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ABSTRACT  Autophagy is a conserved molecular pathway directly involved in 
the degradation and recycling of intracellular components. Autophagy is asso-
ciated with a response to stress situations, such as nutrients deficit, chemical 
toxicity, mechanical stress or microbial host defense. We have recently shown 
that primary cilium-dependent autophagy is important to control kidney epi-
thelial cell size in response to fluid flow induced shear stress. Here we show 
that the ciliary protein folliculin (FLCN) actively participates to the signaling 
cascade leading to the stimulation of fluid flow-dependent autophagy up-
stream of the cell size regulation in HK2 kidney epithelial cells. The knock-
down of FLCN induces a shortening of the primary cilium, inhibits the activa-
tion of AMPK and the recruitment of the autophagy protein ATG16L1 at the 
primary cilium. Altogether, our results suggest that FLCN is essential in the 
dialog between autophagy and the primary cilium in epithelial cells to inte-
grate shear stress-dependent signaling. 
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INTRODUCTION 
Autophagy is an evolutionary conserved stress-response 
process by which cells break down intracellular compo-
nents, damaged organelles and proteins aggregates or 
pathogens, to ensure cellular quality control and homeo-
stasis. It is induced in response to various stress types such 
as nutrient deprivation, cytotoxic agents, and hypoxia. Au-
tophagy involves the sequestration of cytoplasmic material 
in a double membrane organelle named autophagosome, 
which subsequently fuses with the lysosome to degrade 
and recycle autophagosomal cargoes [1]. We have recently 
shown that in kidney epithelial cells (KECs) autophagy is 
induced in response to fluid flow-provoked shear stress 
and that this fluid flow-dependent autophagy regulates cell 

volume [2]. We have demonstrated that shear stress-
induced autophagy is triggered by a signaling cascade em-
anating from the primary cilium located at the apical side 
of epithelial cells [2]. The primary cilium, which is com-
posed of a basal body and an axoneme, is a microtubule-
based organelle present at the surface of various cell types 
[3] and plays a critical role in maintaining tissue homeosta-
sis by sensing extracellular mechanical and chemical stimuli 
[4]. 

To better understand the molecular mechanisms of flu-
id flow-induced autophagic response and cell volume regu-
lation, it is important to identify additional players located 
at the primary cilium. The folliculin protein (FLCN) presents 
interesting features in that respect. A pool of FLCN is locat- 
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FIGURE 1: Shear stress induces autophagy, cell size decrease and FLCN expression. (A-D) HK2 cells were subjected to fluid flow from 4 h to 4 days 
(shear 4 h, 48 h, 96h-4D), or not (static 4 h, 48 h, 96h-4D). (A) After fluid flow treatment or static culture, cells were fixed, labeled with DAPI and 
immunostained for the autophagosome marker LC3 or stained with phalloidin to reveal F-actin and cell boarders are marked out with white dashes 
(B) and then analyzed by fluorescence microscopy. (C) Quantification of LC3 puncta (LC3 dots number per 500 μm² area) from experiments shown 
in (A). (D) Quantification of cell area (mean) from experiments shown in (C). (E-F) HK2 cells were subjected to fluid flow from 4 h to 4 days (shear 4 
h, 48 h, 96h-4D), or not (static 4 h, 48 h, 96h-4D). (E) Representative western blot analysis of FLCN, LC3I, LC3II and actin in the indicated conditions. 
(F) Quantification of Western blot shown in (E). (G) HK2 cells were subjected to 4 days (shear 4D) fluid flow or not (static 4D) and FLCN mRNA ex-
pression level was determined and quantified by RT-qPCR. (H) HK2 cells were maintained in normal culture condition (CTRL) or subjected to a 24 h 
serum starvation (SS 24 h). Levels of the FLCN, LC3I and LC3II were analyzed by western blot. Scale bars in (A) and (C) = 10μm. 
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ed at the primary cilium [5] and regulates the AMPK/mTOR 
signaling pathway in response to fluid flow [6]. Indeed, 
FLCN promotes the recruitment of LKB1 kinase to basal 
bodies where it activates AMPK, which in turn inhibits 
mTOR activation [6]. FLCN has moreover been associated 
with autophagy pathway regulation [7–9]. 

