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Aims

Methods
and results

In the ischaemia-reperfused heart, transforming growth factor B (TGF@) proteins trigger the differentiation of cardiac
fibroblasts (CFs) contributing to fibrosis. Reoxygenation of the heart, in addition to being a trigger for reperfusion
injury, induces tissue remodelling by hyperoxia-sensitive signalling processes involving TGF@3. Here, we sought to
characterize the molecular mechanisms responsible for the O,-sensitive transcriptional induction of TGFf in
murine CF and to test the significance of such findings in the infarcted myocardium in vivo using laser capture
microdissection.

All three isoforms of TGFB were induced in the CF-rich peri-infarct tissue as well as in CF exposed to hyperoxic
challenge. Reporter studies demonstrated that TGF transcription is hyperoxia inducible. Deletion of any one or
both of the activating protein-1 (AP-1) binding sites in the TGF reporter construct resulted in loss of O, sensitivity,
demonstrating that AP-1 confers O, sensitivity to TGF transcription. Fos-related AP-1 transcription factor (Fra-2)
and Ask-1 (apoptosis signal-regulating kinase-1) were identified as key mediators of AP-1-dependent O,-sensitive
TGFB transcription. Knockdown of Fra-2 significantly blunted O,-induced expression of TGFf1 as well as TGF33
in CF. Knockdown of Ask-1 blunted hyperoxia-induced Fra-2 gene expression and nuclear localization in CF. Collec-
tively, these observations point towards a central role of Ask-1 and Fra-2 in O,-inducible AP-1 activation and induc-
tion of TGF.

Taken together with the observation that Fra-2-regulated genes are implicated in fibrosis, identification of Fra-2 as
an O,-sensitive transcriptional regulator of inducible TGF@ expression positions Fra-2 as an important player in
reoxygenation-induced fibrosis.

Oxygen e Reperfusion e TGF

1. Introduction

Cardiac fibrosis is characterized by the expansion of the interstitial
compartment caused by increased deposition of extracellular
(ECM) by
ischaemia-reperfused heart, TGFf proteins trigger the differen-

matrix activated  myofibroblasts.”  In  the
tiation of cardiac fibroblasts (CFs) to myofibroblasts, therefore
contributing to the development of fibrosis.> TGFR directly
induces collagen production and ECM contraction by CFs.> Over-
expression of TGFB in the heart causes myocardial fibrosis.*
TGFB1, B3 and latent TGFB-binding protein (LTBP) are increased

in patients with cardiac fibrosis, suggesting the direct involvement

of active TGFB in cardiac fibrogenesis.” The evolutionarily con-
served TGF proteins are distributed ubiquitously throughout the
body and have a role in almost every biological process. In
mammals, three structurally homologous isoforms of TGFB
(TGFB1, B2, and B3) are encoded by three distinct genes. Although
each of these isoforms are expressed in a distinct pattern under
control of a unique promoter, all three isoforms signal through
the same cell surface receptors and have similar cellular targets.®
Differential expression of the isoforms of TGFB is reported for
lung fibrosis” but remains unknown for cardiac fibrosis.

Studies in our laboratory have demonstrated that reoxygenation of
a focally ischaemic site of the heart, in addition to being a trigger for
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reperfusion injury, induces tissue remodelling."®~"" Focal ischaemia in
the heart results in a hypoxic area containing a central focus of near-
zero O, pressure bordered by tissue with diminished but non-zero
O, pressures. These border zones extend for several millimetres
from the hypoxic core, with the O, pressures progressively increasing
from the focus to the normoxic region.'® Moderate hypoxia is associ-
ated with a 30—60% decrease (~1-3% O,) in pO,." During chronic
hypoxia in the heart, cells lower their normoxic set-point'® such that
the return to normoxic pO, after chronic hypoxia results in perceived
hyperoxic challenge."®~"%"*"> Compared with myocytes, CFs are
relatively more resistant to oxygen toxicity.'®"” As a result, the
infarct site, devoid of myocytes, continues to be populated by
CF."*"> Perceived hyperoxia induces differentiation of CF to myofi-
broblasts at the infarct site.'® CF, isolated from adult murine ventricle,
cultured in 10 or 20% O, (high O, relative to the pO, to which cells
are adjusted in vivo), compared with 3% O, (mildly hypoxic), exhibit
reversible growth inhibition and a phenotypic switch indicative of
differentiation. TGF(3 was noted to play a central role in inducing
O,-sensitive differentiation of CF to myofibroblasts.” In this study,
we sought to characterize the molecular mechanisms responsible
for the Os-sensitive transcriptional induction of TGFB in adult
murine ventricular CF.

