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Abstract: Renal cell carcinoma is a heterogenous cancer composed of an increasing number of unique
subtypes each with their own cellular and tumor behavior. The study of hereditary renal cell car-
cinoma, which composes just 5% of all types of tumor cases, has allowed for the elucidation of
subtype-specific tumorigenesis mechanisms that can also be applied to their sporadic counterparts.
This review will focus on the major forms of hereditary renal cell carcinoma and the genetic al-
terations contributing to their tumorigenesis, including von Hippel Lindau syndrome, Hereditary
Papillary Renal Cell Carcinoma, Succinate Dehydrogenase-Deficient Renal Cell Carcinoma, Heredi-
tary Leiomyomatosis and Renal Cell Carcinoma, BRCA Associated Protein 1 Tumor Predisposition
Syndrome, Tuberous Sclerosis, Birt–Hogg–Dubé Syndrome and Translocation RCC. The mechanisms
for tumorigenesis described in this review are beginning to be exploited via the utilization of novel
targets to treat renal cell carcinoma in a subtype-specific fashion.

Keywords: hereditary renal cell carcinoma; mechanisms of disease; genetics of renal cell carcinoma;
cell biology of renal cell carcinoma

1. Introduction

Renal cell carcinoma (RCC) has an incidence of ~400,000 new cases per year worldwide.
Unfortunately, approximately one-third of patients present with or develop metastatic disease,
with a 5-year overall survival of ~12% once metastatic disease develops, and RCC shows
an overall mortality of 30–40% for all patients [1]. Risk factors for developing RCC are
well described and include male gender, smoking, obesity, hypertension and chronic kidney
disease [2]. Environmental risk factors have been described, including water pollution such as
arsenic contamination, or exposure to industrial solvents or occupational exposures such as to
trichloroethylene, herbicides, pesticides, asbestos and copper sulfate [3–6]. Additional work is
needed to describe how environmental factors influence hereditary RCC. Those with a localized
disease are typically treated with either partial or radical nephrectomy and, as mentioned,
have better outcomes than those that present with metastatic disease. Furthermore, RCC is
not a single entity but is a heterogenous cancer, now with 24 different recognized subtypes
according to the 2022 World Health Organization’s (WHO) 5th edition RCC classification,
which is an increase from the 16 entities described in the 2016 version. Prior classifications have
focused on tumor morphology and immunohistochemistry; however, with each new edition
the molecular and genetic underpinnings that cause tumorigenesis have come to the forefront
when classifying each RCC subtype [7].

Unique genetic alterations drive tumorigenesis in each RCC subtype. These have
been elegantly elucidated over the past several decades, affecting various areas of cell
biology including oxygen sensing, cell growth pathways and, increasingly, mitochondrial
biology [8]. These alterations lead to unique cellular behavior between subtypes, leading to
unique growth rates, metabolism and metastatic potential. Many of these alterations were
discovered by studying hereditary RCC which accounts for only 5% of all cases, but the
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information elucidated from hereditary RCC has been used to treat the remaining 95% of
sporadic RCC [9]. Furthermore, specific alterations have provided opportunities for unique
subtype treatment with individualized medicine, mostly in the metastatic setting. However,
these alterations have increasingly been applied for localized disease to shrink tumors or
even prevent new tumors [10]. This review will focus on the tumorigenesis of hereditary
RCC, describe clinical features of the more common forms of hereditary RCC and highlight
how knowing the tumorigenesis of an RCC subtype has led to new therapeutic options.

2. Von Hippel–Lindau Syndrome (VHL)
2.1. Clinical Aspects of VHL

Von Hippel–Lindau Syndrome (VHL) was originally described as an autosomal domi-
nant condition in the early 1900s by Eugene von Hippel and Arvid Lindau independently
and is the most common hereditary RCC syndrome, affecting ~1/36,000 individuals [11–13].
However, its molecular tumorigenesis mechanisms were not described until the 1990s
and beyond when the VHL gene, a tumor suppressor gene, was localized to chromo-
some 3 (3p25-3p26) [14]. The majority of VHL patients present with germline mutations;
however, ~20% have sporadic de novo mutations, and mutations to VHL are common to
sporadic clear cell RCC (ccRCC) with hundreds of different chromosome 3p mutations
being described [15,16]. In fact, ~70% of sporadic RCC lesions show VHL mutations but
with a higher degree of tumor heterogeneity due to additional lost tumor suppressor genes
on chromosome 3p [17–19]. Additionally, of note, translocation events can also lead to
VHL [20]. Clinically, VHL lesions present in several organ systems and can be benign
or malignant. Hemangioblastomas may present in the liver, brain, spine and retina and
may require surgical resection. VHL patients are at increased risk of pheochromocytomas,
paragangliomas and renal cell carcinoma (usually clear cell RCC). Additional lesions in-
clude endolymphatic sac tumors of the inner ear, pancreatic neuroendocrine tumors that
frequently need surgical resection, and cystadenomas of the epididymis of males or broad
ligament of females leading to possible fertility issues despite their benign nature. Regard-
ing renal lesions in VHL, kidney may develop thousands of microscopic or large lesions
that are solid or cystic with each lesion having malignant potential. The average age for an
initial lesion is the 4th decade of life, but many showing lesions much earlier [21–23,23].
However, one study described a cohort where the median age of onset for an initial lesion
was age 28, with a median life expectancy of 66. In addition, they reported that those pre-
senting with an initial CNS lesion correlated to worse overall survival compared to those
presenting with abdominal lesions initially [24]. Numerically, microscopic examination of
VHL kidneys have revealed an average of 1,000 cysts with clear cell lining (pre-malignant)
and over 600 clear cell neoplasms being present by a median age of 37 correlating with
the likely eventual development of larger uni-, bi- or multi-focal RCC [25]. Another, less
appreciated effect of VHL includes the possibility for increased total body visceral adipose
tissue deposition [26].

Lifetime penetrance for having at least one VHL-related lesion approaches 100% [27].
Specifically, regarding renal lesions, VHL has the highest penetrance for RCC amongst
hereditary RCC condition, with lifetime risk being ~70% [28]. Regarding penetrance of
pheochromocytomas, ~30% of VHL patients develop pheochromocytomas while only ~10%
develop metastatic disease [29,30].

Given the wide variety of penetrations for each possible VHL-related lesion, attempts
have been made to link clinical phenotype to the type of germline mutation. Type 1
VHL mutations are at a lower risk of pheochromocytoma and tend to have truncating
mutations to VHL, while types 2A, 2B and 2C arise from missense mutations and have a
higher risk of pheochromocytoma. In fact, type 2C-specific mutations only increase the
risk of pheochromocytomas while hemangioblastoma risk is higher in type 1, 2A and 2B.
RCC risk is highest in the missense mutations or truncating mutations of type 2B and 1,
respectively [17,27,31–34].
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2.2. Mechanisms of Tumorigenesis of VHL

As mentioned, VHL is acquired, like all other forms of hereditary RCC, in an autosomal-
dominant fashion and follows Knudson’s ‘two-hit’ hypothesis. That is to say, the patient is
born with the first hit as a germline mutation of VHL or complete loss of 3p and the second
hit is acquired somatically, leading to the characteristic VHL lesion(s) over time [22]. Other
mutations or alterations to chromosome 3p affecting the tumor suppressors PBRM1, BAP1,
SETD2 also occur, further promoting tumorigenesis [19]. In addition, VHL mutations can
occur in a mosaic fashion [35]. Frequently VHL patients also acquire 5q and 8q amplifi-
cations along with 9p deletions [36]. Similar genetic changes are seen in sporadic ccRCC,
however, tumor heterogeneity is generally less diverse in VHL and lesions develop later in
life in the setting of sporadic ccRCC [19].

With the discovery of VHL, the biology of the tumorigenesis of the syndrome was
further evaluated, with implications for potential management of the not only VHL but
also other forms of hereditary RCC and sporadic tumors in both localized and metastatic
disease. At the cell biology level, VHL encodes for an E3 ubiquitin ligase and functions with
additional proteins, including Elongin B and C, cullin-2 and RBX1 [37–40]. Of note, VHL
disease may be caused by mutations to VHL interacting proteins such as Elongin C, which
is now its own RCC subtype according to the WHO [7,41]. Under normoxic conditions the
transcription factor, hypoxia-inducible factor (HIF), is hydroxylated on proline residues by
oxygen-sensing prolyl-hydroxylase enzymes (PHD). Hydroxylated HIF is then recognized
by the VHL complex and covalently tagged with ubiquitin on lysine residues, marking HIF
for degradation by the proteosome. During hypoxia, this degradation is attenuated through
inhibition of PDH with subsequent buildup and activity of HIF. Of note, two forms of
HIF exist, HIF1α or HIF2α, that form heterodimers with HIF1β/ARNT thus activating the
HIF transcription network [42–44]. Some studies suggest that HIF2α is the major isoform
driving tumorigenesis in VHL and that it therefore drove the development of an oral agent
to combat VHL-related lesions targeting HIF2α (see below) [18,45].

The functional consequences to elevated HIF are numerous, and it is the main driver
for tumorigenesis of VHL as well as sporadic and other forms of hereditary RCC. HIF acts
as a transcription factor, driving cell proliferation by increasing levels of platelet derived
growth factor beta (PDGFβ), transforming growth factor alpha (TGF-α) and its receptor
epidermal growth factor receptor (EGFR), stimulating angiogenesis by augmenting levels of
vascular endothelial growth factor (VEGF) and increasing glucose uptake and aerobic gly-
colysis/Warburg effect by increasing expression of glucose transporter 1 (GLUT1) [46,47].
Cell cycle control, apoptosis and motility are also altered through changes in cyclin D1,
p53 and CXCR4, respectively [48]. Furthermore, VHL lesions show drastically altered
metabolism in that HIF actively attenuates expression of CPT1a, a transporter of fatty acids
into the mitochondria and the rate-limiting step of β-oxidation in the mitochondrial matrix.
HIF activity therefore attenuates lipid metabolism via β-oxidation thus promoting lipid
accumulation, a pathognomonic finding in ccRCC, and pushes the tumor even further
towards relying on the Warburg effect through glycolysis for survival [49]. Additional War-
burg effect changes, mediated by HIF, include increased expression of glycolytic enzymes
(PDK, CA-9) and erythropoietin (EPO) for red blood cell production.

Other VHL targets have been identified through non-biased screens, and future work
needs to elucidate the downstream functional consequences of these additional targets with
regard to cell signaling and post-translational modifications (PTMs), such as acetylation,
with the hopes of identifying future treatments [50,51]. As an example, a recent additional
target for VHL includes the mitochondrial transcription-promoting protein TFAM where
VHL functions to stabilize TFAM, thus leading to increased mitochondrial mass and
inhibition of mitochondrial proteolysis by the protease LONP1. VHL tumors are known to
have low mitochondrial mass; indeed, augmenting mitochondrial mass through LONP1
inhibition may improve response to systemic agents such as the TKI, sorafenib and limit
the Warburg effect [52]. The identification that mutations to both VHL and nearby genes
on chromosome 3p can act as the first events causing tumorigenesis in several forms of
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RCC (both hereditary and sporadic) has opened the door to treatment approaches in a
patient-specific fashion (see below).

2.3. VHL Therapeutic Targets and Treatment Strategies

The treatment of VHL and its associated lesions has undergone rapid changes since
the early 1990s when VHL was first described. Given the numerous potential sites for lesion
occurrence, a multi-disciplinary approach is needed to treat those with VHL. This includes,
but is not limited to, applications of urology, neurosurgery, surgical oncology, medical
oncology, ophthalmology, otolaryngology, nephrology and endocrinology. Furthermore,
active surveillance by the respective teams to detect new lesions and monitor existing
lesions of the retina, brain, spinal cord, liver, adrenal and kidney is warranted through
regular exams and imaging (ideally with MRI). Various guidelines exist on when to start
screening, with some advocating for hearing/biochemical testing at age 5 and the obtaining
of brain and abdominal MRI imaging at age 10 [53]. From a urology standpoint, lesions
warranting resection from the adrenal gland or kidney are ideally resected via partial
adrenalectomy or partial nephrectomy to preserve functional tissue, as most patients
require multiple resections in their lifetime [23]. Partial nephrectomy of exophytic renal
lesions is performed via enucleation without wide resection by utilizing the pseudocapsule
plane between the tumor and normal kidney to aid in resection, thus achieving both cancer
control and maintaining healthy tissue, with the goal of warding off the need for future
hemodialysis [54]. More complex techniques are required for the treatment of endophytic
lesions to preserve renal function [55]. By minimizing loss of normal renal parenchyma
and limiting surgical ischemia time, numerous lesions may be resected in the same setting,
with excellent renal functional outcomes [56–59]. Unlike those with sporadic RCC, VHL
patients frequently need multiple surgeries on the same kidney in their lifetime. This places
such patients at increased risk of surgical complications such as urine leaking, need for
hemodialysis or bowel injury, but such re-operative procedures can be safely performed
either robotically or via an open approach [60,61]. As mentioned, various lifelong active
surveillance protocols have been proposed by various organizations. The VHL Alliance
proposes, in contrast to others, to begin screening for lesions starting at age 16, utilizing MRI
(instead of CT) to avoid chronic lifetime exposure to radiation. Imaging should be performed
every 2 years if no lesions are found. Lesions in the kidney can be followed up to 3 cm following
the ‘3 cm rule’ as lesions smaller than this show low metastatic potential. In fact, lesions smaller
than 3 cm have a ~0% rate of spread compared to larger lesions, and their detection can be
followed with more frequent abdominal imaging until they reach the full 3 cm [62]. However,
lesions near the hilum or in a solitary kidney may benefit from earlier resection before the 3 cm
mark is reached. Growth rates for less aggressive lesions tend to be less than 5 mm/year [23].
Growth rates, specifically for VHL lesions, are estimated on average to be 0.37 cm/year, which
is faster than FLCN or MET mutation lesions, but slower than the faster-growing lesions found
with Bap1 mutation [63]. Of note, ongoing work with machine learning and MRI is attempting
to develop techniques to predict individual tumor growth rates based on MRI parameters [64].
Once a lesion reaches 3 cm, it is customarily resected via the aforementioned enucleation and
ideally all lesions (including accessible cysts) are resected on the ipsilateral side at that time
irrespective of size to minimize the number of surgeries performed over the patient’s lifetime.

Active surveillance protocols for adrenal lesions have also been proposed, with the
goal of preserving adrenal tissue while obtaining cancer control and preventing the need for
adrenal hormone supplementation. Unlike the linear growth curves seen with renal lesions
in VHL, adrenal growth curves behave exponentially, growing at 0.03 cm/year when <1 cm
in size but increasing to greater than 0.3 cm/year once larger than 2 cm. In addition,
lesions greater than 3 cm in size are less likely to be amenable to partial adrenalectomy. In
addition, catecholamine release and symptoms tend to worsen with size. For these reasons,
a ‘2 cm rule’ has been proposed to maximize cancer control, minimize symptoms and allow
for partial adrenalectomy [33,34]. Active surveillance protocols require periodic imaging
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by abdominal MRI and/or [68Ga]DOTANOC PET or [131I]MIBG along with plasma-free
metanephrines or 24 h catecholamine collection [65].

Treatment for metastatic lesions has targeted the known changes induced by VHL
loss including using TKIs, such as sunitinib, to target the receptors upregulated with HIF,
accumulation including VEGFR, PDGF and EGFR. Current approaches have incorporated
the use of immunotherapy (I/O) therapy and TKIs either individually or in combination
for metastatic ccRCC [66–68].

More recently, direct inhibitors to HIF2α have been developed for the treatment of
localized renal and CNS tumors as well as pancreatic lesions in VHL patients. The HIF2α
inhibitor, belzutifan, is approved for oral daily use with the goal of slowing tumor growth,
thus offering a medical solution over surgery. A recent phase II study using belzutifan
showed an ORR of 49% and stable disease in another 49% of patients. Meanwhile PFS was
over 95% at 2 years while side effects were minimal, with fatigue and anemia being the most
common [45,69,70]. In addition, responses were seen for 77% of pancreatic lesions, 30%
of CNS hemangioblastomas and 100% of retinal lesions [69]. Overall, use of daily HIF2α
inhibitors will likely reduce the need for surgical interventions in select VHL patients.
Based on these results, Belzutifan was approved by the FDA in August 2021 for use in
VHL patients with CNS, RCC and pancreatic neuroendocrine lesions that do not require
immediate surgery [71]. Belzutifan’s use in sporadic RCC and other hereditary forms of
RCC (such as HLRCC with augmented HIF activity) is also being considered.

3. Hereditary Papillary Renal Cell Carcinoma (HPRC)
3.1. Clinical Aspects of HPRC

Germline mutations to the proto-oncogene MET (chromosome 7q31) leads to heredi-
tary papillary renal cell carcinoma (HPRC) forming. These MET mutations lead to constitu-
tional activation of MET, which is a tyrosine kinase receptor localized on the cell surface
of renal epithelial cells and normally functions in part in renal tubular repair following
ischemia, chemical insult or renal hypertrophy [72,73]. Interestingly, MET mutations or
alterations can be found in other cancers including hepatocellular carcinoma, endome-
trial, breast, gastric and squamous cell carcinoma of the head and neck [74]. Originally
discovered in 1994 as an autosomal dominant condition within a family presenting with
RCC over several generations, HPRC is unique amongst hereditary RCC in that the only
phenotype seen is increased risk of bilateral or multi-focal RCC [75,76]. For those with
known or likely pathogenic MET mutations causing HPRC, the risk of developing bilateral
and/or multi-focal RCC is >80%, with some reporting penetrance rates of RCC to be >90%,
which is amongst the highest rates of penetrance seen in hereditary RCC, with a median
age of renal tumor diagnosis being 57 [77,78]. In addition to causing HPRC, MET missense
mutations have been reported in ~13% of sporadic papillary RCC, and such mutations
have been cor related to higher stage and possible worse overall survival [79]. Despite only
13% of sporadic type I papillary RCC tumors showing mutations in MET, alterations to
MET are seen in 81% of sporadic type 1 papillary tumors due to a combination of missense
mutations, gene fusion events and multiple copies of chromosome 7 (along with chromo-
somes 16, 17 and 20), thus making mutations to MET far less common amongst sporadic
type 1 papillary RCC patients [80,81]. Of note, MET copy number increases cellular dedif-
ferentiation, lymph node invasion and risk of metastasis [82]. Clinically, the tumors seen
in HPRC patients behave more indolently than those from VHL patients, in that growth
rates are ~0.15 cm/year compared to 0.37 cm/year in VHL tumors [63]. In addition, these
type 1 papillary tumors appear hypo-vascularly on CT/MRI when compared to other RCC
subtypes, such as clear cell RCC [83].

3.2. Mechanisms of Tumorigenesis of HPRC

MET mutations lead to the auto-dimerization, autophosphorylation and constitutive
activation of its cytoplasmic tyrosine kinase (TK) domain (amino acids 1110 to 1268), inde-
pendent of its only known endogenous ligand hepatocyte growth factor (HGF). This is the
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signature event in HPRC’s tumorigenesis [73]. MET functions upstream of numerous sig-
naling pathways promoting tumorigenesis including PI3K/AKT/mTOR, STAT, MEK/ERK,
GRB2, GAB1 and RAC1 thus promoting cell survival, proliferation, angiogenesis and
mobility and being similar to the tumorigenesis found in certain forms of hepatocellular
carcinoma [84]. Additionally, MET and VHL crosstalk may occur, as MET may regulate
VEGF signaling and downstream angiogenesis even after VEGFR inhibition. This suggests
that breakthrough resistance mechanisms develop after treatment with VEGF inhibitors,
such as bevacizumab. Meanwhile, MET expression levels can be altered in clear cell RCC
after VHL mutation [73,85,86]. This constitutive activation of a TK receptor is the basis
for targeted therapies in HPRC utilizing various TK inhibitors, and likely explains the
differential response to these drugs in HPRC (missense mutations) vs. sporadic type 1
papillary RCC (gene fusion and aneuploidy events) (see below). An additional mechanism
for tumorigenesis following MET alteration includes changes to cell contact inhibition,
motility and epithelial to mesenchymal transition (EMT) due to decreased E-cadherin and
increased N-cadherin/vimentin expression [73,87].

