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Ets-2 is a ubiquitous transcription factor activated after phosphory-
lation at threonine-72. Previous studies highlighted the importance
of phosphorylated ets-2 in lung inflammation and extracellular
matrix remodeling, two pathways involved in pulmonary fibrosis.
We hypothesized that phosphorylated ets-2 played an important
role in pulmonary fibrosis, and we sought to determine the role of
ets-2 in its pathogenesis. We challenged ets-2 (A72/A72) transgenic
mice (harboring a mutated form of ets-2 at phosphorylation site
threonine-72) and ets-2 (wild-type/wild-type [WT/WT]) control
mice with sequential intraperitoneal injections of bleomycin, followed
byquantitativemeasurementsof lungfibrosisand inflammationand
primary cell in vitro assays. Concentrations of phosphorylated ets-2
weredetectedvia the singleanddual immunohistochemical staining
of murine lungs and lung sections from patients with idiopathic
pulmonary fibrosis. Ets-2 (A72/A72) mice were protected from
bleomycin-induced pulmonary fibrosis, compared with ets-2 (WT/
WT) mice. This protection was characterized by decreased lung
pathological abnormalities and the fibrotic gene expression of Type
I collagen, Type III collagen,a–smoothmuscle actin, and connective
tissuegrowth factor. Immunohistochemical stainingof lung sections
frombleomycin-treated ets-2 (WT/WT)mice and frompatientswith
idiopathic pulmonary fibrosis demonstrated increased staining of
phosphorylated ets-2 that colocalized with Type I collagen expres-
sion and to fibroblastic foci. Lastly, primary lung fibroblasts from
ets-2 (A72/A72) mice exhibited decreased expression of Type I col-
lagen in response to stimulation with TGF-b, compared with fibro-
blasts fromets-2 (WT/WT)mice. Thesedata indicate the importance
of phosphorylated ets-2 in the pathogenesis of pulmonary fibrosis
through the expression of Type I collagen and (myo)fibroblast
activation.
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Interstitial lung diseases are a broad set of diseases that perturb
lung function by affecting the space between endothelial cells of
the vascular bed and alveolar epithelial cells. In normal condi-
tions, this interstitial space consists of a minimal amount of ma-
trix, allowing the efficient transport of oxygen and carbon

dioxide. The interruption of this normal lung architecture can
alter lung function. One set of lung diseases characterized by in-
terstitial matrix deposition, the destruction of alveolar–capillary
units, and functional impairment is termed idiopathic interstitial
pneumonias (IIPs).

The most prevalent form of IIP is idiopathic pulmonary fibro-
sis (IPF). Despite exhaustive research into underlying mecha-
nisms, patients with IPF have a median survival of 3–5 years
after diagnosis (1). From 1992–2003, the mortality rates for
patients with IPF significantly increased, despite ongoing inves-
tigation into the molecular mechanisms of the disease (2). The
only consistent treatment option is lung transplantation, although
more than 30% of patients die on the waiting list (3). Thus, it is
imperative to delineate the underlying disease physiology to
identify treatment opportunities and disease biomarkers.

The roles of transcription factors, such as Smad3 (4), Nrf2 (5),
CEBPb (6), GATA-3 (7), PPARs (8, 9), Fra-2 (10), and p53
(11), are implicated in the pathogenesis of pulmonary fibrosis.
Furthermore, the E26 transformation-specific sequence (ets)
family of transcription factors is linked to extracellular matrix
remodeling (12, 13), a process that is conserved in IPF. Our
laboratory demonstrated that the hematopoietic growth factor
macrophage colony–stimulating factor (M-CSF) is important in
the development of pulmonary fibrosis (14), and M-CSF induces
the activation of transcription factor ets-2 via phosphorylation
at threonine-72 (15, 16). A transgenic mouse containing hypo-
morphic ets-2 alleles, where the critical threonine-72 residue is
mutated to alanine (ets-2 A72/A72), exhibits decreased expres-
sion of matrix metalloproteinase (MMP)-3 and MMP-9 in cells
stimulated with M-CSF (17). Importantly, when ets-2 (A72/
A72) mice are crossed with motheaten-viable mice (hcph [me-
v/me-v]), the double mutant mice (ets-2 [A72/A72]/hcph [me-v/
me-v]) exhibit significantly less lung inflammation, compared
with the single mutant motheaten viable mice (ets-2 [wild-
type/wild-type]/hcph [me-v/me-v]) (18). Although ets-2 (A72/
A72]/hcph (me-v/me-v) mice exhibit less lung inflammation
than motheaten-viable mice (hcph [me-v/me-v]), no determina-
tion for the role of phosphorylated ets-2 in the pathogenesis of
pulmonary fibrosis has been performed.

