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Abstract

Background: Pathological grade is a morphological parameter of clear cell—renal cell carcinoma (ccRCC) and an independent predictor
of cancer-specific survival. The aim of this study was to identify grade-dependent metabolic signatures and corresponding gene and protein
expression changes that connect variations in cancer metabolism with nuclear grade, especially in high-grade tumors.

Methods: Forty ccRCC samples were collected and stratified according to nuclear grade: 23 low-grade (LG =G1—G2) and 17 high-
grade (HG = G3—G4) samples. In addition, 122 patients with sarcomatoid ccRCC (sRCC) were classified according to the abundance of sar-
comatoid features as low sarcomatoid (LS; sarcomatoid component<20%; n = 67) or high sarcomatoid (HS; sarcomatoid component>20%;
n=355). Untargeted metabolomic analysis was performed. To study the relative changes in gene and protein expression in HG vs. LG
ccRCC, data from 4 different datasets were downloaded and stratified according to nuclear grade. Immunohistochemistry and immunofluo-
rescence were used to evaluate protein expression. Cancer-specific survival (CSS) and progression-free survival (PFS) were calculated
using Kaplan—Meier analysis. Multivariate analysis was performed using a Cox regression model.

Results: The Warburg effect, in association with changes in Krebs cycle intermediates and related metabolites, was more prominent in
HG ccRCC than in LG ccRCC. Additional alterations included metabolic reprogramming in the urea cycle and modulation of glutathione
metabolism with the accumulation of reduced glutathione and carnitine derivatives in HG tumors, while the concentrations of long- and
medium-chain fatty acids were greater in LG ccRCC. CSS and PFS were significantly decreased in patients with HS tumors. According to
the multivariate analysis, the abundance of the sarcomatoid component was an adverse prognostic factor.

Conclusions: ccRCC is characterized by a particular grade-dependent metabolic reprogramming. Metabolic pathways and associated
molecular alterations are grade-specific and could represent potential therapeutic targets, especially in HG tumors. sSRCC subclassification
based on the abundance of sarcomatoid components into HS vs. LS tumors have prognostic value. © 2025 The Authors. Published by Elsev-
ier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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and 14,510 deaths from this tumor [1]. This tumor is
extremely chemoresistant and partial or radical nephrec-
tomy represents the standard therapeutic option for patients
with RCC [2,3].

Clear cell RCC (ccRCC) represents the most common
histological type, and according to the 2022 WHO/ISUP
grading system, it can be classified into 4 grades of progres-
sive undifferentiation.

This 4-tier grading system replaced the previous Fuhr-
man grade classification and represents an important prog-
nostic parameter for risk stratification in patients with
ccRCC. The assessment of tumor grade is fundamentally
based on morphological parameters such as the degree of
nucleolar prominence (for grades 1—3) and the presence of
nuclear pleomorphism, anaplastic giant cells, rhabdoid mor-
phology and sarcomatoid differentiation (for grade 4) [4].
The molecular determinants underlying tumor grade are
still unknown, especially for high-grade tumors with sarco-
matoid characteristics [5].

RCC is characterized by alterations in cellular metabo-
lism that support uncontrolled cancer cell proliferation and
tumor progression [6]. The use of high-throughput technol-
ogies to study the renal cancer transcriptome and metabo-
lome showed that metabolic reprogramming is highly
heterogeneous across different neoplastic histotypes. This
heterogeneity is also present at the intratumoral level,
resulting in a nonhomogeneous distribution of genetically
distinct tumor cell subpopulations and determining resis-
tance to anticancer therapies [7].

Previous studies investigated the role of different molec-
ular alterations according to Fuhrman grade and demon-
strated the existence of specific metabolic reprogramming
involving glucose and lipid biosynthetic pathways [8,9].

In this study, we generated a large-scale metabolomic
profile of human ccRCC according to the novel tumor grade
classification system by combining metabolic data with
transcriptomic and proteomic data. We analyzed the contri-
bution of specific metabolic pathways to cancer cell sur-
vival and resistance to chemotherapy in primary renal
cancer cells of different grades. Finally, we evaluated the
molecular features and prognostic impact of high-grade
tumors on the basis of the intratumoral abundance of sarco-
matoid elements.

2. Materials and methods

2.1. Study population and tissue collection

Primary clear cell RCC (n=40) were collected from
patients who underwent radical or partial nephrectomy
(Supplementary Table 1). All specimens were immediately
used to obtain primary cell cultures after frozen-section
confirmation of the diagnosis. Two pathologists confirmed
the presence of clear cell RCC in the neoplastic tissues and
excluded tumor cells in the healthy specimens. Patients
with diabetes mellitus and/or an estimated glomerular
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filtration rate (MDRD equation) < 60 mL/min/1.73 m’
were excluded from the study.

All patients were preoperatively staged by thoraco-
abdominal computed tomography or magnetic resonance
imaging. Tumor staging was reassigned according to the sev-
enth edition of the AJCC-UICC TNM classification. Tumor
grade on pathological tissues was attributed with hematoxy-
lin—eosin staining in according to 2022 WHO/ISUP grading
system. Written informed consent to take part was given by
all participants. The protocol for the research project has
been approved by the University of Bari IRB (n. 143/CE/
2015) and conforms to the provisions of the 1995 Declara-
tion of Helsinki.

2.2. Metabolite Analysis

Metabolic profiling of RCC samples was carried out at
Metabolon Inc. All tissue samples were maintained at
-80 °C until processed. The sample preparation process was
carried out using the Hamilton Company automated Micro-
Lab STAR® system. Recovery standards were added prior
to the first step in the extraction process for QC purposes.
Sample preparation was conducted using a proprietary
series of organic and aqueous extractions to remove the pro-
tein fraction, while allowing maximum recovery of small
molecules. The resulting extract was divided into 2 frac-
tions; 1 for analysis by LC and 1 for analysis by GC. Sam-
ples were placed briefly on a TurboVap® (Zymark) to
remove the organic solvent. Each sample was then frozen
and dried under vacuum. Samples were then prepared for
the appropriate instrument, either LC/MS or GC/MS. For
QA/QC purposes, a number of additional samples were
included in each day’s analyses. Furthermore, a selection of
QC compounds was added to every sample, including those
under test. These compounds were carefully chosen so as
not to interfere with the measurement of the endogenous
compounds.

2.3. Liquid chromatography/Mass spectrometry
(LC/MS, LC/MS?)

The LC/MS portion of the platform was based on a
Waters ACQUITY UPLC and a Thermo-Finnigan LTQ
mass spectrometer, which consisted of an electrospray ioni-
zation (ESI) source and linear ion-trap (LIT) mass analyzer.
The sample extract was split into 2 aliquots, dried, then
reconstituted in acidic or basic LC-compatible solvents,
each of which contained 11 or more injection standards at
fixed concentrations. One aliquot was analyzed using acidic
positive ion optimized conditions and the other using basic
negative ion optimized conditions in 2 independent injec-
tions using separate dedicated columns. Extracts reconsti-
tuted in acidic conditions were gradient-eluted using water
and methanol, both containing 0.1% Formic acid, while the
basic extracts, also reconstituted using water/methanol,
contained 6.5mM Ammonium Bicarbonate. The MS
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analysis alternated between MS and data-dependent MS?
scans using dynamic exclusion.

