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The mammalian cell death network comprises three distinct functional modules: apoptosis, autophagy and programmed
necrosis. Currently, the field lacks systems level approaches to assess the extent to which the intermodular connectivity affects
cell death performance. Here, we developed a platform that is based on single and double sets of RNAi-mediated perturbations
targeting combinations of apoptotic and autophagic genes. The outcome of perturbations is measured both at the level of the
overall cell death responses, using an unbiased quantitative reporter, and by assessing the molecular responses within the
different functional modules. Epistatic analyses determine whether seemingly unrelated pairs of proteins are genetically linked.
The initial running of this platform in etoposide-treated cells, using a few single and double perturbations, identified several
levels of connectivity between apoptosis and autophagy. The knock down of caspase3 turned on a switch toward autophagic
cell death, which requires Atg5 or Beclin-1. In addition, a reciprocal connection between these two autophagic genes and
apoptosis was identified. By applying computational tools that are based on mining the protein–protein interaction database,
a novel biochemical pathway connecting between Atg5 and caspase3 is suggested. Scaling up this platform into hundreds
of perturbations potentially has a wide, general scope of applicability, and will provide the basis for future modeling of the cell
death network.
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The process of programmed cell death (PCD) is driven by a
network of proteins connected to each other in an intricate
manner. Over the past two decades, many of the network’s
proteins (nodes) and the interactions among them (edges;
mostly post-translation modifications) have been identified.
The PCD network is turned on by well-defined input signals,
such as activation of death receptors or exposure to DNA
damaging agents. The efficiency of its performance deter-
mines the individual cell’s probability to die, which, when
assessed over a large population of cells, can be translated
into the percent of cell death. Dying cells can display several
distinct cell death phenotypes, each driven by a different
subset of proteins and molecular pathways. Examples are the
caspase-dependent apoptotic cell death, autophagic cell
death and programmed necrosis.1 Cells exposed to the same
input signal can switch from one cell death modality to another
in response to specific perturbations,2–4 and in some cases, a
mixed type of cell death can also be observed.5–7 This led us
to propose here a working model, according to which the
proteins that mediate the three different cell death phenotypes
should be integrated within a common network, and the
corresponding subsets of proteins should be considered as
functional modules within this global network. To study the
network as a whole, new strategies capable of analyzing the

connectivity within and between the functional modules are
required.

Here, we developed a platform for dissecting the network’s
architecture, which is based on single and double sets of
RNAi-mediated perturbations. The uniqueness of this plat-
form is that it combines three approaches to analyze the
outcome of the perturbations including: (1) The use of an
unbiased quantitative reporter (the luciferase gene) to
measure the extent of cell death and calculate the fitness
values of the genetic interactions between seemingly un-
related pairs of genes. (2) Assessing the perturbation effects
on the molecular responses to the cell death agent, not only
downstream to the knocked-down gene but also at distant
functional modules. (3) Applying computational methods for
the discovery of pathways mediating the newly identified
genetic interactions by mining the protein–protein interaction
(PPI) database. We applied this platform to cells that were
exposed to the DNA damaging drug etoposide, targeting a few
pairs of apoptotic and autophagic genes as a proof of concept.
The initial running of this platform identified several levels of
connectivity between apoptotic and autophagic proteins that
either provide backup compensatory switches contributing to
the robustness of the system or augment the final cell death
performance through a novel non-canonical pathway.
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Results

Designing the general outline of the platform. Our goal
was to develop a platform that would assess the effects of
single and double RNAi-mediated perturbations on both the
final cell death performance, and the molecular responses
to the death-inducing agent. Subsequently, the nature of
epistatic interactions between seemingly unrelated pairs
of genes is determined by this platform, and computational
methods are applied to identify the pathway that connects
these pairs of proteins (see Figure 1 for scheme). The
strategy is based on transient transfections with short hairpin
RNAs (shRNAs) targeting genes from the different functional
modules of the network 72 h before exposure to the death-
inducing agent. HEK293 cells were chosen for this purpose
because of their high sensitivity to different death-inducing
agents, including etoposide (see below), and their high
transfection efficiency, which enables the knock down of two
proteins simultaneously. Moreover, these cells can undergo
different types of PCD.8–10 For assessing the responses of
control non-perturbed cells, we used shRNA targeting HcRed
(Supplementary Figure S1; see also supplementary text). To
exclude off-target effects, two different shRNA plasmids
targeting the same gene were used. It is noted that all the
individual shRNA plasmids used in this work had no effect on
cell viability in non-treated cells, and therefore could be
safely used for exclusively testing their possible effects on
the cell death responses to the input signal.

