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Abstract

Idiopathic pulmonary fibrosis (IPF) is a progressive disease causing unremitting extracellular

matrix deposition with resultant distortion of pulmonary architecture and impaired gas exchange.

β-arrestins regulate G-protein-coupled receptors through receptor desensitization while acting as

signaling scaffolds that facilitate numerous effector pathways. Here we examine the role of β-

arrestin1 and β-arrestin2 in the pathobiology of pulmonary fibrosis. In the bleomycin-induced

mouse lung fibrosis model, loss of eitherβ-arrestin1 or β-arrestin2 results in protection from

mortality, inhibition of matrix deposition, and protected lung function. Fibrosis is prevented

despite preserved recruitment of inflammatory cells and fibroblast chemotaxis. However, isolated

lung fibroblasts from bleomycin-treated β-arrestin null mice fail to invade extracellular matrix

while displaying altered expression of genes involved in matrix production and degradation.

Furthermore, knockdown of β-arrestin2 in fibroblasts from IPF patients attenuated the invasive

phenotype. These data implicate β-arrestins as mediators of fibroblast invasion and development

of pulmonary fibrosis, thus representing a potential target for therapeutic intervention for patients

with IPF.

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive lung disease of unknown

etiology that leads to loss of lung function (1, 2). IPF is characterized by patchy subpleural

parenchymal fibrosis with pathological features including accumulation of myofibroblasts,
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formation of fibroblast foci, distortion of pulmonary architecture, and increased collagen

deposition (1, 3).

After injury to the airway epithelium, important profibrotic mediators, such as transforming

growth factor-β (TGF-β) and matrix metalloproteinases (MMPs), are released by

myofibroblasts and the epithelium. There is abundant evidence that TGF-β is critical for the

progression of pulmonary fibrosis in mice due to its role in regulating collagen synthesis,

fibroblast proliferation, apoptosis, and myofibroblast differentiation (4–6). MMPs have been

implicated in extracellular matrix remodeling and basement membrane disruption, which

allows fibroblasts to invade into the alveolar space where they proliferate, form foci, and

produce collagen (3, 7, 8). When dysregulated, a decrease in fibroblast/myofibroblast

apoptosis and increase in fibroblast/myofibroblast activity leads to thickening and stiffening

of the septal walls, which reduces the ability to transport oxygen into the capillaries and

ultimately results in respiratory failure.

β-arrestins are ubiquitously expressed members of the arrestin protein family. Studies show

that two of the arrestin isoforms, termed β-arrestin1 and β-arrestin2, have non-redundant

roles; however, some functional redundancy has been observed depending on the situation.

β-arrestins are classically known to regulate G protein-coupled receptor (GPCR) signaling

through receptor desensitization and internalization. More recently, β-arrestins have been

shown to be important signaling scaffolds that facilitate the activation of numerous effector

pathways, such as the mitogen-activated protein kinases (MAPKs) and Akt (9). Appreciation

of the number of GPCR signaling pathways that are engaged through the β-arrestins has

grown rapidly, and recent publications have also documented roles for the β-arrestins in

signaling and/or endocytosis of other cellular receptors such as the single membrane-

spanning TGFβ receptors and the non-classical seven-transmembrane receptors Frizzled and

Smoothened (10, 11). As with the GPCRs, many of these molecules are shown to interact

with the β-arrestins in a ligand- or stimulus-dependent fashion (9, 11). With the emerging

appreciation of β-arrestins as signaling mediators downstream of numerous classes of

receptors, their demonstrated roles in mediating physiological responses have been

expanding rapidly.

The mechanisms that regulate the progression of pulmonary fibrosis are not well understood.

Currently, no medical therapies exist to increase life expectancy or improve quality of life,

and median survival from the time of diagnosis is only two to three years (12). Prevailing

hypotheses suggest that IPF is an epithelial-fibroblastic disorder that results from numerous

microinjuries to the alveolar epithelia that lead to an impaired fibrotic repair response.

Further research is necessary to enhance our understanding of the molecular mechanisms

that play an important role in the aberrant fibroblast response and re-epithelialization after

injury. Due to their vital role in numerous cell signaling mechanisms, β-arrestins have been

implicated in a broad range of diseases including asthma and cancer (13, 14). The

underlying mechanisms for progression of these diseases, such as cell recruitment and

motility, may also be important in the development of fibrotic lung disease. However, the

ability of β-arrestins to regulate fibroblast activity in pathological settings has not been

investigated.

To elucidate the potential role of β-arrestins in the development of pulmonary fibrosis and

fibroblast regulation, we used the well-established bleomycin mouse model of pulmonary

fibrosis (15, 16). Traditional histological and biochemical techniques as well as

physiological measurements of lung mechanics were used to demonstrate that both β-

arrestin1−/− and β-arrestin2−/− mice are protected from the excessive collagen deposition,

architectural distortion, and reduced lung compliance that result after bleomycin treatment.

In addition, we investigated the inflammatory response and the behavior of primary lung
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fibroblasts to better understand the mechanism involved in this protection. Our studies

reveal an important role for β-arrestins in regulating fibroblast invasion and collagen

formation in bleomycin-induced pulmonary fibrosis and suggest directions for development

of novel therapeutic approaches.

