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Abstract: Renal cell carcinoma (RCC) is an increasingly common malignancy that can progress to
metastatic renal cell carcinoma (mRCC) in approximately one-third of RCC patients. The 5-year
survival rate for mRCC is abysmally low, and, at the present time, there are sparingly few if any
effective treatments. Current surgical and pharmacological treatments can have a long-lasting impact
on renal function, as well. Thus, there is a compelling unmet need to discover novel biomarkers and
surveillance methods to improve patient outcomes with more targeted therapies earlier in the course
of the disease. Circulating biomarkers, such as circulating tumor DNA, noncoding RNA, proteins,
extracellular vesicles, or cancer cells themselves potentially represent a minimally invasive tool to
fill this gap and accelerate both diagnosis and treatment. Here, we discuss the clinical relevance of
different circulating biomarkers in metastatic renal cell carcinoma by clarifying their potential role
as novel biomarkers of response or resistance to treatments but also by guiding clinicians in novel
therapeutic approaches.

Keywords: liquid biopsy; renal cell carcinoma; target therapies; biomarkers; circulating tumor cells;
circulating tumor DNA; noncoding RNA; circulating proteins; metastatic renal cell carcinoma

1. Introduction

Renal cell carcinoma (RCC) represents one of the deadliest tumors worldwide, ac-
counting for 3% of all malignancies [1]. Among the genitourinary neoplasms, RCC is
the one with the highest mortality, with approximately a 76% overall survival rate [2].
The global incidence and mortality of RCC has increased in the last decade, with over
400,000 new cases diagnosed annually and 140,000 deaths [3]. However, the rate of mortal-
ity varies among countries due to the disparities in medical settings, such as the availability
of frequent imaging and effective systemic oncological treatments. [4]. Therefore, there is
imperative to discover reliable biomarkers that can be used for early diagnosis and accurate
methods to detect RCC in patients. Circulating biomarkers represent an attractive platform
of diagnosis and longitudinal monitoring and could have a prognostic and predictive role
across several urological malignancies. Their role has been recently reviewed in bladder
cancer [5-7] and prostate cancer [8,9]. The scope of this review is to discuss the clinical
relevance of circulating biomarkers in the oncological management of metastatic renal cell
carcinoma patients.
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2. Histologic Classification of RCC

According to the World Health Organization, there are three major histological sub-
types of RCC, all differentiated by histological and molecular genetic changes: clear cell
(70%), papillary (10-15%), and chromophobe (4-5%) [10]. Both clear cell (ccRCC) and papil-
lary (pRCC) cancers originate from the renal proximal tubule, while chromophobe (chRCC)
arises from the distal part of the nephron [11]. Each type of histology displays diverse
morphology but also different genetics and behavior. The remaining 10% of renal tumors
include a variety of uncommon, sporadic, familial carcinomas and a group of unclassified
carcinomas [12]. Briefly, minor histological subtypes are: oncocytoma, angiomyolipoma,
collecting-duct carcinoma, sarcomatoid RCC, unclassified RCC, multilocular cystic RCC,
papillary adenoma, renal medullary carcinoma, translocation carcinoma, mucinous tubular
and spindle cell carcinoma, metanephric adenoma, adenofibroma, metanephric stromal
tumor, renal epithelial and stromal tumors, and hereditary kidney tumors (Von Hippel-
Lindau Syndrome, hereditary pRCC, Birt-Hogg-Dubé Syndrome, hereditary leiomyomato-
sis, tuberous sclerosis, and constitutional chromosome 3 translocation) [11,13-16].

3. Risk Factors and Genetics of RCC

RCC shows a 1:5:1 male predominance, peak incidence between 60 and 70 years, with
a median age at diagnosis of 64 years of age [17]. The main risk factors responsible for
the development of RCC include tobacco smoke, obesity, hypertension, diabetes, chronic
kidney disease, exposure to toxic compounds, abuse of analgesics, genetic predispositions,
and hereditary syndromes [18]. A number of different gene mutations have also been
identified that suggest the potential for genetic predisposition. For example, investigation
into familial RCC has highlighted different mutations in 11 genes (BAP1, FLCN, FH, MET,
PTEN, SDHB, SDHC, SDHD, TSC1, TSC2, and VHL), some of which were also related to
sporadic RCC onset. Von Hippel-Lindau (VHL) genes have been well elucidated as one
of the main actors in carcinogenesis [19]. This is particularly evident in ccRCC, which is
characterized by a highly vascularized morphological structure, where the VHL tumor
suppressor gene is often inactivated. As a result, the subsequent over-expression of the
hypoxia-inducible factor (HIF)-2alfa oncoprotein promotes a direct effect on its downstream
targets including the vascular endothelial growth factor (VEGF) [20].

4. Diagnosis

The diagnosis of RCC remains cumbersome in clinical practice. In fact, the most
common RCC clinical features, such as gross hematuria, flank pain, palpable abdominal
mass, and fever are observed in a minority of patients, whereas the majority display
nonspecific symptoms that can be easily mistaken for other conditions or distinct types of
cancer [21]. For this reason, RCC diagnosis is often incidental and is identified through
abdominal ultrasound or via computed tomography (CT) scan performed for other medical
purposes [22]. However, due to its limitations in specificity and accuracy, CT scan and
magnetic resonance imaging (MRI) technologies represent the gold standard for renal mass
identification [21]. Percutaneous renal biopsy, on the other hand, is often not considered a
reliable diagnostic tool because of RCC heterogenicity and due to the invasiveness of the
procedure with a nonnegligible risk of infections and bleeding after biopsy [23]. Recently,
confocal microscopy has been proposed as an additive platform for RCC diagnosis and has
been tested in both RCC and prostate cancer settings [24,25]. Future trials will reveal the
clinical impact of this technique.

5. Progression and Course of Disease

Unfortunately, due to its asymptomatic presentation and to the absence of a predic-
tive, reliable molecular biomarkers, in most patients, RCC remains clinically silent until
it reaches the advanced stage when the rate of survival decreases dramatically [26]. Ap-
proximately 35% of RCCs eventually become metastatic (mRCC), and the most frequent
sites of hematological dissemination are the lung, liver, bone, brain, and lymph nodes [27].
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However, the biological mechanisms underlying the metastatic process in RCC have not
yet been well elucidated and established. Some studies have focused on the circulating
tumor-derived extracellular vesicles (EVs), which are shed from the primary tumor and
scatter throughout the blood stream. Different types of microRNAs contained within these
EVs, as well as cancer stem cells, can promote angiogenesis, thereby facilitating metastatic
spread of the disease [28,29]. Other studies focused on investigating the role of the immune
system, the negative effects on antitumor immunity (e.g., myeloid-derived suppressor
cells, MDSC), and its impact of RCC metastasis. Moreover, other molecular mediators
of mRCC have been elucidated in the last years, such as CUB-domain-containing MUC1,
a membrane-bound glycoprotein, and the chemokine CXCR4 [30]. All these molecules
promote the migration of metastatic cancer cells through HIF-dependent pathways in the
setting of VHL [31].

Most recurrences (~85%) are observed within the first three years after radical nephrec-
tomy (RN) or nephron-sparing surgery (NSS), with a mean interval of 29.5 months for
patients with stage T2 RCC and 22 months for those with stage T3 [32]. Presently, the
prognosis of mRCC remains poor, with a 5-year survival rate of only 12%. In fact, due to
the high heterogeneity of RCC at the molecular, genomic, histopathological, and clinical
levels, the clinical management of mRCC remains extremely complex and with poor prog-
nosis [33,34]. Several articles have highlighted that although renal histology (ccRCC, pRCC,
chRCC, etc.) is routinely applied in clinical practice to define a prognostic scenario for
metastatic patients, the biology of tumors may differ across metastatic sites [35]. Notably,
Gerlinger and colleagues pointed out that the modifications in the mTOR pathway were
variable across sites of metastasis, as well as for SETD2, PTEN, and KDM5C molecular
status [36].

6. Surgical Management

Despite advances in the understanding of RCC biology, surgery remains the mainstay
of curative treatment [37]. Although radical nephrectomy (RN) was historically the stan-
dard of care for the management of renal tumors, the early detection of small renal lesions,
together with accumulating evidence on the negative effect of RN on renal function over
time (e.g., chronic kidney disease (CKD), have led to a more conservative approach [38,39].
Nephron-sparing surgery (NSS), active surveillance, and minimally invasive techniques
have been introduced into daily clinical practice with several benefits, thus avoiding surgi-
cal over-treatment and the onset of surgical CKD [40-42]. The prognosis of RCC is closely
related to the aggressiveness at the time of diagnosis. Evidence from several studies has
highlighted that cytoreductive nephrectomy plays a crucial role, especially in patients
with good performance status and a low volume of metastatic disease [43,44]. The use of
metastatectomy and of other treatments such as whole-brain radiotherapy (RT), conven-
tional radiotherapy, stereotactic radiosurgery, stereotactic body radiotherapy, cyberknife
RT, and hypofractionated RT represent other medical strategies for the management of
mRCC patients [45-47].

7. Pharmacological Management

The correct time to begin systemic therapy is not yet well established, especially
in patients with limited tumor burden and lack of symptoms [48]. Several significant
changes have taken place in the oncological management of mRCC. Prior to 2005, the
use of cytokines such as interferon and interleukin-2 was adopted as standard medical
treatment [49]. Later, both EGF inhibitors and tyrosine kinase inhibitors (TKIs) became
leaders in the standard of care for advanced mRCC [50], and most recently, immune
checkpoint inhibitors (IClIs), with or without TKIs, have initiated a new era in cancer
treatment, offering novel and effective therapeutic approaches for mRCC [51-53]. Thanks to
the development of new immunological agents for the management of mRCC, studies have
shown great interest in evaluating PD1 ligand (PD-L1) expression at the metastatic site [54].
The programmed cell death-1 (PD-1)/PD-L1 pathway represents a crucial checkpoint for
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the modulation of T-cell-mediated immune responses [55] is responsible for the reversible
inhibition of T-cell activity and proliferation, which inevitably leads to anergy. Distinct
types of aggressive cancers utilize this escape strategy to downregulate the immune system,
avoiding T-cell defense responses. Furthermore, inhibition of the PD-1/PD-L1 promoted
by new drugs increases the anticancer immune activity, avoiding the breakout of tumor
cells from the host T-cell controls [56].

Nevertheless, both immunotherapy and TKIs can be associated with therapy resistance
due to a highly dynamic, adaptive, and heterogeneous tumor microenvironment [57]. For
such reasons, one of the main problems mRCC patients encounter during medical therapy
is the follow-up of the metastatic burden, which is driven by radiological exams able
to detect the progression or regression of the disease. Unfortunately, even in the era of
precision medicine, there is a dearth of accurate and tailored markers for mRCC to monitor
or predict, through a simple liquid biopsy;, its behavior during systemic treatment [58].

8. Effects of RCC on Kidney Function

Compromised renal function is recognized as a critical issue in renal cancer patients
that can negatively affect kidney and overall survival [59]. Renal cancer patients, in fact,
are at increased risk of developing acute and chronic reduction of renal function due to pre-
existing kidney damage, de novo renal insults during renal surgery and the postoperative
period. Lastly, a variety of other medications and certain diagnostic procedures may hasten
the progression of renal disease [39].

Chronic kidney disease has been reported in about 25% of kidney cancer patients
prior to surgery or anticancer treatments. An analysis of risk factors of both conditions
highlighted the role of hypertension, diabetes, older age, male gender, obesity, tobacco
abuse, and cystic disease [2,60]. The mentioned risks factors expose kidney cancer patients
to an increased risk of developing intra- and postsurgical AKI, as well as CKD in the
long-term. Our group recently reported that 64% of 144 patients treated with radical
nephrectomy in a tertiary institution for renal cancer developed AKI during the in-hospital
stay [38]. Among the same group, 85% of AKI patients developed worsening of renal
function at 1 year and fell into more advanced G categories of the KDIGO classification [38].
Interestingly, patients with higher baseline renal function (eGFR > 60 mL/min/1.73 m?)
developed a greater drop in 1-year eGFR compared to their CKD counterparts (29 vs.
11 mL/min/1.73 mz) [38]. Although CKD progression after nephrectomy is related to the
degree of histological impairment of nonneoplastic renal tissue, the clinician’s attention
should be focused on attenuating the impact of the modifiable risk factors. The ultimate
goal, especially in patients affected by more advanced disease, (i.e., metastatic disease) is to
slow the rate of renal function impairment and avoid the use of agents or procedures that
could worsen renal function.

To minimize loss of renal function prior to surgery, the clinician’s evaluation should
start with a correct and thorough assessment of renal function, the management of comor-
bidities (i.e., optimization of blood pressure and glycemia levels), and the discontinuation
of nephrotoxic drugs. Furthermore, the analysis of nonneoplastic renal tissues can pro-
vide valuable information about the degree of renal damage and about the presence of
paraneoplastic renal disease. The reevaluation of renal function after surgery allows the
physician to recommend the most appropriate follow-up procedures. One of the most
key areas in the onco-nephrology field regards the use of contrast medium (CM) in pa-
tients with reduced renal function. In fact, it has been estimated that more than 10% of
all AKI are the result of the administration of iodinated contrast medium for CT scans.
These events, defined as postcontrast AKI (PC-AKI) are often the effects of a cumulative
burden of nephrotoxic insults that include heart failure; volume depletion; uncontrolled
diabetes; anemia; and administration of nephrotoxic drugs including antibiotics, analgesics,
and bisphosphonates [61]. Other drugs, such as metformin, show increased toxicity in
patients with reduced eGFR and should be withheld at the time of CM administration
if eGFR < 30 mL/min/1.73 m? [62]. Importantly, administration of anticancer agents in
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close temporal proximity to CM administration might significantly increase the likeli-
hood of renal injury. Particularly, cisplatin-treated patients develop a more than 2.5-fold
risk of PC-AKI when the CM exposure precedes the chemotherapy cycle by less than
1 week [63]. Other antineoplastic drugs, including targeted agents and ICIs, are known to
cause glomerular and tubular injury as well as electrolyte disorders [64]. Their role in the
development of PC-AKI is still being investigated, but the damage they cause appears quite
evident. The preventive measures of PC-AKI involve supplementing hydration, usually
with saline solution, and the choice of iso-osmolar contrast medium, especially in high-risk
patients [61]. Despite all the preventive measures, a substantial number of CKD patients
still develop PC-AKI in various clinical scenarios [65]. This highlights the need for widely
available alternative measures to monitor both clinical responses to anticancer drugs and
the early recognition of relapse or metastasis of the renal cancer.

Another critical issue involving renal cancer patients regards the development of renal
paraneoplastic syndromes that can be observed after the analysis of nonneoplastic renal
parenchyma. Unfortunately, in more than 60% of renal cancer patients, the presence of
medical nephropathy is not reported or recognized at the time of tumor diagnosis [66]. Once
performed, pathological analysis often reveals the presence of diabetic nephropathy in more
than 30% of cases, focal segmental glomerulosclerosis, and hypertensive nephrosclerosis,
although other patterns are less frequently reported [66,67].

9. Effects of Chemotherapy for RCC on Kidney Function

The development of proteinuric kidney disease is also a consequence of several anti-
cancer agents including tyrosine kinase inhibitors and ICIs currently used in the treatment
of metastatic kidney cancer.

Agents targeting VEGF and its cognate receptors (i.e., VEGFR-1, -2, -3) can induce
glomerular functional and structural changes and alterations in glomerular repair processes,
leading to proteinuria [68]. Although no guidelines are available for the treatment of
proteinuria in these patients, careful monitoring before each therapeutic cycle is essential;
if 24 h urinary protein exceeds 3 g, treatment withdrawal is recommended.