To choose the genes to be targeted by hypothesis-driven
approaches, as opposed to random knock down, we
constructed an initial connectivity map that served as our
working model chart (Supplementary Figure S2). The map

comprises a major part of the most studied apoptotic,
autophagic and programmed necrotic proteins, organized
into their canonical pathways, constituting three functional
modules within the network. The proteins in the map (which
we defined in this work as the PCD set) are linked by
associations constructed manually on the basis of published
knowledge (see Supplementary Tables 1 and 2 for the list of
proteins and edges, respectively).

Establishing the cellular and the molecular
readouts. The development of the cell death readout
required a quantitative accurate assay that is capable of
quantifying all forms of cell death. To this end, we developed
a multi-well formatted luciferase assay using HEK293 cells
engineered to stably express the luciferase gene. After
exposure to a given cell death-inducing agent, surviving cells
that express luciferase are quantified by enzymatic activity,
with the distinct advantage that, unlike other readouts, this
assay does not measure specific characteristics of only one
type of cell death. Residual cell viability is calculated by
dividing the values of treated by non-treated cells, and the
resulting cell death values measured in transfectants
carrying control shRNA are normalized to 100% cell death
performance. Assessing cell death by this assay was
consistent with other more traditional and less accurate cell
death assays, such as Trypan blue exclusion tests.11 It is
noted that the luminescence values are linear over several
orders of magnitude, providing a wide window of detection of
viable cells (between 102 and 105 cells; Supplementary
Figure S4a). Moreover, every point in each experiment is
tested in 10 replicates, thus conferring a high degree of

Figure 1 A platform to analyze the PCD network, which combines quantitative assessment of cell death, molecular responses, and computational approaches for novel
pathway discovery. HEK293-luciferase (293-Luc) cells were transfected with shRNA targeting single or pairs of genes or with HcRed-targeting shRNA as a negative control.
Two days after transfection, the cells were split into black 96-well plates, and in parallel to 9 cm plates. After 24 h, the culture media were replaced with fresh media containing
50mM etoposide (input) or DMSO as a negative control. After 48 h, the luciferase assay was performed in 96-well plates in ten replicates for each perturbation, and in parallel,
the cells grown in the 9 cm plates were extracted for molecular analysis, mainly by western blot. Epistatic interactions between pairs of genes were further processed by
combining the double perturbation fitness calculations from the luciferase assay with the molecular data. Computational approaches were used for the discovery of novel
pathways connecting pairs of genes that display genetic interactions
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accuracy (Supplementary Figure S4b; the statistical
analysis is detailed in Materials and Methods section).
Thus, statistically significant small changes in cell death
performance can be detected and quantified, an important
advantage when considering the complexity of biological
networks that tend to be robust and therefore relatively
resistant to perturbations. These numeric data are then used
to quantify the degree of epistasis between pairs of proteins,
defining aggravating or alleviating types of interactions
between seemingly unrelated genes in the network (as
detailed in Materials and Methods section).

The second readout consists of testing the outcome of
the perturbations on the molecular responses to the
death-inducing agent, that is, measuring the status of
interactions between the network’s nodes. This was
based on western blotting using antibodies that recognize
the relevant protein modifications in the pathway. It
includes antibodies that recognize the cleaved substrates of
caspases, including the processing/activation of the initiator
and executioner caspases, poly(ADP) ribosylation of
proteins, and HMGB1 release into culture medium (marked
in asterisks in Figure 2 and shown in Figures 3 and 4).
Additional readouts that complement the western blotting
assessments included cellular staining with molecular
markers that reflect activation of specific pathways in
the different modules, such as DAPI staining for tracing
condensed/fragmented nuclei, cytochrome c release from
mitochondria or LC3 punctate staining in the cytosol,
reflecting autophagic activity (see Figures 3 and 4 and
Supplementary Figure S5).

Computational approaches used for novel pathway
discovery. The next stage in the platform involved the
discovery of the molecular pathway(s) connecting pairs of
proteins that display newly identified genetic interactions. To
this end, a map of human PPIs was constructed (B40 K
interactions connecting B10 K proteins) on the basis of
interactions from the Human Protein Reference Database12

and from large-scale screens including yeast two hybrid13,14

and mass-spec analysis.15 We introduced into this large-
scale map three important additions: (i) Manually curated
interactions between PCD proteins, which were missing from
the public data sets (see our initial connectivity map in
Supplementary Figure S2, and supplementary Table 2 for the
full list of interactions between proteins in the PCD set). (ii)
Adding edge directionality (i.e., identifying one protein as the
source and the other as the target) which is mostly missing in
the available database. We manually determined the
directionality of these edges on the basis of the literature,
and if the directionality was not clear, it was assumed that the
edge is bidirectional. (iii) Adding confidence values to nodes
and edges. We assigned each interaction a confidence value
based on the amount of supporting experimental evidence,
using a logistic regression model adapted from Sharan et al.16

