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Background: Breast cancer is the most common female cancer and the fourth leading cause of cancer death
among women in Taiwan. We measured urinary nucleoside levels in female breast cancer patients (n = 36) to
evaluate the diagnostic value of nucleosides as potential tumor markers.

Methods: Purification of urinary nucleosides was performed using a 96-well solid phase extraction (SPE,
cation-exchange column) procedure to decrease the variation between the single column preparations and to
shorten the pretreatment time. Cation-exchange allows for the comprehensive purification of modified

K ds: . . . . . .

Niyc‘?::)rsi(si es nucleosides, such as 2-deoxynucleosides, that are not purifiable by phenylboronic acid-based SPE. High-
Breast cancer performance liquid chromatography (HPLC) coupled with mass spectrometry (MS) in selected reaction
HPLC/MS/MS monitoring (SRM) mode was used to quantify multiple nucleosides. Tubercidin was used as an internal

Tumor markers standard. The qualitative parameters, retention time, and the parent and daughter ions used revealed that the
Urine method was more specific and sensitive than traditional UV detection.
Results: Urinary levels of 3 nucleosides, cytidine, 3-methylcytidine, and inosine were significantly higher in breast
cancer patients than in normal controls (p<0.01). The discriminative powers of cytidine, 3-methylcytidine, and
inosine were 58%, 58%, and 62%, respectively.
Conclusions: LC/MS/MS is a highly specific and sensitive method for rapidly screening a large number of urinary
nucleosides that may be potential cancer markers. The 3-methylcytidine may be a candidate marker for breast
cancer.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The emerging field of metabolomics is characterized by the study of
metabolic intermediates, hormones, signaling molecules, and secondary
metabolites. In any biological system, metabolites of high chemical

Abbreviations: HPLC/ESI-MS/MS, high performance liquid chromatography-
electrospray/tandem mass spectrometry; SRM, selective reaction monitoring; MALDI-
TOFMS, matrix-assisted laser desorption/ionization time of flight mass spectrometry; ISTD,
internal standard; SPE, solid phase extraction.
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diversity are present in a dynamic range of concentrations that can
exceed 10 orders of magnitude, thereby making quantitative analysis
extremely challenging (Human Metabolome Database).

Mass spectrometry (MS) is a powerful tool in the field of
metabolomics. There are two approaches to using MS when searching
for metabolic biomarkers. In the untargeted approach, high-resolution
mass spectrometry is usually used. By combining accurate mass
analysis and fragmentation patterns, the structures of the metabolites
can be assigned with relative certainty [1-3]. Statistical analyses can
then be applied to the results of MS data to find significant differences
in candidate biomarkers between disease and control groups. In the
targeted approach, however, the candidate biomarkers are selected in
advance to evaluate the discriminative power relative to the specific
disease.

Nucleosides in urine are an important class of metabolites and have
the potential of serving as tumor markers [4]. Modified nucleosides,
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regarded as indicators for the whole-body turnover of RNAs, are
formed at the posttranscriptional stage by chemical modification of
normal nucleosides. Modified nucleosides are excreted in abnormal
amounts in the urine of patients with malignancies and several studies
have shown a positive relation between nucleoside levels and cancer
status [4-6]. Traditionally, analysis of urinary nucleosides has involved
the use of liquid chromatography with ultraviolet detection (LC-UV)
[7]. By comparing the chromatographic retention and UV spectra with
known standard references, the nucleosides can be identified and
quantified. When performing multiple analyses of nucleosides in
urine, however, a time-consuming separation step is needed to avoid
coelution and erroneous identification of large similar compounds. In
contrast, MS is a more efficient technique for analyzing urinary
nucleosides. Many novel nucleosides have been identified using MS
and tandem MS coupled with liquid chromatography [1-3] or capillary
electrophoresis [8] in untargeted analysis. Furthermore, both MS and
tandem MS allow for the specific detection of coeluted nucleosides as
long as they are different in parent or daughter mass.

