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A B S T R A C T

Purpose: Renal cell carcinoma (RCC) is a very aggressive and often fatal heterogeneous disease that is usually
asymptomatic until late in the disease. There is an urgent need for RCC specific biomarkers that may be exploited
clinically for diagnostic and prognostic purposes.
Materials/methods: Serum and urine samples were collected from patients with diagnosed kidney cancer and
assessed with gold nanoparticle enhanced target (AuNPET) surface assisted-laser desorption/ionization mass
spectrometry (SALDI MS) based metabolomics and statistical analysis.
Results: A database search allowed providing assignment of signals for the most promising features with a
satisfactory value of the area under the curve and accuracy. Four potential biomarkers were found in urine and
serum samples to distinguish clear cell renal cell carcinoma (ccRCC) from controls, 4 for the ccRCC with and
without metastases, and 6 metabolites to distinguish low and high stages or grades.
Conclusions: This pilot study suggests that serum and urine metabolomics based on AuNPET-LDI MS may be useful
in distinguishing types, grades and stages of human RCC.
1. Introduction

Kidney cancers are the 16th most frequently diagnosed types of
cancer. Worldwide, in the year 2018, there were more than 403 thousand
new cases of kidney cancer, which is 2.2% of all cancers and up to 175
thousand deaths due to this disease [1]. Approximately 80% of adult
kidney cancers are renal cell carcinomas (RCCs) [2]. They are a hetero-
geneous group of tumors classified by WHO into several subtypes: clear
cell (80% of cases), papillary (10%), chromophobe (5%), medullary and
collecting duct (below 1%) and other unclassified subtypes (~5%) [3].
RCC develops asymptomatically for a long time and is often detected in
advanced stages, approximately 20% of patients have metastases at the
time of diagnosis [4]. Kidney tumors are usually detected by incidental
medical imaging methods, but imaging cannot distinguish neither his-
topathological type of cancer nor its grade. For that reason, RCC still
remains a major challenge and forces searching for diagnostic and
prognostic procedures [5,6]. Renal mass biopsy may be helpful but is
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prone to sampling error and ultimately is invasive and associated with
some morbidity [7,8]. That being the case, it is important to develop
non-invasive methods, for example, based on distinctive chemical com-
pounds from bioliquids, called biomarkers, that might indicate a devel-
opment of tumor.

Biomarkers can be genes [9], proteins [10] and metabolites [11], but
proteomic approach dominates in current strategies of cancer biomarker
search. Several RCC protein biomarkers have been proposed, but they
suffer from low sensitivity and specificity [12]. Cancer is a disease that
alters cell metabolism, so it seems that the appropriate approach will be
the metabolic profiling [8,13].

In the case of RCC, researchers report that mutations affecting hyp-
oxia inducible factor (HIF), succinate dehydrogenase and fumarate
hydratase alter cellular metabolism and contribute to cancer cellular
growth [14]. The major metabolic disorders associated with kidney
cancer occur in amino acid and fatty acid metabolism, glycolysis and also
tricarboxylic acid (TCA) cycle [15]. Due to the location of RCC in
of Rzeszow, Warzywna 1a, 35-310, Rzeszow, Poland.
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Table 2
Clinical characteristics of patients.

ccRCC patients others renal tumors patients

Total 33 17
Age (years) 35–89 43–84
Mean 69 66
Sex Male 18 12

Female 15 5
Stage (T) T1 21 12

T2 1 2
T3 10 0
T4 1 0
undefined 0 3

Nodes (N) N0 32 14
N1 1 0
undefined 0 3

Metastases (M) M0 29 13
M1 4 1
undefined 0 3

Grade (Fuhrman) I 6 1
II 15 2
III 10 3
IV 2 0
undefined 0 11
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proximity to the urinary collecting system and blood circulation it is
suggested that analysis of serum and urine is the best suited for screening
to detect metabolic biomarkers of this tumor. Metabolomic approach has
already been applied to analyze tissue [16–19], plasma [20,21], serum
[22–25] and urine [26–29] samples from RCC patients. Most of this
research is focused on distinguishing between RCC and disease-free
controls, often without assessing cancer type, grades and stages. An
exception is the work by Gao et al. [30] using proton magnetic resonance
(1H NMR), which distinguished between patients with and without me-
tastases, and work by Falegan et al. [8], in which the authors used 1H
NMR and gas chromatography coupled to mass spectrometry (GC-MS) to
differentiate between benign and metastatic renal masses, as well as
between low grade and high grade RCC. Additionally, recent studies
using NMR and laser mass spectrometry on monoisotopic silver-109
nanoparticles enhanced target (109AgNPET), distinguished between
benign and metastatic cancer as well as the grades of RCC in urine [31],
serum [25] and tissue [32] samples.

