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Abstract

:

Clear cell renal cell carcinoma (ccRCC) treatment has undergone three major paradigm shifts in recent years, first with the introduction of molecular targeted therapies, then with immune checkpoint inhibitors, and, more recently, with immune-based combinations. However, to date, molecular predictors of response to targeted agents have not been identified for ccRCC. The WHO 2022 classification of renal neoplasms introduced the molecularly defined RCC class, which is a first step in the direction of a better molecular profiling of RCC. We reviewed the literature data on known genomic alterations of clinical interest in ccRCC, discussing their prognostic and predictive role. In particular, we explored the role of VHL, mTOR, chromatin modulators, DNA repair genes, cyclin-dependent kinases, and tumor mutation burden. RCC is a tumor whose pivotal genomic alterations have pleiotropic effects, and the interplay of these effects determines the tumor phenotype and its clinical behavior. Therefore, it is difficult to find a single genomic predictive factor, but it is more likely to identify a signature of gene alterations that could impact prognosis and response to specific treatment. To accomplish this task, the interpolation of large amounts of clinical and genomic data is needed. Nevertheless, genomic profiling has the potential to change real-world clinical practice settings.
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1. Introduction


Renal cell carcinoma (RCC) is the most common renal neoplasm [1]. Several environmental factors, including cigarette smoking, obesity, hypertension, and alcohol consumption, contribute to the development of RCC [2]. In 5–8% of cases, a hereditary condition is detectable [3]. The clear cell histotype (ccRCC) is the most frequent, representing 75% of the whole population, while the other cases are grouped as non-clear cell RCC (nccRCC), which is a wide definition, comprising many different histologies [4]. The five-year survival rate is 13% in patients with metastatic disease [1].



The clinical management of metastatic ccRCC radically changed over the last thirty years. Starting from cytokines (high-dose interleukin 2 and interferon-α), with poor results, the systemic treatment of metastatic ccRCC evolved with the introduction of vascular endothelial growth factor receptor tyrosine kinase inhibitors (VEGFR-TKIs), mechanistic target of rapamycin inhibitors (mTORIs), and immune checkpoint inhibitors (ICIs). This led to a measurable improvement: the median overall survival for metastatic disease has increased from less than 1 year in the 1990s to more than 4 years over the last decade [5]. Different immune-based combinations (i.e., combinations of either two ICIs, or of one ICI and an antiangiogenic agent) recently showed significant OS benefits over the previous standard of care. However, most patients with advanced ccRCC do not have a long-term clinical response to currently available therapies. In addition, the combinations of ICIs and VEGFR-TKIs reduce the overall treatment tolerability, due to cumulative adverse events, which, in some cases, can even reinforce each other (e.g., immune-mediated colitis and VEGFR-TKI-induced diarrhea or ICI-induced myocarditis and VEGFR-TKI-mediated microvascular damage) [6]. Moreover, given the recent unsuccessful clinical trials performed to boost first-line and subsequent line treatments, no major therapeutic change is expected in the near future. Hence, now more than ever, there is a need for better profiling of ccRCC patients, which could enable the development of more specific drugs and thus lead to pursuing a fully agnostic therapeutic approach.



The trend toward a profiling-based approach is already evident in the most recent classification of urogenital tumors (WHO 2022) [7], which identifies a total of 21 different forms of RCC, including a new category called “molecularly-defined RCC”. This category includes TFE3-rearranged RCC, TFEB-rearranged RCC, TFEB-amplified RCC, FH-deficient RCC, SDH-deficient RCC, ALK-rearranged RCC, ELOC (formerly TCEB1)-mutated RCC, and SMARCB1 (INI1)-deficient RCC. The molecular data underpinning these entities seem to be relevant in the differential diagnosis from a pathological point of view; however, their predictive value is much more limited [8]. This is due to the intrinsic complexity of ccRCC alterations: while many other tumors rely on few strong oncogenic drivers, such as oncogene-addicted non-small cell lung cancer or BRAFV600E-mutated melanoma, ccRCC has a wide range of mutations and many of them concur to boost angiogenesis. This effect can be directly elicited, by the mutated protein per se acting as an enhancer of angiogenic pathways, or indirectly obtained, by the mutated proteins exerting epigenetic manipulation. The question becomes even more complex if we consider the strong spatial and temporal heterogeneity of ccRCC [9]. As a consequence, ccRCC follows its own set of rules when it comes to response to treatments. These considerations could, on the one hand, explain the shortcomings in the identification of viable druggable targets and, on the other hand, reinforce the preclinical and clinical evidence that angiogenesis continues to play a key pathogenic role during the whole natural history of ccRCC [10].



