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resulting in dysregulation of ion transport, abnormal in-
fl ammatory response signaling, and altered cholesterol 
homeostasis both in CF-cell models and in vivo ( 1–11 ). 
There are three different manifestations of the CF choles-
terol phenotype: perinuclear free-cholesterol accumula-
tion, increased membrane cholesterol content, and 
increased de novo cholesterol synthesis ( 10, 11 ). Previously 
we demonstrated that accumulated perinuclear choles-
terol in CF-cell models is reversible in the presence of the 
cAMP binding competitor  Rp -cAMPS, and it colocalizes 
with internalized  � 2-adrenergic receptor ( � 2-AR) ( 12 ). 
These fi ndings implicate the arrestin/G-protein coupled 
receptor kinase (GRK) pathway as a potential regulator of 
the CF cholesterol phenotype. The same study demon-
strated increased expression of  � -arrestin-2 ( � arr2) in CF-
cell models,  Cftr    � / �   mouse nasal epithelia (MNE), and 
nasal scrapes obtained from CF patients compared with re-
spective controls ( 12 ). The hypothesis to test in this study 
is that expression of  � arr2 in CF cells mediates the devel-
opment of  Rp -cAMPS  -sensitive cholesterol accumulation. 

 Arrestins are multifunctional proteins that infl uence 
several cell regulatory pathways. The function initially 
identifi ed was as regulators of G-protein coupled recep-
tors (GPCR) in concert with GRKs. Arrestins and GRKs act 
as silencers of a variety of GPCRs, such as  � -adrenergic 
receptors ( � -AR), rhodopsin, and CXCRs ( 13 ). Phospho-
rylated by GRKs, arrestins bind to GPCRs, inhibiting inter-
actions with G-protein subunits and stimulating receptor 
internalization ( 6 ). In addition to the regulation of GPCRs, 
arrestins have been linked to cell signaling regulation, and 
they affect the activity of c-Src, RhoA, PI3 kinase, MAPKs, 
and NF- � B ( 14–17 ). Arrestin- and GRK-mediated internal-
ization of receptors utilizes the late endosomal/lysosomal 
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FBS. The  � arr2-GFP cells and control-GFP cells were created in-
house using a  � arr2-pEGFP-N1 construct and a control-pEGFP-N1 
construct, generous gifts from Dr. Robert Lefkowitz (Duke 
University, Durham, NC) and Dr. Mitchell Drumm (Case West-
ern Reserve University, Cleveland, OH), respectively. Human 
epithelial 9/9/HTEo �    cells stably transfected with  � arr2-
pEGFP-N1 ( � arr2-GFP) and control-pEGFP-N1 (control-GFP) 
were grown at 37°C in 95% O 2 –5% CO 2  on Falcon 10 cm diame-
ter tissue culture dishes (Biosource International) in Dulbecco’s 
modifi ed Eagle’s medium (DMEM; Gibco, Carlsbad, CA) with 
10% FBS containing 0.04 mM HEPES, 2 mM L-glutamine, 1 U/ml 
penicillin/streptomycin, and 600  � g/ml G418 (selection drug). 
Cells treated with 50  � M  Rp -cAMPS (BioMol, Farmingdale, NY) 
were exposed between 24 and 72 h. Cells treated with 100  � M 
8-Br cAMP (CalBiochem, San Diego, CA) were exposed between 
48 and 72 h. 

 Filipin staining 
 Cells were treated as previously described by Kruth and col-

leagues ( 21 ). Briefl y, cells were grown to 75–90% confl uency on 
Fisher brand glass coverslips. Cells were rinsed three times with 
PBS (138 mM NaCl, 15 mM Na 2 HPO 4 , 1.5 mM KCl, and 2.5 mM 
KH 2 PO 4 ) and then fi xed using 2% paraformaldehyde for  � 30 min. 
Cells were rinsed three more times with PBS and then incubated 
with 0.05 mg/ml fi lipin (Sigma-Aldrich, St. Louis, MO) in PBS 
for 1 h on a shaker in the dark. Filipin is a bacterial product 
that binds to free cholesterol and fl uoresces in the ultraviolet 
range when bound. These properties allow for the visualization 
of cholesterol localization in fi xed cells. Filipin was dissolved 
freshly in dimethylsulfoxide before each experiment. Cells were 
again rinsed three times in PBS before coverslips were mounted 
using Slow-Fade Light antifade (Molecular Probes, Eugene, OR) 
on slides. Cells were visualized in the UV range using a wide-fi eld 
microscope with a 40× objective on a Zeiss Axiovert 200 and 
Metamorph software. 

