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Autophagy and apoptosis are cellular processes that regulate cell survival and death, the former by
eliminating dysfunctional components in the cell, the latter by programmed cell death. Stress signals
can induce either process, and it is unclear how cells ‘assess’ cellular damage and make a‘life’ or ‘death’
decision upon activating autophagy or apoptosis. A computational model of coupled apoptosis and
autophagy is built here to analyze the underlying signaling and regulatory network dynamics. The
model explains the experimentally observed differential deployment of autophagy and apoptosis
in response to various stress signals. Autophagic response dominates at low-to-moderate stress;
whereas the response shifts from autophagy (graded activation) to apoptosis (switch-like activation)
with increasing stress intensity. The model reveals that cytoplasmic Ca2* acts as a rheostat that fine-
tunes autophagic and apoptotic responses. A G-protein signaling-mediated feedback loop maintains
cytoplasmic Ca?* level, which in turn governs autophagic response through an AMP-activated protein
kinase (AMPK)-mediated feedforward loop. Ca?*/calmodulin-dependent kinase kinase (3 (CaMKK(3)
emerges as a determinant of the competing roles of cytoplasmic Ca?* in autophagy regulation. The
study demonstrates that the proposed model can be advantageously used for interrogating cell
regulation events and developing pharmacological strategies for modulating cell decisions.

Autophagy is a cytoprotective homeostatic process in which cells digest their own cytoplasmic constituents or
organelles, and degrade them in the lysosomes, in response to diverse stress stimuli'. The resulting products
can be recycled to generate energy and build new proteins, hence the activation of autophagy as a protective
mechanism against starvation?. Autophagy also serves as a cellular quality control process that removes damaged
organelles or aggregates of misfolded proteins that may otherwise cause a broad range of diseases, including neu-
rodegenerative disorders’ and liver diseases*®. Yet, excessive autophagy has been linked to ‘autophagic’ cell death,
and autophagy activation has been pointed out to be harmful under certain disease conditions (e.g. cancer)®,
while recent studies suggest that autophagy might represent in those cases an attempt to prevent the inevitable
demise of the dying cells’. The modulation of autophagy has thus emerged as an important therapeutic strategy
for several diseases®®.

Due to a complex crosstalk between autophagy and apoptosis®, it is often unclear which specific interactions
contribute to pro-survival or pro-death effects in a given disease. A database has been developed!® for mining
the network of protein-protein interactions as well as transcription factors and miRNAs implicated in autophagy
regulation. While this database is a valuable resource that provides information on autophagy components and
regulators, there is a need to build in parallel models and methods that can leverage existing data and assist in
making mechanistic inferences on the dynamics of autophagic interactions. Our goal here is to present such a
tractable mathematical model to assess how cells orchestrate the dynamics of signaling networks to make ‘life’ vs.
‘death’ decisions, and how these are modulated by pharmacological interventions.

Our model includes mTOR and inositol signaling autophagic pathways and intrinsic apoptosis pathways
as well as their crosstalks mediated by Bcl2, caspases, p53, calpain and Ca?*. As will be shown below, using
a statistical model checking (SMC)-based framework!!, we generated a calibrated model that captures cellular
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heterogeneity, and closely reproduces the differential initiation and time evolution of autophagy or apoptosis in
response to nutritional, genotoxic, or endoplasmic reticulum (ER) stresses observed in single-cell experiments'2.
The model points to AMP-activated protein kinase (AMPK) as a key mediator of the competing roles of
intracellular (IC) Ca*", designated as Ca?*(IC). The Ca*"(IC) level, [Ca?"(IC)], acts as a rheostat that fine-tunes
autophagic and apoptotic responses, regulated by a positive (G-protein signaling) feedback loop and Ca**/
calmodulin-dependent kinase kinase 3 (CaMKKB) level. The model also enables the rapid assessment of the effect
of a series of drugs on the onset and development of autophagy or apoptosis, under different stress conditions.

Results

Quantitative model of coupled autophagy and apoptosis signaling network.  The model is com-
posed of five modules, which includes the major signaling cascades activated in response to nutritional, geno-
toxic, and ER stresses (Fig. 1a). The system is composed of 94 components, including the different activation,
binding or localizations states of involved proteins, and the dynamics of this system is represented by a system
of ordinary differential equations (ODEs). Supplementary Tables S1 and S2 list the components (and acronyms),
rate equations and parameters. We present below a brief description of each of these five modules (Fig. 1b).
Apoptosis module.  Following our previous model®, nuclear p53 gains transcriptional activity for pro-apoptotic
proteins represented by Bax and its activator, PUMA, under genotoxic (DNA) stress. Activated p53 induces
Mdm?2, which, in turn, inhibits p53 by facilitating its ubiquitination and translocation to the mitochondrium.

Mitochondrial p53 inhibits the anti-apoptotic protein Bcl-2, and activates Bax to promote the formation of
mitochondrial outer membrane permeability pores for the release of cytochrome ¢ (cyt ¢), which leads to caspase
activation. The process is amplified by a positive feedback loop in which caspase-truncated Bid (tBid) induces the
activation and subsequent oligomerization of Bax.

ER stress also triggers apoptosis, for example, through activation of c-Jun N-terminal kinases (JNK)-, pro-
tein kinase R (PKR)-like ER kinase (PERK)-, and death-associated protein kinase 1 (DAPK1)-dependent path-
ways'*#!1°, Further activation of caspase cascades by calpain due to the stress-induced release of ER Ca®* to the
cytoplasm is described in the calcium module.

Autophagy module. Autophagy involves the formation of a phagophore, which engulfs dysfunctional sub-
strates, protein aggregates, or organelles to form autophagosomes. The content of the autophagosome is degraded
through the lysosomal machinery’. Autophagic elimination involves several protein complexes such as the mTOR
complex 1 (mTORCI; autophagy suppressor) and the Unc-51-like autophagy-activating kinase 1 (ULK1; auto-
phagy promoter). Our model also includes mediators of autophagy progression such as Atg5, Beclin-1 and UV
radiation-resistance associated gene (UVRAG) protein and regulatory proteins (e.g. PKA and PKC) that inhibit
autophagy by phosphorylating LC3'6.

The above two processes are coupled in multiple ways: (i) UVRAG inhibits Bax, while it interacts with Beclin-1
to promote autophagy'’; (ii) Bcl-2 inhibits autophagy by interacting with Beclin-1'%, and can be suppressed by
truncated Atg5'; (iii) Bcl-2 also enhances autophagy via its interaction with inositol 1,4,5-trisphosphate recep-
tor (IP;R), an inhibitor of autophagosome formation®’; (iii) Activated caspases can cleave Beclin-1 to inhibit
autophagy?! and C-terminal Beclin-1 fragments enhance apoptosis by promoting the release of cyt ¢ from mito-
chondria?’; (iv) Cytoplasmic p53 inhibits autophagy by deactivating AMPK?, while nuclear p53 promotes auto-
phagy via transcriptional activation of damage-regulated autophagy modulator (DRAM) - a lysosomal protein that
induces autophagy*, and stimulation of JNK signaling pathways to trigger Bcl-2 phosphorylation®; (v) ER stress
also activates JNK, which phosphorylates (and inactivates) Bcl-2%; it also activates DAPK, which dissociates from
Bcl-2:Beclin-1 complex?’; (vi) Activated calpain cleaves Atg5 and Beclin-1 to inhibit autophagy, and truncates Bid
to induce apoptosis'>?%.

mTOR module. Under normal condition, mTORCL is phosphorylated and active (designated with superscript*);
mTORC1* binds ULK1 thus preventing its activation, and inactivates the transcription factor EB (TFEB)3, which
are essential proteins promoting autophagy. Under cellular stress, stimulation of PI3K-AKT-TSC1/2-RHEB path-
way inactivates mTORCI1#, leading to the release of ULK1 and activation of autophagy®. In parallel, nutrient
stress is sensed by AMPK, which inhibits mTORCI pathways as a mechanism for suppressing cell growth and
biosynthesis?. Specifically, AMPK releases and thus activates ULK1 which induces autophagy. It also inacti-
vates mMTORC1* by triggering the TSC1/2-RHEB cascade and directly phosphorylating a protein (Raptor) in
mTORC1'. Furthermore, AMPK is negatively regulated by cytoplasmic p53 and ULK1* and positively regulated
by CaMKK3 (see the calcium module)*.