(see supplementary information for the method used for
adding the confidence values on the interactions between
the proteins). The proteins in the network were also assigned
a confidence level, reflecting their functional relatedness
to proteins in the PCD set (supplementary Table 1). This
functional relatedness was calculated on the basis of the
gene ontology (GO) biological process annotations using

Figure 2 A scheme describing the hierarchy/connectivity among the analyzed proteins. Red signs indicate proteins that were perturbed using RNAi. Asterisks indicate
proteins whose status in response to the input signal was examined as follows: the extent of the proteolytic cleavage of various proteins (caspases3, 7, 2, 9, PARP-1, ICAD),
cytochrome c release, assessment of the catalytic activity of PARP-1 (by measuring PAR ribosylation of proteins), activation of LC3 measured by fluorescent microscopy
(assessing the punctate staining of lipidated LC3) and assessment of HMGB1 release. Dashed arrows represent proteolytic cleavage. Gray arrow indicates that the edge
connectivity was confirmed genetically (by knock out/knock down strategies) without yet defining direct interactions between specific nodes
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Figure 3 Caspase3 perturbation changes the molecular signature and phenotypic hallmarks of etoposide-treated HEK293 cells. (a) Transmission electron micrographs of
293-Luc cells transfected with caspase3-targeting shRNA or with HcRed-targeting shRNA as a negative control, subjected to 48 h treatment with DMSO (a1 and a2) or 50mM
etoposide (a3–a9). Figures a5–a9 were taken at higher magnification (see scale bar). White arrows indicate empty vacuoles. Black arrows point to severely damaged
mitochondria. Notice that the number of severely damaged mitochondria was lower in the caspase3-perturbed cells (compare a5 with a6). ‘AV’ indicates autophagic vacuoles.
(b) 293 cells were treated with 50mM etoposide or DMSO for the indicated time periods. The cells were then extracted, and western blot analysis was performed using the
indicated antibodies. Note that the anti-PAR antibodies measure the overall PAR-ribosylation of cellular proteins. (�) represents non-treated cells at time 0. (c) 293-Luc cells
were transfected with shRNA targeting caspase3 or with HcRed-targeting shRNA as a negative control, and were treated as in Figure 1 (9 cm plates). After 48 h etoposide
treatment, the conditioned media were collected and concentrated, and in parallel, the cells were lysed using PLB buffer (for further information, see supplementary
information). The media were normalized to the amount of extracted proteins from cells, and loaded on 12% gel. Western blot analysis was performed using anti-HMGB1
antibodies. Upper gel – HcRed control cells treated with etoposide or DMSO. Lower gel – HcRed control cells or caspase3 perturbed cells treated with etoposide. (d) 293-Luc
cells were transfected with shRNA targeting caspase3 or with HcRed-targeting shRNA as a negative control, and were treated as in Figure 1 (9 cm plates). Western blot
analysis (upper panels – 12% gel, lower panels – 15% gel) was performed using the indicated antibodies. The molecular analysis shown here was repeated in more than three
independent experiments. (e) Representative GFP-LC3 staining of 293-Luc cells transfected with caspase3 or the control shRNA, treated with 50 mM etoposide for 48 h (for
further information, see supplementary information)
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semantic similarity17 (see Materials and Methods section).
Using the augmented network, the most reliable pathways
(i.e., having the highest overall confidence) connecting

between a pair of proteins were identified (as detailed in
Materials and Methods section), and this was then followed
by experimental validation.

