calculated by the molecular mass

calculator from the RNA Modification Database [50]. Retention time
(RT), arrival time distribution (ATD) apices, and CCS values are shown
with the corresponding 95% confidence intervals

No. Abbreviation Compound Formula [M+H]+

(exp) z/m
RT ± 95%
confidence
interval/min

ATD ± 95%
confidence
interval/ms

CCS ± 95%
confidence
interval/Å2

1 A Adenosine C10H13N5O4 268.1040 4.74 ± 0.01 3.41 ± 0.00 157.1 ± 0.5

2 ac4C N4-Acetylcytidine C11H15N3O6 286.1034 6.14 ± 0.00 3.53 ± 0.00 160.1 ± 0.4

3 AICAR 5-Aminoimidazol-4-carboxamid-1-β-D-ribofuranoside C9H14N4O5 259.1037 2.94 ± 0.01 3.18 ± 0.00 152.2 ± 0.4

4 Asm 5-Deoxy-5-methylthioadenosine C11H15N5O3S 298.0968 7.16 ± 0.01 3.85 ± 0.00 166.1 ± 0.1

5 C Cytidine C9H13N3O5 244.0928 1.93 ± 0.01 2.98 ± 0.00 148.6 ± 0.1

6 Cm 2′-O-Methylcytidine C10H15N3O5 258.1084 4.67 ± 0.05 3.14 ± 0.00 152.2 ± 0.2

7 D 5,6-Dihydrouridine C9H14N2O6 247.0925 1.86 ± 0.15 2.98 ± 0.00 147.7 ± 0.2

8 G Guanosine C10H13N5O5 284.0989 4.86 ± 0.01 3.53 ± 0.00 159.9 ± 0.3

9 Ho5U 5-Hydroxyuridine C9H12N2O7 261.0717 2.34 ± 0.00 3.10 ± 0.00 149.8 ± 0.1

10 Ho8d2G 8-Hydroxy-2′-deoxyguanosine C10H13N5O5 284.0989 5.74 ± 0.01 3.49 ± 0.00 158.6 ± 0.3

11 Ho8G 8-Hydroxyguanosine C10H13N5O6 300.0939 5.14 ± 0.01 3.53 ± 0.00 159.9 ± 0.4

12 I Inosine C10H12N4O5 269.0880 4.87 ± 0.02 3.30 ± 0.00 155.0 ± 0.3

13 IsoG Isoguanosine C10H13N5O5 284.0989 4.68 ± 0.01 3.45 ± 0.00 158.0 ± 0.3

14 m1A N1-Methyladenosine C11H15N5O4 282.1197 2.97 ± 0.03 3.57 ± 0.00 160.0 ± 0.2

15 m1G N1-Methylguanosine C11H15N5O5 298.1146 5.68 ± 0.00 3.69 ± 0.00 163.1 ± 0.2

16 m1I 1-Methylinosine C11H14N4O5 283.1037 5.81 ± 0.00 3.45 ± 0.00 158.4 ± 0.2

17 m227G N2,N2,N7-Trimethylguanosine C13H19N5O5 326.1459 6.18 ± 0.02 4.08 ± 0.00 170.6 ± 0.3

18 m27G N2,N7-Dimethylguanosine C12H17N5O5 312.1302 6.69 ± 0.00 3.91 ± 0.03 167.5 ± 0.2

19 m2G N2-Methylguanosine C11H15N5O5 298.1146 5.99 ± 0.00 3.73 ± 0.00 163.9 ± 0.2

20 m3C 3-Methylcytidine C10H15N3O5 258.1084 2.70 ± 0.03 3.26 ± 0.00 153.5 ± 0.2

21 m3 U 3-Methyluridine C10H14N2O6 259.0925 5.25 ± 0.00 3.18 ± 0.00 151.3 ± 0.2

22 m5C 5-Methylcytidine C10H15N3O5 258.1084 3.08 ± 0.03 3.18 ± 0.00 152.7 ± 0.1

23 m5 U 5-Methyluridine C10H14N2O6 259.0925 5.75 ± 0.01 3.14 ± 0.00 151.6 ± 0.1

24 m62A N6,N6-Dimethyladenosine C12H17N5O4 296.1353 7.23 ± 0.00 3.59 ± 0.04 160.9 ± 0.3

25 m6A N6-Methyladenosine C11H15N5O4 282.1197 6.09 ± 0.00 3.40 ± 0.03 158.3 ± 0.2

26 m6I N6-Methylinosine C11H14N4O5 283.1037 7.35 ± 0.00 3.41 ± 0.00 156.6 ± 0.1

27 mcm5s2U 5-Methoxy-carbonylmethyl-2-thiouridine C12H16N2O7S 333.0751 7.03 ± 0.00 3.96 ± 0.00 169.0 ± 0.2

