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CF is caused by the loss of cystic fibrosis transmembrane
conductance regulator (CFTR) function, a cAMP-activated

chloride channel. Discerning the cell biological manifestations of
losing CFTR function is an ongoing interest. Among the
manifestations of lost CFTR function on epithelial cells are a
reduction in nitric oxide synthase-2 (NOS2), increased RhoA
expression and activation, and altered cholesterol homeostasis
both in CF cell models and in vivo.1,2 Recently, we have
demonstrated that cholesterol accumulation in CF cells is
reversible upon treatment with the cAMP binding competitor
Rp-cAMPS, suggesting an alteration in some aspects of the
cAMP-signaling pathway.3 Evidence of alterations within the
cAMP pathway include elevated phosphorylated cAMP response
element binding protein (pCREB) content and increased ex-
pression of β-arrestin-2 (βarr2), with βarr2 protein expression
being increased in CF cell models, Cftr �/� mouse nasal
epithelia (MNE), and nasal scrapes obtained from CF patients.3

Among other functions, arrestins can serve as a regulator of
cAMP-related signaling as they work in conjunction with G-pro-
tein coupled receptor kinases (GRKs) to internalize various
GPCRs such as the β2-adrenergic receptor (β2-AR).4 There is
evidence that the GRK/arrestin pathway is upregulated in CF
cells independent of previous studies identifying increased βarr2
expression from this group. Barnes and colleagues have demon-
strated that GRK2 andGRK5 are overexpressed in CF lung tissue
and that, consistent with this finding, expression levels of the β2-
AR are reduced at the cell surface in CF samples.5 Studies by
Sharma and Jeffery also confirm Barnes’ findings of reduced β2-
AR expression at the surface of CF lung cells.6 In addition to the
regulation of GPCRs, arrestins have been linked to a number of

cell signaling cascades. Consistent with signaling manifestations
we have identified in CF, both βarr1 and βarr2 have been shown
to mediate the activation of the small GTPase RhoA in response
to angiotensin and other stimuli.7,8 RhoA function has been
implicated by our work in several regulatory functions associated
with CF including being responsible for reduced NOS2 expres-
sion and contributing to increased cytokine production.9,10

Elevated βarr2 expression has also been shown to result in
increased IL-8 and IL-6 production in an NF-kB-independent
manner.11 The potential impact of βarr2 expression on CF-
related signaling events requires further investigation.

The hypothesis tested in this study is that elevated βarr2
expression in CF cells and tissues is sufficient to stimulate CREB
activation. It is demonstrated that eliminating βarr2 expression in
CFmice via the breeding of aCftr/βarr2 double knockoutmouse
eliminates both elevated ERK and CREB activation observed in
CF mouse models further supporting the proposed mechanism.
These data identify a novel function of βarr2-mediated signaling
and provide mechanistic insight into how this signaling cascade
influences CF signaling phenotypes in vivo.

