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STAT1 deficiency in the heart protects
against myocardial infarction by enhancing autophagy
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Abstract

Previous studies have shown that the transcription factor signal transducer and activator of transcription 1 (STAT1) activation is
increased in primary cardiac myocytes exposed to simulated ischaemia/reperfusion injury. This promotes apoptotic cell death by
enhancing the expression of pro-apoptotic proteins. Autophagy has been demonstrated to play a cardioprotective role in the heart
following myocardial infarction (MI). We therefore investigated the role of STAT1 in the intact heart subjected to MI and examined the
contribution of autophagy in modulating the protective effect of STAT1 after MI injury. STAT1-deficient hearts had significantly smaller
infarcts than wild-type hearts and this correlated with increased levels of autophagy shown by light chain 3 (LC3)-I/LC3-Il conversion,
and up-regulation of Atg12 and Beclin 1. Moreover, pre-treatment with the autophagy inhibitor 3-methyladenine reversed the cardiopro-
tection observed in the STAT1-deficient hearts. These results reveal a new function of STAT1 in the control of autophagy and indicate a
cross-talk between the cardioprotective versus the damaging effects of STAT1 in the intact heart exposed to M injury.
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Introduction

Macroautophagy (herein autophagy) refers to an intracellular cata-
bolic pathway that involves the delivery of cytoplasmic cargo to
the lysosome. Autophagy is characterized by the appearance of
double membrane cytoplasmic vesicles (autophagosomes) that
fuse and are then destroyed by the lysosomal system [1, 2].
Autophagy occurs at low basal levels in virtually all cells to per-
form homeostatic functions such as protein and organelle
turnover [1, 2]. Itis rapidly increased when cells need to generate
intracellular nutrients and energy such as those encountered
during starvation, growth factor withdrawal or high bioenergetic
demands [1, 2]. Neonates deficient in autophagy-related gene
(Atg)5 die within 12 hrs after birth compared to wild-type (wt)
counterparts, suggesting autophagy is essential between the time
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of birth and suckling [3]. The molecular cascade that regulates and
executes autophagy has been extensively studied in yeast and has
resulted in the identification of a number of Atgs [1, 2]. One of the
key pathways that promotes autophagy requires two ubiquitin-like
systems, one leading to the conjugation of Atg12 to Atg5 and the
second converting the microtubule-associated protein 1 light
chain 3 (LC3 or Atg8) soluble form (LC3-I) to the autophagic vesicle-
associated form (LC3-I1) [1, 2].

The role of autophagy in maintaining macromolecular
synthesis and ATP production is likely to be a critical mechanism
underlying its evolutionarily conserved prosurvival function. There
is evidence that autophagy may be an alternative and adaptive
response to maintain cell survival under different stress conditions
[1-3]. For instance, autophagy may provide the cell with amino
acids under unfavourable conditions. An apparent paradox is that
autophagy is also considered a form of non-apoptotic pro-
grammed cell death called ‘type II’ or ‘autophagic’ cell death [4].
There are reports that autophagy may antagonize apoptosis and
inhibition of autophagy may increase the sensitivity of the cells to
apoptosis [4]. Similarly, inhibition of the apoptotic pathway (via
caspase inhibitors) may enhance autophagic-induced death [4].
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Thus, apoptosis and autophagy may not be mutually exclusive and
may be interconnected in some settings depending on the context
and severity of the stress response.

Ischaemia/reperfusion (I/R) injury or myocardial infarction
(MI) in the heart results in the death of irreplaceable cardiac
myocytes [5]. Although apoptosis is recognized as one of the
mechanisms of cell death during I/R injury in the heart [6, 7],
autophagy may also constitute an alternative pathophysiological
response to ischaemia [8, 9]. The heart may uniquely rely on
stress-induced up-regulation of autophagy to ensure the availabil-
ity of energy substrates and to promote cellular remodelling when
exposed to ischaemia and this adaptive response may indeed pro-
tect the heart [10]. However, the mechanism for such a process in
the stress-induced myocardium is not known.

Signal transducers and activators of transcription (STAT) fac-
tors are a family of transcription factors that mediate intracellular
signalling [11]. The transduction pathway is generally initiated at
cytokine cell surface receptors, and results in STAT phosphoryla-
tion, dimerization and translocation to the nucleus [11]. STATs
have important roles in homeostasis, development and cell fate
decisions [11]. Previously, we reported that STAT1 plays an impor-
tant role in enhancing apoptotic cell death in cardiac myocytes fol-
lowing I/R injury [12, 13].