Preliminary purification of nucleosides is a very important step
prior to instrumental analysis. In our experience, the matrix suppres-
sion effect of urine causes poor ionization, especially of less hydro-
phobic nucleosides. Solid phase extraction (SPE) is a common method
in sample preparation and phenylboronic acid (PBA) is widely used as
the stationary phase because of its affinity for the vicinal hydroxyl
group contained in the structure of nucleosides. PBA, however, is not
effective at purifying deoxynucleoside structures such as 8-hydroxy-
2-deoxyguanosine and 5-hydroxymethyl-deoxyuridine, two nucleo-
sides that have been shown to be potential markers of breast cancer
[9-11].

2. Materials and methods
2.1. Urine samples

Early morning urine samples were obtained from female breast
cancer patients and healthy control subjects at the China Medical
University Hospital (CMUH), Taichung, Taiwan and then immediately
sent to the laboratory and stored at — 80 °C until analysis. The clinical
characteristics of the 36 breast cancer patients were according to the
TNM System (Tumor-Node-Metastasis) [12] (the supplementary
data Table S-1). Control subjects (n=24) comprised healthy women
who had undergone a routine annual health examination. There were
no significant differences in weight, BMI, tobacco use, multivitamin
supplement intake, age, or sex between the patients and the control
subjects. Written and oral consents to participate in the study were
obtained from all of the participants.

2.2. Chemicals

Nucleosides examine in this study were purchased from Sigma
(St Louis, MO): cytidine (C), 3-methylcytidine (m3C), 1-methyladenosine
(m1A), guanosine (G), 7-methylguanosine (m7G), adenosine
(A), inosine (I), 2-deoxyguanosine (dG), 8-hydroxy-2-deoxyguanosine
(80HAG), N?N2-dimethylguanine (NNGua) and tubercidin (internal
standard, ISTD). HPLC grade methanol and acetonitrile were obtained
from LAB-SCAN Analytical Science (Labscan Ltd. Dublin, Ireland).
Deionized water (Milli-Q water system, Millipore Inc., Bedford, MA)
was used in the preparation of the samples and buffer solution.

2.3. Preparation of standard solutions and calibration curves

Stock solutions of the nucleoside standards and internal standard
(tubercidin) were prepared at the concentration of 100-1000 pg/ml in
methanol and kept in the dark at — 80 °C until used. For the calibration
curves, the concentrations of the calibration solutions of standard
mixture were 0.1,0.25,0.5, 1, 5, 10 and 20 pg/ml and the concentration

of the calibration solution of the internal standard mixture was 2 ug/ml.
These calibration solutions were prepared in HPLC mobile phase
solution (2 mmol/l aqueous ammonium acetate, pH 5.0) instead of
urine because all urine has nucleosides [11]. These standard solutions
were also used for method validation. Both the intra- and inter-day
precision and accuracy of the method were determined by triplicate
analysis of standard samples containing nucleosides at the concen-
trations used to construct the calibration curves.

2.4. Pre-purification of urinary nucleosides

For nucleoside purification, the OASIS® MCX 96-well plate,
(Oasis®MCX, Waters), a vacuum manifold, and a vacuum source were
used. The plate was conditioned and equilibrated with 1 ml methanol
and 1 ml water, respectively. Each urine sample was acidified using
2 mol/l HCl (adjust to 0.01 mol/l HCl) to pH 2-3. The acidified urine was
centrifuged at 12,000 g for 15 min and a 1 ml aliquot of supernatant
fluid was added to 100 pl of internal standard (ISTD) (2 pg/ml). This
1.1 ml sample solution was loaded onto the plate directly and then
washed with 1.5 ml of 2% formic acid (in H,O). The plates were
thoroughly dried by vacuum (10-15 mm Hg) for 2 min. Finally, urine
samples were eluted with 1 ml of 2.8% NH4OH in methanol in another
96-well plate. The eluate (1 ml) was evaporated to dryness in a vacuum
system and reconstituted in 100 ul of HPLC mobile phase solution
(2 mmol/l aqueous ammonium acetate, pH 5.0).

