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Key messages

What is the key question?
►► The mechanisms underlying pulmonary cystic 
lesions in Birt-Hogg-Dubé (BHD) syndrome are 
unclear.

What is the bottom line?
►► Mesenchymal folliculin is an essential 
regulator for alveolar development and/or 
maintenance through the promotion of alveolar 
myofibroblast growth and extracellular matrix 
protein expression. In human BHD, these 
mechanisms may result in alveolar hypoplasia, 
subsequent cystic lesions and pneumothorax.

Why read on?
►► The fact that mesenchymal inactivation of 
folliculin during lung development may be 
responsible for cystic lung disease in BHD 
syndrome is novel and unexpected, and 
could lead to new strategies to prevent 
pneumothorax in patients with BHD syndrome. 
There may be implications for other diseases 
associated with pneumothorax.

Abstract
Background  Pulmonary cysts and spontaneous 
pneumothorax are presented in most patients with 
Birt-Hogg-Dubé (BHD) syndrome, which is caused by 
loss of function mutations in the folliculin (FLCN) gene. 
The pathogenic mechanisms underlying the cystic lung 
disease in BHD are poorly understood.
Methods  Mesenchymal Flcn was specifically 
deleted in mice or in cultured lung mesenchymal 
progenitor cells using a Cre/loxP approach. Dynamic 
changes in lung structure, cellular and molecular 
phenotypes and signalling were measured by histology, 
immunofluorescence staining and immunoblotting.
Results  Deletion of Flcn in mesoderm-derived 
mesenchymal cells results in significant reduction of 
postnatal alveolar growth and subsequent alveolar 
destruction, leading to cystic lesions. Cell proliferation 
and alveolar myofibroblast differentiation are inhibited 
in the Flcn knockout lungs, and expression of the 
extracellular matrix proteins Col3a1 and elastin are 
downregulated. Signalling pathways including 
mTORC1, AMP-activated protein kinase, ERK1/2 and 
Wnt-β-catenin are differentially affected at different 
developmental stages. All the above changes have 
statistical significance (p<0.05).
Conclusions  Mesenchymal Flcn is an essential 
regulator during alveolar development and maintenance, 
through multiple cellular and molecular mechanisms. 
The mesenchymal Flcn knockout mouse model provides 
the first in vivo disease model that may recapitulate 
the stages of cyst development in human BHD. These 
findings elucidate the developmental origins and 
mechanisms of lung disease in BHD.

Introduction
Germline loss of function mutations in the Follic-
ulin (FLCN) gene cause Birt-Hogg-Dubé syndrome 
(BHD), an autosomal dominant syndrome.1 Patients 
with BHD syndrome can develop skin fibrofolicu-
lomas, pulmonary cysts and pneumothorax, and 
renal cell carcinoma and renal cysts.2 Pulmonary 
cysts (multiple and bilateral) develop in 80%–100% 
patients with BHD syndrome, 76% of whom 
develop a pneumothorax. BHD is one of the most 
common causes of familial spontaneous pneumo-
thorax.3 4 The pathogenic mechanisms underlying 
cystic lung disease in BHD are poorly understood.

Folliculin, the FLCN-encoded protein, shares 
little sequence similarity with any other known 

proteins.1 Studies in cultured cells show that FLCN 
forms a complex with FLCN-interacting proteins 1 
and 2 (FNIP1 and FNIP2), and 5′-AMP-activated 
protein kinase (AMPK), which may regulate several 
growth factor signal pathways including mTOR and 
MEK-ERK in a variety of cellular processes.5–12

Renal cell carcinoma in BHD follows the 
Knudson two-hit tumour suppressor gene model, 
with a germline-inactivating mutation of one allele 
of FLCN and a somatic mutation inactivating the 
remaining wild-type allele, suggesting that inac-
tivation of both alleles is required for renal cell 
carcinoma pathogenesis. In mice, conventional 
homozygous deletion of Flcn leads to embry-
onic lethality, while heterozygous Flcn deletion 
causes kidney tumours in adult mice but no lung 
pathology.9 13 It was previously reported that 
lung epithelial-specific deletion of Flcn results in 
moderate alveolar enlargement in adult, but no 
pulmonary cysts resembling human BHD.8