’MATERIALS AND METHODS

Cell Culture.Human epithelial 9/HTEo- cells overexpressing
the CFTR regulatory domain (pCEPR) and mock-transfected
9/HTEo- cells (pCEP) were a generous gift from the lab of
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ABSTRACT: Previous work demonstrated that cystic fibrosis (CF) cells exhibit an increase in cAMP-
mediated signaling as a characteristic response to lost CFTR function. Evidence for increased cAMP-
mediated signaling in CF included increased phosphorylation of the cAMP response element binding protein
(CREB) and elevated β-arrestin-2 (βarr2) expression. However, subsequent studies reveal that CREB
activation in CF cells is independent of protein kinase-A (PKA). The goal of this study is to test the
hypothesis that elevated βarr2 expression leads to increased CREB activation in a PKA-independent mechanism. βarr2-GFP
expressing tracheal epithelial cells (βarr2-GFP) exhibit an increase of pCREB content and subsequent CRE activation compared to
GFP expressing control cells. βarr2 activation of the ERK cascade represents a candidate mechanism leading to CREB activation.
ERK exhibits increased activation in βarr2-GFP cells compared to cont-GFP cells, and ERK inhibition diminishes CRE activation in
both GFP and βarr2-GFP cells. To test directly whether CREB regulation in CF is βarr2-dependent, nasal epithelium excised from
wt mice (Cftr þ/þ; βarr2 þ/þ), CF mice (Cftr �/�; βarr2 þ/þ), and DKO mice (Cftr �/�; βarr2 �/�) were analyzed for
pCREB protein content. Removal of βarr2 expression from CF mice reduces both pCREB and pERK content to wt levels. These
data indicate that CF-related CREB regulation is mediated directly through βarr2 expression via the ERK pathway.
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Dr. Pamela B. Davis (Case Western Reserve University, Cleve-
land, OH). Cells were cared for as previously described.12 The
βarr2-GFP cells and control-GFP cells were created in-house
using a βarr2-pEGFP-N1 construct and a control-pEGFP-N1
construct, generous gifts from the laboratories of Dr. Robert
Lefkowitz (Duke University, Durham, NC) and Dr. Mitchell
Drumm (Case Western Reserve University, Cleveland, OH),
respectively. Human epithelial 9/HTEo- cells stably transfected
with βarr2-pEGFP-N1 (βarr2-GFP) and control-pEGFP-N1
(control-GFP) were grown at 37 �C in 95% O2�5% CO2 on
Falcon 10 cm diameter tissue culture dishes (Biosource Interna-
tional, Camarillo, CA) in Dulbecco’s modified 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 μg/mL G418 (selection drug). These
cells have been subcloned twice and stably maintained. The
empty vector (pUSE-positive-AMP) and constitutively active
human MEK (Active MEK) cells were created in house. Human
epithelial 9/HTEo- cells stably transfected with the empty and
Active MEK constructs (Upstate, Lake Placid, NY) were grown
at 37 �C in 95% O2�5% CO2 on Falcon 10 cm diameter tissue
culture dishes (Biosource International, Camarillo, CA) in
Dulbecco’s modified 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 μg/mL
G418 (selection drug). These cells were not subcloned but have
been maintained in selection media. Cells treated with 50 μM
Rp-cAMPS (Biomol International, Plymouth Meeting, PA),
50 μM U0126 (Calbiochem, San Diego, CA), or 50 μM
PD98059 (Calbiochem, San Diego, CA) were exposed for either
72 or 24 h.
Western Immunoblotting. Antibodies against cAMP re-

sponse element binding protein (CREB) were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA), and phosphory-
lated CREB was obtained from AbCam (Cambridge, MA);
antibodies against extracellular signal-regulated kinase (ERK)
and phosphorylated ERK were obtained from Santa Cruz (Santa
Cruz, CA). 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% Nonidet P-40, 0.5% sodium
deoxycaolate, 0.1% 0.1% sodium dodecyl sulfate) for 30 min at
4 �C while shaking. Cell lysates were microcentrifuged at 4 �C at
14 000 rpm for 10 min. Proteins were separated using SDS-
PAGE containing 30�40 μg of protein on a 7.5% or 10%
acrylamide gel. The samples were transferred to an Immobi-
lon-P membrane (Millipore, Bedford, MA) at 15 V for 30 min.
The blots were blocked for 1 h at room temperature in 5% 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 or PBS-T 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 in PBS-T for 1 h
at room temperature (1:3000 dilution; Sigma-Aldrich, St. Louis,
MO). 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). Protein expression quantifica-
tion was accomplished using densitometry software on the
VersaDoc (Quality One; Bio-Rad, Hercules, CA).
CRE Luciferase. The human cAMP response element

