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Abstract

Germline H255Y and K508R missense mutations in the folliculin (FLCN) gene have been identified in patients with bilateral
multifocal (BMF) kidney tumours and clinical manifestations of Birt-Hogg-Dubé (BHD) syndrome, or with BMF kidney
tumours as the only manifestation; however, their impact on FLCN function remains to be determined. In order to determine
if FLCN H255Y and K508R missense mutations promote aberrant kidney cell proliferation leading to pathogenicity, we
generated mouse models expressing these mutants using BAC recombineering technology and investigated their ability to
rescue the multi-cystic phenotype of Flcn-deficient mouse kidneys. Flen H255Y mutant transgene expression in kidney-
targeted Flen knockout mice did not rescue the multi-cystic kidney phenotype. However, expression of the Flcn KS08R mutant
transgene partially, but not completely, abrogated the phenotype. Notably, expression of the Flen KS08R mutant transgene in
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heterozygous Flcn knockout mice resulted in development of multi-cystic kidneys and cardiac hypertrophy in some mice.
These results demonstrate that both FLCN H255Y and K508R missense mutations promote aberrant kidney cell proliferation,
but to different degrees. Based on the phenotypes of our preclinical models, the FLCN H255Y mutant protein has lost it tu-
mour suppressive function leading to the clinical manifestations of BHD, whereas the FLCN K508R mutant protein may have
a dominant negative effect on the function of wild-type FLCN in regulating kidney cell proliferation and, therefore, act as an
oncoprotein. These findings may provide mechanistic insight into the role of FLCN in regulating kidney cell proliferation and
facilitate the development of novel therapeutics for FLCN-deficient kidney cancer.

Introduction

Folliculin (FLCN) is the causative gene for the inherited kidney can-
cer disorder Birt-Hogg-Dubé (BHD) syndrome, which predisposes
patients to kidney cancer, cutaneous fibrofolliculomas and pul-
monary cysts (1-3). Folliculin (FLCN) encoded by the FLCN gene,
affects the regulation of a broad spectrum of metabolic processes
through its interactions with the AMPK (4-6), mTORC1(7-10) and
PPARGC1A (11,12) pathways, which are essential for energy
homeostasis. Identification of two binding partners, folliculin-
interacting proteins 1 (FNIP1) (4) and 2 (FNIP2) (5,6), which were
found to be AMPK interacting molecules, has contributed to our
understanding of the role of FLCN in cell metabolism. Structural
analyses revealed that the C-terminus of FLCN may be distantly
related to Differentially Expressed in Normal Cells and Neoplasm
(DENN) domain proteins, suggesting that FLCN may play a sig-
nificant role in membrane trafficking (13). These data have
defined important roles for FLCN in a wide range of cellular
metabolic pathways including energy sensing, membrane traf-
ficking and mitochondrial oxidative metabolism.

Studies of several Flcn knockout mouse models have pro-
vided the basis for elucidating FLCN functions. Whole body Flcn
knockout mice are embryonic lethal with vacuolation in the vis-
ceral endoderm (8), suggesting a defect in nutrient uptake and
transport in the Flen-null embryo. Kidney-targeted Flen knock-
out mice developed enlarged polycystic kidneys and died at 3
weeks of age due to renal failure (7). A muscle-targeted Flcn
knockout mouse model displayed red-coloured muscle with
increased mitochondrial oxidative metabolism, which was
Ppargcla dependent (11). Inactivation of Flcn in murine heart re-
sulted in cardiac hypertrophy and mortality at 3 months of age
due to dilated cardiomyopathy (9). In both kidney and cardiac
models, mTORC1 and Ppargcla pathways were up-regulated
and inactivation of these pathways using either drug or gene
manipulations ameliorated the phenotypes of these mouse
models (9,11), suggesting that increased cell proliferation and
protein synthesis under Flcn-deficiency are triggered by deregu-
lation of Ppargcla and mTORC1. Fnipl knockout mice exhibited
B cell developmental defects (14,15), supporting a critical role
for FNIP1 in the metabolism of the immune system. Although
Fnip2 knockout mice did not exhibit any phenotype, a kidney-
targeted Fnipl and Fnip2 double knockout mouse model de-
veloped enlarged polycystic kidneys, which were identical to
Flen-deficient kidneys (16), suggesting that the Flen/Fnip inter-
action may play a key role in kidney tumour suppression.

FLCN is a classical tumour suppressor that fits the two hit hy-
pothesis, supported by the fact that the loss of the remaining
wild-type FLCN allele leads to tumorigenesis in human and
mouse kidneys (8,17). Most of the FLCN mutations in BHD syn-
drome are frameshift, nonsense, or splice site mutations leading
to protein truncation. However, two missense mutations, FLCN
H255Y(8) and FLCN K508R (18), have been identified in the germ-
lines of patients presenting with bilateral multifocal (BMF) kidney
tumours, fibrofolliculomas and pulmonary manifestations of

BHD (FLCN H255Y), or with BMF kidney neoplasia as the only
manifestation (FLCN K508R). A mutation in the same codon, Flcn
H255R, was originally identified as causative for a BHD-like syn-
drome in German shepherd dogs predisposing to cutaneous der-
matofibromas and kidney cancer (19). Although the identification
of these two FLCN missense mutations in patients presenting
with multiple kidney tumours implies that these residues are
functionally important, genetic studies to validate pathogenicity
in preclinical animal models have not been performed.