Figure 4 Knocking-down caspase3, Atg5 and Beclin-1 as single and double silencing perturbations. (a) Measurements of the cell death performance values of 293-Luc
cells with the indicated silencing perturbations were performed as described in the Materials and Methods section. Data presented are the mean±S.D. of three independent
experiments for Atg5, Beclin-1 and the combinatorial silencing perturbations, and of six independent experiments for the caspase3 perturbation. The cell death values in the
HcRed-transfected non-perturbed cells (mean from six independent experiments) were normalized to 100% cell death performance, and the cell death values of the single and
double perturbations were modified into % of cell death performance accordingly. The statistical processing of the data is detailed in the Materials and Methods section
(b) Quantification of the percentage of cells with punctate GFP-LC3 fluorescence per total GFP-LC3-positive cells appearing after 48 h etoposide treatment in the single
and double perturbations. Data presented are the mean±S.D. of the increase in punctate staining, after subtracting the basal levels in non-treated cells, in triplicate plates.
The results were repeated in three independent experiments. (For further information, see supplementary information). (c and d) 293-Luc cells were transfected with the
indicated shRNAs and treated as in Figure 1 (9 cm plates). Western blot analysis (d, lower panels – 15% gel, other panels – 12% gel) was performed using the indicated
antibodies. The molecular analysis shown was repeated in more than three independent experiments. Note that in mammalian cells most of the Atg5 protein is already
covalently linked to Atg12 under steady-state growth conditions (around 55 kDa). The ladder that is detected above the non-cleaved PARP-1 using the anti-PARP-1 antibody
most probably represents auto-PAR ribosylation
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Single perturbation experiments – knocking down
caspase3 reveals the existence of alternative
caspase-independent mechanisms in the cell death
network. Etoposide, a DNA-damaging drug, was chosen
as the death-inducing agent in the current application of
this platform. Phenotypic and molecular analysis indicated
that a mixed type of necrotic and apoptotic cell death
developed in the etoposide-treated HEK293 cells. Transmission
electron microscopy (TEM) showed that the dying cells
displayed hallmarks of programmed necrosis, including the
appearance of empty vacuoles in the cytosol, and damaged
mitochondria that were remodeled into separate matrix
compartments (Figure 3a). Cells incorporated Sytox Green
into their DNA indicative of loss of membrane integrity
between 24 to 48 hrs after etoposide treatment (Supplementary
movie). Consistent with this phenotype, molecular analysis
indicated that etoposide induced PAR ribosylation of
proteins and the release of HMGB1 from the cells into
the culture media (Figures 3b and c), two previously charac-
terized hallmarks of programmed necrosis.4,18–20 In addition,
the canonical apoptotic markers developed in response to
the drug, including activation of the upstream initiator
caspases2 and 9, and of the executioner caspases3 and 7
and the cleavage of their two substrates, PARP-1 and ICAD
(Figure 3b and d). Also, fragmented nuclei and the release of
cytochrome c from mitochondria to the cytosol were frequently
detected (Supplementary Figure S5). Time curve analysis
showed that PAR-ribosylation and caspase3 processing
started to appear around 24 h after etoposide treatment,
both peaking at 48 h (Figure 3b). Subsequent RNAi-mediated
perturbations were all assessed 48 h after etoposide treatment,
when the molecular responses were maximal.

Knocking down caspase3, a critical node of the apoptotic
module (Figures 2, Supplementary Figure S2), resulted in
reduced cleavage of the downstream substrates PARP-1 and
ICAD, confirming that the apoptotic module downstream
to caspase3 was attenuated (Figure 3d). Processing of
caspase7, but not of caspases9 and 2, was also reduced,
indicating a positive interaction between the two executioner
caspases, and excluding positive feedback loops with the
upstream initiator caspases in this setting (Figure 3d). It is
noted that the extent of etoposide-induced PAR ribosylation
and HMGB1 release were also significantly attenuated by
caspase3 knock down (Figures 3c and d), consistent with
TEM studies that showed a reduction in the necrotic hallmarks
(Figure 3a, panels 4, 6). In contrast, etoposide increased the
appearance of autophagosomes in the caspase3 knocked-
down cells (Figure 3a, panels 8, 9). This was confirmed by
scoring cells displaying punctate GFP-LC3 staining, a
molecular marker for autophagosome formation.21 As shown
in Figure 3e and quantified in Figure 4b, the frequency of cells
in which the GFP-LC3 appeared in puncta increased
significantly upon exposure of caspase3-depleted cells to
etoposide, compared with the non-perturbed cells. Thus,
although the knock down of caspase3 leads to the attenuation
of the apoptotic and necrotic responses to etoposide, a switch
to autophagy develops in parallel.

Surprisingly, measurement of cell death performance by the
luciferase assay indicated a complete lack of death protection by
caspase3 knock down (Figure 4a, Supplementary Figures S4b

and S6a; note that two different shRNAs were used). The
lack of death protection by caspase3 knock down was also
detected by the Trypan blue exclusion test (Supplementary
Figure S3). It is noted that even when both caspases3 and 7
were knocked-down simultaneously, no protection from cell
death could be detected (Supplementary Figure S7), thus
excluding the possibility that the residual cleavage of down-
stream proteins by caspase7 might be responsible for the lack
of cell death inhibition observed in the caspase3 knocked-
down cells. This prompted us to look at whether the switch to
autophagy may have contributed to the observed caspase-
independent cell death, a possibility that which was further
investigated by the epistatic analysis below.

Epistatic analysis – analyzing the genetic interactions
between caspase3 and either Atg5 or Beclin-1 reveals
additional levels of connectivity between the apoptotic
and autophagic modules. To test whether the increased
autophagy observed on caspase3 knock down signifies a
switch toward the autophagic cell death module, two
essential components of the basic autophagic machinery,
Atg5 and Beclin-1, were each knocked-down in combination
with caspase3. Beclin-1 is part of a Class III PI3K complex,
which functions at the nucleation step upstream to Atg5,
which participates in membrane elongation of the growing
autophagosome22 (Figure 2 and Supplementary Figure S2).

