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Abstract

Interstitial lung fibrosis, a frequently idiopathic and fatal disease,
has been linked to the increased expression of profibrotic
transforming growth factor (TGF)-bs. P311 is an RNA-binding
protein that stimulates TGF-b1, -b2, and -b3 translation in several
cell types through its interaction with the eukaryotic translation
initiation factor 3b.We report that P311 is switched on in the lungs
of patients with idiopathic pulmonary fibrosis (IPF) and in the
mouse model of bleomycin (BLM)-induced pulmonary fibrosis. To
assess the in vivo role of P311 in lungfibrosis, BLMwas instilled into
the lungs of P311-knockout mice, in which fibrotic changes were
significantly decreased in tandemwith a reduction in TGF-b1, -b2,
and -b3 concentration/activity compared with BLM-treated wild-
type mice. Complementing these findings, forced P311 expression
increased TGF-b concentration/activity in mouse and human lung

fibroblasts, thereby leading to an activated phenotype with
increased collagen production, as seen in IPF. Consistent with a
specific effect of P311 on TGF-b translation, TGF-b1–, -b2–,
and -b3–neutralizing antibodies downregulated P311-induced
collagen production by lung fibroblasts. Furthermore, treatment of
BLM-exposed P311 knockouts with recombinant TGF-b1, -b2,
and -b3 induced pulmonary fibrosis to a degree similar to that
found in BLM-treated wild-type mice. These studies demonstrate
the essential function of P311 in TGF-b–mediated lung fibrosis.
Targeting P311 could prove efficacious in ameliorating the severity
of IPF while circumventing the development of autoimmune
complications and toxicities associated with the use of global
TGF-b inhibitors.
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Pulmonary fibrosis is a general term used to
describe an increased accumulation of
collagen in the distal lung, rendering the
lung stiff and compromising its ability
to facilitate normal gas exchange. Lung
fibrosis can develop as a consequence
of occupational or medical exposure, as
a result of genetic mutations, connective
tissue/rheumatological disease, and after
trauma or acute lung injury leading to

fibroproliferative acute respiratory distress
syndrome, or it can develop in an idiopathic
manner. They each result in a progressive
loss of lung function with increasing
dyspnea, andmost forms ultimately result in
mortality (1).

Idiopathic pulmonary fibrosis (IPF) is
the most prevalent type of fibrotic lung
disease, accounting for at least half of all
diagnosed cases, and has a natural average

survival of 3 years from the time of
diagnosis. IPF is more common in males
than in females (estimated at 20 in 100,000
for males and 13 in 100,000 for females),
and it is viewed as a disease of aging, with
the median age at diagnosis being in the
mid-60s. IPF manifests with exercise-
induced breathlessness, persistent dry
cough, and dyspnea, and it is characterized
by radiologically evident honeycombing
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and the histological pattern of usual
interstitial pneumonia (2–4). The key
features of usual interstitial pneumonia
include fibrotic lung remodeling with
temporal heterogeneity, hyperplastic type II
alveolar epithelial cells lining areas of
fibrosis, presence of fibroblastic foci
(activated fibroblasts), minor amounts of
inflammation, and thickening of the
interalveolar septa.

Subsequent to the failure of multiple
therapeutic approaches, two drugs were
found to slow the progression of the disease,
namely nintedanib, an inhibitor of multiple
tyrosine kinases, and pirfenidone, which
works by reducing the production of
procollagens I and II (2–4). However, the
prognosis for patients with IPF remains
poor, and the search continues for drugs
that inhibit the pathogenic pathways active
in IPF to reduce or even halt the
progression of the disease (2–4).

Despite the remarkable heterogeneity
in the etiological mechanisms responsible
for the development of fibrotic diseases and
their clinical manifestations, numerous
studies have identified critical signaling
cascades initiated primarily by transforming
growth factor (TGF)-b1 as a common
element responsible for the development
of profibrotic reactions (5), including IPF
(6, 7). Like TGF-b1 (8–10), TGF-b2 and
TGF-b3 are also increased in IPF (11, 12).
TGF-b2 has been shown to promote
fibrosis (13–17), but there is controversy
regarding TGF-b3. Researchers in several
studies reported that TGF-b3 has a
protective effect against fibrosis (18–20), a
view that gained some support (21, 22).
However, in contrast, a larger number of
reports attributed a profibrogenic effect to
TGF-b3 (17, 23–26). In support of this
latter view, recombinant (r)TGF-b3
(avotermin) had no antiscarring effect in
clinical trials (27).