3.3. HPRC Therapeutic Targets and Treatment Strategies

Given that the kidney of an HPRC patient may contain over 3000 microscopic tumors
with malignant potential, lifelong surveillance with abdominal imaging is imperative in
the treatment paradigm of HRPC [88]. The preferred lifelong surveillance regimen includes
cross-sectional abdominal imaging with CT or MRI scans every 1–2 years starting at age 30,
as described by NCCN guidelines [67]. The age of 30 is typically later than other forms of
hereditary RCC due to the later onset of presentation in HPRC of renal lesions, but early-
onset HPRC has been described [77]. Given the indolent behavior of tumors and similar to
instances of treatment with VHL-related lesions, HPRC lesions can be assessed following
the ‘3 cm rule’, in that these lesions do not require resection until reaching 3 cm in diameter
due to the low metastatic potential of smaller lesions. Once a lesion reaches 3 cm in size,
the preferred resection method is enucleation of the lesion via partial nephrectomy [89,90].

Currently, there is no approved treatment specifically for HPRC lesions, but several
studies have hinted at targeting MET due to its central link in the tumorigenesis of HRPC,
particularly in the context of those patients with activating mutations to MET (as opposed
those with aneuploidy and gene fusion alterations). MET-targeting agents such as foretinib,
crizotinib, savolitinib and cabozantinib, have resulted in varying levels of success [91–95].
As part of a phase II trial, foratenib with activity against MET, VEGFR2 and AXL showed
modest benefit against type 1 papillary RCC in 74 patients with known germline or somatic
mutations to MET, MET amplification or gain in chromosome 7. ORR was only 13.5%, with
an MFS of 9.3 months. However, those with germline MET mutations showed a much higher
response rate of 50%, suggesting that those with MET mutations may benefit most from this
targeted therapy compared to patients with aneuploidy [94]. In a phase III study (SAVOIR)
comparing sunitinib (a TKI without activity against MET) vs. savolitinib (TKI against MET),
savolitinib had a numerically higher ORR, OS and PFS than sunitinib (median PFS was not
statistically significant), and savolitinib had fewer grade 3 or higher adverse events and was
better targeted. Of note, the majority of patients in SAVOIR had known gain in chromosome
7 alterations, and it is unknown if those with germline mutations to MET would respond at
higher rates after treatment with savolitinib rather than sunitinib [92]. Additional studies are
ongoing to investigate the efficacy of sunitinib, cabozantinib, crizotinib and savolitinib) and
capmatinib/INC280 (NCT02761057, NCT02019693).

The use of checkpoint inhibitors/immunotherapy (IO) in clear cell RCC (ccRCC) is
now the standard method of care. However, their use in non-ccRCC is less well studied.
One study showed that ~32% of type 1 papillary RCC tumors do in fact express PD-L1
suggesting a role of IO therapy [96]. Using PD-L1-targeting pembrolizumab in papillary
RCC showed an ORR of over 25%, while using CTLA-4 targeting durvalumab with savoli-
tinib had the ORR go to over 27% [97,98]. As in the aforementioned TKI studies, better
stratification is needed in future studies to elucidate whether IO therapy has differential



Genes 2022, 13, 2122 7 of 28

benefits on those with germline MET mutations compared to patients with somatic, gene
fusion or aneuploidy alterations. Overall, the tumorigenesis pathways that are triggered
following MET alterations promise potential treatment options for those with HPRC due to
their lifelong risk of renal tumors with potential metastatic disease.

4. Succinate Dehydrogenase-Deficient Renal Cell Carcinoma (SDH-RCC)
4.1. Clinical Aspects of SDH-RCC

Like other forms of hereditary RCC, SDH-RCC is inherited in an autosomal dominant
fashion as a germline mutation to the succinate dehydrogenase complex, as initially de-
scribed in 2004 before beingg officially recognized as a distinct form of RCC by the WHO’s
RCC classification in 2016 [99,100]. Succinate dehydrogenase is a tetramer protein complex
localized to the inner mitochondrial membrane composed of the subunits encoded by the
SDHA, SDHB, SDHC, and SDHD genes with complex formation aided by SDHAF1 and
SDHAF2. Mutations to each subunit or SDHAF2 have been linked to developing SHD-RCC,
with SDHB being the most common [101–103]. Recently, a patient presenting with pancre-
atic neuroendocrine tumors was noted to have mutations to both SDHA and VHL, but it is
unknown how potential RCC tumors would behave with this dual mutation burden [104].
Succinate dehydrogenase is unique in that it functions as both a key component of the
Kreb’s/Tricarboxylic acid (TCA) cycle and the electron transport chain as Complex II, thus
placing the tetramer at the center of cell metabolism [105]. SDH-RCC is an overall rare form
of RCC, accounting for less than 0.25% of all RCC cases and presenting at an average age of
35 years. However, it can present in the 2nd–8th decades of life [102,106] as well. Unlike
HPRC, SDH-RCC patients can present with other manifestations other than RCC, includ-
ing paragangliomas/pheochromocytomas (especially to the head/neck), gastrointestinal
tumors (GIST) and pituitary adenomas [107–109]. Other studies have reported a potential
increased risk of seminomas, papillary thyroid carcinoma, renal adenomas, and pancreatic
neuroendocrine tumors [110]. Due to its rarity, the penetrance of each possible phenotype is
unknown, however, the penetrance for RCC is estimated to be ~15% with regard to SDHB
germline mutations [111]. Patients may develop solitary, bilateral or multifocal lesions in
up to 30% of cases [112]. Pathologically, lesions are eosinophilic with variable architecture
that has been described as either nested, solid or tubular. However, immunohistochemical
staining for SDH loss is pathognomonic in terms of diagnosis, reflecting the instability of
the tetrameric complex of SHD following the mutation of any individual subunit of the
complex or SDHAF2 [113,113,114].

4.2. Mechanisms of Tumorigenesis of SDH-RCC

The nuclear-encoded subunits of SDH are transported to the mitochondria, where
they are assembled into the tetrameric SDH complex in the inner mitochondrial mem-
brane. SDH is also known as succinate: ubiquinone oxidoreductase or mitochondrial
complex II. SDH is a component of the TCA cycle which oxidizes succinate to fumurate,
yielding the reducing equivalent FADH2. SDH also functions as Complex II of the electron
transport chain, utilizing the aforementioned FADH2 to shuttle electrons to ubiquinone
and Complex III and thus generating the proton gradient in the intermembrane space
needed for ATP generation by Complex V/ATP synthase [102,105]. Loss of SDH expression
has also been found in sporadic clear cell RCC with lost VHL but no SDH mutations, a
phenomenon which was correlated with poor prognosis [115]. The link between VHL
and attenuated SDH activity in the sporadic setting was explored by Aggarwal et al. who
showed that HIF upregulates miR-210 following VHL loss which directly inhibits the SDHD
transcript, further highlighting the tumorigenic potential of the SDH complex outside of
direct SDH mutations [115]. Disruption of SDH disrupts the TCA cycle, thus promoting
aerobic glycolysis (Warburg effect), glucose uptake and accumulation of the oncometabolite
succinate. Succinate accumulation in the mitochondrial matrix is thought to inhibit proline
hydroxylase (PHD) of HIF and thus the loss of VHL-mediated degradation of HIF [116].
Augmented HIF activity then promotes tumorigenesis through increased aerobic glycolysis
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and angiogenesis similar to the tumorigenesis of VHL [117,118]. In addition, elevated
succinate after SDH mutation may lead to the succinylation of lysine residues as a PTM of
numerous protein targets and this altered regulation of succinylation likely contributes to
tumorigenesis, highlighting the role of PTMs through oncometabolites in RCC tumorigene-
sis [119–123]. Furthermore, the SDH complex mutation may inhibit cell death pathways
such as the emerging ferroptosis mechanisms [124]. Further mechanisms of tumorigenesis
with succinate accumulation are through the inhibition of DNA repair mechanisms and
fatty acid accumulation [103,125].

4.3. SDH-RCC Therapeutic Targets and Treatment Strategies

Given its rarity, no clear guidelines exist for the surveillance and treatment of SDH-
RCC, but most advocate for annual or bi-annual abdominal imaging, periodic neck imaging
for paragangliomas, and the evaluation of plasma-free metanephrines or 24 h urine cat-
echolamines [28]. Once a tumor has been identified, the general recommendation is for
immediate surgical removal due to the aggressive nature of SDH-RCC lesions, and the
‘3 cm rule’ followed in VHL and HPRC is not recommended in SDH-RCC due to the
metastatic potential of even smaller lesions well below 3cm, with metastatic risk approach-
ing 30% [102,113,126]. During resection for smaller lesions, wide resection rather than
enucleation is the general recommendation due to the aggressive nature of these lesions. In
addition, for those lesions not amenable to partial nephrectomy, radical nephrectomy is
performed with possible regional lymph node resection.

For metastatic lesions, ongoing studies are attempting to take advantage of knowledge
gained from the study of tumorigenic mechanisms in SDH-RCC, including VEGF inhibition
due to succinate-mediated HIF augmentation. This includes the use the use of the TKI
cabozantinib, with activity against VEGFR2, and Nivolumab (anti-PD-1) specifically in
patients with non-clear cell RCC including SDH-RCC (NCT03635892). Another ongoing
study is utilizing the defective DNA repair seen in SDH-RCC by utilizing PARP inhibitors
(Talzoparib) with Avelumab (anti-PD-L1) (NCT04068831). However, given the aggressive-
ness of these lesions, more studies are needed to identify the ideal treatment of metastatic
lesions, including the role of metastasectomy in combination with systemic therapy.

5. Hereditary Leiomyomatosis and Renal Cell Carcinoma (HLRCC)
5.1. Clinical Aspects of HLRCC

In the early 1970s, several groups described families presenting with both uterine and
cutaneous leiomyomas that became known Reed Syndrome [127]. The link between Reed
Syndrome and the increased risk of an aggressive form of RCC was not described until the
early 2000s [128]. HLRCC was initially described as type II papillary RCC, however, with
the 2016 WHO classification, HLRCC is now considered a distinct entity from sporadic type
II papillary RCC [99]. In fact, the overall diagnosis of papillary RCC will continue to evolve
as more molecular characteristics are applied to the WHO’s classification system, further
delineating papillary subtypes [7]. Pathologically, HLRCC lesions appear as high-grade
aggressive and invasive lesions, have eosinophilic staining and display characteristic peri-
nuclear clearing with papillary architecture that can also be solid or tubular in nature [129].
HLRCC renal masses present as unifocal, bilateral or multi-focal masses with a wide variety
of sizes, with some being under 3cm while others present as over 20 cm, with metastatic
potential being present for even the smaller lesions [114]. Patients frequently present with
metastatic disease. Additionally, of note, these renal masses can present as cystic or solid,
with malignant potential being present for all cystic lesions owing to the malignancy of the
cells lining the cystic space, thus making avoidance of cyst rupture imperative to prevent
tumor seeding [130]. As with other hereditary forms of RCC, HLRCC is inherited in an
autosomal dominant manner and follows Knudsen’s two-hit hypothesis as both alleles
must be lost before disease presentation progresses with the first ‘hit’ being the inherited
germline mutation and the second being lost later in life as a loss of heterozygosity [114].
Of note, bi-allelic inheritance of FH mutations leads to the autosomal recessive condition
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fumurase deficiency at birth which leads in turn to microcephaly, dystonia, seizures and
developmental delay [131].

HLRCC is caused by the germline mutation of the tumor suppressor fumurate hydratase
(FH) at the 1q42.3-q43 locus of chromosome 1 [132]. FH, like SDH, functions as part of
the TCA cycle, converting fumurate to malate with loss of FH leading to accumulation
of the oncometabolite fumurate and subsequent succination of mitochondrial protein
cysteine residues as a PTM (see below). Elevated cysteine succination is pathognomonic
for HLRCC and is detected via increased S-(2-succinyl) cysteine IH staining, confirming
the final diagnosis of HRLCC [133].

Patients with HLRCC are at increased risk of uterine fibroids, cutaneous leiomyomas
and HLRCC-associated RCC, with each feature having varying penetrance and the risk of
developing RCC being as high as 35% [134]. Cutaneous lesions have the highest penetration
and are unique in that they are frequently painful (unlike the cutaneous lesions found in
Birt–Hogg–Dubé, see below). In addition, uterine fibroids have a higher penetrance than
RCC lesions and often lead to hysterectomy at an early age, prompting the need for family
planning discussions with patients [135–137]. Renal lesions can present at various ages, but
lesions tend to present at a younger age compared to sporadic RCC with ~10% of lesions
presenting before age 20 [138].

5.2. Mechanisms of Tumorigenesis of HLRCC

Given that FH is central to the TCA cycle and subsequent mitochondrial ATP produc-
tion, loss of FH attenuates the TCA cycle and oxidative phosphorylation leading to the
cell’s reliance for energy on the Warburg effect and aerobic glycolysis [139]. This increased
utilization of glucose is utilized clinically to detect new HLRCC primary and metastatic
lesions via by fluorodeoxyglucose positron emission tomography [140].

As mentioned, loss of FH leads to accumulation of the TCA oncometabolite fumarate,
similar to the buildup of succinate in SDH-RCC, and fumarate accumulation then promotes
the PTM succination to numerous cysteine residues on various proteins as a mechanism to
further promote tumorigenesis [141]. This highlights a recurring theme amongst hereditary
RCC of mitochondrial oncometabolite accumulation which causes various mitochondrial
and cellular PTMs (i.e., acetylation of lysine residues in VHL lesions; succinylation of lysine
residues with SDH-RCC and succination of cysteine residues in HLRCC) and thus promotes
tumorigenesis. Succination’s effects on cell metabolism can be seen through the succina-
tion of the mitochondrial DNA polymerase leading to diminished mitochondrial DNA
(mtDNA) and decreased proofreading capabilities and thus more mtDNA mutations thus
effectively limiting oxidative phosphorylation and mitochondrial function. The diminished
mitochondrial function further promotes the Warburg effect [142]. In addition, similar to
succinate inhibition of PHD in SDH-RCC, fumurate accumulation is thought to inhibit
PHD leading to HIF activation with subsequent augmented VEGF and GLUT1 activities.
Succination of the ubiquitin E3 ligase, KEAP1, is also seen in HLRCC leading to augmented
levels of the anti-oxidant protein NRF2, thus allowing HLRCC tumors to ward off the
deleterious effects from increased oxidative stress inherently found with mitochondrial
dysfunction and tumorigenesis [140,141,143].

5.3. HLRCC Therapeutic Targets and Treatment Strategies

Management of HLRCC renal masses is similar to that of those found in SDH-RCC due
to their aggressive nature, even for small lesions, and thus does not follow the ‘3 cm rule’.
Therefore, all lesions should be excised with wide margins when partial nephrectomy is
chosen, regardless of size. Radical nephrectomy, often via an open approach, is utilized
more frequently due to the aggressive nature of lesions, and regional lymph node dissection
should be considered. Cystic lesions should be excised carefully to prevent tumor spillage
and seeding. In addition, aggressive yearly surveillance with MRI (with small slice size)
is recommended starting at ~8 years old. Surveillance is cost effective starting at age 11
with regard to life years gained, quality-adjusted life years and net monetary benefit vs. no
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screening at all [144]. Furthermore, family members of those with confirmed FH mutations
should undergo genetic screening at a young age [136,145].

Treatment of metastatic disease in HLRCC has slowly progressed as the mechanisms
of tumorigenesis after FH loss have become known. Due to augmented HIF activity in
HLRCC, Srinivasan et al. targeted the VEGF pathway with bevacizumab in combination
with erlotinib, an EGFR TKI inhibitor, as part of a phase II study (NCT01130519). This study
enrolled patients with advanced sporadic type II papillary RCC or advanced HLRCC associ-
ated renal lesions treated with the combination bevacizumab and erlotinib. Response rates
were two times higher in the HLRCC associated lesions compared to the sporadic tumors
(ORR 72% vs. 35%). In addition, median PFS in HLRCC far outpaced those of the sporadic
tumors (21.1 months vs. 8.7). Based on this prospective study, bevacizumab/erlotinib treat-
ment has been incorporated into treatment recommendations for HLRCC by the National
Comprehensive Cancer Network (NCCN) [146,147]. Recent work has described, in a retro-
spective fashion, that checkpoint inhibitors with TKI treatment may show a more favorable
response with regard to OS and PFS than bevacizumab/erlotinib [148–150]. Further work
is needed to identify additional targets in HLRCC tumors that will be derived from a better
understanding of the tumorigenesis mechanisms that arise following the loss of FH.

6. BRCA-Associated Protein 1 Tumor Predisposition Syndrome (BAP1)
6.1. Clinical Aspects of BAP1

As mentioned, germline mutations to chromosome 3p portends to an increased risk of
hereditary RCC, and like VHL, BAP1 mutations can lead to hereditary RCC as initially de-
scribed in 2011 within a family with multi-generational RCC without known germline mu-
tations. Family members were eventually found to have alterations to BAP1 and not VHL.
BAP1 syndrome increases the risk of aggressive RCC, cutaneous melanocytic lesions, basal
cell carcinoma, mesothelioma (frequently in the abdomen) and uveal melanoma [151–153].
Furthermore, sporadic ccRCC shows mutations to BAP1 in ~15% of cases and loss of BAP1 in
the somatic setting are associated with lower overall and cancer-specific survival [154–157].
BAP1-related RCC lesions tend to be aggressive, high-grade, multifocal and occur early in
life. Furthermore, BAP1-related RCC has the highest known growth rates amongst heredi-
tary RCC subtypes at 0.6 cm/year. Therefore, active surveillance is not recommended for
known lesions [63]. Due to its recent discovery, the full range of the syndrome and the
penetrance of each lesion is unknown and additional associated tumors may include breast,
neuroendocrine, thyroid, bladder and lung [158,159]. In addition, some advocate screening
and reporting BAP1 status for renal biopsies showing ccRCC in that BAP1 mutation status
can predict prognosis similar to grade and sarcomatoid/rhabdoid change [160].

6.2. Mechanisms of Tumorigenesis of BAP1

BAP1 functions as a tumor suppressor and deubiquitinating enzyme, regulating the
cellular processes of DNA repair, genomic stability and cell cycle regulation following
Knudson’s two hit hypothesis, in a manner similar to VHL [161–164]. Additionally, sim-
ilar to VHL, BAP1 functions as a protein complex [165,166]. Functioning in the nucleus,
BAP1 deubiquitinates targets such as HCF-1 and chromatin. BAP1 therefore regulates
transcription, the cell cycle and proliferation [154]. Furthermore, BAP1 appears to function
in the cytosol by regulating calcium efflux and subsequently regulates apoptosis with loss
of BAP1 inhibiting apoptosis in the face of increased DNA damage [167]. Future work is
required to identify additional BAP1 targets in the hopes of finding targets to specifically
treat those with BAP1 mutations.

6.3. BAP1 Therapeutic Targets and Treatment Strategies

Recommendations for the clinical management of those with BAP1 syndrome have
been developed, including obtaining chest and abdominal imaging every 2 years starting
at age 30 [168]. Treatment and screening also require a multi-disciplinary team including
treatment via dermatology, ENT, as well as general and thoracic surgery for potential
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uveal melanoma and chest/abdominal mesothelioma. Given the aggressive nature of and
limited treatment options for metastatic disease with BAP1 RCC, the ‘3 cm rule’ is not
recommended, and lesions should be resected with partial nephrectomy, and wide resection
should be performed as soon as lesions are discovered [63].

7. Tuberous Sclerosis
7.1. Clinical Aspects of Tuberous Sclerosis

First described in the late 19th century, tuberous sclerosis (TSC) has an estimated
incidence of 1/6000 to 1/10,000 persons worldwide [169,170]. This clinical syndrome
results from germline loss of function of tumor suppressor genes TSC1 on chromosome
9q34 (hamartin) or TSC2 on chromosome 16p13 (tuberin) [171–173]. In contrast to other
hereditary syndromes, 60% of germline TSC mutations occur as a de novo phenomenon as
opposed to an autosomal dominant inheritance (Shagreen patches and periungual fibro-
mas) [174]. A wide variety of lesions are associated with TSC, such as skin (angiofibromas,
ash-leaf spots); brain (subependymal giant cell astrocytoma and cerebral cortical tubers);
heart (rhabdomyoma); kidney (angiomyolipoma, cysts, and renal cell carcinoma); and lung
(lymphangioleiomyomatosis or LAM). Other clinical features include epilepsy, behavioral
disorders, and intellectual disabilities [175,176].

