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Eosinophilic inflammation is a cornerstone of chronic asthma that often culminates in subepithelial fibrosis
with variable airway obstruction. Pulmonary eosinophils (Eos) are a predominant source of TGF-f1, which
drives fibroblast proliferation and extracellular matrix deposition. We investigated the regulation of TGF-f1
and show here that the peptidyl-prolyl isomerase (PPIase) Pinl promoted the stability of TGF-f1 mRNA in
human Eos. In addition, Pin1 regulated cytokine production by both in vitro and in vivo activated human Eos.
We found that Pinl interacted with both PKC-o. and protein phosphatase 2A, which together control Pinl
isomerase activity. Pharmacologic blockade of Pin1 in a rat asthma model selectively reduced eosinophilic
pulmonary inflammation, TGF-f1 and collagen expression, and airway remodeling. Furthermore, chronically
challenged Pinl1~- mice showed reduced peribronchiolar collagen deposition compared with wild-type con-
trols. These data suggest that pharmacologic suppression of Pin1 may be a novel therapeutic option to prevent

airway fibrosis in individuals with chronic asthma.

Introduction

Persistent asthma is characterized by chronic pulmonary inflam-
mation, which often culminates in airway fibrosis. The develop-
ment of airway disease is referred to as remodeling and includes
the deposition of subepithelial collagen (types I, III, and V),
fibroblast proliferation, and smooth muscle hypertrophy (1).
While macrophages, T cells, mast cells, and neutrophils as well as
resident smooth muscle cells and fibroblasts release profibrotic
cytokines, the degree of eosinophilic inflammation in asthmatic
airways shows the greatest correlation with progressive fibrosis
and remodeling (2). Reductions in pulmonary eosinophilia after
anti-IL-S treatment (3) or genetic ablation in mice (4) signifi-
cantly decreased the content of airway ECM induced by allergen
challenge, confirming the pivotal role of eosinophils (Eos) in this
pathologic process.

Eos-derived TGF-P1 is a critical determinant of pulmonary
immunity and fibrosis (5), functioning as a potent chemoattractant
for monocytes (6) and fibroblasts (7), as well as a modulator of Treg
functions (8). Anti-TGF-B1 treatment reduced pulmonary inflam-
mation and attenuated airway remodeling following allergen chal-
lenge (9), while intrapulmonary administration or expression of’
recombinant TGF-B1 induced substantial matrix deposition and
fibrosis (10, 11). Taken together, these animal and human studies
strongly suggest that the influx and persistence of activated Eos
producing TGF-B1 drive both short- and long-term airway fibrosis
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and facilitate ongoing inflammation. Despite its importance, the
molecular mechanisms underlying TGF-31 expression by activated
Eos remain unknown.

TGF-B1 expression is regulated at multiple levels, including tran-
scription, mRNA stability, and posttranslational processing (12).
The expression of TGF-B1 by Eos is sensitive to cytokines (IL-3, -4,
and -5) (13) or other physiologic agonists such as hyaluronic acid
(HA) (14). TGF-f1 mRNA can be rapidly (2-6 hours) induced by
stimulation of mesangial cells (15) and T lymphocytes (16) through
intracellular signaling kinases including PKC or ERK. These kinases
are also involved in the stability of many proinflammatory cytokine
mRNAs that contain AU-rich 3" untranslated regions (UTRs) (17)
and, less frequently, coding region determinants (18). Recent data
suggest that occupancy of the AU-rich elements (AREs) by func-
tionally distinct RNA-binding proteins (tristetraprolin [TTP], Hu
antigen R [HuR], ARE-binding factor 1 [AUF1], and Y-box binding
protein 1 [YB-1]) underlies differential decay (17).

Recently, we have identified Pinl, a peptidyl-prolyl isomerase
(PPIase), as a key regulator of inflammatory cytokine expression
by activated Eos and T cells (19, 20). Pin1 bound to and modulated
the affinity of AUF1 for GM-CSF mRNA in response to external
stimuli, leading to changes in GM-CSF mRNA decay, accumula-
tion, and translation. Pin1 is the only mammalian enzyme known
to specifically catalyze the cis-trans isomerization of Ser-Pro or
Thr-Pro peptide bonds. Pinl contains an N-terminal WW domain,
which binds to Ser/Thr-Pro-containing proteins, and a C-terminal
PPIase domain. To date, Pin1 has been linked to cell-cycle control,
apoptosis, neurodegeneration, and tumorigenesis (21).

Here we demonstrate that Pinl regulates the decay, accumu-
lation, and translation of TGF-f1 mRNA in Eos activated both
in vitro and in vivo. Pin1 controls the association of a subset of
ARE-binding proteins (AREBPs) with TGF-$1 mRNA and with the
mRNA decay machinery. Pinl associated with and was regulated
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Pin1 is required for TGF-p1 mRNA expres-
sion. (A, B, C, and E) Reverse transcription
and gPCR (RT-gPCR) analysis for TGF-f1
mRNA. (A) Eos left untreated (resting [R])
or incubated for 4 hours with HA alone (100
ug/ml in all experiments) or with juglone (0.1
or 1.0 uM) prior to analysis. (B) Cells incu-
bated for 4 hours with HA alone, with 60-300
nM TAT-WW-Pin1 (WW) or TAT-GFP (GFP)
prior to analysis. (C) Cells left untreated or
incubated for the indicated times with HA
alone or with juglone (1.0 uM) (HA+J) or
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juglone alone (J) before collection and analy-
sis at the times shown. (D) Intracellular levels
of TGF-f1 protein were measured by immu-
noblotting of total cell lysates under reduc-
ing conditions and signal quantitated by
densitometry and normalized to p-actin. (E)
ELISA for TGF-p1 protein. Cells left untreat-
ed or incubated for 24 hours with HA alone or
with juglone before collection of culture medi-
um. The data are mean of 2 independent
experiments. (F) Decay of TGF-f1 mRNA.
Cells were treated for 2 hours with HA alone
or with juglone, followed by the addition of
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by PKC-o.and protein phosphatase 2A (PP2A). In vivo inhibition of
Pin1 selectively and significantly reduced eosinophilic inflamma-
tion, TGF-B1 and collagen mRNA, and protein in bronchoalveolar
lavage (BAL) fluid, airways, and total lung of allergen-sensitized
and -challenged rats. Similarly, reduced airway collagen deposition
was also observed in Pinl-knockout mice after chronic allergen
challenge. These data suggest that Pin1 may be a therapeutic target
to prevent airway remodeling in individuals with chronic asthma.

