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ABSTRACT

Birt-Hogg-Dubé (BHD) is an autosomal dominant genetic syndrome caused by 
germline mutations in the FLCN gene that predisposes patients to develop renal 
tumors. Renal angiomyolipoma (AML) is not a renal tumor sub-type associated with 
BHD. AML is, however, a common phenotypic manifestation of Tuberous Sclerosis 
Complex (TSC) syndrome caused by mutations in either the TSC1 or TSC2 tumor 
suppressor genes. Previous case reports of renal AML in patients with BHD have 
speculated on the molecular and clinical overlap of these two syndromes as a result 
of described involvement of the gene products in the mTOR pathway. Our recent 
work provided a new molecular link between these two syndromes by identifying 
FLCN and Tsc2 as clients of the molecular chaperone Hsp90. Folliculin interacting 
proteins FNIP1/2 and Tsc1 are important for FLCN and Tsc2 stability as new Hsp90 
co-chaperones. Here we present a case of sporadic AML as a result of somatic 
Tsc1/2 loss in a patient with BHD. We further demonstrate that FNIP1 and Tsc1 
are capable of compensating for each other in the chaperoning of mutated FLCN 
tumor suppressor. Our findings demonstrate interconnectivity and compensatory 
mechanisms between the BHD and TSC pathways.
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INTRODUCTION

Birt-Hogg-Dubé (BHD) is an autosomal dominant 
genetic syndrome caused by germline mutations in the 
FLCN gene on chromosome 17p11.2, which encodes 
the protein Folliculin (FLCN) [1–4]. Phenotypic 
manifestations of BHD include cutaneous fibrofolliculomas 
or trichodiscomas, pulmonary cysts and spontaneous 
pneumothorax, and renal tumors [5, 6]. Renal tumors occur 
in up to 1/3 of BHD patients; the most common histologic 
subtype is hybrid oncocytic, followed by chromophobe 
renal cell carcinoma (chRCC), clear cell RCC, and renal 
oncocytoma [7–9]. Renal angiomyolipoma (AML) is not, 
however, a described renal tumor sub-type associated with 
BHD, but is instead a common manifestation of Tuberous 
Sclerosis Complex (TSC) syndrome. 

TSC is also an autosomal dominant genetic 
syndrome and is caused by germline mutations in either 
the TSC1 or TSC2 tumor suppressor genes, which encode 
the Tsc1 and Tsc2 proteins, also known as hamartin and 
tuberin [10–12]. In addition to neural associations that 
include epilepsy, subependymal giant cell astrocytomas 
(SEGA), intellectual disability, and autism, TSC is 
also characterized by cutaneous, pulmonary, and 
renal manifestations, similarly to BHD [10]. These 
include cutaneous facial angiofibromas, pulmonary 
lymphangioleiomyomatosis (LAM), and renal AMLs. 

A number of case reports have reported overlapping 
phenotypic manifestations of BHD and TSC, including 
three cases of renal AML in patients with BHD  
[13–17]. Authors have then speculated on the overlap of 
the spectrum of these two syndromes due to similarities 
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in phenotype and putative involvement of the implicated 
genes in the mTOR pathway. Canonically, Tsc2 exerts 
an inhibitory role on the mTORC1 complex via its GAP 
activity towards the small GTPase Rheb, whereby loss 
of Tsc2 leads to mTOR pathway hyperactivity [18–20]. 
Tsc1 was long known to be important for the stability 
of Tsc2, preventing its ubiquitination and degradation  
[21, 22]. Recently, we reported that Tsc2 is a client of the 
molecular chaperone heat shock protein-90 (Hsp90) and 
depends on Hsp90 activity for its stability [23]. In contrast, 
Tsc1 is a co-chaperone of Hsp90 and is important for the 
chaperoning of client proteins, including Tsc2 [23]. FLCN 
has also been tied to the mTOR pathway because FLCN-
deficient animal models showed alterations of mTOR 
activity [24–27]. Two folliculin-interacting proteins, 
FNIP1 and FNIP2, were identified to be important for 
FLCN stability [28, 29]. We have also identified FLCN 
as a new client of Hsp90 and FNIP1 and FNIP2 as new 
Hsp90 co-chaperones [30]. 

Hsp90 is an essential molecular chaperone in 
eukaryotes that is required for the stability and activation 
of a number of client proteins, including Tsc2 and FLCN, 
to maintain proteostasis [31]. Hsp90 function is coupled to 
its ATPase activity, which consequently promotes Hsp90 
to undergo an ordered series of conformational changes 
known as the chaperone cycle. The Hsp90 chaperone 
cycle is regulated by a group of proteins referred to as 
co-chaperones, including FNIP1, FNIP2, and Tsc1. 
The stability of co-chaperones does not depend on the 
chaperone function of Hsp90; however, they directly bind 
to Hsp90 and modulate its ATPase activity. Consequently, 
this facilitates the loading of client proteins to Hsp90 and 
ultimately the chaperoning of these clients [31, 32].

Here, we report a case of renal AML in a patient 
with BHD. Molecular analysis of the AML and adjacent 
normal kidney tissue from this patient demonstrates that 
this tumor is a sporadic renal AML caused by somatic loss 
of Tsc1/2 protein. Further experiments utilizing a FLCN 
construct harboring the germline mutation of this patient 
suggest that there may be some ability of FNIP1 and Tsc1 
to compensate for one another in the chaperoning of the 
FLCN and Tsc2 tumor suppressors.