Using in situ hybridisation14 or single cell RNA-
seq (​LungMAP.​net), Flcn mRNA has been detected 
in human lung mesenchymal cells from the fetal 
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developmental stages to adulthood. In cultured human fetal lung 
fibroblasts, inactivation of Flcn results in downregulation of Wnt 
signalling,15 which is known to be critical for lung development 
and homeostasis. These findings suggest that mesenchymal Flcn 
could be important for lung development. However, the roles 
of mesenchymal Flcn in lung alveolar development and main-
tenance have never been investigated in vivo. We deleted Flcn 
in mesoderm-derived mesenchymal cells using the Dermo1-Cre 
driver. The Flcn conditional knockout (KO) mice develop lesions 
in multiple organs and die in the first month after birth. Here, 
we focus on the dynamic changes of lung development and 
maintenance in these mice, including cellular and molecular 
abnormalities, and changes in cell proliferation, differentiation 
and extracellular matrix (ECM) composition. Taken together, 
these findings reveal a critical role for mesenchymal folliculin in 
lung development, with key implications for the pathogenesis of 
cystic lung disease in patients with BHD syndrome.

Material and methods
Mice
Dermo1-Cre and Floxed-Flcn (Flcnf/f) mice were provided by 
Dr David Ornitz at Washington University-St. Louis and Dr 
Laura Schmidt at the National Cancer Institute, respectively.11 16 
Mice were bred in the C57BL/6J stain background and housed 
in pathogen-free conditions at the animal facility of Children’s 
Hospital Los Angeles. Timed mating between Flcnf/+ and 
Dermo1-Cre/Flcnf/+ mice generated mesenchymal Flcn homozy-
gous KO mice (Dermo1-Cre/Flcnf/f), Flcn heterozygous KO mice 
(Dermo1-Cre/Flcnf/+), wild type mice (Flcn+/+) and other control 
mice (Flcnf/f or Flcnf/+). Because lung structure in other control 
mice is normal same as wild type mice (Flcn+/+), they are all 
included in wild type group in this study. Mouse genotypes were 
determined by PCR using the primers: 5′-​GTTG​TCTG​GAGT​
GCTA​CTTA​GTCAGG-3′, 5′-CAACACCCCAGCATCCAG-3′ 
and 5′​CAGCTCCCTCTACCCAGACA-3′ for Flcn, 5′-​GCAA​
CATT​TGGG​CCAG​CTAAAC-3′ and 5′-​CCGG​CATC​AACG​
TTTT​CTTTTC-3′ for Dermo1-Cre. Mouse X-ray images were 
taken at the small animal imaging core at Children’s Hospital 
Los Angeles. Mouse studies followed the National Institute of 
Health Animal Research Advisory Committee Guideline.

Histology and morphometric analysis
Mice at different ages were weighed and euthanised. Tissue 
samples were then isolated for either fixation in 4% buffered 
paraformaldehyde or storage at −80°C by snap freezing. For 
morphology, lung tissues were inflated under 25 cm H2O pres-
sure through intratracheal cannulation prior to fixation. The 
fixed tissues were embedded in paraffin and sectioned with 5 µm 
thickness. These tissue sections were used for H&E staining 
or immunohistochemistry. For lung morphometric analysis, 
five sections of each tissue were randomly chosen at approx-
imately 200 µm intervals, and more than 128 measurements 
were performed per sample. At least five lungs from both males 
and females per genotype were analysed at each time point. The 
mean linear intercept (MLI) was used to measure average size of 
alveoli.17 Results were analysed with independent sample t-test 
to compare the differences between mean values and considered 
significant if p<0.05.

Immunofluorescence staining, detection and image analysis
Tissue section was deparaffinised and rehydrated, and antigen 
retrieval was performed by boiling the tissue slides in Tris-EDTA 
buffer (pH 9.0) for 25 min. After blocking with 10% donkey 

