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Germline loss-of-function folliculin (FLCN) gene mutations cause Birt-Hogg-Dubé (BHD) syndrome, in which pulmonary cysts are present
in up to 90% of the patients. The pathogenic mechanisms underlying lung cyst development in BHD are almost entirely unknown because
of the limited availability of BHD patient lung samples and the lack of authentic BHD lung disease models. We generated lung
mesenchyme—specific and lung epithelium—specific Flcn-knockout mice using a Cre/loxP approach. We found that deletion of Ficnin lung
mesenchymal cells, but not in lung epithelial cells, resulted in alveolar enlargement starting from early postnatal life, with evidence of cyst
formation in adult mice, resembling the pulmonary disease in human BHD. These changes were associated with increased mechanistic

target of rapamycin complex 1 (mMTORC1) activity in the lungs of both patients with BHD and Flcn-knockout mice. Attenuation of mTORC1
activity by knocking out Raptor gene (Rptor) or pharmacologic inhibition using rapamycin substantially rescued the pulmonary pathology

caused by Flcn deletion in mice. Taken together, these human and mouse data support a model in which mTORC1 hyperactivation drives
pulmonary cystic pathology in BHD.
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pulmonary cystic pathology in BHD.

Introduction

Germline loss-of-function mutations in folliculin (FLCN) gene
cause an autosomal dominant disorder Birt-Hogg-Dubé syn-
drome (BHD), which is clinically characterized by facial skin
fibrofolliculomas, renal cell carcinoma, cystic lung disease, and
pneumothorax (1). A health care system—based study has revealed
that the prevalence of germline FLCN mutations is about 1 in
3,500, much higher than previously suspected (2). Multiple bilat-
eral pulmonary cysts are present in up to 90% of BHD cases (3),
representing a contrast with the proliferative lesions in the kidney
and skin. A recent longitudinal study revealed that the pulmo-
nary cysts in BHD tend to slowly increase in size during adult-
hood accompanied by a gradual decline in pulmonary function
(4). More than one-third of patients with BHD experience at least
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Germline loss-of-function folliculin (FLCN) gene mutations cause Birt-Hogg-Dubé (BHD) syndrome, in which pulmonary
cysts are present in up to 90% of the patients. The pathogenic mechanisms underlying lung cyst development in BHD are
almost entirely unknown because of the limited availability of BHD patient lung samples and the lack of authentic BHD lung
disease models. We generated lung mesenchyme-specific and lung epithelium-specific Flcn-knockout mice using a Cre/loxP
approach. We found that deletion of Flcn in lung mesenchymal cells, but not in lung epithelial cells, resulted in alveolar
enlargement starting from early postnatal life, with evidence of cyst formation in adult mice, resembling the pulmonary
disease in human BHD. These changes were associated with increased mechanistic target of rapamycin complex 1 (mTORC1)
activity in the lungs of both patients with BHD and Flcn-knockout mice. Attenuation of mTORC1 activity by knocking out
Raptor gene (Rptor) or pharmacologic inhibition using rapamycin substantially rescued the pulmonary pathology caused by
Flcn deletion in mice. Taken together, these human and mouse data support a model in which mTORC1 hyperactivation drives

1 spontaneous pneumothorax in their lifetime, with a very high
rate (>70%) of recurrence (3, 5). Although loss-of-function FLCN
mutations are known to be the cause of BHD, the pathogenic
mechanisms underlying cystic lung pathology in BHD remain
poorly understood. Mechanistic target of rapamycin complex
1 (mTORC1) plays a role in BHD renal disease, but mTORC1
regulation in BHD appears to be highly context dependent, with
hyperactivation of mTORC1 in some models and hypoactivation
in other models (6, 7). Lung biopsy is not informative in BHD,
as there are no pathognomonic histopathological findings. While
multiple mouse models of BHD-associated renal disease have
been developed (8-11), in vivo models that authentically reca-
pitulate BHD-associated cystic pulmonary disease have not been
developed, and the pathogenesis of lung cysts in BHD remains
incompletely understood (12). These challenges highlight the
importance of developing an animal model of BHD that can be
used to test key hypotheses related to the initiation and progres-
sion of pulmonary cyst formation.

Homozygous deletion of Flcn in mice leads to embryonic
lethality, and cystic lung pathology has not been reported in mice
with heterozygous Flcn deletion (8, 11). Previously, we deleted
Flen in mesoderm-derived mesenchymal cells using the Dermol-
Cre driver. This resulted in abnormalities in multiple organs in
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early postnatal life and premature death (<1 month of age) (13),
preventing analysis of the progression of the pulmonary lesions
into adulthood. Moreover, these Dermo1-Cre/ Flen™® mice have
retardation of whole-body development, including a small chest
cavity, potentially confounding conclusions related to the roles
of FLCN in lung alveolar development. There is a critical unmet
need to develop an authentic animal model of BHD to identify
the mechanisms underlying cyst formation and to develop strate-
gies for prevention and therapy.

In this study, we compared lung tissues from patients with
BHD with healthy controls and found increased phosphorylation
of S6 ribosomal protein (pS6; a marker of mTORC1 activation)
in alveoli. To develop a mouse model of BHD-associated lung
pathology, we selectively deleted Flcn specifically in lung mesen-
chymal cells using a 7bx4-rtTA/ TetO-Cre driver. These mice exhibit
defective postnatal lung alveolarization, which is evident at P7 to
P14. The lung pathology progresses as the mice age, with bilateral
pulmonary cyst formation resembling human BHD lesions by the
age of 4 months. In contrast, Flcn deletion in lung epithelial cells
alone did not result in any alveolar enlargement, and there were
no synergistic or additive effects when Flcn was deleted in both
epithelial and mesenchymal compartments compared to the mice
with lung mesenchymal Flcn deletion alone. Deletion of Raptor
gene (Rptor), a key component of mTORC1 (14), along with Flcn
in lung mesenchyme, markedly reduced alveolar enlargement
and cyst development in adult Flcn/ Rptor double knockout mice,
though modest alveolar enlargement was still observed, suggest-
ing that hyperactivation of mTORCI is one of the mechanisms
underlying pulmonary pathology in BHD. Consistently with
the Flen/Rpror double knockout mouse data, treatment of the
Flen-knockout mice with rapamycin partially rescued the alveolar
enlargement and cyst formation. These studies suggest that loss
of mesenchymal FLCN leads to alveolar defects in BHD that is
caused by both mTORCI1-dependent and -independent pathways.

