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Abstract: Renal-cell carcinoma (RCC) is a heterogeneous disease consisting of several subtypes based
on specific genomic profiles and histological and clinical characteristics. The subtype with the highest
prevalence is clear-cell RCC (ccRCC), next is papillary RCC (pRCC), and then chromophobe RCC
(chRCC). The ccRCC cell lines are further subdivided into prognostic expression-based subtypes
ccA or ccB. This heterogeneity necessitates the development, availability, and utilization of cell line
models with the correct disease phenotypic characteristics for RCC research. In this study, we focused
on characterizing proteomic differences between the Caki-1 and Caki-2 cell lines that are commonly
used in ccRCC research. Both cells are primarily defined as human ccRCC cell lines. Caki-1 cell lines
are metastatic, harboring wild-type VHL, whereas Caki-2 are considered as the primary ccRCC cell
lines expressing wild-type von Hippel–Lindau protein (pVHL). Here, we performed a comprehensive
comparative proteomic analysis of Caki-1 and Caki-2 cells using tandem mass-tag reagents together
with liquid chromatography mass spectrometry (LC/MS) for the identification and quantitation
of proteins in the two cell lines. Differential regulation of a subset of the proteins identified was
validated using orthogonal methods including western blot, q-PCR, and immunofluorescence assays.
Integrative bioinformatic analysis identifies the activation/inhibition of specific molecular pathways,
upstream regulators, and causal networks that are uniquely regulated and associated with the two cell
lines and RCC subtypes, and potentially the disease stage. Altogether, we have identified multiple
molecular pathways, including NRF2 signaling, which is the most significantly activated pathway in
Caki-2 versus Caki-1 cells. Some of the differentially regulated molecules and signaling pathways
could serve as potential diagnostic and prognostic biomarkers and therapeutic targets amongst
ccRCC subtypes.

Keywords: renal-cell carcinoma; clear-cell renal-cell carcinoma; signaling pathway activation

1. Introduction

Renal-cell carcinoma (RCC) is currently the eighth leading cause of deaths that are
attributed to cancer in the US and in 2022, about 79,000 new cases of renal cancer were
diagnosed with about 13,920 deaths resulting from the disease [1]. In 2020, the incidence
of the disease was 430,000 new cases globally [2]. RCC is heterogeneous and the disease
consists of several histological subtypes based on unique genomic profiles and clinical
characteristics [3]. The most prevalent subtype of RCC with approximately 80% of the
cases is clear-cell RCC (ccRCC) [4]. The condition is commonly defined by biallelic loss
of tumor suppressor genes on chromosome 3p, which includes VHL, BAP1, SETD2, and
PBRM1 [5,6]. The second most common subtype is papillary RCC (pRCC), accounting for
about 15% of malignant kidney tumors [7]. Oncogenesis of type I pRCC is associated with
the activation of the MER oncogene at 7q31 in addition to amplifications of chromosomes 7
and 17 [8–10]. The least prevalent form is chromophobe RCC (chRCC) which accounts for
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approximately 5% of the cases. Typically, chRCC has a less aggressive disease phenotype
compared to ccRCC and pRCC [11,12]. In addition, several other rare subtypes of RCC
have been described [11,12]. The availability of biological models with unique tumorigenic
phenotypes has been used as platforms for the development of novel interventions against
RCC and other cancers. Immortalized tumor cell lines are the most commonly used model
systems in cancer research, making a significant contribution to our current molecular and
genetic understanding of RCC biology [13,14]. The extensive in vivo heterogeneity of RCC
calls for the development and availability of cell lines with diverse phenotypic features to
be utilized as models for basic and applied renal cancer research [15]. These studies could
play a major role in the discovery, optimization, and translation of treatments from the
bench to the bedside [16]. For example, the NCI-60 cancer cell lines panel is routinely used
for preclinical drug screening to determine their efficacy. This allows for early triaging
of ineffective compounds and their exclusion from subsequent testing and assessments
that require animal models and humans [17]. With the observed heterogeneity of RCC
disease phenotypes, the ability to correctly discriminate and distinguish between malignant
cancer types, including ccRCC, pRCC, ChRCC, and other rare subtypes, is crucial for
patient management decisions. A subset of patients diagnosed with ccRCC, approximately
20–30%, remain undiagnosed until the cancer has already metastasized [18,19]. Accurate
identification provides prognosis, predicts progression, and determines treatment strategies,
including therapeutic options and severe interventions like nephrectomy.

We have performed comprehensive comparative qualitative and quantitative pro-
teomic studies on Caki-1 and Caki-2 cells to better understand their RCC subtypes and
disease stage phenotypes. The objective is to identify proteins and uncover molecular
pathways that can be used to further discriminate the two cell lines and RCC subtypes.
Caki-1 cells were established from a skin metastatic RCC lesion of a 49-year-old Caucasian
man, and are a commonly used model for metastatic ccRCC, harboring wild-type VHL.
These cells develop tumor lesions with clear-cell phenotypes in mice [20]. In addition,
Caki-1 cells produce high VEGF levels under hypoxic conditions consistent with the ccRCC
phenotype [21,22]. In culture, Caki-1 cells are polarized and exhibit morphological, phys-
iological, and biochemical features of functional differentiated kidney tissue and hence
their proposed use as experimental models for proximal tubule epithelium [23]. On the
other hand, Caki-2 was isolated and developed from a kidney primary tumor from a
69-year-old Caucasian male and classified as a ccRCC cell line expressing wild-type pVHL,
but lacking HIF-2α expression [24]. The reduced HIF1α protein expression in these cells
has not been fully explained [24]. Characterization of Caki-2 tumors in nude mice reveals
the development of cystic papillary tumors that possess microvilli and microfilaments, and
a reduced number of some organelles including mitochondria, lysosomes, and a reduction
of lipid droplets and multilamellar bodies [25–27]. Caki-2 cells exhibit increased levels of
MET and LRRK2 expression [28], and abnormalities in chromosome eight [29], which are
consistent with features for pRCC. In addition, there are inconsistencies in VHL mutation
status in this cell line, with conflicting reports of lack of mutations [24], and detection of
mutations on the alpha domain of the VHL tumor suppressor protein [30,31], which would
support a clear-cell histological phenotype for these cells. These inconsistencies have led
to the dual utilization of Caki-2 cells in ccRCC [21,32,33] and pRCC [26–28,34] research.
Recent genomic studies have further classified ccRCC cell lines into prognostic groups
based on validated ccA and ccB expression-based subtypes [15,35,36]. In these analyses,
Caki-1 is classified under ccB, whereas Caki-2 is not predicted to be of either class with
high confidence.

Our comprehensive qualitative and quantitative proteomic analysis of the two cell lines
uncovered significant differential regulation of specific proteins and activation/inhibition
of specific molecular pathways, upstream regulators, and causal networks that are uniquely
regulated and associated with the two cell lines and RCC subtypes and, potentially, disease
stage. Some of these molecules and pathways, including NRF2 signaling, which is the
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most significantly activated pathway in Caki-2 versus Caki-1 cells, could serve as potential
diagnostic and prognostic biomarkers and therapeutic targets for RCC subtypes.

2. Materials and Methods
2.1. Materials

The reagents and chemicals for culturing cells, protein isolation, and processing for
mass spectrometry analysis were purchased from Thermo Fisher Scientific (Waltham, MA,
USA), unless otherwise specified.

2.2. Renal Cancer Cell Lines

Two renal cancer cell lines Caki-1 (HTB-46) and Caki-2 (HTB-47), obtained from
the American Type Culture Collection (ATCC) (Manassas, VA, USA), were used for the
study. Testing confirmed that the cells were not contaminated with mycoplasma. All the
experiments were performed using cells with passage number ≤5. The cell characteristics,
as provided by ATCC, are given in Supplementary Table S1. Three independent biological
experiments were performed using the two cell lines. The cells were cultured in McCoy’s
5A Media containing 10% fetal bovine serum, 1× penicillin/streptomycin, 1 mM sodium
pyruvate, and 25 mM HEPES buffer at 37 ◦C in 5% CO2.

2.3. Protein Isolation and Quantification

For each cell line (Caki-1 and Caki-2), three 100 mm culture dishes were harvested
separately via scraping after in plate lysis with a RIPA buffer containing 1× Halt Protease
and Phosphatase Inhibitor Cocktail. Concentrations of the triplicate total protein lysates
from the two cell lines were determined using a Bicinchoninic Acid (BCA) assay. The
lysates were aliquoted and stored at −80 ◦C before subsequent analysis. For the two cell
lines, 100 µg aliquots from the three independent experiments were acetone precipitated
overnight at −20 ◦C. Precipitated protein was collected via centrifugation at 13,000× g for
10 min at 4 ◦C. Pellets were air-dried prior to processing for trypsin digestion and tandem
mass tag (TMT) prior to mass spectrometry analysis.

