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Simple Summary: Renal cell carcinoma (RCC) presents diagnostic challenges, especially
with small renal masses, prompting research into non-invasive methods like liquid biopsy.
Liquid biopsies analyze biomarkers such as microRNAs (miRNAs), exosomes, and cir-
culating tumor cells (CTCs). miRNAs are small non-coding RNA molecules that are
dysregulated in RCC and show promise in plasma, serum, and urine for diagnosis, progno-
sis, and subtype characterization. Specific miRNA signatures are associated with survival,
highlighting their potential clinical utility. Exosomes, which carry miRNAs and other
molecules, and CTCs, which provide insights into cancer progression, are also emerging as
valuable biomarkers. Despite their promise, clinical application requires further validation
and standardization in large-scale studies. Although no diagnostic liquid biopsy tests
for RCC have been approved, these approaches hold significant potential for improving
diagnosis, treatment decisions, and outcome prediction. Future research is essential to
address the existing diagnostic limitations and improve RCC management.

Abstract: Renal cell carcinoma (RCC) presents a significant diagnostic challenge, particu-
larly in small renal masses. The search for non-invasive screening methods and biomarkers
has directed research toward liquid biopsy, which focuses on microRNAs (miRNAs), exo-
somes, and circulating tumor cells (CTCs). miRNAs are small non-coding RNA molecules
that show considerable dysregulation in RCC, and they have potential for both diagnostic
and prognostic applications. Research has highlighted their utility on biofluids, such as
plasma, serum, and urine, in detecting RCC and characterizing its subtypes. Promising
miRNA signatures have been associated with overall survival, suggesting their potential
importance in the management of RCC. Exosomes, which carry a variety of molecular
components, including miRNAs, are emerging as valuable biomarkers, whereas CTCs,
released from primary tumors into the bloodstream, provide critical information on cancer
progression. However, translation of these findings into clinical practice requires additional
validation and standardization through large-scale studies and robust evidence. Although
there are currently no approved diagnostic tests for RCC, the future potential of liquid
biopsy in monitoring, treatment decision-making, and outcome prediction in patients with
this disease is significant. This review examined and discussed recent developments in
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liquid biopsy for RCC, assessing both the strengths and limitations of these approaches for
managing this disease.

Keywords: renal cell carcinoma; liquid biopsy; microRNA; exosomes; extracellular vesicles;
circulating tumor cells; circulating tumor DNA

1. Introduction
Renal cell carcinoma (RCC) is the most prevalent malignancy of the kidney and

among the 20 most diagnosed cancer globally in 2022 [1,2]. The annual incidence of this
type of cancer is estimated to be 430,000 new cases, accounting for 2.2% of all cancer
diagnoses, with approximately 180,000 deaths reported each year [3]. Over the last two
decades, the incidence of RCC has increased by 2% annually worldwide. The World Health
Organization (WHO) categorizes RCC into various subtypes based on morphological,
molecular, and genetic characteristics. Histologically, the most common RCC subtypes
are clear cell RCC, which accounts for approximately 70–90% of kidney malignancies,
whereas papillary RCC (types I and II) and chromophobe RCC account for approximately
10–15% and 3–5%, respectively [1]. Although hereditary renal cancer is linked to somatic
mutations in the VHL gene, most cases of RCC are sporadic and lack specific genetic
associations. Recent advancements in cancer genomics have revealed mutations in genes
involved in epigenetic regulation, highlighting notable intra-tumor heterogeneity that may
have important prognostic, predictive, and therapeutic implications [4,5].

Most patients with RCC present with no symptoms at the time of diagnosis, even
in those with large tumors. Diagnosis often occurs incidentally during imaging studies,
and survival outcomes largely depend on the stage at the time of detection [4,6]. Only
10% of patients present with the classic triad of symptoms, which include hematuria, flank
pain, and palpable masses. Other commonly reported symptoms include fever, weight
loss, and leukocytosis. Approximately 20% of patients develop various paraneoplastic
syndromes, such as hypercalcemia, polycythemia, Cushing syndrome, and hypertension [1].
A contrast-enhanced, triple-phase helical CT scan is considered the gold standard for renal
masses investigation, allowing the differential diagnosis between benign masses that do
not require further investigation and RCC. Surgery is the preferred treatment for localized
tumors, whereas chemotherapy is essential for metastatic disease. However, metastatic
RCC at diagnosis is associated with a poor prognosis, with a 5-year survival rate of less
than 15%. Early diagnosis is thus critical, but current diagnostic tools lack sufficient
accuracy, particularly for small renal masses (SRMs) [3]. This underscores the urgent need
for non-invasive screening methods and reliable biomarkers for RCC [7–10].

For this purpose, liquid biopsy is a promising approach: it is a non-invasive diagnostic
tool that has gained considerable attention in recent years. Liquid biopsy is less invasive
than tumor biopsy; however, to date, clinically approved liquid biopsy biomarkers for RCC
diagnosis have not been reported.

Comparing tissue and liquid biopsies reveals distinct approaches to cancer diagnostics,
each with its specific utility in the patient care continuum [11]. Tissue biopsies, requiring
physical samples from the tumor, offer a highly detailed look at the cancer’s histology and
molecular genetics. This method is unparalleled in providing the definitive diagnosis and
characterization of tumors, which is essential for initial treatment decisions. However,
its invasiveness can be a limitation, particularly for patients with RCC due to the risk of
metastatic dissemination. Liquid biopsies, conversely, offer a minimally invasive snapshot
of the tumor’s current genetic landscape by analyzing circulating tumor DNA (ctDNA)
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or cells from a simple blood draw. This technique allows for the ongoing monitoring of
tumor evolution and the detection of resistance mutations, offering a dynamic view of the
disease over time. While liquid biopsies excel in accessibility and patient comfort, their
sensitivity and specificity can vary based on the tumor type and stage, potentially limiting
their standalone diagnostic capability (Figure 1).
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The comparison between these two methodologies underscores a potential comple-
mentary relationship rather than a direct competition. Tissue biopsies provide the depth
of information important for the initial diagnosis and molecular profiling, while liquid
biopsies offer a broader, dynamic range of applications, particularly useful for monitoring
treatment response and disease progression. The choice between them—or the decision
to use both—depends on the clinical context, the specific information required, and the
patient’s condition, highlighting the nuanced decision-making process in optimizing cancer
care [11].

Liquid biopsy involves the analysis of biofluids, such as blood or urine, to identify
molecular biomarkers that provide significant information about disease characteristics.
This method has already been used for the diagnosis and monitoring of various malig-
nancies [12]. In RCC, potential biomarkers encompass circulating tumor cells (CTCs),
cell-free tumor DNA (ctDNA) or circulating free DNA (cfDNA), exosomes, tumor-derived
metabolites, as well as proteins found in blood and urine, as shown in Figure 2.

Here, a comprehensive review of the existing literature on liquid biopsy biomarkers
for RCC has been proposed, with a particular emphasis on three promising biomarkers:
microRNAs (miRNAs), exosomes, and circulating tumor cells (CTCs). The diagnostic,
prognostic, and therapeutic roles of these biomarkers in RCC have been examined, address-
ing key clinical challenges such as early diagnosis, detection of small renal masses, and
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characterization of RCC subtypes. Additionally, the limitations of current technologies and
methodologies in this area have been explored.
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2. MicroRNA (miRNAs)
MicroRNAs (miRNAs) are small, non-coding RNAs that are typically composed of ap-

proximately 20 nucleotides and play a pivotal role in regulating various cellular processes,
including the cell cycle, differentiation, and apoptosis. In addition, miRNAs influence
multiple metabolic pathways. Notably, studies have indicated that miRNAs regulate ap-
proximately 30–60% of human genes [13]. miRNA genes are located in the introns or exons
of both coding and non-coding protein genes and possess specific transcription promoters,
which may be either their own or shared with other mRNAs. miRNA transcription can
occur individually or in clusters, with varying expression levels across different tissues
within the same organism. RNA polymerase II facilitates the transcription of miRNA genes
from the genome [14,15]. The biogenesis of miRNAs occurs in two phases: a nuclear phase
that generates a primary transcript and a cytoplasmic phase that involves the processing
of this transcript by RNase III endonucleases DROSHA and DICER. In the cytoplasm, the
primary transcript is processed into small, double-stranded miRNA/miRNA duplexes
consisting of two strands designated as -3p and -5p. One strand is incorporated into the
RNA-induced silencing complex (RISC), where it plays a key role in target recognition and
gene silencing, while the other strand is discarded and degraded [15,16]. miRNA action is
determined by its ability to bind complementary sequences in the 3′-untranslated region
(UTR), thereby regulating gene expression by destabilizing mRNA or inhibiting translation.
This process may involve either complete or partial pairing between miRNA and its target
mRNA, leading to the degradation of mRNA or the suppression of protein translation.
Through these mechanisms, miRNAs are involved in processes such as cell development,
viral infections, immune responses, angiogenesis, and the progression of various cancers,
including breast, lung, colorectal, ovarian, prostate cancers, and others [17–24].

Tumor cells may release miRNAs into various biological fluids, including blood
plasma and serum, as well as saliva and urine. This ability makes miRNA a potential
biomarker for the diagnosis and prognosis of cancer. Once secreted, miRNAs are frequently
associated with protein complexes (such as Argonaute-2 or nucleophosmin) or enclosed
within extracellular vesicles of varying sizes, including exosomes, microvesicles, and
apoptotic bodies. These structures shield miRNAs from degradation by RNase enzymes,
thereby maintaining their stability in extracellular environments. Exosomal miRNAs can
influence the tumor microenvironment at distant sites by regulating gene expression and
promoting tumor growth [15,25]. They not only have a close relationship with urogenital
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system tumors but can also reflect the miRNA expression profile of source cells. This
packaging not only enhances their stability but may also reflect active tumor signaling,
making them potentially more specific markers of oncogenic processes and offering distinct
advantages in biomarker development.

From a diagnostic perspective, both forms of miRNA have shown potential in RCC.
However, recent studies suggest that exosomal miRNAs may offer higher specificity, as they
are more likely to originate from tumor cells and better reflect the molecular composition
of the tumor microenvironment [7,26,27]. For instance, serum exosomal miR-210 has been
associated with tumor progression and poor prognosis in clear cell RCC, demonstrating a
sensitivity of 82.5% and specificity of 80.0% [28]. Furthermore, the expression of exososomal
miR-146b-5p and miR-99-5p was significantly elicited to correlate with RCC patients
and could be a prognostic marker for RCC [28]. These findings suggest that exosomal
miRNAs could be more effective than free circulating miRNAs for certain diagnostic and
prognostic purposes, although further head-to-head comparisons and validation studies
are still needed.