Results

Increased mTORCI activation in human BHD lung specimens. Studies
in cultured cells and kidneys with Flcn deletion have revealed both
increased and decreased mTORC1 activity (10, 15). To assess the
state of mTORCI activity in lung lesions of BHD, we examined
pS6, a downstream target of the mTORCI activation cascade.
Interestingly, increased pS6 was detected in the lungs of the BHD
lung samples compared with non-BHD controls (Figure 1), shown
in both alveolar epithelial (highlighted by CDH1 and cytokeratin
immunostaining) and nonepithelial compartments, suggesting that
abnormal mTORC1 activation may play a role in the pathogenesis
of pulmonary cyst formation in BHD.

Generating a BHD mouse model by lung mesenchymal cell-specific
Flen deletion. Mouse mesodermal deletion of Flen using Der-
mol-Cre driver results in multiple organ abnormalities and death
prior to P30 (13), limiting the utility of this model to study the
formation and progression of pulmonary cysts in BHD. We gen-
erated a lung mesenchyme—specific Flen-knockout mouse model,
Tbx4-rtTA/ TetO-Cre/ Flen™", in which lung mesenchyme—specif-
ic Flen gene knockout is induced by administering doxycycline
during fetal lung development from embryonic day (E) 6.5 to
P1 (16). Mesenchymal Ficn deletion resulted in lower levels of
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the FLCN protein in lung tissue lysates, and Flcn exon 7 trun-
cation was validated at the mRNA level (Figure 2A). Increased
mTORCI activity, as measured by elevated phosphorylation of
the mTORCI targets S6 and 4E-BP1, was detected in primary
lung mesenchymal cells isolated from the Tbx4-rtTA/ TetO-Cre—
driven lung mesenchyme—specific Flcn—conditional knockout
mice (hereafter referred as LM-Flen KO mice, Supplemental
Figure 1; supplemental material available online with this arti-
cle; https://doi.org/10.1172/JCI194300DS1). The LM-Ficn KO
mice had normal body weight comparable to their WT controls,
which included all littermates without Flcn deletion (Figure 2B).
These LM-Flcn KO mice survived to adult ages without observ-
able physical differences compared to the WT controls. Thus, this
model allows us to study the evolution of lung pathology from
the neonatal stage to adulthood in the absence of extraneous and
potentially confounding factors that may negatively affect lung
growth and homeostasis, such as the reduction in chest cavity
size and attenuated musculoskeletal growth that were present in
the Dermo1-Cre—driven Flcn-knockout mouse model.

The histopathology of the LM-Flcn KO lungs was examined
from lung development stages (<1 month of age) to the postdevel-
opment period (4 months). While lung saccular structures were
comparable between newborn (P1) LM-Flen KO mice and their
WT littermates, a marked reduction in alveolar formation was
observed in LM-Ficn KO lungs from P7 to P14, when the lungs
of WT mice underwent normal secondary alveolarization (Fig-
ure 2C). This was quantitatively validated by measuring average
alveolar size (mean linear intercept, MLI) (Figure 2D), revealing
that the alveolar size did not change appreciably from P1 to P14
in LM-Fien KO lungs, in striking contrast with the substantial
reduction in WT controls because of alveolar growth-related
subdivision of peripheral saccular spaces. In adult (4-month, 4M)
mice, the alveoli were further enlarged in LM-Flcn KO mouse
lungs with multiple bilateral, cyst-like lesions, particularly in
the locations adjacent to the pleural membrane, as observed in
human BHD, where the mechanical stress placed on the lung
parenchyma during respiration is the greatest (17). This was fur-
ther supported by striking increases in the MLI from P14 to 4M
in LM-Flen KO lungs (P = 0.013, n = 6). This suggests that addi-
tional loss of preformed alveolar septal structures contributes to
cyst formation and progression in adult LM-Flcn KO mice.

Mesenchymal FLCN is essential for both alveolar growth and alve-
olar maintenance. To determine whether the progressive enlarge-
ment of alveoli in adult LM-Flen KO mice is the consequence
of abnormal alveolar development or a direct impact of FLCN
deficiency in adulthood, we induced Flcn deletion after alveolar
development by treating the triple-transgenic mice (Tbx4-rtTA/
TetO-Cre/ Flen™™) with doxycycline from P28 to P60. The speci-
ficity and efficiency of Tbx4-rtTA—-driven Cre expression in lung
mesenchyme after 1 month of age (postdevelopment stage) were
validated by detecting membrane GFP (mG) expression in a
Cre-mediated mT-mG reporter mouse line without Flcn knock-
out (Tbx4-rtTA/TetO-Cre/mT-mG, Figure 3A). Expression of
Cre results in floxed-mT/STOP cassette DNA deletion, thereby
allowing downstream mG expression. Therefore, the cells with
mG expression are the cells where Cre-mediated gene deletion
occurs. Lung histopathology of the P28-induced LM-Ficn KO
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Figure 1. Increased pS6 in human BHD lung tissue specimens. Lung tissues
from 3 patients with BHD patients and 3 non-BHD healthy donors were
immunostained with anti-pS6 antibody (shown in green). Epithelial cells were
marked by CDH1 (or E-cadherin) and cytokeratin immunostaining (shown in
red), and cell nuclei were counterstained with DAPI (shown in blue).

mouse lungs was examined at 4 months of age. Moderate but
significant enlargement (P < 0.001) of alveoli in peripheral lungs
was consistently observed in the P28-induced LM-Flcn KO mice
(Figure 3B). The average alveolar size in these LM-Flen KO
mice was about 20% larger than controls (MLI: 38.9 £ 0.7 um in
P28-induced LM-Ficn KO versus 32.1 £ 0.7 um in WT, P < 0.001,
Figure 3C). These data indicate that deficiency of FLCN in post-
development lung mesenchyme negatively affects lung alveolar
homeostasis. The severe cystic lesions in adult mice in which loss
of Flcn is induced prenatally are therefore predicted to be caused
by the combined effects of FLCN deficiency on alveolar develop-
ment and alveolar maintenance.

