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Abstract

Birt-Hogg-Dubé (BHD) and tuberous sclerosis (TS) syndromes share many clinical features. These two diseases display distinct histo-
logic subtypes of renal tumors: chromophobe renal cell carcinoma and renal angiomyolipoma, respectively. Early work suggested a role for
mTOR dysregulation in the pathogenesis of these two diseases, however their detailed molecular link remains elusive. Interestingly, a grow-
ing number of case reports describe renal angiomyolipoma in BHD patients, suggesting a common molecular origin. The BHD-associated
proteins FNIP1/2 and the TS protein Tscl were recently identified as regulators of the molecular chaperone Hsp90. Dysregulation of Hsp90
activity has previously been reported to support tumorigenesis, providing a potential explanation for the overlapping phenotypic manifesta-
tions in these two hereditary syndromes. © 2020 Elsevier Inc. All rights reserved.
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1. Introduction

Mutations in several distinct tumor suppressor genes are
capable of causing hereditary kidney cancer. Numerous
genes have been implicated in the dozen categorized histo-
logic subtypes of hereditary kidney cancer, a topic that has
recently been reviewed in detail [1-3]. Due to the well-
established role of the nutrient-sensing kinase mammalian
target of rapamycin (mTOR) signaling in normal kidney
function [4], kidney cancer research has converged on dys-
regulation of this pathway. There are, however, unique phe-
notypic manifestations between diseases, which imply the
existence of distinguishing molecular characteristics that
may serve as novel therapeutic targets. Many of these
hereditary renal cell carcinoma (RCC) syndromes lead
to other clinical manifestations in addition to the
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predisposition to kidney tumor development. Two such syn-
dromes, Birt-Hogg-Dubé syndrome and tuberous sclerosis
(TS) syndrome, share many clinical and molecular com-
monalities.

2. Two Interrelated Subtypes of Kidney Cancer

Birt-Hogg-Dubé (BHD) syndrome is caused by germline
mutations in the FLCN gene, located on chromosome
17p11.2 [5]. BHD manifests most commonly as cutaneous
fibrofolliculomas, pulmonary cysts, spontaneous pneumo-
thorax, and bilateral, multifocal renal cell carcinoma [6].
The most common histologic subtypes of BHD-associated
RCC are chromophobe and renal oncocytoma, which occur
in approximately one-third of patients [7].

FLCN is characterized as a tumor suppressor protein,
though its precise cellular role remains unknown. Loss of
FLCN has been previously shown to lead to mTOR
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activation, and opposing works show lysosomal-FLCN (Folli-
culin) is a Rag-interacting protein with GAP (GTPase-activat-
ing protein) activity for RagC/D or RagA/B [8-11]. However,
the existence of conflicting data suggests a context-dependent
role in mTOR regulation [12, 13]. Interestingly, facial fibro-
folliculomas in patients with BHD failed to respond to topical
rapamycin treatment in a recent trial [14], reinforcing an
mTOR-independent role for FLCN-mediated pathogenesis.
Additionally, a trial to evaluate the effect of mTOR inhibition
on BHD-associated RCC began recruitment in 2015, however
patient enrollment was scant, resulting in premature study ter-
mination (ClinicalTrials.gov Identifier: NCT02504892).
There are currently no FDA-approved treatments specific to
BHD-associated RCC.

Tuberous sclerosis (TS) syndrome is the result of germ-
line mutations in the TSCI (chromosome 9q34) or, more
commonly, 7SC2 (16p13.3) tumor suppressor genes [15].
Afflicted patients may suffer from TS-associated neurologi-
cal disorders (TAND) including intellectual disability,
autism, seizures, and subependymal giant cell astrocytomas
[16] [16], as well as facial angiofibromas, pulmonary lym-
phangioleiomyomatosis [17], and renal angiomyolipoma
(AML) in 50-80% of patients [18, 19].

TSC2 mutations are found in 70-90% of TS cases, identi-
fying Tsc2 as the crucial signaling hub in this disease [20].
Tsc2 exerts its tumor suppressor function by acting as a
GTPase activating protein for the mTOR activator Rheb
[21]. Loss of Tsc2 promotes mTOR activation and a hyper-
proliferative phenotype [22]. The recent approval of the
mTORC] inhibitor everolimus (Afinitor®) for TS symp-
toms is based largely on the findings of the EXIST (EXam-
ining everolimus In a Study of TSC) series of clinical trials
and is currently approved as a first-line therapy for subepen-
dymal giant cell astrocytoma (SEGA) [23], AML [16, 17,
24, 25] and TS-associated seizures [26]. There are also six
ongoing clinical trials assessing new therapeutic interven-
tions in TS. Three unique topical mTOR inhibitors in Phase
2 and 3 trials are under evaluation for the treatment of facial
angiofibromas (ClinicalTrials.gov Identifier:
NCT03363763, NCT03826628, NCT02860494). Three
other studies are examining different strategies for the relief
of epilepsy, including vigabatrin for epilepsy prevention in
infants (Phase 2; NCT02849457), a Phase 2 trial of everoli-
mus in treatment-resistant epilepsy (NCT02451696) and
oral cannabidiol for seizure relief (Phase 3;
NCT02544750). Despite this, a subset of patients do not
clinically benefit from mTOR inhibition [26], suggesting
additional opportunities for therapeutic intervention.