28 N6SA N6-Succinyloadenosine C14H17N5O8 384.1150 6.79 ± 0.00 4.83 ± 0.00 185.2 ± 0.1

29 NAR 1-Ribosyl-imidazolenicotinamide [C11H15N2O5]
+ 255.0975

(−e)
1.64 ± 0.01 3.18 ± 0.00 152.1 ± 0.2

30 s2C 2-Thiocytidine C9H13N3O4S 260.0699 3.92 ± 0.03 3.14 ± 0.00 150.9 ± 0.2

31 SAH S-Adenosyl-homocysteine C14H20N6O5S 385.1289 4.40 ± 0.01 4.53 ± 0.04 179.8 ± 0.2

32 SAM S-Adenosyl-methionine [C15H23N6O5S]
+ 399.1445

(−e)
1.22 ± 0.02 4.75 ± 0.00 185.0 ± 0.2

33 T Thymidine C10H14N2O5 265.0801
(+Na)

5.91 ± 0.00 3.41 ± 0.00
(+Na)

158.9 ± 0.3
(Na)

34 t6A N6-Threonyl-carbamoyl-adenosine C15H20N6O8 413.1415 7.31 ± 0.00 5.46 ± 0.00 196.9 ± 0.3

35 U Uridine C9H12N2O6 245.0768 1.90 ± 0.01 2.90 ± 0.00 146.6 ± 0.1

36 X Xanthosine C10H12N4O6 285.0830 5.43 ± 0.01 3.47 ± 0.04 158.1 ± 0.4

37 Y Pseudouridine C9H12N2O6 245.0768 1.90 ± 0.01 2.98 ± 0.00 147.1 ± 0.2
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optimized mass spectrometry and IMS settings are displayed
in Table S1 in the Electronic Supplementary Material (ESM).
The mass calibration was executed with 0.5 mM sodium for-
mate in isopropanol/water (8:2, v/v) and the CCS calibration
with Waters Major Mix.

For data analysis, Waters Unifi (Version 1.9.2.045) was
used with default settings for HDMSe analysis with the

exceptions listed in ESM Table S2. CCS values were calcu-
lated with Unifi. This calculation is based on a power function
for dynamic electric fields derived from the Mason-Schamp
equation as described in detail by Smith and coworkers [48].
The factor and exponent in that equation was determined by
CCS calibration with Waters Major Mix. For each analyte,
reduced mass, charge, and drift time were determined.
Intensities were normalized to isoguanosine. ANOVA was
executed followed by FDR correction. Resulting q-values be-
low 0.05 were considered significant. Significant pairs were
detected by Tukey’s post hoc analysis. For principal compo-
nent analysis, heat map generation, and VIP score calculation,
the intensities were further range-scaled. This was executed by
MetaboAnalyst 4.0 [49]. Extracted ion chromatograms were
visualized by Origin and Inkscape.

Data availability

The raw data of this publication will be publically available
from the MetaboLights repository under the study identifier
MTBLS812 (https: / /www.ebi.ac.uk/metabolights/
MTBLS812). The results of statistical analysis are displayed
in ESM Table S3.

Results

The combination of reversed-phase ultra-performance liquid
chromatography with ion mobility leads to excellent separa-
tion of nucleosides as shown in Fig. 1a for a standard mixture
and for a biological matrix (Fig. 1b). Corollary, addition of ion
mobility leads to an increased spectral cleanliness as exem-
plarily shown for S-adenosylmethionine (Fig. 2).

Fig. 3 Principal component analysis of modified nucleosides obtained by
SPE from blank medium and media from a pancreatic control cell line
(KHM1106) and four cancer cell lines. No global difference between
blank and control cell line could be detected, whereas the four cancer cell
lines clearly separated from them. PC2 is not shown in this figure as it
reflected the biological and technical variance with 9.4%. n = 3

Fig. 4 Heat map of significantly
(ANOVA, FDR-corrected q-value
< 0.05) changed nucleosides in
cell culture media from four pan-
creatic cancer cell lines, control
cell, and blank media. Intensities
were normalized to internal stan-
dard (isoguanosine) and range-
scaled
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Chromatographic reproducibility was assessed by measur-
ing retention time of pure analytical standards thrice and re-
vealed an average relative standard deviation (RSD) of 0.27%.
Arrival time distribution (ATD) apices and the corresponding
CCS values, which were determined after calibration, also
showed an excellent repeatability with an average RSD of
0.08%. All individual retention times, ATD apices, and CCS
values with their corresponding deviations are shown in
Table 2. In addition, ATDs for some isomers are shown in
ESM Fig. S1.