P311 is an 8 kD, conserved, RNA-
binding protein with restricted cell
expression. As such, P311 is steadily
expressed in vascular and visceral smooth
muscle beds (28) and in the nervous system
(28, 29). It is transiently expressed in
regenerating tissues (30–33) and several
pathological settings, such as hypertrophic
scars (17, 34), renal fibrosis (35), and
malignant glioblastomas (36). Among its
biological functions, P311 induces
myofibroblast differentiation and migration
(30, 37), promotes nerve and lung
regeneration (31, 32), and is essential for

the maintenance of normal blood pressure
(28) and the development of normal
cutaneous scars (17). In addition,
behavioral studies suggested that P311-
knockout (P311-KO) mice may have
impaired memory and emotional/affective
responses (38, 39).

At the molecular level, P311 is required
for the optimal translation of TGF-b1, -b2,
and -b3 (28, 40). Because P311 is an
intrinsically disordered protein (40), it
requires an interacting partner(s) to acquire
tertiary structure and function. Eukaryotic
translation initiation factor 3 subunit
b (eIF3b) is the best characterized P311-
binding partner identified so far (40). The
eIF3b–P311 binding sites were mapped to
the noncanonical RNA recognition motif of
eIF3b and a central 11–amino acid region
of P311 referred to as an eIF3b-binding
motif. Through its concomitant binding to
eIF3b and to the 59 untranslated region of
TGF-b1, -b2, and -b3 mRNAs, P311
recruits TGF-b1, -b2, and -b3 mRNAs to
the translation machinery, which in turn
leads to their increased translation (40).
P311 is therefore the first documented
regulator of all three TGF-bs and the
only protein currently known to stimulate
TGF-b translation in vitro and in vivo
(28, 40).

With this information in hand, we
elected to examine the potential role of P311
in pulmonary fibrosis. In this article, we
report that P311 is present in IPF as well as
in bleomycin (BLM)-induced lung fibrosis,
whereas it is not detectable in normal lung
parenchyma, except for bronchial and
vascular smooth muscle cells. We used the
acute BLM mouse model of pulmonary
fibrosis, P311-KO and wild-type (WT)mice,
and primary cultures of mouse and human
lung fibroblasts (MLFs and HLFs,
respectively) to examine the potential
involvement of P311 in the lung fibrogenic
process. Altogether, these studies
demonstrate that by promoting TGF-b1,
-b2, and -b3 translation, P311 plays an
essential role in the pathogenesis of lung
scarring and point to the lung fibroblasts as
important P311 effector cells. Of potential
therapeutic relevance, we observed that
P311 ablation reduces but does not
eliminate TGF-b1, -b2, and -b3
production. Therefore, targeting P311
could have the advantage of eliminating the
autoimmune complications and multiple
toxicities associated with the complete
abolishment of TGF-b signaling (41).

Methods

P311 Detection in IPF
P311 expression in lung tissues from
six cases of IPF and from six matching
control subjects was examined by
immunohistochemistry (IHC). The
immunostaining was performed at the
University of Chicago Pathology Tissue
Core Facility using a Leica BOND-MAX
automated IHC/in situ hybridization
system (Leica Microsystems) and the
BOND Polymer Refine detection system
(Leica Microsystems) as previously
described (42). Briefly, formalin-fixed,
paraffin-embedded, 5-mm tissue sections
were boiled for 20 minutes in fresh citrate
buffer for antigen retrieval and incubated
for 25 minutes with an antihuman P311
antibody (17) at 1:50 dilution, followed
by a PBS wash for 15 minutes, BOND
polymer horseradish peroxidase
incubation for 25 minutes, and then
incubation with peroxidase blocking
solution for 5 minutes. The peroxidase
reaction was developed using 3,39-
diaminobenzidine provided with the kit
(Abcam), followed by counterstaining
with hematoxylin for 5 minutes.
Last, the slides were dehydrated in
increasing concentrations of alcohol and
mounted in mounting medium (Life
Technologies).

