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In health and disease, liver cells are continuously exposed to cytokines and growth
factors. While individual signal transduction pathways induced by these factors were
studied in great detail, the cellular responses induced by repeated or combined stimula-
tions are complex and less understood. Growth factor receptors on the cell surface of
hepatocytes were shown to be regulated by receptor interactions, receptor trafficking and
feedback regulation. Here, we exemplify how mechanistic mathematical modelling based
on quantitative data can be employed to disentangle these interactions at the molecular
level. Crucial is the analysis at a mechanistic level based on quantitative longitudinal data
within a mathematical framework. In such multi-layered information, step-wise mathemat-
ical modelling using submodules is of advantage, which is fostered by sharing of standar-
dized experimental data and mathematical models. Integration of signal transduction with
metabolic regulation in the liver and mechanistic links to translational approaches
promise to provide predictive tools for biology and personalized medicine.

Introduction
Cell-to-cell communication is known since the mid-1800, when Claude Bernard developed the
concept of le milieu intérieur, addressing the concept of molecule secretion and action on a distant
organ [1,2]. Since then, efforts have been made to discover secreted signal transduction molecules,
such as cytokines and growth factors, and their mode of action to transmit the intracellular signal
with consequent biological response.
In this review, we discuss signal transduction in human and rodent cells, as they share similar

modalities of cell-to-cell and intracellular communication. For many years, studies on signal transduc-
tion focused on individual factors inducing single intracellular cascades. However, complexity vastly
increased with the discovery that single factors regulate multiple signal transduction pathways and
that the interplay of several ligands, cross-talk and feedback mechanisms regulate the biological
output. As an additional layer of complexity, recently awareness increased on the importance of
understanding mechanisms that determine dynamic behaviour of signal transduction pathways, such
as signal duration, activation kinetic, signal specificity and ultimately biological responses [3]. At this
level, several layers of regulations can be distinguished: (i) ligand–receptor interaction, (ii) receptor
trafficking; (iii) downstream signal transduction cross-talk and feedback and (iv) transcriptional regu-
lation. To functionally understand the behaviour of signal transduction pathways with complex regula-
tion, mechanistic mathematical modelling based on quantitative data was performed in the examples
discussed here. In contrast with statistical modelling, such as machine learning based on big data [4],
mechanistic models seek to establish a causal relationship between inputs and outputs. Thus, these
models can even be calibrated based on small data sets and, rather than inferring correlations, can be
used as predictive tools [5].
Cytokines are small secreted glycoproteins that by binding to specific cell surface receptors initiate a

cascade of intracellular signals. Their mode of action can be autocrine, paracrine or endocrine [6].
Their primary functions include the regulation of the immune system, haematopoiesis and
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developmental processes. In the liver, they play an import part in immunity, inflammation including the acute
phase response, liver regeneration, fibrosis and cancer [7]. Here, we focus on interferons (IFN) and interleukins
(IL) that are recognized by cytokine receptors. Cytokine receptor chains comprise an extracellular domain that
interacts with the cytokine, a single transmembrane domain and a signal-transducing cytoplasmic domain.
Upon ligand binding, the cytokine receptor chains on the cell surface associate or are stabilized as dimers or
oligomers [8]. The cytoplasmic domain lacks intrinsic kinase activity and associates with a protein tyrosine
kinase of the Janus kinase ( JAK) family [9]. Tyrosine phosphorylation of the cytoplasmic receptor chains acti-
vates several signal transduction components, predominantly proteins of the signal transducer and activator of
transcription (STAT) family. Upon recruitment of the STAT proteins via their SH2 domain to the phosphory-
lated tyrosines of the receptor chains, they in turn are phosphorylated by the JAK kinases. STAT proteins
dimerize, enter the nucleus and induce gene transcription. Dephosphorylated STAT proteins translocate back
to the cytoplasm and can be phosphorylated again [10]. Among the induced target genes are negative regula-
tors including the suppressor of cytokine signalling (SOCS) proteins [11], which inhibit the kinase activity of
the JAK proteins. As examples, we here concentrate on three interferons — the type I interferons IFNα and
IFNβ and the type II interferon IFNγ — and two interleukins — IL6 and IL1β (Figure 1).
IFNα can be divided into 13 different subtypes that are encoded by different genes, while there is only one

