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Scientific results have revealed that autophagy is able to promote cell survival
in response to endoplasmic reticulum (ER) stress, while drastic events result in
apoptotic cell death. Here, we analyse the important crosstalk of life-and-death
decisions from a systems biological perspective by studying the regulatory
modules of the unfolded protein response (UPR). While a double-negative loop
between autophagy and apoptosis inducers is crucial for the switch-like charac-
teristic of the stress response mechanism, a positive feedback loop between ER
stress sensors is also essential. Corresponding to experimental data, here, we
show the dynamical significance of Gadd34-CHOP connections inside the
PERK branch of the UPR. The multiple system-level feedback loops seem to be
crucial for managing a robust life-and-death decision depending on the level and
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durability of cellular stress.
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Cellular protein homeostasis (called proteostasis) is
essential in the dynamic changes required for the cell
to respond various stimuli (such as nutrient availabil-
ity, inflammatory mediators). Proteostasis is controlled
by a complex regulatory system that involves intracel-
lular and extracellular protein synthesis, folding,
degradation, aggregation and disaggregation [1,2]. This
process is mainly driven by the endoplasmic reticulum
(ER) with the perception and control of these different
changes for the support of the correct functioning of
proteins [3]. The translation, formation and mainte-
nance of the native state of proteins take places in the
ER [4,5]. In addition, several biosynthetic, metabolic
and signal transduction pathways are regulated by the
ER [6]. For this complex operation, a high luminal
Ca®" environment and a special redox homeostasis are
essential in the ER [7,8].

The disruption of the balance in the ER may gener-
ate the turning on of the ER stress response

Abbreviations

mechanism [3,6,9,10]. The unfolded protein response
(UPR) of the ER is the principal signalling pathway
that helps to deal with the imbalances in protein fold-
ing and drives suitable protein quality control [11,12].
UPR immediately turns on when incorrectly folded or
damaged proteins get accumulated in the cell. UPR
has three well-defined ER-resident transmembrane sig-
nal transducers, called IRE1 (inositol requiring 1
kinase), PERK (PKR-like ER kinase) and ATF6 (acti-
vating transcription factor 6) [13]. Both IREl and
ATF6 promote transcription of UPR target genes cru-
cial in folding and quality control upon ER stress,
while PERK-controlled pathway leads to the general
inhibition of protein translation via eiF2a phosphory-
lation [13,14].

It is already well known that harmful ER stress
immediately accelerates autophagy-dependent cellular
‘self-cannibalism’ [15,16]. Autophagy carries out the
degradation of unnecessary or damaged proteins and

APOA, active form of apoptosis inducer; AUTA, active form of autophagy inducer; ER, endoplasmic reticulum; ERSS, ER stress sensor.
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Cell survival in response to ER stress

organelles, through the delivery into autophagosomes
followed by lysosomal digestion. These degraded com-
ponents can be reused later, which makes autophagy a
cellular survival mechanism by ‘self-eating’ of damaged
or not properly folded proteins during UPR-controlled
ER stress [17-19]. However, excessive level of ER
stress can occur apoptotic [9,15,20] or necroptotic cell
death [21]. Cells can be ablated by apoptosis through
a well-defined manner during which cells lose their
connections with the surrounding cells, become shrun-
ken with the condensation of nucleus and are finally
engulfed by surrounding cells or macrophages. Apop-
tosis can be triggered by several cellular signals coming
from either outside or inside from the cell [22]. Differ-
ent kind of cellular stress events can activate the
intrinsic or so-called mitochondrial apoptotic pathway,
which generates cytochrome ¢ flux out of the mito-
chondria. Besides, apoptosis can also be activated
through death receptors, which initiates the activation
of the extrinsic pathway [23].