In this study, we found that phosphorylated ets-2 (threonine-
72) is important inmurine pulmonary fibrosis, and is preferentially
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CLINICAL RELEVANCE

This study highlights the importance of transcription factor
ets-2 in the pathogenesis of pulmonary fibrosis in mice and
humans through the regulation of Type I collagen expres-
sion.Our data present the opportunity for scientists to target
ets-2 pharmaceutically for the treatment of pulmonary fi-
brosis in humans.
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found in the lungs of humans with IPF. Using sequential intra-
peritoneal injections of bleomycin in a murine model of pulmo-
nary fibrosis, we discovered that ets-2 (A72/A72) mice were
protected from pulmonary fibrosis, compared with ets-2 (wild-
type/wild-type [WT/WT]) animals. This protection was charac-
terized by decreased lung pathological changes, the decreased
expansion of myofibroblasts, and decreased fibrotic protein
and gene expression profiles. In lung sections from ets-2 (WT/
WT) mice after treatment with bleomycin and from patients
with IPF, phosphorylated ets-2 was increased and colocalized
with Type I collagen. These data indicate that phosphorylated
ets-2 plays an important role in the pathogenesis of pulmonary
fibrosis.

MATERIALS AND METHODS

Materials

Information on materials and reagents is available in the online supple-
ment.

Mice

Transgenic mice harboring a point mutation in ets-2 (ets-2tmA72Osh,
referred to as ets-2 [A72/A72]), resulting in a threonine-to-alanine
conversion at position 72, were provided by Michael Ostrowski, Ph.D.
(Ohio State University, Columbus, OH). The development of this
mouse is described elsewhere (17, 18). WT mice (FVB/N background)
were used as controls.

Bleomycin Studies

Male mice, aged 6–12 weeks, underwent intraperitoneal injections as
previously described (14). Briefly, mice were injected with 0.035 U
bleomycin/g or PBS (vehicle control) on Days 1, 4, 8, 11, 15, 18, 22,
and 25. Either 1 week after the final injection (Day 33), or on Days 11
or 22 after the initiation of the bleomycin time-course, the mice were
killed. Before their removal, lungs were lavaged with 1.0 ml PBS.
Lungs were then removed and inflated at 20-cm pressure. The left lobe
of each lung was placed in 10% formalin and prepared for immuno-
histochemical processing (Histotechniques, Powell, OH), and the right
lobes were snap-frozen in liquid nitrogen for RNA, collagen, and pro-
tein analyses.

Real-Time PCR, Sircol Assay, and Bronchoalveolar

Lavage Analysis

Details on these methods are provided in the online supplement.