The double perturbations were achieved by co-transfecting
two shRNAs simultaneously. As shown in Figures 4c and d,
the reduction of caspase3, Atg5 and Beclin-1 was similar
irrespective of whether these genes were knocked-down
independently or in combination with a second shRNA.
Scoring GFP-LC3 puncta indicated that either Atg5 or
Beclin-1 knock down completely suppressed the etoposide-
induced increase in autophagy detected in caspase3 per-
turbed cells (Figure 4b). Furthermore, although the single
perturbation of Beclin-1 had no significant effect on cell death
performance, the combination of Beclin-1 and caspase3
depletion significantly reduced cell death performance value
to 87.5% of its full capacity (Figure 4a). The calculated
double perturbation fitness23 indicated a negative deviation
from multiplicativity (e¼�0.109; see Materials and Methods
section), that is, an aggravating type of interaction between
Beclin-1 and caspase3. The latter is consistent with a model in
which Beclin-1 is part of a backup death-promoting module
activated when caspase3 is knocked-down.

Unlike Beclin-1, the single perturbation of Atg5 displayed a
small yet statistically significant reduction in cell death
performance (Figure 4a, and Supplementary Figure S4b for
raw data). In addition, the combination of Atg5 and caspase3
knock downs reduced the cell death performance to 92% of its
full capacity, yielding a nonsignificant deviation (e¼�0.03)
from the neutral multiplicative model. Thus, although both
Beclin-1 and Atg5 are rate limiting for autophagy, the different
outcomes in the double knock down analysis may suggest
the existence of different modes of reciprocal connectivity
to the apoptotic module, in addition to their canonical function
in autophagy. Consistent with this possibility, we found
that Atg5 knock down by itself attenuated the activation of
caspases3 and 7 by etoposide, resulting in a partial inhibition of
PARP-1 cleavage (Figure 4c). A second shRNA targeting Atg5
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yielded the same results (Supplementary Figure S6b). Thus,
Atg5 is positively connected to a pathway that activates
caspase3, in addition to its canonical function in autophagy,
thereby neutralizing the negative deviation from multiplicativity
caused by the switch to autophagy. Beclin-1 on the other
hand, is not connected in a positive manner to caspase3
activation; in contrast, it was found to be connected to
the caspase-dependent pathway in a negative manner,
resulting in a significant increase in caspase3/7 activation
and in PARP-1 and ICAD cleavage on its knock down
(Figure 4d, Supplementary Figure S6c). These conclusions
further stress the power of combining fitness values with
molecular data, for resolving the nature of epistatic interactions
between pairs of genes.

Applying computational approaches to identify
components of the pathway that potentially connects
Atg5 to caspase3. Here, we further studied the newly
discovered connectivity between caspase3 and Atg5 in

response to etoposide. As we did not detect the presence
of cleaved Atg5 (data not shown) in this setting, we assumed
that the positive connection of Atg5 to apoptosis differs from
previously described mechanisms.24,25 To translate the
genetic interaction data into a molecular pathway, we
applied a version of the shortest paths algorithm deve-
loped for this purpose, as described above, to identify the
most reliable pathways. Several potential molecular
pathways that link Atg5 to caspase3 were identified by this
algorithm; the highest scoring one was a pathway that
links Atg5 to caspase3 through Rhophilin2 (RHPN2), cyto-
keratin18 and the death effector domain-containing DNA-
binding protein (DEDD) (Figure 5a).

Cytokeratin18 cleavage by caspase3 was shown to be
critical for the dismantling of epithelial cells during apoptosis.
DEDD is a DED domain-containing protein, previously shown
to be recruited to cytokeratin18 on induction of apoptosis,
leading to caspase3 activation and cytokeratin18 cleavage.26