Over 80% of patients with TSC have renal manifestations, with development beginning
in childhood [177]. Angiomyolipomas (AML) are by far the most common kidney lesion,
occurring in 80% of TSC patients, and are often bilateral/multifocal [178]. The presence of
fat on imaging is diagnostic for AML, although up to 1/3rd of lesions may be fat-poor and
therefore difficult to distinguish from malignancy without a renal biopsy [176,179]. Of note,
AMLs grow faster in patients with TSC as compared to the sporadic population (1.25 cm/year
vs. 0.19 cm/year, respectively, with average follow-up of more than 3 years) [180].

In contrast, only a small minority (2–4%) of TSC patients develop renal cell carcinoma.
Average age of onset is 30–40 years, although tumors have been seen in children as young
as 7 years old [181–183]; additionally, tumors are female-predominant. While the most
commonly associated RCC in TSC was initially thought to be ccRCC, it is now recog-
nized that there are three subtypes distinct from traditional ccRCC: TSC-associated RCC
with fibromyomatous stroma (also known as TSC associated papillary RCC or RCC with
leiomyomatous features); TSC associated oncocytic tumor (referred to as HOCT by some
pathologists); and eosinophilic solid and cystic tumor. Between 42–50% of TSC patients
with renal malignancies present with multifocal RCCs, and a quarter of them have bilateral
involvement [181,182].

7.2. Mechanisms of Tumorigenesis of Tuberous Sclerosis

The causative genes for TSC, TSC1 and TSC2 were first identified in 1997 and 1993,
respectively. The resultant proteins form a complex that, through the GTPase-activating protein
(GAP) domain of TSC2, catalyzes the conversion of G protein complex Rheb-GTP to Rheb-
GDP [184]. This product acts to inhibit the activity of mTORC1, which normally promotes
protein and lipid synthesis through the action of p70S6K and 4E-BP.; glycolysis and ATP
production; lysosomal/mitochondrial biogenesis; and autophagy [185]. Thus, the TSC complex
is a negative regulator of cell growth through mTORC1 inhibition. In contrast, the TSC1-TSC2
complex activates mTORC2, implicated in cell survival and cytoskeletal organization, although
the underlying molecular mechanisms are not well understood [186].

Genetic alterations affecting the formation of TSC complex (in either TSC1 or TSC2) result
in inappropriate activation of mTORC1 and unchecked cell growth. Interestingly, although TSC
is a tumor predisposition syndrome, the majority of lesions are benign (i.e., hamartomas) as
opposed to malignant. Furthermore, mutations in TSC are not typically seen in sporadic renal
tumors. This finding may be explained through concomitant loss of Akt signaling through
both mTORC1 feedback and loss of mTORC2 in TSC-deficient lesions [184,186].



Genes 2022, 13, 2122 12 of 28

7.3. Tuberous Sclerosis Therapeutic Targets and Treatment Strategies

The identification of uncontrolled mTORC1 activation as a molecular mechanism
responsible for tumorigenesis with loss of TSC complex makes mTOR inhibitors a suitable
candidate for treating such tumors such as AMLs.

Traditionally, AMLs can be followed serially on imaging until they reach 4 cm, at
which time intervention such as selective angioembolization [179] or nephron sparing
surgery [187,188] is recommended due to increased risk of symptoms or spontaneous
hemorrhage occurring at tumors beyond this size (or smaller in pregnant female pa-
tients) [189,190]. More recent evidence, however, has questioned the “4 cm approach” [191],
with intralesional aneurysm size >5 mm being a more specific marker of risk of hemorrhage
with conservative management [192]. When an mTOR inhibitor, everolimus, was given to
TSC patients with AMLs 3 cm or larger, 42% of patients had a reduction greater than 50%
in volume, with 92% progression-free survival at 12 months. The drug had an acceptable
safety profile, with the most commonly reported side effect being stomatitis [193]. Growth
of AMLs was noted after discontinuation of treatment, indicating that mTOR inhibition
results in tumor cells being in a quiescent phase as opposed to these cells being elimi-
nated [194]. Nevertheless, mTOR inhibitors are an option for TSC patients with AML,
particularly those unfit for surgery.

Case studies have demonstrated mTOR inhibitor response to TSC associated RCCs [195–197].
It remains to be seen whether these targeted agents are more efficacious for these tumors as com-
pared to PD/PDL-1 inhibitors. Regular cross-sectional imaging (MRI preferred) is recommended
by national guidelines to be every 3–5 years beginning at age 12 [67,198]. More frequent imaging
may be warranted depending on the size and/or growth of a suspected RCC. Surgical series
demonstrate that these tumors are relatively indolent, with only 1 patient with localized RCC
developing metastasis in 10 years. [181–183] Thus, active surveillance until the dominant lesion
reaches 3 cm is applied for suspected RCC in TSC.

8. Birt–Hogg–Dubé Syndrome
8.1. Clinical Aspects of Birt–Hogg–Dubé Syndrome

In 1977, three Canadian dermatologists (Birt, Hogg, and Dubé) noted the presence of
painless fibrofolliculomas, flesh colored papules originating from hair follicles in the face;
neck; chest; and upper back, in certain families, suggesting a hereditary predisposition [199].
Pulmonary cysts, occasionally associated with spontaneous pneumothorax, were later
found to be associated in patients with so-called Birt–Hogg–Dubé syndrome (BHD) [200].
Beginning in 1993, patients containing these fibrofolliculomas were also identified as having
bilateral and/or multifocal renal tumors [201,202]. The gene responsible for the cutaneous,
pulmonary, and renal manifestations in this inherited syndrome was localized in 2002 to
chromosome 17p11.2 and was named folliculin (FLCN) [203,204].

The vast majority of BHD patients have fibrofolliculomas and pulmonary cysts; in
contrast, renal tumors occur in 12–34% of patients at a median age of 50 years [205–207].
A range of tumor histologies can be seen, with hybrid oncocytic (combination of chromo-
phobe and oncocytic features) being the most common (50%). Other subtypes include
chromophobe (34%), clear cell (9%), oncocytoma (5%), and papillary (2%) [208].

8.2. Mechanism of Tumorigenesis in Birt-Hogg-Dube Syndrome

Despite its identification two decades ago, our understanding of the role of the tu-
mor suppressor gene folliculin in promoting renal carcinogenesis is incomplete at present.
Preclinical FLCN-deficient mouse models demonstrated activation of AKT-mTOR path-
way, with the mTOR inhibitor rapamycin halting renal cyst and tumor growth in these
animals [209,210]. However, responses in humans to mTOR inhibitors, namely for fibro-
folliculomas, were not seen [211], suggesting that alternative oncogenic pathways exist
beyond mTOR activation in FLCN-deficient tumors. Indeed, FLCN can either inhibit or ac-
tivate mTOR depending on the particular cellular state [203]. For instance, moderate levels
of transcription factors E3 and B (TFE3 and TFEB) were seen in FLCN-deficient cells. Addi-
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tional investigation unearthed that loss of function in FLCN inhibits mTORC1-dependent
phosphorylation of TFE3/TFEB, resulting in nuclear localization and the activation of
these transcription factors, potentially contributing to oncogenesis [212–214]. However,
despite losing its inhibiting activity on TFEB/TFE3 with FLCN loss, mTORC1’s activity
on augmenting protein translation through activity of 4E-BP and p70S6K remained in-
tact and was augmented even more with FLCN loss. In fact, knockdown of FLCN led
to tumorigenesis in mice, but this was blocked in the dual knockout of TFEB and FLCN,
thus highlighting the crosstalk between TFEB, mTOR and FLCN [215]. FLCN has also
been implicated in membrane trafficking, serving as a guanine exchange factor (GEF) for
Rab GTPases such as Rab7A, which is involved in endosomal recycling and lysosomal
degradation of EGFR [216]. Thus, FLCN deficiency results in loss of Rab7A-mediated
degradation of EGFR, resulting in inappropriate persistence of this tyrosine kinase receptor
and unchecked cellular growth. Still further roles for FLCN include autophagy, ciliogenesis,
cell–cell adhesions, and regulation of HIF1-α [203,217–219].

8.3. Birt–Hogg–Dubé Syndrome Therapeutic Targets and Treatment Strategies

Given our evolving understanding of the molecular mechanisms through which loss of
FLCN induces tumor formation, there is at yet no reliable systemic agent for the management
of the clinical phenotypes of this hereditary syndrome. Fibrofolliculomas and pulmonary
cysts have no malignant potential and therefore do not require management, unless there are
significant cosmetic concerns or an associated pneumothorax develops, respectively.

Carriers of the FLCN germline alteration can undergo abdominal cross-sectional
imaging beginning at age 20, to be performed every 3 years [220–224]. The predominant
renal tumor subtypes in BHD, HOCT and chromophobe, tend to be indolent [225], with
median growth rate of 0.1 cm/year [63]. Therefore, active surveillance of renal masses
is practiced, with intervention deferred until the dominant renal lesion reaches 3 cm. As
of yet, no known metastasis has developed in patients with BHD when following this
management strategy [63,226]. Furthermore, advancements in imaging techniques are
attempting to differentiate benign oncocytomas and the more malignant chromophobe or
HOCT lesions in an attempt to prevent unnecessary surgery [227].

9. Translocation RCC
9.1. Clinical Aspects of Translocation RCC

Translocation RCCs were first described in 1996 and are associated with abnormal
gene fusion of the MiT (micro-opthalmia transcription) class of transcription factors, such
as MiTF.; TFE3; and TFEB [228]. In 2011, a germline alteration in MiTF was first identified
(p.E318K), with predisposition for both renal cancer and cutaneous melanoma [229,230].
In addition, translocation RCC is more prevalent in children and young adults although
cases may present later in life [231,232]. Renal tumors can have histological features that
overlap with clear cell or papillary RCC, with definite diagnosis provided by karyotype or
immunostaining to note the translocation or fusion product amplification, respectively. The
classification of translocation RCC continues to advance as TFE3 and TFEB altered RCC are
not separately classified by the WHO as they behave very uniquely in that TFE3 is far more
common and aggressive that TFEB. However, TFEB amplification can behave aggressively
when compared to TFEB translocation [7].

9.2. Mechanism of Tumorigenesis of Translocation RCC

The MiT family of transcription factors are implicated in cell growth, differentiation, and
metabolism, typically in response to nutrient availability [233]. Activity of these transcription
factors are predicated on nuclear localization, with regulation by PTMs such as ubiquitina-
tion; acetylation; phosphorylation (via mTORC1, see BHD section); and SUMOylation (small
ubiquitin like modifiers) [234]. Somatic translocation RCC is characterized by gene fusions
(i.e., TFE3-PRCC t(X.;1)(p11.2;q21.1) that result in continued presence of transcription factor
in the nucleus, with resultant upregulation of downstream targets contributing to oncogene-
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sis [228,231,235]. In the case of the MITF p.E318K variant, loss of SUMOylation site results, with
subsequent inappropriate activation of the transcription factor [229]. Furthermore, crosstalk
between folliculin, mTOR and MiT family transcription factors likely contributes to shared
tumorigenesis mechanisms between BHD, tuberous sclerosis and translocation RCC [114,215].
Upregulation of genes implicated in apoptosis inhibition (BIRC7); invasion (ACP5); and cell
cycle (CCND1) occurs [230]. Additionally, melanocytic markers such as glycoprotein NMB
(GPNMB) and MLANA have increased expression, accounting for the cutaneous melanoma
phenotype seen with this hereditary syndrome.

9.3. MiTF Therapeutic Targets and Treatment Strategies

GPNMB is directly upregulated in MITF-driven tumors and may serve as a therapeutic
target for patients with germline MITF variant that have advanced disease [212,230,236].
Indeed, an antibody drug conjugate against GPNMB has shown efficacy in patients with
GPNMB expressing breast cancer and melanoma [237–239].

As this hereditary syndrome was only recently discovered, only limited clinical expe-
rience exists, and there is no consensus as to screening and management of renal tumors.
Translocation RCCs, especially in adults, are associated with a more aggressive biology
when compared to other types of sporadic RCC (e.g., more infiltrative in nature with
advanced presentation) [240]. Thus, if active surveillance is employed for a renal mass in a
patient with MITF p.E318K variation, the tumor should be closely followed.

10. Concluding Thoughts

Renal cell carcinoma is not a single entity, but rather represents a constellation of tumors
defined by distinct clinical and genetic signatures, with several RCC subtypes having overlap-
ping cell biology alterations which converge on alterations to proteins e.g., mTOR and HIF (see
Table 1). Efforts at characterizing the mechanisms of tumorigenesis through which genetic alter-
ations result in unregulated cell growth and/or dysfunctional metabolism have been pioneered
via the study of patients with hereditary RCC (HRC). Furthermore, PTMs appear to play a
major role in tumorigenesis through oncometabolite building, leading to changes in acetylation,
succinylation, succination and sumoylation. The molecular changes of these germline alterations
can be targeted with drug therapy, such as belzutifan for VHL, with the resultant novel applica-
tion of systemic treatment as an option for management of localized kidney cancer, as opposed
to its traditional relegation to only treating metastatic disease (see Table 2 highlighting clinical
trials targeting subtype-specific RCC). Similar advances may be expected in other hereditary
syndromes (i.e., BHD) as our understanding of the molecular pathogenesis of these entities
continues to mature. Morbidity and mortality outcomes are expected to continue to improve as
further elucidation of hereditary RCC tumorigenesis mechanisms evolves. Such elucidation has
already led to improvements in surveillance protocols, surgical management (i.e., utilization
of the 3 cm rule) and therapeutic options in an RCC subtype-specific fashion. As an example,
prior to standardized surveillance protocols in VHL the average median survival was ~40 years
old [89]. This survival has improved with regular whole-body imaging and refined surgical
techniques, including the use of partial nephrectomy with the goal of avoiding hemodialysis
and renal transplant. Novel agents, such as belzutifan, are expected to continue to improve the
treatment and outcomes of hereditary RCC to minimize tumor development/growth, reduce
the need for repeat surgery, delay the development of chronic kidney disease. This will lower
hemodialysis rates, and lower rates of metastatic disease with an overall effect of attenuating
morbidity and mortality. Furthermore, such agents may be used in the localized setting earlier
in life prior to metastasis. In addition, future work will evaluate how such novel agents may be
used with existing systemic therapies such as checkpoint inhibitors. As many of the disease
pathways and genetic mutations of HRC are seen in sporadic kidney tumors (especially with
VHL), it is hoped that we can both translate findings from the hereditary RCC population to the
general population and continue to develop clinical trials for targeted drugs for both localized
and advanced hereditary and/or sporadic renal tumors in order to move towards fully realizing
precision medicine for all stages of kidney cancer.
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Table 1. Genetic alterations, tumorigenesis mechanisms, clinical features and surgical management of renal lesions found in hereditary renal cell carcinoma syndromes.

Syndrome Chromosome
Localization Gene(s) Tumorigenesis Mechanisms: Clinical Features 3-cm Rule Applied:

VHL 3p25 VHL

• Augmented HIF
• Angiogenesis through VEGF
• lipid accumulation, β-oxidation inhibition
• aerobic glycolysis
• Augmented erythropoietin
• Mitochondrial lysine hyperacetylation

• Brain, spine, retina and liver hemangioblastomas
• Pancreatic neuroendocrine tumors (NET)
• Endolymphatic sac tumors
• Clear cell renal cell carcinoma
• Pheochromocytoma/paragangliomas
• Benign cystadenomas of the epididymis or

broad ligament

Yes

HPRC 7q31 MET

• MET activation mutations or amplification
• Augmented cell growth, angiogenesis
• Increased motility
• Attenuated contact inhibition

• Type 1 Papillary RCC (only finding in syndrome)
• Hypovascular/attenuated signal on CT/MRI Yes

Succinate
Dehydrogenase-

Deficient Renal Cell
Carcinoma

5p15.33-SDHA
1p36.13-SDHB
1q23.3-SDHC

11q23.1-SDHD
11q12.2-SDHAF2

SDHA, SDHB, SDHC,
SDHD, SDHAF2

• Defective oxidative phosphorylation with
succinate acculmation (oncometabolite)

• Lysine succinylation of protein targets
• Elevated HIF1α

• Pheochromocytomas
• Head/neck paragangliomas
• GIST tumors
• SDH-deficient RCC

No
(wide local excision)

HLRCC 1q42.3-q43 Fumurate hydratase

• Elevated fumurate (oncometabolite)
• Succination of cysteine residues on proteins
• Decreased mtDNA copy number
• Increased mtDNA mutations
• increased NRF2 activity (anti-oxidant system)
• Aerobic glycolysis

• Cutaneous leiomyomas and uterine leiomyomas
• Hysterectomy at an early age
• HLRCC-associated RCC
• Histology: high grade tumors with large

eosinophilic nucleoli and perinuclear clearing,
• increased S-(2-succinyl) cysteine

staining (succination)

No
(wide local excision)

BAP1 3p21 BAP1
• Lost BAP1 deubiquitinase activity
• Augmented cell cycle progression (G1 to S)
• Inhibited DNA repair

• Mesotheliomas of chest/abdomen
• Uveal melanoma
• Cutaneous melanoma
• Aggressive RCC

Unknown
(likely not

recommended)

Birt-Hogg-Dubé
Syndrome (BHD) 17p11.2 Folliculin

• Overactive AKT-mTOR
• TFEB overactivity (lost mTOR inhibition)
• Overative mTOR activity on p70S6K and 4E-BP

• Benign painless cutaneous papules
(fibrofolliculomas)

• Pulmonary cysts with risk for spontaneous
pneumothorax

• Renal tumors:(oncocytoma, chromophobe,
hybrid oncocytic)

• Possibly increased risk for colonic tumors

Yes
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Table 1. Cont.

Syndrome Chromosome
Localization Gene(s) Tumorigenesis Mechanisms: Clinical Features 3-cm Rule Applied:

Tuberous Sclerosis 9q34
16p13 TSC1, TSC2

• Overactive mTOR activity
• Augmented protein synthesis

• Angiomyelolipomas
• RCC in ~2–4%
• Skin: angiofibromas, ash-leaf spots, Shagreen

patches & periungual fibromas
• Brain: subependymal giant cell astrocytoma &

cerebral cortical tubers
• Heart: rhabdomyoma
• Lung lymphangioleiomyomatosis (LAM)
• Epilepsy, behavioral disorder, and

intellectual disabilities

Unknown for RCC
AML: 4-cm rule

Translocation RCC Xp11
t(6:11)

TFE3, TFEB also
MiTF/TFEC

• Elevated MiTF family activity
• Augmetned lysosomal biogenesis
• Increased autophagy
• Increased lysosomal exocytosis

• Higher incidence in pediatric and young adults
• FISH, rtPCR and immunohistochemistry needed

for diagnosis
• Histology: Xp11—increased GPNMB signal,

papillary/nested ccRCC or cystic features t6:11-
biphasic morphology

No
(wide local excision)

Abbreviations: HIF—hypoxia inducible factor, VHL—von-Hippel Lindau, HPRC—hereditary papillary renal carcinoma, HLRCC—Hereditary leiomyomatosis and renal cell cancer,
BAP1—BRCA1-associated protein 1, MET—mesenchymal-epithelial transition factor, SDH—succinate dehydrogenase, FISH—Fluorescence in situ hybridization, MITF—Microphthalmia-
associated transcription factor, GIST—gastrointestinal stromal tumor, ccRCC—clear cell renal cell carcinoma, AML—angiomyelolipoma.
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Table 2. Highlighted clinical studies utilizing RCC subtype-specific therapies and their outcomes/limitations.