FLCN is a conserved tumor suppressor protein ex-
pressed in most cell types. Loss-of-function mutations of 
the FLCN gene are associated with the autosomal domi-
nant disorder Birt-Hogg-Dubé (BHD) syndrome. It is charac-
terized by benign hair follicle tumors, pneumothorax, cysts 
and renal cancer occurrence [10], and has an estimated 
prevalence of 1/200.000. Importantly, considering the ab-
normal ciliogenesis and canonical Wnt signaling, the BHD 
syndrome is also considered as a ciliopathy [5]. FLCN can 
form a complex with its two main partners FNIP1 and 
FNIP2 (Folliculin interacting protein 1/2). Different studies 
suggest a role of the FLCN/FNIP complex in multiple signal-
ing pathways (i.e. mTOR/AMPK, TGF-β or Wnt/cadherin), 

and cellular processes including cell cycle, cell adhesion 
and migration, membrane trafficking, cilium and lysosome 
biogenesis, stress responses, autophagy and several others 
[5]. Taken together, these data point to a pivotal role of 
FLCN in cellular homeostasis and raise the interesting pos-
sibility that FLCN might be an important actor during fluid 
flow-induced autophagy and cell volume regulation in epi-
thelial cells. 

In the present study we investigated the role of FLCN in 
the primary cilium-dependent molecular signaling pathway 
that controls autophagy and cell volume in response to 
shear stress-induced by fluid flow in human kidney epithe-
lial cells. 

 

RESULTS  
Folliculin and autophagy are increased in response to 
fluid flow in HK2 cells  
We have recently shown that autophagy is induced in re-
sponse to shear stress in mouse KECs and in Madin-Darby 

FIGURE 2: FLCN is associated with primary cilium and ciliogenesis. (A) HK2 cells grown for 9 6h in static conditions were fixed with methanol, 
labeled with DAPI, immunostained for FLCN, ARL13B (to reveal primary cilium) and then analyzed by fluorescence microscopy. (B-E) HK2 cells 
were transfected either with siRNA targeting FLCN (siFLCN) or control siRNA (siCTRL). 72 h later they were subjected to 4 days fluid flow (shear 
4D) or not (static 4D). (B) FLCN downregulation by siRNA efficiency was verified by western blot. (C) Cells were fixed with methanol, labeled 
with DAPI, immunostained for ARL13B (to reveal primary cilium) and then analyzed by fluorescence microscopy. (D, E) Quantification of ciliat-
ed cells number and cilia length from experiments shown in (C). Scale bars in (A) = 10μm and (C) = 5μm. 
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canine kidney (MDCK) cells [2]. Similar results were ob-
served in the human kidney proximal tubule HK2 cells (see 
Figure 1). To monitor dynamically the behavior of HK2 cells 
submitted to shear stress, we analyzed several parameters 
after 4 h, 48 h and 96 h-4D of fluid flow, and compared 
them with cells in the same culture chambers for the same 
periods of time, but without any fluid flow (i.e. under static 
conditions). As expected, a constant shear stress induced a 
strong autophagic response, as monitored [11] by an in-
crease in the number of LC3 dots (Figure 1A and 1C) and in 
the LC3 lipidation status (Figure 1E). Cell size was also de-
creased after shear stress as previously shown in KEC 
mouse cells [2], notably after 96 h-4D of treatment (Figure 
1B and 1D). Interestingly, upon shear stress the amount of 
FLCN protein increased in time, (Figure 1E and 1F), as was 
the FLCN mRNA (Figure 1G), suggesting that shear stress 
induction of autophagy leads to a specific upregulation of 
FLCN expression at the transcriptional level. Remarkably, 
this was not observed in cells prone to autophagy induced 
by serum starvation (Figure 1H), suggesting that FLCN re-
sponse to the autophagic machinery and its mobilization 
are dependent on the stress type.  
 

Folliculin controls the length of primary cilium in response 
to shear stress  
In addition to the induction of autophagy and the decrease 
of the cell size, we show that fluid flow-induced shear 
stress promotes an increase in the primary cilium length in 
human HK2 cells (Supplemental Figure S1A and S1B). This is 
accompanied at the molecular level by the upregulation of 
the primary cilium regulatory protein IFT20 [3] (Supple-
mental Figure S1C and S1D) in response to fluid flow. We 
thus question the relationship between FLCN behavior and 
primary cilium. We show, as previously reported [6], that 
FLCN is present at the axoneme of primary cilium (Figure 
2A). Upon knockdown of FLCN (Figure 2B), the number of 
ciliated cells under shear stress is affected (Figure 2C and 
2D) as well as the length of remaining primary cilia (Figure 
2C and 2E). At the molecular level, knockdown of FLCN 
induces a decrease of the IFT20 protein amount in a shear 
stress situation (Supplemental Figure S2A and S2B), high-
lighting the key role of FLCN in the primary cilium organelle 
dynamics. 
 