Results
Pin1 activity is required for TGF-31 mRNA expression by peripheral blood
Eos. Suppression of lung eosinophilia by anti-IL-5 therapy in
humans (3) or genetic ablation in mice (4) reduced airway fibrosis
and pulmonary TGF-B1 content. These data suggest that Eos are
a major source of TGF-B1 during remodeling. Pin1 regulated GM-
CSF production in Eos at a posttranscriptional level by modulating
the function of the AREBPs HuR and AUF1 (19), which have been
implicated in profibrotic cytokine mRINA regulation as well (22,
23). Therefore, we evaluated whether Pin1 plays a role in TGF-$1
expression by activated Eos. Real-time quantitative PCR (qPCR)
analysis revealed constitutively high levels (threshold cycle 18-23;
480
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data not shown) of TGF-1 mRNA in freshly isolated peripheral
blood Eos from normal or mildly atopic donors. Activation with
HA, an ECM proteoglycan that is elevated in the lung of asthmatic
individuals, consistently increased TGF-B1 mRNA (40%-50%)
(Figure 1A), an effect that was suppressed by juglone, a selective
Pinl inhibitor (24) (Table 1), without affecting housekeeping
S26 mRNA. Low-dose juglone (0.2-1.0 uM) for 24 hours had no
effect on cell viability (19). IL-3, -4, and -5 and GM-CSF, which
are all elevated in the lung of asthmatic individuals and modestly
enhanced TGF-B1 secretion by Eos (13), had no effect on TGF-B1
mRNA content (data not shown). These data are consistent with
microarray analysis of IL-5- or GM-CSF-stimulated Eos (25), sug-
gesting that HA signaling, through CD44 (26), controls TGF-f1
expression by these cells.

In order to further confirm the role of Pinl in the regulation
of TGF-f1, Eos were transduced with the WW domain of Pinl
fused at the N terminus to a TAT penetratin tag (TAT-WW-Pin1)
(27). The WW domain functions as a dominant negative by pre-
venting endogenous Pinl from binding to Ser/Thr-Pro targets
(21). TAT-WW-Pin1 significantly reduced HA-mediated TGF-f1
mRNA upregulation in a dose-dependent fashion (60-300 nM)
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Table 1

The effects of Pin1, PKC, and PP2A activators and inhibitors on TGF-g1 mRNA expression
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the inhibitor studies, specific PKC-a
agonists 12(S)-HETE (32) and thyme-

in human Eos leatoxin (TXA) (Table 1) (33) signifi-
cantly upregulated TGF-f1 mRNA,
Agent Major action Dose used Effect on Cell viahility which was antagonized by G66976
TGF-31 mRNA (after 3 d) (Figure 2C). Therefore, PKC-o but not
HA Pin1 activator 100 ug/ml Stabilize, increase Increase ERK signaling is required for TGF-B1
Juglone Covalent Pin1 inhibitor 0.1-1 uM Destabilize, decrease Reduce upregulation by HA activated Eos.
TAT-WW-Pin1 ~ Competitive Pin1 inhibitor ~ 150-300 nM Decrease Reduce PP2A and PKC-a interact with and
666976 PKC-o0/p1 inhibitor 10-50 nM Decrease Reduce regulate Pin1. As both Pin1 and PKC-a
Safingol PKC-a/B1 inhibitor 5-25 nM Decrease Reduce blockade reduced TGF-p1 mRNA lev-
12(S)-HETE . PKC-a agon!st 5-20 nM Increase Increase els and Pin1 activity is modulated by
Thymeleatoxin PKC-o. agonist 5-20 nM Increase Reduce hosphorvlation. we asked whether
Okadaic acid PP2A inhibitor 5-50 nM Decrease Reduce EKC P )(’1 Pi 1’ . 4. PKC
PD98059 MEK1 inhibitor 50 uM Moderately decrease  Reduce - and Finl interacted. o

Summary of the actions of activators and inhibitors for Pin1, PKC-a, and PP2A on Pin1 isomerase activ-

ity, TGF-B1 mRNA level, and protein secretion and Eos survival.

(Figure 1B), whereas recombinant TAT-GFP had no effect. Kinetic
analysis showed that HA induced maximal increases in TGF-B1
mRNA by 4 hours, which declined over the next 12-24 hours to
initial levels (Figure 1C). Juglone consistently suppressed TGF-B1
mRNA in both resting and HA-treated cells. To determine the sig-
nificance of these effects, we measured active, intracellular, and
secreted TGF-B1 in the medium after 24 hours in culture. As seen
for coding mRNA, Pin1 inhibition significantly decreased active
TGF-B1 in both cells and medium (Figure 1, D and E). Therefore,
Pinl regulates TGF-f1 mRNA accumulation and cytokine release
by activated Eos.

Pinl inbibition accelerates TGF-B1 mRNA decay. TGF-B1 expres-
sion is altered by various cytokines (IL-3, -4, and -5) (13) as well
as other Eos agonists, including HA (Figure 1A) (14). However,
the mechanisms underlying these effects are unknown. Given the
prior work (19) and data shown above, we examined the role of
Pin1 in the regulation of TGF-$1 mRNA stability. Cells were rest-
ing or activated with HA or HA plus juglone before transcription
was blocked and the rate of TGF-f1 mRNA decay measured by
qPCR. In resting cells or those treated with HA alone, the decay
of TGF-f1 mRNA was moderately stable before Pin1 blockade,
but the half-life decreased from approximately 6 to approximately
3 hours after juglone treatment (Figure 1F). High-dose juglone
(>7 uM) partially inhibits RNA polymerase II (28). However, prior
studies have shown that low-dose juglone (1 uM) as used here had
no effect on housekeeping mRNAs (actin, S26) or the transcrip-
tional upregulation of IL-4 or eotaxin by activated Eos (29). There-
fore, while juglone may affect transcription, these results strongly
suggest Pin1 selectively regulates TGF-$1 mRNA stability.

