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ABSTRACT  30 
 31 
Necroptosis is a form of regulated cell death that has been associated with degenerative disorders, 32 
autoimmune processes, inflammatory diseases, and cancer. To better understand the biochemical 33 
mechanisms of necroptosis cell death regulation, we constructed a detailed biochemical model of 34 
tumor necrosis factor (TNF)-induced necroptosis based on known molecular interactions. 35 
Intracellular protein levels, used as model inputs, were quantified using label-free mass 36 
spectrometry, and the model was calibrated using Bayesian parameter inference to experimental 37 
protein time course data from a well-established necroptosis-executing cell line. The calibrated 38 
model accurately reproduced the dynamics of phosphorylated mixed lineage kinase domain-like 39 
protein (pMLKL), an established necroptosis reporter. A dynamical systems analysis identified 40 
four distinct modes of necroptosis signal execution, which can be distinguished based on rate 41 
constant values and the roles of the deubiquitinating enzymes A20 and CYLD in the regulation of 42 
RIP1 ubiquitination. In one case, A20 and CYLD both contribute to RIP1 deubiquitination, in 43 
another RIP1 deubiquitination is driven exclusively by CYLD, and in two modes either A20 or 44 
CYLD acts as the driver with the other enzyme, counterintuitively, inhibiting necroptosis. We also 45 
performed sensitivity analyses of initial protein concentrations and rate constants and identified 46 
potential targets for modulating necroptosis sensitivity among the biochemical events involved in 47 
RIP1 ubiquitination regulation and the decision between complex II degradation and necrosome 48 
formation. We conclude by associating numerous contrasting and, in some cases, counterintuitive 49 
experimental results reported in the literature with one or more of the model-predicted modes of 50 
necroptosis execution. Overall, we demonstrate that a consensus pathway model of TNF-induced 51 
necroptosis can provide insights into unresolved controversies regarding the molecular 52 
mechanisms driving necroptosis execution for various cell types and experimental conditions. 53 
 54 
INTRODUCTION 55 
 56 
Apoptosis is widely recognized as the primary form of programmed cell death, characterized by a 57 
concerted dismantling of the cell into apoptotic bodies that can be easily processed by the immune 58 
system.1 Conversely, necroptosis is an alternative form of programmed cell death in which the cell 59 
membrane is ruptured, leading to immune response activation.2,3 Various human diseases, 60 
including neurodegenerative disorders and cancer, have been associated with necroptosis.4 61 
Induction of necroptosis is also currently being explored as an alternative anticancer therapy, since 62 
apoptosis resistance is a hallmark of cancer.5–7 Although many of the primary molecular species 63 
involved in necroptosis have been identified,8 including receptor interacting protein kinase-1 64 
(RIP1), RIP3, and mixed lineage kinase domain-like protein (MLKL), efforts to target necroptosis 65 
dysregulation or leverage it therapeutically are hindered by the lack of a detailed, mechanistic 66 
understanding of the biochemical pathways driving necroptosis execution.4  67 
 68 
Prior studies9–16 of necroptosis identified multiple mechanisms of ubiquitination regulation, 69 
including K63, K48, and M1 chains, which lead to phosphorylation of RIP1 and RIP3, 70 
phosphorylation and activation of cell death marker MLKL,9 and plasma membrane 71 
permeabilization resulting in cell death.8 The K63-specific deubiquitinase CYLD17 72 
(cylindromatosis lysine 63 deubiquitinase) and the ubiquitin-editing enzyme A2015 (tumor 73 
necrosis factor, alpha-induced protein 3) are both known to mediate deubiquitination of RIP1, 74 
which precedes RIP1 phosphorylation, by cleaving K63 ubiquitin chains and facilitating the 75 
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formation of complex II.10–16 Therefore, both enzymes are generally considered drivers of 76 
necroptosis.18 However, CYLD- and A20-driven deubiquitination of RIP1 have been variously 77 
reported as pro- and anti-necroptotic in different cell types: some studies have shown that CYLD 78 
drives RIP1 deubiquitination,12,17,19,20 while others have implicated A2021–23 or reported equal 79 
contributions from both enzymes.24–26 These varying reports have led to unresolved controversies 80 
within the field regarding the specific molecular mechanisms of complex II formation and 81 
subsequent necroptotic cell death.4 For example, Vanlangenakker et al.26 showed that repression 82 
of CYLD in L929 cells, a murine fibrosarcoma cell line, protects from tumor necrosis factor 83 
(TNF)-induced necroptosis but, unexpectedly, A20 repression increases sensitivity to necroptosis. 84 
A recent time-resolved analysis of necroptosis rates and network components revealed an 85 
incoherent feedforward loop through which NF-kB and A20 counteract pro-necroptotic signaling 86 
in L929 cells,27 but it remains unclear how general or cell context-dependent this regulatory control 87 
of necroptosis is. 88 
 89 
Here, we present, to our knowledge, the first detailed biochemical model of TNF-induced 90 
necroptosis. The model is derived from published literature and incorporates known biology 91 
obtained from decades’ worth of experimental studies (Table 1). We calibrate the model to 92 
experimental phosphorylated MLKL (pMLKL) time course data from TNF-treated mouse 93 
fibrosarcoma cells at multiple TNF doses. We then perform a dynamical systems analysis that 94 
identifies four modes of necroptosis signal execution. In one case, A20 and CYLD contribute 95 
approximately equally to RIP1 deubiquitination, such that both must be knocked out to delay 96 
necroptosis induction (knocking out one has no effect, since the signal can be rerouted through the 97 
other). In another, RIP1 deubiquitination is driven exclusively by CYLD, with A20 being 98 
effectively inactive. In the other two modes, either A20 or CYLD acts as the driver of RIP1 99 
deubiquitination, with the other enzyme, counterintuitively, acting to inhibit necroptosis 100 
(consistent with the observation by Vanlangenakker et al.26). We also perform sensitivity analyses 101 
to identify proteins and kinetic parameters that can be targeted within each mode to modulate 102 
pMLKL dynamics and time-to-death (TTD) by necroptosis. We find that, for two modes, proteins 103 
and rate constants centered around RIP1 ubiquitination regulation in complex I have the most 104 
significant effect on necroptosis execution. For the other two, potential targets include factors 105 
involved in the balance between complex II degradation and necrosome formation. Overall, our 106 
results show that a consensus pathway model of TNF-induced necroptosis can explain numerous 107 
experimentally observed behaviors, including conflicting and counterintuitive results from 108 
multiple studies involving different cell types. Following a detailed description of our proposed 109 
model, we present results of the parameter calibration, dynamical systems analysis, in silico 110 
knockout experiments, and sensitivity analyses. We conclude with a discussion of the broader 111 
implications of our results, including important insights into the molecular mechanisms of 112 
necroptosis execution and the potential for using the model to identify novel pro- and anti-113 
necroptosis therapeutic targets.  114 
 115 
RESULTS 116 
 117 
A biochemical model of TNF-induced necroptosis describes the formation of key signaling 118 
complexes along the path to cell death 119 
 120 
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The death receptor ligand TNF,28 an extensively studied inducer of necroptosis and well-known 121 
master regulator of inflammation, has been at the forefront of numerous fundamental discoveries 122 
concerning the interplay between cell death and survival pathways.26 Here, we propose a detailed, 123 
mechanistic model of TNF-induced necroptosis based on an extensive review of the literature 124 
(Table 1, with references). The model comprises 14 proteins interacting via 40 reactions (all mass 125 
action) to produce 37 biochemical species, including complex I, complex II, and the necrosome 126 
(Fig. 1), three key macromolecular complexes along the path from cell-death cue to necroptosis 127 
execution. Below, we describe in detail the steps involved in the formation of each complex, 128 
beginning with TNF binding to TNF receptor 1 (TNFR1) and ending at phosphorylation of the 129 
necroptosis cell death reporter MLKL. A model schematic is provided as a visual aid (Fig. 1), with 130 
reactions, including association, dissociation, phosphorylation, ubiquitination, deubiquitination, 131 