3. Co-incidence of BHD and TS

As described above, BHD and TS syndromes share many
similarities in their clinical manifestations and both com-
monly affect the skin, lung, and kidney. This overlap sug-
gests mutations of FLCN and TSCI/2 contribute to a
common pathway dysregulation capable of affecting these
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Figure 1. Clinical manifestations of BHD and TS. Birt-Hogg-Dubé syndrome
(BHD) is commonly characterized by cutaneous fibrofolliculomas, spontaneous
pneumothorax, and multifocal, bilateral renal tumors of chromophobe histology
(blue), while Tuberous Sclerosis (TS) is most often associated with neurological
impairment and epilepsy, facial angiofibromas, pulmonary lymphangioleio-
myomatosis [17], and renal angiomyolipoma (AML) (red). The identification
of angiofibromas and angiomyolipoma in BHD patients and fibrofolliculomas
in a TS patient suggest a molecular overlap between these two syndromes. His-
tology: Kidney tissue stained with hematoxylin and eosin. Chromophobe
(BHD), angiomyolipoma (TS). Scale bar=50uM. Imaging: Abdominal CT
with contrast. BHD: Asterisks represent bilateral, multifocal renal cell carci-
noma. TS: A hash (#) denotes the renal AML. This lesion contains some
enhancing components but also areas of macroscopic fat (~—30 HU on non-
contrasted scan). Arrowheads denote numerous subcentimeter hypodense
lesions through the kidneys bilaterally which likely represent renal cysts.

organs. In agreement with this, several groups have
reported the occurrence of renal angiomyolipoma in
patients with BHD [27-30]. The clinical observation of
angiofibromas and Koenen’s tumor in BHD [31, 32] and
fibrofolliculomas in TS [33] further highlight the intimate
interconnectivity of these two syndromes (Figure 1). Recent
work has demonstrated a role for the molecular chaperone
heat shock protein-90 (Hsp90) in the regulation of the path-
ways implicated in these syndromes. This connection pro-
vides a potential explanation for the significant overlap
between these diseases.

4. FNIP1/2 and Tscl Regulate Hsp90

Heat shock protein-90 (Hsp90) is an ATP-dependent
molecular chaperone involved in the stabilization,
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activation, and maturation of more than 200 intracellular
proteins termed ‘clients’ [34]. The activity and function of
Hsp90 is primarily regulated by a class of interacting pro-
teins called co-chaperones. A co-chaperone is broadly
defined as a protein that interacts with Hsp90 and influences
client binding or activity, but is not itself dependent on
Hsp90 [35]. Recent work has identified a critical role for
Hsp90 in supporting the stability of the tumor suppressors
FLCN and Tsc2. Specifically, the BHD- and TS-associated
proteins Folliculin-Interacting Proteinsl and 2 (FNIP1/2)
and Tsc1 function as co-chaperones of Hsp90. Broadly, this
co-chaperone activity provides Hsp90 functional regulation
and results in the stabilization of FLCN and Tsc2. These
co-chaperones appear to affect Hsp90 similarly, both by
decreasing the rate of ATP hydrolysis as well as providing
a scaffold for Hsp90-client interactions [36-40].

FNIP1/2 were first identified in association with FLCN
and were shown to be essential for FLCN stability [41, 42].
FNIP1/2 form stable dimers, and the resulting complex
binds to the C-terminus of FLCN [41, 42]. Mutations in the
FLCN gene commonly result in premature truncations of
FLCN protein [43, 44], precluding the necessary binding of
FNIP1/2. Recent work has unraveled that FNIP1/2 mediate
FLCN stability through the Hsp90 chaperone system by act-
ing as regulatory co-chaperones of Hsp90 and providing a
scaffold for the chaperoning and stability of FLCN [36].

Tscl has long been known to stabilize Tsc2 [45] and was
subsequently found to provide protection from HERCI-
mediated ubiquitination and proteasomal degradation [46].
As Hsp90 is a crucial mediator of protein stability, these
findings suggested a potential role for Hsp90 in the forma-
tion of the Tscl/Tsc2 complex. Indeed, Tscl binds to
Hsp90 and decreases its ATPase activity, promoting the
folding and activity of client proteins. Tscl scaffolds Tsc2
to Hsp90, enhancing Tsc2 stability and preventing its ubig-
uitination and degradation [37]. These data also provide an
explanation for the observed tumor suppressive role for
Tscl, as mutations in 7SCI have been shown to cause TS
[47]. In this model, Tscl loss prevents Tsc2 binding to
Hsp90, leading to its degradation and loss of Tscl/2 com-
plex tumor suppressor activity.