The present paper aims to review the most recent literature to depict a clear landscape of mutational signatures in ccRCC, highlighting the possibility of clinical exploitation.




2. Molecular Alterations of Clinical Interest in ccRCC


Clear cell RCC accounts for more than two thirds of all RCC cases. Therefore, it is the most studied histotype of RCC. Many data on the correlation between genomic alterations and treatment response come from clinical trials that included only RCC with a predominantly clear cell component. The most studied genes are VHL and some chromatin remodeling modulator genes located on the short arm of chromosome 3, close to VHL.



2.1. VHL (Von Hippel Lindau Syndrome Protein) and Its Network


Von Hippel Lindau syndrome is an autosomal dominant genetic disorder caused by a germline loss of function of VHL, resulting in increased susceptibility to several types of cancer, mainly ccRCC [11]. VHL mutations have also been demonstrated in 46–82% of all sporadic cases of ccRCC, making it the most commonly altered oncogene in this type of tumor [12]. VHL’s role in ccRCC carcinogenesis is pivotal: the first event of this process is a chromothripsis event, leading to rearrangement and subsequential loss of the 3p chromosome and gain of the 5q chromosome [13]. VHL loss of function causes impaired ubiquitylation and removal of hypoxia inducible factors (HIFs). Accumulated HIFs trigger the production of many growth factors and the stimulation of angiogenesis (Figure 1) [14]. More recent data on tumor heterogeneity highlighted that ccRCC has both cells with a VHL loss-of-function mutation, and cells that retain VHL function. The interplay between VHL+ and VHL- cells results in increased tumor aggressiveness, whereas tumors with only VHL- or VHL+ cells have minimal metastatic potential [15].



The prognostic role of VHL is limited. A cohort of 478 ccRCC patients from The Cancer Genome Atlas (TCGA) showed no correlation between clinical outcomes and VHL mutations [16]. The prognostic value of VHL mutations in ccRCC has been the object of many other studies over the last two decades. A meta-analysis including 633 patients confirmed that VHL gene alteration has no prognostic or predictive value in patients with ccRCC [17].



However, something might change with the introduction of the HIF-2α inhibitor Belzutifan (MK-6482) into clinical practice. Belzutifan acts by selectively and directly inhibiting HIF-2α, the member of the HIF family with the highest oncogenic potential, thus being particularly active in cells with VHL loss. The phase II LITESPARK-004 trial enrolled patients with germline VHL mutations, including 61 patients with localized RCC, and demonstrated an objective response rate (ORR) of 64% [18]. Enrolment in the ongoing trials, LITESPARK-005 (NCT04195750), LITESPARK-011 (NCT04586231), and LITESPARK-012 (NCT04736706), needs to be completed to assess whether VHL loss could be a predictive factor of response to Belzutifan in ccRCC since Belzutifan is administered regardless of the VHL status in the aforementioned trials. Table 1 shows an overview of clinical trials involving Belzutifan.



Based on these results, VHL should be considered a gene with limited prognostic value, but with a promising efficacy prediction role for the HIF-2α inhibitor Belzutifan (MK-6482).




2.2. Mechanistic Target of Rapamycin (mTOR, Previously Known as Mammalian Target of Rapamycin) and Its Network


The second most studied molecular mechanism involved in ccRCC is the PI3K/AKT/mTOR signaling pathway. Mutations in this axis promote the overactivation of the PI3K/AKT/mTOR signaling cascade [19] or the inhibition of the tumor suppressor PTEN. PTEN, PI3K, AKT, and mTOR represent key checkpoints of the signal transduction pathway involved in the control of cell development and proliferation [20,21]. In fact, alterations in the PI3K/AKT/mTOR pathway can be detected in 28% of clear cell RCC cases. Preclinical data highlight that mTOR mutations are particularly represented in highly vascularized areas of the tumor since vascularization allows nutrients and growth factors to activate the mTOR pathway [22].