and degradation, denoted as “RN,” where N is the reaction number. Note that protein synthesis is 132 
omitted from the model because all experiments were performed in the presence of cycloheximide 133 
(see Materials and Methods), commonly used to sensitize cells to TNF.29 134 
 135 
Signaling through the necroptosis pathway is initiated when the cytokine TNF binds to the 136 
extracellular domain of TNFR1 (R1-2), which protects TNF from degradation (R3) and activates 137 
the receptor by causing a conformational change in its intracellular domain.26,30,31 The adaptor 138 

Table 1: Key proteins involved in necroptosis. 

Protein Role in necroptosis References 

A20 Ubiquitin-editing enzyme responsible for deubiquitinating RIP1 in complex I 21,22 

Caspase-8 Heterodimerizes with cFLIPL (long isoform), leading to cleavage and inactivation of 
RIP1 and RIP3 in complex II 

38,97 

cFLIPL Heterodimerizes with caspase-8, leading to cleavage and inactivation of RIP1 and 
RIP3 in complex II 

39,98 

cIAP1/2 Catalyzes, via its RING domains, the activating K63-linked polyubiquitination of 
RIP1 

26,69 

CYLD Deubiquitinates RIP1 in either complex I or within the RIP1-RIP3 necrosome 12,17 

FADD TNFR1-interacting scaffold protein in complex II 18,99,100 

LUBAC TNFR1-interacting protein recruited by cIAP1/2 in complex I that promotes RIP1 
ubiquitination 

26,70 

MLKL Recruited to the necrosome by RIP1, where it is phosphorylated, leading to cell death 
by membrane rupture 

44,101,102 

RIP1 A multifunctional adaptor protein in the necrosome that recruits and activates RIP3 
and MLKL 

26,103,104 

RIP3 Recruited to the necrosome by binding to and cross-phosphorylating RIP1 101,105,106 

TNF Pleiotropic pro-inflammatory cytokine that activates necroptosis in the absence of 
caspase activity 

107 

TNFR1 TNF receptor superfamily member death receptor that recruits RIP1 to complex 1 30,108 

TRADD TNFR1-interacting protein in complexes I and II that serves as a docking adaptor for 
the binding of RIP1 to TRAF2 

32,108 

TRAF2 TNFR1-interacting protein that recruits cIAP1/2 to complex I, promoting K63-linked 
RIP1 ubiquitination 

109,110 
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protein TRADD (TNFR1-associated death domain) is then recruited to the intracellular domain of 139 
TNFR1 (R4-5) to facilitate binding of RIP1 (unmodified; R6-7) and TRAF2 (TNFR-associated factor 140 
2; R8-9).32–34 TRAF2 recruits and binds cIAP1/2 (cellular inhibitor of apoptosis proteins 1 and 2; 141 
R10-11), which add non-degradative polyubiquitin chains to RIP1 (R12).9 Ubiquitinated RIP1 142 
recruits other necessary components to the complex, including LUBAC (linear ubiquitin chain 143 
assembly complex; R13-14). We refer to the supramolecular structure, which is anchored to the cell 144 
membrane and composed of TNF, TNFR1, TRADD, ubiquitinated RIP1, TRAF2, cIAP1/2, and 145 
LUBAC, as complex I29,35 (Fig. 1, pink). Biologically, complex I is known to drive multiple 146 
pathways in addition to necroptosis, including apoptosis and the inflammatory NF-kB pathway.36 147 

 148 
Formation of complex I is followed by deubiquitination of RIP1 by the enzymes A2015,21 and 149 
CYLD,12,17,19,20 which competitively bind to RIP1 in its ubiquitinated state (R15-18), causing 150 
cleavage, deubiquitination, and release in association with TRADD and the dissolution of complex 151 
I (R19-20). The RIP1:TRADD heterodimer then recruits FADD (Fas-associated protein with death 152 
domain; R21-22), initiating the formation of complex II, also known as the cytosolic death-inducing 153 
signaling complex (Fig. 1, orange). Complex II can then be modified via two competing paths, 154 
one anti-necroptotic and one pro-necroptotic. The anti-necroptotic path involves FADD, via its 155 
death effector domain, mediating the recruitment of inactive Caspase 8 (C8i; R23-24),37 which 156 

 
Figure 1: Schematic of the necroptosis execution model. The diagram is color coded to highlight the processes 
involved in formation of complex I, complex II, complex IIa, complex IIb, and the necrosome. Arrows are labeled 
with ‘RN’ or ‘RN-M’, where N and M correspond to reaction indices in the model. In many cases (but not all; see 
text), ‘RN-M’ denotes a set of reversible reactions, with N the index of the forward direction and M the index of the 
reverse. Note that unmodified (u) and deubiquitinated (dUb) RIP1 are considered distinct states and are involved 
in different reactions. Created with BioRender.com. 
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subsequently binds FLIP (cellular FADD-like IL-1β-converting enzyme-inhibitory protein; R25-157 
26), resulting in the complex commonly referred to as complex IIa (Fig. 1, green).26,37 FLIP then 158 
oligomerizes with C8i to produce active Caspase-8 (C8a; R27-28),38,39 which cleaves RIP1 for 159 
truncation (i.e., degradation), resulting in dissolution of the complex and release of the active 160 
C8a:FLIP heterodimer40,41 (R29) that directly inhibits necroptosis (R32-34; see below).  161 
 162 
The pro-necroptotic path involves formation of complex IIb (Fig. 1, blue), which occurs when 163 
deubiquitinated RIP1 in complex II recruits RIP3 (receptor-interacting protein kinase 3; R30-31), 164 
blocking C8i recruitment (R23-24). The C8a:FLIP heterodimer can then be recruited to complex IIb 165 
(R32-33), which cleaves RIP1 for truncation, leading to dissolution of the complex (R34). 166 
Alternatively, RIP3 and deubiquitinated RIP1 can dissociate from complex IIb as a heterodimer 167 
(R35).26 Cross-phosphorylation of RIP3 (R36) and then RIP1 (R37), followed by recruitment of 168 
MLKL (R38-39),42,43 results in the necroptosis signaling complex, known as the necrosome (Fig. 1, 169 
yellow).26 Phosphorylation of MLKL44 in the necrosome by phosphorylated RIP1 and RIP3 is 170 
followed by release of pMLKL from the phosphorylated RIP1:RIP3 heterodimer (R40), which is 171 
again free to bind MLKL. We assume dephosphorylation and degradation of the phosphorylated 172 