serum for 1 hour, the tissue sections were incubated with the 
following primary antibodies overnight at 4°C: goat anti-
Pecam1 and Scgb1a1 (sc-1506 and sc-9772, Santa Cruz), Col3a1 
(NBP1-26547, Novus) and GFP (G095, Abm); rabbit anti-Sftpc 
(WRAB-9337, Seven Hill Bioregeants), Tubb4a (MU178-UC; 
BioGenex), Plin2 (LS-B3121, LSBio), elastin (provided by Dr 
Robert Mecham at Washington University),18 Pdpn (DSHB at 
the University of Iowa), Acta2 (A2547; Sigma Aldrich) and 
active caspase 3 (#9661, CST). Donkey secondary antibodies 
conjugated with Alexa Fluro 488, Alexa Fluro 594 or Alexa 
Fluro 647 (ThermoFisher) were used, and cell nuclei were coun-
terstained by DAPI in the mounting medium (Vector Laborato-
ries). Fluorescence images were taken using the Zeiss LSM710 
confocal microscope at the Imaging Core Facility of Children’s 
Hospital Los Angeles. Immunofluorescence staining was further 
quantified using NIH ImageJ following published methods19 20 
and was analysed in a blinded fashion. In brief, protein expres-
sion of interest was determined by the integrated density (sum 
of grey values of all selected objects) and normalised to the area 
stained by DAPI in the same field. A relative ratio of normalised 
Flcn KO integrated density to normalised wild type integrated 
density was then calculated and presented as mean±SD. Alve-
olar regions were selected for the immunostaining analysis of 
Acta2, Sftpc, Pdpn, Pecam1 and Plin2, while bronchi/bronchi-
oles were used to quantify the immunostaining of Scgb1a1 and 
Tubb4a.

Western blot
Detection of proteins in tissue lysates by western blot has 
been previously described.21 Briefly, equal amounts (40 µg) 
of total tissue lysates were separated in precast PAGE gels 
(4%–15% gradient; Bio-Rad, Hercules, California) and trans-
ferred into polyvinylidene difluoride membrane using Bio-Rad’s 
Trans-Blot Turbo System. Proteins of interest were detected using 
the following specific antibodies from Cell Signaling Technology: 
rabbit antiphospho-S6 (Ser235/236) and mouse anti-S6 (4858 
and 2317), rabbit antiphospho-ERK1/2 and ERK1/2 (9101 and 
4695), rabbit antiphospho-AMPKα and mouse anti-AMPKα 
(50 081 and 2793), rabbit anti-active β-catenin and total β-cat-
enin (1980 and 8480), and mouse anti-Actb1 (3700). Rabbit 
anti-FLCN antibody was provided by Dr Arnim Pause at McGill 
University.22 Antibodies for Col3a1, Elastin and Acta2 were the 
same ones used for immunostaining. At least three independent 
mouse lung samples per genotype were analysed. The densito-
metric intensities of the detected protein bands were quantified 
using ImageJ and normalised by protein loading controls.

Mouse lung cell proliferation
To detect cell proliferation in vivo, ethynyl-deoxyuridine (EdU) 
was used to label proliferating cell nuclei with DNA synthetic 
activities.23 Briefly, mice were intraperitoneally injected with 
EdU (5 mg/kg body weight) 3 hours before tissue harvest and 
detected with Alexa Fluor azide (ThermoFisher). Cell nuclei 
were counterstained with DAPI. The images (four random fields 
per slide from a total of four slides per mouse) were analysed 
using ImageJ to measure the ratio of EdU-labelled nuclei to total 
DAPI-stained nuclei as an index of cell proliferation. Experi-
ments were repeated more than three mice per genotype.

Lung mesenchymal progenitor cell isolation, Flcn deletion and 
proliferation
Lung mesenchymal progenitor cells with genotype of Flcnf/f 
were isolated and cultured using a modified method.24 Briefly, 
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Orphan lung disease

Figure 1  Deletion of Flcn in mesoderm-derived cells resulted in retarded body growth and early lethality. (A) Comparison of the body sizes between 
the Flcn conditional knockout (KO) mice and their littermate wild-type (WT) controls at different postnatal ages. (B) Growth curves of Flcn KO mice 
and their WT littermates (n=20 for ages of <P12, n=10 for P14 and n=5 for P28). *p<0.001. (C) Front and lateral X-ray images of the mice at P7. (D) 
Altered survival for the Flcn KO mice shown by their Kaplan-Meier curves (n=30 per group, *p<0.001 logrank test). P12, postnatal day 12.

a deblooded Flcnf/f lung lobe was minced and digested with 
dispase/collgenase for 40 min at 37°C. The digested cells were 
filtrated through a 70 µm strainer, pelleted and resuspended in 
culture medium (αMEM, 20% fetal bovine serum(FBS), 2 mM 
glutamine and 55 µM 2-mercaptoethanol). The cells were then 
plated at low density (~104/100 mm dish). After 2 weeks, colo-
nies of lung mesenchymal stem cells were formed, passaged 
and validated by their negative staining for Cdh1 and Pecam1 
(data not included). The cells (<10 passages) with 80%–90% 
of confluence were infected with Cre expressing adenovirus 
(Ad-Cre) or control virus (Ad-GFP) in the absence of serum for 
6 hours.25 The cells were then cultured in medium containing 
20% FBS and 10 µM EdU for 6 hours and measured for prolifer-
ation as described above.