PKC-o. regulates TGF-B1 mRNA and protein production. PKC-0./1
and ERK have been implicated in TGF-B1 production by activated
mesangial cells and T lymphocytes (15, 16). These signaling cas-
cades also play key roles in the posttranscriptional regulation of
cytokine mRNAs (17). Therefore, we evaluated whether PKC-a./f31
and ERK were also involved in the regulation of TGF-B1 in Eos.
Treatment of activated Eos with G66976, a selective inhibitor for
Ca?*-dependent PKC-0/B1 (30), or safingol, a selective inhibitor
for Ca?*-dependent PKC-a. (31) (Table 1), induced dose-depen-
dent reductions in TGF-$1 mRNA and protein, while PD98059,
a MEKI1 inhibitor, was only minimally effective even at the high-
est concentrations (50 uM) (Figure 2, A and B). Consistent with
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contains 4 potential Pinl-binding
sites, including Thr638-Pro639, which
is often phosphorylated after cell acti-
vation both in vitro and in vivo (34,
35). Pinl is known to regulate a vari-
ety of mitotic kinases (21). Therefore, we immunoprecipitated cell
lysates with anti-Pin1 followed by immunoblot with anti-PKC-a.
Indeed, PKC-a was consistently precipitated with Pinl (Figure
2D). Reverse immunoprecipitation with anti-PKC-a also brought
down Pin1 (data not shown).

To better understand the regulatory direction of the Pin1-PKC-a
interaction, HA-activated Eos were treated either briefly (10 min-
utes) with juglone or G66976 or for 4 hours with juglone. Juglone
covalently inactivates Pin1 and within several hours accelerates its
catabolism by the proteasome (19). There was no change in the
amounts of either Pinl or PKC-a in Eos treated for 10 minutes
with either juglone or G66976 (data not shown). However, PPlase
activity was completely inhibited in Eos treated with G66976 (Fig-
ure 2E). Conversely, Pin1 PPlase activity was enhanced in Eos treat-
ed with PKC-a agonist 12(S)-HETE (Figure 2F) or TXA (data not
shown) (Table 1). These results suggest that PKC-a. is upstream
of and necessary for Pin1 activation in HA-treated Eos. After 4
hours of Pin1 blockade, total and Pin1-associated PKC-a were sig-
nificantly decreased, an effect that could be partially prevented by
proteasome inhibitor MG132 (Figure 2, D and G) (36). These data
suggest that Pinl protects PKC-a from catabolism by the protea-
some. Therefore, PKC-a is upstream of Pin1 activation, but Pin1
is required to maintain cytosolic levels of PKC-o..

Previously, we showed that Pin1 was dephosphorylated by HA
treatment, which increased isomerase activity (19). These data
suggested that a phosphatase might be an intermediary between
PKC-a and Pin1. As PP2A has been implicated in cytokine expres-
sion by mast cells via physical interaction with PKC-a. (37), we
immunoprecipitated cell lysates with anti-PKC-a or anti-Pinl
followed by immunoblot with anti-PP2A. As shown in Figure 3A,
PP2A was reproducibly coprecipitated by either antibody. Expo-
sure of Eos (4 hours) to increasing concentrations of okadaic acid,
a selective inhibitor for PP2A (Table 1), progressively reduced
TGF-f1 mRNA by 50%-80% (Figure 3B). Brief exposure of HA-acti-
vated Eos (10 minutes) to okadaic acid also reduced Pin1 isomerase
activity to the level seen in resting cells (Figure 3C), without alter-
ing Pin1 or PP2A levels (Figure 3D). However, extended exposure
to juglone triggered PP2A degradation (Figure 3E, 4 hours) as seen
above for Pinl and PKC-a (Figure 2, D and G). Therefore, both
PP2A and PKC-a are upstream of, interact with, and are required
for Pin1 activation.
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Figure 2

Pin1 associates with and is downstream of PKC-a.. (A and C) RT-qPCR analysis for TGF-$1 mRNA. (A) Eos were treated as in Figure 1A. G,
G66976; SA, safingol; PD, PD98059 (50 uM). (B) ELISA for TGF-p1 protein. Cells were treated as in Figure 1D. (C) Eos were treated as in
A. HETE, 12(S)-HETE (10 nM/ml); TXA, thymeleatoxin (10 nM). (D) Eos were treated for 4 hours with HA alone or with juglone. Lysates were
immunoprecipitated with anti-Pin1 followed by immunoblotting (as shown on right). Input, 10% of lysates before IP. The blot represents 1 of 2
independent experiments. (E and F) Pin1 isomerase assay of cytoplasmic lysates from untreated Eos (R) or Eos treated for 10 minutes with HA
alone, with juglone, or with G66976 (HA+Go) (E) or with 12(S)-HETE alone or with G66976 (HETE+G0) (F). The kinetics (left) is representative
of 3 independent experiments. The released A[pNA]/g of protein was calculated (right), as described (20). (G) Immunoblot of cell lysates from
Eos treated for 4 hours with HA alone or with juglone or with 50 uM of MG132 (HA+J+MG). The blot represents 1 of 2 independent experiments.
Error bars indicate mean + SD of 3 independent experiments with different donors.*P < 0.05 by Student’s ¢ test in a 2-tailed analysis.

To clarify the signaling interactions between PKC-a, PP2A, and
Pinl, Eos were activated with the PKC-o  agonist, 12(S)-HETE before
treatment with okadaic acid. As shown (Figure 3, F and G), PP2A
inhibition suppressed 12(S)-HETE-induced upregulation of Pinl
isomerase activity and subsequent TGF-P1 expression. HA treat-
ment selectively increased the interaction between PP2A and Pin1
without altering the amount of PKC-a. bound to PP2A or Pin1 (Fig-
ure 3H). Therefore, Pinl forms binary or tertiary complexes with
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both PKC-a and PP2A, and both kinase and phosphatase activity
are necessary for the upregulation of Pin1’s PPIase. Conversely, the
cytoplasmic stability of PKC-a and PP2A is dependent on Pinl,
suggesting reciprocal regulation.