 Western immunoblotting 
 Antibodies were obtained as follows: actin (Sigma), RhoA   and 

 � arr2 (Santa Cruz Biotechnology), and nitric oxide synthase 2 
(NOS2; BD Transduction Laboratories). Protein samples were 
prepared in 60 mm diameter tissue culture dishes of cultured 
cells in ice-cold RIPA buffer (25 mM Tris, 15 mM NaCl, 1% Non-
idet P-40, 0.5% sodium deoxycaolate, 0.1%   sodium dodecyl 
sulfate) for 30 min at 4°C while shaking. Cell lysates were micro-
centrifuged at 4°C at 14,000 rpm for 10 min. Proteins were sepa-
rated using SDS-PAGE containing 30–40  � g protein on a 7.5% 
acrylamide gel. The samples were transferred to an Immobilon-P 
membrane (Millipore, Bedford, MA) at 15 V for 30 min. The 
blots were blocked for 1 h at room temperature in 10% nonfat 
dehydrated milk in PBS containing 0.1% Tween 20 (PBS-T). 
Blots were incubated in primary antibody at a 1:1000 dilution in 
blocking solution overnight at 4°C. Blots were washed three times 
for 10 min each in PBS-T and incubated in secondary antibody 
conjugated to horseradish peroxidase for 1 h at room tempera-
ture (1:3000 dilution; Sigma-Aldrich). Blots were washed again 
three times for 10 min each in PBS-T before visualization using 
SuperSignal chemiluminescent substrate (Pierce, Rockford, IL) 
and the VersaDoc Imaging System (Bio-Rad, Hercules, CA). Pro-
tein expression quantifi cation was accomplished using densitom-
etry software on the VersaDoc (Quality One; Bio-Rad). 

 LysoTracker staining/fi lipin costaining 
 Cells were grown to 75-90% confl uency on Fisher brand glass 

coverslips. Cells incubated in 1  � M LysoTracker Red DND-99 
(Molecular Probes, Eugene, OR) in normal growth medium for 

traffi cking, as does internalized cholesterol. It is postu-
lated that the chronic increased expression of  � arr2 
could disrupt endosomal traffi cking and lead to choles-
terol accumulation. There is evidence that the arrestin/
GRK pathway is upregulated in CF cells, independent of 
previous cholesterol studies. Barnes and colleagues have 
demonstrated that GRK2 and GRK5 are overexpressed in 
CF lung tissue and that, consistent with this fi nding, ex-
pression levels of the  � 2-AR are reduced at the cell surface 
in CF samples ( 18 ). These fi ndings by Mak et al. confi rm 
those reported by Sharma and Jeffery that also demon-
strate reduced  � 2-AR expression at the surface of CF lung 
cells ( 19 ). The broader implication of this emphasis of the 
arrestin/GRK pathway on CF cells is unclear. The fate of 
other internalized GPCR proteins and how a disruption in 
the internalization and recycling pathway may affect cel-
lular functions have not been examined. 

 In this study, the impact of  � arr2 expression on  Rp -
cAMPS-sensitive cholesterol phenotype is examined. It is 
demonstrated here that stable expression of  � arr2 in epi-
thelial cells recapitulates the cholesterol accumulation 
phenotype characteristic of CF cells. Also, depletion of 
 � arr2 expression in CF cells with shRNA eliminates the 
cholesterol accumulation.  Cftr/ � arr2  double knockout 
(DKO) mice revert elevated de novo cholesterol synthesis 
in CF mouse models to wild-type (WT) levels, providing in 
vivo support of the role of  � arr2 in CF-related cholesterol 
regulation. It is also demonstrated that endosomal traf-
fi cking is impaired in CF cells and that  Rp -cAMPS treat-
ment improves organelle mobility, providing a mechanistic 
avenue for further study. These data provide mechanistic 
insight into what regulates the cholesterol phenotype in 
CF and identify an important pathway that could have sig-
nifi cant impact on pathological processes in CF disease. 