Using BAC transgenic technology, we have developed two
mouse models harbouring the Flen H255Y and Flen K508R mu-
tations. We assessed the impact of these mutations in driving
aberrant kidney cell proliferation by genetically introducing
the mutant transgenes into a kidney-targeted Flcn knockout
mouse model and evaluating their ability to rescue the poly-
cystic kidney phenotype. We investigated signalling molecules
in pathways dysregulated under Flen deficiency using kidney
tissues harvested from the kidney-targeted Flen knockout
mouse models carrying these Flcn missense mutations. In add-
ition, we examined the phenotypic effect of the Flcn K508R mu-
tant expression in mice with wild-type Flcn by expressing the
Flen KS508R mutant transgene in heterozygous Flcn knockout
mice.

Results

Patients with FLCN H255Y and K508R mutations develop
kidney neoplasia with or without cutaneous or
pulmonary BHD manifestations

Case 1: Patient from NCI Family with FLCN H255Y mutation

A 60 year-old female Caucasian patient presented with hematuria
and was found to have bilateral renal masses on magnetic reson-
ance imaging. A fine needle aspiration of the right kidney de-
tected an ‘oncocytic neoplasm’ and she subsequently underwent
a right partial nephrectomy at an outside institution. The tumour
pathology was read as chromophobe renal carcinoma. Her history
included a pneumothorax that had developed during her surgical
procedure but which did not require treatment. Several family
members reported history of pneumothoraces and multiple skin
papules. She reported having had cutaneous papules since the
age of 20, which were biopsied and found to be fibrofolliculomas.
She was subsequently referred to the Urologic Oncology Branch,
National Cancer Institute (NCI) for evaluation and management
of the tumours in her left kidney. Dermatologic evaluation was
performed at the NIH which revealed multiple cutaneous papules
clinically consistent with BHD. Chest CT imaging revealed several
lung cysts. Abdominal MRI imaging revealed the presence of mul-
tiple renal lesions in the left kidney. At the age of 62, she under-
went a left robotic-assisted laparoscopic partial nephrectomy at
the NCI for the removal of 3 hybrid tumours with features of chro-
mophobe RCC and oncocytoma (Fig. 1A and B). Hybrid oncocytic
renal tumours are characteristic of Birt-Hogg-Dubé syndrome
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(20). Her brother was found to have a renal oncocytoma at aut-
opsy following his death due to an unrelated condition, and her
34 year-old daughter reported a history of spontaneous pneumo-
thorax at age 20 and cutaneous trichodiscomas. Genetic testing
for the FLCN mutation in peripheral blood DNAs from the mother
and daughter revealed a germline FLCN missense mutation that
exchanged a conserved histidine residue for a tyrosine (c.763
C>T, p.H255Y) (Table 1).

Case 2: Bilateral multifocal papillary type 1 RCC patient with FLCN
K508R mutation

A 25 year-old male African American patient who presented
with abdominal pain to an outside institution, was imaged and
was found to have bilateral multifocal tumours. Type 1 papillary
renal cell carcinoma was found by core needle biopsy of the
right kidney. The patient was referred to the NCI for evaluation
and management. Dermatologic evaluation was not performed.

Chest CT imaging revealed no pulmonary nodules. Abdominal
MRI imaging revealed multiple renal tumours <3cm in size. The
patient subsequently underwent a right open partial nephrec-
tomy with removal of 22 papillary type 1 renal cell carcinomas
(Fig. 1C and D). The patient is currently under active surveillance
for a 1.7cm tumour in his left kidney. He reports no family history
of renal tumours and no other BHD-associated manifestations;
however, he has numerous medical conditions including TAR
(thrombocytopenia with absent arm radius) syndrome, antiphos-
pholipid syndrome and mitral valve vegetations. Genetic testing
revealed a FLCN missense mutation in a conserved lysine
mutated to arginine (c.1523A > G, p.K508R) (Table 1).

Case 3: Bilateral multifocal oncocytoma patient with FLCN K508R
mutation

A 60 year-old male Caucasian patient presented with bilateral
multiple renal lesions detected incidentally during workup for

Figure 1. Imaging and renal pathology of patients with FLCN H255Y and K508R mutations. Case 1: Patient from NCI Family with FLCN H255Y mutation. (A) MRI showing
renal tumour in left kidney of patient with FLCN H255Y mutation. (B) Patient underwent a left partial nephrectomy in which 3 hybrid oncocytic tumours were removed.
Magnification 200X. Case 2: Bilateral multifocal papillary type 1 RCC patient with FLCN K508R mutation. (C) MRI scan showing multiple renal tumours in right kidney of
patient with FLCN K508R mutation. (D) This patient had a right partial nephrectomy in which 22 papillary type 1 renal tumours were removed. Magnification 150X. Case
3: Bilateral multifocal oncocytoma patient with FLCN K508R mutation. (E) MRI scan showing multiple renal tumours in right and left kidneys of patient with FLCN
K508R mutation. (F) This patient had a left partial nephrectomy in which 5 renal oncocytomas were removed. Magnification 150X.
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Table 1. Clinical characteristics of BHD patients with germline FLCN H255Y and FLCN K508R mutations