RESULTS

β-arrestin1−/− and β-arrestin2−/− mice are protected from bleomycin-induced pulmonary
fibrosis

To investigate the role of β-arrestin in the progression of pulmonary fibrosis, we used mice

deficient in either β-arrestin1 or β-arrestin2 in the well-established bleomycin mouse model

of lung fibrosis (15, 16). Intratracheal bleomycin administration (2.5 U/kg) results in

approximately 50% mortality in wild-type (WT) mice within 21 days after treatment.

However, as shown in Fig. 1A, both the β-arrestin1−/− and β-arrestin2−/− mice were

remarkably protected from mortality. In congruence with the survival curve data, the WT

bleomycin-treated mice had severe architectural changes as well as abundant collagen

deposition upon histological examination. However, the lungs from the β-arrestin1−/− and β-

arrestin2−/− mice demonstrated minimal collagen deposition and a histological appearance

similar to untreated mice (Fig. 1B).

To further understand this protective mechanism, we used a lower dose of bleomycin (1.25

U/kg) that does not result in substantial mortality, which allowed us to study the entire

cohort of mice at later time points. As previously described for this model, the WT mice had

a significant increase in collagen deposition 21 days after bleomycin administration as

quantitated biochemically by measuring hydroxyproline levels. Consistent with the lung

histology results, the β-arrestin1−/− and β-arrestin2−/− mice had significantly less

hydroxyproline in whole lung homogenates compared to the WT mice after bleomycin (Fig.

2A).

In humans, interstitial fibrosis leads to stiffening of the alveolar walls and a decrease in

compliance (2). Similarly, bleomycin treatment has been shown to cause a significant

decrease in static compliance in WT mice (17). Using a computer-controlled small animal

ventilator, we generated pressure-volume curves and determined static compliance. As

expected, WT mice had a significant decrease in static compliance values 21 days after

bleomycin administration at 1.25 U/kg (Fig. 2B). Interestingly, the bleomycin-treated β-

arrestin1−/− and β-arrestin2−/− mice had static compliance values similar to the saline

control mice. Together with the histological and biochemical data, this suggests that the β-

arrestin1−/− and β-arrestin2−/− mice are protected from the excessive collagen deposition,

architectural changes, and stiffening of the lungs that normally occur after bleomycin

treatment.

β-arrestin1−/− and β-arrestin2−/− mice exhibit normal recruitment of inflammatory cells
after bleomycin administration

The bleomycin model of pulmonary fibrosis is characterized by an initial influx of

inflammatory cells in response to injury. The magnitude of this initial inflammatory

response is often correlated with enhanced fibrosis at later stages (18). To determine if loss

of β-arrestins alters inflammatory cell recruitment, we collected bronchoalveolar lavage

fluid (BALF) from WT, β-arrestin1−/−, and β-arrestin2−/− mice 7 days after administration

of 1.25 U/kg of bleomycin. Although the β-arrestin1−/− and β-arrestin2−/− mice are

protected from the fibrotic response after bleomycin administration, they had a similar

number of total inflammatory cells in BALF compared to WT mice (Fig. 3A). Additionally,

histological analysis of lung sections from the bleomycin-treated WT and β-arrestin2−/−
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mice show similar patterns of inflammatory cells within the lung parenchyma (Fig. 3B). To

determine whether the composition of the inflammatory influx differed between groups,

differential staining was performed to identify the leukocyte populations. Again, no

differences were observed between the WT, β-arrestin1−/−, and β-arrestin2−/− mice in the

ability to recruit macrophages, neutrophils, or lymphocytes (Fig. 3A). These data suggest

that the inflammatory response after bleomycin treatment in β-arrestin−/− mice is preserved

and that the protection from bleomycin-induced fibrosis in these animals may be due to

another factor.

Loss of β-arrestin1 or β-arrestin2 does not alter TGF-β responsiveness in fibroblasts after
bleomycin treatment

TGF-β plays a key role in the development of pulmonary fibrosis. In addition, β-arrestin2

has been shown to regulate TβRIII internalization and subsequent TGF-β signaling (19). To

determine if the protection of the β-arrestin−/− mice is due to loss of TGF-β responsiveness,

we isolated primary lung fibroblasts from WT, β-arrestin1−/−, andβ-arrestin2−/− mice 7 days

after administration of 1.25 U/kg of bleomycin. Fibroblasts were treated with 5–10 ng/ml of

TGF-β1 for 60 minutes, and total protein was isolated from the fibroblasts for Western blot

analysis. As shown in Fig. 4A and 4B, the β-arrestin1−/− and β-arrestin2−/− fibroblasts had

similar phospho-SMAD3 levels compared to the WT fibroblasts.

To further investigate TGF-β signaling after loss of β-arrestins, we next examined the

production of a well-known TGF-β-stimulated matrix component, the glycosaminoglycan,

hyaluronan (HA). Primary lung fibroblasts from WT, β-arrestin1−/−, and β-arrestin2−/− mice

were stimulated with 1–5 ng/ml of TGF-β1. After 24 hours, the media was removed and

analyzed for total HA content by ELISA. Similar to the Western blot analysis of phospho-

SMAD3, the fibroblasts lacking either β-arrestin1 or β-arrestin2 had an increase in HA

production after TGF-β stimulation equivalent to the increase in the WT fibroblasts

suggesting that the ability of fibroblasts to respond to TGF-β is not dependent on β-arrestin1

or β-arrestin2 (Fig. 4C). Additionally, we examined other downstream potentiators of TGF-β
signaling that are important for the development and maintenance of pulmonary fibrosis

such as PAI-1 and collagen 1. Fibroblasts were isolated from bleomycin-treated mice and

then treated with 5 ng/ml of TGF-β 1 (Fig. 4D). Both PAI-1 and collagen 1 levels increased

after TGF-β1 treatment in WT, β –arrestin1−/−and β –arrestin2−/− cells. These data confirm

the preserved signaling downstream of TGF-β pathways in the bleomycin-induced mouse

model of IPF and suggest that the prevention of pulmonary fibrosis in the absence of β-

arrestin is not due to impaired responsiveness to TGF-β.