2.4. Gas chromatography/Mass spectrometry (GC/MS)

The samples destined for GC/MS analysis were re-dried
under vacuum desiccation for a minimum of 24 hours prior
to being derivatized under dried nitrogen using bistri-
methyl-silyl-trifluoroacetamide (BSTFA). The GC column
was 5% phenyl and the temperature ramp is from 40° to
300°C in a 16 minute period. Samples were analyzed on a
Thermo-Finnigan Trace DSQ fast-scanning single-quadru-
pole mass spectrometer using electron impact ionization.
The instrument was tuned and calibrated for mass resolu-
tion and mass accuracy on a daily basis. The information
output from the raw data files was automatically extracted
as discussed below.

2.5. Accurate mass determination and MS/MS
fragmentation (LC/MS), (LC/MS/MS)

The LC/MS portion of the platform was based on a
Waters ACQUITY UPLC and a Thermo-Finnigan LTQ-
FT mass spectrometer, which had a linear ion-trap (LIT)
front end and a Fourier transform ion cyclotron resonance
(FT-ICR) mass spectrometer backend. For ions with
counts exceeding 2 million, an accurate mass measure-
ment could be performed. Accurate mass measurements
could be made on the parent ion as well as fragments. The
typical mass error was less than 5 ppm. Characterizing
ions with less than 2 million counts is a more laborious
process. Fragmentation spectra (MS/MS) were typically
generated in a data-dependent manner but if necessary,
targeted MS/MS could be employed, as in the case of
lower level signals.

2.6. Compound identification

Compounds were identified by comparison to library
entries of purified standards or recurrent unknown entities.
The identification of known chemical entities was based on
comparison to metabolomic library entries of purified
standards. As of this writing, more than 1000 commercially
available purified standard compounds had been acquired
and registered into LIMS for distribution to both the LC
and GC platforms for determination of their analytical char-
acteristics. The combination of chromatographic properties
and mass spectra indicated a match to the specific com-
pound or an isobaric entity. Additional entities could be
identified by virtue of their recurrent nature (both chro-
matographic and mass spectral). These compounds may
potentially be identified by future acquisition of a matching
purified standard or by classical structural analysis.
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2.7. Normalization

Data were collected over multiple platform run days and
thus, “block normalized” by calculating the median values
for each run-day block for each individual compound. This
minimizes any inter-day instrument gain or drift, but does
not interfere with intra-day sample variability. Missing val-
ues (if any) were assumed to be below the level of detection
for that biochemical with the instrumentation used and
were imputed with the observed minimum for that particu-
lar biochemical.

For studies spanning multiple days, a data normalization
step was performed to correct variations resulting from
inter-day instrument tuning differences. Essentially, each
compound was corrected in run-day blocks by registering
the medians to equal one (1.00) and normalizing each data
point proportionately. For studies that did not last more
than 1 day, no normalization was necessary, other than for
purposes of data visualization.

2.8. Bioinformatics and statistical analyses

Significance tests were performed with MedCalc 9.2.0.1
(MedCalc software, Mariakerke, Belgium) and “R” (http://
cran.r-project.org). Global biochemical profiles were deter-
mined in human kidney tissue/tumor samples and compared
across groups stratified by renal tissue pathology status. An
estimate of the false discovery rate (q-value) was calculated
to consider the multiple comparisons that normally occur in
metabolomic-based studies. Comparisons of metabolites
median values between different groups were evaluated by
Mann—Whitney U test. In the cancer-specific survival
(CSS) analysis, patients who died of RCC-unrelated causes
or were lost to follow-up were censored. Progression-free
survival (PFS) was calculated from the date of surgery to
the date of disease recurrence. Estimates of CSS and PFS
were calculated according to the Kaplan—Meier method
and compared with the log-rank test. Univariate and multi-
variate analyses were performed using the Cox proportional
hazards regression model to identify the most significant
variables for predicting CSS and PFS. A backward selection
procedure was performed with removal criterion P>0.10
based on likelihood ratio tests. A P-value of <0.05 was con-
sidered statistically significant.

2.9. Integration of metabolomic and transcriptomic/
proteomic data

Clear cell-RCC transcriptome data derived from
GSE40435, GSE150404, and TCGA datasets were used
[10—12]. For proteomic analysis, Perroud dataset was
used [13]. Data were divided into high-grade (HG,
including G3 and G4) and low-grade tumors (LG,
including G1 and G2).

MetaboAnalyst 6.0 [14] was used for the metabolite set
enrichment and to integrate the data from the
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transcriptomics, proteomics and metabolomics experi-
ments. The main function of this module is to pinpoint the
pathways involved in the underlying biological processes
by combining the evidence based on alterations in both
gene/protein expression and metabolite concentrations. In
addition, a topology analysis was used to evaluate the rela-
tive importance of the genes/proteins/compounds based on
their relative locations within a pathway. Over-representa-
tion analysis of the pathways was based on the hypergeo-
metric test.

Gene set enrichment analysis (GSEA) was used to deter-
mine which pathways were statistically enriched across the
renal cancer data sets [15]. The normalized enrichment
score (NES) was used to evaluate the extent and direction
of enrichment of each pathway.

2.10. MILLIPLEX® MAP human glycolysis pathway
magnetic bead panel assays

The MILLIPLEX® MAP Human Glycolysis Pathway
Magnetic Bead Panel (HGPMAG-27K, Millipore) was used
for the quantification of the following proteins in tissue
lysates: GPI/AMF (Glucose-6-phosphate isomerase/Auto-
crine motility factor), ENO1 (Enolase 1), PKM2 (Pyruvate
kinase isoform M2), LDHA (L-lactate dehydrogenase A
chain), and LDHB (L-lactate dehydrogenase B chain).

For the immunoassay procedures, 25ul of each dilute
lysate sample in Assay Buffer (Sug total protein/well) and
HeLa cells lysate (positive control) were added into wells
in duplicate, according to the manufacturer’s instructions.
To each well, 25 ul of the Mixed Beads were added and the
plate was incubated for 2 hours at room temperature.
Human glycolysis pathway detection biotinylated antibod-
ies were added for 1 hour; each captured a specific bead.
After that, the reaction mixture was incubated for
30 minutes with Streptavidin-PE conjugate to complete the
reaction on the surface of each microsphere. Finally, the
MILLIPLEX® MAP was analyzed by Luminex xMAP®
technology. The immunoassay on the surface of each fluo-
rescent-coded magnetic bead, MagPlex-C microsphere, was
identified and quantified based on fluorescent signals. The
median fluorescence intensity (MFI) was read with the
Luminex 200TM instrument and measured with
xPONENT® software.