CASE REPORT

A 53-year-old woman presented to our Urology 
clinic for consultation for her BHD syndrome. She was 
diagnosed at age 51 at another institution after multiple 
spontaneous pneumothoraces requiring pleurodesis. At the 
time, she was noted to have multiple lung cysts, multiple 
small (centimeter and sub-centimeter) renal cysts, and a 
2.8 cm right kidney AML on CT scan. At age 43, she had 
a right parotid gland lesion excised, which was shown to 
be a parotid oncocytoma. Parotid oncocytomas have been 
previously reported in the setting of BHD, but it has not 
yet been shown to be a true phenotypic feature [33–38]. 

Her sister, oldest son, and niece tested positive for BHD; 
her younger son and father were negative, and her nephew 
was not tested at that time. There was no known family 
history of kidney cancer. Her mother passed away at 
age 69 of lung disease. Her maternal grandmother had 
polycystic kidneys, and a paternal aunt passed away of an 
unspecified kidney disease. There were no other known 
symptomatic family members at the time of diagnosis.

Genetic testing revealed a heterozygous mutation 
in FLCN (c.1379_1380delTC or p.Leu460GlnsX25) in 
the patient, and this same mutation was later identified 
in multiple family members. This mutation has been 
reported previously; deletion of two nucleotides in exon 
12 of the FLCN gene causes a frameshift mutation, 
changing L460 to glutamine and creating a premature stop 
codon at position 25 of the new reading frame [34]. Due 
to her renal AML seen on imaging, which is common in 
TSC but not a characteristic of BHD, genetic testing for 
germline mutations of TSC1 and TSC2 was also carried 
out, however no mutations in either gene were identified. 

A few months prior to renal surgery, our patient had 
a right-sided pleurectomy and pleurodesis after another 
spontaneous pneumothorax. We performed a right partial 
nephrectomy to remove her renal mass. Decision to 
pursue surgery came after follow-up MRI demonstrated 
interval growth of her renal lesion to become over 
3 cm (Figure 1A). The patient had also recently lost her 
26-year-old nephew, with confirmed germline FLCN 
mutation, to metastatic renal cancer. Interval growth 
of the lesion, anxiety of the patient, and concern for 
a potential association and co-existence of clear cell 
renal cell carcinoma with and within the observed AML 
contributed to the patient’s request to proceed with 
robotic assisted partial nephrectomy. Removal of a breast 
cyst and left flank mass that the patient had for years 
(Figure 1B) were also coordinated at the time of partial 
nephrectomy. Final pathology revealed that the renal mass 
was an angiomyolipoma (Figure 2), the breast cyst was 
an epidermal inclusion cyst, and the left flank mass was a 
Schwannoma.

RESULTS

Identification of a sporadic AML in a patient 
with BHD

Prior to surgery, the patient had given informed 
consent on an institutional IRB-approved protocol 
granting research access to her renal tumor and associated 
normal kidney tissue. After partial nephrectomy with 
margin of healthy parenchyma and additional biopsy of 
the uninvolved parenchyma away from the resection site 
was performed, tumor and adjacent close and far normal 
kidney tissue were dissected into 5 mm3 pieces followed 
by protein extraction and immunoblotting analysis. Our 
data demonstrated that the renal AML had equal FLCN 
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expression to adjacent normal kidney (Figure 3A). Long 
exposure of the radiographic film also demonstrated a 
band of weaker intensity below the full-length FLCN, 
which we believed was the unstable protein product of 
the patient’s mutated FLCN allele (Figure 3A). We next 
examined the levels of Tsc1 and Tsc2 protein in the AML 
and found that both of them were absent (Figure 3B). 
Consistent with the loss of Tsc1/2, there were elevated 
levels of phosphorylated mTOR (S2448), S6K (T389), 
and 4EBP1 (T37/46) (Figure 3B). Interestingly, the 
phosphorylated mTOR and S6K were also elevated in the 
normal close tissue, which did not exhibit loss of Tsc1/2 
protein expression (Figure 3B). This did not hold true 

for phospho-4EBP1, which was overexpressed in tumor 
only. Additionally, there was a decrease in phospho-S473-
Akt. Taken together, our data suggests that this tumor is a 
sporadic renal AML as a result of somatic loss of Tsc1/2 
in the setting of BHD syndrome.

FLCN-L460QsX25 mutant interacts with and is 
stabilized by Tsc1

Pathogenic mutations of FLCN that result in 
premature truncation of the protein have previously been 
reported to be unstable and therefore non-functional 
[3]. Additionally, FLCN interacts with FNIP1 via its 