Mass spectrometry (MS) is the predominantly used family of analyt-
ical methods in cancer biomarker research mainly due to its high reso-
lution and sensitivity compared to other techniques. Among the various
MS methods of ionization, matrix-assisted laser desorption/ionization
(MALDI) technique deserves special attention. The process of preparing a
sample for MALDI MS measurements consists of mixing the analyte with
a compound with strong light absorption in the range of waves emitted
by the laser. This compound, called a matrix, is most often a low mo-
lecular weight organic acid such as α-cyano-4-hydroxycinnamic acid
(CHCA) and 2,5-dihydroxybenzoic acid (DHB). The matrix particles
excited by the laser beam pulse mediate the ionization of the analyte
molecules. MALDI is mainly used for analyzing peptides and proteins
[33], nucleic acids [34] and synthetic polymers [35]. Due to the soft
ionization process, high mass determination accuracy and very high
sensitivity over a wide mass range, this method is among the best choices
for biological material analysis. MALDIMSmethod has already been used
as a tool for peptide and protein profiling for RCC [36]. However, MALDI
spectra contain a high chemical background below m/z 800 due to the
use of organic matrices. For small molecules, such as metabolites,
surface-assisted laser desorption/ionization (SALDI) [37] solutions,
based on various types of nanostructures, are generally better suited. As
the literature search proves, gold nanostructures are among the most
frequently used for laser MS [38]. An example of the use of gold nano-
particles (AuNPs) in SALDI is the work of Liu et al. [39], in which AuNPs
of various sizes covered with ligands were tested for the analysis of low
molecular weight compounds. Gold nanoparticles have also been used in
SALDI MS in combination with other materials such as silver [40,41] or
carbon nanodots, which has been applied to SALDI technique for cyto-
sensing of metals for cancer cells [42]. Several studies present the ad-
vantages of gold-nanoparticle enhanced target (AuNPET) for laser
desorption/ionization mass spectrometry analysis and imaging of low
molecular weight (LMW) compounds of different polarity in complex
biological mixtures [43,44], also in kidney cancer tissue [45], and more
recently, for metabolomic screening of serum [46] and urine [47] sam-
ples of patients with diagnosed RCC and statistical comparison with
Table 1
Comparison of analytical methods used to detect RCC biomarkers.

Method AuNPET 109AgNPET

LOD up to amol/spot up to amol/spot
Suitable for LMW compounds yes yes
Typical sample volume 0.2 μL 0.2 μL
Sample preparation time 20–30s 20–30s
Analysis time per sample 5–20s 5–20s
Acidic sample conditions no no
References [46,47], [25,31],

Abbreviations: 109AgNPET – silver-109 nanoparticle-enhanced target, AuNPET – gold
tography, LMW – low molecular weight, LOD – limit of detection, MALDI – matrix
magnetic resonance, RCC – renal cell carcinoma.
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control group of samples of healthy volunteers in order to discover new
diagnostic biomarker candidates. Compared to commonly used MALDI
MS, this method has been proven to produce much lower chemical
background, allow much more precise internal calibration and be better
for medium and low polar compounds. The comparison of the AuNPET
method with other methods is presented in Table 1. It should be noted
that some of the methods mentioned in Table 1 apply acidic sample so-
lution or acidic eluent. In this case, it is possible that some of acid-labile
compounds may be hydrolyzed, for example, it was shown that proteins
and peptides may undergo hydrolytic breakdown on the level of sample
preparation in MALDI [48].