2.11. Primary cell cultures from renal tissues

Tumor (ccRCC) tissue specimens derived from HG and
LG ccRCC, were immediately placed in a Petri dish with
phosphate-buffered saline (PBS) 1x and cut into small
pieces of about 1 mm’. Each small piece of tissue was
placed on the surface of the Petri dish with Dulbecco’s Mod-
ified Eagle Medium (DMEM, Invitrogen, Life Technolo-
gies, Monza, Italy) supplemented with 10% fetal bovine
serum (FBS, Sigma-Aldrich, Milan, Italy) and 1% penicil-
lin-streptomycin-L-glutamine (Sigma-Aldrich, Milan, Italy).
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Cell proliferation was obtained around the kidney specimens
as previously described [5]. Kidney epithelial tubular and
neoplastic cells were isolated with EpCAM (CD326) Ab-
conjugated magnetic microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) under the effect of a magnetic field
generated by the Mini MACS Separation Unit (Miltenyi
Biotec), as previously described [16]. These cells were then
characterized for EpCAM, and CA IX by immunocytochem-
istry. Primary ccRCC cells were used for proliferation stud-
ies at the second passage.

2.12. Cell viability assay

Cell viability after exposure to 5 mM of 2-Deoxy-D-glu-
cose (2DG) or to 50microM of Etomoxir and 10uM cis-
Diamminedichloroplatinum (II) (cisplatin) was evaluated
using the trypan blue dye exclusion and 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
For the dye exclusion test and MTT assay, HG and LG
tumor primary cells were seeded at a density of 1.5 x 10°
and 1.5 x 10* cells in 6-well and 96-well plates, respec-
tively (Sigma Aldrich, Milan, Italy) and incubated over-
night at 37°C, 5% CO,. In the first part of the experiment,
the cells were exposed for 24 hour to 2DG or Etomoxir, or
incubated in medium alone. After several washes to remove
2DG or Etomoxir, the cells were incubated for 72 hour. In
the second part of the experiment, the cells were exposed to
2DG or Etomoxir for 24 hour and then were treated with
cisplatin 10 uM for 1 hour and 2 hour. After several washes
to remove cisplatin the cells were incubated for 72 hour.
Each experimental condition was performed in triplicate.

2.13. Immunohistochemistry

Immunohistochemical evaluation of proteins expression
was done on paraffin-embedded tissue sections derived
from tumor samples. Sections (3 mm) of paraffin-embedded
tissue were deparaffinized and rehydrated through xylenes
and graded alcohol series. Slides were subjected to specific
epitope demasking by microwave treatment at 700 W in cit-
rate buffer (0.01 M, pH 6.0). After antigen retrieval, the tis-
sue samples were incubated for 10 minutes with 3% H202
to block endogenous peroxidase activity. Sections were
blocked with Protein Block Serum-Free (Dako) at room
temperature for 10 minutes and then incubated with anti-
NDUFA4L2 antibody (1:100 dilution, Proteintech, Chi-
cago, IL, USA), anti-G6PDH antibody (1:250, Novus Bio-
logicals, Littleton, CO, USA), anti-GPI antibody 1B7D7
(1:200, Novus Biologicals, Littleton, CO, USA), anti-
GLUT1 antibody (1:200, Novus Biologicals, Littleton, CO,
USA), anti-Ki67 antibody (1:100, Abcam, Cambridge,
UK), anti-TKTL1 antibody (1:500, Novus Biologicals, Lit-
tleton, CO, USA), anti-PLIN2/ADFP antibody (1:200,
Novus Biologicals, Littleton, CO, USA), anti- HIF1 alpha
antibody (1:50, Abcam, Cambridge, UK), anti- HIF2 alpha/
EPAS-1 antibody ep190b (1:150, Abcam, Cambridge, UK),
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anti- c-MYC antibody (1:50, Abcam, Cambridge, UK) and
anti-ACLY antibody SF8D11 (1:300, Novus Biologicals,
Littleton, CO, USA) at 4C overnight. Binding of the sec-
ondary biotinylated antibody was detected using the Dako
Real EnVision Detection System, Peroxidase/DAB kit
(Dako, Agilent, Santa Clara, US), according to the man-
ufacturer’s instructions. Sections were counterstained with
Mayer’s hematoxylin (blue) and mounted with glycerol
(Dako Cytomation). Negative controls were obtained by
incubating serial sections with the blocking solution and
then omitting the primary antibodies.

Sections of tissue were deparaffinized, rehydrated
through xylenes and graded alcohol series and were stained
with periodic acid-Schiff (PAS).

Digital images were obtained using the Aperio Scan-
Scope C S2 device (Aperio Technologies, Vista, CA) and
further analyses of the scanned images were performed
with the ImageScope V12.1.0.5029 (Aperio). Specific stain-
ing was quantified by applying the Positive Pixel Count
v9_v10.0.0.1805 algorithm (Aperio) and expressed as per-
centage of positive pixels in the analyzed area.

2.14. Immunofluorescence microscopy

Cryostat sections (5 mm) of RCC tissue samples
included in OCT were rinsed with PBS for 15 minutes.
Staining with BODIPY lipid probes (D-3922) (1:1000;
Molecular Probes, Life Technologies, Monza, Italy) was
determined by incubation for 30 minutes at room tempera-
ture. All preparations were counterstained with TO-PRO-3
(Molecular Probes).

Tumor renal cells (ccRCC cells) were seeded at a den-
sity of 2 x 10° on glass coverslips and left to adhere over-
night at 37°C in 5% CO2. These preparations were
double-stained for NDUFA4L?2 (Proteintech, Chicago, IL,
USA) and MitoTracker™ Red CMXRos (Molecular
Probes, Life Technologies, Monza, Italy). The expression
and localization of proteins was evaluated by indirect
immunofluorescence and confocal microscopy analysis.
Mitochondrial mass was determined by incubating the
live cells with 500 nM MitoTracker™ Red CMXRos in
growth medium, for 20 minutes at 37°C. The cells were
fixed using ice-cold 4% paraformaldehyde for 10 minutes
at room temperature. Then the preparations were blocked
with 1% BSA in PBS for 1 hour at room temperature and
incubated overnight at 4°C with a primary antibody
against NDUFA4L2 (1:25 in blocking) followed by incu-
bation for 1 hour at 37°C with the secondary antibody
goat anti-rabbit IgG FITC (1:200; Novus Biologicals). All
preparations were counterstained with TO-PRO-3
(Molecular Probes). Negative controls were performed by
omitting the primary antibodies. Specific fluorescence
was acquired by a Leica TCS SP2 (Leica, Wetzlar, Ger-
many) confocal laser-scanning microscope using an x 63
objective lens.
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3. Results

3.1. Clear cell RCC grade is associated with alterations in
specific metabolic pathways

To obtain the first insight into the effects of metabolism-
related gene expression on ccRCC grade differentiation, an
in silico analysis was performed on data divided into high-
grade (HG, including G3 and G4) and low-grade (LG,
including G1 and G2) tumors using 3 public gene expression
datasets (GSE40435, GSE150404, and TCGA) [10—12].
Next, we used GSEA to determine the enriched pathways in
the HG vs. LG groups in each cohort [15]. GSEA of genes
associated with grade differentiation revealed significant
alterations in the following pathways: epithelial—mesenchy-
mal transition and glycolysis for HG ccRCC and fatty acid
metabolism for LG renal tumors (Fig. 1A).