Figure 1: Magnetic resonance imaging (MRI) of the abdomen and pelvis (T1 with gadolinium) demonstrating (A), solid renal mass with 
radiographic evidence of fat in the upper pole of the right kidney and (B), left flank mass.
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C-terminus [28]; FLCN truncation would prevent 
FNIP1 from loading it to Hsp90 for chaperoning [30]. 
We therefore used site-directed mutagenesis to generate 
a FLCN construct harboring this patient’s germline 
FLCN mutation, FLCN-FLAG-L460QsX25, to examine 
the effects of this mutation on FLCN stability and 
chaperoning. This mutation causes a shift in the reading 
frame followed by a premature stop codon, truncating the 
FLCN protein. Consistent with this, the mutant FLCN-
L460QsX25 expression was weaker than the WT after 
transfection of equal amounts of plasmid DNA (2 µg) for 
FLCN-FLAG-WT and FLCN-FLAG-L460QsX25 into 
HEK293 cells (Figure 4A). However, overexpression of 
this mutant (i.e. transfection with 6 µg of DNA instead of 
2 µg) equilibrated its expression to that of FLCN-FLAG-
WT (Figure 4B). The level of Tsc2 was also decreased 
in the sample with overexpressed L460QsX25 (Figure 
4B). Transfection of only 1 µg of mutant FLCN for 24 hr 
followed by treatment with the proteasome inhibitor 
bortezomib for 4 hr was able to stabilize the expression 
of FLCN-L460QsX25 (Figure 4C). Treatment with 
bortezomib in the presence of the FLCN mutant also led 
to a greater accumulation of Tsc2 than in EV transfected 
cells, possibly suggesting that Tsc2 is undergoing 
increased turnover in the presence of FLCN-L460QsX25 
(Figure 4C). 

We next immunoprecipitated WT FLCN-FLAG and 
FLCN-FLAG-L460QsX25 in order to examine interaction 
of the mutant with the Hsp90 chaperone machinery. As 
expected, C-terminal truncation in this FLCN mutant 
abrogated its interaction with FNIP1 (Figure 4D) [28]. 
The mutant FLCN still interacted with Hsp90 as well 
as Hsp70, which was unexpected because our previous 
work has shown that loading and interaction of FLCN 
with Hsp90 requires the FNIP co-chaperones [30]. 
Additionally, the mutant FLCN co-immunoprecipitated 
more Tsc1 than WT-FLCN (Figure 4D). We therefore next 
examined the ability of overexpression of both Tsc1 and 
FNIP1 to stabilize FLCN-FLAG-L460QsX25 expression. 
Overexpression of Tsc1-HA (Figure 4E) but not FNIP1-
HA (Figure 4F) was able to stabilize the expression of 
FLCN-FLAG-L460QsX25. Taken together, these data 
suggest that Tsc1 co-chaperone may be able to partially 
compensate for FNIP1 co-chaperone in the chaperoning 
of the FLCN-L460QsX25 mutant. 

DISCUSSION

BHD syndrome is characterized by cutaneous, 
pulmonary, and renal manifestations [3]. Renal tumors 
in BHD are most commonly of hybrid oncocytic or 

Figure 2: Hematoxylin and eosin (H&E) stained sections of adjacent normal kidney far (A) and close (B) to the tumor. Tumor histology 
(C and D) is consistent with renal AML. Scale bar = 50 µm.
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chromophobe histology, and renal AML has not been 
associated with BHD. Here we present a case of renal 
AML, a kidney neoplasm typically associated with TSC 
syndrome, in a patient with BHD. Previous case reports 
of AML in the setting of BHD in the literature posit on a 
phenotypic overlap between TSC and BHD, suggesting 
that renal AML may be a manifestation of BHD in those 
affected patients [13, 15]. However, studies on renal AML 
have demonstrated that both TSC-associated and sporadic 
renal AMLs exhibit mutations and/or LOH in TSC1 or 
TSC2 [39–41]. Loss of Tsc1/2 is considered the sufficient 
driver event for tumor development, and these tumors 
exhibit no other common genetic events. Loss of Tsc1/2 
leads to activation of mTOR and its downstream signaling 
components, such as increased phosphorylation of S6K, 
in both TSC-associated and sporadic AMLs compared to 
normal kidney [42, 43]. 

In this case we demonstrate that this tumor is 
a sporadic renal AML as evidenced by somatic loss 
of Tsc1/2 protein in the tumor tissue compared to 
adjacent normal kidney without loss of FLCN protein 
expression (Figure 3). Consistent with this, the AML 
tissue shows increased phosphorylation of mTOR and its 
downstream targets, S6K and 4EBP1, as a result of loss 
of the inhibitory signal from Tsc2 on mTORC1 signaling. 

Interestingly, the phosphorylated mTOR and S6K were 
also elevated in the normal close tissue, which did not 
exhibit loss of Tsc1/2 protein expression. This potentially 
represents a “field defect” of normal parenchyma adjacent 
to the tumor compared to the normal renal parenchyma far 
from the tumor.

Sequencing of TSC1 and TSC2 in whole blood from 
our patient did not identify any mutations, suggesting that 
this patient likely does not have TSC in addition to BHD 
syndrome. Sporadic cases of AML have been shown to 
be nearly exclusively due to loss of Tsc2 [40, 41, 43]. 
We attempted to sequence the normal kidney and tumor 
tissue to identify possible somatic mutations in TSC1 or 
TSC2; however, unfortunately we were unable to obtain 
high quality sequence information. The absence of both 
Tsc1 and Tsc2 protein expression in the tumor, however, 
suggests loss of Tsc1 is driving this neoplasm because 
Tsc2 is known to depend on Tsc1 for stability, but Tsc1 
stability does not depend on the presence Tsc2.