Primary lung fibroblasts from β-arrestin1−/− and β-arrestin2−/− mice migrate normally in
response to BALF

Since fibroblasts lacking β-arrestin1 or β-arrestin2 appeared to have normal TGF-β-induced

signaling responses, we next hypothesized that these fibroblasts may be impaired in their

ability to migrate to the site of injury. Lysophosphatidic acid, a component of BALF that

increases after injury, mediates fibroblast migration by signaling through a specific G

protein-coupled receptor, LPA1 (20). Loss of β-arrestins could potentially alter receptor

internalization and thus cell surface expression of LPA1 or other receptors important in

fibroblast chemotaxis. To investigate whether loss of β-arrestins could affect fibroblast

migration we used modified Boyden chambers to measure the chemotaxis of primary lung

fibroblasts towards BALF. As demonstrated in Fig. 5, the migratory ability of both the β-

arrestin1−/− and β-arrestin2−/− fibroblasts in response to BALF from bleomycin-treated

mice was similar to that of the WT fibroblasts. These data suggest that β-arrestins may not

regulate fibroblast migration under these experimental conditions.

Lovgren et al. Page 4

Sci Transl Med. Author manuscript; available in PMC 2011 May 15.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Primary lung fibroblasts from the β-arrestin1−/− and β-arrestin2−/− mice display a less
invasive phenotype

The ability of fibroblasts to invade through the basement membrane and deposit excess

collagen into the interstitium may be an important contributor to the progression of

pulmonary fibrosis. White et al. demonstrated that, unlike normal lung fibroblasts,

fibroblasts from patients with IPF spontaneously invade basement membranes (21).

Consequently, we wondered whether fibroblasts that were isolated from bleomycin-treated

mice would invade the basement membrane. Using the matrigel transwell assay, we found

that fibroblasts from WT mice treated with bleomycin invaded the basement membrane

matrix while fibroblasts from untreated mice had minimal invasive capacity. Since β-arrestin

has been shown to play a role in cancer cell invasion (14), we hypothesized that the

protective effect mediated by loss of β-arrestin function in mice subjected to the bleomycin-

induced fibrosis model may be the result of a reduced invasive capacity of lung fibroblasts.

To this end, we compared the invasive capacity of lung fibroblasts isolated from the WT, β-

arrestin1−/−, and β-arrestin2−/− mice after bleomycin treatment. Interestingly, as shown in

Fig. 6A, the fibroblasts from the bleomycin-treated β-arrestin1−/− and β-arrestin2−/− mice

were significantly less invasive than the WT fibroblasts, and their invasive capacity was

more similar to the fibroblasts from the untreated control mice. Acute knockdown of β-

arrestins from isolated WT fibroblasts through transient transduction of siRNAs specific for

either β-arrestin1 or β-arrestin2 (Fig. 6B) recapitulated the loss of invasiveness seen in

knockout mouse fibroblasts, suggesting that removal of either β-arrestin might serve as a

therapeutic intervention for pulmonary fibrosis.

To determine if either β-arrestin1 or β-arrestin2 could contribute to the invasive phenotype

of primary lung fibroblasts isolated from patients with IPF, we performed acute knockdown

of β-arrestins. Knockdown of β-arrestin2 was more complete than β-arrestin1 in IPF

fibroblasts (Fig. 7A) and resulted in an inhibition of fibroblast invasion in 5/5 patient

samples (Fig. 7B). The effect of β-arrestin1 on IPF fibroblast invasion was less consistent

and inhibition was observed in 2/4 IPF fibroblast samples resulting in a trend that did not

achieve statistical significance. These data suggest that β-arrestins are important in

mediating fibroblast invasion in both mouse and man although the relative contributions of

β-arrestin1 and β-arrestin2 may not be identical between species. These data suggest that β-

arrestins are necessary for fibroblast invasiveness during tissue injury, and the reduced

invasive capacity of β-arrestin-deficient fibroblasts may indicate a possible target for

therapeutic intervention.