Immunohistochemical Staining and Quantification

A specific antibody to phosphorylated ets-2 was provided by Michael
Ostrowski, Ph.D. Hematoxylin-and-eosin (H&E), trichrome, a–
smooth muscle actin (a-SMA), and Type I collagen staining of mu-
rine lung sections was performed by the Pathology Core Facility at
the Ohio State University College of Medicine (Columbus, OH).
The expression of a-SMA and Type I collagen in the lungs was
quantified using a histogram analysis in Adobe Photoshop CS2
(Adobe Systems, Inc., San Jose, CA), as previously detailed (19).
The two stains were analyzed on separate slides for the same lung.
The resultant values represent the percentages of SMA1 or collagen
Type I1 cells per high-power field from at least 10 digital images per
lung per mouse. Human IPF lung sections were analyzed by Drs.
Charles Hitchcock and Gerard Nuovo (board-certified pathologists
at the Ohio State University Medical Center, Columbus, OH). Co-
staining was performed by Dr. Gerard Nuovo, using an automated
immunohistochemistry benchmark according to the manufacturer’s
recommendations (Ventana Medical Systems, Tucson, AZ). Fluo-
rescent images were derived using the Nuance Imaging System (CRi,

Woburn, MA). Lung sections with no primary antibody and the
addition of chromogen only were used as control samples.

Statistical Analysis

A Student t test was used for single comparisons, with P < 0.05 con-
sidered significant. ANOVA was used for multiple comparisons.
ANOVA requires that the cell counts be normally distributed, with
stable variance across groups. Thus, cell counts were log-transformed
to meet these assumptions. If the overall ANOVA F-test was signifi-
cant, indicating that differences existed in the data, individual groups
were tested to determine if these differences were statistically signifi-
cant. P values were adjusted using the Holm’s procedure to control
Type I error at 5% (20).

RESULTS

Ets-2 (A72/A72) Mice Are Protected from Bleomycin-Induced

Pulmonary Fibrosis

The importance of the ets family of transcription factors is ap-
parent in extracellular matrix remodeling (12, 13) and lung in-
flammation (18). Therefore, we examined the role of ets-2 by
using a transgenic mouse that expresses a mutated form of ets-2
at threonine-72 (ets-2 [A72/A72]) in a model of bleomycin-
induced pulmonary fibrosis.

As shown in Figure 1A, pathological analyses of the lungs
revealed that ets-2 (A72/A72) mice demonstrated reduced lung
injury and subpleural deposition of collagen after the adminis-
tration of bleomycin, compared with ets-2 (WT/WT) mice at
day 33, as evidenced by H&E staining (Figure 1A, top) and
Masson’s trichrome staining (Figure 1A, bottom). Although
small, patchy areas of lung inflammation and fibrosis were evi-
dent in the ets-2 (A72/A72) mice, this remodeling appeared
less extensive than in ets-2 (WT/WT) mice. We performed
inflammatory cell differentials on bronchoalveolar lavage
(BAL) fluid from ets-2 (WT/WT) and ets-2 (A72/A72) mice
after the administration of bleomycin. As shown in Table E1
in the online supplement, no significant differences in total cells,
alveolar macrophages, neutrophils, or lymphocytes were evi-
dent between the ets-2 (WT/WT) and ets-2 (A72/A72) mice.
The quantitation of lung collagen content, using the Sircol col-
lagen assay (Biocolor Ltd., Carrickfergus, UK), revealed that
ets-2 (A72/A72) mice exhibited significantly less total lung col-
lagen compared with ets-2 (WT/WT) mice after treatment with
bleomycin on Day 33 (Figure 1B). As expected, a significant
increase in total lung collagen occurred between PBS-treated
ets-2 (WT/WT) mice and bleomycin-treated ets-2 (WT/WT)
mice. We conclude that ets-2 (A72/A72) mice were protected
from bleomycin-induced pulmonary fibrosis.

One of the primary growth factors involved in the pulmo-
nary fibrotic response is active TGF-b. Therefore, we deter-
mined the amount of active TGF-b present in BAL fluid via
ELISA. Interestingly, no significant difference was evident in
the concentrations of active TGF-b (Figure 1C) or total TGF-
b (Figure E1) between the ets-2 (WT/WT) and ets-2 (A72/
A72) mice after treatment with bleomycin on Day 33. How-
ever, the expression of other prominent fibrotic genes, in-
cluding Type I collagen, Type III collagen, connective tissue
growth factor (CTGF), and a-SMA, were decreased in ets-2
(A72/A72) mice after treatment with bleomycin on Day 33
(Figures 1D–1G).