This case was of particular interest to us because 
our recent work has described new roles of FLCN and its 
interacting proteins FNIP1/2 as well as the Tsc1 and Tsc2 
proteins with the Hsp90 molecular chaperone machinery. 
We identified that both FLCN and Tsc2 are clients of 
Hsp90 and that FNIP1 and Tsc1 are Hsp90 co-chaperones 

Figure 3: Sporadic renal AML demonstrates somatic loss of Tsc1/2 expression. (A) Protein was extracted from adjacent 
normal far (NF) and close (NC) kidney and tumor (T). Expression of FLCN was examined by immunoblotting. GAPDH was used as a 
loading control. Short (SE) and long (LE) exposure of the radiographic film. (B) Protein was extracted from adjacent normal far (NF) and 
close (NC) kidney and tumor (T). Expression of Tsc1/2 and mTOR pathway components was examined by immunoblotting. GAPDH was 
used as a loading control.
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Figure 4: FLCN-L460QsX25 mutant interacts with and is stabilized by Tsc1. (A) HEK293 cells were transiently transfected 
with 2 µg of either WT or L460QsX25 mutated FLCN-FLAG. Expression was assessed by immunoblotting. Empty vector (EV) was used 
as a control. (B) HEK293 cells were transiently transfected with 2 µg WT or 6 µg L460QsX25 mutated FLCN-FLAG. Expression of 
FLCN-FLAG and Tsc2 was assessed by immunoblotting. EV was used as a control. (C) HEK293 cells were transiently transfected with 
1 µg of EV or FLCN-L460QsX25-FLAG for 24 hr and then treated with 200 nM proteasome inhibitor bortezomib (BZ) for 4 hr prior to 
protein extraction. Stability of FLCN-FLAG and Tsc2 was assessed by immunoblotting. (D) WT and L460QsX25 mutated FLCN-FLAG 
were transiently expressed and immunoprecipitated from HEK293 cells. Co-immunoprecipitation (Co-IP) of endogenous FNIP1, Tsc1, 
Hsp90, and Hsp70 was assessed by immunoblotting. EV was used as a control. (E) HEK293 cells were transiently transfected with either 
EV or FLCN-L460QsX25-FLAG with or without co-transfection of Tsc1-HA. Those cells without co-expression of Tsc1-HA instead had 
additional EV co-transfected. Stability of FLCN-FLAG was assessed by immunoblotting. Overexpression of Tsc1 was demonstrated by 
probing the blot with an anti-Tsc1 antibody. GAPDH was used as a loading control. (F) HEK293 cells were transiently transfected with 
either EV or FLCN-L460QsX25-FLAG with or without co-transfection of FNIP1-HA. Those cells without co-expression of FNIP1-HA 
instead had additional EV co-transfected. Stability of FLCN-FLAG was assessed by immunoblotting. Overexpression of FNIP1 was 
demonstrated by probing the blot with an anti-FNIP1 antibody. GAPDH was used as a loading control.
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that assist in the chaperoning of not only FLCN and 
Tsc2 but also other Hsp90 client proteins [23, 30]. The 
identification of FNIP1 and Tsc1 as co-chaperones 
has created a new class of large (both are >130 kDa)  
co-chaperones of Hsp90, and they share a number 
of similarities in this new role. Both bind the middle 
domain of Hsp90 through their C-termini, decelerate 
Hsp90 ATPase activity, and compete with accelerating 
co-chaperone Aha1 for binding to Hsp90. They also 
both affect chaperoning of both kinase and non-kinase 
clients and help facilitate interaction of their respective 
tumor suppressor clients, FLCN and Tsc2, with Hsp90. 
The many similarities of FNIP1 and Tsc1 as Hsp90 co-
chaperones, coupled with the similar clinical phenotypes 
of BHD and TSC syndromes and unique identification of 
sporadic AML in this patient with BHD prompted us to 
investigate the chaperoning of the mutant FLCN protein 
that results from the germline mutation of this patient.

To examine the stability and chaperoning of this 
FLCN mutant, we generated a construct containing 
the germline mutation present in this patient, FLCN-
FLAG-L460QsX25. As mentioned above, this frameshift 
mutation in exon 12 causes a shift in the reading frame 
at position L460 and a premature stop codon at position 
25 of the new reading frame. Transient transfection of 
FLCN-FLAG-L460QsX25 demonstrated that it was less 
stable than WT FLCN, as expected from a C-terminal 
truncation that abrogates its binding to FNIP1 and 
subsequently prevents FNIP1 from loading FLCN 
to Hsp90. Interestingly, this mutant bound as much 
Hsp90 as the WT and bound more Tsc1. Furthermore, 
overexpression of Tsc1-HA, but not FNIP1-HA, was able 
to stabilize the expression of FLCN-FLAG-L460QsX25. 
This suggests that perhaps Tsc1 co-chaperone is partially 
compensating for FNIP1 in chaperoning of the mutant 
FLCN-L460QsX25. Additionally, in cells with increased 
overexpression of FLCN-FLAG-L460QsX25 the Tsc2 
level was decreased, and treatment with bortezomib in the 
presence of the mutant FLCN led to a greater increase in 
Tsc2 than in the EV transfected, suggesting an increased 
turnover of Tsc2. One possible explanation for all of this 
taken together is that Tsc1 can assist in the chaperoning 
of FLCN-FLAG-L460QsX25 when the mutant FLCN is 
overexpressed by transient transfection; Tsc1 is therefore 
less available for chaperoning of Tsc2 causing Tsc2 levels 
to decrease. These data raise the idea that these two large 
co-chaperones, FNIP1 and Tsc1, may possess some ability 
to compensate for one another in the chaperoning of 
tumor suppressors and, more specifically, mutated tumor 
suppressors. 