Although both autophagy and apoptosis are regu-
lated by complicated networks of signal transducers,
there is growing evidence that a link between these
two mechanisms also exists. This connection realized
at various levels is developing a so-called crosstalk
with even more comprehensive regulatory networks
between autophagy and apoptosis [24,25]. While
autophagy is essential in cell survival, apoptosis is
definitively a programmed cell death mechanism; their
connection looks substantial in a well-balanced cellu-
lar response upon various stress signals (such as nutri-
ent deprivation, ER stress) [25]. Our recent results
based on molecular biological tools and system bio-
logical methods have shown that autophagy always
precedes apoptotic cell death even upon severe ER
stress [26]. This test was confirmed by various
reagents inducing ER stress (such as DTT, thapsi-
gargin and tunicamycin) [26]. These ER stressors are
able to generate a clear threshold for the apoptosis
induction upon ER stress. With the use of either
autophagy activator or inhibitor, the importance of
autophagy-dependent survival was also explored previ-
ously. In addition, transient high level of ER stress
treatments was also performed, to further confirm the
irreversible dynamical behaviour of apoptosis induc-
tion. In order for the better understanding of the
regulatory systems, a stochastic model was built
illustrating the life-or-death decision-maker process
induced by ER stress [26].

In the current work, we study the characteristic fea-
tures of the autophagy—apoptosis regulatory network
and their activation profiles upon various levels of ER
stress by paying special attention to the UPR. A
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mathematical model of a minimal network is devel-
oped, which claims that not only the crosstalk between
the branches of UPR (i.e. between PERK and IREI),
but crosstalk inside the UPR branches (e.g. between
Gadd34 and CHOP, the targets of PERK) might be
also essential during ER stress. Using the recent exper-
imental findings, our analysis demonstrates that the
system-level feedback loops are crucial to achieve all
the desired characteristics upon ER stress.

Materials and methods

Building up a mathematical model

Life-and-death decision induced by endoplasmic reticulum
(ER) stress is directly regulated by the three pathways of
unfolded protein response (UPR for short) [11]. In order to
understand the dynamical characteristic of the control net-
work and therefore explain the life-and-death decision, our
goal is to build up the simplest mathematical model by
finding the key crosstalks of the regulatory network. The
key assumptions and the limitations of the proposed mod-
els are the followings:

1 A biological regulatory network can be translated
into a set of ordinary differential equation (ODE) to
describe how the concentration/activity of each con-
trol element in the network changes with the time.
A deterministic model can give a precise explanation
about the dynamical characteristic of the regulatory
network of a cellular decision-making process (the
detailed description of the models and codes can be
found in Appendix S1).

2 Since the UPR is so complex containing so many
redundant pathways and regulatory cascades, we
did not build in all the molecules of the network
separately, rather here we focus only those key ele-
ments, which have important role in determining the
dynamical features of the response mechanism. An
‘element’ in our model can be easily more than one
molecule; for example, autophagy/apoptosis inducer
means all those molecules, which induce autophagy/
apoptosis (the detailed description of the elements
can be also found in Appendix S1).

3 Although UPR has three well-defined regulatory
pathways, for simplicity here we postulate two ‘ER
stress sensors’ only, called them ERSS1 and ERSS2,
respectively. For the dynamical analysis of the con-
trol network, a third pathway is not required. We
claim that each sensor can induce both autophagy
and apoptosis, but they have various strengths on
the two stress response mechanisms (i.e. one of them
is stronger on autophagy; meanwhile, the other one
is stronger on apoptosis; biologically, it means that
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sensor molecules can induce different downstream
pathways).

In our hypothesis, ERSS1 and ERSS2, autophagy
and apoptosis inducers refer to the active forms of
those complexes, which are essential to the cellular
stress-dependent turning on of ER stress response
mechanism, autophagy and apoptosis, respectively
(Fig. 1, Table S1).

BIP/Grp78 is not included, and we assume that ER
stressors directly induce ERSS1 and ERSS2. To
understand the dynamical behaviour of the system,
we do not take into account each molecule of UPR;
rather, we focus only on the effect of the ER stress
sensors on its downstream targets, that is autophagy
and apoptosis inducer.