The aim of this study is to demonstrate the capabilities of AuNPET LDI
MS method as a tool for distinguishing the types, grades and stages of
RCC. For this purpose, we used gold nanoparticle-enhanced target laser
desorption/ionization mass spectrometry in metabolomics analyses of
serum and urine samples with statistical analysis to investigate if meta-
bolic profiles could differentiate between clear cell renal cell carcinoma
(ccRCC) and other types, with and without metastases, low stages (T1
and T2) versus high stages (T3 and T4) and also low grade (Fuhrman I
and II) versus high grade (Fuhrman III and IV).

2. Materials and methods

2.1. Participants

Serum and urine samples were obtained from 50 patients with diag-
nosed kidney cancer. Patient who agreed to participate in the study
donated 50 mL of urine and 10 mL of blood according to standard
medical procedure. Patient characteristics are provided in Table 2. The
MALDI LC-MS/MS GC-MS NMR

up to fmol/spot up to amol up to fmol up to nmol
no yes yes yes
0.2 μL 1–10 μL 1–10 μL 0.6 mL
30–60s 10–60 min 10–20 min 1–3 min
5–20s 10–30 min 10–60 min 10–300 min
yes yes no no
[36] [28,29], [8,18], [20,21,30],

nanoparticle-enhanced target, GC – gas chromatography, LC - liquid chroma-
-assisted laser desorption/ionization, MS – mass spectrometry, NMR – nuclear
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control group consisted of fifty healthy volunteers who donated 10 mL of
blood and 50 mL of urine, for which the presence of kidney or bladder
tumors had been excluded by abdominal ultrasound. The average age
was 51 years old and the male to female ratio was 3:2.

2.2. Ethical issues

All experiments were performed in compliance with the local laws
and institutional guidelines (Rzesz�ow University of Technology biolog-
ical material guidelines). The samples’ and clinical data collection and
analysis, were performed in accordance with the approval of the local
bioethics committee of the University of Rzesz�ow, Poland (no. 2018/04/
10). All patients gave their written informed consent for providing
samples and clinical data.

2.3. Methods

As a precursor for nanoparticle synthesis we used chloro(-
trimethylphosphite)gold(I) of 97þ% purity (Sigma-Aldrich, Saint Louis,
MO, USA). The borane pyridine complex (BH3:py) used as a reducing
agent was at ~8 M borane concentration (Sigma-Aldrich, Saint Louis,
MO, USA). All solvents were of High Performance Liquid Chromatog-
raphy (HPLC) quality and were purchased from Sigma-Aldrich, except for
18 MΩ water which was produced locally. Magnetic stainless steel plate
of H17 grade was made locally and used with Bruker NALDI adapter
(Bruker Daltonik GmbH, Bremen, Germany).

2.4. Preparation of AuNPET target

The AuNPET was prepared in a similar manner to that described in a
recent publication [49]. Stainless steel plate of 45x35 mm size was
inserted into a large Petri dish containing chloro(trimethylphosphite)
gold(I) (25 mg) dissolved in acetonitrile (50 mL). To this solution, 8 M
BH3:py complex in pyridine (173 μL) was added. After 48 hours of re-
action, target plate was washed several times with acetonitrile, wiped
with cotton wool ball and washed three times with acetonitrile and
deionized water.

2.5. Sample preparation

Obtained urine and serum samples were immediately frozen and
stored at �60 �C. Prior to measurements, an unfreezing step was per-
formed in room temperature, followed by 500-times dilution with ul-
trapure water for serum and 1000-times for urine. Volumes of 0.5 μL of
samples solutions were placed directly on target plate, air dried and
inserted into MS apparatus for measurements.

2.6. LDI MS experiment

Laser desorption/ionization mass spectrometry experiments were
performed using Bruker Autoflex Speed Time-of-Flightmass spectrometer
(Bruker Daltonik GmbH, Bremen, Germany) equipped with a SmartBeam
II laser (355nmwavelength) in positive-ion reflectronmode. Spectrawere
recorded in the m/z range of 80–2000, with ions below m/z 79 deflected
from the flight trajectory. Laser impulse energy was approximately
100–190 μJ and laser repetition rate was 1 kHz. Number of laser shots was
20,000 (4x5000 shots) for each sample spot. The operating conditions
voltages were as follows: ion source 1: 19 kV; ion source 2: 16.7 kV;
reflector 1: 21 kV; reflector 2: 9.55 kV. The spectra were calibrated with
FlexAnalysis (version 3.3; Bruker Daltonik GmbH, Bremen, Germany)
using enhanced cubic calibration model and analyzed with mMass 5.5.0-
open source program [50]. Mass calibration was performed on 5 points
using internal standards (gold ions and clusters from Au þ to Au5þ).
Reproducibilitywas tested bymeasuring triplicates and comparing signals
intensities form/z values for ions: Auþ toAu5þ for 10 cancer and10normal
samples. All intensities were within 20% of mean value.
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2.7. Data analysis