5. Molecular Underpinnings of Clinical Overlap

An outstanding question in the regulation of Hsp90 con-
cerns the dynamics of co-chaperone occupancy. Due to the
sheer number of Hsp90 co-chaperones, there must be both
spatial and temporal regulation of their binding to Hsp90.
Indeed, many co-chaperones have been shown to either
work in concert with or antagonize binding of other co-
chaperones to Hsp90 [36, 37]. In light of the relative abun-
dance of clinical reports on BHD and TS co-incidence, our
group revisited the idea that Tsc1-Tsc2 and FNIP1/2-FLCN
are dedicated, exclusive complexes. In fact, crosstalk
between Tscl and FNIP1 affects Hsp90-mediated
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Figure 2. Tumor suppressor regulation in renal cancer. The tumor suppres-
sive activity of FLCN and Tsc2 is supported by the Hsp90 chaperone.
FNIP1/2 and Tscl co-chaperones scaffold these Hsp90 clients, and
together these complexes act to inhibit mTOR. Mutations in the Hsp90 cli-
ents FLCN and Tsc2 cause Birt-Hogg-Dubé (BHD) and Tuberous Sclero-
sis (TS) syndromes, respectively. The patient mutation FLCN-
L460Qfsx25 cannot bind to FNIP1/2 and is degraded, though its expres-
sion is partially rescued by the Tsc1-Hsp90 chaperone complex. This com-
promises Tsc2 stability, leading to the clinical manifestation of
angiomyolipoma in BHD patients.

chaperoning of a patient-derived mutant FLCN, which in
turn affects chaperoning of Tsc2 [30].

FLCN-L4600sX25 is a disease-associated destabilizing
mutation of FLCN; a two base pair deletion leads to a
frame-shift and premature stop codon resulting in C-termi-
nal truncation [44, 48]. As such, this mutated protein is
unable to bind FNIP1/2. Interestingly however, FLCN-
L460QsX2S5 is capable of interacting with Tscl, which par-
tially compensates for FNIP1/2 binding and facilitates a
low level of FLCN expression. Artificially increasing the
expression of mutant FLCN compromises Tsc2 stability
likely by occupying Tscl, thereby decreasing its availabil-
ity for chaperoning of Tsc2 [30]. Decreased Tsc2 stability
(and thus decreased tumor suppressor activity) potentially
explains the finding of renal AML in this BHD patient
(Figure 2). Notably, loss of both FNIPI and TSCI has been
shown to synergistically induce mTOR activity [49], a find-
ing that can be explained in part by their roles as Hsp90 co-
chaperones [38].

6. Hsp90 is a Potential Therapeutic Target in RCC

Drugs targeting Hsp90 have had a prolonged courtship
with therapeutic relevance [50, 51]. Despite their pre-clini-
cal promise, Hsp90 inhibitors have been doomed by poor
patient selection, a result of a lack of biomarkers to predict
clinical applicability [52]. It has previously been shown
that FNIP1/2 and Tscl can promote Hsp90 binding to its
inhibitors [36, 37, 39]. In fact, recent work has demon-
strated that Tscl expression promotes acetylation of Hsp90
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and sensitizes bladder cancer cells to Hsp90 inhibitors [40],
providing further evidence that biomarker discovery of is
paramount to the success of Hsp90 inhibitors. As previously
described, the requirement of the FLCN-L460QsX25 mutant
for Tscl co-chaperone activity likely leads to increased
association of Tscl with Hsp90. It then follows that these
BHD-associated tumors may be hypersensitive to Hsp90
inhibition, though this remains untested. Interestingly,
FLCN mutation has also been identified in colon and breast
cancers [53]. Perhaps a similar phenomenon contributes to
the pathogenesis of these FLCN-deficient diseases.

7. Concluding Remarks

Despite the early characterization of BHD and TS as dis-
eases of mTOR dysregulation, the role each protein plays in
this process is unclear. Mounting evidence suggests the
mTOR suppressive effects of the FNIP/FLCN and Tscl/2
systems are potentially mediated by the action of molecular
chaperones. Further, it is possible that the action of FNIP1/
2 and Tscl as Hsp90 co-chaperones is independent of
mTOR altogether. In either case, the phenotypic conver-
gence of BHD and TS suggest a shared underlying molecu-
lar pathology instrumental in the homeostasis of multiple
organ systems. Uncovering this link is likely to present
more broadly applicable therapeutic options.
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