(CRE)�luciferase reporter construct (CRE-Luc) (Stratagene,
Santa Clare, CA) cells were plated at a density of 50 000 cells per

well in 24-well culture dishes 48 h before transfection. For each
transfection, 0.6 μL of FuGene 6 (Roche, Indianapolis, IN) was
incubated for 5 min in 100 μL of OptiMEM (Gibco BRL,
Gaithersburg, MD). Then, 0.3 μg of DNA and 0.008 μg of
pRL-TK were added to the FuGene-OptiMEM mix and incu-
bated for another 15 min. 100 μL of diluted transfection mix was
added to each well, and cells were incubated at 37 �C in 95%
O2�5% CO2 for 24 h. The transfection mix was replaced with
either normal growth media(50 μMU0126 or 50 μMPD98059
for 24 h. Cells were then lysed in 1 mL Passive Lysis Buffer
(Promega, Madison, WI) at room temperature for 30 min and
assayed for luciferase activity according to manufacturer’s in-
structions (Promega, Madison, WI). Results are expressed in
relative light units (RLU) and normalized to Renilla luciferase
activity.
Mice. Mice lacking CFTR expression (Cftrtm1Unc) were ob-

tained from Jackson Laboratories (Bar Harbor, ME). CFTR
wild-type mice were siblings of Cftr �/� mice. Cftr/βarr2
double knockout (DKO)mice were created in-house by crossing
Cftr �/� mice and βarr2 �/� mice, which were provided by
Dr. Robert Lefkowitz (Duke University, Durham, NC). All mice
were used between 6 and 8 weeks of age. CF mice were fed a
liquid diet as described by Eckman and colleagues.13 Mice
were cared for in accordance with the Case Western Reserve
University IACUC guidelines by the CF Animal Core Facility.
Excised mouse nasal epithelium was obtained from wild-type,
CF, and DKOmice and was processed as previously described.14

’RESULTS

βarr2-Mediated Regulation of CREB Phosphorylation.
Previous work demonstrated that pCREB content and βarr2
protein expression are elevated in primary CF nasal tissue, CF
cell models, and Cftr �/� mouse nasal epithelium compared to
respective controls.3 Evidence suggests that pCREB activation in
CF-model cells is independent of PKA as neither Rp-cAMPS nor
H89 impacts pCREB levels (Supporting Information Figure S1).
Since βarr2 has an important regulatory role in the cAMP
pathway through its regulation of β2-AR and is capable of
ligand-independent signaling regulation such as signaling

Figure 1. Expression of GFP and βarr2-GFP in control-GFP and βarr2-
GFP 9/HTEo- cell lines. Representative gel demonstrating GFP and
βarr2-GFP expression in respective cell lines from two separate lysates.
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pathways including PI3 kinase, Src, RhoA, and ERK activation, it
was hypothesized that βarr2 may influence CREB regulation in
order to maintain active CREB levels during periods of β2-AR
desensitization.3,7,8,15�17,20�24 Therefore, the impact of βarr2 on
pCREB content was examined in a model where βarr2-GFP
(βarr2-GFP cells) was stably expressed in 9/HTEo- cells and
control cells expressing GFP alone (control-GFP cells)
(Figure 1). Figure 1A shows GFP and βarr2-GFP expression in
respective cell models probed for anti-GFP, while Figure 1B
examines expression as determined by anti-βarr2 immunoblot.
Total expression levels of βarr2 in βarr2-GFP cells relative to
endogenous βarr2 levels in control-GFP cells are comparable to
βarr2 expression differences between Cftr �/� and Cftr þ/þ
mouse nasal epithelium (Figure 2). These data suggest that the
βarr2-GFP cell model exhibits a physiologically relevant level of
βarr2 expression with respect to what is observed in CF models.
The above data demonstrate the relative extent of βarr2-GFP

overexpression in this cell model. Content of pCREB protein
expression was determined in βarr2-GFP cells and control-GFP
cells at differing lysate protein concentrations (Figure 3A,B) and

with respect to total CREB content (Figure 3C,D). The βarr2-
GFP cells exhibit a 2.2-fold increase in pCREB/total CREB ratio
compared to GFP control cells (Figure 3D). These data suggest
that βarr2 overexpression alone is sufficient to initiate CREB
activation characteristic of CF cells.
βarr2-Mediated Regulation of ERK 1/2 MAP Kinase. Like