Numerous studies have demonstrated the dysregulation of circulating miRNAs in
various cancer types. Non-invasive techniques can be used to profile miRNAs in biofluids
like urine, colostrum, tears, and seminal fluid, which is a significant benefit of liquid
biopsy. For diagnosing and monitoring renal cell carcinoma (RCC), plasma and serum
are frequently used because miRNAs remain stable in these samples. However, urine
samples also present valuable opportunities for tracking miRNA levels to evaluate disease
diagnosis and progression [29]. A recent study examined miRNA expression in urine
for the diagnosis of clear cell renal cell carcinoma (ccRCC). The authors first analyzed
miRNA expression in ccRCC specimens and healthy kidney tissues using data from public
databases and then validated their findings through reverse transcription quantitative PCR
(RT-qPCR) by comparing miRNA levels in ccRCC and adjacent non-cancerous tissue. They
developed an algorithm to identify miRNAs likely present in the urine of patients with
ccRCC, identifying miR-122, miR-1271, and miR-15b as potential markers. Validation in a
cohort of 13 affected patients and 14 healthy controls revealed a sensitivity of 100% (95% CI
75–100%) and specificity of 86% (95% CI 57–98%), suggesting the potential of these urinary
miRNAs as diagnostic markers, although further validation in larger studies is needed [30].
Moreover, miR-15b has also been associated with tumor resistance to targeted cancer drugs,
such as sunitinib [31]. A similar study focused on papillary renal cell carcinoma (pRCC)
using serum as the miRNA source. The authors aimed to determine whether miRNA
dysregulation in malignant tissues could be reflected in serum samples, providing a non-
invasive diagnostic method. The study also sought to differentiate between type 1 and type
2 pRCC. Serum miRNA levels were analyzed in 34 patients with pRCC type 1, 33 with pRCC
type 2, and 33 control patients. This study revealed that, while differentiation between
pRCC subtypes was not possible using a single miRNA marker, advanced pRCC showed
elevated levels of miR-21-5p and the diagnostic accuracy improved with the inclusion of
miR-210-3p. The authors proposed miR-21-5p and miR-210-3p as potential biomarkers of
pRCC [32]. In another study, serum miRNAs were analyzed to identify biomarkers for RCC
diagnosis. The study enrolled 296 patients (146 RCC patients and 150 healthy controls)
and analyzed the serum expression of 30 miRNAs. Diagnostic efficiency was assessed
using ROC curve analysis and AUC analysis, and a miRNA panel consisting of miR-224-5p,
miR-34b-3p, and miR-182-5p was identified as a reliable non-invasive diagnostic biomarker
for RCC, with an AUC of 0.855, demonstrating good diagnostic efficiency [33].

Recent research has also highlighted the potential of miRNA levels in biofluids for
prognostic prediction in RCC. miRNA signatures have been investigated to improve prog-
nosis prediction in patients with ccRCC using RNA-Seq data from the TCGA database.
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In this study, 177 differentially expressed miRNAs were identified between ccRCC and
paracancerous tissues. A three-miRNA signature (miR-130b, miR-18a, and miR-223) was
constructed using the LASSO Cox regression model, and patients were classified into
high-risk vs. low-risk groups based on the miRNA signature. The study found a significant
difference in overall survival between these groups, with a hazard ratio of 5.58 (95% CI
3.17–9.80; p < 0.0001), suggesting that this three-miRNA signature could be used to predict
the overall survival of patients with RCC [34].

Although these findings are promising, further studies are necessary before miRNA-
based tests can be approved for the diagnosis and prognosis of RCC. However, the current
state of research indicates that miRNAs may play a pivotal role in the future management
of RCC.

3. Extracellular Vesicles and Exosomes
Extracellular vesicles (EVs) can be categorized into three main subtypes based on their

size, cellular origin, physicochemical properties, and biomolecular composition: apoptotic
bodies, microvesicles, and exosomes. Exosomes, which are the smallest extracellular
vesicles (ranging from 30 to 150 nm), are generated via the process of exocytosis. This occurs
when multivesicular bodies fuse with the plasma membrane, releasing intraluminal vesicles
into the extracellular space. These exosomes may carry several substances, including DNA,
miRNA, mRNA, cellular metabolites, and proteins [35]. Exosome biogenesis and release are
regulated by multiple factors, such as endosomal sorting complexes required for transport
(ESCRT), the p53/TSAP6 pathway, Rab proteins, phospholipase D, Syndecan-syntenin-
ALIX, and sphingomyelinase. The exosomal membrane is enriched with specific lipid
types, including sphingomyelin, ceramide, cholesterol, and phosphatidylserine, which
differentiate exosomes from other lipid-based vesicles like liposomes [36]. Exosomes serve
as key mediators of intercellular communication and play a critical role in facilitating
organ crosstalk. Initially overlooked and referred to as “cellular dust”, their significance
as mediators of intercellular communication and disease markers, including malignancies
like kidney cancer, has since been recognized. Exosomes essentially reflect the molecular
profile of the producing cell, and, upon uptake by recipient cells, they can influence cell
function by delivering various types of nucleic acids, proteins, or metabolites, depending
on their cellular origin and biogenesis process [37]. Exosomes can be detected in several
human biofluids, including blood, urine, and saliva [7].

Several techniques are available for isolating exosomes, including size-exclusion
chromatography, differential ultracentrifugation, ultrafiltration, immunoaffinity capture,
polyethylene glycol-based precipitation, and microfluidics [38]. Among them, differential
centrifugation and immunoaffinity capture are commonly used. Differential centrifugation
is favored for its simplicity and speed, although it cannot distinguish between exosomes and
other impurities such as proteins or other extracellular vesicles. In contrast, immunoaffinity
capture using antibodies or magnetic beads offers higher purity but is associated with
lower capture rates and higher costs [27]. The unique membrane structure of exosomes
protects their contents from degradation by RNases and proteases and contributes to the
stability of enclosed mRNAs, miRNAs, and functional proteins. As a result, exosomes
hold great potential as biomarkers for diagnosing RCC. A recent study showed that serum
exosomal miR-210, which originates from tumor tissue, could serve as a novel non-invasive
biomarker for clear cell RCC (ccRCC) detection and prognosis [39]. The study analyzed
the expression of six miRNAs (miR-210, miR-224, miR-452, miR-155, miR-21, and miR-
34a) in both tissues and serum exosomes of patients with ccRCC using RT-qPCR. Serum
exosomal miR-210 was significantly upregulated in patients with ccRCC, particularly at
advanced stages, with high Fuhrman grades, and in those with metastasis. This study
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indicated that serum exosomal miR-210 could serve as a potential biomarker for ccRCC
diagnosis, prognosis, and recurrence prediction, with sensitivity and specificity of 82.5%
and 80.0%, respectively.

A further in vitro study highlighted the role of exosomal miRNAs as potential biomark-
ers of RCC [40]. Using the 786-O ccRCC cell line and the HK-2 human renal proximal tubule
cell line as controls, this study investigated exosomal miRNA content in the supernatant of
both cell types. Increased levels of miR-210, miR-34a, miR-155-5p, and miR-150-5p, ranging
from two- to eight-fold, were detected in exosomes from 786-O cells compared with the
healthy controls. This study demonstrated that the exosomal content of miR-205 and poten-
tially miR-150 reflected the content within the producing cells, suggesting their potential as
in vivo biomarkers for ccRCC. Another study highlighted the diagnostic potential for RCC
by identifying variations in miRNA expression profiles within peripheral blood exosomes
when comparing RCC patients to healthy individuals [26]. Exosomal miRNA sequenc-
ing from plasma samples of five patients with RCC and five healthy controls revealed
significant differences in the expression levels of hsa-mir-92a-1-5p, hsa-mir-149-3p, and
hsa-mir-424-3p, which may serve as potential biomarkers for RCC diagnosis.

Moreover, exosomes have been implicated in predictions of outcome and in response
to therapy in RCC, as demonstrated in a recent study [41]. The authors focused on exosomal
miRNA expression profiles in venous blood samples from 35 patients with ccRCC treated
with immune checkpoint inhibitors. Using RT-qPCR, they found that miRNA-146a expres-
sion increased after treatment, whereas miRNA-126 expression decreased. The combination
of miRNA-146a and miRNA-126 achieved an area under the curve (AUC) of 0.752 (95% CI
0.585–0.918), with a sensitivity of 64.3% and specificity of 78.9%, suggesting the potential
use of these miRNAs as biomarkers for assessing therapy effectiveness in RCC [41].

Indeed, EVs and, in particular, exosomes, have gained increasing attention as promis-
ing tools for non-invasive diagnostics in RCC. Exosomal cargo—including microRNAs,
mRNAs, and proteins—has been shown to reflect tumor biology and the molecular signa-
ture of renal malignancies. Numerous studies have demonstrated that specific miRNAs
encapsulated within urinary exosomes can differentiate patients with ccRCC from healthy
individuals. For instance, urinary exosomal miR-126-3p, in combination with miR-449a or
miR-34b-5p, has shown high diagnostic accuracy in distinguishing ccRCC cases [40]. After
nephrectomy, the levels of these miRNAs return to levels comparable to those in healthy
samples. Similarly, miR-542-5p was identified as a potential biomarker in von Hippel–
Lindau (VHL)-associated ccRCC, with expression levels increasing in tumor-bearing pa-
tients and returning to baseline after nephrectomy [26,42]. These findings underline the
importance of urinary exosome profiling, especially in hereditary cancer syndromes such
as VHL disease, where early detection is crucial.

Beyond their diagnostic potential, exosomes actively contribute to RCC progression.
RCC-derived exosomes promote angiogenesis by transferring pro-angiogenic molecules
(e.g., VEGF, FGF2, MMP-2/9), and modulate the immune system by inducing T cell
apoptosis, impairing NK cell function, and expanding regulatory T cell populations [43].
Furthermore, exosomes facilitate metastasis through epithelial–mesenchymal transition
and by preparing pre-metastatic niches. They have also been implicated in drug resistance
by transporting anti-apoptotic proteins and efflux pumps [44,45].