Loss of β-arrestin1 or β-arrestin2 in primary lung fibroblasts results in altered expression
of genes involved in matrix production, basement membrane degradation, and cell
adhesion

To gain additional insights into the mechanisms by which loss of the β-arrestins causes

reduced fibroblast invasion and protection from bleomycin-induced pulmonary fibrosis, we

used quantitative RT-PCR to analyze gene expression in fibroblasts isolated from the

bleomycin-treated WT, β-arrestin1−/−, and β-arrestin2−/− mice. Our hypothesis was that the

non-invasive β-arrestin1−/− and β-arrestin2−/− fibroblasts would have decreased expression

of genes important in basement membrane degradation, such as the matrix

metalloproteinases, or cell-matrix adhesion, such as the integrins. We analyzed 84 genes by

using a targeted qRT-PCR array for extracellular matrix and adhesion proteins. In the β-

arrestin1−/− fibroblasts, ten genes were significantly downregulated compared to WT

fibroblasts. These genes included the following: Emilin1, Col5a1, Lama1, Cdh1, Cdh4,

Fbln1, Ctnna2, Adamts2, MMP1a, and Thbs2 (Fig. 8). In the β-arrestin2−/− fibroblasts, a

similar group of genes was downregulated, and the following five genes were significantly

different from WT: Col5a1, Lama1, Cdh1, Col4a3, and Spock (Fig. 8). Only one gene,
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Lama3, was significantly upregulated in the β-arrestin1−/− fibroblasts compared to the WT

fibroblasts (Fig. 8). This analysis indicates that a number of genes involved in extracellular

matrix production and remodeling are altered in their expression patterns in β-arrestin−/−

mice after bleomycin treatment compared to WT mice. This change in gene expression may

be related to one or more signaling pathways that are compromised by the loss of β-

arrestins. The decrease in activity of these pathways likely contributes to the decrease in

invasion by fibroblasts from β-arrestin−/− animals after bleomycin treatment.

DISCUSSION

IPF is a fatal disorder characterized by progressive fibrosis that leads to respiratory failure.

The hallmark characteristics of IPF include fibroblast foci and increased collagen and

extracellular matrix deposition. Although our understanding of the disease has increased

over the last decade, an efficacious treatment remains elusive. Recent reviews have

emphasized the importance of profibrotic mediators and alterations in fibroblast

characteristics in disease pathogenesis (3). In this study, we demonstrate the importance of

β-arrestins, ubiquitous mediators of cell signaling, in the development of bleomycin-induced

pulmonary fibrosis. In addition, our data demonstrate a previously unidentified role for the

β-arrestins in regulating certain aspects of fibroblast behavior.

Using the bleomycin mouse model of pulmonary fibrosis, we show that loss of function of

either β-arrestin1 or β-arrestin2 protected mice from the excessive collagen deposition,

architectural distortion, and decreased compliance that occur after bleomycin treatment. We

show by physiological, biochemical, and pathological analysis that bleomycin-treated β-

arrestin1−/− and β-arrestin2−/− mice were more similar to saline-treated mice than the

bleomycin-treated WT mice. These findings confirm the necessity of β-arrestins for the

development of bleomycin-induced pulmonary fibrosis. Furthermore, qRT-PCR analysis of

primary lung fibroblasts from bleomycin-treated mice revealed decreased expression of

genes involved in extracellular matrix production in the β-arrestin-deficient fibroblasts. This

included genes that encode proteins important for collagen production such as collagen type

IV α3, collagen type Vα1, and a disintegrin- like and metallopeptidase with thrombospondin

type1 motif 2 (Adamts2). Adamts2 is a procollagen N-proteinase that processes several

types of procollagen proteins to mature collagen and is also important for collagen fibril

assembly in the extracellular matrix. Interestingly, Adamts2-null mice are protected from

carbon tetrachloride-induced hepatic fibrosis (22).

In addition to genes involved in collagen production, the primary lung fibroblasts from

knockout animals treated with bleomycin also displayed decreased expression of genes that

encode extracellular glycoproteins including thrombospondin 2, emilin, and laminin-α1 in

comparison to WT mice. Mice deficient in thrombospondin 2 display abnormal collagen

formation, and mice deficient in emilin have defective elastic fiber formation (23, 24).

Together, these data suggest an important role for β-arrestins in modulating signaling

pathways that regulate collagen and extracellular matrix production and formation mediated

by fibroblasts after the onset of fibrosis.

Recently, a new hypothesis has emerged that links IPF and cancer due to their similar

hallmark pathological alterations such as aberrant myofibroblast proliferation and apoptosis,

extracellular matrix invasion, and intracellular signaling (25). One study has challenged

current paradigms by demonstrating that the fibroblast foci of IPF form an interconnected,

highly complex reticulum or neoplasm (26). Interestingly, the invasion of ovarian cancer

cells was shown to be dependent on β-arrestin as a scaffolding protein necessary for

endothelin-induced, β-catenin signaling (14). In the present study, we demonstrated that

primary fibroblasts from bleomycin-treated β-arrestin-deficient mice had a less invasive
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phenotype than their WT counterparts. Importantly, we were able to confirm a critical role

for β-arrestins in fibroblast invasion by knocking down either β-arrestin1 or 2 in fibroblasts

isolated from WT mice treated with bleomycin and thwarting the invasive phenotype.

Furthermore, we provide data suggesting that β-arrestins may contribute to the invasiveness

of fibroblasts isolated from human IPF patients, although more studies are needed in this

area due to the heterogeneity of IPF fibroblasts.