 MATERIALS AND METHODS 

 Cell culture 
 Human epithelial 9/HTEo �  cells overexpressing the CFTR 

regulatory domain (pCEPR) and mock-transfected 9/9/HTEo �  
cells (pCEP) were a generous gift from the lab of Dr. Pamela B. 
Davis (Case Western Reserve University, Cleveland, OH). 9/9/
HTEo �  cells were developed originally by Dr. Dieter Gruenert 
(University of California, San Francisco, CA). These cells were 
chosen for use as they are human tracheal epithelial cells that 
grow well in culture (described below) and contain WT CFTR. 
The pCEPR model allows for studies in a model of chronic CFTR 
inhibition without the impact of  � F508 CFTR misfolding. Cells 
were cared for as previously described ( 20 ). IB3-1 cells ( � F508/
W1282×; CF phenotype) and S9 cells (IB3-1 cells stably trans-
fected with the full-length wild-type CFTR; control) were a gener-
ous gift from Pamela L. Zeitlin (Johns Hopkins University, 
Baltimore, MD). The S9/IB3 cell model was chosen because it 
provides a model of corrected CFTR. Used in conjunction with 
the pCEP/pCEPR cells, we are able to examine a WT cell with 
inhibited CFTR and a CF cell with corrected CFTR to examine 
the inherent impact of CFTR on signaling regulation. These cells 
were grown at 37°C in 95% O 2 –5% CO 2  on Falcon 10 cm diame-
ter tissue culture dishes (Biosource International, Camarillo, 
CA) in LHC-8 basal medium (Biofl uids, Camarillo, CA) with 5% 
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intestine were collected. Tissue samples were hydrolyzed in 1N 
KOH/70% ethanol (v/v) for 2 h at 70°C, vortexing occasionally. 
Samples were then evaporated to dryness, redissolved in 2 ml of 
water, and acidifi ed using 12N HCl. Cholesterol was extracted 
twice by addition of ethyl ether (3 ml). The pooled ether extracts 
were evaporated to dryness under nitrogen and then converted 
to the trimethylsilyl cholesterol derivatives by reacting with 60 µl 
of bis(trimethylsilyl) trifl uoroacetamide + 1% trimethylchlorosi-
lane (TMS; Regis, Morton Grove, IL) at 60°C for 20 min. The 
 2 H-labeling of cholesterol was determined using an Agilent 
5973N-MSD equipped with an Agilent 6890 GC system. The cho-
lesterol was run on a DB17-MS capillary column (30 m × 0.25 mm × 
0.25 µm). The oven temperature was initially held for 1 min at 
150°C, then increased by 20°C per min to 310°C and maintained 
for 8 min. The split ratio was 20:1 with helium fl ow 1 ml per min. 
The inlet temperature was set at 270°C, and the MS transfer line 
was set at 310°C. Under these conditions, cholesterol elutes at 
 � 11.1 min. Electron impact ionization was used in all analyses 
with selected ion monitoring of  m/z  368–372 (M0–M4, =/choles-
terol), dwell time of 10 ms per ion. Plasma was diluted 2-fold with 
distilled water and reacted with 2  � l of 10 N NaOH and 4  � l of a 
5% (v/v) solution of acetone in acetonitrile for 24 h. Acetone was 
extracted by addition of 600  � l of chloroform, followed by addi-
tion of 0.5 g Na 2 SO 4 . Samples were vigorously mixed, and a small 
aliquot of the chloroform was transferred to a GC-MS vial. Ace-
tone was analyzed using the Agilent equipment described above. 
The oven temperature program was 60°C initially, increased by 
20°C per min to 100°C, increased by 50°C per min to 220°C, and 
maintain for 1 min. The split ratio was 40:1 with a helium fl ow of 
1 ml per min. The inlet temperature was set at 230°C, and the MS 
transfer line was set at 245°C. Acetone eluted at  � 1.5 min. The 
MS was operated in the electron impact mode (70 eV). Selective 
ion monitoring of  m/z  58 and 59 was performed using a dwell 
time of 10 ms per ion. 

 RESULTS 

 Cholesterol processing in  � arr2-overexpressing cells 
 The hypothesis of this study is that chronically elevated 

expression of  � arr2 initiates pathways responsible for the 
cholesterol accumulation observed in CF cells. The fi rst 
step in elucidating the role of  � arr2 in cholesterol pro-
cessing in CF is to determine whether exogenous  � arr2 
expression alone is enough to cause CF-like perinuclear 
cholesterol accumulation. 9/9/HTEo �  cells stably express-
ing GFP-tagged  � arr2 ( � arr2-GFP cells) or stably express-
ing GFP alone (cont-GFP cells) were analyzed by fi lipin 
staining. The  � arr2-GFP-expressing cells exhibit a clear 
perinuclear accumulation of free cholesterol that is simi-
lar to that seen in CF cells compared with respective con-
trols (  Fig. 1  ). These cells also show a colocalization of the 
expressed  � arr2-GFP and unesterifi ed cholesterol. Previ-
ous studies demonstrated that total  � arr2 expression in 
 � arr2-GFP cells was comparable to CF model cells ( 22 ). 

 Correction of cholesterol accumulation in  � arr2-
overexpressing cells with  Rp -cAMPS 

 Previous data demonstrated that CF cholesterol accu-
mulation could be reversed by treatment with the cAMP 
binding antagonist  Rp -cAMPS ( 12 ). Because stable expres-
sion of  � arr2 causes CF-like cholesterol accumulation 
in 9/9/HTEo �  cells, it was tested whether cholesterol 

3 h at 37°C at 95% O 2 –5% CO 2 . Then cells were rinsed three 
times with PBS and fi xed with 2% paraformaldehyde for 30 min 
at room temperature. Again cells were rinsed three times with 
PBS and either mounted onto slides using SlowFade Light anti-
fade (Molecular Probes) or stained with fi lipin as previously de-
scribed. Cells were visualized in the 595–605 nm range for the 
LysoTracker or the UV range for the fi lipin using a wide-fi eld 
microscope on a Zeiss Axiovert 200 and Metamorph software. 
A 40× objective was used for all images. 

