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Simple Summary: The aim of the present review is to discuss novel prognostic and therapeutic
markers for clear cell renal cell carcinoma, a subtype of renal cell carcinoma which is the most
common variant and is characterized by high aggressiveness, invasiveness and metastatic potential,
features that are responsible for the high mortality rate observed for this neoplasm. We firstly provide
a background regarding the epidemiology and risk factors, and then, we focus on the established
prognostic markers as well as novel ones. Subsequently, we analyze the recent advances in clear cell
renal cell carcinoma treatment, and we discuss potential novel biomarkers for targeted therapy.

Abstract: Renal cell carcinoma (RCC) belongs to a heterogenous cancer group arising from renal
tubular epithelial cells. Among RCC subtypes, clear cell renal cell carcinoma (ccRCC) is the most
common variant, characterized by high aggressiveness, invasiveness and metastatic potential, features
that lead to poor prognosis and high mortality rate. In addition, diagnosis of kidney cancer is
incidental in the majority of cases, and this results in a late diagnosis, when the stage of the disease is
advanced and the tumor has already metastasized. Furthermore, ccRCC treatment is complicated by
its strong resistance to chemo- and radiotherapy. Therefore, there is active ongoing research focused
on identifying novel biomarkers which could be useful for assessing a better prognosis, as well as new
molecules which could be used for targeted therapy. In this light, several novel targeted therapies
have been shown to be effective in prolonging the overall survival of ccRCC patients. Thus, the aim
of this review is to analyze the actual state-of-the-art on ccRCC diagnosis, prognosis and therapeutic
options, while also reporting the recent advances in novel biomarker discoveries, which could be
exploited for a better prognosis or for targeted therapy.

Keywords: renal cell carcinoma; clear cell renal cell carcinoma; biomarker; prognosis; therapy

1. Introduction

Renal cell carcinoma (RCC) is classified among the 10 most common cancers in the
world, accounting for 2-5 percent of all malignancies, particularly in the developed world,
doubling the incidence in the United States of America [1,2]. RCC represents the most
common cancer of the kidney and approximately 300,000 individuals worldwide are
affected by this neoplasm. It is also responsible for over 10,000 deaths annually, thus
representing the most lethal urological malignancy, displaying a 5-year survival rate of
about 75% [3,4]. The risk in developing RCC increases with ageing, and the onset peak
is around 70 years old [5]. The diagnosis of the disease at an initial stage is crucial for a
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favorable prognosis. Unfortunately, about 50% of all RCC cases are discovered incidentally,
due to the lack of symptoms in the early stages of the disease. Moreover, 20% of patients
are diagnosed as metastatic and more than 30% with localized cancer will develop distant
metastasis following the complete resection of the primary tumor [6,7].

RCC is part of a heterogenous cancer group that originates from renal tubular ep-
ithelial cells [1]. Different subtypes were described, each one with different histology,
genetic features and distinct response to therapy resulting in a variable clinical outcome.
Most frequent RCC subtypes are clear cell (ccRCC, ~70-80% cases), papillary cell (pRCC,
~10-15% cases, and chromophobe renal cell carcinoma (chRCC, ~5% cases) [8]. Another
rarer type of RCC is represented by that with sarcomatoid features [9,10].

In particular, ccRCC derives from epithelial cells of the proximal convoluted tubule in
the nephron and it is histologically characterized by cells with clear cytoplasm [8]. ccRCC
is the most common subtype and it accounts for a large part of mortality observed in RCC.
ccRCC is hereditary for 2-3% of cases, particularly affecting subjects with an alteration
of the von Hippel-Lindau (VHL) gene [11]. Indeed, ccRCC is characterized by a high
proliferation rate compared to the other subtypes and it often metastasizes in the lungs,
liver, bones and, for about 15%, in lymph nodes [12].

PRCC is classified as the second most frequent histologic subtype of RCC. Although
most cases of pRCC are sporadic, it is subdivided in 2 hereditary forms: type 1 and type 2,
depending on the stage, the grade and the prognosis of the disease. The type 1 is associated
with a hereditary component which comprises MET mutations; type 2 is linked to mutations
in fumarate hydratase gene, and it is associated with a worse prognosis [13,14].

chRCC is the third most common histologic subtype of renal cancer [15]. It is classified
into two types: classical type and eosinophilic variant [16]. chRCC is characterized by
positive prognosis, in fact it is considered less aggressive compared to other RCC subtypes,
due to the low tendency to develop metastases [8].

Both pRCC and chRCC are less aggressive than ccRCC and display a better
prognosis [12]. In this review, we will focus on ccRCC since it is the most aggressive
subtype among the RCCs.

c¢cRCC is characterized by DNA alterations, including the copy number alterations
(CNAs), as the loss of chromosome 3p and VHL inactivation, methylation and mutations,
which are involved in tumor development and progression [17].

These molecular changes are responsible for pathway disruption and aberrant growth
factor production, such as vascular endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF) and HIF pathways, which promote oncogenesis [18]. Invasiveness,
ability to develop metastasis and chemoresistance are a major challenge in the treatment of
most of neoplasms [19-23].

Thus, considering that ccRCC is characterized by high incidence and late diagnosis,
tendency to metastasize and a remarkable chemoresistance, the research of new biomarkers
for early diagnosis is of primary importance for a more accurate prognosis and for develop-
ing new targeted therapies for the management of this malignancy [24]. In fact, due to the
combination of all these negative features, the survival rate for ccRCC is very low [24].

Even if several prognostic factors and diagnostic targets have been identified, the
implementation of research is rapidly ongoing attempting to improve the ccRCC diagnosis,
prognosis and therapy. In this review we will comprehensively describe the recent advances
in ccRCC biomarker discoveries for diagnosis, prognosis and therapy.

2. Epidemiology

RCC accounts for about 2% of cancer diagnoses and deaths worldwide; however, this
number will increase over the years [25]. Kidney cancer has an ever-increasing incidence:
431,000 people a year have a diagnosis of RCC; 271,000 cases are diagnosed in men, while
160,000 are diagnosed in women, according to 2020 GLOBOCAN data [26], with a ratio of
incidence between males and females of about 2:1 [27]. The highest incidence is observed
in developed countries, while Asia and Africa have, on the contrary, a very low incidence,
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demonstrating that both race and lifestyle have a role in the incidence (Figure 1) [28].
Early diagnosis is very important, since the survival rate can change based on the disease
stage [29].
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Figure 1. Risk factors, epidemiology and main subtypes of RCC. ccRCC: clear cell renal cell carcinoma;
PpRCC: papillary renal cell carcinoma; chRCC: chromophobe renal cell carcinoma.

Particularly, clear cell renal cell carcinoma is the most common histological subtype,
representing 75-80% of all cases of RCC, and it is responsible for most of the morbidity
and mortality of RCC [30]. It has the worst prognosis among all the most frequent RCC
variants [31,32]. About 20-30% of patients have metastasis, and 30% of those with a
localized carcinoma at an advanced stage will develop metastases [33]. The metastatic
form is more aggressive, and it is related with a large mortality rate [34,35]. ccRCC can
affect patients of different ages, but people between 60 and 70 years old are more likely to
experience the disease than younger people [36]. It is diagnosed more often in males than in
females—indeed, it is classified as the seventh most common malignancy among men. The
survival rate is estimated at 60-70% after treatment in the initial stage of the disease, but the
5-year survival rate for advanced forms is poor with less than 10%, despite the progress in
therapies [30,32]. Moreover, ccRCC has the highest mortality rate considering genitourinary
cancers, and clinical outcomes are also not satisfactory due to drug resistance [37]. Thus, the
identification of new molecular targets and the development of new therapeutic strategies
are therefore of vital importance [34].
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3. Risk Factors and Prevention

North America and Europe have the highest RCC incidence worldwide. The increasing
incidence is likely due to improved detection by means of imaging techniques, but it could
also depend on a higher prevalence of risk factors related to lifestyle such as obesity,
hypertension and smoking [38]. Other factors that are considered related to the risk
of developing RCC are age, sex, race and hereditary diseases [25,26]. Sporadic RCC is
diagnosed in patients aged 65 to 74. Nevertheless, the average age is lower (44 years)
among subjects affected by a hereditary disease, VHL disease, who have a 70% lifetime
risk and represent 5% of all ccRCC cases [39]. Furthermore, pRCC diagnoses have a
higher probability among subjects > 60 than ccRCC, while chRCC does not appear to be
significantly age-related [2,40].

RCC is more common in males than in females, as well as for most other cancers.
Moreover, the survival rate is lower in men [41]. This is probably associated with modifiable
risk factors, such as smoking, hypertension and obesity. On the contrary, chRCC has a
higher probability in women than ccRCC or pRCC [12,41].

Race is another risk factor: the incidence of RCC is variable in different ethnic groups
in the United States, as shown in a study by Batai et al. demonstrating a higher incidence
among African Americans, Hispanic Americans and Native Americans compared to White
Americans [42]. In addition, the higher incidence of ccRCC among Caucasian Americans is
also noticeable, while pRCC results are more common among African Americans. Moreover,
these discrepancies are due not only to race differences, but also to the lack of health care,
inability to access screening, limited access to cancer treatments and a poor quality of
life [43].

As previously mentioned, hereditary diseases are also considered among risk fac-
tors. Phosphatase and tensin homolog (PTEN) hamartoma tumor syndrome/Cowden
syndrome—associated with germline mutations in the PTEN gene—predispose individ-
uals to various subtypes of RCC, including ccRCC, pRCC and chRCC. VHL disease is
characterized by mutations in VHL gene on chromosome 3, mutations that are found in
90% of ccRCC and lead to a decrease of gene products and an increased expression of
HIF-1,2 [44]. ccRCC is also linked with mutations in BRCA1l-associated protein 1 (BAP1).
Patients with somatic BAP-1 mutations have a high malignant form of ccRCC and the
mean age of diagnosis is 40-45 years [45]. Other genetic syndromes linked with ccRCC
are hereditary paraganglioma—pheochromocytoma syndrome (PGL/PCC), which involves
mutations in the succinate dehydrogenase (SDH) gene, hyperparathyroidism-jaw tumor
syndrome (HPT-JT), characterized by mutations in cell division cycle (CDC73) gene and
tuberous sclerosis complex (TSC) [46—48].

Hereditary papillary renal cell carcinoma (HPRCC) is a familiar renal tumor syndrome
characterized by a predisposition to the bilateral and multifocal development of type 1
papillary renal cell carcinoma. HPRCC is transmitted as a dominant character, and it is
linked with mutations of the MET oncogene that can activate cell proliferation signaling and
inhibition of apoptosis and promote cancer progression [49]. Hereditary lipomatosis and
renal cell cancer (HLRCC) is a hereditary syndrome linked with type 2 pRCC, characterized
by mutations in fumarate hydratase (FH) gene. The inactivation of FH gene leads to an
increase of HIF-1, which promotes tumor metastasization [50]. BHD, caused by a germline
mutation of the FLCN gene, is instead associated in particular with chRCC subtype, and it
is less malignant than VHL-disease-associated ccRCC and HLRCC [16].

The risk factors listed until now are all unmodifiable, but even modifiable factors
contribute to the development of RCC, such as tobacco smoking, alcohol consumption,
eating habits and body weight. The primary prevention concerns the change of lifestyle
with the aim of avoiding or reducing the onset or the development of the disease. Tobacco
smoking is related with the risk of developing RCC, as well as other types of cancer [43].
In fact, tobacco smoke contains carcinogens—as beta-naphthylamine and nicotine—that
are metabolized when they are filtered through the nephron, promoting inflammation and
inducing DNA damage and thus, starting the carcinogenesis [2]. The risk of the develop-
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ment of RCC is greater in smokers, and it is related to the number of cigarettes smoked
and the duration of smoking. In fact, a previous study demonstrated that regular smokers
are 3.6 times more likely to develop the disease than non-smokers [51]. Instead, another
study showed that the relative risk (RR) is lower in patients who have stopped smoking for
10 years [52]. The research article by Patel et al. is interesting, which revealed that smoking
is an important risk factor for ccRCC and pRCC, but not for chRCC subtype [53].

Obesity is also related to the likelihood of developing kidney malignancies, and an
association has been found between a higher body mass index (BMI) and RCC risk. Ac-
cording to a study from the European Prospective Investigation into Cancer and Nutrition
(EPIC), a higher BMI is associated with a RR equal to 2.25 of RCC. The vitamin D and
omega-3 trial (VITAL) study showed that a 5 Kg weight gain increases the risk by 25% in
males and 35% in females [26,54]. Another study demonstrated that obesity represents
a risk factor for ccRCC (RR = 1.8) and chRCC (RR = 2.2), while it is not associated with
the development of pRCC [55]. Even diet could contribute to the development of RCC;
in particular, the consumption of fruit and vegetables could have a protective effect and
reduce RCC prevalence rate, while a diet rich in dairy and proteins is associated with
a higher risk of RCC. However, the relationship between food and kidney cancer is not
as strong as in other types of malignancies, such as gastric or colorectal cancer [56]. As
concerns alcohol, a moderate intake is associated with a decreased risk of RCC, while heavy
drinking leads to an increase of risk in both men and women [26].

Although RCC is not linked to a specific occupational exposure to substances, unlike
bladder cancer and malignant mesothelioma, trichloroethylene (TCE) has been associated
with kidney cancer, particularly with the ccRCC molecular subtype ccB, as well as with
liver cancer and lymphoma [57]. TCE is a degreasing agent, and it is considered highly
carcinogenic. It is found in the blood of 10% of US population, according to a study from
the National Health and Nutrition Examination Survey (NHANES), and it seems to be able
to cause DNA adducts, renal cell genotoxicity and cytotoxicity after its activation by the
pathway involved in glutathione transfer in the liver and kidney [57]. Other chemicals such
as benzene, vinyl chloride, herbicides and cadmium are indicated as agents that contribute
to RCC development [58].

Hypertension and type 2 diabetes are considered associated with an increased risk
of developing RCC. According to a study carried out in the US, the overall risk (OR)
for RCC is doubled in patients with hypertension, but it was also demonstrated that the
overall response rate (ORR) was higher in African Americans (ORR = 2.8) than in White
Americans (ORR = 1.9) [59]. Moreover, a meta-analysis of 18 prospective studies found
that patients with a history of hypertension have an increase of RCC risk of 67%, and each
increase of 10 mm Hg in blood pressure was associated with 10-22% increased risk of kidney
cancer [60]. The possible link between kidney malignancies and hypertension is not defined
yet, but it could involve chronic renal hypoxia and lipid peroxidation due to the formation of
reactive oxygen species (ROS). Indeed, oxidative stress is a key process involved in several
pathological conditions, including cancer onset and progression [61-66]. Furthermore, the
efficacy shown by antihypertensive agents against RCC metastasis, as shown in some basic
and meta-analytic studies [67], is interesting. As concerns type 2 diabetes, its relationship
with RCC is unclear. In the Nurses” Health study, a significant association between these
two types of disease was found—above all, a higher risk of RCC in women [68,69]. In
addition, metabolic factors such as obesity, hypertension, diabetes and dyslipidemia have
been shown to be related to the onset and development of ccRCC [70].

It would be of great importance to be able to make a diagnosis of ccRCC at an early
stage, in order to improve the patient survival rate and to make treatment more effective;
however, there are currently no screening programs for the early detection of ccRCC.
A screening program could also be useful as an economic strategy to reduce the costs
resulting from systemic therapies. Tumor markers with high sensitivity and specificity
have not yet been validated for ccRCC screening, but some candidate molecules have been
recently proposed, such as aquaporin 1 (AQP1) and perilipin 2 (PLIN2). Furthermore,
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DNA methylation, microRNAs (miRNAs) and long non-coding RNAs (IncRNAs) have
been reported to be associated with some subtypes of RCC [71].

4. Diagnosis

Diagnosis of kidney cancer is incidental in 60% of cases. Localized RCC is generally
asymptomatic, and indeed, the clinical examination allows only late diagnosis because
the “classical triad” of symptoms, including flank pain, gross hematuria and palpable
abdominal masses, are not very frequent [72]. Therefore, the discovery of disease occurs
when the patient undergoes medical tests, such as ultrasound of the abdomen, for other
reasons—25-30% of ccRCC cases are metastatic at initial diagnosis. RCC can give metastases
in the lung (50-60% of cases), in the liver (30—40% of cases) and in bone, but also in the
other kidney as well as in the adrenal, brain, spleen, gut and skin [73,74].