Invasive cells must alter cell-cell and cell-extracellular matrix adhesions, degrade the

extracellular matrix, and rearrange the actin cytoskeleton (27). Our qRT-PCR analysis

revealed alterations in a number of genes that have been implicated in cancer invasion

including MMP1a, Adamts2, Spock, Thbs2, Lama1, and Lama3. Matrix metalloprotease 1

(MMP1), a secreted enzyme that breaks down interstitial collagen, promotes the invasion of

breast carcinoma and melanoma cells (28, 29). Increased expression of MMP1 has also been

linked to the metastatic ability of colorectal cancer, and specific inhibition of MMP1

prevents metastasis of invasive melanomas (30). In addition, mice deficient in tissue

inhibitors of metalloproteinase 3 (Timp3) have increased expression of MMP1a and

enhanced pulmonary fibrosis after bleomycin treatment (31), suggesting that a decrease in

MMP1a expression would have the opposite effect. Expression of Adamts2, another enzyme

in the metalloprotease family, is upregulated in highly invasive mouse mammary tumors

(32). Sparc/osteonectin, CWCV and kazal-like domain proteoglycan 1 (Spock1) is

upregulated in prostate cancer and malignant thyroid tumors (33–35). Interestingly, Spock1

was also upregulated in mice that developed profibrotic-like changes in the lung after

spaceflight (36). Thrombospondin 2 (Thbs2) is elevated in epithelial ovarian tumors and

endometrial cancer samples from patients with a poor prognosis as well as at the invasive

front of hepatocellular carcinomas (37–39). In addition, thrombospondin 2 has been shown

to promote the invasiveness of pancreatic cancer cells (40). Interestingly, although both are

basement membrane constituents, laminin-α1 (Lama1) has increased expression in

glioblastomas and has been shown to promote invasion of melanoma cells while laminin-α3

(Lama3), the only upregulated gene in β-arrestin-deficient fibroblasts, is actually

downregulated in both breast carcinoma and adenocarcinoma (41–44). Taken together, it

seems that genes that have altered expression in β-arrestin-deficient fibroblasts are important

for cellular invasion on multiple fronts and may indicate another link between IPF and

metastatic cancers.

Our data suggest a previously unrecognized important role for β-arrestins in regulating

fibroblast activity and collagen formation; however, we cannot rule out other potential

mechanisms of β-arrestin-mediated signaling that contribute to the development of

pulmonary fibrosis due to the complexity of β-arrestin signaling cascades. For example, loss

of β-arrestin2 promoted re-epithelialization in a wound healing model, and the phenotype

was attributed to increased CXCR2-mediated neutrophil recruitment and activity (45). In our

model of bleomycin-induced injury, neutrophil recruitment, as well as macrophage and

lymphocyte recruitment, was not altered in the β-arrestin1−/− and β-arrestin2−/− mice, so the

mechanism appears to be different. Consistent with our finding,β-arrestin2−/− mice were

shown to have a normal inflammatory cell response to LPS suggesting that these mice do

not have a universal defect in inflammatory cell recruitment (13). Thus, our data do not

support an impact on the inflammatory response as the protection incurred by loss of β-

arrestins. In wound healing, other cell types besides neutrophils, such as keratinocytes and

fibroblasts, also play vital roles. However, the ability of β-arrestins to regulate fibroblast

activity during re-epithelialization was not investigated in the study by Su et al. (45). It is

interesting to note that migration, and not invasion, of fibroblasts is important in wound

healing, and our data demonstrate that there is no difference in the ability of fibroblasts

lacking β-arrestins to migrate in response to BALF. In addition, the β-arrestin1−/− and β-

arrestin2−/− fibroblasts responded normally to stimulation with TGF-β, a critical regulator of
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fibroblast production of extracellular matrix during wound healing (46). Together, this

suggests that fibroblasts lacking β-arrestins do not have an overall impairment in motility or

cytokine responsiveness even though their ability to specifically invade basement membrane

is impeded.

β-arrestins function as multiprotein scaffolds to coordinate complex signal transduction

networks. One of the most studied of these β-arrestin-mediated signaling pathways is the

ERK/MAPK signaling axis. β-arrestin increases ERK activation through a G protein-

independent pathway. However, β-arrestin-dependent ERK does not have typical nuclear

functions, and specific downstream targets remain unknown although reports have suggested

that cytosolic ERK may play a role in cytoskeletal rearrangement and chemotaxis (9).

Interestingly, β-arrestin was shown to be a necessary scaffolding protein for activation of

RAF-MEK-ERK1/2 signaling and MMP1 transcriptional activation in human bronchial

epithelia, and this signaling pathway is also responsible for increased MMP1 expression in

invasive melanoma cells (29, 47). In our study, the reduced expression of MMP1 as well as

other genes in the fibroblasts lacking β-arrestins may also be due to a loss of β-arrestin-

dependent ERK phosphorylation. However, due to the dramatic phenotype observed in the

β-arrestin-deficient mice, we believe that more than one mechanism is responsible for this

profound protection. As mentioned previously, β-arrestins may play a role in fibroblast

invasion through activation of β-catenin signaling, as in ovarian cancer cells (14). In

addition, the classical role of β-arrestins in receptor desensitization and internalization may

also be important in the protection observed in the β-arrestin-deficient mice.