What remains to be explored, however, is whether 
there is a causal link between BHD syndrome and 
development of sporadic AML. Other reports of renal 
AML in BHD patients did not have tissue to demonstrate 
whether the AML exhibited loss of FLCN or Tsc1/2 
expression. They were, however, all single lesions while 

kidney tumors associated with genetic syndromes tend to 
be multifocal and bilateral, so it is possible that these are 
all cases of sporadic AML caused by somatic Tsc1/2 loss in 
patients with BHD. Currently, we are unable to determine 
whether patients with BHD are more likely than the 
general population to develop sporadic renal AML because 
a true prevalence for neither AML nor BHD is known. To 
our knowledge this is the fourth reported case of AML in 
the setting of BHD in the literature. Due to the rarity of 
BHD, these four cases may suggest a pathophysiologic 
link between BHD syndrome and likelihood of AML 
development. This is the first report to provide mechanistic 
insight into how AML pathogenesis could be unique in 
the setting of BHD syndrome. Our recent identification 
of the involvement of the Hsp90 chaperone machinery 
with the proteins implicated in BHD and TSC as well as 
the case report and molecular characterization presented 
here suggest there may be more complexity to the clinical 
and molecular overlap between these syndromes than 
previously appreciated. Examination of new functions for 
both Tsc1 and FLCN in particular is warranted.

MATERIALS AND METHODS

Mammalian cell culture

Human embryonic kidney (HEK293) cells were 
acquired from the American Type Culture Collection 
(ATCC) and grown in Dulbecco’s Modified Eagle Medium 
(DMEM, Sigma–Aldrich). Their media was supplemented 
with 10% fetal bovine serum (FBS, Sigma–Aldrich), 
and they were grown in a CellQ incubator (Panasonic 
Healthcare) at 37° C in an atmosphere containing 5% CO2.

Plasmids

Both FLCN-FLAG and FNIP1-HA were used 
previously [30]. pcDNA3–Tsc1–HA was purchased from 
Addgene and was used previously [23]. FLCN-FLAG-
L460QsX25 was generated by site-directed mutagenesis 
using the following primers: FLCN-L460QsX25-F – 
GATGACCAGTCTCAGCAAGTACGAG; and FLCN-
L460QsX25-R – CTCGTACTTGCTGAGACTGGTCATC. 
Mutations were checked by DNA sequencing.

Analysis of human kidney tumor

Tumor and adjacent normal tissues of the patient 
were obtained with written informed consent from 
the Department of Urology at SUNY Upstate Medical 
University. At the time of partial nephrectomy, which 
was done with <10 minutes of renal ischemia, tissue was 
dissected into approximately 5 mm3 pieces and protein 
was extracted and quantified as previously described [44]. 
The tissues were also formalin-fixed, paraffin embedded, 
and stained with H&E.
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Protein extraction, immunoprecipitation, and 
immunoblotting

Protein extraction from mammalian cells was 
carried out using methods previously described [44]. 
For immunoprecipitation, protein lysates were incubated 
with anti-FLAG M2 Affinity Gel agarose (Sigma) for 
2 hr at 4° C. Immunopellets were washed 4 times with 
fresh lysis buffer (20 mM HEPES (pH7.0), 100 mM 
NaCl, 1 mM MgCl2, 0.1% NP40, protease inhibitor 
cocktail (Roche), and PhosSTOP (Roche)) and eluted 
with 5× Laemmli buffer. Precipitated proteins were 
separated by SDS-PAGE and transferred to nitrocellulose 
membranes. Co-immunoprecipitated proteins were 
detected by immunoblotting with indicated dilutions of 
antibodies. Primary antibodies recognizing FLAG 1:8000 
(ThermoFisher Scientific; PA1-984B), Hsp90-835-16F1 
1:8000 (ENZO Life Sciences; ADI-SPA-835), GAPDH 
1:10,000 (ENZO Life Sciences; ADI-CSA-335), Hsp70 
1:40,000 (StressMarq; SPC-103), FLCN 1:4000 (Cell 
Signaling Technologies (CST); 3697), Tsc1 1:1000 (CST; 
4906), Tsc2 1:1000 (CST; 3990), phos-mTOR 1:1000 
(S2448; CST; 5536), mTOR 1:1000 (CST; 2983), phos-
S6K 1:6000 (T389; CST; 9234), phos-4EBP1 1:2000 
(T37/46; CST; 2855), 4EBP1 1:2000 (CST; 9644), 
phos-Akt 1:2000 (S473; CST; 4060); Akt 1:2000 (CST; 
9727), S6K 1:6000 (SantaCruz Biotechnology; sc-8418) 
were used for immunoblotting. Secondary antibodies 
raised against mouse, rabbit, and rat (Cell Signaling 
Technologies) were used at 1:4000 dilution.

Abbreviations

AML: angiomyolipoma; BHD: Birt-Hogg-Dubé; 
CT: computed tomography; FLCN: Folliculin; FNIP1: 
Folliculin-interacting protein-1; GAP: GTPase activating 
protein; Hsp90: Heat shock protein-90; IRB: institutional 
review board; LAM: lymphangioleiomyomatosis; MRI: 
magnetic resonance imaging; mTOR: mechanistic 
target of rapamycin; RCC: renal cell carcinoma; SEGA: 
subependymal giant cell astrocytoma; TSC: Tuberous 
Sclerosis Complex.

Author contributions

R.A.S. and M.R.W. performed experiments. R.A.S., 
M.R.W., O.S., M.M., and G.B. designed experiments. 
R.A.S., M.M., and G.B. wrote the manuscript. M.M. and 
G.B. conceived the project.

CONFLICTS OF INTEREST

The authors declare no competing financial interests.

