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A computational model of the DNA damage-induced

IKK/ NF-kB pathway reveals a critical dependence
on irradiation dose and PARP-1

Fabian Konrath,! Michael Willenbrock,? Dorothea Busse,' Claus Scheidereit,? and Jana Wolf'-34.*

SUMMARY

The activation of IKK/NF-«xB by genotoxic stress is a crucial process in the DNA damage response. Due to
the anti-apoptotic impact of NF-kB, it can affect cell-fate decisions upon DNA damage and therefore inter-
fere with tumor therapy-induced cell death. Here, we developed a dynamical model describing IKK/NF-xB
signaling that faithfully reproduces quantitative time course data and enables a detailed analysis of
pathway regulation. The approach elucidates a pathway topology with two hubs, where the first inte-
grates signals from two DNA damage sensors and the second forms a coherent feedforward loop. The
analyses reveal a critical role of the sensor protein PARP-1 in the pathway regulation. Introducing a
method for calculating the impact of changes in individual components on pathway activity in a time-
resolved manner, we show how irradiation dose influences pathway activation. Our results give a mech-
anistic understanding relevant for the interpretation of experimental and clinical studies.

INTRODUCTION

The members of the NF-kB transcription factor family are involved in the regulation of important cellular processes such as proliferation and
survival. Over the past decades, numerous studies revealed the fundamental role of NF-«B in the regulation of inflammation, immunity as well
as the cell-fate decision between survival and apoptosis. Based on the stimulus and the involved components, NF-kB signaling can be divided
into three pathways: The canonical, non-canonical, and genotoxic stress-induced signaling cascade. While cell-surface receptors such as cyto-
kine or antigen receptors trigger canonical and non-canonical signaling, genotoxic stress signals, referred to here primarily as induced by
genomic DNA double-strand breaks, emanate from the nucleus.

Despite their differences, all three signaling systems culminate in the activation of NF-kB transcription factors in various crucial cellular
processes, therefore underscoring the detrimental consequences of dysregulated NF-kB activity. Auto-immune diseases like psoriasis or
the survival of cancer cells are examples of hyperactivated NF-kB." Hence, the biochemical interaction networks involved in the regulation
of NF-kB activation were the subject of numerous studies. For the canonical pathway and parts of the non-canonical pathway, computational
models were developed and their systematic and detailed analyses greatly contributed to the understanding of the regulation of the NF-xB
family members.” In particular, multiple ODE models of the canonical pathway were developed to study the dynamical behavior of NF-«B,*
its regulation via IkBs and A20°'° as well as its role in the B cell development.'’ For the non-canonical pathway, ODE models were used to
elucidate the impact of NF-kB precursors and their processing on the regulation of NF-kB signaling.'*"*

For the DNA damage-induced signaling pathway, seminal experimental work revealed the signaling components involved in transferring
the signal emerging from DNA lesions to the activation of NF-kB and the concomitant expression of its target genes (reviewed by McCool
K.W. and Miyamoto S.'). In general, a cell is permanently challenged by various kinds of external and internal stresses. For instance, UV irra-
diation or reactive oxygen species are genotoxic stresses that can damage DNA and thereby cause genomic instability.’>'® To prevent ma-
lignant transformation, cells need to respond to such DNA lesions in an appropriate way. The DNA damage response comprises recognition
of damaged DNA, signal transduction, and the final cellular response.’” The processes and pathways that are involved in the signal transduc-
tion are dependent on the damage type. The most severe damage is DNA double-strand breaks (DSBs). Homologous recombination and
non-homologous end-joining are two pathways that allow the repair of DSBs. However, in case of complex or irreparable damage, apoptosis
or a permanent cell-cycle arrest program termed senescence is induced.'® ' The p65/p50 heterodimer (from here on referred to as NF-kB) is a
member of the NF-kB transcription factor family and is activated during the DNA damage response.'**° Similar to the canonical pathway, the
activity of NF-kB is tightly controlled by IKK, a complex consisting of kinase IKKa (IKK1), kinase IKKB (IKK2), and the regulatory subunit IKKy
(NEMO).”" Upon activation, IKKB induces the activation of NF-kB by mediating the phosphorylation and proteasomal degradation of 1B
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proteins, inhibitors of NF-kB, that sequester NF-kB in the cytoplasm.”” Moreover, IKKB mediates posttranslational modifications of pé5 which
are crucial for full activation of NF-kB.?"** For genotoxic stress-induced IKK/NF-kB signaling, IKKy plays a central role by transferring the
signal from the nucleus to the cytoplasm.'”

First, the sensors poly(adenosine diphosphate (ADP)-ribose) polymerase 1 (PARP-1) and the MRN complex, consisting of MRE11, RADS0, and
NBS1, detect DNA double-strand breaks. The MRN complex activates the kinase ATM.?"?> Activated PARP-1 and ATM form a nuclear complex
with IKKy, which leads to the posttranslational modifications of IKKy in the nucleus.” The genotoxic stress-induced signal is then transferred to the
cytoplasm by shuttling of modified IKKy to the cytoplasm and its integration into IKK complexes.'“?”?® In parallel, phosphorylated ATM trans-
locates to the cytoplasm and mediates the formation of a TRAFé and TAK1-containing complex which in turn facilitates the activation of the primed
IKK complexes by the phosphorylation of the IKKB subunit.” The activated IKK complex phosphorylates IkBa. and thereby mediates the protea-
somal degradation of the NF-kB inhibitor.”” Freed NF-kB can translocate into the nucleus, where itinduces the expression of various target genes
encoding anti-apoptotic factors such as XIAP, c-FLIP, BCL-XL, and BCL2?"~* that counteract apoptosis and thereby promote cell survival.*

Due to its impact on cell-fate decisions, aberrant functionalities of NF-kB can result in tumor development as well as tumor progression.**
Activated NF-kB is observed in several types of cancer®>*° 16
Importantly, the choice between cell death and survival upon DNA damage is also of great importance for tumor therapy as a common ther-
apeutic strategy is to induce DNA damage and promote cell death of tumor cells.*”** Hence, chemotherapy as well as radiotherapy trigger

the activation of NF-kB,*~*! which in turn may interfere with therapy-induced cell death. Consequently, blocking NF-kB activity can enhance
42,43

and may mediate resistance to apoptosis, a known critical event in tumorigenesis.

the susceptibility of tumor cells to therapy.

Hence, genotoxic stress-induced IKK/NF-kB signaling is of importance to advance the understanding of tumor development and
improved therapeutic strategies. To gain mechanistic insights into oncogenic signaling pathways, quantitative computational models
have been shown to be powerful tools.****

Here, we developed a dynamic model of the IKK/NF-kB activation induced by DNA damage. The model, consisting of a system of coupled
ordinary differential equations, is based on the biochemical network described in the experimental literature. For most of the components
involved in genotoxic stress signaling, profound time-resolved data exist for different irradiation doses and cell types used in the different
studies. We integrated the ample experimental observations on a quantitative level and were able to create a computational model that faith-
fully describes IKK/NF-kB signaling in tumor cell lines. We then used the model for a detailed analysis of the regulation of IKK/NF-«B signaling
triggered by DNA damage. Introducing a new method that allows to assess the impact of changes in individual signaling components on a
process in a temporally resolved and systematic manner, we could show that the regulation of the signaling is a highly dynamic process that
depends on the irradiation dose. The analysis allowed the identification of potential drug targets with a major impact on inhibiting the acti-
vation of the IKK complex for different irradiation doses.

RESULTS
A mathematical model describing the activation of IKK/NF-kB signaling by genotoxic stress

We developed an ordinary differential equation-based model based on literature-derived mechanisms and experiment-informed refinements (for
details of the model development and incorporated experiments see STAR methods). The model describes the initial recruitment of the DNA
damage sensors PARP-1 and the MRN complex to DNA lesions, the integration of the signal, and its transmission from the nucleus to the cyto-
plasm via IKKy and ATM as well as the final activation of the IKK complex (see Figure 1A for amodel scheme and STAR methods for model details).
In the presence of DSBs, the recruited MRN complex mediates the recruitment and activation of the kinase ATM.*/*® PARP-1 undergoes auto-
modification by attaching poly(ADP-ribose) (PAR) molecules to itself and thereby forms a platform for the activated ATM, the SUMO-1 ligase
PIASy, and IKKy.?® The close proximity of the components facilitates the phosphorylation and sumoylation of IKKy.?*%>° The nuclear complex,
termed signalosome, disintegrates due to dePARylation of PARP-1 which is mediated by the PAR glycohydrolase.”’ The complex disassembly
frees the posttranslationally modified IKKy and enables its translocation to the cytoplasm'“?*?” where it integrates into an IKK complex.”

Simultaneously, activated ATM translocates to the cytoplasm where it induces the formation of a complex containing TRAF6 and TAK1,
which in turn mediates the activation of the primed IKK complexes.”® We trained the model on various datasets capturing for multiple irra-
diation doses detailed time course measurements of critical pathway components, such as PARP-1, ATM, and IKKy (STAR methods). Using
those datasets with around 10,000 data points enabled us to create a model that faithfully reproduces the dynamics of genotoxic stress-
induced IKK/NF-kB signaling (for a comparison of experimental data and simulated dynamics see Figure S1). In this way, the model integrates
the information of these different datasets and links them based on the underlying mechanistic network of biochemical interactions. The
trained model can be used to simulate and predict the time courses of all implemented network components for various irradiation doses.
Figure 1B shows the dynamics of selected pathway components: posttranslationally modified PARP-1 (parPARP), phosphorylated ATM
(PATM), unmodified IKKy (IKKy) in the nucleus, and activated cytoplasmic IKK complex (pIKK) consisting of IKKe, phosphorylated IKKB,
und posttranslationally modified IKKy. The simulations reveal different activation dynamics of the two DNA damage sensors. While
PARP-1 is fast and transiently modified (parPARP) with a peak amplitude depending on the irradiation dose, the levels of pATM increase until
a constant level is reached. Note that the model component parPARP represents a subset of the pool of PARylated PARP-1 molecules which is
modified and dissociated from DNA. The slope of the pATM increase strongly depends on the irradiation dose with a faster increase for
higher irradiations. Unmodified IKKy (IKKy) is declining over time and the levels of activated IKK complex (pIKK) increase over time. For
both components, the slope and activated steady-state levels change with irradiation levels. A full activation of the IKK complex is reached
for around 13 Gy and higher (Figure 2A).
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Figure 1. Model scheme and simulations of selected pathway components
(A) The model describes the following nuclear processes: PARylation of PARP-1 upon its recruitment to the binding site BS_P, recruitment of MRN to binding site
BS_M, activation of ATM and formation of the signalosome consisting of PARylated PARP (parPARP), phosphorylated ATM (pATM), and IKKy (IKKy).
Posttranslationally modified IKKy (spIKKy) and pATM translocate to the cytoplasm. There, the formation of the ATM-containing TRAFé complex (AT) and the
ATM-TAK1-TRAF6 complex (ATT) as well as the activation of the IKK complex (pIKK) are taken into account. PARP-1 can either bind directly to the lesion
(PARPDSB_b) or it is recruited by PARylated and DNA bound PARP-1 molecules (PAR-PARP_b) to the proximity of the lesion (PARP_b). The MRN complex is
recruited to the lesion (MRN_b) and in turn recruits ATM (AMRN_b). Based on the SBGN convention,*® posttranslational modifications are indicated below
the boxes that represent network components. P: phosphorylation, PAR: PARylation, sumo: sumoylation, pUb: poly-ubiquitination, mUb: mono-
ubiquitination. White arrow heads represent inputs, white circles pointing to a gray box represent catalytic processes in which a component modulates the
process with the gray box, double line circles show dissociation processes and black circles represent association processes. For a detailed description of
the model processes, see STAR methods.

(B) Simulation results for parPARP, pATM, IKKy, and pIKK for an irradiation dose of 1, 5, 10, 15, and 20 Gy.

To validate the model, we compared the simulated time course of the activated IKK complex and measured levels of nuclear NF-kB upon
40 Gy vy-irradiation, a dataset that was not used for parameter estimation. We find a good agreement between simulation and this experi-
mental dataset (Figure 2B), which demonstrates that (i) the level of activated IKK complex is a good approximation for NF-kB activity and
(i) the model is able to successfully reflect the dynamics of NF-kB activity upon y-irradiation. We therefore define for the following analyses
activated IKK complex as readout (see STAR methods for details).