Case/Gender  Germline mutation Ageat Numberof Histology Somatic 274 Number of Clinical
surgery tumours hit mutation tumours manifestations
removed tested
Case 1/female ¢.763 C>T p.H255Y 60y 32 Chromophobe RCC ND ND Fibrofolliculomas,
62y 3 Hybrid oncocytic tumour  ¢.1432+1G>T 2 Lung cysts, Liver
(1 tumour) cysts
Case 2/male c.1523A>G p.K508R 25y 22 Papillary RCC type 1 None 4 TAR syndrome, Mitral
valve vegetations,
Anti-phospholipid
syndrome
Case 3/male ¢.1523A>G p.K508R 60y 5 Oncocytoma, oncocytosis, None 2 Hypertension,
papillary adenomas Gastroesophageal
61y 3 Oncocytoma with focus of None 1 reflux, Gout,
papillary RCC type 1 Hyperlipidemia,

BPH, Irritable bowel

N.D., not determined; RCC, renal cell carcinoma.

Numbering according to GenBank Accession No. NM_144997.5 with A of initiator codon designated as nucleotidel.

First surgery of Case 1 was performed at an outside institution.

hematuria at an outside institution. Percutaneous renal biopsy
was read as papillary renal tumour and the patient was referred
to the NCI for evaluation. He subsequently underwent sequen-
tial left and right laparoscopic partial nephrectomies. Five
tumours were removed from the left kidney of which three
were oncocytoma and oncocytosis with papillary adenoma, and
two were oncocytomas (Fig. 1E and F). Two tumours were
removed from the right kidney of which one was renal oncocy-
toma and one was renal oncocytoma with a focus of papil-
lary renal cell carcinoma type 1. He is currently being managed
by active surveillance for additional renal tumours that
are slowly increasing in size. Genetic testing revealed the
same FLCN missense mutation, (c.1523A>G, p.K508R), as
seen in Case 2. A dermatological evaluation and chest CT
scan did not identify any other BHD-associated manifest-
ations and he has no definitive family history suggestive of BHD
(Table 1).

The diagnostic genetic testing of peripheral blood DNA from
patients with bilateral multifocal kidney tumours seen at the
NIH Clinical Center identified the patient in Case 1 with the
germline FLCN missense mutation H255Y, who was clinically
diagnosed with BHD, and the two patients in Cases 2 and 3 with
the germline FLCN missense mutation K508R, who only pre-
sented with kidney neoplasia (Table 1). To evaluate the poten-
tial pathogenicity of these FLCN missense mutations, we
searched for a somatic second hit mutation in the remaining
FLCN allele in available kidney tumour samples from these pa-
tients by DNA sequencing. In a hybrid oncocytic tumour that
developed in the patient carrying the germline FLCN H255Y mu-
tation, we identified a somatic intron 12 splice site mutation
(c.1432+1G>T; Table 1) predicted to result in aberrant splicing
and a premature termination codon, suggesting that the loss of
the wild type FLCN allele led to kidney tumorigenesis in this
FLCN H255Y patient. None of the renal lesions (renal oncocyto-
mas and papillary type 1 renal tumours) that developed in pa-
tients with the FLCN K508R mutation had second hit somatic
mutations in FLCN. Contaminating normal kidney tissue can
interfere with detection of a somatic mutation; alternatively,
haploinsufficiency of FLCN may be sufficient to support kidney
tumour development in individuals with a germline FLCN K508R
mutation.

Expression of a BAC transgene carrying the Flcn H255Y
mutation in kidney-targeted Flcn knockout mice did not
rescue the polycystic kidney phenotype

To evaluate the contribution of the FLCN missense mutants to
aberrant kidney cell proliferation in these patients, we estab-
lished genetically engineered mouse models carrying each of
these missense mutations as transgenes randomly inserted
into the mouse genome using BAC transgenic technology (Figs 2
and 3) (21). We genetically introduced the Flecn mutant trans-
genes into our kidney-targeted Flecn knockout mouse model,
which develops enlarged polycystic kidneys and dies at 3 weeks
of age due to renal failure (7), in order to determine if expression
of the Flen missense mutant protein would rescue or fail to res-
cue the polycystic kidney phenotype. Expression of the Flcn
H255Y mutant in the kidney-targeted Flen knockout mouse
model did not alter the histology (Fig. 4A), the kidney/body
weight ratio (Fig. 4B) or affect survival of the kidney-targeted
Flen knockout mice (Fig. 4C). Kidney-targeted Flcn knockout mice
expressing the Flcn H255Y allele developed multi-cystic kidneys
that were 10-fold heavier than control kidneys, and died due to
renal failure by 3 weeks of age. Histologically, hyperplastic kid-
ney cells were seen protruding into the cystic lumen. Western
blot results showed that expression of Flen H255Y had no add-
itional effect on the activated mTORC1 pathway signalling
observed in Flcn deficient kidneys (Fig. 4D). These data indicate
that the Flen H255Y mutant protein has lost its tumour suppres-
sive properties and cannot rescue the aberrant kidney cell pro-
liferation seen in Flcn-deficient kidneys, supporting the idea
that the FLCN H255Y missense mutation inherited in the germ-
line of the Case 1 BHD patient was responsible for BHD-
associated phenotypes in this individual.