Laboratory examination of serum creatinine, hemoglobin, leukocyte and platelet
counts, lymphocyte to neutrophil ratio, lactate dehydrogenase, C-reactive protein (CRP)
and serum-corrected calcium should be ordered if RCC is suspected [72].

Diagnostic imaging techniques are essential for the diagnosis of kidney cancer. Usually,
RCC and clinical benign cystic kidney are diagnosed by ultrasonography, and CT is used
to evaluate local invasiveness, involvement of lymph nodes or distant metastases. Further-
more, MRI and thoracic, abdominal and pelvic CT with contrast medium are mandatory for
accurate tumor staging in suspected malignant cases. Abdominal MRI and high-resolution
CT scan without contrast medium are recommended in cases of allergy to CT contrast
medium [12,75].

In the case of suspected malignant lesion, a renal tumor core biopsy is performed in
order to have histopathological confirmation of malignancy. In particular, a biopsy is rec-
ommended before treatment with ablative therapies and in patients with metastatic disease
before starting systemic treatment because it has high accuracy and furthermore, complica-
tions such as bleeding or tumor seeding are rare [76]. Moreover, through histopathological
analysis it is possible to define the RCC subtype, since ccRCC shows different features
compared to other variants; in particular, it is characterized by nested clusters of cells with
a clear cytoplasm, surrounded by a dense endothelial network [8].

5. Prognostic Factors

Prognostic factors inform about patient outcomes regardless of medical and/or surgi-
cal treatment [77]. They are classified into anatomical, histological, clinical and molecular
factors. The first two are supported by a higher level of evidence than clinical and molecular
factors. Currently, the most used anatomical prognostic factor is the tumor, nodes and
metastasis (TMN) staging system, proposed by the International Union Against Cancer
and the American Joint Committee on Cancer and used as a prognostic system since 1977
for multiple solid tumors [6,78,79]. The TNM staging system defines local extension of the
primary tumor, extension into the adrenal gland, extension beyond the renal capsule or
Gerota’s fascia (T), involvement of regional lymph nodes (N) and spread to distant sites,
showing the presence of distant metastases (M) [79]. In particular, the letter T, referring to
the size of the primary tumor, is flanked by a scale ranging from 1 to 4, gradually defining
tumors of larger dimensions. N indicates whether the cancer has extended to the lymph
nodes and ranges from 0 to 3. M indicates metastases and can range from 0 to 1. Staging of
renal cell carcinoma is mainly based on pathological examination and diagnostic imaging:
stages I and II tumors, TINOMO < 7 cm and T2NOMO > 7 cm, respectively, are limited to
the kidney, while stage IIl and IV include tumors that extend beyond the kidney [6].

In addition to TNM staging, several factors influence the prognosis of patients with
ccRCC, among which the microscopical and macroscopical histopathological factors. Partic-
ularly, tumor grade, subtype, presence of sarcomatoid or rhabdoid features, tumor necrosis
and microvascular invasion (MVI) are considered histological prognostic factors. The
European Association of Urology (EAU) guidelines recommend the use of tumor grade and
subtype [80]. Fuhrman and World Health Organization/International Society of Urological
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Pathology (WHO/ISUP) grading systems have been introduced to histologically classify
RCC cells by means of morphological parameters. Through these systems, the lesion is
classified according to the pathological stage, tumor dimensions, cell arrangement and
type and nuclear grade. This latter turned out to be the most effective in predicting the
development of metastases after nephrectomy [81]. The Fuhrman grading system is based
on the assessment of nuclear size, shape and prominence in a four-level classification
scheme. In 2012, ISUP reformed the Fuhrman system by basing the classification of tumors
graded 1 to 3 on nucleolar prominence, allowing for less inter-observer variation, while
grade 4 tumors are defined on the basis of nuclear pleomorphism, presence of giant cells,
or sarcomatoid /rhabdoid differentiation. Furthermore, the percentage of sarcomatoid
component is considered to be prognostic, a larger percentage being associated with a
worse survival. This classification is recommended for ccRCC and pRCC, but not for
chRCC [82]. The morphotype of RCC is another prognostic factor: clear cell subtype has
an unfavorable outcome compared to pRCC and chRCC, but this difference is lost when
tumor stage and grade are considered [78,82]. In fact, the prognosis is worse in all RCCs of
higher stage and grade.

Tumor necrosis and microscopic vascular invasion are other prognostic factors. Once
added into the ISUP classification system, the first one provided a greater predictive ability
for cancer-specific survival with respect with the latter alone [83]. Tumor necrosis has been
reported in 21-32% of ccRCC cases and is related to larger tumor size, higher grade and
higher proliferative activity. This prognostic factor is associated with aggressive tumor
behavior, thus affecting patient survival: 10-year cancer specific survival in grade 3 tumors
without necrosis is in fact 62%, while it drops to 30% in grade 3 tumors with necrosis [83].

Metastatic spread of RCC can occur via both blood and lymph vessels. Microscopic
vascular invasion (MVI) is linked to the presence of tumor cells within microscopic veins or
lymphatic vessels and, in several retrospective studies, it is associated with inferior survival.
MVTIis more frequent in ccRCC than in non-ccRCC, recurring in 29% versus 12% of cases,
respectively [6]. While macroscopic tumor invasion into the renal vein and the inferior
vena cava has been recognized as a prognostic factor within TNM system for a long time,
MVI has been only recently recommended as a prognostic tool by the ISUP. In a study of
Bedke et al., MVI and lymphovascular invasion (LVI) were validated as prognostic factors
for RCC, showing that they both correlate with low survival. Moreover, they have also
been associated with advanced TNM stage, high Fuhrman grade and sarcomatoid features.
In univariate analysis, they both correlate with cancer-free survival, while in a multivariate
analysis. MVI was shown to be an independent prognostic factor. Microvascular and
lymphovascular invasion are both related to metastatic spread and lower survival in
ccRCC patients and are validated as prognostic factors for poor outcome [84]. Among
macroscopical histopathological prognostic factors there are tumor invasion into perirenal
tissues, macrovascular invasion into the renal vein and inferior vena cava, as mentioned
above, and local lymph nodes. Tumors that exhibit these characteristics show an inferior
progression-free and overall survival compared to stage I and II tumors [85].

Clinical factors can be considered prognostic and, among these performance statuses
(PSs), presenting symptoms and paraneoplastic syndromes have been investigated. In
addition, laboratory tests of serum creatinine, hemoglobin, leukocyte and platelet counts,
lymphocyte to neutrophil ratio, lactate dehydrogenase, C-reactive protein and calcium are
required [78]. These factors have been included in different prognostic scoring systems for
risk assessment as they are prognostic for survival [72]. Independent prognostic factors
have been combined to develop prognostic models to be used to predict cancer outcomes.
Clinical and histopathological factors were added to the TNM system for the development
of these prognostic models [78].

Particularly, for localized RCC, pre- and post-operative scores have been developed
to assess patients’” prognosis. The first nomogram was developed in 2001 by Kattan et al.
Later, the UCLA integrated staging system (UISS), the stage, size, grade and necrosis
score (SSIGN), the Cindolo, the Leibovich, the Sorbellini and the Karakiewicz models
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were introduced. These models include all RCC subtypes, but only Leibovich introduced
different algorithms for each histological variant; it was developed for use in ccRCC.
Prognostic models and nomograms are mentioned in the EAU guidelines, but their use
in routine clinical practice is not recommended [86,87]. The two most used are UISS and
SSIGN. The latter is included in the guidelines and is used for patient stratification, mainly
for therapeutic clinical trials and for evaluating the role of biomarkers in predicting patient
survival. For risk assessment during cytokine treatment in metastatic disease, the Memorial
Sloan Kettering Cancer Center (MSKCC) model proposed by Motzer et al. was the gold
standard. This model evaluated as prognostic factors a poorer Karnofsky PS, absence
of prior nephrectomy, high lactate dehydrogenase, low hemoglobin and high albumin-
corrected calcium. Further refinement was obtained by Heng et al., who introduced the
International Metastatic RCC Database Consortium (IMDC) score. In this system, the
prognostic factors considered are six: Karnofky PS, time from diagnosis to treatment,
hemoglobin, corrected calcium, platelet and neutrophil count. As in the MSKCC model,
3 risk groups were generated to stratify patients according to the overall survival: favorable,
intermediate and poor, on the basis of the risk factors involved (0 factors; 1 to 2 factors; 3 to
6 factors, respectively) [78,88,89]. Currently, prognostic factors of IMDC are recommended
for the management of metastatic ccRCC. IMDC may also be prognostic even after second-
line treatment, although it has been developed in treatment-naive patients.

Nowadays, no molecular prognostic factors are included in the above-mentioned prog-
nostic models. Although genetic or other biomarkers are not routinely used to predict the
prognosis of patients with RCC, in ccRCC several genetic alterations have been described
that could improve current prognostic models. The identification of molecular markers is
also useful to know better the RCC biology and to develop new targeted therapies [26,78].
Several molecular prognostic markers have been studied over the years. Many molecu-
lar changes associated with tumor development and progression have been described in
ccRCC. The use of genomic, transcriptomic, and proteomic signatures could be a valid
biomolecular approach for the evaluation of patient prognosis, but it is also useful for
having an early diagnosis [4].

DNA mutations are frequent in each type of tumor, including ccRCC. Chromosomal
abnormalities, particularly in chromosome 3 for ccRCC, have been associated with a worse
prognosis. Furthermore, the most frequent mutational events occur in the short arm of
chromosome 3, which includes VHL, PBRM1, BAP1 and SETD2 genes, and the loss of this
arm is a frequent event in ccRCC. The resulting loss of heterozygosity leads to the loss of
a copy of the above-mentioned genes. In ccRCC, mutations in PBRM1, BAP1 and SETD2
have been reported in 40%, 14% and 3% of cases, respectively. The first two have been
related to an unfavorable prognosis [17]. Additionally, the gain of 7q and the loss of 9p, 9q
and 14q are associated with a worse survival, suggesting alterations of genes involved in
the progression of the tumor [90,91].

Among DNA alterations, the inactivation of VHL tumor suppressor gene has been
observed in most patients with sporadic ccRCC. VHL gene deficiency results in the ac-
tivation of HIF-1« and -2¢, which in turn, leads to the upregulation of proangiogenic
genes, including VEGF [92]. HIF-2x expression is increased in 75% of subjects affected by
ccRCC, while the percentage drops to 38% in non-clear cell RCC patients. In particular, in
ccRCC patients HIF-2¢ is associated with a more aggressive phenotype. However, VHL
inactivation cannot be considered a prognostic factor since it is found in 80% of ccRCC
cases. Nevertheless, it has been hypothesized that the loss of VHL function caused by gene
mutations affects the progression of RCC [6,93]. Another effect caused by the inactivation
of the VHL gene is the increase in VEGF concentration, which induces tumor angiogenesis.
In ccRCC particularly, VEGF is related to the size of tumor, Fuhrman grade, tumor necrosis,
tumor stage, MVI and RCC-specific survival. Moreover, downstream molecules of the
VEGEF pathway, such as phospho-extracellular signal-regulated kinase (pERK), could be
used as biomarkers for response to therapy, although further confirmatory studies are
needed [80].
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Among the molecular prognostic factors studied are also Ki-67, p53 and PTEN [78].
Ki-67 is a cellular proliferation marker whose high expression is linked to higher recurrence
rates and worse survival. Furthermore, it is associated with an aggressive phenotype of
ccRCC [94]. p53 has controversial prognostic significance but it has been shown to be an
independent predictor of metastasis-free survival in patients with localized ccRCC. Lastly,
the loss of the tumor suppressor PTEN occurs during carcinogenesis, which is related to a
worse prognosis in RCC [95,96].

Genetic signatures can help distinguish different risk groups in RCC. In particular, an
expression panel of 34 genes, ClearCode34, was developed from the ccA /ccB classification
in order to predict recurrence risk in patients with localized ccRCC, and it outperformed
UISS and SSIGN systems in terms of discrimination. Both molecular subtypes of ccRCC
were associated with recurrence-free survival (RFS), cancer-specific survival (CSS) and
overall survival (OS) and ccA was found to correlate with a better survival than ccB [97,98].
Additionally, many different markers have been studied after the introduction of im-
munotherapy, to evaluate the response to immune checkpoint inhibitors used alone or in
combination with cytotoxic T-lymphocyte antigen 4 (CTLA-4) inhibitors, tyrosine kinase
inhibitors (TKI) or mTOR inhibitors. Programmed death-ligand 1 (PD-L1) is expressed on
the surface of tumor cells, and it is involved in the mechanism of tumor immune evasion.
PD-L1 positive tumor cells are associated with an inferior survival in ccRCC; the 5-year
cancer-specific survival rate of these patients was in fact 42-47%, while PD-L1 negative
patients have a greater percentage (66-83%). In addition, a higher expression of PD-L1
corresponds to a higher tumor grade and stage [99].

DNA methylation, miRNA and IncRNAs are epigenetic phenomena which can regu-
late gene expression in several cancerous and non-cancerous diseases [66,100-102]. RNA
and cell-free DNA are potential non-invasive biomarkers for ccRCC because they can
be detected in serum and urine samples. In ccRCC, an alteration in DNA methylation
was observed in the pre-cancerous state and it was associated with high-grade tumors.
Through cell-free methylated DNA immunoprecipitation and high-throughput sequencing,
Nuzzo et al. were able to detect early tumors by non-invasive methods, using plasma and
urine samples. A total of 300 differentially methylated regions have been identified and
used to build a classifier in order to distinguish RCC samples from both control plasma and
urine [103]. Moreover, a study by Minardi et al. shows a higher overall methylation rate in
tumor than in healthy tissue. This group also studied histone acetylation, demonstrating
an inverse pattern compared to methylation. A higher percentage of global methylation
and a decrease in acetylation with increasing Fuhrman grade have also been observed, thus
suggesting a correlation of these markers with tumor aggressiveness [104].

MicroRNA and long non-coding RNA are RNA molecules that are transcribed, but
do not code for any protein. By binding to the complementary sequence in the 3'UTR
region of mRNAs, they negatively regulate gene expression. The expression profile of
miRNA is considered a tumor marker, since the alteration of their expression occurs due to
chromosomal abnormalities, epigenetic mechanisms and mutations in the sequence of their
DNA that affect their genomic position. Given that they can be detected in serum, plasma
and urine samples by means of non-invasive procedures, miRNAs have gained relevance
for ccRCC early diagnosis and prognosis [105].

One of the most studied and most important circulating miRNAs is miR-210. An
elevated level of miR-210 was found in the serum of early-stage ccRCC patients, compared
with healthy controls, thus proving its suitability as a biomarker for early detection. More-
over, it has been reported that miR-210 upregulation occurs in the presence of a hypoxic
environment with accumulation of HIF-1c [106].

Along with miR-210, two other miRNAs were found upregulated in ccRCC: miR-1233
and miR-155. In addition, miR-210 and miR-1233 have been shown to be downregulated
after surgery, thus proving to be good markers for cancer prognosis [105]. Lower levels
of miR-206 and miR-122-5p were detected in the serum obtained from ccRCC patients,
compared to controls, while an increase in these were observed in metastatic disease,
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thus identifying a correlation between enhanced miR-206 and miR-122-5p expression and
shorter disease-free survival [107]. In addition to these lists, miR-193a-3p, miR-362 and
mir-572 also showed an increase in ccRCC patient serum, while miR-28-5p and miR-378
were decreased compared to control groups. All these were detected in the initial phase
of ccRCC, but some miRNAs have been described as associated with later phases, such
as miR-451, which was found in plasma [108]. This one is downregulated in stage IIIl and
IV of ccRCC and it additionally correlates with a worse response to chemotherapy [108].
Urine samples represent another promising source for searching for miRNA biomarkers.
Particularly, miR-210-3p is upregulated in urine samples of ccRCC patients and after
surgery its levels were found to be decreased [109,110]. miR-122, miR-1271 and miR-15b
were found to be increased in urine specimens [111]. miR-30c-5p, on the contrary, is lower
in ccRCC patients than in healthy controls; in fact, it normally acts as a tumor suppressor
in cancer by inhibiting the heat shock protein family A member 5 (HSAP5) gene, which
is linked to cancer growth, aggressiveness and metastasis. Tumor suppressor miRNA
promoter methylation could be an interesting new strategy to identify disease progression,
as demonstrated with miR-30a-5p that is shown to be elevated in ccRCC and metastatic
urine samples compared to non-metastatic ccRCC and healthy controls [111].

