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Abstract

In neurological disease and diabetes, the unfolded protein response (UPR) has been investigated
for years, while its function in heart disease is less well understood. All three branches of the UPR
are involved in ischaemia/reperfusion and can either protect or impair heart function. Recently,
UPR has been found to play a role in arrhythmogenesis during human heart failure, and blocking
UPR has an antiarrhythmic effect. This review will discuss the rationale for and challenges to
targeting UPR in heart disease.
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1. Introduction

The endoplasmic reticulum (ER) is the location for protein translation, folding and
assembling before trafficking to the cytosol and plasma membrane. The ER lumen is an
oxidative environment with the highest Ca2* concentration within the cell. These two
conditions are crucial for proper protein folding. The oxidative environment favours the
formation of disulfide bonds to convey the tertiary and quaternary structure of proteins, and
Ca?" is essential for Ca2*-dependent molecular chaperones to interact with intermediate
states of protein folding. When the ER homeostasis is disturbed, unfolded or misfolded
proteins accumulate in the ER lumen, triggering the unfolded protein response (UPR).

The UPR is highly conserved in evolution and is initially an adaptive response. Nevertheless,
when prolonged ER stress occurs, the UPR can lead to apoptosis. Unfolded protein
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accumulation is sensed by glucose-regulated protein-78 (Grp78), which will dissociate from
three UPR sensors in response to unfolded protein. These sensors are the double-stranded
RNA (dsRNA)-activated protein kinase-like ER kinase (PERK), inositol-requiring ER-to-
nucleus signal kinase 1 (IRE1), and activating transcription factor 6a (ATF6a). Grp78
dissociation triggers oligomerization and auto-phosphorylation of UPR sensors and leads to
their activation. The activated UPR sensors initiate signalling transduction for expression of
genes that restore the protein folding capacity in the ER and for generation of chaperone
proteins that participate in the ER-associated degradation (ERAD). The chaperones include
Grp78, Grp94 and calreticulin, and so on. They play important roles in the ERAD process,
by binding to the misfolded or unfolded protein, and by preventing the protein from further
transit and secretion. Instead, the complex of chaperone-unfolded protein exits the ER and
degrades in cytosol, alleviating the ER stress. The UPR also attenuates protein synthesis by
preventing translation of mMRNAs. PERK and IRE1 play major roles in this process.

The three UPR sensors have their own signalling pathways either to increase protein folding
ability or to decrease protein synthesis and loading of the ER. The downstream effectors are
phosphorylated translation initiation factor 2a (elF2a) and ATF4 for PERK, spliced X-box
binding protein 1 (sXBP1) for IRE1, and the cleaved N-terminus of ATF6a (ATF6N) for
ATF6a, respectively (Figure 1). On the other hand, there is also crosstalk among the three
branches. For example, the downstream effectors of PERK activation, elF2a and ATF4, can
regulate IRE1 and ATF6a. For example, phosphorylation of elF2a leads to NF-xB
activation, which induces downregulation of SXBP1 mRNA levels via microRNA-30c-2* in
the IRE1 signalling pathway. ATF4 activates the ATF6a branch through enhancing ATF6a
expression and translocation to the Golgi. This interplay may make the UPR more redundant
and more complicated to target pharmacologically. Besides redundancy of the three UPR
branches, each branch appears to have its special roles as well. For example, the IRE1
branch effector sXBP1 regulates lipid biosynthetic enzymes [1] and ERAD proteins, and the
ATF6 branch plays major roles on promoting the UPR target genes expression.

2. Why target the UPR in heart disease?

In cardiomyocytes, the sarco-ER (SER) is pivotal not only for general cellular function but
also for myocyte contractility. Heart disease has been associated with activation of the UPR
(Figure 1). The SER stress that is common in heart disease can induce UPR activation,
which can cause reduced expression of essential proteins that will affect cell function and
even cell apoptosis when the UPR activation is prolonged. By targeting the UPR, we may be
able to mitigate some of the effects of heart disease.