The prognostic role of mTOR network mutations is debated [23]. Fan et al. demonstrated that the increased expression of mTOR and its related proteins correlates with better survival [24]. On the other hand, Ocana et al. reported that mutations of the mTOR axis, in particular the loss of PTEN, correlate with a significantly worse prognosis [25]. The predictive role of mTOR network mutations is even more difficult to define: a report by Voss et al. [26] highlighted that the vast majority of patients with long-lasting responses to mTOR inhibitors harbor genomic alterations with an activating effect on mTOR signaling. Similarly, Roldan-Romero et al. [27] reported that mTOR pathway mutations and PTEN loss were significant predictors of partial responses to mTOR inhibitors. However, there is only one prospective clinical trial evaluating this aspect [28]. In this histology-agnostic trial, a pan-cancer cohort of patients with mTOR mutations was treated with Everolimus, obtaining a disappointing ORR of 7%. Thus, although mTOR mutations could play a role in predicting response to Everolimus, it is likely that they are not the only factor in the equation. It is worth noting that Voss and Roldan-Romero’s investigations were not limited only to mTOR mutations but also analyzed mutations of its network.



Based on these findings, while mTOR mutations are not clearly linked to prognosis, they could predict the magnitude and duration of objective response to mTOR inhibitors.




2.3. Chromatin Remodeling Modulators


Chromatin remodeling is an epigenetic regulation system, the magnitude and ability of which are not yet fully understood. Altered chromatin remodeling leads to rewired DNA transcription and impaired DNA damage repair. In ccRCC, altered chromatin remodeling is a consequence of 3p chromosome loss, which contains the chromatin remodeling modulator genes PRBM1, SETD2, and BAP1 (Figure 2). As 3p chromosome loss is an early event in ccRCC, as aforementioned, these alterations are quite common.



2.3.1. PBRM1


Polybromo 1 is a protein encoded by PBRM1 and is involved in the PBAF complex (an SWI/SNF chromatin remodeling complex) known for its tumor suppressor role. PBAF, in fact, acts by regulating cellular proliferation and differentiation [29,30]. PBRM1 mutations are very common in ccRCC, and their frequency ranges between 30% and 40% of patients in the most referenced case series [16,31]. PBRM1 is a close neighbor of VHL in the 3p chromosome, so its loss is frequently associated [32]. However, its loss has a more important impact on prognosis. Specifically, in a case series of 132 patients with ccRCC, PBRM1 loss showed an association with longer relapse-free survival [33]. The predictive role of PBRM1 was also investigated. A 2016 study of 31 patients with metastatic ccRCC treated with a VEGFR-targeting agent found that patients that experienced a duration of response longer than 21 months had a significantly higher frequency of PBRM1 mutations, while this effect was not observed with mTOR inhibitors [34]. A similar study reported a higher frequency of durable objective response among patients with PBRM1 mutations [35]. PBRM1 status was also evaluated in some prospective clinical trials, with controversial results: In the phase III RECORD-3 trial (Sunitinib vs. Everolimus as first-line treatment in patients with mccRCC) PBRM1-mutated patients had a longer PFS with Everolimus, while this effect was not observed in the Sunitinib arm [36]. In the phase III COMPARZ trial (Sunitinib vs. Pazopanib as first-line treatment in patients with mccRCC), overall survival was significantly better in patients with PBRM1 mutations compared with patients without PBRM1 mutations [37]. The phase III IMmotion150 trial (Sunitinib vs. Atezolizumab vs. Atezolizumab plus Bevacizumab as first-line treatment in patients with mccRCC), with its important molecular analysis design, offered a clearer view: the PBRM1-mutated tumors had a strong proangiogenic transcriptomic signature. Interestingly, patients with PBRM1 mutation had better progression-free survival in the Sunitinib arm and the Atezolizumab plus Bevacizumab arm, but not in the Atezolizumab monotherapy arm [38]. The impact of PBRM1 mutation on immunotherapy response remains difficult to understand: a recent pan-cancer analysis of 168 PBRM1-mutated tumors vs. 1743 nonmutated tumors revealed that in ccRCC the PRBM1 mutation has no association with immunotherapy response or immune-related biomarkers, while in other cancer types (endometrial carcinoma, stomach adenocarcinoma, and colon adenocarcinoma) this mutation is significantly associated with immune-related biomarkers [39]. On the other hand, another large-scale analysis describes a positive predictive role of SWI/SNF genes (including PBRM1) for ccRCC patients undergoing immunotherapy with immune checkpoint inhibitors [40]. A recent analysis pointed out that the combination of PBRM1 status and tumor-infiltrating lymphocyte density allows us to obtain a trustworthy prognostic model for ccRCC [41].



Accordingly, PBRM1 is a favorable prognostic factor and a potential positive predictive factor for immunotherapy.