2.5. HPLC/MS/MS analysis

Chromatography was performed using a Finnigan™ Surveyor™
HPLC system. HPLC analysis was performed on a 3-um C18 column
(Atlantis®dC18, 2.1 mm i.d.x 100 mm, Waters). A guard column
(Atlantis®dC18, 2.1 mm i.d. x 20 mm, Waters) was used to prolong the
life of HPLC column. The mobile phases used were (A) 2 mM aqueous
ammonium acetate (pH 5.0) and (B) 50% methanolic 2 mmol/I
ammonium acetate. The flow rate was 0.2 ml/min. The gradient
conditions were as follows: isocratic elution (95% A) for 5 min, followed
by 2 min gradient to 20% B, then a gradient to 30% B in 3 min, then the
final gradient to 40% B in 10 min. Typically, the analysis lasted 20 min
and additional 15 min was required to re-equilibrate the column. The
autosampler was a Finnigan™ Surveyor™ autosampler fitted with a 2 pl
loop. The HPLC and autosampler systems were all synchronized via
Xcalibur software (Xcalibur™, Finnigan Corp.). A Finnigan LCQ DECA
XPPIYS quadrupole ion trap mass spectrometer (Finnigan Corp., San Jose,
CA), equipped with a pneumatically assisted electrospray ionization
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Fig. 1. Schematic diagrams of (A) nucleosides and (B) N N>-dimethylguanine after the
CID process. “B” corresponds to the purine/pyridine moiety.
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Table 1
Calibration curve for quantification of nucleosides.

Nucleoside Abbreviation Linearity (R?)
Cytidine C 0.9989
3-Methylcytidine m3C 0.9982
1-Methyladenosine mlA 0.9965
7-Methylguanosine m7G 0.9998
Inosine 1 0.9966
Guanosine G 0.9988
2-Deoxyguanosine dG 0.9946
8-Hydroxy-2-deoxyguanosin 80HdG 0.9987
N2 NZ2-dimethylguanine NNGua 0.9997
Adenosine A 0.9992

source, was used. The mass spectrometer was operated in positive ion
mode by applying a voltage of 3.5 kV to the ESI needle. The temperature
of the heated capillary in the ESI source was set at 295 °C. To avoid space
charge effects, the number of ions stored in the trap was regulated by the
automatic gain control, which was set at 1x 108ions for full scan mode,
4x107 for MS/MS mode, and 2 x 107 for selective reaction monitoring
(SRM) mode. The flow rate of the sheath gas of nitrogen was set at 30
(arbitrary units). Helium was used as the damping gas at a pressure of
1073 Torr. Voltages across the capillary and the octapole lenses were
tuned by an automated procedure to maximize signal for the ion of
interest. In MS/MS analysis, typical values for the relative collision
energy (peak-to-peak amplitude of the resonance excitation) ranged
from 0.4 to 0.8 eV. For quantitative experiments with SRM mode, the
maximum ion collection time was 0.15 s for each step and 3 scans were
added for each spectrum. We used the following SRM transitions for the
quantification: cytidine, m/z 244—112; 3-methylcytidine, m/z
258 —126; 1-methyladenosine, m/z 282 — 150; 7-methylguanosine,
m/z 298 — 166; guanosine, 284 — 152; adenosine, m/z 268 — 136;
inosine, m/z 269 — 137; 2-deoxyguanosine, m/z 268 — 152; 8-hydroxy-
2-deoxyguanosine, m/z 284 — 168; N2N2-dimethylguanine, m/z
180 — 137; tubercidin, m/z 267 — 135. Isolation width was set from
1 to 2 and the activation Q value was set at 0.25-0.45. The experi-
mental programs were performed with the software package Xcalibur
(Xcalibur™, Finnigan Corp.). The data processes of quantification were
performed with the software, LCquan (Xcalibur™, Finnigan Corp.). The
areas under the peaks were integrated to calculate the concentration of
nucleosides.