2.4. Protein Digestion and TMT Labeling of Peptides

Protein digestion and labeling of Caki-1 and Caki-2 cell lysates were performed using
TMT-6plex following the manufacturer’s instructions. In brief, triplicate 100 µg acetone
precipitated protein was dissolved in 100 µL 100 mM triethylammonium bicarbonate
(TEAB). Proteins were reduced with 10 mM Tris-(2-carboxyethyl)-phosphine (TCEP) at
55 ◦C for 1 h. Reduced proteins were alkylated with 15 mM iodoacetamide for 30 min at
room temperature in the absence of light, and precipitated with acetone for 4 h at −20 ◦C.
Precipitated protein was pelleted via centrifugation at 8000× g for 10 min at 4 ◦C. The
pellets were dried briefly, prior to solubilization in 100 µL of 50 mM TEAB, and digestion
with trypsin for 16 h at 37 ◦C at a 40:1 protein/substrate-to-protease ratio. TMT−6plex
reagents (800 µg) solubilized in anhydrous acetonitrile were mixed with 100 µg of tryptic
peptide at a final concentration of approximately 30% (v/v) acetonitrile for three Caki-
1 (TMT tags 126, 127, and 128) and three Caki-2 (TMT tags 129, 130, and 131) labeling
reactions. The labeling reactions proceeded for 1 h at room temperature before quenching
with 0.3% (v/v) hydroxylamine. The six TMT-labeled peptide samples were all combined
in a single microcentrifuge tube at a stoichiometric ratio of 1:1:1:1:1:1 before centrifugation
in a SpeedVac to near dryness.

2.5. High pH Reversed-Phase Fractionation of TMT Labeled Peptides

For fractionation, 100 µg of the pooled Caki-1 and Caki-2 TMT-labeled peptides
resuspended in 0.1% trifluoroacetic acid (TFA) solution and used for high pH reversed-
phase (HPRP) chromatography using Pierce HPRP peptide fractionation kits as per the
manufacturer’s instructions (Thermo Fisher Scientific, 84868). Peptides were loaded onto
columns after equilibration with 0.1% trifluoro acetic acid (TFA). Unbound peptides were
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collected by adding 300 µL of wash buffer consisting of 5% acetonitrile in 0.1% triethylamine
and centrifuging at 3000× g for 2 min. Bound peptides were eluted sequentially using
300 µL of eight increasing concentrations of elution buffers with 10.0%, 12.5%, 15.0%, 17.5%,
20.0%, 22.5%, 25.0%, and 50% acetonitrile in 0.1% triethylamine respectively. The wash and
eight eluted fractions in individual tubes were evaporated to dryness in a SpeedVac prior
to reconstitution for LC/MS analysis.

2.6. Liquid Chromatography and Tandem Mass Spectrometry

The peptides were resuspended at a normalized concentration of 0.5 µg/µL in 0.1%
formic acid (FA) before analysis on an Orbitrap Fusion Lumos Tribrid Mass Spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA)) coupled to an EASY-nLC 1200 UHPLC
system. Normalized amounts of peptides were loaded on a C18 pre-column (3 µm particle
size, 2 cm length, 75 µm inner diameter, and 100 Å pore size) (Thermo Fisher Scientific,
Waltham, MA, USA)), in line with a C18 analytic column (2 µm particle size, 50 cm length,
75 µm inner diameter, 100 Å pore size) (Thermo Fisher Scientific, Waltham, MA, USA)).
For these analyses, two micrograms of the wash and eight high pH reversed-phase frac-
tionations were injected and separated by liquid chromatography in line with the mass
spectrometer using aqueous 0.1% FA as a buffer (buffer A) and 0.1% FA in 80% acetonitrile
as buffer B. The LC running parameters were as follows: flow rate 250 nl/min; isocratic
8% solvent B for 8 min, 8–12% solvent B linear gradient over 5 min; 12–30% solvent B
linear gradient over 100 min; 30–60% solvent B linear gradient over 20 min; 60–98% solvent
B linear gradient over 5 min; isocratic 98% solvent B over 10 min for a total of 140 min
LC/MS/MS run. To minimize carryover, two column washes with buffer A were included
after every sample injection in the sequence run. Supplementary Table S2 provides a
summary of the parameters for the mass spectrometry instrument method that was used in
the analyses.

2.7. Data and Bioinformatics Analysis

Mass spectra raw files were processed in Xcalibur and analyzed using Proteome
Discoverer version 2.4 (Thermo Fisher Scientific, Waltham, MA, USA)) with the Sequest-HT
search engine. Peptide database searching was performed against a fasta file of annotated
canonical human proteins comprising 20,291 sequences downloaded from UniProt on 26
January 2022. The searches were also performed against a decoy database comprising all of
the protein amino acid sequences in reversed order. Peptide spectral matches identified
with a less than 1% false discovery rate (FDR≤ 0.01) were included for further analysis. The
parameters used in the searches were: full trypsin specificity selected with a maximum of
two missed cleavage sites; fixed modifications, carbamidomethylation (C), and TMT 6-plex
(K and peptide N terminals). Dynamic modifications, oxidation (M), and deamidation (N,
Q). Precursor ion mass tolerances, 10 ppm MS acquired in the Orbitrap and MS/MS mass
tolerance of 0.6 Da for spectra acquired in the ion trap. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via the PRIDE [37] partner
repository with the data set identifier PXD040083.

Further MS data analysis for the proteins was performed using Proteome Discov-
erer to determine peptide spectral matches, protein abundance ratios (Caki-2/Caki-1),
t-test p-values, and Benjamini–Hochberg adjusted p-values, Sequest-HT and PEP scores,
% sequence coverage, the sum of all and unique peptides identified. The proteins that
were used for comparative analysis had a minimum of two unique high-scoring pep-
tides identified. Differentially expressed proteins between Caki-1 and Caki-2 cells were
used for enrichment analysis using different modules that are embedded in Proteome
Discoverer 2.5. The proteins that were used in these analyses were filtered to fulfill the
following inclusion criteria: o peptides with high Sequest-HT scores; FDRs <1%; pro-
teins with an abundance ratio ≥ 1.5 and p-value of ≤0.05. These include gene ontology
analysis for molecular function, cellular components, and biological processes. Differen-
tially expressed proteins were submitted for searches using the Kyoto encyclopedia of
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genes and genomes (KEGG) pathway database [38], the Wiki biological pathway database
https://www.wikipathways.org (accessed on 10 January 2023), and the Reactome pathway
database (https://reactome.org/(accessed on 10 January 2023). To gain further insights
into the molecular differences between the two cell lines, the same proteins were subjected
to ingenuity pathway analysis (IPA) (Qiagen Digital Insights, Redwood City, CA, USA)
“core analysis” to generate a report consisting of top canonical pathways, upstream analysis
(including upstream regulators and causal networks), diseases and functions, regulator
effects, and molecular and biological functions of differentially expressed proteins between
the two cell lines.

2.8. Western Blot Analysis

Forty micrograms (40 µg) of protein lysates from the two cell lines were separated
by SDS-PAGE and transferred to PVDF membranes and processed for targeted protein
detection, as we have previously described [39]. Briefly, to minimize nonspecific binding,
an Odyssey blocking buffer was used to block PVDF membranes for 1 h before incubation
with the corresponding primary antibodies and GAPDH as the loading control at 4 ◦C
overnight. Supplemental Table S3 summarizes the vendor, species, and dilution of the
primary antibodies that have been used in the study. The membranes were washed for
5 min four times using 0.1% Tween-20 in PBS. Thereafter, membranes were incubated with
the corresponding IRDye700 or 800-conjugated secondary antibodies protected from light
at room temperature for 1 h. The membranes were subsequently washed extensively using
0.1% Tween-20 in PBS, before detection and imaging of the target and GAPDH protein
bands using a LI-COR Odyssey infrared Imager (LI-COR Biosciences, Lincoln, NE, USA).

2.9. Immunofluorescence Assay

Caki-1 and Caki-2 cells were cultured in 6-well plates containing glass coverslips and
cultured in McCoy’s 5A Media supplemented with 10% FBS for 48 h. Coverslip adherent
cells were washed three times using cold PBS before fixation with ice-cold methanol for
5 min. Fixed cells were washed three times with PBS and incubated with CA12 antibodies
overnight at 4 ◦C. The primary antibody solution was discarded before washing the
cells three times with ice-cold PBS. The cells were stained with Alexa Fluor conjugated
secondary antibodies mixed together with nucleic DNA TOPRO stain at room temperature
for 1 h. Secondary antibodies and DNA TOPRO stain were washed away using PBS
before mounting the coverslips to glass slides using a mounting medium containing 4′,6-
diamidino-2-phenylindole (DAPI) stain (Vector Labs, Burlingame, CA, USA). The coverslips
were sealed with nail polish prior to microscopic examination and image capture using a
Zeiss 880 confocal microscope (Carl Zeiss, White Plains, NY, USA).