Mice
The generation of P311-KO mice (C57BL/6
mice with deletion of the entire P311 coding
region on both alleles) was previously
described (38). Male P311-KO and WT
C57BL/6 mice weighing 22–25 g (7–9 wk
old; The Jackson Laboratory) were used in
this study. The animals were housed at the
University of Chicago Animal Facility at
258C room temperature on a 12-hour light
cycle and supplied with rodent diet no.
2918 (18% protein, 6% fat, and moderate
phytoestrogen; Harlan Laboratories). All
studies involving animals were reviewed
and approved by our institution’s
institutional animal care and use
committee.

BLM-induced Model of Pulmonary
Fibrosis
Mice were anesthetized with an
intraperitoneal injection of ketamine/
xylazine (ketamine, 80 mg/kg; xylazine,
10 mg/kg). BLM sulfate (Gold
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Biotechnology) was then administered by
intratracheal instillation as a single dose of
2 U/kg in 50 ml of sterile PBS solution.
Control mice received an equal volume of
sterile PBS solution. To facilitate equal
distribution of BLM within the whole lung,
each mouse was gently rotated left and right
several times (based on preliminary studies
instilling India ink). Body weights and
mortality were monitored throughout the
whole experiment. Two weeks after
instillation of BLM, the animals were killed,
and their lungs were removed for further
studies.

BAL Fluid Analysis
BAL fluid (BALF) analysis was performed
before mice were killed as previously
described (43). Briefly, the animals were
anesthetized with an intraperitoneal
injection of ketamine/xylazine (ketamine,
80 mg/kg; xylazine, 10 mg/kg). The
trachea was then exposed and intubated
with a plastic catheter (18-gauge; Kimble
Chase). Two repeated injections of PBS
(0.5 ml) were subsequently instilled
through the catheter to collect the BALF.
The BALF was then centrifuged at
300 g for 10 minutes at 48C, and the
supernatant was frozen at 2808C for
subsequent studies.

Cell Culture
Primary MLFs (American Type Culture
Collection) and primary HLFs (Lonza) were
seeded onto culture tissue plastic dishes and
were cultured in Eagle’s minimum essential
medium (American Type Culture
Collection) and fibroblast basal medium
(Lonza), respectively, both containing 10%
FBS (HyClone Laboratories), 2 mmol/L
L-glutamine (Thermo Fisher Scientific),
and antibiotic-antimycotic reagent (Anti-
Anti; Thermo Fisher Scientific), and were
incubated at 378C in an atmosphere of 95%
air and 5% CO2. See the SUPPLEMENTAL

MATERIALS AND METHODS section of the data
supplement for further details.

Results

P311 Is Expressed in IPF and in the
Mouse Model of BLM-induced
Pulmonary Fibrosis
IHC studies did not detect P311 (brown
color) in normal human lungs (Figures 1A
and 1B), except for the muscle layer of
airways and blood vessels (Figure 1B,
arrows). However, in IPF, P311 was
detected in hyperplastic type II alveolar
epithelial cells (Figure 1C, arrow) and
activated fibroblasts (fibroblastic focus)

(Figure 1D) in addition to its normal
detection in lung smooth muscle cells.

The BLM-treated mice lost 5–10%
of their body weight and exhibited no
mortality. Western blot analysis revealed
that P311 was abundant in the lungs of
BLM-treated WT mice, whereas it was
weakly detected in the lungs of matched
PBS-treated counterparts owing to the
normal presence of P311 in vascular
and bronchial smooth muscle cells
(Figure 1E).

