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Simple Summary: Renal cell carcinoma (RCC) is one of the most common cancer types. However,
the lack of clinical symptoms and validated biomarkers for early stage RCC prevent timely disease
diagnosis. The study was focused on revealing potential low molecular biomarkers for early-stage
RCC. The untargeted direct injection mass spectrometry-based metabolite profiling of blood plasma
samples from non-cancer volunteers (control) and RCC patients (early stages of clear cell RCC
(ccRCC), papillary RCC (pRCC), chromophobe RCC (chrRCC), and advanced stages of ccRCC) was
performed. A set of metabolites with diagnostic power for the early stages of ccRCC was detected.

Abstract: Early diagnostics significantly improves the survival of patients with renal cell carcinoma
(RCC), which is the prevailing type of adult kidney cancer. However, the absence of clinically obvious
symptoms and effective screening strategies at the early stages result to disease progression and
survival rate reducing. The study was focused on revealing of potential low molecular biomarkers
for early-stage RCC. The untargeted direct injection mass spectrometry-based metabolite profiling of
blood plasma samples from 51 non-cancer volunteers (control) and 78 patients with different RCC
subtypes and stages (early stages of clear cell RCC (ccRCC), papillary RCC (pRCC), chromophobe
RCC (chrRCC) and advanced stages of ccRCC) was performed. Comparative analysis of the blood
plasma metabolites between the control and cancer groups provided the detection of metabolites
associated with different tumor stages. The designed model based on the revealed metabolites
demonstrated high diagnostic power and accuracy. Overall, using the metabolomics approach the
study revealed the metabolites demonstrating a high value for design of plasma-based test to improve
early ccRCC diagnosis.

Keywords: renal cell carcinoma; metabolite profiling; biomarkers; direct mass spectrometry;
blood plasma

1. Introduction

Cancer along with cardiovascular diseases is the most common cause of death world-
wide [1]. Renal cell carcinoma (RCC), also known as renal adenocarcinoma or hyper-
nephroma, is one of the most common types of cancers and is diagnosed in more than 80%
of adult kidney cancers. Three main histological subtypes of RCC include clear cell RCC
(ccRCC), papillary RCC (pRCC), and chromophobe RCC (chrRCC), observing at 75-85%,
10-15%, and 5-10%, respectively [2—4]. The effectiveness of the disease treatment depends
on how early it was diagnosed. However, an absence of obvious clinical symptoms and
non-effective screening strategies especially at early stages of the disease lead to unnotice-
able progression of the tumor and significant reduction in patient survival rate [5,6]. Wide
application of modern effective methods of diagnostics (the fine needle biopsy, computed
tomography scan (CT scan), magnetic resonance imaging (MRI), etc.) is limited by the high
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cost of the specialized equipment and qualification requirements to staff [7]. Therefore, the
development of new effective, at the same time relatively simple and cheaper methods for
kidney cancer biomarker-based laboratory diagnostics is very important.

In the last decades, the use of different modern “-omics” sciences for revealing cancer-
specific alterations at the genome, proteome, and metabolome levels has attracted great
interest [8]. Metabolomics is one of the highly promising “-omics” that comprehensively
analyses low-molecular-weight (typically less than 1000 Da) molecules (metabolites) in
biological systems [9-11]. Metabolites being the substances, intermediates, and products of
various biochemical reactions are the best reflection of the physiological and pathological
processes, which take place in a human organism [12]. Significant metabolic alterations are
one of a hallmark of many human disorders (age-related diseases, neurodegenerative dis-
orders, autoimmune, inflammatory diseases, etc., including different cancer types) [13-16].
Numerous studies demonstrated the ability of metabolomic profiling-based approaches to
provide a diagnostics of many diseases, prediction an effectiveness of proposed therapeutic
strategies, and monitoring of selected treatment [16-19].

The untargeted direct injection mass spectrometry (DIMS)-based metabolome profiling
of blood plasma samples from non-cancer volunteers (control) and patients with different
RCC subtypes and the tumor stages (early stages of clear cell RCC (ccRCC), papillary RCC
(pRCC), chromophobe RCC (chrRCC) and advanced stages of ccRCC) was performed to
reveal metabolites associated with tumor progression.

2. Materials and Methods
2.1. Subject Collection

The venous blood samples were collected from 129 participants, including 51 non-
cancer volunteers (the subjects without a tumor in the past) and 78 patients with different
RCC stages (Table 1) at the Federal State Budgetary Institution “N.N. Blokhin National
Medical Research Center of Oncology” of the Ministry of Health of Russia (Moscow, Russia)
from September 2017 to September 2019.

Table 1. Summary of the cohorts.

BMI Male Female
Total Age
Cohort Number (years) (k g/mz) Number Age Number Age Male/Female
(years) (years)
Control 51 565+ 771 3054271 23 525+ 6.9 28 59.1+71 45%/55%
ccRCC 39 60.0 £79 326+34 18 57.1+9.1 21 62.0 + 6.5 46% /54%
(I-IT stages)
ccRCC
(Ir-rv 22 583 +7.0 3124238 17 575+75 5 613 +£4.1 77% /23%
stages)
pRCC and
chrRCC 12 582 +10.2 321+26 4 57.3 £11.8 8 58.6 9.4 33%/67%
(I-IT stages)
Lung
cancer 2 25 61.6 £4.2 30.3 £ 2.8 16 60.4 + 3.5 9 623 +54 64%/36%

(I-IT stages)

! mean = s.d.; ? the lung cancer samples were used as additional control to evaluate the specificity of diag-

nostic pattern for ccRCC; ccRCC, clear cell renal cell carcinoma; pRCC, papillary renal cell carcinoma; chrRCC,
chromophobe renal cell carcinoma.

The twenty-five lung cancer plasma samples were used as an additional control to
assess the specificity of the revealed set of the most promising metabolites chosen for the
ccRCC diagnostic model. These samples were used in the previously published study [20]
and are stored in the laboratory biobank at —80 °C.
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The presence of kidney cancer in patients was confirmed by clinical, laboratory, and
morphological research methods. Histological variants of renal cell carcinoma were iden-
tified according to the international WHO classification [21]. The clinical stages of RCC
were assigned according to the 2009 Classification of Malignant Tumors (TNM), which
includes tumor size, invasion into the inferior vena cava, capsule invasion, involvement
of the adrenal gland and lymph nodes, and the presence of distant metastases. The RCC
patients with severe diseases (diabetes and others, including other cancer types) were
excluded from the study. All procedures performed in the investigations involving human
subjects were in accordance with the ethical standards of the institutional and national
research committee and with the 1964 Helsinki declaration and its later amendments or
comparable ethical standards.

2.2. Study Design

The experiment was designed as case—control study to determine alterations in plasma
metabolite composition associated with the RCC progression. For this purpose, the re-
cruited subjects with RCC were divided into several groups according to the kidney cancer
type, and degree of tumor progression. The design of the comparative analysis (summary
list of the compared group pairs) is shown in Table 2.

Table 2. Groups of samples for comparative analysis.

Controls Cancer Patients

patients with ccRCC (I-II stages)
vs patients with ccRCC (III-IV stages)
patients with pRCC and chrRCC (I-1I stages)

non-cancer
volunteers

2.3. Sample Preparation

Blood samples were collected in the morning after overnight fasting into EDTA Vacu-
tainer plasma tubes (BD, Franklin Lakes, NJ, USA) and cooled down at 4 °C immediately.
Blood plasma was separated by centrifugation according to the manufacturer’s instruction
(4000 rpm for 10 min at 4 °C), transferred into a clean 2 mL Eppendorf, and immediately
stored at —80 °C until analysis. For analysis, the frozen plasma samples were thawed on
ice, and an aliquot (10 pL) was mixed with 80 pL pre-cooled methanol (J.T. Baker, Gliwice,
Poland) and 10 uL water (Sigma-Aldrich, St. Louis, MO, USA). The mixture was incubated
for 10 min (on ice with periodical shaking) and centrifuged (13,000x g, 4 °C, 15 min).
The supernatant was transferred to a clean 2 mL Eppendorf and 10 uL of the supernatant
was mixed with fifty volumes of methanol containing 0.1% formic acid (Fluka, Munich,
Germany). As an internal standard, 0.4 uL (5 mg/L) of losartan solution was added. The
resulting solutions were analyzed by direct infusion mass spectrometry.