Long non-coding RNAs are also involved in the regulation of gene expression and
are implicated in the development of various cancer types, including RCC. Several studies
have identified an increasing number of IncRNAs that appear to have a regulatory role in
cancer cell proliferation, migration, apoptosis and metabolism. IncRNAs can serve as serum
biomarkers that can be used, like miRNAs, for early diagnosis or to predict the prognosis
of patients, but also as therapeutic targets [112]. Wu et al. developed a panel comprising
5 ccRCC-dysregulates IncRNAs (IncRNA-LET, PVT1, PANDAR, PTENP1, 1inc00963) able
to distinguish between ccRCC patients and healthy controls [113].

The patient’s prognosis appears to be related to aberrant expression of IncRNAs.
IncRNA MALAT-1, for example, seems to be associated with tumor size and stage, lymph
node metastases, and poor prognosis in ccRCC [114]. The overexpression of NEAT-1
demonstrated in ccRCC correlates with tumor size and grad, and lymph node metastases,
showing a worsening in terms of overall survival. In addition, NEAT-1 knockdown has
been shown to weaken cell proliferation, thus suggesting its suitability for the prediction of
poor prognosis in ccRCC patients [115]. Among the upregulated IncRNAs, Inc-ZNF180-2,
linc00152, HOTAIR and HEIRCC have been described. ATB and FTX are also upregulated
and their inhibition lead to a reduction in cell migration and invasion capacity. H19, TCL6,
CAM1-AS1, GAS5 and LOC389332 act as tumor-suppressors, and are instead, downregu-
lated; in particular, H19 and TCL6 are negatively correlated with TNM stage, lymph node
metastases and distant metastases [116].

IncRNAs also affect cancer cells apoptosis. It has been previously shown by Xiong et al.
that a decreased IncRNA-ATB expression is able to promote apoptosis in renal cell carci-
noma, thus demonstrating that its overexpression could hold back the apoptotic process
during cancer development. CCAT1 is also involved in the regulation of apoptosis and its
knockdown led to an increase in apoptotic RCC cells, as well as caspases 3, 7 and 9. An
increase in oncogenic INRNAs lowers the percentage of apoptotic cells, which is on the
contrary, enhanced by the forced expression of tumor suppressor IncRNAs, such as GAS5
and TCL6 [117,118]. In addition, IncRNAs contribute to resistance to drugs used for the
treatment of ccRCC. In particular, IncARSR was highly expressed in cells which show a
resistance to sunitinib, while IncSRLR is upregulated in cells with intrinsic resistance to
sorafenib. Xu et al. showed that the knockdown of this latter sensitized resistant cells,
while its overexpression was able to confer drug resistance to reactive cells [119].

RAB17 belongs to RAB family and has been demonstrated to be associated with a
variety of malignancies. In ccRCC, low expression levels of RAB17 have been found to
be correlated with unfavorable clinicopathological features and with poor prognosis. Fur-
thermore, RAB17 expression was demonstrated to be negatively correlated with immune
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cells infiltration, thus suggesting that RAB17 might be a potential prognostic biomarker for
ccRCC patients and for estimating immunotherapy response [120].

Proteinuria, defined as an abnormal amount of protein in the urine, has been found in
several studies to be an additional prognostic factor associated with the survival of kidney
cancer patients after kidney surgery [121]. Indeed, the analyses of several studies show that
proteinuria is a sensitive marker for the evaluation of the progression of chronic kidney
disease in clinical practice. Several studies reported differences in OS at 5 years of follow
up between patients with proteinuria compared to patients with absent proteinuria, with
an increased OS observed for patients not affected by proteinuria (77% vs. 65%) [122].

Moreover, since proteinuria is a known marker of renal damage and an independent
predictor of progression to the state of chronic kidney disease, the possibility should be
considered that it should be evaluated to its level in the pre-operative setting in order to
design a properly tailored treatment strategy for the specific patient [123].

6. Treatment

ccRCC is the most common subtype of RCC and represents 85 percent of all RCC
tumors. Generally, surgery is the gold standard for localized renal cell carcinoma. In
particular, the two most used methods are radical nephrectomy and nephron-sparing
surgery. The latter, when technically feasible, is recommended for patients at stage T1 and
T2 because it allows for the preservation of as much as possible of the normal ipsilateral
renal unit. Instead, cytoreductive nephrectomy (CN) is indicated in patients with metastatic
cancer, characterized by a giant primary tumor and few metastatic lesions. It has been
observed that this technique can act synergistically with immunotherapy by removing
cytokines and proteins that prevent the immune response [124]. CN is a controversial issue,
as it has been shown that sunitinib—in combination with CN—was not superior to sunitinib
alone, and therefore, requires further studies. For elderly patients with poor physical
condition, tumor ablation is the most promising method because it has the advantage of
being minimally invasive and requiring a short treatment time [54]. Instead, the metastatic
ccRCC is treated with immunotherapy using interleukin 2 (IL-2) or interferon-« (IFN-«),
which has remained the main treatment for more than 20 years, although response rates
range from 15 to 25%. All subtypes of RCC are resistant to chemotherapy and radiotherapy,
although some studies have shown that the latter could represent a promising therapeutic
modality, especially stereotactic ablative body radiation (SAbR), which can be used for the
treatment of early inoperable and metastatic RCC [125].

The lack of sensitivity to chemotherapy has stimulated the research of new treatment
options (Table 1).

ccRCC is known as a highly vascular tumor, so antiangiogenic therapies represent the
most sought-after approach. The introduction of therapeutic agents blocking angiogen-
esis by targeting VEGF pathway has been very important in the treatment of ccRCC. In
particular, TKIs have been shown to be effective in ccRCC therapy [24,92]. As previously
mentioned, ccRCC is characterized by inactivating mutations of the VHL gene. pVHL is the
VHL gene product, which targets the a-subunit of the transcription factor HIF for degrada-
tion under normoxic conditions. HIF is composed of two subunits: HIF-« and HIF-(3. In
particular, HIF-2& promotes carcinogenesis and controls the expression of genes involved in
angiogenesis, overregulating VEGF. When HIFx accumulates, due to the loss of VHL, it up-
regulates tumorigenic hypoxia-responsive genes, among which is VEGFA, whether there is
enough oxygen or not. Since ccRCC express high levels of VEGFA, inhibitors of VEGF and
its receptors are used to treat this type of disease. Among the drugs that block angiogenesis
by acting against TK, sunitinib and pazopanib—which are used for first-line treatment in
ccRCC after an improvement in progression-free survival (PFS)—have been demonstrated
in pivotal studies comparing sunitinib with IFN-« and pazopanib with placebo [92]. In
addition, a COMPARZ study demonstrated similar PFS between sunitinib and pazopanib.
Recently, cabozantinib, another TKI, which acts against a broad range of targets such as
VEGEFR, MET and AXL, has been approved by the Food and Drug Administration (FDA)
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for first-line treatment in patients with advanced ccRCC. Cabozantinib was compared to
sunitinib as initial therapy in a randomized phase 2 CABOSUN study, and it showed a
prolonged PFS in patients with poor/intermediate-risk disease [126]. Lenvatinib is another
TKI that blocks VEGFR, and it is used in combination with everolimus. This combination
is better than either agent alone in previously treated patients [126]. Two additional TKIs
are axitinib and sorafenib, but these are used as second-line agents after demonstrating
an improvement in terms of PFS [24]. Bevacizumab is a monoclonal antibody targeting
VEGFA approved in 2004. It has a consistent PES benefit in combination with IFN-o in
first-line treatments [127]. A novel inhibitor of VEGF receptor which has recently been
approved by the US FDA is tivozanib, which is used particularly in patients who relapse
after two or more prior systemic therapies [128].

Another therapeutic target is represented by HIF2x. Small-molecule inhibitors of
HIF2« that allosterically disrupt its heterodimerization with HIF1(3 have been identified. In
particular, PT2385 was the first inhibitor tested in humans and then improved by developing
a second-generation small-molecule antagonist of HIF2«, belzutifan (MK-6482), which has
received the FDA approval in August 2021 [129].

The mTOR signaling pathway represents an additional promising therapeutic target,
since some ccRCCs show mutations in genes encoding components of mTOR pathway.
mTOR is a serine/threonine kinase that forms two complexes: mTORC1 and mTORC?2.
The drugs everolimus and temsirolimus, which act by inhibiting mTORC1 and thereby
decreasing the translation of mRNAs that encode proteins involved in cell survival and pro-
liferation, and angiogenesis have been approved for the treatment of advanced ccRCC [130].

Further strategy to treat ccRCC is immunotherapy, which consists in the use of
medicines in order to boost a person’s own immune system to recognize and destroy
cancer cells more effectively. The immune system uses checkpoints, which are proteins
on immune cells needing to be turned on (or off) to start an immune response. Kidney
cancer cells use these checkpoints to avoid being attacked by the immune system. However,
these drugs target the checkpoint proteins, thus helping to restore the immune response
against cancer cells. For a long time, the cytokine IL-2 has been used in high doses, but due
to its toxicity and the absence of predictive biomarkers, checkpoint inhibitors have been
considered [92,131].

Checkpoint inhibitors target immune checkpoint receptors or ligands, among which
PD-1 receptor and its ligands PDL-1/12, and CTLA-4 receptor and its ligands CD80/86
that reduce T-cell activation and cause cancer cell immunotolerance. Pembrolizumab and
nivolumab are drugs that target PD-1. Nivolumab was approved in 2015 after studies
demonstrating an improvement in overall survival compared with everolimus in patients
with metastatic ccRCC [132]. Pembrolizumab can be used in combination with axitinib or
levantinib in first-line treatment [133]. Nivolumab could be instead employed as second-
line treatment for patients with advanced ccRCC, but its combination with ipilimumab, an
inhibitor of CTLA-4, can be effective for patients with intermediate or poor risk disease
who have not received any treatment [126]. Additionally, the combination of nivolumab
and cabozantinib might be used as the first treatment in people with advanced kidney
cancer [134]. Avelumab is another PD-1 inhibitor that can be employed with axitinib as
first treatment in patients with advanced ccRCC [135].

In the last 15 years, therapies targeting VEGF pathway have been the most used
for the treatment of ccRCC; however, resistance to VEGF-targeted agents universally
develops. For this reason, several studies have been performed in order to evaluate the
combination of drugs, and the most promising ones are combinations of immune checkpoint
inhibitors with VEGF inhibitors or with another immune checkpoint inhibitor, such as
cabozantinib /nivolumab [92].



Cancers 2023, 15, 3207

13 of 24

Table 1. Molecular targets and relative drugs used for ccRCC management.

Molecular Target Drug Reference
Sunitinib [92]
Pazopanib [92]
Cabozantinib [126]
Lenvatinib [126]
VEGER Axitinib [24]
Sorafenib [24]
Bevacizumab [127]
Tivozanib [128]
PT2385 [129]
HIF2o Belzutifan (MK-6482) [129]
Everolimus [130]
mTOR Temsirolimus [130]
Nivolumab (PD-1) [132]
e e g ) Pembrolizumab (PD-1) [133]
Checkpoint inhibitors (PD-1 or CTLA-4) Avelumab (PD-1) [135]
Ipilimumab (CTLA-4) [126]

7. Novel Strategies

Recently, many efforts have been made to search for new diagnostic and prognostic
molecules that can be used for early diagnosis and to predict the prognosis of patients with
ccRCC. Another important goal of the search for new biomarkers is their potential use as
new therapeutic targets.

Several conceivable biomarkers have been recently investigated, although they all
require further validation studies before being adopted into clinical practice. However,
these emerging biomarkers may be useful for understanding the mechanisms of drug
resistance or for the development of new targeted therapies.

Many studies carried out to search for new molecular markers have been performed
both on tumor tissue samples and on clear cell renal cell carcinoma cell lines.

The SPARC/osteonectin, CWCV and Kazal-like domains proteoglycan 1 (SPOCK1) is
a proteoglycan which is involved in many types of cancer, including RCC. In particular,
it plays a key role in cell proliferation, apoptosis, adhesion and migration, and its overex-
pression contributes to metastasis formation and drug resistance. Higher levels of both
mRNA and protein have been demonstrated in ccRCC compared to healthy tissues, and this
overexpression is related to more advanced clinical stage, larger tumor size, lymph node
and distal metastases, as well as worse prognosis, with shorter OS and disease-free survival.
In vitro and in vivo assays evidenced that knockdown and overexpression of SPOCK1
inhibited and potentiated the proliferative and metastatic capacity of ccRCC cells, respec-
tively. SPOCKI has also been shown to stimulate the epithelial-mesenchymal transition
(EMT), thus promoting cancer cell invasion, correlating directly with the expression of mes-
enchymal markers and, inversely, with epithelial markers. In fact, its knockdown showed
an increase in epithelial markers such as E-cadherin, thus suggesting a reduced progression
of EMT, while an opposite effect was caused by SPOCK1 overexpression [136,137].

Extracellular matrix (ECM) modifications play a key role in several processes, in-
cluding tissue repair and cell proliferation and motility [138-141]. Interestingly, SPOCK1
has been shown to be involved in the regulation of matrix-degrading metalloproteinases
(MMPs), a family of proteolytic enzymes capable of degrading basement membrane and
extracellular matrix components, being therefore involved in metastasization. In particular,
MMP-2, MMP-9, MMP-14 and MMP-16 are required for EMT progression. In SPOCK1-
depleted ccRCC cell line CAKI-1, MMP-2, -3 and -9 were found downregulated, while only
MMP-2 was downregulated in SPOCK1-depleted 786-O ccRCC cell line, thus suggesting
MMP-2 as a general target in ccRCC cells. Overexpression of SPOCK1 has been shown to
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contribute to an increase in MMP-2 enzymatic activity and in the expression of its upstream
activators, such as MMP-14 and MMP-16, while the knockdown of SPOCK1 triggered their
decrease. Therefore, secreted SPOCK1 induces the MMP-14/MMP-16-MMP-2 axis and
because of this, promotes EMT, thus increasing the invasive capacity of ccRCC cells. The
SPOCK1-MMP-2 axis is related to a worse prognosis and can be considered as a specific
biomarker for the prediction of EMT-regulated invasion of ccRCC cells, as well as a possible
therapeutic target [137].

Another study evaluated MMP-2, MMP-9 and CD44 as possible prognostic biomarkers.
In particular, their immunohistochemical expression was analyzed in association with the
histopathological subtype of RCC (302 total cases, of which 243 ccRCC and 59 non-ccRCC).
CD44 binds to the extracellular matrix and acts as a platform for MMPs. Immunohistochem-
istry showed that there were no significant differences in CD44 expression between ccRCC
and non-ccRCC cases, while MMP-2 and MMP-9 were more expressed in non-ccRCC
cases. Moreover, MMP-2 overexpression was associated with a reduced risk of death in
patients. However, only the ccRCC and CD44 subtypes were independent risk factors
for patient death. A previous study showed that enhanced CD44 expression correlated
with shorter OS in ccRCC, thus considering it as an independent risk factor capable of
predicting recurrence-free survival, disease-specific survival and OS in patients with ccRCC.
In addition, CD44 expression was positively associated with MMP-2 and MMP-9 in the
ccRCC group, and correlated with nuclear grade, thus suggesting the contribution of these
molecular markers to aggressiveness in ccRCC [142,143].

Another potential marker recently investigated is G2 and S-phase expressed 1 (GTSE1),
which acts as an oncogene, promoting cell proliferation, migration and invasion, and
regulating EMT. The GTSE1 protein is linked to the cell cycle and expressed in the G2
and S phases. It is found co-localized in microtubules and tubulin and plays a key role in
chromosomal alignment. In ccRCC, mRNA and GTSE1 protein levels were higher than in
normal tissues and cells, and related to poor patient survival. Through GTSE1 knockdown
experiments, an inhibition of cell proliferation, migration and invasion and an activation of
apoptosis have been demonstrated. GTSE1 works by regulating the expression of Kriippel-
like factor 4 (KLF4), which is a tumor suppressor. KLF4 silencing has been shown to
rescue the inhibition of cell migration caused by GTSE1 knockdown and to reverse EMT.
GTSE1 expression levels are related to OS and disease-free survival, and furthermore, could
be used as a novel biomarker for patient prognosis and as a new therapeutic target for
ccRCC [144].