2.3.2. BAP1


BRCA-associated protein 1 (BAP1) is a tumor suppressor, with histone deubiquitinase activity which contributes to the formation of the Polycomb repressive complex PR-DUB, a molecular machinery involved in chromatin rearrangement and inhibition of cell proliferation [42]. Interestingly, BAP1 is a double-hit gene, meaning that both alleles have to lose function to impact cell phenotype [43]. In fact, BAP1 germline mutation is correlated with an increased incidence of RCC and other cancers (including uveal melanoma, malignant pleural mesothelioma, and cutaneous melanoma) [44]. Like PBRM1, BAP1 is located on the 3p chromosome, so its loss is frequently associated with the loss of PBRM1 and VHL. BAP1 mutations are present in 5–15% of ccRCC cases [16,33,45,46], and have been shown to be associated with metastatic disease at diagnosis, high Fuhrman grade, and presence of necrosis (the last two factors being clinical predictors of disease recurrence in localized disease) [47,48]. Furthermore, BAP1 has been demonstrated to increase the risk of disease recurrence in patients with resected localized disease: in a cohort of 1479 patients, those with BAP1 loss of function (10.3%) had worse relapse-free survival, even after statistical adjustment for the UISS risk score [49]. It is therefore expected that BAP1-mutated tumors show a shorter overall survival than non-BAP1-mutated tumors [50].



The relationship between BAP1 mutations and PBRM1 mutations has been extensively described. In a report by Peña-Llopis et al., BAP1 and PBRM1 mutations seem to be almost always mutually exclusive. The two genes activate two separate and distinct transcriptional programs, with BAP1 being associated with a higher tumor grade and a greater sensitivity to genotoxic stress, much more than PBRM1. Interestingly, in a small percentage of patients, BAP1 and PBRM1 mutations may coexist and in these cases, the resulting neoplasm manifests rhabdoid features [51]. These results were also confirmed in an analysis performed on the TCGA and UTSW databases by Kapur et al. showing a much longer OS for PBRM1-mutated patients (10.6 years in UTSW and 5.4 years in TCGA) than for BAP1-mutated patients (4.6 years in UTSW and 1.9 years in TCGA) [48]. The rare tumors with both mutations (found in the TCGA cohort) showed an OS of 0.2 years.



As for its possible predictive role, BAP1 mutations were addressed in the genomic analyses of the RECORD-3 and COMPARZ trials. In both studies, BAP1 loss of function was associated with a shorter PFS in patients treated with antiangiogenic drugs [37]. When it comes to immunotherapy, there is much preclinical evidence that BAP1 is associated with an immunosuppressive microenvironment: it has been demonstrated that BAP1 mutation is associated with T-cell suppression in preclinical RCC models [52]. Clinical data on BAP1 as a predictor of response to immunotherapy have only recently been published. In an analysis by Liu et al. based on the TCGA cohort and the genomic data from the JAVELIN Renal 101 trial (Avelumab plus Axitinib vs. Sunitinib as first-line in mRCC) and Checkmate-009/010/025 trials (Nivolumab vs. Everolimus in mRCC), BAP1-mutated tumors resulted in a longer estimated PFS with ICI therapies than with antiangiogenic/mTORi therapies (HR 0.71, 95% CI 0.51–0.99, p = 0.045) [53]. Moreover, they developed a BAP1 score, based on how many BAP1-mutation-associated genes were expressed. The ICI benefit over other treatments is significant in BAP1-mutated patients with a high BAP1 score (Avelumab plus Axitinib vs. Sunitinib: HR 0.55, 95% CI 0.43–0.70, p < 0.001; Nivolumab vs. Everolimus: HR 0.72, 95% CI 0.52–1.00, p = 0.045), while it is negligible for BAP1-mutated patients with a low BAP1 score. Therefore, the BAP1 mutation is not a predictor of ICI response per se, but rather an indicator of a gene expression signature that favors ICI use. This could easily be explained by the wide genomic-regulator effect that BAP1 exerts as a chromatin regulator.



To summarize, BAP1 mutations have a negative impact on prognosis and a high level of BAP1 expression could predict ICI therapy benefits.




2.3.3. SETD2


Along with PBRM1 and BAP1, the SETD2 gene is located in the 3p chromosome. It is a histone-lysine N-methyltransferase that plays a role in transcription regulation and alternative splicing [54]. Its loss-of-function mutation has been observed to cause microsatellite instability [55,56]. Interestingly, its mutation is frequently associated with PBRM1 mutation, but the association of the two mutations has no greater impact on overall prognosis than the single PBRM1 mutation [57]. Its mutation is reported with a frequency of 13–30% in different case series [54]. SETD2 loss of function is usually subclonal, meaning that it is only present in some cells within a single tumor [58]. Its effect on prognosis is negative: it has been associated with a shorter time to disease recurrence after nephrectomy. On the other hand, when considering OS from the start of systemic treatment, SETD2-mutated patients do not differ significantly from SETD2 wild-type patients, as described in a retrospective analysis of 240 patients whose tumors were studied with whole-exome sequencing [59]. The authors suggest that this might be due to a greater frequency of BAP1 mutations in SETD2 wild-type patients.