Lack of P311 Results in Decreased
Collagen Deposition in the Mouse
Model of BLM-induced Pulmonary
Fibrosis
Masson’s trichrome staining demonstrated
a decrease in the amount of interstitial
collagen fibril deposition (blue color) in the
lungs of BLM-treated P311-KO mice
compared with that of BLM-treated WT
mice (Figure 2A). This observation was
confirmed by quantification of blue-stained
collagen fibrils using the Aperio ScanScope
CS System (Figure 2A, graph to the right
of microphotographs). Consistently,
hydroxyproline (HYP) incorporation assays
showed decreased collagen production in
the lungs of BLM-treated P311-KO mice
(Figure 2B). qPCR analysis showed a
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Figure 1. P311 expression is switched on in IPF and in a mouse model of BLM-induced pulmonary fibrosis. (A–D) Immunohistochemical detection of
P311 (brown color) in normal human lung (A and B) and in IPF (C and D). Scale bars: 100 mm. Arrows point to blood vessel muscular layer (normally
positive for P311) in B and to hyperplastic type II alveolar epithelial cells in C. (D) Activated fibroblasts (fibroblastic focus). (E) Western blot analysis with
corresponding densitometry showing P311 in PBS-treated and BLM-treated mouse lungs at 2 weeks after treatment. n = 6 mice per group. BLM=
bleomycin; IPF = idiopathic pulmonary fibrosis.

ORIGINAL RESEARCH

Duan, Barron, Meliton, et al.: P311 Promotes Lung Fibrosis 223



decrease in collagen I and collagen III
mRNA concentrations in BLM-treated
P311-KO mice (Figure 2C). Similarly,
Western blots demonstrated a decrease
in collagen I and collagen III protein
concentrations in P311-KO mice compared
with WT mice after BLM treatment
(Figure 2D).

Lack of P311 Results in Decreased
Lung TGF-b1, -b2, and -b3
Concentration/Activity in the Mouse
Model of BLM-induced Pulmonary
Fibrosis
qPCR showed no significant differences
in lung TGF-b1, -b2, and -b3 mRNA
concentrations between BLM-treated WT

and P311-KO mice (Figure 3A). However,
Western blot analysis revealed a decrease in
pulmonary concentrations of pro–TGF-b1,
-b2, and -b3 in BLM-treated P311-KO mice
compared with WT mice (Figure 3B). ELISA
also demonstrated a significant decrease in
the concentrations of total TGF-b1, -b2, and
-b3 in the lungs of BLM-treated P311-KO
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Figure 2. Lack of P311 results in decreased collagen deposition in a mouse model of BLM-induced pulmonary fibrosis. (A) Masson trichrome collagen
detection (blue color) in lungs from BLM-treated WT and P311-KO mice. Scale bars: 100 mm. Quantification of blue-stained collagen fibrils is shown in
the graph to the right of microphotographs. Quantitative total percentage of positivity (total number of positive pixels divided by total number of pixels).
(B) HYP incorporation in lungs from BLM-treated WT and P311-KO mice. (C) qPCR showing mRNA concentrations of collagen I and collagen III in
lungs from BLM-treated WT and P311-KO mice. (D) Western blot analysis and corresponding densitometry showing collagen I and collagen III in lungs
from BLM-treated WT and P311-KO mice. All these studies were performed 2 weeks after BLM treatment. Data are represented as mean6 SD. n = 6
mice per group,*P, 0.005; **P, 0.01; ***P, 0.001. HYP = hydroxyproline; KO = knockout; NS = not significant; WT =wild type.
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mice (Figure 3C). Because the concentrations
of active TGF-b cannot be determined in
tissue lysates, we performed ELISAs to
measure total and active TGF-b1, -b2, and
-b3 concentrations in BALF collected from
BLM-treated P311-KO and WT mice. These
studies revealed decreased total and active
TGF-b1, -b2, and -b3 concentrations in
the BALF of BLM-treated P311-KO mice
(Figure 3D). We further determined the
SMAD2 and SMAD3 phosphorylation levels
in the lungs of BLM-treated P311-KO and
WT mice as an indication of TGF-b

activation. Western blot analysis showed
reduced phosphorylated (p)SMAD2 and
pSMAD3 concentrations without changes in
total SMAD2 and SMAD3 concentrations in
BLM-treated P311-KO mice compared with
WT mice (Figure 3E).