The data presented here demonstrate that both β-arrestin1 and β-arrestin2 play a pivotal role

in the pathogenesis of bleomycin-induced pulmonary fibrosis. This suggests that both

isoforms have a significant and non-redundant function in disease progression with possible

mechanisms including the necessity for heterodimerization of both β-arrestins or the

necessity of each in completely independent processes. There are numerous pathways that

signal through β-arrestins (11), and consequently, genes that are dysregulated in fibroblasts

isolated from bleomycin-treated mice could be downstream of any number of aberrant

signaling pathways. Furthermore, at this early stage it can be hypothesized that β-arrestins

are functioning in the same pathways redundantly, in some pathways synergistically, or

actually opposing one another’s function in the pathways examined, as all these signaling

permutations have been observed (9). However, the gene expression profiles for these

isolated fibroblasts appear distinct in that some genes are changed in only β-arrestin1−/−

animals, some genes only in β-arrestin2−/− animals, and some genes are changed similarly

in both knockouts. Consequently, it seems a reasonable hypothesis that there are signaling

differences between these two genotypes, though these differences have yet to be fully

elucidated.

IPF is a deadly disease that currently has no known effective therapy. Recent reviews have

emphasized that IPF is not only an epithelial-fibroblastic disorder but also a disease with

many similarities to cancer (3, 25). Thus, novel therapeutic agents that target fibroblasts and

cancer-like mechanisms, such as invasion, warrant investigation. Our studies demonstrate

that loss of β-arrestins protects against the development of pulmonary fibrosis by limiting

the ability of fibroblasts to invade the basement membrane and deposit excess collagen and

extracellular matrix. Furthermore, we demonstrate that acute removal of either β-arrestin

from diseased mouse fibroblasts and β-arrestin2 in human IPF fibroblasts causes a

significant reduction in the pathologic potential of these cells. Taken together, these findings

suggest that locally delivered β-arrestin inhibitors may be a potential therapeutic for IPF as

well as other causes of pulmonary fibrosis.
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MATERIALS AND METHODS

Animals

β-arrestin1−/− and β-arrestin2−/− mice were generated as previously described (48, 49). All

experiments were carried out using 8- to 12-week-old mice that had been backcrossed onto

the C57BL/6 background for at least 12 generations. All studies were conducted in

accordance with NIH guidelines for the care and use of animals and with approval from the

Duke University Animal Care and Use Committee.

Bleomycin administration

Under anesthesia, either 1.25 U/kg or 2.5 U/kg bleomycin dissolved in sterile PBS or sterile

PBS alone as a control was administered via oropharyngeal aspiration as previously

described (50).

Histology

Twenty-one days following bleomycin treatment, the lungs were inflated with 10% formalin

via a tracheal cannula and removed from the thoracic cavity. Tissue was fixed overnight,

embedded in paraffin, and sectioned for staining with hematoxylin-eosin and trichrome.

Lung Mechanics

Static compliance measurements were generated as previously described (17). Briefly, mice

were anesthetized, tracheostomized, paralyzed, and mechanically ventilated with a

computer-controlled small-animal ventilator (Scireq, Montreal, Canada). Custom designed

software (Flexivent, Scireq) was used to generate pressure-volume curves and calculate

static compliance using the Salazar-Knowles equation.

Hydroxyproline

After assessment of lung mechanics, the whole lung was removed and total collagen content

was measured with a conventional hydroxyproline method (51).

Bronchoalveolar lavage

Whole lung lavage was performed as previously described (52). The total number of cells in

the BALF was determined using a hemacytometer, and differential cell counts were

performed on cytospin preparations stained with Protocol Hema3 stain set.

Fibroblast Isolation

Mouse lung fibroblasts were isolated as previously described (53). The lungs from either

unchallenged mice or mice 7 days after bleomycin treatment were minced, digested twice

for 30 min at 37°C in digestion buffer (DMEM with 100 μg/ml of DNase I, 1 mg/ml Type

IV collagenase, and 1 mg/ml BSA), passed through a 100 μm filter, centrifuged at 1500 rpm

for 10 min., and plated in DMEM supplemented with 10% FBS, 100 U/ml penicillin, and

100 μg/ml streptomycin. Fibroblasts were cultured for ~10–12 days, and experiments were

performed at passage 3–5.

Human lung fibroblasts were isolated from surgical lung biopsies or lung transplant explants

obtained from patients with IPF (53). The diagnosis of IPF was arrived at by standard

accepted American Thoracic Society recommendations (54). The specimens were obtained

under the auspices of IRB-approved protocols. The tissues were minced, and cultured in

DMEM medium supplemented with 15% FBS, 100 U/ml penicillin, 100 μg/ml

streptomycin, 5 μg/ml gentamicin and 0.25 μg/ml amphotericin B. The cells of passage 3 – 5

were used for invasion assays and siRNA interference assays. All experiments were
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approved by the Duke University Institutional Review Board and in accordance with the

guidelines outlined by the board.

TGF-β Stimulation

Fibroblasts were stimulated with recombinant human TGF-β1 (R&D Systems). Hyaluronan

content in the supernatant was measured using a hyaluronan-specific enzyme-linked

immunosorbent assay as described (55). To isolate protein for western blot analysis, the

fibroblasts were lysed in RIPA buffer (Sigma) containing phosphatase and protease inhibitor

cocktails (Sigma) and centrifuged for 10 min at 10000 rpm. The supernatant was removed

and stored at −80°C until further use. Protein content was measured using the BCA assay

(Thermo scientific), and 50 μg of total protein per sample was separated on SDS-

polyacylamide gels and transferred onto polyvinylidene difluoride membranes (Bio-Rad).