As for the predictive role, SETD2 status was evaluated in the COMPARZ and RECORD-3 prospective clinical trials, but no significant association was found [37]. However, in two large pan-cancer retrospective studies, which enrolled 451 and 375 SETD2-mutated tumors, respectively, SETD2 loss of function correlated with a higher tumor mutation burden and a better response to ICI immunotherapy [60,61].



Ultimately, SETD2 should be evaluated for its negative impact on prognosis.





2.4. DNA Damage Repair (DDR) Genes


There are at least 450 genes that exert a DDR function, and they are often organized in DDR systems [62]. Among all the DDR systems, the most studied are base excision repair (BER, which includes OGG1 and XRCC1), nucleotide excision repair (NER, which includes ERCC1 and XP), mismatch repair (MMR, which includes MSH2 and MLH1), homologous recombination repair (HHR, which includes BRCA1 and BRCA2), and non-homologous end joining (NHEJ, which includes KU70 and KU80). DDR genes also include regulators that act as cell-cycle checkpoints, such as ATM and ATR.



A total of 27–32% of RCC cases harbor mutations in DDR genes [63]. However, their potential as predictive biomarkers is still debated. Impairment in DDR genes often leads to an increase in random mutations that cannot be repaired. Consequently, the neoantigen load increases, thus rendering DDR-altered tumors more immunogenic [64]. A predictive role of DDR gene mutations in patients undergoing ICI therapy has been described for colorectal cancer and bladder cancer [65,66].



As for ccRCC, a retrospective analysis of 229 patients compared ICI and VEGFR-TKI responses among DDR-altered and non-DDR-altered tumors. No difference in ICI PFS was documented, but patients with DDR alterations treated with ICIs showed a significantly longer OS [67]. Another retrospective study found that among ccRCC patients, DDR alterations were more common in those achieving disease control [68].



Other drugs of potential clinical interest are poly-ADP ribose polymerase inhibitors (PARPi). PARPi act by suppressing a BER system and causing the cancer cell to accumulate more and more mutations until this condition is incompatible with survival. PARPi have already shown great efficacy in DDR-altered tumors. Moreover, they showed efficacy in RCC preclinical models, both in vitro and in vivo [63]. A phase II clinical trial of Olaparib (a PARPi) in monotherapy in patients with DDR-altered RCC is currently ongoing and is expected to be completed by 2025 (NCT03786796).



Based on the above, the potential predictive role of DDR gene alterations has yet to be defined.




2.5. Cyclin-Dependent Kinases (CDKs)


CDKs are regulatory molecules necessary for the ordered progression of the cell cycle and function in the integration of cellular signals to control cell-cycle checkpoints [69]. They act by creating complexes with cyclin proteins at certain points in the cell cycle [70]. CDK4 and the closely related CDK6 are both dependent on D-type cyclins, whose expression increases in early G1 in response to various mitogenic stimuli [71]. These two molecules have been extensively studied and their inhibitors are currently used in clinical practice in the management of solid tumors (mainly breast cancer). The role of CDK4 and CDK6 in metabolism might be crucial in RCC, due to their interplay with many hypoxia-enhanced pathways and mTOR signaling [72].



Mutation, hypermethylation, or deletion of CDKN2A are correlated with decreased survival in many RCC subtypes [16]. Moreover, partial deletion of chromosome 9p, containing CDKN2A, is a frequent event specifically in ccRCC (among 20% in the TCGA cohort) [72]; results from an integrated proteogenomic analysis by the Clinical Proteomic Tumor Analysis Consortium showed that loss of chromosome 9p is associated with an upregulation of mTOR signaling effectors [73].



Regarding sensitivity to CDK 4/6 inhibitors, a preclinical study showed that, following Palbociclib treatment, RCC cells underwent G0/G1 cell-cycle arrest and late apoptosis, and loss of CDKN2A, CDKN2B, and E2F1 was significantly associated with Palbociclib sensitivity [74]. Different degrees of Ribociclib sensitivity have also been shown in different RCC cell lines [75]. Currently, the only clinical experience of CDK4/6 inhibitors in RCC is a phase I trial evaluating the combination of Abemaciclib and Sunitinib in metastatic RCC (NCT03905889).