2. Methods

2.1 Survival model for coronary artery
occlusion and reperfusion

C57BL/6 mice were subjected to ischaemia—reperfusion of the heart as
described.””"*"® The studies were approved by the Institutional Labora-
tory Animal Care and Use Committee of The Ohio State University and
follow the US National Institutes of Health guidelines. Left thoracotomy
was performed via the fifth intercostal space to expose the heart. A
60 min occlusion of left anterior descending coronary artery was followed
by reperfusion. Laser Doppler flow measurement was used to verify
ischaemia and reperfusion. Upon successful reperfusion, the thorax was
closed and the negative thoracic pressure was re-established for survival.
The mice were killed 7 days after reperfusion. Mean infarct volume at day
7 post-reperfusion was ~22% of the left ventricle."” In our laboratory, the
survival rate for day 7 post-surgery ranges between 80 and 90%. Using
high-resolution (11.7 T) cardiac MRI, we have characterized the temporal
loss of cardiac function in C57BL6 mice following IR.° Detailed haemo-
dynamic data from this model has been also published by our labora-
tory."""? To demonstrate that reoxygenation actually influences TGFp
expression, we utilized an approach of graded reoxygenation. To
achieve this, the extent of hypoxia during occlusion was varied by
having mice breathe either 0.1 (10%; Group A) or 1 (100%; Group B)
FiO, during the time of occlusion. Reoxygenation was measured as
ApO, (i.e. pO, during reoxygenation — pO, during occlusion) using
EPR oximetry (see Supplementary material online, Figure S3). Hearts
were collected frozen in OCT compound for laser capture gene
expression analyses and immunohistochemistry. The investigation con-
forms with the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication
No. 85-23, revised 1996).

2.2 Laser microdissection and pressure
catapulting

Laser microdissection and pressure catapulting was performed using the
Microlaser system from PALM Microlaser Technologies AG (Bernreid,
Germany) as described."'*1>"8 Briefly, murine hearts with experimental
ischaemia—reperfusion were isolated, frozen in OCT compound, and

then cut into 10 um sections using a cryo-microtome. The sections
were placed on polyethylene napthalate membrane glass slides (P.A.L.M.
Microlaser Technologies AG, Bernreid, Germany), which had been
RNAsin (Ambion, Austin, TX) and UV-treated, for cutting and catapulting
as described by our group."'*"® Sections were stained using a modified
haematoxylin QS procedure'"® and the infarct site identified as reported.
Infarct (I) area was captured in chaotropic RNA lysis solution followed by
mRNA quantification as described."*'®2" RNA extraction and reverse
transcription and mRNA quantification using real-time PCR were per-
formed as described.'*'#2"

2.3 mRNA quantification

mRNAs were quantified by real-time PCR assay using SYBR green-| as
described previously.>”'®* The primer set used for individual genes
are listed in Table S1, Supplementary material online.

2.4 Cardiac fibroblast isolation and culture

Experiments were performed using primary CF isolated from adult
(5—6-week old) mouse ventricle using procedures described previously."?

2.5 Multiplex protein assay

TGFB isoforms were detected simultaneously on a Luminex™ 200 IS
apparatus using the Beadlyte® TGFB1, B2, B3 detection system
(Upstate, Temecula, CA, USA) as per manufacturer’s instructions.