2.4. Metabolite Profiling

A hybrid quadrupole time-of-flight mass spectrometer (maXis Impact, Bruker Dal-
tonics, Billerica, MA, USA) equipped with electrospray ionization (ESI) was applied for
the analysis of the metabolomic composition of samples. Full scan data acquisition was
performed in positive ion mode over the range of mass-to-charge ratio (/z) from 50 to 1000
with a mass accuracy of 1-3 parts per million (ppm). The mass spectrometer was calibrated
daily by applying external calibration standard ES Tuning Mix (Agilent Technologies, Santa
Clara, CA, USA). The samples were injected into the ESI source by using of a precision
glass syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland) and a syringe pump (KD
Scientific, Holliston, MA, USA) with the flow rate of 180 uL/h. MS analysis of the samples
(kidney cancer patients, controls, and blank samples) was carried out in a randomized
order. Mass spectra were recorded by DataAnalysis software (version 4.1, Bruker Daltonics)
to summarize signals for 1 min. Three technical replicates per sample were performed.
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2.5. Mass Spectrum Processing

The MS raw data were processed by DataAnalysis software (version 4.1, Bruker
Daltonics, Bremen, Germany). The following parameters were used for mass peak detection:
peak width, 3; signal-to-noise ratio, 2; and relative and absolute threshold intensity, 0.05%
and 100, respectively. Normalization of MS peak intensities was performed as described
previously [20]. Alignment of the m/z values of the mass peaks to the different mass spectra
was performed as described previously [22].

2.6. Statistical Analysis

After preprocessing, the data were subjected to statistical analysis to identify discrim-
inated metabolite mass peaks (variables). Orthogonal partial least squares discriminant
analysis (OPLS-DA) was performed using the MetaboAnalyst 5.0 (www.metaboanalyst.ca,
accessed on 14 June 2022), a free online software for metabolomics data analysis [23]. R2Y
and Q? parameters were used to assess the quality of the OPLS-DA models. The fitness
of the computed models was evaluated through one hundred permutation validations
(p-value < 0.05 was considered as statistically significant). Variable importance for the
projection (VIP) values was applied to rank the variables according to their contribution to
the discrimination of the compared experimental groups. Univariate statistical analysis
(pairwise Mann—Whitney U test), implemented in Statistica software 10.0 (StatSoft Inc.,
Tulsa, Oklahoma, USA), was utilized to evaluate the significance of the variables. Imple-
mented in MetaboAnalyst 5.0 unpaired Wilcoxon rank-sum test and the false discovery rate
(FDR) with threshold p < 0.05 were applied for reconfirmation and correction of the results.
The final selection of the most influent variables was based on the following conditions:
VIP value obtained from OPLS-DA > 1.0, and p-value < 0.05.

Further, the optimal combination of metabolites for effective discrimination of RCC
patients and non-cancer patients was revealed. The subjects were randomly divided into
two groups. The first group (independent test set) included 1/3 of the early stage of ccRCC
subjects (six males and seven females) and non-cancer controls (seven males and eight
females). This group was not included in the model building process. The second group
(training and cross validation (CV) sets for the model) included the remaining 2/3 of the
early stage ccRCC subjects (12 males and 14 females) and non-cancer controls (16 males
and 20 females). The Biomarker analysis tool (MetaboAnalyst 5.0) was used to construct
diagnostic models, and their efficiency was estimated using the area under the ROC curve
(AUC) calculated by Monte-Carlo cross validation (MCCV) algorithm. The diagnostic
models based on metabolite combinations were ranked according to predictive power by
Random Forest algorithm (classification and feature ranking). One hundred-times repeated
3-fold CV (100-times) was used for the evaluation of the reliability of the models.

To avoid overfitting, the estimation of the most optimal model was performed by
using the independent test set (these data were not used for the machine learning) without
class labels. For this, the Tester module (MetaboAnalyst 5.0) was used. The class labels
of the independent test set predicted by the Tester module were compared to actual
labels, and the predictive effectiveness was evaluated using AUC, sensitivity, specificity,
Nagelkerke RZ (SPSS software (ver. 10.0.7, IBM, Chicago, Illinois, USA); MedCalc software,
https:/ /www.medcalc.org/calc/diagnostic_test.php, accessed on 14 December 2022) and
Brier score (using formula from [24]).

To exclude the possible influence of imbalance of the data set (51 samples in control
group vs. 39 samples in early stage ccRCC group) on correctness of model performance,
the data set was balanced by random removing of control samples till the equal samples
size (down-sizing approach) [25].

The set of the most promising metabolites chosen for the diagnostic model was also
tested for discrimination between the early stage ccRCC and advanced stage ccRCC, as well
as control and early-stage lung cancer groups. For this, the above-described approaches
with independent test sets and balanced data sets were applied.
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2.7. Metabolite Annotation

Annotation of the significantly different variables with a clear isotope pattern was
based on matching the accurate mass (111/z) of analyte of interest and its isotopic distribution
against data of authentic compounds deposited in Human Metabolome Database (HMDB)
(http:/ /www.hmbd.ca, accessed on 14 June 2022) [26] and METLIN (http:/ /metlin.scripps.
edu, accessed on 14 June 2022) [27]. A tolerance range of molecular weights for the mass-
based search was 0.01 Da. Isotope Pattern Calculator (Bruker Daltonics, Germany) was used
for the generation of a theoretical isotope pattern. Metabolite annotation based on matching
of at least two independent and orthogonal properties (accurate mass and isotopic distri-
bution) is satisfied to the second level of identification confidence (putatively annotated
compounds), according to the Metabolomics Standards Initiative (MSI) guidelines [28]. The
structure of acyl chains of phospholipids was not elucidated. Therefore, the identification of
phospholipids corresponds to level 3 (putatively annotated compound classes) according to
the MSI guidelines. The tandem mass spectrometry (MS/MS) approach was applied for the
validation of the identification of selected metabolites. Experimental MS/MS fragmentation
patterns of ions of interest (obtained at different collision energies (from 10 to 40 eV) in
positive ionization mode) were compared against MS/MS fragmentation products data
derived in the metabolite databases (HMDB and METLIN).

2.8. Pathway Analysis

To reveal metabolic pathways associated with RCC development, metabolic pathway
analysis (MetPA) was performed using the MetaboAnalyst 5.0. Two popular algorithms
of biological pathways estimations are combined in the MetPA module: metabolite set
enrichment analysis (MSEA) and topology analysis (TA) [29]. Thus, the reveal of the
statistically significant differentially abundant pathways is based on two independent
parameters: p-value computed by MSEA and impact value calculated by the TA. KEGG
(Kyoto Encyclopedia of Genes and Genomes) human metabolic network was used in the
analysis (https:/ /www.genome.jp/kegg/, accessed on 14 June 2022). The impact values
over 0.1 and the p < 0.05 were taken as the thresholds [30].

3. Results
3.1. Mass Spectrometry Analysis

The metabolomic profiling of plasma samples using direct injection mass spectrometry
(DIMS) was performed. Over 9000 mass spectrometry peaks with the mass-to-charge ratio
(m/z) of 50-1000 were detected. The preprocessing procedure eliminated mass peaks from
the subsequent analysis if they were missed in 25% or more samples in every group.

3.2. Statistical Analysis and Metabolite Annotation

The selection of differential mass spectrometry peaks is particularly critical as it may
significantly influence on the final biological interpretation. The combined application of
various statistical techniques is widely recommended approach for metabolomics analy-
sis [31]. Using of multiple statistical methods allows to avoid mistakes related to applying
one method only and provides an effective selection of the most important discriminatory
m/z peaks. The obtained data were processed by multivariate and univariate statistical
analysis aimed to identify peaks with most meaningful contribution to group differences.
For multivariate statistical analysis, OPLS-DA was used. The constructed OPLS-DA mod-
els demonstrated segregation between the control and all cancer groups (Supplementary
Figure S1). Parameters of OPLS-DA models (R%Y, Q?, and p-value) are summarized in
Supplementary Table S1. The VIP approach was applied to select differential peaks in
the OPLS-DA models (peaks with VIP value >1.0 were considered as the significant con-
tributors). For univariate analysis, the statistical significance of peaks intensity difference
between the experimental groups was evaluated by p-value (p below 0.05 was considered
as statistically significant). The combined application of two statistical techniques provided
detection of the most important discriminatory m/z peaks. The peaks characterized by
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VIP >1.0 in multivariate statistical analysis and p-value <0.05 in univariate analysis were
selected to further analysis (Figure 1).

p-value <0.05  VIP > 1

Figure 1. Selection of the most discriminatory m/z peaks to further analysis. The Venn diagram
demonstrates the number of detected peaks common for two statistical approaches (Variable impor-
tance for the Projection (VIP) and Wilcoxon rank-sum test using False Discovery Rate (FDR) corrected
p-values).