Hereditary RCC
Subtype

Study Author or
Trial Identifier

Agent(s)
(Targeted pathway) Study Phase Dose/Duration Outcomes/Trial Status Limitations

VHL Jonasch [69] Belzutifan
(HIF2α)

Phase II, open label,
single group

(n = 61)
• 120 mg daily

• Median follow-up: 21.8 months
• Renal lesions: ORR 49% (CR or PR), stable

disease 49%
• Pancreatic Leisons: ORR 79% (10% CR)
• CNS Hemangioblastomas: ORR 30%

(6% CR)
• Retinal Hemangioblastomas: ORR 100%
• No grade 4 or 5 Aes

Low sample size
No control arm

HPRC Choueiri [94] Foratenib
(MET tyrosine kinase)

Phase II
(n = 74)

• Cohort A: 240 mg daily on
days 1-5 every 14 days
(intermittent arm)

• Cohort B: 80 mg daily

• Patients risk stratified on basis of MET
alteration (germline/somatic mutation,
amplification, gain of chromosome 7)

• ORR: 13.5% (all patients) vs. 50% (germline
mutation patients)MFS: 9.3 months

Low sample size
No control arm

SDH-RCC NCT03635892
NCT04068831

Cabozantinib/
Nivolumab
Talzoparib/
Avelumab

• Phase II (n = 97 goal)
• Phase II (n = 44 goal)

• 40 mg (Cabozantinib)/240 mg
(Nivolumab) until disease
progresses

• 1 mg (Talzoparib)/800 mg
Avelumab

• Study status: recruiting for both trials Results pending

HLRCC Srinivasan [147]
Bevacizumab/

Erlotinib
(HIF/angiogenesis)

Phase II
(n = 41)

• Bevacizumab: 10 mg q2 weeks
• Erlotinib 150 mg PO daily

until disease progression or
unacceptable toxicity

• ORR: 35% for sporadic type II papillary
RCC vs. 72% for HLRCC

• PFS: 8.7 months (sporadic) vs. 21.1 months
(HLRCC)

Low sample size
No control arm

TSC Bissler [194] Everolimus
(mTOR)

Phase III, RCT,
double-blinded

(n = 112)
• 10 mg daily

• ORR: 54% for AML with median treatment
length of 28.9 months

• ≥30% tumor volume reduction: 81.6% by
week 96

• ≥50%: 64.5% (49/76) by Week 96

RCC lesions not
included in study



Genes 2022, 13, 2122 18 of 28

Author Contributions: Conceptualization: B.R.W.; N.G. and M.W.B.; writing: B.R.W.; N.G.; writing—
review and editing: B.R.W.; N.G. and M.W.B.; supervision, M.W.B.; funding acquisition: M.W.B. All
authors have read and agreed to the published version of the manuscript.

Funding: Intramural Research Program of the National Institutes of Health, National Cancer Institute.

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

References
1. Shapiro, D.D.; Virumbrales-Munoz, M.; Beebe, D.J.; Abel, E.J. Models of Renal Cell Carcinoma Used to Investigate Molecular

Mechanisms and Develop New Therapeutics. Front. Oncol. 2022, 12, 871252. [CrossRef] [PubMed]
2. 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, 2022-vol3. [PubMed]
3. Alanee, S.; Clemons, J.; Zahnd, W.; Sadowski, D.; Dynda, D. Trichloroethylene Is Associated with Kidney Cancer Mortality: A

Population-based Analysis. Anticancer Res. 2015, 35, 4009–4013. [PubMed]
4. Mostafa, M.G.; Cherry, N. Arsenic in drinking water and renal cancers in rural Bangladesh. Occup. Environ. Med. 2013, 70, 768–773.

[CrossRef] [PubMed]
5. Navai, N.; Wood, C.G. Environmental and modifiable risk factors in renal cell carcinoma. Urol. Oncol. 2012, 30, 220–224.

[CrossRef] [PubMed]
6. Mahdavifar, N.; Mohammadian, M.; Ghoncheh, M.; Salehiniya, H. Incidence, Mortality and Risk Factors of Kidney Cancer in the

World. World Cancer Res. J. 2018, 5, e1013.
7. Moch, H.; Amin, M.B.; Berney, D.M.; Comperat, E.M.; Gill, A.J.; Hartmann, A.; Menon, S.; Raspollini, M.R.; Rubin, M.A.;

Srigley, J.R.; et al. The 2022 World Health Organization Classification of Tumours of the Urinary System and Male Genital
Organs-Part A: Renal, Penile, and Testicular Tumours. Eur. Urol. 2022, 82, 458–468. [CrossRef]

8. Linehan, W.M.; Ricketts, C.J. The Cancer Genome Atlas of renal cell carcinoma: Findings and clinical implications. Nat. Rev. Urol.
2019, 16, 539–552. [CrossRef]

9. Ball, M.W.; Shuch, B.M. Inherited kidney cancer syndromes. Curr. Opin. Urol. 2019, 29, 334–343. [CrossRef]
10. Ball, M.W.; Singer, E.A.; Srinivasan, R. Renal cell carcinoma: Molecular characterization and evolving treatment paradigms. Curr.

Opin. Oncol. 2017, 29, 201–209. [CrossRef]
11. Linehan, W.M.; Lerman, M.I.; Zbar, B. Identification of the von Hippel-Lindau (VHL) gene. Its role in renal cancer. JAMA 1995,

273, 564–570. [CrossRef]
12. Neumann, H.; Wiestler, O. Clustering of features of von Hippel-Lindau syndrome: Evidence for a complex genetic locus. Lancet

1991, 337, 1052–1054. [CrossRef]
13. Rednam, S.P.; Erez, A.; Druker, H.; Janeway, K.A.; Kamihara, J.; Kohlmann, W.K.; Nathanson, K.L.; States, L.J.; Tomlinson, G.E.;

Villani, A.; et al. Von Hippel-Lindau and Hereditary Pheochromocytoma/Paraganglioma Syndromes: Clinical Features, Genetics,
and Surveillance Recommendations in Childhood. Clin. Cancer Res. 2017, 23, e68–e75. [CrossRef]

14. Latif, F.; Tory, K.; Gnarra, J.; Yao, M.; Duh, F.-M.; Orcutt, M.L.; Stackhouse, T.; Kuzmin, I.; Modi, W.; Geil, L. Identification of the
von Hippel-Lindau disease tumor suppressor gene. Science 1993, 260, 1317–1320. [CrossRef]

15. Varshney, N.; Kebede, A.A.; Owusu-Dapaah, H.; Lather, J.; Kaushik, M.; Bhullar, J.S. A Review of Von Hippel-Lindau Syndrome.
J. Kidney Cancer VHL 2017, 4, 20–29. [CrossRef]

16. Vocke, C.D.; Ricketts, C.J.; Schmidt, L.S.; Ball, M.W.; Middelton, L.A.; Zbar, B.; Linehan, W.M. Comprehensive characterization of
Alu-mediated breakpoints in germline VHL gene deletions and rearrangements in patients from 71 VHL families. Hum. Mutat.
2021, 42, 520–529. [CrossRef]

17. Nordstrom-O’Brien, M.; van der Luijt, R.B.; van Rooijen, E.; van den Ouweland, A.M.; Majoor-Krakauer, D.F.; Lolkema, M.P.; van
Brussel, A.; Voest, E.E.; Giles, R.H. Genetic analysis of von Hippel-Lindau disease. Hum. Mutat. 2010, 31, 521–537. [CrossRef]

18. Glasker, S.; Vergauwen, E.; Koch, C.A.; Kutikov, A.; Vortmeyer, A.O. Von Hippel-Lindau Disease: Current Challenges and Future
Prospects. Onco Targets Ther. 2020, 13, 5669–5690. [CrossRef]

19. Testa, U.; Pelosi, E.; Castelli, G. Genetic Alterations in Renal Cancers: Identification of The Mechanisms Underlying Cancer
Initiation and Progression and of Therapeutic Targets. Medicines 2020, 7, 44. [CrossRef]

20. Ricketts, C.J.; Vocke, C.D.; Lang, M.; Chen, X.; Zhao, Y.; Tran, B.; Tandon, M.; Schmidt, L.S.; Ball, M.W.; Linehan, W.M. A germline
1;3 translocation disrupting the VHL gene: A novel genetic cause for von Hippel-Lindau. J. Med. Genet. 2020, 59, 18–22. [CrossRef]

21. Gomella, P.T.; Shin, P.; Srinivasan, R.; Linehan, W.M.; Ball, M.W. Obstructive azoospermia secondary to bilateral epididymal
cystadenomas in a patient with von Hippel-Lindau. Urol. Case Rep. 2019, 27, 100922. [CrossRef] [PubMed]

22. Linehan, W.M. Genetic basis of kidney cancer: Role of genomics for the development of disease-based therapeutics. Genome Res.
2012, 22, 2089–2100. [CrossRef] [PubMed]

23. Chahoud, J.; McGettigan, M.; Parikh, N.; Boris, R.S.; Iliopoulos, O.; Rathmell, W.K.; Daniels, A.B.; Jonasch, E.; Spiess, P.E.
Evaluation, diagnosis and surveillance of renal masses in the setting of VHL disease. World, J. Urol. 2021, 39, 2409–2415.
[CrossRef]

24. Zhang, K.; Qiu, J.; Yang, W.; Ma, K.; Li, L.; Xie, H.; Xu, Y.; Gong, Y.; Zhou, J.; Cai, L.; et al. Clinical characteristics and risk factors
for survival in affected offspring of von Hippel-Lindau disease patients. J. Med. Genet. 2022, 59, 951–956. [CrossRef] [PubMed]

http://doi.org/10.3389/fonc.2022.871252
http://www.ncbi.nlm.nih.gov/pubmed/35463327
http://www.ncbi.nlm.nih.gov/pubmed/35819037
http://www.ncbi.nlm.nih.gov/pubmed/26124349
http://doi.org/10.1136/oemed-2013-101443
http://www.ncbi.nlm.nih.gov/pubmed/24143018
http://doi.org/10.1016/j.urolonc.2011.10.001
http://www.ncbi.nlm.nih.gov/pubmed/22385993
http://doi.org/10.1016/j.eururo.2022.06.016
http://doi.org/10.1038/s41585-019-0211-5
http://doi.org/10.1097/MOU.0000000000000646
http://doi.org/10.1097/CCO.0000000000000364
http://doi.org/10.1001/jama.1995.03520310062031
http://doi.org/10.1016/0140-6736(91)91705-Y
http://doi.org/10.1158/1078-0432.CCR-17-0547
http://doi.org/10.1126/science.8493574
http://doi.org/10.15586/jkcvhl.2017.88
http://doi.org/10.1002/humu.24194
http://doi.org/10.1002/humu.21219
http://doi.org/10.2147/OTT.S190753
http://doi.org/10.3390/medicines7080044
http://doi.org/10.1136/jmedgenet-2020-107308
http://doi.org/10.1016/j.eucr.2019.100922
http://www.ncbi.nlm.nih.gov/pubmed/31687357
http://doi.org/10.1101/gr.131110.111
http://www.ncbi.nlm.nih.gov/pubmed/23038766
http://doi.org/10.1007/s00345-020-03441-3
http://doi.org/10.1136/jmedgenet-2021-108216
http://www.ncbi.nlm.nih.gov/pubmed/34916234


Genes 2022, 13, 2122 19 of 28

25. Walther, M.M.; Lubensky, I.A.; Venzon, D.; Zbar, B.; Linehan, W.M. Prevalence of microscopic lesions in grossly normal renal
parenchyma from patients with von Hippel-Lindau disease, sporadic renal cell carcinoma and no renal disease: Clinical
implications. J. Urol. 1995, 154, 2010–2015. [CrossRef]

26. Greco, F.; Mallio, C.A. Relationship between visceral adipose tissue and genetic mutations (VHL and KDM5C) in clear cell renal
cell carcinoma. Radiol. Med. 2021, 126, 645–651. [CrossRef]

27. Maher, E.R.; Webster, A.R.; Richards, F.M.; Green, J.S.; Crossey, P.A.; Payne, S.J.; Moore, A.T. Phenotypic expression in von
Hippel-Lindau disease: Correlations with germline VHL gene mutations. J. Med. Genet. 1996, 33, 328–332. [CrossRef]

28. Maher, E.R. Hereditary renal cell carcinoma syndromes: Diagnosis, surveillance and management. World, J. Urol. 2018, 36,
1891–1898. [CrossRef]

29. Chen, F.; Kishida, T.; Yao, M.; Hustad, T.; Glavac, D.; Dean, M.; Gnarra, J.R.; Orcutt, M.L.; Duh, F.M.; Glenn, G.; et al. Germline
mutations in the von Hippel-Lindau disease tumor suppressor gene: Correlations with phenotype. Hum. Mutat. 1995, 5, 66–75.
[CrossRef]

30. Maher, E.R.; Neumann, H.P.; Richard, S. von Hippel-Lindau disease: A clinical and scientific review. Eur. J. Hum. Genet. 2011,
19, 617–623. [CrossRef]

31. Liu, S.J.; Wang, J.Y.; Peng, S.H.; Li, T.; Ning, X.H.; Hong, B.A.; Liu, J.Y.; Wu, P.J.; Zhou, B.W.; Zhou, J.C.; et al. Genotype and
phenotype correlation in von Hippel-Lindau disease based on alteration of the HIF-alpha binding site in VHL protein. Genet.
Med. 2018, 20, 1266–1273. [CrossRef]

32. Hes, F.; Zewald, R.; Peeters, T.; Sijmons, R.; Links, T.; Verheij, J.; Matthijs, G.; Legius, E.; Mortier, G.; Van Der Torren, K. Genotype-
phenotype correlations in families with deletions in the von Hippel-Lindau (VHL) gene. Hum. Genet. 2000, 106, 425–431.
[CrossRef]

33. Gomella, P.T.; Sanford, T.H.; Pinto, P.A.; Bratslavsky, G.; Metwalli, A.R.; Linehan, W.M.; Ball, M.W. Long-term Functional and
Oncologic Outcomes of Partial Adrenalectomy for Pheochromocytoma. Urology 2020, 140, 85–90. [CrossRef]

34. Sanford, T.; Gomella, P.T.; Siddiqui, R.; Su, D.; An, J.Y.; Bratslavsky, G.; Ball, M.W.; Linehan, W.M.; Metwalli, A.R. Long term
outcomes for patients with von Hippel-Lindau and Pheochromocytoma: Defining the role of active surveillance. Urol. Oncol.
2021, 39, 134.e1–134.e8. [CrossRef]

35. Oldfield, L.E.; Grzybowski, J.; Grenier, S.; Chao, E.; Downs, G.S.; Farncombe, K.M.; Stockley, T.L.; Mete, O.; Kim, R.H. VHL
mosaicism: The added value of multi-tissue analysis. NPJ Genom. Med. 2022, 7, 21. [CrossRef]

36. Beroukhim, R.; Brunet, J.P.; Di Napoli, A.; Mertz, K.D.; Seeley, A.; Pires, M.M.; Linhart, D.; Worrell, R.A.; Moch, H.; Rubin, M.A.;
et al. Patterns of gene expression and copy-number alterations in von-hippel lindau disease-associated and sporadic clear cell
carcinoma of the kidney. Cancer Res. 2009, 69, 4674–4681. [CrossRef]

37. Duan, D.R.; Pause, A.; Burgess, W.H.; Aso, T.; Chen, D.; Garrett, K.P.; Conaway, R.C.; Conaway, J.W.; Linehan, W.M.; Klausner,
R.D. Inhibition of transcription elongation by the VHL tumor suppressor protein. Science 1995, 269, 1402–1406. [CrossRef]

38. Kibel, A.; Iliopoulos, O.; DeCaprio, J.A.; Kaelin, W.G. Binding of the von Hippel-Lindau tumor suppressor protein to Elongin B
and C. Science 1995, 269, 1444–1446. [CrossRef]

39. Pause, A.; Lee, S.; Worrell, R.A.; Chen, D.Y.; Burgess, W.H.; Linehan, W.M.; Klausner, R.D. The von Hippel-Lindau tumor-
suppressor gene product forms a stable complex with human CUL-2, a member of the Cdc53 family of proteins. Proc. Natl. Acad.
Sci. USA 1997, 94, 2156–2161. [CrossRef]

40. Kamura, T.; Koepp, D.; Conrad, M.; Skowyra, D.; Moreland, R.; Iliopoulos, O.; Lane, W.; Kaelin, W.; Elledge, S.; Conaway, R.
Rbx1, a component of the VHL tumor suppressor complex and SCF ubiquitin ligase. Science 1999, 284, 657–661. [CrossRef]

41. Andreou, A.; Yngvadottir, B.; Bassaganyas, L.; Clarke, G.; Martin, E.; Whitworth, J.; Cornish, A.J.; Genomics England Research,
C.; Houlston, R.S.; Rich, P.; et al. Elongin C (ELOC/TCEB1) associated von Hippel-Lindau disease. Hum. Mol. Genet. 2022, 31,
2728–2737. [CrossRef] [PubMed]

42. Maxwell, P.H.; Wiesener, M.S.; Chang, G.-W.; Clifford, S.C.; Vaux, E.C.; Cockman, M.E.; Wykoff, C.C.; Pugh, C.W.; Maher, E.R.;
Ratcliffe, P.J. The tumour suppressor protein VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis. Nature
1999, 399, 271–275. [CrossRef] [PubMed]

43. Jaakkola, P.; Mole, D.R.; Tian, Y.-M.; Wilson, M.I.; Gielbert, J.; Gaskell, S.J.; von Kriegsheim, A.; Hebestreit, H.F.; Mukherji, M.;
Schofield, C.J. Targeting of HIF-α to the von Hippel-Lindau ubiquitylation complex by O2-regulated prolyl hydroxylation. Science
2001, 292, 468–472. [CrossRef] [PubMed]

44. Ivan, M.; Kondo, K.; Yang, H.; Kim, W.; Valiando, J.; Ohh, M.; Salic, A.; Asara, J.M.; Lane, W.S.; Kaelin, W.G., Jr. HIFα targeted
for VHL-mediated destruction by proline hydroxylation: Implications for O2 sensing. Science 2001, 292, 464–468. [CrossRef]
[PubMed]

45. Srinivasan, R.; Donskov, F.; Iliopoulos, O.; Rathmell, W.K.; Narayan, V.; Maughan, B.L.; Oudard, S.; Else, T.; Maranchie, J.K.;
Welsh, S.J. Phase 2 study of belzutifan (MK-6482), an oral hypoxia-inducible factor 2α (HIF-2α) inhibitor, for Von Hippel-Lindau
(VHL) disease-associated clear cell renal cell carcinoma (ccRCC). J. Clin. Oncol. 2021, 39, 4555. [CrossRef]

46. Majmundar, A.J.; Wong, W.J.; Simon, M.C. Hypoxia-inducible factors and the response to hypoxic stress. Mol. Cell 2010,
40, 294–309. [CrossRef]

47. Shen, C.; Kaelin, W.G., Jr. The VHL/HIF axis in clear cell renal carcinoma. Semin. Cancer Biol. 2013, 23, 18–25. [CrossRef]
48. Semenza, G.L. Targeting HIF-1 for cancer therapy. Nat. Rev. Cancer 2003, 3, 721–732. [CrossRef]

http://doi.org/10.1016/S0022-5347(01)66674-6
http://doi.org/10.1007/s11547-020-01310-y
http://doi.org/10.1136/jmg.33.4.328
http://doi.org/10.1007/s00345-018-2288-5
http://doi.org/10.1002/humu.1380050109
http://doi.org/10.1038/ejhg.2010.175
http://doi.org/10.1038/gim.2017.261
http://doi.org/10.1007/s004390000265
http://doi.org/10.1016/j.urology.2020.02.015
http://doi.org/10.1016/j.urolonc.2020.11.019
http://doi.org/10.1038/s41525-022-00291-3
http://doi.org/10.1158/0008-5472.CAN-09-0146
http://doi.org/10.1126/science.7660122
http://doi.org/10.1126/science.7660130
http://doi.org/10.1073/pnas.94.6.2156
http://doi.org/10.1126/science.284.5414.657
http://doi.org/10.1093/hmg/ddac066
http://www.ncbi.nlm.nih.gov/pubmed/35323939
http://doi.org/10.1038/20459
http://www.ncbi.nlm.nih.gov/pubmed/10353251
http://doi.org/10.1126/science.1059796
http://www.ncbi.nlm.nih.gov/pubmed/11292861
http://doi.org/10.1126/science.1059817
http://www.ncbi.nlm.nih.gov/pubmed/11292862
http://doi.org/10.1200/JCO.2021.39.15_suppl.4555
http://doi.org/10.1016/j.molcel.2010.09.022
http://doi.org/10.1016/j.semcancer.2012.06.001
http://doi.org/10.1038/nrc1187