 
Figure 2: Proteomics, parameter calibration, and time-to-death. (A) Western blots for phosphorylated MLKL 
(pMLKL) at multiple time points in L929 (murine fibrosarcoma) cells under 0.1–100 ng/ml TNF stimulation. 
Actin, used as a loading control, is also shown for comparison. (B) Mass spectrometry data from untreated L929 
cells for multiple proteins involved in necroptosis execution. Points represent the median of three replicates (used 
as input to the computational model); error bars span the interquartile range. (C) Simulated pMLKL time courses 
(plotted as 95% probability envelopes) for 0.1–100 ng/ml TNF stimulation (same concentrations as in A) based 
on 10,628 parameter sets obtained using Bayesian parameter estimation. The model was calibrated to the 100 and 
10 ng/ml TNF data only (shaded regions with diagonal lines); time courses for the lowest TNF concentrations 
(shaded regions with no diagonal lines) amount to a simple model validation. Points correspond to the Western 
blot data in A, quantified via densitometry. Points and shaded regions are colored the same, based on TNF dose. 
(D) Illustration of the time-to-death (TTD) metric used to quantify cell death in silico. A hard threshold of 2,772 
molecules (half the median MLKL level in B) was chosen to signify cell death (see Materials and Methods). 
MLKL: mixed lineage kinase domain-like protein; TNF: tumor necrosis factor.  
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RIP1:RIP3 heterodimer is negligible, consistent with experimental reports.45 Translocation of 173 
pMLKL to the cell membrane46 then causes rapid plasma membrane rupture and inflammatory 174 
response due to the release of DAMPs (damage-associated molecular patterns) and cytokines,47 175 
ultimately resulting in cell death. 176 
 177 
Western blots and mass spectrometry enable Bayesian parameter estimation of the 178 
necroptosis model 179 
 180 
To explore the dynamics of our computational necroptosis model, we first calibrated it to 181 
experimental protein time course data using a Bayesian parameter estimation approach.48 Briefly, 182 
we used L929 cells, a murine fibrosarcoma cell line that is a well-established model system for 183 
studying necroptosis.26 Cells were treated with 100, 10, 1, and 0.1 ng/ml of TNF over 16 hours 184 
and pMLKL levels were estimated at multiple time points via Western blot using densitometry 185 
(Fig. 2A). To quantify initial protein abundances, used as inputs to the model, we used label-free 186 
mass spectrometry in untreated L929 cells for proteins C8, FADD, MLKL, RIP3, TRADD, and 187 
TRAF2 (Fig. 2B). All other initial protein levels (other than TNF, which depends on applied dose) 188 
were set to values based on biologically plausible assumptions (Supplementary Table S1). 189 
Parameter estimation was then performed using PyDREAM48 (Fig. 2C), a multi-chain Monte Carlo 190 
sampling tool, with a multi-objective cost function that included data from the two highest TNF 191 
doses (100 and 10 ng/ml; Supplementary Fig. S1). In all, an ensemble of 10,628 parameter sets 192 
was obtained (Supplementary Fig. S2), all of which reproduce the experimental data reasonably 193 
well49 (see Materials and Methods for additional details). Model simulations at the two lowest TNF 194 
doses (1 and 0.1 ng/ml; Fig. 2C) showed good correspondence to experimental data, providing a 195 
simple validation of the model fits. 196 
 197 
A dynamical systems analysis identifies four distinct necroptosis execution modes differing 198 
by mechanism of RIP1 ubiquitination regulation 199 
 200 
We performed a dynamical systems analysis to explore the possibility that distinct “modes of 201 
necroptosis execution” exist within the parameter set ensemble obtained from Bayesian parameter 202 
estimation. The rationale is that while different parameterizations of the model achieve cell death 203 
at approximately equal times, they may arrive there via significantly different sequences of 204 
molecular events. We utilized a computational tool50 that identifies subnetworks of reactions that 205 
dominate the production or consumption of a target species, pMLKL in this case, at user-specified 206 
times along a time course. Each subnetwork is given an integer label and each time point is 207 
associated with a subnetwork. Thus, a continuous concentration time course is “digitized” into a 208 
sequence of integers, which we refer to as a “dynamical signature.” This transformation enables 209 
simple comparisons between time courses obtained with different parameter sets using standard 210 
dissimilarity metrics, such as the longest common subsequence.51 Applying this approach to all 211 
10,628 parameter sets obtained from Bayesian parameter estimation of our necroptosis model and 212 
clustering the resulting dynamical signatures using a spectral clustering algorithm,52 we obtained 213 
four distinct clusters, or modes of necroptosis execution (Fig. 3A and Supplementary Fig. S3; see 214 
Materials and Methods for additional details).  215 
 216 
Interestingly, two of the execution modes exhibit significantly more variability in pMLKL 217 
temporal dynamics and TTD (defined in Fig. 2D) across their associated parameter sets than the 218 
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other two (Fig. 3B). This suggests the modes harbor fundamental differences in rate constant 219 
values that lead to differential robustness to parameter variations. To explore this further, we 220 
compared the distributions of rate constants across modes and identified eight (out of 40) with 221 
significant differences (>7.5-fold) between the largest and smallest mean (Fig. 3C; additional 222 
distributions are shown in Supplementary Fig. S5). We also consider distributions for two rate 223 
constants (P12 and P13; parameter indices correspond to reaction indices in Fig. 1) with much 224 
smaller differences across means (~3-fold in both cases) but for which the model exhibits high 225 
sensitivity (discussed in the next subsection). In all, these 10 rate constants correspond to reactions 226 
spanning the model topology, starting with the association of TRADD to complex I (P4), which 227 
has a somewhat increased rate in mode 4. Further downstream, the rate constant for ubiquitination 228 
of RIP1 by cIAP (P12) is slightly larger in mode 1 than in the other modes. Small differences are 229 
also seen for the binding rate of LUBAC to complex I (P13). The rate constant for binding of A20 230 
to ubiquitinated RIP1 (P15) is significantly smaller in mode 4 than in the other modes and 231 
somewhat smaller in mode 2 relative to modes 1 and 3. Deubiquitination of RIP1 by A20 (P19) is 232 
significantly reduced in modes 2 and 4, while, interestingly, the rate constant for RIP1 233 
deubiquitination by CYLD (P20) in mode 1 is reduced by almost the same amount relative to the 234 
other modes. For activation/deactivation of C8 in complex IIa, which is a critical step in the 235 
pathway for determining whether the cell will progress to necroptosis, mode 4 has both a 236 
significantly larger activation (P27) and significantly smaller deactivation (P28) rate constant. The 237 
rate constant for subsequent RIP1 degradation by the active C8a:FLIP heterodimer to complex IIb 238 
(P34), which inhibits necroptosis, is somewhat smaller in mode 3 and larger in mode 4 relative to 239 
the other modes. Finally, the binding rate constant for MLKL to the phosphorylated RIP1:RIP3 240 
heterodimer (P38), the final step in the formation of the necrosome, is somewhat increased in mode 241 
1. These results clearly illustrate that significant differences exist in the values of rate constants 242 
across the modes of execution, despite the similarities in pMLKL temporal dynamics.  243 
 244 
CYLD and A20 are known regulators of RIP1 deubiquitination10–16 but have been reported as both 245 
drivers and inhibitors of necroptosis in different cell types.12,17,19,20,24–26 To investigate the roles of 246 
CYLD and A20 in our necroptosis model, we performed in silico CYLD and A20 knockout (KO) 247 
experiments and compared TTD distributions to the unperturbed, i.e., “wild-type” (WT), case (Fig. 248 
3D). Unsurprisingly, in all cases CYLD/A20 double KO (DKO) prevents cell death (TTD = ¥). 249 
However, for single CYLD KO and A20 KO, we see highly variable responses across the four 250 
modes of execution. For mode 1, we see that knocking out A20 leads to a general increase in TTD 251 

Table 2: Roles of A20 and CYLD in RIP1 deubiquitination and necroptosis execution in the four signal 
execution modes. ß: decrease; Ý: increase; Û: no change; TTD: time-to-death. 