However, the mechanism of DEDD activation was not

Figure 5 Exploring the new intermodular interaction between Atg5 and the apoptotic module using a computational approach. (a) A scheme describing the most reliable
pathway found by the modified ‘shortest path’ algorithm that links Atg5 to caspase3. (b) HEK293-Luc cells were co-transfected with Flag-tagged DEDD or with Flag-tagged
GFP together with HA-tagged Atg5. The Flag-tagged proteins were immunoprecipitated using anti-Flag antibodies, and the coimmunoprecipitated proteins as well as the total
cell extracts were blotted with anti-Flag and anti-HA antibodies. (c) HEK293-Luc cells were co-transfected with YFP-tagged RHPN2 or with YFP alone together and HA-tagged
Atg5. The YFP-tagged proteins were immunoprecipitated using anti-GFP antibodies, and the coimmunoprecipitated proteins as well as the total cell extracts were blotted with
anti-GFP and anti-HA antibodies. (d) Measurements of caspase3/7 activity of HeLa cells treated with staurosporine with the indicated silencing perturbations were performed
as described in the Materials and Methods section. Data presented are the mean±S.D. of four replicates. The values in the control cells treated with staurosporine were
normalized to 100%, and the caspase activity values of the DMSO-treated control, as well as the values of the different perturbations, were modified into % of caspase activity
accordingly. It is noted that the cell number of the DMSO-treated cells, determined by CyQUANT assay under the different perturbations, was similar
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identified. RHPN2, also known as RhoB effector protein, is a
PDZ-containing protein. The major function of PDZ-containing
proteins is to act as scaffolds for the assembly of large protein
complexes at specific subcellular locations, and to organize
intracellular signaling. RHPN2 was found to interact with
cytokeratin18;27 however, the functional implication of this
interaction was not further examined. On the basis of this
information, one possibility implies that RHPN2 might be
needed to recruit Atg5 to cytokeratin18, resulting in Atg5–
DEDD interactions, to promote caspase3 activity.

Experimentally, coimmunoprecipitation in HEK293-Luc
transfectants revealed that HA-tagged Atg5 interacts with
Flag-tagged DEDD, thus establishing a new connection
between Atg5 and DEDD that was missing in the large-scale
PPI data (Figure 5b). Also, these experiments further
confirmed the interaction between HA-tagged Atg5 and
YFP-tagged RHPN2 (Figure 5c), previously suggested by
the large-scale mass-spec screens.15

Next, the different components of this pathway (i.e., Atg5,
DEDD, RHPN2) were knocked-down to assess their func-
tional link to caspase3 activation. To this end, HeLa cells,
which are rich in Cytokeratin,18 were exposed to staurospor-
ine, and caspase3 activation was quantified by the Caspase-
Glo luminescent assay. We found that in this cellular setting
the knock down of Atg5 reduced caspase3 activation, thus
expanding the proapoptotic effects of Atg5 to other cell lines,
and to another cell death-inducing agent (Figure 5d). Also, the
knock down of DEDD reduced caspase3 activation consistent
with previous work.26 Moreover, the knock down of RHPN2
significantly reduced caspase3 activation (Figure 5d), thus
establishing for the first time its functional link to caspase-
dependent processes. These function-based assays, taken
together with the co-immunoprecipitation experiments, are
consistent with the suggestion raised by the computational
approach, which links Atg5 to caspase3 activation through
RHPN2 and DEDD. Thus, these data provide experimental
confirmation to the computational predictions and document
the potential power that resides in integrating the platform of
RNAi-based perturbations with computational approaches,
leading to the discovery of new biochemical pathways
connecting between pairs of proteins.

Discussion

This work presents a multistage approach to analyzing the
structure/function architecture of the molecular network
underlying PCD. To this end, we developed a platform that
measures the outcome of single and double RNAi-mediated
perturbations on both the final cell death performance and the
pattern of protein connectivity, and that uses computational
methods for revealing the components of the pathways
mediating the newly identified genetic interactions. We
provide here a proof of principle that this approach is feasible,
and show that it is possible to perform epistatic type of
analysis in mammalian cells by using RNAi-mediated pertur-
bations, similar to the genetic interaction maps performed in
yeast by double mutation analysis.28–30 Specifically, the
application of this platform to cells exposed to a DNA-
damaging agent, in which critical nodes from the apoptotic
and autophagic modules were targeted, enabled us to assess

the extent to which the cross interactions between these
functional modules affect the final cell death performance.
Thus, intermodular connectivity provides an additional level of
hierarchy in the global cell death network.

In addition, the precise quantifications by the luciferase
assay were able to distinguish differences in the functional
weights of different nodes in the same module. For example,
we discovered that although the knock downs of Atg5
and Beclin-1 have similar effects on autophagy, they have
different effects on cell death performance and on the
apoptotic pathway, testifying to the additional different roles
that they have in the network. This platform also provides
leads for novel pathway discovery, an example of which
was discovered here, linking an autophagic gene (Atg5) to the
apoptotic module. Thus, the network analysis can be further
translated into pathway discovery by combining the available
PPI databases with the more precise knowledge on the
PCD set of interactions and with advanced computational
approaches applied here for this purpose.