Statistical analysis
All experiments were repeated at least three times. The quantita-
tive data were presented as mean±SD. Most statistical analyses 
were performed using analysis of variance or two-tail indepen-
dent sample t-test with assumption of equal variances. The non-
parametric logrank (Mantel-Cox) test was used for comparing 
mouse survival curves. Actual p values are presented except that 
p values are less than 0.001 (p<0.001). p<0.05 was considered 
significant.

Results
Abrogation of Flcn specifically in mesoderm-derived 
mesenchymal cells results in retardation of neonatal growth 
and later postnatal lethality
To determine the functions of mesenchymal Flcn in organ devel-
opment and maintenance, we specifically knocked out Flcn gene 
in mesoderm-derived mesenchymal cells of multiple organs 
using Dermo1-Cre driven DNA recombination of floxed-Flcn 

(Flcnf/f) in mice. The newborn mice had the expected litter size 
and the ratios of genotypes and genders. The pups of homozy-
gous Flcn conditional KO with genotypes of Dermo1-Cre/Flcnf/f) 
had smaller body size than their wild type littermates even at 
postnatal day 1 (figure 1A). This difference in body size became 
more obvious at later time points (figure 1B), confirming that 
Flcn KO mice have significant growth retardation. Abnormali-
ties in skeletal bone structures, examined by frontal and lateral 
X-ray (figure 1C), were not detected. This growth abnormality 
was not seen in mice with heterozygous Flcn deletion (Dermo1-
Cre/Flcnf/+) up to 6 months age (data not shown). Most homo-
zygous Flcn KO mice died suddenly around postnatal week 2, 
although some survived to more than 1 month of age (figure 1D). 
No sex difference in survival was detected. The cause for the 
early lethality is not clear. At autopsy, significant lesions in major 
organs were not evident except a pale appearance of the lung. 
Histologically, pulmonary oedema and focal cardiomyocyte 
degeneration were seen (online supplementary figure 1).

Mesenchymal Flcn is essential for lung alveolar growth and 
maintenance
It is not known whether the pulmonary cysts in patients with 
BHD syndrome are the result of postdevelopmental destruction 
of alveoli or of alveolar developmental defects, or both. BHD-
associated pulmonary cysts have been reported at gestational 
age 34 weeks,26 suggesting a developmental origin. To address 
this in the Flcn KO model, lung morphology was analysed at 
multiple time points. The saccular structure of prenatal E18.5 
lung in the Flcn KO mice was comparable with that of wild type 
littermates (figure  2), suggesting that fetal airway branching 
morphogenesis is not affected by loss of Flcn. In contrast, post-
natal alveolar formation was significantly reduced in the Flcn 
homozygous KO mice, detected at early alveolarisation stage (P7, 
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Figure 2  Dynamic changes of alveolar structures in the Flcn KO mouse lungs. (A) H&E stained lung sections; (B) Quantification of alveolar sizes by 
measuring mean linear intercept (MLI; n≥5 per group, *p<0.05 (0.007 and 0.001, respectively). KO, knockout; WT, wild type.

Figure 3  Abrogation of Flcn resulted in reduced lung cell 
proliferation. (A) Cell proliferations in P10 mouse lungs were detected 
using EdU incorporation (red) to label proliferating cell nuclei with 
DNA synthetic activities as shown by confocal images (left); all nuclei 
were counterstained with DAPI (blue). The percentage of EdU-positive 
cells was quantified (right). *p=0.001. (B) Proliferations of cultured 
lung mesenchymal cells with versus without Flcn deletion were also 
measured by EdU labelling, shown as confocal images (left) and 
percentage of EdU-positive cells (right). *p<0.001. EdU, ethynyl-
deoxyuridine; KO, knockout; WT, wild type.