Mode 1  • A20 ß TTD Ý  
• CYLD ß TTD ß 

• A20 deubiquitinates RIP1 
• CYLD (counterintuitively) inhibits necroptosis 

Mode 2 • CYLD ß TTD Ý 
• A20 ß TTD ß 

• CYLD deubiquitinates RIP1 
• A20 (counterintuitively) inhibits necroptosis 

Mode 3 • CYLD ß TTD Ý 
• A20 ß TTD Û 

• CYLD deubiquitinates RIP1 
• A20 has no significant role in necroptosis execution 

Mode 4 • A20 ß TTD Û 
• CYLD ß TTD Û 
• A20 ß CYLD ß TTD Ý 

• Both A20 and CYLD can drive RIP1 deubiquitination 
• If one is knocked out, the signal can reroute through the other 
• Double KO prevents cell death (true for all modes) 
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(i.e., decrease in necroptosis sensitivity) across the parameter sets, consistent with A20 acting as a 252 
regulator of RIP1 ubiquitination and driver of necroptosis.15,21 Conversely, CYLD KO results in a  253 
general reduction in TTD (i.e., increase in sensitivity), indicating that CYLD in mode 1 254 
counterintuitively operates as an inhibitor of necroptosis. We see the opposite trends in mode 2: 255 
A20 KO reduces TTD, while CYLD KO leads to a general increase in TTD across the parameter 256 