Genes 2022, 13, 2122 20 of 28

49. Du, W.; Zhang, L.; Brett-Morris, A.; Aguila, B.; Kerner, J.; Hoppel, C.L.; Puchowicz, M.; Serra, D.; Herrero, L.; Rini, B.I.; et al. HIF
drives lipid deposition and cancer in ccRCC via repression of fatty acid metabolism. Nat. Commun. 2017, 8, 1769. [CrossRef]

50. Wykoff, C.C.; Sotiriou, C.; Cockman, M.E.; Ratcliffe, P.J.; Maxwell, P.; Liu, E.; Harris, A.L. Gene array of VHL mutation and
hypoxia shows novel hypoxia-induced genes and that cyclin D1 is a VHL target gene. Br. J. Cancer 2004, 90, 1235–1243. [CrossRef]

51. Webster, B.; Seylani, A.; Daneshvar, M.; Rompre-Brodeur, A.; Srinivasan, R. PD01–06 GCN5L1 regulates mitochondrial acetylation,
lipid accumulation and cell growth in vhl-deficient clear cell renal cell carcinoma. J. Urol. 2022, 207 (Suppl. S5), e31. [CrossRef]

52. Li, S.; Li, W.; Yuan, J.; Bullova, P.; Wu, J.; Zhang, X.; Liu, Y.; Plescher, M.; Rodriguez, J.; Bedoya-Reina, O.C.; et al. Impaired
oxygen-sensitive regulation of mitochondrial biogenesis within the von Hippel-Lindau syndrome. Nat. Metab. 2022, 4, 739–758.
[CrossRef]

53. Louise, M.B.M.; Smerdel, M.; Borgwadt, L.; Beck Nielsen, S.S.; Madsen, M.G.; Moller, H.U.; Kiilgaard, J.F.; Friis-Hansen, L.;
Harbud, V.; Cortnum, S.; et al. von Hippel-Lindau disease: Updated guideline for diagnosis and surveillance. Eur. J. Med. Genet.
2022, 65, 104538. [CrossRef]

54. Walther, M.M.; Thompson, N.; Linehan, W. Enucleation procedures in patients with multiple hereditary renal tumors. World, J.
Urol. 1995, 13, 248–250. [CrossRef]

55. Lebastchi, A.H.; Haynes, B.; Gurram, S.; Bratslavsky, G.; Metwalli, A.R.; Linehan, W.M.; Ball, M.W. X-Capsular Incision for Tumor
Enucleation (X-CITE)-Technique: A Method to Maximize Renal Parenchymal Preservation for Completely Endophytic Renal
Tumors. Urology 2021, 154, 315–319. [CrossRef]

56. Boris, R.; Proano, M.; Linehan, W.M.; Pinto, P.A.; Bratslavsky, G. Robot assisted partial nephrectomy for multiple renal masses:
Feasibility and results of initial experience. J. Urol. 2009, 182, 1280. [CrossRef]

57. Bratslavsky, G.; Liu, J.J.; Johnson, A.D.; Sudarshan, S.; Choyke, P.L.; Linehan, W.M.; Pinto, P.A. Salvage partial nephrectomy for
hereditary renal cancer: Feasibility and outcomes. J. Urol. 2008, 179, 67–70. [CrossRef]

58. Baiocco, J.A.; Ball, M.W.; Pappajohn, A.K.; Rayn, K.N.; Bratslavsky, G.; Boyle, S.L.; Linehan, W.M.; Metwalli, A.R. A comparison
of outcomes for standard and multiplex partial nephrectomy in a solitary kidney: The National Cancer Institute experience. Urol.
Oncol. 2019, 37, 356.e1–356.e7. [CrossRef]

59. Baiocco, J.A.; Metwalli, A.R. Multiplex partial nephrectomy, repeat partial nephrectomy, and salvage partial nephrectomy remain
the primary treatment in multifocal and hereditary kidney cancer. Front. Oncol. 2017, 7, 244. [CrossRef]

60. Watson, M.J.; Sidana, A.; Diaz, A.W.; Siddiqui, M.M.; Hankins, R.A.; Bratslavsky, G.; Linehan, W.M.; Metwalli, A.R. Repeat robotic
partial nephrectomy: Characteristics, complications, and renal functional outcomes. J. Endourol. 2016, 30, 1219–1226. [CrossRef]

61. Gurram, S.; Friedberg, N.A.; Gordhan, C.; Li, W.; Ahdoot, M.A.; Egan, J.; Yerram, N.K.; Bratslavsky, G.; Metwalli, A.R.; Linehan,
W.M.; et al. Reoperative Partial Nephrectomy-Does Previous Surgical Footprint Impact Outcomes? J. Urol. 2021, 206, 539–547.
[CrossRef] [PubMed]

62. Walther, M.M.; Choyke, P.L.; Glenn, G.; Lyne, J.C.; Rayford, W.; Venzon, D.; Linehan, W.M. Renal cancer in families with hereditary
renal cancer: Prospective analysis of a tumor size threshold for renal parenchymal sparing surgery. J. Urol. 1999, 161, 1475–1479.
[CrossRef]

63. Ball, M.W.; An, J.Y.; Gomella, P.T.; Gautam, R.; Ricketts, C.J.; Vocke, C.D.; Schmidt, L.S.; Merino, M.J.; Srinivasan, R.; Malayeri,
A.A.; et al. Growth Rates of Genetically Defined Renal Tumors: Implications for Active Surveillance and Intervention. J. Clin.
Oncol. 2020, 38, 1146–1153. [CrossRef] [PubMed]

64. Anari, P.Y.; Lay, N.; Gopal, N.; Chaurasia, A.; Samimi, S.; Harmon, S.; Firouzabadi, F.D.; Merino, M.J.; Wakim, P.; Turkbey, E.; et al.
An MRI-based radiomics model to predict clear cell renal cell carcinoma growth rate classes in patients with von Hippel-Lindau
syndrome. Abdom. Radiol. 2022, 47, 3554–3562. [CrossRef] [PubMed]

65. Singh, D.; Shukla, J.; Walia, R.; Vatsa, R.; Paul, N.; Chhabra, A.; Nahar, U.; Singh, H.; Kumar, R.; Bhansali, A.; et al. Role of
[68Ga]DOTANOC PET/computed tomography and [131I]MIBG scintigraphy in the management of patients with pheochromocy-
toma and paraganglioma: A prospective study. Nucl. Med. Commun. 2020, 41, 1047–1059. [CrossRef]

66. Courtney, K.D.; Choueiri, T.K. Updates on novel therapies for metastatic renal cell carcinoma. Ther. Adv. Med. Oncol. 2010,
2, 209–219. [CrossRef]

67. Motzer, R.J.; Jonasch, E.; Agarwal, N.; Alva, A.; Baine, M.; Beckermann, K.; Carlo, M.I.; Choueiri, T.K.; Costello, B.A.; Derweesh,
I.H.; et al. Kidney Cancer, Version 3.2022, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw. 2022,
20, 71–90. [CrossRef]

68. Rathmell, W.K.; Rumble, R.B.; Van Veldhuizen, P.J.; Al-Ahmadie, H.; Emamekhoo, H.; Hauke, R.J.; Louie, A.V.; Milowsky, M.I.;
Molina, A.M.; Rose, T.L.; et al. Management of Metastatic Clear Cell Renal Cell Carcinoma: ASCO Guideline. J. Clin. Oncol. 2022,
40, 2957–2995. [CrossRef]

69. Jonasch, E.; Donskov, F.; Iliopoulos, O.; Rathmell, W.K.; Narayan, V.K.; Maughan, B.L.; Oudard, S.; Else, T.; Maranchie, J.K.; Welsh,
S.J. Belzutifan for Renal Cell Carcinoma in von Hippel–Lindau Disease. N. Engl. J. Med. 2021, 385, 2036–2046. [CrossRef]

70. Jonasch, E.; Plimack, E.R.; Bauer, T.; Merchan, J.R.; Papadopoulos, K.P.; McDermott, D.F.; Michaelson, M.D.; Appleman, L.J.;
Thamake, S.; Zojwalla, N.; et al. A first-in-human phase I/II trial of the oral HIF-2a inhibitor PT2977 in patients with advanced
RCC. Ann. Oncol. 2019, 30, v356–v402. [CrossRef]

71. Fallah, J.; Brave, M.H.; Weinstock, C.; Mehta, G.U.; Bradford, D.; Gittleman, H.; Bloomquist, E.W.; Charlab, R.; Hamed, S.S.;
Miller, C.P.; et al. FDA Approval Summary: Belzutifan for von Hippel-Lindau disease associated tumors. Clin. Cancer Res. 2022.
[CrossRef]

http://doi.org/10.1038/s41467-017-01965-8
http://doi.org/10.1038/sj.bjc.6601657
http://doi.org/10.1097/JU.0000000000002516.06
http://doi.org/10.1038/s42255-022-00593-x
http://doi.org/10.1016/j.ejmg.2022.104538
http://doi.org/10.1007/BF00182972
http://doi.org/10.1016/j.urology.2021.03.032
http://doi.org/10.1016/j.juro.2009.06.036
http://doi.org/10.1016/j.juro.2007.08.150
http://doi.org/10.1016/j.urolonc.2019.02.015
http://doi.org/10.3389/fonc.2017.00244
http://doi.org/10.1089/end.2016.0517
http://doi.org/10.1097/JU.0000000000001837
http://www.ncbi.nlm.nih.gov/pubmed/33904762
http://doi.org/10.1016/S0022-5347(05)68930-6
http://doi.org/10.1200/JCO.19.02263
http://www.ncbi.nlm.nih.gov/pubmed/32083993
http://doi.org/10.1007/s00261-022-03610-5
http://www.ncbi.nlm.nih.gov/pubmed/35869307
http://doi.org/10.1097/MNM.0000000000001251
http://doi.org/10.1177/1758834010361470
http://doi.org/10.6004/jnccn.2022.0001
http://doi.org/10.1200/JCO.22.00868
http://doi.org/10.1056/NEJMoa2103425
http://doi.org/10.1093/annonc/mdz249.010
http://doi.org/10.1158/1078-0432.CCR-22-1054


Genes 2022, 13, 2122 21 of 28

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

73. Marona, P.; Gorka, J.; Kotlinowski, J.; Majka, M.; Jura, J.; Miekus, K. C-Met as a Key Factor Responsible for Sustaining
Undifferentiated Phenotype and Therapy Resistance in Renal Carcinomas. Cells 2019, 8, 272. [CrossRef]

74. Sierra, J.R.; Tsao, M.S. c-MET as a potential therapeutic target and biomarker in cancer. Adv. Med. Oncol. 2011, 3 (Suppl. S1),
S21–S35. [CrossRef]

75. Zbar, B.; Glenn, G.; Lubensky, I.; Choyke, P.; Walther, M.M.; Magnusson, G.; Bergerheim, U.S.; Pettersson, S.; Amin, M.; Hurley, K.
Hereditary papillary renal cell carcinoma: Clinical studies in 10 families. J. Urol. 1995, 153 Pt 2, 907–912. [CrossRef]

76. Zbar, B.; Tory, K.; Merino, M.; Schmidt, L.; Glenn, G.; Choyke, P.; Walther, M.M.; Lerman, M.; Linehan, W.M. Hereditary papillary
renal cell carcinoma. J. Urol. 1994, 151, 561–566. [CrossRef]

77. Schmidt, L.S.; Nickerson, M.L.; Angeloni, D.; Glenn, G.M.; Walther, M.M.; Albert, P.S.; Warren, M.B.; Choyke, P.L.; Torres-Cabala,
C.A.; Merino, M.J.; et al. Early onset hereditary papillary renal carcinoma: Germline missense mutations in the tyrosine kinase
domain of the met proto-oncogene. J. Urol. 2004, 172 Pt 1, 1256–1261. [CrossRef]

78. Sebai, M.; Tulasne, D.; Caputo, S.M.; Verkarre, V.; Fernandes, M.; Guerin, C.; Reinhart, F.; Adams, S.; Maugard, C.; Caron, O.;
et al. Novel germline MET pathogenic variants in French patients with papillary renal cell carcinomas type I. Hum. Mutat. 2022,
43, 316–327. [CrossRef]

79. Sweeney, P.; El-Naggar, A.K.; Lin, S.H.; Pisters, L.L. Biological significance of c-met over expression in papillary renal cell
carcinoma. J. Urol. 2002, 168, 51–55. [CrossRef]

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

81. Yang, Y.; Ricketts, C.J.; Vocke, C.D.; Killian, J.K.; Padilla-Nash, H.M.; Lang, M.; Wei, D.; Lee, Y.H.; Wangsa, D.; Sourbier, C.; et al.
Characterization of genetically defined sporadic and hereditary type 1 papillary renal cell carcinoma cell lines. Genes Chromosom.
Cancer 2021, 60, 434–446. [CrossRef] [PubMed]

82. Macher-Goeppinger, S.; Keith, M.; Endris, V.; Penzel, R.; Tagscherer, K.E.; Pahernik, S.; Hohenfellner, M.; Gardner, H.; Grullich, C.;
Schirmacher, P.; et al. MET expression and copy number status in clear-cell renal cell carcinoma: Prognostic value and potential
predictive marker. Oncotarget 2017, 8, 1046–1057. [CrossRef] [PubMed]

83. Choyke, P.L.; Walther, M.M.; Glenn, G.M.; Wagner, J.R.; Venzon, D.J.; Lubensky, I.A.; Zbar, B.; Linehan, W.M. Imaging features of
hereditary papillary renal cancers. J. Comput. Assist. Tomogr. 1997, 21, 737–741. [CrossRef] [PubMed]

84. Goyal, L.; Muzumdar, M.D.; Zhu, A.X. Targeting the HGF/c-MET pathway in hepatocellular carcinoma. Clin. Cancer Res. 2013,
19, 2310–2318. [CrossRef] [PubMed]

85. Matsumura, A.; Kubota, T.; Taiyoh, H.; Fujiwara, H.; Okamoto, K.; Ichikawa, D.; Shiozaki, A.; Komatsu, S.; Nakanishi, M.;
Kuriu, Y.; et al. HGF regulates VEGF expression via the c-Met receptor downstream pathways, PI3K/Akt, MAPK and STAT3, in
CT26 murine cells. Int. J. Oncol. 2013, 42, 535–542. [CrossRef]

86. Nakaigawa, N.; Yao, M.; Baba, M.; Kato, S.; Kishida, T.; Hattori, K.; Nagashima, Y.; Kubota, Y. Inactivation of von Hippel-
Lindau gene induces constitutive phosphorylation of MET protein in clear cell renal carcinoma. Cancer Res. 2006, 66, 3699–3705.
[CrossRef]

87. Marona, P.; Gorka, J.; Mazurek, Z.; Wilk, W.; Rys, J.; Majka, M.; Jura, J.; Miekus, K. MCPIP1 Downregulation in Clear Cell Renal
Cell Carcinoma Promotes Vascularization and Metastatic Progression. Cancer Res. 2017, 77, 4905–4920. [CrossRef]

88. Ornstein, D.K.; Lubensky, I.A.; Venzon, D.; Zbar, B.; Linehan, W.M.; Walther, M.M. Prevalence of microscopic tumors in normal
appearing renal parenchyma of patients with hereditary papillary renal cancer. J. Urol. 2000, 163, 431–433. [CrossRef]

89. Metwalli, A.R.; Linehan, W.M. Nephron-sparing surgery for multifocal and hereditary renal tumors. Curr. Opin. Urol. 2014,
24, 466–473. [CrossRef]

90. Herring, J.C.; Enquist, E.G.; Chernoff, A.; Linehan, W.M.; Choyke, P.L.; Walther, M.M. Parenchymal sparing surgery in patients
with hereditary renal cell carcinoma: 10-year experience. J. Urol. 2001, 165, 777–781. [CrossRef]

91. Campbell, M.T.; Bilen, M.A.; Shah, A.Y.; Lemke, E.; Jonasch, E.; Venkatesan, A.M.; Altinmakas, E.; Duran, C.; Msaouel, P.; Tannir,
N.M. Cabozantinib for the treatment of patients with metastatic non-clear cell renal cell carcinoma: A retrospective analysis. Eur.
J. Cancer 2018, 104, 188–194. [CrossRef]

92. Choueiri, T.K.; Heng, D.Y.C.; Lee, J.L.; Cancel, M.; Verheijen, R.B.; Mellemgaard, A.; Ottesen, L.H.; Frigault, M.M.; L’Hernault,
A.; Szijgyarto, Z.; et al. Efficacy of Savolitinib vs Sunitinib in Patients With MET-Driven Papillary Renal Cell Carcinoma: The
SAVOIR Phase 3 Randomized Clinical Trial. JAMA Oncol. 2020, 6, 1247–1255. [CrossRef]

93. Choueiri, T.K.; Plimack, E.; Arkenau, H.T.; Jonasch, E.; Heng, D.Y.C.; Powles, T.; Frigault, M.M.; Clark, E.A.; Handzel, A.A.;
Gardner, H.; et al. Biomarker-Based Phase II Trial of Savolitinib in Patients With Advanced Papillary Renal Cell Cancer. J. Clin.
Oncol. 2017, 35, 2993–3001. [CrossRef]

94. Choueiri, T.K.; Vaishampayan, U.; Rosenberg, J.E.; Logan, T.F.; Harzstark, A.L.; Bukowski, R.M.; Rini, B.I.; Srinivas, S.; Stein,
M.N.; Adams, L.M.; et al. Phase II and biomarker study of the dual MET/VEGFR2 inhibitor foretinib in patients with papillary
renal cell carcinoma. J. Clin. Oncol. 2013, 31, 181–186. [CrossRef]

http://doi.org/10.1038/ng0597-68
http://doi.org/10.3390/cells8030272
http://doi.org/10.1177/1758834011422557
http://doi.org/10.1016/S0022-5347(01)67601-8
http://doi.org/10.1016/S0022-5347(17)35015-2
http://doi.org/10.1097/01.ju.0000139583.63354.e0
http://doi.org/10.1002/humu.24313
http://doi.org/10.1016/S0022-5347(05)64830-6
http://doi.org/10.1056/NEJMoa1505917
http://doi.org/10.1002/gcc.22940
http://www.ncbi.nlm.nih.gov/pubmed/33527590
http://doi.org/10.18632/oncotarget.13540
http://www.ncbi.nlm.nih.gov/pubmed/27894094
http://doi.org/10.1097/00004728-199709000-00014
http://www.ncbi.nlm.nih.gov/pubmed/9294565
http://doi.org/10.1158/1078-0432.CCR-12-2791
http://www.ncbi.nlm.nih.gov/pubmed/23388504
http://doi.org/10.3892/ijo.2012.1728
http://doi.org/10.1158/0008-5472.CAN-05-0617
http://doi.org/10.1158/0008-5472.CAN-16-3190
http://doi.org/10.1016/S0022-5347(05)67893-7
http://doi.org/10.1097/MOU.0000000000000094
http://doi.org/10.1016/S0022-5347(05)66524-X
http://doi.org/10.1016/j.ejca.2018.08.014
http://doi.org/10.1001/jamaoncol.2020.2218
http://doi.org/10.1200/JCO.2017.72.2967
http://doi.org/10.1200/JCO.2012.43.3383


Genes 2022, 13, 2122 22 of 28

95. Schoffski, P.; Wozniak, A.; Escudier, B.; Rutkowski, P.; Anthoney, A.; Bauer, S.; Sufliarsky, J.; van Herpen, C.; Lindner, L.H.;
Grunwald, V.; et al. Crizotinib achieves long-lasting disease control in advanced papillary renal-cell carcinoma type 1 patients
with MET mutations or amplification. EORTC 90101 CREATE trial. Eur. J. Cancer 2017, 87, 147–163. [CrossRef]

96. Walter, B.; Gil, S.; Naizhen, X.; Kruhlak, M.J.; Linehan, W.M.; Srinivasan, R.; Merino, M.J. Determination of the Expression of
PD-L1 in the Morphologic Spectrum of Renal Cell Carcinoma. J. Cancer 2020, 11, 3596–3603. [CrossRef]

97. Walter, B.; Gil, S.; Naizhen, X.; Kruhlak, M.J.; Linehan, W.M.; Srinivasan, R.; Merino, M.J. First-line pembrolizumab (pembro)
monotherapy for advanced nonclear cell renal cell carcinoma (nccRCC): Results from KEYNOTE-427 cohort B. J. Clin. Oncol.
2020, 38, 5034.