The cellular and molecular impact of FLCN deficiency in lung is
age dependent. To understand the mechanisms by which FLCN
deficiency causes abnormal alveolar growth and homeostasis,
we examined the cellular changes in the lungs during alveolar
development versus after alveolar development. Reduction in
alveolar myofibroblasts (ACTA2-positive cells, Figure 4A) was
detected during alveolar development (P7), while alterations of
endothelial cells and epithelial cells in conducting airways and
alveoli were not observed at this age. At 4 months of age, alveolar
myofibroblasts were nearly absent in both LM-Flcn KO and WT
control lungs, with no difference detected. Interestingly, at 4
months, proximal airway Club epithelial cells in the LM-Flcn
KO lungs had a flattened shape and weaker staining for the
marker SCGB1A1" relative to the control, while alveolar epithe-
lial cells including type 1 (PDPN) and type 2 (SFTPC) seemed
unchanged (Figure 4, A and B). To further elucidate the impact
of mesenchymal FLCN deficiency, cell proliferation was evalu-
ated using Ki67 staining. The percentage of Ki67* proliferative
cells in nonepithelial cells (negative for cytokeratin and CDH1)
was approximately 4-fold reduced in LM-Ficn KO lungs com-
pared with WT lungs (Figure 4, C and D). Furthermore, lung
mesenchymal cells were isolated and compared between Flcn
KO and controls. Flcn deletion resulted in marked reduction of
mesenchymal cell proliferation in culture (Figure 4E), but no
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differences in cell death were detected by TUNEL assay in the
cultured mesenchymal cells from the LM-Flcn KO and WT mice
(Figure 4F). Interestingly, the isolated Flcn-null lung mesenchy-
mal cell colonies stopped growth after passage 3—-4 while WT
control lung mesenchymal cells remained growing in culture.

To further understand the molecular effects of Flcn deficiency
in this model, we performed bulk RNA-sequencing on LM-Flcn
KO lungs and WT control lungs at P7 and 4 months of age.
Interestingly, the majority of genes with altered expression (log
fold-change [LogFC] > 2, FDR < 0.05) between LM-Flcn KO
and WT lungs were unique to each age group (Figure 5A). The
common set of differentially expressed genes (DEGs) between
KO and WT lungs that showed consistent expression changes
at both ages is shown in Figure 5B. Ingenuity Pathway Analysis
was used to identify canonical pathways that were significantly
enriched (-log, P > 1.30, equivalent to P < 0.05). The pathways
predicted to be activated with positive Z-score or inhibited with
negative Z-score are shown in Supplemental Figure 2. The top
pathways that are predicted to be differentially regulated at both
P7 and 4M include phagosome formation, G protein—coupled
receptor signaling, wound healing, inhibition of matrix metal-
loproteases, and pulmonary fibrosis. Multiple others, such as
WNT/p-catenin, pyrimidine metabolism, SNARE signaling,
and melatonin degradation, are predicted to be likely age spe-
cific. For example, WNT/B-catenin is increased at 4M but not
at P7. Similarly, time-specific DEGs were reported in human
kidney proximal tubule cells after FLCN knockdown (18). We
further examined 4 common DEGs (Ctsk, Gpnmb, Mlana, and
Rragd), which are related to phagosome/lysosome biology and
regulated by mTOR signaling. By RT-PCR, significant increases
of their expression were validated in multiple LM-Flcn KO lungs
at both P7 and 4M (Figure 5C).

Deletion of lung epithelial Flcn does not negatively influence alveo-
lar structures. Our data provide evidence that Flcn deletion in lung
mesenchyme is a critical driver of cystic lung pathology in BHD.
To understand if Flen deletion in the epithelial compartment
might be cooperative with mesenchymal Flcn loss in cystic forma-
tion, an Sffpc-rtTA driver line was introduced into the Thx4-rtTA-
driven Flen-knockout mice to generate the quadruple-transgenic
mice with genotypes of Sftpc-rtTA/ Tbx4-rtTA/ TetO-Cre/ Flen™™.
The Flcn gene deletion was induced by treating the dams with
doxycycline from E6.5 to P1. Lung pathology was compared at 4
months of age among LM-Ficn KO, lung epithelial Ficn knockout
(LE-Flen KO), lung mesenchymal plus epithelial Flcn knockout
(LEM-Ficn KO), and WT littermate control mice (Figure 6A).
LE-Flen KO did not have observable changes in alveolar size and
structure compared to the controls. The alveolar enlargement in
LEM-Ficn KO lungs was comparable to LM-Flcn KO lungs, as
shown by both tissue histopathology and morphometric quan-
tification for MLI (Figure 6, B and C). These data support the
hypothesis that deficiency of Flen in lung mesenchymal cells, but
not in epithelial cells, drives the cystic lung disease seen in BHD.

mTORCI hyperactivation is a key mediator of cystic lung pathology
in LM-Flcn KO mice. As shown earlier, increased mTORC1 activity
was detected in human BHD lung specimens (Figure 1). Hyperac-
tivation of mTORC]1, as detected by increased phosphorylation of
both ribosomal protein S6 and 4E-BP1, was also seen in LM-Flcn
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Figure 2. Deletion of Ficn in lung mesenchyme results in abnormal alveolar development and disrupted lung homeostasis. (A) Validation of Ficn protein
reduction and exon 7 deletion (Ex7 Del) in Flcn mRNA of the lung mesenchyme Flcn knockout (LM-Flcn KO) mouse lung tissues at P14. (B) Body weight
comparison of LM-Flcn KO and littermate WT control mice at 4 time points. (C) H&E-stained lung tissue sections at 4 time points, showing progressive
alveolar enlargement beginning at P7. Cystic lung lesions in the LM-Flcn KO lung at 4 months are indicated with arrows. (D) Quantification of alveolar size
by measuring mean linear intercept (MLI) in LM-Flcn KO and WT mice at the indicated time points (*P < 0.001). The LM-Flcn KO mice have increased MLI
from P14 to 4M (P = 0.013 using 2-tailed independent-sample t test). Numbers of mice: PITWT =4, PIKO=3,P7WT =7 P7K0=7 P14 WT =5, P14 KO =6,

4M WT = 8, 4M KO = 8. All images were taken at the same magnification.