 
 

 
FIGURE 3: FLCN, but not FNIP1, is required for shear stress-induced autophagy. (A-D) HK2 cells were transfected either with siRNA targe-
ting FLCN (siFLCN) or control siRNA (siCTRL) 72 h later they were subjected to fluid flow (shear) for the indicated times or not (static). (A) 
Levels of FLCN, LC3I and LC3II were analyzed by western blot and LC3 II/actin ratio was quantified (B). (C) Cells were fixed, labeled with 
DAPI, immunostained for LC3 and then analyzed by fluorescence microscopy. (D) LC3 dots were quantified from experiments shown in (C). 
(E-H) HK2 cells were transfected either with siRNA targeting FNIP1 (siFNIP1) or control siRNA (siCTRL). 72 h later they were subjected to 
fluid flow for 4 days (shear 4D) or not (static 4D). (E) Levels of FNIP1, FLCN, LC3I and LC3II were analyzed by western blot and LC3 II/actin 
ratio was quantified (F). (G) Cells were fixed, labeled with DAPI, immunostained for LC3 and then analyzed by fluorescence microscopy. (H) 
LC3 dots were quantified from experiments shown in (G). Scale bars in (C) and (G) = 5μm. 
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Folliculin controls autophagy-dependent cell size regula-
tion in response to shear stress  
We recently reported that primary cilium-dependent au-
tophagy regulates KEC size decrease [2]. To better decipher 
the role of FLCN localized at the primary cilium in autopha-
gy and cell size regulation, we first analyzed the shear 
stress-associated autophagic response in FLCN siRNA trans-
fected cells. Lipidation of the LC3 marker in response to 
shear stress was strongly diminished in siFLCN compared to 
control cells (Figure 3A and 3B and Supplemental Figure 
S3A and S3B), suggesting that the autophagy response 
induced by fluid flow is associated with FLCN, while FLCN 
knock-down did not affect starvation induced autophagy, 
as monitored by LC3 lipidation (Supplemental Figure S3C). 
The reduction of autophagosome biogenesis in siFLCN cells 
prone to shear stress was confirmed by a decrease of the 
total number of LC3 positive structures which presumably 

correspond to pre-autophagosomes, mature autophago-
somes and autophagolysosomes (Figure 3C and 3D). How-
ever, downregulation of the folliculin-interacting protein 
FNIP1 [12], has no effect either on LC3 lipidation (Figure 3E 
and 3F) or on the number of LC3 positive structures (Figure 
3G and 3H) in response to fluid flow, suggesting that FLCN 
function in shear stress associated autophagy is independ-
ent of its FNIP1 partner.  

Likewise, knocking down FLCN impairs cell size de-
crease in response to fluid flow (Figure 4A, 4B), while the 
knockdown of FNIP1 has no effect on fluid flow-induced 
cell size decrease (Figure 4C, 4D). In line with cell size regu-
lation and autophagy interplay induced by mechanical 
stress, we observed defaults in the mTORC1 pathway acti-
vation in FLCN knockdown cells, since phosphorylation of 
TSC2, known to inactivate the mTOR signaling sequence, 
was strongly diminished in siFLCN cells prone to shear 

FIGURE 4: FLCN, but not FNIP1, 
is required for shear stress-
induced cell size regulation. 
(A-B) HK2 cells were transfec-
ted either with siRNA targeting 
FLCN (siFLCN) or control siRNA 
(siCTRL) 72 h later they were 
subjected to fluid flow for 4 
days (shear 4D) or not (static 
4D). (A) Cells were fixed, la-
beled with DAPI and phalloidin 
to reveal F-actin and cell boar-
der and then analyzed by flu-
orescence microscopy. (B) Cells 
areas were quantified from 
experiments shown in (A). (C-
D) HK2 cells were transfected 
with siRNA targeting FNIP (siF-
NIP1) or control siRNA 
(siCTRL)). The experiments 
were performed and quantified 
as in (A-B). Scale bars in (A) and 
(C) = 10μm. 

 



N. Zemirli et al. (2019)  FLCN and shear stress associated autophagic response 

 
 

OPEN ACCESS | www.cell-stress.com 105 Cell Stress | MARCH 2019 | Vol. 3 No. 3 

stress (Supplemental Figure S4A and S4B). Moreover, the 
phosphorylation status of the S6 protein, a downstream 
target in the mTOR signaling pathway, was strongly in-
creased in FLCN knock-down cells prone to fluid flow com-
pared to control cells (Supplemental Figure S4A and S4C). 

We confirmed to importance of FLCN in cell size adap-
tation and autophagy in response to fluid flow using a Birt–
Hogg–Dubé derived FLCN-null cells (UOK 257cells) and 
FLCN restored companion cells (UOK 257-2 cells) [12, 13]. 
Indeed, UOK 257cells prone to shear stress did neither 
display any autophagy change, as monitored by the num-
ber of LC3 positive structures (Figure 5A and 5B), nor cell 
size adaptation to the fluid flow treatment (Figure 5E and 
5F). Importantly, UOK 257-2 cells, in which the FLCN ex-
pression is restored, display identical features than control 
HK2 cells (Figure 1) and other kidney cells [2] regarding 
autophagic machinery mobilization under shear stress 
(Figure 5C and 5D) and cell size adaptation (Figure 5G and 

5H). These data strengthened the hypothesis that FLCN is 
central for autophagy induced by mechanical stress in kid-
ney epithelial cells.  