98. Powles, T.L.J.; Larkin, J.M.; Patel, P.; Pérez-Valderrama, B.; Rodriguez-Vida, A.; Glen, H.; Thistlethwaite, F.; Ralph, C.; Srinivasan,
G.; Mendez-Vida, M.J.; et al. A phase II study investigating the safety and efficacy of savolitinib and durvalumab in metastatic
papillary renal cancer (CALYPSO). J. Clin. Oncol. 2019, 37, 545. [CrossRef]

99. Moch, H.; Cubilla, A.L.; Humphrey, P.A.; Reuter, V.E.; Ulbright, T.M. The 2016 WHO Classification of Tumours of the Urinary
System and Male Genital Organs-Part A: Renal, Penile, and Testicular Tumours. Eur. Urol. 2016, 70, 93–105. [CrossRef]

100. Vanharanta, S.; Buchta, M.; McWhinney, S.R.; Virta, S.K.; Peczkowska, M.; Morrison, C.D.; Lehtonen, R.; Januszewicz, A.; Jarvinen,
H.; Juhola, M.; et al. Early-onset renal cell carcinoma as a novel extraparaganglial component of SDHB-associated heritable
paraganglioma. Am. J. Hum. Genet. 2004, 74, 153–159. [CrossRef]

101. Gill, A.J. Succinate dehydrogenase (SDH) and mitochondrial driven neoplasia. Pathology 2012, 44, 285–292. [CrossRef] [PubMed]
102. Ricketts, C.J.; Shuch, B.; Vocke, C.D.; Metwalli, A.R.; Bratslavsky, G.; Middelton, L.; Yang, Y.; Wei, M.H.; Pautler, S.E.; Peterson,

J.; et al. Succinate dehydrogenase kidney cancer: An aggressive example of the Warburg effect in cancer. J. Urol. 2012, 188,
2063–2071. [CrossRef] [PubMed]

103. Yong, C.; Stewart, G.D.; Frezza, C. Oncometabolites in renal cancer. Nat. Rev. Nephrol. 2020, 16, 156–172. [CrossRef] [PubMed]
104. Tung, M.L.; Chandra, B.; Dillahunt, K.; Gosse, M.D.; Sato, T.S.; Sidhu, A. Co-occurrence of VHL and SDHA Pathogenic Variants:

A Case Report. Front. Oncol. 2022, 12, 925582. [CrossRef] [PubMed]
105. Bardella, C.; Pollard, P.J.; Tomlinson, I. SDH mutations in cancer. Biochim. Biophys. Acta 2011, 1807, 1432–1443. [CrossRef]
106. Gill, A.J.; Lipton, L.; Taylor, J.; Benn, D.E.; Richardson, A.L.; Frydenberg, M.; Shapiro, J.; Clifton-Bligh, R.J.; Chow, C.W.; Bogwitz,

M. Germline SDHC mutation presenting as recurrent SDH deficient GIST and renal carcinoma. Pathol.-J. RCPA 2013, 45, 689–691.
[CrossRef]

107. Dwight, T.; Mann, K.; Benn, D.E.; Robinson, B.G.; McKelvie, P.; Gill, A.J.; Winship, I.; Clifton-Bligh, R.J. Familial SDHA mutation
associated with pituitary adenoma and pheochromocytoma/paraganglioma. J. Clin. Endocrinol. Metab. 2013, 98, E1103–E1108.
[CrossRef]

108. Miettinen, M.; Wang, Z.-F.; Sarlomo-Rikala, M.; Osuch, C.; Rutkowski, P.; Lasota, J. Succinate dehydrogenase deficient GISTs: A
clinicopathologic, immunohistochemical, and molecular genetic study of 66 gastric gists with predilection to young age. Am. J.
Surg. Pathol. 2011, 35, 1712. [CrossRef]

109. Milionis, V.; Goutas, D.; Vlachodimitropoulos, D.; Katsoulas, N.; Kyriazis, I.D.; Liatsikos, E.N.; Marinakis, N.; Joanne, T.S.; Lazaris,
A.C.; Goutas, N. SDH-deficient renal cell carcinoma: A case report associated with a novel germline mutation. Clin. Case Rep.
2021, 9, e04605. [CrossRef]

110. Zhu, Q.; Wu, X.; Huang, Y.; Tang, M.; Wu, L. Clinicopathologic features of succinate dehydrogenase deficiencient renal cell
carcinoma. Int. J. Clin. Exp. Pathol. 2020, 13, 1403–1407.

111. Kumar, R.; Bonert, M.; Naqvi, A.; Zbuk, K.; Kapoor, A. SDH-deficient renal cell carcinoma—Clinical, pathologic and genetic
correlates: A case report. BMC Urol. 2018, 18, 109. [CrossRef]

112. Fuchs, T.L.; Maclean, F.; Turchini, J.; Vargas, A.C.; Bhattarai, S.; Agaimy, A.; Hartmann, A.; Kao, C.S.; Ellis, C.; Bonert, M.; et al.
Expanding the clinicopathological spectrum of succinate dehydrogenase-deficient renal cell carcinoma with a focus on variant
morphologies: A study of 62 new tumors in 59 patients. Mod. Pathol. 2021, 35, 836–849. [CrossRef]

113. Gill, A.J.; Hes, O.; Papathomas, T.; Šedivcová, M.; Tan, P.H.; Agaimy, A.; Andresen, P.A.; Kedziora, A.; Clarkson, A.; Toon,
C.W. 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]

114. Webster, B.R.; Rompre-Brodeur, A.; Daneshvar, M.; Pahwa, R.; Srinivasan, R. Kidney cancer: From genes to therapy. Curr. Probl.
Cancer 2021, 45, 100773. [CrossRef]

115. Aggarwal, R.K.; Luchtel, R.A.; Machha, V.; Tischer, A.; Zou, Y.; Pradhan, K.; Ashai, N.; Ramachandra, N.; Albanese, J.M.; Yang,
J.I.; et al. Functional succinate dehydrogenase deficiency is a common adverse feature of clear cell renal cancer. Proc. Natl. Acad.
Sci. USA 2021, 118, e2106947118. [CrossRef]

116. Selak, M.A.; Armour, S.M.; MacKenzie, E.D.; Boulahbel, H.; Watson, D.G.; Mansfield, K.D.; Pan, Y.; Simon, M.C.; Thompson, C.B.;
Gottlieb, E. Succinate links TCA cycle dysfunction to oncogenesis by inhibiting HIF-alpha prolyl hydroxylase. Cancer Cell 2005,
7, 77–85. [CrossRef]

117. Semenza, G. Signal transduction to hypoxia-inducible factor 1. Biochem. Pharmacol. 2002, 64, 993–998. [CrossRef]
118. Semenza, G.L.; Roth, P.H.; Fang, H.-M.; Wang, G.L. Transcriptional regulation of genes encoding glycolytic enzymes by hypoxia-

inducible factor 1. J. Biol. Chem. 1994, 269, 23757–23763. [CrossRef]
119. Bezawork-Geleta, A.; Rohlena, J.; Dong, L.; Pacak, K.; Neuzil, J. Mitochondrial Complex II: At the Crossroads. Trends Biochem. Sci.

2017, 42, 312–325. [CrossRef]

http://doi.org/10.1016/j.ejca.2017.10.014
http://doi.org/10.7150/jca.35738
http://doi.org/10.1200/JCO.2019.37.7_suppl.545
http://doi.org/10.1016/j.eururo.2016.02.029
http://doi.org/10.1086/381054
http://doi.org/10.1097/PAT.0b013e3283539932
http://www.ncbi.nlm.nih.gov/pubmed/22544211
http://doi.org/10.1016/j.juro.2012.08.030
http://www.ncbi.nlm.nih.gov/pubmed/23083876
http://doi.org/10.1038/s41581-019-0210-z
http://www.ncbi.nlm.nih.gov/pubmed/31636445
http://doi.org/10.3389/fonc.2022.925582
http://www.ncbi.nlm.nih.gov/pubmed/35875079
http://doi.org/10.1016/j.bbabio.2011.07.003
http://doi.org/10.1097/PAT.0000000000000018
http://doi.org/10.1210/jc.2013-1400
http://doi.org/10.1097/PAS.0b013e3182260752
http://doi.org/10.1002/ccr3.4605
http://doi.org/10.1186/s12894-018-0422-8
http://doi.org/10.1038/s41379-021-00998-1
http://doi.org/10.1097/PAS.0000000000000292
http://doi.org/10.1016/j.currproblcancer.2021.100773
http://doi.org/10.1073/pnas.2106947118
http://doi.org/10.1016/j.ccr.2004.11.022
http://doi.org/10.1016/S0006-2952(02)01168-1
http://doi.org/10.1016/S0021-9258(17)31580-6
http://doi.org/10.1016/j.tibs.2017.01.003


Genes 2022, 13, 2122 23 of 28

120. Guo, Z.; Pan, F.; Peng, L.; Tian, S.; Jiao, J.; Liao, L.; Lu, C.; Zhai, G.; Wu, Z.; Dong, H.; et al. Systematic Proteome and Lysine
Succinylome Analysis Reveals Enhanced Cell Migration by Hyposuccinylation in Esophageal Squamous Cell Carcinoma. Mol.
Cell Proteom. 2021, 20, 100053. [CrossRef]

121. Lu, W.; Che, X.; Qu, X.; Zheng, C.; Yang, X.; Bao, B.; Li, Z.; Wang, D.; Jin, Y.; Wang, Y.; et al. Succinylation Regulators Promote
Clear Cell Renal Cell Carcinoma by Immune Regulation and RNA N6-Methyladenosine Methylation. Front. Cell Dev. Biol. 2021,
9, 622198. [CrossRef] [PubMed]

122. Ma, Y.; Qi, Y.; Wang, L.; Zheng, Z.; Zhang, Y.; Zheng, J. SIRT5-mediated SDHA desuccinylation promotes clear cell renal cell
carcinoma tumorigenesis. Free Radic. Biol. Med. 2019, 134, 458–467. [CrossRef] [PubMed]

123. Liu, Y.; Wang, X.; Ao, L.; Zhang, C.; Wang, H.; Shen, Y.; He, H. SIRT5 functions as a tumor suppressor in renal cell carcinoma by
reversing the Warburg effect. J. Transl. Med. 2021, 19, 521.

124. Yang, J.; Zhou, Y.; Li, Y.; Hu, W.; Yuan, C.; Chen, S.; Ye, G.; Chen, Y.; Wu, Y.; Liu, J.; et al. Functional deficiency of succinate
dehydrogenase promotes tumorigenesis and development of clear cell renal cell carcinoma through weakening of ferroptosis.
Bioengineered 2022, 13, 11187–11207. [CrossRef] [PubMed]

125. Sulkowski, P.L.; Oeck, S.; Dow, J.; Economos, N.G.; Mirfakhraie, L.; Liu, Y.; Noronha, K.; Bao, X.; Li, J.; Shuch, B.M.; et al.
Oncometabolites suppress DNA repair by disrupting local chromatin signalling. Nature 2020, 582, 586–591. [CrossRef]

126. 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. Familial kidney cancer: Implications of new syndromes and molecular insights. Eur. Urol. 2019, 76, 754–764. [CrossRef]

127. Reed, W.B.; Walker, R.; Horowitz, R. Cutaneous leiomyomata with uterine leiomyomata. Acta Derm. Venereol. 1973, 53, 409–416.
128. Launonen, V.; Vierimaa, O.; Kiuru, M.; Isola, J.; Roth, S.; Pukkala, E.; Sistonen, P.; Herva, R.; Aaltonen, L.A. Inherited susceptibility

to uterine leiomyomas and renal cell cancer. Proc. Natl. Acad. Sci. USA 2001, 98, 3387–3392. [CrossRef]
129. Merino, M.J.; Torres-Cabala, C.; Pinto, P.; Linehan, W.M. The morphologic spectrum of kidney tumors in hereditary leiomyomato-

sis and renal cell carcinoma (HLRCC) syndrome. Am. J. Surg. Pathol. 2007, 31, 1578–1585. [CrossRef]
130. Nikolovski, I.; Carlo, M.I.; Chen, Y.B.; Vargas, H.A. Imaging features of fumarate hydratase-deficient renal cell carcinomas: A

retrospective study. Cancer Imaging 2021, 21, 24. [CrossRef]
131. Gellera, C.; Uziel, G.; Rimoldi, M.; Zeviani, M.; Laverda, A.; Carrara, F.; DiDonato, S. Fumarase deficiency is an autosomal

recessive encephalopathy affecting both the mitochondrial and the cytosolic enzymes. Neurology 1990, 40 Pt 1, 495–499. [CrossRef]
132. Tomlinson, I.P.; Alam, N.A.; Rowan, A.J.; Barclay, E.; Jaeger, E.E.; Kelsell, D.; Leigh, I.; Gorman, P.; Lamlum, H.; Rahman, S.; et al.

Germline mutations in FH predispose to dominantly inherited uterine fibroids, skin leiomyomata and papillary renal cell cancer.
Nat. Genet. 2002, 30, 406–410.

133. Bardella, C.; El-Bahrawy, M.; Frizzell, N.; Adam, J.; Ternette, N.; Hatipoglu, E.; Howarth, K.; O’Flaherty, L.; Roberts, I.; Turner,
G.; et al. Aberrant succination of proteins in fumarate hydratase-deficient mice and HLRCC patients is a robust biomarker of
mutation status. J. Pathol. 2011, 225, 4–11. [CrossRef]

134. Chen, Y.B.; Brannon, A.R.; Toubaji, A.; Dudas, M.E.; Won, H.H.; Al-Ahmadie, H.A.; Fine, S.W.; Gopalan, A.; Frizzell, N.; Voss,
M.H.; et al. Hereditary leiomyomatosis and renal cell carcinoma syndrome-associated renal cancer: Recognition of the syndrome
by pathologic features and the utility of detecting aberrant succination by immunohistochemistry. Am. J. Surg. Pathol. 2014, 38,
627–637. [CrossRef]

135. Lu, E.; Hatchell, K.E.; Nielsen, S.M.; Esplin, E.D.; Ouyang, K.; Nykamp, K.; Zavoshi, S.; Li, S.; Zhang, L.; Wilde, B.R.; et al.
Fumarate hydratase variant prevalence and manifestations among individuals receiving germline testing. Cancer 2021, 128,
675–684. [CrossRef]

136. Menko, F.H.; Maher, E.R.; Schmidt, L.S.; Middelton, L.A.; Aittomäki, K.; Tomlinson, I.; Richard, S.; Linehan, W.M. Hereditary
leiomyomatosis and renal cell cancer (HLRCC): Renal cancer risk, surveillance and treatment. Fam. Cancer 2014, 13, 637–644.
[CrossRef]

137. Smit, D.L.; Mensenkamp, A.R.; Badeloe, S.; Breuning, M.H.; Simon, M.E.; van Spaendonck, K.Y.; Aalfs, C.M.; Post, J.G.; Shanley, S.;
Krapels, I.P.; et al. Hereditary leiomyomatosis and renal cell cancer in families referred for fumarate hydratase germline mutation
analysis. Clin. Genet. 2011, 79, 49–59. [CrossRef]

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

139. 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]

140. Yang, Y.; Valera, V.A.; Padilla-Nash, H.M.; Sourbier, C.; Vocke, C.D.; Vira, M.A.; Abu-Asab, M.S.; Bratslavsky, G.; Tsokos, M.;
Merino, M.J.; et al. UOK 262 cell line, fumarate hydratase deficient (FH-/FH-) hereditary leiomyomatosis renal cell carcinoma:
In vitro and in vivo model of an aberrant energy metabolic pathway in human cancer. Cancer Genet. Cytogenet. 2010, 196, 45–55.
[CrossRef]

141. Bateman, N.W.; Tarney, C.M.; Abulez, T.; Soltis, A.R.; Zhou, M.; Conrads, K.; Litzi, T.; Oliver, J.; Hood, B.; Driggers, P.; et al.
Proteogenomic landscape of uterine leiomyomas from hereditary leiomyomatosis and renal cell cancer patients. Sci. Rep. 2021,
11, 9371. [CrossRef] [PubMed]

http://doi.org/10.1074/mcp.RA120.002150
http://doi.org/10.3389/fcell.2021.622198
http://www.ncbi.nlm.nih.gov/pubmed/33681201
http://doi.org/10.1016/j.freeradbiomed.2019.01.030
http://www.ncbi.nlm.nih.gov/pubmed/30703481
http://doi.org/10.1080/21655979.2022.2062537
http://www.ncbi.nlm.nih.gov/pubmed/35510387
http://doi.org/10.1038/s41586-020-2363-0
http://doi.org/10.1016/j.eururo.2019.06.015
http://doi.org/10.1073/pnas.051633798
http://doi.org/10.1097/PAS.0b013e31804375b8
http://doi.org/10.1186/s40644-021-00392-9
http://doi.org/10.1212/WNL.40.3_Part_1.495
http://doi.org/10.1002/path.2932
http://doi.org/10.1097/PAS.0000000000000163
http://doi.org/10.1002/cncr.33997
http://doi.org/10.1007/s10689-014-9735-2
http://doi.org/10.1111/j.1399-0004.2010.01486.x
http://doi.org/10.3389/fonc.2021.738822
http://doi.org/10.1158/1078-0432.CCR-13-0304
http://doi.org/10.1016/j.cancergencyto.2009.08.018
http://doi.org/10.1038/s41598-021-88585-x
http://www.ncbi.nlm.nih.gov/pubmed/33931688


Genes 2022, 13, 2122 24 of 28

142. Crooks, D.R.; Maio, N.; Lang, M.; Ricketts, C.J.; Vocke, C.D.; Gurram, S.; Turan, S.; Kim, Y.Y.; Cawthon, G.M.; Sohelian, F.; et al.
Mitochondrial DNA alterations underlie an irreversible shift to aerobic glycolysis in fumarate hydratase-deficient renal cancer.
Sci. Signal. 2021, 14, eabc4436. [CrossRef] [PubMed]

143. Srinivasan, R.; Ricketts, C.J.; Sourbier, C.; Linehan, W.M. New strategies in renal cell carcinoma: Targeting the genetic and
metabolic basis of disease. Clin. Cancer Res. 2015, 21, 10–17. [CrossRef] [PubMed]

144. Thompson, A.J.; Alwan, Y.M.; Ramani, V.A.C.; Evans, D.G.; Maher, E.R.; Woodward, E.R. Cost-effectiveness model of renal cell
carcinoma (RCC) surveillance in hereditary leiomyomatosis and renal cell carcinoma (HLRCC). J. Med. Genet. 2022. [CrossRef]
[PubMed]

145. Gardie, B.; Remenieras, A.; Kattygnarath, D.; Bombled, J.; Lefevre, S.; Perrier-Trudova, V.; Rustin, P.; Barrois, M.; Slama, A.; Avril,
M.F.; et al. Novel FH mutations in families with hereditary leiomyomatosis and renal cell cancer (HLRCC) and patients with
isolated type 2 papillary renal cell carcinoma. J. Med. Genet. 2011, 48, 226–234. [CrossRef] [PubMed]

146. National Comprehensive Cancer Network. Kidney Cancer 2019. Available online: https://www.nccn.org/professionals/
physician_gls/pdf/kidney.pdf (accessed on 2 August 2022).