Molecule interacting with CasL-like protein 2 (MICALL2) is a cytoskeleton regulator
that has been associated with the tumorigenic ability in many malignancies [145]. In partic-
ular, previous studies have shown that it promotes ccRCC malignancy by inducing EMT,
such as SPOCK1 and GTSE1. MICALL2 is more expressed in ccRCC tissues and cell lines
compared to healthy tissue and normal renal tubular epithelial cell lines and it was shown
to have a predictive function in ccRCC carcinogenesis; in fact, MICALL2 overexpression
led to enhanced cell proliferation, migration and invasion, while its knockdown had an
opposite effect. Moreover, in vivo experiments have revealed that an increased expression
of MICALL2 contributes to tumor growth and expansion. Similar to the others listed so
far, it can therefore be considered a new prognostic marker and a potential therapeutic
target [146].

Many other proteins, which are involved in the development and growth of ccRCC,
have been studied in recent years; for example, A disintegrin and metalloproteinase-12
(ADAM12), which belongs to the type I transmembrane protein family. This protein has
an oncogenic role, such as SPOCK1 and GTSE1, and its high expression is an indicator of
poor overall survival. ADAMs are able to regulate cell adhesion, migration and signaling,
as well as proteolysis. These proteins have different types of substrates, including cancer-
related proteins, such as NOTCH receptor and ligand, epidermal growth factor receptor
(EGFR) ligand, interleukin-6 receptor (IL-6R), tumor necrosis factor (TNF) and its receptor,
E-cadherin and CD44 [147]. ADAM dysregulation is linked to the initiation and progression
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of tumors. In particular, ADAM12 is upregulated in both ccRCC tissues and cells and is
correlated with gender, TNM stage and tumor grade. ADAM12 overexpression was shown
to promote tumor growth and metastasis, while its knockdown had a reverse effect, thus
inhibiting cell proliferation, migration and invasion. Being a secreted protein, it can be
detected in blood and body fluids, and this makes it a good tumor marker candidate [148].

Spermatogenesis associated 18 (SPATA18) and EF-hand domain family member D1
(EFHD1), as opposed to SPOCK1, GTSE1 and ADAM12, are two tumor suppressors both in-
volved in mitochondria functions. In particular, SPATA1S, also called mitochondria-eating
protein (MIEAP), is a p53-inducible protein which contributes to maintaining mitochon-
drial health by inducing lysosome-like organelles within mitochondria, thus leading to the
elimination of oxidized mitochondrial proteins and improving mitochondrial functions.
In a study by Lingui et al., SPATA18 was found to be overexpressed in ccRCC tissues
compared to normal ones and its expression was associated with a better prognosis in
ccRCC patients, thus suggesting its potential use not only as a diagnostic and positive prog-
nostic biomarker, but also in ccRCC treatment, given its tumor suppressive function [149].
As concerns EFHD], it is a mitochondrial enzyme that regulates calcium ions, which are
second messengers and play a fundamental role in regulating cell functions. Mitochon-
dria accumulate calcium ions to maintain their balance in the cytoplasm. Alterations in
mitochondrial calcium influence malignant transformation and tumor progression. EFHD1
binds to the core of mitochondrial calcium uniporter (MCU), which is the main calcium
transporter, through its N-terminal domain and this binding prevents the uptake of Ca®* in
the mitochondria. Since MCU levels are positively correlated with Ca?* absorption, ROS
production and propensity for metastatic dissemination, its inhibition, caused by EFHD1
binding, blocks Ca?*.absorption by mitochondria. In ccRCC tissues, EFHD1 was found
downregulated at both mRNA and protein levels. Given that a reduced expression of
EFHD1 was correlated with an unfavorable outcome, the enzyme is considered a promising
prognostic factor [150].

Recent studies have shown that pathological behaviors of cancer cells, such as inva-
sion and metastatic spreading, may also depend on the coordination of the membrane
and actin cytoskeleton. ArfGAP with GTPase domain, ankyrin repeat and PH domain
2 (AGAP2) belongs to the AGAP family, including members involved in membrane and
actin cytoskeleton changes, which are essential for normal physiological functions. Arf
GTPase-activating proteins have been shown to be aberrantly expressed in several tumors
and, in ¢ccRCC, an overexpression of AGAP2 related to a reduction in overall survival
has been demonstrated by means of immunohistochemistry. Moreover, overexpression is
associated with clinical stage, poor prognosis and immune cell infiltration. AGAP2 may
therefore be a valid prognostic biomarker. Given its ability to influence the abundance of
immune cell infiltration, it can also become an important component for patients receiving
precision cancer therapy [151].

Cytoskeleton-associated protein 2-like (CKAP2L) is a mitotic spindle protein encoded
by the CKAP2L gene, whose mutations cause spindle organization defects. CKAP2L is
associated with disease progression and prognosis in different types of cancer. Particularly,
in ccRCC, its level of expression appears to be linked to the TNM stage and to a worse
prognosis. In one study, it was suggested that its knockdown induces cell cycle arrest in the
G2/M phase. In addition, since CKAP2L is correlated with numerous immune checkpoint
inhibitor genes, it could indirectly affect immune system functions, thus favoring ccRCC
development [152].

PICALM interacting mitotic regulator (PIMREG) is a mitotic regulator which has a key
role in the metaphase-to-anaphase transition during the cell cycle. A high expression of
PIMREG was evidenced in ccRCC by means of qRT-PCR. Moreover, its levels are positively
correlated with tumor stage and grade, and thus, with a poor prognosis. In addition,
knockdown experiments were performed, which demonstrated a significant inhibition of
cell proliferation, migration and invasion and a slowing down of the cell cycle. PIMREG
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could therefore be used as a prognostic biomarker, and it could become a new potential
therapeutic target [153].

Among the conceivable therapeutic targets in ccRCC, the enzyme nicotinamide N-
methyltransferase (NNMT) has been shown to display a good potential as biomarker and
therapeutic target. NNMT is a phase II drug metabolizing enzyme which methylates the
nicotinamide to N1-methylnicotinamide [154]. Due to its role in nicotinamide homeostasis,
its activity has a great impact on NAD* homeostasis, NAD"-related enzymes and epige-
netic regulation [63,155,156]. An overexpression of the enzyme has been observed in a
number of solid malignancies, including gastric cancer, head and neck cancer, skin cancers,
breast cancer, glioma and prostate cancer [157-163]. Remarkably, a NNMT overexpression
has been reported in ccRCC compared to other renal cancers, and enzyme levels were
significantly higher in small samples rather than large size tumors [164]. Furthermore, in
another study, enzyme levels were associated with a poor prognosis of ccRCC patients [165].
Notably, due to enhanced differential expression between RCC subtypes and healthy tissue
detected through several techniques such as immunohistochemistry, ELISA and proteomic
analysis, NNMT has been proposed as a biomarker for the diagnosis of the main RCC sub-
types, in combination with other markers [166-168]. Furthermore, several in vitro studies
reported that NNMT downregulation was associated with a decreased proliferation and
invasiveness in ccRCC cells [166,169-172]. In the light of these observations, the enzyme
seems to be a promising diagnostic and prognostic biomarker, which could be also utilized
as a therapeutic target due to the large number of NNMT inhibitors available and currently
tested for cancer treatment [173-178].

Two other new molecules studied in the last period were found to be 2 potential
immunotherapeutic targets: guanylate-binding protein 2 (GBP2) and B7-H3. GBP2 belongs
to the family of interferon-induced GTPases and it was found to be highly expressed in
several types of cancer with poor prognostic outcome. It has been shown in several studies
that GBP2 models the immune microenvironment of the tumor and that its degree of ex-
pression is correlated with the rate of immune infiltration. In ccRCC, immunosuppressive
cell infiltration represents a marker of altered therapeutic efficacy. Since not all patients
respond to immune checkpoint blockade, the identification of reliable biomarkers of re-
sponse to checkpoint block is vital to facilitate the improvement of the clinical efficacy of
these therapies. In sarcomas, breast cancer and colorectal cancer, GBP2 shapes the immune
microenvironment, and an elevated GBP2 expression is related to a favorable response to
anti-PD1 therapy and to tumor-infiltrating T cells. Through the regulation of the tumor
immune microenvironment, GBP2 can influence the prognosis of various malignancies.
GBP2 expression is induced by interferon-y (IFN-y), which increases the expression of
the PD-L1 ligand through the signal transducer and activator of transduction pathway 1
(STAT1), thus promoting tumor immune escape. By regulating PD-L1 expression through
the STAT1 pathway, GBP2 promotes immune evasion, and it therefore indicates a worse
prognosis for ccRCC patients. In addition to being a negative prognostic marker, GBP2
can be considered a potential immunotherapy target in ccRCC [179]. B7-H3 is instead a
member of the B7 family of proteins and is an immune checkpoint molecule expressed in
the immune microenvironment, in both cancer and immune cells. As concerns the tumor
context, B7-H3 has been associated with tumor cell proliferation, metastasization and resis-
tance to therapy. Normal and tumor tissues have shown a substantial difference in protein
expression levels, thus suggesting the suitability of B7-H3 as a therapeutic target. In the
cited study, no correlation was found between the expression levels of CTLA-4 and B7-H3,
which was instead associated with PD-L1 expression. Moreover, immunohistochemistry
showed a poor correlation between B7-H3 and PFS. B7-H3 could be important for the devel-
opment of new immunotherapy treatments, as immunotherapy using the B7-H3 pathway
is effective with the simultaneous use of both chemotherapy and radiotherapy [180].

The high frequency of occurrence of ccRCC in male patients compared to females
could in part be explained by the mounting evidence that androgen-receptors function as an
oncogene in ccRCC, fostering progression and hematogenous metastasis. This observation
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led to the hypothesis that the use of anti-androgen receptors could represent a possible
therapeutic strategy to be explored [181-183].

8. Conclusions

ccRCC is characterized by high aggressiveness, invasiveness and metastatic poten-
tial, features that are associated with chemoresistance and radioresistance and which are
responsible for the poor prognosis and high mortality rate of this malignancy. In this
review, we highlighted the most novel biomarkers that could contribute to better prognosis
assessment, as well as promising molecular markers which could be exploited for targeted
therapies. Nonetheless, it is important to pursue the identification of new biomarkers with
high precision and sensitivity in order to improve the outcome of ccRCC patients.

Author Contributions: Conceptualization, E.S. and M.E,; data curation, V.P., M.C., GM. and A.B.G,;
writing—original draft preparation, V.S. and R.C.; writing—review and editing, D.S. and E.S.; super-
vision, M.E. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

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

References

1. Hsieh, J.J.; Purdue, M.P,; Signoretti, S.; Swanton, C.; Albiges, L.; Schmidinger, M.; Heng, D.Y.; Larkin, J.; Ficarra, V. Renal cell
carcinoma. Nat. Rev. Dis. Prim. 2017, 3, 17009. [CrossRef] [PubMed]

2. Padala, S.A.; Barsouk, A.; Thandra, K.C.; Saginala, K.; Mohammed, A.; Vakiti, A.; Rawla, P; Barsouk, A. Epidemiology of Renal
Cell Carcinoma. World J. Oncol. 2020, 11, 79-87. [CrossRef]

3. Ricketts, C.].; De Cubas, A.A.; Fan, H.; Smith, C.C.; Lang, M.; Reznik, E.; Bowlby, R.; Gibb, E.A.; Akbani, R.; Beroukhim, R.; et al.
The Cancer Genome Atlas Comprehensive Molecular Characterization of Renal Cell Carcinoma. Cell Rep. 2018, 23, 313-326.
[CrossRef]

4. Weaver, C,; Bin Satter, K.; Richardson, K.P; Tran, L. K.H.; Tran, PM.H.; Purohit, S. Diagnostic and Prognostic Biomarkers in Renal
Clear Cell Carcinoma. Biomedicines 2022, 10, 2953. [CrossRef] [PubMed]

5. Jonasch, E.; Walker, C.L.; Rathmell, WK. Clear cell renal cell carcinoma ontogeny and mechanisms of lethality. Nat. Rev. Nephrol.
2021, 17, 245-261. [CrossRef]

6.  Mattila, K.E.; Vainio, P.; Jaakkola, PM. Prognostic Factors for Localized Clear Cell Renal Cell Carcinoma and Their Application in
Adjuvant Therapy. Cancers 2022, 14, 239. [CrossRef]

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

8. Jonasch, E.; Gao, J.; Rathmell, WK. Renal cell carcinoma. BM] 2014, 349, g4797. [CrossRef]

9. Studentova, H.; Rusarova, N.; Ondruskova, A.; Zemankova, A.; Student, V., Jr.; Skanderova, D.; Melichar, B. The Role of
Cytoreductive Nephrectomy in Renal Cell Carcinoma with Sarcomatoid Histology: A Case Series and Review of the Literature.
Curr. Oncol. 2022, 29, 5475-5488. [CrossRef] [PubMed]

10. Shuch, B.; Zhang, J. Genetic Predisposition to Renal Cell Carcinoma: Implications for Counseling, Testing, Screening, and
Management. J. Clin. Oncol. 2018, 36, 3560-3566. [CrossRef]

11.  Gerlinger, M.; Horswell, S.; Larkin, J.; Rowan, A.].; 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]

12.  Bahadoram, S.; Davoodi, M.; Hassanzadeh, S.; Bahadoram, M.; Barahman, M.; Mafakher, L. Renal cell carcinoma: An overview of
the epidemiology, diagnosis, and treatment. G. Ital. Nefrol. 2022, 39, 1-16.

13. Linehan, W.M.; Rouault, T.A. Molecular Pathways: Fumarate hydratase-deficient kidney cancer—Targeting the warburg effect in
cancer. Clin. Cancer Res. 2013, 19, 3345-3352. [CrossRef] [PubMed]

14. Klatte, T.; Pantuck, A.J; Said, ].W.; Seligson, D.B.; Rao, N.P.; LaRochelle, ].C.; Shuch, B.; Zisman, A.; Kabbinavar, EF.; Belldegrun,
A.S. Cytogenetic and molecular tumor profiling for type 1 and type 2 papillary renal cell carcinoma. Clin. Cancer Res. 2009, 15,
1162-1169. [CrossRef] [PubMed]

15. Matsui, K.; Uchida, K.; Kanai, M.; Asakawa, K.; Usui, M.; Murata, T. A case of primary renal oncocytic tumor: Chromophobe
renal cell carcinoma or oncocytoma? IJU Case Rep. 2023, 6, 18-21. [CrossRef]

16. Pavlovich, C.P; Walther, M.M.; Eyler, R.A.; Hewitt, 5S.M.; Zbar, B.; Linehan, W.M.; Merino, M.]J. Renal Tumors in the Birt-Hogg-
Dubé Syndrome. Am. J. Surg. Pathol. 2002, 26, 1542-1552. [CrossRef]

17.  Cancer Genome Atlas Research, N. Comprehensive molecular characterization of clear cell renal cell carcinoma. Nature 2013,
499, 43-49. [CrossRef]

18. Sato, Y.; Yoshizato, T.; Shiraishi, Y.; Maekawa, S.; Okuno, Y.; Kamura, T.; Shimamura, T.; Sato-Otsubo, A.; Nagae, G.; Suzuki,

H.; et al. Integrated molecular analysis of clear-cell renal cell carcinoma. Nat. Genet. 2013, 45, 860-867. [CrossRef]


https://doi.org/10.1038/nrdp.2017.9
https://www.ncbi.nlm.nih.gov/pubmed/28276433
https://doi.org/10.14740/wjon1279
https://doi.org/10.1016/j.celrep.2018.03.075
https://doi.org/10.3390/biomedicines10112953
https://www.ncbi.nlm.nih.gov/pubmed/36428521
https://doi.org/10.1038/s41581-020-00359-2
https://doi.org/10.3390/cancers14010239
https://doi.org/10.1016/S0140-6736(15)00046-X
https://doi.org/10.1136/bmj.g4797
https://doi.org/10.3390/curroncol29080433
https://www.ncbi.nlm.nih.gov/pubmed/36005171
https://doi.org/10.1200/JCO.2018.79.2523
https://doi.org/10.1038/ng.2891
https://doi.org/10.1158/1078-0432.CCR-13-0304
https://www.ncbi.nlm.nih.gov/pubmed/23633457
https://doi.org/10.1158/1078-0432.CCR-08-1229
https://www.ncbi.nlm.nih.gov/pubmed/19228721
https://doi.org/10.1002/iju5.12535
https://doi.org/10.1097/00000478-200212000-00002
https://doi.org/10.1038/nature12222
https://doi.org/10.1038/ng.2699

Cancers 2023, 15, 3207 18 of 24

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.
40.

41.

42.

43.

44.

45.

46.