figure 2), which was also quantitatively validated by measuring 
MLI (42.7±1.3 µm in wild type vs 50.1±2.2 µm in Flcn KO, 
figure 2). Moreover, at the late stage of alveolar development 
(P14–P28), further enlargement of alveoli (MLI: 33.4±1.4 µm 
in wild type vs 81.4±5.8 µm in Flcn KO, figure 2) was observed. 
In particular, focal cystic lesions with destructed alveolar walls 
were prominent in the Flcn homozygous KO mouse lungs at P28 
(figure 2). Interestingly, heterozygous deletion of Flcn did not 
cause significant alteration of lung structure at 4 months of age 
(online supplementary figure 2).

Loss of mesenchymal Flcn leads to decreased cell 
proliferation and myofibroblast differentiation during 
alveolarisation
To further understand the cellular mechanisms underlying the 
above lung phenotypes, cell proliferation, differentiation and 
apoptosis were compared between Flcn KO and wild type litter-
mate controls at the early alveolarisation stage (P10). Using an 
EdU labelling approach, a significant reduction of cell prolifer-
ation in the Flcn KO mouse lung was detected (5.4%±1.5% in 
Flcn KOs vs 11.0%±1.7% in wild type littermates, figure 3A). 
The direct impact of Flcn on mesenchymal cell proliferation was 
further examined in vitro. Primary lung mesenchymal cells from 
floxed-Flcn mice were isolated and cultured. The cells were then 
infected with adenoviruses expressing either Cre or green fluo-
rescent protein (GFP) control. The cells with Cre-mediated Flcn 
deletion in vitro had a significant reduction of cell proliferation 
in comparison with cells infected with adenoviral control (GFP 
expression, figure 3B), which was comparable with cells without 
adenoviral infection. Apoptotic cells in the lung, detected by 
immunostaining for activated-caspase3, were rare in both 
Flcn KO and wild type mice (online supplementary figure 3), 
suggesting that reduced cell proliferation rather than increased 
cell death may contribute to decreased alveolar growth.

Alveolar myofibroblast differentiation and migration are the 
driving forces for new alveolar septa formation and subsequent 
expansion of the alveolar surface, which spikes during early 
postnatal alveolarisation in mice. Therefore, we next exam-
ined alveolar myofibroblasts by immunostaining P10 lungs with 
Acta2 (α-smooth muscle actin). In the lungs with Flcn KO as 
validated by both immunofluorescence staining and western blot 
(figure 4A and C), alveolar myofibroblasts were strikingly reduced 
while the number of lipofibroblasts (Plin2, figure 4A–B) was not 
affected, suggesting that Flcn is specifically involved in alveolar 
myofibroblast differentiation. To validate this change, primary 
lung mesenchymal progenitor cells with a Flcnf/f genotype were 
infected with adenoviral Cre or GFP, followed by treatment with 
TGFβ1 (5 ng/mL), which is known to promote myofibroblast 
differentiation. Twenty-four hours later, the cells with AdCre-
mediated Flcn deletion had reduced TGFβ1-induced Acta2 
expression at the mRNA level compared with AdGFP control 
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Figure 4  Deletion of mesenchymal Flcn altered alveolar myofibroblast differentiation. (A) Comparison of alveolar cell types between P10 Flcn 
knockout (KO) mouse lungs and the wild type (WT) littermate controls. The used cell markers were Acta2 for myofibroblasts, Sftpc and Pdpn for type 
2 and type 1 alveolar epithelial cells, respectively, Pecam1 for endothelial cells, Plin2 for lipofibroblasts, Tubb4a and Scgb1a1 for airway ciliated cells 
and Club cells, respectively. Loss of Flcn expression (green) in lung mesenchymal cells marked by GFP-stained cells (red) from the Dermo1-Cre/mT-
mG/Flcnf/f mouse lungs was detected. (B) The integrated intensity of the above immunostaining from at least six different fields per sample and 
three samples per genotype was measured and normalised by the DAPI staining area. Difference between WT and Flcn KO samples was analysed 
and presented as the ratio (mean±SD), *p=0.006. (C) Western blot analysis was used to validate reductions of Acta2 and Flcn in P10 Flcn KO lung 
tissue lysates. Actb1 was a loading control. (D) Real-time PCR to detect gene expression at the mRNA level for Acta2 and Klf4 in cultured Flcnf/f lung 
mesenchymal cells, which were infected with indicated adenoviral vectors and subsequently treated with TGF-β1 (5 ng/mL) for 24 hours. *p<0.05 
(0.001 and 0.044, respectively).