Table 2
Intra- and inter-day precision and accuracy for nucleosides.

2.6. Quantification of the urinary nucleosides

To compensate for variations in urine concentration, all nucleoside
concentrations were indexed against creatinine and expressed as
wmol nucleoside/mmol creatinine [10,11,14,15,17]. Urinary creatinine
levels were determined by a modified Jaffe method, the principle of
which is the reaction between creatinine and picric acid using
colorimetric detection [13].

2.7. Statistical analyses

Creatinine-corrected concentrations of nucleosides in the breast
cancer group and in the control group were plotted in a box plot
diagram. The Student's t-test was used to measure differences in
nucleoside levels between the 2 groups.

3. Results

In the MS/MS analysis, we monitored the separated nucleosides
using positive ionization tandem mass spectrometry in selective reaction
monitoring (SRM) mode. The protonated precursor ion [M+ H]" was
the most abundant ion of all nucleosides and the protonated base ion
[BH,]* was the most abundant ion after collision-induced dissociation
(CID). Previous studies [1-3] have shown that the glycosidic bond that
connects the base moiety and the ribose moiety tends to breakdown in
the CID process. With the exception of pseudouridine, the major
fragmentation ion was the loss of two water molecules [MH-2H,0] "
[11]. The m/z differences after CID were 132 Da and 116 Da for
nucleosides and deoxynucleosides, respectively. Besides, N2 N?2-
dimethylguanine, a modified nitrogen base, fragmented into a N2 N2-
dimethyl group and a guanine base (Fig. 1).

In this study, tubercidin was used as the internal standard for the
quantification of urinary nucleosides. Although the retention time of
tubercidin was different from other nucleosides, accuracy and precision
of this method was of acceptable. The linearity of the calibration curve
was evaluated via the R? regression coefficient of determination the
values >0.995 (Table 1). The accuracy of the method was measured by
determining the mean concentration at various concentrations of
analyte and was calculated as percentage error of theoretical versus
measured concentrations. Precision was estimated as the CV of the
analyses. The inter-assay and intra-assay CVs were <15%. Accuracy

Nucleosides Specified amount Intra-day test Inter-day test
Average Precision (CV, %) Accuracy (%) Average Precision (CV, %) Accuracy (%)
C 5 4.88 4.24 2.45 5.02 2.01 0.49
1 1.07 11.53 7.06 0.97 8.11 3.02
m3C 5 4.84 9.19 3.17 4.95 3.96 1.06
1 1.04 14.86 441 0.98 1.04 1.59
ml1A 5 4.60 9.82 7.90 493 3.68 1.34
1 1.06 11.90 6.35 1.01 1.60 1.26
m7G 5 5.10 8.66 1.95 5.02 437 0.46
1 0.92 11.58 8.06 1.04 7.66 4.01
I 5 4.62 6.57 7.56 4.71 8.34 0.85
1 1.07 11.89 6.64 1.04 1143 4.00
G 5 4.60 6.64 7.96 4.67 7.42 6.59
1 0.97 9.56 341 1.04 7.06 3.53
dG 5 4.63 8.46 7.44 491 7.81 1.89
1 1.08 10.39 7.84 0.92 4.50 8.06
80HdG 5 4.96 8.64 0.90 493 1.90 1.36
1 0.94 5.72 6.32 1.03 4.87 2.97
NNGua 5 498 7.86 0.33 4.95 2.19 0.92
1 1.04 224 427 0.99 11.12 0.99
A 5 5.04 5.11 0.86 499 4.64 0.27
1 0.97 5.37 2.61 0.97 130 3.08
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Table 3
Extraction yield of nucleosides from OASIS® MCX 96-well plate.