Hypertension can complicate up to 40% of treatments against VEGF or VEGFR [69]
and may depend on reduced cell renewal and lower production of vasodilators such as ni-
tric oxide and prostacyclin, thus leading to vasoconstriction, increased peripheral resistance,
and decreased renal excretion of sodium [70]. Although new-onset or worsening of preex-
isting hypertension in these patients can be considered a marker of treatment efficacy, a
strict and personalized medical nephrological or cardiological follow up represents the first
strategy to avoid uncontrolled blood pressure levels. The use of anti-hypertensive drugs
such as calcium antagonists, RAAS inhibitors or diuretics remains a second-line choice due
to the possible side effects of these therapies, such as volume depletion, tachycardia, acute
kidney injury or angioedema [71].

Thrombotic microangiopathy is a rare but serious complication of targeted agents,
especially those directed against VEGF and VEGFR. Clinical features usually include
new-onset proteinuria and hypertension, worsening renal function, anemia, and throm-
bocytopenia; schistocytes are rarely described. Once these agents are discontinued, renal
function usually improves, and proteinuria generally resolves uneventfully [72].

In addition to these chemotherapy-induced renal complications, a wide range of other
renal lesions have been described in association with targeted agents, including electrolyte
disorders, AKI (due to indirect effects), and worsening of CKD; we recommend referring to
specific publications for an extensive evaluation of current, targeted anticancer drugs.

Immune checkpoint inhibitors are a recent class of anticancer drugs that enhance
the adaptive immune response by blocking the inhibitory binding between specific T-cell
receptors (PD-1) and cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) and their
ligands, which are overexpressed in cancer cells [73]. The beneficial antitumor effects
can be associated with the loss of self-tolerance, which may cause a wide spectrum of
immune-related adverse effects. Renal adverse effects include AKI, mainly due to acute
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tubulointerstitial nephritis that may occur even up to 18 months after exposure to these
drugs [74]. Prompt recognition of renal injury and initiation of steroid therapy may prevent
progression to tubular fibrosis [74,75].

Taken together, these conditions raise important clinical issues. First, the development
and utilization of liquid biopsies in the follow-up of renal cancer is warranted to limit
the burden of PC-AKI. Second, validation of these markers should consider the retention
of several solutes, including proteins, having a wide range of molecular weight, that
occurs with the reduction of renal function. Lastly, the presence of medical nephropathies
including proteinuric disorders may alter the urinary biomarker concentration thereby
leading to critical issues in terms of standardization and normalization of the results.

10. Circulating Biomarkers in Metastatic RCC

The use of circulating tumor biomarkers has numerous potential advantages over
conventional biopsies (Figure 1). Circulating biomarkers are minimally invasive, making
them a safer and easier tool, without the risk of bleeding and infections associated with
conventional tissue biopsies. In contrast to conventional tumor biopsies of RCC, which
are subject to sampling bias due to the high tumor heterogeneity of RCC, circulating
biomarkers obtained from the plasma and urine of patients, in a study by Smith et al.,
captured 90% of the tumor mutations detected in 10 spatially distinct biopsies following
nephrectomy [76]. In other words, plasma and urine circulating biomarkers provided a
higher fidelity characterization of tumor heterogeneity compared to conventional tissue
biopsies. Additionally, the use of circulating biomarkers does not need hospitalization;
it allow faster sampling and sequential analysis of a tumors molecular profile over time
and during treatment; and it significantly reduces costs from diagnosis to follow-up. The
benefits that circulating biomarkers offer over traditional tissue-biopsies are magnified
in the case of metastatic tumors such as mRCC, where secondary sites are not clearly
detectable or are not easily accessible [77]. There are many promising tumor circulating
biomarkers, including nucleic acid-based tumor markers (i.e., circulating tumor DNA and
noncoding RNA), proteins, EVs, and tumor cells. These circulating biomarkers and their
potential use as predictive biomarkers of response to therapy in mRCC will be discussed in
more detail below (Figure 1).
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Figure 1. Circulating Biomarkers. Circulating biomarkers can be obtained from biological fluids
such as blood and urine. These include circulating tumor cells (CTC), cell-free DNA (cfDNA),
circulating tumor DNA (ctDNA), microRNA (miRNA), long-noncoding RNA (IncRNA), circulating
proteins, and extracellular vesicles (EVs) (lipids complexed with DNA, RNA, or protein). Matching
biomarker profiles with stage- and treatment-resistance phenotypes may allow tailored therapy with
immunotherapy, vascular endothelial growth factor (VEGF) inhibitors, tyrosine kinase inhibitors
(TKIs), or combinations thereof.
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10.1. Circulating Nucleic Acids
10.1.1. Circulating Tumor DNA

As tumors grow in size, their constituent cells quickly crowd each other out as they
vie for blood supply and nutrients, leaving numerous cancer cells to die, in turn liberating
their cell contents into the surrounding extracellular milieu. One of these intracellular
constituents is tumor DNA. Successful measurement of circulating tumor DNA (ctDNA),
obtained via liquid biopsies, requires for the ctDNA to be present in sufficient quantities
and to be readily distinguished from nontumor cell DNA. Thus, detection methods must
be sensitive, and the mutational state of the ctDNA must be understood. Indeed, while
numerous studies have shown that quantifiably higher levels of intact and fragmented cell-
free DNA (cfDNA) can be detected in patients with advanced or mRCC, ctDNA emanating
from the RCC is less abundant and more difficult to measure [78-82].

In the case of ctDNA, however, results have been more mixed, largely because of
detection and low abundance of ctDNA [76,83-85]. Although there are notable exceptions in
the literature, the detection appears to be more robust with larger tumors and in metastatic
disease [76,85-87]. So far, several platforms to assess ctDNA are commercially available,
and various clinical studies utilize hotspot panels that sequence specific genes of interest
and more recently also allow noninvasive diagnostic and prognostic tools to detect minimal
residual disease [88,89]. Usually, a routine blood draw allows the isolation of enough
ctDNA, which undergoes library preparation for next-generation sequencing (NGS). This
methodology provides higher resolution analytical analysis of single-nucleotide variants
(SNVs), fusions, copy number alterations (CNAs), and indels that can guide clinical decision
making [77].

The role of ctDNA to predict and monitor treatment response in kidney cancer has
also been evaluated [90]. In a recent study, genomic alterations in ctDNA were evaluated in
220 patients with metastatic RCC. At least one genomic alteration was detected in 78.6% of
patients, and the most frequent included TP53, VHL, EGFR, NF1, and ARID1A [87]. Among
this cohort of patients, 99 patients received first- (sunitinib or pazopanib) or second/later
line (nivolumab, everolimus, axitinib, or cabozantinib) treatment, and the median number
of ctDNA alterations detected was one. The highest disparity in genomic alterations
frequencies in postfirst-line versus first-line was in TP53 (49% vs. 24%), VHL (29% vs. 18%),
NF1 (20% vs. 3%), EGFR (15% vs. 8%), and PIK3CA (17% vs. 8%) [87]. Restricting the
analysis to later lines versus first-line with vascular endothelial growth factor inhibitors,
these differences were even more prominent, particularly for TP53 (64% vs. 31%) and NF1
(29% vs. 4%) [87]. CtDNA has been proposed as a potential tool for obtaining real-time
genomic data in metastatic RCC as well as other hematologic malignancies and solid
tumors, monitoring the disease progression and allowing for more informed therapeutic
decisions. Since the tumor heterogeneity is difficult to address with biopsies, the assessment
of the mutational profile in ctDNA might be used to follow the clonal evolution and help a
real-time selection of best treatment approaches to offer to patients.

Monitoring of plasma cell-free DNA (cfDNA) levels during a treatment can be a
useful marker to predict good or poor response and to monitor patients during follow-up.
Plasma cfDNA levels were quantified before treatment and after 4, 8, 12, 16, and 4 weeks in
18 metastatic cRCC patients receiving sorafenib [91]. A significantly lower plasma cfDNA
level, measured from 8 weeks to 24 weeks, was found in patients with remission or stable
disease compared to those with progression, indicating that higher ¢fDNA levels could
be associated to a poorer outcome. For predicting progression, a sensitivity of 66.7% was
achieved at 100% specificity using cfDNA levels at an early stage (8 weeks) [91]. Similarly,
the presence of detectable ctDNA was associated with a weaker effect in response to
tyrosine kinase inhibitors [80]; the variant allele fraction for seven variants was markedly
reduced in subsequent cfDNA samples at the time the partial response was achieved [92]. In
a separate study, longitudinal sampling revealed that ctDNA can track disease course and
may preempt radiological identification of minimal residual disease or disease progression
on systemic therapy [76].
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10.1.2. Circulating Noncoding RNA

Along with ctDNA, circulating noncoding RNAs (ncRNAs), including microRNAs
(miRNAs), long noncoding RNAs (IncRNAs), and YRNAs, can be passively released by
tissue or cell damage or actively secreted as cell-free circulating RNAs carried by EVs, such
as exosomes and microvesicles, or bound to lipoproteins [93]. In contrast to ctDNA, RNA is
more labile in the blood, particularly coding RNAs such as messenger RNAs (mRNAs) [94],
whereas ncRNAs are often complexed with proteins or contained in EVs, which extend
their serum half-life and make measurement and quantification/analysis more feasible [94].
Circulating ncRNAs appear to be well-accessible biomarkers in numerous cancer types,
including urogenital malignancies, such as kidney cancer [21]. As such, ncRNAs are more
frequently studied in the context of liquid biopsies. Relevant studies and the merits of
using RNA obtained by liquid biopsies to assess RCC and mRCC are discussed in more
detail below.

Several miRNAs have emerged from studies in RCC and mRCC. Analysis of serum
samples from 68 patients with ccRCC revealed elevated serum levels of miR-210 compared
to normal patient controls along with progressively diminishing levels of miR-210 in ccRCC
patients in the weeks following surgical resection of their tumors [95]. In addition, the
levels of miR-210 were higher in serum samples compared to patient matched conventional
biopsies from normal, nontumor renal parenchyma. A similar result was obtained when
examining miR-210 levels in the urine, another form of liquid biopsy, in patients with
ccRCC [96,97]. While the levels of some of these microRNAs may serve as signatures for
ccRCC, few studies have been undertaken in the context of mRCC with these biomarkers.
Others have found numerous miRNA biomarkers that are differentially expressed in mRCC
tissue versus RCC tissue (including miR-215), but this has yet to be validated by liquid
biopsy [98].

As noted, RNA often complexes with proteins, EVs, and exosomes. Both miRNAs and
IncRNAs can be detected when measuring EVs and exosomes in ccRCC and mRCC with
urine and serum liquid biopsies [99-102].

In addition to generalized expression changes in the context of RCC and mRCC,
miRNAs and IncRNAs have been demonstrated to medicate acquisition of resistance
to treatment regimens in RCC. For instance, in a prospective observational multicenter
study including 38 metastatic RCC patients receiving first-line treatment with sunitinib,
predictive models were developed on the basis of miRNA expression seen with treatment
resistance [103].

Expression patterns of miRNAs can vary with disease progression. For example, it
was observed that a poor response group (progression earlier than 6 months after therapy
initiation) had alterations in the expression of miR-192, miR-193-3p, and miR-501-3p,
whereas a prolonged response group (progression after 18 months from therapy initiation),
had alterations in expression of miR-miR-410, miR-1181, and miR-424 [103].

MiR-192 has tumor-suppressive functions in RCC by inhibiting cell migration, in-
vasion, and epithelial-to-mesenchymal transition through targeting ZEB2, MDM?2, and
TYMS [104]; miR-193-3p functions as a tumor-promoting microRNA by directly targeting
PTEN in RCC [105]; miR-501-3p induces G1 phase arrest in RCC cells by targeting the
Wilms’ tumor 1-associating protein (WTAP)-CDK?2 axis [106]. The level of miR-31-5p carry-
ing EVs in the blood have been analyzed in 40 metastatic RCC patients who experienced
progressive disease during sorafenib therapy [107]. The levels of miR-31-5p within EVs
were significantly upregulated in sorafenib-resistant disease when compared to those in
pretherapy status, suggesting that the increase of miR-31-5p might predict the emergence
of resistance [107]. MiR-31-5p within EVs downregulate MutL homolog 1 (MLH1) ex-
pression, promoting sorafenib resistance. Indeed, low MLHI1 expression was observed in
sorafenib-resistant RCC cells, and MLH1 upregulation restores the sensitivity of resistant
cell lines to sorafenib. EVs-shuttled miR-31-5p can transfer sorafenib resistance to sensitive
cells by directly targeting MLH1 and thus magnify the drug resistance information to the
whole tumor [107]. To determine possible secreted biomarkers predictive of response to
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the combined therapy with vorinostat and bevacizumab, serum levels of miRNAs were
investigated pre- and posttreatment [108]. Selected miRNAs differentially expressed be-
tween therapy responders and nonresponders subgroups were identified, and miR-605
was found at higher levels in responders compared to nonresponders. MiR-605 acts to
interrupt the interaction between p53 and Mdm?2 to create a positive feedback loop aiding
rapid accumulation of p53 to facilitate its function in response to stress by mediating for
instance cellular repair or promoting apoptosis in cells with an overabundance of molecular
derangements [109]. As discussed above, urine has been used as a source for liquid biopsies
for prognostic and predictive purposes in metastatic RCC [110]. As documented in other
studies, miR-210-3p expression was found to be upregulated in both tumor tissues and
in urine samples of 21 ccRCC patients, whereas miR-210-3p was significantly reduced in
urine samples from disease-free patients from 3 to 12 months, compared to the baseline
levels observed at the time of surgery. Finally, in a small subgroup of patients presenting
metastatic progression, the urine levels of miR-210-3p correlated with responsiveness to the
therapy with sunitinib alone or in combination with pazopanib [110]. MiR-210-3p mediates
multidrug resistance of RCC cells via binding with ABCC1 and its subsequent inhibition.
Downregulation of miR-210-3p increases ABCC1 expression, thereby enhancing multidrug
resistance of RCC cells [111]. Finally, like miRNAs, the ncRNA IncARSR is elevated in
plasma from RCC patients and has been implicated in the developing of sunitinib resis-
tance [101]. In addition, similar to miR-210, the levels of IncARSR decreased after tumor
resection and were elevated again upon tumor relapse, linking its production to disease
progression. Remarkably, the average level of IncARSR in pretherapy plasma was higher
in patients with progressive disease during sunitinib therapy than those lacking it and
could be correlated with a reduced progression-free survival, even more significantly in
the metastatic setting. High IncARSR levels in pretherapy plasma correlated with poor
sunitinib response in RCC patients, suggesting that it might predict the emergence of
resistance [101]. LncARSR was found highly expressed in primary renal tumor-initiating
cells and to promote their self-renewal capacity, tumorigenicity, and metastasis. Mechanis-
tically, IncARSR interacts with Yes-associated protein (YAP) to block its phosphorylation
by LATS], thus facilitating YAP nuclear translocation, where it serves as a transcription
coactivator and reciprocally enhanced IncARSR transcription, thus forming a feed-forward
circuit [112].

10.2. Circulating Proteins

Among the array of biomarkers discussed here, circulating proteins stand out for a
number of reasons including measurement techniques, abundance in the blood, and histor-
ical experience with markers for RCC (i.e., KIM1) [113]. Some of these same issues serve as
drawbacks, however. Plasma proteins are, in general, abundant, making it challenging to
isolate proteins that can serve as tumor biomarkers. Nevertheless, a number of promising
protein biomarkers have been described that can be detected in the blood of patients with
RCC, ccRCC, and mRCC. These include proteins such as KIM1, HIG3, CAIX, IMP3, CD27,
CD70, and TRAIL and, in some cases, may correlate with poor survival or metastasis,
offering insight into disease progression [114-122].