CF-model cells, the role of PKA was examined in CREB
regulation in the βarr2-GFP cell models. Neither Rp-cAMPS
nor H89 treatment significantly modulates pCREB content in
control-GFP or βarr2-GFP cells, suggesting a PKA-independent
regulation of CREB (Figure 4). Densitometry analysis reveals no
significant difference in the presence of either Rp-cAMPS or H89
(not shown). Given the hypothesis that βarr2 leads to CREB
activation in a PKA-independent fashion, βarr2 interactions with
other pathways known to regulate CREB were explored. It has
been shown that β-arrestin and ERK 1/2 can form complexes in
the internalization of GPCRs and that β-arrestins are involved in
the scaffolding of MAP kinase cascades, specifically for ERK
1/2.18,19 Because of this, we studied the effect of overexpression
of βarr2 on the activation and phosphorylation of ERK

Figure 3. Expression of pCREB and tCREB in unstimulated βarr2-GFP
expressing cells and control GFP expressing cells. (A) Representative gel
and associated densitometry (B) showing increased pCREB content in
βarr2-GFP cells compared to control-GFP cells over a range of protein
concentrations. (C) Representative gel showing pCREB and tCREB
expression in control-GFP cells and βarr2-GFP cells. (D) Densitometry
analysis of pCREB/tCREB ratios using 30 μg of protein. Data normal-
ized to control-GFP cells and reported as fold increase. Error bars
represent SEM with n = 9 for each. Significance determined by t test; *p
< 0.05.

Figure 2. Relative expression of βarr2 in βarr2-GFP cells and in Cftr�/�
mouse nasal epithelium. (A) Representative gel showing both βarr2-
GFP and endogenous βarr2 expression at different lysate concentrations
in βarr2-GFP 9/HTEo- cells. Gel is representative of two experiments.
Average of pixel density by densitometry analysis for βarr2-GFP alone
and total βarr2 (βarr2-GFP þ endogenous βarr2) are also shown
compared to control (cont)-GFP 9/HTEo- cells. Data shown as relative
expression. (B) Representative gel showing endogenous βarr2 expres-
sion at different lysate concentrations in Cftr�/� and Cftrþ/þmouse
nasal epithelium. Gel is representative of three experiments. Average of
pixel density by densitometry analysis for βarr2- endogenous βarr2 is
also shown. Data shown as relative expression.
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1/2. Figure 5A,B demonstrates an increase in pERK content in
βarr2-GFP cells compared to control-GFP over a range of
protein concentrations. Using 30 μg of proteins for quantitative
measurements, pCREB/tCREB ratios were found to be 1.4-fold
increased in βarr2-GFP cells (Figure 5C,D). Interestingly, there
was inconsistency as to whether ERK1 or ERK2 exhibited more
phosphorylation in βarr2-GFP cells. We have no explanation for
this variance and density of both bands was used for quantifica-
tion. These data suggest a strong correlation and regulatory role
of βarr2 on ERK 1/2 activation.
Involvement of ERK 1/2 in βarr2-Mediated CREB Activa-

tion. In order to further elucidate the role that ERK 1/2 may be
playing in the activation and phosphorylation of CREB by βarr2,
the effect of pharmacological inhibition of ERK in βarr2-GFP
and cont-GFP cells was examined. Consistent with pCREB
content (Figure 3), CRE-luc activation is increased ∼50% in
βarr2-GFP cells compared to control-GFP cells (Figure 5A).
Inhibition of MEK1 with either U0126 or PD98059 results in a
significant decrease in CRE activation in both control-GFP and
βarr2-GFP cells (Figure 6A). MEK inhibitors could interfere
with several aspects of CRE stimulation, so CREB phosphoryla-
tion was examined directly. Both U0126- and PD98059-inhibi-
tors results in a significant decrease in CREB phosphorylation
compared to their untreated counterparts in βarr2-GFP cells, but
no significant change is seen in control-GFP cells (Figure 6B,C).
These data suggest that increased expression of βarr2 may
enhance a pathway utilized for basal regulation of CREB activity
in epithelial cells.
To examine the impact of MEK1/ERK regulation of CREB in

primary tissue, nasal epithelial tissue fromCftrþ/þ or Cftr�/�
mice was excised and placed in media with our without the
MEK1 inhibitor PD98059 (50 μM) overnight. On the basis of