Similar to active TGF-b, myofibroblasts are important medi-
ators of fibrosis in response to bleomycin (21–23) and in patients
with IPF (24). These cells are characterized by the expression of
various factors, including a-SMA. As shown in Figure 2, lungs
from bleomycin-treated ets-2 (A72/A72) mice contained signif-
icantly fewer a-SMA–positive cells and Type I collagen–positive
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cells, compared with lungs from ets-2 (WT/WT) mice on Day 33
after the initiation of bleomycin (Figures 2A and 2C, respec-
tively). The quantification of these data is shown in Figures 2B
and 2D, respectively. These data are consistent with the differ-
ences in the expression of a-SMA and Type I collagen mRNA
shown earlier (Figures 1F and 1G, respectively). Therefore, we
conclude that although levels of active TGF-b did not signifi-
cantly differ in the lungs of ets-2 (WT/WT) and ets-2 (A72/
A72) mice after treatment with bleomycin on Day 33, the gene
expression of Type I collagen, Type III collagen, CTGF, and
a-SMA and numbers of myofibroblasts in the lungs were reduced
in ets-2 (A72/A72) mice after bleomycin challenge.

Ets-2 (A72/A72) Mice Exhibit an Altered Time-Course

Response to Bleomycin

To understand the temporal events underlying the protection
found in ets-2 (A72/A72) mice in response to bleomycin, we

performed a bleomycin time-course experiment. In addition to
the 33-day analyses described in Figures 1 and 2, we also eval-
uated lung tissue at 11 days (injury) and 22 days (inflammation
and fibrosis) after the initiation of bleomycin. Whereas patho-
logical analyses revealed injury in ets-2 (WT/WT) and ets-2
(A72/A72) mice on Day 11 (Figure 3), less anatomic lung
distortion was evident in ets-2 (A72/A72) mice on Day 22,
compared with ets-2 (WT/WT) mice. The quantitation of total
lung collagen, the mRNA expression of Type I collagen, CTGF,
and a-SMA, and ELISA measurements of active TGF-b revealed
no significant differences between ets-2 (WT/WT) and ets-2 (A72/
A72) mice on Days 11 or 22 (data not shown). We conclude that
the pathological protection observed in ets-2 (A72/A72) mice
after treatment with bleomycin occurred at all time-points mea-
sured, whereas changes in gene expression were primarily limited
to the repair/remodeling phase of pulmonary fibrosis (22- to 33-
d time period), and involved alterations in (myo)fibroblast traf-
ficking and the production of collagen.

Figure 1. Ets-2 (A72/A72) mice are protected from bleomycin-induced pulmonary fibrosis. Ets-2 (wild-type/wild-type [WT/WT]) and ets-2 (A72/
A72) mice were treated with bleomycin (0.035 U/g) or PBS (vehicle control) for 33 days, as described in MATERIALS AND METHODS. (A) After the mice

had been killed, the lungs from bleomycin-treated mice were formalin-fixed, sectioned, and stained with hematoxylin and eosin (H&E) (top) or

Masson’s trichrome (bottom). Data represent the mean 6 SEM of at least three mice per condition. (B) Murine lungs were used to quantitate

collagen content, using the Sircol collagen assay. Data represent the mean6 SEM of at least three mice per condition. (C) After the mice were killed,
their bronchoalveolar lavage fluid was analyzed for active TGF-b via ELISA. Data represent the mean 6 SEM; n ¼ 6 for ets-2 (WT/WT) 1 bleomycin;

n ¼ 8 for ets-2 (A72/A72) 1 bleomycin. A post hoc power analysis on TGF-b indicated that the power to detect this difference was 23%. (D–G) RNA

from murine lungs was isolated, and mRNA was amplified and used for real-time PCR for Type I collagen (D), Type III collagen (E), connective tissue
growth factor (CTGF) (F), and a–smooth muscle actin (a-SMA) (G). Data represent the mean6 SEM. n ¼ 2 for ets-2 (WT/WT)1 PBS; n ¼ 5 for ets-2