2.10. Quantitative PCR Analysis

Total RNA extraction from Caki-1 and Caki-2 cells was performed using the All-Prep
DNA/RNA Mini Kit (Qiagen, 80204) (Qiagen, Germantown, MD, USA) as we have previ-
ously described [39,40]. The RNA concentration and purity were determined through a
NanoDrop One Spectrophotometer and 2100 Bioanalyzer (Agilent Technologies, Wilming-
ton, DE, USA). RNA was converted to single-stranded cDNA and purified using the Super-
Script First-Strand Synthesis System for RT-PCR (Invitrogen, 11904–018). qPCR reactions
using primers targeting CA12 (forward 5′-GGACAAATGGGGACAGGAAGGATCAAG-
3′ and reverse 5′-GAGGACATTTCATGCTGACAAAATGAG-3′) and NEFL (forward 5′-
ATGAGTTCCTTCAGCTACGA-3′ and reverse 5′-TCAATCTTTCTTCTTAGCTGCTTGTTC-
3′), with GAPDH (forward 5′-ACCACAGTCCATGCCATCAC-3′ and reverse 5′-TCCAC
CACCCTGTTGCTGTA-3′) as the loading control, were analyzed concurrently on a Bio-Rad
CFX96 Real-Time System C1000 instrument (Bio-Rad, Hercules, CA, USA). The qPCR
analyses were performed in triplicate and included negative control experiments.

https://www.wikipathways.org
https://reactome.org/(accessed
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2.11. Effects of Sulfamate S4 Inhibitor on the Viability of Caki-2 Cells

The S4 inhibitor, a 4-(3′-(3′′,5′′-dimethylphenyl)ureido)phenyl sulfamate inhibits tumor-
associated carbonic anhydrases CA9 and CA12 while avoiding off targeting of the cytosolic
CA1 and CA2 enzymes [39–43]. The inhibitory activity is directly dependent on the
membrane-associated CA9 and CA1 isoforms [41,44]. The effect of S4 inhibitor treatment
on the viability of Caki-2 cells was evaluated by culturing the cells under normoxic or
hypoxic conditions in a culture medium containing 33 µM S4 or DMSO for 24 h. After
treatment and incubation, cell viability was measured using the Trypan Blue Assay [45].

2.12. Statistical Analysis

Comparative statistical analysis was done using GraphPad Prism 9.4.1 (San Diego, CA,
USA) and, unless otherwise stated, the results are expressed as mean ± standard deviation.
For experimental groups, comparisons were performed using unpaired Student’s t-test
and one-way ANOVA with Tukey’s post hoc analysis. The significance threshold for
comparisons for all analyses was set at p < 0.05.

3. Results
3.1. Qualitative and Quantitative Proteomic Analysis of Caki-1 and Caki-2 Cells

A global discovery-based comparative quantitative proteomics analysis strategy using
TMT-6plex was utilized to uncover differential protein expression between the two cells.
Mass-spectrometry data acquisition was performed on a Tribrid Orbitrap Fusion Lumos
instrument using synchronous precursor selection (SPS) MS3 fragmentation scans for
protein identification and differential quantitative analysis. Proteome Discoverer 2.5 was
used to determine abundance ratios (Caki-2/Caki-1), perform statistical calculations to
determine p-values, adjusted p-values, Sequest-HT and posterior error probability (PEP)
scores, protein percent sequence coverage, the sum of all and unique peptides identified.
In this analysis, a total of 7315 proteins were identified. The identified proteins were
filtered based on the criteria described under Section 2.6, which include a minimum of
two unique high-scoring peptides, with FDR < 1%, minimum abundance ratio ≥ 1.5, and
p-value ≤ 0.05. Based on these criteria, 250 differentially expressed proteins (DEPs) were
identified between the two cell lines (162 upregulated and 82 downregulated in Caki-2
versus Caki-1 cells). The full list of 250 proteins is provided in Supplementary Table S4.
The top 15 differentially expressed genes proteins (up/down) between the two cell lines
are shown in Table 1 below.

Table 1. Comparative quantitative proteomic analysis between Caki-1 and Caki-2 cells. The top 15
proteins which were upregulated in Caki-2 (down-regulated in Caki-1) have positive expression
values. The top 15 proteins downregulated in Caki-2 (upregulated in Caki-1) have negative expression
values.

Gene Symbol Protein
Accession

Abundance Ratio
(Caki-2/Caki-1). Gene Symbol Protein

Accession
Abundance Ratio
(Caki-2/Caki-1)

AKR1C2 P52895 37.660 TCEAL3 Q969E4 −50.000
CA12 O43570 28.951 CA3 P07451 −37.037

TPPP3 Q9BW30 27.533 TPM2 P07951 −37.037
AKR1B10 O60218 26.012 ADAMTSL1 Q8N6G6 −33.333
PDZK1 Q5T2W1 25.480 YLPM1 P49750 −33.333
FABP6 P51161 24.132 IGF2BP1 Q9NZI8 −32.258

CYP2S1 Q96SQ9 23.136 VAMP5 O95183 −30.303
SNCG O76070 22.877 CXCL6 P80162 −30.303
SFN P31947 21.316 PRDX2 P32119 −27.778

SPINT2 O43291 21.130 FBN2 P35556 −25.000
SERPINB5 P36952 19.572 BASP1 P80723 −25.000

NEFL P07196 17.122 BCAT1 P54687 −22.222
GLDC P23378 16.902 TRIM22 Q8IYM9 −21.277

NAPRT Q6XQN6 16.742 SERPINE1 P05121 −19.608
TYMP P19971 16.403 GSTP1 P09211 −19.231
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3.2. Western Blot, RT-qPCR, and Immunofluorescence Assay Analysis of Differentially
Expressed Proteins

To validate the mass spectrometry data and provide orthogonal evidence to support
our findings, three proteins showing significant differential expression profiles in the two
cell lines and relevant to some of our conclusions concerning the metabolic phenotypes of
the two cell lines were targeted for -validation. Consistent with the quantitative proteomics
data, the immunoblots clearly confirm a significantly increased abundance of AKR1C2,
CA12, and NEFL in Caki-2 than in Caki-1 cells using GAPDH as the control (p < 0.05)
(Figure 1A–C). By contrast, there are minimal expression differences in the expressions of
other relevant proteins, including CA9 and VHL, which were not identified as differen-
tially expressed based on the filtering criteria of the MS experiments (Figure 1D,E). The
expressions of CA12 and NEFL were also validated by RT-qPCR using GAPDH as the
control (Figure 1F). Therefore, the observed concordance between the mass spectrome-
try/proteomics results, western blot, and qPCR data is highly significant and acceptable
and supports the utility of the TMT-based quantitative proteomic approach that is utilized
in the study. Among the differentially expressed proteins as demonstrated by quantitative
mass spectrometry, western blot, and qPCR, we further validated the expression of CA12,
which is significantly upregulated in Caki-2 vs. Caki-1. Unlike CA9 expression, which is
well characterized in RCC, the expression levels of CA12 have not been comprehensively
studied in RCC. Immunofluorescence assays verify the overexpression of CA12 in Caki-2
cells and further confirm the quantitative proteomics results with significant expression of
CA12 in Caki-2 versus Caki-1 (Figure 1G).

3.3. Sensitivity of Caki-2 Cells to Sulfamate S4 Inhibitor

After validating the significant upregulation of CA12 in Caki-2 versus Caki-1 cells,
we utilized in vitro assays to determine the effect of a CA9/CA12 inhibitor, 4-(3′-(3′′,5′′-
dimethylphenyl) ureido) phenyl sulfate (S4) on Caki-2 cells under hypoxic and normoxic
conditions. In both hypoxic and normoxic conditions, Caki-2 cells treated with DMSO
maintained high levels of viability at 95% and 100%, respectively. The addition of the S4
inhibitor decreased Caki-2 cell viability under normoxic conditions to an average of 66.25%
(33.75% dead). Under hypoxic conditions, the S4 inhibitor reduced the viability of Caki-2
cells to an average of 41.75% (58.25% dead). These results indicate that the inhibitor reduces
Caki-2 cell viability in both normoxic and anoxic conditions, with a significant decrease
under hypoxic conditions (Figure 2). It is important to note that HIF1α protein is detected
at very low abundance in Caki-2 versus Caki-1 cells [24] (Supplementary Figure S1). Our
in vitro data provides the rationale for future studies targeting CA12 in different RCC
subtypes.