the above results, it was hypothesized that PD98059 would
reduce pCREB content in CF but not in wt mice since CF tissue
exhibits significantly increased levels of βarr2 protein expression
(Figure 2). Expression of pERK content was examined as a
control for PD98059 effectiveness. As shown in Figure 7,
PD98059 reduces pERK content in both wt and CF mouse nasal
tissue. However, pCREB content is only reduced in CF tissue in
the presence of PD98059. These data do not demonstrate a
direct role of βarr2 in the regulation of CREB but are consistent
with above data that show systems that overexpress βarr2 protein
exhibit ERK-sensitive regulation of CREB phosphorylation.
Impact of in Vivo βarr2 Depletion on Epithelial CREB and

ERK Phosphorylation. Above data demonstrate in cell models
that increased expression of βarr2 can lead to increased CREB
activation via the MEK/ERK pathway. Data from excised mouse
nasal tissue from wt and CF mice support these data in a primary
model. To more directly test the hypothesis that increased levels

Figure 4. Effect of PKA inhibitors on the expression of pCREB and
tCREB in βarr2-GFP expressing cells and control GFP expressing cells.
(A) Representative gel showing pCREB and tCREB expression in
untreated and Rp-cAMPS (50 μM) treated βarr2-GFP and control-
GFP cells treated for either 72 or 24 h. (B) Representative gel showing
pCREB and tCREB expression in untreated and H89 (75 μM) treated
βarr2-GFP and control-GFP cells. Densitometry analysis reveals no
significant impact of either Rp-cAMPS or H89 on pCREB content as
determined by t test.

Figure 5. Expression of pERK and tERK in unstimulated βarr2-GFP
expressing cells and control GFP expressing cells. (A) Representative gel
and associated densitometry (B) showing increased pERK content in
βarr2-GFP cells compared to control-GFP cells over a range of protein
concentrations. (C) Representative gel showing pERK and tERK
expression in control-GFP cells and βarr2-GFP cells. (D) Densitometry
analysis of pERZ/tERK ratios using 30 μg of protein. Data normalized to
control-GFP cells and reported as fold increase. Error bars represent
SEM with n = 6 for each. Significance determined by t test; *p < 0.05.
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of βarr2 expression mediate these signaling changes in vivo, two
mouse models of βarr2 depletion were examined for pCREB and
pERK expression. The first model tested was βarr2�/�mice on
a C57Bl/6 background to examine the impact of losing endo-
genous levels of βarr2 on these outcome measures. As shown in
Figure 8, depletion of βarr2 expression has no effect on these
expression patterns. These data suggest that endogenous levels of
βarr2 expression do not influence the control of the ERK/CREB
pathway in vivo.
As a second model, the impact of eliminating βarr2 expression

in a CF mouse model (where βarr2 protein expression is
significantly elevated3) on pCREB and pERK content was
examined. To complete this test, a Cftr/βarr2 double knockout
mouse was developed. Nasal epithelium excised from wild-type
(wt), Cftr �/� (CF), βarr2 �/� (βarr2), and Cftr �/� and
βarr2 �/� double knockout (DKO) mice were analyzed for
ERK and CREB phosphorylation by Western blot. CFTR and
βarr2 expression in respective mouse models is shown
(Figure 9C). The βarr2 blot in Figure 9C is significantly over
exposed so βarr2 expression in wt mouse nasal epithelium is
visible. The significant increase in activation of CREB in the CF

mouse (3.8-fold) is reduced to near wt levels in the Cftr/βarr2
DKOmouse (Figure 9B). Similarly, pERK levels are significantly
reduced to wt expression levels in DKO nasal epithelium
compared to CF mice (Figure 9A). These data effectively
demonstrate the regulatory role of βarr2 on CF-related CREB
activation and show that βarr2 expression has measurable impact
on signaling regulation under in vivo conditions.