147. Srinivasan, R.; Su, D.; Stamatakis, L.; Siddiqi, M.M.; Singer, E.; Shuch, B.; Nix, J.; Friend, J.; Hawks, G.; Shih, J.H.; et al. 5
Mechanism based targeted therapy for hereditary leimyomatosis and renal cell cancer (HLRCC) and sporadic papillary renal cell
carcinoma” interim results from a phase 2 study of bevacizumab and erlotinib. Eur. J. Cancer 2014, 50, 8. [CrossRef]

148. Xu, Y.; Kong, W.; Cao, M.; Wang, J.; Wang, Z.; Zheng, L.; Wu, X.; Cheng, R.; He, W.; Yang, B.; et al. Genomic Profiling and
Response to Immune Checkpoint Inhibition plus Tyrosine Kinase Inhibition in FH-Deficient Renal Cell Carcinoma. Eur. Urol.
2022. [CrossRef]

149. Iribe, Y.; Furuya, M.; Shibata, Y.; Yasui, M.; Funahashi, M.; Ota, J.; Iwashita, H.; Nagashima, Y.; Hasumi, H.; Hayashi, N.; et al.
Complete response of hereditary leiomyomatosis and renal cell cancer (HLRCC)-associated renal cell carcinoma to nivolumab
and ipilimumab combination immunotherapy by: A case report. Fam. Cancer 2021, 20, 75–80. [CrossRef]

150. Wang, T.; Huang, Y.; Huang, X.; Lv, Z.; Tian, S.; Ma, X.; Zhang, X. Complete Response of Hereditary Leiomyomatosis and Renal
Cell Cancer (HLRCC)-Associated Renal Cell Carcinoma to Pembrolizumab Immunotherapy: A Case Report. Front. Oncol. 2021,
11, 735077. [CrossRef]

151. Testa, J.R.; Cheung, M.; Pei, J.; Below, J.E.; Tan, Y.; Sementino, E.; Cox, N.J.; Dogan, A.U.; Pass, H.I.; Trusa, S. Germline BAP1
mutations predispose to malignant mesothelioma. Nat. Genet. 2011, 43, 1022–1025. [CrossRef]

152. Farley, M.N.; Schmidt, L.S.; Mester, J.L.; Pena-Llopis, S.; Pavia-Jimenez, A.; Christie, A.; Vocke, C.D.; Ricketts, C.J.; Peterson, J.;
Middelton, L. A novel germline mutation in BAP1 predisposes to familial clear-cell renal cell carcinoma. Mol. Cancer Res. 2013,
11, 1061–1071. [CrossRef] [PubMed]

153. Pagliuca, F.; Zito Marino, F.; Morgillo, F.; Della Corte, C.; Santini, M.; Vicidomini, G.; Guggino, G.; De Dominicis, G.; Campione,
S.; Accardo, M.; et al. Inherited predisposition to malignant mesothelioma: Germline BAP1 mutations and beyond. Eur. Rev. Med.
Pharm. Sci. 2021, 25, 4236–4246.

154. Pena-Llopis, S.; Vega-Rubin-de-Celis, S.; Liao, A.; Leng, N.; Pavia-Jimenez, A.; Wang, S.; Yamasaki, T.; Zhrebker, L.; Sivanand, S.;
Spence, P.; et al. BAP1 loss defines a new class of renal cell carcinoma. Nat. Genet. 2012, 44, 751–759. [CrossRef]

155. Joseph, R.W.; Kapur, P.; Serie, D.J.; Eckel-Passow, J.E.; Parasramka, M.; Ho, T.; Cheville, J.C.; Frenkel, E.; Rakheja, D.; Brugarolas,
J. Loss of BAP1 protein expression is an independent marker of poor prognosis in patients with low-risk clear cell renal cell
carcinoma. Cancer 2014, 120, 1059–1067. [CrossRef]

156. Joseph, R.W.; Kapur, P.; Serie, D.J.; Parasramka, M.; Ho, T.H.; Cheville, J.C.; Frenkel, E.; Parker, A.S.; Brugarolas, J. Clear cell renal
cell carcinoma subtypes identified by BAP1 and PBRM1 expression. J. Urol. 2016, 195, 180–187. [CrossRef]

157. Minardi, D.; Lucarini, G.; Milanese, G.; Di Primio, R.; Montironi, R.; Muzzonigro, G. Loss of nuclear BAP1 protein expression is a
marker of poor prognosis in patients with clear cell renal cell carcinoma. Urol. Oncol. 2016, 34, e11–e18. [CrossRef]

158. Pilarski, R.; Carlo, M.; Cebulla, C.; Abdel-Rahman, M. BAP1 Tumor Predisposition Syndrome. In GeneReviews®; Adam, M.P.,
Ardinger, H.H., Pagon, R.A., Wallace, S.E., Bean, L.J.H., Gripp, K.W., Eds.; University of Washington: Seattle, WA, USA, 1993.

159. Carbone, M.; Pass, H.I.; Ak, G.; Alexander, H.R.; Baas, P., Jr.; Baumann, F.; Blakely, A.M.; Bueno, R.; Bzura, A.; Cardillo, G.; et al.
Medical and Surgical Care of Patients With Mesothelioma and Their Relatives Carrying Germline BAP1 Mutations. J. Thorac.
Oncol. 2022, 17, 873–889. [CrossRef]

160. Kapur, P.; Setoodeh, S.; Araj, E.; Yan, J.; Malladi, V.S.; Cadeddu, J.A.; Christie, A.; Brugarolas, J. Improving Renal Tumor Biopsy
Prognostication With BAP1 Analyses. Arch. Pathol. Lab. Med. 2022, 146, 154–165. [CrossRef]

161. Daou, S.; Hammond-Martel, I.; Mashtalir, N.; Barbour, H.; Gagnon, J.; Iannantuono, N.V.; Nkwe, N.S.; Motorina, A.; Pak, H.; Yu,
H.; et al. The BAP1/ASXL2 Histone H2A Deubiquitinase Complex Regulates Cell Proliferation and Is Disrupted in Cancer. J. Biol.
Chem. 2015, 290, 28643–28663. [CrossRef]

162. Walpole, S.; Pritchard, A.L.; Cebulla, C.M.; Pilarski, R.; Stautberg, M.; Davidorf, F.H.; de la Fouchardiere, A.; Cabaret, O.; Golmard,
L.; Stoppa-Lyonnet, D.; et al. Comprehensive Study of the Clinical Phenotype of Germline BAP1 Variant-Carrying Families
Worldwide. J. Natl. Cancer Inst. 2018, 110, 1328–1341. [CrossRef]

163. Yu, H.; Pak, H.; Hammond-Martel, I.; Ghram, M.; Rodrigue, A.; Daou, S.; Barbour, H.; Corbeil, L.; Hébert, J.; Drobetsky, E.; et al.
Tumor suppressor and deubiquitinase BAP1 promotes DNA double-strand break repair. Proc. Natl. Acad. Sci. USA 2014, 111,
285–290. [CrossRef] [PubMed]

http://doi.org/10.1126/scisignal.abc4436
http://www.ncbi.nlm.nih.gov/pubmed/33402335
http://doi.org/10.1158/1078-0432.CCR-13-2993
http://www.ncbi.nlm.nih.gov/pubmed/25564569
http://doi.org/10.1136/jmedgenet-2021-108215
http://www.ncbi.nlm.nih.gov/pubmed/35121648
http://doi.org/10.1136/jmg.2010.085068
http://www.ncbi.nlm.nih.gov/pubmed/21398687
https://www.nccn.org/professionals/physician_gls/pdf/kidney.pdf
https://www.nccn.org/professionals/physician_gls/pdf/kidney.pdf
http://doi.org/10.1016/S0959-8049(14)70131-5
http://doi.org/10.1016/j.eururo.2022.05.029
http://doi.org/10.1007/s10689-020-00195-0
http://doi.org/10.3389/fonc.2021.735077
http://doi.org/10.1038/ng.912
http://doi.org/10.1158/1541-7786.MCR-13-0111
http://www.ncbi.nlm.nih.gov/pubmed/23709298
http://doi.org/10.1038/ng.2323
http://doi.org/10.1002/cncr.28521
http://doi.org/10.1016/j.juro.2015.07.113
http://doi.org/10.1016/j.urolonc.2016.03.006
http://doi.org/10.1016/j.jtho.2022.03.014
http://doi.org/10.5858/arpa.2020-0413-OA
http://doi.org/10.1074/jbc.M115.661553
http://doi.org/10.1093/jnci/djy171
http://doi.org/10.1073/pnas.1309085110
http://www.ncbi.nlm.nih.gov/pubmed/24347639


Genes 2022, 13, 2122 25 of 28

164. Lee, S.A.; Lee, D.; Kang, M.; Kim, S.; Kwon, S.J.; Lee, H.S.; Seo, H.R.; Kaushal, P.; Lee, N.S.; Kim, H.; et al. BAP1 promotes the
repair of UV-induced DNA damage via PARP1-mediated recruitment to damage sites and control of activity and stability. Cell
Death Differ. 2022. [CrossRef] [PubMed]

165. Baas, R.; van der Wal, F.J.; Bleijerveld, O.B.; van Attikum, H.; Sixma, T.K. Proteomic analysis identifies novel binding partners of
BAP1. PLoS ONE 2021, 16, e0257688. [CrossRef] [PubMed]

166. Masclef, L.; Ahmed, O.; Estavoyer, B.; Larrivee, B.; Labrecque, N.; Nijnik, A.; Affar, E.B. Roles and mechanisms of BAP1
deubiquitinase in tumor suppression. Cell Death Differ. 2021, 28, 606–625. [CrossRef] [PubMed]

167. Bononi, A.; Giorgi, C.; Patergnani, S.; Larson, D.; Verbruggen, K.; Tanji, M.; Pellegrini, L.; Signorato, V.; Olivetto, F.; Pastorino, S.
BAP1 regulates IP3R3-mediated Ca 2+ flux to mitochondria suppressing cell transformation. Nature 2017, 546, 549–553. [CrossRef]

168. Star, P.; Goodwin, A.; Kapoor, R.; Conway, R.M.; Long, G.V.; Scolyer, R.A.; Guitera, P. Germline BAP1-positive patients: The
dilemmas of cancer surveillance and a proposed interdisciplinary consensus monitoring strategy. Eur. J. Cancer 2018, 92, 48–53.
[CrossRef]

169. Bourneville, D. Sclerose tubereuse der circonvolutions cerebrales: Idiotie et epilepsie hemiplegique. Arch. Neurol. 1880, 1, 81–91.
170. Kwiatkowski, D.J.; Whittemore, V.H.; Thiele, E.A. Tuberous Sclerosis Complex: Genes, Clinical Features and Therapeutics; John Wiley &

Sons: Hoboken, NJ, USA, 2011.
171. Kandt, R.S.; Haines, J.L.; Smith, M.; Northrup, H.; Gardner, R.J.; Short, M.P.; Dumars, K.; Roach, E.S.; Steingold, S.; Wall, S.; et al.

Linkage of an important gene locus for tuberous sclerosis to a chromosome 16 marker for polycystic kidney disease. Nat. Genet.
1992, 2, 37–41. [CrossRef]

172. European Chromosome 16 Tuberous Sclerosis Consortium. Identification and characterization of the tuberous sclerosis gene on
chromosome 16. Cell 1993, 75, 1305–1315. [CrossRef]

173. Van Slegtenhorst, M.; de Hoogt, R.; Hermans, C.; Nellist, M.; Janssen, B.; Verhoef, S.; Lindhout, D.; van den Ouweland, A.; Halley,
D.; Young, J.; et al. Identification of the tuberous sclerosis gene TSC1 on chromosome 9q34. Science 1997, 277, 805–808. [CrossRef]

174. Fleury, P.; de Groot, W.; Delleman, J.; Verbeeten, B.; Frankenmolen-Witkiezwicz, I. Tuberous sclerosis: The incidence of familial
versus sporadic cases. Brain Dev. 1980, 2, 107–117. [CrossRef]

175. Henske, E.P.; Cornejo, K.M.; Wu, C.L. Renal Cell Carcinoma in Tuberous Sclerosis Complex. Genes 2021, 12, 1585. [CrossRef]
176. Gupta, S.; Kang, H.C.; Faria, S.C.; Choyke, P.L.; Kundra, V. Tuberous Sclerosis Complex (TSC): Renal and Extrarenal Imaging.

,Acad. Radiol. 2021, 29, 439–449. [CrossRef]
177. Janssens, P.; Van Hoeve, K.; De Waele, L.; De Rechter, S.; Claes, K.J.; Van de Perre, E.; Wissing, K.M.; Bammens, B.; Jansen, A.;

Mekahli, D. Renal progression factors in young patients with tuberous sclerosis complex: A retrospective cohort study. Pediatr.
Nephrol. 2018, 33, 2085–2093. [CrossRef]

178. Rakowski, S.K.; Winterkorn, E.B.; Paul, E.; Steele, D.J.; Halpern, E.F.; Thiele, E.A. Renal manifestations of tuberous sclerosis
complex: Incidence, prognosis, and predictive factors. Kidney Int. 2006, 70, 1777–1782. [CrossRef]

179. Flum, A.S.; Hamoui, N.; Said, M.A.; Yang, X.J.; Casalino, D.D.; McGuire, B.B.; Perry, K.T.; Nadler, R.B. Update on the diagnosis
and management of renal angiomyolipoma. J. Urol. 2016, 195 Pt. 1, 834–846. [CrossRef]

180. Seyam, R.M.; Bissada, N.K.; Kattan, S.A.; Mokhtar, A.A.; Aslam, M.; Fahmy, W.E.; Mourad, W.A.; Binmahfouz, A.A.; Alzahrani,
H.M.; Hanash, K.A. Changing trends in presentation, diagnosis and management of renal angiomyolipoma: Comparison of
sporadic and tuberous sclerosis complex-associated forms. Urology 2008, 72, 1077–1082. [CrossRef]

181. Guo, J.; Tretiakova, M.S.; Troxell, M.L.; Osunkoya, A.O.; Fadare, O.; Sangoi, A.R.; Shen, S.S.; Lopez-Beltran, A.; Mehra, R.; Heider,
A. Tuberous sclerosis–associated renal cell carcinoma: A clinicopathologic study of 57 separate carcinomas in 18 patients. Am. J.
Surg. Pathol. 2014, 38, 1457–1467. [CrossRef]

182. Yang, P.; Cornejo, K.M.; Sadow, P.M.; Cheng, L.; Wang, M.; Xiao, Y.; Jiang, Z.; Oliva, E.; Jozwiak, S.; Nussbaum, R.L.; et al. Renal
cell carcinoma in tuberous sclerosis complex. Am. J. Surg. Pathol. 2014, 38, 895–909. [CrossRef]

183. Gupta, S.; Jimenez, R.E.; Herrera-Hernandez, L.; Lohse, C.M.; Thompson, R.H.; Boorjian, S.A.; Leibovich, B.C.; Cheville, J.C.
Renal Neoplasia in Tuberous Sclerosis: A Study of 41 Patients. Mayo Clin. Proc. 2021, 96, 1470–1489. [CrossRef]

184. Huang, J.; Manning, B.D. The TSC1-TSC2 complex: A molecular switchboard controlling cell growth. Biochem. J. 2008, 412,
179–190. [CrossRef] [PubMed]

185. Wullschleger, S.; Loewith, R.; Hall, M.N. TOR signaling in growth and metabolism. Cell 2006, 124, 471–484. [CrossRef] [PubMed]
186. Wataya-Kaneda, M. Mammalian target of rapamycin and tuberous sclerosis complex. J. Derm. Sci. 2015, 79, 93–100. [CrossRef]

[PubMed]
187. Boorjian, S.A.; Frank, I.; Inman, B.; Lohse, C.M.; Cheville, J.C.; Leibovich, B.C.; Blute, M.L. The Role of Partial Nephrectomy for

the Management of Sporadic Renal Angiomyolipoma. Urology 2007, 70, 1064–1068. [CrossRef] [PubMed]
188. Heidenreich, A.; Hegele, A.; Varga, Z.; von Knobloch, R.; Hofmann, R. Nephron-sparing surgery for renal angiomyolipoma. Eur.

Urol. 2002, 41, 267–273. [CrossRef]
189. Steiner, M.S.; Goldman, S.M.; Fishman, E.K.; Marshall, F.F. The natural history of renal angiomyolipoma. J. Urol. 1993, 150,

1782–1786. [CrossRef]
190. Van Baal, J.G.; Smits, N.J.; Keeman, J.N.; Lindhout, D.; Verhoef, S. The evolution of renal angiomyolipomas in patients with

tuberous sclerosis. J. Urol. 1994, 152, 35–38. [CrossRef]
191. Ouzaid, I.; Autorino, R.; Fatica, R.; Herts, B.R.; McLennan, G.; Remer, E.M.; Haber, G.P. Active surveillance for renal angiomy-

olipoma: Outcomes and factors predictive of delayed intervention. BJU Int. 2014, 114, 412–417. [CrossRef]

http://doi.org/10.1038/s41418-022-01024-w
http://www.ncbi.nlm.nih.gov/pubmed/35637285
http://doi.org/10.1371/journal.pone.0257688
http://www.ncbi.nlm.nih.gov/pubmed/34591877
http://doi.org/10.1038/s41418-020-00709-4
http://www.ncbi.nlm.nih.gov/pubmed/33462414
http://doi.org/10.1038/nature22798
http://doi.org/10.1016/j.ejca.2017.12.022
http://doi.org/10.1038/ng0992-37
http://doi.org/10.1016/0092-8674(93)90618-Z
http://doi.org/10.1126/science.277.5327.805
http://doi.org/10.1016/S0387-7604(80)80031-3
http://doi.org/10.3390/genes12101585
http://doi.org/10.1016/j.acra.2020.12.019
http://doi.org/10.1007/s00467-018-4003-6
http://doi.org/10.1038/sj.ki.5001853
http://doi.org/10.1016/j.juro.2015.07.126
http://doi.org/10.1016/j.urology.2008.07.049
http://doi.org/10.1097/PAS.0000000000000248
http://doi.org/10.1097/PAS.0000000000000237
http://doi.org/10.1016/j.mayocp.2020.11.004
http://doi.org/10.1042/BJ20080281
http://www.ncbi.nlm.nih.gov/pubmed/18466115
http://doi.org/10.1016/j.cell.2006.01.016
http://www.ncbi.nlm.nih.gov/pubmed/16469695
http://doi.org/10.1016/j.jdermsci.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/26051878
http://doi.org/10.1016/j.urology.2007.07.045
http://www.ncbi.nlm.nih.gov/pubmed/18158015
http://doi.org/10.1016/S0302-2838(02)00015-5
http://doi.org/10.1016/S0022-5347(17)35895-0
http://doi.org/10.1016/S0022-5347(17)32809-4
http://doi.org/10.1016/S1569-9056(14)60089-0


Genes 2022, 13, 2122 26 of 28

192. Yamakado, K.; Tanaka, N.; Nakagawa, T.; Kobayashi, S.; Yanagawa, M.; Takeda, K. Renal angiomyolipoma: Relationships between
tumor size, aneurysm formation, and rupture. Radiology 2002, 225, 78–82. [CrossRef]

193. Bissler, J.J.; Kingswood, J.C.; Radzikowska, E.; Zonnenberg, B.A.; Frost, M.; Belousova, E.; Sauter, M.; Nonomura, N.; Brakemeier,
S.; de Vries, P.J.; et al. Everolimus for angiomyolipoma associated with tuberous sclerosis complex or sporadic lymphan-
gioleiomyomatosis (EXIST-2): A multicentre, randomised, double-blind, placebo-controlled trial. Lancet 2013, 381, 817–824.
[CrossRef]

194. Bissler, J.J.; Nonomura, N.; Budde, K.; Zonnenberg, B.A.; Fischereder, M.; Voi, M.; Louveau, A.L.; Herbst, F.; Bebin, E.M.; Curatolo,
P.; et al. Angiomyolipoma rebound tumor growth after discontinuation of everolimus in patients with tuberous sclerosis complex
or sporadic lymphangioleiomyomatosis. PLoS ONE 2018, 13, e0201005. [CrossRef]

195. Pressey, J.G.; Wright, J.M.; Geller, J.I.; Joseph, D.B.; Pressey, C.S.; Kelly, D.R. Sirolimus therapy for fibromatosis and multifocal
renal cell carcinoma in a child with tuberous sclerosis complex. Pediatr. Blood Cancer 2010, 54, 1035–1037. [CrossRef]

196. Kim, H.S.; Kim, S.T.; Kang, S.H.; Sung, D.J.; Kim, C.H.; Shin, S.W.; Kim, Y.H.; Cho, W.Y.; Park, K.H. The use of everolimus to
target carcinogenic pathways in a patient with renal cell carcinoma and tuberous sclerosis complex: A case report. J. Med. Case
Rep. 2014, 8, 95. [CrossRef]

197. Alsidawi, S.; Kasi, P.M. Exceptional response to everolimus in a novel tuberous sclerosis complex-2 mutation-associated metastatic
renal-cell carcinoma. Cold Spring Harb. Mol. Case Stud. 2018, 4, a002220. [CrossRef]

198. Krueger, D.A.; Northrup, H. Tuberous sclerosis complex surveillance and management: Recommendations of the 2012 Interna-
tional Tuberous Sclerosis Complex Consensus Conference. Pediatr. Neurol. 2013, 49, 255–265. [CrossRef]

199. Birt, A.R.; Hogg, G.R.; Dubé, W.J. Hereditary multiple fibrofolliculomas with trichodiscomas and acrochordons. Arch. Dermatol.
1977, 113, 1674–1677. [CrossRef]

200. Binet, O.; Robin, J.; Vicart, M.; Ventura, G.; Beltzer-Garelly, E. Fibromes périfolliculaires polypose colique familiale pneumothorax
spontanés familiaux. Ann. Dermatol. Vénéréol. 1986, 113, 928–930.