 
Figure 3: Four modes of necroptosis execution exhibit variability in temporal dynamics and differ in rate 
constant values and responses to CYLD and A20 knockouts. (A) Clustering analysis of simulated time courses 
(100 ng/ml TNF) from 10,628 parameter sets reveals four distinct modes of execution (M1, …, M4). Dissimilarity 
(“distance”) between dynamical signatures (digitized time courses) was quantified using the longest common 
subsequence (see Materials and Methods). (B) Simulated time courses (100 ng/ml TNF) of the necroptosis marker, 
phosphorylated MLKL (pMLKL), show significantly more variability in time-to-death (TTD; defined as the time 
at which pMLKL reaches its half-maximal value) in modes 1 and 2. Time courses for all parameter sets associated 
with each mode are shown. Experimental Western blot data (black circles; quantified from Fig. 2A) are included 
to illustrate the model fit for each mode. (C) Variations in the values of 10 rate constants (PN, where N corresponds 
to the associated reaction index in Fig. 1) distinguish the four modes of execution. Note that P12 and P13 are 
included because of the high sensitivity of the model to variations in their values (discussed in the next subsection). 
(D) Knockouts of CYLD and A20 (100 ng/ml TNF) differentially affect TTD, relative to wild type (WT), across 
the four modes of execution (each dot corresponds to a parameter set). Note that CYLD;A20 double knockout 
inhibits cell death in all cases (TTD = ¥). The number of parameter sets that do not result in cell death (n¥) are 
included for all modes under all conditions. KO: knockout; DKO: double knockout. 
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sets. This result is consistent with observations by Vanlangenakker et al.26 that A20 depletion can 257 
sensitize cells to death by necroptosis. In mode 3, we see that single KOs of A20 and CYLD have 258 
no effect on TTD. Since DKO prevents cell death in all cases, this reveals that A20 and CYLD 259 
both drive RIP1 deubiquitination and, hence, when one enzyme is knocked out signal flow diverts 260 
through the other. Finally, in mode 4, CYLD KO leads to a general increase in TTD, like mode 2; 261 
however, A20 KO has no effect, as in mode 3. In all, the results of in silico KO experiments reveal 262 
distinct differences in the roles of A20 and CYLD in RIP1 ubiquitination regulation among the 263 
four model-predicted modes of necroptosis execution (summarized in Table 2). 264 
 265 
Ubiquitination of RIP1 by cIAP in complex I and binding of LUBAC to complex I are global 266 
modulators of necroptosis sensitivity across execution modes 267 
 268 
Targeting necroptosis by small molecule modulators has emerged as a promising approach for 269 
both cancer therapy and treatment of inflammatory diseases.53 It is of interest, therefore, to 270 
determine if modulating factors exist that are common across all modes of execution, which could 271 
represent novel therapeutic targets. Towards this end, we performed sensitivity analyses based on 272 
“representative” parameter sets for each mode (automatically generated by our dynamical systems 273 
analysis tool;50 see Materials and Methods for details) over the 14 non-zero initial protein 274 
concentrations (Fig. 4A) and 40 rate constants (Fig. 5A, Supplementary Fig. S4). Initial protein 275 
concentrations were varied ± 20% around a reference set of concentrations (Supplementary Table 276 
S1) used for parameter estimation; rate constant values were varied ± 20% around the 277 
representative parameter set for each mode. We then validated the results of these analyses (i.e., 278 
to confirm they are not specific to the representative parameter set) by performing, for all 279 
parameter sets associated with each mode, in silico knockdowns (KDs) by 70% and 10-fold 280 
overexpressions (OEs) for the initial concentrations54,55 (Fig. 4B) and by varying the rate constants 281 
values ± 10-fold (Fig. 5B).  282 
 283 
Across the four modes of execution, we see three common protein modulators of necroptosis 284 
sensitivity: TNF, TNFR, and MLKL (Fig. 4). These are not unexpected (and, hence, not novel 285 
targets), since these proteins are well-known master regulators of TNF-induced necroptosis.56,57 286 
More interestingly, for the rate constants, we see three common modulators across the four modes 287 
(Fig. 5 and Supplementary Fig. S5) corresponding to the association of TNF to TNFR (P1), 288 
ubiquitination of RIP1 by cIAP in complex I (P12), and association of LUBAC (P13) to complex 289 
I (see Fig. 1, pink). The former is not unexpected, given that TNF is the death-inducing stimulus 290 
driving necroptosis. However, the latter two are not intuitively obvious and, hence, are potential 291 
global targets predicted by our model. Specifically, for all four modes, we see that increasing the 292 
values of these two rate constants (P12 and P13) leads to a significant decrease in TTD (i.e., 293 
increased sensitivity to necroptosis), and vice versa. Note that the analyses based on the 294 
representative parameter set (Fig. 5A) show only that TTD decreases when these two rate constant 295 
values are increased. However, by repeating the analyses over all parameter sets associated with 296 
each mode (Fig. 5B), we confirm that TTD also increases (i.e., sensitivity to necroptosis decreases) 297 
when the rate constant values are decreased. 298 
 299 
Sensitivities to initial protein levels and rate constant values reveal execution mode-300 
dependent targets for modulating time-to-death 301 
 302 
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We have shown that the four modes of necroptosis execution (Fig. 3A) exhibit differences in 303 
variability in TTD (Fig. 3B), rate parameter values (Fig. 3C), and responses to A20 and CYLD 304 
KOs (Fig. 3D). This suggests that, in addition to the global modulators identified above (TNF, 305 
TNFR, MLKL, P1, P12, P13; Figs. 4 and 5), each mode also has a unique set of factors that drive 306 
response. For mode 1, these include proteins, i.e., A20, cIAP, and CYLD (Fig. 4–top row), and 307 
rate constants (P10, P11, P15–P19; Fig. 5–top row and Supplementary Fig. S5) associated with 308 
RIP1 ubiquitination regulation in complex I (see Fig. 1, orange). The sensitivities to A20 and 309 
CYLD are consistent with the results from in silico KO experiments (Fig. 3D). Intuitively, we can 310 
understand these sensitivities as due to competitive binding between A20 and CYLD to complex 311 
I coupled with differences in the rate constants for RIP1 deubiquitination by A20 (P19) and CYLD 312 
(P20; see Fig. 3C). In other words, increasing the amount of A20 leads to increased amounts of 313 
A20-bound complex I (and vice versa). Since the rate constant for RIP1 deubiquitination in mode 314 
1 by A20 is much larger than for CYLD (Fig. 3C), this results in a significant decrease in TTD 315 
(i.e., increase in sensitivity to necroptosis). Conversely, increasing the amount of CYLD leads to 316 
more CYLD-bound complex I (and vice versa). Since CYLD is less efficient at deubiquitinating 317 
RIP1, this results in a much lower overall rate of RIP1 deubiquitination and a significant increase 318 
in TTD (decrease in sensitivity to necroptosis). Sensitivities to rate constants associated with these 319 
processes (P10, P11, P15–P19) can be explained similarly.  320 
 321 
As in mode 1, potential targets in mode 2 include proteins, i.e., A20, CYLD, and LUBAC (Fig. 322 
4A, second row), and rate constants (P15–P20; Fig. 5–second row and Supplementary Fig. S5) 323 
associated with RIP1 ubiquitination regulation. The sensitivities to A20 and CYLD, however, are 324 
reversed in their effects on TTD as compared to mode 1, i.e., increasing A20 increases TTD, while 325 
increasing CYLD decreases TTD. Again, these results are consistent with in silico KO experiments 326 
(Fig. 3D) and can be understood in terms of competitive binding between A20 and CYLD to 327 
complex I and differences in rate constants for RIP1 deubiquitination by A20 and CYLD (Fig. 328 
3C). Also note that TTD in modes 1 and 2 are sensitive to the rate constant for TNF degradation 329 
(P3; Fig. 5–top and second rows), which is not unexpected since TNF is the stimulus driving 330 
necroptosis.  331 
 332 
For mode 3, potential targets are associated with formation of the necrosome from complex IIb, 333 
which immediately precedes necroptosis execution (see Fig. 1, blue). Specifically, we see 334 
sensitivities to proteins C8, RIP1, and TRADD (Fig. 4–third row), the latter two of which are key 335 
components of complex II, and rate constants (P2–P6; Fig. 5–third row and Supplementary Fig. 336 
S5) for reactions upstream of complex II that include the association of RIP1 and TRADD to 337 
complex I. Intuitively, the comparatively small value of the rate constant in mode 3 for degradation 338 
of C8a:FLIP-bound complex IIb (P34; see Fig. 3C) is what ultimately drives these sensitivities. 339 
Modifying rates of reactions that contribute to complex II formation and/or the rate of binding of 340 
C8i to complex II, alters the balance between the rates of necrosome formation and degradation of 341 
complex IIb that prevents necroptosis, thus affecting TTD. Also note, in contrast to modes 1 and 342 
2, the lack of sensitivity in mode 3 to variations in the initial concentrations of A20 and CYLD. 343 
This is because, in this mode, A20 and CYLD are effectively indistinguishable enzymes, i.e., rate 344 
constants for binding and unbinding from complex I (P15–P18) and RIP1 deubiquitination (P19 345 
and P20) are virtually identical for both (Fig. 3C and Supplementary Fig. S5). Thus, varying the 346 
concentration of one is effectively equivalent to varying the concentration of the other by the same 347 
amount.  348 
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 349 
In mode 4, we see the same 350 
sensitivities as in mode 3 to 351 
varying concentrations of C8, 352 
RIP1, and TRADD (Fig. 4–353 
bottom row) and the rate 354 
constant for association of 355 
TRADD to complex I (P4; Fig. 356 
5–bottom row and 357 
Supplementary Fig. S5). These 358 
sensitivities can be understood in 359 
the same way as in mode 3, in 360 
terms of the balance between 361 
necrosome formation and 362 
complex IIb degradation. 363 
However, we see an additional 364 
sensitivity in mode 4 to the initial 365 
concentration of LUBAC (Fig. 366 
4–bottom row). Interestingly, for 367 
the representative parameter set, 368 
this is evident for both increases 369 
and decreases in LUBAC 370 
concentration (Fig. 4A–bottom 371 
row), but when all parameter sets 372 
are considered is only 373 
statistically significant for the 374 
KD experiments (Fig. 5A–375 
bottom row). Note also that the 376 
representative parameter set 377 
shows a sensitivity to the 378 
dissociation rate of LUBAC 379 
from complex I (P14; Fig. 5A–380 
bottom row) but the effect is not 381 
statistically significant when all 382 
parameter sets are considered 383 
(Fig. 5B–bottom row). 384 
Furthermore, despite the results 385 
of in silico KO experiments that 386 
show RIP1 deubiquitination in 387 
mode 4 is driven exclusively by 388 
CYLD (Fig. 3D), we do not see 389 
a sensitivity in TTD to variations 390 
in CYLD concentration, even for 391 
a 70% KD (Fig. 4–bottom row). 392 
We can explain both this result 393 
and the one-way sensitivity to 394 

  
Figure 4: Sensitivity analyses and model-predicted protein targets for 
each mode of execution. (A) Changes in TTD for “representative” 
parameter sets of each mode. Black shaded regions signify decreases in 
initial protein concentrations; white shaded regions signify increases. (B) 
Knockdown (KD; 70%) and overexpression (OE; 10-fold) of potential 
targets identified in A for all parameter sets for each mode. The number 
of parameter sets that do not result in cell death (n¥) are included. Solid 
black lines = medians, dashed black lines = means; * p < 0.05, ** p < 
0.01, *** p < 0.001 (Mood’s median test). 
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variations in LUBAC as due to a 395 
severely dysfunctional A20 in mode 396 
4, evident in exceedingly small rate 397 
constants for A20 binding to 398 
complex I (P15) and subsequent 399 
RIP1 deubiquitination (P19), 400 
coupled with a comparatively large 401 
rate constant for C8 activation (P27) 402 
and small rate constant for C8 403 
inactivation (P28; Fig. 3C). 404 
Essentially, A20 does not compete 405 
with CYLD for binding to complex 406 
I (P15 ≪ P16), and since CYLD is 407 
in great excess relative to complex I 408 
(Supplementary Fig. S6A), varying 409 
CYLD concentration has little to no 410 
effect on TTD except for very large 411 
reductions, such as a KO (Fig. 3D 412 
and Supplementary Fig. S6B). 413 
Moreover, the exceedingly fast rate 414 
of C8 activation (P28/P27 ≪ 1) 415 
leads to a rapid accumulation of 416 
active C8a:FLIP heterodimer, 417 
which inhibits necroptosis by 418 
binding and degrading complex IIb. 419 
This essentially sets a “speed limit” 420 
on the rate of pMLKL production, 421 
i.e., any increase in complex I 422 
concentration due to an increase in 423 
the concentration of LUBAC, 424 
which would be expected to 425 
decrease TTD because of the large 426 
excess of CYLD, is counteracted by 427 
the increased concentration of 428 
C8a:FLIP. However, decreasing 429 
complex I concentration by 430 
knocking down LUBAC would still 431 
be expected to increase TTD, as 432 
confirmed by our results. 433 
 434 
DISCUSSION 435 
 436 
A recent review of TNF-induced 437 
necroptosis56 described signaling 438 
along the RIP1-RIP3-MLKL axis in 439 
terms of at least three major 440 