  � arr2 shRNA transfection 
 The  � arr2-shRNA-expressing vectors and respective negative 

control vector were obtained from Qiagen (Germantown, MD). 
Cells were seeded at a density of 200,000 cells per well in 6-well 
tissue culture dishes 24 h before transfection. Manufacturer pro-
tocol for transfection was followed. Briefl y, for each transfection, 
15  � l of Xtreme Gene 9 (Roche, Indianapolis, IN) was incubated 
for 10 min at room temperature in 100  � l of OptiMEM (Gibco, 
Carlsbad, CA). Concurrently for each transfection, 0.4  � g of 
DNA was incubated for 10 min at room temperature in 100  � l of 
OptiMEM (Gibco). Then Xtreme Gene/OptiMEM mix was 
added to DNA/OptiMEM mix, mixed gently, and incubated for 
an additional 20 min at room temperature. Finally, 100  � l of di-
luted transfection mix was added to each well containing 400  � l 
of normal growth medium, and cells were incubated at 37°C in 
95% O 2 –5% CO 2  for 48 h. Transfection media were removed, 
and 2 ml of fresh media containing 80 µg/ml hygromycin was 
added. Cells were maintained in the selection media until ready 
for screening. Cells were fi lipin stained and mounted as described 
previously. Cells were visualized in the UV range for the fi lipin on 
a Zeiss Axiovert 200 and Metamorph software. A 40× objective 
was used for all images. 

 NPC1 imaging studies 
 NPC1-mCherry constructs were obtained from Dr. Kevin 

Vaughan (University of Notre Dame, Notre Dame, IN). 

 Transfection.   Cells were plated on vitrogen-coated coverslips 
at a density of 5 × 10 4  cells per coverslip in a 12-well dish. For each 
transfection, 0.6 Fugene (Roche, Indianapolis, IN) was added to 
100 µl Optimem and incubated at room temperature (RT) for 
5 min, after which 0.3 µg DNA was added and incubated at RT 
for 15 min. Plating media was removed and replaced with 400 µl 
fresh SF media and 100 µl of the transfection mix. Cells were al-
lowed to incubate overnight at 37°C, 5% CO 2 . 

 Live imaging.   Vacuum grease was placed in a thin layer on a 
microscope slide roughly outlining the shape of the coverslips, 
and a small amount of media was added to the slide in this circle 
of vacuum grease. Coverslips were inverted onto the slide and vi-
sualized using a Zeiss Axiovert 200 (Jena, Germany) with a 40× oil 
objective and 500 ms exposure. Stacked images were taken using 
the Metamorph software (Molecular Devices, Sunnydale, CA). 
Live images were taken in stream acquisition mode at a rate of 1.4 
frames/s. The three most mobile NPC1-tagged organelles in 
GFP-expressing cells were tracked for 25 frames. 

 Measuring cholesterol synthesis in vivo 
 Cholesterol synthesis measurements were performed as de-

scribed ( 11 ). Briefl y, mice and the matched controls were given 
an intraperitoneal injection ( � 24 µl per g body weight) of deu-
terated saline (9 g NaCl in 1,000 ml of 99%  2 H 2 O; Sigma-Aldrich, 
St. Louis, MO). After 8 h, mice were euthanized using carbon 
dioxide. Blood was taken from the heart, and plasma was col-
lected. Whole lungs and approximately 1.0 g of liver and small 
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knockdown  � arr2 expression. CF IB3 cells stably trans-
fected with  � arr2 shRNA (clone 2) effectively reduced 
 � arr2 expression as seen by Western blot analysis, whereas 
control shRNA and another  � arr2 shRNA (clone 1) had 
no effect on  � arr2 expression. These cell lines were exam-
ined by fi lipin staining to determine the effect of  � arr2 
expression on cholesterol accumulation (  Fig. 4  ). IB3 con-
trol shRNA and IB3 clone 1 cells have CF-like perinuclear 
accumulation of cholesterol, whereas IB3 clone 2 cells 
(57%  � arr2 expression compared with clone 1 as deter-
mined by densitometry) have a more dispersed pattern of 
cholesterol staining. These data indicate that cholesterol 
accumulation is in part dependent on  � arr2 expression in 
CF-model cells, and depletion of  � arr2 is enough to re-
verse the cholesterol phenotype. 