FUNDING

This work was partly supported with funds from 
National Institute of General Medical Sciences of the 
National Institutes of Health under Award Number 
R01GM124256 (M.M.). The content is solely the 
responsibility of the authors and does not necessarily 
represent the official views of the National Institutes of 
Health. This work was also supported by SUNY Upstate 
Medical University, Upstate Foundation, Urology Care 
Foundation-American Urological Association (M.M.). 

REFERENCES

 1. Schmidt LS, Warren MB, Nickerson ML, Weirich G, 
Matrosova V, Toro JR, Turner ML, Duray P, Merino M, 
Hewitt S, Pavlovich CP, Glenn G, Greenberg CR, et al. Birt-
Hogg-Dube syndrome, a genodermatosis associated with 
spontaneous pneumothorax and kidney neoplasia, maps to 
chromosome 17p11.2. Am J Hum Genet. 2001; 69:876–82. 
https://doi.org/10.1086/323744.

 2. Nickerson ML, Warren MB, Toro JR, Matrosova V, Glenn 
G, Turner ML, Duray P, Merino M, Choyke P, Pavlovich 
CP, Sharma N, Walther M, Munroe D, 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-Dube syndrome. Cancer Cell. 2002; 2:157–64.

 3. Schmidt LS, Linehan WM. Molecular genetics and clinical 
features of Birt-Hogg-Dube syndrome. Nat Rev Urol. 2015; 
12:558–69. https://doi.org/10.1038/nrurol.2015.206.

 4. Bratslavsky G, Woodford MR, Daneshvar M, Mollapour M. 
Sixth BHD symposium and first international upstate kidney 
cancer symposium: latest scientific and clinical discoveries. 
Oncotarget. 2016; 7:15292–8. https://doi.org/10.18632/
oncotarget.7733.

 5. Birt AR, Hogg GR, Dube WJ. Hereditary multiple 
fibrofolliculomas with trichodiscomas and acrochordons. 
Arch Dermatol. 1977; 113:1674–7.

 6. Zbar B, Alvord WG, Glenn G, Turner M, Pavlovich CP, 
Schmidt L, Walther M, Choyke P, Weirich G, Hewitt SM, 
Duray P, Gabril F, Greenberg C, et al. Risk of renal and 
colonic neoplasms and spontaneous pneumothorax in the 
Birt-Hogg-Dube syndrome. Cancer Epidemiol Biomarkers 
Prev. 2002; 11:393–400.

 7. Pavlovich CP, Walther MM, Eyler RA, Hewitt SM, Zbar B, 
Linehan WM, Merino MJ. Renal tumors in the Birt-Hogg-
Dube syndrome. Am J Surg Pathol. 2002; 26:1542–52. 

 8. Pavlovich CP, Grubb RL 3rd, Hurley K, Glenn GM, Toro J, 
Schmidt LS, Torres-Cabala C, Merino MJ, Zbar B, Choyke 
P, Walther MM, Linehan WM. Evaluation and management 
of renal tumors in the Birt-Hogg-Dube syndrome. J 
Urol. 2005; 173:1482–6. https://doi.org/10.1097/01.
ju.0000154629.45832.30.



Oncotarget22228www.oncotarget.com

 9. Adamy A, Lowrance WT, Yee DS, Chong KT, Bernstein 
M, Tickoo SK, Coleman JA, Russo P. Renal oncocytosis: 
management and clinical outcomes. J Urol. 2011; 185: 
795–801. https://doi.org/10.1016/j.juro.2010.10.068.

10. Henske EP, Jozwiak S, Kingswood JC, Sampson JR, Thiele 
EA. Tuberous sclerosis complex. Nat Rev Dis Primers. 
2016; 2:16035. https://doi.org/10.1038/nrdp.2016.35.

11. European Chromosome 16 Tuberous Sclerosis Consortium. 
Identification and characterization of the tuberous sclerosis 
gene on chromosome 16. Cell. 1993; 75:1305–15.

12. van Slegtenhorst M, de Hoogt R, Hermans C, Nellist M, 
Janssen B, Verhoef S, Lindhout D, van den Ouweland A, 
Halley D, Young J, Burley M, Jeremiah S, Woodward K, 
et al. Identification of the tuberous sclerosis gene TSC1 on 
chromosome 9q34. Science. 1997; 277:805–8.

13. Dow E, Winship I. Renal angiomyolipoma in Birt-Hogg-
Dube syndrome: A case study supporting overlap with 
tuberous sclerosis complex. Am J Med Genet A. 2016; 
170:3323–6. https://doi.org/10.1002/ajmg.a.37952.

14. Tobino K, Seyama K. Birt-Hogg-Dube syndrome with renal 
angiomyolipoma. Intern Med. 2012; 51:1279–80.

15. Byrne M, Mallipeddi R, Pichert G, Whittaker S. Birt-Hogg-
Dube syndrome with a renal angiomyolipoma:further 
evidence of a relationship between Birt-Hogg-Dube syndrome 
and tuberous sclerosis complex. Australas J Dermatol. 2012; 
53:151–4. https://doi.org/10.1111/j.1440-0960.2011.00738.x.

16. Schaffer JV, Gohara MA, McNiff JM, Aasi SZ, Dvoretzky 
I. Multiple facial angiofibromas: a cutaneous manifestation 
of Birt-Hogg-Dube syndrome. J Am Acad Dermatol. 2005; 
53:S108–11. https://doi.org/10.1016/j.jaad.2004.11.021.