Importantly, exosomes are being explored as therapeutic carriers. Engineered exo-
somes loaded with tumor suppressor miRNAs (e.g., miR-34a, miR-1) [46] or immunostimu-
latory molecules (e.g., IL-2, PD-1 inhibitors) have shown promise in preclinical studies as
targeted therapies against RCC [47,48]. Proteins such as CD105, TIMP-1, and Annexin A3
have also emerged as potential diagnostic or prognostic exosomal biomarkers [49–51]. Also,
caveolin-1, a specific protein found in exosomes from the blood of patients with RCC, was
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found to be associated with a higher risk of tumor recurrence and a lower survival rate [52].
Despite these advances, further validation in large patient cohorts and the development of
standardized detection protocols are required before clinical translation.

Overall, exosomes possess distinctive characteristics and the ability to carry diverse
molecular components, and the evidence supports a multifaceted role of exosomes in RCC
as biomarkers, drivers of pathogenesis, and vehicles for therapy. Their analysis in accessible
biofluids such as urine or blood represents a minimally invasive opportunity to improve
diagnosis, monitor disease progression, and develop targeted interventions.

Future research is expected to provide further insights into the clinical utility of
exosomal markers in RCC.

4. Circulating Tumor Cells
In patients diagnosed with metastatic cancer, primary tumor cells can migrate to

secondary sites via the bloodstream or lymphatic vessels. This migration is promoted by
a biological phenomenon known as epithelial–mesenchymal transition (EMT). The first
step in metastatic dissemination involves the invasion of the circulatory system by the
cancer cells. This process, termed “cellular seeding”, allows cancer cells to spread to distant
parts of the body, where they can establish secondary tumor sites [53]. During metastasis,
circulating tumor cells (CTCs) are released from the primary tumor into the bloodstream.
Detecting and analyzing these CTCs in blood samples have significant potential for cancer
diagnosis. As CTCs are derived directly from the primary tumor, their presence in the
bloodstream is theoretically specific to the tumor of origin. Thus, the identification and
characterization of CTCs in blood samples offer critical insights into cancer diagnosis,
monitoring of disease progression, and evaluation of treatment efficacy [54]. However,
despite these advantages, CTC detection is not common, particularly in patients with
small tumors. The absence of CTCs in early-stage tumors limits their diagnostic utility.
Furthermore, the detection of CTCs in blood is challenging because of their morphological
similarities with white blood cells, thereby making differentiation difficult. Nonetheless,
both CTCs and white blood cells are important for monitoring the prognosis of renal cell
carcinoma (RCC).

A recent study examined the prognostic value of total CTCs and circulating tumor-
cell-associated white blood cell (CTC-WBC) clusters, in addition to cancer size in patients
with RCC [55]. The study, which included 163 RCC cases, found that higher counts of
CTCs and CTC-WBC clusters, along with larger solid tumor diameters, were negative
prognostic factors correlated with poorer metastasis-free survival. This study demonstrated
a negative correlation between CTC count, solid tumor size, and overall survival in patients
with RCC [55]. Various methods are employed to enrich the CTC population, including
mechanical-based approaches (e.g., cellular size and density) and antibody- or fluorescence
in situ hybridization (FISH)-based techniques. Mechanical methods, such as cell size-based
sorting, are widely used, but the overlap in size characteristics between CTCs and WBCs
complicates differentiation [56,57]. To address this issue, more refined techniques have been
developed, including antibody-based enrichment strategies that rely on specific antigens
present on the cell surface, allowing for the positive or negative selection of cell populations.
A negative selection method uses the leukocyte marker CD45 and its specific antibody
to remove leukocytes from samples, resulting in the enrichment of the circulating tumor
cell (CTC) population [58]. Alternatively, positive enrichment employs immunomagnetic
beads or nanochips coated with antibodies that target common circulating tumor cell (CTC)
markers. The epithelial cell adhesion molecule (EPCAM) is a notable marker and is the only
FDA-approved marker for diagnosing breast, colon, and prostate cancers [59,60]. Once
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isolated, CTCs can be used to diagnose and monitor various cancers, including colorectal,
bladder, lung, and prostate cancers [61–64].

CTCs have been investigated in RCC for over two decades, yet their clinical imple-
mentation remains limited. One of the main challenges is the low expression of epithelial
markers such as EpCAM in RCC, which reduces the sensitivity of traditional detection
systems like CellSearch [65,66]. Alternative platforms, including microfluidic devices (e.g.,
RUBYchip), label-free systems, and immunomagnetic techniques using CA9 and CD147
antigens, have shown improved sensitivity for CTC isolation and characterization in RCC
patients [67–69].

Several studies have explored the prognostic value of CTCs in localized and metastatic
RCC. In a Chinese cohort, the NanoVelcro system effectively captured CTCs and identified
associations with mesenchymal markers (e.g., Vimentin) and clinical stage [69]. An Italian
study using CellSearch® (Menarini, Bologna - Italy) on 195 mRCC patients showed that
individuals with ≥3 CTCs had significantly shorter overall survival (OS) and progression-
free survival (PFS) compared to those with <3 CTCs [67,68]. Another US-based study
using quantitative microscopy found that patients with high CTC trajectories had reduced
OS [70].

The preoperative and postoperative dynamics of CTC counts have also been evaluated.
In a study using the SDI-Chip, CTC numbers dropped significantly after nephrectomy in
early-stage RCC, and preoperative CTC counts were closely associated with tumor stage
and malignancy, suggesting a potential role in prognostication.

Although data on CTCs for renal cancer diagnosis are limited, a recent study suggested
that baseline CTC count could serve as a prognostic indicator of metastatic RCC. The study
concluded that the presence of three or more CTCs per milliliter at baseline was linked
with significantly shorter progression-free survival and overall survival in patients with
metastatic RCC, who were receiving first-line antiangiogenic tyrosine kinase inhibitors,
particularly sunitinib, sorafenib, and pazopanib. However, it is important to emphasize that
factors such as patient age and the type of first-line therapy chosen can also impact survival
outcomes in malignancies [67,68]. The prognostic role of CTCs was further explored in a
study which investigated the dynamic changes in CTCs and Beclin-1 expression in RCC
prognosis [71]. Beclin-1 is an autophagy-related gene, and its expression is variable in
CTCs. The study enrolled 69 patients with RCC and divided them into metastasis-free
and metastatic groups based on postoperative status. Multiple CTC tests were performed,
and peripheral blood samples were collected at three time points: preoperative, 6 months,
and 12 months postoperatively. CTCs were categorized into epithelial, mesenchymal,
and mixed phenotypes based on surface biomarkers. Although initial CTC counts did
not differ significantly between the metastasis-free and metastatic groups, the metastatic
group showed a significant increase in mixed CTCs at 12 months compared to earlier time
points. Furthermore, Beclin-1-positive CTCs were significantly more prevalent than Beclin-
1-negative CTCs preoperatively in the metastatic group (p < 0.05). The study concluded
that RCC recurrence or metastasis was associated with dynamic changes in the CTCs,
particularly mesenchymal CTCs and Beclin-1-positive CTCs.

Despite this progress, results across studies are still heterogeneous. A systematic
review highlighted the lack of standardization and the limited reproducibility of CTC
detection methods in RCC [72]. Moreover, while several studies support an association
between CTCs and adverse features [69,73,74] others failed to show significant prognostic
relevance [75,76]. The epithelial–mesenchymal plasticity of RCC cells complicates the
detection and clinical interpretation of CTCs.

Nevertheless, recent advances indicate that CTC enumeration and molecular profiling
may provide dynamic biomarkers for disease monitoring and treatment response, particu-
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larly when integrated with other liquid biopsy components such as cfDNA or exosomal
RNA [71,77,78].

Currently, no specific diagnostic assays have been approved for RCC, primarily due
to the lack of well-established and specific markers for RCC and its subtypes. As a result,
CTCs could play a crucial role in the future, particularly in follow-up care and therapeutic
decision-making. Future studies should focus on standardizing detection protocols, validat-
ing results in larger cohorts, and exploring multi-marker liquid biopsy strategies, exploiting
the fact that CTCs could predict outcomes and prognosis in patients with renal cancer.

5. Circulating Tumor DNA
Circulating tumor DNA (ctDNA) has emerged as a promising biomarker for both

the diagnosis and monitoring of renal cell carcinoma (RCC), positioning itself as a key
component of liquid biopsy. This non-invasive approach complements traditional imaging
techniques and offers significant potential for detecting genetic alterations, including
mutations in the von Hippel–Lindau (VHL) gene or changes in genes related with the
mTOR pathway [75,79,80]. ctDNA, which encompasses fragmented DNA shed by tumor
cells into the bloodstream, is closely related to the genetic profile of the tumor and can offer
significant insights into its molecular features.

The effectiveness and reliability of ctDNA analysis depend on the methods used
for its isolation. These can be broadly categorized into non-commercial methods, which
utilize time-consuming yet highly efficient extraction techniques, and commercial methods,
which prioritize repeatability and reproducibility but typically yield lower quantities
of ctDNA [81,82]. In the early stages of ctDNA research in RCC, several studies have
compared the presence of ctDNA between patients with RCC and healthy controls, using
tumor tissue DNA as a reference. In a recent study, the authors detected ctDNA in only
two out of five patients with RCC [83], while another study identified ctDNA in one of
nine patients with RCC [84]. Despite the initially low detection rates, subsequent studies,
particularly those involving metastatic and non-metastatic patients and incorporating deep
sequencing techniques, reported detection rates ranging from 42% to 54% [85–87]. Targeted
sequencing of plasma DNA eliminates the need for prior tumor tissue analysis and allows
for the identification of newly acquired mutations, although this method exhibited lower
sensitivity compared with tumor-guided approaches. Most of these studies, particularly
those on metastatic RCC, reported ctDNA detection rates exceeding 50%, with a strong
correlation between tumor burden and ctDNA detection [88–90]. This correlation was
confirmed in a further study, which reported a relatively low detection rate of 33% in
patients whose plasma samples were collected after primary tumor removal [91].