Pinl modulates RNA-binding protein interactions with TGF-B1 mRNA.
A variety of data have linked AREBPs to the control of cytokine
mRNA decay. Both stabilizing (HuR, YB-1) and destabilizing ARE-
binding proteins (TTP, KH-type splicing regulatory protein [KSRP],
Number 2

Volume 118 February 2008
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Figure 3

Pin1 associates with and is downstream of PP2A. (A) Lysates from resting cells were immunoprecipitated as described above (Figure 2D) followed
by immunoblotting (antibodies, right margin). (B) RT-gPCR for TGF-$1 mRNA. Cells were treated as in Figure 2G. (C) Pin1 isomerase assay.
Cells were treated as in Figure 1E. OA, okadaic acid (1 nM). (D and E) Immunoblot of cell lysates. Cells were treated as in B and immunoblotted
with the antibodies shown. (F) Pin1 isomerase assay. Cells were treated as in C and Figure 2F. (G) RT-qPCR analysis for TGF-$1 mRNA. Eos
were treated as in F for 4 hours. (H) Eos were left untreated or treated for 4 hours with HA. Cell lysates were immunoprecipitated with anti-PP2A
followed by immunoblot. Lysate, 10% of lysates before immunoprecipitation. The data in A and D—H represent 1 of 2 independent experiments.
Error bars indicate mean + SD of 3 independent experiments with different donors. *P < 0.05 by Student’s t test in a 2-tailed analysis.

and AUF1) (17) have been defined. Pin1 interacts with AUF1 and
HuR and modulates their affinity for GM-CSF mRNA (19). As
HuR (22) and AUF1 (23) have recently been implicated in TGF-B1
gene regulation, we immunoprecipitated various ARE-bind-
ing proteins (YB-1, heterogeneous nuclear ribonucleoprotein C
[hnRNP C], HuR, nucleolin, AUF1, T cell intracellular antigen 1
[TIA-1], TIA-1-related protein [TIAR], and TTP) from total cyto-
plasmic extracts followed by reverse transcription and qPCR for
TGF-B1 mRNA. Of those examined, HuR, AUF1, and TIA-1 were
reproducibly coprecipitated with TGF-B1 mRNA in activated cells
(Figure 4A). Exposure of cells to juglone significantly decreased
the abundance of TGF-f1 transcripts associated with HuR, while
it substantially increased those bound to AUF1 and TIA-1. After
normalization to the total amount of mRNA present, AUF1 and
TIA-1 showed substantially higher binding efficiency after Pin1
inhibition compared with HA-activated cells (Figure 4B). TGF-$1
mRNA predominantly partitioned with HuR after HA (5.5%),
which modestly decreased (3.5%) after juglone (Figure 4C). Much
larger changes were seen after Pinl inhibition with both AUF1
(30-fold) and TIA-1 (200-fold). These data are consistent with the
known functions of AUF1 (38) and TIA-1 as destabilizers (39) and
HuR as an mRNA stabilizer (40) As TGF-B1 is modestly stable
despite interacting with AUF1 and TIA-1 after Pin1 inhibition,
we infer that the maintenance of HuR interactions counteracts a
tendency to rapid decay. Therefore, our data suggest that TGF-B1
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mRNA selectively interacts with different ARE-binding proteins
that are modulated by Pin1 activity and depend on the activation
state of the cell.

We next asked whether TGF-B1 mRNA was catabolized by the
exosome as observed with rapidly degraded cytokine mRNAs such
as GM-CSF (19). Pin1 inhibition selectively increased p37AUF1
binding to exosome components (PMScl75), as well as to GM-
CSF mRNA (19). This suggested that p37AUF1 targets cytokine
mRNAs to the exosome for rapid decay either in resting cells or
after Pin1 inhibition. Therefore, we measured TGF-$1 mRNA in
anti-PMScl75 pellets by qPCR. Consistent with this hypothesis,
lictle TGF-B1 mRNA was detected with the exosome in lysates
from activated cells, but the level increased by 10-fold after Pin1
blockade (Figure 4D). This result suggests TGF-f1 mRNA may be
degraded by the exosome, which is modulated by Pin1.

HuR and AUF1I catabolism is linked to Pin1. Previously, we noted that
juglone accelerated AUF1 and Pin1 decay by the proteasome (19).
HuR but not TIA-1 also showed reduced cytoplasmic levels after
juglone (Figure 5A). These data suggested that AUF1 and HuR
but not TIA-1 directly interacted with Pinl. Immunoprecipitation
revealed that HuR coprecipitated with Pinl but TIA-1 did not
(Figure 5A), and HA treatment did not alter these interactions.
Moreover, juglone treatment caused proteasomal degradation of
HuR (Figure 5B) and reduced binding activity to TGF-f1 mRNA
(Figure 4B). These results are similar to those seen with p45, p42,
Number 2 483
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and p40 AUF1 isoforms, which were rapidly degraded after Pin1
inhibition, while p37 was preserved (Figure 5B) (19). These data
suggest that p37AUF1 and TIA-1 direct TGF-$1 mRNA decay after
Pin1 inhibition.

Pinl interacts with AUF1 independently of mRNA (19). As anti-
Pin1 pulled down both AUF1 (19) and HuR (Figure 5A), we asked
whether the Pin1-HuR interaction was direct or required AUF1 or
mRNA. AUF1 and HuR show similar mRNA target preferences
and may compete for the same site or concurrently bind to dif-
ferent elements within the same RNA (41). Therefore, cells were
activated with HA, and the cell lysates were treated with RNAse
(A + T1) before immunoprecipitation. As shown in Figure 5C,
the HuR-Pinl1 interaction was dependent on RNA. Similarly,
immunoprecipitation with anti-AUF1 brought down HuR in both
resting and HA-activated cells (Figure 5, D and E) in the absence
of RNAse treatment. These data suggest a complex hierarchy of
protein-protein and protein-mRNA interactions dictated by Pin1
activity and mRNA abundance. Others have recently observed sim-
ilar mRNA-dependent interactions between AUF1 and HuR (42).
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Figure 4

TGF-B1 mRNA partitions between different RNA-binding pro-
teins. (A—D) RT-qPCR analysis for TGF-$1 mRNA. Cells were
treated as in Figure 2A. After lysis, 50% was used for deter-
mination of steady-state level (SSL) of TGF-g1 mRNA, and
the remainder was used for AUF1, HuR, TIA-1, or PMScl75
immunoprecipitation followed by RT-qPCR. (B and D) The rel-
ative abundance of mRNA in each IP shown in A and D was
normalized to SSL. 20% of lysate and IP pellets was used for
immunoblot to represent the input and precipitated proteins (bot-
tom). (C) The percentage of TGF-1 mRNA bound to each RNA-
binding protein was calculated for each group (HA or HA+J).
Data are the mean from 2 independent experiments. Error bars
indicate mean + SD of 3 independent experiments with different
donors. *P < 0.05 by Student’s t test in a 2-tailed analysis.