In our first scenario, there is neither feedback connection
between ERSS1 and ERSS2, nor between autophagy and
apoptosis inducers (see Fig. 1A, panel left). The dynamical
characteristic of this control network can be appropriately

Cell survival in response to ER stress

illustrated by signal-response curve, where the activity of
both autophagy and apoptosis inducers is plotted in the
function of cellular stress level (Fig. 1B, panel left). Under
physiological conditions (i.e. stress = 0), neither autophagy
nor apoptosis are detected; however, both mechanisms
show a sigmoid increase depending on the level of ER
stress. Corresponding to the experimental data [26], it is
easily manageable that autophagy-dependent survival has a
quick activation already at low level of ER stress; mean-
while, apoptosis remains inactive. In addition, similar to
our results [26] autophagy precedes apoptotic cell death in
time upon excessive level of ER stress (see the time course
simulations on Fig. 1C, panel left). However, both mecha-
nisms seem to be active upon excessive level of cellular
stress, which does not match to reality, as autophagy-
dependent survival process has to be turned off when the
cell initiates apoptosis [26].

Therefore, our simple wiring diagram is extended with a
crosstalk between autophagy and apoptosis; namely,
according to already published data [27] a double-negative
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Fig. 1. System-level feedback loops guarantee the robustness of the control network upon ER stress. Three simple models are presented:
(panel left) no connection between neither ER stress sensor 1 and 2 nor autophagy and apoptosis inducers; (panel middle) there is a double-
negative feedback loop between autophagy and apoptosis inducers; (panel right) there is a double-negative feedback loop between
autophagy and apoptosis inducers and there is a positive feedback loop between ER stress sensors 1 and 2. (A) The regulatory elements
and their connections of life-and-death decision when the autophagy inducers, the apoptosis inducers and the ER stress sensors are
grouped together in isolated yellow, red, black and blue boxes, respectively. Dashed lines show how the molecules can influence each
other, thicker line assumes stronger effect. Blocked end lines denote inhibition. (B) The signal-response curves of (left) autophagy and
(right) apoptosis inducers are shown with respect to increasing stress level. Solid lines denote stable state, while dashed lines denote the
unstable state. (C) The temporal dynamics of ER stress sensor 1 (black) and 2 (blue), autophagy (yellow) and apoptosis (red) inducers upon

low (left, stress = b) and high (right, stress = 50) level of ER stress.
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feedback loop is built in between autophagy and apoptosis
inducers (Fig. 1A, middle panel). In this case, the double-
negative feedback loop generates an amplifying connection
between the two mechanisms. Both activation and inactiva-
tion of autophagy and apoptosis can generate a discontinu-
ous switch, where the cellular response changes abruptly
with a well-defined threshold of ER stress level (Fig. 1B,
middle panel). An amplifying loop is essential for the pre-
cise separation of two completely different states. In one
state, when the stress level is tolerable, autophagy is active
and blocks cell death (Fig. 1B,C, middle panel); meanwhile,
in the other state apoptosis turns on and autophagy turns
off upon intolerable ER stress (Fig. 1B,C, middle panel).
However, in this simple model the double-negative feed-
back loop is not enough to bring irreversibility into the
control network. Since apoptosis induction is definitively a
one-way process [28]; therefore, our model is required fur-
ther extension.

To generate a one-way switch for apoptosis activation
(autophagy inactivation) upon intolerable ER stress, a posi-
tive feedback loop is built in between the two ER stress
sensors (Fig. 1A, panel right). The multiple feedback loops
of the control network ensure the one-directional switch-
like characteristic of the stress response mechanism, mean-
ing that apoptosis inducer increases (autophagy inducer
decreases) abruptly and irreversible as the magnitude of ER
stress crosses a critical value (Fig. 1B,C, panel right).

Results and Discussion

A positive feedback loop is present between
PERK targets upon ER stress

Our mathematical analysis suggests that a positive
feedback loop between two ER stress sensors might
generate an essential irreversible stress response mech-
anism, but we are also interested in the biological rele-
vance of this regulatory connection.