Our detailed quantitative analysis indicates the existence of
strong robustness in the PCD network that maintains the
system performance even on attenuation of one or more
death modules. Molecular analysis confirmed the existence of
compensatory switches between modules, in which the
activation of alternative death pathways acts as a backup
mechanism. For example, the connectivity of caspase3 to
autophagy allows an inducible and efficient switch from
apoptosis to autophagic cell death on caspase3 perturbation,
thus preventing a reduction in the overall cell death
performance. The system presented here enables a quanti-
tative analysis of the compensatory switch, as well as a means
for the future identification of the critical molecular integrators
that activate the switch.

The application of this platform should be scaled up to
target hundreds of pairs of genes from the PCD map, with
the intention of expanding this type of analysis to the struc-
ture of apoptotic/autophagic/necrotic modules, including the
identification of various feedback loops and other complex
intramodular circuits. Although the luciferase assay can be
run in high-throughput format, most of the molecular assays
require adaptation to multi well-based fluorescent/lumines-
cent readouts, focusing on the critical positions along the
pathways that signify activation of specific branches. In light of
our finding that only an 8–14% reduction in cell death
performance was achieved by the double perturbations of
caspase3/Atg5 or caspase3/Beclin-1, it is conceivable that
many additional backup mechanisms and compensatory
switches may be activated in the global network of PCD,
and remain to be identified in the future. Thus, collecting
precise quantitative data provides a powerful tool for future
unbiased genome-wide RNAi screens, which can be per-
formed on cells already carrying well-characterized double
perturbations. This will serve to select the additional perturba-
tion(s) that lead to the complete collapse of cell death
performance. (i.e., more than 90% reduction in cell death
performance). Eventually, such high-throughput systems
level analysis will reveal more basic principles of the
hierarchical organization of the network, with the long-term
goal of modeling the system and understanding both its
structure and function.
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Materials and Methods
Generation of HEK293 cells stably expressing luciferase
(293–Luc). To generate cells stably expressing luciferase, HEK293 cells were
transfected with pcDNA3 vector containing the firefly luciferase gene under the
control of a CMV promoter. The cells were grown in the presence of 1 mg/ml G418
(Calbiochem, San Diego, CA, USA), and selected clones were individually isolated
to create monoclonal populations stably expressing luciferase. Seven clones were
obtained, three of which expressed high levels of luciferase, while maintaining
normal growth rates characteristic of the parental HEK293 cells, and similar
responses to various death stimuli. One of these clones was chosen for further work.

Luciferase-based cell viability assay and statistical
analysis. HEK293-Luc cells were transfected with shRNA targeting one or two
genes, or with HcRed-targeting shRNA as a negative control, by the standard calcium
phosphate technique. Two days later, cells were seeded in parallel to black 96-well
plates with transparent bottoms (Nunc), and to 9 cm plates. After 24 h, cells were treated
with 50mM etoposide or DMSO (Sigma, Rehovot, Israel) as a negative control. At the
indicated times, large plates were extracted for western blot analysis, whereas a
luciferase assay was performed on 96-well plates, in 10 replicates for each perturbation
(treated or non-treated). Cells were lysed in reporter lysis buffer (Promega, Madison, WI,
USA), followed by a single freeze-thaw cycle. Cell viability was assessed by measuring
luciferase activity (Promega), using the Veritas microplate luminometer (Turner
BioSystems, Sunnyvale, CA, USA). Overall cell survival was determined by dividing the
mean luciferase activity of cells treated with etoposide by the mean activity of cells
treated with DMSO for each knock down experiment.

Caspase-Glo assay. HeLa JW cells were transfected with the indicated short
interfering RNAi oligos (siRNAs) (Dharmacon, Termo Fisher Scientific, Lafayette, CO,
USA), or with non-targeting siRNA as a negative control (non-targeting #2, Dharmacon) by
the standard calcium phosphate technique. Two days later, cells were seeded onto 96-well
plates with transparent bottoms (Nunc). After 24 h, cells were treated with 3mM
staurosporine or DMSO (Sigma) for 4 h and subjected to caspase activity assay (Caspas-
Glo, Promega). The assay was performed in four replicates on 96-well plates using a
microplate luminometer (Turner BioSystems). Cell number was assessed using the
CyQUANT assay (Invitrogen, Paisley, Scotland).

Statistical analysis. The numbers obtained by the luciferase-based assay, in
10 replicates for each perturbation (e.g., see Supplementary Figures S4b and S6a),
were subjected to statistical analysis, and a difference from the non-perturbed cells
was considered statistically significant if the resulting test statistic was higher than
2/lower than �2. As we are dealing with a ratio, its variance was calculated by the
variance of the ratio equation as follows:31

Var
�X1

�X2

� �
¼ Var X1ð Þ

y2
2

þ y2
1Var X2ð Þ

y4
2

Where Var stands for variance and yi, i¼ 1, 2, is the mean of the distribution of Xi.