P311 Stimulates Collagen Production
by Lung Fibroblasts
qPCR showed increased collagen I and
collagen III mRNA concentrations in Myc-
tagged P311-transfected MLFs and HLFs
compared with empty vector (EV)-

transfected controls (Figure 4A). Consistent
with these findings, immunoblot analysis
revealed increased collagen I and collagen
III concentrations in Myc-tagged P311-
transfected MLFs and HLFs (Figures 4B
and 4C).

P311 Profibrotic Effect Results from
Upregulation of TGF-b1, -b2, and -b3
Concentration/Activity in Lung
Fibroblasts
As observed in vivo, qPCR showed no
significant differences in TGF-b1, -b2,
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Figure 3. Lack of P311 results in decreased TGF-b1, -b2, and -b3 concentration/activity with no change in corresponding mRNA concentrations in a
mouse model of BLM-induced pulmonary fibrosis. (A) qPCR showing mRNA concentrations of TGF-b1, -b2, and -b3 in the lungs from WT and P311-KO
mice. (B) Western blot analysis and corresponding densitometry showing pro–TGF-b1, -b2, and -b3 in the lungs from WT and P311-KO mice. (C) ELISAs
showing total TGF-b1, -b2, and -b3 in the lungs from WT and P311-KO mice. (D) ELISAs showing total and active TGF-b1, -b2, and -b3 in the BALF
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and -b3 mRNA concentrations between
MLFs and HLFs transfected with EV or
Myc-tagged P311 (Figure 5A). However,
ELISAs showed increased concentrations
of total TGF-b1, -b2, and -b3 in Myc-
tagged P311-transfected MLFs and HLFs
when compared with EV-transfected
controls (Figures 5B and 5C). Moreover,
the P311-mediated increase in TGF-b1,
-b2, and -b3 concentrations resulted in
an increase in their activity, as indicated
by increased pSMAD2 and pSMAD3
concentrations without changes in total
SMAD2 and SMAD3 in Myc-tagged P311-
transfected MLFs and HLFs compared
with their control counterparts (see
Figures E1A and E1B in the data
supplement).

To conclusively determine that the
profibrotic effect of P311 was dependent
on TGF-b1, -b2, and -b3 upregulation,
neutralizing TGF-b1, 2, and 3 antibodies
were added to MLFs and HLFs after
transfection with EV or Myc-tagged P311.
Immunoblot analysis showed that, indeed,
TGF-bs blockage reversed the P311-
mediated increase in collagen I and
collagen III concentrations (Figures 5D
and 5E).

P311 Promotes an Activated Lung
Fibroblast Phenotype
Bromodeoxyuridine incorporation assays
demonstrated an increase in the
proliferation of Myc-tagged P311-
transfected MLFs and HLFs compared
with EV-transfected controls (Figures 6A
and 6B). Collagen gel contraction assays
showed increased cell contractility in
Myc-tagged P311-transfected MLFs and
HLFs (Figures 6C and 6D). Finally, cell
migration assays showed an increase
in the migration of Myc-tagged P311-
transfected MLFs and HLFs compared
with their EV-transfected controls
(Figures 6E and 6F).

Exogenous TGF-b1, -b2, and -b3
Ameliorate the Collagen Deficit in
Lungs of BLM-treated P311-KO Mice
HYP incorporation assays performed on
lung tissue after intraperitoneal injection of
rTGF-bs, administered to P311-KO mice,
and of PBS, administered to WT mice,
demonstrated similar amounts of collagen
in the lungs of WT and rTGF-b1–treated
P311-KO mice (Figure 7A) and a
statistically significant increase in collagen
production in the lungs of rTGF-b2– and

rTGF-b3–treated P311-KO mice (Figures
7B and 7C).

Discussion

Pulmonary fibrosis involves the gradual
accumulation of collagen in the distal lung,
compromising its ability to facilitate normal
gas exchange. IPF is the most prevalent type
of fibrotic lung disease, accounting for at
least half of all diagnosed cases. Two new
drugs, nintedanib and pirfenidone, are
currently used to reduce the progression of
the disease (44–46). However, the prognosis
for patients with IPF remains poor, and
efforts to elucidate its pathogenesis
continue with the hope of coming up with
better treatment options (3).