Finally, CDK mutations are prognostically unfavorable and their potential predictive role is currently being evaluated.




2.6. Tumor Mutation Burden (TMB)


Albeit not a genomic alteration in the classical definition, TMB can be an important indicator and can have a predictive role. TMB is defined as the total number of single nucleotide variants and small insertions and deletions per one million bases (Mb) in a tumor tissue sample. TMB is commonly calculated using whole genome sequencing (WGS) or whole-exome sequencing (WES), but it can also be estimated with various targeted gene panels. On average, ccRCC has a TMB of 1.1 mutations per Mb [76].



Among solid tumors, a high TMB (as observed in melanoma, non-small cell lung cancer, and urothelial cancer) is associated with improved response to ICIs [77]. Conversely, low-TMB tumors do not usually respond to ICIs. Classically, this has been explained as a consequence of a larger number of neoantigens in tumors with higher TMB, which triggers immune response easily [78].



ccRCC, however, has a relatively low TMB, ten times lower than that of melanoma, but has shown good responses to ICIs. At the present time, ICIs represent an almost mandatory step in the treatment of a patient with ccRCC, both in monotherapy and in combination with VEGF-TKI. This could be due to an intrinsic limit of TMB and to the genomic alteration landscape of ccRCC: In this tumor, large insertions and deletions—which per definition do not account for the TMB—are common, and frequently cause a frameshift, thus creating large amounts of neoantigens. This causes a high neoantigenic load with a relatively low TMB [79].



The correlation between higher TMB and better overall survival in patients treated with ICIs can also be seen within the ccRCC cohort. In a recent analysis, improved survival was described for tumors with a TMB in the top 20% of the population (5.9 mutations/Mb in RCC) [77]. In the same population, TMB showed no predictive or prognostic role in patients who did not receive ICIs.



In conclusion, only a relatively high TMB can be considered a positive prognostic factor, but its predictive role remains limited.





3. Discussion and Future Perspectives


The role of genomic profiling of ccRCC is gaining more and more relevance in recent years due to advances in molecular comprehension. The latest WHO classification of RCC takes into account these considerations and, for the first time, it defines a category of molecularly defined RCC [8]. Our analysis focuses on ccRCC due to its higher incidence and the high volume and quality of the literature data.



In the genomic landscape of ccRCC, there are many molecular alterations of potential clinical interest. VHL is a commonly mutated gene in ccRCC, and its mutation causes a shift to a hypoxic and proangiogenic phenotype. Albeit its prognostic and predictive role is limited in the current clinical practice, something could change with the introduction of HIF-2α inhibitors, such as Belzutifan. Belzutifan has proven its efficacy on VHL syndrome patients, which are not the primary object of our report, since we focused on sporadic ccRCC due to its higher incidence and its unmet clinical needs. Belzutifan still has to prove its efficacy in sporadic ccRCC, whose genomic landscape is different from that of hereditary ccRCC. Other common alterations in sporadic ccRCC are those that affect mTOR and its network, leading to impaired control of cell development and proliferation. These mutations do not have a clear prognostic role, but some evidence suggests that they could predict response to mTORi. Then there are chromatin remodeling modulators, such as PBRM1, SETD2, and BAP1, whose alterations do not have predictive roles, but can significantly impact prognosis or time to disease recurrence after nephrectomy. Moving to less consolidated evidence, it is worth mentioning DNA repair gene mutations and cyclin-dependent kinase mutations, which could predict responses to PARP inhibitors and CDK inhibitors, respectively. Trials addressing this subject are currently ongoing. Finally, albeit not a single genomic alteration in a strict sense, TMB has shown some predictive role for ICI response.