To test our analysis for suitability of biological matrices,
we analyzed cell culture media from four different pancre-
atic cancer cell lines (see Table 1) with corresponding con-
trols, i.e., blank medium and a pancreatic control cell line.
For this matrix, we performed a solid-phase extraction with
phenylboronic acid as stationary phase. Phenylboronic ac-
id reversibly forms covalent complexes with cis-diols pres-
ent in ribose in a pH-dependent manner. Example
ionograms for comparison of the standard mixture and a
biological matrix are shown in ESM Fig. S2. Principal

component analysis revealed global differences in the ex-
creted modified nucleosides between controls and cancer
cells (Fig. 3). Specifically, different subtypes could be dis-
criminated, corresponding to different characteristics of
these cell lines such as differentiation state. Principal com-
ponent (PC) 1 accounted for 72.6% of the differences and
leads to discrimination of three groups, i.e., controls, well
differentiated, and poorly differentiated (Fig. 3). PC 2 de-
scribing 9.4% of total differences revealed the biological
and technical variance (data not shown). PC 3 with 7% of
observed alterations yielded a separation of Panc1 from
HPAFII and MiaPaCa2 (Fig. 3). Capan2 and HPAFII were
further discriminated by PC 5 with 3.7% of observed dif-
ferences (data not shown).

Figure 4 shows the heat map of significantly altered modified
nucleosides between all sample groups according to ANOVA (q
< 0.05, specific results are shown in ESM Table S3). The cluster
analysis after Euclidian and Ward is also included in Fig. 4 and
confirms the results of the PCA: MiaPaCa2 and Panc1 were the
most different pancreatic cell lines compared to the control cell

C9H15N5O4 C10H17N5O4

C11H15N5O4S, 160.81 Å2 C11H15N5O4S, 168.90 Å2

Fig. 5 Summary of detection
results for the putative modified
nucleosides. Intensities were
normalized to isoguanosine.
C9H15N5O4 was higher in
MiaPaCa2 than in all other
samples, whereas the other three
species were in general higher in
MiaPaCa2 and Panc1 compared
to all the other groups.
C10H17N5O4 was also elevated in
Capan2 and HPAFII compared to
KHM1106 and blank medium.
n = 3
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line KHM1106, followed by Capan2 and HPAFII. NAR,
m227G, and AICAR lead to a discrimination of MiaPaCa2 from
Panc1. NAR was also elevated in HAPAFII.

In media conditioned by pancreatic cancer cell lines, we fur-
ther identified four putative nucleosides for that no analytical
standards were available (ESM Table S4). The compound with
314.0916 m/z yielded two different peaks after ion-mobility sep-
aration. The fragmentation of both compounds revealed adeno-
sine as base and no ribose loss (− 132 u). The predominant neu-
tral loss observed in this species corresponds to amodified ribose
(ribose + CH2S, − 178 u).With all this information, we speculate
that one of these peaks is 5′-deoxy-5′-methylthioadenosine-sulf-
oxide, which has already been discussed in the context of breast
cancer [51]. The other peak might be an isomer of the first one,
for example 5′-methylthioadenosine (not to be confused with 5′-
deoxy-5′-methylthioadenosine).

These four putative modified nucleosides correlated with the
abundance of modified nucleosides for that analytical standards
were available, i.e., high abundance in MiaPaCa2 and Panc1,
medium abundance in Capan2 and HPAFII, and lowest abun-
dance in blank medium and KHM1106 (Fig. 5).

Next, we performed a partial least-square discriminant very
important feature analysis with MiaPaCa2 and Panc1 as un-
differentiated cell lines and HPAFII and Capan2 as differenti-
ated ones. The differentiation state correlates with the malig-
nancy of cancers. Asm, m1A, and m27G were the most im-
portant features for differentiation state (Fig. 6) and might
therefore serve especially valuable as biomarker for this high-
ly aggressive and mortal malignancy.

Discussion

In this study, we successfully established a method for analysis
of modified nucleosides from cell culture media by LC-IMS-
ToF. The injection-to-injection time of 14 min was a two- to
ninefold decrease in analysis time when compared to methods
with different instrumentation but the same scope [51–53]. To
our knowledge, this was the first time that system-independent
CCS values were reported for a broad range of modified nucle-
osides. Only some CCS values for unmodified nucleosides had
been reported before [54]. We observed good reproducibility of
chromatography and ion mobility. We decided to use an opti-
mized protocol for phenylboronic acid SPE, while some
authors prefer a reversed-phase SPE in order not to lose
deoxynucleosides [52]. However, charged nucleosides are easily
lost during this procedure and, in addition, the RNA pool has a
much higher turnover rate than DNA and is therefore in our
opinion more suitable for sensitive detection of malignancies
such as pancreatic cancer. We suggest this method for future
biomarker discovery studies for pancreatic cancer and other ma-
lignancies as we could successfully discriminate different sub-
types of pancreatic cancer cell lines from controls as documented
by unsupervised discriminant analysis. Heat map analysis and
supervised VIP score generation revealed the specific modifica-
tions contributing to that discrimination. This was the first anal-
ysis of modified nucleosides in relation to pancreatic cancer.
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