3.2. Global metabolic profile distinguishes high-grade from
low-grade ccRCC

Considering the leading role of metabolism-related
genes in determining renal cancer grade, untargeted metab-
olomic analysis was performed on 40 ccRCC samples,
including 17 HG and 23 LG c¢cRCC samples (Supplemen-
tary Table 1), using LC-MS and GC-MS platforms. The
application of principal component analysis (PCA) to dif-
ferentiate normal and pathological samples as a function of
the global tissue metabolome showed that the 2 groups
were metabolically distinguishable (Fig. 1B).

Next, to evaluate the impact of altered biochemical pro-
cesses, we performed a metabolite set enrichment analysis
using MetaboAnalyst 6.0 [14]. This functional approach
showed that alterations in glycolysis, the pentose phosphate
pathway (PPP), and aminosugar and glutathione metabo-
lism had the greatest impact on HG cancer cell metabolism
compared to LG ccRCC (Fig. 1C).

3.3. Integrated multiomics (metabolomics/proteomics/
transcriptomics) analysis identifies grade-specific
metabolic pathways

To compare the relative changes in gene and protein
expression with metabolite accumulation in a grade-specific
manner, we integrated the metabolomic data with gene
expression data from TCGA [12] and proteomics analysis
from the Perroud study [13].

The combined analysis of tumor metabolomics and pro-
teomics revealed that biochemical pathways, including glu-
cose, glutathione and tryptophan metabolism pathways,
were significantly enriched in HG ccRCC patients (P <
0.001) (Fig. 1D).

Similarly, the integrated analysis of metabolomic and
transcriptomic profiles using the GSE150404 dataset con-
firmed a significant enrichment (P < 0.001) in genes and
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Figure 1. Gene set enrichment analysis (GSEA) of the GSE40435, GSE150404, and TCGA dataset (A). Principal component analysis (PCA) of the global tissue
metabolome demonstrate that the 2 groups (HG vs LG ccRCC) are clearly distinguishable (B). Metabolic pathway enrichment analysis for the global metabo-
lome (C), and for integrated analysis of the metabolome-proteome (D) and metabolome-transcriptome (E) in HG vs. LG ccRCC. The matched pathways are dis-
played as circles. The color and size of each circle are based on the P-value and pathway impact value, respectively. NES: normalized enrichment score.

metabolites involved in the Warburg effect and antioxidant
metabolism pathways (Fig. 1E).

3.4. Metabolic perturbations in glucose metabolism and
the pentose phosphate pathway (PPP) are grade dependent

in ccRCC

The Warburg effect is one of the hallmarks of tumor cell
metabolism. This metabolic alteration is characterized by a
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Figure 2. Schematic model summarizing the differences in glycolysis and the pentose phosphate pathway between HG and LG ccRCC. Y-axis: relative

metabolite amount.



G. Lucarelli et al. / Urologic Oncology: Seminars and Original Investigations 43 (2025) 469.e19—469.e32

association with other glycolytic enzymes (including glu-
cose-6-phosphate isomerase-GPI, enolase 1—ENOI, and
pyruvate kinase isoform M2-PKM?2; Supplementary
Fig. 1), and the glucose transporter GLUT1 were overex-
pressed in HG tumors (Fig. 3). As a consequence of the
Warburg effect, lactate accumulates in HG ccRCC, and in
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support of this finding, we observed an increased LDH-A/
LDH-B ratio that favors the expression of LDH isoenzyme
5 (LDH-A4), which is the isoform with the highest effi-
ciency in lactate production (Supplementary Fig. 1).
Another interesting alteration involved the metabolism of
aminosugars. In particular, we detected increased levels of
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Figure 3. Immunohistochemical analysis of Ki67, glucose-6-phosphate dehydrogenase (GOPDH) glucose-6-phosphate isomerase (GPI), glucose transporter 1
(GLUT1), and transketolase (TKT) expression in HG vs. LG ccRCC. Periodic acid—Schiff (PAS) stain was used to detect polysaccharides.



469.e26

amino sugar-related compounds (glucosamine, N-acetylglu-
cosamine 6-phosphate, N-acetylneuraminate, and N-acetyl-
mannosamine) in HG tumors compared with LG ccRCC, in
accordance with the GSEA results (Supplementary Fig. 2).

The use of PAS staining for detecting carbohydrate mac-
romolecules revealed intense positivity in HG- compared to
LG-tumor (Fig. 3).

In ccRCC, metabolic flux through glycolysis is differen-
tially partitioned, suggesting increased shunting of the
metabolites of the upper part of glycolysis into the pentose
phosphate pathway (PPP) [17].

In accordance with these findings, HG ccRCC was char-
acterized by the accumulation of PPP intermediates (sedo-
heptulose 7-phosphate, ribose 5-phosphate, and ribulose 5-
phosphate/xylulose 5-phosphate) (Fig. 2) and increased
expression of the regulating enzymes G6PDH and transke-
tolase (TKT) (Fig. 3).

The observed grade-dependent changes in PPP inter-
mediates and enzymes supported the accelerated growth of
HG tumors (as shown by Ki-67 labeling, Fig. 3), consider-
ing that the PPP supports the synthesis of nucleotides and
NADPH for DNA replication, anabolic reactions and redox
homeostasis.

3.5. Deregulation of the tricarboxylic acid (TCA) and urea
cycles

High-grade ccRCC showed increased levels of metabolic
intermediates in the upper part of the TCA cycle (citrate
and succinate) and reduced tissue accumulation of fumarate
and malate (Fig. 4A). These findings, in accordance with
previous data showing impaired oxidative phosphorylation
in ccRCC, suggest that HG renal cancer cells do not use the
TCA cycle as their main energy source [5,10].

Compared with normal renal tissue, clear cell RCC is
characterized by a reduced number of mitochondria, and this
observation further supports the hypothesis that many biolog-
ical processes involving these organelles are impaired, espe-
cially in HG tumors, as a consequence of increased
NDUFAA4L2 expression (Fig. 4B) [17]. Renal tubular epithe-
lial cells typically express urea cycle enzymes, and 2 steps of
this set of reactions take place in mitochondria. In addition,
the TCA cycle and urea cycle are connected through the
asparatate/argininosuccinate shunt.