type of IFNβ [12]. In the studies discussed here, mostly IFNα2 encoded by IFNA2 was used to represent IFNα.
Both IFNα and IFNβ preferentially bind to the cytokine receptor subunit interferon alpha/beta receptor
(IFNAR)2. Upon binding of the ligand, the other subunit IFNAR1 is recruited and a ternary complex is
formed [13]. While IFNAR1 is constitutively associated with the JAK family member TYK2, JAK1 is bound to
IFNAR2. Upon activation of these two kinases, STAT1 and STAT2 are recruited to the receptor chains and
tyrosine phosphorylated. A unique feature of type I IFN-induced JAK/STAT signal transduction is that STAT1
and STAT2 bind an additional protein, IRF9, to form the ISGF3 complex, which is the main transcription
factor complex [14]. In contrast, IFNγ binds to the receptor chains IFNGR1, associated with JAK1, and
IFNGR2, associated with JAK2. Ligand binding induces phosphorylation of STAT1, which forms homodimers
as active transcription factor complexes [15].
IL6 first binds to the IL6R subunit alpha and this complex then recruits two molecules of the glycoprotein

gp130. The major receptor-bound kinase is JAK1 and signal transduction is mediated by STAT3 homodimers [16].
Lastly, IL1β associates with high affinity to its cognate receptor IL1R [17] and upon binding forms a complex
with the co-receptor IL1 receptor accessory protein (IL1RAP). Besides activation of the p38 and the NFκB
pathways, IL1β was also reported to lead to phosphorylation of STAT3 [18].
Thus, these five cytokines activate identical or overlapping transcription factors in the liver and the mechan-

isms that ensure that each ligand induces a specific cell fate response are unclear. It is further not yet under-
stood what happens if a hepatocyte encounters the same ligand repeatedly and how the cell reacts if it is
stimulated with different ligands simultaneously or sequentially. In the next chapter, we will delineate how

Figure 1. Biological questions addressed with mechanistic mathematical modelling.

Cytokines activate identical or overlapping transcription factors; interaction of the HGF receptor MET with other receptors

influences its signalling strength; EGF induces internalization of its cognate receptor EGFR; TNFα-induced signal transduction

is subject to complex feedback regulation.
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experimental data generation in combination with mechanistic mathematical modelling is beginning to answer
some of these questions.
Growth factors such as the hepatocyte growth factor (HGF) and the epidermal growth factor (EGF) are

recognized by liver cells via receptor tyrosine kinase (RTK) receptors [19]. These transmembrane proteins, in
contrast with the cytokine receptors discussed above, harbour intrinsic tyrosine kinase activity. HGF binds to
the RTK receptor MET, leading to the phosphorylation of its cytoplasmic domain and activation of various
signal transductions pathways including the MAPK and the PI3K/AKT pathway [20]. However, HGF-induced
signal transduction is not an isolated cascade. Cross-talk mechanisms that can be initiated at the plasma mem-
brane by the interaction of unrelated receptors as well as at the intracellular level with interaction among differ-
ent signal transduction cascades vastly increase the complexity of signal transduction. These mechanisms
influence the ligand-induced amplitude and duration of the activation of signal transduction [21]. It was shown
that MET interacts with other receptors, such as plexins, CD44, FAS, VEGFR, EGFR and integrins, modulating
HGF-induced receptor activation and degradation [22]. EGF binds to its cognate receptor EGFR, leading to the
phosphorylation of numerous tyrosine residues on its cytoplasmic domain [23], which induce activation of
downstream signal transduction components and regulate receptor trafficking, including internalization, recyc-
ling and degradation [24]. The final factor discussed here that is involved in functional regulation of the liver is
tumour necrosis factor alpha (TNFα). TNFα is decoded by liver cells via the binding of the transmembrane
receptor TNF receptor 1 (TNFR1 or p55) or TNF receptor 2 (TNFR2 or p75), with TNFR1 regulating a wider
range of functions, including liver regeneration [25]. TNFα acts by activating the intracellular nuclear factor
κ-light-chain-enhancer of activated B cells (NFκB) leading to the activation of transcription factor complexes
formed by homo or heterodimers of p50, p52, p65, RelB and Rel C subunits [26]. These complexes are retained
in the cytoplasm by binding to inhibitors such as IκBα, IκBβ and IκBε. Upon TNFα stimulation, the inhibitory
proteins are phosphorylated with subsequent release of the transcription factor complexes, which translocate to
the nucleus and activate gene transcription. Among the TNFα target genes there are also regulators of the
NFκB pathway, such as IkBα [27] and A20 [28], which are key negative feedback regulators of the pathway.
Unresolved questions relate to the molecular mechanisms resulting from the interaction of MET with other
receptors and its medical implications, internalization of EGFR depending on the ligand dose and the mechan-
ism of the A20-dependent feedback regulation in the TNFα-induced signal transduction cascade. In the follow-
ing, we will illustrate how step-wise mechanistic mathematical modelling using submodules was employed to
answer these questions.