Among the discriminatory m/z peaks 67 metabolites were putatively annotated (Sup-
plementary Table S2). The variation in the levels of some annotated metabolites between
the groups (controls and RCC patients at different stages) is illustrated in Supplementary
Figure 52. MS/MS confirmed the identification of twelve metabolites (Supplementary Table
53). These metabolites were lipids, amino acids, and carbohydrates. Most of the annotated
metabolites were down-regulated in cancer patients at all stages. An alteration of plasma
level for such metabolites as oxoproline, taurine, phenylalanine, tyrosine, citrulline, and
some PCs exhibited a clear correlation with tumor progression (Supplementary Figure S2).
At the same time, results of multivariate statistical analysis failed to separate different RCC
subtypes at early stages.

3.3. Pathways Associated with ccRCC Progression

In the next step, the determination of the link between alterations of metabolomics
composition and biological context was performed. Based on the list of putatively anno-
tated metabolites (Supplementary Table S2), the MetPA revealed the metabolic pathways
potentially associated with the pathogenesis of ccRCC. The information about the path-
ways dysregulated at various stages of the disease is summarized in Table 3 and visualized
in Figure 2.

It was found that the revealed pathways are predominantly related to amino acid
metabolism. The perturbed metabolic pathways revealed in the patients with early stages
of ccRCC are associated with glutamate, glutamine, arginine, proline, phenylalanine, ty-
rosine, tryptophan, and linoleate metabolism (Table 3, Figure 2a). Along with biological
pathways that were disordered in the early stages, the taurine, hypotaurine, cysteine, me-
thionine, and nicotinamide metabolism are dysregulated at the late stages of the disorder
((Table 3, Figure 2b). An increase in significant hits numbers (means the number of signifi-
cantly changed metabolites involved in the particular pathway) accompanied with disease
progression can be noted (Table 3). This fact shows an enhancement of dysregulation of
the biological pathways related to disease progression. Should be noted that the same
dysregulated pathways were detected for both ccRCC and pRCC/chrRCC.
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Table 3. Metabolic pathways altered at ccRCC.

Ne Pathway Name ! Total Hits p-Value —log(p) Impact
c¢cRCC and pRCC/chrRCC patients (early stages)
1 Aminoacyl-tRNA biosynthesis 48 13 6.29 x 10714 13.20 0.00
2 Arginine biosynthesiss 2 14 5 1.96 x 107 5.71 0.42
3 Alanine, aspartate, and glutamate metabolism 2 28 6 451 x 10 5.35 0.53
4 Valine, leucine, and isoleucine biosynthesis 8 3 249 x 1074 3.60 0.00
5 Phenylalanine,. tyrosine,.ar21d tryptophan 4 5 172 % 10-3 276 1.00
biosynthesis
6 Linoleic acid metabolism 5 2 283 x 1073 255 1.00
7 Biosynthesis of unsaturated fatty acids 36 4 294 x 1073 2.53 0.00
8 Arginine and proline metabolism 2 38 4 3.60 x 1073 2.44 0.14
9 Nitrogen metabolism 6 2 4.20 x 1073 2.38 0.00
10 D-Glutamine and D-glutamate metabolism 2 6 2 4.20 x 1073 2.38 0.50
11 Phenylalanine metabolism 2 10 2 1.21 x 1072 1.92 0.36
12 Glyoxylate and dicarboxylate metabolism 32 3 1.67 x 1072 1.78 0.03
13 Histidine metabolism 16 2 3.02 x 1072 1.52 0.00
14 Lysine degradation 25 2 6.85 x 1072 1.16 0.00
15 Glycerophospholipids metabolism 36 2 1.28 x 1071 0.89 0.11
ccRCC patients (advanced stages)
16 Aminoacyl-tRNA biosynthesis 48 14 1.29 x 10712 11.89 0.00
17 Arginine and proline metabolism 2 38 9 1.88 x 1077 6.73 0.38
18 Arginine biosynthesis 2 14 5 1.50 x 107° 4.82 0.42
19 Valine, leucine, and isoleucine biosynthesis 8 4 247 x 1072 4.61 0.00
20 Alanine, aspartate, and glutamate metabolism 2 28 6 498 x 107° 4.30 0.53
21 Taurine and hypotaurine metabolism 2 8 3 8.16 x 1074 3.09 0.43
» Phenylalanine,. tyrosine,.aI;d tryptophan 4 5 377 % 10-3 242 1.00
biosynthesis
23 Linoleic acid metabolism 2 5 2 6.18 x 1072 221 1.00
24 Nitrogen metabolism 6 2 9.12 x 1073 2.04 0.00
25 D-Glutamine and D-glutamate metabolism 2 6 2 9.13 x 1073 2.04 0.50
26 Biosynthesis of unsaturated fatty acids 36 4 1.23 x 1072 191 0.00
27 Phenylalanine metabolism 2 10 2 2.56 x 1072 1.59 0.36
28 Glutathione metabolism 28 3 3.33 x 1072 1.47 0.03
29 Glyoxylate and dicarboxylate metabolism 32 3 4.47 x 1072 1.35 0.03
30 Glycine, serine, and threonine metabolism 33 3 477 x 1072 1.32 0.00
31 Cysteine and methionine metabolism 2 33 3 4.77 x 1072 1.32 0.26
32 Nicotinate and nicotinamide metabolism 2 14 2 4.95 x 1072 1.27 0.14
33 Histidine metabolism 16 2 6.20 x 1072 1.21 0.00
34 Lysine degradation 25 2 1.34 x 107! 0.87 0.00

1 pathways were sorted by their p-value. 2 pathways with p-values < 0.05 and impact values > 0.1 are marked
by bold. Total—the number of all metabolites that are involved in the particular pathway; hits—the number of
predicted metabolites from the dataset for the particular pathway; p-value—indicates the pathway enrichment
analysis; —log(p)—the negative log;o(p) values; impact—impact values representing pathway topology analysis.
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Figure 2. Pathway analysis (MetPA) of metabolites associated with different stages of ccRCC (KEGG
database was used): (a) Metabolic pathways associated with I-II stages ccRCC; (b) Metabolic path-

ways associated with III-IV stages ccRCC. The y-axis—the negative natural logarithmic value of the

original p-value, which indicates the pathway enrichment analysis. The x-axis indicates the impact

values representing pathway topology analysis. The identified pathways are displayed as circles. The

color of the circles is correlated with negative log(p) values (dark red indicates a highly significant,

light yellow—insignificant), the size of the circles indicates the pathway impact value (an increase in

the size is associated with the growth of impact value). The negative log(p) values lower than 1.5

(p-values lower than 0.05) and impact values 0.1 were taken as the thresholds.

3.4. Predictive Power of the Selected Metabolites for Early Stages ccRCC

Further, the diagnostics efficiency of the annotated metabolites was evaluated by
calculation of AUC. The metabolites characterized by AUC>0.7 were selected. To obtain
higher diagnostic performance, the different combinations were constructed from the top
14 metabolites. The model constructed using the 10 metabolites (citrate, glutamate, arginine,
tyrosine, phenylalanine, methionine, tryptophan, pipecolinic acid, lysoPC (20:5), and PC
(32:2)) demonstrated the highest discrimination efficiency between the control and ccRCC
early stages (Supplementary Figure S3a,b). On the next stage, the model performance
was estimated by the independent test set. The following values for the independent test
sets were obtained: AUC—0.80 (95% CI: 0.59-0.95); sensitivity—0.79 (95% CI: 0.74-0.84);
specificity—0.82 (95% CI: 0.76-0.88); Nagelkerke R>—0.475; -2 Log likelihood—81.04; Cox
and Snell R2—0.32 (Figure 3). A Brier score of 0.127 displays a good discrimination between
samples of early stage ccRCC patients and controls. The overfitting-corrected calibration
plot is shown in Supplementary Figure S3c. The performance of the model, as estimated on
the independent test set, can be considered relatively high.
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Figure 3. The estimation of the constructed diagnostic model for early stage ccRCC: (a). ROC curve
and AUC of diagnostic model (generated using 10 metabolites) calculated by using the independent
test set. SPSS was used to build the plot; (b). Metabolites ranked by their contributions to classification
accuracy. The Random Forest algorithm was used. The colored boxes on the right indicate the intensity
of the corresponding metabolite 11/z peak in the groups (0—control, 1—ccRCC early-stage patients).

MS/MS analysis confirmed the identification of five metabolites chosen for the con-
struction of the diagnostic model (Supplementary Table S3). The metabolites included in
the diagnostic model are associated with the revealed biological pathways involved in
kidney cancer pathogenesis (Table 4).