A hallmark of primary cilium-dependent autophagy is 
the recruitment of components of the autophagy machin-
ery at the primary cilium [14]. We have previously shown 
that ATG16L1 is recruited at the basal body in response to 
shear stress [2]. Interestingly, knocking down FLCN leads to 
ATG16L1 destabilization (Figure 6A) and impairs its re-
cruitment at the basal body of primary cilium (Figure 6B 
and 6C), emphasizing the role of FLCN in setting up au-
tophagy upon fluid flow.  

Overall these results show that FLCN is a key player in 
the regulation of fluid flow-induced autophagy and cell size 
regulation. 
 
 
 

FIGURE 5: Shear-stress-induced autophagy and cell size regulation are abolished in FLCN-null cells. UOK 257 FLCN-null cells and UOK 257-
2 FLCN restored cells were cultured on microslides and then subjected to fluid flow for 4 days (shear) or not (static 4D). Cells were fixed, 
labeled with DAPI, immunostained for LC3 (A, C) or labeled with DAPI and immunostained for β-catenin to reveal cell boarder (E, G) and 
then analyzed by fluorescence microscopy. (B, D) LC3 dots were quantified from experiments shown in (A) (UOK 257cells) and (C) (UOK 
257-2 cells). (F, H) cells areas were quantified from experiments shown in (E) (UOK 257cells) and (G) (UOK 257-2 cells). Scale bars in (A, C, E 
and F) = 10μm. 
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Folliculin is upstream of AMPK and LKB1 in the primary 
cilium signaling cascade  
Stress sensing signalization induced by the bending of pri-
mary cilium in epithelial cells has been associated with 
local recruitment of LKB1 and AMPK at the primary cilium 
and local phosphorylation of the latter [15, 16]. This signal-
ing cascade controls primary cilium-dependent autophagy 
[2] and FLCN has been shown to contribute to the recruit-
ment of LKB1 on the primary cilium to regulate activation 
of AMPK and mTORC1 during shear stress [6]. In our exper-
imental system we observe as well that under shear stress, 
AMPK phosphorylation depends on the presence of FLCN 
(Figure 7A and 7B), so does its recruitment to the primary 
cilium (Figure 7C). Moreover, knocking down FLCN pre-
vents LKB1 targeting to the primary cilium in cells prone to 
shear stress (Figure 7D). These findings suggest that FLCN 
orchestrates the AMPK/LKB1 signaling machinery at the 
primary cilium to regulate autophagy and cell size in kidney 
epithelial cells. 

 

DISCUSSION 
In the present work we identify FLCN as a component of 
the primary cilium signaling cascade that senses fluid flow 
to regulate autophagy and cell size in kidney epithelial 
cells. FLCN is upregulated upon shear stress, and it func-
tions in modulating autophagic-dependent cellular size 
decrease. Ciliary length is also dependent on the levels of 
FLCN. These findings are in line with the observation that 

FLCN level affects the timing of ciliogenesis in HK2 cells [5]. 
Interestingly, autophagy has been shown to influence the 
ciliary length as well [14, 17]; whether the implication of 
FLCN in the control of cilia length is related to its role in 
autophagy and/or in its regulation of mTOR activity [17] is 
an open question. 

In accordance with the observations of Zhong et al. [6], 
our study shows that FLCN acts upstream of AMPK and 
mTOR to control autophagy in response to shear stress. 
FLCN contributes to the recruitment of LKB1 to the primary 
cilium, which is important for the activation of AMPK [6]. 
FLNC-associated proteins FNIP1 and FNIP2 have been 
shown to be engaged in a complex with AMPK, and the loss 
of FNIP1 stimulates AMPK and increases autophagy in 
B cells [18]. However, in our experimental setting, knock-
down of FNIP1 does neither impact autophagy nor fluid 
flow-dependent cell size. Thus, although the implication of 
FLCN and its associated proteins FNIP1 and 2 in autophagy 
has been studied in various settings [7, 8, 18], it is difficult 
to summarize it in a unified picture. It is most probably 
dependent on the cell type, the stimuli of autophagy and 
their subcellular localization (e.g., primary cilium vs lyso-
somal membrane).  