This positive feedback loop was recently suggested
between PERK and IRE1 upon ER stress [29], suppos-
ing that a crosstalk can be observed between the two
branches of UPR, but we cannot rule out the presence
of other positive feedback loops in the control net-
work. To further explore the importance of these posi-
tive feedback loops in the ER stress response
mechanism, we also investigated whether this connec-
tion is present or not inside one of the branches of
UPR, focusing here on PERK-controlled signalling
pathway of UPR. The key downstream targets of
PERK are Gadd34 and CHOP, respectively [30,31].
Many data have already proved that CHOP has an
essential role in apoptosis induction [32], while novel
results have also suggested that CHOP promotes the
activation of various autophagy genes (such as p62,
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Atg3, Atgl2) upon early ER stress [33]. Gadd34 is able
to enhance autophagy via mTOR downregulation [34];
however, excessive level of Gadd34 results in apoptotic
cell death [35]. Marciniak et al. [36] have shown an
impaired Gadd34 activation in tunicamycin-treated
CHOP cells; meanwhile, Gadd34 downregulation has
a negative effect on CHOP activation upon cellular
stress [35]. These results clearly suggest a direct and/or
indirect positive feedback loop between Gadd34 and
CHOP.

According to these above-mentioned experimental
data, we suggest that positive feedback loops are pre-
sent inside the UPR branches, that is between Gadd34
and CHOP (Figs 2 and 3, Table S1). According to our
simple model, we assume that Gadd34 is stronger on
autophagy induction, while CHOP has more drastic
effect to enhance apoptotic cell death. Our goal is to
investigate the role of this connection in a robust life-
and-death decision of the control network.

The fine-tuning of autophagy-dependent survival
is managed by the precise dynamical control of
its enhancers

To explain the dynamical characteristic of the control
network, first we confirmed the effect of either Gadd34
or CHOP up- and downregulation upon enduring and
excessive level of ER stress by using computer simula-
tions (Figs 2 and 3).

In the absence of CHOP, the threshold level of
apoptosis induction moves to right; therefore, apopto-
sis cannot turn on, and meanwhile, autophagy remains
active even at high level of ER stress (Fig. 2B, panel
left). According to the experimental data, the viability
of CHOP depleted cells drastically increases [37],
because they cannot induce apoptosis. Although Gad-
d34 has some positive effect on apoptosis inducer, its
effect is much stronger on autophagy, and together
with the double-negative feedback loop between autop-
hagy and apoptosis inducers, they keep autophagy
active even upon intolerable level of ER stress
(Fig. 2C, panel left). Besides, Igase et al. have shown
that CHOP overexpression in vascular smooth muscle
cells (VSMC) significantly reduced cell viability and
induced apoptosis [38]. Since the signal-response curve
of apoptosis inducer moves to left when CHOP is
overproduced in the cells, the threshold of apoptosis
induction gets to a lower level of ER stress (Fig. 2B,
panel right). Therefore, apoptosis turns on even at low
level of ER stress; meanwhile, autophagy becomes
inactive (Fig. 2B,C, panel right).

It is much more interesting that although Gadd34 is
essential for autophagy-dependent survival upon ER

4 FEBS Letters (2019) © 2019 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.
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Fig. 2. Both upregulation and downregulation of CHOP level have a crucial effect on ER stress response mechanism. Two experimental
protocols are simulated: (panel left) CHOP depletion by setting CHOP-T = 0.2 and (panel right) CHOP overexpression by setting CHOP-
T = 4. (A) The regulatory elements and their connections of life-and-death decision when the autophagy inducers, the apoptosis inducers,
CHOP and Gadd34 are grouped together in isolated yellow, red, black and blue boxes, respectively. Dashed lines show how the molecules
can influence each other. Blocked end lines denote inhibition. (B) The signal-response curves of (left) autophagy and (right) apoptosis
inducers are shown with respect to increasing stress level. Solid lines denote stable state, while dashed lines denote the unstable state.
Grey lines show the original signal-response curves. (C) The temporal dynamics of CHOP (black) and Gadd34 (blue), autophagy (yellow), and
apoptosis (red) inducers upon low (left, stress = 5) and high (right, stress = 50) level of ER stress.