Beyond its diagnostic potential, ctDNA can be used to monitor disease progression
and treatment response in RCC. By tracking changes in the quantity and genetic profile
of ctDNA over time, clinicians can assess tumor dynamics, which may drive therapeutic
interventions. Furthermore, ctDNA analysis facilitates early detection of disease recurrence or
metastasis, allowing for timely modifications to treatment regimens and potentially improving
patient outcomes. In a study, ctDNA levels were reported to increase prior to the initiation of
treatment and decreased with treatment response, only to rise again with disease progression
or lack of treatment efficacy [85]. Similar findings were reported in further studies who
conducted longitudinal ctDNA assessments in patients with RCC [87,92]. Notably, these
studies indicated that ctDNA detection in patients at various stages of RCC was significantly
linked with an increased risk of death and shorter progression-free, cancer-specific, and overall
survival [92–94].

In a recent study, ctDNA was used to assess the response of metastatic RCC patients
to immune checkpoint inhibitors. The study found that ctDNA levels decreased in patients
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who responded to treatment or showed partial responses, whereas ctDNA levels increased
in those with disease progression [95]. More recently, ctDNA has transitioned from a
diagnostic and monitoring tool to a potential predictor of disease outcomes. For instance,
a further study involving 48 patients who underwent partial nephrectomy for T1a RCC,
ctDNA was detected in over 75% of patients who experienced upstaging to T3a disease,
compared with only 2.8% in patients with confirmed T1a disease [96].

The use of ctDNA as a non-invasive biomarker of RCC is rapidly advancing. With
its rapid, cost-effective, and minimally invasive nature, ctDNA is expected to play an
increasingly important role at various stages of RCC, from early diagnosis to progression
prediction and treatment monitoring. Ongoing studies are focused on evaluating the
potential of ctDNA in RCC, with the goal of translating research findings into routine clinical
practice [97]. However, challenges remain in optimizing technical assays, maintaining high-
quality results, and improving library preparation methods to achieve sufficient sequencing
depth, particularly for methylation profiling.

In addition to quantifying ctDNA levels and analyzing their fragment length, the
detection of specific genetic and epigenetic alterations is gaining increasing relevance in
the context of RCC. While VHL inactivation is a well-established initiating event ccRCC,
it is insufficient alone to cause tumorigenesis, as evidenced by its low penetrance in
germline mutation carriers and lack of tumor formation in Vhl-deficient mice [81,82,98].
Additional mutations—particularly in genes involved in chromatin regulation such as
PBRM1, SETD2, BAP1—are now recognized as critical contributors to ccRCC development
and progression [99–101]. PBRM1 truncating mutations are found in up to 41% of cases,
making it the second most commonly mutated gene after VHL [102], while BAP1 and
SETD2 mutations are associated with aggressive histological features, higher tumor grades,
and poorer survival outcomes [103,104]. Notably, some mutations—such as those in BAP1
and PBRM1—occur mutually exclusively, suggesting distinct molecular subtypes of ccRCC
with prognostic relevance [105].

These genes are all located on chromosome 3p, near the VHL locus, and are often
co-deleted in the characteristic 3p loss found in over 90% of ccRCC cases. This spatial
and functional proximity underscores the importance of chromatin dysregulation as a
unifying theme in ccRCC pathogenesis [105]. Emerging studies using ctDNA have begun
to detect these mutations non-invasively: targeted sequencing panels covering hundreds
of cancer-related genes have successfully identified VHL, PBRM1, and BAP1 alterations
in plasma samples from patients with metastatic RCC, with concordance rates up to 77%
compared to matched tissue samples [81,82]. These findings highlight the potential of
ctDNA not only for tumor monitoring but also for molecular subtyping. Additionally,
structural variants such as chromosomal translocations, more often observed in non-clear
cell RCC, could potentially be captured by comprehensive ctDNA profiling. In parallel,
ctDNA assays integrating epigenetic signatures—such as methylation profiling—are under
development and may further enhance the sensitivity of liquid biopsy in early-stage RCC.

Circulating and exosomal miRNAs have shown high stability in body fluids and
consistent correlation with tumor biology, making them promising candidates for early
detection and prognosis [7,15,16]. ctDNA, although technically more challenging in early-
stage RCC due to low release, offers high specificity and may be particularly useful in
advanced disease settings for monitoring and mutation tracking [15,86,87] and for pro-
viding dynamic, real-time insights into tumor biology. In contrast, despite long-standing
research, the clinical use of CTCs in RCC remains limited due to technical difficulties in
their isolation and the absence of RCC-specific surface markers [3]. Therefore, miRNAs
and ctDNA currently appear to be the most promising tools in the management of RCC.
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6. Other Potential Protein, Metabolic, and Molecular Biomarkers for
Diagnosis and Monitoring of Renal Cell Carcinoma

As mentioned, one of the major goals in cancer research is the identification of molecu-
lar markers in body fluids like blood and urine. These markers can help with screening,
diagnosing, monitoring treatment, and following up with RCC patients. In addition to
the biomarkers already discussed, many new molecular, protein, and metabolic markers
are now emerging. Oxidative stress, inflammation and hypoxia can promote the develop-
ment and progression of cancers. These stress conditions are associated with the release
of stress proteins. Among them, high levels of heat shock protein 27 (Hsp27) have been
found in the blood and urine of patients with high-grade RCC, as reported by White
et al. [106]. Moreover, pro inflammatory cytokines, including IL-1, IL-6, and TNF-α, are
able to regulate the production of other inflammatory mediators which play a role in the
recruitment of immune cells to sites of inflammation. Studies showed that blood levels of
an inflammatory mediator, serum amyloid A (SAA) have a positive correlation with tumor
stage, especially in more advanced cases [107,108]. Recently, it has been shown that both
innate and adaptive immune cells are recruited into RCC tumors and become activated by
tumor-associated antigens. However, the tumor often manages to evade immune attacks
through mechanisms that are not yet fully understood. One of the most well-characterized
of these is the T-cell inhibitory pathway regulated by the protein programmed death 1
(PD-1). Normally, PD-1 plays a key role in controlling immune responses and preventing
excessive inflammation and tissue damage. It is believed that, as an adaptive mechanism,
tumor cells may express PD-1’s ligand (PD-L1/B7-H1) to suppress the host’s immune
response and promote immune escape. Notably, the administration of an anti-PD-L1 was
demonstrated to slow the progression in patients with advanced tumors [109].

Another key player in the development of cancer is the disruption of the normal
process of apoptosis. Toyama et al. found that RCC patients had significantly lower
levels of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) in their blood
before surgery compared to healthy controls, and this reduction was linked to patient
survival [110]. Furthermore, neutrophil gelatinase-associated lipocalin (NGAL), kidney
injury molecule-1 (KIM-1), matrix metalloproteinases (MMPs), and aquaporins urinary
levels have been found to be significantly influenced by cancerous kidney diseases [111].

Many peptides play roles in normal physiological functions, and some of them may
serve as valuable biomarkers in the context of renal cell carcinoma (RCC). Proteomic
research has increasingly turned to mass spectrometry as a powerful method for analyzing
these peptides and proteins. Notably, Authors reported an upregulation of peptides related
to beta-tubulins, zinc finger proteins, and RNA-binding proteins in RCC patients. The
authors suggested that these three peptide peaks could potentially be used not only for the
detection of RCC, but also as markers for monitoring treatment response [112].

Metabolomic analysis has been used as another a powerful toll to study metabolites in
biological samples, such as tissues, urine or blood, leading to the identification of many
metabolites that may be considered potential RCC biomarkers, including hydroxybutyryl-
carnitine, decanoylcarnitine, carnitine, dodecanoylcarnitine, and norepinephrine sulfate,
which were found in much higher concentrations in cancer tissues and in the urine of cancer
patients, supporting the fundamental role that metabolism plays in the development and
progression of cancer [113–115]. Moreover, studies demonstrated that nuclear magnetic
resonance-based metabolomic can be considered a powerful tool for differentiating between
various subtypes of kidney cancer. By examining the metabolic profiles of tumor samples,
it is possible to identify distinct patterns in metabolite concentrations that correspond
to specific renal cancer types, such as clear cell RCC, papillary RCC, and chromophobe
RCC [116,117]. Furthermore, a growing body of evidence has shed lights on the roles of a
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small group of seemingly harmless metabolites that, when abnormally accumulated, are
converted into oncometabolites that have a range of properties that can promote tumorige-
nesis and tumor progression. Several oncometabolites involved in renal cancer strongly
impact chromatin remodeling and epigenetic alteration, including L-2-hydroxyglutarate,
succinate, and fumarate. These changes contribute to an epithelial–mesenchymal tran-
sition and a pseudohypoxic signature, both of which are associated with the aggressive
characteristics of various RCC subtypes [118].

Given the potential of these biomarkers in reflecting real-time changes in tumor
behavior, they could become invaluable in monitoring treatment responses, predicting
disease outcomes, and ultimately improving patient care in RCC (Table 1).

Table 1. Potential biomarkers from biofluids.

Biomarker Type Sample Clinical Relevance Reference(s)

miR-122 Molecular Urine Promotes malignant
phenotypes Cochetti, G. et al. [30]

miR-1271 Molecular Urine Altered expression in
RCC patients Cochetti, G. et al. [30]

miR-15b Molecular Urine, Tissue Anti cancer therapy
resistance

Cochetti, G. et al. [30]
Lu et al. [31]

miR-21-5p/miR-210-3p Molecular Serum Potential biomarkers of
pRCC Kalogirou, C. et al. [32]

miR-224-5p/miR-34b-
3p

and miR-182-5p
Molecular Serum Potential biomarkers of

pRCC Huang, G. et al. [33]

miR-130b/miR-
18a/miR-223 Molecular Serum

Prediction of the overall
survival of patients with

RCC
Luo, Y. et al. [34]

Exosomes Molecular,
protein Serum, Tissue

Cancer detection,
prognosis and response

to therapy

Wang, X. et al. [39]
Crentsil, V.C. et al. [40]

Xiao, C.-T. et al. [26]
Ivanova, E. et al. [41]

Circulating tumor cells Whole tumor
cells Serum

Negative prognostic
factor, diagnosis and

monitoring
Guan, Y. [55]

Circulating tumor DNA Tumor-derived
DNA fragments Plasma

Biomarker for both the
diagnosis, monitoring

and response to therapy

Hahn, A.W. et al. [88]
Pal, S.K. [89]

Maia, M.C. [90]
Park, J.S. [96]

Hsp27 Protein Serum, Urine Potential biomarkers of
RCC

White, N.M.A.
et al. [106]

SAA Protein Serum Positive correlation with
tumor stage

Steffens, S. et al. [107]
de Martino, M.

et al. [108]

PD-L1
Immune

checkpoint
protein

Tumor tissue,
Blood

Immune escape; target
for immunotherapy Ngo, T.C. et al. [109]

TRAIL (TNF-related
apoptosis-inducing

ligand)

Apoptotic
mediator Blood Decreased in RCC;

correlates with survival Toiyama, D. et al. [110]
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Table 1. Cont.