3.4. Bioinformatic Analysis of Differentially Expressed Proteins

Differentially expressed proteins between Caki-1 and Caki-2 cells were used in IPA
analysis to determine top canonical pathways, molecular and cellular functions, and the
top networks that are predicted to be associated with these proteins are summarized in
Table 2. The summary of the analysis is depicted in Figure 3. Caki-2 cells were derived
from a primary kidney tumor and these results predict the inhibition of molecules and
pathways that drive metastasis and progression to aggressive disease phenotypes when
compared to Caki-1 cells. These include inhibition of TNF, RELA, and VEGFA. We utilized
IPA Upstream Regulator analysis to identify upstream transcriptional regulator cascades,
explain the changes that are observed between the two cell lines, and uncover differences
in biological activities occurring between the cells. In these analyses, NRF2, also known as
the nuclear factor erythroid-derived 2-like 2 (NFE2L2), was predicted to be activated in
Caki-2 cells but not in Caki-1 cells. This transcription factor was predicted to be activated
and was identified with the highest activation Z-score of 3.65 and a significant p-value of
overlap of 1.37 × 10−20.
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Figure 1. Differential expression of proteins in Caki-1 and Caki-2 cells. (A) Western blot detection 
and validation of expression profiles of target proteins including (A) AKR1C1/2, (B) CA12, (C) 
NEFL, (D) VHL, and (E) CA9. GAPDH was used as a western blot loading control. The expression-
fold change of the proteins is based on normalization by individual GAPDH values. There is a very 
significant enhanced expression of AKR1C1/2 (p = 0.0023), CA12 (p = 0.0011), and NEFL (p = 0.0001) 
in Caki-2 versus Caki-1 cells. The expression levels of VHL and CA9 differ marginally amongst the 
two cells (p ≤ 0.05). (F) Semi quantitative mRNA expression of CA12 and NEFL in Caki-1 versus 
Caki-2 cells. cDNA was synthesized from total mRNA extracted from the two cell lines and used for 
RT-qPCR to evaluate their relative expression levels in the two cell lines. qPCR reactions amplifying 
CA12 (893 b.p.), NEFL (1614 b.p.), and GAPDH (450 b.p.) in the two cell lines were analyzed via gel 
electrophoresis on 2% agarose gels containing EtBr for DNA visualization under UV. Relative band 
intensities were measured and used for quantitation with GAPDH as a control for normalization. 
There is a significantly enhanced expression of CA12 and NEFL transcripts in Caki-2 compared to 
Caki-1 cells (p ≤ 0.05). (G) Immunofluorescence confocal microscopy detection of CA12 in the two 
cell lines. The detection and visualization of CA12 are significantly higher in Caki-2 cells. For the 
bar graphs, significant differential expression profiles are depicted using asterisks corresponding to 
the following thresholds *(p < 0.05), **(p < 0.005) and ****(p < 0.0001).  
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maintained high levels of viability at 95% and 100%, respectively. The addition of the S4 
inhibitor decreased Caki-2 cell viability under normoxic conditions to an average of 
66.25% (33.75% dead). Under hypoxic conditions, the S4 inhibitor reduced the viability of 
Caki-2 cells to an average of 41.75% (58.25% dead). These results indicate that the inhibitor 
reduces Caki-2 cell viability in both normoxic and anoxic conditions, with a significant 

Figure 1. Differential expression of proteins in Caki-1 and Caki-2 cells. (A) Western blot detection
and validation of expression profiles of target proteins including (A) AKR1C1/2, (B) CA12, (C) NEFL,
(D) VHL, and (E) CA9. GAPDH was used as a western blot loading control. The expression-fold
change of the proteins is based on normalization by individual GAPDH values. There is a very
significant enhanced expression of AKR1C1/2 (p = 0.0023), CA12 (p = 0.0011), and NEFL (p = 0.0001)
in Caki-2 versus Caki-1 cells. The expression levels of VHL and CA9 differ marginally amongst the
two cells (p ≤ 0.05). (F) Semi quantitative mRNA expression of CA12 and NEFL in Caki-1 versus
Caki-2 cells. cDNA was synthesized from total mRNA extracted from the two cell lines and used for
RT-qPCR to evaluate their relative expression levels in the two cell lines. qPCR reactions amplifying
CA12 (893 b.p.), NEFL (1614 b.p.), and GAPDH (450 b.p.) in the two cell lines were analyzed via gel
electrophoresis on 2% agarose gels containing EtBr for DNA visualization under UV. Relative band
intensities were measured and used for quantitation with GAPDH as a control for normalization.
There is a significantly enhanced expression of CA12 and NEFL transcripts in Caki-2 compared to
Caki-1 cells (p ≤ 0.05). (G) Immunofluorescence confocal microscopy detection of CA12 in the two
cell lines. The detection and visualization of CA12 are significantly higher in Caki-2 cells. For the bar
graphs, significant differential expression profiles are depicted using asterisks corresponding to the
following thresholds * (p < 0.05), ** (p < 0.005) and **** (p < 0.0001).
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Figure 2. Effect of S4 inhibitor on the viability of Caki-2 cells. Caki-2 cell cultures were treated with
4-(3′-(3”, 5”-dimethylphenyl)ureido)phenyl sulfamate (S4) in normoxic and hypoxic conditions in
four replicate experiments. Additional cultures were treated with DMSO as controls. Following
incubation, cell viability was assessed using the Trypan Blue assay. DMSO has no effect on the
viability of Caki-2 cells, whereas S4 significantly reduces cell viability under hypoxic and normoxic
conditions. Cell viability is significantly reduced under hypoxic conditions as demonstrated by
one-way ANOVA using Šidák’s multiple comparisons test (p = 0.0491). Significantly different cell
viability depicted by an asterisk p < 0.05.

Table 2. Summary of IPA Analysis of differentially expressed proteins between Caki-1 and Caki-2
cells. The top five canonical pathways, the top five molecular and cellular functions, and the top five
networks and their functions are provided.

Top Canonical Pathways

Name p-Value Overlap

NRF2-mediated Oxidative Stress Response 5.76 × 10−11 7.6% 18/237
LPS/IL-1-mediated Inhibition of RXR Function 1.40 × 10−9 6.7% 17/254
Xenobiotic Metabolism AHR Signaling Pathway 2.29 × 10−8 11.5% 10/87
Xenobiotic Metabolism CAR Signaling Pathway 1.04 × 10−7 6.8% 13/191
Xenobiotic Metabolism PXR Signaling Pathway 1.10 × 10−7 6.8% 13/192

Molecular and Cellular Functions

Name p-value range # Molecules

Cellular Movement 1.46 × 10−6–9.26 × 10−25 117
Cell Death and Survival 6.02 × 10−7–3.90 × 10−21 128

Cell Morphology 8.27 × 10−7–1.04 × 10−17 71
Cell-To-Cell Signaling and Interaction 1.53 × 10−6–1.46 × 10−15 84

Cellular Development 1.59 × 10−6–4.45 × 10−14 123

Top Networks

Associated Network Functions Score

Cellular Assembly and Organization, Cellular Comprise, Cellular Function,
and Maintenance 60

Cell-To-Cell Signaling and Interaction, Cancer, Endocrine System Disorders 46
Cellular Assembly and Organization, Cell Morphology, Cellular Movement 41

Drug Metabolism, Liver Hyperbilirubinemia, Metabolomics Disease 32
Vitamin and Mineral Metabolism, Carbohydrate Metabolism, Drug

Metabolism 27
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Figure 3. Graphical summary of IPA core analysis of differentially expressed proteins between Caki-
1 and Caki-2 cells. The overview highlights the major biological themes in these analyses and their 
relationships connecting some of the most significant components predicted in the analysis. In this 
analysis, NRF2 (NFE2L2) is predicted to be significantly activated in Caki-2 cells (brown color). The 
major targets that are inhibited include TNF, RELA, and IKBKB. The result is the inhibition of mul-
tiple pathways that are associated with carcinogenesis. 

Figure 3. Graphical summary of IPA core analysis of differentially expressed proteins between Caki-1
and Caki-2 cells. The overview highlights the major biological themes in these analyses and their
relationships connecting some of the most significant components predicted in the analysis. In this
analysis, NRF2 (NFE2L2) is predicted to be significantly activated in Caki-2 cells (brown color). The
major targets that are inhibited include TNF, RELA, and IKBKB. The result is the inhibition of multiple
pathways that are associated with carcinogenesis.

The upstream analysis network predicting the activation of NRF2 is shown in Figure 4
and the associated mechanistic pathway is depicted in Figure 5A. The predicted activation
of NRF2 in Caki-2 cells was validated by Western blot (Figure 5B). These networks uncover
several molecular nodes and molecular targets that may be crucial hubs for modulating
critical functions that are unique in Caki-2 but not in Caki-1 cells, including the activation
of AKT (Figure 5C).

IPA causal network analysis is used to uncover relationships that are associated with
the differentially expressed proteins. This is achieved by expanding the upstream analysis
to include regulators that are not directly connected to the identified targets. The top causal
network identified includes activated NRF2 which is shown in Figure 6. The IPA Regulator
Effect analysis algorithm is used to generate hypotheses to explain the role of the activation
or inactivation of regulators and their consequences in mediating an increase or decrease of
function and disease-related outcomes based on the evidence provided by a dataset (IPA,
Qiagen). Regulator effect analysis of differentially expressed proteins between Caki-1 and
Caki-2 cells predicted that the MITF microphthalmia-associated transcription factor (MITF)
is activated in Caki-2 cells but not Caki-1 cells (Figure 7). The prediction of MITF activation
is significant given that recently published data demonstrated that MITF expression was
associated with aggressive tumor behavior and increased the migratory and invasive
capabilities of ccRCC cells [46]. These results are novel with respect to the phenotype of
Caki-2 cells and provide crucial insights into the histological classification of the cell line.
The second highest activated transcription factor was MYC with a 2.784 activation Z-score
and a p-value of overlap of 2.73 × 10−13, and the third was MAFA transcription factor
MAFA) with a 2.449 activation Z-score and a p-value of overlap of 1.15 × 10−4.

The most significantly inhibited transcription regulator is predicted to be VHL with
a Z-score of −2.700 and a p-value of overlap of 2.93 × 10−10. This is associated with the
significant upregulation of CA12 in Caki-2 that is validated in these analyses. The next
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transcription regulator significantly inhibited is SP3 with a Z-score of −2.607 and a p-value
of overlap of 2.87 × 10−7, followed by SMAD3 with a p-value of overlap of 1.22 × 10−6.