Model predicts PARP-1 inhibition as most effective target to reduce IKK complex activity

Due to the anti-apoptotic activity of NF-kB, it can be beneficial to inhibit its activation upon tumor therapy and thereby render tumor cells
sensitive to therapy-induced apoptosis.®® Thus, we sought to identify processes that would allow us to effectively interfere with the activation
of IKK/NF-kB. We therefore performed a sensitivity analysis on all model parameters for a broad range of irradiation doses ranging from 1 to
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Figure 2. Input—output behavior of the model and comparison of simulated IKK complex activation and experimentally quantified NF-xB activation
(A) For different irradiation doses (input), the corresponding stimulated steady-state level of activated IKK complex (pIKK, output) is simulated.

(B) The green dots depict quantified EMSA data of nuclear NF-«kB detected in HepG2 cells after 40 Gy irradiation. The gray line represents the simulated time
course of IKK complex activation.

100 Gy. The parameters were decreased by 90% with respect to their nominal value, and the change in the stimulated steady state of activated
IKK complex (pIKK) was quantified (Figure 3A).

The parameters with the strongest negative impact on IKK activity for all tested irradiation doses are the total amount of PARP-1 (PARP1_-
tot) and the rate constants of PARP-1 recruitment (kr) and PARP-1 auto-modification (vact). The total amount of IKKy (IKKg_tot) also has a
negative impact on IKK complex activity for all tested irradiation doses but to a lower extent than the parameters affecting PARP-1 modifi-
cation. The dissociation rate parameters koff2 and koff_act (characterizing the dissociation of PARP-1 from DNA) have a strong positive effect
on the level of activated IKK complex as a reduction of those parameters causes an increase in the amount of modified PARP-1 and a stronger
IKK complex activation. Interestingly, for the parameters koff2, koff_act, but also others, the sensitivity coefficients strongly depend on the
irradiation dose. This is also true for an inhibition of ATM activation, represented in Figure 3A by parameter label k3&k5, which strongly re-
duces the level of activated IKK complex for 1 Gy but has only a minor effect for higher irradiation doses (Figure 3A). To analyze the depen-
dency of the sensitivities on the applied irradiation dose in more detail, we focused on the effect of two processes, namely activation of ATM
(k3&k5) and PARylation of PARP-1 (vact), which are targets of clinically relevant inhibitors.”>>° We simulated the level of activated IKK complex
in the stimulated steady state for different inhibition efficiencies of ATM activation and PARP-1 modification as well as for various irradiation
doses (Figures 3B and 3C). With unperturbed ATM activity (inhibition efficiency: 0%), the amount of activated IKK complex increases with
increasing irradiation doses until the maximal level of activated IKK is reached (Figure 3B). Inhibition of ATM activity by 90% reduces the level
of activated IKK, however, this is only valid for irradiation doses below 25 Gy. For higher irradiation doses, a 90% inhibition of ATM activity is
not sufficient to decrease the level of activated IKK complex. In order to reduce the level of activated IKK complex in the range of high-irra-
diation doses, the inhibition efficiency of ATM activity needs to be increased. For example, for an irradiation dose of around 80 Gy even a 99%
inhibition of ATM activity has only a negligible effect on the IKK complex activity. In contrast, an inhibition of PARP-1 auto-modification has for
all irradiation doses a much stronger effect on the level of activated IKK complex (Figure 3C). Even for an irradiation dose of 100 Gy, inhibition
of PARP-1 auto-modification by 50% is sufficient to strongly reduce the amount of activated IKK complex. Consequently, these results reveal
that activation of IKK complex and thus the activity of NF-kB is more sensitive to PARP-1 inhibition than to ATM inhibition.

Elucidating the impact of changes in pathway components uncovers an irradiation dose-dependent shift in critical
components

To mechanistically understand the results of the sensitivity and inhibitor analysis, we investigated the regulation of the pathway activation and
its dependence on the irradiation dose in more detail. The derived pathway model for IKK/NF-kB activation exhibits two hubs at which two
signaling branches converge, respectively (see Figure 1). The first hub is the formation of the signalosome which connects the branches of
PARP-1 modification and ATM phosphorylation. At the second hub, the IKK complex is activated by posttranslationally modified IKKy
(splKKy) and pATM-mediated complex formation in the cytoplasm.

We here focus on the first hub, the formation of the signalosome. Within the signalosome, IKKy becomes posttranslationally modified,
which makes that hub a critical step in the transduction of the signals. In order to understand the regulation of the signalosome formation
in a time-resolved manner, we analyzed the impact of the changes in each of the three components, unmodified IKKy, parPARP, and
pPATM, on the flux of signalosome formation (Equation 1). We, therefore, developed a new method that allows determining the impact of
changes in components on a given flux by calculating the normalized derivative of flux for each time point (Equation 2). This way, the change
in the flux is composed of the normalized change of each component and allows to assign the impact of individual changes in the components
to the change in the flux at a given time point. To quantify this impact, we defined the time-resolved impact fraction w for each component
(Equations 3, 4, and 5).

v(t) = kx(t)-y(t)-2(t) (Equation 1)
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Figure 3. Impact of parameter perturbations on the level of activated IKK complex for various irradiation doses

(A) The values of the specified parameters were reduced by 90% for various irradiation doses. The effect of a parameter perturbation on the stimulated steady
state level of the activated IKK complex is given by the sensitivity coefficient. Minus one (dashed line) indicates the maximal inhibition of IKK complex activation
resulting in an activated IKK complex level of zero after parameter perturbation. Parameters with the suffix tot represent the total amount of a conserved moiety.
To quantify the effect of ATM inhibition, an additional sensitivity coefficient was calculated for the two parameters representing ATM activation (k3 and k5,
denoted by k3&k5). Both parameters were simultaneously reduced by 90%.

(B and C) ATM activation and PARylation of PARP-1, respectively, are inhibited for various efficiencies ranging from 0% inhibition (unperturbed) to 99% inhibition.
The color in the plots indicate the amount of activated IKK complex (pIKK) molecules in the stimulated steady state. The inhibition of ATM activation is simulated
by a simultaneous perturbation of the two parameters k3 and k5, the inhibition of PARylation of PARP-1 by perturbation of the parameter vact.
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Figure 4. Influence of changes in parPARP, pATM, and IKKy on the signalosome formation flux

(A) The black line shows the simulated time course of the flux of signalosome formation for 15 Gy irradiation. The area under the curve (auc) of the flux (filled in
gray) corresponds to the total number of modified IKKy molecules.

(B) The trajectories of PARylated PARP-1 (parPARP), phosphorylated ATM (pATM), and IKKy are colored based on the impact fraction w of the respective
component at a given time point. The value of an impact fraction can range from plus one and minus one. While red colored parts of a trajectory represent a
positive value and a positive impact on the flux, blue represents a negative value and a negative impact, white shows a negligible impact.

(C and D) Simulated time course of signalosome formation upon 10 Gy and the corresponding trajectories of parPARP, pATM, and IKKy.

Note that the absolute values of the impact fractions of the three components sum up to one, thereby allowing to compare theirimpact on
the derivative of flux v.

We first analyzed the signalosome formation for an irradiation dose of 15 Gy which leads to a full activation of the IKK complex (Figure 2A).
Figure 4A shows the signalosome formation flux over time; Figure 4B shows the dynamics of PARylated PARP-1, phosphorylated ATM, and
IKKy. The impact of the change in each component at a given time point is calculated according to Equations 3, 4, and 5, and the value for
fraction w is color coded for each component at the corresponding time point and overlayed with its time course (Figure 4B). Comparing the
trajectories in Figure 4B with the flux of signalosome formation (Figure 4A) reveals that the increase in the flux of signalosome formation within
the first minutes is caused by both, the increase in the level of parPARP and pATM, which is visualized by the red color of the corresponding
trajectories. After the initial increase of parPARP, it rapidly decreases and negatively affects the flux of signalosome formation, indicated by
the blue color. However, the flux of signalosome formation further increases during the first 20 min since the levels of pATM positively affect
the flux while the decrease in IKKy levels does not affect it given by the white color of the trajectory of IKKy. Thus, after the initial increase of
parPARP, pATM is the only component positively affecting the flux during this time period and is therefore solely responsible for the flux to
further increase. After around 20 min, the flux of signalosome formation starts to decrease and eventually becomes zero (at around 190 min).
Within this time frame, the change in parPARP has initially a negative impact on the flux and based on the darker blue color compared to that
of the change in IKKy, it drives in the beginning the decrease of the flux. However, at around 100 min, the levels of parPARP show another, but
minor increase resulting in a positive impact on the flux that counteracts, together with the positive impact of the change in pATM, the nega-
tive impact of the change in IKKy. Between 20 and 190 min, the negative influence of IKKy becomes stronger and ultimately IKKy becomes the
critical component determining the decrease of the flux which finally leads to the abrogation of signalosome formation.

In order to analyze the regulation of the pIKK complex level for irradiation doses that do not lead to maximal activation of the system, we
computed the time-resolved impact fractions for the signalosome formation for 10 Gy (Figures 4C and 4D). For this lower irradiation dose, the
flux of signalosome formation is lower and while the flux increase has a similar timing, the decrease of the flux takes much longer. Comparing
the dynamics of parPARP, pATM, and IKKy reveals slight changes in concentrations and timings. Importantly, the impact fractions of parPARP
and IKKy show strong changes between the two irradiation doses. In contrast to the 15 Gy irradiation, the level of IKKy does not affect signal-
osome formation which is indicated by a time-resolved impact fraction close to zero throughout the whole time frame of 350 min (IKKy, Fig-
ure 4D). Similar to the 15 Gy irradiation scenario, the initial increase in the parPARP level positively contributes to the increase in the signal-
osome formation together with the increase in the pATM level. While parPARP decreases, pATM further increases and drives the increase in
the flux. However, the impact of decreasing parPARP levels on the flux rises and becomes close to minus one which finally leads to the abro-
gation of signalosome formation.

6 iScience 26, 107917, October 20, 2023
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Figure 5. Change in the time-resolved impact fractions of parPARP, pATM, and IKKy at 15 Gy and ATM inhibition

(A) Simulated time course of the flux of signalosome formation and area under the curve (auc) upon 15 Gy and inhibition of ATM activation by 90%. The inhibition
is simulated by a simultaneous decrease in parameters k3 and k5 by 90%.

(B) Trajectories of parPARP, pATM, and IKKy are colored based on the corresponding time-resolved impact fraction w.

Overall, the analyses demonstrate that the initial signalosome formation is positively impacted by changes in parPARP and pATM levels,
enabling integration of signals via the two branches of DNA damage sensor signaling. The abrogation of signalosome formation is controlled
by parPARP and IKKy. Here, the main control differs for different irradiation doses. While for 15 Gy and above (leading to full IKK complex
activation) IKKy essentially prevents further signalosome formation, for 10 Gy parPARP has the main control on signalosome formation.

Elucidating the control properties of signalosome formation is important as it determines the amount of IKKy that can be posttranslation-
ally modified during the signaling response. From the model structure, one can derive that the amount of modified IKKy (splKKy) determines
the level of activated IKK complex in the stimulated steady state (STAR methods). This can be demonstrated by integrating the flux of signal-
osome formation, which corresponds to the total amount of modified IKKy in the nucleus over time (gray areas under the curves, Figures 4A
and 4C). The calculated molecule numbers for 15 Gy and 10 Gy equal the level of activated IKK complex in a steady state for the correspond-
ing irradiation doses (Figure 2A). Consequently, the irradiation dose affects the regulation of IKK activity by causing a switch in critical com-
ponents that restrict signalosome formation.

ATM inhibition modulates the availability of PARylated PARP-1 for signalosome formation

The results of the sensitivity and inhibitor analysis (Figure 3) revealed that for higher irradiation doses the level of activated IKK complex in the
stimulated steady state is more sensitive to inhibition of PARP-1-related processes of PARylation (e.g., parameter vact) than ATM inhibition
(parameter k3&k5). To understand the weaker effect of ATM inhibition on the level of activated IKK complex, we evaluated the effect of this
inhibition on the time-resolved impact fractions of parPARP, pATM, and IKKy during signalosome formation.