Our study adds a new component to the signaling cas-
cade emanating from the primary cilium in response to 
fluid flow to regulate autophagy. However, the relation 
between this signaling cascade and the mechanosensor 
present in the primary cilium associated membrane re-

FIGURE 6: Shear-stress depen-
dent recruitment of ATG16L1 to 
primary cilium is impaired in 
FLCN knockdown cells. HK2 cells 
were transfected with control 
siRNA (siCTRL) or with siRNA 
targeting FLCN (siFLCN). 72 h 
later, they were subjected to 
fluid flow for 4 days (shear 4D) or 
not (static 4D). (A) ATG16L1 and 
actin levels were analyzed by 
western blot. (B) Cells prone to 
fluid flow were fixed with me-
thanol, labeled with DAPI, immu-
nostained for ATG16L1 and 
ARL13B and then analyzed by 
fluorescence microscopy. Ar-
rowhead indicates presence of 
ATG16L1 at the basal body. (C) 
ATG16L1 positive structures at 
basal body were quantified from 
experiments shown in (B). Scale 
bar = 10μm. 
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mains to be identified. The complex formed by polycystin 1 
(PC1) and polycystin 2 (PC2) functions as a calcium channel 
at the primary cilium [19, 20]; in this complex PC1 is a 
mechanosensor [21]. Our previous studies have shown that 
PC2 is not involved in the autophagy cascade leading to cell 
size regulation in response to fluid flow [2]. However, it 
remains a possibility that PC1 is upstream of FLCN to regu-
late this cascade and cell size in kidney epithelial cells. Fur-
ther experiments should challenge this hypothesis.  

In conclusion we show that FLCN localized at the pri-
mary cilium regulates autophagy and cell size in kidney 
epithelial cells in response to shear stress induced by fluid 
flow. Our work is in line with the fact that autophagy is 
inhibited in clear cell tumors from a BHD patient [7]. Fur-
ther studies should address whether this physiological re-
sponse is altered in BHD patients. 
 
 

MATERIALS AND METHODS 
Cell culture and siRNA transfection  
Human kidney HK2 cells (from ATCC) and Birt-Hogg-Dube syn-
drome associated FLCN-null human kidney UOK 257 cells (as 
well as FLCN-restored UOK257-2 cells) (from Dr Laura Schmidt 
(National Cancer Institute, NIH, Bethesda)) were cultured in 
Dulbecco's Modified Eagle Medium (DMEM), supplemented 
with 10% FCS at 37°C and 5% CO2.For the starvation experi-
ments, cells were cultured in Earle's balanced salt solution 
(EBSS) for the indicated times. siRNA transfections were per-
formed using Lipofectamine RNAi Max (Invitrogen, Life Tech-
nologies) according to the manufacturer’s instructions. Two 
siRNA oligomers were used for each target at a final concen-
tration of 20 nM. All siRNAs were purchased from Qiagen and 
the references are as follows: Control (SI1027281); FLCN 
(SI05121417 and SI00387660); FNIP1 (a): (SI03222611 and 
SI05001766).  
 
 

FIGURE 7: FLCN is associated with phospho-AMPK and LKBI mobilization during shear stress. HK2 cells were transfected with control 
siRNA (siCTRL) or with siRNA targeting FLCN (siFLCN). 72 h later, they were subjected (shear) or not (static) to fluid flow for the indicated 
times. (A) Phospho-AMPK (Thr172), total AMPK, FLCN and actin levels were analyzed by western blot and quantified (B) in the indicated 
conditions (A). (C, D) Cells prone to fluid flow (shear 4D) or not (static 4D) were fixed with methanol, labeled with DAPI, immunostained for 
ARL13B, phospho-AMPK (C), LKB1 (D), ARL13B, and then analyzed by fluorescence microscopy. Arrowheads indicate presence of phospho-
AMPK (P-AMPK) or LKB1 at primary cilium. Scale bars in (C) and (D) = 10μm. 
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Shear stress induction  
HK2 cells were seeded (2.25×105 in 150 μl of culture medium) 
into a microslide “I0.6 Luer” chamber (channel dimensions: 
50 x 5 x 0.4 mm, Ibidi) and cultured for 96 h to allow proper 
polarization and epithelial differentiation. The microslides 
were connected to a fluid flow system which contains an air-
pressure pump and a two-way switch valve that pumps the 
culture medium unidirectionally between two reservoirs 
through the flow chamber at a rate corresponding to a shear 
stress of 1 dyn/cm². The control cells (static) were set up in 
the same microslides Luer chambers and maintained in culture 
as long as the flow-subjected cells.  
 