Expression of a BAC transgene carrying the Flcn K508R
mutation in kidney-targeted Flcn knockout mice parti-
ally rescued the polycystic kidney phenotype

On the other hand, expression of the Flcn K508R mutant protein
in the kidney-targeted Flcn knockout mouse model partially re-
versed the polycystic kidney phenotype (Fig. 5A) and signifi-
cantly decreased the kidney/body weight ratio at 3 weeks of age
(12.46 vs 2.58%; P <0.0001) (Fig. 5B). Median survival of kidney-
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Figure 2. Establishment of a Flen H255Y mutant transgenic mouse model using BAC recombineering technology. (A) Screening for BAC transgene integration using
Southern blotting. The probe detecting the chloramphenicol resistant (CMR) cassette was used for identifying BAC transgenic founder mice. (B) Sequencing result of
mouse tail DNA confirming the correct mutant sequence encoding a histidine to tyrosine exchange. (C) Real-time PCR showing Flcn expression levels in kidneys of
Flen”*, CDH16-Cre control mice, Flen 4, CDH16-Cre kidney-targeted knockout mice, and Flen /#4255Y, CDH16-Cre kidney-targeted knockout mice expressing the Flcn
H255Y mutation. (D) Representative genotyping results for Flen”/*, CDH16-Cre mice and Flen/+/H255Y, CDH16-Cre mice using SNP real-time PCR and mouse tail DNA. N.S.,

no significance.

targeted Flcn knockout mice was increased 3-fold (20 d vs 61d,
P <0.0001; Fig. 5C) by the expression of Flen K508R mutant pro-
tein. Furthermore, mTORC1 pathway signalling was repressed
in the kidney-targeted Flcn knockout mouse model by expres-
sion of the Flen K508R mutant protein (Fig. 5D). However, al-
though the expression of the Flen K508R mutant partially
reversed the phenotype of the kidney-targeted Flen knockout
mouse model, none of these mice survived beyond 4 months of
age. The Flcn K508R mutant protein was unable to sustain sup-
pression of the aberrant kidney cell proliferation eventually
leading to the development of multiple cysts, renal failure and
premature death of the mice. These results support the idea
that the FLCN K508R missense mutation is responsible for the
kidney tumour phenotype in patients who inherit this muta-
tion, but should be classified as a ‘weak’ mutation relative to the
FLCN H255Y mutation.

Expression of the Flcn K508R transgene in heterozygous
Flen knockout mice promotes polycystic kidneys and
cardiac hypertrophy in a portion of mice

Heterozygous Flen knockout mice (Flen %) begin to develop
renal cysts and tumours after 10 months of age, with a median

lesion-free survival of 23 months and an average 3.5 lesions per
animal; however, Flcn ¢*mice do not display any phenotype in
other organs including heart (8). Flcn deficiency targeted to the
murine heart leads to cardiac hypertrophy and mortality after
12 weeks of age (9). Notably, expression of the Flen K508R
mutant transgene in heterozygous Flcn knockout mice that har-
bour one wild-type Flcn allele and one deleted Flen allele in all
tissues produced enlarged kidneys filled with multiple large
cysts (Fig. 6A, average >40 cysts per histologic cross-section)
and also cardiac hypertrophy (Fig. 6E and F) by 9 months of age
in a portion of the mice. PCR-based genotyping of macrodis-
sected formalin fixed paraffin embedded (FFPE) cystic kidney
epithelial cells from Flecn ¢*/%5%8} mjce produced a PCR product
that indicated the presence of the wild-type Flcn allele and/or
Flen KS508R transgene (both are the same size; Fig. 6B).
Sequencing of the PCR product verified the presence of both
wild-type Flen and the Flen K508R transgene in the kidney cysts
(Fig. 6C). Although penetrance was reduced (multi-cystic kid-
neys in 11/42 mice, 26.2%; cardiac hypertrophy in 3/42 mice,
7.1%), the development of these phenotypes in mice that ex-
press both the Flen K508R mutant and Flen wild-type proteins
suggests that the Flen K508R mutant protein may have a domin-
ant negative effect on wild-type Flen in these tissues, which
could explain the absence of a somatic second hit mutation in
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Figure 3. Establishment of a Flecn K508R mutant transgenic mouse model using BAC recombineering technology. (A) Screening for BAC transgene integration using
Southern blotting. The probe detecting the chloramphenicol resistant (CMR) cassette was used for identifying BAC transgenic founder mice. (B) Sequencing result of
mouse tail DNA confirming the correct mutant sequence encoding a lysine to arginine exchange. (C) Real-time PCR showing Flcn expression levels in kidneys of Flen/*,
CDH16-Cre control mice, Flen %, CDH16-Cre kidney-targeted knockout mice, and Flen /#¥5%R CDH16-Cre kidney-targeted knockout mice expressing the Flcn K508R muta-
tion. (D) Representative genotyping results for Flen””*, CDH16-Cre mice and Flen”+/%5%®R CDH16-Cre mice using SNP real-time PCR. N.S., no significance.

kidney tumour tissue from patients who carry the germline
FLCN K508R mutation (Table 1).