Figure 5A and 5B show the dynamics of the signalosome formation flux and the trajectories of parPARP, pATM, and unmodified IKKy,
respectively, for an irradiation dose of 15 Gy and a 90% inhibition of ATM activation. As expected from the inhibitor analysis shown in Fig-
ure 3B, a 90% ATM inhibition at an irradiation dose of 15 Gy causes a reduction of the level of activated IKK complex in the cytoplasm.
This reduced amount of activated IKK complex is reflected by a smaller area under the curve of the flux of signalosome formation (compare
Figure 4A, 98,000 species; Figure 5A, 58,000 species).
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The time course in Figure 5B demonstrates that inhibition of ATM activity results in strongly reduced pATM levels during the initial increase
of the flux of signalosome formation. Consequently, the increase in the flux is less steep, the maximal value is reduced, and the time frame of
signalosome formation is prolonged (compare Figures 5A and 4A). Strikingly, with ATM inhibition, after 80 min, the reduction in the level of
PARylated PARP-1 becomes critical and drives the decrease of the flux of signalosome formation until the flux is abrogated (Figure 5). The
decrease in the level of unmodified IKKy also contributes to the decrease in the flux (light blue color of the IKKy trajectory in Figure 5B)
but to a much smaller extent than the change in the parPARP level (dark blue color of the parPARP trajectory in Figure 5B). The level of phos-
phorylated ATM increases during signalosome formation and has a positive impact on the flux (red color of the pATM trajectory). However,
the positive influence is counteracted by the strong negative impact of decreasing parPARP levels. Hence, inhibition of ATM activation re-
duces the amount of available parPARP for signalosome formation which establishes a regulatory regime, similar to the signalosome forma-
tion for an irradiation dose of 10 Gy (Figure 4D) where parPARP has the main limiting role in signalosome formation.

Based on these results, one can understand the different efficacies of ATM and PARP-1 inhibition with respect to reducing the level of
activated IKK complex as it was shown in Figure 3. As can be seen in Figures 3A and 3B, ATM inhibition controls the level of activated IKK
complex only up to a certain irradiation dose. This effect is mediated by a reduction of the availability of parPARP for signalosome formation
(Figure 5). However, for higher irradiation doses, the amount of parPARP is increased (Figure 1B) and thereby counteracts the effect of ATM
inhibition. To quantify the overall amount of parPARP that is produced and therefore available during signalosome formation, we calculated
its cumulated level in the corresponding time frame (Figure S2, gray line). As expected, the cumulated amount of available parPARP increases
with increasing IR doses. In contrast, inhibition of PARP-1 PARylation strongly reduces the amount of parPARP for all indicated irradiation
doses (Figure S2, orange line).

In summary, inhibition of ATM activation can reduce the level of activated IKK complex in the stimulated steady state by limiting the avail-
ability of PARylated PARP-1 and thereby reducing the flux of signalosome formation and consequently the amount of modified IKKy. As
increasing irradiation doses lead to higher levels of PARylated PARP-1, ATM inhibition is only effective in a certain range of irradiation doses.

Parallel signaling branches from the nucleus to cytoplasm shape the dynamics of IKK complex activation

We so far analyzed the signal integration in the first hub of the pathway that is the signalosome formation in the nucleus. We now focus on the
second hub, the activation of the IKK complex in the cytoplasm. Evaluating the time-resolved regulation of the second hub is of interest as it
sheds light on the initiation of IKK complex activity and therefore the onset of NF-«kB activity upon generation of DSBs. To assess the regu-
lation of initial IKK complex activation, we calculated the time-resolved impact fractions of spIKKy and the cytoplasmic TRAF6 complex (ATT)
for the flux of IKK complex activation (Equation 6). We chose these two components as their changes have a direct impact on the activation of
the IKK complex. Based on the normalized derivative of the flux (Equation 7) we calculated the impact fractions for spIKKy, w, (Equation 8), and
ATT, w, (Equation 9).

v(t) = k-x(t)-y(t) (Equation 6)
with ki=TM_k3, x:= splKK, y= ATT

dv 1 dx1 dy1 .
0w ; (Equation 7)

(Equation 8)

Wy

ESK ﬂ‘.

dt X+ dt

<=

dy 1
&y .
Wy = W (Equatlon 9)
dt dt

X

<|=

Figure 6A shows the level of activated IKK complex (pIKK, solid line) as well as the flux of IKK complex activation (dashed line) upon 15 Gy
irradiation. After around 10 min, the level of pIKK starts to increase until it reaches the stimulated steady-state level after around 200 min (Fig-
ure 6A, solid line). Figure 6B depicts the dynamics of spIKKy and ATT as well as their color-coded impact fractions. The impact fractions allow
us to identify the critical component driving the changes in the flux of IKK complex activation. We defined a threshold of 50% for the absolute
value of an impact fraction to determine which of the two components has the main impact on changes in the flux of IKK complex activation.
We colored the time frames in Figure 6A as areas under the flux accordingly. Notably, the initial increase of the flux (Figure 6A, dashed line) is
positively impacted by the increase of ATT and in parts by that of spIKKy. ATT is the critical component during this flux increase due to a
higherimpact fraction compared to spIKKy (Figure 6A, blue area). After the critical component switches from ATT to splKKy which is indicated
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Figure 6. Influence of changes in sumoylated and phosphorylated IKKy and the ATM-TRAF6-TAK1 complex on IKK complex activation upon 15 Gy
(A) The black solid line represents the simulated level of activated IKK complex (pIKK) over time. The flux of IKK complex activation is shown as gray dashed line.
The area under the curve has a color-code according to the component change exerting the dominant impact on IKK complex activation at a given time point.
The gray color corresponds to a predominant impact of changes in the sumoylated and phosphorylated IKK (spIKKy) and blue to a predominant impact of
changes in the ATM-TRAF6-TAK1 (ATT) complex.

(B) Level of spIKKy and ATT over time. The trajectories are colored based on the impact fraction of the respective component at a certain time point. A red color
represents a positive impact on the flux of IKK complex activation and blue represents a negative impact.

by the gray area in Figure 6A, the flux does not increase further but starts to decrease. Since the decreasing levels of spIKKy have a negative
impact on the flux (blue-colored trajectory of spIKKYy), the dominating impact of changes in spIKKy counteracts the positive impact of changes
in ATT and thereby causes a decrease in the flux of IKK activation. Consequently, the level of activated IKK complex (Figure 6A, solid line)
shows a reduced increase and reaches a steady state when the flux of IKK activation is zero. Hence, the initial activation of IKK complex is
mediated by both components, ATT and spIKKy, but with a main positive control of the ATM-TRAF6-TAK1-complex (ATT). The modified

form of IKKYy (spIKKYy) exerts a stronger control on the level of pIKK at later time points, preventing further activation and allowing it to reach
a plKK steady state.

DISCUSSION

Genotoxic stress-induced IKK/NF-kB signaling plays an important role in cell fate decisions upon DNA damage and can therefore contribute to
tumor development or interfere with DNA-damaging tumor therapies. To gain a systematic understanding of regulatory mechanisms within the
genotoxic stress-induced IKK/NF-kB signaling network, we integrated and linked multiple datasets capturing different parts of the network from
four studies”®?%>*>° by fitting our model to these experimental observations. This way, we developed a quantitative dynamic model describing
the activation of IKK/NF-kB by genotoxic stress. Noteworthy, additional studies exist that were not used for model development but show for
parts of the activation process the involvement of additional or alternative components or interactions. For example, our model implementation
of IKKy translocation is based on the study by Hinz et al. (2010) who showed that posttranslationally modified IKKy and phosphorylated ATM
translocate independently to the cytoplasm.”® In contrast, Jin et al.,”® and Wu et al.,* concluded that they translocate together to the cytoplasm.
Moreover, Hinz et al.,”® showed that auto-ubiquitination of TRAF6 leads to the formation of a complex containing IKK complexes and TAK1, while
Wu et al.”” and Yang et al.”® reported that proteins such as RIPK1 facilitate the interaction between TAK1 and IKK complexes. Furthermore, the
linear ubiquitination complex LUBAC has been implicated in the activation of TAK1.>”

Despite the differences and additions, all studies report consistently that (i) IKKy is sumoylated and subsequently ubiquitinated and (ii)
TAK1 is activated by ATM and forms a poly-ubiquitin-based platform which promotes the activation of IKKB and thereby NF-kB (for a detailed
review, refer McCool K.W. and Miyamoto S."). Of note, with our recent screens for components and specific inhibitors of DNA damage-
induced NF-kB activation, we identified regulators as well as drug targets and re-confirmed the components used in the model, including
a crucial role for PARylation.®”®" Our model can therefore be seen as a core model of genotoxic stress-induced IKK/NF-kB activation.

The computational analyses of the model enabled us to study the sensitivity of the pathway in detail. This revealed PARP-1 PARylation
inhibition as the most sensitive targeting strategy to diminish the level of activated IKK complex for all considered irradiation doses. The
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prediction is in line with experimental data in which inhibition of PARP-1 PARylation blocks the genotoxic stress-induced activation of NF-kB
for high-irradiation doses (Figures S1D and $1G in Stilmann et al., 2009%). For other targets, such as phosphorylation of ATM, the model pre-
dicts that the inhibitory effect on IKK complex activity strongly depends on the irradiation dose. Hence, the irradiation dose and therefore the
number of DNA lesions determine the sensitivity of the IKK/NF-kB signaling pathway. Our results strongly support the notion that considering
the irradiation dose is important to understand the regulation of IKK/NF-kB signaling by DNA double-strand breaks.'**? As the applied irra-
diation doses can vary greatly between experimental studies (STAR methods, training and validation data sets) and between clinical
studies,®%* considering the irradiation dose is crucial for the evaluation and comparison of those studies.

To assess the impact of irradiation doses on the regulation of IKK complex activity in a temporal and mechanistic manner, we developed a
method that allows to quantify the impact of changes in individual pathway components on a given flux. In general, this method can be
applied to any ordinary differential equation-based model. Here, the method enabled us to investigate the impact of changes in three
pathway components, PARP-1, ATM, and IKKy, on the flux of signalosome formation and concomitantly the amount of activated IKK complex
in the stimulated steady state. The results uncovered the availability of PARylated PARP-1 as a critical factor for signalosome formation. Since
the level of phosphorylated ATM contributes to the flux of signalosome formation, it affects the amount of PARylated PARP-1 incorporated
into the signalosome. Hence, our results indicate that the balance between phosphorylated ATM and PARylated PARP-1 is crucial for the
regulation of IKK complex activity by genotoxic stress. It is therefore important to validate the quantities estimated for the model by param-
eter estimation (Table S1) with independent experimental measurements. In the study by Bakkenist and Kastan, it was shown that irradiating
cells with 0.5 Gy is already sufficient to induce full activation of ATM.“® This is in line with our model, in which ATM is fully activated for all
considered irradiation doses starting from 1 Gy. For the total amount of ATM, a value of 7 x 10 molecules was estimated by model fitting
which is in the same range as published values of quantified ATM molecules per cell.***° The level of total PARP-1 was set in the model
to a fixed value of 1.9-10° molecules based on the study of Schwanhéusser et al.,*” which coincides with the PARP-1 molecules per cell quan-
tified by Beck et al.”> Besides ATM and PARP-1, IKKy is also a part of the signalosome and was identified in our study as the component that
limits the amount of activated IKK complex at high doses of irradiation (Figures 4A and 4B). In experiments, active NF-kB, which is approx-
imated in our model by activated IKK (Figure 2B), can be detected upon 1 Gy irradiation and was shown to saturate in two breast cancer cell
lines at 20 Gy and 50 Gy, respectively.“® Moreover, the number of IKKy molecules per cell was quantified in five tested cell lines to range from
4 x10° to 2x 10° molecules®” which is only slightly higher than the inferred 9.8x 10% IKKy molecules in our model. In conclusion, available
in vitro studies support the predictions of our model regarding molecule numbers and proportions between ATM, PARP-1, and IKKy as
well as the input-output behavior of ATM activation and NF-kB activation. In the future, additional quantitative data on the amount of post-
translationally modified proteins could help to validate the predicted amounts and assess the impact of molecule numbers and proportions
between pathway components on IKK/NF-kB signaling. Particularly, for the levels of PARylated PARP-1 the model predicts that a small
amount of modified PARP-1 is sufficient to activate the IKK complex. This is due to a fast turnover of PARylated PARP-1, i.e., PARP-1 is rapidly
recruited, modified, and dePARylated. Since dePARylated PARP-1 can again be recruited and modified, the calculated cumulative amount of
PARylated PARP-1 is high, even for low-IR doses (Figure S2, gray line). This is in line with in vitro quantifications revealing fast PARylation
rates,?®®” a short half-life of PARylated PARP-1"° and rapid recruitment dynamics of PARP-1 to DNA lesions (Figure S1; 265480 "Moreover,
time-lapse microscopy and FRAP (fluorescence recovery after photo bleaching) experiments show that (i) only a small subset of PARP-1 mol-
ecules is recruited to the damage site,”*>*° and (ii) the dissociation and subsequent recruitment of additional PARP-1 proteins at the damage
site is very fast.”* While these observations strongly support the model prediction, a detailed quantification and analysis of the individual com-
ponents of the PARylated PARP-1 pool would be necessary to quantitatively validate the fast and cyclic process of PARP-1 modification.