stress, both Gadd34 depletion [39] and over-produc-
tion [35] result in early apoptotic cell death. To explain
the dynamical characteristic of the control network,
computer simulations were carried out (Fig. 3). In the
absence of Gadd34, both the activation threshold for
apoptosis inducer and inactivation threshold for
autophagy inducer move to left, resulting in an apop-
totic induction/autophagy inactivation upon lower
level of ER stress (Fig. 3B, panel left). Without Gad-
d34, autophagy inducer is not strong enough and
CHOP can easily hyper-activate the cell death process
even at low level of ER stress (Fig. 3B,C, panel left).
In addition, Gadd34 overexpression also moves the
activation threshold of apoptosis inducer/inactivation
threshold of autophagy inducer to a lower ER stress
level supposing a drastic decrease in cell viability

(Fig. 3B, panel right). Although high Gadd34 level in
the cell has a hyper-positive effect on autophagy
induction due to the positive feedback between CHOP
and Gadd34, Gadd34 accelerates the cell death mecha-
nism via CHOP, as well. Besides, Gadd34 also has a
direct positive effect on apoptosis inducer. Therefore,
autophagy does not have any chance to win against
apoptosis, and the cells enter the self-killing pathway
already at lower level of ER stress (Fig. 3B,C, panel
right).

Our dynamical analysis confirms that the proper
balance of both ER stress sensors (i.e. CHOP and
Gadd34) is essential to determine the cellular life-and-
death decision upon ER stress. Since the proper acti-
vation of autophagy-dependent cellular survival seems
to be controlled by Gadd34 at excessive level of ER

FEBS Letters (2019) © 2019 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 5
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Fig. 3. Both up- and downregulation of Gadd34 level has a crucial effect on ER stress response mechanism. Two experimental protocols
are simulated: (panel left) Gadd34 depletion by setting Gadd34-T = 0.05 and (panel right) Gadd34 overexpression by setting Gadd34-T = 2.
(A) The regulatory elements and their connections of life-and-death decision when the autophagy inducers, the apoptosis inducers, CHOP
and Gadd34 are grouped together in isolated yellow, red, black and blue boxes, respectively. Dashed lines show how the molecules can
influence each other. Blocked end lines denote inhibition. (B) The signal-response curves of (left) autophagy and (right) apoptosis inducers
are shown with respect to increasing stress level. Solid lines denote stable state, while dashed lines denote the unstable state. Grey lines
show the original signal-response curves. (C) The temporal dynamics of CHOP (black) and Gadd34 (blue), autophagy (yellow) and apoptosis
(red) inducers upon low (left, stress = 5) and high (right, stress = 50) level of ER stress.

stress, these results also suggest that Gadd34 level
might play the key role in switching between life and
death.

A simple coherent feedforward loop between the
regulators of autophagy and apoptosis inducers
does not guarantee the proper dynamical
features of the control network

Our dynamical analysis suggests that the positive
feedback loop between Gadd34 and CHOP seems to
be crucial in accelerating apoptotic cell death even
when Gadd34 is overexpressed in the cell upon ER
stress. To further investigate the importance of this
positive feedback loop and explain its dynamical

characteristic in the control network, we assumed
that Gadd34 is not able to activate CHOP (Fig. 4A,
B). In this case, the positive feedback loop gets
reduced to a simple coherent feedforward loop in the
control network. Namely, CHOP induces the autop-
hagy inducer both directly and indirectly via Gadd34
(Fig. 4A).