(figure 4D). More interestingly, inhibition of Klf4 mRNA expres-
sion by TGFβ1 did not occur in the cells when Flcn was deleted 
(figure 4D), suggesting that Flcn may be involved in regulating 
Klf4 (a key transcription repressor for myogenic protein expres-
sion) and subsequent myofibroblast differentiation. However, 
type II and type I alveolar epithelial cells in P10 lungs, detected 
by their cellular markers (Sftpc and Pdpn, respectively), were 
not changed (figure 4A–B). The number and distribution of two 
major proximal airway epithelial cells, ciliated cells and Club 
cells (Tubb4a and Scgb1a1, respectively in figure 4A–B), were 
also comparable between Flcn KO and wild type control mice 
at P10. Furthermore, the alveolar capillary network, detected by 
Pecam1-endothelial staining, was relatively normal in Flcn KO 
lung alveolar septa (figure 4A–B), further highlighting the speci-
ficity of the changes in myofibroblasts.

Abrogation of mesenchymal Flcn inhibits production of major 
ECM proteins in alveolar walls
Both cells (including epithelial and interstitial cells) and extra-
cellular matrices are important components of alveolar septa. 

Since alveolar septal formation was reduced in the Flcn KO lung, 
we examined ECM proteins, focusing on collagen and elastin. 
Collagen I and III are the major fibre collagens in the lung. By real-
time PCR, we found that expression of Col3a1, but not Col1a1, 
at the mRNA level was significantly reduced in the Flcn KO lung 
only during alveolar growth (P10, figure  5A). Similarly, elastin 
(Eln) expression at the mRNA level decreased significantly during 
alveolarisation (P10), but not at the end of alveolar growth (P28, 
figure  5A). Reductions of Col3a1 and elastin in Flcn KO lungs 
were further confirmed at the protein level by immunoblotting and 
immunofluorescence staining (figure 5B–D). Interestingly, elastin 
protein in lung tissue lysate was reduced at all time points including 
P28 (figure  5B–C), suggesting that a defect of deposited elastin 
protein from early alveolar development may persist at later stages 
even though mRNA expression at later time points does not differ 
significantly. Immunofluorescence staining also showed thinner 
and weakly stained collagen III fibres and elastin fibres in alve-
olar septa (figure 5D). Significant changes in intensity and distri-
bution of other ECM proteins including components of basement 
membrane such as laminin were not detected (data not shown).
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Figure 5  Altered expression of extracellular matrix proteins in the Flcn KO lungs. (A) Real-time PCR to detect altered gene expression for Col3a1, 
Col1a1 and Eln at P10 versus p28. *p<0.05 (0.022 for P10 Col3a1 and 0.039 for P10 Eln). (B) Immunoblot to detect changes of collagen III and 
elastin proteins. (C) Densitometric analysis of the protein bands detected by the immunoblot. Loading control Actb1 was used for normalisation. 
*p<0.05 (0.020 and 0.040 for P10 and P28 elastin, and 0.036 for P10 Col III). (D) Immunofluorescence staining of P10 Flcn KO lungs and WT controls 
for Col3a1 and elastin. KO, knockout; WT, wild type.

Figure 6  Dynamic alterations of some cellular signalling activities 
in Flcn KO lungs, including mTORC1 (pS6), AMPK, MAPK (ERK1/2) and 
canonical Wnt pathways. pS6, pAMPK and pERK1/2 were increased in 
Flcn knockout (KO) lung tissue lysates compared with the wild type (WT) 
littermate controls at P10. However, these pathways were decreased in 
the Flcn KO lung at the end of alveolarisation (P28). Active β-catenin 
was reduced in the Flcn KO lungs consistently at both P10 and P28. At 
least three pairs of samples were analysed, and the ratios of normalised 
KO to WT band intensities were presented in online supplementary table 
1. AMPK, AMP-activated protein kinase.