In addition, it would be interesting to further analyze the impact of different molecule numbers and proportions and thereby assess dif-
ferences in the response of IKK/NF-kB to genotoxic stress at the level of cell types and individual cells. The current model could be used to
capture such heterogeneity between cell lines and individual cells by introducing variability in parameter values based on the corresponding
inferred population parameters.

Besides analzsing the regulation of signalosome formation, which is the first signaling hub in the modeled network and was predicted to con-
trol the level of activated IKK complex in a steady state, we also assessed the regulation of the second signaling hub. The parallel signaling merg-
ing in the second hub was predicted to control the initiation of activation of the IKK complex. Of note, the signal integration in the second hub
forms a network motif termed coherent feedforward loop type 1, which has been shown to be able to delay the activation of the target compo-
nent and filter transient inputs.”' By quantifying the impact of the change in posttranslationally modified IKKy (splKKy) and in ATM-TRAF6-TAK1
complex (ATT) on the readout IKK complex, we could demonstrate that ATT dominantly controls the onset of IKK complex activation (Figure 6).
Thus, ATT determines the delay of IKK complex activation. ATM induces the formation of the TRAFé complex and is also crucial for the activation
of the transcription factor and tumor suppressor p53 which plays a fundamental role in the genotoxic stress response. As p53 induces the expres-
sion of Wip1, a phosphatase dephosphorylating and thereby inactivating ATM, the activity of p53 can modulate the activity of ATM’? and there-
fore might be important at later time points in controlling the temporal response of NF-kB. For the second described characteristic of the feed-
forward motif, the filter for transient inputs, one can hypothesize that it prevents premature activation of IKK/NF-kB signaling upon minor DNA
lesions. Poltz and Naumann’? identified multiple coherent feedforward loops in a logical model of the DNA damage response. However, the
majority of the identified feedforward loops were found for p53 signaling. The importance of this network motif for the regulation of p53 was
demonstrated by Loewer et al., who showed that the filter prevents p53 activation in case of transient DNA damage.”*

Taken together, we here combined mechanistic insights and quantitative data of several experimental studies to develop a model for IKK/
NF-kB activation by genotoxic stress. The analysis of the model shows how the recognition of DNA double-strand breaks by the two sensors

10 iScience 26, 107917, October 20, 2023



iScience ¢? CellPress
OPEN ACCESS

PARP-1 and the MRN complex are integrated and transduced to the cytoplasm where the IKK complex and subsequently NF-kB is activated.
Interestingly, our study reveals that the regulation properties of the pathway strongly depend on the irradiation dose. The pronounced impact
of PARP-1 inhibition on IKK/NF-kB activation indicates that the anti-apoptotic impact of NF-kB might affect the outcome of clinically applied
PARP-1 inhibitors. This notion is in line with experimental observations reporting PARP-1 inhibition to cause a reduction in the viability of cells
in an NF-kB-dependent manner.”“%’> Therefore, a consideration of the activation of IKK/NF-kB signaling by genotoxic stress could improve
predicting the efficacy of PARP-1 inhibition and expand the application of inhibitors to tumor cells in which IKK/NF-kB activity is upregulated
or constitutively active. The identified coherent feedforward loop is another level of regulation besides signalosome formation and might be a
possible point of cross-talk between p53 signaling and IKK/NF-kB activity. Our model could be extended by interactions with the p53-
signaling pathway and thereby serve as a starting point to gain a deeper understanding of cell-fate decisions imposed by genotoxic stress.

It will also be an important extension for disease models capturing the cellular response to oncogenic perturbations.”®”’

Limitations of the study
Our study focusses on the core processes of genotoxic stress-induced IKK/NF-kB signaling. Additional components and pathways that are
part of the DNA damage response, such as p53 signaling, are not included in the model but could influence the signal transduction in the
modeled network. This includes processes that become relevant at later time points of genotoxic stress-induced signaling. Currently, our
model covers the initial processes of IKK/NF-kB activation. However, at later time points inactivation processes like negative feedbacks regu-
lating NF-kB activity and repair processes of the damaged DNA become a crucial part of the signaling cascade. Thus, our model represents a
core model of the initial IKK/NF-kB activation that can be extended by additional components and processes to capture the genotoxic stress
response in a more comprehensive way.

Moreover, our model training is based on multiple experimental datasets from different cell lines. While the model is able to reproduce
and integrate all those experimental observations, cell line-specific datasets covering all parts of the signaling cascade would be necessary to
confirm consistent signaling responses between cell lines. The available experimental data showing consistent recruitment dynamics of

PARP-1 to DNA lesions between three cell lines support the notion of a unified response.?*>*¢°

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
O Cell culture
e METHOD DETAILS
O Experimental setup
O Training and validation datasets
O Mathematical modeling approach
o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].is¢i.2023.107917.

ACKNOWLEDGMENTS

F.K. was funded by a PhD fellowship of the graduate school “Computational Systems Biology” of the German Research Foundation (DFG
Graduiertenkolleg 1772). The project was supported by a grant from the German Federal Ministry of Education and Research BMBF (Project
ProSiTu, 0316047A) to J.W. and C.S., and the e:Med-program of the German Ministry of Education and Research: SeneSys for iLymTx (grant
number: 031L0189D) to J.W. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

AUTHOR CONTRIBUTIONS

J.W. and C.S. designed the project. J.W., D.B., and C.S. supervised the study. Data analysis, quantitative dynamic modeling, method devel-
opment, and model analysis were performed by F.K., Visualization was done by F.K. and J.W., M\W carried out the experiment. F.K., C.S., and
J.W. wrote and all authors approved the manuscript.

iScience 26, 107917, October 20, 2023 1"



https://doi.org/10.1016/j.isci.2023.107917

¢? CellPress

OPEN ACCESS

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: April 21, 2023
Revised: June 1, 2023
Accepted: September 12, 2023
Published: September 14, 2023

REFERENCES

1.

oo

12

Zhang, Q., Lenardo, M.J., and Baltimore, D.
(2017). 30 Years of NF-kB: A Blossoming of
Relevance to Human Pathobiology. Cell 168,
37-57. https://doi.org/10.1016/j.cell.2016.
12.012.

. Basak, S., Behar, M., and Hoffmann, A. (2012).

Lessons from mathematically modeling the
NF-kB pathway. Immunol. Rev. 246, 221-238.
https://doi.org/10.1111/j.1600-065X.2011.
01092.x.

. Hoffmann, A., Levchenko, A., Scott, M.L., and

Baltimore, D. (2002). The IkappaB-NF-
kappaB signaling module: temporal control
and selective gene activation. Science 298,
1241-1245. https://doi.org/10.1126/science.
1071914.

. Ashall, L., Horton, C.A., Nelson, D.E., Paszek,

P., Harper, C.V,, Sillitoe, K., Ryan, S., Spiller,
D.G., Unitt, J.F., Broomhead, D.S., et al.
(2009). Pulsatile stimulation determines
timing and specificity of NF-kappaB-
dependent transcription. Science 324,
242-246. https://doi.org/10.1126/science.
1164860.

. Mothes, J., Busse, D., Kofahl, B., and Wolf, J.

(2015). Sources of dynamic variability in NF-
kB signal transduction: A mechanistic model.
Bioessays 37, 452-462. https://doi.org/10.
1002/bies.201400113.

. Lipniacki, T., Paszek, P., Brasier, a RAR.,

Luxon, B., and Kimmel, M. (2004).
Mathematical model of NF-kappaB
regulatory module. J. Theor. Biol. 228,
195-215. https://doi.org/10.1016/j.jtbi.2004.
01.001.

. Mothes, J., Ipenberg, I., Arslan, S.C., Benary,

U., Scheidereit, C., and Wolf, J. (2020). A
Quantitative Modular Modeling Approach
Reveals the Effects of Different A20 Feedback
Implementations for the NF-kB Signaling
Dynamics. Front. Physiol. 11, 896. https://doi.
org/10.3389/fphys.2020.00896.

. Konrath, F., Witt, J., Sauter, T., and Kulms, D.

(2014). Identification of New IkBa Complexes
by an Iterative Experimental and
Mathematical Modeling Approach. PLoS
Comput. Biol. 10, €1003528. https://doi.org/
10.1371/journal.pcbi.1003528.

. Kearns, J.D., Basak, S., Werner, S.L., Huang,

C.S., and Hoffmann, A. (2006).
lkappaBepsilon provides negative feedback
to control NF-kappaB oscillations, signaling
dynamics, and inflammatory gene
expression. J. Cell Biol. 173, 659-664. https://
doi.org/10.1083/jcb.200510155.

. Sen, S., Cheng, Z., Sheu, K.M., Chen, Y.H.,

and Hoffmann, A. (2020). Gene Regulatory
Strategies that Decode the Duration of NFkB
Dynamics Contribute to LPS- versus TNF-
Specific Gene Expression. Cell Syst. 10, 169-
182.e5. https://doi.org/10.1016/j.cels.2019.
12.004.

. Roy, K., Mitchell, S., Liu, Y., Ohta, S., Lin, Y.s.,

Metzig, M.O., Nutt, S.L., and Hoffmann, A.
(2019). A Regulatory Circuit Controlling the

iScience 26, 107917, October 20, 2023

20.

21.

22.

23.

Dynamics of NFkB cRel Transitions B Cells
from Proliferation to Plasma Cell
Differentiation. Immunity 50, 616-628.e6.
https://doi.org/10.1016/j.immuni.2019.
02.004.

. Yilmaz, Z.B., Kofahl, B., Beaudette, P., Baum,

K., Ipenberg, ., Weih, F., Wolf, J., Dittmar, G.,
and Scheidereit, C. (2014). Quantitative
dissection and modeling of the NF-«kB p100-
p105 module reveals interdependent
precursor proteolysis. Cell Rep. 9, 1756-1769.
https://doi.org/10.1016/j.celrep.2014.11.014.

. Mitchell, S., and Hoffmann, A. (2019).

Substrate complex competition is a
regulatory motif that allows NFkB RelA to
license but not amplify NFkB RelB. Proc. Natl.
Acad. Sci. USA 116, 10592-10597. https://doi.
org/10.1073/pnas.1816000116.

. McCool, K.W., and Miyamoto, S. (2012). DNA

damage-dependent NF-kB activation:
NEMO turns nuclear signaling inside out.
Immunol. Rev. 246, 311-326. https://doi.org/
10.1111/j.1600-065X.2012.01107 .x.

. Ciccia, A., and Elledge, S.J. (2010). The DNA

damage response: making it safe to play with
knives. Mol. Cell 40, 179-204. https://doi.org/
10.1016/j.molcel.2010.09.019.

. Hanahan, D., and Weinberg, R.A. (2011).

Hallmarks of cancer: the next generation. Cell
144, 646-674. https://doi.org/10.1016/].cell.
2011.02.013.

. Jackson, S.P., and Bartek, J. (2009). The DNA-

damage response in human biology and
disease. Nature 461, 1071-1078. https://doi.
org/10.1038/nature08467.

. Roos, W.P., Thomas, A.D., and Kaina, B.

(2016). DNA damage and the balance
between survival and death in cancer biology.
Nat. Rev. Cancer 16, 20-33. https://doi.org/
10.1038/nrc.2015.2.

. d’Adda di Fagagna, F. (2008). Living on a

break: cellular senescence as a DNA-damage
response. Nat. Rev. Cancer 8, 512-522.
https://doi.org/10.1038/nrc2440.

Li, N., Banin, S., Ouyang, H., Li, G.C.,
Courtois, G., Shiloh, Y., Karin, M., and
Rotman, G. (2001). ATM is required for
IkappaB kinase (IKKk) activation in response
to DNA double strand breaks. J. Biol. Chem.
276, 8898-8903. https://doi.org/10.1074/jbc.
M009809200.

Hinz, M., and Scheidereit, C. (2014). The IkB
kinase complex in NF-kB regulation and
beyond. EMBO Rep. 15, 46-61. https://doi.
org/10.1002/embr.201337983.