Mazzucchelli, R.; Marzioni, D.; Tossetta, G.; Pepi, L.; Montironi, R. Bladder Cancer Sample Handling and Reporting: Pathologist’s
Point of View. Front. Surg. 2021, 8, 754741. [CrossRef]

Tossetta, G.; Fantone, S.; Gesuita, R.; Montironi, R.; Marzioni, D.; Mazzucchelli, R. AT-rich interactive domain 1A (ARID1A)
cannot be considered a morphological marker for prostate cancer progression: A pilot study. Acta Histochem. 2022, 124, 151847.
[CrossRef]

Tossetta, G. Metformin Improves Ovarian Cancer Sensitivity to Paclitaxel and Platinum-Based Drugs: A Review of In Vitro
Findings. Int. ]. Mol. Sci. 2022, 23, 12893. [CrossRef]

Altobelli, E.; Latella, G.; Morroni, M.; Licini, C.; Tossetta, G.; Mazzucchelli, R.; Profeta, V.E; Coletti, G.; Leocata, P.; Castellucci,
M.; et al. Low HtrA1 expression in patients with long-standing ulcerative colitis and colorectal cancer. Oncol. Rep. 2017, 38,
418-426. [CrossRef] [PubMed]

Campagna, R.; Pozzi, V.; Giorgini, S.; Morichetti, D.; Goteri, G.; Sartini, D.; Serritelli, E.N.; Emanuelli, M. Paraoxonase-2 is
upregulated in triple negative breast cancer and contributes to tumor progression and chemoresistance. Hum. Cell 2023, 36,
1108-1119. [CrossRef] [PubMed]

Makhov, P; Joshi, S.; Ghatalia, P.; Kutikov, A.; Uzzo, R.G.; Kolenko, V.M. Resistance to Systemic Therapies in Clear Cell Renal Cell
Carcinoma: Mechanisms and Management Strategies. Mol. Cancer Ther. 2018, 17, 1355-1364. [CrossRef]

Carmichael, ].W., Jr.; Bauer, ].D.; Hunter, J.R.; Labat, D.D.; Sevenair, ].P. An assessment of a premedical program in terms of its
ability to serve black Americans. J. Natl. Med. Assoc. 1988, 80, 1094-1104. [PubMed]

Makino, T.; Kadomoto, S.; Izumi, K.; Mizokami, A. Epidemiology and Prevention of Renal Cell Carcinoma. Cancers 2022, 14, 4059.
[CrossRef]

Ricketts, C.J.; Linehan, WM. Gender Specific Mutation Incidence and Survival Associations in Clear Cell Renal Cell Carcinoma
(CCRCC). PLoS ONE 2015, 10, e0140257. [CrossRef]

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

Siegel, R.L.; Miller, K.D.; Wagle, N.S.; Jemal, A. Cancer statistics, 2023. CA Cancer J. Clin. 2023, 73, 17-48. [CrossRef]

Yang, F.; Chen, Y.; Luo, L.; Nong, S.; Li, T. circFOXO3 Induced by KLF16 Modulates Clear Cell Renal Cell Carcinoma Growth
and Natural Killer Cell Cytotoxic Activity through Sponging miR-29a-3p and miR-122-5p. Dis. Markers 2022, 2022, 6062236.
[CrossRef]

Warren, A.Y.; Harrison, D. WHO/ISUP classification, grading and pathological staging of renal cell carcinoma: Standards and
controversies. World J. Urol. 2018, 36, 1913-1926. [CrossRef]

Ding, R.; Wei, H.; Jiang, X.; Wei, L.; Deng, M.; Yuan, H. Prognosis and pain dissection of novel signatures in kidney renal clear cell
carcinoma based on fatty acid metabolism-related genes. Front. Oncol. 2022, 12, 1094657. [CrossRef]

Qu, G,; Liu, L,; Yi, L.; Tang, C.; Yang, G.; Chen, D.; Xu, Y. Prognostic prediction of clear cell renal cell carcinoma based on lipid
metabolism-related IncRNA risk coefficient model. Front. Genet. 2022, 13, 1040421. [CrossRef]

Xiao, Y.; Meierhofer, D. Glutathione Metabolism in Renal Cell Carcinoma Progression and Implications for Therapies. Int. J. Mol.
Sci. 2019, 20, 3672. [CrossRef]

Kase, A.M.; George, D.J.; Ramalingam, S. Clear Cell Renal Cell Carcinoma: From Biology to Treatment. Cancers 2023, 15, 665.
[CrossRef]

Liao, Z.; Wang, D.; Song, N.; Xu, Y.; Ge, H.; Peng, Z. Prognosis of clear cell renal cell carcinoma patients stratified by age: A
research relied on SEER database. Front. Oncol. 2022, 12, 975779. [CrossRef] [PubMed]

Padala, S.A.; Kallam, A. Clear Cell Renal Carcinoma. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2023.
Haggstrom, C.; Rapp, K.; Stocks, T.; Manjer, J.; Bjorge, T.; Ulmer, H.; Engeland, A.; Almqvist, M.; Concin, H.; Selmer, R.; et al.
Metabolic factors associated with risk of renal cell carcinoma. PLoS ONE 2013, 8, €57475. [CrossRef] [PubMed]

Iiopoulos, O. Diseases of Hereditary Renal Cell Cancers. Urol. Clin. N. Am. 2023, 50, 205-215. [CrossRef] [PubMed]

Chawla, N.S.; Sayegh, N.; Prajapati, S.; Chan, E.; Pal, S.K.; Chehrazi-Raffle, A. An Update on the Treatment of Papillary Renal
Cell Carcinoma. Cancers 2023, 15, 565. [CrossRef]

Bukavina, L.; Bensalah, K.; Bray, F.; Carlo, M.; Challacombe, B.; Karam, J.A.; Kassouf, W.; Mitchell, T.; Montironi, R.; O’Brien,
T.; et al. Epidemiology of Renal Cell Carcinoma: 2022 Update. Eur. Urol. 2022, 82, 529-542. [CrossRef]

Batai, K.; Harb-De la Rosa, A.; Lwin, A.; Chaus, F.; Gachupin, F.C.; Price, E.; Lee, B.R. Racial and Ethnic Disparities in Renal Cell
Carcinoma: An Analysis of Clinical Characteristics. Clin. Genitourin. Cancer 2019, 17, e195-€202. [CrossRef] [PubMed]

Sims, ].N.; Yedjou, C.G.; Abugri, D.; Payton, M.; Turner, T.; Miele, L.; Tchounwou, P.B. Racial Disparities and Preventive Measures
to Renal Cell Carcinoma. Int. |. Environ. Res. Public Health 2018, 15, 1089. [CrossRef] [PubMed]

Mazumder, S.; Higgins, P.J.; Samarakoon, R. Downstream Targets of VHL/HIF-« Signaling in Renal Clear Cell Carcinoma
Progression: Mechanisms and Therapeutic Relevance. Cancers 2023, 15, 1316. [CrossRef]

Rai, K; Pilarski, R.; Cebulla, C.M.; Abdelrahman, M.H. Comprehensive review of BAP1 tumor predisposition syndrome with
report of two new cases. Clin. Genet. 2016, 89, 285-294. [CrossRef] [PubMed]

Gill, AJ.; Hes, O.; Papathomas, T.; Sedivcova, M.; Tan, PH.; Agaimy, A.; Andresen, P.A.; Kedziora, A.; Clarkson, A.; Toon,
C.W.; et al. Succinate dehydrogenase (SDH)-deficient renal carcinoma: A morphologically distinct entity: A clinicopathologic
series of 36 tumors from 27 patients. Am. J. Surg. Pathol. 2014, 38, 1588-1602. [CrossRef] [PubMed]


https://doi.org/10.3389/fsurg.2021.754741
https://doi.org/10.1016/j.acthis.2022.151847
https://doi.org/10.3390/ijms232112893
https://doi.org/10.3892/or.2017.5700
https://www.ncbi.nlm.nih.gov/pubmed/28586045
https://doi.org/10.1007/s13577-023-00892-9
https://www.ncbi.nlm.nih.gov/pubmed/36897549
https://doi.org/10.1158/1535-7163.MCT-17-1299
https://www.ncbi.nlm.nih.gov/pubmed/3249314
https://doi.org/10.3390/cancers14164059
https://doi.org/10.1371/journal.pone.0140257
https://doi.org/10.1016/j.eururo.2015.01.005
https://doi.org/10.3322/caac.21763
https://doi.org/10.1155/2022/6062236
https://doi.org/10.1007/s00345-018-2447-8
https://doi.org/10.3389/fonc.2022.1094657
https://doi.org/10.3389/fgene.2022.1040421
https://doi.org/10.3390/ijms20153672
https://doi.org/10.3390/cancers15030665
https://doi.org/10.3389/fonc.2022.975779
https://www.ncbi.nlm.nih.gov/pubmed/36313677
https://doi.org/10.1371/journal.pone.0057475
https://www.ncbi.nlm.nih.gov/pubmed/23468995
https://doi.org/10.1016/j.ucl.2023.01.010
https://www.ncbi.nlm.nih.gov/pubmed/36948667
https://doi.org/10.3390/cancers15030565
https://doi.org/10.1016/j.eururo.2022.08.019
https://doi.org/10.1016/j.clgc.2018.10.012
https://www.ncbi.nlm.nih.gov/pubmed/30459061
https://doi.org/10.3390/ijerph15061089
https://www.ncbi.nlm.nih.gov/pubmed/29843394
https://doi.org/10.3390/cancers15041316
https://doi.org/10.1111/cge.12630
https://www.ncbi.nlm.nih.gov/pubmed/26096145
https://doi.org/10.1097/PAS.0000000000000292
https://www.ncbi.nlm.nih.gov/pubmed/25025441

Cancers 2023, 15, 3207 19 of 24

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

van der Tuin, K.; Tops, CM.].; Adank, M.A.; Cobben, J.-M.; Hamdy, N.A.T.; Jongmans, M.C.; Menko, FEH.; van Nesselrooij, B..M.;
Netea-Maier, R.T.; Oosterwijk, J.C.; et al. CDC73-Related Disorders: Clinical Manifestations and Case Detection in Primary
Hyperparathyroidism. J. Clin. Endocrinol. Metab. 2017, 102, 4534-4540. [CrossRef]

Carlo, M.I,; Hakimi, A.A.; Stewart, G.D.; Bratslavsky, G.; Brugarolas, J.; Chen, Y.B.; Linehan, W.M.; Maher, E.R.; Merino, M.J.;
Offit, K.; et al. Familial Kidney Cancer: Implications of New Syndromes and Molecular Insights. Eur. Urol. 2019, 76, 754-764.
[CrossRef]

Courthod, G.; Tucci, M.; Di Maio, M.; Scagliotti, G.V. Papillary renal cell carcinoma: A review of the current therapeutic landscape.
Crit. Rev. Oncol. Hematol. 2015, 96, 100-112. [CrossRef]

Ooi, A. Advances in hereditary leiomyomatosis and renal cell carcinoma (HLRCC) research. Semin. Cancer Biol. 2020, 61, 158-166.
[CrossRef]

Ross, R.K,; Paganini-Hill, A.; Landolph, J.; Gerkins, V.; Henderson, B.E. Analgesics, cigarette smoking, and other risk factors for
cancer of the renal pelvis and ureter. Cancer Res 1989, 49, 1045-1048.

Hunt, ].D.; van der Hel, O.L.; McMillan, G.P,; Boffetta, P.; Brennan, P. Renal cell carcinoma in relation to cigarette smoking:
Meta-analysis of 24 studies. Int. J. Cancer 2005, 114, 101-108. [CrossRef]

Patel, N.H.; Attwood, K.M.; Hanzly, M.; Creighton, T.T.; Mehedint, D.C.; Schwaab, T.; Kauffman, E.C. Comparative Analysis of
Smoking as a Risk Factor among Renal Cell Carcinoma Histological Subtypes. J. Urol. 2015, 194, 640-646. [CrossRef]

Yang, J.; Wang, K.; Yang, Z. Treatment strategies for clear cell renal cell carcinoma: Past, present and future. Front. Oncol. 2023, 13,
1133832. [CrossRef] [PubMed]

Callahan, C.L.; Hofmann, ].N.; Corley, D.A.; Zhao, W.K.; Shuch, B.; Chow, W.-H.; Purdue, M.P. Obesity and renal cell carcinoma
risk by histologic subtype: A nested case-control study and meta-analysis. Cancer Epidemiol. 2018, 56, 31-37. [CrossRef]
Macleod, L.C.; Hotaling, ].M.; Wright, J.L.; Davenport, M.T.; Gore, ].L.; Harper, J.; White, E. Risk factors for renal cell carcinoma in
the VITAL study. J. Urol. 2013, 190, 1657-1661. [CrossRef] [PubMed]

Moore, L.E.; Boffetta, P.; Karami, S.; Brennan, P; Stewart, P.S.; Hung, R.; Zaridze, D.; Matveev, V.; Janout, V.; Kollarova, H.; et al.
Occupational trichloroethylene exposure and renal carcinoma risk: Evidence of genetic susceptibility by reductive metabolism
gene variants. Cancer Res 2010, 70, 6527-6536. [CrossRef] [PubMed]

Choueiri, T.K;; Je, Y.; Cho, E. Analgesic use and the risk of kidney cancer: A meta-analysis of epidemiologic studies. Int. J. Cancer
2014, 134, 384-396. [CrossRef]

Colt, ].S.; Schwartz, K.; Graubard, B.I,; Davis, F.; Ruterbusch, J.; DiGaetano, R.; Purdue, M.; Rothman, N.; Wacholder, S.; Chow,
W.-H. Hypertension and risk of renal cell carcinoma among white and black Americans. Epidemiology 2011, 22, 797-804. [CrossRef]
[PubMed]

Hidayat, K.; Du, X.; Zou, S.Y.; Shi, B.M. Blood pressure and kidney cancer risk: Meta-analysis of prospective studies. . Hypertens.
2017, 35, 1333-1344. [CrossRef]

Ebert, T.; Neytchev, O.; Witasp, A.; Kublickiene, K.; Stenvinkel, P.; Shiels, P.G. Inflammation and Oxidative Stress in Chronic
Kidney Disease and Dialysis Patients. Antioxid. Redox Signal. 2021, 35, 1426-1448. [CrossRef]

Tossetta, G.; Marzioni, D. Targeting the NRF2/KEAP1 pathway in cervical and endometrial cancers. Eur. |. Pharmacol. 2023, 941,
175503. [CrossRef]

Campagna, R.; Mateuszuk, L.; Wojnar-Lason, K.; Kaczara, P.; Tworzydlo, A.; Kij, A.; Bujok, R.; Mlynarski, J.; Wang, Y.; Sartini,
D.; et al. Nicotinamide N-methyltransferase in endothelium protects against oxidant stress-induced endothelial injury. Biochim.
Biophys. Acta Mol. Cell Res. 2021, 1868, 119082. [CrossRef] [PubMed]

Tossetta, G.; Marzioni, D. Natural and synthetic compounds in Ovarian Cancer: A focus on NRF2/KEAP1 pathway. Pharmacol.
Res. 2022, 183, 106365. [CrossRef] [PubMed]

Ranasinghe, R.; Mathai, M.; Zulli, A. Cytoprotective remedies for ameliorating nephrotoxicity induced by renal oxidative stress.
Life Sci. 2023, 318, 121466. [CrossRef] [PubMed]

Tossetta, G.; Fantone, S.; Montanari, E.; Marzioni, D.; Goteri, G. Role of NRF2 in Ovarian Cancer. Antioxidants 2022, 11, 663.
[CrossRef] [PubMed]

Ishikane, S.; Takahashi-Yanaga, F. The role of angiotensin II in cancer metastasis: Potential of renin-angiotensin system blockade
as a treatment for cancer metastasis. Biochem. Pharmacol. 2018, 151, 96-103. [CrossRef]

Graff, RE; Sanchez, A.; Tobias, D.K.; Rodriguez, D.; Barrisford, G.W.; Blute, M.L.; Li, Y.; Sun, Q.; Preston, M.A.; Wilson, K.M.; et al.
Type 2 Diabetes in Relation to the Risk of Renal Cell Carcinoma Among Men and Women in Two Large Prospective Cohort
Studies. Diabetes Care 2018, 41, 1432-1437. [CrossRef]

Bao, C.; Yang, X.; Xu, W.; Luo, H.; Xu, Z.; Su, C.; Qi, X. Diabetes mellitus and incidence and mortality of kidney cancer: A
meta-analysis. J. Diabetes Its Complicat. 2013, 27, 357-364. [CrossRef]