Given the ease of its detection, serum levels of circulating cytokines and angiogenic
factors (CAFs) are the most studied biomarkers to predict outcomes of VEGFR and mTOR
inhibitor targeted therapies (with antiangiogenic agents such as sunitinib, sorafenib, beva-
cizumab, pazopanib, axitinib, cabozantinib, temsirolimus, and everolimus). Considering
the pharmacological effect and biological activity of these agents, measuring the plasma
levels of, e.g., circulating VEGF pathway proteins such as VEGF family ligands (including
PIGF, a specific ligand of VEGFR-1), PDGE, and the soluble form of the VEGF recep-
tors (SVEGFR-1, sVEGFR-2, and sVEGFR-3), could be a good strategy to find predictive
biomarkers. There are several recent studies demonstrating the potential of tailoring tar-
geted therapy to RCC in accordance with circulating biomarkers. These relevant studies
and their major findings are discussed in more detail below.
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In a phase II study, Deprimo et al. showed that plasma levels of VEGFE, sVEGFR-2,
sVEGFR-3, and PIGF could be potential biomarkers of sunitinib pharmacological and
clinical effect in 63 patients with metastatic RCC after failure of first-line cytokine-based
therapy (IFN-«, IL-2) [123]. Indeed, VEGF and PIGF plasma concentrations increased
in many patients after treatment with sunitinib; in contrast, sVEGFR-2 and sVEGFR-3
plasma concentrations were decreased in most patients [123]. These levels were restored
to near baseline after 2 weeks off treatment, indicating that these effects were dependent
on drug exposure [123]. In addition, significantly larger proportional changes in VEGF,
sVEGFR-2, and sVEGFR-3 levels were observed in patients exhibiting objective tumor
response compared with those exhibiting stable disease or progressive disease [123].

Rini et al., in another prospective phase II study, also showed that sunitinib modulates
plasma soluble proteins VEGF-A, VEGF-C, sVEGFR-3, and PIGF in a cohort of sixty-
one patients with bevacizumab-refractory mRCC [124]. In agreement with the study of
Deprimo et al. [123], the authors showed that plasma VEGF-A and PIGF levels significantly
increased with sunitinib treatment and return to near-baseline levels at the end of the
off-treatment periods, while plasma sVEGFR-3 and, to a lesser extent, VEGF-C levels
significantly decreased with sunitinib treatment [124]. In addition, lower baseline levels of
sVEGFR-3 and VEGEF-C were associated with longer progression-free survival (PFS) and
objective response rate (ORR), showing potential as predictive biomarkers of response to
sunitinib [124]. It was not clear whether the association of plasma VEGF-C and VEGFR-3
levels with sunitinib response is indicative of a subset of patients who are intrinsically less
responsive to sunitinib or is specific to the bevacizumab-refractory population and reflective
of a bevacizumab resistance mechanism [124]. The lack of correlation between VEGF-A
or PIGF levels and PFS could be since the study was based on bevacizumab-refractory
patients [124].

Plasma proangiogenic markers were also evaluated by Kontovinis et al. in 42 patients
with ¢ccRCC treated with sunitinib [125]. In this study, they showed that plasma sVEGFR2,
PDGF, and VEGF-A levels fluctuated during the on—off treatment periods in an analogous
way, as has been reported in the other studies [108,123,124]. While sVEGFR2 and PDGF
did not show any predictive value, plasma VEGF-A levels were higher in patients that had
disease progression than in patients who obtained a clinical benefit [125]. These results
were in contrast with what was observed by DePrimo et al. in mRCC patients treated with
sunitinib after failure of first-line cytokine therapy [123]. On the other hand, they agreed
with the findings of Porta et al., who found that increased baseline serum VEGF-A levels
were significantly associated with shorter PFS in a cohort of 85 mRCC patients treated with
sunitinib compared with patients with low serum VEGEF-A levels [126]. Kontovinis et al.
also showed that VEGF-A did not increase in patients who originally obtained a clinical
benefit and later progressed while on treatment, implying a different mechanism between
primary (disease refractory to treatment) and secondary resistance [125]. This finding was
further confirmed in two other studies [127,128].

In a multicenter, prospective, open-label phase II trial (PREINSUT) where sunitinib
was used prior to planned nephrectomy in 32 mRCC patients, Mauge et al. found that
baseline high levels of VEGF-A, SDF-1, and sVEGFR1, possibly reflecting hypoxia, and
low levels of sVEGFR2 were associated with a shorter PFS, while high levels of SDF-1 and
sVEGFR1 were associated with shorter overall survival (OS); during sunitinib treatment,
SDF-1 and PDGE-BB were associated with primary renal tumor (PRT) response, sVEGFR2
with PFS, and SDF-1 and sVEGFR1 with OS [127].

In another work, a phase III trial of sunitinib versus interferon-alpha (IFN-«) in mRCC,
Harmon et al. showed in a subset of 60 patients (33 treated with sunitinib vs. 30 treated
with IFN-«) that baseline VEGF-A and IL-8 may have prognostic value, with high plasma
levels being unfavorable. On the other hand, low baseline levels of plasma sVEGFR-3 were
significantly associated with improved response to sunitinib [128]. Plasma levels of VEGF
were assessed as predictive biomarker not only for sunitinib treatment but also for other
antiangiogenic agents.
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The relationship between baseline plasma levels of VEGF and sorafenib benefit was
assessed in a phase III multicenter, randomized, double-blind, placebo-controlled study of
treatment with sorafenib in 712 ccRCC patients with unresectable and/or metastatic tumor
who experienced treatment failure with one prior systemic therapy (Treatment Approaches
in Renal Cancer Global Evaluation Trial, TARGET). This study suggested that patients
with levels above the 75th percentile at baseline may benefit more from sorafenib (with
respect to PFS) than those with low levels, although sorafenib benefit was apparent in both
groups [129]. In the same TARGET trial, on the other hand, Pefia et al. showed that baseline
plasma levels and changes during treatment in plasma levels of sVEGFR-2, CAIX, TIMP-1,
and Ras p21 were not associated with sorafenib benefit [130].

In another multicenter, single-arm phase I/II clinical trial of the HDAC inhibitor
vorinostat and the VEGF blocker bevacizumab in metastatic ccRCC patients previously
treated with different drugs (i.e., sunitinib, sorafenib, axitinib, interleukin-2, interferon, and
temsirolimus), the authors evaluated serum levels of secreted growth factors (VEGFE, FGF2,
and HGF), invasion and metastatic markers (SDF and OPN), and cytokines (IL-8) [108].
VEGF decreased significantly in serum but not in plasma of all the patients following
treatment, making it difficult to associate biological and clinical outcome. However, the
decrease in serum VEGEF levels did not correlate with response [108]. In addition, FGF2,
SDF, OPN, and IL-8 decreased significantly in the group of patients who achieved an
objective response as compared with the patients who had progressive disease, suggesting
that modulation of chemokines may be associated with response to treatments targeting
the HIF/VEGEF axis [108].

Correlative studies identified potential predictive and pharmacodynamic biomarkers,
including VEGF-A, in a phase la multicenter, dose-escalation and dose-expansion trial
of atezolizumab (NCT01375842) in a cohort of 70 patients with mRCC (many of which
had received previous systemic therapies) [131]. In this study, plasma VEGF-A decreased
in responders but was stable in patients with stable disease or progressive disease, sug-
gesting that it could be a noninvasive tool to identify on-treatment markers of response
to atezolizumab monotherapy [131]. In addition, on-treatment decreases in acute-phase
proteins, including ferritin, complement C3, vitamin D-binding protein, and macrophage
inflammatory protein-la, were significantly associated with longer OS, suggesting that
patients with decreased systemic inflammation derive greater OS benefit. These inflamma-
tory markers could additionally provide early on-treatment biomarkers of atezolizumab
response. Lower baseline levels of multiple acute-phase proteins, including von Willebrand
factor, serum amyloid P component, a-1-antitrypsin, and fibrinogen, were also associated
with longer OS [131]. In another study, high levels of IL8 in plasma, PBMCs, and tumors
were associated with decreased efficacy of atezolizumab [132].

In a randomized phase 1III trial of cabozantinib vs. everolimus in advanced RCC
(METEOR), VEGF, sVEGFR?2, IL-8, CA9, HGF, MET, GAS6, and AXL were assessed as
biomarkers in plasma of 621 randomized patients [133]. In univariate analyses, patients
with low levels of HGF had a more favorable prognosis for PFS and OS in both treatment
arms. In addition, low baseline AXL and VEGF were associated with cabozantinib benefit
(in terms of both PFS and OS). Low AXL was also predictive of relative improvement in
PFS for cabozantinib versus everolimus [133]). In multivariable analysis, low baseline HGF
levels was an independent prognostic factor for improved PFS for both cabozantinib and
everolimus; low HGFE, GAS6, and VEGF were independent prognostic factors for improved
OS with cabozantinib; and no biomarkers were independent prognostic factors for OS
with everolimus. Pharmacodynamic changes for cabozantinib targets were consistent
with previous reports with cabozantinib treatment, with all biomarkers increasing except
for sVEGFR2, which decreased in both arms [133]. Although on-treatment changes in
some biomarkers (HGF, VEGE, IL-8) appeared prognostic for improved PFS or OS with
cabozantinib, in a univariate analysis, none of these were independent prognostic factors
in multivariable analyses [133].
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In a randomized study of sorafenib alone or sorafenib + IFN-«, Zurita et al. conducted
a CAF profiling analysis in 69 patients with mRCC [134]. On univariate analyses, sev-
eral CAFs correlated with PFS, but on multivariate analysis, only IL-5, M-CSF, and EGF
showed independent prognostic value [134]. In addition, low baseline levels of osteopontin
and VEGF predicted superior PFS with sorafenib + IFN-a as compared with sorafenib
alone, showing promise as potential biomarkers able to identify groups of patients who
experienced different degrees of benefit from sorafenib versus sorafenib + IFN-o [134].

VEGF was also included in one of the composite biomarker scores (CBSs) constructed
in an exploratory retrospective analysis of a randomized, phase II, open-label, multicenter
trial of lenvatinib, everolimus, or their combination as second-line treatment in patients
with mRCC previously treated with VEGF-targeted therapy (NCT01136733) [135]. The
five-factor PFS—CBS or OS—CBS included the five biomarkers most strongly associated
with PFS (HGF, MIG, IL-18BP, IL-18, ANG-2) or OS (TIMP-1, M-CSF, IL-18BP, ANG-2,
VEGEF), respectively, among the 40 biomarkers tested [135]. The two-factor CBS included
only the biomarkers common to PFS-CBS and OS-CBS (IL-18BP, ANG-2) [135]. Patients
in the PFS-CBS-high (five-factor) and OS-CBS-high (five-factor) groups appeared to have
improved PFS and OS with lenvatinib + everolimus combination therapy compared with
everolimus monotherapy in univariate and multivariate analysis and showed promise as
a predictive tool. On the other hand, the two-factor-CBS appear to predict PFS but not
OS [135].

In a prospective correlative study, authors analyzed 30 plasma cytokines, including
VEGE, at baseline and 1 month after starting treatment as candidate predictive biomarkers
in 56 mRCC patients who were planned for treatment with either a vascular endothe-
lial growth factor-tyrosine kinase inhibitor (VEGF-TKI) or immune checkpoint inhibitor
(ICI) [136]. Patients with clinical benefit from VEGF-TKIs had significantly lower base-
line levels of IL-6, IL-1RA, and granulocyte colony-stimulating factor (G-CSF), as well as
significantly lower IL-13 and granulocyte macrophage CSF (GM-CSF) and significantly
higher VEGF after 1 month of treatment compared to patients with no clinical benefit. On
the other hand, patients with clinical benefit from ICIs had significantly higher levels of
interferon-y (IFN-y) and IL-12 1-month posttreatment. These data further encourage future
in-depth study of plasma cytokines as biomarkers for immune phenotype stratification in
order to provide more personalized treatment for metastatic RCC [76].

In similar studies, plasma levels of different interleukins, particularly IL-6 and IL-8,
were assessed as predictive biomarker in several studies with different therapeutic approach
for mRCC and were associated with different outcomes. Plasma IL-6 was identified and
confirmed as a predictive biomarker of response to sunitinib by Pilskog et al. [137]. In fact,
in 46 patients with metastatic or nonresectable ccRCC treated with sunitinib, low plasma
IL6 at baseline was associated with significant response to sunitinib and improved PFES,
suggesting that upregulation of plasma IL-6 might represent an important mechanism
of resistance [137]. In addition, they showed that patients with high plasma IL-6 signal
transducer levels (IL6ST) at baseline showed significantly improved OS, whereas patients
with a decrease in concentration of plasma IL-6 receptor « (IL6Rc) between baseline and
12 weeks posttreatment showed significantly improved PFS [137]. In line with these results,
Porta et al. showed that, in a large percentage of advanced RCC patients treated with
sunitinib, disease progression is preceded by a significant increase in IL-6 and also of other
two proangiogenic cytokines (bFGF and HGF) [138]. In another work, the authors found
that high plasma baseline levels of IL-6 and HGF and that of other two cytokines (CXCL11
and CXCL10) are associated with worse outcome in a cohort of 60 mRCC patients treated
with sunitinib (n = 51), pazopanib (1 = 4), or both (5) [139].

In addition, in a cohort of 90 patients with mRCC treated with sunitinib, Mizuno
et al. found that baseline levels of IL-6, IL-8, and high-sensitivity C-reactive protein (CRP)
were significantly higher in patients who progressed when compared to those with clinical
benefit [139]. As such, these biomarkers showed promise as predictive biomarkers of
response to first-line sunitinib treatment in patients with mRCC [140]. Baseline CRP
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was confirmed as a significant predictive factor of sunitinib response and a prognostic
factor of survival in mRCC patients in another study [141]. In this study, normal CRP at
baseline was associated with statistically significant objective response to treatment and
was also associated to improved PFS and OS, as assessed in 38 mRCC patients treated with
sunitinib [141]. CRP seems the most promising biomarker with prognostic value found
in a cohort of 110 patients with mRCC treated with low-dose subcutaneous IL-2 based-
immunotherapy, where low /normal CRP correlated with better survival in a univariate
and multivariate analysis [142].

In a retrospective analysis of phase II and phase III trials of pazopanib treatment in
mRCC patients, Tran et al. have confirmed that baseline plasma concentrations of some
cytokine (including IL-6 and IL-8) and angiogenic factors (CAFs) CAF profiles could provide
prognostic information beyond that of standard clinical classification and identify markers
predictive of pazopanib benefit in patients with metastatic renal cell carcinoma [143]. In this
work, the authors used a three-step approach for screening, confirmation, and validation of
prospective CAF biomarkers in a total cohort of 559 patients [143]. The results obtained
showed that high baseline levels of selected cytokines (IL6, IL8, and osteopontin) were
negative prognostic factors in patients with mRCC [143]. They also showed that patients
with increased levels of cytokines, especially IL6, had a worse prognosis but greater relative
benefit from pazopanib (as compared to placebo) [143]. IL-6 was also useful to identify a
subgroup of patients who benefitted from the addition of naptumomab estafenatox (Nap) in
arandomized, open-label, multicenter, phase II/III study of naptumomab estafenatox (Nap)
+ IFNa versus IFNa in 513 mRCC patients [144]. In this study, OS and PFS were similar
in patients receiving Nap + IFNa and in patients receiving IFNa alone [144]. However, a
subgroup of patients having low plasma baseline concentrations of anti-SEA /E-120 and
IL6 benefitted from the addition of Nap in terms of both PFS and OS. Thus, Nap + IFN
might improve PFS and OS in a baseline biomarker-defined mRCC patient subgroup [144].
The antitumor effects (prolonged OS) of Nap in this subgroup of patients could be due to
induction of T-cell activation and expansion (through IL-2 induction in plasma) [145].