Database search of chemical compounds was carried out using a
custom made program for Human Metabolome Database (HMDB) [51]
and LIPID MAPS tools [52]. Theoretical m/z values were confirmed by
using ChemCalc program available online [53]. Statistical analysis of
results was performed with the use of MetaboAnalyst 5.0 service [54].
Data was normalized by sum, cube root transformed, and default Pareto
scaling was used. For creating receiver operating characteristic (ROC)
curve random forests has been chosen as classification method and
Random Forest was selected as feature ranking method.

3. Results and discussion

The goal of our research was to find metabolites present in serum and
urine that could be biomarkers for distinguishing types, stages and grades
of RCC. For this purpose, 50 samples of serum and urine from patients
with diagnosed kidney cancer and 50 samples from healthy volunteers
were assessed using AuNPET. Obtained spectra from patients and con-
trols were compared using MetaboAnalyst 5.0 [54]. Among patients
diagnosed with renal cancer, 33 had ccRCC, of which 29 had no metas-
tases, and 4 had metastases (Table 2). The urine and serum samples were
stratified by pathological stage - 22 from ccRCC low stages (T1 and T2)
patients and 11 from ccRCC high stages (T3 and T4) patients, 21 from
ccRCC low grade (Fuhrman I and II) patients and 12 from ccRCC high
grade (Fuhrman III and IV) patients.

The peak intensity data from LDI MS spectra of serum and urine was
subjected to multivariate data analysis, and two-dimensional score plots
of the Orthogonal Partial Least Squares–Discriminant Analysis (2D-OPLS-
DA) (Figs. 1 and 2) as well as Partial Least Squares–Discriminant Analysis
(2D-PLS-DA) (Supplementary Figs. 1 and 2) score plots were generated
for the entire data set. Analysis of PLS-DA results obtained for serum
samples (Supplementary Fig. 1) shows that only for the comparison of
ccRCC with and without metastases it was possible to obtain complete
separation of the groups. When the OPLS-DA statistical method was used
for analysis of the blood serummass spectra (Fig. 1), the group separation
was obtained for no metastases and metastases, as well as, for ccRCC
samples and the control group. When analyzing Supplementary Fig. 2,
presenting PLS-DA results of urine mass spectrometry data, it can be
concluded that, as with serum samples, complete group separation is
visible for ccRCC with and without metastases, but results from OPLS-DA
(Fig. 2) show complete discrimination for no metastases and metastases,
low and high stages ccRCC, as well as for low and high grade. The ob-
tained results suggest that serum and urine analyses based on the AuN-
PET LDI MS method can be used to identify metabolic differences
between groups.

Based on the PLS-DA and OPLS-DA statistical methods, we obtained
the m/z values that had the greatest impact on group separation. Only
features for which the variable importance in projection (VIP) scores
were �1 and value |p(corr)[1]| � 0.5, were taken into account. Mass
features were assigned using HMDB with |Δm/z| � 15 ppm which
allowed for listing 12 potential biomarkers from serum (Table 3) and 8
potential biomarkers from urine (Table 4).

3.1. Serum samples analysis

In Fig. 3, we present box plots based on ANOVA statistical method for
each of m/z values from the blood serum samples, ROC curves for these
m/z values are presented in Supplementary Fig. 3. For m/z values from
the urine samples box plots are presented in Fig. 4 and ROC curves in
Supplementary Fig. 4. In Figs. 3 and 4, we present the changes in signal
intensities in the compared data sets as well as in comparison with the
control group.