We investigated whether the Flen K508R mutant protein had
an effect on wild-type Flcn function by evaluating levels of
Gpnmb, a transcriptional target of TFE3 whose activity is nega-
tively regulated by FLCN (22). In support of a dominant negative
phenotype, Gpnmb expression was statistically significantly
higher in Flen #*/%5°8R kidneys compared to Flen ¢* control kid-
neys (Fig. 6D).

Flen H255Y mutant protein is unstable with a reduced
half-life compared to Flcn K508R mutant protein or Flcn
WT protein

In order to determine whether the H255Y and K508R missense
mutations had an effect on FLCN protein stability, we stably
transduced HA-tagged FLCN H255Y, FLCN K508R or wild-type
(WT) FLCN constructs into UOK257, a FLCN-deficient kidney
tumour cell line established from a BHD patient (4), using a len-
tiviral doxycycline-inducible system. We performed quantita-
tive RT-PCR after doxycycline induction, and found equivalent
expression of FLCN WT, FLCN H255Y and FLCN K508R mRNAs.
However, western analysis revealed reduced FLCN H255Y pro-
tein relative to FLCN WT and FLCN KS508R proteins
(Supplementary Material, Fig. S1). Furthermore, when we

performed western analysis of UOK257 cells expressing WT
FLCN and FLCN H255Y in the presence of cycloheximide, an in-
hibitor of protein translation, we found that FLCN H255Y was
degraded more rapidly suggesting a shorter protein half-life
(Supplementary Material, Fig. S2).

Molecular modeling predictions suggest that a
conformational change may result from the K508 to
R508 replacement leading to protein instability

Using NACCESS software developed at the University of
Manchester, UK (23), we calculated the solvent accessible sur-
face area on the human FLCN C-terminal crystal structure
(PDBID: 3V42). The predictions suggest that K508 in FLCN may
be exposed on the protein surface in a relatively small area
[total accessible surface area of K508 =39.17A (relative accessi-
bility =19.5%), accessible surface area of K508 side
chain = 38.96A (relative accessibility = 23.9%) and accessible sur-
face area of K508 main chain=0.21A (relative accessibil-
ity = 0.6%)]. Free energy changes predicted using FoldX software
(24) suggest that the R508 exchange is destabilizing with a AG of
1.0kcal mol . Therefore, the functional consequence of the
K508R mutation might be due to a conformational change
caused by the replacement of lysine with arginine rather than
loss of a posttranslational modification of K508 upon R508
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Figure 5. Expression of BAC transgene carrying Flen K508R mutant allele partially, but not completely rescues the kidney-targeted Flecn knockout mouse phenotype.
(A) Histology of Flen-deficient kidney with Flen K508R mutant expression (Flen 7#%%°%R | CDH16-Cre) at 3 weeks of age compared to Flen-deficient kidney (Flen 9, CDH16-
Cre) and control kidney (Flen”*, CDH16-Cre). Fewer cysts develop in Flen ##%°%k | CDH16-Cre mice compared to Flen %, CDH16-Cre mice with no protruding hyperplastic
cells. (B) Kidney to body weight ratio of kidney-targeted Flcn knockout mice with Flen K508R mutant expression (Flen /#%°0%k CDH16-Cre) at 3 weeks of age showed sig-
nificantly decreased % kidney/body weight relative to kidney-targeted Flcn knockout mice (Flen /4, CDH16-Cre). (C) Kaplan-Meier survival plot of kidney-targeted Flcn
knockout mice with Flcn K508R mutant expression demonstrates 3-fold increase in survival (61 vs 20 days) compared to kidney-targeted Flcn knockout mice; n=8 mice
for each genotype. (D) Western blot analysis of mTORC1 downstream effectors in Flen-deficient kidneys with Flcn KS08R mutant expression, Flen-deficient kidneys and
control kidneys at 3 weeks of age showing suppression of the mTOR pathway activation in the Flcn 7#¥5%R | CDH16-Cre mice compared with Flecn /4, CDH16-Cre mice.