2.6 DNA-binding activity of activating protein-1
by an enzyme-linked immunosorbent assay

For the assay, a TransAm activating protein-1 (AP-1) family transcription
assay ELISA-based kit (Active Motif, Carlsbad, CA, USA) was used.
The assay uses 96-well plates to which oligonucleotide containing a
12-O-tetradecanoylphorbol-13-acetate-responsive element (5'-TGAGTCA-
3’) is immobilized. Activating protein-1 dimers contained in nuclear
extracts bind specifically to this oligonucleotide and are detected by an
antibody directed against c-Fos, fos-related antigen (Fra)-1, etc. Secondary
antibody is horseradish peroxidase-conjugated and the readout of the
assay is colorimetric and quantified by a spectrophotometer. The assay
was performed as per manufacturer’s instructions.

2.7 Immunofluorescence microscopy

Fra-2 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) and apoptosis
signal-regulating kinase-1 (Ask-1) (Abcam, Cambridge, MA, USA) immu-
nostaining and microscopy (Zeiss Axiovert 200M) were performed as

described."®?

2.8 Immunoprecipitation and western blot

Immunoprecipitation and Western blot was performed as described pre-
viously.®'*?2 Primary antibodies against Fra-2, c-Jun, JunB, JunD (Santa
Cruz Biotechnology, Inc.)), Lamin A (St Louis, MO, USA), Ask-1
(Abcam) and pAsk-12* were used to detect the corresponding antigens.

2.9 Histology

Formalin-fixed paraffin-embedded or OCT-embedded frozen specimens
were sectioned. Immunohistochemical staining of sections was performed
as described earlier'® using anti-Fra-2 (Santa Cruz Biotechnology, Inc.) and
anti-alpha sarcomeric actin (Abcam) and anti-TGFB1 (R&D Systems) anti-
body. Secondary antibody detection and counterstaining were performed
as described previously."®

2.10 TGFp1-luciferase reporter assay

The mouse TGFB1-luciferase reporter constructs used in this study has
been described previously.”* TGFB1 promoter—reporter construct was
generated by insertion of nucleotides —453 to +11 of the TGFf1 pro-
moter into the vector pGL3b, which contains the firefly luciferase
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gene”* CF were transiently transfected with the TGFB1-PGL3 con-
structs using Lipofectamine 2000 (Invitrogen Corporation, Carlsbad,
CA, USA) reagent. Luciferase reporter activity was determined using a
commercial kit (Stratagene, La Jolla, CA, USA).

2.11 siRNA delivery

Lipofectamine2000 reagent (Invitrogen Corporation) was used to trans-
fect cells with 100 nM siRNA pool (Dharmacon RNA Technologies, Lafay-
ette, CO, USA) for 48h as described.""® For control, siControl

non-targeting siRNA pool (mixture of four siRNAs, designed to have
four or more mismatches with the gene) was used.