Biomarker Type Sample Clinical Relevance Reference(s)

NGAL, KIM-1, MMPs,
Aquaporins

Kidney injury
and matrix

markers
Urine Altered levels in RCC Pastore, A.L.

et al. [111]

β-Tubulin peptides,
Zinc Finger,

RNA-binding proteins

Peptides
Proteins Serum

Upregulated in RCC;
potential for diagnosis

and monitoring
Yang, J. et al. [112]

Hydroxybutyrylcarnitine,
Decanoylcarnitine,

Carnitine,
Dodecanoylcarnitine,

Norepinephrine sulfate

Metabolites Urine, Tissue,
Blood

Elevated in RCC;
identified via
metabolomics

Nizioł, J. et al. [113]
Monteiro, M.S.

et al. [114]
Arendowski, A.

et al. [115]

Oncometabolites
(L-2-hydroxyglutarate,
Succinate, Fumarate)

Metabolites Tumor tissue,
Blood

Promote tumor
progression; associated

with aggressive
subtypes

Yong, C. et al. [118]

NMR-based
Metabolomic Profile

Metabolomic
Signature

Tissue, Urine,
Blood

Altered expression in
RCC patients

Nizioł, J. et al. [116]
Zira, A.N. et al. [117]

Microbial DNA
Microbial-

derived DNA
fragments

Plasma RCC development and
metastasis

Leonard, S. et al. [119]
Wu, K. et al. [120]

7. Microbiota in Renal Cell Carcinoma
Recent studies have underlined the role of gut microbiota (GM) as a contributor to the

pathogenesis of RCC, with specific bacterial populations which are linked to both increased
and decreased risk of disease. The GM plays a significant role in modulating inflammation,
DNA damage pathways, and the production of oncogenic metabolites, all of which are
implicated in cancer development. Alterations in the gut microbiome can lead to the release
of microbial DNA (cmDNA) into the blood, resulting in detectable levels of cmDNA [119].
While most studies have focused on cancers such as lung, colorectal, and liver cancer, the
principles of cmDNA detection via liquid biopsy are applicable to RCC. Given the role
of the GM in modulating systemic inflammation and immune responses, alterations in
the microbiome may influence RCC pathogenesis and progression [121]. The GM can
influence RCC development through the modulation of the levels of important metabolites,
including short-chain fatty acids and dietary amino acids, such as glutamine, tryptophan,
and arginine. Studies observed that the GM contributes to RCC metastasis through kynure-
nine, a tryptophan-derived metabolite, which influences many cellular processes such
as proliferation, migration, apoptosis, adhesion, and differentiation. Moreover, it has
been shown that trimethylamine oxide (TMAO), a renal toxin produced from microbial
metabolites, accelerates renal tubular-interstitial fibrosis and exacerbates kidney dysfunc-
tion. These findings have broadened our understanding and opened up new possibilities
for the diagnostic and therapeutic applications of microbiota [120]. Chen et al. analyzed
GM from ccRCC patients identifying notable differences in the GM composition compared
to healthy individuals. Specifically, they found five bacterial genera Blautia, Streptococcus,
[Ruminococcus]_torques_group, Romboutsia, and [Eubacterium]_hallii_group positively
associated with ccRCC. Furthermore, Streptococcus lutetiensis was found to promote pro-
liferation and migration of ccRCC via the TGF-signaling pathway [120]. Moreover, the
genitourinary tract was long believed to be sterile; however, emerging studies support
the presence of a specific urinary microbiome linked to many pathological conditions,
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including kidney cancer [122]. Furthermore, microorganisms associated with tumors, also
known as tumor microbiota, are now recognized to have a key role in the tumor microen-
vironment. Based on these observations, Authors identified three predominant bacterial
DNA signatures: Bacteroidia, TM7-1, and Sphingomonadales, within extracellular vesicles
collected from patients with RCC. Based on these findings, the authors created a BTS index
which demonstrated promising potential as a reliable oncometscreening tool for RCC [123].
Kovaleva et al. observed a significant correlation between tumor microbiota and the con-
tent of PU.1+ macrophages and CD66b+ neutrophils in RCC. Specifically, the number of
PU.1+ cells and CD66b+ cells along with a high bacterial tumor load was significantly
associated with poor prognosis [124]. In addition, immune cell responsiveness has been
associated with GM, as demonstrated by Ninkov et al., that observed an improved function
of peripheral blood mucosa-associated invariant T cells in metastatic RCC after receiving
fecal microbiota transplantation, enhancing anti-tumor immunity [125].

Conclusively, the regulation of cell metabolic and immunological functions by gut and
tumor microbiota can exert several effects on RCC; understanding the interactions between
them could pave the way for developing a personalized screening system and enhancing
the prevention and treatment of RCC.

8. Conclusions and Future Perspectives
Despite recent advancements, the diagnosis of renal cell carcinoma (RCC) remains

challenging, particularly in patients with small renal masses. Improved RCC diagnosis is
essential for better patient outcomes and increased chances of successful treatment. This
underscores the need for non-invasive screening tools and biomarkers, prompting the
exploration of liquid biopsy approaches, holding considerable promise for achieving earlier
detection and real-time monitoring of renal tumors. The use of circulating biomarkers
such as microRNAs (miRNAs), exosomes, ctDNA, and circulating tumor cells (CTCs)
can provide valuable insights into tumor dynamics, helping guide both diagnosis and
treatment decisions. miRNAs, small non-coding RNAs, are frequently dysregulated in
RCC, thus offering a significant diagnostic and prognostic potential. Numerous studies
have highlighted the utility of miRNAs in various biofluids, such as plasma, serum, and
urine, for the detection of RCC and differentiation of its subtypes. Promising miRNA
signatures have been identified, which are correlated with patient outcomes and overall
survival, thus emphasizing their potential role in the management of RCC.

Similarly, exosomes, which carry a diverse array of molecules, including miRNAs,
have emerged as promising and particularly intriguing biomarkers for RCC, not only as
a source of diagnostic and prognostic markers, but also as potential vehicles for drug
delivery, due to their natural ability to target specific cells and protect molecular cargo. The
integration of liquid biopsy into RCC clinical management is still in its early stages, but
several components are progressing rapidly. Circulating and exosomal miRNAs emerge as
technically feasible and reproducible, with good detection in multiple biofluids. ctDNA,
although currently limited by low shedding in early-stage RCC, shows promise for ad-
vanced disease profiling and therapeutic monitoring. Additionally, CTCs, which shed from
primary tumors into the bloodstream, offer significant insights into tumor biology and
metastatic potential. Even though detecting CTCs remains challenging, recent advances,
such as label-free enrichment and single-cell technologies, are bringing new opportunities
for their study.

Although these liquid biopsy approaches are promising, their clinical application
requires further large-scale prospective validation studies and standardization of detection
protocols. Key challenges include the need for larger, more robust studies and the identifica-
tion of specific biomarkers for reliable diagnosis and monitoring. Currently, no diagnostic
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assays have been approved specifically for RCC; however, liquid biopsy has the potential
to play a significant role in follow-up care, therapeutic choices, and outcome prediction
in patients with RCC. In parallel, engineered exosomes may serve both diagnostic and
therapeutic functions, opening new avenues for personalized and targeted therapy. As
liquid biopsy techniques continue to evolve and integrate into precision oncology, they
offer a compelling opportunity to revolutionize RCC care, leading to earlier detection, more
accurate risk stratification, and ultimately improved patient outcomes and quality of life.
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ccRCC clear cell Renal Cell Carcinoma
cfDNA circulating free DNA
CTCs Circulating Tumor Cells
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RCC Renal Cell Carcinoma
SRMs Small Renal Masses
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WBC White Blood Cells
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Chwarzyński, M.; Piotrowska–Kempisty, H.; et al. Phenotypic Transitions the Processes Involved in Regulation of Growth and
Proangiogenic Properties of Stem Cells, Cancer Stem Cells and Circulating Tumor Cells. Stem Cell Rev. Rep. 2024, 20, 967–979.
[CrossRef]

45. Kalli, M.; Stylianopoulos, T. Toward Innovative Approaches for Exploring the Mechanically Regulated Tumor-Immune Microen-
vironment. APL Bioeng. 2024, 8, 011501. [CrossRef] [PubMed]

46. Jin, C.; Shi, L.; Li, Z.; Liu, W.; Zhao, B.; Qiu, Y.; Zhao, Y.; Li, K.; Li, Y.; Zhu, Q. Circ_0039569 Promotes Renal Cell Carcinoma
Growth and Metastasis by Regulating MiR-34a-5p/CCL22. Am. J. Transl. Res. 2019, 11, 4935. [PubMed]

47. Massari, F.; Santoni, M.; Ciccarese, C.; Santini, D.; Alfieri, S.; Martignoni, G.; Brunelli, M.; Piva, F.; Berardi, R.; Montironi, R.; et al.
PD-1 Blockade Therapy in Renal Cell Carcinoma: Current Studies and Future Promises. Cancer Treat. Rev. 2015, 41, 114–121.
[CrossRef] [PubMed]

48. Buchbinder, E.I.; Dutcher, J.P.; Daniels, G.A.; Curti, B.D.; Patel, S.P.; Holtan, S.G.; Miletello, G.P.; Fishman, M.N.; Gonzalez, R.;
Clark, J.I.; et al. Therapy with High-Dose Interleukin-2 (HD IL-2) in Metastatic Melanoma and Renal Cell Carcinoma Following
PD1 or PDL1 Inhibition. J. Immunother. Cancer 2019, 7, 49. [CrossRef]