Two features were found in the serum samples that distinguished
patients with ccRCC from patients with other types of renal tumors and
the control group (Table 3). It was the m/z value of 398.2302 (Fig. 3A,



Fig. 1. Graphical representation of OPLS-DA statistical analysis of MS data from blood serum samples: ccRCC vs. controls (A), without metastases (M0) ccRCC vs. with
metastases (M1) ccRCC (B), low stages (T1 and T2) ccRCC vs. high stages (T3 and T4) ccRCC (C), low grade (G1 and G2) ccRCC vs. high grade (G3 and G4) ccRCC (C).
Abbreviations: ccRCC – clear cell renal cell carcinoma, MS - mass spectrometry, OPLS-DA - orthogonal projections to latent structures discriminant analysis.
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Supplementary Fig. 3A) that was assigned to 2-hydroxylauroylcarnitine,
and the value of 409.1584 (Fig. 3B, Supplementary Fig. 3B) that was
assigned to melatonin glucuronide. Bothmetabolites were upregulated in
the blood serum samples from patients with ccRCC and had an area under
the curve (AUC) above 0.7. Accuracy of the test based on 2-hydroxylaur-
oylcarnitine is equal to 71.1% (Supplementary Fig. 5A) and on melatonin
glucuronide 65.1% (Supplementary Fig. 5B). AUC of the model based on
the two proposed biomarkers is 0.775 and accuracy of this model is equal
to 71% (Supplementary Fig. 6A and 6B). 2-Hydroxylauroylcarnitine and
melatonin glucuronide, have already been reported as potential blood
kidney cancer biomarkers [46]. Melatonin glucuronide is a metabolite of
melatonin, a naturally occurring compound found in animals [51].
2-Hydroxylauroylcarnitine belongs to a group of chemicals called acyl
carnitines, which have a higher concentration in the urine and tissue of
renal cancer patients compared to the control group [29,55].

Three serum biomarkers have been proposed to distinguish between
ccRCC with and without metastases, i.e. triglycerides (TGs) of the ion
formula [C53H100O5þK]þ and [C55H100O5þK]þ, as well as phosphati-
dylcholine PC(42:0). All molecules showed higher intensity in the sam-
ples from patients diagnosed with metastatic ccRCC, however the
intensity in the samples from patients without metastases was higher
than in the controls but lower than that in patients with metastases
(Fig. 3C, D, 3E). Two metabolites, TG(52:4) and PC(42:0), have already
been considered as biomarkers for kidney cancer [46]. Based on our
recent publications [29,45], it can be concluded, that the change of lipid
content is an important feature of RCC. Studies have shown, that kidney
tumor tissue contains twice the amount of phosphatidylcholines (PCs)
329
compared to normal tissue [56]; and additionally, TG presence in RCC is
critical for sustained tumorigenesis, but tumor cell viability is not
completely understood [57]. For TG(50:2), AUC is equal to 0.810 and is
the highest among all the proposed biomarkers (Supplementary Fig. 3C),
for the other two molecules, the AUC is above 0.7. The accuracy for the
test, based on all three proposed biomarkers, has been calculated and is
60.6% (Supplementary Fig. 6D).

Them/z values of 203.0598, 204.0616 and 207.0192 are proposed to
distinguish between low (T1 and T2) and high (T3 and T4) stages of
ccRCC samples. All signals have higher intensity in the samples with T3
and T4 stages of ccRCC than in the samples with low stages (Fig. 3F–H).
AUC for all features is 0.617 and accuracy of the test is 57.6% (Supple-
mentary Fig. 6E and 6F). Experimentalm/z 204.0616 and 207.0192 have
been assigned to tyrosine and 2,3-diaminosalicylic acid, respectively,
metabolites considered as potential renal cancer biomarkers in another
study [46]. The AUC for these two features is slightly above 0.5 (Sup-
plementary Fig. 3G and 3H) and is lower than that observed in the cited
study [46]. The explanation for this observation may be, that the ccRCC
samples with low and high stages are more similar from a molecular
point of view than the kidney cancer and control samples that were
compared in the previous publication [46]. Cross validation accuracy of
the test based on tyrosine is low and amounts to 42.4% (Supplementary
Fig. 5G), in contrast to the 2,3-diaminosalicylic acid based test where it is
72.7% (Supplementary Fig. 5H). Metabolite whose potassium adduct has
been attributed m/z 203.0598 is kynuramine. This potential biomarker
for RCC stages has AUC equal to 0.657 (Supplementary Fig. 3F) and test
accuracy of 63.6% (Supplementary Fig. 5F). The expression of