A study conducted by Voss et al. was the first with the aim to identify biomarkers
predictive of benefits in patients receiving either VEGFR or mTOR TKIs in the first-line
setting. The authors attempted this issue in a randomized phase II trial of sunitinib vs.
everolimus (RECORD-3), assessing 121 candidate soluble proteins biomarkers in the plasma
of 442 randomized patients to test their association with the therapeutic effects to both
agents. These candidate soluble protein biomarkers were associated with angiogenesis,
cancer, inflammation, metabolism, tissue remodeling, and kidney damage [146]. They
showed that baseline levels of multiple soluble biomarkers correlated with benefit from
everolimus and/or sunitinib, independent of clinical risk factors. However, one of the
main findings of this work was the identification of a composite biomarker score (CBS)
obtained using the five everolimus-specific biomarkers (CSF1, ICAM1, IL-18BP, KIM1,
TNEFRII) showing the strongest association with therapeutic effect. These biomarkers are
functionally involved in inflammation/immune response. These same authors also showed
significantly better outcomes for everolimus-treated patients with high compared with
low CBS, with 42.5-fold longer median PFS1L (HR, 0.43; p < 0.0001). For sunitinib-treated
patients, the CBS was not significantly associated with outcome. A similar PFS1L was
observed in both treatment arms among the patients with a high CBS score [146].

In another study, a prospective phase II multicenter trials in ccRCC patients initiat-
ing sunitinib (54 patients) or bevacizumab (45 patients) in the first-line metastatic setting
(SUVEGIL and TORAVA trials), Dufies et al. showed that a cytokine involved in inflam-
mation and angiogenesis, CXCL7, may be considered as a predictive marker of sunitinib
efficacy for ccRCC patients. In fact, patients with CXCL7 plasmatic levels above the cut-off
(250 ng/mL) at baseline had a significantly longer PFS. These results were confirmed in
a retrospective validation cohort of 31 mRCC patients treated with sunitinib [147]. Other
candidate biomarkers of response to sunitinib could be serum 20S proteasome, whose
levels were lower in patients responding to sunitinib than in patients with stable disease
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and progressive disease [148] and plasma level of the N-terminal precursor of brain natri-
uretic peptide (NT-pro-BNP) [149]. Increased plasma NT-pro-BNP strongly correlated with
clinical outcomes. In fact, a statistically significant increase in NT-pro-BNP was observed in
patients with disease progression when compared to those obtaining a clinical benefit [149].

Soluble form of PD-1 and PD-L1 could be candidate predictive biomarkers of anti-PD-1/
PD-L1 immunotherapy response in mccRCC. Incorvaia et at. showed that high baseline
plasma levels of sPD-1 and sPD-L1 were associated with a longer PFS to nivolumab treat-
ment in mccRCC [150]. Similarly, for BTN3A1, a protein belonging to the butyrophilin
3A subfamily implicated in cancer immune surveillance. In addition, high sPD-1 and
sBTN3AL1 levels were also associated with best overall response and objective response
rate to nivolumab treatment [150]. Therefore, plasma levels of soluble PD-1, PD-L1, and
BTN3A1 can predict response to nivolumab treatment in mccRCC patients. Among these,
sPD-1 resulted the strongest predictive biomarker [150]. The levels of sPD-L1 and sPD-1
were also evaluated from plasma samples of mccRCC patients before they received a first-
line treatment with VEGEFR inhibitor sunitinib (50 patients) or the anti-VEGF bevacizumab
(37 patients) [151]. The results indicated that high levels of sPD-1 or sPDL1 were indepen-
dent prognostic factors of shorter PFS in the sunitinib group, while they were not correlated
to PFS under bevacizumab treatment. Thus, mccRCC patients with high baseline plasmatic
levels of sPD-L1 or sPD-1 are poor responders to sunitinib [151].

In agreement with these results, Larrinaga et al. demonstrated that sPD-L1 could be a
marker of treatment response in metastatic ccRCC patients treated with systemic therapies,
mainly TKIs, where low plasma sPD-L1 predict favorable response to treatment [152].
These results were confirmed in an exploratory pilot study that enrolled 20 mRCC patients
treated with TKI [153]. Thus, high levels of sPD-L1 are associated with poor response to
TKI treatment [153]. The authors also showed that sPD-L2 was significantly downregulated
in responsive patients. In addition, low levels of IFN, both at baseline and after 3-4 months
after starting treatment, correlated with a better response to TKI therapy. High levels of
sCTLA4 were also significantly correlated with failure to response during TKI treatment. It
is possible that the increase in sSPD-L1 and sCTLA is linked to the high levels of IFN. Indeed,
IFN-induced PD-L1/2 expression could be a mechanism of adaptive immune resistance to
immune checkpoint (IC) therapy [153].

Most clinical trials reported above included only or predominantly RCC with clear cell
histology (ccRCC). This makes it exceedingly difficult to tailor the treatment of metastatic
RCC with nonclear cell histology (nccRCC). ccRCC were analyzed together with ccRCC
or treated as a unique separate group (even if comprising various histological subtypes
that are vastly different) because the individual subtypes are rare. Most of the nccRCCs
consist of papillary and chromophobe subtypes. There were three different clinical trials
evaluating predictive biomarkers in metastatic nccRCC patients treated with sunitinib or
everolimus.

In a phase II study, Bilen et al. evaluated plasma levels of a group of 38 cytokines
and angiogenic factors (CAFs) in 53 advanced nccRCC patients treated with sunitinib.
High levels at baseline of sSTNF-RI, TNF-«, sIL-2Ra, IL-§, IL-9, PDGF-AA, and TGF-« were
associated with a low response to sunitinib and could be candidate predictive biomarkers
of response to sunitinib to be validated in larger trial [154].

In an international, randomized, prospective clinical trial comparing sunitinib and
everolimus (ASPEN, NCT01108445), Armstrong et al. found that, in 99 patients with
metastatic nccRCC, several plasma angiokines and immunomodulatory chemokines were
associated with poor prognosis during treatment [155]. The most promising one was
osteopontin (OPN), whose levels were associated with poor-risk disease, poor PFS and
OS, and increased at treatment resistance during therapy [155]. They also identified
other consistent candidates: TIMP-1, thrombospondin-2 (TSP-2), HGF, and VCAM-1 were
associated with poor-risk disease and poor OS, while SDF-1 was associated with improved
survival [155]. In addition, they found that plasma levels of some angiokines increased
over time during disease progression: Ang-2, CD-73, HER-3, HGEF, IL6, PIGF, PDGF-AA,
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PDGEF-BB, SDF-1, TGF-b1-b2, TGFb-R3, TIMP-1, TSP-2, VCAM-1, VEGE, and VEGF-R1 in
patients treated with everolimus, and CD-73, ICAM-1, IL6, PIGF, SDF-1, TGF-b2, TGFb-R3,
TIMP-1, TSP-2, VEGE, VEGF-D, and VCAM-1 in patients treated with sunitinib [155].

Finally, in another study, a phase II ESPN trial comparing first-line sunitinib to
everolimus in previously untreated patients with nccRCC, Msaouel et al. identified dif-
ferent candidate prognostic and predictive circulating biomarkers [156]. They analyzed
pre-treatment concentrations of a set of 30CAFs in plasma from 37 patients treated with
everolimus (1 = 16) or sunitinib (n = 21). Their results showed that high levels of soluble
glycoprotein 130 (sgp130) were significantly predictive of a longer PFS with sunitinib
compared with everolimus [156]. Furthermore, significantly shorter PFS was noted, inde-
pendently of treatment arm, in patients with high levels of IL-8, IL-13, and soluble tumor
necrosis factor receptor II (sSTNFRII) [156]. High IL-8 levels were also associated with
significantly shorter OS [156].

10.3. Circulating Tumor Cells

Circulating tumor cells (CTCs) can be found in liquid biopsies from metastatic RCC
patients, potentially providing a better representation of intra- and intertumoral hetero-
geneity, leading to the development of panels with predictive utility. Usually, CTC isolation
from blood is carried out by employing antibodies recognizing tumoral markers. More
selective antibodies with higher avidity for tumor antigens or biomarkers is key, however,
to overcome intrinsic limitations of this method: low detection rate or high false positives.
Moreover, CTCs from RCC patients are particularly heterogeneous, both at phenotypic
and genotypic levels, due to the involvement of chromosomal remodeling genes in RCC
etiology [157].

Most conventional approaches for capturing CTCs use an EpCAM-based enrichment
strategy, but it is limited to cancers displaying low or no EpCAM expression, including
RCC. Bade et al. used carbonic anhydrase (CA) IX and XII to identify circulating CTC from
29 patients with metastatic RCC treated with TKI of immunotherapy or a combination of
both and evaluated them for the PD-L1 and HLA-I expression [158]. CTC enumeration
and expression of PD-L1 and HLA-I correlated with disease progression and treatment
response respectively, and the longitudinal assessment of a patients’ subset demonstrated
potential for CTC enumeration as a pharmacodynamic biomarker [158]. Supporting data
to this flow were from the employment of CD147 together with CAIX, which demonstrated
significantly higher efficiency for capturing RCC CTCs in peripheral blood [159].

In another study, the authors investigated the presence of CTC with epithelial, mes-
enchymal, stem cell-like, or mixed-cell characteristics at different time points during antian-
giogenic therapy [160]. The presence and quantity of N-cadherin-positive or CD133-positive
CTC were associated with reduced progression-free survival. In addition, an inverse corre-
lation between high expression of HIF1A, VEGFA, VEGFR, and FGFR and the presence of
N-cadherin-positive and CD133-positive CTC was shown [160]. Two CTC subpopulations
were identified in the TARIBO trial. A total of 21 blood samples were serially collected from
10 patients with metastatic RCC. The results were as follows: epithelial CTC (eCTC) and
nonconventional CTC (ncCTC) lacking epithelial and leukocyte markers, with a positivity
rate of 28% and 62%, respectively, implied that CTC detection in RCC might be improved by
the detection of subclonal populations, making it important to identify potential switches
occurring during the treatment and supporting prompt treatment adjustments [161]. Thus,
CTCs offer an additional, potentially rich, marker for analysis when assessing the clinical
utility of liquid biopsies.

11. Conclusions

Circulating biomarkers are a unique, rapid, and noninvasive tool to help early detec-
tion of cancer, comprehensive genomic profiling, and longitudinal monitoring of cancer
cells. Circulating biomarkers have many potential advantages: they can be used to track tu-
mor changes over time, monitor response to therapy, and guide optimal treatment selection
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(Figure 2). These and other advantages may mean circulating biomarkers replace tissue
biopsies in the future. In this intriguing perspective, circulating biomarkers tools could
provide in the future a real tailored treatment selecting patients who will really benefit
from an oncological therapy. Therefore, the new future medical algorithm related to mRCC
patients in clinical practice will comprehend not only radiological techniques but also the
routinary use of these circulating biomarkers.
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Figure 2. Circulating biomarkers and their potential clinical utility in the oncological management of
mRCC patients.

However, this novel and useful tool requires further validation in large-scale cohort
studies to determine effectiveness and sensitivity.

12. Information Sources and Search Strategy

Bibliographic searches were performed using MEDLINE (via PubMed). The search
used both free text and MeSH terms and “English” language filters and was conducted for
publications between 2003 and 2021. A manual search of bibliographies in included studies
was also performed.

Author Contributions: Writing—original draft preparation, A.C. (Alessandra Cinque), A.C. (Anna
Capasso), R.V,, M\W.L,, M.E. and ET.; writing—review and editing, A.C. (Alessandra Cinque), A.C.
(Anna Capasso), R.V,, M\W.L.,, M.F. and ET. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Biorek S.r.l. Capasso is financially supported by CPRIT grant
RR160093 (S.G.E “CPRIT SCHOLAR IN CANCER RESEARCH") and the DoD grant W81XWH-20-
1-0366 (awarded to Anna Capasso). The funding bodies had no role in the design of the study and
collection, analysis, and interpretation of data nor in writing the manuscript.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: Cinque is founder and president of Biorek S.r.1.; Trevisani is founder and CEO
of Biorek S.r.l.; The other coauthors declare no conflict of interest.

References

1.  Cohen, H.T.; McGovern, FJ. Renal-cell carcinoma. N. Engl. . Med. 2005, 353, 2477-2490. [CrossRef]

2. Chow, W.H.; Dong, L.M.; Devesa, S.S. Epidemiology and risk factors for kidney cancer. Nat. Rev. Urol. 2010, 7, 245-257. [CrossRef]

3. Pierorazio, PM.; Johnson, M.H.; Patel, H.D.; Sozio, S.M.; Sharma, R.; Iyoha, E.; Bass, E.B.; Allaf, M.E. Management of Renal
Masses and Localized Renal Cancer: Systematic Review and Meta-Analysis. J. Urol. 2016, 196, 989-999. [CrossRef] [PubMed]


http://doi.org/10.1056/NEJMra043172
http://doi.org/10.1038/nrurol.2010.46
http://doi.org/10.1016/j.juro.2016.04.081
http://www.ncbi.nlm.nih.gov/pubmed/27157369

Biomedicines 2022, 10, 90 17 of 23

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ravaud, A. A Step Ahead in Metastatic Renal Cell Carcinoma. N. Engl. . Med. 2021, 384, 1360-1361. [CrossRef] [PubMed]

Mir, M.C.; Campi, R.; Loriot, Y.; Puente, J.; Giannarini, G.; Necchi, A.; Roupret, M.; on behalf of the EAU Section of Oncological
Urology (ESOU) Board. Adjuvant Systemic Therapy for High-risk Muscle-invasive Bladder Cancer After Radical Cystectomy:
Current Options and Future Opportunities. Eur. Urol. Oncol. 2021. [CrossRef] [PubMed]

Claps, F.; Mir, M.C.; Zargar, H. Molecular markers of systemic therapy response in urothelial carcinoma. Asian J. Urol. 2021, 8,
376-390. [CrossRef] [PubMed]

de Kruijff, L.E.; Beije, N.; Martens, ] W.M.; de Wit, R.; Boormans, J.L.; Sleijfer, S. Liquid Biopsies to Select Patients for Perioperative
Chemotherapy in Muscle-invasive Bladder Cancer: A Systematic Review. Eur. Urol. Oncol. 2021, 4, 204-214. [CrossRef] [PubMed]
Puche-Sanz, I.; Rodriguez-Martinez, A.; Garrido-Navas, M.C.; Robles-Fernandez, I.; Vazquez-Alonso, F.; Alvarez Cubero, M.].;
Lorente-Acosta, J.A.; Serrano-Fernandez, M.].; Cozar-Olmo, ].M. Liquid biopsy and prostate cancer. Current evidence applied to
clinical practice. Actas Urol. Esp. 2020, 44, 139-147. [CrossRef]

Casanova-Salas, I.; Athie, A.; Boutros, P.C.; Del Re, M.; Miyamoto, D.T.; Pienta, K.J.; Posadas, E.M.; Sowalsky, A.G.; Stenzl, A;
Wyatt, A.W.; et al. Quantitative and Qualitative Analysis of Blood-based Liquid Biopsies to Inform Clinical Decision-making in
Prostate Cancer. Eur. Urol. 2021, 79, 762-771. [CrossRef] [PubMed]

Larcher, A.; Muttin, F; Fossati, N.; Dell’Oglio, P.; Di Trapani, E.; Stabile, A.; Ripa, F; Trevisani, F.; Carenzi, C.; Picchio, M.; et al.
When to Perform Preoperative Bone Scintigraphy for Kidney Cancer Staging: Indications for Preoperative Bone Scintigraphy.
Urology 2017, 110, 114-120. [CrossRef]

Lobo, J.; Ohashi, R.; Helmchen, B.M.; Rupp, N.J.; Ruschoff, ].H.; Moch, H. The Morphological Spectrum of Papillary Renal Cell
Carcinoma and Prevalence of Provisional/Emerging Renal Tumor Entities with Papillary Growth. Biomedicines 2021, 9, 1418.
[CrossRef]

Capitanio, U.; Pepe, G.; Incerti, E.; Larcher, A ; Trevisani, F.; Luciano, R.; Mapelli, P.; Bettinardi, V.; Monterisi, C.; Necchi, A.; et al.
The role of 18F-FAZA PET/CT in detecting lymph node metastases in renal cell carcinoma patients: A prospective pilot trial. Eur.
J. Nucl. Med. Mol. Imaging 2021, 48, 554-560. [CrossRef]