49. Yin, J.; Yan, X.; Yao, X.; Zhang, Y.; Shan, Y.; Mao, N.; Yang, Y.; Pan, L. Secretion of Annexin A3 from Ovarian Cancer Cells and Its
Association with Platinum Resistance in Ovarian Cancer Patients. J. Cell Mol. Med. 2012, 16, 337–348. [CrossRef]

https://doi.org/10.4161/cbt.27314
https://doi.org/10.1186/s13046-020-01600-3
https://doi.org/10.1038/s41598-020-77774-9
https://doi.org/10.7150/jca.31676
https://www.ncbi.nlm.nih.gov/pubmed/31293642
https://doi.org/10.21037/tau.2020.03.18
https://doi.org/10.1007/s12253-020-00842-y
https://www.ncbi.nlm.nih.gov/pubmed/32556891
https://doi.org/10.1002/jcb.28648
https://www.ncbi.nlm.nih.gov/pubmed/30957284
https://doi.org/10.1016/j.ceb.2014.05.004
https://doi.org/10.1016/j.eururo.2016.02.046
https://doi.org/10.1038/nrneph.2017.148
https://doi.org/10.1155/2018/8545347
https://doi.org/10.1002/jcb.27347
https://doi.org/10.3892/ol.2018.8751
https://doi.org/10.3390/biomedicines11030801
https://doi.org/10.1016/j.biopha.2018.12.102
https://doi.org/10.1158/0008-5472.CAN-11-0241
https://doi.org/10.1007/s12015-024-10691-w
https://doi.org/10.1063/5.0183302
https://www.ncbi.nlm.nih.gov/pubmed/38390314
https://www.ncbi.nlm.nih.gov/pubmed/31497210
https://doi.org/10.1016/j.ctrv.2014.12.013
https://www.ncbi.nlm.nih.gov/pubmed/25586601
https://doi.org/10.1186/s40425-019-0522-3
https://doi.org/10.1111/j.1582-4934.2011.01316.x


Cancers 2025, 17, 1442 19 of 22

50. Shi, D.; Che, J.; Yan, Y.; Peng, B.; Yao, X.; Guo, C. Expression and Clinical Value of CD105 in Renal Cell Carcinoma Based on Data
Mining in The Cancer Genome Atlas. Exp. Ther. Med. 2019, 17, 4499–4505. [CrossRef]

51. Dias, F.; Teixeira, A.L.; Nogueira, I.; Morais, M.; Maia, J.; Bodo, C.; Ferreira, M.; Vieira, I.; Silva, J.; Lobo, J.; et al. Plasma
Extracellular Vesicle-Derived TIMP-1 MRNA as a Prognostic Biomarker in Clear Cell Renal Cell Carcinoma: A Pilot Study. Int. J.
Mol. Sci. 2020, 21, 4624. [CrossRef]

52. Campbell, L.; Al-Jayyoussi, G.; Gutteridge, R.; Gumbleton, N.; Griffiths, R.; Gumbleton, S.; Smith, M.W.; Griffiths, D.F.; Gumbleton,
M. Caveolin-1 in Renal Cell Carcinoma Promotes Tumour Cell Invasion, and in Co-Operation with PERK Predicts Metastases in
Patients with Clinically Confined Disease. J. Transl. Med. 2013, 11, 255. [CrossRef] [PubMed]

53. Pereira-Veiga, T.; Schneegans, S.; Pantel, K.; Wikman, H. Circulating Tumor Cell-Blood Cell Crosstalk: Biology and Clinical
Relevance. Cell Rep. 2022, 40, 111298. [CrossRef]

54. Deng, Z.; Wu, S.; Wang, Y.; Shi, D. Circulating Tumor Cell Isolation for Cancer Diagnosis and Prognosis. EBioMedicine 2022, 83,
104237. [CrossRef]

55. Guan, Y.; Xu, F.; Tian, J.; Gao, K.; Wan, Z.; Wang, Y.; Gao, M.; Wang, Z.; Chong, T. The Prognostic Value of Circulating Tumour
Cells (CTCs) and CTC White Blood Cell Clusters in Patients with Renal Cell Carcinoma. BMC Cancer 2021, 21, 826. [CrossRef]
[PubMed]

56. Vona, G.; Sabile, A.; Louha, M.; Sitruk, V.; Romana, S.; Schütze, K.; Capron, F.; Franco, D.; Pazzagli, M.; Vekemans, M.; et al.
Isolation by Size of Epithelial Tumor Cells. Am. J. Pathol. 2000, 156, 57–63. [CrossRef] [PubMed]

57. van der Toom, E.E.; Verdone, J.E.; Gorin, M.A.; Pienta, K.J. Technical Challenges in the Isolation and Analysis of Circulating
Tumor Cells. Oncotarget 2016, 7, 62754–62766. [CrossRef]

58. Chen, C.-F.; Chen, Y.-C.; Fu, Y.-S.; Tsai, S.-W.; Wu, P.-K.; Chen, C.-M.; Chen, W.-M.; Wu, H.-T.H.; Lee, C.-H.; Chang, C.-L.; et al.
Safety and Tolerability of Intra-Articular Injection of Adipose-Derived Mesenchymal Stem Cells GXCPC1 in 11 Subjects With
Knee Osteoarthritis: A Nonrandomized Pilot Study Without a Control Arm. Cell Transplant. 2024, 33. [CrossRef]

59. Russo, G.; Musso, N.; Romano, A.; Caruso, G.; Petralia, S.; Lanzanò, L.; Broggi, G.; Camarda, M. The Role of Dielectrophoresis for
Cancer Diagnosis and Prognosis. Cancers 2021, 14, 198. [CrossRef]

60. Sperger, J.M.; Strotman, L.N.; Welsh, A.; Casavant, B.P.; Chalmers, Z.; Horn, S.; Heninger, E.; Thiede, S.M.; Tokar, J.; Gibbs, B.K.;
et al. Integrated Analysis of Multiple Biomarkers from Circulating Tumor Cells Enabled by Exclusion-Based Analyte Isolation.
Clin. Cancer Res. 2017, 23, 746–756. [CrossRef]

61. Crocetto, F.; Cimmino, A.; Ferro, M.; Terracciano, D. Circulating Tumor Cells in Bladder Cancer: A New Horizon of Liquid Biopsy
for Precision Medicine. J. Basic. Clin. Physiol. Pharmacol. 2021, 33, 525–527. [CrossRef]

62. Hu, F.; Mao, X.; Zhang, Y.; Zheng, X.; Gu, P.; Wang, H.; Zhang, X. Reliability of Using Circulating Tumor Cells for Detecting
Epidermal Growth Factor Receptor Mutation Status in Advanced Non-Small-Cell Lung Cancer Patients: A Meta-Analysis and
Systematic Review. Onco Targets Ther. 2018, 11, 1373–1384. [CrossRef]

63. Tan, Y.; Wu, H. The Significant Prognostic Value of Circulating Tumor Cells in Colorectal Cancer: A Systematic Review and
Meta-Analysis. Curr. Probl. Cancer 2018, 42, 95–106. [CrossRef]

64. Crocetto, F.; Russo, G.; Di Zazzo, E.; Pisapia, P.; Mirto, B.F.; Palmieri, A.; Pepe, F.; Bellevicine, C.; Russo, A.; La Civita, E.; et al.
Liquid Biopsy in Prostate Cancer Management-Current Challenges and Future Perspectives. Cancers 2022, 14, 3272. [CrossRef]
[PubMed]

65. Wang, X.; Wang, L.; Lin, H.; Zhu, Y.; Huang, D.; Lai, M.; Xi, X.; Huang, J.; Zhang, W.; Zhong, T. Research Progress of CTC, CtDNA,
and EVs in Cancer Liquid Biopsy. Front. Oncol. 2024, 14, 1303335. [CrossRef] [PubMed]

66. Palmela Leitão, T.; Miranda, M.; Polido, J.; Morais, J.; Corredeira, P.; Alves, P.; Oliveira, T.; Pereira e Silva, R.; Fernandes, R.;
Ferreira, J.; et al. Circulating Tumor Cell Detection Methods in Renal Cell Carcinoma: A Systematic Review. Crit. Rev. Oncol.
Hematol. 2021, 161, 103331. [CrossRef]

67. Ferro, M.; Chiujdea, S.; Vartolomei, M.D.; Bove, P.; Porreca, A.; Busetto, G.M.; del Giudice, F.; Antonelli, A.; Foschi, N.; Racioppi,
M.; et al. Advanced Age Impacts Survival After Radical Nephroureterectomy for Upper Tract Urothelial Carcinoma. Clin.
Genitourin. Cancer 2024, 22, 27–37. [CrossRef] [PubMed]

68. Basso, U.; Facchinetti, A.; Rossi, E.; Maruzzo, M.; Conteduca, V.; Aieta, M.; Massari, F.; Fraccon, A.P.; Mucciarini, C.; Sava, T.;
et al. Prognostic Role of Circulating Tumor Cells in Metastatic Renal Cell Carcinoma: A Large, Multicenter, Prospective Trial.
Oncologist 2021, 26, 740–750. [CrossRef]

69. Liu, S.; Tian, Z.; Zhang, L.; Hou, S.; Hu, S.; Wu, J.; Jing, Y.; Sun, H.; Yu, F.; Zhao, L.; et al. Combined Cell Surface Carbonic
Anhydrase 9 and CD147 Antigens Enable High-Efficiency Capture of Circulating Tumor Cells in Clear Cell Renal Cell Carcinoma
Patients. Oncotarget 2016, 7, 59877–59891. [CrossRef]

70. Bootsma, M.; McKay, R.R.; Emamekhoo, H.; Bade, R.M.; Schehr, J.L.; Mannino, M.C.; Singh, A.; Wolfe, S.K.; Schultz, Z.D.; Sperger,
J.; et al. Longitudinal Molecular Profiling of Circulating Tumor Cells in Metastatic Renal Cell Carcinoma. J. Clin. Oncol. 2022, 40,
3633–3641. [CrossRef]

https://doi.org/10.3892/etm.2019.7493
https://doi.org/10.3390/ijms21134624
https://doi.org/10.1186/1479-5876-11-255
https://www.ncbi.nlm.nih.gov/pubmed/24119769
https://doi.org/10.1016/j.celrep.2022.111298
https://doi.org/10.1016/j.ebiom.2022.104237
https://doi.org/10.1186/s12885-021-08463-7
https://www.ncbi.nlm.nih.gov/pubmed/34271857
https://doi.org/10.1016/S0002-9440(10)64706-2
https://www.ncbi.nlm.nih.gov/pubmed/10623654
https://doi.org/10.18632/oncotarget.11191
https://doi.org/10.1177/09636897231221882
https://doi.org/10.3390/cancers14010198
https://doi.org/10.1158/1078-0432.CCR-16-1021
https://doi.org/10.1515/jbcpp-2021-0233
https://doi.org/10.2147/OTT.S158479
https://doi.org/10.1016/j.currproblcancer.2017.11.002
https://doi.org/10.3390/cancers14133272
https://www.ncbi.nlm.nih.gov/pubmed/35805043
https://doi.org/10.3389/fonc.2024.1303335
https://www.ncbi.nlm.nih.gov/pubmed/38333685
https://doi.org/10.1016/j.critrevonc.2021.103331
https://doi.org/10.1016/j.clgc.2023.08.001
https://www.ncbi.nlm.nih.gov/pubmed/37661507
https://doi.org/10.1002/onco.13842
https://doi.org/10.18632/oncotarget.10979
https://doi.org/10.1200/JCO.22.00219