2.1 UPR in heart failure

Stimuli, such as oxidative stress, hypoxia and ischaemic insult that are common in heart
failure (HF), induce the ER stress with accumulation of unfolded proteins and trigger the
UPR. Activated PERK and IRE1 branches of the UPR are reported in human failing hearts
as evidenced by increased mRNA levels of ATF4/CHOP and Grp78/sXBP1. In animal
models of HF, Grp78 and CHOP are elevated significantly [2]. Recently, we have reported
aberrant mRNA splicing of SCN5A that encodes cardiac Na* channels (Nay1.5) in human
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HF. The truncated mRNA variants encode non-functional channel proteins that are trapped
in the ER and activate PERK [3]. The lack of functional channels and PERK-dependent
degradation of the full-length SCN5A mRNA contributes to the reduced membrane
expression of Na,1.5 protein. The reduction of full-length functional Na,1.5 leads to a
decreased Iy, and consequently decreased conduction velocity [3]. Once activated, the effect
of UPR is not specific to Na,1.5. Similar effects of UPR are observed with the cardiac K*
channel K4.3, suggesting that UPR may play a crucial role in downregulation of multiple
cardiac genes in HF.

The downregulation of these ion channel genes can contribute to arrhythmic risk. Cardiac
Ky4.3 channel conducts Iy, which is the main contributor to the plateau Phase Il of the
cardiac action potential and responsible for early repolarisation. Reduced I, reported in HF
and diabetic heart disease can increase membrane resistance and cause shortening of the
cardiac action potential duration, which is thought to contribute to diastolic dysfunction and
lead to delayed after-depolarisations, an arrhythmic mechanism.

2.2 UPR in ischaemia

In ischaemia, all three UPR branches are activated, and they induce cell apoptosis that
contributes to cardiomyocyte loss. Thus, these branches might be targets to prevent cell loss
in ischaemia. When cardiomyocytes experience prolonged ischaemia, Grp78, XBP1, ATF4
and elF2a, and CHOP are all elevated at the mRNA and protein levels, indicating activation
of the IRE1 and PERK branches of the UPR. In hypoxic cardiomyocytes, Glembotski’s
group demonstrated activation of the IRE1 branch with enhanced levels of Grp78 and XBP1
[4]. Later, the same group reported that the ATF6a branch of the UPR can be activated in
ischaemia and inactivated upon reperfusion [5]. This study suggested that the ATF6a branch
plays an inducible role during ischaemia that may affect preconditioning during reperfusion.

Expression of Tribbles 3 (TRB3, an intracellular pseudokinase), downstream of PERK and
ATF4/CHORP, is significantly elevated in myocardial infarction [6]. Transgenic mice with
heart tissue-specific overexpression of TRB3 show pathological cardiac remodelling after
myocardial infarction [6]. An ER stress response gene and downstream of PERK, p53-
upregulated modulator of apoptosis (PUMA) induces apoptosis when overexpressed in
cardiomyocytes [7]. Knock out of PUMA shows protective effects on myocytes death from
ischaemia/reperfusion /n vivo [7]. These results indicate that PUMA plays a deleterious role
in ischaemia/reperfusion, and inhibition of PUMA may be beneficial for myocardial
infarction and HF.

3. Targeting the UPR in heart disease

3.1 Expected effects of targeting UPR

In heart disease, most of the protein alterations are downregulations. It is interesting to
speculate about what percentage of the downregulation is the result of the UPR. If many are,
then targeting the UPR may have multiple salutary effects. It is possible that by targeting the
UPR, the expression of essential proteins will be elevated to maintain normal cell function.
For example, downregulation of Na, 1.5 and K,4.3 in HF has shown to result from PERK
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activation. If a PERK inhibitor could be used to restore the channel protein levels,
arrhythmic risk might be improved. Alternatively, targeting the UPR might decrease cell
apoptosis and improve cardiomyopathy.

3.2 How do you target the UPR?

Possible strategies to affect the UPR in heart disease include decreasing unfolded proteins,
preventing the UPR sensors from activation (i.e., preventing Grp78 dissociation from the
UPR sensors) or inhibiting the activated UPR sensors and effectors. In the case of the
cardiac Nay1.5 channel, decreasing unfolded protein could be undertaken by inhibiting
abnormal mRNA splicing mediated by upregulation of RBM25 and LUC7L3 [8].