Pinl modulates TGF-B1 expression by in vivo activated Eos. To
address the in vivo relevance of Pinl in the regulation of
TGF-B1 in asthmatics, we obtained BAL Eos 2 days after seg-
mental allergen challenge. Typically, more than 50% of the
total cells are Eos that show an extremely activated effector
phenotype, considerably prolonged in vitro survival (Figure
6A), and elevated Pinl isomerase activity (19) and are com-
parable to peripheral blood Eos fully activated in vitro with
HA. If Pinl isomerase activity underlies increased cytokine
expression, purified BAL Eos should show elevated PKC-a
activity and TGF-f1 mRNA and protein secretion. Cell
lysates were analyzed for TGF-f1 mRNA and protein, and
secreted cytokine was measured by ELISA. Similar to in vitro
activated Eos, we detected high levels of TGF-f1 mRNA
(at 4 hours) (Figure 6B) and secreted protein (at 24 hours)
from BAL Eos (Figure 6C). PKC-a. was nearly completely
phosphorylated in BAL Eos (Figure 6D) compared with the
minimal phosphorylation seen in peripheral blood Eos from
healthy donors (data not shown). Ex vivo exposure of BAL
Eos to juglone decreased the level of TGF-$1 mRNA (by 50%
in 4 hours) and active protein (by 50% in 24 hours) in the
culture medium (Figure 6C). Similarly, dominant-negative
TAT-WW-Pin1 also decreased TGF-f1 mRNA to basal lev-
els, while PKC-a. or PP2A blockade had the most profound
effects (Figure 6B), and ERK inhibition had modest effects
(Figure 6B). As seen with Eos activated in vitro (Figure 2D), treat-
ment with juglone for 4 hours reduced PKC-a, while f-actin and
Pinl remained unchanged (Figure 6D). After 24 hours of juglone,
Pin1 levels were significantly reduced, while -actin remained con-
stant throughout (Figure 6C). Finally, Pin1 isomerase activity was
also decreased after inhibition of Pinl, PKC-a, or PP2A (Figure
6E). Collectively, these data suggest that the functional role of
Pinl in the expression of TGF-B1 is similar in in vivo and in vitro
activated human Eos.

Pinl blockade reduces TGF-B1 and airway fibrosis in the lung of aller-
gen-challenged animals. Our data predict that Pin1 blockade should
reduce airway TGF-f1 production by activated Eos, thereby
attenuating airway remodeling. To test this, we employed 2 well-
established rodent models of asthma. Allergen-sensitized, acutely
challenged (1 aerosol challenge) Brown Norway rats were used to
evaluate the effects of Pinl inhibitors on airway eosinophilia and
peribronchiolar collagen deposition, while Pinl7~ mice were used
to establish the effects of chronic allergen exposure. Rats were sen-
sitized by subcutaneous injection of ragweed pollen extract (RAG)
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and 2 weeks later challenged once for 20 minutes with aerosolized
vehicle (PBS) or 1% allergen (RAG). Some RAG-challenged rats
received daily intraperitoneal juglone (1 mg/kg/d, RAG +J) started
the day before challenge. BAL fluid and lung tissue were assessed
2 days after challenge for inflammation, TGF-f1, and collagen.
BAL fluid and lung tissue from juglone-treated rats showed dra-
matic reductions in eosinophilia (>50% decrease) but no change in
the number or subtype of infiltrating lymphocytes, neutrophils,
or macrophages (Table 2) (29, 43). Levels of prosurvival GM-CSF
and IL-5 were also reduced, while other cytokines (IFN-y and IL-3)
were unchanged (29). After normalization to BAL cell numbers,
the levels of TGF-B1 and type I collagen mRNA (Figure 7A) as
well as Pin1 isomerase activity but not Pin1 levels (29) (data not
shown) were also significantly reduced by juglone. Quantitation
with Image] software of 15 midsized bronchioles stained with
trichrome showed significantly greater fibrosis in sensitized and
challenged rats (RAG) than in those treated with Pinl inhibitors
(RAG +]) (Figure 7B). Consistent with these data, type I and III col-
lagen mRNAs were significantly reduced in lung tissue (Figure 7C)
from juglone-treated animals compared with untreated controls.
To evaluate the role of Pinl in chronic allergen exposure, peri-
bronchiolar fibrosis, and remodeling, Pinl~~ or Pin1*/* littermates
were sensitized to OVA and, 2 weeks later, challenged 3 times a
week for 4 weeks with 1% aerosolized allergen. After sacrifice, anti-

Figure 6

Pin1 regulates TGF-B1 expression by in vivo activated Eos. (A) Via-
bility of Eos after 3 day of culture. Purified Eos from BAL fluid (BAL
Eos) were obtained from patients 2 days after segmental allergen
challenge. Control peripheral blood Eos (PB Eos) were obtained from
healthy donors. (B) RT-qPCR analysis for TGF-1 mRNA. BAL Eos
were left untreated (—) or incubated for 4 hours with juglone, 300 nM
TAT-WW-Pin1, 300 nM TAT-GFP, 50 nM G66976, 5 nM okadaic acid,
or 50 uM PD98059. (C) Cells left untreated or incubated for 24 hours
with juglone before collection of culture medium and cells for ELISA
and immunoblot. (D) Cells left untreated or treated for 10 minutes or
4 hours with juglone. Cytoplasmic lysates were immunoblotted. (E)
Pin1 isomerase assay of cytoplasmic lysates from cells nontreated
(NT) or treated for 4 hours with G66972 (5 nM), okadaic acid (5 nM),
or juglone. Data in E are representative of 2 independent experi-
ments. Error bars (A and B) indicate mean + SD of 3 independent
experiments with different donors. *P < 0.05 by Student’s ¢t test in a
2-tailed analysis.