Zhang, Q.; Chen, P; Tian, R.; He, J.; Han, Q.; Fan, L. Metabolic Syndrome is an Independent Risk Factor for Fuhrman Grade and
TNM Stage of Renal Clear Cell Carcinoma. Int. J. Gen. Med. 2022, 15, 143-150. [CrossRef]

Morrissey, J.J.; Kharasch, E.D. The Specificity of Urinary Aquaporin 1 and Perilipin 2 to Screen for Renal Cell Carcinoma. J. Urol.
2013, 189, 1913-1920. [CrossRef]

Escudier, B.; Porta, C.; Schmidinger, M.; Rioux-Leclercq, N.; Bex, A.; Khoo, V.; Griinwald, V.; Gillessen, S.; Horwich, A.; ESMO
Guidelines Committee. Renal cell carcinoma: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann.
Oncol. 2019, 30, 706-720. [CrossRef] [PubMed]


https://doi.org/10.1210/jc.2017-01249
https://doi.org/10.1016/j.eururo.2019.06.015
https://doi.org/10.1016/j.critrevonc.2015.05.008
https://doi.org/10.1016/j.semcancer.2019.10.016
https://doi.org/10.1002/ijc.20618
https://doi.org/10.1016/j.juro.2015.03.125
https://doi.org/10.3389/fonc.2023.1133832
https://www.ncbi.nlm.nih.gov/pubmed/37025584
https://doi.org/10.1016/j.canep.2018.07.002
https://doi.org/10.1016/j.juro.2013.04.130
https://www.ncbi.nlm.nih.gov/pubmed/23665301
https://doi.org/10.1158/0008-5472.CAN-09-4167
https://www.ncbi.nlm.nih.gov/pubmed/20663906
https://doi.org/10.1002/ijc.28093
https://doi.org/10.1097/EDE.0b013e3182300720
https://www.ncbi.nlm.nih.gov/pubmed/21881515
https://doi.org/10.1097/HJH.0000000000001286
https://doi.org/10.1089/ars.2020.8184
https://doi.org/10.1016/j.ejphar.2023.175503
https://doi.org/10.1016/j.bbamcr.2021.119082
https://www.ncbi.nlm.nih.gov/pubmed/34153425
https://doi.org/10.1016/j.phrs.2022.106365
https://www.ncbi.nlm.nih.gov/pubmed/35901941
https://doi.org/10.1016/j.lfs.2023.121466
https://www.ncbi.nlm.nih.gov/pubmed/36773693
https://doi.org/10.3390/antiox11040663
https://www.ncbi.nlm.nih.gov/pubmed/35453348
https://doi.org/10.1016/j.bcp.2018.03.008
https://doi.org/10.2337/dc17-2518
https://doi.org/10.1016/j.jdiacomp.2013.01.004
https://doi.org/10.2147/IJGM.S346972
https://doi.org/10.1016/j.juro.2012.11.034
https://doi.org/10.1093/annonc/mdz056
https://www.ncbi.nlm.nih.gov/pubmed/30788497

Cancers 2023, 15, 3207 20 of 24

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Zhang, C.; He, H.; Hu, X;; Liu, A.; Huang, D.; Xu, Y.; Chen, L.; Xu, D. Development and validation of a metastasis-associated
prognostic signature based on single-cell RNA-seq in clear cell renal cell carcinoma. Aging 2019, 11, 10183-10202. [CrossRef]
[PubMed]

Dudani, S.; de Velasco, G.; Wells, J.C.; Gan, C.L.; Donskov, E; Porta, C.; Fraccon, A.; Pasini, F.,; Lee, J.L.; Hansen, A.; et al.
Evaluation of Clear Cell, Papillary, and Chromophobe Renal Cell Carcinoma Metastasis Sites and Association with Survival.
JAMA Netw. Open 2021, 4, €2021869. [CrossRef] [PubMed]

Rossi, S.H.; Prezzi, D.; Kelly-Morland, C.; Goh, V. Imaging for the diagnosis and response assessment of renal tumours. Worid J.
Urol. 2018, 36, 1927-1942. [CrossRef]

Volpe, A.; Kachura, ].R.; Geddie, WR; Evans, A ].; Gharajeh, A.; Saravanan, A.; Jewett, M.A. Techniques, Safety and Accuracy of
Sampling of Renal Tumors by Fine Needle Aspiration and Core Biopsy. J. Urol. 2007, 178, 379-386. [CrossRef]

Ballman, K.V. Biomarker: Predictive or Prognostic? J. Clin. Oncol. 2015, 33, 3968-3971. [CrossRef]

Klatte, T.; Rossi, S.H.; Stewart, G.D. Prognostic factors and prognostic models for renal cell carcinoma: A literature review. World
J. Urol. 2018, 36, 1943-1952. [CrossRef]

Ficarra, V.; Galfano, A.; Mancini, M.; Martignoni, G.; Artibani, W. TNM staging system for renal-cell carcinoma: Current status
and future perspectives. Lancet Oncol. 2007, 8, 554-558. [CrossRef]

Sun, M.,; Shariat, S.F,; Cheng, C.; Ficarra, V.; Murai, M.; Oudard, S.; Pantuck, A].; Zigeuner, R.; Karakiewicz, PI. Prognostic
Factors and Predictive Models in Renal Cell Carcinoma: A Contemporary Review. Eur. Urol. 2011, 60, 644-661. [CrossRef]
Fuhrman, S.A; Lasky, L.C.; Limas, C. Prognostic significance of morphologic parameters in renal cell carcinoma. Am. J. Surg.
Pathol. 1982, 6, 655-664. [CrossRef]

Delahunt, B.; Srigley, J.R.; Egevad, L.; Montironi, R.; International Society for Urological Pathology. International Society of
Urological Pathology Grading and Other Prognostic Factors for Renal Neoplasia. Eur. Urol. 2014, 66, 795-798. [CrossRef]
Delahunt, B.; McKenney, ].K.; Lohse, C.M.; Leibovich, B.C.; Thompson, R.H.; Boorjian, S.A.; Cheville, ].C. A Novel Grading
System for Clear Cell Renal Cell Carcinoma Incorporating Tumor Necrosis. Am. |. Surg. Pathol. 2013, 37, 311-322. [CrossRef]
Bedke, J.; Heide, J.; Ribback, S.; Rausch, S.; de Martino, M.; Scharpf, M.; Haitel, A.; Zimmermann, U.; Pechoel, M.; Alkhayyat,
H.; et al. Microvascular and lymphovascular tumour invasion are associated with poor prognosis and metastatic spread in renal
cell carcinoma: A validation study in clinical practice. BJU Int. 2018, 121, 84-92. [CrossRef]

Cheaib, ].G.; Patel, H.D.; Johnson, M.H.; Gorin, M.A.; Haut, E.R.; Canner, ] K.; Allaf, M.E.; Pierorazio, PM. Stage-specific
conditional survival in renal cell carcinoma after nephrectomy. Urol. Oncol. Semin. Orig. Investig. 2020, 38, 6.e1-6.e7. [CrossRef]
Delahunt, B.; Cheville, J.C.; Martignoni, G.; Humphrey, P.A.; Magi-Galluzzi, C.; McKenney, J.; Egevad, L.; Algaba, F.; Moch, H,;
Grignon, D.J.; et al. The International Society of Urological Pathology (ISUP) Grading System for Renal Cell Carcinoma and Other
Prognostic Parameters. Am. J. Surg. Pathol. 2013, 37, 1490-1504. [CrossRef] [PubMed]

Leibovich, B.C.; Lohse, C.M.; Cheville, ].C.; Zaid, H.B.; Boorjian, S.A.; Frank, I.; Thompson, R.H.; Parker, W.P. Predicting Oncologic
Outcomes in Renal Cell Carcinoma After Surgery. Eur. Urol. 2018, 73, 772-780. [CrossRef]

Motzer, R.J.; Mazumdar, M.; Bacik, J.; Berg, W.; Amsterdam, A.; Ferrara, ]. Survival and Prognostic Stratification of 670 Patients
With Advanced Renal Cell Carcinoma. J. Clin. Oncol. 1999, 17, 2530. [CrossRef] [PubMed]

Guida, A.; Le Teuff, G.; Alves, C.; Colomba, E.; Di Nunno, V.; Derosa, L.; Flippot, R.; Escudier, B.; Albiges, L. Identification of
international metastatic renal cell carcinoma database consortium (IMDC) intermediate-risk subgroups in patients with metastatic
clear-cell renal cell carcinoma. Oncotarget 2020, 11, 4582-4592. [CrossRef] [PubMed]

Kohn, L.; Svenson, U.; Ljungberg, B.; Roos, G. Specific Genomic Aberrations Predict Survival, But Low Mutation Rate in Cancer
Hot Spots, in Clear Cell Renal Cell Carcinoma. Appl. Immunohistochem. Mol. Morphol. 2015, 23, 334-342. [CrossRef]

Klatte, T.; Rao, PN.; de Martino, M.; LaRochelle, ].; Shuch, B.; Zomorodian, N.; Said, J.; Kabbinavar, EE; Belldegrun, A.S.; Pantuck,
A.]. Cytogenetic Profile Predicts Prognosis of Patients With Clear Cell Renal Cell Carcinoma. J. Clin. Oncol. 2009, 27, 746-753.
[CrossRef]

Choueiri, TK.; Kaelin, W.G., Jr. Targeting the HIF2-VEGEF axis in renal cell carcinoma. Nat. Med. 2020, 26, 1519-1530. [CrossRef]
[PubMed]

Miikkulainen, P.; Hogel, H.; Seyednasrollah, F; Rantanen, K.; Elo, L.L.; Jaakkola, PM. Hypoxia-inducible factor (HIF)-prolyl
hydroxylase 3 (PHD3) maintains high HIF2A mRNA levels in clear cell renal cell carcinoma. J. Biol. Chem. 2019, 294, 3760-3771.
[CrossRef] [PubMed]

Gayed, B.A.; Youssef, R.F.; Bagrodia, A.; Darwish, O.M.; Kapur, P; Sagalowsky, A.; Lotan, Y.; Margulis, V. Ki67 is an independent
predictor of oncological outcomes in patients with localized clear-cell renal cell carcinoma. BJU Int. 2014, 113, 668-673. [CrossRef]
[PubMed]

Shi, Z.-G.; Li, S.-Q.; Li, Z.-].; Zhu, X.-J.; Xu, P; Liu, G.; Shi, Z.-G.; Li, S.-Q.; Li, Z.-].; Zhu, X.-J.; et al. Expression of vimentin and
survivin in clear cell renal cell carcinoma and correlation with p53. Clin. Transl. Oncol. 2015, 17, 65-73. [CrossRef] [PubMed]
Zhu, C.; Wei, J; Tian, X.; Li, Y.; Li, X. Prognostic role of PPAR-gamma and PTEN in the renal cell carcinoma. Int. J. Clin. Exp.
Pathol. 2015, 8, 12668-12677. [PubMed]

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


https://doi.org/10.18632/aging.102434
https://www.ncbi.nlm.nih.gov/pubmed/31747386
https://doi.org/10.1001/jamanetworkopen.2020.21869
https://www.ncbi.nlm.nih.gov/pubmed/33475752
https://doi.org/10.1007/s00345-018-2342-3
https://doi.org/10.1016/j.juro.2007.03.131
https://doi.org/10.1200/JCO.2015.63.3651
https://doi.org/10.1007/s00345-018-2309-4
https://doi.org/10.1016/S1470-2045(07)70173-0
https://doi.org/10.1016/j.eururo.2011.06.041
https://doi.org/10.1097/00000478-198210000-00007
https://doi.org/10.1016/j.eururo.2014.05.027
https://doi.org/10.1097/PAS.0b013e318270f71c
https://doi.org/10.1111/bju.13984
https://doi.org/10.1016/j.urolonc.2019.08.011
https://doi.org/10.1097/PAS.0b013e318299f0fb
https://www.ncbi.nlm.nih.gov/pubmed/24025520
https://doi.org/10.1016/j.eururo.2018.01.005
https://doi.org/10.1200/JCO.1999.17.8.2530
https://www.ncbi.nlm.nih.gov/pubmed/10561319
https://doi.org/10.18632/oncotarget.27762
https://www.ncbi.nlm.nih.gov/pubmed/33346231
https://doi.org/10.1097/PAI.0000000000000087
https://doi.org/10.1200/JCO.2007.15.8345
https://doi.org/10.1038/s41591-020-1093-z
https://www.ncbi.nlm.nih.gov/pubmed/33020645
https://doi.org/10.1074/jbc.RA118.004902
https://www.ncbi.nlm.nih.gov/pubmed/30617181
https://doi.org/10.1111/bju.12263
https://www.ncbi.nlm.nih.gov/pubmed/23937277
https://doi.org/10.1007/s12094-014-1199-1
https://www.ncbi.nlm.nih.gov/pubmed/25028191
https://www.ncbi.nlm.nih.gov/pubmed/26722456
https://doi.org/10.1177/1947601909359929

Cancers 2023, 15, 3207 21 of 24

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Brooks, S.A.; Brannon, A.R.; Parker, ].S.; Fisher, J.C.; Sen, O.; Kattan, M.W.; Hakimi, A.A.; Hsieh, ].J.; Choueiri, T.K.; Tamboli,
P; et al. ClearCode34: A Prognostic Risk Predictor for Localized Clear Cell Renal Cell Carcinoma. Eur. Urol. 2014, 66, 77-84.
[CrossRef]

Terry, S.; Dalban, C.; Rioux-Leclercq, N.; Adam, J.; Meylan, M.; Buart, S.; Bougoiiin, A.; Lespagnol, A.; Dugay, F.; Moreno,
I.C.; et al. Association of AXL and PD-L1 Expression with Clinical Outcomes in Patients with Advanced Renal Cell Carcinoma
Treated with PD-1 Blockade. Clin. Cancer Res. 2021, 27, 6749-6760. [CrossRef]

Licini, C.; Avellini, C.; Picchiassi, E.; Mensa, E.; Fantone, S.; Ramini, D.; Tersigni, C.; Tossetta, G.; Castellucci, C.; Tarquini, F; et al.
Pre-eclampsia predictive ability of maternal miR-125b: A clinical and experimental study. Transl. Res. 2021, 228, 13-27. [CrossRef]
Avellini, C.; Licini, C.; Lazzarini, R.; Gesuita, R.; Guerra, E.; Tossetta, G.; Castellucci, C.; Giannubilo, S.R.; Procopio, A.; Alberti,
S.; et al. The trophoblast cell surface antigen 2 and miR-125b axis in urothelial bladder cancer. Oncotarget 2017, 8, 58642-58653.
[CrossRef]

Marzioni, D.; Mazzucchelli, R.; Fantone, S.; Tossetta, G. NRF2 modulation in TRAMP mice: An in vivo model of prostate cancer.
Mol. Biol. Rep. 2023, 50, 873-881. [CrossRef]

Nuzzo, P.V.; Berchuck, J.E.; Korthauer, K.; Spisak, S.; Nassar, A.H.; Abou Alaiwi, S.; Chakravarthy, A.; Shen, S.Y.; Bakouny, Z.;
Boccardo, F.; et al. Detection of renal cell carcinoma using plasma and urine cell-free DNA methylomes. Nat. Med. 2020, 26,
1041-1043. [CrossRef]

Minardi, D.; Lucarini, G.; Filosa, A.; Milanese, G.; Zizzi, A.; Di Primio, R.; Montironi, R.; Muzzonigro, G. Prognostic role of global
DNA-methylation and histone acetylation in pT1a clear cell renal carcinoma in partial nephrectomy specimens. J. Cell. Mol. Med.
2009, 13, 2115-2121. [CrossRef]

Tito, C.; De Falco, E.; Rosa, P, laiza, A.; Fazi, F.; Petrozza, V.; Calogero, A. Circulating microRNAs from the Molecular Mechanisms
to Clinical Biomarkers: A Focus on the Clear Cell Renal Cell Carcinoma. Genes 2021, 12, 1154. [CrossRef]

Iwamoto, H.; Kanda, Y.; Sejima, T.; Osaki, M.; Okada, F,; Takenaka, A. Serum miR-210 as a potential biomarker of early clear cell
renal cell carcinoma. Int. J. Oncol. 2014, 44, 53-58. [CrossRef] [PubMed]

Heinemann, F.G.; Tolkach, Y.; Deng, M.; Schmidt, D.; Perner, S.; Kristiansen, G.; Miiller, S.C.; Ellinger, J. Serum miR-122-5p and
miR-206 expression: Non-invasive prognostic biomarkers for renal cell carcinoma. Clin. Epigenet. 2018, 10, 11. [CrossRef]