Mesenchymal Flcn defect results in dynamic changes of 
cellular signalling
To elucidate the molecular mechanisms underlying the above 
cellular phenotypes, changes in several signalling pathways were 
investigated. Previous in vitro studies suggest that Flcn may 
serve as either positive or negative regulator for mTORC1,7 27 
in an organ and/or cell type dependent context. By measuring 
phosphorylation of mTORC1 downstream target S6 ribosome 
protein (pS6), alterations of mTORC1 activity in lung tissue 
lysate was evaluated. Interestingly, increased S6 phosphorylation 
(Ser235/236) was detected in P10 Flcn KO lung, while decreased 
S6 phosphorylation was seen in the P28 Flcn KO lung (figure 6 
and online supplementary table 1). Similar dynamic changes 
were also seen for phospho-AMPKα and phospho-ERK1/2, 
suggesting that these pathways may be upregulated by loss of 
Flcn during alveolar growth directly and/or indirectly but down-
regulated when alveolar destruction occurs in Flcn KO lung.

In addition, downregulation of canonical Wnt signalling, 
detected by levels of active β-catenin, was consistently detected 
in Flcn KO lungs at multiple stages (figure 6 and online supple-
mentary table 1), consistent with recent evidence from cellular 
models of Flcn deficiency.15 The total β-catenin at P28 was 
also reduced in the Flcn KO lung tissue lysates, suggesting that 
reduced Wnt signalling may contribute to abnormal alveolar 
growth and/or alveolar maintenance.

Discussion
BHD syndrome is a monogenetic disease caused by germline loss 
of function mutations in the FLCN gene.2 The clinical mani-
festations of BHD vary depending on the organ(s) involved.28 
In this study, we report that abrogation of mouse Flcn in 
mesoderm-derived mesenchymal cells results in abnormal lung 
alveolar growth and subsequent pulmonary cystic lesions, one of 
the common clinical findings in patients with BHD syndrome. 
Interestingly, a significant reduction of body size and weight in 
the Flcn KO mice was detected; while it has not been reported 
that human BHD patients have retarded body growth, this 
may reflect the central role of Flcn in metabolic regulation of 
multiple tissues including kidney, adipose and bone.5 29 30 This 

reveals a novel function of Flcn in body growth during postnatal 
development.

By analysing the dynamic changes of lung pathology in the 
Flcn KO mice, reduced postnatal lung alveolar growth was 
found to be the initial defect. Prenatal lung branching morpho-
genesis was not affected by mesenchymal Flcn deletion. A 
deficiency in alveolar myofibroblast differentiation appears to 
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be a major cellular mechanism underlying the lung abnormal-
ities in this model, as shown by significant reductions of cell 
proliferation and alveolar myofibroblast differentiation during 
development. The direct impact of Flcn loss on these cellular 
changes was further supported by studies using cultured lung 
mesenchymal progenitor cells. Deletion of Flcn in cultured lung 
mesenchymal cells inhibited transforming growth factor-β1 
(TGF-β1)-stimulated α-smooth muscle actin expression. This 
was accompanied by increased Klf4 expression, a transcriptional 
repressor for myogenic gene transcription. Defects in TGF-β-me-
diated transcription were previously reported in Flcn-null mouse 
embryonic stem cells.31 Interestingly, Hoshika et al32 reported 
that primary lung fibroblasts isolated from patients with BHD 
syndrome also have reduced expression of TGF-β1 and other 
ECM proteins due to haploinsufficiency of Flcn. Although we 
did not detect altered TGF-β1 ligand expression in Flcn KO lung 
tissue lysate (online supplementary figure 4), altered intracel-
lular TGF-β signalling may occur in the myofibroblast precur-
sors; further studies would be required to address this.

Wnt/β-catenin signalling represents a second key pathway 
that is Flcn-regulated in myofibroblasts.33 Consistently with our 
recently published discovery that abrogation of Flcn in cultured 
mouse embryonic fibroblasts and lung fibroblasts inhibits canon-
ical Wnt pathway activity,15 reduced β-catenin activation was 
detected in the Flcn KO lung tissue both during and after alveo-
larisation; reduced total β-catenin was only detected at the end 
of alveolarisation. This is of particular interest since FLCN is 
known to be required for the exit from cell pluripotency.34