’DISCUSSION

The goal of this article is to determine by what mechanism
CREB activation is influenced by elevated βarr2 expression
alone. The impetus for this study was the finding that CF cells
exhibit increased expression of βarr2, a protein key to the
regulation of GPCR internalization. In addition to GPCR
regulation, arrestins are known to regulate a variety of signaling
pathways including PI3 kinase, Src, RhoA, and ERK
activation.7,8,17,20�24 The hypothesis of this study is that in-
creased βarr2 expression leads to CREB activation through a
PKA-independent mechanism. It is known that CREB activation
can be obtained through an ERK-dependent pathway,25 a

Figure 6. (A) Analysis of CRE-Luc/Renilla ratios in untreated (nt) and PD98059 (50 μM) or UO126 (50 μM) treated (24 h) control-GFP and βarr2-
GFP cells. Data normalized to untreated control cells and reported as fold increase. Error bars represent SEM (shown in parentheses above each bar).
Significance determined by ANOVA and significance between paired groups determined by Newman-Keuls Multiple Comparison test with *p < 0.05.
(B) Representative image of the effect of PD98059 on pCREB levels in Cont-GFP cells and βarr2-GFP cells. Densitometry analysis demonstrates
significant reduction of pCREB/tCREB rations in βarr2-GFP cells but not in controls. Significance determined by t test; n = 6 with *p < 0.01. (C)
Representative image of the effect of UO126 on pCREB levels in Cont-GFP cells and βarr2-GFP cells. Densitometry analysis demonstrates significant
reduction of pCREB/tCREB rations in βarr2-GFP cells but not in controls. Significance determined by t test; n = 6 with *p < 0.05.
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relationship leading to the proposed mechanism of βarr2/ERK/
CREB as a means to CREB activation mediated by βarr2
expression. In this article we demonstrate that overexpression
of βarr2 in cultured tracheal epithelial cells leads to activation of
ERK, leading to ERK-dependent activation of CREB. To our
knowledge, this is the first report of a regulatory relationship
between βarr2 and CREB.

The physiological relevance of the βarr2/CREB regulatory
relationship is evident in the examination of CF. CF is caused by
the loss of function of the cystic fibrosis transmembrane conductance
regulator (CFTR).26 The loss of CFTR function results in a number
of cellular changes demonstrated by gene array and proteomic
studies.27�30 Among these findings is an increase in both βarr2
and pCREB protein content.3 To directly test the hypothesis that
increased βarr2 expression is regulating CREB activation in CF, a
Cftr/βarr2 double knockout mouse was developed. Activated CREB
andERK1/2 levels that are elevated inCFnasal tissue are reduced to
near wt levels in the Cftr/βarr2 DKO mouse demonstrating the
impact of βarr2 on CF-related signaling regulation.

Although the broader physiological impact of βarr2 expression
in CF needs to be further elucidated, these findings are consistent
with regulatory anomalies associated with the loss of CFTR
function. Chronic activation of CREB and increased βarr2
expression would be expected to have adverse effects on cellular
differentiation and promote a proliferation phenotype. A number

of reports have demonstrated the role of CREB activation in the
proliferation of various tumors,31,32 and βarr2 expression has been
associated with the increased proliferation of smooth muscle
cells.33 Several studies have described just such a phenotype as
being associated with CF cells. Leigh et al. report that 17% of CF
lung epithelial cells are proliferating cell nuclear antigen (PCNA)
positive compared to just 0.2% of non-CF samples, an 85-fold
increase.34 Similarly, one study has identified that nasal polyps
isolated from CF patients proliferate at a higher rate than polyps
from non-CF controls.35 Most directly, the Puchelle group has
identified that CF cells are delayed in their ability to differentiate
and proliferate faster than non-CF epithelial cells in a xenograph
model of epithelial regeneration.36 The Puchelle group suggests
that poorly differentiated/proliferating epithelium is a factor in
excessive IL-8 production in CF cells.36 These data suggest that
βarr2 expression may be a key intermediate in a number of CF cell
regulatory events that are relevant to disease progression.

Several mechanistic questions are raised by results in this
article. Most studies invoke the need of Src activation in βarr2-
mediated activation of ERK.37 We have examined the role of Src
in this process, and results are inconclusive. Although Src
phosphorylation is increased in response to βarr2 expression,
pharmacological examination of this pathway showed no influ-
ence of Src (not shown). Similarly, in vivo activation of Src in CF
mouse models was not found (not shown).