KO lung tissues (Figure 7B). mTORC1 comprises mTOR and
the essential accessory proteins mLST8 and RAPTOR. To deter-
mine whether hyperactivation of mTORC1 signaling mediates
Flcn deficiency—induced alveolar enlargement and/or destruction
in vivo, we blocked mTORCI activity in the LM-Flcn KO lungs
by simultaneously deleting Rptor and Flen in lung mesenchymal
cells (Figure 7A). This lung mesenchyme—specific Flcn and Rptor

double knockout (LM-Ficn/Rptor DKO, with the genotype of
Tbx4-rtTA/ TetO-Cre/ Flen™/ Rptor™) was induced by treating
the dams with doxycycline from E6.5 to P1. The mouse lung tis-
sues were harvested and analyzed at adulthood (4-6 months of
age). Deletion of lung mesenchymal Rpror effectively reversed
mTORCI1 hyperactivation (Figure 7B). The severe cystic lung
phenotype seen in LM-Flen KO mice was substantially rescued in

J Clin Invest. 2026;136(4):e194300 https://doi.org/10.1172/JC1194300
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Figure 3. Abrogation of lung mesenchymal Ficn after completion of lung
development results in moderate alveolar enlargement. (A) Validation of
Tbx4-rtTA-driven Cre expression in lung mesenchyme after completion of
alveolar development (P28-P60). mGFP expression resulting from Cre-me-
diated floxed-gene recombination was detected in lung mesenchymal cells
in the mT-mG reporter lung (Thx4-rtTA/TetO-Cre/mT-mG with doxycycline
induction from P28 to P60). (B) H&E-stained lung tissue sections at 4
months of age, illustrating alveolar enlargement in P28-induced LM-Flcn
KO lungs. (C) Quantitative comparison of alveolar size (MLI) between
P28-induced LM-Flcn KO lungs and WT controls (***P < 0.001, n = 6),
analyzed using 2-sample t test.

LM-Flicn/Rptor DKO mice (Figure 7, C and D), as shown by his-
topathology and morphometric measurement of MLI (91.9 + 9.8
um in LM-Flen KO versus 48.5 + 3.3 um in LM-Flcn/ Rptor DKO,
P <0.001). However, compared with WT littermate control, mod-
erate alveolar enlargement was still present in the LM-Flcn/Rp-
tor DKO lungs, which was validated by morphometric analysis
(MLI: 48.5 £ 3.3 pm in LM-Flen/ Rptor DKO versus 35.3 £ 3.7 um
in WT controls, P < 0.001).

In addition to genetically blocking mTORCI specifically in
lung mesenchymal cells, we assessed the effect of pharmacolog-
ic inhibition of mTORCI by treating the LM-Flcn KO mice with
rapamycin beginning after birth (Figure 8A). Consistent with the
observation from the genetic deletion of Rpfor above, rapamycin
treatment markedly attenuated alveolar enlargement and cyst for-
mation in Flen KO lung at 4M (Figure 8, B and C, P < 0.01), though
moderate (~20%) alveolar enlargement was still present in rapamy-
cin-treated Flen KO mice compared with the WT treated with rapa-
mycin (P < 0.05). No significant difference in airspace dimensions
was detected in WT mice treated with rapamycin versus vehicle
control. Taken together, these data from the Rptor knockout and
the rapamycin treatment models suggest activation of mTORC1 is
a major contributor to the lung alveolar abnormality caused by Flcn
deficiency but is not the only contributor.

Discussion

The clinical hallmarks of BHD are facial skin lesions, renal cysts
and carcinomas, cystic lung disease, and pneumothorax. Germ-
line FLCN mutations have been reported in up to 10% of patients
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with spontaneous pneumothorax who lack other cardinal man-
ifestations of BHD (5, 19-22). Although BHD-related pneumo-
thorax most commonly occurs in the third to fourth decade of
life, it has been reported in children as early as 7 years of age
(9), and BHD pulmonary cysts have been detected as early as 34
weeks of gestational age (23), when early alveolarization begins.
The limited availability of lung tissue from patients with BHD
makes it difficult to decipher the exact molecular mechanisms
driving pulmonary cyst formation in BHD, highlighting the
critical need to develop an in vivo model of BHD that faith-
fully recapitulates the human pulmonary pathology. Our mouse
model with Flcn deletion in lung mesenchymal cells from the
beginning of lung formation supports a model in which FLCN
plays a critical role in early alveolar growth, and FLCN defi-
ciency negatively affects alveolarization, thereby contributing to
pulmonary cyst development. Furthermore, FLCN deficiency
after alveolar development affects alveolar maintenance in vivo
and mesenchymal cell growth in vitro. This suggests that FLCN-
null mesenchymal progenitor cells may have reduced capacity
for repair and regeneration, resulting in net loss of alveoli over
time. Our potentially unique mouse model provides a powerful
tool to dissect the mechanisms underlying the roles of FLCN
in regulating alveolar development and alveolar homeostasis. In
addition, this genetic mouse model will be extremely useful in
devising and testing novel therapeutic approaches to prevent the
progression of BHD cystic lesions.

‘We compared the roles of FLCN in lung mesenchymal cells
to lung epithelial cells in regulating alveolar growth and main-
tenance. Deletion of Flen in lung epithelial cells did not directly
cause any detectable alveolar structural changes, and simultane-
ous deletion of lung epithelial plus mesenchymal Flcnn did not
result in more severe pulmonary phenotypes compared to mes-
enchymal Flcn deletion only. It is worth noting that these results
differ from a previously published analysis where moderate alve-
olar enlargement was noted in lung epithelial Flcn-knockout mice
using the same Sftpc-1tTA/ TetO-Cre driver line (24). Several fac-
tors could account for the discrepancy of these studies, including
mouse strain background, difference in doxycycline induction,
and lung tissue inflation and fixation techniques. In addition,
we observed that mesenchymal Flcn deletion indirectly affected
conducting airway epithelial differentiation, such as Club cells
in adult mice. The mechanisms and pathological impact of such
changes remain to be determined.