2.12 Statistics

In vitro (cell culture) data are reported as mean + SD of three to five
experiments. Comparisons among multiple groups were made by the
analysis of variance (ANOVA). P < 0.05 was considered statistically signifi-
cant. For animal studies, data are reported as mean + SD of at least
three to four animals. Given the small sample size, Mann—Whitney or
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Figure | Oxygen-induced TGFB induction. (A and B) In vivo induction of TGFB isoform gene expression in CF myocyte™ infarct region of the
ischaemia-reperfused murine heart. (A) Frozen sections (10 wm) from the affected site of the heart were stained with haematoxylin/eosin to histologically
define the infarct (I) area. (A) (i) Representative stained frozen section. (ii) The same section as shown in (i) after the tissue elements from | region has been
marked and (jii) cut/captured. Scale bar = 150 pm. The captured tissue was used for quantification of mMRNA levels of TGF@ isoforms. (B) TGFp1, 32, and
33 mRNA levels were determined using real-time PCR and normalized against GAPDH expression detected in the same samples. Data are mean + SD
(n=4); *P < 0.05 compared with day 0. (C and D) In vitro oxygen-induced TGFf isoform expression in isolated cardiac fibroblasts. Cardiac fibroblasts
were cultured for 5 days at 5% O,. Following splitting, cells were either exposed to 5% (in vivo normoxia) or 20% O, (hyperoxia) ambience for the indicated
periods of time. (C) Changes in TGFB1, 32,and B3 mRNA levels in CF at 20% O, compared with cells grown at 5% O,. TGF3 mRNA levels were determined
using real-time PCR and normalized against GAPDH expression detected in the same samples. Data shown are % change compared with control CF grown
at 5% O,. Mean + SD (n = 4). *P < 0.05 compared with cells in 5% O,. (D and E) Multiplex protein analysis of total (D) and active (E) TGFf isoforms was
performed using luminex technology. Bar graph shown is the quantitative assessment of TGFf3 protein levels in media on day 3 of exposure to 20% O,. Data
were normalized to the cell count. Data shown are mean + SD (n = 3). **P < 0.01 compared with cells in 5% O,.
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Kruskal-Wallis one-way ANOVA tests were performed to test signifi-
cance (P < 0.05) of difference between means.

3. Results

Using the laser capture microdissection approach, we present first
evidence that all three isoforms of TGF@ are significantly induced in
the myocyte-silent CF-rich peri-infarct tissue (Figure 1A and B, Sup-
plementary material online, Figure STA and B). Next, we sought to
characterize the O,-sensitive transcriptional regulatory mechanism
of TGFR using CF isolated from adult murine ventricles. Cells isolated

8-10 \vere either

from a 3—5% O, normoxic environment of the heart
cultured under matched pO, conditions (i.e. 5% O;) or subjected to
hyperoxic challenge by exposure to 20% O, ambience. Hyperoxic
challenge resulted in significant induction of all three isoforms of
TGFPB over time. While TGFB1 and TGF33 demonstrated a progress-
ive increase in gene induction over time, TGFB2 responded differ-
ently. Hyperoxic challenge rapidly, but transiently, induced TGF(2
gene expression (Figure 1C and D). Multiplex protein analyses per-

formed on day 3 after hyperoxic challenge demonstrated that the

expression of all three isoforms of total and active TGF were signifi-
cantly O,-sensitive (Figure 1D and E). Similar outcomes were noted
when cells were subjected to hypoxia at 1% O, followed by reoxy-
genation with 5% O, (Supplementary material online, Figure S2). To
demonstrate that reoxygenation actually influences TGF3 expression,
a graded reoxygenation approach was utilized. The model has been
described in Methods. Reoxygenation insult in this model was lower
in the 100% O, group compared with the 10% O, group (Supplemen-
tary material online, Figure S3). In such setting, induction of TGF3 was
significantly more in the 10% O, group establishing that TGF@ induc-
tion was dependent on the ApO, (Supplementary material online,
Figure S3). These observations laid the rationale to characterize the
O,-sensitive transcriptional regulation of the TGFB gene. To
address this goal, we utilized a TGF31 promoter construct containing
a cis-regulatory element in the 5'-flanking region of the TGFB1 gene.
The two AP-1 binding sites are indicated by dark squares. Filled circles
show GC boxes. In deletion mutant constructs, the AP-1 binding sites
A and B were mutated by a change of two bases in the consensus
sequence (Figure 2A). Hyperoxic challenge resulted in TGFf3 transac-
tivation demonstrating that indeed TGFf transcription is O,-sensitive
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Figure 2 Transcriptional activation of TGFR promoter by oxygen: essential role of AP-1 binding sites. (A) TGFB1 promoter construct. cis-
Regulatory elements in the 5'-flanking region of the TGFR1 gene in pGL3basic vector. The two activating protein-1 binding sites are indicated by
dark rhombus, and filled circles show GC boxes. (B and C) TGFB1 reporter constructs (B) wild-type: TGFB1 fragment —453/+11 fused to the luci-
ferase gene or (C) mutated: AP-1 binding sites A and B were mutated by a change of two bases in the consensus sequence were transiently transfected
in CF cells using lipofectamine 2000 reagent. After transfection, cells were cultured in 5% O, for 24 h following which the CFs were exposed to either
5 or 20% O, for 24 h. Luciferase activity as a marker of promoter activation was determined from lysed cells. Results of reporter activities were
normalized for the amount of the protein in cell lysates. Data are mean + SD (n = 7). *P < 0.001 compared with cells in 5% O,. (D—F) An ELISA-
based method was used to analyse DNA-binding activity of the proteins of AP-1 family. After isolation, cells were cultured at 5% O, for 5 days follow-
ing which the CFs were split and were exposed to either 5% (solid bars) or 20% O, (empty bars) for 1—3 days. DNA-binding activities of Fra-2, Fra-1,
c-Fos, and c-Jun in nuclear extracts were detected using Tans-AM (Active Motif) AP-1 assay kit. Data are mean + SD; n = 4. *P < 0.05 compared with