Table 4. Biological pathways associated with the metabolites included in the diagnostic model.

Metabolites Pathway Name !

pipecolinic acid arginine and proline metabolism
alanine, aspartate, and glutamate metabolism
arginine biosynthesis
arginine and proline metabolism
glutamine and glutamate metabolism
methionine cysteine and methionine metabolism
arginine biosynthesis

glutamate

arginine .. . .
arginine and proline metabolism

tyrosine phenylalanine, tyrosine, and tryptophanbiosynthesis
phenylalanine metabolism

henvlalanine phenylalanine, tyrosine, and tryptophanbiosynthesis
pheny phenylalanine metabolism

tryptophan phenylalanine, tyrosine, and tryptophanbiosynthesis

citrate alanine, aspartate, and glutamate metabolism

! revealed biological pathways disturbed in the RCC patients.

The detailed study of the model for prediction of early stage ccRCC does not demon-
strate sex-related difference of the model performance (Supplementary Figure 54, Table S4).

Moreover, there was no significant change in the AUC values of the model for predic-
tion of early stage ccRCC after correction of the imbalance of data set. Thus, the obtained
results indicate that the difference between the number of control and early stage ccRCC
samples in this study does not affect the performance of the model.

3.5. Evaluation of the Diagnostic Model for the ccRCC Advanced Stages

In addition, the ability of the early stage ccRCC diagnostic model to distinguish early
(I-II stages) and advanced (III-1V stages) stages of ccRCC was studied (Supplementary
Figure S5). The following values were obtained using independent test set: AUC—0.70
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(95% CI: 0.60-0.81), sensitivity —0.82 (95% CI: 0.75-0.88), and specificity—0.74 (95% CI:
0.62-0.83). These results indicates that the diagnostic model has poor performance for
discrimination of different stages of ccRCC (early vs. advanced stages).

3.6. Evaluation of Specificity of RCC Diagnostic Model on Lung Cancer Samples

Lung cancer plasma samples (early stage) were used as an additional control to assess
the specificity of the early stage ccRCC diagnostic model (Supplementary Figure S6). The
following values were obtained using independent test set: AUC- 0.60 (95% CI: 0.46-0.74),
sensitivity— 0.61 (95% CI: 0.48-0.73), and specificity—0.69 (95% CI: 0.49-0.89). The results
demonstrates that the early stage ccRCC diagnostic model has poor performance for the
detection of lung cancer.

Due to a lack of samples for the independent test set, the efficiency of the model for
diagnosing early stage pRCC and chRCC was not validated.

4. Discussion

The metabolome is a final level of organization of biological systems directly related to
global biochemical phenotype [10]. Metabolomics with its ability to detect numerous sets of
metabolites, i.e., metabolome, allows precisely differentiate cases from the controls based on
multivariate characteristics—molecular assembles, metabolic fingerprints, signatures, etc.
These multivariate characteristics are expected to describe global biochemical aberrations
that reflect variances in state of wellness and may describe diseases and their progression
more accurately. Thus, metabolomics is able to greatly aid in the differential diagnosis.
Taking into account that laboratory diagnostics of early stages of RCC is still challenging, the
application of metabolomics analysis of blood from RCC patients in this study was actual.

Despite several limitations, the DIMS is widely used in modern metabolomics investi-
gations [32-34]. Due to technological advancements (application of modern high-resolution
mass spectrometers, data processing procedures, etc.) the approach enables produce the
high-quality metabolomics data with high sensitivity, accurate mass measurements, and
wide dynamic range of detection [35]. In addition DIMS approach is characterized by high
sample throughput (that especially actual for large-scale studies), high reproducibility and
relatively low consumables cost per analyzed sample [35,36].

A coupling of statistical analysis of metabolomic data and specialized bioinformatic
software enabled to detect the metabolites involved in discrimination between the RCC
patients and controls (non—cancer volunteers) and to reveal the biological pathways linked
to kidney cancer progression.

Most of the annotated discriminatory metabolites and relevant biological pathways
were directly associated with amino acid and lipids metabolism. The selected amino acids
and their derivatives are involved in processes that are required for cellular growth and
proliferation. These amino acids are alternative energy sources [37,38], the source of protein
synthesis [39] and important components of complex protection system from reactive
oxygen species that accumulated during the active proliferation of cells [40]. Moreover they
are involved in regulation of DNA synthesis [41], anabolic and proliferative activity [42],
etc. The lipids play key roles in numerous cellular processes linked to cellular growth and
proliferation. They are involved in membrane formation, regulation of signaling processes,
and can be used as the source for enhancement of the beta-oxidation process [43,44].

The findings of this study support and supplement the findings of previous RCC
related metabolomics studies focusing on the metabolite profiling of kidney tissues [45,46]
and various biofluids (plasma [47,48], serum [49,50], and urine [51-53]). The detected in
this study association between alteration of some amino acids level (such as leucine, va-
line, and tryptophan) and kidney cancer progression was supported by multiple previous
studies [42,54]. The similar alterations of some other revealed discriminatory amino acids
such as arginine, tyrosine, phenylalanine, and methionine were observed in plasma-based
metabolomics studies of different cancer types (such as lung, gastric, colorectal, breast,
prostate, pancreatic, esophageal, and endometrial cancers) [42,55,56]. The link between



Cancers 2023, 15, 140

11 of 16

disturbance of some metabolomic pathways revealed in the study (such as tryptophan
metabolism, arachidonic acid metabolism, phospholipids metabolism, and linoleic acid
metabolism) and disease progression was also supported by previous observations in pa-
tients with different stages of RCC [48,50,57]. The perturbations of some other metabolomic
pathways (such as arginine-related pathways and glutamine associated pathways) were
found in other cancer types (such as collateral, prostate, lung, and liver cancers) [58—60].
Probably, the observed metabolomics changes common for different cancer types (including
the RCC subtypes) reflect the dysregulation similarity of many biological processes. Most
likely, the cause of the observed effects is the reprogramming of cellular metabolism leading
to intensify growth and proliferation processes to provide a survival of neoplastic cells [61].
The enhancement in the amino acid and lipids demand and improvement cellular uptake
efficiency by tumor cells may be one of the most likely causes of the observed decline of
the plasma metabolites level in cancer patients [62]. However, the degree of perturbation
of the biological pathways is significantly different in various cancer types that provide
cancer types classifying and background for cancer-specific diagnostic signatures [63].

Plasma and serum samples were used in numerous previously published metabolomics
studies aimed the segregation of RCC subtypes and non-cancer control groups [64,65]. The
benefit of the study is focusing on detection by MS-based approach of the plasma differen-
tial metabolites distinguishing control from cancer cases with different stages of ccRCC and
identification of relevant biological pathways. The discovery of alterations in metabolomics
composition and relevant pathways associated with various kidney cancer stages can
provide deeper insight into the tumor biology. The knowledge may help to understand the
underlying mechanisms of kidney cancer initiation and progression on the molecular level.
An ability of untargeted metabolomics to detect dysregulated metabolic pathways in RCC
patients offers an opportunity for a broader and more integrated monitoring of patient’s
status. It can help in choice of most effective therapeutic strategy. In addition, the revealing
of the dysregulated metabolomic pathways associated with the cancer initiation and pro-
gression can provide a design of new antitumor treatment and developing individualized
therapeutic strategies based on individual disturbances of the biological pathways.

Despite the numerous RCC focused metabolomics studies using the well-established
analytical platforms (NMR spectroscopy, LC-MS, and GS-MS) the application of the DIMS-
based approach allowed to reveal new potential diagnostic pattern for ccRCC early diag-
nosis not previously described. The pattern is characterized by high value of sensitivity
and specificity and demonstrates good predictive accuracy. The contribution of most of the
pattern’s metabolites to the pathogenesis of ccRCC was supported by multiple previous
studies [47,48]. This fact can be considered as one of the ways of confirmation of pattern
reliability. Due to metabolic alterations may be common for different cancer types [66,67],
it is better to additionally test the revealed ccRCC diagnostic pattern on another cancer
type. The poor diagnostic power of the ccRCC diagnostic pattern was demonstrated on
lung cancer samples. This suggests a cancer-type specificity of the identified diagnostic
pattern. Moreover, should be noted that the founded in the study ccRCC diagnostic pattern
does not allow different stages of disorder to be reliably distinguished. Most likely, this
indicates that the diagnostic pattern is based on ccRCC-specific metabolic alterations that
are actual for all stages.