FLCN can be either a positive or a negative regulator of
mTOR signaling, which may be cell type dependent. The roles
of mTORCI1 in mediating FLCN deficiency—mediated pulmo-
nary lesions are unknown. Treatment of fibrofolliculomas by
topical rapamycin did not result in clinical benefit for patients
with BHD (25), but rapamycin treatment of Ksp-Cre/ Flcn—knock-
out mice attenuated kidney cyst formation (26). FLCN has been
demonstrated to localize to the subcellular lysosomes, where
it acts as a GTPase-activating protein toward RagC/D and as
a guanine nucleotide exchange factor toward RagA/B to posi-
tively regulate the activity of mTORC1 (15, 27). Although these
actions would be predicted to dampen the mTORCI activity in
FLCN-deficient cells compared with control cells (6, 8, 15, 28),
elevated mTORC1 activity is found in BHD-associated renal
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Figure 4. Mesenchymal Flcn deletion influences lung cell growth directly and indirectly. (A) Lung mesenchymal and epithelial cell differentiation, detect-
ed by immunostaining of the indicated cellular markers. (B) The integrated intensity of the immunostaining shown in A from at least 6 fields per sample
and 4 samples per genotype was measured and normalized by the DAPI staining area. The ratios of KO to WT intensity at P7 and 4M are shown (mean +
SD); **P = 0.004, *P = 0.04. (C) Mesenchymal proliferation of adult mouse lungs was measured by Ki67 immunostaining for cells that were negative for
the combined epithelial markers (cytokeratin and CDH1). (D) The Ki67* mesenchymal cells were quantified and compared between LM-Flcn KO and WT.

(E) Comparison of cell proliferation of isolated lung mesenchymal cells in culture from adult WT and LM-Flcn KO mice. Experiments were repeated in the
cells that were separately isolated from 3 individual mice per genotype. (F) TUNEL assay of cultured lung mesenchymal cells (MCs). Normal lung sections
pretreated with DNase were used as a positive control for the assay. In B, D, and E, 2-sample t test was used. EdU, 5-ethynyl-2'-deoxyuridine.
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Figure 5. Subsets of genes that are coordinately up- or downregulated in LM-Flcn KO lungs at P7 and 4M, including genes related to mTORC1 signaling
and lysosome biology. (A) Venn diagram summarizing the number of genes that undergo increased and decreased expression (LogFC > 2, FDR < 0.05) at
P7 vs. 4M. (B) Heatmap of the genes that have consistent changes between P7 and 4M. (C) RT-PCR validation of 4 genes (Ctsk, Gpnmb, Mlana, and Rragd)

related to mTORC1 and lysosomal activities was performed with 2-sample t test analysis (n = 6 for P7 WT and P7 KO, n = 5 for 4M WT and 4M KO).
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cell carcinoma, Flcn-knockout mouse lung, and the resected
human lung tissue of a BHD patient with pulmonary cysts (13,
29, 30). To further explore the complex relationship between
FLCN and mTORC1 in BHD pulmonary pathology, we used a
genetic approach to block mTORCI activity in lung mesenchy-
mal cells in which Flen is simultaneously deleted. Interestingly,
Flcn deletion—induced pulmonary phenotypes, including alveolar
enlargement and cystic lesions, are largely rescued by the con-
comitant deletion of the mTORC1 component Rptor, suggesting
that hyperactivation of mTORC1 is one of the critical pathogenic
mechanisms of cystic remodeling in BHD. Furthermore, treat-
ment of the LM-Flcn KO mice with mTORCI inhibitor rapamy-
cin substantially rescues alveolar enlargement and cystogenesis.
Therefore, inhibition of mTORCI1 hyperactivation may be a ther-
apeutic approach to prevent progression of cystic lung disease in
BHD, as has been shown to be the case in another mMTORC1-acti-
vated cystic disease, lymphangioleiomyomatosis (31). The relat-
ed mechanisms underlying mTORC]1 hyperactivation and abnor-
mal alveolar phenotypes in this model need further investigation.
One potential direction is dysregulation of TFEB/TFE3, which
are key transcription factors involved in cell autophagy and lyso-
somal biogenesis. Activation of TFEB along with mTORC1
has been shown to play a critical role in BHD kidney pathology

(10). Finally, we note that elucidating the pathogenesis of alveo-
lar structural changes in BHD may have relevance to other lung
diseases associated with alveolar dilation and cyst formation in
which FLCN may play a critical role, including chronic obstruc-
tive pulmonary disease (COPD) (32).

Methods

Sex as a biological variable. Both male and female mice with the
desired genotypes were used in all studies, since no phenotypic dif-
ference was observed between them.

Mice. In our lab (16), a lung mesenchyme—specific Tbox4-rtTA/
TetO-Cre inducible driver was generated, which was used to cross
with the related floxed mouse lines. Floxed Flcn (Flen™™) mice were
provided by Laura Schmidt at National Cancer Institute, Bethesda,
Maryland, USA (26). Sftpc-rtTA was provided by Jeffrey Whitsett
at Cincinnati Children’s Hospital Medical Center (33). mT-mG
reporter mice and floxed Rptor (Rptor"'") mice were obtained from
The Jackson Laboratory (stock no. 007576 and 013188) (34, 35).
All mice were bred into the C57BL/6J strain background and
housed in pathogen-free conditions at the animal facilities of Chil-
dren’s Hospital Los Angeles and University of Cincinnati. Mouse
genotypes were determined by genomic DNA PCR using our pub-
lished methods (13, 16). To induce Cre expression, the mice were
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Figure 7. Genetic inactivation of mTORC1 pathway by deleting Rptor in lung mesenchymal cells partially rescues the alveolar phenotype in LM-Flcn KO
lungs. (A) Deletion of Rptor and/or Flcn in the knockout mouse lungs was validated by RT-PCR. (B) Assessment of mTORC1 activity in lung tissue lysate
was performed by detecting the phosphorylation of S6 (pS6) and 4E-BP1 (p4E-BP1). GAPDH was used as a loading control. (C) Lung histopathology in
LM-Flcn KO mice vs. LM-Flcn/Rptor DKO mice is shown in H&E-stained lung tissue sections. (D) Average alveolar size was quantified and compared among
WT, LM-Flcn KO, and LM-Flcn/Rptor DKO mice using a 1-way ANOVA. ***P < 0.001. (Numbers of mice: WT =9, Flcn KO = 7, Flcn/Rptor DKO = 5.)