The test statistic is:

t ¼
�X1
�X2

� �
� �Y1

�Y2

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var

�X1
�X2

� �
þ Var

�Y1
�Y2

� �r

Where X1,2 is the perturbed case with/ without etoposide, and Y1,2 is the non-
perturbed case with/ without etoposide.

Owing to biological variation, each experiment was repeated at least three times
(each time in 10 replicates for each perturbation, as described above). The test
statistic numbers obtained from three independent experiments for Atg5 single
perturbation, or from the double perturbation experiments were subjected to
Fisher’s combined probability test.32 A difference was considered statistically
significant if the resulting P-value was smaller than 0.05. The single Atg5
perturbation, and the two pairs of double perturbations analyzed in this work,
displayed statistically significant P-values.

The distribution of the test statistic numbers obtained from nine independent
experiments for caspase3, and from three independent experiments for Beclin-1,
were compared with the distribution obtained when the non-perturbed (control)
values were compared with each other. Although the latter was lower than caspase3
and Beclin-1’s distribution, the results were not conclusive. Moreover, S.D.
calculation for the cell death performance values (see below) clearly showed that

the cell death performance obtained when caspase3 or Beclin-1 was perturbed was
not statistically different from the control (Figure 4a). Therefore, we concluded that
caspase3 and Beclin-1 single perturbations did not influence the cell death
performance obtained when 293-Luc cells were treated with etoposide.

The values reflecting the percentage cell death (derived from three independent
experiments for Atg5, Beclin-1, and the combinatorial silencing perturbations, and of
three or six independent experiments for the caspase3 perturbation) were
normalized to the control non-perturbed cells to obtain the cell death performance
value (i.e., 100% cell death performance is the maximum cell death capacity
measured in the unperturbed cells). S.D. values for the average cell death
performance were then calculated.

Epistasis test. The double perturbation fitness calculations were performed as
follows:. The cell death performance measured under silencing perturbation of
protein X or protein Y is defined as Wx and Wy, respectively. The expected cell death
performance of double perturbation of proteins that operate along independent
pathways is Wx�Wy, and the measured cell death performance is defined as Wxy.
The deviation from multiplicativity (i.e., e) was calculated as the difference between
the cell death performance obtained experimentally and the calculated (expected)
cell death performance (i.e., exy¼Wxy�Wx�Wy).

23

An aggravating interaction was considered statistically significant when the
respective e was more than 1 S.D. away from 0.

The S.D. of e (De) was calculated as:

De ¼ DðWxyÞ þ DðWx�WyÞ

The S.D. of the expected performance (D(Wx�Wy)) was calculated using a
formula of uncertainty as follows:

DðWx�WyÞ ¼Wy�DWxþWx�DWy

Although the negative deviation from multiplicativity in the caspase3/Beclin1
double perturbations was statistically significant, the double perturbation fitness
calculation of caspase3/Atg5 was not significantly different from 0.

Pathway inference. We represent the human PPI network as a directed
graph where nodes correspond to proteins and edges connect interacting
proteins. Every interaction e is assigned a confidence value 0oP(e)o1,
computed as in study by Sharan et al.16 Every protein v is assigned a confidence
value 0oP(v)o1, defined as minuAQ ssim(u,v), where Q is the PCD protein set
and ssim(u,v) is the semantic similarity17 of the proteins u and v, based on the
GO biological process annotations.

Assuming independence between the proteins, the overall likelihood of a
path H is:

pðHÞ ¼
Y

e2EðHÞ
pðeÞ

Y
v2V ðHÞ

pðvÞ

where E(H), and V(H) are the edges and nodes in H. To control for the length of the
inferred paths, we follow the approach of Shachar et al.33 and add a length-
penalizing factor by redefining the probability of H as:

pðHÞ ¼ e�djEðHÞj
Y

e2EðHÞ
pðeÞ

Y
v2V ðHÞ

pðvÞ

where the per-edge penalty e�d is set to the probability of an edge at the 25th
percentile.

To facilitate the computation of a reliable path between a given a pair of proteins,
we define a weight function w on the nodes and edges in the network. The weights
are taken as the �log of the respective confidence value. We then search for a
path H along which the sum of weights of nodes and edges is minimum. An
optimal solution for this problem can be found in polynomial time using the Dijkstra
algorithm. In our implementation, we used an extension of this algorithm
and considered all pathways whose weight is up to a factor of 5% from the
optimal solution.

Supplementary methods. Cell culture, DNA constructs, shRNAs, siRNAs,
GFP-LC3 punctate staining assay, HMGB1 release assay, Trypan blue assay, TEM,
DAPI staining and cytochrome c release assay, protein analysis and antibodies,
coimmunoprecipitation, adding confidence values on the interactions between the
proteins, and pseudocode of the extended shortest paths algorithm.
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