Casual network analysis identifies NRF2 as the top activated network with an ac-
tivated Z-score of 4.007 and with a p-value of overlap of 5.92 × 10−22. In this network,
molecules that are predicted to be activated include HMOX1, NQO1, and AKT. SALL4 is
the transcription factor with the second-highest activation Z-score of 3.086 and a p-value of
overlap of 3.53 × 10−18. The next transcription factor with the highest activated Z-score
of 2.216 and a p-value of overlap of 1.42 × 10−25 is BTG2 (BTG family member two, also
known as NGF-inducible antiproliferative protein PC3) which upon activation also leads
to the activation of NRF2 and a subsequent inhibition of RELA and SMAD3. In the same
analysis, BACH1 is predicted to be inhibited with an activation score of −3.862 and with a
p-value of overlap of 4.36× 10−22. The next transcription regulator predicted to be inhibited
is NCOR1 with an activation Z-score of −2.964 and p-value of overlap of 3.53 × 10−18 and
FOS with an activation Z-score of −2.926 and with a p-value of overlap of 2.88 × 10−24.
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Figure 4. IPA upstream analysis network predicting the activation of NRF2 (NFE2L2). Proteins
that are differentially expressed between Caki-1 and Caki-2 cells were subjected to IPA Upstream
Regulator Analysis to identify upstream transcriptional regulators that can explain the observed
protein expression changes in the two cells and predict the biological processes, pathways, and the
upstream targets that they regulate. NRF2 is predicted to be activated and with the highest activation
Z-score. The network predicts the activation and inhibition of specific targets with upregulation
(e.g., AKR1B10, AKR1C1/AKR1C2 *), or downregulation (e.g., VCAM) of protein expression in
Caki-2 cells, as observed in the quantitative proteomics analysis and subsequent validation by other
biochemical approaches.
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directional networks that are associated with the predicted activation of NRF2 (NFE2L2). In addition 
to NRF2 activation, among the targets that are predicted to be activated is AKT. As predicted, the 
immunoblot analysis demonstrates the activation and phosphorylation of AKT in Caki-2 cells but 
not in Caki-1 cells. (B). Western blot analysis confirms the significant expression and upregulation 
of NRF2 in Caki-2 cells with a very low abundance of the protein detected in Caki-1 cells. (C). Acti-
vation of AKT is demonstrated by the significant increase in AKT phosphorylation in Caki-2 cells 
compared to Caki-1 cells. The pathway and network legends are identical to Figure 4. For the bar 
graphs, significant differential expression profiles are depicted using asterisks corresponding to the 
following thresholds *(p < 0.05) and ***(p < 0.001).  
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transcription factor (MITF) is activated in Caki-2 cells but not Caki-1 cells (Figure 7). The 
prediction of MITF activation is significant given that recently published data demon-
strated that MITF expression was associated with aggressive tumor behavior and in-
creased the migratory and invasive capabilities of ccRCC cells [46]. These results are novel 
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Figure 5. (A) Computationally generated IPA mechanistic pathway analysis network with plausible
directional networks that are associated with the predicted activation of NRF2 (NFE2L2). In addition
to NRF2 activation, among the targets that are predicted to be activated is AKT. As predicted, the
immunoblot analysis demonstrates the activation and phosphorylation of AKT in Caki-2 cells but
not in Caki-1 cells. (B). Western blot analysis confirms the significant expression and upregulation of
NRF2 in Caki-2 cells with a very low abundance of the protein detected in Caki-1 cells. (C). Activation
of AKT is demonstrated by the significant increase in AKT phosphorylation in Caki-2 cells compared
to Caki-1 cells. The pathway and network legends are identical to Figure 4. For the bar graphs,
significant differential expression profiles are depicted using asterisks corresponding to the following
thresholds * (p < 0.05) and *** (p < 0.001).
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Figure 7. Top IPA Regulator Effect analysis network obtained after the integration of predicted up-
stream regulator results together with downstream effects to generate a causal hypothesis. There is 
predicted inhibition of four regulators including CD36, IL22, IKBK, and PLAU, whereas MITF is 
predicted to be activated in Caki-2 cells but not Caki-1 cells. The overall effect is predicted to inhibit 
the invasion of the tumor, cell moment of neutrophils, and migration of granulocytes. 

Figure 6. Computationally generated IPA causal network analysis of expanded upstream analysis,
including regulators that may not be directly connected to differentially expressed proteins between
Caki-1 and Caki-2 cells identifies NRF2 as the top hit. In addition to NRF2 activation, amongst
the targets that are predicted to be activated (brown) are Akt, HMOX1, NFkB complex, and 26s
proteasome activity. RELA and SMAD3 among others are predicted to be inhibited (blue). The
pathway and network legends are identical to Figure 4.
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Figure 7. Top IPA Regulator Effect analysis network obtained after the integration of predicted
upstream regulator results together with downstream effects to generate a causal hypothesis. There
is predicted inhibition of four regulators including CD36, IL22, IKBK, and PLAU, whereas MITF is
predicted to be activated in Caki-2 cells but not Caki-1 cells. The overall effect is predicted to inhibit
the invasion of the tumor, cell moment of neutrophils, and migration of granulocytes.

Additional bioinformatic analyses with the panel of 250 differentially expressed pro-
teins were done using searches against the KEGG database [38], Wiki pathway database,
and Reactome pathway database (https://reactome.org/) (accessed on 10 January 2023).
The results for the top 10 enriched pathways using these three databases are provided in
(Supplementary Table S5). These results are complementary, and some are concordant with
the IPA data described in the preceding section.

4. Discussion

We have utilized a comprehensive high-performance tandem mass tag labeling-based
mass-spectrometry approach to identify proteins that are differentially regulated in Caki-2
vs. Caki-1 cells [47]. Differentially regulated proteins were subsequently used to identify
molecular pathways that are regulated and differentially activated in the two cell lines. We
performed functional and pathway analyses to identify phenotypic differences in the two
cell lines and the consequences of the differences in the pathogenesis of RCC. The most sig-
nificantly upregulated proteins in Caki-2 vs. Caki-1 cells include members of the aldo-keto
reductase enzymes superfamily, AKR1C2, AKR1C1, and AKR1B10. Functionally, human
aldo-keto reductases play important roles in converting aldehydes and ketones to their
corresponding alcohols using NADH and/or NADPH as cofactors [48–52]. Specifically,
aldo-keto reductase family, members C1-C4 and D1 play central roles in the metabolism of
steroid hormones, including androsterone and progesterone [48,51,53]. Previous studies
focusing on their potential role in cancer biology [53–56], demonstrated a close relationship
between AKR1C1 and sex hormone-related ovarian and bladder cancers [53–57]. A recent
study focusing on identifying prognostic ferroptosis-related genes that are differentially
regulated in KIRC cases in the TCGA database identified 12 genes that included AKR1C1
as a predictor for overall survival and is inferred to be related to immunity in ccRCC
tumors [58,59]. On the other hand, AKR1B10, which belongs to the aldo-keto reductase

https://reactome.org/
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(AKR) 1B subfamily, is involved in the reduction of aldehydes, some ketones and quinones,
in addition to interacting with acetyl-CoA carboxylase and heat shock protein 90α [59]. In
normal human tissues, AKR1B10 expression is predominantly observed in the alimentary
canal [60]. AKR1B10 expression has also been observed in nonmalignant disease conditions
including atopic dermatitis [61], diabetes [62], and leprosy [63]. The expression profile is
different in multiple cancers and may be context dependent. In colon cancer, it has been
characterized as a tumor suppressor gene [64], whereas it has been characterized as an
oncogene in others, including pancreatic cancer [65], gastric cancer [66], hepatocellular
carcinoma [67], and possibly nasopharyngeal cancer [68]. The significant overexpression of
AKR1B10 in Caki-2 versus Caki-1, and its potential role in RCC, are unknown and warrant
further investigations.

Our IPA current upstream analysis predicts the activation of the NRF2 (NFE2L2)
in Caki-2 cells but not in Caki-1 cells. NRF2 was initially identified and characterized
as a critical antioxidant response regulator and drug or xenobiotic detoxification, how-
ever, recent data demonstrate that it regulates multiple genes, including those that mod-
ulate proteasomal and autophagic function, iron, lipid and carbohydrate metabolism,
amino acid metabolism, survival, proliferation, mitochondrial physiology, and DNA re-
pair pathways [69]. The discovery of diverse pathways that involve NRF2 continues
to happen, providing insights into its role in mediating disease progression and patho-
genesis. These NRF2-mediated pathways can have protective and pathogenic conse-
quences depending on the timing and duration of activation [70–72]. In cancer, abnormal
NRF2 expression is involved in almost all the hallmarks associated with cancer, includ-
ing progression, metastasis, and drug resistance [70,73–76]. Data from the Human Pro-
tein Atlas [77], demonstrates differential expression of NRF2 in KIRC, KIRP, and KICH
(https://www.proteinatlas.org/ENSG00000116044-NFE2L2/pathology/renal + cancer).
The survival probabilities are shown in Supplementary Figure S2A–C. It is notable that
higher expression levels of NRF2 correlate with significantly higher survival rates in KIRC
(p = 9.8 × 10−7) but not in KIRP, where low expression is associated with higher survival
rates (p = 0.029). By contrast, the survival rates of patients with high and low NRF2
expression in KICH are not significantly different. In the IPA analysis, the activation of
NRF2 is predicted to directly inhibit TNF and RELA, which subsequently leads to the
downregulation of IKBKB and RELA amongst other molecules. The net result of these
processes includes inhibition of invasion of tumor cells, attachment of cells, cell movement,
and migration of immune cells. These observations would imply a tumor suppressor role
for Caki-2 which was isolated from a primary tumor (nonaggressive) compared to Caki-1
which was isolated from a distant-skin metastatic site and with a defined aggressive ccRCC
phenotype.