Membranes were blocked with 5% BSA in TBST for 1h at room temperature. Immunoblots

were probed with primary antibody to phospho-SMAD3 (Cell Signaling, #9520, 1:1000

dilution), PAI-1 (R&D Systems, #AF3828), collagen I (Abcam, #ab21286), α-tubulin (Cell

Signaling, #2144, 1:2000 dilution), β-actin, or GAPDH (Cell Signaling, #14C10) at 4°C

overnight followed by donkey anti-rabbit or donkey anti-goat secondary antibodies (Jackson

ImmunoResearch, 1:10,000 dilution) for 50 min at room temperature.

Fibroblast Migration

Modified Boyden chambers (12-well transwell plate, Costar) were used to measure the

chemotaxis of lung fibroblasts to BALF as previously described (53, 56). The BALF was

from mice 5 days after administration of 5 U/kg bleomycin. Primary lung fibroblasts

(0.5×105 cells) in serum-free DMEM were loaded into the top chamber, and BALF diluted

in serum-free DMEM containing 0.1% BSA was loaded into the bottom chamber. After 4

hours at 37°C with 5% CO2, the fibroblasts that migrated across the fibronectin-coated filter

were stained with Protocol Hema3 stain set and counted in 5 randomly chosen fields per

filter from duplicate filters per sample at 400x magnification.

Fibroblast Invasion

Fibroblasts (0.5×105 cells) were loaded into the top chamber of a BioCoat Matrigel Invasion

Chamber (BD Biosciences), and DMEM containing 10% FBS was loaded into the bottom

chamber. After 24 hours at 37°C with 5% CO2, the filters were fixed and stained using the

Protocol Hema3 stain set. Non-invading cells as well as the basement membrane matrix

were removed from the upper side of the filter by gentle scrubbing with a cotton swab. The

number of fibroblasts that invaded through the basement membrane was counted in 5

randomly chosen fields per filter from triplicate filters per sample at 400x magnification.

Gene expression analysis

RNA was isolated from fibroblasts using the Qiagen RNeasy kit with added DNAse

purification according to manufacturer’s adapted protocol using the QiaCube purification

rotor. Reverse transcription was performed using the RT2 First Strand cDNA Synthesis kit

(SABiosciences), and 84 genes were assessed by RT-PCR using the Mouse Extracellular

Matrix and Adhesion Molecules array (RT2 Profiler PCR Array PAMM-013;

SABiosciences) according to manufacturers instructions using a MyIQ qRT-PCR machine

(BioRad). For analysis, the expression level for each gene of interest (GOI) was calculated

as 2−Ct followed by normalization to Hprt1, the housekeeping gene (HKG), using the

formula 2− (Ct GOI - Ct HKG). Ultimately the fold change in normalized gene expression was

calculated by comparing values from knockout fibroblasts purified from bleomycin-treated

animals (EXP) to those purified from WT bleomycin-treated animals (CTL) according to the

following formula: 2−ΔCt EXP/2−ΔCt CTL. Values were calculated for replicates of three
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independent experiments, and p-values were calculated using one-way ANOVA analysis

with Bonferoni correction.

siRNA transfection

Fibroblasts isolated from bleomycin-treated mice were transfected with oligos targeting

either β-arrestin1 (agccuucugugcugagaac) or β-arrestin2 (ggaccggaaaguguucgug), whereas

lung fibroblasts isolated from IPF patients were transfected with oligos targeting either β-

arrestin1 (ggaccgcaaaguguuugug) or β-arrestin2 (ccaaccucauugaauuuga), using the

Transductin siRNA delivery reagent from Integrated DNA Technologies. Briefly, for a 100

mm plate of cells, a reaction mixed 36 μl of 40 μM siRNA in Dharmacon siRNA buffer

(300mM KCl, 30mM HEPES-pH 7.5, 1.0mM MgCl2, B-002000-UB-100) with 8 μl of 200

μM Transductin and 164 μl PBS-10% glycerol on ice for 15 min. Cells were washed with

serum free media 2x, and then 4 ml of 10% “Q-serum media” was added to each plate. The

Q-serum media were prepared as following: 5 ml FBS + 1 ml Source 30Q resin (Amersham

Bioscience) was tumbled for 30 minutes at room temperature, was then spun for 5 minutes

at 2000rpm, followed by syringe filtration through a 0.22 μm filter. The transfection mixture

was diluted 1:5 in 10% Q-serum media and added to the plate for followed by a 6h

incubation with final siRNA concentrations at 40 nM. After 6h, the transfection mixture was

removed and replaced with 10% FBS media. Cells were analyzed 72 hours post-delivery for

invasion capacity or for β-arrestin protein levels by immunobloting probed with an antibody

against β-arrestins (A1CT, which recognizes both β-arrestins (10, 19)).

Statistical analysis

Data are presented as mean ± SEM and analyzed by Student’s two- tailed t-test and ANOVA

followed by Tukey-Kramer honestly significant difference post hoc test. Statistical

difference of survival curves was analyzed by log-rank test. A P value < 0.05 is considered

statistically significant.
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Figure 1.

Loss of either β-arrestin1 or β-arrestin2 protects mice from bleomycin-induced mortality.

(A) Survival curves for β-arrestin1−/−, β-arrestin2−/−, and WT mice after 2.5 U/kg

bleomycin instillation. n = 10, *P < 0.05. (B) Lung sections from the surviving mice at Day

21 were stained with hematoxylin-eosin or Masson’s trichrome. Original magnification,

100×.