17. Misago N, Narisawa Y. Fibrofolliculoma in a patient with 
tuberous sclerosis complex. Clin Exp Dermatol. 2009; 
34:892–4. https://doi.org/10.1111/j.1365-2230.2008.03065.x.

18. Tee AR, Fingar DC, Manning BD, Kwiatkowski DJ, 
Cantley LC, Blenis J. Tuberous sclerosis complex-1 and -2 
gene products function together to inhibit mammalian target 
of rapamycin (mTOR)-mediated downstream signaling. 
Proc Natl Acad Sci U S A. 2002; 99:13571–6. https://doi.
org/10.1073/pnas.202476899.

19. Garami A, Zwartkruis FJ, Nobukuni T, Joaquin M, Roccio 
M, Stocker H, Kozma SC, Hafen E, Bos JL, Thomas G. 
Insulin activation of Rheb, a mediator of mTOR/S6K/4E-BP 
signaling, is inhibited by TSC1 and 2. Mol Cell. 2003; 
11:1457–66. 

20. Tee AR, Manning BD, Roux PP, Cantley LC, Blenis J. 
Tuberous sclerosis complex gene products, Tuberin and 
Hamartin, control mTOR signaling by acting as a GTPase-
activating protein complex toward Rheb. Curr Biol. 2003; 
13:1259–68. 

21. Benvenuto G, Li S, Brown SJ, Braverman R, Vass WC, 
Cheadle JP, Halley DJ, Sampson JR, Wienecke R, DeClue 
JE. The tuberous sclerosis-1 (TSC1) gene product hamartin 
suppresses cell growth and augments the expression of 
the TSC2 product tuberin by inhibiting its ubiquitination. 

Oncogene. 2000; 19:6306–16. https://doi.org/10.1038/
sj.onc.1204009.

22. Chong-Kopera H, Inoki K, Li Y, Zhu T, Garcia-Gonzalo FR, 
Rosa JL, Guan KL. TSC1 stabilizes TSC2 by inhibiting the 
interaction between TSC2 and the HERC1 ubiquitin ligase. 
J Biol Chem. 2006; 281:8313–6. https://doi.org/10.1074/
jbc.C500451200.

23. Woodford MR, Sager RA, Marris E, Dunn DM, Blanden 
AR, Murphy RL, Rensing N, Shapiro O, Panaretou B, 
Prodromou C, Loh SN, Gutmann DH, Bourboulia D, et 
al. Tumor suppressor Tsc1 is a new Hsp90 co-chaperone 
that facilitates folding of kinase and non-kinase clients. 
EMBO J. 2017; 36:3650–65. https://doi.org/10.15252/
embj.201796700.

24. Baba M, Furihata M, Hong SB, Tessarollo L, Haines DC, 
Southon E, Patel V, Igarashi P, Alvord WG, Leighty R, Yao 
M, Bernardo M, Ileva L, 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; 100:140–54. https://doi.
org/10.1093/jnci/djm288.

25. Chen J, Futami K, Petillo D, Peng J, Wang P, Knol J, Li 
Y, Khoo SK, Huang D, Qian CN, Zhao P, Dykema K, 
Zhang R, et al. Deficiency of FLCN in mouse kidney led 
to development of polycystic kidneys and renal neoplasia. 
PLoS One. 2008; 3:e3581. https://doi.org/10.1371/journal.
pone.0003581.

26. Hasumi Y, Baba M, Ajima R, Hasumi H, Valera VA, 
Klein ME, Haines DC, Merino MJ, Hong SB, Yamaguchi 
TP, Schmidt LS, Linehan WM. Homozygous loss of 
BHD causes early embryonic lethality and kidney tumor 
development with activation of mTORC1 and mTORC2. 
Proc Natl Acad Sci U S A. 2009; 106:18722–7. https://doi.
org/10.1073/pnas.0908853106.

27. Hartman TR, Nicolas E, Klein-Szanto A, Al-Saleem T, Cash 
TP, Simon MC, Henske EP. The role of the Birt-Hogg-
Dube protein in mTOR activation and renal tumorigenesis. 
Oncogene. 2009; 28:1594–604. https://doi.org/10.1038/
onc.2009.14.

28. Baba M, Hong SB, Sharma N, Warren MB, Nickerson ML, 
Iwamatsu A, Esposito D, Gillette WK, Hopkins RF 3rd, 
Hartley JL, Furihata M, Oishi S, Zhen W, et al. Folliculin 
encoded by the BHD gene interacts with a binding protein, 
FNIP1, and AMPK, and is involved in AMPK and mTOR 
signaling. Proc Natl Acad Sci U S A. 2006; 103:15552–7. 
https://doi.org/10.1073/pnas.0603781103.

29. Hasumi H, Baba M, Hong SB, Hasumi Y, Huang Y, Yao M, 
Valera VA, Linehan WM, Schmidt LS. Identification and 
characterization of a novel folliculin-interacting protein 
FNIP2. Gene. 2008; 415:60–7. https://doi.org/10.1016/j.
gene.2008.02.022.

30. Woodford MR, Dunn DM, Blanden AR, Capriotti D, 
Loiselle D, Prodromou C, Panaretou B, Hughes PF, Smith 
A, Ackerman W, Haystead TA, Loh SN, Bourboulia D, et 



Oncotarget22229www.oncotarget.com

al. The FNIP co-chaperones decelerate the Hsp90 chaperone 
cycle and enhance drug binding. Nat Commun. 2016; 
7:12037. https://doi.org/10.1038/ncomms12037.