Oeckinghaus, A., and Ghosh, S. (2009). The
NF-kappaB family of transcription factors and
its regulation. Cold Spring Harb. Perspect.
Biol. 1, a000034. https://doi.org/10.1101/
cshperspect.a000034.

Neumann, M., and Naumann, M. (2007).
Beyond lkappaBs: alternative regulation of
NF-kappaB activity. FASEB J 21, 2642-2654.
https://doi.org/10.1096/1].06-7615rev.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

iScience

Syed, A., and Tainer, J.A. (2018). The MRE11-
RAD50-NBS1 Complex Conducts the
Orchestration of Damage Signaling and
Outcomes to Stress in DNA Replication and
Repair. Annu. Rev. Biochem. 87, 263-294.
https://doi.org/10.1146/annurev-biochem-
062917-012415.

Hopfner, K.-P., Craig, L., Moncalian, G.,
Zinkel, R.A., Usui, T., Owen, B.A.L., Karcher,
A., Henderson, B., Bodmer, J.-L., McMurray,
C.T., et al. (2002). The Rad50 zinc-hook is a
structure joining Mre11 complexes in DNA
recombination and repair. Nature 418,
562-566. https://doi.org/10.1038/
nature00922.

Stilmann, M., Hinz, M., Arslan, S.C., Zimmer,
A., Schreiber, V., and Scheidereit, C. (2009). A
Nuclear Poly(ADP-Ribose)-Dependent
Signalosome Confers DNA Damage-Induced
IkB Kinase Activation. Mol. Cell 36, 365-378.
https://doi.org/10.1016/j.molcel.2009.
09.032.

Hwang, B., McCool, K., Wan, J.,
Wouerzberger-Davis, S.M., Young, EW.K,,
Choi, E.Y., Cingolani, G., Weaver, B.A., and
Miyamoto, S. (2015). IPO3-mediated
nonclassical nuclear import of NF-kB
essential modulator (NEMO) drives DNA
damage-dependent NF-kB activation. J. Biol.
Chem. 290, 17967-17984. https://doi.org/10.
1074/jbc.M115.645960.

Hinz, M., Stilmann, M., Arslan, S.C., Khanna,
K.K., Dittmar, G., and Scheidereit, C. (2010). A
cytoplasmic ATM-TRAF6-clAP1 module links
nuclear DNA damage signaling to ubiquitin-
mediated NF-kB activation. Mol. Cell 40,
63-74. https://doi.org/10.1016/j.molcel.2010.
09.008.

Turner, D.J., Alaish, S.M., Zou, T., Rao, J.N.,
Wang, J.-Y., and Strauch, E.D. (2007). Bile
salts induce resistance to apoptosis through
NF-kappaB-mediated XIAP expression. Ann.
Surg. 245, 415-425. https://doi.org/10.1097/
01.512.0000236631.72698.99.

Kreuz, S., Siegmund, D., Scheurich, P., and
Wajant, H. (2001). NF-kappaB inducers
upregulate cFLIP, a cycloheximide-sensitive
inhibitor of death receptor signaling. Mol.
Cell Biol. 21, 3964-3973. https://doi.org/10.
1128/MCB.21.12.3964-3973.2001.

Lee, R.M,, Gillet, G., Burnside, J., Thomas,
S.J., and Neiman, P. (1999). Role of Nr13in
regulation of programmed cell death in the
bursa of Fabricius. Genes Dev. 13, 718-728.
Catz, S.D., and Johnson, J.L. (2001).
Transcriptional regulation of bcl-2 by nuclear
factor kappa B and its significance in prostate
cancer. Oncogene 20, 7342-7351. https://
doi.org/10.1038/sj.onc.1204926.

Wang, W., Mani, A.M., and Wu, Z.-H. (2017).
DNA damage-induced nuclear factor-kappa
B activation and its roles in cancer
progression. J. Cancer Metastasis Treat. 3,
45, https://doi.org/10.20517/2394-4722.
2017.03.


https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1111/j.1600-065X.2011.01092.x
https://doi.org/10.1111/j.1600-065X.2011.01092.x
https://doi.org/10.1126/science.1071914
https://doi.org/10.1126/science.1071914
https://doi.org/10.1126/science.1164860
https://doi.org/10.1126/science.1164860
https://doi.org/10.1002/bies.201400113
https://doi.org/10.1002/bies.201400113
https://doi.org/10.1016/j.jtbi.2004.01.001
https://doi.org/10.1016/j.jtbi.2004.01.001
https://doi.org/10.3389/fphys.2020.00896
https://doi.org/10.3389/fphys.2020.00896
https://doi.org/10.1371/journal.pcbi.1003528
https://doi.org/10.1371/journal.pcbi.1003528
https://doi.org/10.1083/jcb.200510155
https://doi.org/10.1083/jcb.200510155
https://doi.org/10.1016/j.cels.2019.12.004
https://doi.org/10.1016/j.cels.2019.12.004
https://doi.org/10.1016/j.immuni.2019.02.004
https://doi.org/10.1016/j.immuni.2019.02.004
https://doi.org/10.1016/j.celrep.2014.11.014
https://doi.org/10.1073/pnas.1816000116
https://doi.org/10.1073/pnas.1816000116
https://doi.org/10.1111/j.1600-065X.2012.01101.x
https://doi.org/10.1111/j.1600-065X.2012.01101.x
https://doi.org/10.1016/j.molcel.2010.09.019
https://doi.org/10.1016/j.molcel.2010.09.019
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1038/nature08467
https://doi.org/10.1038/nature08467
https://doi.org/10.1038/nrc.2015.2
https://doi.org/10.1038/nrc.2015.2
https://doi.org/10.1038/nrc2440
https://doi.org/10.1074/jbc.M009809200
https://doi.org/10.1074/jbc.M009809200
https://doi.org/10.1002/embr.201337983
https://doi.org/10.1002/embr.201337983
https://doi.org/10.1101/cshperspect.a000034
https://doi.org/10.1101/cshperspect.a000034
https://doi.org/10.1096/fj.06-7615rev
https://doi.org/10.1146/annurev-biochem-062917-012415
https://doi.org/10.1146/annurev-biochem-062917-012415
https://doi.org/10.1038/nature00922
https://doi.org/10.1038/nature00922
https://doi.org/10.1016/j.molcel.2009.09.032
https://doi.org/10.1016/j.molcel.2009.09.032
https://doi.org/10.1074/jbc.M115.645960
https://doi.org/10.1074/jbc.M115.645960
https://doi.org/10.1016/j.molcel.2010.09.008
https://doi.org/10.1016/j.molcel.2010.09.008
https://doi.org/10.1097/01.sla.0000236631.72698.99
https://doi.org/10.1097/01.sla.0000236631.72698.99
https://doi.org/10.1128/MCB.21.12.3964-3973.2001
https://doi.org/10.1128/MCB.21.12.3964-3973.2001
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref31
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref31
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref31
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref31
https://doi.org/10.1038/sj.onc.1204926
https://doi.org/10.1038/sj.onc.1204926
https://doi.org/10.20517/2394-4722.2017.03
https://doi.org/10.20517/2394-4722.2017.03

iScience

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Perkins, N.D. (2012). The diverse and complex
roles of NF-kB subunits in cancer. Nat. Rev.
Cancer 12, 121-132. https://doi.org/10.1038/
nrc3204.

Basséres, D.S., and Baldwin, A.S. (2006).
Nuclear factor-kB and inhibitor of kB kinase
pathways in oncogenic initiation and
progression. Oncogene 25, 6817-6830.
https://doi.org/10.1038/sj.onc.1209942.
Baud, V., and Karin, M. (2009). Is NF-kappaB a
good target for cancer therapy? Hopes and
pitfalls. Nat. Rev. Drug Discov. 8, 33-40.
https://doi.org/10.1038/nrd2781.

Woods, D., and Turchi, J.J. (2013).
Chemotherapy induced DNA damage
response: convergence of drugs and
pathways. Cancer Biol. Ther. 14, 379-389.
https://doi.org/10.4161/cbt.23761.

Hellevik, T., and Martinez-Zubiaurre, |. (2014).
Radiotherapy and the Tumor Stroma: The
Importance of Dose and Fractionation. Front.
Oncol. 4, 1-12. https://doi.org/10.3389/fonc.
2014.00001.

Bottero, V., Busuttil, V., Loubat, A., Magné,
N., Fischel, J.L., Milano, G., and Peyron, J.F.
(2001). Activation of nuclear factor kappaB
through the IKK complex by the
topoisomerase poisons SN38 and
doxorubicin: a brake to apoptosis in Hela
human carcinoma cells. Cancer Res. 67,
7785-7791.

Nakanishi, C., and Toi, M. (2005). Nuclear
factor-kappaB inhibitors as sensitizers to
anticancer drugs. Nat. Rev. Cancer 5,
297-309. https://doi.org/10.1038/nrc1588.
Janssens, S., and Tschopp, J. (2006). Signals
from within: the DNA-damage-induced NF-
kappaB response. Cell Death Differ. 13,
773-784. https://doi.org/10.1038/sj.cdd.
4401843.

Karin, M. (2006). Nuclear factor-«B in cancer
development and progression. Nat 2006,
431-436. https://doi.org/10.1038/
nature04870.

Wang, C.Y., Cusack, J.C., Liu, R., and Baldwin,
A.S. (1999). Control of inducible
chemoresistance: Enhanced anti-tumor
therapy through increased apoptosis by
inhibition of NF-kB. Nat. Med. 5, 412-417.
https://doi.org/10.1038/7410.

Lucarelli, P., Schilling, M., Kreutz, C., Vlasov,
A., Boehm, M.E., Iwamoto, N., Steiert, B.,
Lattermann, S., Wasch, M., Stepath, M., et al.
(2018). Resolving the Combinatorial
Complexity of Smad Protein Complex
Formation and Its Link to Gene Expression.
Cell Syst. 6, 75-89.e11. https://doi.org/10.
1016/j.cels.2017.11.010.

Frohlich, F., Kessler, T., Weindl, D., Shadrin,
A., Schmiester, L., Hache, H., Muradyan, A,
Schitte, M., Lim, J.H., Heinig, M., et al. (2018).
Efficient Parameter Estimation Enables the
Prediction of Drug Response Using a
Mechanistic Pan-Cancer Pathway Model. Cell
Syst. 7, 567-579.e6. https://doi.org/10.1016/].
cels.2018.10.013.

Le Novere, N., Hucka, M., Mi, H., Moodie, S.,
Schreiber, F., Sorokin, A., Demir, E., Wegner,
K., Aladjem, M.I., Wimalaratne, S.M., et al.
(2009). The Systems Biology Graphical
Notation. Nat. Biotechnol. 27, 735-741.
https://doi.org/10.1038/nbt.1558.
Difilippantonio, S., and Nussenzweig, A.
(2007). The NBS1-ATM connection revisited.
Cell Cycle 6, 2366-2370. https://doi.org/10.
4161/cc.6.19.4758.

Bakkenist, C.J., and Kastan, M.B. (2003). DNA
damage activates ATM through
intermolecular autophosphorylation and

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

dimer. Nature 421, 499-506. https://doi.org/
10.1038/nature01368.

Wu, Z.-H., Shi, Y., Tibbetts, R.S., and
Miyamoto, S. (2006). Molecular linkage
between the kinase ATM and NF-kappaB
signaling in response to genotoxic stimuli.
Science 311, 1141-1146. https://doi.org/10.
1126/science.1121513.

Mabb, A.M., Wuerzberger-Davis, S.M., and
Miyamoto, S. (2006). PIASy mediates NEMO
sumoylation and NF-kappaB activation in
response to genotoxic stress. Nat. Cell Biol.
8, 986-993. https://doi.org/10.1038/ncb1458.
Mortusewicz, O., Fouquerel, E., Amé, J.C.,
Leonhardt, H., and Schreiber, V. (2011). PARG
is recruited to DNA damage sites through
poly(ADP-ribose)- and PCNA-dependent
mechanisms. Nucleic Acids Res. 39, 5045—
5056. https://doi.org/10.1093/nar/gkr099.
Robson, M., Im, S.A., Senkus, E., Xu, B.,
Domchek, S.M., Masuda, N., Delaloge, S., Li,
W., Tung, N., Armstrong, A., et al. (2017).
Olaparib for Metastatic Breast Cancer in
Patients with a Germline BRCA Mutation.