201. Roth, J.S.; Rabinowitz, A.D.; Benson, M.; Grossman, M.E. Bilateral renal cell carcinoma in the Birt-Hogg-Dubé syndrome. J. Am.
Acad. Dermatol. 1993, 29, 1055–1056. [CrossRef]

202. Toro, J.R.; Glenn, G.; Duray, P.; Darling, T.; Weirich, G.; Zbar, B.; Linehan, M.; Turner, M.L. Birt-Hogg-Dubé syndrome: A novel
marker of kidney neoplasia. Arch. Dermatol. 1999, 135, 1195–1202. [CrossRef]

203. Schmidt, L.S.; Linehan, W.M. FLCN: The causative gene for Birt-Hogg-Dubé syndrome. Gene 2018, 640, 28–42. [CrossRef]
204. Nickerson, M.L.; Warren, M.B.; Toro, J.R.; Matrosova, V.; Glenn, G.; Turner, M.L.; Duray, P.; Merino, M.; Choyke, P.; Pavlovich,

C.P.; et al. Mutations in a novel gene lead to kidney tumors, lung wall defects, and benign tumors of the hair follicle in patients
with the Birt-Hogg-Dubé syndrome. Cancer Cell 2002, 2, 157–164. [CrossRef]

205. Leter, E.M.; Koopmans, A.K.; Gille, J.J.; van Os, T.A.; Vittoz, G.G.; David, E.F.; Jaspars, E.H.; Postmus, P.E.; van Moorselaar, R.J.;
Craanen, M.E.; et al. Birt-Hogg-Dubé syndrome: Clinical and genetic studies of 20 families. J. Investig. Dermatol. 2008, 128, 45–49.
[CrossRef] [PubMed]

206. Houweling, A.C.; Gijezen, L.M.; Jonker, M.A.; van Doorn, M.B.; Oldenburg, R.A.; van Spaendonck-Zwarts, K.Y.; Leter, E.M.; van
Os, T.A.; van Grieken, N.C.; Jaspars, E.H.; et al. Renal cancer and pneumothorax risk in Birt-Hogg-Dubé syndrome; an analysis of
115 FLCN mutation carriers from 35 BHD families. Br. J. Cancer 2011, 105, 1912–1919. [CrossRef] [PubMed]

207. Toro, J.R.; Wei, M.H.; Glenn, G.M.; Weinreich, M.; Toure, O.; Vocke, C.; Turner, M.; Choyke, P.; Merino, M.J.; Pinto, P.A.; et al. BHD
mutations, clinical and molecular genetic investigations of Birt-Hogg-Dubé syndrome: A new series of 50 families and a review
of published reports. J. Med. Genet. 2008, 45, 321–331. [CrossRef] [PubMed]

208. Pavlovich, C.P.; Walther, M.M.; Eyler, R.A.; Hewitt, S.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]

209. Baba, M.; Furihata, M.; Hong, S.B.; Tessarollo, L.; Haines, D.C.; Southon, E.; Patel, V.; Igarashi, P.; Alvord, W.G.; Leighty, R.; et al.
Kidney-targeted Birt-Hogg-Dube gene inactivation in a mouse model: Erk1/2 and Akt-mTOR activation, cell hyperproliferation,
and polycystic kidneys. J. Natl. Cancer Inst. 2008, 100, 140–154. [CrossRef]

210. Chen, J.; Huang, D.; Rubera, I.; Futami, K.; Wang, P.; Zickert, P.; Khoo, S.K.; Dykema, K.; Zhao, P.; Petillo, D.; et al. Disruption of
tubular Flcn expression as a mouse model for renal tumor induction. Kidney Int. 2015, 88, 1057–1069. [CrossRef]

211. Gijezen, L.M.; Vernooij, M.; Martens, H.; Oduber, C.E.; Henquet, C.J.; Starink, T.M.; Prins, M.H.; Menko, F.H.; Nelemans,
P.J.; van Steensel, M.A. Topical rapamycin as a treatment for fibrofolliculomas in Birt-Hogg-Dubé syndrome: A double-blind
placebo-controlled randomized split-face trial. PLoS ONE 2014, 9, e99071. [CrossRef]

212. Hong, S.B.; Oh, H.; Valera, V.A.; Baba, M.; Schmidt, L.S.; Linehan, W.M. Inactivation of the FLCN tumor suppressor gene induces
TFE3 transcriptional activity by increasing its nuclear localization. PLoS ONE 2010, 5, e15793. [CrossRef]

213. Roczniak-Ferguson, A.; Petit, C.S.; Froehlich, F.; Qian, S.; Ky, J.; Angarola, B.; Walther, T.C.; Ferguson, S.M. The transcription
factor TFEB links mTORC1 signaling to transcriptional control of lysosome homeostasis. Sci. Signal. 2012, 5, ra42. [CrossRef]

214. Petit, C.S.; Roczniak-Ferguson, A.; Ferguson, S.M. Recruitment of folliculin to lysosomes supports the amino acid-dependent
activation of Rag GTPases. J. Cell Biol. 2013, 202, 1107–1122. [CrossRef]

215. Napolitano, G.; Di Malta, C.; Esposito, A.; de Araujo, M.E.G.; Pece, S.; Bertalot, G.; Matarese, M.; Benedetti, V.; Zampelli,
A.; Stasyk, T.; et al. A substrate-specific mTORC1 pathway underlies Birt-Hogg-Dube syndrome. Nature 2020, 585, 597–602.
[CrossRef]

http://doi.org/10.1148/radiol.2251011477
http://doi.org/10.1016/S0140-6736(12)61767-X
http://doi.org/10.1371/journal.pone.0201005
http://doi.org/10.1002/pbc.22401
http://doi.org/10.1186/1752-1947-8-95
http://doi.org/10.1101/mcs.a002220
http://doi.org/10.1016/j.pediatrneurol.2013.08.002
http://doi.org/10.1001/archderm.1977.01640120042005
http://doi.org/10.1016/S0190-9622(08)82049-X
http://doi.org/10.1001/archderm.135.10.1195
http://doi.org/10.1016/j.gene.2017.09.044
http://doi.org/10.1016/S1535-6108(02)00104-6
http://doi.org/10.1038/sj.jid.5700959
http://www.ncbi.nlm.nih.gov/pubmed/17611575
http://doi.org/10.1038/bjc.2011.463
http://www.ncbi.nlm.nih.gov/pubmed/22146830
http://doi.org/10.1136/jmg.2007.054304
http://www.ncbi.nlm.nih.gov/pubmed/18234728
http://doi.org/10.1097/00000478-200212000-00002
http://doi.org/10.1093/jnci/djm288
http://doi.org/10.1038/ki.2015.177
http://doi.org/10.1371/journal.pone.0099071
http://doi.org/10.1371/journal.pone.0015793
http://doi.org/10.1126/scisignal.2002790
http://doi.org/10.1083/jcb.201307084
http://doi.org/10.1038/s41586-020-2444-0


Genes 2022, 13, 2122 27 of 28

216. Laviolette, L.A.; Mermoud, J.; Calvo, I.A.; Olson, N.; Boukhali, M.; Steinlein, O.K.; Roider, E.; Sattler, E.C.; Huang, D.; Teh, B.T.;
et al. Negative regulation of EGFR signalling by the human folliculin tumour suppressor protein. Nat. Commun. 2017, 8, 15866.
[CrossRef]

217. Luijten, M.N.; Basten, S.G.; Claessens, T.; Vernooij, M.; Scott, C.L.; Janssen, R.; Easton, J.A.; Kamps, M.A.; Vreeburg, M.; Broers,
J.L.; et al. Birt-Hogg-Dube syndrome is a novel ciliopathy. Hum. Mol. Genet. 2013, 22, 4383–4397. [CrossRef]

218. .Goncharova, E.A.; Goncharov, D.A.; James, M.L.; Atochina-Vasserman, E.N.; Stepanova, V.; Hong, S.B.; Li, H.; Gonzales, L.; Baba,
M.; Linehan, W.M.; et al. Folliculin controls lung alveolar enlargement and epithelial cell survival through E-cadherin, LKB1, and
AMPK. Cell Rep. 2014, 7, 412–423. [CrossRef]

219. Preston, R.S.; Philp, A.; Claessens, T.; Gijezen, L.; Dydensborg, A.B.; Dunlop, E.A.; Harper, K.T.; Brinkhuizen, T.; Menko,
F.H.; Davies, D.M.; et al. Absence of the Birt-Hogg-Dubé gene product is associated with increased hypoxia-inducible factor
transcriptional activity and a loss of metabolic flexibility. Oncogene 2011, 30, 1159–1173. [CrossRef]

220. Menko, F.H.; van Steensel, M.A.; Giraud, S.; Friis-Hansen, L.; Richard, S.; Ungari, S.; Nordenskjöld, M.; Hansen, T.V.; Solly, J.;
Maher, E.R. Birt-Hogg-Dubé syndrome: Diagnosis and management. Lancet Oncol. 2009, 10, 1199–1206. [CrossRef]

221. Motzer, R.J.; Jonasch, E.; Boyle, S.; Carlo, M.I.; Manley, B.; Agarwal, N.; Alva, A.; Beckermann, K.; Choueiri, T.K.; Costello, B.A.
NCCN Guidelines Insights: Kidney Cancer, Version 1.2021: Featured Updates to the NCCN Guidelines. J. Natl. Compr. Cancer
Netw. 2020, 18, 1160–1170. [CrossRef]

222. Stamatakis, L.; Metwalli, A.R.; Middelton, L.A.; Marston Linehan, W. Diagnosis and management of BHD-associated kidney
cancer. Fam. Cancer 2013, 12, 397–402. [CrossRef]

223. Gupta, S.; Kang, H.C.; Ganeshan, D.; Morani, A.; Gautam, R.; Choyke, P.L.; Kundra, V. The ABCs of BHD: An In-Depth Review of
Birt-Hogg-Dubé Syndrome. AJR Am. J. Roentgenol. 2017, 209, 1291–1296. [CrossRef]

224. Ghosh, S.; Farver, C.F. Birt-Hogg-Dubé Syndrome. Radiology 2022, 302, 514. [CrossRef]
225. Hes, O.; Petersson, F.; Kuroda, N.; Hora, M.; Michal, M. Renal hybrid oncocytic/chromophobe tumors—A review. Histol

Histopathol. 2013, 28, 1257–1264. [PubMed]
226. Pavlovich, C.P.; Grubb, R.L.; Hurley, K., 3rd; Glenn, G.M.; Toro, J.; Schmidt, L.S.; Torres-Cabala, C.; Merino, M.J.; Zbar, B.; Choyke,

P.; et al. Evaluation and management of renal tumors in the Birt-Hogg-Dube syndrome. J. Urol. 2005, 173, 1482–1486. [CrossRef]
[PubMed]

227. Amin, J.; Xu, B.; Badkhshan, S.; Creighton, T.T.; Abbotoy, D.; Murekeyisoni, C.; Attwood, K.M.; Schwaab, T.; Hendler, C.;
Petroziello, M.; et al. Identification and Validation of Radiographic Enhancement for Reliable Differentiation of CD117(+) Benign
Renal Oncocytoma and Chromophobe Renal Cell Carcinoma. Clin. Cancer Res. 2018, 24, 3898–3907. [CrossRef] [PubMed]

228. Sidhar, S.K.; Clark, J.; Gill, S.; Hamoudi, R.; Crew, A.J.; Gwilliam, R.; Ross, M.; Linehan, W.M.; Birdsall, S.; Shipley, J.; et al. The
t(X.;1)(p11.2;q21.2) translocation in papillary renal cell carcinoma fuses a novel gene PRCC to the TFE3 transcription factor gene.
Hum. Mol. Genet. 1996, 5, 1333–1338. [CrossRef]

229. Bertolotto, C.; Lesueur, F.; Giuliano, S.; Strub, T.; de Lichy, M.; Bille, K.; Dessen, P.; d’Hayer, B.; Mohamdi, H.; Remenieras, A.;
et al. A SUMOylation-defective MITF germline mutation predisposes to melanoma and renal carcinoma. Nature 2011, 480, 94–98.
[CrossRef]

230. Lang, M.; Vocke, C.D.; Ricketts, C.J.; Metwalli, A.R.; Ball, M.W.; Schmidt, L.S.; Linehan, W.M. Clinical and Molecular Charac-
terization of Microphthalmia-associated Transcription Factor (MITF)-related Renal Cell Carcinoma. Urology 2021, 149, 89–97.
[CrossRef]

231. Argani, P. MiT family translocation renal cell carcinoma. Semin. Diagn. Pathol. 2015, 32, 103–113. [CrossRef]
232. Gandhi, J.S.; Malik, F.; Amin, M.B.; Argani, P.; Bahrami, A. MiT family translocation renal cell carcinomas: A 15th anniversary

update. Histol. Histopathol. 2020, 35, 125–136.
233. Martina, J.A.; Diab, H.I.; Lishu, L.; Jeong, A.L.; Patange, S.; Raben, N.; Puertollano, R. The nutrient-responsive transcription factor

TFE3 promotes autophagy, lysosomal biogenesis, and clearance of cellular debris. Sci. Signal. 2014, 7, ra9. [CrossRef]
234. Wellbrock, C.; Arozarena, I. Microphthalmia-associated transcription factor in melanoma development and MAP-kinase pathway

targeted therapy. Pigment. Cell Melanoma Res. 2015, 28, 390–406. [CrossRef]
235. Kauffman, E.C.; Ricketts, C.J.; Rais-Bahrami, S.; Yang, Y.; Merino, M.J.; Bottaro, D.P.; Srinivasan, R.; Linehan, W.M. Molecular

genetics and cellular features of TFE3 and TFEB fusion kidney cancers. Nat. Rev. Urol. 2014, 11, 465–475. [CrossRef]
236. Loftus, S.K.; Antonellis, A.; Matera, I.; Renaud, G.; Baxter, L.L.; Reid, D.; Wolfsberg, T.G.; Chen, Y.; Wang, C.; Prasad, M.K.; et al.

Gpnmb is a melanoblast-expressed, MITF-dependent gene. Pigment. Cell Melanoma Res. 2009, 22, 99–110. [CrossRef]
237. Bendell, J.; Saleh, M.; Rose, A.A.; Siegel, P.M.; Hart, L.; Sirpal, S.; Jones, S.; Green, J.; Crowley, E.; Simantov, R.; et al. Phase I/II

study of the antibody-drug conjugate glembatumumab vedotin in patients with locally advanced or metastatic breast cancer. J.
Clin. Oncol. 2014, 32, 3619–3625. [CrossRef]

238. Ott, P.A.; Hamid, O.; Pavlick, A.C.; Kluger, H.; Kim, K.B.; Boasberg, P.D.; Simantov, R.; Crowley, E.; Green, J.A.; Hawthorne, T.;
et al. Phase I/II study of the antibody-drug conjugate glembatumumab vedotin in patients with advanced melanoma. J. Clin.
Oncol. 2014, 32, 3659–3666. [CrossRef]

http://doi.org/10.1038/ncomms15866
http://doi.org/10.1093/hmg/ddt288
http://doi.org/10.1016/j.celrep.2014.03.025
http://doi.org/10.1038/onc.2010.497
http://doi.org/10.1016/S1470-2045(09)70188-3
http://doi.org/10.6004/jnccn.2020.0043
http://doi.org/10.1007/s10689-013-9657-4
http://doi.org/10.2214/AJR.17.18071
http://doi.org/10.1148/radiol.2021211972
http://www.ncbi.nlm.nih.gov/pubmed/23740406
http://doi.org/10.1097/01.ju.0000154629.45832.30
http://www.ncbi.nlm.nih.gov/pubmed/15821464
http://doi.org/10.1158/1078-0432.CCR-18-0252
http://www.ncbi.nlm.nih.gov/pubmed/29752278
http://doi.org/10.1093/hmg/5.9.1333
http://doi.org/10.1038/nature10539
http://doi.org/10.1016/j.urology.2020.11.025
http://doi.org/10.1053/j.semdp.2015.02.003
http://doi.org/10.1126/scisignal.2004754
http://doi.org/10.1111/pcmr.12370
http://doi.org/10.1038/nrurol.2014.162
http://doi.org/10.1111/j.1755-148X.2008.00518.x
http://doi.org/10.1200/JCO.2013.52.5683
http://doi.org/10.1200/JCO.2013.54.8115


Genes 2022, 13, 2122 28 of 28

239. Yardley, D.A.; Weaver, R.; Melisko, M.E.; Saleh, M.N.; Arena, F.P.; Forero, A.; Cigler, T.; Stopeck, A.; Citrin, D.; Oliff, I.; et al.
EMERGE: A Randomized Phase II Study of the Antibody-Drug Conjugate Glembatumumab Vedotin in Advanced Glycoprotein
NMB-Expressing Breast Cancer. J. Clin. Oncol. 2015, 33, 1609–1619. [CrossRef]

240. Liu, N.; Qu, F.; Shi, Q.; Zhuang, W.; Ma, W.; Yang, Z.; Sun, J.; Xu, W.; Zhang, L.; Jia, R.; et al. Nephron-Sparing Surgery for
Adult Xp11.2 Translocation Renal Cell Carcinoma at Clinical T1 Stage: A Multicenter Study in China. Ann. Surg. Oncol. 2021, 28,
1238–1246. [CrossRef]

http://doi.org/10.1200/JCO.2014.56.2959
http://doi.org/10.1245/s10434-020-08813-y

	Introduction 
	Von Hippel–Lindau Syndrome (VHL) 
	Clinical Aspects of VHL 
	Mechanisms of Tumorigenesis of VHL 
	VHL Therapeutic Targets and Treatment Strategies 

	Hereditary Papillary Renal Cell Carcinoma (HPRC) 
	Clinical Aspects of HPRC 
	Mechanisms of Tumorigenesis of HPRC 
	HPRC Therapeutic Targets and Treatment Strategies 

	Succinate Dehydrogenase-Deficient Renal Cell Carcinoma (SDH-RCC) 
	Clinical Aspects of SDH-RCC 
	Mechanisms of Tumorigenesis of SDH-RCC 
	SDH-RCC Therapeutic Targets and Treatment Strategies 

	Hereditary Leiomyomatosis and Renal Cell Carcinoma (HLRCC) 
	Clinical Aspects of HLRCC 
	Mechanisms of Tumorigenesis of HLRCC 
	HLRCC Therapeutic Targets and Treatment Strategies 

	BRCA-Associated Protein 1 Tumor Predisposition Syndrome (BAP1) 
	Clinical Aspects of BAP1 
	Mechanisms of Tumorigenesis of BAP1 
	BAP1 Therapeutic Targets and Treatment Strategies 

	Tuberous Sclerosis 
	Clinical Aspects of Tuberous Sclerosis 
	Mechanisms of Tumorigenesis of Tuberous Sclerosis 
	Tuberous Sclerosis Therapeutic Targets and Treatment Strategies 

	Birt–Hogg–Dubé Syndrome 
	Clinical Aspects of Birt–Hogg–Dubé Syndrome 
	Mechanism of Tumorigenesis in Birt-Hogg-Dube Syndrome 
	Birt–Hogg–Dubé Syndrome Therapeutic Targets and Treatment Strategies 

	Translocation RCC 
	Clinical Aspects of Translocation RCC 
	Mechanism of Tumorigenesis of Translocation RCC 
	MiTF Therapeutic Targets and Treatment Strategies 

	Concluding Thoughts 
	References