 Effect of in vivo depletion of  � arr2 expression in 
 Cftr   � / �    mice on cholesterol phenotypes 

 To verify the fi ndings in the cellular studies above, a 
mouse model of  � arr2 depletion was examined to further 
address the effect of  � arr2 on cholesterol processing in 
CF.  Cftr/ � arr2  double knockout (DKO) mice were devel-
oped as recently published ( 22 ) and utilized to directly 
examine the effect of  � arr2 on aspects of cholesterol pro-
cessing and signaling. We previously demonstrated that 
CF mice exhibit increased de novo cholesterol synthesis in 
the liver compared with sibling WT mice ( 11 ). We also 

accumulation in  � arr2-GFP cells exhibits the same  Rp -cAMPS 
sensitivity observed in CF-model cells.  � arr2-GFP cells were 
exposed to  Rp -cAMPS (50 µM) for 24 h and 72 h, and then 
examined by fi lipin stain. Cholesterol accumulation in  � arr2-
GFP cells is reversed by  Rp -cAMPS exposure, as is observed in 
CF cells (  Fig. 2  ). Interestingly,  � arr2-GFP localization is also 
redistributed in the presence of  Rp -cAMPS, suggesting that a 
more general cellular traffi cking defect may be involved in 
the accumulation phenotype. 

 Localization of  � arr2-GFP and cholesterol 
 To determine whether  � arr2-mediated cholesterol accu-

mulation accurately models CF cholesterol accumulation, 
the localization of cholesterol accumulation between  � arr2-
GFP cells and CF IB3 cells was compared using the late 
endosomal/lysosomal marker LysoTracker   (1 mM) and 
fi lipin staining.  � arr2-GFP-expressing cells incubated in 
LysoTracker and fi lipin-stained show a colocalization of the 
 � arr2, cholesterol, and LysoTracker (  Fig. 3  ). IB3 cells also 
show a colocalization of cholesterol and LysoTracker, indi-
cating that  � arr2 expression is accurately recapitulating 
CF-related cholesterol processing characteristics ( Fig. 3 ). 

 Effect of  � arr2 knockdown on cholesterol accumulation 
 It is shown above that stable expression of  � arr2 causes 

CF-like cholesterol accumulation. These data are consis-
tent with previous fi ndings in CF cells ( 12 ). It is possible 
that lipid accumulation in  � arr2-GFP cells is the result of 
expressing increased amounts of protein in these cells as 
opposed to a specifi c effect of  � arr2 expression, although 
GFP expression alone does not have this effect. To deter-
mine the full effect of  � arr2 in the development of the CF 
cholesterol phenotype, shRNA was used to effectively 

  Fig.   1.  Cholesterol accumulation in  � arr2-expressing 9/9/
HTEo �  cells. (A) Representative images of GFP-expressing con-
trol cells stained for endogenous free cholesterol (fi lipin). (B) 
Representative images of GFP-tagged  � arr2-expressing cells stained 
for endogenous free cholesterol (fi lipin). Images representative 
of at least 20 images for each cell type taken over three separate 
experiments.   

  Fig.   2.  Correction of cholesterol accumulation in  � arr2-
overexpressing cells with  Rp -cAMPS (50 µM). (A) Representative 
image of untreated GFP-expressing (control-GFP) cells stained for 
endogenous free cholesterol (fi lipin). (B) Representative image of 
untreated  � arr2-GFP cells stained for cholesterol (fi lipin). (C) 
Representative image of  � arr2-GFP cells treated with  Rp -cAMPS 
(50 µM) for 72 h and stained for cholesterol (fi lipin). Images are 
representative of at least 15 images for each condition taken over 
four separate experiments.   
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NOS2 and RhoA were examined in the mouse models de-
scribed above. Consistent with previous data, RhoA ex-
pression was signifi cantly increased and NOS2 expression 
was signifi cantly decreased in  Cftr    � / �   MNE compared with 
WT samples (  Fig. 6A  ). Expression patterns in  Cftr/ � arr2  
DKO samples, however, more closely resembled that of 
WT mice. Expression of RhoA and NOS2 in   � arr2    � / �   mice 
resembled WT mice. The effect of  � arr2 depletion in 
non-CF mice (  � arr2   � / �   ) on NOS2 expression compared 
with WT mice was also examined. Relative NOS2/actin ex-
pression in   � arr2   � / �    mice was 1.3 ± 0.4-fold increased 
compared with WT mice (1.0; n = 3; not signifi cant). These 
data provide further evidence that  � arr2 expression is a 
key to mediating cholesterol-related phenotypes in CF. 

  Fig. 2  demonstrates that  � arr2-mediated cholesterol ac-
cumulation is sensitive to  Rp -cAMPS treatment, as is ob-
served in CF-cell models ( 12 ), suggesting that  Rp -cAMPS 
and  � arr2 are acting within the same pathway. If  � arr2 
depletion in CF models is acting like  Rp -cAMPS treatment 
regarding cholesterol processing, then the effect of in vivo 
treatment of  Cftr    � / �   mice with  Rp -cAMPS should mimic 
the results observed in  Cftr/ � arr2  DKO mice. To test this 
hypothesis, the marker of NOS2 expression was examined 
in MNE from  Cftr    � / �   mice treated with  Rp -cAMPS (5 mg/
kg/day for 12 days). As was observed in  Cftr/ � arr2  DKO 

demonstrated that downstream signaling events, such as 
reduced NOS2 expression and increased RhoA expres-
sion, were directly related to cholesterol synthesis increases 
in mouse models of CF ( 23 ). These outcomes were exam-
ined in WT,  Cftr   � / �  ,  and  Cftr/ � arr2  DKO mice as a mea-
sure of the infl uence of  � arr2 on cholesterol-related 
events in an in vivo model of CF. 