cells at 5% O,.
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(Figure 2B). Deletion of any one or both of the AP-1 binding sites in
the TGFB reporter construct resulted in the loss of O,-sensitivity
demonstrating that AP-1 confers O,-sensitivity to TGFf transcription.
Deletion of AP-1 binding sites resulted in higher basal TGF reporter
activity under conditions of 5% O, suggesting a de-repression of
TGFB expression in the absence of AP-1 binding (Figure 2C). The
observation is interesting and warrants characterization of underlying
molecular mechanisms.

Activation of the AP-1 transcription factor complex is a universal
response of a wide variety of mammalian cells to a broad range of
external stimuli, including growth factors, chemokines and ECM.*
An ELISA-based approach was adopted to analyse the DNA-binding
activity of the proteins of AP-1 family. Whereas c-Fos, c-Jun and
Fra-1 were observed to be not sensitive to hyperoxic challenge,
Fra-2 was identified as the O,-sensitive AP-1 family transcription
factor (Figure 2D—F). Exposure of CF to hyperoxic challenge resulted
in increased abundance of Fra-2 in the nucleus indicating that
localization of Fra-2 is O,-sensitive

expression and nuclear

(Figure 3A—C). Fos family members including Fra-2 are known to
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_ : 200
-~ E ;g 150
—p “ LaminA §<
. X & 100
5%  20% O, .

SMA (red) Fra-2 (green)

SMA (rea)

Fra-2 (green)

form stable heterodimers with the members of Jun family (c-Jun,
JunB or JunD) to form a functional transcription factor AP-1.
Among Jun family members, Fra-2 protein was observed to bind
with JunB in CF subjected to hyperoxic challenge (Figure 3C). Under
these conditions, Fra-2 did not bind with c-Jun or JunD (not
shown). Immunohistochemical staining of myocardial tissue subjected
to ischaemia—reperfusion demonstrate that Fra-2 is abundantly
expressed in the SMA-positive myofibroblast-rich peri-infarct region
and that the expression is low in the non-infarct control region of
the heart (Figure 3D—E).

Next, we sought to examine the significance of Fra-2 in regulating
TGFR transcription. To achieve this goal, knockdown of Fra-2 in CF
was achieved by the use of siRNA. The knockdown protocol
employed was successful in significantly lowering endogenous Fra-2
mMRNA as well as protein (Figure 4A—C). Fos-related antigen-2 knock-
down significantly blunted O,-induced expression of TGF@1 as well
as TGFB3 (Figure 4D). TGFR2 expression, as induced by hyperoxic
challenge, was not affected. This finding indicates that Fra-2 is impli-
cated in O,-induced expression of TGF1 and TGFR3. Apoptosis