Inositol module. 'The module is activated upon ligand-binding to G-protein coupled receptors (GPCRs), which
prompts the dissociation of the a-subunit of the intracellularly bound G protein from the 3- and ~-subunits.
Dissociation of activated Gas subtype, Ga*, stimulates the production of cyclic AMP (cAMP) upon binding onto
and activating adenylate cyclase (AC) that catalyzes the conversion of ATP to cAMP. The effects of Ga subtypes
Gaq and Gaid on AC are implicitly included through model parameters. cAMP blocks autophagy by activating
the exchange protein EPAC which, in turn, activates the phospholipase Ce (PLCe). PLCe* induces the production
of IP; and consequently, the release of Ca** from ER upon binding of IP; to its receptor IP;R, a ligand-gated Ca®*
channel, on the ER membrane®.

Calcium module. Ca®" translocates between the extracellular (EC) space, the cytoplasm and the ER, regu-
lated by voltage-gated and ligand-gated ion channels (e.g. IP;R) and pumps (e.g. SERCA)*!. Ca?*(IC) activates
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Figure 1. Reaction network model for autophagy-apoptosis crosstalk. (a) Schematic illustration of the main
components and their key interactions. Activating and inhibitory interactions are distinguished by different types
of arrows. Full names of compounds are given in Supplementary Table S1. (b) A more detailed diagram depicting
the network of protein-protein and protein-ion/metabolite interactions. The network is composed of five coupled
modules (calcium, inositol, mTOR, apoptosis and autophagy), shown in different background colors. Solid and
dashed arrows refer to physical (association/disassociation/translocation) and chemical reactions, respectively.
The complete list of reactions and interactions is presented in the Supplementary Table S2. Some components
involved in multiple modules (e.g. AMPK, IP;R, Bcl-2, Bax, Atg5) are shown at multiple places, for clarity. Selected
compounds/reactions identified as critical mediators of cell response are highlighted in red/blue ellipses.

CaMKKB, which phosphorylates (or activates) AMPK to promote autophagy* (see mTOR module). CaMKK3
also activates calpain. Calpain* activates the inositol pathway, inhibits autophagy (by cleaving Atg5)'’, and/or
induce apoptosis by activating Bax*.
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Figure 2. Comparison of model predictions with experimental training data. Experimental and simulated time
evolution of autophagic and apoptotic response of H4 cells to Torin-1 (a), staurosporine (STS) treatment (b),
and tunicamycin treatment (c,d) are shown. Dashed curves represent the results from simulations; the symbols
designate the experimental data points extracted from Xu et al.!2.

The calibrated model reproduces differential dynamics of autophagy and apoptosis in response
to nutritional-, genotoxic-, and ER-stress. We utilized image-based single-cell experimental data!?
generated in human neuroglioma H4 cells to estimate the unknown parameters. These cells express both the
GFP-LC3 and histone cluster 2-RFP (H2B-RFP) reporters. The GFP-LC3 reporter delineates cell boundaries and
also serves as an autophagy marker, while the H2B-RFP reporter was used as a marker of both nuclear boundary
and apoptosis'. The training data for model calibration is the time courses of autophagy and apoptosis under:
(i) 10, 40, 80, and 200 nM Torin 1 (or rapamycin, mTOR inhibitor) treatment (Fig. 2a), (ii) 0.02, 0.08, 0.32 and
2.5 pM staurosporine (STS, cytotoxic reagent that inhibits several kinases including PKC and PKA) treatment
(Fig. 2b), and (iii) 0.1 and 2.0 pM tunicamycin (ER stress-inducer) (Fig. 2¢,d). The resulting kinetic parameters
are listed in Supplementary Table S2. Figure 2 displays the excellent agreement achieved between the profiles gen-
erated by our simulations (dashed curves) and the experimental data (dots), using the optimized set of parameters.

We next proceeded to the validation of our model. Comparison of experimental'? (left panels; adapted from
Fig. 5A,B of Xu et al.'*) and computational results (right panel) in Fig. 3a demonstrates that our computations
reproduce the differential dynamics of autophagy and apoptosis observed in the single-cell analysis of H4 cells.
Specifically, STS-induced stress can stimulate autophagy (dotted curve) and/or apoptosis (solid curve) in the same
individual cells, and autophagy precedes apoptosis. Under low stress (0.5 pM STS; top diagrams), the onset of
autophagy protects the cells from death. In contrast, under high-stress conditions (2.0 pM STS; bottom diagrams),
temporary activation of autophagy (near =100 min) is not sufficient to prevent apoptosis: the early autophagic
response disappears with the cell's commitment to apoptosis.

Figure 3b shows the comparison of the model-predicted histograms (right panels) with the experimentally
observed probability densities (left panels) of autophagy (top) and apoptosis (bottom) levels in a population of H4
cells in response to 0, 10 and 24 h of starvation. 1,000 trajectories were generated in line with the prior distribu-
tions of initial concentrations (see Methods). The simulations accurately reproduce the experimentally observed
induction of autophagy (and not apoptosis) upon inhibition of mTOR. The distributions predicted in autophagy
levels of the cells under the same starvation conditions, consistent with experimental observations, indicate that
the model captures cell-to-cell variability, in addition to the average behavior.

We further validated our model using two additional datasets generated in rat kidney proximal tubular
(RPTC) cells® and rat adrenal medulla PC-12 cells®, respectively. Figure 3¢ shows the corresponding model
predictions (dashed curves), which quantitatively reproduce the experimentally observed (dots) time courses of
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Figure 3. Validation of the integrated model upon comparison of predictions with independent data
generated in different cell lines. (a) Experimental and simulated time evolution of autophagic and apoptotic
responses of a single H4 cell to STS treatment. (b) Experimentally observed probability densities and model-
predicted histograms of autophagy and apoptosis levels in a population of H4 cells in response to 0, 10 and
24h of starvation. (c) Experimental and simulated time evolution of autophagic and apoptotic responses of
RPTC cells to cisplatin treatment. The dashed curves are obtained by computations; symbols designate the
experimental data points. (d) Experimental and simulated abundance of LC3-1IJ, cleaved caspase 3, DRAM,
PUMA, Bax, phosphorylated AMPK, and the active form of mTOR in PC-12 cells in response to 12 and 24h
colistin treatment. The experimental data in panels a,b,c and d, refer to the results from Xu ef al.'?, Periyasamy-
Thandavan et al.**, and Zhang et al.*®, respectively.

autophagy and apoptosis of RPTC cells in response to 20 uM cisplatin (ER stress-inducer). Here the autophagy
level was measured as the densitometry of LC3-II signals in immunoblots; and the apoptosis level was reported
as the percentage of apoptotic cells assessed by morphological methods®. Figure 3d further shows that the model
predictions (gray bars) are consistent with the western blotting-based experimental data (blue bars): mainly, 12
and 24 h treatments with 125 pg/ml colistin (genotoxic stress-inducer) increase the abundance of LC3-II (auto-
phagy marker), activated caspase 3, DRAM, PUMA, Bax, phosphorylated AMPK, and cytoplasmic p53, and have
an inhibitory effect on the expression of the activated form of mTOR in PC-12 cells.

The above results show that our model predictions quantitatively match not only the training data (H4 cells,
Fig. 2) but also the independent test data (H4, RPTC, and PC-12 cells, Fig. 3). The slight difference between the
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autophagy (a) and apoptosis (b), grouped by the corresponding major component (labeled). Parameter index
(abscissa) refers to Supplementary Table S2. (c) The core regulatory network composed of key determinants of
cell decision.

predicted and measured AMPK* level may be due to the simplifications assumed by our model and further
refinement is probably necessary. The high predictive-performance of our model benchmarked against these
diverse testing data establishes the validity of the model and confirms that the model parameters have not been
overfitted. With that, we now proceed to further investigating and unravelling the major effects and mechanisms
that regulate autophagy/apoptosis under different stress conditions.