Sun, X.; Lou, L.; Zhong, K.; Wan, L. MicroRNA-451 regulates chemoresistance in renal cell carcinoma by targeting ATF-2 gene.
Exp. Biol. Med. 2017, 242, 1299-1305. [CrossRef]

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]

Holmes, S.; Eburn, E. Patients” and nurses’ perceptions of symptom distress in cancer. J. Adv. Nurs. 1989, 14, 840-846. [CrossRef]
[PubMed]

Cochetti, G.; Cari, L.; Nocentini, G.; Maula, V,; Suvieri, C.; Cagnani, R.; Rossi De Vermandois, ].A.; Mearini, E. Detection of urinary
miRNAs for diagnosis of clear cell renal cell carcinoma. Sci. Rep. 2020, 10, 21290. [CrossRef]

Kubiliute, R.; Jarmalaite, S. Epigenetic Biomarkers of Renal Cell Carcinoma for Liquid Biopsy Tests. Int. J. Mol. Sci. 2021, 22, 8846.
[CrossRef] [PubMed]

Wu, Y,; Wang, Y.-Q.; Weng, W.-W.; Zhang, Q.-Y.; Yang, X.-Q.; Gan, H.-L.; Yang, Y.-S.; Zhang, P.-P; Sun, M.-H.; Xu, M.-D.; et al. A
serum-circulating long noncoding RNA signature can discriminate between patients with clear cell renal cell carcinoma and
healthy controls. Oncogenesis 2016, 5, €192. [CrossRef] [PubMed]

Zhu, L.; Liu, J.; Ma, S.; Zhang, S. Long Noncoding RNA MALAT-1 Can Predict Metastasis and a Poor Prognosis: A Meta-Analysis.
Pathol. Oncol. Res. 2015, 21, 1259-1264. [CrossRef] [PubMed]

Ning, L.; Li, Z.; Wei, D.; Chen, H.; Yang, C. LncRNA, NEAT1 is a prognosis biomarker and regulates cancer progression via
epithelial-mesenchymal transition in clear cell renal cell carcinoma. Cancer Biomarkers 2017, 19, 75-83. [CrossRef] [PubMed]

Su, Z.; Ao, ].; Zhao, F,; Xu, G.; Chen, H.; Gao, C. The roles of long non-coding RNAs in renal cell carcinoma (Review). Mol. Clin.
Oncol. 2023, 18, 4. [CrossRef]

Su, H.; Sun, T.; Wang, H.; Shi, G.; Zhang, H.; Sun, E; Ye, D. Decreased TCL6 expression is associated with poor prognosis in
patients with clear cell renal cell carcinoma. Oncotarget 2017, 8, 5789-5799. [CrossRef]

Qiao, H.-P; Gao, W.-S.; Huo, J.-X.; Yang, Z.-S. Long Non-coding RNA GAS5 Functions as a Tumor Suppressor in Renal Cell
Carcinoma. Asian Pac. ]. Cancer Prev. 2013, 14, 1077-1082. [CrossRef]

Xu, Z.; Yang, F.; Wei, D.; Liu, B.; Chen, C; Bao, Y.; Wu, Z.; Wu, D.; Tan, H.; Li, J.; et al. Long noncoding RNA-SRLR elicits intrinsic
sorafenib resistance via evoking IL-6/STAT3 axis in renal cell carcinoma. Oncogene 2017, 36, 1965-1977. [CrossRef]

Zeng, Z.; Zhang, Z.; Cheng, X.; Yang, H.; Gong, B.; Zhou, X.; Zhang, C.; Wang, X.; Wang, G. Downregulation of RAB17 have a
poor prognosis in kidney renal clear cell carcinoma and its expression correlates with DNA methylation and immune infiltration.
Cell. Signal. 2023, 109, 110743. [CrossRef]

Flammia, R.S.; Tufano, A.; Proietti, E.; Gerolimetto, C.; DE Nunzio, C.; Franco, G.; Leonardo, C. Renal surgery for kidney cancer:
Is preoperative proteinuria a predictor of functional and survival outcomes after surgery? A systematic review of the literature.
Minerva Urol. Nephrol. 2022, 74, 255-264. [CrossRef]


https://doi.org/10.1016/j.eururo.2014.02.035
https://doi.org/10.1158/1078-0432.CCR-21-0972
https://doi.org/10.1016/j.trsl.2020.07.011
https://doi.org/10.18632/oncotarget.17407
https://doi.org/10.1007/s11033-022-08052-2
https://doi.org/10.1038/s41591-020-0933-1
https://doi.org/10.1111/j.1582-4934.2008.00482.x
https://doi.org/10.3390/genes12081154
https://doi.org/10.3892/ijo.2013.2169
https://www.ncbi.nlm.nih.gov/pubmed/24212760
https://doi.org/10.1186/s13148-018-0444-9
https://doi.org/10.1177/1535370217701625
https://doi.org/10.18632/oncotarget.18449
https://www.ncbi.nlm.nih.gov/pubmed/29050224
https://doi.org/10.1111/j.1365-2648.1989.tb01469.x
https://www.ncbi.nlm.nih.gov/pubmed/2808938
https://doi.org/10.1038/s41598-020-77774-9
https://doi.org/10.3390/ijms22168846
https://www.ncbi.nlm.nih.gov/pubmed/34445557
https://doi.org/10.1038/oncsis.2015.48
https://www.ncbi.nlm.nih.gov/pubmed/26878386
https://doi.org/10.1007/s12253-015-9960-5
https://www.ncbi.nlm.nih.gov/pubmed/26159858
https://doi.org/10.3233/CBM-160376
https://www.ncbi.nlm.nih.gov/pubmed/28269753
https://doi.org/10.3892/mco.2022.2600
https://doi.org/10.18632/oncotarget.11011
https://doi.org/10.7314/APJCP.2013.14.2.1077
https://doi.org/10.1038/onc.2016.356
https://doi.org/10.1016/j.cellsig.2023.110743
https://doi.org/10.23736/S2724-6051.21.04308-1

Cancers 2023, 15, 3207 22 of 24

122.

123.

124.

125.

126.

127.

128.

129.

130.
131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Zhang, Z.; Zhao, ].; Zabell, ].; Remer, E.; Li, ].; Campbell, J.; Dong, W.; Palacios, D.A ; Patel, T.; Demirjian, S.; et al. Proteinuria in
Patients Undergoing Renal Cancer Surgery: Impact on Overall Survival and Stability of Renal Function. Eur. Urol. Focus 2016, 2,
616—622. [CrossRef]

O’donnell, K.; Tourojman, M.; Tobert, C.M.; Kirmiz, S.W.; Riedinger, C.B.; Demirjian, S.; Lane, B.R. Proteinuria is a Predictor of
Renal Functional Decline in Patients with Kidney Cancer. J. Urol. 2016, 196, 658—-663. [CrossRef]

Larcher, A.; Wallis, C.J.D.; Bex, A.; Blute, M.L.; Ficarra, V.; Mejean, A.; Karam, J.A.; Van Poppel, H.; Pal, S.K. Individualised
Indications for Cytoreductive Nephrectomy: Which Criteria Define the Optimal Candidates? Eur. Urol. Oncol. 2019, 2, 365-378.
[CrossRef]

Christensen, M.; Hannan, R. The Emerging Role of Radiation Therapy in Renal Cell Carcinoma. Cancers 2022, 14, 4693. [CrossRef]
[PubMed]

Serzan, M.T.; Atkins, M.B. Current and emerging therapies for first line treatment of metastatic clear cell renal cell carcinoma.
J. Cancer Metastasis Treat. 2021, 7, 39. [CrossRef] [PubMed]

Escudier, B.; Pluzanska, A.; Koralewski, P.; Ravaud, A.; Bracarda, S.; Szczylik, C.; Chevreau, C.; Filipek, M.; Melichar, B.; Bajetta,
E.; et al. Bevacizumab plus interferon alfa-2a for treatment of metastatic renal cell carcinoma: A randomised, double-blind phase
I trial. Lancet 2007, 370, 2103-2111. [CrossRef]

Chatzkel, ].; Ramnaraign, B.; Sonpavde, G. Tivozanib for the treatment of advanced renal cell carcinoma. Expert Opin. Pharmacother.
2022, 23, 1135-1142. [CrossRef]

Fallah, J.; Weinstock, C.; Mehta, G.U.; Brave, M.H.; Pierce, W.F,; Pazdur, R.; Nair, A.; Suzman, D.L.; Amiri-Kordestani, L. FDA
Approval Summary: Belzutifan for VHL Disease Tumors—Response. Clin. Cancer Res. 2023, 29, 685. [CrossRef] [PubMed]
Saxton, R.A.; Sabatini, D.M. mTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 168, 960-976. [CrossRef] [PubMed]
Klapper, J.A.; Downey, S.G.; Smith, FO.; Yang, ].C.; Hughes, M.S.; Kammula, U.S.; Sherry, R.M.; Royal, R.E.; Steinberg, S.M.;
Rosenberg, S. High-dose interleukin-2 for the treatment of metastatic renal cell carcinoma: A retrospective analysis of response
and survival in patients treated in the surgery branch at the National Cancer Institute between 1986 and 2006. Cancer 2008, 113,
293-301. [CrossRef]

Motzer, RJ.; Escudier, B.; McDermott, D.F,; George, S.; Hammers, H.J.; Srinivas, S.; Tykodji, S.S.; Sosman, J.A.; Procopio, G.;
Plimack, E.R; et al. Nivolumab versus Everolimus in Advanced Renal-Cell Carcinoma. N. Engl. ]. Med. 2015, 373, 1803-1813.
[CrossRef] [PubMed]

Atkins, M.B.; Plimack, E.R.; Puzanov, I.; Fishman, M.N.; McDermott, D.E,; Cho, D.C.; Vaishampayan, U.; George, S.; Olencki, T.E.;
Tarazi, ].C.; et al. Axitinib in combination with pembrolizumab in patients with advanced renal cell cancer: A non-randomised,
open-label, dose-finding, and dose-expansion phase 1b trial. Lancet Oncol. 2018, 19, 405-415. [CrossRef] [PubMed]

Choueiri, TK.; Powles, T.; Burotto, M.; Escudier, B.; Bourlon, M.T.; Zurawski, B.; Oyervides Juarez, V.M.; Hsieh, ].].; Basso, U.;
Shah, A.Y.; et al. Nivolumab plus Cabozantinib versus Sunitinib for Advanced Renal-Cell Carcinoma. N. Engl. ]. Med. 2021, 384,
829-841. [CrossRef] [PubMed]

Choueiri, T.K,; Larkin, J.; Oya, M.; Thistlethwaite, F.; Martignoni, M.; Nathan, P.; Powles, T.; McDermott, D.; Robbins, P.B.; Chism,
D.D,; et al. Preliminary results for avelumab plus axitinib as first-line therapy in patients with advanced clear-cell renal-cell
carcinoma (JAVELIN Renal 100): An open-label, dose-finding and dose-expansion, phase 1b trial. Lancet Oncol. 2018, 19, 451-460.
[CrossRef]

Chen, J; Ye, Z.; Liu, L.; Xuan, B. Assessment of the prognostic value of SPOCKI1 in clear cell renal cell carcinoma: A bioinformatics
analysis. Transl. Androl. Urol. 2022, 11, 509-518. [CrossRef]

Lin, Y.-W.; Wen, Y.-C.; Hsiao, C.-H.; Lai, E-R.; Yang, S.-F; Yang, Y.-C.; Ho, K.-H.; Hsieh, E-K.; Hsiao, M.; Lee, W.-].; et al.
Proteoglycan SPOCK1 as a Poor Prognostic Marker Promotes Malignant Progression of Clear Cell Renal Cell Carcinoma via
Triggering the Snail /Slug-MMP-2 Axis-Mediated Epithelial-to-Mesenchymal Transition. Cells 2023, 12, 352. [CrossRef]

Goteri, G.; Altobelli, E.; Tossetta, G.; Zizzi, A.; Avellini, C.; Licini, C.; Lorenzi, T.; Castellucci, M.; Ciavattini, A.; Marzioni, D. High
temperature requirement A1, transforming growth factor betal, phosphoSmad2 and Ki67 in eutopic and ectopic endometrium of
women with endometriosis. Eur. |. Histochem. 2015, 59, 2570. [CrossRef]

Tossetta, G.; Avellini, C.; Licini, C.; Giannubilo, S.R.; Castellucci, M.; Marzioni, D. High temperature requirement Al and
fibronectin: Two possible players in placental tissue remodelling. Eur. J. Histochem. 2016, 60, 2724. [CrossRef]

Tossetta, G.; Fantone, S.; Licini, C.; Marzioni, D.; Mattioli-Belmonte, M. The multifaced role of HtrAl in the development of joint
and skeletal disorders. Bone 2022, 157, 116350. [CrossRef]

Tossetta, G.; Fantone, S.; Busilacchi, E.M.; Di Simone, N.; Giannubilo, S.R.; Scambia, G.; Giordano, A.; Marzioni, D. Modulation
of matrix metalloproteases by ciliary neurotrophic factor in human placental development. Cell Tissue Res. 2022, 390, 113-129.
[CrossRef]

Chrabanska, M.; Rynkiewicz, M.; Kiczmer, P.; Drozdzowska, B. Does the Immunohistochemical Expression of CD44, MMP-2, and
MMP-9 in Association with the Histopathological Subtype of Renal Cell Carcinoma Affect the Survival of Patients with Renal
Cancer? Cancers 2023, 15, 1202. [CrossRef]

Lee, Y.-M.,; Kim, ].M,; Lee, H.J.; Seong, 1.-O.; Kim, K.-H. Inmunohistochemical expression of CD44, matrix metalloproteinase2
and matrix metalloproteinase9 in renal cell carcinomas. Urol. Oncol. Semin. Orig. Investig. 2019, 37, 742-748. [CrossRef] [PubMed]


https://doi.org/10.1016/j.euf.2016.01.003
https://doi.org/10.1016/j.juro.2016.03.134
https://doi.org/10.1016/j.euo.2019.04.007
https://doi.org/10.3390/cancers14194693
https://www.ncbi.nlm.nih.gov/pubmed/36230615
https://doi.org/10.20517/2394-4722.2021.76
https://www.ncbi.nlm.nih.gov/pubmed/35295921
https://doi.org/10.1016/S0140-6736(07)61904-7
https://doi.org/10.1080/14656566.2022.2102419
https://doi.org/10.1158/1078-0432.CCR-22-3428
https://www.ncbi.nlm.nih.gov/pubmed/36722139
https://doi.org/10.1016/j.cell.2017.02.004
https://www.ncbi.nlm.nih.gov/pubmed/28283069
https://doi.org/10.1002/cncr.23552
https://doi.org/10.1056/NEJMoa1510665
https://www.ncbi.nlm.nih.gov/pubmed/26406148
https://doi.org/10.1016/S1470-2045(18)30081-0
https://www.ncbi.nlm.nih.gov/pubmed/29439857
https://doi.org/10.1056/NEJMoa2026982
https://www.ncbi.nlm.nih.gov/pubmed/33657295
https://doi.org/10.1016/S1470-2045(18)30107-4
https://doi.org/10.21037/tau-22-161
https://doi.org/10.3390/cells12030352
https://doi.org/10.4081/ejh.2015.2570
https://doi.org/10.4081/ejh.2016.2724
https://doi.org/10.1016/j.bone.2022.116350
https://doi.org/10.1007/s00441-022-03658-1
https://doi.org/10.3390/cancers15041202
https://doi.org/10.1016/j.urolonc.2019.04.017
https://www.ncbi.nlm.nih.gov/pubmed/31053527

Cancers 2023, 15, 3207 23 of 24

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Chen, W.; Wang, H.; Lu, Y,; Huang, Y.; Xuan, Y.; Li, X.; Guo, T.; Wang, C.; Lai, D.; Wu, S; et al. GTSE1 promotes tumor growth
and metastasis by attenuating of KLF4 expression in clear cell renal cell carcinoma. Lab. Investig. 2022, 102, 1011-1022. [CrossRef]
[PubMed]

Min, P; Zhao, S.; Liu, L.; Zhang, Y.; Ma, Y.; Zhao, X.; Wang, Y.; Song, Y.; Zhu, C.; Jiang, H.; et al. MICAL-L2 potentiates
Cdc42-dependent EGFR stability and promotes gastric cancer cell migration. J. Cell. Mol. Med. 2019, 23, 4475-4488. [CrossRef]
[PubMed]