(A72/A72) 1 PBS; n ¼ 5 for ets-2 (WT/WT) 1 bleomycin; n ¼ 7 for ets-2 (A72/A72) 1 bleomycin.
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Lung Sections from Patients with IPF and Mice Treated

with Bleomycin Exhibit Positive Staining for Phosphorylated

ets-2 that Colocalizes with Type I Collagen

The ets family of transcription factors is linked to extracellularma-
trix remodeling (12), a conserved process in the pathogenesis of
pulmonary fibrosis. Trimboli and colleagues discerned the impor-
tance of phosphorylated ets-2 in extracellular matrix remodeling
in mammary tumors (13). The transcription factor ets-2 becomes
phosphorylated at threonine-72, accumulates in the nucleus, and
mediates downstream signaling events and gene transcription (15,
16, 25). Because of the protection from bleomycin-induced pul-
monary fibrosis found in ets-2 (A72/A72) mice, we hypothesized
that concentrations of phosphorylated ets-2 (threonine-72) are
increased in the lungs of patients with IPF.

We obtained lung-tissue blocks from the tissue collection re-
pository at the Department of Pathology at Ohio State University
Medical Center, and used an antibody that specifically targets
phosphorylated ets-2 at threonine-72 via immunohistochemistry
(13). H&E staining of serial lung sections from patients with
IPF contained fibroblastic foci, the pathological hallmark of
IPF (Figure 4A, part 1). Cells within the fibroblastic foci also
stained positive for Type I collagen (Figure 4A, part 2) and phos-
phorylated ets-2 (Figure 4A, part 3). These data indicate that lung
tissue from patients with IPF stain for phosphorylated ets-2.

Ets-2 (A72/A72) mice expressed significantly less Type I col-
lagen mRNA on Days 22 and 33, compared with ets-2 (WT/WT)
mice, suggesting that the phosphorylation of ets-2 at threonine-
72 affected fibrotic gene expression. Therefore, we hypothesized
that the expression of Type I collagen would colocalize with
phosphorylated ets-2 at threonine-72 in patients with IPF.

We used nonfibrotic (Figure 4B) and fibrotic (Figure 4C)
regions from lung sections of patients with IPF. No phosphor-
ylated ets-2 staining (red signal) or Type I collagen (brown
signal) was evident in nonfibrotic lung tissue adjacent to areas
of fibrosis in IPF lung sections (Figure 4B, part 1), compared
with fibrotic regions (Figure 4C, part 1). Subsequently, these
lung sections from patients with IPF were photographed using
the Nuance System, and the colors for phosphorylated ets-2
(red) and Type I collagen (brown) were separated and analyzed
via fluorescence. Figures 4B and 4C (parts 2) represent the
fluorescent image of Type I collagen (blue), whereas Figures
4B and 4C (parts 3) represent phosphorylated ets-2 (red). These
images were then merged, as shown in Figures 4B and 4C (parts
4), and then overlaid to allow the Nuance system to capture
those cells that stained positive for both Type I collagen and
phosphorylated ets-2. Cells that stained positive for both are
shown in green (Figures 4B and 4C, parts 5). The data from
these images are quantitated in Figure 4D. The fibrotic regions
of lung sections from patients with IPF contain cells that stained
positive for both Type I collagen and phosphorylated ets-2,
whereas nonfibrotic regions of lung sections from patients with
IPF did not, indicating that phosphorylated ets-2 may regulate
the expression of Type I collagen in the lung.