Sensitivity analysis indicates that Ca* release from ER, and regulation by p53, calpain, AMPK
are key determinants of cell fate. We first made a quantitative assessment of the components and reac-
tions that are essential to cell fate decision. To this aim, we used a multi-parametric sensitivity analysis (MPSA)
based on SMC!! (see Methods). Outputs used as criteria were autophagy and apoptosis levels induced by 0.5 uM
STS. Figure 4 panels a,b present the global sensitivity values to various reactions, organized by representative
reactants (labeled in different colors), obtained by varying the kinetic parameters within the ranges listed in the
Supplementary Table S3.

Components whose kinetics exert strong effects on cell regulation/death are classified into three clusters: those
influential on (i) both autophagy and apoptosis, (ii) only autophagy, and (iii) only apoptosis. The inositol module
reactions associated with cAMP-PLCe-IP;-IP;R*-Ca*"-calpain- pathway (highlighted in red ellipses in Fig. 1b)
emerge as major determinants of both autophagy and apoptosis. This points to the role of [Ca?*(IC)] released
from the ER as the product of this pathway, which further promotes this pathway as an activator of calpain.

p53 also plays an important role in both apoptosis and autophagy, and couples to Ca?* signaling via Bcl-2.
Both Ca*" and p53 regulate the activation/inhibition of AMPK (dark blue ellipses in Fig. 1b), which, in turn,
favors autophagy, hence the emergence of the AMPK peak in Fig. 4a.

Beclin-1, like calpain, p53 and AMPK, occupies a central role in the crosstalk between the two pathways.
Notably, the cleavage of Beclin-1 by caspases inhibits autophagy, and contributes to the overall commitment to
apoptosis via a positive feedback loop that promotes cyt c release (Fig. 1b). Protease-induced changes of autophagy
proteins such as Beclin-1, Atg5 have been reported to trigger a switch from autophagic to apoptotic response!®*>2,
In our model, the autophagy-inhibitory effect of Beclin-1 cleavage is apparent by the sharp (light blue) peak in
Fig. 4a, while the apoptosis-enhancing effect is eclipsed by that of Bax/tBid-mediated apoptosis-amplifying loop.
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Figure 5. Role of [Ca*"(IC)] in the onset of autophagy vs apoptosis as a function of stress intensity. (a) Time
evolution of [Ca?*(IC)] as [SERCA] varies from to 1 to 100 nM for low dose (0.5 M) of STS and high dose
(2pM) of STS. (b,c) Accompanying time evolutions of autophagy (b) and apoptosis (c).

The peaks appearing in both panels a and b of Fig. 4 thus underscore the biphasic behavior of autophagy
observed in H4 cells in response to increasing STS dosage'?. The cell’s first homeostatic response appears to
induce autophagy at low stress/toxicity but it resorts to apoptosis with increasing stress levels. The onset of apop-
tosis is accompanied by termination of autophagy, hence the observed modest control of autophagy by compo-
nents known to dominate apoptosis.

A schematic description of the flow of information between the key components distinguished in the above
sensitivity analysis is presented in Fig. 4c. At the center of the diagram is the release of Ca** by IP;R fueled by
a positive feedback loop (blue arrows) involving calpain®*, cAMP, and PLCe*. The net effect of this loop is to
suppress autophagy. However, this effect is countered by Bcl-2 that inhibits the IP;R. Yet, Bcl-2 simultaneously
suppresses autophagy by inhibiting Beclin-1; whereas calpain* and p53 attenuate the effects of Bcl-2. The diagram
also points to two competing roles of increased [Ca?*(IC)]: suppression of autophagy through calpain*; and pro-
motion of autophagy, via a feedforward loop that involves CaMKKB* and AMPK*. The autophagy-upregulating
role of AMPK* is further reinforced by inhibition of mMTORCI and upregulaton of ULK1; however, AMPK* is
deactivated by p53. Thus, ER membrane Ca®" channels (represented here by IP;R), p53, AMPK, calpain, and
Bcl-2 emerge as master regulators of cell decision between apoptosis and autophagy, their effect being closely
associated with the modulation of intracellular Ca?* levels.
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Cytoplasmic Ca?* functions as a rheostat that fine-tunes the timing of autophagic and apop-
totic responses. We next turn our attention to the mechanism of action of Ca?*(IC). The release of Ca?*
from the ER is enabled upon activation of ER membrane receptors by secondary messengers (i.e. IP;R activation
by IP,). Ca®* is conversely transferred from the cytoplasm to the ER lumen by ATPase pumps such as sarco/
ER Ca?*-ATPase (SERCA). To investigate the effect of alterations in [Ca?*(IC)] on autophagy regulation, we
increased in silico the expression level of SERCA and simulated the autophagy profiles in response to low and high
levels of stresses (Fig. 5). Note that the same effect on [Ca*"(IC)] could alternatively be induced by inhibiting Ca®*
channels on cell membrane or ER membrane.

Figure 5a shows the decrease in [Ca?*(IC)] upon increasing [SERCA], at low (left) and high (right) stress.
At low stress, a graded increase in autophagic response is observed in silico (Fig. 5b); whereas under high stress,
the autophagic response is faster and of shorter duration: it reaches its peak around 10h, even with moderate
increases in [SERCA],, after which it gives way to apoptosis (Fig. 5¢), i.e. the onset of apoptosis concurs with the
weakening of autophagy. A surge in apoptotic response is robustly elicited by the initial reduction in [Ca*"(IC)] in
accordance with the bistability of apoptosis®®, the transition being sharper and faster under high stress. Decrease
in [Ca?*(IC)] under low stress i silico, on the other hand, exerts a moderate effect on the strength and/or timing
of apoptotic response (Fig. 5b).

Taken together, our in silico results suggest a ‘rTheostat’ mechanism regulated by calcium signaling, which
enables the cell to fine tune its response to stress. The cell copes with low stress conditions by initiating an auto-
phagic response, if [Ca?"(IC)] is sufficiently low; but if [Ca>*(IC)] is high, the same mediators of cell response
that otherwise favor autophagy alter the cell commitment toward programmed death, the switch in the behavior
being sharper and faster under high stress.

Ga signaling and ensuing PLCe activation maintain cytoplasmic Ca* level through a positive
feedbackloop. Asillustrated in Fig. 1a and summarized in Fig. 4c, [Ca?*(IC)] is regulated by a positive feed-
back loop formed by the G-protein a-subunit that drives cAMP production by AC, and IP; signaling that in turn
activates calpain, which further stimulates the inositol pathway, and so on. Here we focus on this effect. To this
aim, we varied the initial concentration, [AC],, of AC, and evaluated the effect on cAMP production and ensuing
stimulation of EPAC and PLCe on [Ca?*(IC)]. We also repeated the simulations under high and low influx of
Ca?* to the cytoplasm from other sources, here modulated by varying SERCA levels/activity.

Figurementary Figure Sla shows that knocking down AC leads to a graded reduction in cAMP level as
expected, the reduction being more pronounced with high [SERCA], (100 nM). Of interest is the concurrent
non-uniform changes in [Ca?*(IC)] (Fig. 6a). [Ca?"(IC)] exhibits a complex time evolution, depending on the
extent of downregulation of cAMP (or EPAC/PLCe) and upregulation of SERCA: (i) when the supply of Ca*" is
sufficiently high (e.g. with [SERCA],= 10nM), [Ca?*(IC)] is bistable; it maintains a high level even with a small
stimulation of EPAC/PLCe activation via G-protein signaling, but it is severely depleted in the absence of such
signaling (Fig. 6a), (ii) in the opposite case of an upregulated SERCA which promotes the removal of Ca**(IC)
from the cytoplasm into the ER, there is a first decrease in [Ca®*(IC)]; but the suppression of [Ca?"(IC)] cannot be
sustained due to the restoring effect Ga-signaling after 24 h, approximately. (Fig. 6b). The positive feedback loop
mediated by calpain and PLCe thus plays a key role in restoring and maintaining the physiological cytoplasmic
Ca?* levels. Once Ca**(IC) is boosted to a certain level, it robustly maintains its level by this cellular feedback.