However, when translating these data to clinical practice, some limitations must be considered. The first one is tumor heterogeneity. On one hand, there is interpatient heterogeneity: as discussed above, all the genomic alterations analyzed in this paper are present only in a part of the whole ccRCC population. On the other hand, there is intrapatient heterogeneity: it has been proven that in ccRCC the concordance between the primary tumor and metastases is not 100%, especially when we consider chromatin remodeling modulator mutations [80]. The question is even more complicated if we take into account intratumor heterogeneity, which is the difference between different areas of the same neoplastic mass. This has been demonstrated to be impactful for many genomic alterations in ccRCC [81]. The high heterogeneity of ccRCC does not allow us to easily develop a one-size-fits-all strategy. One possible strategy to overcome tumor heterogeneity is assessing the mutation status of the largest possible number of cancer cells from different tumor sites with an accessible and reproducible technique. Liquid biopsy could be the technique most suitable for this objective. Liquid biopsy consists in the collection of tumor biological materials from bodily fluids, principally peripheral blood. It has recently been demonstrated that the analysis of circulating tumor DNA, circulating tumor cells, extracellular vesicles, urinary and blood microRNA, and specific proteins is feasible and accurate in ccRCC, in both prognostic and diagnostic settings [82,83]. Liquid biopsy is not limited to one or few sites like classic biopsy, and therefore, it can give us information on the genomic and proteomic status of the whole disease, including all metastatic sites. Moreover, the inaccessibility of genomic testing in clinical practice has recently been overcome: a large NGS panel is available in most major hospitals, and in smaller hospitals, remote testing options can be adopted.



In addition, many key genomic alterations of ccRCC happen in complex control proteins (such as the chromatin remodeling modulators) and the description of all their effects is difficult to achieve. Therefore, it is highly unrealistic that the personalized approach to ccRCC will be like the approach to NSCLC; while in NSCLC a mutated driver exerts a specific oncogenic action and its blockade has a strong therapeutic effect, in ccRCC the altered proteins exert a myriad of micro-effects that combine with each other, and their integration determines the cancer cell growth and survival. For this reason, the only way to develop a clinical-genomic integration tool that could guide therapeutic choices is to genomically evaluate larger and larger populations. The analysis of this gargantuan mass of data could help to elaborate a model that explains how little every single mutation impacts the cancer phenotype and how much more important is the combination of more mutations, namely a gene signature. These findings could be applied on a larger scale, in order to build even more accurate prognostic and predictive models. The use of artificial intelligence will be pivotal to this aim, and its reliability has recently been proven with the development of a prognostic model for ccRCC based on purely clinical factors [84]. The integration of these models with molecular data will be the next step. Furthermore, the easy accessibility of large NGS panels in clinical practice will allow even more data to be generated, integrating results from prospective clinical trials and insights from retrospective real-world analyses [85].



Real-world data on clinical-genomic correlations in ccRCC are pivotal at this point, since much of the data described in the literature come either from whole-exome sequencing experiences, such as the TCGA cohort [16], or from genomic analyses performed during randomized clinical trials. This introduces some biases. First of all, many cohorts of ccRCC patients undergoing whole-exome sequencing include mainly patients with localized diseases, which is a selection bias; this can be interesting in terms of elaborating tools to predict disease recurrence, but it makes it difficult to have a clear idea of the mutational landscape of metastatic disease. In the case of clinical trials with a wide plan of molecular analyses, such as IMmotion150 [38], the selection bias is given by the trial’s inclusion/exclusion criteria themselves: only eligible patients are subjected to genomic analysis, thus leaving a part of the real-world population unstudied.



The ever-changing paradigm of modern oncology requires a shift in the medical oncologist mindset: if up until now a pathology report and a complete radiological staging were essential for therapy choice, in the future the knowledge of mutational landscape will be just as pivotal. In this scenario, the integration of different skills from different professionals could be the winning strategy; the development of molecular tumor boards including molecular pathologists, biologists, bioinformaticians, geneticists, medical oncologists, and pharmacists should be strongly encouraged. Molecular tumor boards could be the key to bringing genomic profiling into every-day practice since they could offer to many patients access to valid molecular profiling and could help the medical oncologist to interpret the results and choose the most personalized therapy for each individual. Moreover, the growing accessibility of genomic profiling will lead to an increase in clinical-genomic data production, which will lead to an easier validation of integrated prognostic models.




4. Conclusions


Genomic profiling of ccRCC is promising, although still difficult to apply in large-scale clinical practice, due to the limitations described in our review: (I) tumor heterogeneity, (II) limited accessibility of genomic profiling tests, and (III) lack of genomic data validation. To overcome these limiting factors, we have outlined and promoted some realistic strategies: (I) tumor heterogeneity could be addressed through increased and recurrent use of liquid biopsy; (II) adoption of remote genomic testing could solve the inaccessibility of genomic testing for smaller hospitals, and the establishment of molecular tumor boards in larger hospitals could ensure adequate resource allocation and appropriate use of genomic profiling; (III) the integration of ccRCC clinical-genomic data from prospective randomized trials and real-life case series could contribute to the validation of genomic data.
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Figure 1. Tumor suppressive role of VHL and consequences of its loss of function. In normoxic conditions, VHL forms a complex with Elongin C and Elongin B (namely VCB-CR) and induces proteasome-mediated HIF degradation. In hypoxic conditions and in VHL loss of function, HIF is not degraded. HIF-1α and HIF-2α form complexes with HIF-β and translocate in the nucleus where they activate the hypoxia-related elements (HREs), which cause tumorigenic effects. Abbreviations: HIF: hypoxia inducible factor, HRE: hypoxia-related element, EloB: Elongin B, EloC: Elongin C, VCB-CR: VHL-Elongin C-Elongin B-Cullin 2-Ring Box 1 complex. 