In addition, we have used the TCGA database to uncover the clinical relevance of
some of the significantly differentially regulated proteins between CAKI-1 and CAKI-
2 cells to determine if their expression profiles correlate with patient disease state and
five-year survival rates. In the case of CA12, we have validated the MS data showing
significant upregulation of the protein in Caki-2- cells versus Caki-1 cells using orthogonal
methods including immunoblotting, qPCR, immunofluorescence confocal microscopy,
and confirmed the differential sensitivity of Caki-2 cells to S4 inhibitor under normoxic
and hypoxic conditions as described in the results section. Five-year TCGA survival
analysis data shows significant differences between low and high CA12 expression patients
(p = 0.0070) (Supplementary Figure S3A–C) https://www.proteinatlas.org/ENSG0000007
4410-CA12/pathology/renal+cancer (accessed on 13 March 2023). The five-year survival
rate for high expressers is 55% versus 67% for low expressers in ccRCC patients, though
there were no statistical differences in five-year survival rates for pRCC (p = 0.072) and
chRCC (p = 0.25) patients. Further analysis shows significant differences between the
expression profiles of CA12 between KIRC, KIRP, and KICH tumor types of cells with
an ANOVA F-test with a value of p = 1.021 × 10−79 (Supplementary Figure S3D). These
observations would imply a potential prognostic and therapeutic role for CA12 in a subset
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of ccRCC cases, which is currently the subject of our further investigation. A similar analysis
focuses on IGF2BP1 which is significantly upregulated with a 30-fold increase in Caki-1
cells versus Caki-2 cells. The five-year TCGA survival analysis data shows significant
differences between low and high IGF2BP1 expression patients (p = 0.0015) (Supplementary
Figure S4A–C) https://www.proteinatlas.org/ENSG00000159217-IGF2BP1/pathology/
renal+cancer (accessed on 15 March 2023). The five-year survival rate for high expressers
is 57% versus 71% for low expressers in ccRCC patients. Significant differences also exist
in the five-year survival rates for pRCC (p = 0.00011) and chRCC (p = 0.00092) patients.
Further analysis shows significant differences between the expression profiles of IGF2BP1
between KIRC, KIRP, and KICH tumor types cells with an ANOVA F-test with a value of
p = 6.615 × 10−18 (Supplementary Figure S4D). These observations would imply a potential
oncogenic role in Caki-1 cells, though not in Caki-2 cells. IGF2BP1 has been reported as a
potential prognostic marker for RCC [78,79].

5. Conclusions

Our results indicate that multiple proteins and molecular pathways are differentially
regulated and activated in Caki-2 versus Caki-1 cells. The transcription factor NRF2, en-
coded by the NFE2L2 gene is the most significantly activated transcription factor between
the two cell lines based on activation Z-scores. The gene is highly activated in Caki-2
cells compared to Caki-1 cells. NRF2 mediates complex regulatory pathways, playing a
pleiotropic role in regulating metabolism, mitochondrial physiology, autophagy, proteosta-
sis, inflammation, and immune responses. Although the regulation of NRF2 expression in
RCC is incompletely understood and warrants further investigation, our data suggest that
Caki-2 RCC cells that express high NRF2 levels are predicted to show inhibition of immune
cells, inhibition of migration and invasion of tumor and tumor cells, and TNF and RELA
inhibition. The activation of NRF2 in Caki-2 vs. Caki-1 cells requires further investigation
to uncover its role in the initiation and progression of disease in different ccRCC cell line
subtypes. These findings provide new insights that may provide the basis for developing
targeted therapeutics for molecular subtypes of RCC that are mediated by the functions
of NRF2.

Supplementary Materials: The following information can be downloaded at: https://www.mdpi.
com/article/10.3390/biomedicines11041010/s1, Figure S1: Differential expression of HIF1A in Caki-1
and Caki-2 cells. Figure S2: Differential expression of NRF2 in ccRCC, pRCC and chRCC. Figure S3:
Differential expression of CA12 in ccRCC, pRCC and chRCC. Figure S4: Differential expression of
IGF2BP1 in ccRCC, pRCC and chRCC. Table S1: Origin and characteristics of Caki-1 and Caki-2 cells.
Table S2: MS method summary. Table S3: Antibodies used in the study. Table S4: List of differentially
expressed proteins between Caki-2 and Caki-1 cells. Table S5: Enrichment pathways.

Author Contributions: Conceptualization, J.O.N.; methodology, J.O.N., N.L.H., S.M., I.O.O. and
L.E.H.; formal analysis, J.O.N., D.A.T., N.L.H., S.M., I.O.O., L.E.H. and S.C.; writing–original draft
preparation, J.O.N. and N.L.H.; writing-review and editing, J.O.N., N.L.H., I.O.O., L.E.H. and S.C.;
project administration, J.O.N.; funding acquisition, J.O.N. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by Research Incentive Funds and Presidential Research and
Professional Development Funds from EVMS (J.O.N.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The mass spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository with the data set identifier PXD040083.

Acknowledgments: This project was supported by EVMS through Research Incentive Funds and
Presidential Research and Professional Development Funds to J.O.N. We also acknowledge support
from O. J Semmes, Director at the EVMS Leroy T. Canoles Jr. Cancer Research Center. Mass

https://www.proteinatlas.org/ENSG00000159217-IGF2BP1/pathology/renal+cancer
https://www.proteinatlas.org/ENSG00000159217-IGF2BP1/pathology/renal+cancer
https://www.mdpi.com/article/10.3390/biomedicines11041010/s1
https://www.mdpi.com/article/10.3390/biomedicines11041010/s1


Biomedicines 2023, 11, 1010 16 of 19

spectrometry analysis was performed at the EVMS George L. Wright Jr. Center for Biomedical
Proteomics at the EVMS Leroy T. Canoles Jr. Cancer Research Center.

Conflicts of Interest: The authors declared no conflict of interest.

References
1. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics. CA Cancer J. Clin. 2022, 72, 7–33. [CrossRef]
2. Available online: https://www.wcrf.org/cancer-trends/kidney-cancer-statistics/ (accessed on 20 October 2022).
3. Hsieh, J.J.; Purdue, M.P.; Signoretti, S.; Swanton, C.; Albiges, L.; Schmidinger, M.; Heng, D.Y.; Larkin, J.; Ficarra, V. Renal cell

carcinoma. Nat. Rev. Dis. Prim. 2017, 3, 17009. [CrossRef] [PubMed]
4. Clark, D.J.; Dhanasekaran, S.M.; Petralia, F.; Pan, J.; Song, X.; Hu, Y.; da Veiga Leprevost, F.; Reva, B.; Lih, T.-S.M.; Chang, H.-Y.;

et al. Integrated Proteogenomic Characterization of Clear Cell Renal Cell Carcinoma. Cell 2019, 179, 964–983.e31. [CrossRef]
[PubMed]

5. Sato, Y.; Yoshizato, T.; Shiraishi, Y.; Maekawa, S.; Okuno, Y.; Kamura, T.; Shimamura, T.; Sato-Otsubo, A.; Nagae, G.; Suzuki, H.;
et al. Integrated molecular analysis of clear-cell renal cell carcinoma. Nat. Genet. 2013, 45, 860–867. [CrossRef] [PubMed]

6. Guo, G.; Gui, Y.; Gao, S.; Tang, A.; Hu, X.; Huang, Y.; Jia, W.; Li, Z.; He, M.; Sun, L.; et al. Frequent mutations of genes encoding
ubiquitin-mediated proteolysis pathway components in clear cell renal cell carcinoma. Nat. Genet. 2011, 44, 17–19. [CrossRef]
[PubMed]

7. Delahunt, B.; Eble, J.N. Papillary renal cell carcinoma: A clinicopathologic and immunohistochemical study of 105 tumors. Mod.
Pathol. 1997, 10, 537–544.