Al-Shinnag, M.; Marfan, H.; Susman, R.; Wakeling, J.; Gustafson, S.; Wood, S.; Mallett, A.J. Birt-Hogg-Dube Syndrome and
Hereditary Leiomyomatosis and Renal Cell Carcinoma Syndrome: An Effective Multidisciplinary Approach to Hereditary Renal
Cancer Predisposing Syndromes. Front. Oncol. 2021, 11, 738822. [CrossRef]

Kokumai, T.; Mizuma, M.; Hirose, K.; Karasawa, H.; Ishida, M.; Ohtsuka, H.; Nakagawa, K.; Morikawa, T.; Kamei, T,
Masamune, A.; et al. A long-term survivor of metachronous liver metastases of pancreatic serous cystic neoplasm associated
with von Hippel-Lindau disease. Surg. Case Rep. 2021, 7, 155. [CrossRef] [PubMed]

Lu, E.; Hatchell, K.E.; Nielsen, S.M.; Esplin, E.D.; Ouyang, K.; Nykamp, K.; Zavoshi, S.; Li, S.; Zhang, L.; Wilde, B.R,; et al.
Fumarate hydratase variant prevalence and manifestations among individuals receiving germline testing. Cancer 2021. [CrossRef]
Gerl, K,; Steppan, D.; Fuchs, M.; Wagner, C.; Willam, C.; Kurtz, A.; Kurt, B. Activation of Hypoxia Signaling in Stromal Progenitors
Impairs Kidney Development. Am. J. Pathol. 2017, 187, 1496-1511. [CrossRef]

Capitanio, U.; Montorsi, F. Renal cancer. Lancet 2016, 387, 894-906. [CrossRef]

Tahbaz, R.; Schmid, M.; Merseburger, A.S. Prevention of kidney cancer incidence and recurrence: Lifestyle, medication and
nutrition. Curr. Opin. Urol. 2018, 28, 62-79. [CrossRef]

Schutz, FA.; Pomerantz, M.M.; Gray, K.P.,; Atkins, M.B.; Rosenberg, ].E.; Hirsch, M.S.; McDermott, D.F,; Lampron, M.E; Lee, G.S,;
Signoretti, S.; et al. Single nucleotide polymorphisms and risk of recurrence of renal-cell carcinoma: A cohort study. Lancet Oncol.
2013, 14, 81-87. [CrossRef]

Esteller, M. Relevance of DNA methylation in the management of cancer. Lancet Oncol. 2003, 4, 351-358. [CrossRef]

Cinque, A.; Vago, R.; Trevisani, F. Circulating RNA in Kidney Cancer: What We Know and What We Still Suppose. Genes 2021,
12, 835. [CrossRef] [PubMed]

Capitanio, U.; Larcher, A.; Fallara, G.; Trevisani, F; Porrini, E.; Di Marco, F; Baiamonte, G.; Re, C.; Bettiga, A,
Dell’Antonio, G.; et al. Parenchymal biopsy in the management of patients with renal cancer. World J. Urol. 2021, 39,
2961-2968. [CrossRef]

Cheung, D.; Frankel, J.; Tut, P.; Komisarenko, M.; Martin, L.; Jewett, M.; Finelli, A. Treatment on active surveillance of small renal
masses: Progression vs. preference. Can. Urol. Assoc. J. 2021. [CrossRef]

Mir, M.C.; Bancalari, B.; Calatrava, A.; Casanova, J.; Dominguez Escrig, J.L.; Ramirez-Backhaus, M.; Gomez-Ferrer, A.; Collado,
A.; Wong, A.; Iborra, I.; et al. Ex-vivo confocal fluorescence microscopy for rapid evaluation of renal core biopsy. Minerva Urol.
Nefrol. 2020, 72, 109-113. [CrossRef] [PubMed]

Marenco, J.; Calatrava, A.; Casanova, J.; Claps, F.; Mascaros, ].; Wong, A.; Barrios, M.; Martin, I.; Rubio, J. Evaluation of Fluorescent
Confocal Microscopy for Intraoperative Analysis of Prostate Biopsy Cores. Eur. Urol. Focus 2021, 7, 1254-1259. [CrossRef]
Maestroni, U.; Gasparro, D.; Ziglioli, F.; Guarino, G.; Campobasso, D. Metastatic Clear Cell Renal Cell Carcinoma: The Great
Pretender and the Great Dilemma. World J. Oncol. 2021, 12, 178-182. [CrossRef]

Gu, C.Y,; Wang, ].].; Zhang, H.L.; Shi, G.H.; Ye, D.W. Survival in Metastatic Renal Cell Carcinoma Patients Treated With Sunitinib
With or Without Cryoablation. Front. Oncol. 2021, 11, 762547. [CrossRef]


http://doi.org/10.1056/NEJMe2101777
http://www.ncbi.nlm.nih.gov/pubmed/33616313
http://doi.org/10.1016/j.euo.2021.04.004
http://www.ncbi.nlm.nih.gov/pubmed/33967013
http://doi.org/10.1016/j.ajur.2021.05.001
http://www.ncbi.nlm.nih.gov/pubmed/34765445
http://doi.org/10.1016/j.euo.2020.01.003
http://www.ncbi.nlm.nih.gov/pubmed/32059957
http://doi.org/10.1016/j.acuro.2019.08.007
http://doi.org/10.1016/j.eururo.2020.12.037
http://www.ncbi.nlm.nih.gov/pubmed/33422353
http://doi.org/10.1016/j.urology.2017.08.043
http://doi.org/10.3390/biomedicines9101418
http://doi.org/10.1007/s00259-020-04936-2
http://doi.org/10.3389/fonc.2021.738822
http://doi.org/10.1186/s40792-021-01239-y
http://www.ncbi.nlm.nih.gov/pubmed/34191152
http://doi.org/10.1002/cncr.33997
http://doi.org/10.1016/j.ajpath.2017.03.014
http://doi.org/10.1016/S0140-6736(15)00046-X
http://doi.org/10.1097/MOU.0000000000000454
http://doi.org/10.1016/S1470-2045(12)70517-X
http://doi.org/10.1016/S1470-2045(03)01115-X
http://doi.org/10.3390/genes12060835
http://www.ncbi.nlm.nih.gov/pubmed/34071652
http://doi.org/10.1007/s00345-020-03572-7
http://doi.org/10.5489/cuaj.7451
http://doi.org/10.23736/S0393-2249.19.03627-0
http://www.ncbi.nlm.nih.gov/pubmed/31833726
http://doi.org/10.1016/j.euf.2020.08.013
http://doi.org/10.14740/wjon1406
http://doi.org/10.3389/fonc.2021.762547

Biomedicines 2022, 10, 90 18 of 23

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kinget, L.; Roussel, E.; Verbiest, A.; Albersen, M.; Rodriguez-Antona, C.; Grana-Castro, O.; Inglada-Perez, L.; Zucman-Rossi,
J.; Couchy, G.; Job, S.; et al. MicroRNAs Targeting HIF-2alpha, VEGFR1 and/or VEGFR?2 as Potential Predictive Biomarkers
for VEGEFR Tyrosine Kinase and HIF-2alpha Inhibitors in Metastatic Clear-Cell Renal Cell Carcinoma. Cancers 2021, 13, 3099.
[CrossRef] [PubMed]

Lai, Y;; Zhao, Z.; Zeng, T.; Liang, X.; Chen, D.; Duan, X.; Zeng, G.; Wu, W. Crosstalk between VEGFR and other receptor tyrosine
kinases for TKI therapy of metastatic renal cell carcinoma. Cancer Cell Int. 2018, 18, 31. [CrossRef] [PubMed]

Emerling, B.M.; Benes, C.H.; Poulogiannis, G.; Bell, E.L.; Courtney, K.; Liu, H.; Choo-Wing, R.; Bellinger, G.; Tsukazawa, K.S;
Brown, V,; et al. Identification of CDCP1 as a hypoxia-inducible factor 2alpha (HIF-2alpha) target gene that is associated with
survival in clear cell renal cell carcinoma patients. Proc. Natl. Acad. Sci. USA 2013, 110, 3483-3488. [CrossRef] [PubMed]
George, D.J.; Kaelin, W.G,, Jr. The von Hippel-Lindau protein, vascular endothelial growth factor, and kidney cancer. N. Engl. ].
Med. 2003, 349, 419-421. [CrossRef] [PubMed]

Hamid, M.A.B.; Sehbai, A.; Tariq, S.; Ullah, S. Recurrence Risk of Renal Cell Carcinoma Lingers Even Decades After Nephrectomy.
Cureus 2021, 13, €17217. [CrossRef] [PubMed]

Gan, C.L.; Dudani, S.; Heng, D.Y.C. Prognostic and Predictive Factors in Metastatic Renal Cell Carcinoma: Current Perspective
and a Look Into the Future. Cancer J. 2020, 26, 365-375. [CrossRef] [PubMed]

Longo, D.L. Tumor heterogeneity and personalized medicine. N. Engl. |. Med. 2012, 366, 956-957. [CrossRef] [PubMed]
Gerlinger, M.; Rowan, A.].; Horswell, S.; Math, M.; Larkin, J.; Endesfelder, D.; Gronroos, E.; Martinez, P.; Matthews, N.;
Stewart, A.; et al. Intratumor heterogeneity and branched evolution revealed by multiregion sequencing. N. Engl. ]. Med. 2012,
366, 883-892. [CrossRef] [PubMed]

Gerlinger, M.; Horswell, S.; Larkin, J.; Rowan, A.J.; Salm, M.P; Varela, L; Fisher, R.; McGranahan, N.; Matthews, N.; Santos, C.R,;
et al. Genomic architecture and evolution of clear cell renal cell carcinomas defined by multiregion sequencing. Nat. Genet. 2014,
46, 225-233. [CrossRef]

Mir, M.C,; Derweesh, I.; Porpiglia, F.; Zargar, H.; Mottrie, A.; Autorino, R. Partial Nephrectomy Versus Radical Nephrectomy for
Clinical T1b and T2 Renal Tumors: A Systematic Review and Meta-analysis of Comparative Studies. Eur. Urol. 2017, 71, 606-617.
[CrossRef]

Di Marco, E; Pani, A.; Floris, M.; Martini, A.; Dell’Antonio, G.; Capitanio, U.; Bettiga, A.; Larcher, A.; Cinque, A.; Bertini, R.; et al.
Unexpected Outcomes of Renal Function after Radical Nephrectomy: Histology Relevance along with Clinical Aspects. J. Clin.
Med. 2021, 10, 3322. [CrossRef] [PubMed]

Perazella, M.A; Dreicer, R.; Rosner, M.H. Renal cell carcinoma for the nephrologist. Kidney Int. 2018, 94, 471-483. [CrossRef]
[PubMed]

Rini, B.L; Dorff, T.B.; Elson, P; Rodriguez, C.S.; Shepard, D.; Wood, L.; Humbert, J.; Pyle, L.; Wong, Y.N.; Finke, ].H.; et al. Active
surveillance in metastatic renal-cell carcinoma: A prospective, phase 2 trial. Lancet Oncol. 2016, 17, 1317-1324. [CrossRef]
Kwan, K.G.; Kapoor, A. Cytoreductive nephrectomy in metastatic renal cell carcinoma: The evolving role of surgery in the era of
molecular targeted therapy. Curr. Opin. Support. Palliat Care 2009, 3, 157-165. [CrossRef]

Ventimiglia, E.; Larcher, A.; Trevisani, F.; Muttin, F.; Cianflone, E; Montorsi, F; Salonia, A.; Bertini, R.; Capitanio, U. Postoperative
complications increase the risk of long-term chronic kidney disease after nephron-sparing surgery in patients with renal cancer
and normal preoperative renal function. BJU Int. 2019, 124, 457-461. [CrossRef] [PubMed]

Marchioni, M.; Kriegmair, M.; Heck, M.; Amiel, T.; Porpiglia, F; Ceccucci, E.; Campi, R; Minervini, A.; Mari, A,
Van Bruwaene, S.; et al. Development of a Novel Risk Score to Select the Optimal Candidate for Cytoreductive Nephrec-
tomy Among Patients with Metastatic Renal Cell Carcinoma. Results from a Multi-institutional Registry (REMARCC). Eur. Urol.
Oncol. 2021, 4, 256-263. [CrossRef]

Roussel, E.; Campi, R.; Larcher, A.; Verbiest, A.; Antonelli, A.; Palumbo, C.; Derweesh, I.; Ghali, F; Bradshaw, A,
Meagher, M.F; et al. Rates and Predictors of Perioperative Complications in Cytoreductive Nephrectomy: Analysis of the
Registry for Metastatic Renal Cell Carcinoma. Eur. Urol. Oncol. 2020, 3, 523-529. [CrossRef]

Suzuki, K.; Hara, T.; Terakawa, T.; Furukawa, J.; Harada, K.; Hinata, N.; Nakano, Y.; Fujisawa, M. The Efficacy of Surgical
Metastasectomy for Solitary Metastasis of Renal Cell Carcinoma. Urol. Int. 2021, 1-7. [CrossRef]

Siva, S.; Kothari, G.; Muacevic, A.; Louie, A.V,; Slotman, B.J.; Teh, B.S.; Lo, S.S. Radiotherapy for renal cell carcinoma: Renaissance
of an overlooked approach. Nat. Rev. Urol. 2017, 14, 549-563. [CrossRef]

Zaorsky, N.G.; Lehrer, E.J.; Kothari, G.; Louie, A.V.; Siva, S. Stereotactic ablative radiation therapy for oligometastatic renal cell
carcinoma (SABR ORCA): A meta-analysis of 28 studies. Eur. Urol. Oncol. 2019, 2, 515-523. [CrossRef]

Choueiri, TK.; Motzer, R.J. Systemic Therapy for Metastatic Renal-Cell Carcinoma. N. Engl. J. Med. 2017, 376, 354-366. [CrossRef]
[PubMed]

Rini, B.I,; Campbell, S.C.; Rathmell, WK. Renal cell carcinoma. Curr. Opin. Oncol. 2006, 18, 289-296. [CrossRef]

Sharpe, K,; Stewart, G.D.; Mackay, A.; Van Neste, C.; Rofe, C.; Berney, D.; Kayani, L; Bex, A.; Wan, E.; O'Mahony, EC.; et al. The
effect of VEGF-targeted therapy on biomarker expression in sequential tissue from patients with metastatic clear cell renal cancer.
Clin. Cancer Res. 2013, 19, 6924-6934. [CrossRef] [PubMed]

Albiges, L.; Chamming’s, F.; Duclos, B.; Stern, M.; Motzer, R.J.; Ravaud, A.; Camus, P. Incidence and management of mTOR
inhibitor-associated pneumonitis in patients with metastatic renal cell carcinoma. Ann. Oncol. 2012, 23, 1943-1953. [CrossRef]


http://doi.org/10.3390/cancers13123099
http://www.ncbi.nlm.nih.gov/pubmed/34205829
http://doi.org/10.1186/s12935-018-0530-2
http://www.ncbi.nlm.nih.gov/pubmed/29527128
http://doi.org/10.1073/pnas.1222435110
http://www.ncbi.nlm.nih.gov/pubmed/23378636
http://doi.org/10.1056/NEJMp030061
http://www.ncbi.nlm.nih.gov/pubmed/12890838
http://doi.org/10.7759/cureus.17217
http://www.ncbi.nlm.nih.gov/pubmed/34540444
http://doi.org/10.1097/PPO.0000000000000468
http://www.ncbi.nlm.nih.gov/pubmed/32947304
http://doi.org/10.1056/NEJMe1200656
http://www.ncbi.nlm.nih.gov/pubmed/22397658
http://doi.org/10.1056/NEJMoa1113205
http://www.ncbi.nlm.nih.gov/pubmed/22397650
http://doi.org/10.1038/ng.2891
http://doi.org/10.1016/j.eururo.2016.08.060
http://doi.org/10.3390/jcm10153322
http://www.ncbi.nlm.nih.gov/pubmed/34362105
http://doi.org/10.1016/j.kint.2018.01.023
http://www.ncbi.nlm.nih.gov/pubmed/29661544
http://doi.org/10.1016/S1470-2045(16)30196-6
http://doi.org/10.1097/SPC.0b013e32832e466b
http://doi.org/10.1111/bju.14712
http://www.ncbi.nlm.nih.gov/pubmed/30768877
http://doi.org/10.1016/j.euo.2020.12.010
http://doi.org/10.1016/j.euo.2020.04.006
http://doi.org/10.1159/000516679
http://doi.org/10.1038/nrurol.2017.87
http://doi.org/10.1016/j.euo.2019.05.007
http://doi.org/10.1056/NEJMra1601333
http://www.ncbi.nlm.nih.gov/pubmed/28121507
http://doi.org/10.1097/01.cco.0000219260.60714.c4
http://doi.org/10.1158/1078-0432.CCR-13-1631
http://www.ncbi.nlm.nih.gov/pubmed/24130073
http://doi.org/10.1093/annonc/mds115