N. Engl. J. Med. 377, 523-533. https://doi.
org/10.1056/NEJMx170012.

Durant, S.T., Zheng, L., Wang, Y., Chen, K.,
Zhang, L., Zhang, T., Yang, Z., Riches, L.,
Trinidad, A.G., Fok, J.H.L., et al. (2018). The
brain-penetrant clinical ATM inhibitor
AZD1390 radiosensitizes and improves
survival of preclinical brain tumor models. Sci.
Adv. 4, eaat1719. https://doi.org/10.1126/
sciadv.aat1719.

Mortusewicz, O., Amé, J.C., Schreiber, V.,
and Leonhardt, H. (2007). Feedback-
regulated poly(ADP-ribosyl)ation by PARP-1
is required for rapid response to DNA
damage in living cells. Nucleic Acids Res. 35,
7665-7675. https://doi.org/10.1093/nar/
gkm933.

Tobias, F., Léb, D., Lengert, N., Durante, M.,
Drossel, B., Taucher-Scholz, G., and Jakob, B.
(2013). Spatiotemporal dynamics of early
DNA damage response proteins on complex
DNA lesions. PLoS One 8, €57953. https://
doi.org/10.1371/journal.pone.0057953.

Jin, H.-S., Lee, D.-H., Kim, D.-H., Chung, J.-H.,
Lee, S.-J., and Lee, T.H. (2009). clAP1, clAP2,
and XIAP act cooperatively via nonredundant
pathways to regulate genotoxic stress-
induced nuclear factor-kappaB activation.
Cancer Res. 69, 1782-1791. https://doi.org/
10.1158/0008-5472.CAN-08-2256.

Wu, Z.H., Wong, E.T., Shi, Y., Niu, J., Chen, Z,,
Miyamoto, S., and Tergaonkar, V. (2010).
ATM- and NEMO-dependent ELKS
ubiquitination coordinates TAK1-Mediated
IKK activation in response to genotoxic stress.
Mol. Cell 40, 75-86. https://doi.org/10.1016/].
molcel.2010.09.010.

Yang, Y., Xia, F., Hermance, N., Mabb, A,,
Simonson, S., Morrissey, S., Gandhi, P.,
Munson, M., Miyamoto, S., and Kelliher, M.A.
(2011). A cytosolic ATM/NEMO/RIP1
complex recruits TAK1 to mediate the NF-
kappaB and p38 mitogen-activated protein
kinase (MAPK)/MAPK-activated protein 2
responses to DNA damage. Mol. Cell Biol. 37,
2774-2786. https://doi.org/10.1128/MCB.
01139-10.

Niu, J., Shi, Y., Iwai, K., and Wu, Z.-H. (2011).
LUBAC regulates NF-kB activation upon
genotoxic stress by promoting linear
ubiquitination of NEMO. EMBO J. 30, 3741-
3753. https://doi.org/10.1038/emboj.
2011.264.

Tufan, A.B., Lazarow, K., Kolesnichenko, M.,
Sporbert, A., von Kries, J.P., and Scheidereit,

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

¢? CellPress

OPEN ACCESS

C. (2022). TSG101 associates with PARP1 and
is essential for PARylation and DNA damage-
induced NF-kB activation. EMBO J. 41,
e110372. https://doi.org/10.15252/embj.
2021110372.

Mucka, P., Lindemann, P., Bosco, B.,
Willenbrock, M., Radetzki, S.,
Neuenschwander, M., Brischetto, C., Peter
von Kries, J., Nazaré, M., and Scheidereit, C.
(2023). CLK2 and CLK4 are regulators of DNA
damage-induced NF-kB targeted by novel
small molecule inhibitors. Cell Chem. Biol.
https://doi.org/10.1016/j.chembiol.2023.
06.027.

Criswell, T., Leskov, K., Miyamoto, S., Luo, G.,
and Boothman, D.A. (2003). Transcription
factors activated in mammalian cells after
clinically relevant doses of ionizing radiation.
Oncogene 22, 5813-5827. https://doi.org/10.
1038/sj.0onc.1206680.

McKelvey, KJ., Hudson, A.L., Back, M., Eade,
T., and Diakos, C.I. (2018). Radiation,
inflammation and the immune response in
cancer. Mamm. Genome 29, 843-865. https://
doi.org/10.1007/s00335-018-9777-0.
Schwanhé&usser, B., Busse, D., Li, N., Dittmar,
G., Schuchhardt, J., Wolf, J., Chen, W., and
Selbach, M. (2011). Global quantification of
mammalian gene expression control. Nature
473, 337-342. https://doi.org/10.1038/
nature10098.

Beck, M., Schmidt, A., Malmstroem, J.,
Claassen, M., Ori, A., Szymborska, A., Herzog,
F., Rinner, O., Ellenberg, J., and Aebersold, R.
(2011). The quantitative proteome of a human
cell line. Mol. Syst. Biol. 7, 1-8. https://doi.
org/10.1038/msb.2011.82.

Veuger, S.J., Hunter, J.E., and Durkacz, B.W.
(2009). lonizing radiation-induced NF-
kappaB activation requires PARP-1 function
to confer radioresistance. Oncogene 28,
832-842. https://doi.org/10.1038/onc.
2008.439.

Hwang, B., Phan, F.P., McCool, K., Choi, E.Y.,
You, J., Johnson, A., Audhya, A., and
Miyamoto, S. (2015). Quantification of
Cellular NEMO Content and Its Impact on
NF-kB Activation by Genotoxic Stress. PLoS
One 10, e0116374. https://doi.org/10.1371/
journal.pone.0116374.

Altmeyer, M., Messner, S., Hassa, P.O., Fey,
M., and Hottiger, M.O. (2009). Molecular
mechanism of poly(ADP-ribosyl)ation by
PARP1 and identification of lysine residues as
ADP-ribose acceptor sites. Nucleic Acids Res.
37, 3723-3738. https://doi.org/10.1093/nar/
gkp229.

Langelier, M.-F., Ruhl, D.D., Planck, J.L.,
Kraus, W.L., and Pascal, J.M. (2010). The Zn3
domain of human poly(ADP-ribose)
polymerase-1 (PARP-1) functions in both
DNA-dependent poly(ADP-ribose) synthesis
activity and chromatin compaction. J. Biol.
Chem. 285, 18877-18887. https://doi.org/10.
1074/jbc.M110.105668.

D’Amours, D., Desnoyers, S., D'Silva, I., and
Poirier, G.G. (1999). Poly(ADP-ribosyl)ation
reactions in the regulation of nuclear
functions. Biochem. J. 342, 249-268.

Alon, U. (2007). Network motifs: theory and
experimental approaches. Nat. Rev. Genet. 8,
450-461. https://doi.org/10.1038/nrg2102.
Shreeram, S., Demidov, O.N., Hee, W.K,,
Yamaguchi, H., Onishi, N., Kek, C., Timofeev,
O.N., Dudgeon, C., Fornace, A.J., Anderson,
C.W., et al. (2006). Wip1 phosphatase
modulates ATM-dependent signaling
pathways. Mol. Cell 23, 757-764. https://doi.
org/10.1016/j.molcel.2006.07.010.

iScience 26, 107917, October 20, 2023 13



https://doi.org/10.1038/nrc3204
https://doi.org/10.1038/nrc3204
https://doi.org/10.1038/sj.onc.1209942
https://doi.org/10.1038/nrd2781
https://doi.org/10.4161/cbt.23761
https://doi.org/10.3389/fonc.2014.00001
https://doi.org/10.3389/fonc.2014.00001
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref39
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref39
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref39
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref39
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref39
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref39
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref39
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref39
https://doi.org/10.1038/nrc1588
https://doi.org/10.1038/sj.cdd.4401843
https://doi.org/10.1038/sj.cdd.4401843
https://doi.org/10.1038/nature04870
https://doi.org/10.1038/nature04870
https://doi.org/10.1038/7410
https://doi.org/10.1016/j.cels.2017.11.010
https://doi.org/10.1016/j.cels.2017.11.010
https://doi.org/10.1016/j.cels.2018.10.013
https://doi.org/10.1016/j.cels.2018.10.013
https://doi.org/10.1038/nbt.1558
https://doi.org/10.4161/cc.6.19.4758
https://doi.org/10.4161/cc.6.19.4758
https://doi.org/10.1038/nature01368
https://doi.org/10.1038/nature01368
https://doi.org/10.1126/science.1121513
https://doi.org/10.1126/science.1121513
https://doi.org/10.1038/ncb1458
https://doi.org/10.1093/nar/gkr099
https://doi.org/10.1056/NEJMx170012
https://doi.org/10.1056/NEJMx170012
https://doi.org/10.1126/sciadv.aat1719
https://doi.org/10.1126/sciadv.aat1719
https://doi.org/10.1093/nar/gkm933
https://doi.org/10.1093/nar/gkm933
https://doi.org/10.1371/journal.pone.0057953
https://doi.org/10.1371/journal.pone.0057953
https://doi.org/10.1158/0008-5472.CAN-08-2256
https://doi.org/10.1158/0008-5472.CAN-08-2256
https://doi.org/10.1016/j.molcel.2010.09.010
https://doi.org/10.1016/j.molcel.2010.09.010
https://doi.org/10.1128/MCB.01139-10
https://doi.org/10.1128/MCB.01139-10
https://doi.org/10.1038/emboj.2011.264
https://doi.org/10.1038/emboj.2011.264
https://doi.org/10.15252/embj.2021110372
https://doi.org/10.15252/embj.2021110372
https://doi.org/10.1016/j.chembiol.2023.06.027
https://doi.org/10.1016/j.chembiol.2023.06.027
https://doi.org/10.1038/sj.onc.1206680
https://doi.org/10.1038/sj.onc.1206680
https://doi.org/10.1007/s00335-018-9777-0
https://doi.org/10.1007/s00335-018-9777-0
https://doi.org/10.1038/nature10098
https://doi.org/10.1038/nature10098
https://doi.org/10.1038/msb.2011.82
https://doi.org/10.1038/msb.2011.82
https://doi.org/10.1038/onc.2008.439
https://doi.org/10.1038/onc.2008.439
https://doi.org/10.1371/journal.pone.0116374
https://doi.org/10.1371/journal.pone.0116374
https://doi.org/10.1093/nar/gkp229
https://doi.org/10.1093/nar/gkp229
https://doi.org/10.1074/jbc.M110.105668
https://doi.org/10.1074/jbc.M110.105668
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref70
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref70
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref70
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref70
https://doi.org/10.1038/nrg2102
https://doi.org/10.1016/j.molcel.2006.07.010
https://doi.org/10.1016/j.molcel.2006.07.010

¢? CellPress

73.

74.

75.

76.

77.

78.

79.

14

OPEN ACCESS

Poltz, R., and Naumann, M. (2012). Dynamics
of p53 and NF-kB regulation in response to
DNA damage and identification of target
proteins suitable for therapeutic intervention.
BMC Syst. Biol. 6, 125. https://doi.org/10.
1186/1752-0509-6-125.

Loewer, A., Batchelor, E., Gaglia, G., and
Lahav, G. (2010). Basal Dynamics of p53
Reveal Transcriptionally Attenuated Pulses in
Cycling Cells. Cell 142, 89-100. https://doi.
org/10.1016/j.cell.2010.05.031.

Hunter, J.E., Willmore, E., Irving, J. a E,,
Hostomsky, Z., Veuger, S.J., and Durkacz,
B.W. (2012). NF-kB mediates radio-
sensitization by the PARP-1 inhibitor, AG-
014699. Oncogene 31, 251-264. https://doi.
org/10.1038/0nc.2011.229.

Thobe, K., Konrath, F., Chapuy, B., and Wolf,
J.(2021). Patient-Specific Modeling of Diffuse
Large B-Cell Lymphoma. Biomedicines 9,
1-22. https://doi.org/10.3390/
biomedicines?111655.

Remy, E., Rebouissou, S., Chaouiya, C.,
Zinovyev, A., Radvanyi, F., and Calzone, L.
(2015). A Modeling Approach to Explain
Mutually Exclusive and Co-Occurring Genetic
Alterations in Bladder Tumorigenesis. Cancer
Res. 75, 4042-4052. https://doi.org/10.1158/
0008-5472.CAN-15-0602.