Here we have investigated the role of STAT1 in an MI model
and assessed whether STAT1 has any link to the autophagic
pathway using wt versus STAT1-deficient hearts. Interestingly, not
only did we observe that STAT1 '~ null hearts had significantly
smaller infarcts, but also that this was also associated with
increased levels of autophagic markers. Moreover, inhibiting
autophagy pharmacologically reverted the smaller infarct size in
the STAT1-deficient hearts. These results reveal a new function of
STAT1 in the reduction of autophagy and add more complexity to
the role of STAT1 in modulating the stress response to I/R.

Materials and methods
Mouse isolated heart perfusion protocol

STAT1 Knockout (KO) [14] was purchased from Taconic Farms, Inc.
(Bomholtvej, Denmark) Wt hearts and STAT1 KO from 10-week-old male
mice were isolated and perfused as described previously [15]. Following
20 min. of stabilization, hearts were exposed to one of three protocols,
control (Con), ischemia (1) or Ischemic preconditioning (IPC) plus I. Hearts
were reperfused for 45 min. following ischemia after which infarct size was
assessed by using triphenyl tetrazolium chloride staining as described pre-
viously [15]. Infarct size was assessed using computerized planimetry
(planimerty, NIH Image 1.63 software package; National Institutes of
Health, USA) by a researcher blinded to the groups.

Simulated ischemia in isolated cardiomyocytes

Isolated cardiomyocytes were isolated as previously described [7, 12] and
exposed to simulated ischemia in a modified Esumi buffer [7, 12] contain-
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ing: 118 mM NaCl, 3.58 mM KCl, 0.46 mM MgClz, 0.9 mM CaClz, 4 mM
HEPES and 20 mM 2-deoxy-d-glucose 20, pH 6.2 for a period of up to
26 hrs, at 37°C, in a humidified environment containing 1% 02, 5% CO2 and
balance N2. Normoxic myocytes were maintained as previously described
[7, 12] media, pH 7.4, in a humidified environment containing 20% 0o,
5%C02 and balance No.

Western blotting

Western blotting was performed as described [12] using specific antibodies
against beclin 1 (Abcam, Cambridge, UK), LC3 (Abcam), Atg12 (Abcam)
and anti-STAT1, (Santa Cruz Biotechnology Inc., Delaware, CA, USA).

Plasmid and cell culture

Mouse embryonic fibroblasts (MEF) containing wt STAT1 or STAT1 null
were cultured in Dulbecco’s modified Eagle medium containing 10% foetal
bovine serum. Transfections were performed with GeneJuice (Merck
Biosciences, Gibbstown, NJ, USA) and cells were harvested 24 hrs after
transfection. The polyQ80 luciferase plasmid was a kind gift from Conrad
Weihl, Washington University School of Medicine. CMV-renilla was used as
internal control for all luciferase experiments. Dual-luciferase assays were
performed according to the manufacturer's instructions (Promega,
Madison, WI, USA) and analysed using a luminometer. Data were
expressed as mean values = S.E.M. and analysed with a Student’s t-test
with a 95% confidence level using Graphpad Prism (GraphPad Software,
San Diego, CA, USA).

Electron microscopy

Tissue samples were fixed and embedded for electron microscopy analysis,
as previously described, with minimal modifications [6].

Statistical analysis

Results are expressed as mean S.E.M. (analyzed by the GraphPad
Software). Differences were considered statistically significant at values of
P < 0.05.

Results

STAT1 deficiency reduces infarct size hearts
and show increased autophagy after I/R
in the intact heart following I/R