Biomedicines 2022, 10, 90 19 of 23

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

de Velasco, G.; Bex, A.; Albiges, L.; Powles, T; Rini, B.I.; Motzer, R.J.; Heng, D.Y.C.; Escudier, B. Sequencing and Combination of
Systemic Therapy in Metastatic Renal Cell Carcinoma. Eur. Urol. Oncol. 2019, 2, 505-514. [CrossRef]

Bleyer, A. Adjuvant Pembrolizumab after Nephrectomy in Renal-Cell Carcinoma. N. Engl. ]. Med. 2021, 385, 1919-1920. [CrossRef]
Thomas, ].S.; Kabbinavar, F. Metastatic clear cell renal cell carcinoma: A review of current therapies and novel immunotherapies.
Crit. Rev. Oncol. Hematol. 2015, 96, 527-533. [CrossRef] [PubMed]

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]

Laccetti, A.L.; Garmezy, B.; Xiao, L.; Economides, M.; Venkatesan, A.; Gao, J.; Jonasch, E.; Corn, P; Zurita-Saavedra, A;
Brown, L.C.; et al. Combination antiangiogenic tyrosine kinase inhibition and anti-PD1 immunotherapy in metastatic renal cell
carcinoma: A retrospective analysis of safety, tolerance, and clinical outcomes. Cancer Med. 2021, 10, 2341-2349. [CrossRef]
Auvray, M.; Auclin, E.; Barthelemy, P.; Bono, P.; Kellokumpu-Lehtinen, P.; Gross-Goupil, M.; De Velasco, G.; Powles, T.; Mouillet,
G.; Vano, Y.A; et al. Second-line targeted therapies after nivolumab-ipilimumab failure in metastatic renal cell carcinoma. Eur. J.
Cancer 2019, 108, 33-40. [CrossRef]

Dudani, S.; Savard, M.E,; Heng, D.Y.C. An Update on Predictive Biomarkers in Metastatic Renal Cell Carcinoma. Eur. Urol. Focus
2020, 6, 34-36. [CrossRef] [PubMed]

Wu, J.; Suk-Ouichai, C.; Dong, W.; Antonio, E.C.; Derweesh, I.H.; Lane, B.R.; Demirjian, S.; Li, J.; Campbell, S.C. Analysis of
survival for patients with chronic kidney disease primarily related to renal cancer surgery. BJU Int. 2018, 121, 93-100. [CrossRef]
Lowrance, W.T.; Ordonez, J.; Udaltsova, N.; Russo, P.; Go, A.S. CKD and the risk of incident cancer. J. Am. Soc. Nephrol. 2014, 25,
2327-2334. [CrossRef]

Cosmai, L.; Porta, C.; Privitera, C.; Gesualdo, L.; Procopio, G.; Gori, S.; Laghi, A. Acute kidney injury from contrast-enhanced CT
procedures in patients with cancer: White paper to highlight its clinical relevance and discuss applicable preventive strategies.
ESMO Open 2020, 5, e000618. [CrossRef] [PubMed]

van der Molen, A.J.; Reimer, P.; Dekkers, I.A.; Bongartz, G.; Bellin, M.E; Bertolotto, M.; Clement, O.; Heinz-Peer, G.; Stacul,
F.; Webb, ]. A.W.,; et al. Post-contrast acute kidney injury. Part 2: Risk stratification, role of hydration and other prophylactic
measures, patients taking metformin and chronic dialysis patients: Recommendations for updated ESUR Contrast Medium Safety
Committee guidelines. Eur. Radiol. 2018, 28, 2856-2869. [CrossRef] [PubMed]

Sendur, M.A.; Aksoy, S.; Yaman, S.; Arik, Z.; Tugba Kos, F.; Akinci, M.B.; Civelek, B.; Yildirim Ozdemir, N.; Uncu, D.; Zengin, N.
Administration of contrast media just before cisplatin-based chemotherapy increases cisplatin-induced nephrotoxicity. ]. BUON
2013, 18, 274-280. [CrossRef] [PubMed]

Rosner, M.H.; Perazella, M.A. Acute Kidney Injury in Patients with Cancer. N. Engl. |. Med. 2017, 376, 1770-1781. [CrossRef]
[PubMed]

Gorelik, Y.; Bloch-Isenberg, N.; Yaseen, H.; Heyman, S.N.; Khamaisi, M. Acute Kidney Injury After Radiocontrast-Enhanced
Computerized Tomography in Hospitalized Patients With Advanced Renal Failure: A Propensity-Score-Matching Analysis.
Investig. Radiol. 2020, 55, 677-687. [CrossRef] [PubMed]

Salvatore, S.P.; Cha, E.K,; Rosoff, ].S.; Seshan, S.V. Nonneoplastic renal cortical scarring at tumor nephrectomy predicts decline in
kidney function. Arch. Pathol. Lab. Med. 2013, 137, 531-540. [CrossRef]

Henriksen, K.J.; Meehan, S.M.; Chang, A. Non-neoplastic renal diseases are often unrecognized in adult tumor nephrectomy
specimens: A review of 246 cases. Am. |. Surg. Pathol. 2007, 31, 1703-1708. [CrossRef]

George, B.A.; Zhou, X.J.; Toto, R. Nephrotic syndrome after bevacizumab: Case report and literature review. Am. J. Kidney Dis.
2007, 49, e23—e29. [CrossRef]

Ranpura, V,; Pulipati, B.; Chu, D.; Zhu, X.; Wu, S. Increased risk of high-grade hypertension with bevacizumab in cancer patients:
A meta-analysis. Am. |. Hypertens. 2010, 23, 460-468. [CrossRef]

Hicklin, D.J.; Ellis, L.M. Role of the vascular endothelial growth factor pathway in tumor growth and angiogenesis. J. Clin. Oncol.
2005, 23, 1011-1027. [CrossRef]

Porta, C.; Cosmai, L.; Gallieni, M.; Pedrazzoli, P.; Malberti, F. Renal effects of targeted anticancer therapies. Nat. Rev. Nephrol.
2015, 11, 354-370. [CrossRef] [PubMed]

Eremina, V.; Jefferson, J.A.; Kowalewska, J.; Hochster, H.; Haas, M.; Weisstuch, ].; Richardson, C.; Kopp, J.B.; Kabir, M.G;
Backx, PH.; et al. VEGF inhibition and renal thrombotic microangiopathy. N. Engl. ]. Med. 2008, 358, 1129-1136. [CrossRef]
Perazella, M.A. Checkmate: Kidney injury associated with targeted cancer immunotherapy. Kidney Int. 2016, 90, 474-476.
[CrossRef] [PubMed]

Steinel, N.C.; Lee, E.M.; Viggiano, D.; Capasso, A.; Lee, M.W. The renal adverse effects of cancer immunotherapy. J. Nephrol. 2020,
33, 467-481. [CrossRef]

Cortazar, EB.; Marrone, K.A.; Troxell, M.L.; Ralto, K.M.; Hoenig, M.P.; Brahmer, J.R.; Le, D.T.; Lipson, E.J.; Glezerman, 1.G;
Wolchok, J.; et al. Clinicopathological features of acute kidney injury associated with immune checkpoint inhibitors. Kidney Int.
2016, 90, 638-647. [CrossRef]

Smith, C.G.; Moser, T.; Mouliere, F.; Field-Rayner, ]J.; Eldridge, M.; Riediger, A.L.; Chandrananda, D.; Heider, K.; Wan, ].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]


http://doi.org/10.1016/j.euo.2019.06.022
http://doi.org/10.1056/NEJMc2115204
http://doi.org/10.1016/j.critrevonc.2015.07.009
http://www.ncbi.nlm.nih.gov/pubmed/26299335
http://doi.org/10.1016/j.ctrv.2014.12.013
http://www.ncbi.nlm.nih.gov/pubmed/25586601
http://doi.org/10.1002/cam4.3812
http://doi.org/10.1016/j.ejca.2018.11.031
http://doi.org/10.1016/j.euf.2019.04.004
http://www.ncbi.nlm.nih.gov/pubmed/31010693
http://doi.org/10.1111/bju.13994
http://doi.org/10.1681/ASN.2013060604
http://doi.org/10.1136/esmoopen-2019-000618
http://www.ncbi.nlm.nih.gov/pubmed/32205339
http://doi.org/10.1007/s00330-017-5247-4
http://www.ncbi.nlm.nih.gov/pubmed/29417249
http://doi.org/10.1200/jco.2012.30.15_suppl.e13031
http://www.ncbi.nlm.nih.gov/pubmed/23613416
http://doi.org/10.1056/NEJMra1613984
http://www.ncbi.nlm.nih.gov/pubmed/28467867
http://doi.org/10.1097/RLI.0000000000000659
http://www.ncbi.nlm.nih.gov/pubmed/32101881
http://doi.org/10.5858/arpa.2012-0070-OA
http://doi.org/10.1097/PAS.0b013e31804ca63e
http://doi.org/10.1053/j.ajkd.2006.11.024
http://doi.org/10.1038/ajh.2010.25
http://doi.org/10.1200/JCO.2005.06.081
http://doi.org/10.1038/nrneph.2015.15
http://www.ncbi.nlm.nih.gov/pubmed/25734768
http://doi.org/10.1056/NEJMoa0707330
http://doi.org/10.1016/j.kint.2016.05.024
http://www.ncbi.nlm.nih.gov/pubmed/27521108
http://doi.org/10.1007/s40620-019-00691-2
http://doi.org/10.1016/j.kint.2016.04.008
http://doi.org/10.1186/s13073-020-00723-8

Biomedicines 2022, 10, 90 20 of 23

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Bergerot, PG.; Hahn, A.W,; Bergerot, C.D.; Jones, ].; Pal, S.K. The Role of Circulating Tumor DNA in Renal Cell Carcinoma. Curr.
Treat. Opt. Oncol. 2018, 19, 10. [CrossRef]

Gang, F.; Guorong, L.; An, Z.; Anne, G.P; Christian, G.; Jacques, T. Prediction of clear cell renal cell carcinoma by integrity of
cell-free DNA in serum. Urology 2010, 75, 262-265. [CrossRef]

Yamamoto, Y.; Uemura, M.; Nakano, K.; Hayashi, Y.; Wang, C.; Ishizuya, Y.; Kinouchi, T.; Hayashi, T.; Matsuzaki, K,
Jingushi, K,; et al. Increased level and fragmentation of plasma circulating cell-free DNA are diagnostic and prognostic markers
for renal cell carcinoma. Oncotarget 2018, 9, 20467-20475. [CrossRef] [PubMed]

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] [PubMed]

Rouvinov, K.; Mermershtain, W.; Dresler, H.; Ariad, S.; Riff, R.; Shani-Shrem, N.; Keizman, D.; Neulander, E.Z.; Douvdevani,
A. Circulating Cell-Free DNA Levels in Patients with Metastatic Renal Cell Carcinoma. Oncol. Res. Treat. 2017, 40, 707-710.
[CrossRef] [PubMed]

Lu, H,; Busch, J.; Jung, M.; Rabenhorst, S.; Ralla, B.; Kilic, E.; Mergemeier, S.; Budach, N.; Fendler, A.; Jung, K. Diagnostic and
prognostic potential of circulating cell-free genomic and mitochondrial DNA fragments in clear cell renal cell carcinoma patients.
Clin. Chim. Acta 2016, 452, 109-119. [CrossRef] [PubMed]

Bettegowda, C.; Sausen, M.; Leary, R.].; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, RM.; et al.
Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 224ra224. [CrossRef]
[PubMed]

Corro, C.; Hejhal, T.; Poyet, C.; Sulser, T.; Hermanns, T.; Winder, T.; Prager, G.; Wild, PJ.; Frew, L.; Moch, H.; et al. Detecting
circulating tumor DNA in renal cancer: An open challenge. Exp. Mol. Pathol. 2017, 102, 255-261. [CrossRef] [PubMed]

Bacon, ].V.W.; Annala, M.; Soleimani, M.; Lavoie, ] 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]

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]
Pal, SK.; 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]

Bent, A.; Kopetz, S. Going with the Flow: The Promise of Plasma-Only Circulating Tumor DNA Assays. Clin. Cancer Res. 2021, 27,
5449-5451. [CrossRef]

Parikh, A.R.; Van Seventer, E.E.; Siravegna, G.; Hartwig, A.V.; Jaimovich, A.; He, Y,; Kanter, K.; Fish, M.G.; Fosbenner, K.D.;
Miao, B.; et al. Minimal Residual Disease Detection using a Plasma-only Circulating Tumor DNA Assay in Patients with Colorectal
Cancer. Clin. Cancer Res. 2021, 27, 5586-5594. [CrossRef] [PubMed]

Green, E.A,; Li, R.; Albiges, L.; Choueiri, T.K.; Freedman, M.; Pal, S.; Dyrskjot, L.; Kamat, A.M. Clinical Utility of Cell-free
and Circulating Tumor DNA in Kidney and Bladder Cancer: A Critical Review of Current Literature. Eur. Urol. Oncol. 2021.
[CrossRef] [PubMed]

Feng, G.; Ye, X,; Fang, F,; Pu, C.; Huang, H.; Li, G. Quantification of plasma cell-free DNA in predicting therapeutic efficacy of
sorafenib on metastatic clear cell renal cell carcinoma. Dis. Markers 2013, 34, 105-111. [CrossRef]

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]

Barth, D.A; Drula, R,; Ott, L.; Fabris, L.; Slaby, O.; Calin, G.A.; Pichler, M. Circulating Non-coding RNAs in Renal Cell
Carcinoma-Pathogenesis and Potential Implications as Clinical Biomarkers. Front. Cell Dev. Biol. 2020, 8, 828. [CrossRef]
Geeurickx, E.; Hendrix, A. Targets, pitfalls and reference materials for liquid biopsy tests in cancer diagnostics. Mol. Aspects Med.
2020, 72, 100828. [CrossRef]

Zhao, A.; Li, G.; Peoc’h, M,; Genin, C.; Gigante, M. Serum miR-210 as a novel biomarker for molecular diagnosis of clear cell renal
cell carcinoma. Exp. Mol. Pathol. 2013, 94, 115-120. [CrossRef]

Li, G.; Zhao, A.; Peoch, M.; Cottier, M.; Mottet, N. Detection of urinary cell-free miR-210 as a potential tool of liquid biopsy for
clear cell renal cell carcinoma. Urol. Oncol. 2017, 35, 294-299. [CrossRef] [PubMed]

Petrozza, V.; Pastore, A.L.; Palleschi, G.; Tito, C.; Porta, N.; Ricci, S.; Marigliano, C.; Costantini, M.; Simone, G.; Di Carlo, A.; et al.
Secreted miR-210-3p as non-invasive biomarker in clear cell renal cell carcinoma. Oncotarget 2017, 8, 69551-69558. [CrossRef]
[PubMed]

White, N.M.; Khella, HW.; Grigull, ].; Adzovic, S.; Youssef, Y.M.; Honey, R.]J.; Stewart, R.; Pace, K.T.; Bjarnason, G.A.; Jewett,
M.A; et al. miRNA profiling in metastatic renal cell carcinoma reveals a tumour-suppressor effect for miR-215. Br. J. Cancer 2011,
105, 1741-1749. [CrossRef] [PubMed]