In the absence of the positive feedback loop between
ER stress sensors, the activation threshold of signal-
response curve of apoptosis inducer moves to higher
ER stress values (Fig. 4B, panel left). Besides, the
washing out of ER stressor results in a theoretical
turning off of cell death mechanism (Fig. 4B, panel
left). This is very similar to the earlier findings that at
least one positive feedback loop definitively is essential,
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Fig. 4. The presence of positive feedback loop between Gadd34 and CHOP determines the dynamical characteristic of the control network
upon ER stress. Two different mutant phenotypes are simulated: (A) Gadd34 cannot enhance CHOP activation (kaers1" = 0) and (B) Gadd34
is overexpressed (Gadd34-T = 2); meanwhile, CHOP (CHOP-T = 0.2) is depleted. The regulatory elements and their connections of life-and-
death decision when the autophagy inducers, the apoptosis inducers, CHOP and Gadd34 are grouped together in isolated yellow, red, black
and blue boxes, respectively. Dashed lines show how the molecules can influence each other. Blocked end lines denote inhibition. (C) The
signal-curve of apoptosis inducer with respect to increasing stress level in the presence (grey) and absence (red) of Gadd34 -> CHOP
connection (left) and the time course simulation of its combination with Gadd34 hyper-activation (Gadd34-T = 2) upon high (stress = 50)
level of ER stress (right) are shown. (D) The signal-response curves of apoptosis inducer with respect to increasing stress level (left) and
time course simulation upon high (stress = 50) level of ER stress (right) are depicted. On signal-response curve solid lines denote stable
state, while dashed lines denote the unstable state; on time course simulation, the temporal dynamics of CHOP (black) and Gadd34 (blue),
autophagy (yellow) and apoptosis (red) inducers are plotted.

since it has a key role in ensuring the irreversibility of upregulation and downregulation cause apoptotic cell
apoptotic cell death [40]. death upon high level of ER stress.

In our theoretical analysis, if Gadd34 does not have
any positive effect on CHOP and only CHOP is able
to promote Gadd34, the most interesting scenario is
when Gadd34 gets overexpressed upon intolerable ER
stress (Fig. 4B, panel right). In this case, a completely
novel phenotype is observed. Since Gadd34 has both The question immediately arises what is the biological
direct and indirect positive effects on autophagy-de- importance of that both Gadd34 up- and downregula-

Gadd34-dependent CHOP activation is essential
to avoid fatal hyper-activation of autophagy
upon ER stress

pendent survival, but it enhances apoptosis only tion blocks the hyper-activation of autophagy? Why is
directly (it cannot promote apoptotic cell death indi- the hyper-activation of autophagy so dangerous for
rectly via CHOP due to the absence of Gadd34 -> the cell during high level of ER stress? Although
CHOP connection); therefore, Gadd34 overexpression autophagy-dependent self-cannibalism seems to be pos-
results in a hyper-activation of autophagy, instead of itive for the cellular system to promote survival [15], it
apoptotic cell death, as it is observed in reality [35]. is also well known that sustained autophagy might be

Here, we show that one of the important roles of harmful and cause an uncontrolled cell death. Since
Gadd34- to CHOP-positive feedback loop is to guar- apoptotic cell death is a much faster and more accu-
antee a proper dynamical balance of autophagy— rate way of removing damaged cells from the multicel-

apoptosis crosstalk. Namely, this connection has lular organism, the biological system assures itself that
an essential role in ensuring that both Gadd34 it dies by apoptosis rather than a not so exact

FEBS Letters (2019) © 2019 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 7
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autophagy. This might be a very important issue for
the cellular system, namely why the hyper-activation
of autophagy is blocked so precisely upon ER stress.

Who plays the key switch in this process? Corre-
sponding to already published experimental data, our
analysis suggests that Gadd34 has to be one of the key
molecules, which not only switches on autophagy
when the cell promotes the survival process upon early
ER stress, but it also blocks the hyper-activation of
autophagy by enhancing apoptotic cell death with
respond to excessive level of ER stress (Fig. 4).