Nucleosides and extraction yield, %
C m3C mlA m7G I G dG B80OHdG NNNGua A

Average 101.1 976 99.6 81.0 854 920 825 108.7 1069 93.4
STDEV 05 09 04 03 08 09 12 0.5 0.7 0.5
v.% 54 94 37 34 90 95 150 4.8 6.6 5.4

One microgram of each nucleoside was added.

varied with concentration but was generally <10% (Table 2). It was
found that the quantification of nucleosides performed by LC/MS/MS,
using tubercidin as an internal standard, was of acceptable accuracy and
precision.

In this study, the OASIS® MCX 96-well plate was used to pre-
purification of urinary nucleosides. The OASIS® MCX plate contained
a mixed-mode sorbent with reversed-phase and cation-exchange
functionalities. A standard solution of nucleoside mixture was repeat-
edly analyzed with OASIS® MCX 96-well plate for isolation followed by
reversed-phase HPLC, as described above, for quantification. Extraction
yields ranged from 81 to 108% for one microgram of each nucleoside
placed on the affinity plate and the CVs were lower than 15% (Table 3).
The cation-exchange function of OASIS® MCX was suitable to extract
both nucleosides, deoxynucleosides (dG and 8-OHdG) and nitrogen
base (NNGua).

HPLC-MS/MS chromatograms represented the nucleoside standards
and urinary nucleosides in a breast cancer patient are shown in Fig. 2.
The chromatograms show the total ion current (TIC) chromatogram
with the relative abundance set at a scale of 2x107. With the SRM
detection mode, the inset in Fig. 2B was the mass chromatogram of
peaks labeled with 9, 12 and 13. The unknown peaks 12 and 13
contained a base peak at m/z 298 which yielded a daughter ion at m/z
166. So the unknown peaks 12 and 13 could be detected in the SRM
transition of the 7-methylguanosine. However, peaks 12 and 13 were
not the nucleoside 7-methylguanosine due to the different retention
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time. In Fig. 2B, the obstacle of the partially coelution of peak 9 with
peaks 12 and 13 in HPLC could be overcome by the MS/MS (SRM)
detection. The specificity of detecting these nucleosides was greatly
elevated with the SRM detection. Besides, Fig. 2 confirms the importance
of using a standard in order to minimize the false detection rate.

The distribution patterns of all the nucleosides in the patients and
normal controls are summarized in a box plot format (Fig. 3). As seen
in the figure, the levels of all eight nucleosides were higher in patients
than in controls. Of the ten nucleosides analyzed in this study, two
nucleosides, namely guanosine and 7-methylguanosine, were not
detected in urine and only three nucleosides were significantly
elevated in patients relative to controls, namely cytidine (p =0.0003),
3-methylcytidine (p=0.0001), and inosine (p=0.00007). The per-
centage of patients with higher urinary nucleoside (>the normal
mean value + 1 x S.D.) was further calculated, and it was 58%, 58% and
62% for cytidine, 3-methylcytidine and inosine.

4. Discussion

Using our method, we were able to separate 11 nucleosides
(including the internal standard, tubercidin) in one HPLC cycle. The 10
nucleosides were screened from among those used in previous studies
and only the nucleosides with available standards were selected. In our
experience, false identification of metabolites in complex urine
samples is common, especially when high resolution MS is not used.
The standards provide more detailed information such as retention
time in HPLC and provided more accurate tandem MS patterns,
thereby increasing the reliability of the findings.

In this study, purification of nucleosides in complex urine matrix
from 36 breast cancer patients and 24 normal controls was performed
with a cation exchange SPE and a 96-well SPE plate at the same time.
The 96-well SPE plate allowed for large amounts of sample to be
purified in a timely manner and decreased the variation between
single column preparations.