We have shown previously that activated STAT1 can promote
apoptotic cell death in isolated cardiac myocytes and in the isolated
perfused heart exposed to I/R injury [12]. To confirm the cytotoxic
effects of STAT1 during I/R, we first measured infarct sizes in the
hearts of wt and STAT1-deficient mice exposed to I/R ex vivo.
In confirmation of the in vitro data, hearts from STAT1-deficient
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animals had significantly smaller infarcts than wt hearts subjected
to ex vivo I/R (Fig. 1A). To assess whether the reduced infarct size
in the STAT1-deficient hearts was simply due to reduced apoptosis
or involved other cell death/survival mechanisms, we pre-treated
hearts from wt and STAT1-deficient mice with the autophagy
inhibitor, 3-MA, prior to performing I/R in vivo. 3-MA increased
infarct size in hearts from wt mice, and completely reversed the
reduced infarct size in hearts from STAT1-deficient animals
(Fig. 1B), suggesting that autophagy has a protective role in the
ischaemic heart, and is a major mechanism resulting in the
reduced infarct size in STAT1 knockout mice. To confirm this
protective effect, we pre-treated hearts with the mTOR inhibitor,
rapamycin, which induces autophagy. Rapamycin reduced infarct
size in the wt animals, but did not have a significant effect in hearts
from the STAT1-deficient mice (Fig. 1C).

STAT1 /™ hearts have increased levels
of autophagic markers following I/R

To further explore the involvement of STAT1 in modulating
autophagy, we first assessed the number of double-membrane
autophagosomes by transmission electron microscopy, a gold
standard assay for measuring autophagic activity. As shown in
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Figure 2A, we found more double membrane autophagosomes in
STAT1 ™/~ than in wt hearts after I/R. To validate this further we
also assessed the levels of LC3 and the ratio of LC3-1I to LC3-I.
Immunoblot analysis showed an increase of LC3-I and -Il during
the I/R phases in wt and STAT1-deficient hearts. However, the
LC3-11/LC3-I ratio was significantly higher in the STAT1 '~ hearts
(Fig. 2B). We also assessed other autophagic markers including
Beclin 1 and Atg12 (a regulatory protein that is important for the
initiation of autophagosomes). Beclin 1 expression was increased
in wt and STAT1™/~ hearts during I/R, which was significantly
greater in the hearts from STAT1 knockout mice (Fig. 2C).
However, whereas Atg12 levels were unchanged or even
decreased in wt STAT1 ™" hearts exposed to I/R, ischaemia pro-
duced a robust increase in Atg12 expression in STAT1 '~ hearts
(Fig. 2D). These results further indicate that STAT1 may have sup-
pressive activities on autophagy.

To further explore whether the potential suppressive effect of
STAT1 on autophagy, we assessed whether STAT1 may have
inhibitory effects on the expression of autophagic genes. PCR
analysis demonstrated that the levels of Beclin 1, were similar in
wt and STAT1™/~ hearts exposed both to | alone and to I/R
(Fig. 3A). This lack of change in the mRNA levels was also vali-
dated by qPCR (Fig. 3B). Similar results were also observed with
Atg12 and Atg5 mRNA levels (data not shown). These results
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Fig. 2 (A) Electron scanning microscopy of wt (STAT”*) and STAT1 /™ hearts subjected to ex vivo I/R. As indicated by the arrow heads STAT1 ' hearts
subjected to I/R contained more number of double-membrane autophagosomes than the wt STAT1*/* hearts. (B) wt (STAT1™/*) and STAT1 ™/~ hearts
were subjected to ex vivo I/R. LC3-1 and LC3-II Western blotting of LC3-I1. Levels appeared raised during ischaemia in the STAT1 =/~ animals. (C) Western
blot analysis of Beclin 1 levels is enhanced during ischaemia in STAT1 - compared to wts. Densitometry demonstrated significant increase of Beclin 1
protein levels in STAT1 " hearts (lower panel). (D) Western blots analysis of Atg12 levels in wt (STAT+/+) and STAT1 ™/~ hearts subjected to ex vivo
I/R. Densitometry demonstrated significant increase of Atg12 protein levels in STAT1 '~ hearts (lower panel).

therefore suggest that the inhibitory effects of STAT1 on
autophagy are not trasncriptionally mediated.