fed with doxycycline food (625 mg/kg, TestDiet) and doxycycline
water (0.5 mg/mL, Sigma). Flcn KO mice were identified based on
their DNA genotypes (Tbx4-rtTA or Sftpc-rtTA/ TetO-Cre/ Flcn™'™).
Littermates without Flcn deletion, including genotypes of Thx4-rt-
TA or Sfipc-rtTA/Flen™?, TetO-Cre/ Flen™", and Flen™", were des-
ignated as WT controls. Deletion of Flcn was further validated at
the mRNA and protein levels. By RT-PCR, deletion of Flcn exon
7 (92 nucleotides) or Rpror exon 6 (176 nucleotides) was confirmed
using primer pairs (5-GATGACAACTTGTGGGCGTGTC-3'
and 5-ACAGGCTGAGAGAAAGGATGAC-3) and (5'-CGG-
GTCCTTTTCCACTACAATGG-3' and 5-GTGACTCCAGG-
CACCAGACT-3'), respectively.

Rapamycin, an inhibitor of mTORC1, was given to the Tsc2-
KO mice from E18.5 to 3 months of age using a regimen that was
effective in rescuing the lethality caused by neural Tsc/ mutation
without notable toxicity (36), i.e., intraperitoneal injection of rapa-
mycin (1 mg/kg, LC Laboratories) every 4 days from E18.5 to P20,
then 3 times per week (2 mg/kg) until the end of 3 months.

J Clin Invest. 2026;136(4):e194300 https://doi.org/10.1172/JC1194300

Human BHD Iung samples. FFPE blocks from lung biopsies of 3
patients with genetically confirmed BHD were provided in-house
after receiving approval by the University of Florida IRB. Normal
human lung tissues were obtained from the local organ procure-
ment office, LifeCenter, under the approval of the University of
Cincinnati IRB.

Histology and morphometric analysis. Mice at different ages
were weighed and euthanized. Following intratracheal cannu-
lation, lung tissues were inflated under 25 cm H,O pressure,
and different lobes were either fixed in 4% buffered paraformal-
dehyde or frozen and stored at —80°C. The fixed tissues were
embedded in paraffin and sectioned with 5 pm thickness. These
tissue sections were used for H&E staining or immunohisto-
chemistry. For lung morphometric analysis, 5 sections of each
tissue were randomly chosen at approximately 100 mm inter-
vals. At least 5 lungs per genotype were analyzed at each time
point. The MLI was used to measure average size of alveoli
using Fiji software (37).
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Figure 8. Postnatal rapamycin treatment prevents lung cyst formation in LM-Flcn KO mice. (A) Schematic diagram for the regimen of rapamycin
treatment: intraperitoneal (i.p.) injection (1 mg/kg) every 4 days from E18.5 to P20 and i.p. injection (2 mg/kg) 3 times per week from P20 through
3 months. (B) Lung histopathology for the WT and LM-Flcn KO mice treated with rapamycin (Rapa) or vehicle control (Ctrl). (C) Measurement of
alveolar MLI. Significant differences (*P = 0.042 and **P < 0.01) were detected using a 1-way ANOVA. Numbers of mice: WT+Ctrl =5, WT+Rapa = 5,

LM-Flcn KO+Ctrl = 6, LM-Flcn KO+Rapa = 6.

Immunofluorescence staining and Western blot analysis. The
method for tissue immunofluorescence staining has been
described previously (13). Briefly, lung tissue sections were
boiled in Tris-EDTA buffer (pH 9.0) for antigen retrieval before
incubating with the following primary antibodies: goat anti-PE-
CAMI1 (AF3628, R&D Systems), rabbit anti-SCGB1A1 and
anti-SFTPC (WRAB-3950 and WRAB-9337, Seven Hill Biore-
agents), mouse anti-TUBB4A (MU178-UC; BioGenex), hamster
anti-PDPN (clone 8.1.1, DSHB at the University of Iowa), mouse
anti-ACTA2 and mouse anti-cytokeratin (A2547 & C2562; Sig-
ma), mouse anti-CDH1 (610182, BD Biosciences), and rabbit
anti-phospho-S6 ribosome protein (2211, Cell Signaling Tech-
nology). Donkey secondary antibodies conjugated with Alexa
Fluor 488, Alexa Fluor 594, and Alexa Fluor 647 were obtained
from Thermo Fisher Scientific (A21202, A21207, and A21447).
Fluorescence images were taken using the Leica Stellaris 8 at
the Imaging Core Facility of the University of Cincinnati. More
than 5 sections per sample were stained, and at least 5 randomly
selected fields per section were imaged for evaluation.

Detection of proteins in tissue lysates by Western blot has
been previously described (38). Proteins of interest were detected
using the following specific antibodies: rabbit anti-GAPDH, pS6,
S6, phospho-4E-BP1, 4E-BP1, RAPTOR, and mouse anti—f-actin
(2118, 2211, 2217, 2855, 9644, 48648, 3700 from Cell Signaling

Technology) and rabbit anti-FLCN antibody (a gift of Arnim Pause
at McGill University, Montréal, Quebec, Canada) (39). Multiple
independent mouse lung samples per genotype were analyzed.

Total RNA isolation and RNA-sequencing analysis. The middle
lobe of the lung was harvested after exsanguination and flash-fro-
zen in liquid nitrogen. mRNAs from WT and Ficn KO lungs were
prepared by using the TRIzol RNA extraction reagent (Thermo
Fisher Scientific, 15596026). The RNeasy Micro Kit (QIAGEN,
74004) was then used to clean up the extracted mRNA. Total
RNA quality was checked with a Bioanalyzer (Agilent) with
RNA integrity number greater than 7.0 being acceptable. RNA
sequencing was performed at Novogene. Data processing was
performed using the University of Southern California high-per-
formance computing cluster (https://carc.usc.edu/). Roughly 50
million 100 bp, single-end sequences were aligned to the Ensem-
bl 107 annotation based on the Genome Reference Consortium
mouse genome (GRCm39) and using the STAR aligner (40, 41).
Read counts per gene were calculated using the HTSeq-count soft-
ware (42). Differential gene expression was determined using the
R/Bioconductor software RUVSeq featuring edgeR (43). Genes
were considered significantly different if their FDR-corrected P
values were less than 0.05 and log, fold-change was equal to or
greater than 2.0. Venn diagrams and graphics were made using
the software packages limma and ggplot2 (44, 45).
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Lung mesenchymal cell isolation and analysis for proliferation and
apoptosis. Lung mesenchymal cells were isolated and cultured
using a method described in our previous publication (13). Brief-
ly, after whole-lung tissue digestion, cells were cultured at low
density (~10%/100 mm dish) for 2 weeks, and colonies of lung
mesenchymal stem cells were isolated and replated as passage 1.
The cell growth and apoptosis of the passage 2 culture were ana-
lyzed by EdU labeling (C10337, Thermo Fisher Scientific) and
TUNEL assay (S7110, MilliporeSigma), respectively, following
the methods described in our previous publication (46). The cells
with additional treatment of DNase I served as the positive con-
trol for TUNEL assay.