Ochocki et al. [18] showed that ccRCC is characterized
by alterations in ammonia metabolism and that multiple
urea cycle enzymes, including arginase 2 (ARG2), argini-
nosuccinate synthase (ASS1) and argininosuccinate lyase
(ASL), were significantly downregulated in these tumors.
We found a reduced accumulation of citrulline and urea in
HG tumors compared to LG tumors (Fig. 4C). These altera-
tions in ammonia metabolism, especially in HG ccRCC,
aim to maintain elevated levels of pyridoxal-5’-phosphate
for amino acid homeostasis and to avoid the toxic accumu-
lation of polyamines (putrescine and spermidine) (Supple-
mentary Fig. 3).
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3.6. Antioxidants accumulate in high-grade tumors

In HG ccRCC, elevated levels of many antioxidants
(alpha-, beta-, gamma-tocopherols, and ascorbate) were found
(all P < 0.0001). In addition, increased biosynthesis of both
the reduced and oxidized forms of glutathione was observed
(Supplementary Fig. 4). These alterations in redox homeosta-
sis could be explained by the greater proliferative rate of HG
cancer cells, which need to increase their tolerance to oxida-
tive stress. Tumors with greater malignant potential are char-
acterized by increased production of reactive oxygen species
(ROS) as a result of their intense metabolic activity. In this
scenario, the accumulation of substances with antioxidant
properties has the aim of counterbalancing the effects of oxi-
dative stress and therefore reducing excessive genomic insta-
bility with consequent cell death.

3.7. The metabolism of fatty acids and acylcarnitines is
differentially related to grade

RCC is characterized by a reprogramming of lipid metabo-
lism in association with an altered expression of genes related
to fatty acid metabolism [19,20]. In normal cells, before lipids
can be used as fuels, triacylglycerol must be hydrolyzed to
release free fatty acids (FAs). FAs are then linked to CoA to
form acyl-CoA before they are beta-oxidized in the mitochon-
dria. A special mechanism is required to transport long-chain
FAs across the inner mitochondrial membrane. Long-chain
FAs need to be conjugated to carnitine through a reaction cat-
alyzed by carnitine palmitoyl transferase-1 (CPT1). We found
an increased accumulation of FA-carnitine conjugates, espe-
cially in HG tumors. On the other hand, long-chain and
medium-chain FA concentrations were increased in LG
ccRCC patients (Fig. 5A). These observations were in accor-
dance with the Bodipy dye results, which showed a grade-
dependent increase in lipid deposition from HG to LG tumors
(Fig. 5B). In addition, LG tumors showed significantly greater
expression of ATP citrate lyase (ACLY) and perilipin2
(PLIN2) (Fig. 5B), 2 key proteins involved in FA biosynthesis
and lipid droplet formation, respectively.

3.8. Specific treatments differentially affect renal cancer
cell viability and cisplatin chemoresistance in a grade-
specific manner

To study the contribution of specific metabolic pathways
to renal cancer cell survival, HG- and LG- primary cancer
cells were treated for 24 hours with 5 mM 2-DG and
50 uM etomoxir.

2-DG is phosphorylated by hexokinase and generates a
nonmetabolizable compound that inhibits both glycolysis
and the PPP. Etomoxir is an inhibitor of CPT1 that cata-
lyzes the rate-limiting step of FA B-oxidation.

MTT assays revealed that 2-DG treatment significantly
affected the viability of normal tubular and HG ccRCC cells
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Figure 4. Schematic model summarizing the differences in tricarboxylic acid (TCA) cycle metabolites between HG and LG ccRCC (A). Immunofluores-
cence showing the differences in NDUFA4L2 and MitoTracker signal levels between HG and LG ccRCC (B). Differences in urea cycle metabolites between

HG and LG ccRCC (C). Y-axis: relative metabolite amount.

but not of LG cancer cells, and these effects were inhibited
by treatment with etomoxir (Fig. 6A).

Next, we evaluated the role of these specific metabolic
pathways in regulating cancer cell resistance to cisplatin
(CDDP)-induced cytotoxicity. HG- and LG-primary cancer
cells were treated with CDDP in the absence or presence of
their specific inhibitor. In particular, after cisplatin treat-
ment, the death rate of HG primary cells treated with 2-DG
was significantly greater than that of untreated cancer cells
(P < 0.001; Fig. 6B). Similar results were observed in LG

cancer cells treated with etomoxir before cisplatin adminis-
tration (P < 0.001; Figure 6B).

3.9. The presence of sarcomatoid features and their
different abundances characterize a specific subset of

ccRCC

To better characterize the biological and prognostic fea-
tures of SRCC, we performed a metabolomic subanalysis in
the HG group on the basis of the abundance of the
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sarcomatoid component. In particular, HG ¢ccRCC patients
were subclassified into low-sarcomatoid (LS; <20% sarco-
matoid component; n=10) and high-sarcomatoid (HS;
>20% sarcomatoid component; n =7) groups.

HS tumors exhibited increased accumulation of the gly-
colytic intermediates glutamate and glutamine, while LS
tumors had increased levels of citrate and fatty acids, sug-
gesting that metabolic reprogramming differs between these
2 subtypes of HG ccRCC (Fig. 6C). Previous studies have
demonstrated that SRCC are characterized by differences in
their transcriptomic profile compared to nonsarcomatoid
RCC [21-24].

Therefore, we analyzed the expression of HIF-1«, HIF-
2«, and Myc in LG, LS and HS tumors. We found a pro-
gressive decrease in the expression of HIF-1la throughout
ccRCC progression from LG to HG tumors with abundant
sarcomatoid features. Conversely, Myc was highly
expressed in HS tumors [25]. HIF-2« was highly expressed
in all subtypes and showed modest grade-dependent modu-
lation, confirming the leading role of this transcription fac-
tor in ccRCC (Fig. 6D) [26].

Next, we evaluated the association between patient sur-
vival and the abundance of sarcomatoid components in a
cohort of 122 patients with sSRCC (Supplementary Table 2).
Kaplan—Meier survival curves for CSS and PFS stratified
by the abundance of sarcomatoid components are shown in
Fig. 6E. CSS and PFS were significantly lower in patients
with a sarcomatoid component >20%. Multivariate Cox
regression analysis revealed that the abundance of the sar-
comatoid component was an independent adverse prognos-
tic factor for CSS and PFS (Supplementary Table 3).

4. Discussion

Determining tumor grade is a powerful and practical tool
for understanding the biology of ccRCC, and furthermore,
this morphological parameter has important prognostic
implications.

For many years, the most used system for grading
ccRCC has been a morphological system described by
Fuhrman et al. [27], that evaluated both nuclear shape and
size and nucleolar prominence. In the next years, the Inter-
national Society of Urologic Pathologists (ISUP) proposed
a novel, validated grading system [4] with a better prognos-
tic performance compared to the previous system. This
grading procedure is quite simple and reproducible in a
standard pathology laboratory, however, the molecular
components that underlie the determination of tumor grade
are unknown.