8. Schmidt, L.; Duh, F.-M.; Chen, F.; Kishida, T.; Glenn, G.; Choyke, P.; Scherer, S.W.; Zhuang, Z.; Lubensky, I.; Dean, M.; et al.
Germline and somatic mutations in the tyrosine kinase domain of the MET proto-oncogene in papillary renal carcinomas. Nat.
Genet. 1997, 16, 68–73. [CrossRef]

9. Lubensky, I.A.; Schmidt, L.; Zhuang, Z.; Weirich, G.; Pack, S.; Zambrano, N.; Walther, M.M.; Choyke, P.; Linehan, W.M.; Zbar, B.
Hereditary and Sporadic Papillary Renal Carcinomas with c-met Mutations Share a Distinct Morphological Phenotype. Am. J.
Pathol. 1999, 155, 517–526. [CrossRef] [PubMed]

10. Cancer Genome Atlas Research Network; Linehan, W.M.; Spellman, P.T.; Ricketts, C.J.; Creighton, C.J.; Fei, S.S.; Davis, C.; Wheeler,
D.A.; Murray, B.A.; Schmidt, L.; et al. Comprehensive Molecular Characterization of Papillary Renal-Cell Carcinoma. N. Engl. J.
Med. 2016, 374, 135–145. [CrossRef]

11. Kovacs, G.; Akhtar, M.; Beckwith, B.J.; Bugert, P.; Cooper, C.S.; Delahunt, B.; Eble, J.N.; Fleming, S.; Ljungberg, B.; Medeiros, L.J.;
et al. The Heidelberg classification of renal cell tumours. J. Pathol. 1997, 183, 131–133. [CrossRef]

12. Linehan, W.M.; Walther, M.M.; Zbar, B. The Genetic Basis of Cancer of the Kidney. J. Urol. 2003, 170, 2163–2172. [CrossRef]
[PubMed]

13. Kondo, K.; Yao, M.; Kobayashi, K.; Ota, S.; Yoshida, M.; Kaneko, S.; Baba, M.; Sakai, N.; Kishida, T.; Kawakami, S.; et al.
PTEN/MMAC1/TEP1 mutations in human primary renal-cell carcinomas and renal carcinoma cell lines. Int. J. Cancer. 2001, 91,
219–224. [CrossRef] [PubMed]

14. Wolf, M.M.; Rathmell, W.K.; Beckermann, K.E. Modeling clear cell renal cell carcinoma and therapeutic implications. Oncogene
2020, 39, 3413–3426. [CrossRef]

15. Sinha, R.; Winer, A.G.; Chevinsky, M.; Jakubowski, C.; Chen, Y.-B.; Dong, Y.; Tickoo, S.K.; Reuter, V.E.; Russo, P.; Coleman, J.A.;
et al. Analysis of renal cancer cell lines from two major resources enables genomics-guided cell line selection. Nat. Commun. 2017,
8, 15165. [CrossRef] [PubMed]

16. Sharma, S.V.; Haber, D.A.; Settleman, J. Cell line-based platforms to evaluate the therapeutic efficacy of candidate anticancer
agents. Nat. Rev. Cancer 2010, 10, 241–253. [CrossRef]

17. Shoemaker, R.H. The NCI60 human tumour cell line anticancer drug screen. Nat. Rev. Cancer 2006, 6, 813–823. [CrossRef]
18. Koch, E.; Finne, K.; Eikrem, Ø.; Landolt, L.; Beisland, C.; Leh, S.; Delaleu, N.; Granly, M.; Vikse, B.E.; Osman, T.; et al.

Transcriptome-proteome integration of archival human renal cell carcinoma biopsies enables identification of molecular mecha-
nisms. Am. J. Physiol. Physiol. 2019, 316, F1053–F1067. [CrossRef] [PubMed]

19. Zhu, L.; Liu, X.L.; Fu, Z.Q.; Qiu, P.; Feng, T.; Yan, B.; Wei, J.L. LINC00675 suppresses proliferative, migration and invasion of clear
cell renal cell carcinoma via the Wnt/β-catenin pathway. Eur. Rev. Med. Pharmacol. Sci. 2020, 5, 2313–2320. [CrossRef]

20. Lichner, Z.; Saleh, C.; Subramaniam, V.; Seivwright, A.; Prud’Homme, G.J.; Yousef, G.M. miR-17 inhibition enhances the formation
of kidney cancer spheres with stem cell/tumor initiating cell properties. Oncotarget 2014, 6, 5567–5581. [CrossRef]

21. Liu, Y.-H.; Lin, C.-Y.; Lin, W.-C.; Tang, S.-W.; Lai, M.-K.; Lin, J.-Y. Up-Regulation of Vascular Endothelial Growth Factor-D
Expression in Clear Cell Renal Cell Carcinoma by CD74: A Critical Role in Cancer Cell Tumorigenesis. J. Immunol. 2008, 181,
6584–6594. [CrossRef]

22. Miyake, M.; Goodison, S.; Lawton, A.; Zhang, G.; Gomes-Giacoia, E.; Rosser, C.J. Erythropoietin is a JAK2 and ERK1/2 effector
that can promote renal tumor cell proliferation under hypoxic conditions. J. Hematol. Oncol. 2013, 6, 65. [CrossRef] [PubMed]

23. Glube, N.; Giessl, A.; Wolfrum, U.; Langguth, P. Caki-1 Cells Represent an in vitro Model System for Studying the Human
Proximal Tubule Epithelium. Nephron Exp. Nephrol. 2007, 107, e47–e56. [CrossRef] [PubMed]

http://doi.org/10.3322/caac.21708
https://www.wcrf.org/cancer-trends/kidney-cancer-statistics/
http://doi.org/10.1038/nrdp.2017.9
http://www.ncbi.nlm.nih.gov/pubmed/28276433
http://doi.org/10.1016/j.cell.2019.10.007
http://www.ncbi.nlm.nih.gov/pubmed/31675502
http://doi.org/10.1038/ng.2699
http://www.ncbi.nlm.nih.gov/pubmed/23797736
http://doi.org/10.1038/ng.1014
http://www.ncbi.nlm.nih.gov/pubmed/22138691
http://doi.org/10.1038/ng0597-68
http://doi.org/10.1016/S0002-9440(10)65147-4
http://www.ncbi.nlm.nih.gov/pubmed/10433944
http://doi.org/10.1056/nejmoa1505917
http://doi.org/10.1002/(SICI)1096-9896(199710)183:2&lt;131::AID-PATH931&gt;3.0.CO;2-G
http://doi.org/10.1097/01.ju.0000096060.92397.ed
http://www.ncbi.nlm.nih.gov/pubmed/14634372
http://doi.org/10.1002/1097-0215(200002)9999:9999&lt;::AID-IJC1034&gt;3.0.CO;2-S
http://www.ncbi.nlm.nih.gov/pubmed/11146448
http://doi.org/10.1038/s41388-020-1234-3
http://doi.org/10.1038/ncomms15165
http://www.ncbi.nlm.nih.gov/pubmed/28489074
http://doi.org/10.1038/nrc2820
http://doi.org/10.1038/nrc1951
http://doi.org/10.1152/ajprenal.00424.2018
http://www.ncbi.nlm.nih.gov/pubmed/30838877
http://doi.org/10.26355/eurrev_202003_20497
http://doi.org/10.18632/oncotarget.1901
http://doi.org/10.4049/jimmunol.181.9.6584
http://doi.org/10.1186/1756-8722-6-65
http://www.ncbi.nlm.nih.gov/pubmed/24004818
http://doi.org/10.1159/000107804
http://www.ncbi.nlm.nih.gov/pubmed/17804913


Biomedicines 2023, 11, 1010 17 of 19

24. Shinojima, T.; Oya, M.; Takayanagi, A.; Mizuno, R.; Shimizu, N.; Murai, M. Renal cancer cells lacking hypoxia inducible factor
(HIF)-1 expression maintain vascular endothelial growth factor expression through HIF-2. Carcinogenesis 2006, 28, 529–536.
[CrossRef] [PubMed]

25. Pulkkanen, K.J.; Parkkinen, J.J.; Kettunen, M.; A Kauppinen, R.A.; Lappalainen, M.; Ala-Opas, M.Y.; Ylä-Herttuala, S. Characteri-
zation of a new animal model for human renal cell carcinoma. Vivo 2000, 14, 393–400.

26. Pulkkanen, K.J.; Parkkinen, J.J.; Laukkanen, J.M.; Kettunen, M.I.; Tyynela, K.; Kauppinen, R.A.; Ala-Opas, M.Y.; Yla-Herttuala, S.
HSV-tk gene therapy for human renal cell carcinoma in nude mice. Cancer Gene Ther. 2001, 8, 529–536. [CrossRef]

27. Furge, K.A.; Chen, J.; Koeman, J.; Swiatek, P.; Dykema, K.; Lucin, K.; Kahnoski, R.; Yang, X.J.; Teh, B.T. Detection of DNA Copy
Number Changes and Oncogenic Signaling Abnormalities from Gene Expression Data Reveals MYC Activation in High-Grade
Papillary Renal Cell Carcinoma. Cancer Res 2007, 67, 3171–3176. [CrossRef]

28. Looyenga, B.D.; Furge, K.A.; Dykema, K.J.; Koeman, J.; Swiatek, P.J.; Giordano, T.J.; West, A.B.; Resau, J.H.; Teh, B.T.; MacKeigan,
J.P. Chromosomal amplification of leucine-rich repeat kinase-2 (LRRK2) is required for oncogenic MET signaling in papillary
renal and thyroid carcinomas. Proc. Natl. Acad. Sci. USA 2011, 108, 1439–1444. [CrossRef]

29. Furge, K.A.; Dykema, K.; Petillo, D.; Westphal, M.; Zhang, Z.; Kort, E.J.; Teh, B.T. Combining differential expression, chromosomal
and pathway analyses for the molecular characterization of renal cell carcinoma. Can. Urol. Assoc. J. 2012, 1, S21–S27. [CrossRef]