Protein extraction, immunoblot analysis and antibodies 
Cells in microslides were washed twice with ice-cold PBS and 
lysed on ice with 150 μl of 1X Laemmli buffer (60 mM Tris-HCl 
pH=6.8, 2% SDS, 10% Glycerol, bromophenol blue, supple-
mented with 100 mM DTT) for 30 min. Samples were boiled 
for 10 min at 95°C, separated by SDS/PAGE and then trans-
ferred onto Nitrocellulose membranes. Western blot analysis 
was performed with specific antibodies and the antigen–
antibody complexes were visualized by chemiluminescence 
(Immobilon Western, Merck Millipore). The following antibod-
ies were used in immunoblotting: rabbit-anti LC3 (Sigma, 
Cat#L7543); rabbit-anti-FLCN (Cell signaling, Cat#3697); rabbit-
anti-FNIP1 (Abcam, Cat#ab134969); rabbit-anti-AMPK (Cell 
signaling, Cat#2532S); rabbit-anti-p-AMPK (T172) (Cell signal-
ing, Cat#2535); mouse-anti-actin (Millipore, Cat#1501); rabbit-
anti-ATG16L1 (MBL,Cat#PM040); rabbit-anti-IFT20 (Pro-
teintech, Cat#13615-1-AP); rabbit-anti β-catenin (Cell signal-
ing, Cat#8480); rabbit-anti-LKB1 (Cell signaling, Cat#3050); 
rabbit-anti-S6 ribosomal protein (Cell signaling, Cat#2217); 
rabbit-anti-p-S6 ribosomal protein (S240/244) (Cell signaling, 
Cat#2215); rabbit-anti-Tuberin/TSC2 (Cell signaling, 
Cat#4308); rabbit-anti-p-Tuberin/TSC2 (T1462) (Cell signaling, 
Cat#3617). Secondary HRP conjugate anti‐rabbit IgG (GE 
Healthcare) and HRP conjugate anti‐mouse IgG (Bio‐Rad).  
 
Immunofluorescence and microscopy  
Cells were fixed either with 4% paraformaldehyde (PFA) for 
20 min or with cold methanol for 5 min at -20°C for proper 
axoneme proteins detection [22]. They were then washed and 
incubated for 30 min in blocking buffer (10% FCS in PBS) fol-
lowed by incubation with primary antibodies diluted in block-
ing buffer supplemented with 0.05% saponin for 1 h at room 
temperature or overnight at 4°C. Cells were washed 3 times, 
and then incubated for 1 h with fluorescent Alexa-Fluor sec-
ondary antibodies. After washing, 150 μl of DAPI-Fluoromount 
were added into the Luer chamber (Southern Biotech). Images 
were acquired with a Zeiss Apotome.2 fluorescence micro-
scope equipped with a 63x oil immersion fluorescence objec-
tive. Number of ciliated cells and length of cilia were quanti-
fied using Zen Software (Zeiss) or Imaris Software (Bit-
plane).The following antibodies were used for immunofluo-
rescence: mouse‐anti‐LC3B (MBL, Cat# M152-3); rabbit-anti-
FLCN (Cell signaling, Cat#3697); mouse-anti-ARL13B (C-5) 
(Santa Cruz, Cat#515784); rabbit-anti-ATG16 (MBL, 
Cat#PM040); rabbit-anti IFT20 (Proteintech, Cat#13615-1-AP); 
rabbit-anti-p-AMPK (T172) (Cell signaling, Cat#2535); Phal-
loidin (Cat# A34055); Alexa Fluor‐conjugated secondary anti-
bodies (donkey anti‐mouse IgG and donkey anti‐Rabbit IgG, 
Life Technologies). 

Real Time Quantitative PCR  
RNA was extracted from cells using the NucleoSpin RNA kit 
(Macherey-Nagel). Reverse transcriptase PCR and qRT-PCR 
were performed using “Power Sybr green cells to CT” kit 
(Thermo Fisher Scientific) according to manufacturer’s instruc‐
tions. Actin was used as reference gene and relative quantifi-
cation was calculated using the ΔΔCT method. Primers se‐
quences are as followed:  

Flcn-forward: 5′-TTCACGCCATTCCTACACCAGA-3′;  
Flcn-reverse 5′-GCCCACAGGTTGTCATCACTTG-3′  
Actin-forward 5′-GGCCAACCGTGAAAAGATGA-3′;  
Actin-reverse 5′-ACCAGAGGCATACAGGGACAG-3′ 

 
Statistical analysis 
Data are presented as means ± SD or SEM. Statistical analyses 
were performed by unpaired, two-tailed Student’s t-test, using 
GraphPad Prism7 (*p < 0.005, **p < 0.001, and ***p < 0.0001). 
Images showing Western blotting or immunofluorescence 
analysis are representative of three independent experiments 
unless stated otherwise. 

 
AUTHOR CONTRIBUTIONS 
N.Z., A.B. and JB performed most of the biological experi-
ments and analyses, N.D. and J.B. analyzed parts of the cell 
biological assays, P.C. supervised the project and wrote the 
paper and E.M. contributes to imaging experiments, ana-
lyzed parts of the cell biological assays, supervised the pro-
ject and wrote the paper. 
 