Fig. 2. Graphical representation of OPLS-DA statistical analysis of MS data from urine samples: ccRCC vs. controls (A), without metastases (M0) ccRCC vs. with
metastases (M1) ccRCC (B), low stages (T1 and T2) ccRCC vs. high stages (T3 and T4) ccRCC (C), low grade (G1 and G2) ccRCC vs. high grade (G3 and G4) ccRCC (C).
Abbreviations: ccRCC – clear cell renal cell carcinoma, MS - mass spectrometry, OPLS-DA - orthogonal projections to latent structures discriminant analysis.

Table 3
List of ions and compounds found by statistical analysis of blood serum samples mass spectra.

Metabolite Ion formula Experimental m/z Calculated m/z Δm/z [ppm] Reg.a AUCb Accuracy [%] VIPc p(corr)[1]d Fig.

ccRCC vs. Control
2-Hydroxylauroylcarnitine [C19H37NO5þK]þ 398.2302 398.2303 �0.3 ↑ 0.765 71.1 1.4 �0.56 3A
Melatonin glucuronide [C19H24N2O8þH]þ 409.1584 409.1605 �5.1 ↑ 0.714 65.1 1.4 �0.53 3B
ccRCC without metastases vs. ccRCC with metastases
TG(50:2) [C53H100O5þK]þ 855.7082 855.7202 �14.0 ↓ 0.810 60.6 1.8 0.53 3C
TG(52:4) [C55H100O5þK]þ 879.7081 879.7202 �13.8 ↓ 0.746 60.6 1.4 0.50 3D
PC(42:0) [C50H102NO7P þ Na]þ 882.7268 882.7286 �2.0 ↓ 0.759 66.7 1.5 0.51 3E
Low stages (T1 and T2) ccRCC vs. High stages (T3 and T4) ccRCC
Kynuramine [C9H12N2O þ K]þ 203.0598 203.0581 8.4 ↓ 0.657 63.6 1.5 0.58 3F
Tyrosine [C9H11NO3þNa]þ 204.0616 204.0631 �7.4 ↓ 0.537 42.4 1.1 0.52 3G
2,3-Diaminosalicylic acid [C7H8N2O3þK]þ 207.0192 207.0167 12.1 ↓ 0.529 72.7 1.2 0.57 3H
Low grade (Fuhrman I and II) ccRCC vs. High grade (Fuhrman III and IV) ccRCC
Kynuramine [C9H12N2O þ K]þ 203.0598 203.0581 8.4 ↓ 0.702 57.6 1.9 0.54 3I
2,3-Diaminosalicylic acid [C7H8N2O3þK]þ 207.0192 207.0167 12.1 ↓ 0.631 57.6 1.0 0.50 3J
2-Hydroxylauroylcarnitine [C19H37NO5þK]þ 398.2307 398.2303 1.0 ↑ 0.663 60.6 1.1 �0.51 3K
TG(52:4) [C55H100O5þK]þ 879.7081 879.7202 �13.8 ↓ 0.645 63.6 2.4 0.59 3L

a Regulation of the intensity in samples.
b Area under the ROC curve.
c VIP score obtained on the basis of PLS-DA analysis.
d p(corr) [1] value obtained on the basis of OPLS-DA analysis.
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indoleamine 2,3-dioxygenase, the enzyme involved in the metabolism of
L-tryptophan or melatonin to kynuramines, can be found in most, both
normal and cancerous, human cells. Moreover, some studies have shown
330
a correlation between increased expression of this enzyme and significant
shortening of survival expectation of cancer patients [58]. This would
explain the increase of the kynuramine signal intensity in samples with



Table 4
List of ions and compounds found by statistical analysis of urine samples mass spectra.