To corroborate these findings in our murine model of pulmo-
nary fibrosis, we also stained lung sections from ets-2 (WT/WT)
mice after treatment with bleomycin for phosphorylated ets-2
and Type I collagen. Type I collagen (Figure 5A, part 2) and
phosphorylated ets-2 (Figure 5A, part 3) immunohistochemical
staining were visible in fibrotic regions after treatment with
bleomycin on Day 33. Merging these images demonstrated the

Figure 2. Ets-2 (A72/A72) mice exhibit decreased expression of Type I collagen and a-SMA in the lungs after treatment with bleomycin, compared
with ets-2 (WT/WT) mice, indicative of decreased myofibroblasts. After treatment with bleomycin for 33 days, lungs from bleomycin-treated mice

underwent immunohistochemical staining for a-SMA (A) or Type I collagen (C). The quantification of these results is shown in B and D, respectively.

Data represent the mean 6 SEM of at least three mice per condition.

1002 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 45 2011



co-staining of phosphorylated ets-2 and Type I collagen, as evi-
denced by a green signal (Figure 5A, part 5). The data from
these images are quantitated in Figure 5B. We also analyzed
lungs from Days 11 and 22, but observed minimal to absent
staining for phosphorylated ets-2 (Figure E2). In summary,
phosphorylated ets-2 colocalized with Type I collagen in lung
sections from patients with IPF and in lung sections from ets-2
(WT/WT) mice treated with bleomycin.

Primary Lung Fibroblasts from ets-2 (A72/A72) Mice

Express Less Type I Collagen in Response to Stimulation

with TGF-b

TGF-b is one of the primary growth factors involved in the
development of pulmonary fibrosis. TGF-b is highly expressed
during the pathogenesis of the disease (26), and it helps direct
collagen synthesis, the proliferation of fibroblasts, and myofi-
broblast differentiation (24). In Figure 1C, we detected no sig-
nificant difference in concentrations of TGF-b in the lungs of
ets-2 (WT/WT) and ets-2 (A72/A72) mice after treatment with
bleomycin for 33 days. However, we observed a significantly
decreased expression of Type I collagen in the lungs of ets-2
(A72/A72) mice (Figure 1D), and a colocalization of Type I
collagen and expression of phosphorylated ets-2 in lung sections
from patients with IPF (Figure 4C) and from mice treated with
bleomycin (Figure 5A). Therefore, to establish a causal rela-
tionship between ets-2 and Type I collagen, we performed in

vitro experiments, using primary lung fibroblasts from ets-2
(WT/WT) and ets-2 (A72/A72) mice. After simulation with
TGF-b, the mRNA expression of Type I collagen was assessed
by real-time PCR. As shown in Figure 5C, primary lung fibro-
blasts from ets-2 (A72/A72) mice expressed significantly less
Type I collagen compared with primary lung fibroblasts from
ets-2 (WT/WT) mice. As a control, we also analyzed the expres-
sion of a-SMA, and observed no significant difference between
ets-2 (WT/WT) and ets-2 (A72/A72) cells (data not shown). In
summary, the phosphorylation of ets-2 at threonine-72 is impor-
tant in the pulmonary fibrotic response through the involvement
of Type I collagen expression.

DISCUSSION

This study supports a novel and important role for the phosphory-
lation of threonine-72 of ets-2 in human and murine pulmonary fi-
brosis. These studies were performed in response to observations by
Trimboli and colleagues (13) and Wei and colleagues (18), who
found that mutating the threonine-72 to alanine-72 of ets-2 in mice
altered lung inflammation and extracellular matrix remodeling, two
important mechanisms in the pathogenesis of pulmonary fibrosis.