 De novo cholesterol synthesis was measured in WT, 
 Cftr    � / �  ,  Cftr/ � arr2  DKO, and   � arr2    � / �   mice using a D 2 O 
labeling method as described. Percentage de novo choles-
terol synthesis in  Cftr    � / �   mice (20.9 ± 1.7, n = 7) was signifi -
cantly greater than that observed in WT mice (12.9 ± 1.3, 
n = 8), consistent with previously published data ( 11 ). 
 Cftr/ � arr2  DKO mice, however, exhibit de novo cholesterol 
synthesis levels (10.4 ± 1.1, n = 3) that were signifi cantly 
lower than WT levels. Synthesis levels in  � arr2   � / �   mice 
(8.9 ± 0.4, n = 4) were also signifi cantly lower than WT mice 
values, but they were not different from  Cftr/ � arr2  DKO val-
ues (  Fig. 5  ). Total cholesterol content in the liver was not 
signifi cantly changed between groups. Signifi cance between 
groups was determined by ANOVA analysis with the New-
man-Keuls multiple comparison posthoc test ( P  < 0.05). 
These data demonstrate directly that depletion of  � arr2 ex-
pression in a CF model reverts a quantifi able measure of 
cholesterol processing toward WT levels in vivo. 

 If de novo cholesterol synthesis rates are reverted to-
ward WT levels in  Cftr/ � arr2  DKO mice compared with 
 Cftr    � / �   mice, then it is predicted that downstream events 
related to elevated cholesterol synthesis would also be re-
versed. To test this prediction, protein expression levels of 

  Fig.   3.  Localization of cholesterol and  � arr2 in the lysosomes 
in CF and  � arr2-overexpressing cells. (A) Representative image 
of lysosomes (LysoTracker) and endogenous free cholesterol 
(fi lipin) in GFP-expressing control cells. (B) Representative image 
of lysosomes (LysoTracker) and endogenous free cholesterol 
(fi lipin) in  � arr2-GFP cells. (C) Representative image of lysosomes 
(LysoTracker) and endogenous free cholesterol (fi lipin) in IB3 cells. 
Images are representative of at least 15 images for each condition 
taken over three separate experiments.   

  Fig.   4.  Correction of cholesterol accumulation in IB3 cells us-
ing  � arr2 shRNA. (A) Three representative images from three 
clonal cell lines [IB3-control shRNA, IB3- � arr2 shRNA (clone 2), 
and IB3- � arr2 shRNA (clone 1)]. Only clone 2 ( � arr2 shRNA) 
depleted  � arr2 expression. Images show endogenous free choles-
terol distribution using fi lipin staining. Images are representa-
tive of at least 15 images for each condition taken over three 
separate experiments. (B) Representative Western blot image 
showing  � arr2 expression. Image is representative of three sepa-
rate experiments.   
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(  Fig. 7  ). CF-model cells, however, exhibit a clustering of 
NPC1-labeled organelles near the nucleus, consistent with 
cholesterol accumulation data and restricted movement. 
CF-model cells treated with  Rp -cAMPS, a compound we 
have shown to alleviate cholesterol accumulation in CF 
( 3 ), exhibit improved organelle dispersion and an increase 
in maximal movement. These data suggest that cholesterol 
accumulation in CF is due to lack of organelle traffi cking. 
Quantifi cation of NPC1-mCherry-labeled organelles is 
shown in  Fig. 7B . Values for each condition are WT pCEP-
9/9/HTEo �  (37.8 ± 2.2, n = 80); CF-model pCEPR-9/9/
HTEo �  (20.6 ± 2.4, n = 51); CF-model cells plus 50 µM 
 Rp -cAMPS from 48 h (30.2 ± 5.3, n = 29); and WT cells plus 
1 µM nocodazole (13.8 ± 2.2, n = 21). These data demon-
strate directly that organelle traffi cking is interrupted in 
CF-model cells and that  Rp -cAMPS is capable of reversing 
this phenotype at least toward WT levels. Nocodazole treat-
ment of WT cells is shown as a control for disruption of 
microtubule-mediated vectorial transport. 