 
Figure 5: Sensitivity analyses and model-predicted rate constant 
targets for each mode of execution. (A) Changes in TTD for 
“representative” parameter sets of each mode. Black shaded regions 
signify decreases in rate constant values; white shaded regions 
signify increases. (B) Decreases (ß; 10-fold) and increases (Ý; 10-
fold) of potential targets identified in A for all parameter sets for each 
mode. The number of parameter sets that do not result in cell death 
(n¥) are included. Solid black lines = medians, dashed black lines = 
means; * p < 0.05, ** p < 0.01, *** p < 0.001 (Mood’s median test). 
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compartmentalization events: TNFR internalization in complex I, multiprotein assembly of 441 
complexes IIa and IIb, and necrosome formation leading to translocation of pMLKL to the 442 
membrane. Importantly, the authors emphasized that cues and regulation mechanisms underlying 443 
these compartmentalization events are poorly understood and proposed that a network of 444 
modulators surrounds the necroptotic signaling core,58–60 tuned in a context-, cell type-, and 445 
species-dependent manner. The results presented here are entirely consistent with this view, i.e., a 446 
detailed kinetic model comprising core and complementary necroptotic signaling proteins and 447 
associated rate constants (Table 1 and Fig. 1), calibrated to experimental data (Fig. 2A–C), can 448 
produce cell-death dynamics via distinct execution modes (Fig. 3A,B), distinguished by variations 449 
in rate constants (Fig. 3C) and the roles of A20 and CYLD in RIP1 ubiquitination regulation (Table 450 
2 and Fig. 3D). Moreover, model sensitivity analyses based on TTD (Fig. 2D) revealed global and 451 
mode-specific modulators of necroptosis sensitivity for each mode (Figs. 4 and 5). Global 452 
modulators include known effectors, such as TNF, TNFR, MLKL, and rate constants associated 453 
with these proteins, as well as two unexpected modulators: the rate constant for RIP1 454 
ubiquitination by cIAP in complex I (P12) and the binding rate constant for LUBAC to complex I 455 
(P13). Mode-specific modulators include, for modes 1 and 2, proteins and rate constants involved 456 
in RIP1 ubiquitination regulation (A20, cIAP, CYLD, LUBAC, P10, P11, P15–P20) and, for 457 
modes 3 and 4, factors regulating the balance between complex IIb degradation and necrosome 458 
formation (C8, LUBAC, RIP1, TRADD, P2–P6, P14, P27, P28).  459 
 460 
In addition, numerous published experimental studies have shown that RIP1 deubiquitination in 461 
complex I is driven by A20, CYLD, or both, depending on cell type. For example, Wertz et al.22 462 
showed that A20 can deubiquitinate RIP1 in human embryonic kidney (HEK) cells and mouse 463 
embryonic fibroblasts (MEFs). In contrast, Feoktistova et al.61 reported that deletion of A20 in 464 
human T lymphocyte (HTL) cells has no effect on necroptosis sensitivity. Moreover, Moquin et 465 
al.12 reported that RIP1 deubiquitination in MEFs is mediated by CYLD, but proposed it occurs in 466 
the necrosome rather than complex I, since KD of CYLD had no effect on RIP1 deubiquitination. 467 
Vanlangenakker et al.26 showed in mouse fibrosarcoma (MFS) cells that RIP1 can be 468 
deubiquitinated by both A20 and CYLD but, while inhibition of CYLD protects cells from 469 
necroptosis, inhibiting A20, counterintuitively, increases sensitivity to necroptosis. They also 470 
observed no effect on necroptosis after KD of TRADD. Hitomi et al.10 showed that increased 471 
CYLD expression reduces necroptosis in HTL cells. Similarly, Liu et al.62 showed in hippocampal 472 
neurons (HCNs) that KD of CYLD blocks necroptosis and Wright et al.20 showed that CYLD 473 
deubiquitinates RIP1 in human cervical adenocarcinoma (HCAC) cells.  474 
 475 
To reconcile these contrasting reports, we have associated with each experimental study one or 476 
more modes of necroptosis execution identified via our model analysis (Table 3). Specifically, the 477 
report by Wertz et al.22 that A20 deubiquitinates RIP1 in HEK cells and MEFs implies that 478 
knocking down A20 would lead to an increase in TTD, i.e., a decrease in sensitivity to necroptosis, 479 
which is consistent with mode 1 (Fig. 3D). Conversely, the reports by Hitomi et al.10, Liu et al.62, 480 
and Wright et al.20 all suggest that knocking down CYLD would increase TTD, which could be 481 
explained by either modes 2 or 4 (Fig. 3D). The report by Vanlangenakker et al.26 also suggests 482 
that knocking down CYLD would increase TTD but, importantly, includes additional data that 483 
excludes mode 4 as a possibility, i.e., KD of A20, counterintuitively, increases sensitivity to 484 
necroptosis and TRADD KD has no effect, which are only consistent with mode 2 (Fig. 3D and 485 
Fig. 4–second and bottom rows). The observation by Feoktistova et al.61 that deletion of A20 has 486 
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no effect on necroptosis sensitivity in HCAC cells is intriguing because it is consistent with both 487 
modes 3 and 4 (Fig. 3D) and they used the same cell line (HeLa) as Wright et al.20, who’s 488 
observations are consistent with modes 2 and 4 (as mentioned above). This could indicate that 489 
HCAC cells (or HeLa cells, specifically) operate via mode 4, since both studies are consistent with 490 
this mode, or that the cells in these experiments are operating via different modes of necroptosis 491 
execution due to differences in context, i.e., genetic or epigenetic variations between samples or 492 
differences in experimental conditions between laboratories. Finally, the report by Moquin et al.12 493 
is particularly interesting because their observation that CYLD binds to complex I but RIP1 494 
ubiquitination is not affected in CYLD-deficient MEFs led them to conclude that RIP1 495 
ubiquitination is regulated by CYLD in the necrosome, rather than complex I. However, our 496 
analysis shows these observations are consistent with mode 4, in which TTD increases for CYLD 497 
KO (Fig. 3D) but there is no effect on TTD for CYLD KD < 90% (Fig. 4B–bottom row and 498 
Supplementary Fig. 6B). Thus, the results of our in silico analyses, based on different 499 
parameterizations of a consensus model of necroptosis, can explain a variety of incommensurate 500 
and counterintuitive experimental observations in the literature and provide an alternate 501 
explanation for a result that is seemingly inconsistent with prior studies.  502 
 503 
Since evading apoptosis is a hallmark of cancer,5–7 inducing necroptosis is currently being 504 
explored as a potential anticancer treatment.36,53,63 Moreover, inhibiting necroptosis is crucial for 505 
treating a variety of inflammatory diseases, including cardiovascular, liver, and neurodegenerative 506 
diseases.4,13 Thus, improving our understanding of the molecular pathways that drive necroptosis 507 
is critical for identifying novel therapeutic targets against these deadly diseases. The detailed 508 
kinetic model of TNF-induced necroptosis proposed in this work represents the first successful 509 
attempt to describe contrasting, and sometimes counterintuitive, context-, cell type-, and species-510 
dependent responses to cell-death cues using a consensus set of biochemical interactions deduced 511 
from decades of experimental work. This is a significant contribution that advances our knowledge 512 
of necroptosis and also provides a foundation for future in silico-guided drug discovery efforts. 513 
For example, the model can be expanded to include additional proteins and small molecules known 514 
to play a role in necroptosis64,65 (e.g., ADAM17, CHIP, TAK1, nerostatins), additional 515 
necroptosis-associated receptors9 (e.g., TNFR2, CD95, Toll-like receptors) and ligands66–68 (e.g., 516 
LPS, FasL, TRAIL), both forms of cIAP69 (i.e., cIAP1 and cIAP2), assembly of the LUBAC trimer 517 
complex,70 different RIP1 ubiquitin chains56 (i.e., M1, K48, K63), and additional biochemical 518 
events involved in the activation of C871  (e.g., binding of pro-C8 to FADD, followed by 519 
oligomerization and cleavage) and formation of the necrosome72 (e.g., RIP3 phosphorylation by 520 
CK1 family kinases). The model can also be extended to include downstream events involved in 521 
MLKL-mediated permeabilization of the plasma membrane73,74 (e.g., Golgi-, microtubule-, and 522 
actin-dependent mechanisms), crosstalk with pro-survival1,27 (e.g., NF-kB) and other programmed 523 
cell death75 (e.g., apoptosis) pathways, and connections to the immune system36 (e.g., antigen-524 
induced proliferation of T cells). Altogether, the model presented in this study is a significant step 525 
towards the construction of a comprehensive computational model of the interconnected pathways 526 
controlling cell fate decisions, which could lead to the development of novel therapies against 527 
inflammatory diseases and cancer by enabling identification of molecular targets that shift the 528 
balance of fates towards either evasion or promotion of necroptosis. 529 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 26, 2022. ; https://doi.org/10.1101/2022.02.25.481705doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.25.481705
http://creativecommons.org/licenses/by-nc-nd/4.0/