Zeng, X.; Wang, H.; Yang, ].; Hu, J. Micall2 Is Responsible for the Malignancy of Clear Cell Renal Cell Carcinoma. Yonago Acta
Medica 2023, 66, 171-179. [CrossRef]

Duhachek-Muggy, S.; Qi, Y.; Wise, R.; Alyahya, L.; Li, H.; Hodge, ].; Zolkiewska, A. Metalloprotease-disintegrin ADAM12 actively
promotes the stem cell-like phenotype in claudin-low breast cancer. Mol. Cancer 2017, 16, 32. [CrossRef]

Xu, J.; Wang, Y.; Jiang, J.; Yin, C.; Shi, B. ADAM12 promotes clear cell renal cell carcinoma progression and triggers EMT via
EGFR/ERK signaling pathway. |. Transl. Med. 2023, 21, 56. [CrossRef]

Lingui, X.; Weifeng, L.; Yufei, W.; Yibin, Z. High SPATA18 Expression and its Diagnostic and Prognostic Value in Clear Cell Renal
Cell Carcinoma. Med. Sci. Monit. 2023, 29, €938474. [CrossRef]

Meng, K.; Hu, Y.; Wang, D.; Li, Y.; Shi, F; Lu, ].; Wang, Y.; Cao, Y.; Zhang, C.Z.; He, Q.-Y. EFHD], a novel mitochondrial regulator
of tumor metastasis in clear cell renal cell carcinoma. Cancer Sci. 2023, 114, 2029-2040. [CrossRef]

Xu, Z.; Wang, Y.; Xu, J.; Ang, X.; Ge, N.; Xu, M.; Pei, C. Identify AGAP2 as prognostic biomarker in clear cell renal cell carcinoma
based on bioinformatics and IHC staining. Heliyon 2023, 9, e13543. [CrossRef]

Liu, Z.; Zhang, J.; Shen, D.; Hu, X.; Ke, Z.; Ehrich Lister, LN.; Sihombing, B. Prognostic significance of CKAP2L expression in
patients with clear cell renal cell carcinoma. Front. Genet. 2022, 13, 873884. [CrossRef]

Yao, H.; Lyu, F; Ma, J.; Sun, F; Tang, G.; Wu, ].; Zhou, Z. PIMREG is a prognostic biomarker involved in immune microenvironment
of clear cell renal cell carcinoma and associated with the transition from G1 phase to S phase. Front. Oncol. 2023, 13, 1035321.
[CrossRef]

Campagna, R.; Vignini, A. NAD(+) Homeostasis and NAD(+)-Consuming Enzymes: Implications for Vascular Health. Antioxi-
dants 2023, 12, 376. [CrossRef] [PubMed]

Roberti, A.; Fernandez, A.F.; Fraga, M.F. Nicotinamide N-methyltransferase: At the crossroads between cellular metabolism and
epigenetic regulation. Mol. Metab. 2021, 45, 101165. [CrossRef] [PubMed]

Hong, S.; Zhai, B.; Pissios, P. Nicotinamide N-Methyltransferase Interacts with Enzymes of the Methionine Cycle and Regulates
Methyl Donor Metabolism. Biochemistry 2018, 57, 5775-5779. [CrossRef]

Togni, L.; Mascitti, M.; Sartini, D.; Campagna, R.; Pozzi, V.; Salvolini, E.; Offidani, A.; Santarelli, A.; Emanuelli, M. Nicotinamide
N-Methyltransferase in Head and Neck Tumors: A Comprehensive Review. Biomolecules 2021, 11, 1594. [CrossRef]

Wang, Y.; Zeng, J.; Wu, W,; Xie, S.; Yu, H.; Li, G.; Zhu, T,; Li, F; Lu, J.; Wang, G.Y.; et al. Nicotinamide N-methyltransferase
enhances chemoresistance in breast cancer through SIRT1 protein stabilization. Breast Cancer Res. 2019, 21, 51. [CrossRef]
Pozzi, V.; Campagna, R.; Sartini, D.; Emanuelli, M. Nicotinamide N-Methyltransferase as Promising Tool for Management of
Gastrointestinal Neoplasms. Biomolecules 2022, 12, 1173. [CrossRef]

Li, J.; You, S.; Zhang, S.; Hu, Q.; Wang, F,; Chi, X.; Zhao, W.; Xie, C.; Zhang, C.; Yu, Y,; et al. Elevated N-methyltransferase
expression induced by hepatic stellate cells contributes to the metastasis of hepatocellular carcinoma via regulation of the CD44v3
isoform. Mol. Oncol. 2019, 13, 1993-2009. [CrossRef] [PubMed]

Sun, W.,; Zou, Y.; Cai, Z.; Huang, J.; Hong, X.; Liang, Q.; Jin, W. Overexpression of NNMT in Glioma Aggravates Tumor Cell
Progression: An Emerging Therapeutic Target. Cancers 2022, 14, 3538. [CrossRef]

Sartini, D.; Molinelli, E.; Pozzi, V.; Campagna, R.; Salvolini, E.; Rubini, C.; Goteri, G.; Simonetti, O.; Campanati, A.; Offidani,
A.; et al. Immunohistochemical expression of nicotinamide N-methyltransferase in lymph node metastases from cutaneous
malignant melanoma. Hum. Cell 2023, 36, 480-482. [CrossRef] [PubMed]

Wang, Y.; Zhou, X,; Lei, Y.; Chu, Y,; Yu, X,; Tong, Q.; Zhu, T,; Yu, H.; Fang, S.; Li, G.; et al. NNMT contributes to high metastasis of
triple negative breast cancer by enhancing PP2A /MEK/ERK/c-Jun/ABCA1 pathway mediated membrane fluidity. Cancer Lett.
2022, 547,215884. [CrossRef]

Yao, M.; Tabuchi, H.; Nagashima, Y.; Baba, M.; Nakaigawa, N.; Ishiguro, H.; Hamada, K.; Inayama, Y.; Kishida, T.; Hattori, K.; et al.
Gene expression analysis of renal carcinoma: Adipose differentiation-related protein as a potential diagnostic and prognostic
biomarker for clear-cell renal carcinoma. J. Pathol. 2005, 205, 377-387. [CrossRef]

Zhang, J.; Xie, X.-Y.; Yang, S.-W.; Wang, J.; He, C. Nicotinamide N-methyltransferase protein expression in renal cell cancer.
J. Zhejiang Univ. Sci. B 2010, 11, 136-143. [CrossRef]

Kim, D.S.; Choi, Y.P; Kang, S.; Gao, M.Q.; GIL Kim, B.; Park, H.R.; Choi, Y.D.; Lim, J.-B.; Na, H.J.; Kim, HK.; et al. Panel of
Candidate Biomarkers for Renal Cell Carcinoma. J. Proteome Res. 2010, 9, 3710-3719. [CrossRef]

Su Kim, D.; Choi, Y.D.; Moon, M.; Kang, S.; Lim, J.-B.; Kim, K.M.; Park, K.M.; Cho, N.H. Composite Three-Marker Assay for Early
Detection of Kidney Cancer. Cancer Epidemiol. Biomark. Prev. 2013, 22, 390-398. [CrossRef] [PubMed]

Kim, D.S.; Ham, W.S,; Jang, W.S.; Cho, K.S.; Choi, Y.D.; Kang, S.; Kim, B.; Kim, K.J.; Lim, E.J.; Rha, S.Y;; et al. Scale-Up Evaluation
of a Composite Tumor Marker Assay for the Early Detection of Renal Cell Carcinoma. Diagnostics 2020, 10, 750. [CrossRef]


https://doi.org/10.1038/s41374-022-00797-5
https://www.ncbi.nlm.nih.gov/pubmed/35585131
https://doi.org/10.1111/jcmm.14353
https://www.ncbi.nlm.nih.gov/pubmed/31034158
https://doi.org/10.33160/yam.2023.02.021
https://doi.org/10.1186/s12943-017-0599-6
https://doi.org/10.1186/s12967-023-03913-1
https://doi.org/10.12659/MSM.938474
https://doi.org/10.1111/cas.15749
https://doi.org/10.1016/j.heliyon.2023.e13543
https://doi.org/10.3389/fgene.2022.873884
https://doi.org/10.3389/fonc.2023.1035321
https://doi.org/10.3390/antiox12020376
https://www.ncbi.nlm.nih.gov/pubmed/36829935
https://doi.org/10.1016/j.molmet.2021.101165
https://www.ncbi.nlm.nih.gov/pubmed/33453420
https://doi.org/10.1021/acs.biochem.8b00561
https://doi.org/10.3390/biom11111594
https://doi.org/10.1186/s13058-019-1150-z
https://doi.org/10.3390/biom12091173
https://doi.org/10.1002/1878-0261.12544
https://www.ncbi.nlm.nih.gov/pubmed/31294922
https://doi.org/10.3390/cancers14143538
https://doi.org/10.1007/s13577-022-00793-3
https://www.ncbi.nlm.nih.gov/pubmed/36151433
https://doi.org/10.1016/j.canlet.2022.215884
https://doi.org/10.1002/path.1693
https://doi.org/10.1631/jzus.B0900249
https://doi.org/10.1021/pr100236r
https://doi.org/10.1158/1055-9965.EPI-12-1156
https://www.ncbi.nlm.nih.gov/pubmed/23479363
https://doi.org/10.3390/diagnostics10100750

Cancers 2023, 15, 3207 24 of 24

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Tang, S.-W.; Yang, T.-C.; Lin, W.-C.; Chang, W.-H.; Wang, C.-C.; Lai, M.-K; Lin, J.-Y. Nicotinamide N -methyltransferase induces
cellular invasion through activating matrix metalloproteinase-2 expression in clear cell renal cell carcinoma cells. Carcinogenesis
2011, 32, 138-145. [CrossRef] [PubMed]

Kwon, Y.; Song, J.; Lee, H.; Kim, E.-Y;; Lee, K.; Lee, SK.; Kim, S. Design, Synthesis, and Biological Activity of Sulfonamide
Analogues of Antofine and Cryptopleurine as Potent and Orally Active Antitumor Agents. . Med. Chem. 2015, 58, 7749-7762.
[CrossRef]

Campagna, R.; Pozzi, V.; Spinelli, G.; Sartini, D.; Milanese, G.; Galosi, A.B.; Emanuelli, M. The Utility of Nicotinamide N-
Methyltransferase as a Potential Biomarker to Predict the Oncological Outcomes for Urological Cancers: An Update. Biomolecules
2021, 11, 1214. [CrossRef]

Nguyen, T.T.M.; Nguyen, T.H.; Kim, H.S.; Dao, T.T.P; Moon, Y.; Seo, M.; Kang, S.; Mai, V.-H.; An, Y.J.; Jung, C.-R.; et al. GPX8
regulates clear cell renal cell carcinoma tumorigenesis through promoting lipogenesis by NNMT. J. Exp. Clin. Cancer Res. 2023,
42,42. [CrossRef] [PubMed]

Reustle, A.; Menig, L.S.; Leuthold, P.; Hofmann, U.; Stiihler, V.; Schmees, C.; Becker, M.; Haag, M.; Klumpp, V.; Winter, S.; et al.
Nicotinamide-N-methyltransferase is a promising metabolic drug target for primary and metastatic clear cell renal cell carcinoma.
Clin. Transl. Med. 2022, 12, 883. [CrossRef] [PubMed]

Barrows, R.D.; Jeffries, D.E.; Vishe, M.; Tukachinsky, H.; Zheng, S.-L.; Li, F; Ma, Z.; Li, X;; Jin, S.; Song, H.; et al. Potent
Uncompetitive Inhibitors of Nicotinamide N-Methyltransferase (NNMT) as In Vivo Chemical Probes. J. Med. Chem. 2022, 65,
14642-14654. [CrossRef] [PubMed]

van Haren, M.].; Zhang, Y.; Thijssen, V.; Buijs, N.; Gao, Y.; Mateuszuk, L.; Fedak, FA.; Kij, A.; Campagna, R.; Sartini, D.; et al.
Macrocyclic peptides as allosteric inhibitors of nicotinamide N-methyltransferase (NNMT). RSC Chem. Biol. 2021, 2, 1546-1555.
[CrossRef]

Hayashi, K.; Uehara, S.; Yamamoto, S.; Cary, D.R.; Nishikawa, ].; Ueda, T.; Ozasa, H.; Mihara, K.; Yoshimura, N.; Kawai, T.; et al.
Macrocyclic Peptides as a Novel Class of NNMT Inhibitors: A SAR Study Aimed at Inhibitory Activity in the Cell. ACS Med.
Chem. Lett. 2021, 12, 1093-1101. [CrossRef]

Gao, Y.; van Haren, M.].; Buijs, N.; Innocenti, P.; Zhang, Y.; Sartini, D.; Campagna, R.; Emanuelli, M.; Parsons, R.B.; Jespers,
W.; et al. Potent Inhibition of Nicotinamide N-Methyltransferase by Alkene-Linked Bisubstrate Mimics Bearing Electron Deficient
Aromatics. |. Med. Chem. 2021, 64, 12938-12963. [CrossRef]

van Haren, M.].; Gao, Y.; Buijs, N.; Campagna, R.; Sartini, D.; Emanuelli, M.; Mateuszuk, L.; Kij, A.; Chlopicki, S.; Escude Martinez
de Castilla, P,; et al. Esterase-Sensitive Prodrugs of a Potent Bisubstrate Inhibitor of Nicotinamide N-Methyltransferase (NNMT)
Display Cellular Activity. Biomolecules 2021, 11, 1357. [CrossRef]

Ye, S.; Li, S.; Qin, L.; Zheng, W.; Liu, B.; Li, X.; Ren, Z.; Zhao, H.; Hu, X; Ye, N.; et al. GBP2 promotes clear cell renal cell carcinoma
progression through immune infiltration and regulation of PD-L1 expression via STAT1 signaling. Oncol. Rep. 2023, 49, 49.
[CrossRef]

Getu, A.A,; Tigabu, A.; Zhou, M,; Lu, J.; Fodstad, O.; Tan, M. New frontiers in immune checkpoint B7-H3 (CD276) research and
drug development. Mol. Cancer 2023, 22, 43. [CrossRef]

Wang, K; Sun, Y.; Guo, C.; Liu, T,; Fei, X,; Chang, C. Androgen receptor regulates ASS1P3/miR-34a-5p/ASS1 signaling to
promote renal cell carcinoma cell growth. Cell Death Dis. 2019, 10, 339. [CrossRef]

Huang, Q.; Sun, Y;; Ma, X,; Gao, Y.; Li, X;; Niu, Y.; Zhang, X.; Chang, C. Androgen receptor increases hematogenous metastasis
yet decreases lymphatic metastasis of renal cell carcinoma. Nat. Commun. 2017, 8, 918. [CrossRef] [PubMed]

Zhai, W.; Sun, Y; Guo, C.; Hu, G.; Wang, M.; Zheng, J.; Lin, W.,; Huang, Q.; Li, G.; Zheng, J.; et al. LncRNA-SARCC suppresses
renal cell carcinoma (RCC) progression via altering the androgen receptor(AR)/miRNA-143-3p signals. Cell Death Differ. 2017, 24,
1502-1517. [CrossRef] [PubMed]

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


https://doi.org/10.1093/carcin/bgq225
https://www.ncbi.nlm.nih.gov/pubmed/21045016
https://doi.org/10.1021/acs.jmedchem.5b00764
https://doi.org/10.3390/biom11081214
https://doi.org/10.1186/s13046-023-02607-2
https://www.ncbi.nlm.nih.gov/pubmed/36750850
https://doi.org/10.1002/ctm2.883
https://www.ncbi.nlm.nih.gov/pubmed/35678045
https://doi.org/10.1021/acs.jmedchem.2c01166
https://www.ncbi.nlm.nih.gov/pubmed/36288465
https://doi.org/10.1039/D1CB00134E
https://doi.org/10.1021/acsmedchemlett.1c00134
https://doi.org/10.1021/acs.jmedchem.1c01094
https://doi.org/10.3390/biom11091357
https://doi.org/10.3892/or.2023.8486
https://doi.org/10.1186/s12943-023-01751-9
https://doi.org/10.1038/s41419-019-1330-x
https://doi.org/10.1038/s41467-017-00701-6
https://www.ncbi.nlm.nih.gov/pubmed/29030639
https://doi.org/10.1038/cdd.2017.74
https://www.ncbi.nlm.nih.gov/pubmed/28644440

	Introduction 
	Epidemiology 
	Risk Factors and Prevention 
	Diagnosis 
	Prognostic Factors 
	Treatment 
	Novel Strategies 
	Conclusions 
	References