Schneider, C.A., Rasband, W.S., and Eliceiri,
K.W. (2012). NIH Image to ImageJ: 25 years of
image analysis. Nat. Methods 9, 671-675.
Raue, A., Schilling, M., Bachmann, J.,
Matteson, A., Schelker, M., Kaschek, D., Hug,
S., Kreutz, C., Harms, B.D., Theis, F.J., et al.
(2013). Lessons learned from quantitative
dynamical modeling in systems biology. PLoS

iScience 26, 107917, October 20, 2023

80.

81.

82.

83.

84.

85.

One 8, €74335. https://doi.org/10.1371/
journal.pone.0074335.

Raue, A., Steiert, B., Schelker, M., Kreutz, C.,
Maiwald, T., Hass, H., Vanlier, J., Ténsing, C.,
Adlung, L., Engesser, R., et al. (2015).
Data2Dynamics: a modeling environment
tailored to parameter estimation in dynamical
systems. Bioinformatics 31, 3558-3560.
https://doi.org/10.1093/bioinformatics/
btv405.

Malik-Sheriff, R.S., Glont, M., Nguyen, T.V.N.,
Tiwari, K., Roberts, M.G., Xavier, A., Vu, M.T.,
Men, J., Maire, M., Kananathan, S., et al.
(2020). BioModels-15 years of sharing
computational models in life science. Nucleic
Acids Res. 48, D407-D415. https://doi.org/
10.1093/nar/gkz1055.

Hinz, M., Broemer, M., Arslan, S. ¢8|, Otto, A.,
Mueller, E.-C., Dettmer, R., and Scheidereit,
C. (2007). Signal Responsiveness of [kB
Kinases Is Determined by Cdc37-assisted
Transient Interaction with Hsp90. J. Biol.
Chem. 282, 32311-32319. https://doi.org/10.
1074/jbc.M705785200.

Kozlov, S.V., Graham, M.E., Jakob, B., Tobias,
F., Kijas, AW., Tanuji, M., Chen, P., Robinson,
P.J., Taucher-Scholz, G., Suzuki, K., et al.
(2011). Autophosphorylation and ATM
activation: additional sites add to the
complexity. J. Biol. Chem. 286, 9107-9119.
https://doi.org/10.1074/jbc.M110.204065.
Konrath, F. (2020). Mathematical Modeling of
NF-kB and P53 Signaling in the DNA Damage
Response (Logos Verlag Berlin GmbH).
Haince, J.F., McDonald, D., Rodrigue, A.,
Déry, U., Masson, J.Y., Hendzel, M.J., and
Poirier, G.G. (2008). PARP1-dependent

86.

87.

88.

89.

90.

iScience

kinetics of recruitment of MRE11 and NBS1
proteins to multiple DNA damage sites.

J. Biol. Chem. 283, 1197-1208. https://doi.
org/10.1074/jbc.M706734200.

Gulston, M., Fulford, J., Jenner, T., de Lara,
C., and O'Neill, P. (2002). Clustered DNA
damage induced by gamma radiation in
human fibroblasts (HF19), hamster (V79-4)
cells and plasmid DNA is revealed as Fpg and
Nth sensitive sites. Nucleic Acids Res. 30,
3464-3472.

Lébrich, M., lkpeme, S., and Kiefer, J. (1994).
Measurement of DNA double-strand breaks
in mammalian cells by pulsed-field gel
electrophoresis: a new approach using rarely
cutting restriction enzymes. Radiat. Res. 138,
186-192.

Prise, K.M., Ahnstrém, G., Belli, M., Carlsson,
J., Frankenberg, D., Kiefer, J., Lébrich, M.,
Michael, B.D., Nygren, J., Simone, G., and
Stenerldw, B. (1998). A review of dsb
induction data for varying quality radiations.
Int. J. Radiat. Biol. 74, 173-184.

Shiloh, Y., and Ziv, Y. (2013). The ATM protein
kinase: regulating the cellular response to
genotoxic stress, and more. Nat. Rev. Mol.
Cell Biol. 14, 197-210. https://doi.org/10.
1038/nrm3546.

Raue, a, Kreutz, C., Maiwald, T., Bachmann,
J., Schilling, M., Klingmdiller, U., and Timmer,
J. (2009). Structural and practical
identifiability analysis of partially observed
dynamical models by exploiting the profile
likelihood. Bioinformatics 25, 1923-1929.
https://doi.org/10.1093/biocinformatics/
btp358.


https://doi.org/10.1186/1752-0509-6-125
https://doi.org/10.1186/1752-0509-6-125
https://doi.org/10.1016/j.cell.2010.05.031
https://doi.org/10.1016/j.cell.2010.05.031
https://doi.org/10.1038/onc.2011.229
https://doi.org/10.1038/onc.2011.229
https://doi.org/10.3390/biomedicines9111655
https://doi.org/10.3390/biomedicines9111655
https://doi.org/10.1158/0008-5472.CAN-15-0602
https://doi.org/10.1158/0008-5472.CAN-15-0602
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref78
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref78
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref78
https://doi.org/10.1371/journal.pone.0074335
https://doi.org/10.1371/journal.pone.0074335
https://doi.org/10.1093/bioinformatics/btv405
https://doi.org/10.1093/bioinformatics/btv405
https://doi.org/10.1093/nar/gkz1055
https://doi.org/10.1093/nar/gkz1055
https://doi.org/10.1074/jbc.M705785200
https://doi.org/10.1074/jbc.M705785200
https://doi.org/10.1074/jbc.M110.204065
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref84
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref84
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref84
https://doi.org/10.1074/jbc.M706734200
https://doi.org/10.1074/jbc.M706734200
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref86
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref86
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref86
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref86
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref86
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref86
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref86
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref87
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref87
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref87
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref87
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref87
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref87
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref88
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref88
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref88
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref88
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref88
http://refhub.elsevier.com/S2589-0042(23)01994-6/sref88
https://doi.org/10.1038/nrm3546
https://doi.org/10.1038/nrm3546
https://doi.org/10.1093/bioinformatics/btp358
https://doi.org/10.1093/bioinformatics/btp358

iScience ¢? CellPress
OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

HepG2 DSMZ - German Collection ACC180

of Microorganisms and Cell Cultures

Oligonucleotides

H2KkB-us: TIB Biomol N/A
5'-GATCCAGGGCTGGGGATTCCCCATC

TCCACAGG-3'

H2KkB-Is: TIB Biomol N/A
5'-GATCCCTGTGGAGATGGGGAATCCC

CAGCCCTG-3'

Software and algorithms

ImageJ Schneider et al.”® https://imagej.nih.gov/ij/

Data2Dynamics modeling environment Raue et al.””%0 https://github.com/Data2Dynamics/d2d
MATLAB The Mathworks R2017b

Mathematical model this study BioModels: MODEL2307130001 (https://www.

ebi.ac.uk/biomodels/MODEL2307130001)

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jana Wolf (Jana.
Wolf@mdc-berlin.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e Alloriginal model code has been deposited at the BioModels database®' and is publicly available at https://www.ebi.ac.uk/biomodels/
MODEL2307130001. The model identifier is in the key resources table.

o All data reported in this paper will be shared by the lead contact upon request.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Cell culture

HepG2 cells were cultured in RPMI medium (Gibco), supplemented with 10% fetal calf serum and penicillin/streptomycin (100 U/ml and
100 pg/mL) in 95% relative humidity and 5% CO,.

METHOD DETAILS
Experimental setup
Electrophoretic mobility shift assay (EMSA)

EMSA was performed using standard conditions using 3-5 g lysate (added last) in a total volume of 20 ul containing 4% Ficoll, 20 mM
HEPES pH 7.9, 60 mM KCl, 1.5 pg poly(dl-dC), 2 mM DTT, 0.1 mg/mL BSA and ca. 7 fmoles 32P-labeled H2K double stranded NF-kB binding
site probe. After incubation for 30 min at 37°C, reactions were loaded to 4% (60:1 crosslinked) polyacrylamide gels in 25 mM Tris, 25 mM
Borate, 0.5 mM EDTA and electrophoresed with 26 mA current for 2 h at 4°C, followed by autoradiography.

26,82
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DNA damage induction
Cells were irradiated with a '¥Cs source (OB29 Irradiator, STS Braunschweig) at the dose indicated.

Training and validation datasets

For the calibration and validation of the developed model, we obtained available datasets covering various experimental assays and irradi-
ation (IR) doses inducing DNA damage. The following table gives an overview of the datasets used in this study. We integrated data of
different research groups and from different cell lines.

Description Cell line Stimulus type Stimulus dose Reference

recruitment of PARP-1 MEF microirradiation 405 nm diode laser Mortusewicz et al.>*

ATM and MRN recruitment U20s, AT v-IR, X-ray 0.8-68 Gy Tobias et al.,”® Kozlov et al.**
ATM activation Hela, HepG2 v-IR 40 Gy Stilmann et al.,**Hinz et al.”®
signalosome formation MEF v-IR 80 Gy Stilmann et al.?*

TRAF6 complex formation Hela, HepG2 v-IR 30, 40 Gy Hinz et al.”®

validation (NF-kB) HepG2 v-IR 40 Gy this study

Data for PARP-1 modification

To quantify the recruitment dynamics of PARP-1 to DNA lesions, Mortusewicz et al.”* measured the fluorescent intensity of GFP-labeled
PARP-1 at the damage site upon inducing DNA damage using microirradiation in single cells. In the study, they measured the intensity of
wild type (WT)-PARP-1 for two different time periods with a different temporal resolution (Figure S1, PARP(WT)). To investigate the effect
of PARylated PARP-1 on the recruitment dynamics, they quantified the recruitment of an additional PARP-1 variant that is incapable of under-
going PARylation but still binds to the damage site (Figure S1, PARP(E988K)).

Data for ATM and MRN recruitment

The recruitment dynamics of MRN and ATM to DNA lesions was investigated and quantified by Tobias et al.”” and Kozlov et al.®” using time-
resolved single cell microscopy with GFP-labeled NBS1, a subunit of the MRN complex, and YFP-labeled ATM (Figure ST, MRN and ATM).

|55 |83

Data for ATM activation

Hinz et al.”® and Stilmann et al.”® measured phosphorylated ATM in the nucleus and cytoplasm upon v-IR using Western blots (Figure S1,
PATM(n) and pATM(c)).

Data for signalosome formation

The formation and dissociation of the signalosome was analyzed by Stilmann et al.”® using co-immunoprecipitation assays and Western blot-
ting of different components of the signalosome (Figure S1, sig).

Data for TRAF6 complex formation
To capture signal propagation in the cytoplasm, we used Western blot data from Hinz et al.”® tracking posttranslationally modified TRAF$,

TAK1 as well as IKKy at different time points upon y-IR (Figure S1, pUbTRAF6, pTAKT and mUbIKKY).

Data for NF-kB activation (validation)

The activation of NF-kB was monitored using an electrophoretic mobility shift assay (Figure 2B).

Mathematical modeling approach

For the development of a quantitative model, we split the signaling pathway of genotoxic IKK/NF-kB activation into smaller modules and
created for each module multiple minimal models to investigate different mechanistic hypotheses.®* Using mechanistic insights and exper-
imental data from the studies presented in STAR methods, .training and validation data sets enabled us to identify the most appropriate
model for each module. By merging the individual models, we created an overall model of genotoxic IKK/NF-kB signaling that is presented
in this studly.

Modeling DNA lesions

To model the recruitment and binding of PARP-1 and MRN to DNA lesions, we implemented a double strand break by defining two binding
sites for PARP-1 (BS_P) and two binding sites for MRN (BS_M). Introducing separate binding sites for PARP-1 and MRN prevents an exclusive
binding of one of the two components to a binding site and is based on the study of Haince et al. in which PAR molecules, PARP-1 as well as
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MRE11, a subunit of the MRN complex, colocalize at a break site.?” In the experiments that we used to calibrate and validate the model (see
STAR methods, training and validation data sets), DNA damage is induced by irradiation of cells for a defined time period. To represent a
stimulus-dependent generation of binding sites, we defined the two parameters kDNA_b and DNAb. While kDNA_b determines the rate
at which binding sites for PARP-1 and MRN are generated, DNAb controls the duration of the stimulus. The parameter kDNA_b is calculated
by the following formula:

DSB _ BS

_. G .
k_DNAb = r - 3SG—y 2D—SB (Equation 10)

In Equation 10, r determines the rate of irradiation and is specific for an experiment. Based on the studies of Gulston et al., Loebrich et al.
and Prise et al,, itis assumed that 1 Gy irradiation causes the generation of 35 DNA double strand breaks.2%® Moreover, the term is multiplied
by a factor of two, to account for the fact that one double strand break leads to two binding sites. For the experimental data capturing the
modification of PARP-1 (STAR methods, training and validation data sets), the irradiation dose could not be determined. We therefore fitted
the parameter k_DNAb for this particular dataset (Table S1). For all other datasets, k_DNAb was calculated according to Equation 10. The
parameter DNAb is set to one for a time period given by the corresponding experiment. After this period, DNAb is set to zero. The generation
of binding sites is computed by multiplying kDNA_b with DNAb (see Equation 31).