Zhang, W.; Ni, M.; Su, Y.; Wang, H.; Zhu, S.; Zhao, A ; Li, G. MicroRNAs in Serum Exosomes as Potential Biomarkers in Clear-cell
Renal Cell Carcinoma. Eur. Urol. Focus 2018, 4, 412-419. [CrossRef] [PubMed]


http://doi.org/10.1007/s11864-018-0530-4
http://doi.org/10.1016/j.urology.2009.06.048
http://doi.org/10.18632/oncotarget.24943
http://www.ncbi.nlm.nih.gov/pubmed/29755665
http://doi.org/10.1111/cas.13906
http://www.ncbi.nlm.nih.gov/pubmed/30536551
http://doi.org/10.1159/000479523
http://www.ncbi.nlm.nih.gov/pubmed/29065412
http://doi.org/10.1016/j.cca.2015.11.009
http://www.ncbi.nlm.nih.gov/pubmed/26569345
http://doi.org/10.1126/scitranslmed.3007094
http://www.ncbi.nlm.nih.gov/pubmed/24553385
http://doi.org/10.1016/j.yexmp.2017.02.009
http://www.ncbi.nlm.nih.gov/pubmed/28214514
http://doi.org/10.1016/j.clgc.2019.12.018
http://doi.org/10.3233/KCA-170007
http://doi.org/10.1016/j.eururo.2017.03.046
http://doi.org/10.1158/1078-0432.CCR-21-2181
http://doi.org/10.1158/1078-0432.CCR-21-0410
http://www.ncbi.nlm.nih.gov/pubmed/33926918
http://doi.org/10.1016/j.euo.2021.04.005
http://www.ncbi.nlm.nih.gov/pubmed/33975782
http://doi.org/10.1155/2013/651323
http://doi.org/10.1038/s41436-020-0801-x
http://doi.org/10.3389/fcell.2020.00828
http://doi.org/10.1016/j.mam.2019.10.005
http://doi.org/10.1016/j.yexmp.2012.10.005
http://doi.org/10.1016/j.urolonc.2016.12.007
http://www.ncbi.nlm.nih.gov/pubmed/28089386
http://doi.org/10.18632/oncotarget.18449
http://www.ncbi.nlm.nih.gov/pubmed/29050224
http://doi.org/10.1038/bjc.2011.401
http://www.ncbi.nlm.nih.gov/pubmed/22033272
http://doi.org/10.1016/j.euf.2016.09.007
http://www.ncbi.nlm.nih.gov/pubmed/28753793

Biomedicines 2022, 10, 90 21 of 23

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Butz, H.; Nofech-Mozes, R.; Ding, Q.; Khella, HW.Z.; Szabo, PM.; Jewett, M.; Finelli, A.; Lee, J.; Ordon, M.; Stewart, R.; et al.
Exosomal MicroRNAs Are Diagnostic Biomarkers and Can Mediate Cell-Cell Communication in Renal Cell Carcinoma. Eur. Urol.
Focus 2016, 2, 210-218. [CrossRef] [PubMed]

Qu, L.; Ding, J.; Chen, C.; Wu, ZJ; Liu, B.; Gao, Y.; Chen, W,; Liu, E; Sun, W.; Li, X.E; et al. Exosome-Transmitted IncARSR
Promotes Sunitinib Resistance in Renal Cancer by Acting as a Competing Endogenous RNA. Cancer Cell 2016, 29, 653-668.
[CrossRef] [PubMed]

Du, M.; Giridhar, K.V,; Tian, Y.; Tschannen, M.R.; Zhu, J.; Huang, C.C; Kilari, D.; Kohli, M.; Wang, L. Plasma exosomal
miRNAs-based prognosis in metastatic kidney cancer. Oncotarget 2017, 8, 63703—63714. [CrossRef]

Gamez-Pozo, A.; Anton-Aparicio, L.M.; Bayona, C.; Borrega, P.; Gallegos Sancho, M.I1.; Garcia-Dominguez, R.; de Portugal, T.;
Ramos-Vazquez, M.; Perez-Carrion, R.; Bolos, M.V,; et al. MicroRNA expression profiling of peripheral blood samples predicts
resistance to first-line sunitinib in advanced renal cell carcinoma patients. Neoplasia 2012, 14, 1144-1152. [CrossRef]

Khella, H-W.; Bakhet, M.; Allo, G.; Jewett, M.A.; Girgis, A.H.; Latif, A.; Girgis, H.; Von Both, L; Bjarnason, G.A.; Yousef, G.M.
miR-192, miR-194 and miR-215: A convergent microRNA network suppressing tumor progression in renal cell carcinoma.
Carcinogenesis 2013, 34, 2231-2239. [CrossRef]

Liu, L.; Li, Y; Liu, S.; Duan, Q.; Chen, L.; Wu, T,; Qian, H.; Yang, S.; Xin, D. Downregulation of miR-193a-3p inhibits cell growth
and migration in renal cell carcinoma by targeting PTEN. Tumour Biol. 2017, 39, 1010428317711951. [CrossRef]

He, L.; Chen, S.; Ying, Y; Xie, H.; Li, ].; Ma, X.; Wang, W.; Shen, H.; Wang, X.; Zheng, X.; et al. MicroRNA-501-3p inhibits the
proliferation of kidney cancer cells by targeting WTAP. Cancer Med. 2021, 10, 7222-7232. [CrossRef]

He, J.; He, J.; Min, L.; He, Y.; Guan, H.; Wang, J.; Peng, X. Extracellular vesicles transmitted miR-31-5p promotes sorafenib
resistance by targeting MLH1 in renal cell carcinoma. Int. J. Cancer 2020, 146, 1052-1063. [CrossRef]

Pili, R;; Liu, G.; Chintala, S.; Verheul, H.; Rehman, S.; Attwood, K.; Lodge, M.A.; Wahl, R.; Martin, J.I.; Miles, KM.; et al.
Combination of the histone deacetylase inhibitor vorinostat with bevacizumab in patients with clear-cell renal cell carcinoma: A
multicentre, single-arm phase I/1I clinical trial. Br. J. Cancer 2017, 116, 874-883. [CrossRef] [PubMed]

Xiao, J.; Lin, H.; Luo, X.; Luo, X.; Wang, Z. miR-605 joins p53 network to form a p53:miR-605:Mdm?2 positive feedback loop in
response to stress. EMBO ]. 2011, 30, 524-532. [CrossRef] [PubMed]

Petrozza, V.; Costantini, M.; Tito, C.; Giammusso, L.M.; Sorrentino, V.; Cacciotti, J.; Porta, N.; laiza, A.; Pastore, A.L.;
Di Carlo, A.; et al. Emerging role of secreted miR-210-3p as potential biomarker for clear cell Renal Cell Carcinoma metas-
tasis. Cancer Biomark. 2020, 27, 181-188. [CrossRef] [PubMed]

Li, S.; Yang, J.; Wang, J.; Gao, W.; Ding, Y.; Ding, Y.; Jia, Z. Down-regulation of miR-210-3p encourages chemotherapy resistance of
renal cell carcinoma via modulating ABCC1. Cell Biosci. 2018, 8, 9. [CrossRef]

Qu, L.; Wu, Z; Li, Y,; Xu, Z,; Liu, B.; Liu, E; Bao, Y.; Wu, D.; Liu, J.; Wang, A,; et al. A feed-forward loop between IncARSR and
YAP activity promotes expansion of renal tumour-initiating cells. Nat. Commun. 2016, 7, 12692. [CrossRef]

Han, W.K,; Alinani, A.; Wu, C.L.; Michaelson, D.; Loda, M.; McGovern, EJ.; Thadhani, R.; Bonventre, ].V. Human kidney injury
molecule-1 is a tissue and urinary tumor marker of renal cell carcinoma. J. Am. Soc. Nephrol. 2005, 16, 1126-1134. [CrossRef]
Kushlinskii, N.E.; Gershtein, E.S.; Naberezhnov, D.S.; Taipov, M.A.; Bezhanova, S.D.; Pushkar, D.Y.; Matveev, V.B.; Stilidi, LS.
Kidney Injury Molecule-1 (KIM-1) in Blood Plasma of Patients with Clear-Cell Carcinoma. Bull. Exp. Biol. Med. 2019, 167, 388-392.
[CrossRef]

Togashi, A.; Katagiri, T.; Ashida, S.; Fujioka, T.; Maruyama, O.; Wakumoto, Y.; Sakamoto, Y.; Fujime, M.; Kawachi, Y,;
Shuin, T.; et al. Hypoxia-inducible protein 2 (HIG2), a novel diagnostic marker for renal cell carcinoma and potential target for
molecular therapy. Cancer Res. 2005, 65, 4817-4826. [CrossRef] [PubMed]

Lucarini, L.; Magnelli, L.; Schiavone, N.; Crisci, A.; Innocenti, A.; Puccetti, L.; Cianchi, F; Peri, S.; Supuran, C.T.; Papucci, L.; et al.
Plasmatic carbonic anhydrase IX as a diagnostic marker for clear cell renal cell carcinoma. J. Enzyme Inhib. Med. Chem. 2018, 33,
234-240. [CrossRef] [PubMed]

Tschirdewahn, S.; Panic, A.; Pullen, L.; Harke, N.N.; Hadaschik, B.; Riesz, P.; Horvath, A.; Szalontai, J.; Nyirady, P;
Baba, H.A; et al. Circulating and tissue IMP3 levels are correlated with poor survival in renal cell carcinoma. Int. J. Cancer 2019,
145, 531-539. [CrossRef] [PubMed]

Ruf, M.; Mittmann, C.; Nowicka, A.M.; Hartmann, A.; Hermanns, T.; Poyet, C.; van den Broek, M.; Sulser, T.; Moch, H.; Schraml,
P. pVHL/HIF-regulated CD70 expression is associated with infiltration of CD27+ lymphocytes and increased serum levels of
soluble CD27 in clear cell renal cell carcinoma. Clin. Cancer Res. 2015, 21, 889-898. [CrossRef]

Xu, G.; Hou, C.R;; Jiang, HW.,; Xiang, C.Q.; Shi, N.; Yuan, H.C; Ding, Q.; Zhang, Y.F. Serum protein profiling to identify
biomarkers for small renal cell carcinoma. Indian |. Biochem. Biophys. 2010, 47, 211-218. [PubMed]

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]

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]

Zhang, Y.; Cai, Y,; Yu, H.; Li, H. iTRAQ-Based Quantitative Proteomic Analysis Identified HSC71 as a Novel Serum Biomarker for
Renal Cell Carcinoma. BioMed Res. Int. 2015, 2015, 802153. [CrossRef] [PubMed]


http://doi.org/10.1016/j.euf.2015.11.006
http://www.ncbi.nlm.nih.gov/pubmed/28723537
http://doi.org/10.1016/j.ccell.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/27117758
http://doi.org/10.18632/oncotarget.19476
http://doi.org/10.1593/neo.12734
http://doi.org/10.1093/carcin/bgt184
http://doi.org/10.1177/1010428317711951
http://doi.org/10.1002/cam4.4157
http://doi.org/10.1002/ijc.32543
http://doi.org/10.1038/bjc.2017.33
http://www.ncbi.nlm.nih.gov/pubmed/28222071
http://doi.org/10.1038/emboj.2010.347
http://www.ncbi.nlm.nih.gov/pubmed/21217645
http://doi.org/10.3233/CBM-190242
http://www.ncbi.nlm.nih.gov/pubmed/31771042
http://doi.org/10.1186/s13578-018-0209-3
http://doi.org/10.1038/ncomms12692
http://doi.org/10.1681/ASN.2004070530
http://doi.org/10.1007/s10517-019-04533-w
http://doi.org/10.1158/0008-5472.CAN-05-0120
http://www.ncbi.nlm.nih.gov/pubmed/15930302
http://doi.org/10.1080/14756366.2017.1411350
http://www.ncbi.nlm.nih.gov/pubmed/29251173
http://doi.org/10.1002/ijc.32124
http://www.ncbi.nlm.nih.gov/pubmed/30650187
http://doi.org/10.1158/1078-0432.CCR-14-1425
http://www.ncbi.nlm.nih.gov/pubmed/21174948
http://doi.org/10.1371/journal.pone.0111364
http://doi.org/10.3892/mco.2012.35
http://doi.org/10.1155/2015/802153
http://www.ncbi.nlm.nih.gov/pubmed/26425554

Biomedicines 2022, 10, 90 22 of 23

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Deprimo, S.E.; Bello, C.L.; Smeraglia, J.; Baum, C.M.; Spinella, D.; Rini, B.I.; Michaelson, M.D.; Motzer, R.J. Circulating protein
biomarkers of pharmacodynamic activity of sunitinib in patients with metastatic renal cell carcinoma: Modulation of VEGF and
VEGF-related proteins. J. Transl. Med. 2007, 5, 32. [CrossRef]

Rini, B.I.; Michaelson, M.D.; Rosenberg, ].E.; Bukowski, R.M.; Sosman, J.A.; Stadler, W.M.; Hutson, T.E.; Margolin, K.; Harmon,
C.S.; DePrimo, S.E.; et al. Antitumor activity and biomarker analysis of sunitinib in patients with bevacizumab-refractory
metastatic renal cell carcinoma. J. Clin. Oncol. 2008, 26, 3743-3748. [CrossRef] [PubMed]

Kontovinis, L.F.; Papazisis, K.T.; Touplikioti, P.; Andreadis, C.; Mouratidou, D.; Kortsaris, A.H. Sunitinib treatment for patients
with clear-cell metastatic renal cell carcinoma: Clinical outcomes and plasma angiogenesis markers. BMC Cancer 2009, 9, 82.
[CrossRef] [PubMed]

Porta, C.; Paglino, C.; De Amici, M.; Quaglini, S.; Sacchi, L.; Imarisio, I.; Canipari, C. Predictive value of baseline serum vascular
endothelial growth factor and neutrophil gelatinase-associated lipocalin in advanced kidney cancer patients receiving sunitinib.
Kidney Int. 2010, 77, 809-815. [CrossRef]

Mauge, L.; Mejean, A.; Fournier, L.; Pereira, H.; Etienne-Grimaldi, M.C.; Levionnois, E.; Caty, A.; Abadie-Lacourtoisie, S.; Culine,
S.; Le Moulec, S.; et al. Sunitinib Prior to Planned Nephrectomy in Metastatic Renal Cell Carcinoma: Angiogenesis Biomarkers
Predict Clinical Outcome in the Prospective Phase Il PREINSUT Trial. Clin. Cancer Res. 2018, 24, 5534-5542. [CrossRef]
Harmon, C.S.; DePrimo, S.E.; Figlin, R.A.; Hudes, G.R.; Hutson, T.E.; Michaelson, M.D.; Negrier, S.; Kim, S.T.; Huang, X,;
Williams, J.A.; et al. Circulating proteins as potential biomarkers of sunitinib and interferon-alpha efficacy in treatment-naive
patients with metastatic renal cell carcinoma. Cancer Chemother. Pharmacol. 2014, 73, 151-161. [CrossRef]

Escudier, B.; Eisen, T.; Stadler, W.M.; Szczylik, C.; Oudard, S.; Staehler, M.; Negrier, S.; Chevreau, C.; Desai, A.A.; Rolland, F.; et al.
Sorafenib for treatment of renal cell carcinoma: Final efficacy and safety results of the phase III treatment approaches in renal
cancer global evaluation trial. J. Clin. Oncol. 2009, 27, 3312-3318. [CrossRef]

Pena, C.; Lathia, C.; Shan, M.; Escudier, B.; Bukowski, R. M. Biomarkers predicting outcome in patients with advanced renal cell
carcinoma: Results from sorafenib phase III Treatment Approaches in Renal Cancer Global Evaluation Trial. Clin. Cancer Res.
2010, 16, 4853-4863. [CrossRef]