The Journal of Clinical Investigation

hetp://www.jci.org

research article

Figure 5

Pin1-AREBP interactions are partially RNA dependent and terminated
by the proteasome. (A) Cells were left untreated or treated for 4 hours
with HA alone or with juglone. Cell lysates were immunoprecipitated
with anti-Pin1 followed by immunoblotting with the antibodies shown.
Input, 10% of lysates before immunoprecipitation. (B) Immunoblot of
cytoplasmic proteins from Eos treated for 4 hours with HA alone, with
juglone, or with 50 uM of MG132. (C) Cells were treated for 4 hours with
HA. Cytoplasmic lysates were treated with or without RNAse (A + T1)
before immunoprecipitation with anti-Pin1 followed by immunoblotting.
Input, 10% of lysates before immunoprecipitation. (D) Resting cells were
immunoprecipitated with anti-AUF1 followed by immunoblotting. (E)
Cells treated as in C before immunoprecipitation with anti-AUF1 followed
by immunoblotting. Representative data from 3 donors are shown.

OVA IgE levels were equally elevated in knockout and wild-type
mice (data not shown), indicating successful and equivalent sensi-
tization. Fixed lung sections stained with trichrome and analyzed
by Image] software showed significant reductions in peribronchial
collagen content in Pin1-knockout mice compared with wild-type
controls (Figure 7D). BAL and parenchymal inflammation as
well as TGF-B1 and collagen mRNA levels had returned to base-
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Table 2
BAL cell numbers and differential

PBS RAG
Total cells 508 + 139 (348-736) 3,458 + 1,770 (1,150-5,590)A
Eos 15+ 13 (0-35) 2,358 + 1,732 (886-4,807)*
Macrophages 490 + 149 (310-732) 871 + 493 (167-1,506)
Lymphocytes 2+3(0-8) 105 + 82 (48-267)A
Neutrophils 2+2(0-4) 130 £ 99 (29-307)A

Pin1 blockade selectively reduces eosinophilia. Rats were sensitized but challenged with diluent (PBS) or
subjected to allergen challenge without (RAG) or with juglone treatment (RAG+J) as in Figure 7. Numbers of
cells were determined. Data are presented as mean (x10-3) + SD (range). AP < 0.05 between PBS and RAG

by Mann Whitney U test; BP < 0.05 between RAG and RAG+J; 6 rats/group.

line (data not shown) at the time of analysis, consistent with the
development of tolerance induced by repetitive allergen exposure
(44). Therefore, based on the results shown here, Pin1 blockade
attenuates pulmonary eosinophilia and both acute and chronic
bronchiolar remodeling induced by allergen challenge.

Discussion
Airway fibrosis is a common complication of chronic asthma. This
process is driven in part by the overproduction of TGF-B1 (5, 11)
and other profibrotic mediators released by lung parenchyma as
well as activated inflammatory cells (6). Eos are a major contribu-
tor to the profibrotic milieu within the asthmatic lung (4). Despite
its importance, little is known regarding the mechanisms that
underlie the production of TGF-B1 by activated Eos.

Here we document for the first time to our knowledge that Pinl
is a critical mediator of TGF-1 mRNA stability and cytokine pro-
duction in either in vivo or in vitro activated Eos. Pin1 regulates
cytokine production at a posttranscriptional level by modulating
the binding affinity, catabolism, and protein-protein interactions
of multiple RNA-binding proteins, including AUF1, HuR, and
TIA-1. Pin1 itself is controlled by PKC-a along with PP2A; which
binds to and modulates PPlase activity in response to external stim-
ulation. These observations have in vivo relevance, as Pin1 blockade
or genetic ablation significantly reduced TGF-f1 production, col-
lagen accumulation, and airway remodeling in animal models of
asthma. Therefore, these findings are of considerable importance
for understanding and possibly preventing fibrotic airway disease.

Using multiple pharmacological inhibitors and activators (Table 1)
and immunoprecipitation, we identified PKC-oe and PP2A as prob-
able upstream regulators of Pin1 in Eos. Inhibition of either PKC-o
or PP2A mimicked the effect and kinetics of juglone on Pinl
isomerase activity (Figure 2E and Figure 3C) and TGF-f1 mRNA
steady-state levels (Figure 1A, Figure 2A, and Figure 3B). Although
we have only measured mRNA decay after juglone, the rapid and
quantitatively similar reduction in TGF-$1 mRNA after PKC-a
and PP2A inhibition suggests a similar mechanism (45). In sup-
port of our findings, TGF-1 mRNA levels were rapidly altered (15,
16) by PKC-a signaling in mesangial cells and T lymphocytes. Con-
ventional PKCs (PKC-a, -B1, -BII, and -C) are highly expressed by
Eos (46), and PKC-a was heavily phosphorylated in BAL Eos after
allergen challenge (Figure 6D). As juglone failed to alter PKC-a
phosphorylation, our data suggest that Pin1l does not modulate
PKC-a. activity. However, as dephosphorylation of Ser16 within the
WW domain activates Pin1 (21), downstream phosphatases such
as PP2A are likely participants in the regulation of Pin1l. PP2A and
486
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PKC-a physically interact in mast
cells (37) and reciprocally modu-
late each other (47). Direct PKC-a.
activation with 12(S)-HETE
increased Pinl PPlase activity and
TGF-f1 mRNA expression, which
was almost entirely suppressed by
okadaic acid (Figure 3, Fand G). In
addition, the interaction between
Pinl and PP2A was increased by
cell activation (Figure 3H). As
PKC-a may control PP2A activ-
ity (47-49), we propose that the
sequential activation of coassoci-
ated PKC-a and PP2A modulates
Pinl isomerase activity in our system (50). How PKC-a. alters PP2A
is unknown but presumably involves phosphorylation. Interest-
ingly, phosphorylation of PP2A has been associated with decreased
rather than increased phosphatase activity (51).