The ccRCC diagnostic pattern testing showed a lack of the gender-related differences
of this pattern performance. However, this fact does not contradict the results of other
published studies where gender-associated diagnostic patterns were demonstrated. Be-
cause the design of gender-specific diagnostic patterns was not the goal of this study,
the discriminatory metabolites were not selected based on sex, and a gender-nonspecific
pattern was generated.

Some studies demonstrated the very high diagnostic efficiency of RCC metabolomic
patterns (AUC > 0.90-0.95) [49,68,69]. However, the detailed analysis of these studies
shows that the presented results can be over-optimistic. The reason is the incorrect data set
selection for the model construction and efficiency estimation. This mistake is widespread
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distributed in biomarker studies using the machine learning approach [70]. The using of
the same samples in training and test data sets and/or lack of the validation of the model’s
accuracy by the independent data set leads to overstatement model efficiency [70-72]. This
fact is confirmed by the results of the studies where independent test set was applied and
AUC for efficiency of constructed model was adjusted to the lower value [73,74].

Several limitations of this study should be considered. The identification of the de-
tected potential candidates is corresponded to levels 2 and 3 according to the Metabolomics
Standards Initiative (MSI) guidelines. Such identification meets the requirements of bio-
logical research. However, level 1 is needed for further implementation of the identified
metabolomic patterns in clinical practice. For this purpose, in future, the most robust iden-
tification of the detected candidate biomarkers should be performed with isotope-labeled
standards. In addition, the investigation by means of cell lines can be performed in the
future to provide more accurate information about contribution of the selected metabolites
to RCC progression. Another limitation of the current study is the small sample sizes.
In future, studies with larger sample sizes and different cancer types as an additional
control are needed for more robust validation of the diagnostic value of the detected
metabolomic pattern.

In prospect, the diagnostic pattern can be used to design new effective approach for
the diagnostics of early stages of ccRCC. The detection of early stages of cancer is one of the
actual goals of modern clinical diagnostics as a key factor of treatment effectiveness. We
believe that in future, the accumulation of the knowledge about RCC biomarkers revealed
in various studies can provide a design of early diagnostic tool, which would be sensitive
and specific enough for early cancer prediction. The discovery of such diagnostic tools
can provide a timely treatment that facilitates improvement of patients” outcomes and
significant increase in the overall survival of patients.

Thus, the analysis of the obtained data confirmed that the metabolomics study of
blood plasma globally reflects the biochemical phenotype of the organism, sensitive to
RCC-specific aberrations. This was a rigorous scientific basis to propose a multivariate
RCC diagnosis based on the most promising set of metabolites resulting in high diagnostic
accuracy for early stages.

5. Conclusions

Early diagnosis of RCC is difficult; therefore, the use of modern scientific research tools,
such as metabolomic analysis, can overcome the existing problems. Using a metabolomic
blood analysis based on direct mass spectrometry it was possible to panoramically identify
RCC-specific changes and to propose a scientifically based model for the early diagnosis of
the disease with high accuracy.
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early stage ccRCC according to their gender; Figure S5: Receiver operating characteristic (ROC)
curve showing the ability of the diagnostic model (generated using 10 metabolites) to distinguish
the early stage ccRCC samples from advanced stage ccRCC samples; Figure S6: Receiver operating
characteristic (ROC) curve of the diagnostic model (generated using 10 metabolites) for lung cancer
prediction; Table S1: Accuracy results of orthogonal partial least squares discriminant analysis
models; Table S2: Putatively annotated differential metabolites; Table S3: Identification of differential
metabolites by MS/MS fragmentation; Table S4: A discrimination ability of the model for prediction
of early stage ccRCC.

Author Contributions: Conceptualization, A.I.A., N.E.K. and P.G.L.; methodology, D.L.M., O.P.T.
and P.G.L.; software, S.L. and P.G.L.; validation, S.L. and E.E.B.; formal analysis, D.L.M. and S.L.;
investigation, D.L.M., O.PT. and E.E.B.; resources, N.E.K., O.PT. and E.E.B.; data curation, O.P.T.,


https://www.mdpi.com/article/10.3390/cancers15010140/s1
https://www.mdpi.com/article/10.3390/cancers15010140/s1

Cancers 2023, 15, 140 13 of 16

7.ZM., A.A.A. and N.E.K,; writing—original draft preparation, P.G.L.; writing—review and editing,
E.E.B.,, N.EK. and P.G.L,; visualization, S.L.; supervision, P.G.L.; project administration, A.LA., LS.S.
and P.G.L.; funding acquisition, A.LLA. All authors have read and agreed to the published version of
the manuscript.

Funding: The study was performed employing “Avogadro” large-scale research facilities and was
financially supported by the Ministry of Education and Science of the Russian Federation, Agreement
No. 075-15-2021-933, unique project ID: RF00121X0004.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and in compliance with Order No. 1177n (Ministry of Health of Russian
Federation, 20 December 2012), and approved by the independent Local Ethical Committee of N.N.
Blokhin National Medical Research Center of Oncology, the Ministry of Health of Russian Federation
(Protocol approval date: 28 November 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

Dagenais, G.R.; Leong, D.P,; Rangarajan, S.; Lanas, F.; Lopez-Jaramillo, P.; Gupta, R.; Diaz, R.; Avezum, A.; Oliveira, G.B.E;
Wielgosz, A.; et al. Variations in common diseases, hospital admissions, and deaths in middle-aged adults in 21 countries from
five continents (PURE): A prospective cohort study. Lancet 2020, 395, 785-794. [CrossRef] [PubMed]

Wei, E.Y.; Hsieh, J.J. A river model to map convergent cancer evolution and guide therapy in RCC. Nat. Rev. Urol. 2015, 12,
706-712. [CrossRef] [PubMed]

Ljungberg, B.; Bensalah, K.; Canfield, S.; Dabestani, S.; Hofmann, F.; Hora, M.; Kuczyk, M.A.; Lam, T.; Marconi, L.; Merseburger,
AS.; et al. EAU guidelines on renal cell carcinoma: 2014 update. Eur. Urol. 2015, 67, 913-924. [CrossRef] [PubMed]

Apanovich, N.V,; Peters, M.V.; Korotaeva, A.A.; Apanovich, P.V.; Markova, A.S.; Kamolov, B.S.; Matveev, V.B.; Karpukhin, A.V.
Molecular genetic diagnostics of clear cell renal cell carcinoma. Onkourologiya 2016, 12, 16-20. [CrossRef]

Mustafa, A.; Gupta, S.; Hudes, G.R,; Egleston, B.L.; Uzzo, R.G.; Kruger, W.D. Serum amino acid levels as a biomarker for renal
cell carcinoma. J. Urol. 2011, 186, 1206-1212. [CrossRef]

Zisman, A.; Pantuck, A.]J.; Wieder, J.; Chao, D.H.; Dorey, F.; Said, ] W.; DeKernion, ].B.; Figlin, R.A.; Belldegrun, A.S. Risk group
assessment and clinical outcome algorithm to predict the natural history of patients with surgically resected renal cell carcinoma.
J. Clin. Oncol. 2002, 20, 4559—-4566. [CrossRef]

Cochetti, G.; Cari, L.; Maula, V.; Cagnani, R.; Paladini, A.; Del Zingaro, M.; Nocentini, G.; Mearini, E. Validation in an Independent
Cohort of MiR-122, MiR-1271, and MiR-15b as Urinary Biomarkers for the Potential Early Diagnosis of Clear Cell Renal Cell
Carcinoma. Cancers 2022, 14, 1112. [CrossRef]

Gupta, A.; Sagar, G.; Siddiqui, Z.; Rao, K.V.S.; Nayak, S.; Saquib, N.; Anand, R. A non-invasive method for concurrent detection
of early-stage women-specific cancers. Sci. Rep. 2022, 12, 2301. [CrossRef]

Pinu, ER.; Beale, D.J.; Paten, A.M.; Kouremenos, K.; Swarup, S.; Schirra, H.J.; Wishart, D. Systems biology and multi-omics
integration: Viewpoints from the metabolomics research community. Metabolites 2019, 9, 76. [CrossRef]

Kennedy, A.D.; Wittmann, B.M.; Evans, A.M.; Miller, L.A.D.; Toal, D.R.; Lonergan, S.; Elsea, S.H.; Pappan, K.L. Metabolomics in
the clinic: A review of the shared and unique features of untargeted metabolomics for clinical research and clinical testing. J.
Mass Spectrom. 2018, 53, 1143-1154. [CrossRef]

Zhu, 2.]J.; Qi, Z.; Zhang, J.; Xue, W.H,; Li, L.E; Shen, Z.B.; Li, Z.Y.; Yuan, Y.L.; Wang, W.B.; Zhao, J. Untargeted metabolomics
analysis of esophageal squamous cell carcinoma discovers dysregulated metabolic pathways and potential diagnostic biomarkers.
J. Cancer 2020, 11, 3944-3954. [CrossRef] [PubMed]