N.S., no significance.

replacement. This conformational change might affect
protein-protein  interactions or the posttranslational
modification of surrounding amino acid residues, which
may weaken the tumour suppressor function of FLCN resulting

in only partial rescue of the kidney-targeted Flen-knockout
mouse model, and the aberrant kidney cell proliferation
and cardiac hypertrophy observed in the Flen®*/%%%®® mouse
model.
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Figure 6. Expression of BAC transgene carrying Flen KS08R mutant alleles in heterozygous Flcn knockout mice drives a late onset Flen-deficient phenotype. (A) Histology
of polycystic kidneys that developed in a portion of heterozygous Flen knockout mice with Flen KS08R mutant expression (Flen ¢+/%59%R) at 3 weeks and 9 months of age,
respectively. Insert shows hyperplastic cells protruding into the cystic lumen.(B) PCR-based genotyping of DNA from macrodissected FFPE Flen #+/¥5%R cystic kidney
tissue generated PCR products of the correct size for the Flen deleted allele and for the Flen wild-type allele and/or Flen K508R transgene (both are the same size). DNA
from macrodissected FFPE Flen ¥~ kidneys was genotyped and included as a control along with PCR-based genotyping of mouse tail DNA for comparison. +, wild-type
allele; d, delete allele; Kid, kidney tissue. (C) Sequence verification of both wild-type Flcn and Flecn KS08R transgene in PCR product from (B) amplified from DNA ex-
tracted from macrodissected Flen “+/%5%R cystic kidneys. +, wild-type allele. (D) Gpnmb expression (read-out of Flen deficiency) measured by qRT-PCR was statistically
significantly higher in Flen ¢+/%%R kidneys compared to Flcn %* mouse kidneys. Statistical significance measured by two-way ANOVA. Two representative mouse kid-
neys for each genotype are shown. P <0.05 for significance. (E) Histology of cardiac hypertrophy that developed in a portion of heterozygous Flcn knockout mice with
Flen KSO8R mutant expression at 9 months of age. (F) Muscle diameter analysis of (E).



Discussion

In the absence of a validated assay for FLCN function, the func-
tional consequence of FLCN missense mutations may be investi-
gated through evaluating their effect on kidney phenotype in an
in vivo model. Here, we have evaluated two FLCN missense mu-
tations, H255Y and K508R, in genetically engineered mice, and
demonstrated that they both are pathogenic mutations that
promote aberrant kidney cell proliferation, but to different de-
grees, with the potential for malignancy. Expression of the Flcn
H255Y mutant transgene could not reverse the enlarged kidney
size, polycystic histology or 3-week lifespan of mice with Flcn-
deficient kidneys, mirroring the phenotype of kidney-targeted
homozygous Flcn deletion. The Flen K508R expression only par-
tially abrogated the Flcn-deficient phenotype leading eventually
to highly cystic kidneys, renal failure and shortened lifespan in
the Flen ##X50%R CDH-16 Cre mice, suggesting that both Flecn
H255Y and K508R mutant proteins were functionally impaired
resulting in aberrant kidney cell proliferation. Expression of the
Flecn K508R mutant in heterozygous Flcn knockout mice caused
the development of enlarged multi-cystic kidneys and cardiac
hypertrophy in 26 and 7% of mice, respectively, by 9 months of
age, indicating that the Flecn K508R mutant protein may have a
potential dominant negative effect on the function of wild-type
Flen to suppress cell growth of kidney cells and cardiomyocytes.
Of note, somatic second hit mutations were not detected in
renal tumour samples from human BHD patients with the
germline FLCN K508R mutation, further supporting the potential
of a dominant negative effect conferred by the FLCN K508R mu-
tant on wild-type FLCN. The altered secondary structure of
FLCN with K508R mutation may potentially disrupt the forma-
tion of a protein complex with wild type FLCN and/or other
interacting partners (i.e., FNIP1, FNIP2, AMPK) and therefore
lead to altered FLCN signalling resulting in the kidney neoplasia
that develops in the FLCN K508R patients.

Although the Flcn pathway is essential to murine cardiac
homeostasis, cardiac manifestations have not been reported in
human BHD syndrome, suggesting that FLCN haploinsufficiency
does not by itself cause cardiac hypertrophy in humans. Mitral
valve vegetation was observed in one of the FLCN K508R pa-
tients (Case 2); however, this patient was diagnosed with TAR
syndrome, a rare genetic disorder in which heart defects were
frequently reported (25). In our mouse model, we observed car-
diac hypertrophy in heterozygous Flcn knockout mice with Flcn
K508R transgene expression, indicating that the Flecn K5S08R mu-
tant protein may have a dominant negative effect on wild-type
Flen in the heart, leading to cardiac hypertrophy. These obser-
vations suggest that increased copy number of FLCN K508R
mRNA (and presumably elevated FLCN mutant protein levels)
above a certain threshold may predispose to cardiac hypertro-
phy. Therefore, careful cardiac follow up might be considered in
the management of FLCN K508R patients.

Expression of the Flen H255Y mutant transgene in Flen-defi-
cient kidneys did not affect kidney size or histology, indicating
that Flen H255Y mutant protein could not suppress the aberrant
kidney cell proliferation. In vitro experiments have shown that
the expression levels of the FLCN H255R (26,27) and H255P (28)
mutant proteins in mammalian cells are consistently low, sug-
gesting that the FLCN H255Y mutant protein might also be un-
stable. Our western blot data and cycloheximide chase
experiment support the idea that the Flecn H255Y protein is un-
stable in agreement with these published data. Psi-blast based
secondary structure prediction software PSI-PRED (29) predicts
that amino acids 249-265 of the FLCN protein, wherein residue
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H255 resides, may form an o-helix with W251, A252, F258 and
A259. Based on a conserved domain database (CDD) search (30),
the residue H255 is well conserved across the species and resi-
dues 251 and 258 tend to be aromatic amino acids, raising the
possibility that residue H255 might form pi stacking interactions
together with residues W251 and F258. The replacement of
Histidine 255 with Tyrosine or Arginine might cause a change in
the electrostatic or aromatic property of the helix, respectively,
leading to protein instability.