 530 
MATERIALS AND METHODS 531 
 532 
Cell culture and reagents  533 
 534 
L929 cells (NCTC clone 929, L cell, L-929, derivative of Strain L) were purchased from the 535 
American Type Culture Collection (ATCC) and cultured in Dulbecco's Modified Eagle Medium 536 
(DMEM; Corning) supplemented with 10% fetal bovine serum (FBS; Omega Scientific), 1% L-537 
Glutamine, and 1% penicillin/streptomycin (Thermo Fisher Scientific) at 5% CO2 and 37°C. 538 
Mouse recombinant TNF was purchased from R&D (Cat# 410-MT-10). 539 
 540 

Table 3. Multiple experimental studies of necroptosis in the literature can be associated with different model-
predicted modes of execution. In the seconds column, the specific cell line used (if applicable) is included in 
parentheses. HCAC: human cervical adenocarcinoma; HCN: hippocampal neuron; HEK: human embryonic kidney; 
HTL: human T lymphocyte; MEF: mouse embryonic fibroblast; MFS: mouse fibrosarcoma. ß: decrease; Ý: 
increase; Û: no change. 

Reference  Cell type Quote(s) from article Interpretation 
Possible 
execution 
mode(s) 

Feoktistova et al. 
(2020) 

HCAC  
(HeLa) 

“[T]he deletion of A20 in HeLa or HaCaT cells 
had no effect on the TNF-mediated cell death 
sensitivity” 

A20 ß TTD Û 
 

M3, M4 
 

Hitomi et al. 
(2008) 

HTL 
(Jurkat) 

“[I]nhibition of CYLD expression in Jurkat cells 
also attenuated necroptosis” 

CYLD ß TTD Ý 
 

M2, M4 

Liu et al. (2014) HCN  
(HT-22) 

“RIP1 and its deubiquitinase CYLD are required 
for TNF-induced necrosis of HT-22 cells” 

CYLD ß TTD Ý M2, M4 

Moquin et al. 
(2013) 

MEF “CYLD regulates RIP1 ubiquitination in the 
TNFa-induced necrosome, but not in the TNFR-
1 signaling complex” 
“Although CYLD was recruited to TNFR-1 in a 
ligand-dependent manner, RIP1 ubiquitination 
was not affected in CYLD-/- MEFs” 

CYLD ß TTD Ý M4 
(M2 
excluded; 
see text) 

Vanlangenakker 
et al. (2011) 

MFS  
(L929) 

“[W]e and others previously showed that CYLD 
repression protects L929 cells from TNF-
induced necroptosis” 
“[W]e were surprised to find that A20 depletion 
had an opposite effect and greatly sensitized the 
cells to death” 
“[W]e found that TRADD depletion in L929 
cells did not affect TNF-induced necroptosis” 

CYLD ß TTD Ý 
 
 
A20 ß TTD ß 
 
 
TRADD ß TTD Û  

M2 

Wertz et al. 
(2004) 

HEK  
(HEK293T)  

“Co-transfection of wild-type A20 de-
ubiquitinates RIP in HEK293T cells.” 

A20 ß TTD Ý 
 

M1 

Wertz et al. 
(2004) 

MEF “However, in the absence of A20, RIP1 will 
neither be de-ubiquitinated nor targeted for 
proteasomal degradation. Indeed, RIP recruited 
to activated TNFR1 remained hyperubiquitinated 
and was stabilized in A20-/- MEFs” 

A20 ß TTD Ý M1 

Wright et al. 
(2007) 

HCAC  
(HeLa)  

“RIP1 ubiquitination [was] inhibited by wild-
type (Wt) CYLD but not a catalytically inactive 
CYLD mutant (Mut)” 