Schmidt, D.R.; Patel, R.; Kirsch, D.G.; Lewis, C.A.; Vander Heiden, M.G.; Locasale, ].W. Metabolomics in cancer research and
emerging applications in clinical oncology. CA Cancer J. Clin. 2021, 71, 333-358. [CrossRef] [PubMed]

Smith, R.L.; Soeters, M.R.; Wiist, R.C.I.; Houtkooper, R.H. Metabolic flexibility as an adaptation to energy resources and
requirements in health and disease. Endocr. Rev. 2018, 39, 489-517. [CrossRef] [PubMed]

Piranavan, P.; Bhamra, M.; Perl, A. Metabolic Targets for Treatment of Autoimmune Diseases. Immunometabolism 2020, 2, €200012.
[CrossRef] [PubMed]

Pandey, N.; Lanke, V.; Vinod, PK. Network-based metabolic characterization of renal cell carcinoma. Sci. Rep. 2020, 10, 5955.
[CrossRef] [PubMed]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef]


http://doi.org/10.1016/S0140-6736(19)32007-0
http://www.ncbi.nlm.nih.gov/pubmed/31492501
http://doi.org/10.1038/nrurol.2015.260
http://www.ncbi.nlm.nih.gov/pubmed/26526752
http://doi.org/10.1016/j.eururo.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25616710
http://doi.org/10.17650/1726-9776-2016-12-4-16-20
http://doi.org/10.1016/j.juro.2011.05.085
http://doi.org/10.1200/JCO.2002.05.111
http://doi.org/10.3390/cancers14051112
http://doi.org/10.1038/s41598-022-06274-9
http://doi.org/10.3390/metabo9040076
http://doi.org/10.1002/jms.4292
http://doi.org/10.7150/jca.41733
http://www.ncbi.nlm.nih.gov/pubmed/32328198
http://doi.org/10.3322/caac.21670
http://www.ncbi.nlm.nih.gov/pubmed/33982817
http://doi.org/10.1210/er.2017-00211
http://www.ncbi.nlm.nih.gov/pubmed/29697773
http://doi.org/10.20900/immunometab20200012
http://www.ncbi.nlm.nih.gov/pubmed/32341806
http://doi.org/10.1038/s41598-020-62853-8
http://www.ncbi.nlm.nih.gov/pubmed/32249812
http://doi.org/10.1016/j.cell.2011.02.013

Cancers 2023, 15, 140 14 of 16

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Hsieh, J.J.; Cheng, E.H. The panoramic view of clear cell renal cell carcinoma metabolism: Values of integrated global cancer
metabolomics. Transl. Androl. Urol. 2016, 5, 984-986. [CrossRef]

Mollica, V.; Santoni, M.; Matrana, M.R.; Basso, U.; De Giorgi, U.; Rizzo, A.; Maruzzo, M.; Marchetti, A.; Rosellini, M.; Bleve, S.;
et al. Concomitant Proton Pump Inhibitors and Outcome of Patients Treated with Nivolumab Alone or Plus Ipilimumab for
Advanced Renal Cell Carcinoma. Target. Oncol. 2022, 17, 61-68. [CrossRef]

Rizzo, A.; Mollica, V.; Santoni, M.; Ricci, A.D.; Rosellini, M.; Marchetti, A.; Montironi, R.; Ardizzoni, A.; Massari, F. Impact of
Clinicopathological Features on Survival in Patients Treated with First-line Inmune Checkpoint Inhibitors Plus Tyrosine Kinase
Inhibitors for Renal Cell Carcinoma: A Meta-analysis of Randomized Clinical Trials. Eur. Urol. Focus 2022, 8, 514-521. [CrossRef]
Lokhov, P.G.; Balashova, E.E.; Trifonova, O.P.; Maslov, D.L.; Ponomarenko, E.A.; Archakov, A.I. Mass Spectrometry-Based
Metabolomics Analysis of Obese Patients’ Blood Plasma. Int. J. Mol. Sci. 2020, 21, 568. [CrossRef]

Moch, H,; Cubilla, A.L.; Humphrey, P.A.; Reuter, V.E.; Ulbright, T.M. The 2016 WHO Classification of Tumours of the Urinary
System and Male Genital Organs—Part A: Renal, Penile, and Testicular Tumours. Eur. Urol. 2016, 70, 93-105. [CrossRef]
[PubMed]

Lokhov, P.G.; Kharybin, O.N.; Archakov, A.I. Diagnosis of lung cancer based on direct-infusion electrospray mass spectrometry of
blood plasma metabolites. Int. . Mass Spectrom. 2012, 309, 200-205. [CrossRef]

Chong, J.; Soufan, O.; Li, C,; Caraus, I; Li, S.; Bourque, G.; Wishart, D.S.; Xia, ]. MetaboAnalyst 4.0: Towards more transparent
and integrative metabolomics analysis. Nucleic Acids Res. 2018, 46, W486-W494. [CrossRef] [PubMed]

Candille, G.; Talagrand, O. Evaluation of probabilistic prediction systems for a scalar variable. Q. J. R. Meteorol. Soc. 2005, 131,
2131-2150. [CrossRef]

Blagus, R.; Lusa, L. Class prediction for high-dimensional class-imbalanced data. BMC Bioinform. 2010, 11, 523. [CrossRef]
Wishart, D.S.; Tzur, D.; Knox, C.; Eisner, R.; Guo, A.C.; Young, N.; Cheng, D.; Jewell, K.; Arndt, D.; Sawhney, S.; et al. HMDB: The
human metabolome database. Nucleic Acids Res. 2007, 35, D521-D526. [CrossRef]

Guijas, C.; Montenegro-Burke, ].R.; Domingo-Almenara, X.; Palermo, A.; Warth, B.; Hermann, G.; Koellensperger, G.; Huan, T,;
Uritboonthai, W.; Aisporna, A.E.; et al. METLIN: A Technology Platform for Identifying Knowns and Unknowns. Anal. Chem.
2018, 90, 3156-3164. [CrossRef]

Sumner, L.W.; Amberg, A.; Barrett, D.; Beale, M.H.; Beger, R.; Daykin, C.A.; Fan, TW.-M.; Fiehn, O.; Goodacre, R.; Griffin, J.L.;
et al. Proposed minimum reporting standards for chemical analysis. Metabolomics 2007, 3, 211-221. [CrossRef]

Abbasi, A.; Hossain, L.; Leydesdorff, L. Betweenness centrality as a driver of preferential attachment in the evolution of research
collaboration networks. . Informetr. 2012, 6, 403—412. [CrossRef]

Silva, C.A.M.; Graham, B.; Webb, K.; Ashton, L.V.; Harton, M.; Luetkemeyer, A.; Bokatzian, S.; Almubarak, R.; Mahapatra, S.;
Hovind, L.; et al. A pilot metabolomics study of tuberculosis immune reconstitution inflammatory syndrome. Int. J. Infect. Dis.
2019, 84, 30-38. [CrossRef]

Chen, Y,; Li, EM.; Xu, L.Y. Guide to Metabolomics Analysis: A Bioinformatics Workflow. Metabolites 2022, 12, 357. [CrossRef]
[PubMed]

Sarvin, B.; Lagziel, S.; Sarvin, N.; Mukha, D.; Kumar, P,; Aizenshtein, E.; Shlomi, T. Fast and sensitive flow-injection mass
spectrometry metabolomics by analyzing sample-specific ion distributions. Nat. Commun. 2020, 11, 3186. [CrossRef] [PubMed]
Langford, V.S.; Perkins, M.]. Demystifying Sample Preparation for Headspace Analysis Using Direct Injection Mass Spectrometry.
Column 2022, 18, 24-28.