Metabolite Ion formula Experimental m/
z

Calculated m/
z

Δm/z
[ppm]

Reg.a AUCb Accuracy
[%]

VIPc p(corr)
[1]d

Fig.

ccRCC vs. Control
9,12,13-Trihydroxyoctadecenoic
acid

[C18H34O5þNa]þ 353.2263 353.2298 �9.9 ↑ 0.659 63.9 1.3 0.51 4A

3-Hydroxydecanoyl carnitine [C17H33NO5þNa]þ 354.2297 354.2251 13.0 ↑ 0.663 65.1 1.3 0.50 4B
ccRCC without metastases vs. ccRCC with metastases
Uridine 30-monophosphate [C9H13N2O9P þ H]þ 325.0459 325.0431 8.6 ↓ 0.776 72.7 2.6 0.53 4C
Low stages (T1 and T2) ccRCC vs. High stages (T3 and T4) ccRCC
Indole-3-acetylglycine [C12H12N2O3þK]þ 271.0439 271.0479 �14.8 ↓ 0.653 60.6 1.8 0.59 4D
Urothion [C11H11N5O3S2þH]þ 326.0424 326.0376 14.7 ↓ 0.715 66.7 1.4 0.51 4E
Myo-inositol 1,4-bisphosphate [C6H14O12P2þH]þ 341.0084 341.0033 15.0 ↓ 0.665 66.7 2.3 0.50 4F
Low grade (Fuhrman I and II) ccRCC vs. High grade (Fuhrman III and IV) ccRCC
Indole-3-acetylglycine [C12H12N2O3þK]þ 271.0439 271.0479 �14.8 ↓ 0.806 69.7 2.3 0.66 4G
Phenylacetylglutamine [C13H16N2O4þNa]þ 287.1003 287.1002 0.3 ↓ 0.790 69.7 1.2 0.50 4H

a Regulation of the intensity in samples.
b Area under the ROC curve.
c VIP score obtained on the basis of PLS-DA analysis.
d p(corr) [1] value obtained on the basis of OPLS-DA analysis.
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high-stage ccRCC. This metabolite has not yet been reported as a
biomarker for ccRCC.

To distinguish low-from high-grade ccRCC, four m/z values were
determined. All metabolites assigned to peaks have already been
described in the present study as potential serum biomarkers for various
types and stages of ccRCC. They are adducts of kynuramine, 2,3-diamino-
salicylic acid, 2-hydroxylauroylcarnitine and triglyceride TG(52:4)
(Table 3). For three features, an increase in the intensity was observed in
the high-grade (Fuhrman III and IV) ccRCC samples; only for 2-hydroxy-
lauroylcarnitine the signal intensity was increased in the low-grade
ccRCC samples (Fig. 3K). For all the proposed biomarkers, the AUC
was over 0.6, and the largest AUC was recorded for kynuramine - 0.702
(Supplementary Fig. 3I). For the test based on all four compounds, the
AUC was 0.731 and the accuracy was 75.8% (Supplementary Fig. 6G and
6H).

3.2. Urine samples analysis

Two urine biomarkers have been proposed to distinguish patients
with ccRCC from patients with other types of renal tumors and the
control group (Table 4). It was the 9,12,13-trihydroxyoctadecenoic acid
for m/z 353.2263 (Fig. 4A) and 3-hydroxydecanoyl carnitine for m/z
354.2297 (Fig. 4B). Both signals have higher intensity in the ccRCC
samples than in the controls, but the intensity is lower than in other types
of renal tumors. The AUC for both features is above 0.65 (Supplementary
Fig. 4A and 4B). Accuracy of the test based on 9,12,13-trihydroxyoctade-
cenoic acid was 63.9% (Supplementary Fig. 7A), for 3-hydroxydecanoyl
carnitine it was 65.1% (Supplementary Fig. 7B), and for the test based on
the two proposed urine biomarkers the AUC was 0.623 and accuracy was
61.4% (Supplementary Fig. 8A and 8B). 9,12,13-trihydroxyoctadecenoic
acid has already been reported as a potential urine renal cancer
biomarker [47]. 3-hydroxydecanoyl carnitine has not been previously
considered as a biomarker for RCC, but this metabolite belongs to the
group of acyl carnitines compounds that have been repeatedly reported
as markers of kidney cancer [29,55].