Inhibition of STAT1 enhances autophagy
and autophagic flux in cardiac myocytes

Previously we have shown that inhibiting STAT1 activity with the
polyphenol epigallocatechin-3-gallate (ECGC) protects both pri-
mary cardiac myocytes and the intact heart from I/R injury [16].
We next tested whether EGCG not only inhibits STAT1 but also

© 2011 The Authors

enhances autophagy in primary cardiac myocytes. As shown in
Figure 4A, primary cardiac myocytes exposed to simulated I/R
induced LC3-II levels after 90 min. Moreover, interferon (IFN)-y-
treated primary cardiac myocytes activated STAT1 and reduced
LC3-Il levels. In contrast, ECGC known to inhibit STAT1 phospho-
rylation [16], significantly enhanced the levels of LC3-Il levels
(Fig. 4B). Thus, these data demonstrate that autophagy can be
modulating by regulating STAT1 activity in cardiac myocytes. To
further evaluate the role of STAT1 in modulating autophagic activity/
flux, we used STAT1-deficient MEFs and took advantage of a recently
described quantitative method which relies on the preferential
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Fig. 2 Continued.

degradation of a long-lived polyglutamine protein aggregate,
polyQ80-luciferase, compared with a non-aggregating polyQ19-
luciferase construct. By using such a reporter system, the induc-
tion of autophagy by starvation results in a selective reduction in
polyQ80-luciferase activity [17]. We found that, after 6 hrs of
nutrient deprivation, no significant difference in autophagic
turnover of the polyQ80 aggregates was seen either in STAT1-defi-
cient MEFs (ST17/7) or wt STAT1 expressing MEFs (ST1%/%).
However, with 18 hrs of nutrient deprivation, ST1~/~ MEFs
showed a 59% decrease in polyQ80 luciferase activity compared
to ST1™/" (Fig. 4D). Therefore, these studies strongly support a
suppressive role for STAT1 on autophagic activity and confirms
our ex vivo Ml experiments in the heart.
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Discussion

Autophagy is a physiological process which has been shown to be
essential for neonatal survival and is involved in the normal recy-
cling of damaged or old intracellular organelles. Autophagy is a
highly conserved process found in yeast, plants and mammals
and is activated under conditions of cellular stress, such as nutri-
ent deprivation. Therefore, increased autophagy might be
expected to be a feature of I/R in the heart, where nutrient and oxy-
gen deprivation threaten cellular survival, and its provision of a
source of intracellular nutrients may provide an, at least tempo-
rary, reprieve for a threatened myocardium. If intracellular sources
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Fig. 3 Quantitative PCR (qPCR) was assessed as to whether Beclini
was being regulated at the mRNA level. AACT was used to calculate fold
change and one-way AnNOVA was used to calculate statistical significance. No
significance in mRNA levels was detected suggesting Beclin1 stability is
regulated at the protein level.

STAT1**

of intracellular energy are no longer adequate, however,
autophagic processes become a particular form of cell death
called autophagic or type Il cell death [4].

Our earlier work had established that STAT1 plays a pro-apop-
totic role in cardiac myocytes exposed to I/R injury [12]. We have
now shown that STAT1 has an additional role in reducing
autophagy under stress-induced conditions such as I/R. Thus,
STAT1 ™'~ null hearts not only have smaller infarcts but also have
enhanced levels of autophagy. Moreover, inhibiting autophagy
abrogated the cardioprotection seen in the STAT1 '~ hearts fol-
lowing I/R. This shows that STAT1 modulates autophagy and also
that autophagy, at least during the time kinetics used in these
experiments, is cardioprotective. /n vitro studies using cells that
express or lack STAT1 confirmed that autophagic activity is inhib-
ited by STAT1. The regulatory function of STAT1 on autophagic
proteins is not dependent on its known transcriptional activity,
because expression levels of a number of autophagy genes are not
altered in STAT1 ™'~ hearts compared to wt hearts under both nor-
mal conditions and after I/R.

Reactive oxygen species (ROS) are generated following I/R
[18], and these free radicals promote the onset of cell death,

© 2011 The Authors
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resulting in characteristic cellular changes including lipid peroxi-
dation, protein denaturation and DNA double-strand breaks [18].
The generation of ROS during I/R has been shown both to activate
STAT1 [19] and to induce apoptosis, and ROS have been impli-
cated in I/R-induced cardiac myocyte apoptosis [7]. Tempol (4-
hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) is a low molecular
weight agent capable of scavenging superoxide anions, which
offers an advantage over many other ROS scavengers as it is able
to permeate biological membranes in vitro. We previously demon-
strated that tempol was able to significantly reduce infarct size
after in vivo IR injury [20]. In addition, we showed that IFN-v, a
potent activator of STAT1, not only enhanced infarct size but also
could overcome the protective effects of tempol [20]. The results
suggest a potential mechanism of action for the cardioprotective
effects of tempol by partly inhibiting the ROS-STAT1 activated
pathway and thus potentially enhancing cardiac autophagy [20].