Lebron-Aguilar, R; Soria, A.C.; Quintanilla-Lépez, ].E. Comprehensive evaluation of direct injection mass spectrometry for the
quantitative profiling of volatiles in food samples. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2016, 374, 20150375. [CrossRef]
[PubMed]

Southam, A.D.; Weber, R.J.M.; Engel, ].; Jones, M.R.; Viant, M. A complete workflow for high-resolution spectral-stitching
nanoelectrospray direct-infusion mass-spectrometry-based metabolomics and lipidomics. Nat. Protoc. 2017, 12, 310-328.
[CrossRef]

Kirwan, J.A.; Weber, R.J.M.; Broadhurst, D.I; Viant, M.R. Direct infusion mass spectrometry metabolomics dataset: A benchmark
for data processing and quality control. Sci. Data 2014, 1, 140012. [CrossRef]

Korangath, P.; Teo, W.W.,; Sadik, H.; Han, L.; Mori, N.; Huijts, C.M.; Wildes, F; Bharti, S.; Zhang, Z.; Santa-Maria, C.A.; et al.
Targeting glutamine metabolism in breast cancer with aminooxyacetate. Clin. Cancer Res. 2015, 21, 3263-3273. [CrossRef]
Green, C.R.; Wallace, M.; Divakaruni, A.S.; Phillips, S.A.; Murphy, A.N.; Ciaraldi, T.P.; Metallo, C.M. Branched-chain amino acid
catabolism fuels adipocyte differentiation and lipogenesis. Nat. Chem. Biol. 2016, 12, 15-21. [CrossRef]

Johnson, M.A.; Vidoni, S.; Durigon, R.; Pearce, S.F,; Rorbach, J.; He, J.; Brea-Calvo, G.; Minczuk, M.; Reyes, A.; Holt, L].; et al.
Amino acid starvation has opposite effects on mitochondrial and cytosolic protein synthesis. PLoS ONE 2014, 9, €93597. [CrossRef]
Vaughn, A.E.; Deshmukh, M. Glucose metabolism inhibits apoptosis in neurons and cancer cells by redox inactivation of
cytochrome c. Nat. Cell Biol. 2008, 10, 1477-1483. [CrossRef]

Huang, J.; Plass, C.; Gerhauser, C. Cancer Chemoprevention by Targeting the Epigenome. Curr. Drug Targets 2011, 12, 1925-1956.
[CrossRef] [PubMed]

Miyagi, Y.; Higashiyama, M.; Gochi, A.; Akaike, M.; Ishikawa, T.; Miura, T.; Saruki, N.; Bando, E.; Kimura, H.; Imamura, F; et al.
Plasma free amino acid profiling of five types of cancer patients and its application for early detection. PLoS ONE 2011, 6, e24143.
[CrossRef] [PubMed]


http://doi.org/10.21037/tau.2016.11.03
http://doi.org/10.1007/s11523-021-00861-y
http://doi.org/10.1016/j.euf.2021.03.001
http://doi.org/10.3390/ijms21020568
http://doi.org/10.1016/j.eururo.2016.02.029
http://www.ncbi.nlm.nih.gov/pubmed/26935559
http://doi.org/10.1016/j.ijms.2011.10.002
http://doi.org/10.1093/nar/gky310
http://www.ncbi.nlm.nih.gov/pubmed/29762782
http://doi.org/10.1256/qj.04.71
http://doi.org/10.1186/1471-2105-11-523
http://doi.org/10.1093/nar/gkl923
http://doi.org/10.1021/acs.analchem.7b04424
http://doi.org/10.1007/s11306-007-0082-2
http://doi.org/10.1016/j.joi.2012.01.002
http://doi.org/10.1016/j.ijid.2019.04.015
http://doi.org/10.3390/metabo12040357
http://www.ncbi.nlm.nih.gov/pubmed/35448542
http://doi.org/10.1038/s41467-020-17026-6
http://www.ncbi.nlm.nih.gov/pubmed/32581242
http://doi.org/10.1098/rsta.2015.0375
http://www.ncbi.nlm.nih.gov/pubmed/27644978
http://doi.org/10.1038/nprot.2016.156
http://doi.org/10.1038/sdata.2014.12
http://doi.org/10.1158/1078-0432.CCR-14-1200
http://doi.org/10.1038/nchembio.1961
http://doi.org/10.1371/journal.pone.0093597
http://doi.org/10.1038/ncb1807
http://doi.org/10.2174/138945011798184155
http://www.ncbi.nlm.nih.gov/pubmed/21158707
http://doi.org/10.1371/journal.pone.0024143
http://www.ncbi.nlm.nih.gov/pubmed/21915291

Cancers 2023, 15, 140 15 of 16

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Lucarelli, G.; Loizzo, D.; Franzin, R; Battaglia, S.; Ferro, M.; Cantiello, F; Castellano, G.; Bettocchi, C.; Ditonno, P.; Battaglia, M.
Metabolomic insights into pathophysiological mechanisms and biomarker discovery in clear cell renal cell carcinoma. Expert Rev.
Mol. Diagn. 2019, 19, 397-407. [CrossRef] [PubMed]

Guida, E; Tan, V.Y,; Corbin, L.J.; Smith-Byrne, K.; Alcala, K.; Langenberg, C.; Stewart, L.D.; Butterworth, A.S.; Surendran, P;
Achaintre, D.; et al. The blood metabolome of incident kidney cancer: A case-control study nested within the MetKid consortium.
PLoS Med. 2021, 18, €1003786. [CrossRef]

Jing, L.; Guigonis, ].M.; Borchiellini, D.; Durand, M.; Pourcher, T.; Ambrosetti, D. LC-MS based metabolomic profiling for renal
cell carcinoma histologic subtypes. Sci. Rep. 2019, 9, 15635. [CrossRef]

Niziot, J.; Bonifay, V.; Ossoliiski, K.; Ossolifiski, T.; Ossolifiska, A.; Sunner, J.; Beech, I.; Arendowski, A.; Ruman, T. Metabolomic
study of human tissue and urine in clear cell renal carcinoma by LC-HRMS and PLS-DA. Anal. Bioanal. Chem. 2018, 410, 3859-3869.
[CrossRef]

Liu, X.; Zhang, M,; Liu, X.; Sun, H.; Guo, Z.; Tang, X.; Wang, Z.; Li, ].; He, L.; Zhang, W.; et al. Investigation of Plasma Metabolic
and Lipidomic Characteristics of a Chinese Cohort and a Pilot Study of Renal Cell Carcinoma Biomarker. Front. Oncol. 2020, 10,
1507. [CrossRef]

Liu, X.; Zhang, M.; Cheng, X.; Liu, X,; Sun, H.; Guo, Z,; Li, ].; Tang, X.; Wang, Z.; Sun, W.; et al. LC-MS-Based Plasma Metabolomics
and Lipidomics Analyses for Differential Diagnosis of Bladder Cancer and Renal Cell Carcinoma. Front Oncol. 2020, 15, 717.
[CrossRef]

Falegan, O.S.; Ball, M.W.; Shaykhutdinov, R.A ; Pieroraio, PM.; Farshidfar, F.; Vogel, H.].; Allaf, M.E.; Hyndman, M.E. Urine and
serum metabolomics analyses may distinguish between stages of renal cell carcinoma. Metabolites 2017, 7, 6. [CrossRef]

Gao, H,; Dong, B.; Liu, X,; Xuan, H.; Huang, Y.; Lin, D. Metabonomic profiling of renal cell carcinoma: High-resolution proton
nuclear magnetic resonance spectroscopy of human serum with multivariate data analysis. Anal. Chim. Acta 2008, 624, 269-277.
[CrossRef]

Niziot, ].; Ossoliniski, K.; Tripet, B.P.,; Copié, V.; Arendowski, A.; Ruman, T. Nuclear magnetic resonance and surface-assisted laser
desorption/ionization mass spectrometry-based metabolome profiling of urine samples from kidney cancer patients. J. Pharm.
Biomed. Anal. 2021, 193, 113752. [CrossRef] [PubMed]

Sato, T.; Kawasaki, Y.; Maekawa, M.; Takasaki, S.; Shimada, S.; Morozumi, K.; Sato, M.; Kawamorita, N.; Yamashita, S.; Mitsuzuka,
K.; et al. Accurate quantification of urinary metabolites for predictive models manifest clinicopathology of renal cell carcinoma.
Cancer Sci. 2020, 111, 2570-2578. [CrossRef] [PubMed]

Bifarin, O.O.; Gaul, D.A ; Sah, S.; Arnold, R.S.; Ogan, K.; Master, V.A.; Roberts, D.L.; Bergquist, S.H.; Petros, ].A.; Edison, A.S.;
et al. Urine-based metabolomics and machine learning reveals metabolites associated with renal cell carcinoma stage. Cancers
2021, 13, 6253. [CrossRef] [PubMed]

Skene, D.J.; Middleton, B.; Fraser, C.K.; Pennings, J.L.A.; Kuchel, T.R.; Rudiger, S.R.; Bawden, C.S.; Morton, A.]. Metabolic
profiling of presymptomatic Huntington’s disease sheep reveals novel biomarkers. Sci. Rep. 2017, 7, 43030. [CrossRef] [PubMed]
Ma, H.; Hasim, A.; Mamtimin, B.; Kong, B.; Zhang, H.P.; Sheyhidin, I. Plasma free amino acid profiling of esophageal cancer
using high-performance liquid chromatography spectroscopy. World J. Gastroenterol. 2014, 20, 8653-8659. [CrossRef]