TGF-b, the most powerful fibrogenic
growth factor discovered to date (5), plays
a critical role in the development and
progression of all forms of fibrosis,
regardless of their etiology (4–7, 47–53).
Because we previously found that P311
stimulates the translation of all three TGF-bs
in smooth muscle (28), NIH-3T3 cells,
and skin fibroblasts (17, 40), in the present
study, we sought to determine whether
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expression in HLFs transfected with EV or Myc-tagged P311. Data are represented as mean6 SD. n = 4 replicates per group in A; n = 3 replicates per
group in B and C. ***P, 0.001. EV = empty vector; HLF = human lung fibroblast; MLF =mouse lung fibroblast.
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Figure 5. P311 profibrotic effects are mediated by upregulation of TGF-b1, -b2, and -b3 concentrations. (A) qPCR showing mRNA concentrations of
TGF-b1, -b2, and -b3 in MLFs and HLFs transfected with EV or Myc-tagged P311. (B and C) ELISAs showing concentrations of total TGF-b1, -b2,
and -b3 in MLFs and HLFs transfected with EV or Myc-tagged P311. (D) Western blot analysis and corresponding densitometry showing collagen I and
collagen III concentrations after TGF-b1, -b2, and -b3 blockage using neutralizing antibodies in MLFs transfected with EV or Myc-tagged P311. Readers
may view the uncut gels for D in the data supplement. (E) Western blot analysis and corresponding densitometry showing collagen I and collagen III
concentrations after TGF-b1, -b2, and -b3 blockage using neutralizing antibodies in HLFs transfected with EV or Myc-tagged P311. Data are presented
as mean6 SD. n = 4 replicates per group in A–C; n = 3 replicates per group in D and E. *P, 0.05. Ab = antibody.
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P311 might be involved in TGF-
b–mediated lung fibrosis.

Because no publications to date had
examined the role of P311 in the pulmonary
system, in our first set of studies, we assessed
its expression in normal and fibrotic human
and mouse lungs. The latter was represented
by the animal model of acute BLM-induced
pulmonary fibrosis, which, although far

from an accurate recapitulation of IPF
mechanisms and characteristics, remains
the best available experimental tool for
studying disease pathogenesis (54) and for
testing novel pharmaceutical compounds
(55, 56).

IHC and Western blotting showed that
P311 is not detectable in normal human and
murine lungs (except for the muscle layers

of blood vessels and airways); however,
it becomes highly expressed in reactive
fibroblasts and alveolar epithelial cells in IPF
and in the lungs of mice exposed to
intratracheally delivered BLM, a finding
consistent with a potential role for P311 in
the pathogenesis of pulmonary fibrosis.

To explore such a possibility, we further
examined the lungs of BLM-treated
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Figure 6. P311 activates lung fibroblasts. (A and B) Bromodeoxyuridine incorporation assays of MLFs and HLFs transfected with EV or Myc-tagged P311.
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P311-KO and WT mice using established
fibrogenesis parameters, including Masson’s
trichrome staining and quantification, HYP
incorporation assays, and qPCR plus
immunoblot analysis for collagen I and
collagen III. All these studies consistently
demonstrated a significant decrease in
collagen production and deposition in the
lungs of P311-KO mice. Although previous
reports by researchers at our laboratory and
others attributed a profibrogenic role to
P311 in cutaneous and renal scarring,
respectively (17, 57), this was the first
indication that P311 plays a similar
function in the lung.

To determine whether the effect of
P311 in the context of lung fibrosis is
accomplished by the stimulation of TGF-b
translation, we assessed TGF-b mRNA and
protein concentrations in the lungs of
BLM-treated P311-KO and WT mice.
qPCR showed no significant differences
in TGF-b1, -b2, and -b3 mRNA
concentrations between these two sets of
animals; however, immunoblotting and
ELISAs revealed a decrease in the total
concentrations of TGF-b1, -b2, and -b3
in P311-KO mice. Because P311 is not
involved in the degradation of TGF-b
(28, 40), the lack of changes in TGF-b
mRNA, together with the decrease in the
corresponding protein products, indicated
that pulmonary P311 acts at the TGF-b
translation level, as we previously found in
other biological contexts in which the P311
effect was confirmed by TGF-b translation
reporter assays (17, 40).