Cytokine waves augmenting or diminishing pathway
activation in hepatocytes
The liver is targeted by several viruses. Hepatotropic viruses such as hepatitis B virus (HBV) and hepatitis C
virus (HCV) are currently still the major risk factors for hepatocellular carcinoma (HCC) [29]. Type I interfer-
ons such as interferon alpha (IFNα) and interferon beta (IFNβ) act as the first line of defence of the hepato-
cytes against hepatotropic viruses [30]. Type I IFNs play a vital role in innate immune responses against
viruses and have an immunomodulatory effect on natural killer cells, macrophages and dendritic cells [31].
IFNα and IFNβ are produced in most cell types upon viral or microbial infection. The presence of viruses in
cells is perceived by pattern recognition sensors, which detect conserved pathogen-associated molecular pat-
terns, e.g. viral RNA and DNA. Via different signal transduction pathways, including AP-1, IRF3/IRF7 and
NFκB, these sensors induce the expression of IFNα and IFNβ [32]. IRF7 is required for an efficient expression
of IFNα, but is not essential for the induction of IFNβ [33]. Because IRF7 concentrations are initially low, the
first increase in interferon production mainly consists of IFNβ. To disentangle the molecular events upon
dynamic changes of interferon production in the liver, the question arises how the antiviral response of hepato-
cytes is altered if the cells have previously been exposed to interferon. Quantitative immunoblotting experi-
ments performed in hepatoma cells and primary human hepatocytes showed that pre-stimulation with a low
dose of IFNα hypersensitizes the pathway, i.e. the antiviral response is stronger than in cells that were not
pre-stimulated [34]. However, pre-stimulation with a high dose of IFNα desensitized the pathway, i.e. the cells
were no longer responsive to stimulation. Mathematical modelling revealed that hypersensitization was caused
by the positive feedback protein IRF9. In contrast, high doses of IFNα induced the negative feedback proteins
USP18 and SOCS1, which synergistically act on the receptors and induce pathway desensitization. The IFNα
regimes that lead to pathway hyper- or desensitization were shown to be patient-specific and controlled by the
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basal abundance of pathway components. Microfluidics time-lapse microscopy experiments in combination
with mathematical modelling confirmed these results in non-liver cells (HeLa) [35]. In these studies, the dur-
ation of the stimulus rather than the dose was varied. A short pre-stimulation was shown to induce hypersensi-
tization via IRF9, while a long pre-stimulation caused desensitization via USP18. Thus, hepatocytes possess a
cellular memory of experienced environmental signals established by positive and negative feedback loops [36].
However, in the liver, hepatocytes not only encounter one ligand, but a multitude of different cues. For

example, cells react to IFNα and IFNβ in a specific way, even though the exactly same receptors and intracellu-
lar signal transduction proteins are employed [37]. While both IFNα and IFNβ lead to the induction of anti-
viral genes, IFNβ is much more potent in inducing an anti-proliferative response. Interestingly, this
phenomenon cannot be compensated by higher concentrations of IFNα. However, by mutating IFNα biochem-
ically to increase its affinity to IFNAR1, this variant resembles IFNβ in its phenotype [38]. These results con-
firmed that the affinity of the interferons to the receptor subunit IFNAR1 is decisive for the induced cellular
responses. However, it remained unclear how the JAK/STAT signal transduction pathway can decode these
quantitative differences in affinity.
In a recent simulation study, this question was treated as an inference problem in information theory. The