Therefore, we used a multi-omics approach to integrate
data derived from metabolomics, transcriptomics and prote-
omics studies with the aim of clarifying the molecular char-
acteristics underlying the pathological grade.

We showed that the Warburg effect, in association with
changes in Krebs cycle intermediates and related metabo-
lites, was more prominent in HG ccRCC than in LG
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ccRCC. These alterations described in glucose metabolic
pathway are in accordance with previous studies that
showed how the metabolic flux through glycolysis is differ-
entially regulated, and mitochondrial bioenergetics and oxi-
dative phosphorylation are impaired [17,28,29]. The
impaired mitochondrial bioenergetics and increased glucose
utilization through the pentose phosphate pathway espe-
cially in HG ccRCC indicate oncogenic signaling pathways
promoting cancer through altered sugar metabolism.
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 4-
like 2 (NDUFA4L2), a HIF-1 target gene highly expressed
in ccRCC, plays a crucial role in bioenergetics, cell prolif-
eration, migration, and angiogenesis [17]. Increased expres-
sion of NDUFA4L2 in HG ccRCC, is in accordance with
the metabolic signature characterized by an anaerobic
switch and impaired mitochondrial activity described in
these tumors.

Additional alterations included metabolic reprogram-
ming in the urea cycle, modulation of glutathione metabo-
lism with accumulation of the reduced form of glutathione
in HG tumors, and progressive increases in the levels of car-
nitine derivatives in a grade-dependent manner.

A previous study showed that ccRCC is characterized by
alterations in ammonia metabolism, in association with
reduced expression of multiple urea cycle enzymes [18].
This program of repression of urea cycle enzymes is
intended to support biomass expansion through 2 mecha-
nisms: maintaining elevated levels of pyridoxal-5'-phos-
phate for glycogen production and amino acids synthesis,
and avoiding toxic accumulation of polyamines [30]. In this
scenario, HG tumors were characterized by reduced produc-
tion of citrulline and urea, and consequently by reduced
accumulation of putrescine and spermidine.

Lipid metabolism has a fundamental role in RCC patho-
genesis. De novo lipogenesis, elongation, and desaturation
processes contribute to the production of lipids essential for
tumor growth and progression. Dysregulation of enzymes
like SCD1 and ELOVLs has been associated with enhanced
cancer cell survival and migration, highlighting potential
therapeutic targets [17,19,20].

In our study, lipid metabolism evaluation revealed
increased accumulation of long- and medium-chain FAs in
LG ccRCC, and these findings were confirmed by Bodipy
staining of tissue samples. In contrast, FA-carnitine conju-
gates were increased in HG ccRCC, and these findings sug-
gest that LG tumors preferentially synthesize and
accumulate FAs compared to HG ccRCC that catabolize
FAs for energetic purpose and synthesis of other molecules.

RCC is a typically chemo-resistant tumor. In the last
years, a better understanding of the molecular basis of this
cancer has led to identification of novel therapeutic targets,
although the new molecules introduced into clinical prac-
tice yielded only partial responses, with no evidence of
complete regression of metastases [31—35]. In consider-
ation of the grade-specific metabolic reprogramming, we
hypothesized that the inhibition of specific metabolic
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pathways in HG and LG tumor-derived primary cancer cells
could decrease cell viability and improve cisplatin suscepti-
bility.

To explore this hypothesis HG and LG renal cancer cells
were exposed to specific inhibitors of glucose and lipid
metabolism. Our findings showed that HG- and LG-primary
cancer cells treated with cisplatin in the presence of their
specific inhibitor (2-DG for HG cancer cells, and Etomoxir
for LG cancer cells), regain their chemosensitivity.

Sarcomatoid dedifferentiation represents one of the most
aggressive features of ccRCC, and its molecular characteris-
tics are poorly defined [36]. Bakouny et al. found that sSRCC
harbor distinctive genomic alterations (such as BAP1 muta-
tions and CDKN2A deletions) that account for their aggres-
sive biology [23]. In addition, sRCC is characterized by
increased CD8+ T cell infiltration and PD-L1 expression,
and by an immune-inflamed microenvironment, which
makes it highly responsive to immune checkpoint inhibitors.

In this study, we found that sSRCC is characterized by a
metabolic profile distinct from that of HG tumors. This met-
abolic reprogramming is associated with progressively
increased expression of Myc and HIF-2«¢ and reduced
expression of HIF-1¢, probably with the aim of supporting
the Warburg effect and simultaneously activating epithelial
—mesenchymal transition. Finally, we evaluated the prog-
nostic value of sarcomatoid component abundance in a
cohort of patients with localized/locally advanced HG
ccRCC. Patients with tumors characterized by abundant
sarcomatoid features (>20%) had reduced PFS and CSS
compared to those with low-sarcomatoid ccRCC, indicating
the need to stratify patients with SRCC according to the
extent of this pathological component to better define their
prognostic risk.

The strength of our study is that it shows in ccRCC the
existence of a grade-specific metabolic reprogramming,
confirmed by the analysis and integration of data derived
from different omics platforms. In addition, we demon-
strated the prognostic role of the abundance of the sarcoma-
toid component in high grade tumors. The most important
criticism is that the same tumor tissue was not used for the
different omics platforms. Moreover, the prognostic value
of sarcomatoid component abundance needs external vali-
dation, especially in the identification of an exact cut-off
that allows the distinction between the different risk
groups.

5. Conclusions

In this study, we aimed to determine the molecular char-
acteristics of kidney tumors according to pathological
grade. We found that ccRCC is characterized by particular
grade-dependent metabolic alterations that could represent
novel potential therapeutic targets. In addition, we showed
that subclassification based on the abundance of intratu-
moral sarcomatoid component has a clinical significance.
Grade 4 ccRCC subclassification into HS and LS groups
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has a prognostic impact in terms of CSS and PFS, and it
should be considered as a novel parameter for risk groups
stratification in future clinical trials.

Ethics approval and consent to participate

The study was conducted in accordance with the Decla-
ration of Helsinki and approved by the University of Bari
IRB (n. 143/CE/2015). Written informed consent to take
part was given by all participants.

Consent for publication

Not applicable.

Availability of data and materials

Clear cell-RCC transcriptome data (GSE40435,
GSE150404) were sourced from the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/
geol).

KIRC-TCGA expression data were retrieved from the
TCGA database via UCSC Xena (https://xenabrowser.net/).

For proteomic analysis, Perroud dataset was used (DOI:
10.1074/mcp.M800252-MCP200).