* Cc
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IB: JunB

[ - |JunB

5%  20% O,

5% 20% O,

Figure 3 Fra-2: oxygen-inducible and abundant in the reoxygenated heart. (A—C) In vitro after isolation, CFs were cultured at 5% O, and then trans-
ferred to either 5 or 20% O, for 3 days. (A and B) Fos-related antigen 2 expression was determined in nuclear protein extracts using the western blot.
Lamin A was used to normalize Fra-2 protein in nuclear fractions. (A) A representative western blot image of Fra-2 and lamin A protein in nuclear
protein extracts of CF cultured at 5 or 20% O, for 3 days. (B) Densitometric data of blot shown in (A). Data shown are mean + SD (n = 3). *P < 0.01
compared with cells in 5% O,. (C). Cardiac fibroblasts lysates were subjected to immunoprecipitation with Fra-2 antibody. Inmunoprecipitates were
subjected to SDS—PAGE and subjected to immunoblotting for the detection of JunB. (D and E) In vivo increased Fra-2 expression in the infarct region
of heart. Mice were subjected to left anterior descending coronary artery ligation for 30 min followed by reperfusion. Representative images of infarct
(D) or non-infarct (E) regions showing SMA (red) and Fra-2 (green) expression in a section of mouse heart subjected to 7 days post-ischaemia—
reperfusion. The sections were counter-stained with DAPI (nuclear, blue). Merged (red, green and blue) images show increased expression of

Fra-2 in SMA-positive myofibroblast-rich infarct region. Scale bar = 50 pm.
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Figure 4 Fra-2 plays a major role in oxygen-induced TGB1 & 33 expression
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in CFs. After isolation, CFs were cultured at 5% O, and then subjected

to Fra-2 knockdown (Fra-2 siRNA) or not (control siRNA). Successful knockdown of Fra-2 mRNA and protein following Fra-2 siRNA transfection of
CFs. (A) Fos-related antigen 2 mRNA levels were determined using real-time PCR. Data + SD (n = 4). (B) A representative western blot image of
Fra-2 and B-actin protein in protein extracts of CF transfected with control or Fra-2 siRNA. (C) Densitometric data of the blot shown in (B). Data
shown are mean + SD (n = 3). *P < 0.01 compared with cells transfected with control siRNA. (D) mRNA expression of TGF isoforms in CF trans-
fected with Fra-2 or control siRNA and then exposed to 20% O, for 3 days. Data mean + SD (n = 3). *P < 0.01 compared with cells transfected with

control siRNA exposed to 20% O,.

signal-regulating kinase-1
mitogen-activated protein kinase kinase kinase (MAP3K) regulating
p38 MAPK and JNK cascades. Ask1-JNK/p38 MAPK-dependent path-
ways are known to induce AP-1 activation.”® Therefore, we sought to
test whether O,-inducible AP-1 is mediated by Ask-1. Apoptosis
signal-regulating kinase-1 is typically found in the inactive form,
bound to reduced thioredoxin. When oxidized, thioredoxin dis-
sociates from Ask-1. The Ask-1, which is found as a homo-oligodimer,

is a stress-responsive redox-sensitive

autophosphorylates and becomes an active MAP3K. Exposure of CF
to hyperoxic challenge resulted in phosphorylation of Ask-1 demon-
strating that Ask-1 activation is O,-inducible (Figure 5). To test the sig-
nificance of Ask-1 in regulating Fra-2, Ask-1 knockdown was
performed in CF using the siRNA approach. The knockdown
approach adopted resulted in significant downregulation of Ask-1
mRNA as well as protein expression in CF (Figure 6A and B). Interest-
ingly, knockdown of Ask-1 blunted hyperoxia-induced expression of
Fra-2 indicating that Ask-1 regulates inducible Fra-2 transcription in
CF (Figure 6C). Studies aimed at immunolocalizing Fra-2 in the CF
demonstrated that under basal conditions Fra-2 abundance in CF is
minimal. Exposure of the CF to hyperoxic challenge clearly
showed a higher abundance of Fra-2 in the nuclear compartment
(Figure 6D). Such O,-inducible Fra-2 expression and nuclear localiz-
ation was markedly attenuated in CF subjected to Ask-1 knockdown
(Figure 6D). Collectively, these observations point towards a central
role of Ask-1 and Fra-2 in O,-inducible AP-1 activation and induction
of TGFpB.