receiving cell should be able to discriminate between interferon IFNα, IFNβ or the absence of both ligands [39].
The simulations revealed that to optimally do this, the receptor system should comprise (i) heterodimeric
receptors with (ii) asymmetric binding of the ligands to each receptor chain and (iii) receptor turnover.
Interestingly, the organization of the interferon pathway is in line with all these proposed features. However,
experiments have shown that the interferon pathway does not only qualitatively discriminate between the
ligands, but also quantitatively responds differently to specific ligand doses [40]. By combining diverse data sets
from different experimental systems using a minimal computational model, it was recently shown that while
these differences in ligand binding strengths are theoretically sufficient for ligand discrimination, experiments
failed to show a region of absolute discrimination between IFNα and IFNβ [41]. Rather, the mathematical
model based on previous experimental data [42] showed that the negative feedback loop via USP18 contributes
to ligand discrimination. Ligand binding assays showed that USP18 binds to IFNAR2, and thereby reduces the
ability to recruit IFNAR1 to form a ternary complex [42]. Therefore, the presence of USP18 would reduce the
dose–response curve of IFNα — the ligand with lower affinity to IFNAR1 — rather than the one elicited by
IFNβ. This ligand-specific desensitization was previously not only shown in cell culture with hepatoma cells,
but also in vivo by repeated interferon injections in mice followed by immunoblot analysis of liver tissue [43].
Thus, pre-stimulation of the interferon system is not only preparing the hepatocyte for the next ligand wave,
but also seems to enable ligand discrimination.
Cross-talk with other cytokines complicates the input–output relationships even more. Moreover, it is very

difficult to experimentally determine all possible scenarios, even if only two cytokines are considered. For a
comprehensive analysis, cells would need to be stimulated with one factor, with both factors simultaneously,
pre-stimulated with the first factor and stimulated with the second and vice versa. Furthermore, because
pre-stimulation can result in both desensitization or hypersensitization, different doses of both ligands and/or
time periods between first and second stimulation are required. As a readout, the activation of the signal trans-
duction pathway as well as the physiological cellular response should be recorded. Here, mathematical model-
ling provides tools to in silico simulate all these different conditions to zoom in on interesting scenarios, which
are addressable by experimental validation. Exemplary for such an approach, the cross-talk of IFNγ with IL6
was interrogated with a simulation study [44]. The simulations predicted that co-stimulation with IFNγ with
IL6 increased STAT1 and STAT3 activation compared with stimulations with individual ligands. As an explan-
ation for this increase, the mathematical model predicted that the cytoplasmic and nuclear phosphatases, which
dephosphorylate phosphorylated STAT1 and phosphorylated STAT3, became limiting upon stimulation with
both ligands. Furthermore, pre-stimulation with IFNγ reduced IL6-induced STAT3 phosphorylation, mediated
by SOCS3, while IL6 did not desensitize the IFNγ-induced STAT1 pathway.
In a study employing mathematical modelling based on experimental data, factors that enhance the antiviral

response to IFNα were identified. Co-stimulation with IL6 and IL8 had only a minor impact on gene expres-
sion. However, combining IFNα with IL1β resulted in a higher antiviral gene response in the human hepatoma
cell line Huh7.5. Consistently, viral replication was shown to be enhanced in mice lacking the receptor for
IL1β [45].
In conclusion, as visualized in Figure 2, waves of cytokines augment or diminish pathway activation, depend-

ing on the order, dose and identity of the stimuli.
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Temporal fluctuations are not restricted to cytokines in the liver. The secretion of growth factors and hor-
mones, the metabolism and the cell cycle are all under periodic control, which may have implications for
tumour growth and cancer therapy [46]. For example, the concentration of the peptide hormone insulin in vivo
is not static, but displays rapid pulses of 10–15 min [47]. To investigate the decoding of these pulses by hepato-
cytes, rats were injected with different patterns of insulin while keeping glucose levels constant and blocking
endogenous insulin secretion. These patterns included steps, ramp and pulses. The activation of the main com-
ponents of the insulin-induced AKT pathway in the liver was measured by quantitative immunoblotting and
qRT-PCR. An ordinary differential equation-based mathematical model was calibrated based on these data.
Analysis of the mathematical model revealed that the information encoded by the temporal patterns of insulin
was transferred to AKT without much loss of information. While this information was further transferred to
GSK3β, S6K decoded information concerning the rate of change of insulin rather than its concentration.

Figure 2. Cytokine waves augment or diminish pathway activation.

Pre-stimulation and stimulation are indicated as consecutive waves, shades of red indicate the extent of activation of the JAK/