Grp78 overexpression may be used to prevent UPR sensor activation. Grp78 overexpression
can elevate binding probability of Grp78 to the UPR sensors and, therefore, prevent the
activation. Without UPR activation, nascent proteins could be translated for regular cell
function and survival. Meanwhile, Grp78 overexpression can increase the binding of Grp78
to unfolded/misfolded proteins to accelerate ERAD. Therefore, therapies targeting Grp78
overexpression may be helpful for heart disease and other diseases with over-activated UPR.
As an example, overexpression of Grp78 has been reported to attenuate hypoxia-mediated
cardiomyocyte death [9]. In addition, overexpression of Grp94 protects cardiomyocytes
against oxidative stress [10].

Inhibition of PERK, ATF6a, IRE1 or the downstream effectors (elF2a/ATF4, ATF6N and
XBP1) with specific inhibitors is also a strategy to prevent the deleterious effects of UPR.
Although there is no specific inhibitor reported up to date, Minamino et a/. discuss drugs
targeting the UPR or the ER stress stimuli that may form the basis of compounds used in
human heart disease [11]. Human anti-PERK short hairpin RNAmir has been used /n vitroto
block PERK activation in human-induced pluripotent stem cell-derived cardiomyocytes [3].
Recently, GSK2606414, a small-molecule oral agent, has been found to halt brain cell death
by blocking PERK phosphorylation /in7 vivo and has shown efficacy in prion-mediated
disease associated with aggregation of misfolded protein in the ER [12]. This compound has
been proposed as a new treatment for Alzheimer’s disease. Some limitations of
GSK2606414 include weight loss and diabetes. Moreover, the drug is specific for PERK
inhibition [12]. Therefore, it has no effects on diseases with activation of the other two UPR
branches, ATF6a and IRE1. ROS overproduction can be up- or downstream of the UPR
signalling. Antioxidants such as thiols and butylated hydroxyanisole have been reported to
attenuate the UPR via the PERK branch.

3.3 Is it safe to target the UPR?

The UPR is an important process in normal cell function. Homozygous knockout mouse
models of the UPR sensors and effectors have shown potentially damaging effects [13]. For
instance, complete knockouts of XBP1 and IRELla are embryonic lethal with incomplete
development of the heart and blood vessels. PERK knockout leads to diabetes mellitus and
growth retardation in mice. ATF6 knockout induces liver steatosis, hypoglycaemia and
insulin resistance. Therefore, partial or temporary inhibition of the UPR sensors or organ
specific gene therapy may be the safest alternative for targeting the UPR.
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Timing and targeting of the UPR inhibition may be critical. The UPR has protective effects
in certain circumstances. For example, activation of the ATF6a branch before ischaemia
reduces myocardial tissue damage during ischaemia/reperfusion [14]. On the other hand,
apelin-13 protects the heart from ischaemia-induced ER stress by inhibition of the PERK/
CHOP branch [15]. In general, it may be that early ER stress is adaptive and protective,
whereas sustained ER stress leads to apoptotic or necrotic cell death. One strategy may be to
develop biomarkers to assess which UPR pathways are activated and their degree of
activation. For example, circulating Na, 1.5 splicing variants may be correlative with cardiac
PERK activation.

4. Expert opinion

It seems clear that there may be times when modulating the UPR may be of clinical
advantage. For example, in HF, UPR activation contributes to arrhythmic risk and inhibiting
UPR may decrease arrhythmic risk. Nevertheless, the UPR can have salutary effects, and
complete, whole body or indefinite inhibition may have untoward side effects. These
limitations may be overcome with more knowledge of the system, more precisely targeting
agents or time-limited treatment approaches. Overall, UPR inhibition seems like a
potentially fruitful investigative line in novel therapeutics for cardiac disease.
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Figure 1. A scheme of the UPR with its sensors, chaperones, effectors and tar geting genes
The ATF6a branch is activated in early stage of ischaemia. PERK and IRE1 are activated in

ischaemia/reperfusion. PERK is also activated in HF and diabetic cardiomyopathy. Green
dotted arrows indicate activation, red dotted arrows indicate inhibition and dark blue dotted
arrows indicate dissociation from UPR sensors and binding to the unfolded protein.
ATF6a: Activating transcription factor 6a; HF: Heart failure; IREL: inositol-requiring ER-
to-nucleus signal kinase 1; PERK: Protein kinase-like ER kinase; UPR: Unfolded protein
response.
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