IFN-vy has also been reported to play an important role in pro-
moting autophagy and removal of intracellular pathogens and
therefore links the inflammatory and autophagic pathways in the
innate immune system via inducing IFN-vy inducible proteins [21,
22]. The inflammatory response is also enhanced following IR and
this causes cardiac injury [23], because inhibiting the inflamma-
tory response reduces myocardial injury following IR. Whether
IFN-y via JAK-STAT1 activation is required for promoting
autophagy in immune cells is unclear because IFN-y can also
mediate effects independent of STAT1 [24].

Flavonoids exhibit a variety of beneficial effects in cardiovascu-
lar diseases and this has been attributed mainly to their antioxi-
dant action. Recently, we also demonstrated additional cardiopro-
tective mechanisms of some flavonoids through their inhibition of
STAT1 activation [16, 25]. Furthermore, biochemical and com-
puter modelling analysis indicated a direct interaction between
STAT1 and flavonoids which correlated with their anti-STATT activ-
ity [26] Thus, those flavonoids (myricetin and delphinidin) that
had higher affinity binding to STAT1 were associated with more
pronounced protective effects against both cardiac injury and
haemodynamic impairment. Resveratrol is another flavanoid that
is attracting increased attention due to its diverse health benefits,
especially in the case of cardiovascular disease, and has also been
found to induce autophagy which may be mediated by its reported
inhibition of STAT1 activity [27]. Together, these data provide fur-
ther evidence that STAT1 could be a relevant target for protection
against I/R injury in the heart and further suggest that agents that
inhibit STATT are also agents that may promote autophagy.

The pd3 transcription factor is a key regulator of the cellular
response to acute stress and also a tumour suppressor [28].
Recent studies have shown that p53 can modulate autophagy in a
dual fashion depending on the sub-cellular localization. Thus,
nuclear and transcriptional actions of p53 are known to transacti-
vate pro-apoptotic and autophagic genes [28, 29]. In contrast,
cytoplasmic p53 also acts at the mitochondrial level to induce
apoptosis but it inhibits autophagy [30]. Moreover, inhibiting p53
by RNA interference also induces autophagy [30]. In the present
study the molecular mechanism on how STAT1 inhibits autophagy
is still unclear. Our original findings that STAT1 is able to interact
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Fig. 4 (A) Simulated I/R of isolated primary cardiac myocytes showed LC3-II protein levels being induced from 90 min. reperfusion. Western blot analy-
sis at various time-points and immunoblotting with the indicated antibodies (B) IFN-y-STAT1 activation reduced and epigallocatechin-3-gallate-reduce
STAT1 activation enhanced conversion of LC3-1 to Il following simulated I/R of isolated primary cardiac myocytes. Primary cardiac myocytes were treated
with either IFN-y (50 ng/ml) or epigallocatechin-3-gallate (EGCG 50 ng/ml) and exposed to simulated I/R and cells harvested after 180 min. and processed
for Western blot with the indicated antibodies (lower panel). Upper panel shows densitometric analysis of LC3-l over LC3-Il ratio. (C) Enhanced
autophagic flux in STAT1-deficient (ST1 "/‘) cells following serum starvation (SS) using the ployQ80 luciferase reporter assay. Wt (ST1 ¥ or STAT1-
deficient (ST1 ’/’) MEF cells were transfected with polyQ80luc and subjected to serum starvation (SSQ80) or control conditions (NDQ80). At 6 hrs of
nutrient deprivation, no significant difference in autophagic turnover of the polyQ80 aggregates was seen. (D) After 18 hrs of nutrient deprivation the
ST1~/~ MEFs showed nearly 59% decrease in polyQ80 luciferase activity, whereas the ST1 ** MEFs showed no statistically significant decrease in
polyQ80 luciferase activity The data above show pooled data from three experiments with the NDQ8O0 set at 100% and the data analysed using a paired
Student’s t-test to compare NDQ80 versus SSQ80.

directly with p53 and modulates its functional activity [31] may  autophagic proteins that may also determine autophagic activity.
suggest that STAT1 may act together with p53 to modulate  Further studies are required to elucidate how STAT1 is able to
autophagy. Similarly, STAT1 may also interact with specific  modulate autophagy.
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