Our findings differed from those
reported by another group that indicated
a P311-mediated increase in Tgfb1
transcription in myofibroblasts (35) and in
epidermal stem cells (58). Although this
discrepancy could be due to the difference
in cell type, we note that these investigators
paradoxically reported a concomitant
decrease in TGF-b1 mRNA concentrations
in tandem with the P311-mediated increase
in transcription. Furthermore, this group
reported the effect in Tgfb1 transcription to
be mediated by the binding of P311 with

eukaryotic initiation factor 6, a ribosomal
protein critical for mRNA translation (35).
Interestingly, in another publication by the
same group, this time focused on renal
fibrosis, a discrepancy between TGF-b1
mRNA and protein concentrations
coincident with our observations was
reported (57).

Because total and active TGF-bs
oftentimes are not correlated (59, 60), and
because active TGF-bs cannot be detected
in cells or tissues, we next determined the
concentrations of active TGF-b1, -b2, and
-b3 in BALF collected from BLM-treated
P311-KO and WT mice using ELISAs.
These studies revealed a reduction in both
total and active TGF-b1, -b2, and -b3
concentrations in P311-KO mice.
Confirming the decrease in TGF-b1, -b2,
and -b3 activity, Western blot analysis
showed reduced pSMAD2 and pSMAD3
without changes in total SMAD2 and
SMAD3 in BLM-treated P311-KO mice.

To begin to probe the function of P311
at the cellular level, we conducted studies
using primary cultures of MLFs and HLFs.
We previously reported that P311 stimulates
TGF-b translation in skin fibroblasts (17).
However, because important fibroblast
biological characteristics differ in a tissue-
and organ-specific manner (61–63), we first
confirmed that P311 transfectants are
capable of stimulating TGF-b1, -b2, and
-b3 translation in MLFs and HLFs, cells in
which P311 is not detected under normal
conditions. We then found that collagen I
and collagen III mRNA and protein
concentrations increased in Myc-tagged
P311-transfected MLFs and HLFs
compared with EV-transfected controls,
and the collagen increment was
eliminated by TGF-b1, -b2, and -b3
blocking antibodies. Hence, these in vitro
studies suggested that the P311
profibrogenic function observed in vivo
was at least in part mediated by P311-
induced upregulation of TGF-b
concentration/activity in lung fibroblasts.
The importance of fibroblasts as effectors of
TGF-b–induced pulmonary fibrosis was

recently highlighted by a study showing
that fibroblast-specific inhibition of
TGF-b signaling through the use of
trihydroxyphenolic compounds
significantly attenuated lung fibrosis in
animal models (53).

To continue our in vitro
characterization effort, we performed
functional studies. These showed that P311
stimulated proliferation, promoted
migration, and increased contractility of
both MLFs and HLFs, all consistent with
the induction of an activated state (64), as
seen in IPF (65, 66). Overall, the observed
P311-induced fibroblast responses paved
the way for better understanding of how
P311 facilitates lung fibrosis.

Finally, HYP incorporation assays
performed on lung tissues from BLM-
treated WT and P311-KO mice after
rTGF-b1, rTGF-b2, and rTGF-b3
supplementation demonstrated that each of
the TGF-bs either eliminated or reduced
in a statistically significant manner the
collagen deficit observed in the absence of
P311, confirming our in vitro observation
that TGF-bs are the downstream effectors
of P311-mediated lung fibrosis. In addition,
our findings stand against the widespread
view that TGF-b3 acts as an antifibrogenic
factor (21, 22).

On the basis of our present data, we
conclude that P311 expression is switched
on in the context of IPF and BLM-induced
lung fibrosis, in which it plays a critical
profibrogenic role by stimulating TGF-b1,
-b2, and -b3 translation in pulmonary
fibroblasts. Unlike all pan–TGF-b
suppression approaches that have
undergone or are currently undergoing
clinical trials (41), targeting P311 could
have the unique advantage of reducing but
not eliminating TGF-b concentrations,
thereby preventing the development of
autoimmune complications and multiple
toxicities associated with the complete
abolishment of TGF-b signaling (41). n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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