Statistics. Multiple lung samples per genotype were collect-
ed at each time point for the experiments. The quantitative data
are presented as mean * SD. Statistical analyses were performed
using 2-tailed independent-sample ¢ test for 2-sample comparison
and 1-way ANOVA for multiple-sample comparison (GraphPad
Prism 10), with P < 0.05 considered significant.

Study approval. Animal studies followed the NIH Ani-
mal Research Advisory Committee Guidelines, and all proce-
dures were approved by the Institutional Animal Care and Use
Committees at Children’s Hospital Los Angeles and University
of Cincinnati.

FFPE blocks from lung biopsies of 3 genetically confirmed
BHD patients were provided in-house after receiving approval by
the University of Florida IRB protocol (IRB202400482). Normal
deidentified human lung tissues were obtained from the local
organ procurement office, LifeCenter, under the University of
Cincinnati IRB protocol number 2013-8157.
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Data availability. The RNA-sequencing data were deposited to
the NCBI GEO repository with accession number GSE266599.
The graphical data are available in the Supporting Data Values file.

Author contributions

Concept and design were developed by EPH and WS. KC, HC, LC,
YL, HIW, JZ, JC, DK, NA, MET, and WS were responsible for
conducting experiments and acquiring data. AA, NG, and KAWB
were responsible for providing reagents and tissues. KC, DK, NA,
MET, BHG, FXM, NG, KAWB, EPH, and WS were responsible
for analysis and interpretation. EPH, NG, FXM, and WS were
responsible for writing the manuscript. KC and HC are shared first
authors based on their contributions to this work.

Funding support

This work is the result of NIH funding, in whole or in part, and is

subject to the NIH Public Access Policy. Through acceptance of

this federal funding, the NIH has been given a right to make the

work publicly available in PubMed Central.

+  NIH/NHLBI grants R0O1 HL141352-01 (WS) and RO1
HL146541 (WS & EPH).

*  NIH/NCATS grant 2UL1TR001425 (University of Cincinnati,
Center for Clinical and Translational Science and Training).

Address correspondence to: Elizabeth P. Henske, Thorn 826,
Brigham and Women’s Hospital, 45 Francis St., Boston, Massa-
chusetts, 02115, USA. Email: ehenske@bwh.harvard.edu. Or to:
Wei Shi, University of Cincinnati, 231 Albert Sabin Way, ML0564,
Cincinnati, Ohio, 45267, USA. Email: shiwe@ucmail.uc.edu.

—_

. Nickerson ML, et al. Mutations in a novel gene

lead to kidney tumors, lung wall defects, and

benign tumors of the hair follicle in patients

with the Birt-Hogg-Dubé syndrome. Cancer Cell.

2002;2(2):157-164. 1
2. Savatt JM, et al. Frequency of truncating FLCN
variants and Birt-Hogg-Dubé-associated pheno-

(=1

—_

types in a health care system population. Genet 1
Med. 2022;24(9):1857-1866.
. Geilswijk M, et al. Childhood pneumothorax in

w
IS5

Birt-Hogg-Dubé syndrome: a cohort study and 1
review of the literature. Mol Genet Genomic Med.
2018;6(3):332-338.

4. Cho SM, et al. Progression of pulmonary cysts in 2020;41(2):247-255.

Birt-Hogg-Dubé syndrome: longitudinal thoracic 13. Chu L, et al. Mesenchymal folliculin is required

computed tomography study with quantitative
assessment. BMC Pulm Med. 2023;23(1):181.
. Gupta N, et al. Spontaneous pneumothoraces in

w

Thorac Soc. 2017;14(5):706-713.
6. Khabibullin D, et al. Folliculin regulates cell-

causes early embryonic lethality and kidney

pathogenesis of pulmonary cysts in Birt-Hogg-
Dubé syndrome. Semin Respir Crit Care Med.

for alveolar development: implications for cystic 2
lung disease in Birt-Hogg-Dubé syndrome. Tho-
rax. 2020;75(6):486-493.

patients with Birt-Hogg-Dubé syndrome. Ann Am 14. Liu GY, Sabatini DM. mTOR at the nexus of
nutrition, growth, ageing and disease. Nat Rev Mol
Cell Biol. 2020;21(4):183-203.

2016;52:47-52.

tumor development with activation of mTORC1 18. Jones RA, et al. Characterizing the tumor sup-
and mTORC?2. Proc Natl Acad Sci U S A.
2009;106(44):18722-18727.

. Napolitano G, et al. A substrate-specific mTORC1
pathway underlies Birt-Hogg-Dubé syndrome.
Nature. 2020;585(7826):597-602. 19. Johannesma PC, et al. Prevalence of Birt-Hogg-

. Chen J, et al. Deficiency of FLCN in mouse kid-
ney led to development of polycystic kidneys and
renal neoplasia. PLoS One. 2008;3(10):e3581.

. Kennedy JC, et al. New developments in the 20. Fabre A, et al. Distinguishing the histological and

pressor activity of FLCN in Birt-Hogg-Dubé
syndrome cell models through transcriptomic and
proteomic analysis. Oncogene. 2025;44(23):1833—
1843.