Funding

No funding or other financial support was received.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

CRediT authorship contribution statement

Giuseppe Lucarelli: Writing — review & editing, Writ-
ing — original draft, Supervision, Investigation, Formal
analysis, Data curation, Conceptualization. Francesco
Lasorsa: Writing — original draft, Methodology, Investiga-
tion, Formal analysis, Data curation. Martina Milella:
Methodology, Investigation, Data curation. Antonio
d’Amati: Methodology, Investigation, Data curation. Giu-
seppe Ingravallo: Methodology, Investigation. Mariella
Silecchia: Methodology, Investigation. Mariella Errede:
Methodology, Investigation. Cristina Bianchi: Methodol-
ogy, Investigation. Marco Spilotros: Investigation, Data
curation. Michele Battaglia: Supervision, Data curation.
Pasquale Ditonno: Validation, Supervision. Monica Ruti-
gliano: Validation, Methodology, Investigation, Data
curation.


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://xenabrowser.net/

G. Lucarelli et al. / Urologic Oncology: Seminars and Original Investigations 43 (2025) 469.e19—469.e32

Acknowledgments

Not applicable.

Supplementary materials

Supplementary material associated with this article can
be found in the online version at https://doi.org/10.1016/j.
urolonc.2025.02.016.

References

[1] Siegel RL, Kratzer TB, Giaquinto AN, Sung H, Jemal A. Cancer sta-
tistics, 2025. CA Cancer J Clin 2025. https://doi.org/10.3322/
caac.21871:Epub ahead of print.

[2] Pandolfo SD, Cerrato C, Wu Z, Franco A, et al. A systematic review

of robot-assisted partial nephrectomy outcomes for advanced indica-

tions: large tumors (cT2-T3), solitary kidney, completely endophytic,

hilar, recurrent, and multiple renal tumors. Asian J Urol 2023;10

(4):390-406. https://doi.org/10.1016/j.ajur.2023.06.001.

Pandolfo SD, Wu Z, Campi R, et al. Outcomes and techniques of

Robotic-assisted partial nephrectomy (RAPN) for renal hilar masses:

a comprehensive systematic review. Cancers (Basel) 2024;16(4):693.

https://doi.org/10.3390/cancers16040693.

Mohanty SK, Lobo A, Cheng L. The 2022 revision of the World

Health Organization classification of tumors of the urinary system

and male genital organs: advances and challenges. Hum Pathol

2023;136:123-43.

[5] di Meo NA, Lasorsa F, Rutigliano M, et al. Renal cell carcinoma as a
metabolic disease: an update on main pathways, potential biomarkers,
and therapeutic targets. Int J Mol Sci 2022;23(22):14360. https://doi.
org/10.3390/ijms232214360:Published 2022 Nov 18.

[6] Ishimaru T. Molecular components of the RCC grade. Semin Nephrol
2020;40(1):14-27.

[7] Lucarelli G, Netti GS, Rutigliano M, et al. MUC1 Expression affects
the immunoflogosis in renal cell carcinoma microenvironment
through complement system activation and immune infiltrate modu-
lation. Int J Mol Sci 2023;24(5):4814.

[8] Bianchi C, Meregalli C, Bombelli S, et al. The glucose and lipid

metabolism reprogramming is grade-dependent in clear cell renal cell

carcinoma primary cultures and is targetable to modulate cell viabil-
ity and proliferation. Oncotarget 2017;8(69):113502-15.

Wettersten HI, Hakimi AA, Morin D, et al. Grade-dependent meta-

bolic reprogramming in kidney cancer revealed by combined proteo-

mics and metabolomics analysis. Cancer Res 2015;75(12):2541-52.

[10] Wozniak MB, Le Calvez-Kelm F, Abedi-Ardekani B, et al. Integra-
tive genome-wide gene expression profiling of clear cell renal cell
carcinoma in Czech Republic and in the United States. PLoS One
2013;8(3):e57886. https://doi.org/10.1371/journal.pone.0057886.

[11] Marona P, Gorka J, Kwapisz O, et al. Resistance to tyrosine kinase
inhibitors promotes renal cancer progression through MCPIP1 tumor-
suppressor downregulation and c-met activation. Cell Death Dis
2022;13(9):814.

[12] Cancer Genome Atlas Research Network. Comprehensive molecular
characterization of clear cell renal cell carcinoma. Nature 2013;499
(7456):43-9.

[13] Perroud B, Ishimaru T, Borowsky AD, Weiss RH. Grade-dependent
proteomics characterization of kidney cancer. Mol Cell Proteomics
2009;8(5):971-85.

[14] Pang Z, Lu Y, Zhou G, et al. MetaboAnalyst 6.0: towards a unified
platform for metabolomics data processing, analysis and interpreta-
tion. Nucleic Acids Res. 2024;52(W1):W398—-W406.

[15] Subramanian A, Tamayo P, Mootha VK, et al. Gene set enrichment
analysis: a knowledge-based approach for interpreting genome-wide

3

[l

[4

=

[9

—

469.e31

expression profiles. Proc Natl Acad Sci U S A 2005;102(43):15545—
50.

[16] Galleggiante V, Rutigliano M, Sallustio F, et al. CTR2 identifies a
population of cancer cells with stem cell-like features in patients with
clear cell renal cell carcinoma. J Urol 2014;192(6):1831-41. https:/
doi.org/10.1016/j.juro.2014.06.070.

[17] Lucarelli G, Rutigliano M, Sallustio F, et al. Integrated multiomics
characterization reveals a distinctive metabolic signature and the role
of NDUFA4L2 in promoting angiogenesis, chemoresistance, and
mitochondrial dysfunction in clear cell renal cell carcinoma. Aging
(Albany NY) 2018;10(12):3957-85.

[18] Ochocki JD, Khare S, Hess M, et al. Arginase 2 suppresses renal car-
cinoma progression via biosynthetic cofactor pyridoxal phosphate
depletion and increased polyamine toxicity. Cell Metab 2018;27
(6):1263-80.

[19] Lucarelli G, Ferro M, Loizzo D, et al. Integration of lipidomics and
transcriptomics reveals reprogramming of the lipid metabolism and
composition in clear cell renal cell carcinoma. Metabolites 2020;10
(12):509.

[20] di Meo NA, Lasorsa F, Rutigliano M, et al. The dark side of lipid
metabolism in prostate and renal carcinoma: novel insights into
molecular diagnostic and biomarker discovery. Expert Rev Mol
Diagn 2023;23(4):297-313. https://doi.org/10.1080/14737159.2023.
2195553.

[21] Wang Z, Kim TB, Peng B, et al. Sarcomatoid renal cell carci-
noma has a distinct molecular pathogenesis, driver mutation pro-
file, and transcriptional landscape. Clin Cancer Res 2017;23
(21):6686-96.

[22] Motzer RJ, Banchereau R, Hamidi H, et al. Molecular subsets in renal
cancer determine outcome to checkpoint and angiogenesis blockade.
Cancer Cell 2020;38(6):803-17.