ACKNOWLEDGMENTS 
We thank Dr Laura Schmidt (NIH, Bethesda) for UOK 
257and UOK 257-2 cell lines. We are grateful to Dr Julien 
Morel for statistical analysis and Dr Zeina Chamoun for 
critical reading of the manuscript. This study was support-
ed in part by ANR (agence nationale de la recherche), IN-
SERM (Institut national de la santé et de la recherche mé-
dicale), CNRS (Centre national de la recherche scientifique) 
and IEEP (Institut européen d’expertise en physiologie). 
 

SUPPLEMENTAL MATERIAL 
All supplemental data for this article are available online at 
www.cell-stress.com. 

 
CONFLICT OF INTEREST 
The authors declare that there is no conflict of interests. 
 

COPYRIGHT 
© 2019 Zemirli et al. This is an open-access article released 
under the terms of the Creative Commons Attribution (CC 
BY) license, which allows the unrestricted use, distribution, 
and reproduction in any medium, provided the original 
author and source are acknowledged. 

 
 

Please cite this article as: Naïma Zemirli, Asma Boukhalfa, Nicolas 
Dupont, Joëlle Botti, Patrice Codogno and Etienne Morel (2019). 
The primary cilium protein folliculin is part of the autophagy sig-
naling pathway to regulate epithelial cell size in response to fluid 
flow. Cell Stress 3(3): 100-109. doi: 10.15698/cst2019.03.180   

http://www.cell-stress.com/


N. Zemirli et al. (2019)  FLCN and shear stress associated autophagic response 

 
 

OPEN ACCESS | www.cell-stress.com 109 Cell Stress | MARCH 2019 | Vol. 3 No. 3 

REFERENCES 
1. Boya P, Reggiori F, and Codogno P (2013). Emerging regulation and 
functions of autophagy. Nat Cell Biol 15(7): 713–720. doi: 
10.1038/ncb2788  

2. Orhon I, Dupont N, Zaidan M, Boitez V, Burtin M, Schmitt A, Capiod 
T, Viau A, Beau I, Wolfgang Kuehn E, Friedlander G, Terzi F, and Co-
dogno P (2016). Primary-cilium-dependent autophagy controls epithe-
lial cell volume in response to fluid flow. Nat Cell Biol 18(6): 657–67. 
doi: 10.1038/ncb3360  

3. Malicki JJ, and Johnson CA (2017). The Cilium: Cellular Antenna and 
Central Processing Unit. Trends Cell Biol 27(2): 126–140. doi: 
10.1016/j.tcb.2016.08.002 

4. Orhon I, Dupont N, Pampliega O, Cuervo a M, and Codogno P 
(2014). Autophagy and regulation of cilia function and assembly. Cell 
Death Differ 22(3): 389–397. doi: 10.1038/cdd.2014.171 

5. Luijten MNH, Basten SG, Claessens T, Vernooij M, Scott CL, Janssen 
R, Easton JA, Kamps MAF, Vreeburg M, Broers JLV, van Geel M, Menko 
FH, Harbottle RP, Nookala RK, Tee AR, Land SC, Giles RH, Coull BJ, and 
van Steensel MAM (2013). Birt–Hogg–Dubé syndrome is a novel cilio-
pathy. Hum Mol Genet 22(21): 4383–4397. doi: 10.1093/hmg/ddt288 

6. Zhong M, Zhao X, Li J, Yuan W, Yan G, Tong M, Guo S, Zhu Y, Jiang 
YY, Liu Y, and Jiang YY (2016). Tumor Suppressor Folliculin Regulates 
mTORC1 through Primary Cilia. J Biol Chem 291(22): 11689–97. doi: 
10.1074/jbc.M116.719997  

7. Dunlop EA, Seifan S, Claessens T, Behrends C, Kamps MA, Rozycka E, 
Kemp AJ, Nookala RK, Blenis J, Coull BJ, Murray JT, van Steensel MA, 
Wilkinson S, and Tee AR (2014). FLCN, a novel autophagy component, 
interacts with GABARAP and is regulated by ULK1 phosphorylation. 
Autophagy 10(10): 1749–1760. doi: 10.4161/auto.29640 

8. Possik E, Jalali Z, Nouët Y, Yan M, Gingras M-C, Schmeisser K, Panai-
te L, Dupuy F, Kharitidi D, Chotard L, Jones RG, Hall DH, and Pause A 
(2014). Folliculin Regulates Ampk-Dependent Autophagy and Metabo-
lic Stress Survival. PLoS Genet 10(4): e1004273. doi: 
10.1371/journal.pgen.1004273 