CaMKK@ shapes the role of cytoplasmic Ca%* in regulating autophagy. Cytoplasmic Ca>* plays a
dual role in autophagy: it inhibits autophagy upon activation of calpain and IP;R; and enhances autophagy upon
activation of AMPK in a CaMKK(3-dependent manner (respective blue and red arrows in Fig. 4c). This forms an
incoherent type 1 feedforward loop (I1-FFL), a motif frequently seen in biological networks®”. The effect of cyto-
plasmic Ca?* thus depends on the balance between these opposing actions. Which effect dominates, under which
conditions? Fig. 5 suggests the dominance of the former (at least in H4 cells under low stress, with [SERCA],
varying in the range 1-100 nM), that is, increase in [Ca?*(IC)] suppresses autophagy and promotes apoptosis.

Given the complexity of [Ca**(IC)] time evolution observed in Fig. 6a,b, we investigated whether there might
be a reversal in the anti-autophagic/pro-apoptotic effect of Ca**(IC) increase upon modifying the levels/rates
of other components/reactions in the calcium signaling module. To this aim, we increased the amount of acti-
vated CaMKKS@. Figure 6¢ obtained under the same conditions with [SERCA], =77 nM, confirms that increased
[CaMKKGB],, which also leads to higher [CaMKK3*], enhances autophagy. This effect is, however, temporary;
it disappears after 20-40 hours, as autophagic response gives way to apoptosis. The termination of autophagy is
expedited (with minimal dependence on [CaMKK@]) under high stress (Fig. 6d).

To evaluate the overall role of cytoplasmic Ca?" in regulating autophagy, we define a variable A that measures
the change in autophagy level in response to doubling the steady state level [Ca?*(IC)], of cytoplasmic Ca*". As
shown in Fig. 5e, for high [CaMKK@],, doubling [Ca*"(IC)], (e.g. by knocking down SERCA) enhances auto-
phagy (A > 0). In contrast, for low [CaMKK@],, doubling [Ca*"(IC)], results in a decrease in autophagy (A < 0)
(Supplementary Fig. S2).

This analysis implies that whether cytoplasmic Ca?* up- or down-regulates autophagy depends on the initial
concentration of CaMKK@. Figure 6f shows the response curve of A as a function of [CaMKKp],. While the effect of
increased Ca** levels remains proapoptotic for a broad range of [CaMKKp], beyond a certain (high) level, there is
a switch to pro-autophagic response. This result suggests that cell types with different levels of CaMKKJ expression
may exhibit opposite responses to autophagy-modulating drugs (e.g. verapamil) that target [Ca*"(IC)].

In silico simulations reveal potential pharmacological strategies for controlling cell fate. The
model developed here permits us to interrogate various treatment scenarios and evaluate their efficacies for either
enhancing autophagy to protect normal cells or enhancing apoptosis to kill cancer cells. Figure 7 illustrates the
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Figure 6. Significance of cAMP and CaMKK@ in modulating the response of the cell to varying IC Ca" levels.
The in silico cellular stress is induced by administering a low dose (0.5 uM) of ST, except for panel f where
[STS]=2uM. (a,b) Time evolution of [Ca*"(IC)] under different initial concentrations of AC, for low (a) and
high (b) [SERCA]. [cAMP] produced by AC varies from 10 (low) to 100nM (high). (¢,d) Simulated development
of autophagy for 0.01 < [CaMKKp3], < 1 nM, under low (c) and high (d) stress. The propensity of the cell for
autophagy increases with increase in [CaMKKJ3],. (e) Simulated profiles of autophagy (magenta) accompanying
the changes in [Ca?>*(IC)] (red) in the presence of elevated [CaMKKp],. The enhancement in autophagy level due
to change in [Ca?*(IC)],, by a factor of 2, is designated by A, which is the maximum difference between the two
curves. (f) Dose-response curve of A as a function of [CaMKKS],. IC Ca*" downregulates autophagy in general
(see Fig. 5) despite the opposing effect of CaMKKB, except for elevated (>10° nM) [CaMKK@].

simulated treatment efficacy of low dose of eight FDA-approved drugs under three different levels of stress. The
known (major) target and action of each drug are indicated along the left abscissa in Fig. 7. For each level of stress,
the left column shows the extent of autophagic response, and the right column shows the extent of apoptotic
response, i.e. odd and even columns represent the predicted fold changes in autophagy and apoptosis levels,
respectively, in response to drug treatment. In general enhancement of autophagy is accompanied by suppression
of apoptosis and vice versa, although the individual drugs, under different stress conditions exhibit rather com-
plex effects due to the involvement of their targets in multiple interconnected pathways that may have counter
effects, as we discuss below.
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Figure 7. Cell response to different treatments predicted in silico under different stress conditions. The
simulated autophagy and apoptosis level in response to low, medium, and high dose of STS stress, when the
cells are subjected to the drugs listed along the left abscissa. The color-coded entries represent the fold change
in autophagic (odd columns) and apoptotic (even columns) responses, relative to those in the absence of
treatment.

The mTORCI inhibitor rapamycin enhances autophagy irrespective of the stress level, and has practically no
effect on apoptosis. This is consistent with experimental observations using H4 cell line (neuroglioma)*.

AMPK was distinguished here as a key up-regulator of autophagy, and upregulating AMPK enhances auto-
phagy and may slightly hinders apoptosis due the elimination of the stress by autophagy (Supplementary Fig. S3).
Metformin is known to upregulate AMPK, while a recent study also indicate that metformin downregulates
the expression of Bcl-2 and upregulates the expression of Bax®. Inclusion of these promiscuous effects of met-
formin in the model, led to either simultaneous enhancement of autophagy and apoptosis or enhanced apopto-
sis but suppressed autophagy, depending on the strength of pro-apoptotic effects of metformin on a particular
cell line (Fig. 7). These results are consistent with the observations that metformin promote autophagy and
apoptosis in esophageal squamous cell carcinoma*’, while promoting apoptosis but suppressing autophagy in
glucose-deprived H4IIE hepatocellular carcinoma cells*!. The model thus permits us to better assess the effects of
promiscuous drugs, or interpret their polypharmacological effects.

Spautin-1, an inhibitor of Beclin-1, effectively suppresses autophagy under all conditions and its effect on
apoptosis is minimal, except for low stress conditions. This is consistent with the experimental observations in H4
cells and Madin-Darby canine kidney epithelia (MDCK) cells*2.

BH3 mimetics (which disrupts the interaction between Bcl-2 and Beclin-1), verapamil (which lowers
[Ca**(IC)]), clonidine (which lowers [cAMP]), and lithium (which lowers [IP;]) have similar actions and effi-
cacies. Under low level of stress, they enhance autophagy and suppress apoptosis, while for medium and high
levels of stress, they essentially enhance autophagy. BH3 mimetics (e.g. ABT-737) have been reported to induce
autophagy for multiple cell lines (e.g. HeLa, U20S, HCT116)***, suggesting that the interaction between Bcl-2
and Beclin-1 might be a robust drug target for enhancing autophagy. Both verapamil and clonidine have been
shown to induce autophagy in PC12 cells**. Our prediction is also consistent with the observation that with the
same dosage (1 uM), verapamil induces a higher level of autophagy than does clonidine. The role of lithium on
inducing autophagy has been demonstrated in H4 cells and PC12 cells***’.

Interestingly, PUMA inhibition shows remarkable pro-survival effects: it enhances autophagy and suppresses
apoptosis under all conditions. This is consistent with the results from sensitivity analysis which highlighted
the strong inhibitory effect of apoptosis on autophagy (via the cleavage of Beclin-1 by caspases). It implies that
radiation mitigators may enhance pro-survival autophagy in injured cells to further prevent cell death. PUMA
inhibitors have been shown to efficiently inhibit apoptosis using multiple cell lines*®, while their upregulation of
autophagy requires further confirmation.

Taken together, these results indicate that: (i) to protect normal cells against stress-induced cell death, upreg-
ulation of AMPK, which simultaneously activates multiple downstream autophagic pathways, and inhibition of
PUMA®, could be highly efficacious strategies; (ii) In contrast, Beclin-1 inhibitors such as spautin-1 may improve
the efficacy of apoptosis-inducers and may be advantageously used for pre-empting autophagic response and
enabling the elimination of cancer cells with high apoptotic thresholds.