Dubé syndrome in patients with apparently
primary spontaneous pneumothorax. Eur Respir J.
2015;45(4):1191-1194.

radiological features of cystic lung disease in Birt-
Hogg-Dubé syndrome from those of tobacco-re-
lated spontaneous pneumothorax. Histopathology.
2014;64(5):741-749.

. Sahn SA, Heffner JE. Spontaneous pneumotho-
rax. N Engl J Med. 2000;342(12):868-874.

22. Baumann MH, et al. Management of sponta-

—_

neous pneumothorax: an American College of
Chest Physicians Delphi consensus statement.
Chest. 2001;119(2):590-602.

cell adhesion, AMPK, and mTORCI in a 15. Petit CS, et al. Recruitment of folliculin to 23. Sundaram S, et al. Familial spontaneous pneumo-

cell-type-specific manner in lung-derived cells.
Physiol Rep. 2014;2(8):e12107.
Hudon V, et al. Renal tumour suppressor function

~

folliculin. J Med Genet. 2010;47(3):182-189.

.Hartman TR, et al. The role of the Birt-Hogg-
Dubé protein in mTOR activation and renal tum- 1
origenesis. Oncogene. 2009;28(13):1594-1604.

9. Hasumi Y, et al. Homozygous loss of BHD

oo
I

J Clin Invest. 2026;136(4):e194300 https://doi.org/10.1172/JC1194300

lysosomes supports the amino acid-depen-

dent activation of Rag GTPases. J Cell Biol.

2013;202(7):1107-1122.

of the Birt-Hogg-Dubé syndrome gene product 16. Zhang W, et al. Spatial-temporal targeting of
lung-specific mesenchyme by a Tbx4 enhancer.
BMC Biol. 2013;11:111.

. Kennedy JC, et al. Mechanisms of pulmonary 25. Gijezen LM, et al. Topical rapamycin as a
cyst pathogenesis in Birt-Hogg-Dube syndrome:
the stretch hypothesis. Semin Cell Dev Biol.

thorax and lung cysts due to a Folliculin exon 10
mutation. Eur Respir J. 2009;33(6):1510-1512.

24. Goncharova EA, et al. Folliculin controls lung
alveolar enlargement and epithelial cell survival
through E-cadherin, LKB1, and AMPK. Cell Rep.
2014;7(2):412-423.

treatment for fibrofolliculomas in Birt-Hogg-
Dubé syndrome: a double-blind placebo-con-

+



RESEARCH ARTICLE

trolled randomized split-face trial. PLoS One.
2014;9(6):€99071.

26. Baba M, et al. Kidney-targeted Birt-Hogg-Dube
gene inactivation in a mouse model: Erk1/2
and Akt-mTOR activation, cell hyperprolifera-
tion, and polycystic kidneys. J Natl Cancer Inst.
2008;100(2):140-154.

27. Tsun ZY, et al. The folliculin tumor suppressor
is a GAP for the RagC/D GTPases that sig-
nal amino acid levels to mTORC1. Mo/ Cell.
2013;52(4):495-505.

28. Medvetz DA, et al. Folliculin, the product of
the Birt-Hogg-Dube tumor suppressor gene,
interacts with the adherens junction protein
p0071 to regulate cell-cell adhesion. PLoS One.
2012;7(11):e47842.

29. Baba M, 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(42):15552-15557.

30. Nishii T, et al. Unique mutation, accelerated
mTOR signaling and angiogenesis in the pulmo-
nary cysts of Birt-Hogg-Dubé syndrome. Pathol
Int. 2013;63(1):45-55.

] -

3

—_

32.

33.

34.

35.

36.

37.

38.

. McCormack FX, et al. Efficacy and safety of

sirolimus in lymphangioleiomyomatosis. N Engl J
Med. 2011;364(17):1595-1606.

LiX, et al. Cigarette smoking is a secondary cause
of folliculin loss. Thorax. 2023;78(4):402—408.
Perl AK, et al. Early restriction of peripheral and
proximal cell lineages during formation of the lung.
Proc Natl Acad Sci U S A. 2002;99(16):10482-10487.
Guertin DA, et al. Ablation in mice of the
mTORC components raptor, rictor, or mLST8
reveals that mTORC2 is required for signaling to
Akt-FOXO and PKCalpha, but not S6K1. Dey
Cell. 2006;11(6):859-871.

Muzumdar MD, et al. A global double-fluorescent
Cre reporter mouse. Genesis. 2007;45(9):593-605.
Anderl S, et al. Therapeutic value of prenatal
rapamycin treatment in a mouse brain model

of tuberous sclerosis complex. Hum Mol Genet.
2011;20(23):4597-4604.

Chen H, et al. TGF-beta receptor II in epithelia
versus mesenchyme plays distinct roles in the
developing lung. Eur Respir J. 2008;32(2):285-295.
Sun J, et al. BMP4 activation and secretion

are negatively regulated by an intracellu-

lar gremlin-BMP4 interaction. J Biol Chem.

39.

40.

4

—_

42.

43.

44,

4

W

46.

The Journal of Clinical Investigation

2006;281(39):29349-29356.

Yan M, et al. The tumor suppressor folliculin
regulates AMPK-dependent metabolic transfor-
mation. J Clin Invest. 2014;124(6):2640-2650.
Dobin A, et al. STAR: ultrafast universal RNA-
seq aligner. Bioinformatics. 2013;29(1):15-21.

. Frankish A, et al. GENCODE reference annota-
tion for the human and mouse genomes. Nucleic
Acids Res. 2019;47(d1):D766-D773.

Anders S, et al. HTSeq--a Python framework to
work with high-throughput sequencing data. Bio-
informatics. 2015;31(2):166-169.

Robinson MD, et al. edgeR: a bioconductor
package for differential expression analysis of
digital gene expression data. Bioinformatics.
2010;26(1):139-140.

‘Wickham H. ggplot2: Elegant Graphics for Data Anal-
ysis. Springer; 2016.

. Ritchie ME, et al. limma powers differential
expression analyses for RNA-sequencing

and microarray studies. Nucleic Acids Res.
2015;43(7):e47.

Luo Y, et al. Mesenchymal adenomatous polypo-
sis coli plays critical and diverse roles in regulat-
ing lung development. BMC Biol. 2015;13(1):42.

J Clin Invest. 2026;136(4):e194300 https://doi.org/10.1172/JC1194300