McDermott, D.F,; Sosman, J.A.; Sznol, M.; Massard, C.; Gordon, M.S.; Hamid, O.; Powderly, ].D.; Infante, J.R.; Fasso, M.;
Wang, Y.V,; et al. Atezolizumab, an Anti-Programmed Death-Ligand 1 Antibody, in Metastatic Renal Cell Carcinoma: Long-Term
Safety, Clinical Activity, and Immune Correlates From a Phase Ia Study. J. Clin. Oncol. 2016, 34, 833-842. [CrossRef]

Yuen, K.C; Liu, L.E; Gupta, V.; Madireddi, S.; Keerthivasan, S.; Li, C.; Rishipathak, D.; Williams, P.; Kadel, E.E., 3rd;
Koeppen, H.; et al. High systemic and tumor-associated IL-8 correlates with reduced clinical benefit of PD-L1 blockade. Nat. Med.
2020, 26, 693—-698. [CrossRef]

Powles, T.; Choueiri, TK.; Motzer, R].; Jonasch, E.; Pal, S.; Tannir, N.M.; Signoretti, S.; Kaldate, R.; Scheffold, C.; Wang, E.; et al.
Outcomes based on plasma biomarkers in METEOR, a randomized phase 3 trial of cabozantinib vs everolimus in advanced renal
cell carcinoma. BMC Cancer 2021, 21, 904. [CrossRef]

Zurita, A.J.; Jonasch, E.; Wang, X.; Khajavi, M,; Yan, S.; Du, D.Z; Xu, L.; Herynk, M.H.; McKee, K.S.; Tran, H.T; et al. A cytokine
and angiogenic factor (CAF) analysis in plasma for selection of sorafenib therapy in patients with metastatic renal cell carcinoma.
Ann. Oncol. 2012, 23, 46-52. [CrossRef] [PubMed]

Lee, C.H.; Motzer, RJ.; Glen, H.; Michaelson, M.D.; Larkin, J.; Minoshima, Y.; Kanekiyo, M.; Ikezawa, H.; Sachdev, P;
Dutcus, C.E.; et al. Correlative serum biomarker analyses in the phase 2 trial of lenvatinib-plus-everolimus in patients with
metastatic renal cell carcinoma. Br. |. Cancer 2021, 124, 237-246. [CrossRef]

Chehrazi-Raffle, A.; Meza, L.; Alcantara, M.; Dizman, N.; Bergerot, P,; Salgia, N.; Hsu, J.; Ruel, N.; Salgia, S.; Malhotra, ].; et al.
Circulating cytokines associated with clinical response to systemic therapy in metastatic renal cell carcinoma. J. Immunother.
Cancer 2021, 9, e002009. [CrossRef]

Pilskog, M.; Nilsen, G.H.; Beisland, C.; Straume, O. Elevated plasma interleukin 6 predicts poor response in patients treated with
sunitinib for metastatic clear cell renal cell carcinoma. Cancer Treat. Res. Commun. 2019, 19, 100127. [CrossRef] [PubMed]

Porta, C.; Paglino, C.; Imarisio, I.; Ganini, C.; Sacchi, L.; Quaglini, S.; Giunta, V.; De Amici, M. Changes in circulating pro-
angiogenic cytokines, other than VEGEF, before progression to sunitinib therapy in advanced renal cell carcinoma patients.
Oncology 2013, 84, 115-122. [CrossRef] [PubMed]

Esteban, E.; Exposito, F; Crespo, G.; Lambea, J.; Pinto, A.; Puente, J.; Arranz, J.A.; Redrado, M.; Rodriguez-Antona, C.;
de Andrea, C.; et al. Circulating Levels of the Interferon-gamma-Regulated Chemokines CXCL10/CXCL11, IL-6 and HGF Predict
Outcome in Metastatic Renal Cell Carcinoma Patients Treated with Antiangiogenic Therapy. Cancers 2021, 13, 2849. [CrossRef]
Mizuno, R.; Kimura, G.; Fukasawa, S.; Ueda, T.; Kondo, T.; Hara, H.; Shoji, S.; Kanao, K.; Nakazawa, H.; Tanabe, K.; et al.
Angiogenic, inflammatory and immunologic markers in predicting response to sunitinib in metastatic renal cell carcinoma. Cancer
Sci. 2017, 108, 1858-1863. [CrossRef]

Pilskog, M.; Beisland, C.; Akslen, L.A.; Bostad, L.; Haug, A.; Heinrich, D.; Hjelle, K.M.; Straume, O. Predictive value of C-reactive
protein in patients treated with sunitinib for metastatic clear cell renal cell carcinoma. BMC Urol. 2017, 17, 74. [CrossRef]
Casamassima, A.; Picciariello, M.; Quaranta, M.; Berardino, R.; Ranieri, C.; Paradiso, A.; Lorusso, V.; Guida, M. C-reactive
protein: A biomarker of survival in patients with metastatic renal cell carcinoma treated with subcutaneous interleukin-2 based
immunotherapy. J. Urol. 2005, 173, 52-55. [CrossRef]


http://doi.org/10.1186/1479-5876-5-32
http://doi.org/10.1200/JCO.2007.15.5416
http://www.ncbi.nlm.nih.gov/pubmed/18669461
http://doi.org/10.1186/1471-2407-9-82
http://www.ncbi.nlm.nih.gov/pubmed/19284623
http://doi.org/10.1038/ki.2009.552
http://doi.org/10.1158/1078-0432.CCR-18-1045
http://doi.org/10.1007/s00280-013-2333-4
http://doi.org/10.1200/JCO.2008.19.5511
http://doi.org/10.1158/1078-0432.CCR-09-3343
http://doi.org/10.1200/JCO.2015.63.7421
http://doi.org/10.1038/s41591-020-0860-1
http://doi.org/10.1186/s12885-021-08630-w
http://doi.org/10.1093/annonc/mdr047
http://www.ncbi.nlm.nih.gov/pubmed/21464158
http://doi.org/10.1038/s41416-020-01092-0
http://doi.org/10.1136/jitc-2020-002009
http://doi.org/10.1016/j.ctarc.2019.100127
http://www.ncbi.nlm.nih.gov/pubmed/30913495
http://doi.org/10.1159/000342099
http://www.ncbi.nlm.nih.gov/pubmed/23154434
http://doi.org/10.3390/cancers13112849
http://doi.org/10.1111/cas.13320
http://doi.org/10.1186/s12894-017-0267-6
http://doi.org/10.1097/01.ju.0000146713.50673.e5

Biomedicines 2022, 10, 90 23 of 23

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.
158.

159.

160.

161.

Tran, H.T.; Liu, Y,; Zurita, A.J.; Lin, Y.; Baker-Neblett, K.L.; Martin, A.M.; Figlin, R.A.; Hutson, T.E.; Sternberg, C.N.;
Amado, R.G.; et al. Prognostic or predictive plasma cytokines and angiogenic factors for patients treated with pazopanib for
metastatic renal-cell cancer: A retrospective analysis of phase 2 and phase 3 trials. Lancet Oncol. 2012, 13, 827-837. [CrossRef]
Hawkins, R.E.; Gore, M.; Shparyk, Y.; Bondar, V.; Gladkov, O.; Ganev, T.; Harza, M.; Polenkov, S.; Bondarenko, I.; Karlov, P; et al.
A Randomized Phase II/III Study of Naptumomab Estafenatox + IFNalpha versus IFNalpha in Renal Cell Carcinoma: Final
Analysis with Baseline Biomarker Subgroup and Trend Analysis. Clin. Cancer Res. 2016, 22, 3172-3181. [CrossRef] [PubMed]
Elkord, E.; Burt, D.J.; Sundstedt, A.; Nordle, O.; Hedlund, G.; Hawkins, R.E. Inmunological response and overall survival in a
subset of advanced renal cell carcinoma patients from a randomized phase 2/3 study of naptumomab estafenatox plus IFN-alpha
versus IFN-alpha. Oncotarget 2015, 6, 4428-4439. [CrossRef] [PubMed]

Voss, M.H.; Chen, D.; Marker, M.; Hakimi, A.A.; Lee, C.H.; Hsieh, ].J.; Knox, ].].; Voi, M.; Motzer, R.J. Circulating biomarkers and
outcome from a randomised phase II trial of sunitinib vs everolimus for patients with metastatic renal cell carcinoma. Br. ]. Cancer
2016, 114, 642-649. [CrossRef] [PubMed]

Dufies, M.; Giuliano, S.; Viotti, J.; Borchiellini, D.; Cooley, L.S.; Ambrosetti, D.; Guyot, M.; Ndiaye, P.D.; Parola, ].; Claren, A.; et al.
CXCL7 is a predictive marker of sunitinib efficacy in clear cell renal cell carcinomas. Br. |. Cancer 2017, 117, 947-953. [CrossRef]
de Martino, M.; Hoetzenecker, K.; Ankersmit, FH.J.; Roth, G.A.; Haitel, A.; Waldert, M.; Klatte, T. Serum 20S proteasome is elevated
in patients with renal cell carcinoma and associated with poor prognosis. Br. ]. Cancer 2012, 106, 904-908. [CrossRef]

Papazisis, K.T.; Kontovinis, L.E; Papandreou, C.N.; Kouvatseas, G.; Lafaras, C.; Antonakis, E.; Christopoulou, M.; Andreadis, C.;
Mouratidou, D.; Kortsaris, A.H. Brain natriuretic peptide precursor (NT-pro-BNP) levels predict for clinical benefit to sunitinib
treatment in patients with metastatic renal cell carcinoma. BMC Cancer 2010, 10, 489. [CrossRef]

Incorvaia, L.; Fanale, D.; Badalamenti, G.; Porta, C.; Olive, D.; De Luca, I.; Brando, C.; Rizzo, M.; Messina, C.; Rediti, M.; et al.
Baseline plasma levels of soluble PD-1, PD-L1, and BTN3A1 predict response to nivolumab treatment in patients with metastatic
renal cell carcinoma: A step toward a biomarker for therapeutic decisions. Oncoimmunology 2020, 9, 1832348. [CrossRef]
Montemagno, C.; Hagege, A.; Borchiellini, D.; Thamphya, B.; Rastoin, O.; Ambrosetti, D.; Iovanna, J.; Rioux-Leclercq, N.; Porta,
C.; Negrier, S.; et al. Soluble forms of PD-L1 and PD-1 as prognostic and predictive markers of sunitinib efficacy in patients with
metastatic clear cell renal cell carcinoma. Oncoimmunology 2020, 9, 1846901. [CrossRef] [PubMed]

Larrinaga, G.; Solano-Iturri, ].D.; Errarte, P.; Unda, M.; Loizaga-Iriarte, A.; Perez-Fernandez, A.; Echevarria, E.; Asumendi, A.;
Manini, C.; Angulo, J.C.; et al. Soluble PD-L1 Is an Independent Prognostic Factor in Clear Cell Renal Cell Carcinoma. Cancers
2021, 13, 667. [CrossRef]

Zizzari, 1.G.; Napoletano, C.; Di Filippo, A.; Botticelli, A.; Gelibter, A.; Calabro, F.; Rossi, E.; Schinzari, G.; Urbano, F.; Pomati, G.;
et al. Exploratory Pilot Study of Circulating Biomarkers in Metastatic Renal Cell Carcinoma. Cancers 2020, 12, 2620. [CrossRef]
[PubMed]

Bilen, M.A.; Zurita, AJ.; Ilias-Khan, N.A.; Chen, H.C.; Wang, X.; Kearney, A.Y.; Hodges, S.; Jonasch, E.; Huang, S.;
Khakoo, A.Y;; et al. Hypertension and Circulating Cytokines and Angiogenic Factors in Patients With Advanced Non-Clear Cell
Renal Cell Carcinoma Treated With Sunitinib: Results From a Phase II Trial. Oncologist 2015, 20, 1140-1148. [CrossRef]
Armstrong, A.J.; Nixon, A.B.; Carmack, A.; Yang, Q.; Eisen, T.; Stadler, W.M.; Jones, R.].; Garcia, ].A.; Vaishampayan, U.N.; Picus,
J.; et al. Angiokines Associated with Targeted Therapy Outcomes in Patients with Non-Clear Cell Renal Cell Carcinoma. Clin.
Cancer Res. 2021, 27, 3317-3328. [CrossRef]

Msaouel, P; Zurita, A.J.; Huang, S.; Jonasch, E.; Tannir, N.M. Plasma cytokine and angiogenic factors associated with prognosis and
therapeutic response to sunitinib vs everolimus in advanced non-clear cell renal cell carcinoma. Oncotarget 2017, 8, 42149-42158.
[CrossRef]

Turajlic, S.; Larkin, J.; Swanton, C. SnapShot: Renal Cell Carcinoma. Cell 2015, 163, 1556-1556.e1. [CrossRef]

Bade, R.M.; Schehr, J.L.; Emamekhoo, H.; Gibbs, B.K.; Rodems, T.S.; Mannino, M.C.; Desotelle, J.A.; Heninger, E.; Stahlfeld, C.N;
Sperger, ]. M.; et al. Development and initial clinical testing of a multiplexed circulating tumor cell assay in patients with clear cell
renal cell carcinoma. Mol. Oncol. 2021, 15, 2330-2344. [CrossRef]

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] [PubMed]

Nel, I; Gauler, T.C.; Bublitz, K.; Lazaridis, L.; Goergens, A.; Giebel, B.; Schuler, M.; Hoffmann, A.C. Circulating Tumor Cell
Composition in Renal Cell Carcinoma. PLoS ONE 2016, 11, e0153018. [CrossRef]

Cappelletti, V.; Verzoni, E.; Ratta, R.; Vismara, M.; Silvestri, M.; Montone, R.; Miodini, P.; Reduzzi, C.; Claps, M.; Sepe, P.; et al.
Analysis of Single Circulating Tumor Cells in Renal Cell Carcinoma Reveals Phenotypic Heterogeneity and Genomic Alterations
Related to Progression. Int. |. Mol. Sci. 2020, 21, 1475. [CrossRef]


http://doi.org/10.1016/S1470-2045(12)70241-3
http://doi.org/10.1158/1078-0432.CCR-15-0580
http://www.ncbi.nlm.nih.gov/pubmed/26851187
http://doi.org/10.18632/oncotarget.2922
http://www.ncbi.nlm.nih.gov/pubmed/25669986
http://doi.org/10.1038/bjc.2016.21
http://www.ncbi.nlm.nih.gov/pubmed/26908330
http://doi.org/10.1038/bjc.2017.276
http://doi.org/10.1038/bjc.2012.20
http://doi.org/10.1186/1471-2407-10-489
http://doi.org/10.1080/2162402X.2020.1832348
http://doi.org/10.1080/2162402X.2020.1846901
http://www.ncbi.nlm.nih.gov/pubmed/33299657
http://doi.org/10.3390/cancers13040667
http://doi.org/10.3390/cancers12092620
http://www.ncbi.nlm.nih.gov/pubmed/32937860
http://doi.org/10.1634/theoncologist.2015-0143
http://doi.org/10.1158/1078-0432.CCR-20-4504
http://doi.org/10.18632/oncotarget.15011
http://doi.org/10.1016/j.cell.2015.11.026
http://doi.org/10.1002/1878-0261.12931
http://doi.org/10.18632/oncotarget.10979
http://www.ncbi.nlm.nih.gov/pubmed/27494883
http://doi.org/10.1371/journal.pone.0153018
http://doi.org/10.3390/ijms21041475

	Introduction 
	Histologic Classification of RCC 
	Risk Factors and Genetics of RCC 
	Diagnosis 
	Progression and Course of Disease 
	Surgical Management 
	Pharmacological Management 
	Effects of RCC on Kidney Function 
	Effects of Chemotherapy for RCC on Kidney Function 
	Circulating Biomarkers in Metastatic RCC 
	Circulating Nucleic Acids 
	Circulating Tumor DNA 
	Circulating Noncoding RNA 

	Circulating Proteins 
	Circulating Tumor Cells 

	Conclusions 
	Information Sources and Search Strategy 
	References