To distinguish between the ccRCC patients with and without metas-
tases one feature was found which was assigned to the proton adduct of
uridine 30-monophosphate. This metabolite was down-regulated in the
urine samples from ccRCC patients without metastases (Fig. 4C) and had
the AUC equal to 0.776 (Supplementary Fig. 4C). The accuracy of the test
was 72.7% (Supplementary Fig. 7C).

Three features were found in the urine samples that distinguished
between the low- and high-stage ccRCC. The m/z values of 271.0439,
326.0424 and 341.0084 were assigned to indole-3-acetylglycine,
331
urothion and myo-inositol 1,4-bisphosphate, respectively. For all fea-
tures, an increase in the intensity was found in high-stage ccRCC. The
accuracy of the test for m/z 341.0084 and 326.0424 was 66.7% (Sup-
plementary Fig. 7E and 7F) and for indole-3-acetylglycine 60.6% (Sup-
plementary Fig. 7D). The AUC for all features was over 0.65
(Supplementary Fig. 4D, E and F). For the test based on all three com-
pounds, the AUC was 0.602 and the accuracy was 60.6% (Supplementary
Fig. 8C and D). None of these metabolites have been considered as a renal
tumor biomarker, but the urothion belongs to a group called pterins that
have been studied extensively as putative urine biomarkers for early
cancer detection and diagnosis [59] inter alia in bladder cancer [60].
Myo-inositol 1,4-bisphosphate is a metabolite of myo-inositol belonging
to inositol phosphates, which play an important role in cellular functions,
such as growth, apoptosis and cell migration, and furthermore,
myo-inositol has already been considered as a potential biomarker for
RCC [31,61].

The m/z values of 271.0439 and 287.1003 are proposed to distin-
guish between low (Fuhrman I and II) and high (Fuhrman III and IV)
grades of ccRCC urine samples. All signals had higher intensity in the
samples with Fuhrman III and IV grades than in the samples with low
grades (Fig. 4G–H). The AUC for all features was 0.817 and the accuracy
of the test was 78.8% (Supplementary Fig. 8E and F). A potassium adduct
of indole-3-acetylglycine was assigned to m/z 271.0439. This metabolite
showed the highest AUC among the proposed urinary biomarkers - 0.806
(Supplementary Fig. 4G). The other metabolite, phenylacetylglutamine,
also had a high AUC of 0.79 (Supplementary Fig. 4H). This compound
occurs naturally in human urine. Higher levels of phenylacetylglutamine
have also been found in patients with gastric cancer and Lario et al. [62]
concluded that this may indicate deregulation of phenylalanine or
glutamine metabolism.

4. Conclusions

AuNPET-SALDI-MS was used for analysis of serum and urine samples
from 33 patients with diagnosed ccRCC and 50 healthy volunteers. The
methodology allowed for the identification of down- and upregulated 8
features in the blood serum and 7 in the urine samples that could
potentially serve as ccRCC biomarkers. We found 4 potential biomarkers,
in both types of samples, that distinguish ccRCC from healthy controls, 4
that distinguish between the ccRCC with and without metastases, 6
metabolites that distinguish low (T1 and T2) from high (T3 and T4)
stages, and 6 that distinguish low (Fuhrman I and II) from high (Fuhrman
III and IV) grades of ccRCC. These tools can be potentially employed
clinically to identify types, grades and stages of RCC.



Fig. 3. Box plots for m/z values obtained for
blood serum samples, distinctive ccRCC and
controls: 398.2302 (A), 409.1584 (B), with
and without metastases: 855.7082 (C),
879.7081 (D), 882.7268 (E), low stages and
high stages: 203.0598 (F), 204.0616 (G),
207.0192 (H), low grade and high grade:
203.0598 (I), 207.0192 (J), 398.2307 (K),
879.7081 (L).
Abbreviations: ccRCC – clear cell renal cell
carcinoma, m/z – mass to charge ratio.
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Fig. 4. Box plots for m/z values obtained for urine samples, distinctive ccRCC and controls: 353.2263 (A), 354.2297 (B), with and without metastases: 325.0459 (C),
low stages and high stages: 271.0439 (D), 326.0424 (E), 341.0084 (F), low grade and high grade: 271.0439 (G), 287.1003 (H).
Abbreviations: ccRCC – clear cell renal cell carcinoma, m/z – mass to charge ratio.
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