The consensus core binding sequence for ets-2 is 59-GGAA/
T-39 (27). Upon binding this core sequence, ets-2 supports a di-
versity of cellular functions, such as cell proliferation, adhesion,
migration, survival, and angiogenic processes (27). As such, ets-2
plays an important role in several human diseases, including mam-
mary tumors (13), Down syndrome (28), and leukemia (29). Al-
though ets-2 is central in a host of processes, pinpointing the sole
genetic target responsible for disease manifestations as a result of
dysregulated ets-2 function is difficult. For example, in the orig-
inal study of lung inflammation using ets-2 (A72/A72) mice, Wei
and colleagues found that 10 different genes were down-regulated
in the lungs of ets-2 (A72/A72) mice compared with ets-2 (WT/
WT) mice, but they did not identify a single dominant ets-2–
responsive gene responsible for the decreased inflammation (18).
The report by Wei and colleagues indicates that ets-2 contributes
to decreased lung inflammation by affecting genes with ets-2 pro-
moter sites, supporting the notion that ets-2 is a multitarget tran-
scription factor involved in numerous biological processes.

The promoter-binding capabilities and functions of the mutant
form of ets-2 (ets-2 [A72]) are noteworthy. Previous studies dem-
onstrated that the ets-2 (A72) protein translocates to the nucleus
and binds a rat sarcoma (Ras)-responsive enhancer without activat-
ing the gene (16). As such, the mutant form of ets-2 may serve as
a co-repressor. For example, the BS69 protein functions as a tran-
scriptional co-repressor when associated with E1A and ets-2 (30,
31). In the absence of ets-2, BS69 may not function as a co-re-
pressor of fibrotic gene expression. Interestingly, the association of
BS69 and ets-2 is decreased when ets-2 is phosphorylated at the
pointed domain, which contains the threonine-72 residue (31).
Although several other co-repressors are thought to function co-
ordinately with ets-2, including brahma-related gene 1 and the
switch/sucrose nonfermentable (SWI/SNF) complexes (32), the
mechanisms by which altered genetic co-repression contributes
to the pathogenesis of pulmonary fibrosis require further study.

Three additional findings in this study concern the involve-
ment of ets-2 in the expression of C-C chemokine ligand 12
(CCL12) and differences in lung inflammatory cell differentials
and primary cell proliferative capacities between ets-2 (WT/WT)
and ets-2 (A72/A72) mice. First, using bone marrow–derived
macrophages stimulated with M-CSF, we observed that macro-
phages from ets-2 (A72/A72) mice expressed significantly less
CCL12, as detected via ELISA, than macrophages from ets-2
(WT/WT) mice (Figure E3A). Furthermore, we observed that
ets-2 (A72/A72) mice had significantly less CCL12 in the lungs

Figure 3. Ets-2 (A72/A72) mice exhibit an altered time-course response

to bleomycin. Ets-2 (WT/WT) and ets-2 (A72/A72) mice were treated
with bleomycin (0.035 U/g) for 11 days or 22 days. After the mice were

killed, the lungs from bleomycin-treated mice were formalin-fixed, sec-

tioned, and stained with H&E (left) or Masson’s trichrome (right).
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after treatment with bleomycin, as detected via ELISA and
real-time PCR (Figures E3B and E3C).

Second, as shown in Table E1, BAL fluid cell differentials
revealed that ets-2 (A72/A72) mice manifested significantly
fewer total cells and alveolar macrophages 11 days after the ini-
tiation of bleomycin, compared with ets-2 (WT/WT) mice. Inter-
estingly, this trend reversed at 22 days after the initiation of
bleomycin, insofar as ets-2 (A72/A72) mice exhibited a signifi-
cantly increased number of total cells and alveolar macrophages
compared with ets-2 (WT/WT) mice. By 33 days after the initi-
ation of bleomycin, no significant difference in total cells or al-
veolar macrophages was evident between ets-2 (WT/WT) and
ets-2 (A72/A72) mice after treatment with bleomycin.

Third, fibroblasts isolated from human fibrotic lungs exhibit
variability in proliferative and apoptotic capacities that may con-
tribute to the pathogenesis of the disease (33–35). Interestingly,
primary lung fibroblasts (Figure E4) isolated from ets-2 (A72/
A72) mice showed an increased proliferative capacity when com-
pared with those cells isolated from ets-2 (WT/WT) mice. Al-
though more studies are needed, our findings that ets-2 is a
potential regulator of CCL12 expression, influences inflammatory

cell profiles in the lungs in response to bleomycin, and exerts an
effect on cell-proliferative capacities provide valuable insights in-
to the importance of ets-2 in pulmonary fibrosis.