Gene variants of unknown significance (VUS) are identified
much more frequently as more and more whole genome/exome
sequencing data are being analysed, and this presents a chal-
lenge to physicians and genetic counsellors who manage and
counsel these patients. Missense variants in genes that are not
in known functional domains, splice sites or regulatory regions
present a particular challenge for predicting pathogenicity, and
the available predictive programs do not always accurately
identify damaging/pathogenic alterations. There is no func-
tional test for FLCN protein beyond evaluating its interaction
with binding partners FNIP1 and FNIP2. Here, we have intro-
duced two variants of unknown significance, which were identi-
fied in patients in our clinic, into mouse models and observed a
clinical phenotype, which represents the ultimate test of patho-
genicity. Currently, mouse model development using BAC
transgenic technology has been largely replaced by gene editing
using CRISPR/Cas9 technology thereby enabling rapid and effi-
cient in vivo modeling of gene mutations as a mechanism for
confirming the pathogenicity of VUS alterations.

In summary, germline missense mutations H255Y and
K508R in the FLCN gene were associated with kidney tumours in
patients with BHD clinical manifestations but also with kidney
neoplasia as the sole phenotypic feature. Based on phenotypes
resulting from their expression in kidney-targeted Flen-deficient
mouse models, FLCN H255Y and K508R are predicted to be
pathogenic mutations. Based on the preclinical models pre-
sented here, the FLCN K508R mutant protein may have a dom-
inant negative effect on wild-type FLCN in kidney and heart.
These findings provide further mechanistic insight into the role
of FLCN in the regulation of kidney cell proliferation and will aid
in the development of novel therapeutics for kidney cancer.

Materials and Methods

Patients

Patients known or suspected to be affected with Birt-Hogg-Dubé
syndrome were evaluated in the Urologic Oncology Branch,
Center for Cancer Research, National Cancer Institute under
protocol # 02-0159 approved by the NIH Institutional Review
Board and each provided written informed consent. Each pa-
tient received genetics counseling and was evaluated for clinical
manifestations of Birt-Hogg-Dubé syndrome with a dermato-
logic examination, pulmonary computed tomography (CT) scan
and abdominal magnetic resonance imaging (MRI).

Generation of BAC Transgenic Mice and Genotyping

BAC transgenic mice carrying either Flen H255Y or Flen K508R
mutant alleles were generated using BAC recombineering
technology (21). A clone encompassing the mouse Flcn gene was
isolated from a CITB 129/Svj BAC library (Invitrogen).
Galactokinase gene (galK) expression cassettes were generated
by PCR with 50bp 5’ and 3’ homology arms homologous to se-
quences flanking the H255 and K508 codons, respectively. The
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PCR products were digested with Dpnl, and galK targeting cas-
settes were gel purified. The galK targeting cassette was trans-
formed into a galK deficient SW102 E. coli strain with the A
prophage recombineering system, which contained the BAC
covering the Flcn genomic region. Correctly recombined clones
were selected on galactose-containing minimal media. Then
galK cassettes were replaced by 103bp double-stranded oligos
containing the Y255 and R508 mutations, respectively, by
recombineering technology in SW102. The recombined galK
negative clones were selected on 2-deoxy-galactose minimal
plates. The introduced mutations were verified by sequencing.
After sequence verification, the Flcn mutant BAC clones were
used to generate BAC transgenic mice by pronuclear microinjec-
tion of fertilized C57BL/6 eggs. Tail snip DNAs from the offspring
were screened for single or low copy number integration of the
transgene by Southern blotting. A probe detecting the chloram-
phenicol resistant (CMR) cassette was used for identifying foun-
der mice. Mice carrying Flen H255Y or K508R mutant alleles were
mated with mice carrying Flcn deleted (d) alleles or floxed (f) al-
leles, and/or the cadherin 16 (CDH16)-Cre transgene that targets
Cre recombinase expression in the distal nephron (31). Three
different founder BAC transgenic mouse strains for each of the
two mutations were expanded and evaluated in the Flen /4,
CDH16 Cre mouse genetic rescue experiments; similar pheno-
typic results were obtained for the three strains carrying each
mutation. SNP genotyping of mouse tail DNA for the H255Y
mutant alleles was carried out with Tagman probes 5'-
cgtgtctgeacacttectt-3'-VIC for wild type allele and 5'-cgtgtctgta-
tacttcett-3'-FAM for mutant allele, which detect the amplicon
from the following primers: forward, 5'- gctctctgacctecttgaccag-
3'; reverse, 5'- tgggttgttctaatggctcacag-3'. SNP genotyping of
mouse tail DNA for K508R mutant alleles was carried out with
Tagman probes 5'-tctgectcaaggaggaatg-3'-VIC for wild type al-
lele and 5'-tctgectecgtgaggaatg-3'-FAM for mutant allele, which
detect the amplicon from the following primers: forward, 5'-cca-
gaacctgtctgtggatgtg-3’; reverse, 5'-ctggagaagctgtcagagcaag-3'.
Genotyping was also performed by targeted sequencing of
mouse tail DNA using these primers for K508R: forward,
S’aggcctctgecttatccagt-3’;  reverse, 5’-aaggctggggcttacttcat-3’;
and for H255Y: forward, 5’gtgcccagaggatgaacact-3’; reverse, 5'-
agatgggtgactttgggttg-3’. Mice were housed in National Cancer
Institute animal facilities and euthanized by CO, asphyxiation
for analyses according to the National Cancer Institute
Frederick Animal Care and Use Committee guidelines. Animal
care procedures followed the National Cancer Institute Animal
Care and Use Committee guidelines.