TGF-B1 mRNA lacks multiple AREs, which are found in the 3’
UTRs of posttranscriptionally regulated cytokine mRNAs. The
exosome is generally considered to be the site for ARE mRNA
decay (52). Our data demonstrate that cytokine mRNAs lacking
multiple AREs decay at an intermediate rate and can be catabo-
lized by the exosome as well. In addition, the observation that
non-ARE-containing cytokine mRNAs can be regulated by AUF1
and HuR suggests considerable wobble in their target specificity.
Previously we showed that Pin1 interacts with AUF1 and HuR in
Eos and T cells and regulates the interaction of these AREBPs with
GM-CSF mRNA (19, 20). Here, we extended those observations
by demonstrating a similar interaction between Pinl, AUF1, and
TGF-B1 mRNA (Figure 8). AUF1 recognizes and binds multiple
AU- and CU-rich regions as well as stem-loop structures (53).
Mutational analysis has shown that AUF1 bound with high affin-
ity and specificity to UUAUUUUAU motifs in the 3' UTR of phos-
phoenolpyruvate carboxykinase (PCK-6) mRNA (53). Deletion of
this sequence resulted in dramatically increased half-life (5-fold)
of mutant transcripts. TGF-B1 mRNA contains a similar 3' UTR
sequence (CUAUUUUAU), which may be the binding site of AUF1.
Similarly, computational analysis has identified 3 putative HuR
motifs, 2 located in the coding region and 1 in the 3" UTR of
TGF-B1 mRNA (18) (Figure 8). Therefore, HuR and AUF1 may
bind TGF-f1 mRNA on distinct and nonoverlapping sites. In sup-
port of this idea, we observed simultaneous RNA-binding protein
interactions with TGF-f1 mRNA in cells treated with juglone (Fig-
ure SE and Figure 4B). This is consistent with recent work showing
the binding of both AUF1 and HuR to p21 and cyclin D1 mRNAs
(42). Many ARE-binding proteins contain potential isomerization
sites. Of those, Pin1 directly interacts with AUF1 (19) and indi-
rectly via RNA with HuR (Figure 5C). Despite Ser-Pro sites, TIA-1
is not a ligand of Pinl (Figure SA). Therefore, we propose that
only changes in AUF1 affinity are directly mediated by Pin1 isom-
erization. Activated Pinl, by isomerizing hyperphosphorylated
AUF1 isoforms, likely decreases AUF1 binding affinity for TGF-$1
mRNA, which attenuates exosome-mediated decay (19). As AUF1
controls the decay of many other mRNAs, this mechanism may
apply to them as well. TIA-1 associates with TGF-f1 mRNA after
exosome delivery, while HuR may act as a brake on this process,
leading to the intermediate decay rate observed after Pinl block-
ade. We have summarized these interactions in Figure 8.

RAG+J

1,878 = 752 (650-2,740)
531 + 343 (36-939)8

1,099 + 314 (595-1,576)
127 + 128 (3-343)
124 + 120 (16-347)
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Figure 7

Pin1 blockade prevents peribronchiolar collagen depo-
sition. (A—C) Rats were sensitized but challenged with
vehicle (PBS) or subjected to allergen challenge without
(RAG) or with juglone treatment (RAG+J) as described
in Methods. (A) BAL fluid cells were collected, and the
expression of TGF-B1 and collagen | mRNA was mea-
sured by qPCR. (B) Lung fibrosis was evaluated by tri-
chrome staining and image analysis. Scale bar: 100
um. (C) Lung collagen | and Ill mMRNA expression was
measured by gPCR. (D) Pin1-knockout and wild-type
mice were sensitized but challenged with vehicle (PBS)
or subjected to chronic allergen challenge with OVA as
described in Methods. Lung fibrosis was evaluated by tri-
chrome staining and image analysis. Scale bar: 100 um.
Error bars indicate mean + SD of 3—6 animals per group.
Data are representative of at least 2 independent experi-
ments. *P < 0.05 by Student’s t test in a 2-tailed analysis.

way fibrosis (2, 3). These data strongly suggest that
Eos are critically involved in airway remodeling and
that targeted therapy could reduce this long-term
sequela of asthma. Juglone-treated, challenged rats
showed substantial reductions in airway Eos as well
as their expression of TGF-f1. Downstream collagen
gene expression and ECM deposition in airways was
also largely suppressed in both acute and chronic
asthma models. In the acute rat model, the infiltra-
tion of other immune cells was unaffected, suggest-
ing a relatively selective effect on Eos. In vitro expo-
sure to juglone or dominant-negative TAT-WW-Pin1
induced Eos apoptosis but had no effect on lym-
phocyte survival (43). While the prodeath effects of
low-dose juglone (0.1 uM) could be antagonized by
exogenous GM-CSF, higher-dose juglone could not
(19, 29). These data suggest that Pin1 is involved in
both the production (19) as well as downstream,
prosurvival signaling of GM-CSF. Therefore, it is
likely that attenuated Eos inflammation observed
here after Pin1 blockade reflects enhanced apopto-
sis (29). The combination of reduced airway Eos and
attenuated TGF-B1 expression likely combine to
reduce collagen production and airway remodeling
in allergen-challenged animals. These data further
support the concept that Eos are critical in airway
remodeling and that the use of Pin1 inhibitors may
be an important advance to delay or attenuate this
process in chronic asthmatics.

Methods

Reagents. HA was purchased from ICN Pharmaceuticals.
Juglone was from Sigma-Aldrich. PKC-a,/PKC-B1 inhibitor
G66976 was from Calbiochem. MEK1 inhibitor (PD98059)
was from New England Biolabs. Anti-PKC-a (clone MC5)
was from Abcam. Anti-phospho-PKC-a was from Cell
Signaling. Anti-PP2A (clone 46) was from BD Biosciences.
Anti-Pinl and anti-TIA-1 were from Santa Cruz Biotech-

Within a few days of allergen challenge, Eos increase by 20- to  nology Inc. and R&D. Polyclonal anti-AUF1 was from Upstate Biotech-
150-fold in both humans and animals (Table 2) (54, 55). Depletion  nology. Anti-HuR (clone 19F12) was from Molecular Probes (Invitrogen).
of Eos in humans with systemic steroids or anti-IL-5 or reduction  Anti-PMScl75 was from J. Wilusz (Robert Wood Johnson Medical School,
of TGF-B1 expression in animal models markedly attenuated air-  Piscataway, New Jersey, USA).
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Figure 8

Summary of the changes in TGF-$1 mRNA-AREBP interac-
tions as a function of HA or HA plus juglone. Under basal
conditions (middle), TGF-f1 mRNA is associated with 4
partially phosphorylated AUF1 isoforms, HuR, TIA, hyper-
phosphorylated Pin1, and the exosome. HA treatment (top)
causes the dephosphorylation and activation of Pin1 through
the combined effects of PKCa and PP2A. Active Pin1 isomer-