 As  � arr2 expression appears to be a key regulator of cho-
lesterol processing, the hypothesis that organelle transport 
effi ciency also is regulated by  � arr2 was examined. Using 
the same NPC1-mCherry approach, we analyzed organelle 
movement in  � arr2-GFP 9/9/HTEo �  cells compared with 
GFP-expressing 9/9/HTEo �  controls. As shown in   Fig. 8  , 

mice, NOS2 expression in  Rp -cAMPS-treated  Cftr   � / �    mice 
returned to WT levels ( Fig. 6B ). 

 Examination of organelle traffi cking in a cultured 
CF-cell model 

 Cholesterol accumulation in both CF cells and  � arr2-
GFP 9/9/HTEo �  cells is reversible by treatment with  Rp -
cAMPS, suggesting that similar mechanisms leading to 
accumulation are involved in each cell type. Ko et al. dem-
onstrated that cholesterol accumulation in U18666a-
treated cells corresponded to reduced vectorial movement 
of NPC1-containing organelles ( 24 ). U18666a is an inhibi-
tor of cholesterol processing and of cholesterol synthesis 
often used to induce cholesterol accumulation. It is hy-
pothesized that cholesterol accumulation in CF cells is not 
due to a specifi c fl aw in cholesterol transport but to dimin-
ished vectorial or outward movement of endosomes in CF 
cells. To test the hypothesis that reduced organelle move-
ment leads to cholesterol accumulation in CF-model cells 
and is  Rp -cAMPS sensitive, studies were performed by trans-
fecting WT and CF-model cells with a construct expressing 
an mCherry-labeled NPC1 protein obtained from Dr. Kevin 
Vaughan (University of Notre Dame), and vectorial move-
ment assessed using live cell imaging. WT cells exhibit an 
even dispersal of organelles with free, rapid movement 

  Fig.   5.  De novo cholesterol synthesis in WT,  Cftr    � / �  , 
  b arr2    � / �  , and  Cftr/ b arr2  DKO mice. (A) Scatterplot 
of liver de novo cholesterol synthesis in each model 
system. (B) Scatterplot of total liver cholesterol con-
tent in each model system. Signifi cance determined 
by ANOVA. Comparisons between groups were per-
formed with the Newman-Keuls posthoc test. * P  < 
0.05; NS = not signifi cant compared with WT mice. 
(C) Representative gels demonstrating genotyping 
performed on each mouse.   
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These data led to the hypothesis of this study that  � arr2 
expression is a key regulator of organelle traffi cking in CF 
cells, leading to cholesterol accumulation. 

 Note that cholesterol accumulation is likely only a 
marker of a more pronounced defect in organelle traffi ck-
ing in CF, as other cellular components have been shown 
to accumulate in the late endosomes/lysosomes. As men-
tioned above, we have demonstrated that  � 2-AR colocal-
izes with cholesterol in the perinuclear region ( 12 ). 
Recently Bruscia et al. have shown in CF macrophages that 
toll-like receptor-4 (TLR4) accumulates in endosomes, 
leading to increased cytokine production ( 28 ). Further 
evidence of altered organelle movement can be seen in a 
study by Luciani et al. showing that defective CFTR leads 
to decreased aggresome clearance and defective autophagy 
( 29 ). Aggresome formation has been reported previously 
in CF studies in response to  � F508 misfolding and aggre-
gation ( 30 ). The study by Luciani et al. demonstrates that 
defi ciency of CFTR can have similar traffi cking and organ-
elle regulatory effects that have been previously only attrib-
uted to mutant CFTR misfolding, indicating that loss of 
CFTR function and increased expression of  � F508 CFTR 
can have similar impacts on cellular traffi cking patterns ( 29 ). 
These fi ndings explain how overexpressing  � F508 in a 

 � arr2-GFP-expressing cells exhibit identical reduction in ve-
sicular movement as observed in CF-model cells. Cont-GFP 
9/9/HTEo �  cells (28.3 ± 2.2, n = 48) compared with  � arr2-
GFP 9/9/HTEo �  cells (19.9 ± 1.4, n = 54). These data point 
to a specifi c mechanism by which  � arr2 can infl uence the 
phenotype of cholesterol accumulation in CF cells. 

 DISCUSSION 

 Several studies have revealed cholesterol-processing 
issues in CF cells ( 10–12, 25–27 ). Studies by Gentsch et al. 
suggest that misfolding of  � F508 CFTR leads to lipid ac-
cumulation ( 25 ). Our initial studies, however, demon-
strate that  Cftr    � / �   mice exhibit cholesterol-processing 
defects, suggesting that loss of CFTR function is a key to 
traffi cking issues in CF cells ( 10–12 ). Previous fi ndings 
demonstrated that protein expression levels of  � arr2 are 
signifi cantly elevated in cultured CF cells, nasal tissue from 
 Cftr    � / �   mice, and from nasal scrapes obtained from CF 
subjects compared with expression in respective controls 
( 12 ). It was also demonstrated that  � 2-AR colocalizes with 
cholesterol in cultured CF-model cells, one of multiple 
GPCRs internalized by the GRK/arrestin pathway ( 12 ). 