Lovgren et al. Page 15

Sci Transl Med. Author manuscript; available in PMC 2011 May 15.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 2.

Loss of either β-arrestin1 or β-arrestin2 protects mice from alterations in lung mechanics and

excessive collagen deposition after bleomycin instillation. (A) Hydroxyproline content in the

lungs of β-arrestin1−/−, β-arrestin2−/−, and WT mice 21 days after the instillation of 1.25 U/

kg bleomycin. (B) Lung mechanics were measured in anesthetized, paralyzed, and

mechanically ventilated mice 21 days after 1.25 U/kg bleomycin or saline administration.

Static compliance was determined by fitting the Salazar-Knowles equation to pressure-

volume curves. n = 10, *P < 0.05 compared to all other groups by ANOVA followed by

Tukey-Kramer honestly significant difference post hoc test.
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Figure 3.

Inflammatory cell influx is similar in the β-arrestin1−/−, β-arrestin2−/−, and WT mice. (A)

Seven days after 1.25 U/kg bleomycin instillation, BALF cells were collected, and total cell

counts as well as differential cell counts were determined. n = 5. (B) Lung sections from the

β-arrestin2−/− and WT mice 7 days after bleomycin treatment were stained with

hematoxylin-eosin. Original magnifications are indicated.
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Figure 4.

Primary lung fibroblasts from β-arrestin1−/− and β-arrestin2−/− mice exhibit a normal

response to TGF-β stimulation. (A–B) Fibroblasts were treated with 10 ng/ml (A) or 5 ng/ml

(B) of TGF-β1 and harvested for protein after 1 (A–B) or 16 hours (B) of stimulation.

Western blot analysis demonstrated a similar amount of phospho-SMAD3 in the WT, β-

arrestin1−/−, and β-arrestin2−/− fibroblasts. Sample loading was verified by expression of α-

tubulin or β-actin. The data are representative of three independent experiments. (C)

Fibroblasts were stimulated with 1 or 5 ng/ml of TGF-β1 for 24 hours. The cell culture

supernatant was removed and analyzed for HA content by ELISA. Data represent mean ±

SE of four independent experiments. (D) Fibroblasts were treated with 5 ng/ml of TGF-β1

and harvested for protein after 16 hours of stimulation. Western blot analysis demonstrated a

similar amount of PAI-1 and collagen I in the WT, β-arrestin1−/−, and β-arrestin2−/−

fibroblasts. Sample loading was verified by expression of GAPDH.

Lovgren et al. Page 18

Sci Transl Med. Author manuscript; available in PMC 2011 May 15.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 5.

BALF-induced fibroblast chemotaxis is similar in WT, β-arrestin1−/−, and β-arrestin2−/−

mice. Primary lung fibroblasts were plated in serum-free DMEM onto modified Boyden

chambers with a fibronectin-coated filter. BALF from bleomycin-treated mice was diluted in

serum-free DMEM and added to the bottom chamber. After 4 hours, the number of

fibroblasts that migrated to the other side of the filter was counted. Data represent mean ±

SE of four independent experiments.
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Figure 6.

β-arrestin1 and β-arrestin2 are required for primary lung fibroblast invasion. (A) Primary

lung fibroblasts were isolated from untreated mice and mice 7 days after bleomycin

treatment. After 3 passages, the fibroblasts were loaded onto a matrigel-coated filter, and

after 24 hours, the number of fibroblasts that invaded through the matrix was counted. Data

represent mean ± SE of four independent experiments. *P < 0.05 compared to all other

groups by the Tukey-Kramer test for multiple comparisons. (B) Primary lung fibroblasts

isolated from bleomycin-treated mice were transduced with siRNA specific to β-arrestin1, β-

arrestin2, or nonspecific control (Ctl). Invasive capacity of the fibroblasts was assessed with

the Matrigel invasion assay. Quantitative analysis of knockdown experiments demonstrated

decreased invasion after knockdown of both β-arrestin1 and β-arrestin2. **P < 0.01. The

experiments were repeated three times.
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Figure 7.

β-arrestin2 is important in mediating fibroblast invasion of human IPF fibroblasts. (A)

Primary human lung fibroblasts from IPF patients were transduced with siRNA specific to

β-arrestin1, β-arrestin2, or nonspecific control (Ctl) and harvested for protein after 48 hours.

Western blot analysis demonstrated a significant reduction of β-arrestin2 and a less robust

knockdown of β-arrestin1. Sample loading was verified by blotting of GAPDH. (B) Invasive

capacity of the fibroblasts was assessed with the Matrigel invasion assay. *P < 0.05. β-

arrestin2 knockdown was performed on 5 different IPF fibroblast patient samples and β-

arrestin1 knockdown on 4 different samples.
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Figure 8.

Loss of β-arrestin1 and β-arrestin2 alters the expression of genes involved in collagen

formation and invasion. Using a qRT-PCR array, 84 genes involved in adhesion and

extracellular matrix production and degradation were analyzed. (A) Genes altered in β-

arrestin1−/− primary fibroblasts only. (B) Genes altered in β-arrestin2−/− primary fibroblasts

only. (C) Genes altered in both β-arrestin1−/− and β-arrestin2−/− primary fibroblasts. *P <

0.05, **P < 0.01, ***P < 0.001 as calculated by one-way ANOVA with Bonferoni

correction.
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