7 TGF mRNA  izes AUF1, causing the release of TGF-$1 mRNA and loss of
G AAAAAA  ihle exosomal targeting. Under these conditions, TGF-$1 mRNA
Coding @ is predominantly associated with HUR, leading to stabilization
CPM-Sc) and translation. When Pin1 is inactivated by covalent modifi-
7 cation (juglone treatment, bottom), Pin1 and p45-, p42-, and
p40AUFt are rapidly catabolized by the proteasome, leaving
TGF-B1 mRNA bound by p37AUF1 TIA, HuR, and the exo-
some. This complement of proteins accelerates TGF-$1
mRNA decay and reduces TGF-f31 expression.
(PPlase
inactive)
™G Basal
Coding condition
Exosome
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Subjects and Eos preparation. Peripheral blood was obtained by venipunc-
ture from normal or mildly atopic donors. Peripheral blood or BAL fluid
Eos were purified with a negative immunomagnetic procedure as described
previously (56). Cells were used only when they were more than 99% pure.
After isolation, Eos were cultured at 37°C in a humidified atmosphere of
5% COz and 95% air at a density of 1 x 106 cells/ml in RPMI-1640 medium,
10% FBS, and 50 ug/ml gentamicin (all from Life Technologies). All par-
ticipants have a clinical record at the University of Wisconsin Hospital and
informed consent was obtained according to approved University of Wis-
consin Hospital Institutional Review Board protocol.

Rats and Pinl~/~ mice. Male BN/SsN rats were purchased from Harlan and
housed in HEPA-filtered isolation cubicles in an Association for Assess-
ment and Accreditation of Laboratory Animal Care-accredited animal facil-
ity. PinI*/~ mice on a C57BL/6] background were obtained from T. Means
(Duke University, Durham, North Carolina, USA). Heterozygous pairs were
bred to produce homozygous offspring. All animal procedures conformed
to the Guide for the Care and Use of Laboratory Animals and were approved
by the University of Wisconsin Animal Care and Use Committee. All hus-
bandry and genotype determination of Pin1l-knockout mice were performed
in accordance with NIH and an approved University of Wisconsin-Madison
animal care protocols as previously described (29, 43).

Sensitization and allergen challenge and juglone treatments of rats. BN/SsN rats,
10-13 weeks of age, were sensitized to short RAG (Hollister-Stier Labora-
tories) by a single subcutaneous injection of extract (1 mg of protein) com-
bined with adjuvant (Imject Alum; Pierce Biotechnology) 2 weeks before
being challenged with either aerosolized short RAG (2% wt/vol solution in
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PBS) or PBS alone for 20 minutes as described previously (57). On the day
before, the day of, and the day after the aerosol challenge, rats received an
intraperitoneal injection of juglone (1 mg/kg body weight/d; Calbiochem)
or vehicle. Juglone was dissolved in ethanol (2.4 mg/ml stock solution)
and diluted with PBS to obtain a dose of 1 mg/kg body weight in a final
volume of 5 ml per injection. Control injections contained 5 ml of vehicle.
Two days after the aerosol challenge, BAL of the right lung and processing
of the BAL cells were performed as described previously. After BAL, either
the lungs were fixed with 10% buffered formalin by filling to total lung
capacity by gravity or the right lung was excised and snap frozen in liquid
nitrogen and crushed with a mortar and pestle. mRNA was analyzed as
previously described (19). Paraffin sections of the right lung were prepared
and stained with trichrome.

Sensitization and allergen challenge of Pin17/~ mice. For the chronic asthma
model, knockout or wild-type mice were sensitized by intraperitoneal injec-
tion of 20 ug OVA (grade V; Sigma-Aldrich) emulsified in 2.25 mg adjuvant
(Imuject Alum; Pierce) in a total volume of 100 ul on days 0 and 14. One
week after the last sensitization, mice were challenged with 1% aerosolized
OVA for 20 minutes 3 times a week for 4 consecutive weeks (58).

Histological assessment of airway collagen. Paraffin sections of the lung tis-
sue were prepared and stained using a modified trichrome stain with
Alcian blue as described previously (59). The area and intensity of peri-
bronchial trichrome staining was outlined and quantified using a light
microscope and Image] software (http://rsb.info.nih.gov/ij/). Results are
expressed as the area and intensity of trichrome staining per micrometer
length of basement membrane of bronchioles with 200-350 um internal
Volume 118
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diameters for rat and 150-200 wm for mice. At least 15 bronchioles were
counted for statistics.

Reverse transcription and real-time PCR. RNA was extracted with TriReagent
(Molecular Research Center). cDNA quantitative PCR was performed in
a SYBR PCR master (Applied Biosystems). An ABI 7500 thermocycler
(Applied Biosystems) was used for 45 cycles of PCR. ACt calculates the
differences between target Ct values and the normalizer (housekeeping
gene) for each sample: ACt = Ct (target) — Ct (normalizer). The compara-
tive AACt calculates the differences between each sample ACt value and the
baseline ACt. The comparative expression level (fold changes) was obtained
by transforming the logarithmic values to absolute values using 2-44¢,

Immunoprecipitation and immunoblot. These were performed as described
previously (19). For experiments requiring RNAse treatment, RNAse A (10
ug/ml) and RNAse T1 (100 U/ml; both from Calbiochem) were added to
the lysates immediately after preparation. Protein G-agarose beads were
added, and the incubation was continued overnight. Pellets were washed 4
times with lysis buffer, and the beads were dissolved in TriReagent for RNA
extraction or dissolved in SDS-PAGE loading buffer for immunoblotting.

Cytokine assay. Eos (1 x 10°/well) were cultured in RPMI-1640 containing
10% FBS to measure TGF-B1. Supernatants were collected at 24 hours and
stored at -80°C until assayed. TGF-B1 proteins released into culture super-
natants were assessed using ELISA kits from R&D Systems. The sensitivity
of detection was 7 pg/ml.

Recombinant TAT proteins. The cDNA encoding GFP or the WW domain
of Pinl (provided by K.P. Lu, Harvard University, Boston, Massachusetts,

research article

USA) was cloned in-frame into pHisTAT (19, 27). Proteins were expressed
in E. coli and were purified on a Ni?* chelate column (QIAGEN) as described
by the manufacturer. Both TAT-linked proteins were more than 90% pure,
based on Coomassie blue staining of SDS gels.

Pinl activity assay. Activity was measured as described previously (24) with
slight modifications (19, 20).

Statistics. Two-tailed Student’s ¢ test was used. All data are represented as
mean + SD; 7 = 3-5. P < 0.05 was considered significant.
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