Modeling PARP-1 recruitment to DNA

In the model (see Figure 1A for the reaction scheme, STAR methods for the ODE and reaction rates) we assume that PARP-1 is either
directly recruited to the lesion by being attached to the binding site BS_P (PARPDSB_b, Equation 32) or indirectly (PARP_b, Equation 34)
by the recruitment of already bound and PARylated PARP-1 proteins (parPARP1_b). Our hypothesis is derived from the elaborated study
of Mortusewicz et al.”* in which the recruitment dynamics of various PARP-1 variants was quantified. We used the recruitment dynamics
of WT PARP-1 and a catalytically inactive PARP-1 variant (E988K) to test multiple hypotheses by fitting different variants of minimal
models to the data.®’ The superior model variant was then selected for the overall model. To include the effect of the catalytically inac-
tive PARP-1 variant in the model, we implemented parameter AB that is set to one for WT PARP-1 or zero for the inactive E988K variant
(Equations 36 and 37).

Modeling MRN and ATM recruitment

For the recruitment of the MRN complex to the binding site (BS_M) and the recruitment and activation of ATM, we included positive feed-
backs (Equations 40 and 43) to capture the cyclic process of MRN and ATM recruitment to the damage site. Specifically, the phosphorylation
of H2AX histones by recruited ATM proteins in proximity of the DNA lesion causes the recruitment of MDC1 and additional MRN complexes.
In turn, further ATM molecules are recruited and activated. Thus, MRN and ATM maintain their own recruitment.®” We implemented the pos-
itive feedbacks by Hill terms that allow reproducing the sigmoidal shaped time course of activated ATM upon DNA damage (Figure S1,
PATM(n)). As ATM exists in cells as inactive homodimers or multimers that transform by auto-phosphorylation into active monomers,’® we

set the Hill coefficient for both Hill terms to a value of two.

Modeling IKKy modification

Upon activation of ATM and PARylation of PARP-1 the signalosome is formed and results in the sumoylation and phosphorylation of
IKKy (Equations 45 and 46). While activated ATM (pATM) mediates the phosphorylation of IKKy, the SUMO-1 ligase PIASy sumoylates
IKKy. As there was no experimental data available capturing the levels of PIASy over time, we did not include this component in the
model.

Modeling IKK complex activation

Based on the findings of Hinz et al., phosphorylated ATM as well as modified IKKy translocate to the cytoplasm where ATM induces the K63-
linked polyubiquitination of TRAF6 which in turn facilitates the recruitment and activation of kinase TAK1. The ubiquitin ligase clAP1 is re-
cruited as well and mediates the mono-ubiquitination of IKKy. For simplicity and due to lack of sufficient data we neglected clAP1 in the
model. In the model, the translocation of phosphorylated ATM to the cytoplasm is lumped together with the binding and polyubiquitination
of TRAF6 (see Equation 47). The binding and activation of TAKT is modeled in Equation 48. Note that the processes describing the translo-
cation of modified IKKy into the cytoplasm, mono-ubiquitination, integration into IKK complexes and the activation of the IKK complex by
TAK1-mediated phosphorylation of IKKB are modeled as a single reaction (Equation 49).
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Ordinary differential equations of the model

Most variable names correspond to the labels in Figure 1. For some variables abbreviated names are introduced.

name description
AMRN_b ATM bound to the DNA bound MRN complex
sig signalosome consisting of pATM, parPARP1
and IKKy
splKKy sumoylated and phosphorylated IKKy
AT complex consisting of pATM and TRAFé
ATT complex consisting of pATM and TRAF6 and
pTAKI
pIKK activated IKK complex in which IKKB is
phosphorylated
% =vl—-v2+v3 (Equation 11)
w = v3+v5+v9+v1b6 — v2 — v4 (Equation 12)
d(PARP'IthSB_b(t)) =v2—-v3—-vb (Equation 13)
w =v4d —v5—-v7 (Equation 14)
d PARP1_b(t
w =vb6+v7 —v8 (Equation 15)
d PARP1(t
w = V8 — V9 — vI5 (Equation 16)
% =vl —v10-v11 (Equation 17)
w = —v10 — v11 (Equation 18)
M:V10+v11—v12+v13+v14 (Equation 19)
w =v12-v13-vi4 (Equation 20)
% = —v12 (Equation 21)
d(pATM(t
w = v13+v14 — vi5+vi16 — v17 (Equation 22)
IKK
w = —vI5 (Equation 23)

M: vl5 — v16

ot (Equation 24)
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IKK
w = v16 — V19 (Equation 25)
d(TRAFS() = —v17 (Equation 26)
dt
w =v17 — v18 (Equation 27)
dt

M =v18 (Equation 28)

dt
M = —vi18 (Equation 29)

dt

d(plKK
M = v19 (Equation 30)

dt

Reaction rates of the model
vl = k_.DNAb-DNAb(t) (Equation 31)
v2 = kon-PARP1(t)-BS_P(t) (Equation 32)
v3 = koff - PARP1DSB_b(t) (Equation 33)
v4 = kr-PARP1(t)-parPARP1_b(t) (Equation 34)
v5 = koff2- PARP1_b(t) (Equation 35)
vé = vact-PARP1DSB_b(t)-AB (Equation 36)
v7 = vact-PARP1_b(t)-AB (Equation 37)
v8 = koff_act-parPARP1_b(t) (Equation 38)
v9 = kdepar-parPARP1(t) (Equation 39)
MRN_b"(t)

v10 = k1-MRN(t)-BS_M(t) (Equation 40)

“km+MRN_b"(t)

v11 = k4-MRN(t)- BS_M(t) (Equation 41)

v12 = k2-ATM(t)- MRN_b(t) (Equation 42)

V13 = k3-AMRN_b(t)-#% (Equation 43)
v14 = k5-AMRN_b(t) (Equation 44)

v15 = SFM_k1-parPARP1(t)- pATM(t) - IKK~(t) (Equation 45)
v16 = SFM_k2-sig(t) (Equation 46)

v17 = TM_k1-pATM(t)- TRAF6(t) (Equation 47)
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v18 = TM_k2-AT(t)- TAK1(t) (Equation 48)
v19 = TM_k3-splKKv(t)-ATT(t) (Equation 49)
Conserved moieties in the model
PARP1_tot = PARP1+ PARP1DSB_b+ PARP1_b + parPARP1_b + parPARP1 + sig (Equation 50)
MRN_tot = MRN+ MRN_b+ AMRN_b (Equation 51)
ATM_tot = ATM+AMRN_b + pATM +sig+ AT + ATT (Equation 52)
IKKy_tot = IKK7 + sig+ splKKy + pIKK (Equation 53)
TRAF6_tot = TRAF6+AT +ATT (Equation 54)
TAK1_tot = TAK1+ATT (Equation 55)

Defining activated IKK complex as readout

For our analyses, we defined the activated IKK complex as a readout for NF-kB activity. The IKK complex is a direct activator of NF-«kB as it
phosphorylates and thereby initiates the degradation of IkBs which inhibit NF-kB. In addition, the IKK complex phosphorylates RelA/p65.
Upon degradation of [kBs, NF-kB translocates into the nucleus and induces the expression of its target genes. Since we here aimed to model
the initial activating processes that are specific for the genotoxic pathway we focused on the upstream processes leading to genotoxic stress-
induced NF-kB activation. As NF-kB dynamics closely follow the dynamics of activated IKK (Figure 2B) we selected the activated IKK complex
as the readout of our model.

Model simulations and parameter inference

For simulations and parameter inference we used MATLAB (R2017b, The Mathworks Inc., Natick, MA) in combination with the open source
toolbox Data2Dynamics.””®° For parameter inference, we set the bounds of parameters to —10 and 3 on a logsq scale if not stated other-
wise (Table S1). Variables and parameters in the model have units based on number of molecules (m) and seconds (s). For some of the
parameters the boundaries were adapted to include information about experimentally quantified reaction rates from literature or to pre-
vent numerical issues during simulation. For the half-life of PARylated PARP-1 (parPARP1) a time range of one to 6 min was published’®
which corresponds to an exponential decay rate of —1.9 and —2.6 ™' on a log;g scale. We therefore set the boundaries of the correspond-
ing parameter kdepar to —4 and 0 s™' (Table S1). For the PARylation of PARP-1 a rate of 0.41 s~ and 5 s~ was reported.“®*” The total
concentrations of the conserved moieties ATM, IKK, MRN, TAK1 and TRAFé were fitted and the boundaries were set to 2 and 7 on a logyg
scale to ensure that the estimated values are in a physiological range. The total amount of PARP-1 was set to 1.9x10° molecules in accor-
dance to Schwanhausser et al.**

The optimization is based on maximum likelihood estimation and the MATLAB in-built function Isgnonlin was used for minimizing the
objective function. To prevent local minima, multi-start optimization was used. The parameter values of the best fit are given in Table S1.

To assess the identifiability of fitted parameters, we used a profile likelihood-based approach”™ and applied it to each kinetic parameter of
the model (Figure S3). The analysis shows that almost all estimated parameters are identifiable, i.e., there exists a finite range for the confi-
dence interval of a parameter. In contrast, for the parameters MRN_tot, TAK1_tot, TRAF6_tot, kdepar and koff2 only the lower or upper limit of
the confidence interval can be properly determined as the upper or lower boundary of the parameter value is reached. For example, for
MRN_tot the lower limit of the confidence interval can be determined, but for the upper limit, the parameter boundary is reached at 10’ mol-
ecules. Overall, the results show that the majority of parameters is identifiable with the included datasets.

Link between modified IKKy and IKK complex

Based on the model structure and the implementation of processes, it is possible to comprehend that the amount of modified IKKy (spIKKy)
produced over time corresponds to the amount of activated IKK complex in the stimulated steady state. This is due to i) the assumed irre-
versible translocation and integration of modified IKKy into IKK complexes (parameter TM_k3 in Figures 1A and Equation 49) and ii) the im-
plementation of IKKy as a conserved moiety and iii) a catalytic function of the cytoplasmic TRAF6 complex (ATT) for the activation of IKK
(parameter TM_k3 in Figures 1A and Equation 49), i.e., there is no mass flow from the TRAF6 complex to the IKK complex. As the cytoplasmic
TRAF6 complex is not degraded and does not dissociate in the model, it cannot restrict the amount of modified IKKy that is integrated into
the IKK complex once the TRAFé complex is formed.
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Sensitivity analysis

To identify processes with the strongest impact on inhibiting IKK/NF-«kB activity under genotoxic stress, we performed a sensitivity analysis for
all kinetic model parameters by reducing each parameter individually by 90%. In order to investigate the sensitivity of ATM activation, we
moreover reduced the two parameters k3 and k5 simultaneously by 90%. The activated IKK complex (pIKK) in stimulated steady state was
chosen as readout for the analysis. The sensitivity coefficients (sc) for the specified parameters were calculated for various irradiation doses
ranging from 1 Gy to 100 Gy by using the following formula:

sc(p,i) = pIKK(p,i)* — pIKK(i)
BIKK (1)

pIKK* represents the level of activated IKK complex in the stimulated steady state for irradiation dose i upon the perturbation of a parameter
p. pIKK represents the level of activated IKK complex in the stimulated steady state without perturbation of parameter p. The most effective
inhibition of IKK complex activation is characterised by parameter perturbations causing a reduction in the level pIKK to a value of zero which
results in a sensitivity coefficient of —1, given pIKK is nonzero. Parameter perturbations causing an increase in IKK complex activation can
result in sensitivity coefficients higher than +1 as there is no upper limit for positive coefficients.

(Equation 56)

QUANTIFICATION AND STATISTICAL ANALYSIS

For the quantification of Western blots and electrophoretic mobility shift assay data, we used the software ImageJ.”® To determine the in-
tensity of protein bands, the ImageJ in-built functions for polyacrylamide gel analysis was applied. The band intensity of the protein of interest
was normalized to the corresponding protein band of the loading control for the Western blots.
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