Thata, Y.; Miyagi, E.; Numazaki, R.; Muramatsu, T.; Imaizumi, A.; Yamamoto, H.; Yamakado, M.; Okamoto, N.; Hirahara, F.
Amino acid profile index for early detection of endometrial cancer: Verification as a novel diagnostic marker. Int. J. Clin. Oncol.
2014, 19, 364-372. [CrossRef]

Lin, L.; Huang, Z.; Gao, Y.; Chen, Y.; Hang, W.; Xing, J.; Yan, X. LC-MS-based serum metabolic profiling for genitourinary cancer
classification and cancer type-specific biomarker discovery. Proteomics 2012, 12, 2238-2246. [CrossRef]

Du, T,; Han, ]J. Arginine Metabolism and Its Potential in Treatment of Colorectal Cancer. Front. Cell Dev. Biol. 2021, 9, 658861.
[CrossRef]

Matos, A.; Carvalho, M.; Bicho, M.; Ribeiro, R. Arginine and arginases modulate metabolism, tumor microenvironment and
prostate cancer progression. Nutrients 2021, 13, 4503. [CrossRef]

Li, C.; Zhao, H. Tryptophan and Its Metabolites in Lung Cancer: Basic Functions and Clinical Significance. Front. Oncol. 2021, 11,
707277. [CrossRef]

Ayob, A.Z.; Ramasamy, T.S. Cancer stem cells as key drivers of tumour progression. J. Biomed. Sci. 2018, 25, 20. [CrossRef]
[PubMed]

Proenza, A.M.; Oliver, J.; Palou, A.; Roca, P. Breast and lung cancer are associated with a decrease in blood cell amino acid content.
J. Nutr. Biochem. 2003, 14, 133-138. [CrossRef] [PubMed]

Fang, ].; Pian, C.; Xu, M.; Kong, L.; Li, Z.; Ji, J.; Chen, Y.; Zhang, L. Revealing prognosis-related pathways at the individual level
by a comprehensive analysis of different cancer transcription data. Genes 2020, 11, 1281. [CrossRef] [PubMed]

Zheng, H.; Ji, J.; Zhao, L.; Chen, M,; Shi, A,; Pan, L.; Huang, Y.; Zhang, H.; Dong, B.; Gao, H. Prediction and diagnosis of
renal cell carcinoma using nuclear magnetic resonance-based serum metabolomics and self-organizing maps. Oncotarget 2016, 7,
59189-59198. [CrossRef]

Zira, AN.; Theocharis, S.E.; Mitropoulos, D.; Migdalis, V.; Mikros, E. 1H NMR metabonomic analysis in renal cell carcinoma: A
possible diagnostic tool. J. Proteome Res. 2010, 9, 4038-4044. [CrossRef]

Reznik, E.; Luna, A.; Aksoy, B.A,; Liu, EM,; La, K,; Ostrovnaya, I.; Creighton, C.J.; Hakimi, A.A.; Sander, C. A Landscape of
Metabolic Variation across Tumor Types. Cell Syst. 2018, 6, 303-313. [CrossRef]


http://doi.org/10.1080/14737159.2019.1607729
http://www.ncbi.nlm.nih.gov/pubmed/30983433
http://doi.org/10.1371/journal.pmed.1003786
http://doi.org/10.1038/s41598-019-52059-y
http://doi.org/10.1007/s00216-018-1059-x
http://doi.org/10.3389/fonc.2020.01507
http://doi.org/10.3389/fonc.2020.00717
http://doi.org/10.3390/metabo7010006
http://doi.org/10.1016/j.aca.2008.06.051
http://doi.org/10.1016/j.jpba.2020.113752
http://www.ncbi.nlm.nih.gov/pubmed/33197834
http://doi.org/10.1111/cas.14440
http://www.ncbi.nlm.nih.gov/pubmed/32350988
http://doi.org/10.3390/cancers13246253
http://www.ncbi.nlm.nih.gov/pubmed/34944874
http://doi.org/10.1038/srep43030
http://www.ncbi.nlm.nih.gov/pubmed/28223686
http://doi.org/10.3748/wjg.v20.i26.8653
http://doi.org/10.1007/s10147-013-0565-2
http://doi.org/10.1002/pmic.201200016
http://doi.org/10.3389/fcell.2021.658861
http://doi.org/10.3390/nu13124503
http://doi.org/10.3389/fonc.2021.707277
http://doi.org/10.1186/s12929-018-0426-4
http://www.ncbi.nlm.nih.gov/pubmed/29506506
http://doi.org/10.1016/S0955-2863(02)00225-5
http://www.ncbi.nlm.nih.gov/pubmed/12742540
http://doi.org/10.3390/genes11111281
http://www.ncbi.nlm.nih.gov/pubmed/33138076
http://doi.org/10.18632/oncotarget.10830
http://doi.org/10.1021/pr100226m
http://doi.org/10.1016/j.cels.2017.12.014

Cancers 2023, 15, 140 16 of 16

67.

68.

69.

70.

71.

72.

73.

74.

He, L.; Chen, J.; Xu, E; Li, J. Prognostic Implication of a Metabolism-Associated Gene Signature in Lung Adenocarcinoma. Mol.
Ther. Oncolytics 2020, 19, 265-277. [CrossRef]

Niziot, J.; Ossoliniski, K.; Tripet, B.P.,; Copié, V.; Arendowski, A.; Ruman, T. Nuclear magnetic resonance and surface-assisted laser
desorption/ionization mass spectrometry-based serum metabolomics of kidney cancer. Anal. Bioanal. Chem. 2020, 412, 5827-5841.
[CrossRef]

Deja, S.; Litarski, A.; Mielko, K.A.; Pudetko-Malik, N.; Wojtowicz, W.; Zabek, A.; Szydetko, T.; Mtynarz, P. Gender-Specific
Metabolomics Approach to Kidney Cancer. Metabolites 2021, 10, 767. [CrossRef]

Desaire, H. How (Not) to Generate a Highly Predictive Biomarker Panel Using Machine Learning. J. Proteome Res. 2022, 21,
2071-2074. [CrossRef]

Broadhurst, D.I; Kell, D.B. Statistical strategies for avoiding false discoveries in metabolomics and related experiments.
Metabolomics 2006, 2, 171-196. [CrossRef]

Ransohoff, D.F. Rules of evidence for cancer molecular-marker discovery and validation. Nat. Rev. Cancer 2004, 4, 309-314.
[CrossRef] [PubMed]

Liu, X.; Zhang, M.; Liu, X.; Sun, H.; Guo, Z.; Tang, X.; Wang, Z.; Li, J.; Li, H.; Sun, W,; et al. Urine Metabolomics for Renal Cell
Carcinoma (RCC) Prediction: Tryptophan Metabolism as an Important Pathway in RCC. Front. Oncol. 2019, 17, 663. [CrossRef]
[PubMed]

Yuan, B.; Schafferer, S.; Tang, Q.; Scheffler, M.; Nees, J.; Heil, J.; Schott, S.; Golatta, M.; Wallwiener, M.; Sohn, C.; et al. A plasma
metabolite panel as biomarkers for early primary breast cancer detection. Int. J. Cancer 2019, 144, 2833-2842. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.omto.2020.09.011
http://doi.org/10.1007/s00216-020-02807-1
http://doi.org/10.3390/metabo11110767
http://doi.org/10.1021/acs.jproteome.2c00117
http://doi.org/10.1007/s11306-006-0037-z
http://doi.org/10.1038/nrc1322
http://www.ncbi.nlm.nih.gov/pubmed/15057290
http://doi.org/10.3389/fonc.2019.00663
http://www.ncbi.nlm.nih.gov/pubmed/31380290
http://doi.org/10.1002/ijc.31996

	Introduction 
	Materials and Methods 
	Subject Collection 
	Study Design 
	Sample Preparation 
	Metabolite Profiling 
	Mass Spectrum Processing 
	Statistical Analysis 
	Metabolite Annotation 
	Pathway Analysis 

	Results 
	Mass Spectrometry Analysis 
	Statistical Analysis and Metabolite Annotation 
	Pathways Associated with ccRCC Progression 
	Predictive Power of the Selected Metabolites for Early Stages ccRCC 
	Evaluation of the Diagnostic Model for the ccRCC Advanced Stages 
	Evaluation of Specificity of RCC Diagnostic Model on Lung Cancer Samples 

	Discussion 
	Conclusions 
	References