In addition to these cellular changes, reduced expression of 
ECM proteins such as Col3a1 and Eln (key structural compo-
nents of alveolar septa) could contribute to the alveolar defects 
in the Flcn KO lung. Elastin fibres and collagen fibres are inter-
woven with glycosaminoglycan and proteoglycans in the alve-
olar interstitial matrix, in which Col3a1 and Eln are the essential 
components. Elastin fibres, which have very slow turnover 
and may last for almost the entire life of a mammal, provide 
elastic recoil of the lung during respiration. We found a reduc-
tion of Eln expression at the mRNA level only during alveolar 
growth. In contrast, elastin protein was continuously reduced 
even at the end of alveolarisation. This suggests that the lungs 
of the Flcn KO mice may have reduced lung recoil capability 
and enhanced susceptibility to mechanic stress during later life, 
further triggering alveolar destruction, consistent with the previ-
ously proposed ‘stretch hypothesis’ for cystic lung disease in 
BHD.7 35 Interestingly, germline mutations of COL3A1 result in 
Ehlers-Danlos syndrome type IV, in which pulmonary cysts and 
pneumothorax can occur,36 and mutations in the ELN gene have 
been identified as a cause of emphysema (alveolar destruction 
and enlargement).37 In addition, targeted deletion of FLCN in 
human lung fibroblast cells (MRC-5) results in decreased expres-
sion of both COL3A1 and ELN as described in our previous 
publication,15 demonstrating in vitro that defective COL3A1 
and ELN may play important roles in the pathogenesis of lung 
cysts in BHD. Multiple mechanisms may account for the altered 
ECM gene expression in BHD, including deficiency of alveolar 
myofibroblasts during alveolar growth and/or involvement of 
Flcn in regulating pathways for the gene transcription in fibro-
blasts, which will need further investigation.

We found that Flcn-regulated metabolic pathways showed 
distinct alterations at different developmental stages. For 
example, Flcn is known as a repressor of the master energy sensor 
AMPK via FNIP.27 29 38 39 Deletion of Flcn is expected to upreg-
ulate AMPK activity. In our Flcn KO lungs, AMPK activation, as 
measured by its phosphorylation, was increased during alveolar 

formation (P10) and decreased at the end of alveogenesis (P28) 
when alveolar destruction occurred. Similarly, mTORC1 activity, 
as measured by phosphorylation of downstream target S6, was 
increased at P10 and decreased at P28. To our knowledge, this is 
the first evidence that FLCN’s regulation of cellular metabolism 
is developmentally regulated.

The relationship between cell metabolism and alveolar 
growth remains unknown. Interestingly, increased mesenchymal 
mTORC1 during alveolarisation (by deleting its inhibitor Tsc2) 
can reduce alveolar myofibroblasts and alveolar growth.40 
Previous studies suggest that the relationship between Flcn 
inactivation and mTORC1 activity is strongly context depen-
dent.7–10 27 41 For example, pS6 immunostaining is variable 
depending on cyst size and number in a Flcn KO kidney model, 
with elevated pS6 in large multicyst structure and weak to no pS6 
staining in small single cysts.6 Therefore, the dynamic changes of 
mTORC1 and AMPK activation in our Flcn KO lungs may result 
from a differential composition of cell types and architectural 
features.

The roles of MAPK/ERK1/2 in lung alveolarisation and myofi-
broblast differentiation are also not fully understood. MAPK/
ERK1/2 has been shown to associate with hyperoxia-induced 
alveolar hypoplasia, possibly through abnormal lung fibro-
blast proliferation.42 It was also reported that in lung fibro-
blasts, ERK1/2 activation mediates fibroblast growth factor 
(FGF) signalling in inhibiting myofibroblast differentiation.43 44 
Whether ERK1/2-mediated signalling enhances fibroblast prolif-
eration and therefore reduced myofibroblast differentiation 
during alveolarisation needs further investigation.

In summary, we report for the first time that mesenchymal 
Flcn is an essential regulator during lung development and/or 
maintenance. This appears to occur through multiple cellular 
and molecular mechanisms, with differential effects on cellular 
metabolism at different developmental stages, highlighting the 
central role of Flcn in lung development. Importantly, in this 
model, dynamic changes from early defective alveolar growth 
to subsequent alveolar destruction and cyst-like lesions are 
observed, providing the first in vivo model that may recapitu-
late the stages of cyst development in human BHD. These find-
ings elucidate the fundamental pathogenic mechanisms of lung 
disease in BHD and may also have relevance to other types of 
cystic lung disease.
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