Discussion

Autophagy has been referred to as a form of programmed cell death in several studies, named as ‘autophagic cell
deatl’ (ACD) or ‘type II cell-deathy, since programmed cell death was often associated with enhanced autophagy
and depended on autophagy-associated proteins to a certain context*. However, recent evidence led to a debate
on the existence of ACD”*’. Our current understanding is that though ACD exists in rare situations, a more gen-
eral scenario is that autophagy precedes apoptosis in the same cell in order to adapt to or cope with non-lethal
stress!, and apoptosis occurs when the stress exceeds a critical threshold of intensity or duration®. The present
study provides firm quantitative description in support of the validity of this interplay between autophagy and
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apoptosis. In most cases, autophagy and apoptosis mutually inhibit each other and the onsets of autophagy and
apoptosis are governed by cell fate decision processes that have broad pathophysiological implications®*!. We
presented here a calibrated computational model (Fig. 1) for the kinetics of autophagic and apoptotic pathways
crosstalk, which successfully reproduces a wealth of experimental data (Figs 2 and 3), and provides a computing
platform for generating new hypotheses, including the predictions presented in Figs 4-7.

Our analysis identified a core regulatory network for autophagic and apoptotic responses (Fig. 4c). Specifically,
cytoplasmic Ca?*, p53, AMPK, calpain, Beclin-1, and Bcl-2 emerged as key components whose expression and/or
activities significantly affect cell decision. Ca?* and p53 act as master regulators that tightly control cell decisions
through AMPK and Bax activation pathways, respectively. Cleavage of Beclin-1 by caspases confers a concrete
switch from autophagy to apoptosis. A positive feedback loop formed by components in the Ga signaling and
inositol pathways including calpain is critical to exerting the pro-apoptotic effect of [Ca?*(IC)], which in parallel
maintains a graded autophagic response through a feedforward loop mediated by CaMKK@ and AMPK. Our
model also predicts that the CaMKK@ activation may act as a determinant of the dual/opposite roles of cyto-
plasmic Ca?" as well as treatment efficacy. While increased [Ca?*(IC)] usually inhibits autophagy (in favor of
apoptosis), this effect can be reversed in cells that express high levels of CaMKK@.

Previous modeling works have focused on apoptosis®*->*. Recent progress on modeling of autophagy either
focused on specific modules such as autophagic vesicle dynamics®> and mTORC1-ULK]1 interaction®® or used
over-simplified networks®”*%. In a recent study®’, a relatively larger cancer-specific model of 13 ODEs has been
built and calibrated. Unfortunately, the model has not been further advanced and thus no new knowledge has
been derived so far from that model.

Here, we have developed a first comprehensive and calibrated kinetic model of the autophagy-apoptosis cross-
talk. Our model consists of 94 components which cover many important stress-sensing pathways (Fig. 1b). The
model is generic, and its parameters can be calibrated to capture the pathway activation/dynamics in specific
cell types based e.g., on single-cell dynamical protein expression profiles. We have demonstrated that our model
was able to reproduce single-cell and population-based measurements of autophagic and apoptotic responses of
human neuroglioma cells, rat kidney proximal tubular cells, and rat adrenal medulla cells under nutritional, gen-
otoxic, and ER stresses (Figs 2 and 3). LC3 is a widely used marker for autophagosome formation. However, both
GFP-LC3 and LC3-II suffer from limitations as measures of autophagy level®. Fluorescence microscopy based
GFP-LC3 approach also suffers from the difficulties of quantifying puncta number and distinguishing GFP-LC3
aggregates from true autophagosomes, while LC3-II measured in biochemical assays presumably include some
population of LC3-II generated in an autophagosome-independent manner. To overcome these limitations, we
have validated our model using both GFP-LC3 (Fig. 3a,b) and LC3-II (Fig. 3¢,d) data. We have demonstrated that
our calibrated model serves as a platform for gaining insights into the underlying time-dependent interactions
(Figs 4-6), as well as interrogating the network of interactions and cell fate decisions toward determining treat-
ment strategies in favor of autophagy (for healthy cells under stress) or apoptosis (for cancer cells) (Fig. 6).

Live imaging and single-cell analysis have indicated that autophagy proceeds via a graded dynamics whereas
apoptosis onset obeys a switch-like behavior'2. However, the underlying mechanism remained unclear. Our pre-
vious work"? has shown that the positive feedback loop, Bax* — caspase — tBid — Bax*, is critical to sustaining
caspase activity, and thereby controlling the switch-like dynamics of apoptosis. This positive feedback loop is also
observed here to be responsible for the all-or-none bimodal dynamics of apoptosis in the presence of the coupling
to autophagic pathways, as it mediates the pro-apoptotic effects associated with other components such as calpain
and Ca**(IC). As autophagy precedes apoptosis, it could start eliminating dysfunctional entities when the stress
levels are not sufficiently high to trigger the caspase/tBid feedback loop. Autophagic events thus delay, if not pre-
vent, apoptosis (maintaining ‘off” state). This points to the importance of intervention timing for pre-empting the
potential commitment of the cell to apoptosis, while the cell is disposing dysfunctional elements via autophagy.

When the stress level or duration reaches an apoptotic threshold, the positive feedback loop that ensures the
sustained caspase cascade and the apoptotic machinery switches from ‘off to ‘on’ state. Upon committing to apop-
tosis, the cell shuts down autophagy and recruits other proteins (otherwise involved in both autophagic and apop-
totic events) to promote apoptosis. Previous work® hypothesized that this change in course is mainly due to the
cleavage of Beclin-1 by caspase. Our sensitivity analysis corroborates that Beclin-1 cleavage by caspases is of utmost
importance (Fig. 4a). However, our sensitivity analysis also highlights other important players and interactions. In
particular, a unique incoherent type 1 feedforward loop (I11-FFL) involving CaMKK3, AMPK, calpain, cAMP and
IP;R emerged here as a determinant of [Ca*"(IC)], and consequently up- or down-regulation of autophagy. A dual
role of Ca?>*(IC) in autophagy emerges from a large number of contradicting evidences®'. Elevated levels of Ca?*
have been reported to promote autophagy, while inhibitors of intracellular Ca*" currents have been also found to
promote autophagy®!. Our results indicate that the balance between the two (red and blue) branches in Fig. 4c defines
the decision/fate of the cell. Calpain is part of the cAMP-mediated positive feedback loop for sustaining [Ca®*(IC)];
it also activates apoptosis via Bid activation. Thus, its complex role hinders calpain as a modulator to shape the role
of Ca**(IC). Controlling CaMKKB levels on the other hand emerges as a viable therapeutic strategy.

CaMKKS is a versatile regulator of the CaMKs and involved in regulating many cellular processes such as glu-
cose homeostasis and inflammation®. The expression of CaMKKS varies in different cell types and tissues. Our
results imply that overexpression of CaMKK@ can switch cytoplasmic Ca?* from an inhibitor to an enhancer of
autophagy (Fig. 6f). Ca?*(IC)-modulating drugs (e.g. verapamil) should thus be used in a cell/context-dependent
manner, since the expression and activity level of CaMKKJ3 might influence the drug’s efficacy. Recent evidence
indicates that CaMKXKJ@ is expressed at very low levels in normal prostate, but accumulates in prostate cancer
cells®. Consequently, enhanced activation of the CaMKK(3-AMPK pathway may increase autophagy and elevate
the threshold for the onset of apoptosis, and thereby prevent the elimination of prostate cancer cells. In such
context, Ca?*(IC)-reducing drugs might be potentially used in combination with apoptosis-inducers to suppress
autophagy and enhance apoptosis.
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Calcium is released from the ER by ryanodine receptors, too®. The opening of ryanodine receptors is trig-
gered by ADP ribose. This mechanism is similar to the IP;R-dependent calcium release, thus in our model, IP;R
may be viewed as a membrane protein representative of ligand-gated receptors that release calcium from the ER,
including RYR. Further, sources of Ca*" intake from the EC region include voltage-gated calcium channels and
ligand-gated receptors such as NMDA receptors and PMCA (and Na*/Ca?t exchangers) that pump Ca*" from
the cytosol to the EC region®. In the current model, we implicitly modeled these processes by assuming constant
level of Ca>" intake from the EC medium, but these proteins actually represent alternative targets for modulating
autophagic responses via altering Ca*" levels. Extension of the current model to explicitly include these com-
ponents and their interactions will increase the utility of the model as a platform for designing and evaluating
alternative treatment strategies.