  Fig.   6.  Effect of  � arr2 deletion on signaling pro-
tein expression in CF mouse nasal epithelium. (A) 
The expression of NOS2 and RhoA were examined 
in sibling WT mice (n = 6),  Cftr    � / �   (CF) mice (n = 4), 
and  Cftr    � / �  ;   b arr2    � / �   DKO mice (n = 5). Signifi cance 
determined by ANOVA. Comparisons between 
groups was performed with the Newman-Keuls post-
hoc test; * P  < 0.05. (B) The effect of  Rp -cAMPS on 
NOS2 expression in  Cftr   � / �    mouse nasal epithelium. 
 Cftr   � / �    mice were treated with either saline or  Rp -
cAMPS for 12 days and assayed for NOS2 expression 
normalized to actin content. Signifi cance determined 
by  t -test; n = 10 for each group.   
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of  � arr2-GFP in 9/9/HTEo �  cells leads to CF-like choles-
terol accumulation in late endosomal/lysosomal organelles. 
Expression of  � arr2 shRNA in CF IB3 cells reduces choles-
terol accumulation, and depletion of  � arr2 expression in 
a CF mouse model reduces cholesterol synthesis rates to 
WT levels. We have previously demonstrated that newly 
synthesized cholesterol in CF cells is stored in the plasma 
membrane, resulting in an approximately 2-fold increase 
of cholesterol that is accessible to electrochemical detec-
tion ( 26 ). Whether  � arr2 expression is a key factor in this 
observation is under investigation. Signaling protein profi les 

study by Gentsch et al.   and studies from our group using 
 Cftr    � / �   mice and non- � F508 CFTR cell models can show 
cholesterol processing changes. 

 Mechanistically, data demonstrate that NPC1-containing 
vesicles are not traffi cked effi ciently in CF-model cells and 
that  Rp -cAMPS treatment improves organelle mobility. 
Cholesterol accumulation in  � arr2-GFP-expressing cells is 
also  Rp -cAMPS sensitive, suggesting the possibility that el-
evated  � arr2 expression may be affecting microtubule 
structure or transport. Shankar et al. have demonstrated 
that nonvisual arrestins associate directly with  � -tubulin in 
centrosomes and infl uence centrosome function as well as 
microtubule elongation ( 31 ). It is possible that increased 
expression of  � arr2 in the centrosomal region enhances 
retrograde transport and leads to less effi cient antero-
grade endosomal transport, visualized in these studies as 
perinuclear cholesterol accumulation. The role of  � arr2 
in regulating organelle transport and where  Rp -cAMPS af-
fects this process are areas in need of further investigation. 
It is also unclear whether the effect of arrestin expression 
on organelle movement or cholesterol processing is spe-
cifi c for  � arr2. Both  � arr1 and  � arr2 interact with  � -tubulin 
and internalize GPCRs ( 31 ). Whether  � arr1 has a similar 
effect needs to further explored. 

 These studies lead to the conclusion that  � arr2 ex-
pression is key to the development of cholesterol-related 
phenotypes in CF cells. Cellular studies show that expression 

  Fig.   7.  Organelle traffi cking in WT and CF-model 
cells using NPC1-mcherry as a marker. (A) Still frames 
from video of NPC1-labeled organelle movement. 
(B) Quantifi cation of NPC1-mCherry-labeled organ-
elle mobility. The three most mobile organelles from 
cells over fi ve separate experiments were analyzed for 
relative distance moved. Nocodazole (noc; 50 nM) 
was used a positive control for disruption of MT-
mediated transport. Signifi cance determined by 
ANOVA. Comparisons between groups was performed 
with the Newman-Keuls posthoc test. * P  < 0.05; 
NS = not signifi cant.   

  Fig.   8.  Quantifi cation of NPC1-mCherry-labeled organelle mo-
bility control and  � arr2-GFP expressing 9/HTEo cells. The three 
most mobile organelles from cells over duplicate experiments were 
analyzed for relative distance moved. Signifi cance determined by 
 t -test; * P  < 0.001.   
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characteristic of CF (increased RhoA and decreased NOS2 
protein expression) known to be related to the cholesterol 
pathway are also reversed toward WT levels in CF mouse 
nasal tissue in the absence of  � arr2 expression. Accumula-
tion of cholesterol mediated by  � arr2 expression is revers-
ible with  Rp -cAMPS, as is observed in CF-cell models, with 
regulation of organelle traffi cking proposed as a potential 
mechanism. Studies to identify the mechanisms leading to 
increased expression of  � arr2 in CF cells and to determine 
how  � arr2 mediates the effects on cholesterol transport 
are currently being performed. Understanding the role of 
 � arr2-mediated involvement in cholesterol regulation in 
these diseases will lead to a better understanding of patho-
logical processes in these diseases and illuminate new ar-
eas of intervention.  
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