9. Bastola P, Stratton Y, Kellner E, Mikhaylova O, Yi Y, Sartor MA, Med-
vedovic M, Biesiada J, Meller J, and Czyzyk-Krzeska MF (2013). Follicu-
lin Contributes to VHL Tumor Suppressing Activity in Renal Cancer 
through Regulation of Autophagy. PLoS One 8(7): e70030. doi: 
10.1371/journal.pone.0070030 

10. Gupta N, Sunwoo BY, and Kotloff RM (2016). Birt-Hogg-Dubé Syn-
drome. Clin Chest Med 37(3): 475–86. doi: 10.1016/j.ccm.2016.04.010  

11. Klionsky DJ et al. (2016). Guidelines for the use and interpretation 
of assays for monitoring autophagy (3rd edition). Autophagy 12(1): 1–
222. doi: 10.1080/15548627.2015.1100356 

12. Baba M, Hong S-B, Sharma N, Warren MB, Nickerson ML, I-
wamatsu A, Esposito D, Gillette WK, Hopkins RF, Hartley JL, Furihata 
M, Oishi S, Zhen W, Burke TR, Linehan WM, Schmidt LS, and Zbar B 

(2006). Folliculin encoded by the BHD gene interacts with a binding 
protein, FNIP1, and AMPK, and is involved in AMPK and mTOR sig-
naling. Proc Natl Acad Sci 103(42): 15552–15557. doi: 
10.1073/pnas.0603781103  

13. Yang Y, Padilla-Nash HM, Vira MA, Abu-Asab MS, Val D, Worrell R, 
Tsokos M, Merino MJ, Pavlovich CP, Ried T, Linehan WM, and Vocke 
CD (2008). The UOK 257 cell line: a novel model for studies of the 
human Birt–Hogg–Dubé gene pathway. Cancer Genet Cytogenet 
180(2): 100–109. doi: 10.1016/j.cancergencyto.2007.10.010 

14. Pampliega O, Orhon I, Patel B, Sridhar S, Díaz-Carretero A, Beau I, 
Codogno P, Satir BH, Satir P, and Cuervo AM (2013). Functional inter-
action between autophagy and ciliogenesis. Nature 502(7470): 194–
200. doi: 10.1038/nature12639 

15. Boehlke C, Kotsis F, Patel V, Braeg S, Voelker H, Bredt S, Beyer T, 
Janusch H, Hamann C, Gödel M, Müller K, Herbst M, Hornung M, Do-
erken M, Köttgen M, Nitschke R, Igarashi P, Walz G, and Kuehn EW 
(2010). Primary cilia regulate mTORC1 activity and cell size through 
Lkb1. Nat Cell Biol 12(11): 1115–1122. doi: 10.1038/ncb2117  

16. Bays JL, Campbell HK, Heidema C, Sebbagh M, and DeMali KA 
(2017). Linking E-cadherin mechanotransduction to cell metabolism 
through force-mediated activation of AMPK. Nat Cell Biol 19(6): 724–
731. doi: 10.1038/ncb3537 

17. Tang Z, Lin MG, Stowe TR, Chen S, Zhu M, Stearns T, Franco B, and 
Zhong Q (2013). Autophagy promotes primary ciliogenesis by remo-
ving OFD1 from centriolar satellites. Nature 502(7470): 254–257. doi: 
10.1038/nature12606  

18. Siggs OM, Stockenhuber A, Deobagkar-Lele M, Bull KR, Crockford 
TL, Kingston BL, Crawford G, Anzilotti C, Steeples V, Ghaffari S, Czibik 
G, Bellahcene M, Watkins H, Ashrafian H, Davies B, Woods A, Carling 
D, Yavari A, Beutler B, and Cornall RJ (2016). Mutation of Fnip1 is 
associated with B-cell deficiency, cardiomyopathy, and elevated AMPK 
activity. Proc Natl Acad Sci U S A 113(26): E3706-15. doi: 
10.1073/pnas.1607592113  

19. Chebib FT, Sussman CR, Wang X, Harris PC, and Torres VE (2015). 
Vasopressin and disruption of calcium signalling in polycystic kidney 
disease. Nat Rev Nephrol 11(8): 451–64. doi: 10.1038/nrneph.2015.39 

20. Lemos FO, and Ehrlich BE (2018). Polycystin and calcium signaling 
in cell death and survival. Cell Calcium 69: 37–45. doi: 
10.1016/j.ceca.2017.05.011  

21. Dalagiorgou G, Basdra EK, and Papavassiliou AG (2010). Polycystin-
1: Function as a mechanosensor. Int J Biochem Cell Biol 42(10): 1610–
1613. doi: 10.1016/j.biocel.2010.06.017 

22. Hua K, and Ferland RJ (2017). Fixation methods can differentially 
affect ciliary protein immunolabeling. Cilia 6(1): 5. doi: 
10.1186/s13630-017-0045-9 

 

 