It is already well known that besides Gadd34 has a
positive effect on apoptosis induction indirectly via
CHOP, Gadd34 also has direct positive effect on
induction of self-killing mechanism [41]. We investi-
gated how important are these two pathways in terms
of apoptosis induction when excessive level of ER is
combined with Gadd34 overexpression. Therefore, to

>
s

\< o
Level of apoptosis

0. Kapuy et al.

LS,

Apoptosis

«
‘@
o
S
-3
o
Q
o
* -
o
E
>
s
Apoptosis
1
- ==
1
[ |
vy

Fig. 5. Schematic figure of the stress
response mechanism and the various

Apoptosis outcomes.

further explore this question a mutant phenotype was
predicted by our computer simulations (Fig. 4C,D).
Firstly, Gadd34 level was increased (Gadd34-T = 2)
in the cell (i.e. simulating Gadd34 hyper-activation),
and then, the total level of CHOP was depleted
(CHOP-T = 0.2) upon ER stress (Fig. 4D). According
to the signal-response curves, autophagy inducer
remains active, and meanwhile, the activation threshold
for apoptosis gets completely diminished, suggesting
that cells cannot enter apoptotic cell death even at high
level of ER stress (Fig. 4D, panel left). We are able to
confirm that autophagy gets hyper-activated; mean-
while, apoptosis is not observed, suggesting that the
presence of Gadd34- to CHOP-positive feedback loop
is essential for the proper dynamical characteristic of
the control network. With this predicted mutant pheno-
type, we could also prove that the Gadd34-dependent
apoptosis induction indirectly via CHOP is much more

8 FEBS Letters (2019) © 2019 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.
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Fig. 6. Regulatory crosstalk is present both inside and between
the branches of UPR. The regulatory elements and their
connections of life-and-death decision when the autophagy
inducers, the apoptosis inducers and the ER stress sensors are
grouped together in isolated yellow, red, orange, black and blue
boxes, respectively. Dashed lines show how the molecules can
influence each other, and thicker line assumes stronger effect.
Blocked end lines denote inhibition.

robust than the direct effect on the apoptosis inducer.
Although the direct positive effect is still present in this
phenotype, it is not strong enough to win against the
accelerated Gadd34-dependent autophagy induction.

We claim that Gadd34 is crucial to control the
autophagy-dependent survival, but in the absence of
CHOP its hyper-activation might generate a sustained
autophagy response in the cell resulting in later a self-
cannibalism-induced cell death. However, the dynami-
cal feature of this mutant phenotype has to be proven
experimentally in the near future.

Conclusions

To fight for the maintenance of cellular homeostasis
upon various extracellular and intracellular stress
events is one of the crucial duties of the cells building
up a multicellular organism. Here, we investigate the
key regulatory motifs of the control network to show
that multiple feedback loops guarantee the irreversible
switch-like characteristic of life-and-death decision
upon an excessive level of ER stress.

To illustrate the importance of feedback loops in
the regulatory network, a simple metaphor is used

Cell survival in response to ER stress

(Fig. 5). In the absence of feedback loops, the foremen
can ask the builders to raise a bench. Depending on
whether there are more red or yellow workers, autop-
hagy or apoptosis will be more active, but both are
present in the cell (Fig. 5, upper panel). End of the
working hours, when the workers go home, both
autophagy and apoptosis turn off without any conse-
quence. If we assume that red and yellow workers are
enemies by forming a double-negative feedback loop
between them, the bench turns into a seesaw. In this
case, either the sum of the yellow workers or red
workers are larger (i.e. autophagy or apoptosis is
active), but they are mutually exclusive (Fig. 5, middle
panel). If the two foremen have a lunch break (i.e. ER
stress goes away), the seesaw can be in both positions.
However, if the former picture is supplemented by the
fact that the foremen are helping each other (repre-
senting a positive feedback loop between them), the
red workers will not only win over the yellow ones,
but by rolling down red balls on the seesaw, they can
make themselves active forever, even if the foremen
have a lunch break held (Fig. 5, lower panel). In this
way, we further proved that the one-way directionality
of switch-like apoptotic cell death is achieved via mul-
tiple feedback loops upon intolerable ER stress.