CYLD ß TTD Ý M2, M4 
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Immunoblotting 541 
 542 
L929 cells (2–3 ´ 106) were grown in 10-cm dishes for 24 h followed by treatment with TNF (0.1, 543 
1, 10, or 100 ng/ml) for 16h. Dead cells were removed by washing with ice cold phosphate-544 
buffered saline (PBS). Remaining adherent cells were lysed using radioimmunoprecipitation assay 545 
(RIPA) buffer with 1% Triton X-100, protease, and phosphatase inhibitors. Samples were 546 
normalized for total protein concentration (Bradford assay, Bio-Rad), denaturated in 3´ sodium 547 
dodecyl sulfate (SDS) sample buffer (5 minutes at 95°C) and subjected to gel electrophoresis (4–548 
15% Criterion™ TGX™ Precast Midi Protein Gel, Bio-Rad) and immunoblotting (polyvinylidene 549 
difluoride Transfer Membrane, Thermo Fisher Scientific). Membranes were blocked in 5% bovine 550 
serum albumin (BSA)/tris buffered saline with Tween® 20 (TBS-T) and incubated with the 551 
following antibodies: pMLKL (1:1000, Abcam, Cat# ab196436), actin (1:3000, Santa Cruz, Cat# 552 
sc-1615), anti-rabbit (1:5000, Santa Cruz, Cat# sc-2004), anti-goat (1:3000, Santa Cruz, Cat# sc-553 
2354). Signal was developed using chemiluminescent substrate (SuperSignal West Pico Plus, 554 
Thermo Fisher Scientific) and visualized with ChemiCoc MP imaging system (Bio-Rad). 555 
 556 
Determining initial protein concentrations 557 
 558 
Expression levels for six proteins (caspase-8, FADD, unmodified MLKL, RIP3, TRADD, and 559 
TRAF2) were measured in L929 cells using absolute protein quantitation mass spectrometry. As 560 
a negative control, cells were collected in three replicate 6-well plates and cell lysates were 561 
gathered, prepped for protein precipitation, pellet, and digestion in the Vanderbilt Mass 562 
Spectrometry Research Center (MSRC) Proteomics Core Laboratory. For the other eight proteins 563 
in the model, initial concentrations were estimated from measurements reported in the literature 564 
and the human protein atlas.76–78 Concentrations were converted to units of molecules/cell 565 
assuming an L929 cell diameter of 15µm.79 566 
 567 
Bayesian parameter calibration 568 
 569 
We estimated parameter values using PyDREAM,48 a Python implementation of the DiffeRential 570 
Evolution Adaptive Metropolis (DREAM) method.80 We utilized pMLKL Western blot data at the 571 
two highest TNF doses (100 and 10 ng/ml) and defined a multi-objective cost function, 572 
 573 

𝐶𝑜𝑠𝑡(Θ) = 	∑ ∑ !
"#!(%,')

[𝑥)(𝑡, 𝑑) − 𝑥*(𝑡, 𝑑)]"'%    (1) 574 
 575 
where Q is the parameter set, xm(t,d) and xe(t,d) are model-predicted and experimentally measured 576 
pMLKL concentrations, respectively, at time t and TNF dose d, and s(t) = 0.1×xe(t,d) (following 577 
previous studies49,81,82). Parameter sampling was performed using five Monte Carlo chains, each 578 
run for 50,000 iterations, the first 25,000 of which were considered burn-in and discarded, resulting 579 
in 125,000 parameter sets. Out of these, we extracted an ensemble of 10,628 unique parameter 580 
sets. Convergence was achieved for all chains (Supplementary Fig. S1), assessed using the 581 
Gelman-Rubin test.83,84 Starting positions for all PyDREAM chains were determined using particle 582 
swarm optimization85 (PSO): we performed 100 PSO runs, of 500 iterations each, saved the 583 
parameter sets from the last iteration of each run, and selected the five with the lowest cost function 584 
values (Eq. 1). Also, for all parameters, we set prior distributions in PyDREAM to log-normal 585 
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distributions, 𝐿𝑁4𝜇 = log!+4∑ 𝑝, 5⁄-
,.! <, 𝜎" = 4<, where pi is the value of the parameter from the 586 

i-th PSO run. Starting rate constant values for the PSO runs were set to physically plausible 587 
values:86,87 association=10-6 min-1, dissociation=10-3 min-1, ubiquitination/phosphorylation=1 min-588 
1, and degradation=1 min-1 (see Supplementary Table S2). In all cases, simulations were performed 589 
by numerical integration of ordinary differential equations (ODEs) using LSODA,88 as 590 
implemented in the Python package SciPy.89 591 
 592 
Identifying modes of signal execution in a parameter set ensemble  593 
 594 
Modes of signal execution were identified using PyDyNo, a Python-based software package for 595 
dynamical systems analysis of biochemical models with uncertain parameters.50 PyDyNo takes as 596 
input a model object (PySB90 or SBML91,92 formats), an input file with parameter sets, and a target 597 
species (pMLKL, in our case). ODE simulations are run88,89 for all parameter sets and “digitized” 598 
into a sequence of integers, termed a “dynamical signature,” based on “dominant” subnetworks of 599 
reactions identified at each time point. Basically, the algorithm identifies, at every time point, the 600 
subnetwork of reactions that contribute most to either the production or consumption (depending 601 
on user preference; production, in our case) of the target species and assigns to each identified 602 
subnetwork an integer index. Each time point is thus associated with an integer index and the entire 603 
simulated time course with a sequence of integers, i.e., the dynamical signature. We refer the reader 604 
to the original work50 for further details on how PyDyNo identifies dominant subnetworks from 605 
ODE simulations of biochemical models. We repeated this procedure for all 10,628 unique 606 
parameter sets obtained from PyDREAM, with all simulations run at the highest TNF dose (100 607 
ng/ml) for 16h simulated time, in line with experimental data (Fig. 2A). Dynamical signatures 608 
were clustered using a spectral clustering method93 with the longest common subsequence51 (LCS) 609 
as the distance metric. The optimal number of clusters, i.e., modes of execution, was determined 610 
using a silhouette score94 for cluster sizes between 2 and 20 (Supplementary Fig. S3). For each 611 
mode, a “representative” dynamical signature was defined as the one with the minimal sum of 612 
distances to all other signatures95 (i.e., the medoid).  613 
 614 
Sensitivity analyses for initial protein concentrations and rate constants 615 
 616 
We used a sensitivity analysis tool96 available in PySB90 to quantify changes in TTD, defined as 617 
the time at which pMLKL reaches a pre-defined threshold (Fig. 2D), due to changes in both initial 618 
protein concentrations and rate constants. Briefly, the sensitivity analysis tool varies pairs of 619 
protein concentrations or rate constants over a range of values relative to a reference set (in this 620 
case, [-20%, …, -2%, 0%, 2%, …, 20%]) and calculates the resulting changes in TTD. For each 621 
protein or rate constant, a “single-parameter sensitivity multiset96” is then obtained, which 622 
summarizes the range of changes in TTD due to the changes in protein or rate constant values and 623 
can be visualized as a boxplot (Figs. 4A and 5A). Reference rate constants are those associated 624 
with the representative dynamical signatures obtained for each mode from PyDyNo (see previous 625 
subsection). For protein concentration sensitivities, reference concentrations are those obtained 626 
from mass spectrometry (Fig. 2B) and the literature or human protein atlas76–78 (Supplementary 627 
Table S1) and all simulations were performed using the reference rate constant values. Note that 628 
we defined a hard threshold of 2,772 pMLKL molecules to define TTD, which is half the amount 629 
measured by mass spectrometry (Fig. 2B). We chose this, rather than, e.g., the half-maximal 630 
amount of pMLKL, to prevent any bias (i.e., changes in the threshold) when varying the initial 631 
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amount of MLKL. This choice is consistent with experimental evidence that plasma membrane 632 
damage accumulates until a threshold is reached, triggering cell death.74 Results of the sensitivity 633 
analyses above, which used reference rate constant values, were then validated by performing, 634 
over the full set of rate constant values for each mode, in silico KD (70%) and OE (10-fold) 635 
experiments for protein concentrations and ± 10-fold variations for the rate constants (Figs. 4B 636 
and 5B). This was critical for identifying results that were specific only to the reference parameter 637 
set and, hence, could be discounted from our analyses. 638 
 639 
Data and computer code availability 640 
 641 
All Western blot data, mass spectrometry data, and Python code used in this study, including the 642 
PySB encoding of the Necroptosis Execution Reaction Model (NERMv1.0), are available at 643 
https://github.com/LoLab-VU/NERM.git. 644 
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