30. Kucejova, B.; Peña-Llopis, S.; Yamasaki, T.; Sivanand, S.; Tran, T.A.T.; Alexander, S.; Wolff, N.C.; Lotan, Y.; Xie, X.-J.; Kabbani, W.;
et al. Interplay Between pVHL and mTORC1 Pathways in Clear-Cell Renal Cell Carcinoma. Mol. Cancer Res. 2011, 9, 1255–1265.
[CrossRef]

31. Ashida, S.; Nishimori, I.; Tanimura, M.; Onishi, S.; Shuin, T. Effects of von Hippel-Lindau gene mutation and methylation status
on expression of transmembrane carbonic anhydrases in renal cell carcinoma. J. Cancer Res. Clin. Oncol. 2002, 128, 561–568.
[CrossRef]

32. Blondeau, J.J.; Deng, M.; Syring, I.; Schrödter, S.; Schmidt, D.; Perner, S.; Müller, S.C.; Ellinger, J. Identification of novel long
non-coding RNAs in clear cell renal cell carcinoma. Clin. Epigenetics 2015, 7, 10. [CrossRef]

33. Zaravinos, A.; Pieri, M.; Mourmouras, N.; Anastasiadou, N.; Zouvani, I.; Delakas, D.; Deltas, C. Altered metabolic pathways
in clear cell renal cell carcinoma: A meta-analysis and validation study focused on the deregulated genes and their associated
networks. Oncoscience 2014, 1, 117–131. [CrossRef] [PubMed]

34. Roos, F.C.; Evans, A.J.; Brenner, W.; Wondergem, B.; Klomp, J.; Heir, P.; Roche, O.; Thomas, C.; Schimmel, H.; Furge, K.A.; et al.
Deregulation of E2-EPF Ubiquitin Carrier Protein in Papillary Renal Cell Carcinoma. Am. J. Pathol. 2011, 178, 853–860. [CrossRef]

35. Brannon, A.R.; Reddy, A.; Seiler, M.; Arreola, A.; Moore, D.T.; Pruthi, R.S.; Wallen, E.M.; Nielsen, M.E.; Liu, H.; Nathanson, K.L.;
et al. Molecular Stratification of Clear Cell Renal Cell Carcinoma by Consensus Clustering Reveals Distinct Subtypes and Survival
Patterns. Genes Cancer 2010, 1, 152–163. [CrossRef] [PubMed]

36. Brannon, A.R.; Haake, S.M.; Hacker, K.E.; Pruthi, R.S.; Wallen, E.M.; Nielsen, M.E.; Rathmell, W.K. Meta-analysis of Clear Cell
Renal Cell Carcinoma Gene Expression Defines a Variant Subgroup and Identifies Gender Influences on Tumor Biology. Eur. Urol.
2012, 61, 258–268. [CrossRef] [PubMed]

37. Perez-Riverol, Y.; Csordas, A.; Bai, J.; Bernal-Llinares, M.; Hewapathirana, S.; Kundu, D.J.; Inuganti, A.; Griss, J.; Mayer, G.;
Eisenacher, M.; et al. The PRIDE database and related tools and resources in 2019: Improving support for quantification data.
Nucleic Acids Res. 2019, 47, D442–D450. [CrossRef]

38. Kanehisa, M.; Furumichi, M.; Tanabe, M.; Sato, Y.; Morishima, K. KEGG: New perspectives on genomes, pathways, diseases and
drugs. Nucleic Acids Res. 2017, 45, D353–D361. [CrossRef] [PubMed]

39. Burch, T.C.; Morris, M.A.; Campbell-Thompson, M.; Pugliese, A.; Nadler, J.L.; Nyalwidhe, J.O. Proteomic Analysis of Disease
Stratified Human Pancreas Tissue Indicates Unique Signature of Type 1 Diabetes. PLoS ONE 2015, 10, e0135663. [CrossRef]

40. Burch, T.C.; Rhim, J.S.; Nyalwidhe, J.O. Mitochondria Biogenesis and Bioenergetics Gene Profiles in Isogenic Prostate Cells with
Different Malignant Phenotypes. BioMed. Res. Int. 2016, 2016, 1785201. [CrossRef]

41. Neri, D.; Supuran, C.T. Interfering with pH regulation in tumours as a therapeutic strategy. Nat. Rev. Drug Discov. 2011, 10,
767–777. [CrossRef]

42. Lou, Y.; McDonald, P.C.; Oloumi, A.; Chia, S.; Ostlund, C.; Ahmadi, A.; Kyle, A.; Keller, U.A.D.; Leung, S.; Huntsman, D.; et al.
Targeting Tumor Hypoxia: Suppression of Breast Tumor Growth and Metastasis by Novel Carbonic Anhydrase IX Inhibitors.
Cancer Res. 2011, 71, 3364–3376. [CrossRef] [PubMed]

43. Pacchiano, F.; Carta, F.; McDonald, P.C.; Lou, Y.; Vullo, D.; Scozzafava, A.; Dedhar, S.; Supuran, C.T. Ureido-Substituted
Benzenesulfonamides Potently Inhibit Carbonic Anhydrase IX and Show Antimetastatic Activity in a Model of Breast Cancer
Metastasis. J. Med. Chem. 2011, 54, 1896–1902. [CrossRef] [PubMed]

44. Gieling, R.G.; Babur, M.; Mamnani, L.; Burrows, N.; Telfer, B.A.; Carta, F.; Winum, J.-Y.; Scozzafava, A.; Supuran, C.T.; Williams,
K.J. Antimetastatic Effect of Sulfamate Carbonic Anhydrase IX Inhibitors in Breast Carcinoma Xenografts. J. Med. Chem. 2012, 55,
5591–5600. [CrossRef]

45. Strober, W. Trypan Blue Exclusion Test of Cell Viability. Curr. Protoc. Immunol. 2015, 111, A3.B.1–A3.B.3. [CrossRef]
46. Lang, M.; Vocke, C.D.; Ricketts, C.J.; Metwalli, A.R.; Ball, M.W.; Schmidt, L.S.; Linehan, W.M. Clinical and Molecular Charac-

terization of Microphthalmia-associated Transcription Factor (MITF)-related Renal Cell Carcinoma. Urology 2020, 149, 89–97.
[CrossRef]

http://doi.org/10.1093/carcin/bgl143
http://www.ncbi.nlm.nih.gov/pubmed/16920734
http://doi.org/10.1038/sj.cgt.7700342
http://doi.org/10.1158/0008-5472.CAN-06-4571
http://doi.org/10.1073/pnas.1012500108
http://doi.org/10.5489/cuaj.64
http://doi.org/10.1158/1541-7786.MCR-11-0302
http://doi.org/10.1007/s00432-002-0374-x
http://doi.org/10.1186/s13148-015-0047-7
http://doi.org/10.18632/oncoscience.13
http://www.ncbi.nlm.nih.gov/pubmed/25594006
http://doi.org/10.1016/j.ajpath.2010.10.033
http://doi.org/10.1177/1947601909359929
http://www.ncbi.nlm.nih.gov/pubmed/20871783
http://doi.org/10.1016/j.eururo.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22030119
http://doi.org/10.1093/nar/gky1106
http://doi.org/10.1093/nar/gkw1092
http://www.ncbi.nlm.nih.gov/pubmed/27899662
http://doi.org/10.1371/journal.pone.0135663
http://doi.org/10.1155/2016/1785201
http://doi.org/10.1038/nrd3554
http://doi.org/10.1158/0008-5472.CAN-10-4261
http://www.ncbi.nlm.nih.gov/pubmed/21415165
http://doi.org/10.1021/jm101541x
http://www.ncbi.nlm.nih.gov/pubmed/21361354
http://doi.org/10.1021/jm300529u
http://doi.org/10.1002/0471142735.ima03bs111
http://doi.org/10.1016/j.urology.2020.11.025


Biomedicines 2023, 11, 1010 18 of 19

47. Williamson, J.C.; Edwards, A.V.G.; Verano-Braga, T.; Schwämmle, V.; Kjeldsen, F.; Jensen, O.N.; Larsen, M.R. High-performance
hybrid Orbitrap mass spectrometers for quantitative proteome analysis: Observations and implications. Proteomics 2016, 16,
907–914. [CrossRef] [PubMed]

48. Penning, T.M.; Burczynski, M.E.; Jez, J.M.; Hung, C.-F.; Lin, H.-K.; Ma, H.; Moore, M.; Palackal, N.; Ratnam, K. Human 3α-
hydroxysteroid dehydrogenase isoforms (AKR1C1–AKR1C4) of the aldo-keto reductase superfamily: Functional plasticity and
tissue distribution reveals roles in the inactivation and formation of male and female sex hormones. Biochem. J. 2000, 351, 67–77.
[CrossRef] [PubMed]

49. Jin, Y.; Duan, L.; Lee, S.H.; Kloosterboer, H.J.; Blair, I.A.; Penning, T.M. Human Cytosolic Hydroxysteroid Dehydrogenases of
the Aldo-ketoreductase Superfamily Catalyze Reduction of Conjugated Steroids: Implications for phase I and phase II steroid
hormone metabolism. J. Biol. Chem. 2009, 284, 10013–10022. [CrossRef]
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