4. Discussion

A characteristic feature of CF is their ability to differentiate forming
myofibroblasts.27 TGFPB represents a central driver of CF differen-
tiation during the course of myocardial fibrosis.”> The current study
provides novel mechanistic insight into how relative hyperoxic shock,
as noted in the peri-infarct region during ischaemia—reoxygenation of
the heart, may serve as a trigger for the induction of TGF@. Over 25
years after the discovery of the cytokine,”® the transcriptional control
of TGF3 expression remains poorly characterized.” The TGFB1 pro-
moter contains AP-1 binding sites where proteins of the AP-1 family
bind to and stimulate TGFB1 production.®®™** The regulation of
TGFB2 and TGFR3 expression is distinct from that of TGF1 and is
thought to be mostly under the control of developmental or hormonal
signals.®® Hyperoxic challenge is commonly associated with ischaemia—
reperfusion insult."® Furthermore, ischaemia—reperfusion is commonly
followed by TGFB-dependent fibrosis.” This work presents maiden evi-
dence demonstrating that hyperoxic challenge may induce the
expression of all three isoforms of TGFf.

The mature TGFf is derived from pre-pro-TGF@3 by proteolytic
cleavage. The pre-region consists of a signal peptide. The pro-TGFp
processing occurs in the Golgi complex by a furin-like peptidase,34
where the N terminus of the immature protein, the propeptide, is
removed. A homodimer of this new protein, called the latency-
associated protein (LAP), is noncovalently associated with a homodi-
mer of mature TGF. This association forms the latent TGF3 or the
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small latent complex. For secretion, the small latent complex associ-
ates with LTBP to form the large latent complex. Latent TGF@3-binding
protein plays an important role in targeting TGFB to the ECM.* In
order to be functionally active, TGF@ needs to be released from

A B 1.2 *

r

5% 0, 20%O0, 3(‘;0.8
5

<04
Ask-1 o

[A——— s 53

5% 0, 20% O,

Figure 5 Oxygen-mediated activation of Ask-1. After isolation, CF
were cultured at 5% O, and then exposed to 20% O, for 24 h.
Apoptosis signal-regulating kinase-1 and pAsk-1 proteins were
detected using the western blot. (A) A representative blot of
pAsk-1 and Ask-1 proteins. (B) Densitometric data of blot shown
in (A). Data shown are mean + SD (n = 3). *P < 0.05 compared
with cells grown at 5% O,.

the LAP and LTBP. In vivo, the mechanisms for activation are less
clear, but several models have been proposed, including proteolytic
activation by transglutaminase, conformational change of LAP
through physical interaction with thrombospondin and mechanical
traction.’® Consistent with the literature, our previous work has
identified that TGF3 may be activated by oxidation and is sensitive
to hyperoxic challenge.2*” Findings of the current work categorically
establish that hyperoxic challenge induces the transcription of all
three isoforms of TGFB. Taken together, hyperoxia emerges as a
major signal capable of both inducing as well as activating TGFf.
Ischaemia—reoxygenation commonly leads to tissue fibrosis across a
variety of organs.®®*™*° Given that hyperoxic insult represents an
integral component of ischaemia—reperfusion,'® the significance of
O,-inducible mechanisms in fibrosis of reoxygenated tissue deserves
attention.