Methods

Mathematical modeling. The dynamics of the reaction network (Fig. 1b) was modeled as a system of 94
ODEs. The reactions and associated parameters are presented in Supplementary Table S2. Reaction rates for pro-
tein association, disassociation, catalysis, transcriptional regulation and decay were modeled using mass action
kinetics. The cell-to-cell variability was addressed by assuming probability distributions over the initial con-
centration and rate constants (see Supplementary SI Methods for details). We defined the apoptosis score as a
normalized value of [caspase*]. The integration of apoptosis score over time was then used to predict apoptotic
cell percentage. We defined the autophagy score as a normalized value of [autophagosome]. In silico single-cell
analysis (Fig. 3a) was performed by drawing a random sample from the distributions of initial states, while in
silico population-based analysis was performed by drawing a representative set of samples (i.e. 1,000 samples for
Fig. 3b, 100 samples for Figs 2, 3¢,d, 5-7) from the distributions of initial states. The ODE system was solved using
SUNDAILS package®.

Model calibration and sensitivity analysis. Parameter estimation and global sensitivity analysis were
performed with statistical model checking (SMC)-based methods'! (see Supplementary SI Methods for details).
We encoded the training data (Fig. 2) as a bounded linear temporal logic (BLTL) formula to construct an objec-
tive function and used our SMC tool to sample prior distributions of parameters and search for parameters with
the global minimum objective values in the parameter space. The global sensitivity analysis was performed with
a SMC-based MPSA method!!. We encoded the training data on autophagy (Fig. 2a,c) and apoptosis levels
(Fig. 2b,d) separately as BLTL formulae to construct two objective functions. A representative set of samples were
drawn from the parameter space and classified into two groups based on their corresponding objective values
computed using our SMC tool. The reported global sensitivities were calculated as the Kolmogorov-Smirnov
statistics of cumulative frequency curves associated with the two groups.

References
1. Kroemer, G., Marino, G. & Levine, B. Autophagy and the integrated stress response. Mol Cell 40, 280-293, https://doi.org/10.1016/j.
molcel.2010.09.023 (2010).
2. He, C. & Klionsky, D. J. Regulation mechanisms and signaling pathways of autophagy. Annu Rev Genet 43, 67-93, https://doi.
org/10.1146/annurev-genet-102808-114910 (2009).
3. Boya, P, Reggiori, F. & Codogno, P. Emerging regulation and functions of autophagy. Nat Cell Biol 15, 713-720, https://doi.
org/10.1038/ncb2788 (2013).
4. Hidvegi, T. et al. An autophagy-enhancing drug promotes degradation of mutant alphal-antitrypsin Z and reduces hepatic fibrosis.
Science 329, 229-232, https://doi.org/10.1126/science.1190354 (2010).
5. Czaja, M. J. et al. Functions of autophagy in normal and diseased liver. Autophagy 9, 1131-1158, https://doi.org/10.4161/auto.25063
(2013).
6. Marino, G., Niso-Santano, M., Baehrecke, E. H. & Kroemer, G. Self-consumption: the interplay of autophagy and apoptosis. Nat Rev
Mol Cell Biol 15, 81-94, https://doi.org/10.1038/nrm3735 (2014).
7. Shen, S., Kepp, O. & Kroemer, G. The end of autophagic cell death? Autophagy 8, 1-3, https://doi.org/10.4161/auto.8.1.16618 (2012).
8. Rubinsztein, D. C., Codogno, P. & Levine, B. Autophagy modulation as a potential therapeutic target for diverse diseases. Nat Rev
Drug Discov 11, 709-730, https://doi.org/10.1038/nrd3802 (2012).
9. Menzies, F. M., Fleming, A. & Rubinsztein, D. C. Compromised autophagy and neurodegenerative diseases. Nat Rev Neurosci 16,
345-357, https://doi.org/10.1038/nrn3961 (2015).
10. Turei, D. et al. Autophagy Regulatory Network - a systems-level bioinformatics resource for studying the mechanism and regulation
of autophagy. Autophagy 11, 155-165, https://doi.org/10.4161/15548627.2014.994346 (2015).
11. Palaniappan, S., Gyori, B., Liu, B., Hsu, D. & Thiagarajan, P. S. In Proceeding of the 11th Computational Methods in Systems Biology.
(eds A. Gupta & T.A. Henzinger) 120-134 (Springer).
12. Xu, Y., Yuan, J. & Lipinski, M. M. Live imaging and single-cell analysis reveal differential dynamics of autophagy and apoptosis.
Autophagy 9, 1418-1430, https://doi.org/10.4161/auto.25080 (2013).
13. Liu, B, Bhatt, D., Oltvai, Z. N., Greenberger, J. S. & Bahar, L. Significance of p53 dynamics in regulating apoptosis in response to
ionizing radiation, and polypharmacological strategies. Scientific Reports 4, 6245 (2014).
14. Szegezdi, E., Logue, S. E., Gorman, A. M. & Samali, A. Mediators of endoplasmic reticulum stress-induced apoptosis. EMBO Rep 7,
880-885, https://doi.org/10.1038/sj.embor.7400779 (2006).
15. Singh, P,, Ravanan, P. & Talwar, P. Death Associated Protein Kinase 1 (DAPK1): A Regulator of Apoptosis and Autophagy. Front Mol
Neurosci 9, 46, https://doi.org/10.3389/fnmol.2016.00046 (2016).
16. Wani, W. Y. et al. Regulation of autophagy by protein post-translational modification. Lab Invest 95, 14-25, https://doi.org/10.1038/
labinvest.2014.131 (2015).
17. Yin, X. et al. A critical role for UVRAG in apoptosis. Autophagy 7, 1242-1244, https://doi.org/10.4161/auto.7.10.16507 (2011).
18. Pattingre, S. et al. Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy. Cell 122, 927-939, https://doi.org/10.1016/j.
cell.2005.07.002 (2005).
19. Yousefi, S. et al. Calpain-mediated cleavage of Atg5 switches autophagy to apoptosis. Nat Cell Biol 8, 1124-1132, https://doi.
org/10.1038/ncb1482 (2006).
20. Rong, Y. P. et al. Targeting Bcl-2-IP3 receptor interaction to reverse Bcl-2’s inhibition of apoptotic calcium signals. Mol Cell 31,
255-265, https://doi.org/10.1016/j.molcel.2008.06.014 (2008).

SCIENTIFICREPORTS |7: 17605 | DOI:10.1038/541598-017-18001-w 12


http://dx.doi.org/10.1016/j.molcel.2010.09.023
http://dx.doi.org/10.1016/j.molcel.2010.09.023
http://dx.doi.org/10.1146/annurev-genet-102808-114910
http://dx.doi.org/10.1146/annurev-genet-102808-114910
http://dx.doi.org/10.1038/ncb2788
http://dx.doi.org/10.1038/ncb2788
http://dx.doi.org/10.1126/science.1190354
http://dx.doi.org/10.4161/auto.25063
http://dx.doi.org/10.1038/nrm3735
http://dx.doi.org/10.4161/auto.8.1.16618
http://dx.doi.org/10.1038/nrd3802
http://dx.doi.org/10.1038/nrn3961
http://dx.doi.org/10.4161/15548627.2014.994346
http://dx.doi.org/10.4161/auto.25080
http://dx.doi.org/10.1038/sj.embor.7400779
http://dx.doi.org/10.3389/fnmol.2016.00046
http://dx.doi.org/10.1038/labinvest.2014.131
http://dx.doi.org/10.1038/labinvest.2014.131
http://dx.doi.org/10.4161/auto.7.10.16507
http://dx.doi.org/10.1016/j.cell.2005.07.002
http://dx.doi.org/10.1016/j.cell.2005.07.002
http://dx.doi.org/10.1038/ncb1482
http://dx.doi.org/10.1038/ncb1482
http://dx.doi.org/10.1016/j.molcel.2008.06.014

www.nature.com/scientificreports/

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Yu, L. et al. Regulation of an ATG7-beclin 1 program of autophagic cell death by caspase-8. Science 304, 1500-1502, https://doi.
org/10.1126/science.1096645 (2004).