Since the cellular structure of vertebrates is so com-
plex, and their regulatory networks require robust
characteristics, therefore these above-mentioned multi-
ple feedback loops must be achieved on various levels
on ER stress response mechanism. It has recently
revealed that the main transmembrane signal transduc-
ers (i.e. PERK and IREI) can promote both autop-
hagy and apoptosis inducers with various strengths
[29]; and a positive feedback loop between them was
also suggested [29]. Novel experimental results suppose
that a crosstalk can be definitively observed between
the two branches of UPR (Fig. 6).

It is well known that ATF6, the promoter of the
third branch of UPR, can also induce both autophagy
and apoptosis under various stress events in human
cell lines [42.,43]. Besides, it has been also shown that
ATF6 can enhance CHOP transcription via binding to
its promoter sequence. This result suggests that a
crosstalk might be present between ATF6 and PERK
pathways and connection between ATF6 and IREIl
pathways is also possible. However, many data are still
lacking in the case of ATF6-dependent ER stress sen-
sor mechanism; therefore, further studies are required
to verify the presence of feedback loops in the control
network.

According to the experimental data (see Table S1),
here we show with a simple mathematical model that
these multiple feedback loops are also present inside
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the PERK branches of UPR. We claim that both Gad-
d34 and CHOP can enhance autophagy and apoptosis
inducers with various strengths and a positive feedback
loop between them is also suggested (Figs 2-4). Inter-
estingly, similar properties have been also discovered
for XBP1 and JNK1-P, the main targets of IRE1 (see
Tables S1 and S2). Although the spliced XBP1 is
mainly an autophagy inducer [44] and JNKI-P is cru-
cial for apoptosis induction [45], both proteins can
control positively the other stress response mechanism,
too [46,47]. Some data have already supposed that
JNKI1 has a positive effect on XBP1 (see Table S1);
however, the XBP1 -> JNK-P connection has not
proved directly yet. Interestingly, both sustained XBP1
activity and the absence of XBP1 cause cell death (see
Table S2). These results suggest that its regulatory role
inside the TRE1 branch is similar to the key effect of
Gadd34 inside the PERK branch. According to these
above-mentioned experimental data, we suppose that
positive feedback loop is present not only between the
branches of UPR, but they can be observed inside the
UPR branches between the key targets of ER stress
sensors, too (Fig. 6). We assume that both Gadd34 —
CHOP and XBP1 — JNK-P positive feedback loops
are essential to generate a robust stress response mech-
anism with respond to intolerable ER stress. ATF6
might also have downstream targets that control the
ER stress response mechanism similarly. We claim that
these connections might help to generate a robust life-
and-death decision of the control network in any cir-
cumstances. However, these connections require fur-
ther experimental study in the near future.

ER stress is seriously involved in various human
pathologies such as obesity, diabetes mellitus, several
neurodegenerative diseases (i.e. Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease) and many
others. Therefore, studying ER stress-related cellular
life-and-death decision with systems biological meth-
ods might have medical importance. Knowledge of the
key regulatory motifs and molecules of this decision-
making process might help us to enhance autophagy-
dependent survival. For example, it is well known that
intensive autophagy-dependent self-cannibalism might
extend viability upon Huntington’s disease; meanwhile,
inhibition of autophagy gets impaired the degradation
of the huntingtin aggregates [48]. If we thoroughly
explore the dynamic behaviour of the system; the exact
regulatory connections, necessary to enhance autop-
hagy-dependent survival, will be much more easily
investigated in the future. In addition, a better under-
standing of the dynamic behaviour of the control net-
work can reduce the cost of the further experiments.
With this method, we will be also able to verify novel

0. Kapuy et al.

drugs or natural compounds, which promote autop-
hagy, and therefore, we can expand lifespan of people
suffering from Huntington’s disease.

Our results confirm that this life-and-death decision
is controlled at multiple levels of the control network
during ER stress. This complex regulatory network
guarantees the precise decision-making between autop-
hagy-dependent survival and apoptotic cell death upon
ER stress. With regard to the ER stress-dependent dis-
eases, this knowledge might be used later to elaborate
a precise medical treatment for the patient.
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