Figure 1. Tumor suppressive role of VHL and consequences of its loss of function. In normoxic conditions, VHL forms a complex with Elongin C and Elongin B (namely VCB-CR) and induces proteasome-mediated HIF degradation. In hypoxic conditions and in VHL loss of function, HIF is not degraded. HIF-1α and HIF-2α form complexes with HIF-β and translocate in the nucleus where they activate the hypoxia-related elements (HREs), which cause tumorigenic effects. Abbreviations: HIF: hypoxia inducible factor, HRE: hypoxia-related element, EloB: Elongin B, EloC: Elongin C, VCB-CR: VHL-Elongin C-Elongin B-Cullin 2-Ring Box 1 complex.



[image: Curroncol 30 00670 g001]







[image: Curroncol 30 00670 g002] 





Figure 2. Main chromatin remodeling systems involved in RCC tumorigenesis: Polycomb repressive deubiquitinase complex involves BAP1 and acts by deubiquitinating histones. Methyltrasferases, such as SETD2, are enzymes that add a methyl group to histones. SWI/SNF complex is a molecular machinery that acts by sliding nucleosomes, ejecting nucleosomes, and ejecting only certain nucleosome components. All these systems modulate access to DNA transcription and, therefore, gene expression. Abbreviations: BAP1: BRCA-associated protein 1, ASXL1: putative Polycomb group protein ASXL1, SETD2: SET domain containing 2, MLL1/2: myeloid/lymphoid or mixed-lineage leukemia 1 and 2, SWI/SNF: SWItch/sucrose non-fermentable, PBRM1: Polybromo 1, SMARC: SWI/SNF-related matrix-associated actin-dependent regulator of chromatin, ARID: AT-rich interactive domain-containing protein, BAF: BRG1-associated factor. 
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Table 1. Principal clinical trials involving Belzutifan, a HIF-2α inhibitor.
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	Trial Name
	Phase
	Patients
	Study Arms
	Outcomes





	MK-6482-01
	I
	43 advanced ccRCC pretreated patients (dose escalation cohort)
	Single arm:

Belzutifan monotherapy
	Safety endpoint met; mPFS 14.5 mts; ORR 25%



	MK-6482-03
	II
	52 advanced ccRCC pretreated

(≤2 lines) patients (cohort 2)
	Single arm: Belzutifan + Cabozatninib
	mPFS 13.8 mts; ORR 30.8%; mDOR 18.6 mts; mOS (24.1 mts)



	MK-6482-04
	II
	61 naïve VHL-mutated patients with localized RCC
	Single arm: Belzutifan monotherapy
	24 mts-PFS 96%; ORR 51%; mDOR NR; mOS NR



	MK-6482-05
	III
	736 advanced ccRCC pretreated

(≤3 lines, at least 1 ICI and VEGFR-TKI) patients
	Belzutifan vs. Everolimus
	Estimated completion: 2025



	MK-6482-010
	I
	52 advanced ccRCC pretreated (≤1 line) patients
	Single arm: Belzutifan monotherapy dose escalation
	Estimated completion: 2025



	MK-6482-011
	III
	706 advanced ccRCC pretreated

(≤2 lines, at least 1 ICI) patients
	Belzutifan + Lenvatinib vs. Cabozantinib
	Estimated completion: 2024



	MK-6482-012
	III
	1652 advanced ccRCC naïve patients
	Belzutifan + Pembrolizumab + Lenvatinib vs. MK-1308A + Lenvatinib vs. Pembrolizumab + Lenvatinib
	Estimated completion: 2026



	MK-6482-013
	II
	154 advanced ccRCC pretreated

(≤3 lines, at least 1 ICI) patients
	Single arm: Belzutifan monotherapy dose escalation
	Estimated completion: 2025



	MK-6482-022
	III
	1600 radically resected ccRCC patients
	Pembrolizumab + Belzutifan vs. Pembrolizumab

(1-year treatment)
	Estimated completion: 2027



	MK-6482-024
	II
	180 advanced ccRCC pretrea