Wirawan, E. et al. Caspase-mediated cleavage of Beclin-1 inactivates Beclin-1-induced autophagy and enhances apoptosis by
promoting the release of proapoptotic factors from mitochondria. Cell Death Dis 1, e18, https://doi.org/10.1038/cddis.2009.16
(2010).

Tasdemir, E. et al. Regulation of autophagy by cytoplasmic p53. Nat Cell Biol 10, 676-687, https://doi.org/10.1038/ncb1730 (2008).
Crighton, D. et al. DRAM, a p53-induced modulator of autophagy, is critical for apoptosis. Cell 126, 121-134, https://doi.
org/10.1016/j.cell.2006.05.034 (2006).

Sui, X. et al. p53 signaling and autophagy in cancer: a revolutionary strategy could be developed for cancer treatment. Autophagy 7,
565-571 (2011).

Poommipanit, P. B., Chen, B. & Oltvai, Z. N. Interleukin-3 induces the phosphorylation of a distinct fraction of bcl-2. J Biol Chem
274,1033-1039 (1999).

Gozuacik, D. et al. DAP-kinase is a mediator of endoplasmic reticulum stress-induced caspase activation and autophagic cell death.
Cell Death Differ 15, 1875-1886, https://doi.org/10.1038/cdd.2008.121 (2008).

Russo, R. et al. Calpain-mediated cleavage of Beclin-1 and autophagy deregulation following retinal ischemic injury in vivo. Cell
Death Dis 2, e144, https://doi.org/10.1038/cddis.2011.29 (2011).

Gwinn, D. M. et al. AMPK phosphorylation of raptor mediates a metabolic checkpoint. Mol Cell 30, 214-226, https://doi.
org/10.1016/j.molcel.2008.03.003 (2008).

Verhulst, P. J., Janssen, S., Tack, J. & Depoortere, I. Role of the AMP-activated protein kinase (AMPK) signaling pathway in the
orexigenic effects of endogenous ghrelin. Regul Pept 173, 27-35, https://doi.org/10.1016/j.regpep.2011.09.001 (2012).

. Decuypere, J. P, Bultynck, G. & Parys, J. B. A dual role for Ca(2+ ) in autophagy regulation. Cell Calcium 50, 242-250, https://doi.

org/10.1016/j.ceca.2011.04.001 (2011).

Racioppi, L. & Means, A. R. Calcium/calmodulin-dependent protein kinase Kinase 2: roles in signaling and pathophysiology. J Biol
Chem 287, 31658-31665, https://doi.org/10.1074/jbc.R112.356485 (2012).

Berridge, M. J., Bootman, M. D. & Roderick, H. L. Calcium signalling: dynamics, homeostasis and remodelling. Nat Rev Mol Cell
Biol 4, 517-529, https://doi.org/10.1038/nrm1155 (2003).

Periyasamy-Thandavan, S. et al. Autophagy is cytoprotective during cisplatin injury of renal proximal tubular cells. Kidney Int 74,
631-640, https://doi.org/10.1038/ki.2008.214 (2008).

Zhang, L. et al. p53 Mediates Colistin-Induced Autophagy and Apoptosis in PC-12 Cells. Antimicrob Agents Chemother 60,
5294-5301, https://doi.org/10.1128/AAC.00641-16 (2016).

Bagci, E. Z., Vodovotz, Y, Billiar, T. R., Ermentrout, G. B. & Bahar, I. Bistability in apoptosis: roles of Bax, Bcl-2, and mitochondrial
permeability transition pores. Biophys ] 90, 1546-1559, https://doi.org/10.1529/biophysj.105.068122 (2006).

Hart, Y. & Alon, U. The utility of paradoxical components in biological circuits. Mol Cell 49, 213-221, https://doi.org/10.1016/].
molcel.2013.01.004 (2013).

Zhang, L. et al. Small molecule regulators of autophagy identified by an image-based high-throughput screen. Proc Natl Acad Sci
USA 104, 19023-19028, https://doi.org/10.1073/pnas.0709695104 (2007).

Gao, Z. Y. et al. Metformin induces apoptosis via a mitochondria-mediated pathway in human breast cancer cells in vitro. Exp Ther
Med 11, 1700-1706, https://doi.org/10.3892/etm.2016.3143 (2016).

Feng, Y. et al. Metformin promotes autophagy and apoptosis in esophageal squamous cell carcinoma by downregulating Stat3
signaling. Cell Death Dis 5, 1088, https://doi.org/10.1038/cddis.2014.59 (2014).

Park, D. B. Metformin Promotes Apoptosis but Suppresses Autophagy in Glucose-Deprived H4IIE Hepatocellular Carcinoma Cells.
Diabetes Metab ] 39, 518-527, https://doi.org/10.4093/dm;.2015.39.6.518 (2015).

. Liu, J. et al. Beclin1 controls the levels of p53 by regulating the deubiquitination activity of USP10 and USP13. Cell 147, 223-234,

https://doi.org/10.1016/j.cell.2011.08.037 (2011).

Maiuri, M. C. et al. BH3-only proteins and BH3 mimetics induce autophagy by competitively disrupting the interaction between
Beclin 1 and Bcl-2/Bcl-X(L). Autophagy 3, 374-376 (2007).

Malik, S. A. et al. BH3 mimetics activate multiple pro-autophagic pathways. Oncogene 30, 3918-3929, https://doi.org/10.1038/
onc.2011.104 (2011).

Williams, A. et al. Novel targets for Huntington’s disease in an mTOR-independent autophagy pathway. Nat Chem Biol 4, 295-305,
https://doi.org/10.1038/nchembio.79 (2008).

Sarkar, S. et al. Lithium induces autophagy by inhibiting inositol monophosphatase. J Cell Biol 170, 1101-1111, https://doi.
org/10.1083/jcb.200504035 (2005).

Zhou, Y. E, Wang, Q. X., Zhou, H. Y. & Chen, G. Autophagy activation prevents sevoflurane-induced neurotoxicity in H4 human
neuroglioma cells. Acta Pharmacol Sin 37, 580-588, https://doi.org/10.1038/aps.2016.6 (2016).

Mustata, G. et al. Development of small-molecule PUMA inhibitors for mitigating radiation-induced cell death. Curr Top Med Chem
11, 281-290, https://doi.org/10.2174/156802611794072641 (2011).

Tsujimoto, Y. & Shimizu, S. Another way to die: autophagic programmed cell death. Cell Death Differ 12(Suppl 2), 1528-1534,
https://doi.org/10.1038/sj.cdd.4401777 (2005).

Clarke, P. G. & Puyal, J. Autophagic cell death exists. Autophagy 8, 867-869, https://doi.org/10.4161/auto.20380 (2012).

Radogna, E, Dicato, M. & Diederich, M. Cancer-type-specific crosstalk between autophagy, necroptosis and apoptosis as a
pharmacological target. Biochem Pharmacol 94, 1-11, https://doi.org/10.1016/j.bcp.2014.12.018 (2015).

Spencer, S. L., Gaudet, S., Albeck, J. G., Burke, ]. M. & Sorger, P. K. Non-genetic origins of cell-to-cell variability in TRAIL-induced
apoptosis. Nature 459, 428-432, https://doi.org/10.1038/nature08012 (2009).

Purvis, J. E. et al. p53 Dynamics Control Cell Fate. Science 336, 1440-1444, https://doi.org/10.1126/science.1218351 (2012).
Wurstle, M. L., Zink, E., Prehn, J. H. & Rehm, M. From computational modelling of the intrinsic apoptosis pathway to a systems-
based analysis of chemotherapy resistance: achievements, perspectives and challenges in systems medicine. Cell Death Dis 5, 1258,
https://doi.org/10.1038/cddis.2014.36 (2014).

Martin, K. R. et al. Computational model for autophagic vesicle dynamics in single cells. Autophagy 9, 74-92, https://doi.
org/10.4161/auto0.22532 (2013).