STAT pathways. Data taken from references [34, 43–45].
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Contrary to this, the FoxO1 target gene G6Pase responded preferentially to basal secretion. Thus, combining
quantitative data generation with mathematical modelling, it was shown that insulin patterns are selectively
decoded by downstream molecules in the liver [48].
Major temporal fluctuations of hormone concentrations in the blood are encoded by circadian rhythms gen-

erated by the hypothalamo–pituitary–adrenal axis [49]. Endogenous glucocorticoid steroid hormones are
secreted from the adrenal gland in a pulsatile manner with a circadian pattern. Therefore, plasma glucocortic-
oid concentrations are high during the active phase (day-time in humans and night-time in rodents), and low
in the resting phase [50]. It was observed that synthetic glucocorticoids can inhibit EGF-mediated cell migra-
tion. Cell culture experiments revealed that glucocorticoid-induced signal transduction repressed EGF-induced
gene expression. In line with this finding, it was demonstrated in mouse livers that positive and negative feed-
back regulators of EGF signal transduction display circadian oscillatory patterns in vivo. Thus, the authors con-
cluded that the glucocorticoids enable circadian control of EGFR-induced signal transduction. During the
active phase, EGF-induced cell fate responses are suppressed by high glucocorticoids, while they are enhanced
during the resting phase [51].
In conclusion, cytokines and hormone concentrations in the liver are not static, but come and go in waves of

varying amplitude and frequency. Depending on the order, dose and identity of the stimuli, cell fate decisions
are augmented or diminished. Therefore, statistical analysis of static information is not sufficient, but dynamic
mathematical analyses based on longitudinal data are required for decoding such multi-layered information.

Interactions, trafficking and feedback regulations of
receptors in the hepatocyte membrane
The liver is characterized by its remarkable capacity to regenerate upon injury such as partial hepatectomy and
drug-induced liver injury [52]. Regeneration is triggered by several growth factors and cytokines, among which
HGF plays a crucial role as it induces hepatocyte proliferation by activating its transmembrane receptor
MET [53,54]. Numerous studies reported that MET deregulation by overexpression, activating mutations, spli-
cing variants and amplification is implicated in tumour development and progression [55], positioning MET as
therapeutic target for the treatment of cancer, including HCC [56]. Understanding the cell context-dependent
mechanisms of HGF-induced activation of MET and its signal transduction pathways is essential to predict the
cellular response to drug treatment. An example of such a cell context-dependent regulation is given by the
interaction of MET with integrin α5β1. It was shown that reduction in integrin β1 by siRNA impaired hepato-
cytes proliferation and survival after partial hepatectomy [57] as well as HCC development [58]. The effect of
integrin β1 on hepatocyte proliferation was associated with a lower activation of MET and EGFR in the former
study and MET and β-catenin in the latter. A more recent study showed that the HGF-induced signal transduc-
tion was influenced by the treatment with the integrin inhibitor AXT050, an extracellular matrix derived
mimetic peptide [59]. However, despite the knowledge of interactions between unrelated receptors at the cell
surface, mechanistic understanding of the effect of such interactions is still missing. To investigate the impact
of MET and integrin α5β1 interaction in response to drug therapy in HCC, Jafarnejad et al. [60] applied a
systems biology approach. The authors implemented the interaction of MET with the integrin α5β1 in an
ordinary differential equation-based mathematical model, which was established previously and described the
HGF-induced cross-talk between the PI3K and MAPK signal transduction pathways [61]. The extended model
considered that MET internalization, degradation and recycling is dependent on the interaction with the integ-
rin α5β1, assuming that this interaction plays an important role in the regulation of HGF-induced signal trans-
duction. This model was calibrated based on published data generated in primary mouse hepatocytes as well as
in HCC cell lines, including the kinetics of protein phosphorylation and protein abundance [61,62].
Additionally, data generated in HCC cell lines treated with the integrin inhibitor, AXT050, and the Raf inhibi-
tor, sorafenib, was used [59,63].
Based on the assumption that the interaction between MET and the integrin α5β1 influences MET internal-

ization, degradation and recycling, the model predictions showed that the treatment with the inhibitor AXT050
strongly reduced MET activation as well as downstream signalling, such as AKT and ERK phosphorylation.
Using the method of multidimensional synergy of combinations [64], the authors predicted the synergistic
effect of co-treatment of AXT050 in combination with small molecule inhibitors against Raf or MET or with a
monoclonal antibody directed against HGF. Such simulations that quantify the impact of a combined treatment
with two inhibitors in comparison with the effect of a single compound facilitate prediction of the benefit of
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combinatorial therapy versus treatment with single drugs. Model predictions suggested that AXT050 has a syn-
ergistic effect on the early AKT activation when applied in combination with a potential HGF inhibitor and an
additive effect on ERK phosphorylation. These observations were used to simulate the response to mono- and
combination therapy in HCC patients based on TCGA data [65]. Since the model was calibrated on protein
data, the authors extracted the mRNA information of the TCGA data and considered the fold-change of the
mRNA as protein abundance of the HCC sample of each patient compared with the corresponding tumour-
free sample. The model suggested that the interaction of MET with integrin α5β1 contributes to resistance
mechanisms attributed to HGF signalling and that co-treatment of HCC cell lines with α5β1 inhibitor and
RTK inhibitors inhibit the intracellular signalling response in a synergistic manner. This study is characterized
by (i) accounting for signal transduction cross-regulation at the receptor and intracellular level; (ii)
cell-type-specific experimental data; (iii) implementation of an already existing mathematical model of intracel-
lular signal transduction cross-talk and (iv) translation of the mechanistic finding on patient-derived data.
Another prominent example of a growth factor that induces hepatocyte proliferation and is characterized by