[23] Bakouny Z, Braun DA, Shukla SA, et al. Integrative molecular char-
acterization of sarcomatoid and rhabdoid renal cell carcinoma. Nat
Commun 2021;12(1):808.

[24] Barata P, Gulati S, Elliott A, et al. Renal cell carcinoma histologic
subtypes exhibit distinct transcriptional profiles. J Clin Invest
2024;134(11):e178915.

[25] Sainero-Alcolado L, Garde-Lapido E, Snaebjornsson MT, et al. Tar-
geting MYC induces lipid droplet accumulation by upregulation of
HILPDA in clear cell renal cell carcinoma. Proc Natl Acad Sci U S A
2024;121(7):€2310479121.

[26] Gordan JD, Lal P, Dondeti VR, et al. HIF-alpha effects on c-Myc dis-
tinguish two subtypes of sporadic VHL-deficient clear cell renal car-
cinoma. Cancer Cell 2008;14(6):435-46.

[27] Fuhrman SA, Lasky LC, Limas C. Prognostic significance of mor-
phologic parameters in renal cell carcinoma. Am J Surg Pathol
1982;6(7):655-63.

[28] Lucarelli G, Galleggiante V, Rutigliano M, et al. Metabolomic profile
of glycolysis and the pentose phosphate pathway identifies the central
role of glucose-6-phosphate dehydrogenase in clear cell-renal cell
carcinoma. Oncotarget 2015;6(15):13371-86.

[29] Lucarelli G, Rutigliano M, Sanguedolce F, et al. Increased expression
of the autocrine motility factor is associated with poor prognosis in
patients with clear cell-renal cell carcinoma. Medicine (Baltimore)
2015;94(46):e2117.

[30] Lucarelli G, Ferro M, Ditonno P, et al. The urea cycle enzymes act as
metabolic suppressors in clear cell renal cell carcinoma. Transl Can-
cer Res 2018;7(Suppl 7):S766-9.

[31] Milella M, Rutigliano M, Lasorsa F, et al. The role of MUCI in renal
cell carcinoma. Biomolecules 2024;14(3):315.

[32] Lasorsa F, Rutigliano M, Milella M, et al. Complement system and
the kidney: its role in renal diseases, kidney transplantation and renal
cell carcinoma. Int J Mol Sci 2023;24(22):16515.

[33] Lasorsa F, Rutigliano M, Milella M, et al. Cellular and molecular
players in the tumor microenvironment of renal cell carcinoma. J
Clin Med 2023;12(12):3888.


https://doi.org/10.1016/j.urolonc.2025.02.016
https://doi.org/10.1016/j.urolonc.2025.02.016
https://doi.org/10.3322/caac.21871
https://doi.org/10.3322/caac.21871
https://doi.org/10.1016/j.ajur.2023.06.001
https://doi.org/10.3390/cancers16040693
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0004
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0004
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0004
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0004
https://doi.org/10.3390/ijms232214360
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0006
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0006
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0007
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0007
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0007
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0007
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0008
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0008
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0008
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0008
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0009
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0009
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0009
https://doi.org/10.1371/journal.pone.0057886
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0011
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0011
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0011
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0011
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0011
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0012
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0012
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0012
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0013
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0013
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0013
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0015
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0015
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0015
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0015
https://doi.org/10.1016/j.juro.2014.06.070
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0017
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0017
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0017
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0017
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0017
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0018
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0018
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0018
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0018
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0019
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0019
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0019
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0019
https://doi.org/10.1080/14737159.2023.2195553
https://doi.org/10.1080/14737159.2023.2195553
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0021
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0021
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0021
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0021
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0022
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0022
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0022
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0023
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0023
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0023
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0024
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0024
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0024
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0025
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0025
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0025
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0025
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0025
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0026
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0026
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0026
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0027
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0027
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0027
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0028
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0028
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0028
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0028
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0029
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0029
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0029
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0029
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0030
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0030
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0030
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0031
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0031
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0032
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0032
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0032
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0033
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0033
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0033

469.e32 G. Lucarelli et al. / Urologic Oncology: Seminars and Original Investigations 43 (2025) 469.¢19—469.e32

[34] Lasorsa F, di Meo NA, Rutigliano M, et al. Immune checkpoint with distinct metabolic profile and poor clinical outcome. Int J Mol
inhibitors in renal cell carcinoma: molecular basis and rationale for Sci 2022;23(22):13968.
their use in clinical practice. Biomedicines 2023;11(4):1071. [36] Blum KA, Gupta S, Tickoo SK, et al. Sarcomatoid renal cell carci-
[35] Lucarelli G, Rutigliano M, Loizzo D, et al. MUCI1 Tissue expression noma: biology, natural history and management. Nat Rev Urol

and its soluble form CA15-3 identify a clear cell renal cell carcinoma 2020;17(12):659-78.


http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0034
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0034
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0034
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0035
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0035
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0035
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0035
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0036
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0036
http://refhub.elsevier.com/S1078-1439(25)00065-1/sbref0036

	Transcriptomic and proteo-metabolic determinants of the grading system
	1. Introduction
	2. Materials and methods
	2.1. Study population and tissue collection
	2.2. Metabolite Analysis
	2.3. Liquid chromatography/Mass spectrometry (LC/MS, LC/MS2)
	2.4. Gas chromatography/Mass spectrometry (GC/MS)
	2.5. Accurate mass determination and MS/MS fragmentation (LC/MS), (LC/MS/MS)
	2.6. Compound identification
	2.7. Normalization
	2.8. Bioinformatics and statistical analyses
	2.9. Integration of metabolomic and transcriptomic/proteomic data
	2.10. MILLIPLEX&reg; MAP human glycolysis pathway magnetic bead panel assays
	2.11. Primary cell cultures from renal tissues
	2.12. Cell viability assay
	2.13. Immunohistochemistry
	2.14. Immunofluorescence microscopy

	3. Results
	3.1. Clear cell RCC grade is associated with alterations in specific metabolic pathways
	3.2. Global metabolic profile distinguishes high-grade from low-grade ccRCC
	3.3. Integrated multiomics (metabolomics/proteomics/transcriptomics) analysis identifies grade-specific metabolic pathways
	3.4. Metabolic perturbations in glucose metabolism and the pentose phosphate pathway (PPP) are grade dependent in ccRCC
	3.5. Deregulation of the tricarboxylic acid (TCA) and urea cycles
	3.6. Antioxidants accumulate in high-grade tumors
	3.7. The metabolism of fatty acids and acylcarnitines is differentially related to grade
	3.8. Specific treatments differentially affect renal cancer cell viability and cisplatin chemoresistance in a grade-specific manner
	3.9. The presence of sarcomatoid features and their different abundances characterize a specific subset of ccRCC

	4. Discussion
	5. Conclusions
	Ethics approval and consent to participate
	Consent for publication
	Availability of data and materials
	Funding
	Declaration of competing interest
	CRediT authorship contribution statement

	Acknowledgments
	Supplementary materials
	References