12 miz 298 — 166

13

9 m/z 284 — 168

15 16

Fig. 2. HPLC-MS/MS chromatograms of (A) nucleoside standards and (B) urinary nucleosides in a breast cancer patient. The data are presented as the total ion chromatogram.
1. Cytidine, 2. 3-methylcytidine, 3. 1-methyladenosine, 4. 7-methylguanosine, 5. Inosine, 6. Guanosine, 7. 2-deoxyduanosine, 8. Tubercidin, 9. 8-hydroxy-2-deoxyguanosine, 10. N2,

N2-dimethylguanine and 11. Adenosine; 12. Unknown; 13. Unknown.
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Fig. 3. Box plots of urinary nucleosides (A) cytidine, 3-methylcytidine, 1-methyladenosine,
adenosine and (B) 2-deoxyguanosine, 8-hydroxy-2-deoxyguanosine, N2 N2-
dimethyladenine, inosine. The bottom and top of the box represent the 25th and 75th
percentile (the lower and upper quartiles, respectively), the band near the middle of the
box is the 50th percentile and the square circle represents the average. In addition, the
ends of the whiskers represent the maximum and minimum values.

Our findings support those obtained in previous studies that
cytidine and inosine are potential tumor markers for breast cancer
[14,15] or other cancers [16,17]. Our most interesting finding, how-
ever, is that 3-methylcytidine is also a potential biomarker. That
nucleoside was first isolated from soluble-ribonucleic acid (RNA) [18]
and subsequently isolated from the ribosomal and transfer RNA in
HelLa cells [19,20]. The N3-position of the pyridine base of cytidine is
the nuclephilic center and is most reactive to alkylation agents [21].
3-Methylcytidine shows both mutagenic and toxic properties in
single-stranded DNA [22]. Although urinary levels of 5-methylcytidin
or 5-methylcytosine have been shown to be elevated in patients with
breast cancer [1,10,11,23-26], no studies, to the best of our knowl-
edge, have shown an association between 3-methylcytidine and
cancer. Although 5-methylcytidin and 3-methylcytidine have the
same parent ion and daughter ion in MS, the retention times differ in
the HPLC analysis (supplementary data, Fig. S-1). This indicates that
false identification was avoided in our study. Kammerer et al. reported
that methylcytidine in urine was a potential diagnostic marker of
breast cancer, although they did not identify the specific methylcy-
tidine isomer, the specific daughter ions in MS/MS (m/z 69, 83, 95, 109
and 126) have been shown [27]. Until the CID patterns of cytidine and
its derivates were reported by Jensen et al. [28], isomers were
discriminated through sequential product ion spectra. Using the
discriminated MS" pattern (specific m/z 69, 95 for m3C but not for
mb5C), the methylcytidine isomer reported by Kammerer et al. would
be defined as 3-methylcytidine. Our study is, therefore, the first to
identify 3-methylcytidine as an abundant nucleoside in breast cancer
urine. The MS and MS/MS (fragmentation pattern) of peak 2 were
shown to be identical for the suspected nucleosides 3-methylcytidine

standard in this study. These bits of information provide the
qualitative evidences. Besides, the different retention time of 3-
and 5-methylcytidine has been added in the supplementary data as
Fig. S-1. We also showed that 3-methylcytidine is a potential marker
in breast cancer with a discriminative power of 58% in Taiwanese.

Multiple nucleosides rather than one nucleoside were evaluated in
cancer disease in several reports. In such a multi-component alteration
of the nucleosides levels, a bioinformatics pattern recognition method
could reveal more information on the differences between healthy
individuals and cancer patients than the evaluation of a single
component solely [29-31]. According to our results, it is strongly
recommended to incorporate urinary cytidine, 3-methylcytidine and
inodine as multiplexed biomarkers to elevate the diagnostic sensitiv-
ity. Combination of these potential nucleoside biomarkers or other
possible biomarkers for evaluation of the diagnostic sensitivity is
valuable in the further studies.
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