31. Schopf FH, Biebl MM, Buchner J. The HSP90 chaperone 
machinery. Nat Rev Mol Cell Biol. 2017; 18:345–60. 
https://doi.org/10.1038/nrm.2017.20.

32. Sahasrabudhe P, Rohrberg J, Biebl MM, Rutz DA, Buchner 
J. The Plasticity of the Hsp90 Co-chaperone System. 
Mol Cell. 2017; 67:947–61.e5. https://doi.org/10.1016/j.
molcel.2017.08.004.

33. Liu V, Kwan T, Page EH. Parotid oncocytoma in the 
Birt-Hogg-Dube syndrome. J Am Acad Dermatol. 2000; 
43:1120–2. https://doi.org/10.1067/mjd.2000.109288.

34. Schmidt LS, Nickerson ML, Warren MB, Glenn GM, 
Toro JR, Merino MJ, Turner ML, Choyke PL, Sharma 
N, Peterson J, Morrison P, Maher ER, Walther MM, et 
al. Germline BHD-mutation spectrum and phenotype 
analysis of a large cohort of families with Birt-Hogg-Dube 
syndrome. Am J Hum Genet. 2005; 76:1023–33. https://doi.
org/10.1086/430842.

35. Toro JR, Wei MH, Glenn GM, Weinreich M, Toure O, 
Vocke C, Turner M, Choyke P, Merino MJ, Pinto PA, 
Steinberg SM, Schmidt LS, Linehan WM. BHD mutations, 
clinical and molecular genetic investigations of Birt-Hogg-
Dube syndrome: a new series of 50 families and a review of 
published reports. J Med Genet. 2008; 45:321–31. https://
doi.org/10.1136/jmg.2007.054304.

36. Maffe A, Toschi B, Circo G, Giachino D, Giglio S, Rizzo 
A, Carloni A, Poletti V, Tomassetti S, Ginardi C, Ungari 
S, Genuardi M. Constitutional FLCN mutations in patients 
with suspected Birt-Hogg-Dube syndrome ascertained for 
non-cutaneous manifestations. Clin Genet. 2011; 79:345–
54. https://doi.org/10.1111/j.1399-0004.2010.01480.x.

37. Lindor NM, Kasperbauer J, Lewis JE, Pittelkow M. Birt-
Hogg-Dube syndrome presenting as multiple oncocytic 
parotid tumors. Hered Cancer Clin Pract. 2012; 10:13. 
https://doi.org/10.1186/1897-4287-10-13.

38. Pradella LM, Lang M, Kurelac I, Mariani E, Guerra F, 
Zuntini R, Tallini G, MacKay A, Reis-Filho JS, Seri M, 

Turchetti D, Gasparre G. Where Birt-Hogg-Dube meets 
Cowden syndrome: mirrored genetic defects in two cases 
of syndromic oncocytic tumours. Eur J Hum Genet. 2013; 
21:1169–72. https://doi.org/10.1038/ejhg.2013.8.

39. Henske EP, Neumann HP, Scheithauer BW, Herbst EW, 
Short MP, Kwiatkowski DJ. Loss of heterozygosity in the 
tuberous sclerosis (TSC2) region of chromosome band 
16p13 occurs in sporadic as well as TSC-associated renal 
angiomyolipomas. Genes Chromosomes Cancer. 1995; 
13:295–8.

40. Qin W, Bajaj V, Malinowska I, Lu X, MacConaill L, Wu 
CL, Kwiatkowski DJ. Angiomyolipoma have common 
mutations in TSC2 but no other common genetic events. 
PLoS One. 2011; 6:e24919. https://doi.org/10.1371/journal.
pone.0024919.

41. Giannikou K, Malinowska IA, Pugh TJ, Yan R, Tseng 
YY, Oh C, Kim J, Tyburczy ME, Chekaluk Y, Liu Y, Alesi 
N, Finlay GA, Wu CL, et al. Whole Exome Sequencing 
Identifies TSC1/TSC2 Biallelic Loss as the Primary 
and Sufficient Driver Event for Renal Angiomyolipoma 
Development. PLoS Genet. 2016; 12:e1006242. https://doi.
org/10.1371/journal.pgen.1006242.

42. El-Hashemite N, Zhang H, Henske EP, Kwiatkowski DJ. 
Mutation in TSC2 and activation of mammalian target of 
rapamycin signalling pathway in renal angiomyolipoma. 
Lancet. 2003; 361:1348–9. https://doi.org/10.1016/
S0140-6736(03)13044-9.

43. Kenerson H, Folpe AL, Takayama TK, Yeung 
RS. Activation of the mTOR pathway in sporadic 
angiomyolipomas and other perivascular epithelioid cell 
neoplasms. Hum Pathol. 2007; 38:1361–71. https://doi.
org/10.1016/j.humpath.2007.01.028.

44. Woodford MR, Truman AW, Dunn DM, Jensen SM, 
Cotran R, Bullard R, Abouelleil M, Beebe K, Wolfgeher 
D, Wierzbicki S, Post DE, Caza T, Tsutsumi S, et al. Mps1 
Mediated Phosphorylation of Hsp90 Confers Renal Cell 
Carcinoma Sensitivity and Selectivity to Hsp90 Inhibitors. 
Cell Rep. 2016; 14:872–84. https://doi.org/10.1016/j.
celrep.2015.12.084.