Tissue macrodissection, DNA extraction and PCR-based
allelotyping

Cystic regions of mouse kidneys were hand macrodissected from
formalin fixed paraffin embedded (FFPE) tissue slides and placed
into 1.5ml microcentrifuge tubes. One drop of mineral oil was
added to each tube, and heated to 65°C for 2min. 175 ul of 0.2 mg/
ml Proteinase K (Ambion), TD-SO0 (Autogen) was added to each sam-
ple. Samples were placed into a Thermomixer R (Eppendorf, North
America) for 5min at 65°C, and then at 55 °C for 68 h with 5 min. of
shaking at 1400rpm every 30min; adding 10pl of 20mg/ml
Proteinase K (Ambion) to each sample every 24h. Lysates were
incubated at 90°C for 2h, centrifuged for 5min at 14,000g at 4 °C,
and transferred to fresh tubes leaving the paraffin behind. 10ug
RNase A (Sigma) was added to the lysate, and incubate for 30 min.
at 37°C. DNA was isolated using the phenol-based AutoGenprep

245T Animal Tissue DNA Extraction Kit (Autogen) according to the
manufacturer's method. DNA was suspended in 10mM Tris, pH
8.0. Yield and purity were determined by NanoDrop 1000 spectro-
photometer (NanoDrop technologies). DNA was stored at 4°C until
subsequent assay/analyses. PCR protocol was previously reported
(4). Primers used for PCR and sequencing are listed above under

genotyping.

Real-time PCR

Total RNA was isolated from mouse kidney specimens using
TRIzol reagent (Invitrogen), and total RNA was reverse tran-
scribed to cDNA using a Superscript III reverse transcriptase kit
(Invitrogen). Quantitative real-time polymerase chain reaction
(PCR) was performed with the 7300 Real-Time PCR System
(Applied Biosystems, Foster City, CA) using SYBR Green PCR
Master Mix (Fermentas, Glen Burnie, CA). Signal intensity ob-
tained from the Real-Time PCR System was described in relative
units; each value was normalized using f-actin. Primer se-
quences are as follows: mouse Flcn-forward, 5'-gctcctgaagg-
catgcggtagca-3'; mouse Flen-reverse, 5'-cagcaagcttctccatctgga
ccag- 3'; mouse Gpnmb-forward, 5’-gctacttcagagccaccatcacaa-3’;
mouse Gpnmb-reverse, 5’-ggagatgatcgtacaggcttcca-3’; mouse f-
actin forward, 5'-gacatggagaagatctggca-3’; and mouse f-actin re-
verse, 5'-ggtctcaaacatgatctgggt-3'.

Western Blotting

Frozen kidney samples were homogenized in RIPA buffer
(20mMTris-HCl at pH 7.5, 150mM NacCl, 1mM EDTA, 1.0% Triton X-
100, 0.5% deoxycholate, 0.1% SDS) supplemented with Complete
protease inhibitor mixture and the PhosStop phosphatase inhibi-
tor mixture (Roche). For immunoblotting, 20 ug protein was loaded
in each well. Antibodies used for western blotting included total
S6K, 4EBP1, phospho-Ulkl1(Ser757), HA(6E2) and a—tubulin (all
from Cell Signaling), and FLCN monoclonal antibody (4) at 1:1,000
dilution. Antibody-protein complexes were detected using an
Odyssey imager (LI-COR Biotechnology).

Statistical Analysis

Experimental data are summarized as the mean values with SD.
Statistical analyses were performed using a two-tailed Student t
test (SPSS Statistics version 20), and two-way ANOVA, and dif-
ferences were considered to be statistically significant at a value
of P <0.05. Survival curves were obtained using GraphPad Prism
version 6.01.

Animal Care

National Cancer Institute-Frederick is accredited by the
Association for Assessment and Accreditation of Laboratory
Animal Care International and follows the Public Health Service
Policy for the Care and Use of Laboratory Animals. Animal care
was provided in accordance with the procedures outlined in the
National Research Council’s ‘Guide for Care and Use of
Laboratory Animals’.

Supplementary Material

Supplementary Material is available at HMG online.
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