Activating protein-1 transcription factor complex consists of het-
erodimer partners from fos family (c-Fos, FosB, Fra-1, and Fra-2)
with Jun family (c-Jun, JunB and JunD) of transcription factors. Such
heterodimer complexes are able to activate or suppress the
expression of many genes involved with regulation of invasion and
metastasis; proliferation, differentiation, and survival; genes associated
with hypoxia; and angiogenesis. Fos-related antigen 2 is a member of

41

the Fos family of immediate-early serum-inducible genes.”” Fos-

related antigen 2 possesses significantly lower transforming activity
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Figure 6 Ask-1 regulates oxygen-induced Fra-2. After isolation, CFs were cultured at 5% O, and then subjected to Ask-1 knockdown (Ask-1
siRNA) or not (control siRNA). (A) Successful knockdown of Ask-1 mRNA following Ask-1 siRNA transfection of CFs. Apoptosis signal-regulating
kinase-1 mRNA levels were determined using real-time PCR. Data + SD (n = 4); **P < 0.01 compared with cells transfected with control siRNA. (B)
A representative western blot image of Fra-2 and GAPDH protein in CF transfected with control or Ask-1 siRNA. (C) Densitometric data of the blot
shown in (B). Data shown are mean + SD (n = 3). **P < 0.01 compared with cells transfected with control siRNA at 20% O,. (D) Cardiac fibroblasts
were stained with anti-Fra-2 antibody (FITC, green) and DAPI (blue nucleus).Increased Fra-2 staining in the nucleus and cytosol of cells grown at 20%

O, transfected with control siRNA can be seen. Scale bar = 50 pm.
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compared with c-Fos.*" Fos-related antigen 2 forms stable heterodi-
mer complexes with Jun family members. Once formed, these com-
plexes bind to AP-1 sites. Phosphorylation of Fra-2 causes increased
DNA-binding activity of this protein.** Like Fra-1, the Fra-2 protein
lacks the C-terminal transactivating domain. In vitro, Fra-2 lacks
ability to stimulate artificial AP-1-responsive promoters due to lack
of the transactivation domain. Regardless of these in vitro observations,
several recent studies indicate that Fra-1 and Fra-2 might play an
important role in the progression of various human tumor types
in vivo.* In this study, Fra-2 was noted to dimerize with JunB in
response to hyperoxic challenge, suggesting a role of this complex
in the transcriptional activation of TGF@1. That Fra-2 may induce
transcription is evident from experiments where overexpression of
Fra-2 resulted in the activation of osteopontin, CD44 and thrombos-
pondin.** Of note, all three of these Fra-2 targets are directly related
to TGFB. Osteopontin is a bone morophogenetic protein which rep-
resents a group of structurally related proteins in the TGF@ family
that is implicated in cardiac fibrosis.*® The CD44 protein is a TGFB
inducible cell surface glycoprotein involved in cell—cell interactions,
cell adhesion, and migration.*® It is a receptor for hyaluronic acid
and can also interact with other ligands, such as osteopontin, col-
lagens, and matrix metalloproteinases.*” Thrombospondin is a
potent activator of TGFB.*® The current work recognizes Fra-2 as a
protein that is abundant in the infarcted myocardial tissue and is impli-
cated in inducing TGF transcription. Because all of these known
transcriptional targets of Fra-2 are known to be upregulated in the
context of tissue fibrosis,****>% Fra-2 may serve as an important
driver of myocardial fibrosis.

While the downstream targets of TGFf signalling have been exten-
sively studied, characterization of the transcriptional control of TGF3
remains sketchy.”” TGFB function depends on both the transcription
of the gene and the activation of the protein. The current work pre-
sents first evidence demonstrating that hyperoxic challenge, as
evident during reoxygenation of ischaemic tissue, may trigger the
induction of all three isoforms of TGFf. The functional significance
of Fra-2, especially in the heart, remains poorly developed. Taken
together with the observation that Fra-2 regulated genes are impli-
cated in cardiac fibrosis, identification of Fra-2 as a O,-sensitive tran-
scriptional regulator of inducible TGF@ expression hypothetically
positions Fra-2 as an important player in reoxygenation-induced
fibrosis.
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Supplementary material is available at Cardiovascular Research online.
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