Cancers 2025, 17, 1442 20 of 22

71. Wang, Z.-L.; Zhang, P.; Li, H.-C.; Yang, X.-J.; Zhang, Y.-P.; Li, Z.-L.; Xue, L.; Xue, Y.-Q.; Li, H.-L.; Chen, Q.; et al. Dynamic Changes
of Different Phenotypic and Genetic Circulating Tumor Cells as a Biomarker for Evaluating the Prognosis of RCC. Cancer Biol.
Ther. 2019, 20, 505–512. [CrossRef]

72. Crowley, E.; Di Nicolantonio, F.; Loupakis, F.; Bardelli, A. Liquid Biopsy: Monitoring Cancer-Genetics in the Blood. Nat. Rev. Clin.
Oncol. 2013, 10, 472–484. [CrossRef] [PubMed]

73. Bai, M.; Zou, B.; Wang, Z.; Li, P.; Wang, H.; Ou, Y.; Cui, K.; Bian, J.; Li, S.; Xu, X. Comparison of Two Detection Systems for
Circulating Tumor Cells among Patients with Renal Cell Carcinoma. Int. Urol. Nephrol. 2018, 50, 1801–1809. [CrossRef]

74. Bilkenroth, U.; Taubert, H.; Riemann, D.; Rebmann, U.; Heynemann, H.; Meye, A. Detection and Enrichment of Disseminated
Renal Carcinoma Cells from Peripheral Blood by Immunomagnetic Cell Separation. Int. J. Cancer 2001, 92, 577–582. [CrossRef]

75. Ashida, S.; Okuda, H.; Chikazawa, M.; Tanimura, M.; Sugita, O.; Yamamoto, Y.; Nakamura, S.; Moriyama, M.; Shuin, T. Detection
of Circulating Cancer Cells with von Hippel-Lindau Gene Mutation in Peripheral Blood of Patients with Renal Cell Carcinoma.
Clin. Cancer Res. 2000, 6, 3817–3822.

76. Liu, M.; Li, R.; Tang, Y.; Chang, J.; Han, R.; Zhang, S.; Jiang, N.; Ma, F. New Applications of the Acridine Orange Fluorescence
Staining Method: Screening for Circulating Tumor Cells. Oncol. Lett. 2017, 13, 2221–2229. [CrossRef]

77. de Martino, M.; Klatte, T.; Haitel, A.; Marberger, M. Serum Cell-free DNA in Renal Cell Carcinoma. Cancer 2012, 118, 82–90.
[CrossRef] [PubMed]

78. Wan, J.; Zhu, L.; Jiang, Z.; Cheng, K. Monitoring of Plasma Cell-Free DNA in Predicting Postoperative Recurrence of Clear Cell
Renal Cell Carcinoma. Urol. Int. 2013, 91, 273–278. [CrossRef]

79. Sumiyoshi, T.; Yamasaki, T.; Takeda, M.; Mizuno, K.; Utsunomiya, N.; Sakamoto, H.; Nakamura, E.; Ogawa, O.; Akamatsu, S.
Detection of von Hippel-Lindau Gene Mutation in Circulating Cell-Free DNA for Clear Cell Renal Cell Carcinoma. Cancer Sci.
2021, 112, 3363–3374. [CrossRef] [PubMed]

80. Zhang, J.; Liu, Y.; Xu, B.; Li, F.; Wang, Y.; Li, M.; Du, R.; Zhou, Y.; Salgia, M.; Yang, L.; et al. Circulating Tumor DNA Analysis of
Metastatic Renal Cell Carcinoma. Mol. Clin. Oncol. 2021, 14, 16. [CrossRef]

81. Hoque, M.O.; Begum, S.; Topaloglu, O.; Jeronimo, C.; Mambo, E.; Westra, W.H.; Califano, J.A.; Sidransky, D. Quantitative
Detection of Promoter Hypermethylation of Multiple Genes in the Tumor, Urine, and Serum DNA of Patients with Renal Cancer.
Cancer Res. 2004, 64, 5511–5517. [CrossRef]

82. Basu, A.; Kollipara, R.; Sudhaman, S.; Mahmood, T.; Pajak, N.; Carson, C.; Dutta, P.; Calhoun, M.; ElNaggar, A.; Liu, M.C.; et al.
Longitudinal Detection of Circulating Tumor DNA in Patients with Advanced Renal Cell Carcinoma. J. Clin. Oncol. 2023, 41, 715.
[CrossRef]

83. Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.M.; et al.
Detection of Circulating Tumor DNA in Early- and Late-Stage Human Malignancies. Sci. Transl. Med. 2014, 6, 224ra24. [CrossRef]
[PubMed]

84. Corrò, C.; Hejhal, T.; Poyet, C.; Sulser, T.; Hermanns, T.; Winder, T.; Prager, G.; Wild, P.J.; Frew, I.; Moch, H.; et al. Detecting
Circulating Tumor DNA in Renal Cancer: An Open Challenge. Exp. Mol. Pathol. 2017, 102, 255–261. [CrossRef]

85. Smith, C.G.; Moser, T.; Mouliere, F.; Field-Rayner, J.; Eldridge, M.; Riediger, A.L.; Chandrananda, D.; Heider, K.; Wan, J.C.M.;
Warren, A.Y.; et al. Comprehensive Characterization of Cell-Free Tumor DNA in Plasma and Urine of Patients with Renal Tumors.
Genome Med. 2020, 12, 23. [CrossRef]

86. Wan, J.C.M.; Heider, K.; Gale, D.; Murphy, S.; Fisher, E.; Mouliere, F.; Ruiz-Valdepenas, A.; Santonja, A.; Morris, J.; Chandrananda,
D.; et al. CtDNA Monitoring Using Patient-Specific Sequencing and Integration of Variant Reads. Sci. Transl. Med. 2020, 12,
eaaz8084. [CrossRef]

87. Lasseter, K.; Nassar, A.H.; Hamieh, L.; Berchuck, J.E.; Nuzzo, P.V.; Korthauer, K.; Shinagare, A.B.; Ogorek, B.; McKay, R.; Thorner,
A.R.; et al. Plasma Cell-Free DNA Variant Analysis Compared with Methylated DNA Analysis in Renal Cell Carcinoma. Genet.
Med. 2020, 22, 1366–1373. [CrossRef] [PubMed]

88. Hahn, A.W.; Gill, D.M.; Maughan, B.; Agarwal, A.; Arjyal, L.; Gupta, S.; Streeter, J.; Bailey, E.; Pal, S.K.; Agarwal, N. Correlation
of Genomic Alterations Assessed by Next-Generation Sequencing (NGS) of Tumor Tissue DNA and Circulating Tumor DNA
(CtDNA) in Metastatic Renal Cell Carcinoma (MRCC): Potential Clinical Implications. Oncotarget 2017, 8, 33614–33620. [CrossRef]
[PubMed]

89. Pal, S.K.; Sonpavde, G.; Agarwal, N.; Vogelzang, N.J.; Srinivas, S.; Haas, N.B.; Signoretti, S.; McGregor, B.A.; Jones, J.; Lanman,
R.B.; et al. Evolution of Circulating Tumor DNA Profile from First-Line to Subsequent Therapy in Metastatic Renal Cell Carcinoma.
Eur. Urol. 2017, 72, 557–564. [CrossRef]

90. Maia, M.C.; Bergerot, P.G.; Dizman, N.; Hsu, J.; Jones, J.; Lanman, R.B.; Banks, K.C.; Pal, S.K. Association of Circulating
Tumor DNA (CtDNA) Detection in Metastatic Renal Cell Carcinoma (MRCC) with Tumor Burden. Kidney Cancer 2017, 1, 65–70.
[CrossRef]

https://doi.org/10.1080/15384047.2018.1537576
https://doi.org/10.1038/nrclinonc.2013.110
https://www.ncbi.nlm.nih.gov/pubmed/23836314
https://doi.org/10.1007/s11255-018-1954-2
https://doi.org/10.1002/ijc.1217
https://doi.org/10.3892/ol.2017.5724
https://doi.org/10.1002/cncr.26254
https://www.ncbi.nlm.nih.gov/pubmed/21713763
https://doi.org/10.1159/000351409
https://doi.org/10.1111/cas.14972
https://www.ncbi.nlm.nih.gov/pubmed/34009695
https://doi.org/10.3892/mco.2020.2178
https://doi.org/10.1158/0008-5472.CAN-04-0799
https://doi.org/10.1200/JCO.2023.41.6_suppl.715
https://doi.org/10.1126/scitranslmed.3007094
https://www.ncbi.nlm.nih.gov/pubmed/24553385
https://doi.org/10.1016/j.yexmp.2017.02.009
https://doi.org/10.1186/s13073-020-00723-8
https://doi.org/10.1126/scitranslmed.aaz8084
https://doi.org/10.1038/s41436-020-0801-x
https://www.ncbi.nlm.nih.gov/pubmed/32341571
https://doi.org/10.18632/oncotarget.16833
https://www.ncbi.nlm.nih.gov/pubmed/28431395
https://doi.org/10.1016/j.eururo.2017.03.046
https://doi.org/10.3233/KCA-170007


Cancers 2025, 17, 1442 21 of 22

91. Bacon, J.V.W.; Annala, M.; Soleimani, M.; Lavoie, J.-M.; So, A.; Gleave, M.E.; Fazli, L.; Wang, G.; Chi, K.N.; Kollmannsberger, C.K.;
et al. Plasma Circulating Tumor DNA and Clonal Hematopoiesis in Metastatic Renal Cell Carcinoma. Clin. Genitourin. Cancer
2020, 18, 322–331.e2. [CrossRef]