Recent studies highlighted the important role of transcription
factors in the pathogenesis of pulmonary fibrosis by regulating fi-
brotic gene expression. For example, Lepparanta and colleagues
demonstrated that the expression of GATA-6 in fibroblasts medi-
ates the a-SMA–inducing signal of TGF-b, and that GATA-6 is
overexpressed in the fibroblastic foci of lung sections from
patients with IPF (36). Yasuoka and colleagues ascertained that
the expression of early growth response 1 is up-regulated in lung
sections from patients with IPF, and directs the expression of
fibronectin in response to the stimulation of fibroblasts by (in-
sulin-like growth factor binding protein 5) (37). Ponticos and
colleagues highlighted the relevance of the mitogen-activated
protein kinase (MAPK) pathway in the transcriptional activation
of Type I collagen (38), to which ets-2 is implicitly related. Fur-
thermore, Boon and colleagues demonstrated that genes in the
extracellular signal-related kinase/MAPK pathway are up-regu-
lated in patients with IPF, and these genes include a member of
the SWI/SNF family and Ras (39).

Figure 4. Lung sections from patients with idiopathic pulmonary fibrosis (IPF) exhibit increased concentrations of phosphorylated ets-2 that

colocalizes with Type I collagen. (A) Lung sections from patients with IPF were obtained from the storage bank at the Department of Pathology
of Ohio State University Medical Center. Patients were selected according to their clinical diagnosis of interstitial lung disease and IPF. Embedded

slides were first stained with H&E (part 1) to verify the pathological appearance of fibroblastic foci, indicative of usual interstitial pneumonia. Serial

sections were then stained with Type I collagen (part 2) and phosphorylated ets-2 (part 3). (B and C) Lung tissues were obtained and classified as
described in MATERIALS AND METHODS. Nonfibrotic areas of IPF lungs (B) and fibrotic areas of IPF lungs (C) were stained for Type I collagen (brown

signal) and phosphorylated ets-2 (red signal) (part 1). The Nuance imaging system then converted the Type I collagen signal to blue (part 2) and the

phosphorylated ets-2 signal to red (part 3). The merging of parts 2 and 3 is shown in part 4. The Nuance imaging system then overlaid the images

and converted those cells that stained positive for both Type I collagen and phosphorylated ets-2 to green (part 5). A magnification of the
colocalization of Type I collagen and phosphorylated ets-2 in part 5 is shown in part 6. (D) Quantitation of images from B and C.
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Ets-2 can be activated by multiple signaling pathways, includ-
ing Ras–v-raf-1 murine leukemia viral oncogene homolog
(Raf)–MAPK (16), PI3-kinase/mammalian target of rapamycin
(40), and v-akt murine thymoma viral oncogene homolog/c-Jun
N-terminal kinase (41). Raf is also activated via Ras-
independent mechanisms (42), thereby creating a complex net-
work of intracellular signaling mechanisms that facilitate the
activation of ets-2. In the setting of IPF, broad pathway inhib-
itors have been used, such as cytotoxic agents and immune
suppressants, but none were effective in reversing the course
of the disease or slowing its progression. This raises the possibil-
ity of novel and specific therapeutic approaches for IPF, center-
ing on the promoter-binding inhibitors of ets-2–mediated
transcription or the direct targeting of phosphorylated ets-2. This
more directed, specific therapeutic approach was successfully ap-
plied in other diseases, including breast cancer (tamoxifen) and
rheumatoid arthritis (etanercept), and should be considered in
the treatment of IPF. Ets-2 antagonists or inhibitors of phosphor-
ylated ets-2 are presently unavailable; we are actively pursuing
their development and use.
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