The above data suggest that the observed cascade linking
βarr2 to ERK and CREB activation is dependent on increased

Figure 7. Effect of PD98059 on CREB phosphorylation in Cftr þ/þ
and Cftr �/� mouse nasal epithelium (MNE). (A) Representative gel
showing pERK, pCREB, and actin content in Cftr þ/þ (WT) and
Cftr�/� (CF)MNEwith and without 18 h exposure to PD98059 (PD,
50 μM). (B) Densitometry analysis of pERK/actin and pCREB/actin
ratios inMNE ofWT and CFmice. Error bars represent SEMwith n = 3.
Significance determined by t test with *p < 0.05.

Figure 8. Expression of pCREB and pERK in wt and βarr2�/�mouse
nasal epithelium. (A) Representative gel and densitometry analysis of
pCREB/tCREB ratios in nasal epithelium of wt (βarr2þ/þ) and βarr2
�/� mice. Error bars represent SEM with n = 4. Significance deter-
mined by t test. (B) Representative gel and densitometry analysis of
pERK/tERK ratios in nasal epithelium of wt (βarr2þ/þ) and βarr2�/
�mice. Error bars represent SEMwith n = 4. Significance determined by
t test.
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βarr2 expression. CF and βarr2-GFP cells models show a strong
correlation between ERK function and CREB phosphorylation.
The dependence on an elevated βarr2 expression for the aberrant
regulation of these pathways is also seen in wt and βarr2 �/�
mouse comparisons (Figure 8). Depletion of βarr2 expression
from an otherwise wt mouse has no significant impact on either
ERKorCREBphosphorylation.Only in the presence of significant
βarr2 expression increases in the context of CF tissue does
depletion of βarr2 expression impact these pathways (Figure 9).

Two candidatemechanisms for future study address these data
and the role of excess βarr2 expression in these pathways. First is
the possibility that endogenous GPCR ligands present in serum
trigger βarr2-mediated activation of ERK as published.19 How-
ever, these ligand-induced signaling cascades are Src-dependent
as discussed above,37 and Src does not appear to be involved in
the pathway examined in this article. A second mechanism being
examined is the potential effects of βarr2 on microtubule
function. It has been shown that nonvisual arrestins interact with
γ-tubulin and influence centrosome function.38 Depletion of

either arrestin2 or arrestin3 leads to multinucleation and centro-
some amplification.38 Chen and Xie have recently shown that
treatment of cells with the microtubule disrupting agent podo-
phyllotoxin leads to JNK, ERK, and CREB activation, although
CREB activation was independent of ERK in this study.39 The
effect of βarr2 overexpression on microtubules may explain the
lack of Src involvement. To begin exploring this potential
mechanism, the impact of the microtubule disrupting agent
colchicine on CREB regulation was examined. Colchicine treat-
ment resulted in identical increases in CREB phosphorylation
and activation of CRE-luc observed in CF cells and βarr2
expressing cells (Figure S2). These supplemental data do not
establish a direct link between βarr2 and CREB regulation
through microtubules but develop a hypothesis for future testing.

In conclusion, we have identified a novel mode of CREB
regulation that is dependent on increased βarr2 expression and
the subsequent activation of the MEK/ERK pathway. We also
identify that βarr2 expression is directly responsible for increased
CREB and ERK phosphorylation previously observed in CF cells
and tissues. This mechanistic insight may clarify how increased
βarr2 expression impacts cellular responses in CF.

’ASSOCIATED CONTENT

bS Supporting Information. Insensitivity of pCREB levels
in a cell model of cystic fibrosis to two separate PKA inhibitors,
Rp-cAMPS and H89 (Figure S1), and the effects of nocodazole
on ERK and CREB activation (Figure S2). This material is
available free of charge via the Internet at http://pubs.acs.org.
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transmembrane conductance regulator; CREB, cAMP response
element binding protein; DKO, double knockout; GPCR, G
protein coupled receptor; GRK, GPCR kinase; NOS2, inducible
nitric oxide synthase; PKA, protein kinase-A.
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