92. Yamamoto, Y.; Uemura, M.; Fujita, M.; Maejima, K.; Koh, Y.; Matsushita, M.; Nakano, K.; Hayashi, Y.; Wang, C.; Ishizuya, Y.; et al.
Clinical Significance of the Mutational Landscape and Fragmentation of Circulating Tumor DNA in Renal Cell Carcinoma. Cancer
Sci. 2019, 110, 617–628. [CrossRef]

93. Jung, M.; Ellinger, J.; Gevensleben, H.; Syring, I.; Lüders, C.; de Vos, L.; Pützer, S.; Bootz, F.; Landsberg, J.; Kristiansen, G.; et al.
Cell-Free SHOX2 DNA Methylation in Blood as a Molecular Staging Parameter for Risk Stratification in Renal Cell Carcinoma
Patients: A Prospective Observational Cohort Study. Clin. Chem. 2019, 65, 559–568. [CrossRef] [PubMed]

94. Lin, Y.-L.; Wang, Y.-P.; Li, H.-Z.; Zhang, X. Aberrant Promoter Methylation of PCDH17 (Protocadherin 17) in Serum and Its
Clinical Significance in Renal Cell Carcinoma. Med. Sci. Monit. 2017, 23, 3318–3323. [CrossRef]

95. Kim, Y.J.; Kang, Y.; Kim, J.S.; Sung, H.H.; Jeon, H.G.; Jeong, B.C.; Seo, S.I.; Jeon, S.S.; Lee, H.M.; Park, D.; et al. Potential of
Circulating Tumor DNA as a Predictor of Therapeutic Responses to Immune Checkpoint Blockades in Metastatic Renal Cell
Carcinoma. Sci. Rep. 2021, 11, 5600. [CrossRef] [PubMed]

96. Park, J.S.; Kim, H.; Jang, W.S.; Kim, J.; Ham, W.S.; Lee, S.-T. CtDNA Predicts Clinical T1a to Pathological T3a Upstaging after
Partial Nephrectomy. Cancer Sci. 2024, 115, 1680–1687. [CrossRef]

97. Iisager, L.; Ahrenfeldt, J.; Keller, A.K.; Nielsen, T.K.; Fristrup, N.; Lyskjær, I. KIDNEY-PAGER: Analysis of Circulating Tumor
DNA as a Biomarker in Renal Cancer—An Observational Trial. Study Protocol. Acta Oncol. 2024, 63, 51–55. [CrossRef]

98. Kapitsinou, P.P.; Haase, V.H. The VHL Tumor Suppressor and HIF: Insights from Genetic Studies in Mice. Cell Death Differ. 2008,
15, 650–659. [CrossRef] [PubMed]

99. 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]

100. Hakimi, A.A.; Chen, Y.-B.; Wren, J.; Gonen, M.; Abdel-Wahab, O.; Heguy, A.; Liu, H.; Takeda, S.; Tickoo, S.K.; Reuter, V.E.; et al.
Clinical and Pathologic Impact of Select Chromatin-Modulating Tumor Suppressors in Clear Cell Renal Cell Carcinoma. Eur.
Urol. 2013, 63, 848–854. [CrossRef]

101. Peña-Llopis, S.; Vega-Rubín-de-Celis, S.; Liao, A.; Leng, N.; Pavía-Jiménez, A.; Wang, S.; Yamasaki, T.; Zhrebker, L.; Sivanand, S.;
Spence, P.; et al. BAP1 Loss Defines a New Class of Renal Cell Carcinoma. Nat. Genet. 2012, 44, 751–759. [CrossRef]

102. Varela, I.; Tarpey, P.; Raine, K.; Huang, D.; Ong, C.K.; Stephens, P.; Davies, H.; Jones, D.; Lin, M.-L.; Teague, J.; et al. Exome
Sequencing Identifies Frequent Mutation of the SWI/SNF Complex Gene PBRM1 in Renal Carcinoma. Nature 2011, 469, 539–542.
[CrossRef]

103. Hakimi, A.A.; Ostrovnaya, I.; Reva, B.; Schultz, N.; Chen, Y.B.; Gonen, M.; Liu, H.; Takeda, S.; Voss, M.H.; Tickoo, S.K.; et al.
Adverse Outcomes in Clear Cell Renal Cell Carcinoma with Mutations of 3p21 Epigenetic Regulators BAP1 and SETD2: A Report
by MSKCC and the KIRC TCGA Research Network. Clin. Cancer Res. 2013, 19, 3259–3267. [CrossRef] [PubMed]

104. Kapur, P.; Peña-Llopis, S.; Christie, A.; Zhrebker, L.; Pavía-Jiménez, A.; Rathmell, W.K.; Xie, X.J.; Brugarolas, J. Effects on Survival
of BAP1 and PBRM1 Mutations in Sporadic Clear-Cell Renal-Cell Carcinoma: A Retrospective Analysis with Independent
Validation. Lancet Oncol. 2013, 14, 159–167. [CrossRef] [PubMed]

105. Toma, M.I.; Grosser, M.; Herr, A.; Aust, D.E.; Meye, A.; Hoefling, C.; Fuessel, S.; Wuttig, D.; Wirth, M.P.; Baretton, G.B. Loss of
Heterozygosity and Copy Number Abnormality in Clear Cell Renal Cell Carcinoma Discovered by High-Density Affymetrix 10K
Single Nucleotide Polymorphism Mapping Array. Neoplasia 2008, 10, 634–642. [CrossRef] [PubMed]

106. White, N.M.A.; Masui, O.; DeSouza, L.V.; Krakovska, O.; Metias, S.; Romaschin, A.D.; Honey, R.J.; Stewart, R.; Pace, K.; Lee, J.;
et al. Quantitative Proteomic Analysis Reveals Potential Diagnostic Markers and Pathways Involved in Pathogenesis of Renal
Cell Carcinoma. Oncotarget 2014, 5, 506–518. [CrossRef]

107. Steffens, S.; Köhler, A.; Rudolph, R.; Eggers, H.; Seidel, C.; Janssen, M.; Wegener, G.; Schrader, M.; Kuczyk, M.A.; Schrader,
A.J. Validation of CRP as Prognostic Marker for Renal Cell Carcinoma in a Large Series of Patients. BMC Cancer 2012, 12, 399.
[CrossRef]

108. de Martino, M.; Klatte, T.; Seemann, C.; Waldert, M.; Haitel, A.; Schatzl, G.; Remzi, M.; Weibl, P. Validation of Serum C-reactive
Protein (CRP) as an Independent Prognostic Factor for Disease-free Survival in Patients with Localised Renal Cell Carcinoma
(RCC). BJU Int. 2013, 111, E348–E353. [CrossRef]

109. Ngo, T.C.; Wood, C.G.; Karam, J.A. Biomarkers of Renal Cell Carcinoma. Urol. Oncol. Semin. Orig. Investig. 2014, 32, 243–251.
[CrossRef]

110. Toiyama, D.; Takaha, N.; Shinnoh, M.; Ueda, T.; Kimura, Y.; Nakamura, T.; Hongo, F.; Mikami, K.; Kamoi, K.; Kawauchi, A.;
et al. Significance of Serum Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand as a Prognostic Biomarker for Renal Cell
Carcinoma. Mol. Clin. Oncol. 2013, 1, 69–74. [CrossRef]

111. Pastore, A.L.; Palleschi, G.; Silvestri, L.; Moschese, D.; Ricci, S.; Petrozza, V.; Carbone, A.; Di Carlo, A. Serum and Urine Biomarkers
for Human Renal Cell Carcinoma. Dis. Markers 2015, 2015, 251403. [CrossRef]

https://doi.org/10.1016/j.clgc.2019.12.018
https://doi.org/10.1111/cas.13906
https://doi.org/10.1373/clinchem.2018.297549
https://www.ncbi.nlm.nih.gov/pubmed/30626634
https://doi.org/10.12659/MSM.902077
https://doi.org/10.1038/s41598-021-85099-4
https://www.ncbi.nlm.nih.gov/pubmed/33692449
https://doi.org/10.1111/cas.16146
https://doi.org/10.2340/1651-226X.2024.25581
https://doi.org/10.1038/sj.cdd.4402313
https://www.ncbi.nlm.nih.gov/pubmed/18219317
https://doi.org/10.1038/ng.2699
https://doi.org/10.1016/j.eururo.2012.09.005
https://doi.org/10.1038/ng.2323
https://doi.org/10.1038/nature09639
https://doi.org/10.1158/1078-0432.CCR-12-3886
https://www.ncbi.nlm.nih.gov/pubmed/23620406
https://doi.org/10.1016/S1470-2045(12)70584-3
https://www.ncbi.nlm.nih.gov/pubmed/23333114
https://doi.org/10.1593/neo.08160
https://www.ncbi.nlm.nih.gov/pubmed/18592004
https://doi.org/10.18632/oncotarget.1529
https://doi.org/10.1186/1471-2407-12-399
https://doi.org/10.1111/bju.12067
https://doi.org/10.1016/j.urolonc.2013.07.011
https://doi.org/10.3892/mco.2012.35
https://doi.org/10.1155/2015/251403


Cancers 2025, 17, 1442 22 of 22

112. Yang, J.; Yang, J.; Gao, Y.; Zhao, L.; Liu, L.; Qin, Y.; Wang, X.; Song, T.; Huang, C. Identification of Potential Serum Proteomic
Biomarkers for Clear Cell Renal Cell Carcinoma. PLoS ONE 2014, 9, e111364. [CrossRef]

113. Nizioł, J.; Bonifay, V.; Ossoliński, K.; Ossoliński, T.; Ossolińska, A.; Sunner, J.; Beech, I.; Arendowski, A.; Ruman, T. Metabolomic
Study of Human Tissue and Urine in Clear Cell Renal Carcinoma by LC-HRMS and PLS-DA. Anal. Bioanal. Chem. 2018, 410,
3859–3869. [CrossRef] [PubMed]

114. Monteiro, M.S.; Carvalho, M.; de Lourdes Bastos, M.; de Pinho, P.G. Biomarkers in Renal Cell Carcinoma: A Metabolomics
Approach. Metabolomics 2014, 10, 1210–1222. [CrossRef]
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