Szymanska, P, Martin, K. R., MacKeigan, J. P, Hlavacek, W. S. & Lipniacki, T. Computational analysis of an autophagy/translation
switch based on mutual inhibition of MTORC1 and ULK1. PLoS One 10, e0116550, https://doi.org/10.1371/journal.pone.0116550
(2015).

Kapuy, O., Vinod, P. K., Mandl, J. & Banhegyi, G. A cellular stress-directed bistable switch controls the crosstalk between autophagy
and apoptosis. Mol Biosyst 9, 296-306, https://doi.org/10.1039/c2mb25261a (2013).

Holczer, M., Marton, M., Kurucz, A., Banhegyi, G. & Kapuy, O. A Comprehensive Systems Biological Study of Autophagy-Apoptosis
Crosstalk during Endoplasmic Reticulum Stress. Biomed Res Int 2015, 319589, https://doi.org/10.1155/2015/319589 (2015).
Tavassoly, I. et al. Dynamic modeling of the interaction between autophagy and apoptosis in mammalian cells. CPT Pharmacometrics
Syst. Pharmacol. 4, 263-272, https://doi.org/10.1002/psp4.29 (2015).

Mizushima, N., Yoshimori, T. & Levine, B. Methods in mammalian autophagy research. Cell 140, 313-326, https://doi.org/10.1016/j.
cell.2010.01.028 (2010).

SCIENTIFICREPORTS|7: 17605 | DOI:10.1038/541598-017-18001-w 13


http://dx.doi.org/10.1126/science.1096645
http://dx.doi.org/10.1126/science.1096645
http://dx.doi.org/10.1038/cddis.2009.16
http://dx.doi.org/10.1038/ncb1730
http://dx.doi.org/10.1016/j.cell.2006.05.034
http://dx.doi.org/10.1016/j.cell.2006.05.034
http://dx.doi.org/10.1038/cdd.2008.121
http://dx.doi.org/10.1038/cddis.2011.29
http://dx.doi.org/10.1016/j.molcel.2008.03.003
http://dx.doi.org/10.1016/j.molcel.2008.03.003
http://dx.doi.org/10.1016/j.regpep.2011.09.001
http://dx.doi.org/10.1016/j.ceca.2011.04.001
http://dx.doi.org/10.1016/j.ceca.2011.04.001
http://dx.doi.org/10.1074/jbc.R112.356485
http://dx.doi.org/10.1038/nrm1155
http://dx.doi.org/10.1038/ki.2008.214
http://dx.doi.org/10.1128/AAC.00641-16
http://dx.doi.org/10.1529/biophysj.105.068122
http://dx.doi.org/10.1016/j.molcel.2013.01.004
http://dx.doi.org/10.1016/j.molcel.2013.01.004
http://dx.doi.org/10.1073/pnas.0709695104
http://dx.doi.org/10.3892/etm.2016.3143
http://dx.doi.org/10.1038/cddis.2014.59
http://dx.doi.org/10.4093/dmj.2015.39.6.518
http://dx.doi.org/10.1016/j.cell.2011.08.037
http://dx.doi.org/10.1038/onc.2011.104
http://dx.doi.org/10.1038/onc.2011.104
http://dx.doi.org/10.1038/nchembio.79
http://dx.doi.org/10.1083/jcb.200504035
http://dx.doi.org/10.1083/jcb.200504035
http://dx.doi.org/10.1038/aps.2016.6
http://dx.doi.org/10.2174/156802611794072641
http://dx.doi.org/10.1038/sj.cdd.4401777
http://dx.doi.org/10.4161/auto.20380
http://dx.doi.org/10.1016/j.bcp.2014.12.018
http://dx.doi.org/10.1038/nature08012
http://dx.doi.org/10.1126/science.1218351
http://dx.doi.org/10.1038/cddis.2014.36
http://dx.doi.org/10.4161/auto.22532
http://dx.doi.org/10.4161/auto.22532
http://dx.doi.org/10.1371/journal.pone.0116550
http://dx.doi.org/10.1039/c2mb25261a
http://dx.doi.org/10.1155/2015/319589
http://dx.doi.org/10.1002/psp4.29
http://dx.doi.org/10.1016/j.cell.2010.01.028
http://dx.doi.org/10.1016/j.cell.2010.01.028

www.nature.com/scientificreports/

61. Hoyer-Hansen, M. et al. Control of macroautophagy by calcium, calmodulin-dependent kinase kinase-beta, and Bcl-2. Mol Cell 25,
193-205, https://doi.org/10.1016/j.molcel.2006.12.009 (2007).

62. Racioppi, L. CaMKK2: a novel target for shaping the androgen-regulated tumor ecosystem. Trends Mol Med 19, 83-88, https://doi.
org/10.1016/j.molmed.2012.12.004 (2013).

63. Berridge, M. J. Neuronal calcium signaling. Neuron 21, 13-26 (1998).

64. Clapham, D. E. Calcium signaling. Cell 131, 1047-1058, https://doi.org/10.1016/j.cell.2007.11.028 (2007).

65. Hindmarsh, A. C. et al. SUNDIALS: Suite of nonlinear and differential/algebraic equation solvers. ACM T Math Software 31,
363-396, https://doi.org/10.1145/1089014.1089020 (2005).

Acknowledgements
This work was funded by the NIH grants PO1DK096990, U19A1068021, and P41GM103712.

Author Contributions

B.L. and I.B. conceived and designed research; B.L. performed research; B.L., Z.N.O. and I.B. analyzed the results
with input from H.B., G.A.S., S.C.P,, and DHP. B.L., Z.N.O. and L.B. wrote the paper. All authors approved the
final version of the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-18001-w.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CEE ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 17605 | DOI:10.1038/541598-017-18001-w 14


http://dx.doi.org/10.1016/j.molcel.2006.12.009
http://dx.doi.org/10.1016/j.molmed.2012.12.004
http://dx.doi.org/10.1016/j.molmed.2012.12.004
http://dx.doi.org/10.1016/j.cell.2007.11.028
http://dx.doi.org/10.1145/1089014.1089020
http://dx.doi.org/10.1038/s41598-017-18001-w
http://creativecommons.org/licenses/by/4.0/

	Washington University School of Medicine
	Digital Commons@Becker
	2017

	Quantitative assessment of cell fate decision between autophagy and apoptosis
	Bing Liu
	Zoltan N. Oltvai
	Hulya Bayir
	Gary A. Silverman
	Stephen C. Pak
	See next page for additional authors
	Recommended Citation
	Authors


	Quantitative assessment of cell fate decision between autophagy and apoptosis

	Results

	Quantitative model of coupled autophagy and apoptosis signaling network. 
	Apoptosis module. 
	Autophagy module. 
	mTOR module. 
	Inositol module. 
	Calcium module. 

	The calibrated model reproduces differential dynamics of autophagy and apoptosis in response to nutritional-, genotoxic-, a ...
	Sensitivity analysis indicates that Ca2+ release from ER, and regulation by p53, calpain, AMPK are key determinants of cell ...
	Cytoplasmic Ca2+ functions as a rheostat that fine-tunes the timing of autophagic and apoptotic responses. 
	Gα signaling and ensuing PLCε activation maintain cytoplasmic Ca2+ level through a positive feedback loop. 
	CaMKKβ shapes the role of cytoplasmic Ca2+ in regulating autophagy. 
	In silico simulations reveal potential pharmacological strategies for controlling cell fate. 

	Discussion

	Methods

	Mathematical modeling. 
	Model calibration and sensitivity analysis. 

	Acknowledgements

	Figure 1 Reaction network model for autophagy-apoptosis crosstalk.
	Figure 2 Comparison of model predictions with experimental training data.
	Figure 3 Validation of the integrated model upon comparison of predictions with independent data generated in different cell lines.
	Figure 4 Sensitivity analysis.
	Figure 5 Role of [Ca2+(IC)] in the onset of autophagy vs apoptosis as a function of stress intensity.
	Figure 6 Significance of cAMP and CaMKKβ in modulating the response of the cell to varying IC Ca2+ levels.
	Figure 7 Cell response to different treatments predicted in silico under different stress conditions.