regulation at the receptor level is the EGF [66]. EGFR internalization can be triggered by clathrin-mediated
endocytosis, involving the formation of vesicles coated by clathrin proteins, or by non-clathrin endocytosis.
While at low doses of EGF clathrin-mediated endocytosis is the predominant mechanism and it is mainly
involved in receptor recycling, at high EGF doses both internalization mechanisms are employed by the cell.
The non-clathrin mechanism is linked to EGFR ubiquitination and therefore degradation of the receptor [67].
These observations indicate that clathrin-mediated endocytosis triggering EGFR recycling leads to sustained sig-
nalling, while non-clathrin endocytosis leads to termination by EGFR internalization and degradation, support-
ing the central role of receptor trafficking in signalling regulation. Mechanistically, the phosphorylation of
specific tyrosine sites on EGFR is responsible for the recruitment of CBL, which binds to EGFR in complex
with GRB2, and is necessary for EGFR ubiquitination [68]. Whereas tyrosine phosphorylation on EGFR lin-
early increased with increasing doses of EGF, EGFR ubiquitination and non-clathrin-mediated endocytosis
showed a threshold response between 1 and 10 ng/ml of EGF. Capuani et al. [69] established an ordinary dif-
ferential equation-based model aiming to understand the effect of the threshold response of non-clathrin
internalization and receptor degradation on downstream signalling regulation. The model described EGFR acti-
vation by multisite phosphorylation events and receptor ubiquitination. First, the authors established a multisite
phosphorylation model based on published data [68], representing the early EGFR phosphorylation mechan-
ism. The applied model suggested that EGFR and phosphatases are not the limiting factors for the receptor
phosphorylation and that all phosphorylation sites on EGFR have similar phosphorylation kinetics in the early
activation after stimulation. CBL ubiquitinates EGFR via direct binding to phosphorylated EGFR or via
complex formation with GRB2. Thus, to understand the ubiquitination process, in addition to EGFR and CBL,
the authors experimentally measured the total amount of GRB2 in Hela cells. These measurements revealed
CBL to be the rate-limiting factor regulating ubiquitination. Based on these results, the authors expanded the
multisite phosphorylation model by implementing a module describing the ubiquitination process. The
expanded model was used to understand the contribution of GRB2, CBL and EGFR in respect of the EGFR
ubiquitination threshold by simulating a cooperative versus a non-cooperative interaction mechanism. These
mechanisms are represented by the binding of CBL via a singly phosphorylated EGFR, of by binding through
GRB2 to a doubly phosphorylated EGFR. Simulations showed that the singly phosphorylated EGFR is con-
verted into the doubly phosphorylated form with increasing doses of EGF only with the cooperative interaction
mechanism, suggesting that cooperativity is necessary for the ubiquitination threshold. It was previously shown
that protein abundance can regulate the biological response [70] and it is known that EGFR is overexpressed in
cancer [71]. The authors, therefore, utilized the model to make predictions to unravel the impact of EGFR
abundance at the cell surface on its phosphorylation and ubiquitination upon a wide range of EGF doses.
While phosphorylation increased with escalating doses of EGF, ubiquitination increased with lower numbers of
EGFR molecules and at high EGF concentrations. This uncoupled mechanism between phosphorylation and
ubiquitination was confirmed experimentally with cell lines expressing different levels of EGFR that were
exposed with increasing doses of EGF. Because cancer cells expressed EGFR at high levels, the authors analysed
cancer cell lines compared with fibroblasts and could confirm that the ubiquitination process is reduced in
presence of a high abundance of EGFR. By employing the mathematical model, the authors showed that phos-
phorylation and ubiquitination of EGFR are uncoupled in lung cancer cells harbouring EGFR mutations
without overexpression [72], suggesting that the impaired EGFR ubiquitination is enhancing EGFR signalling
and therefore the tumourigenic characteristics. By mathematical modelling of the regulation of EGFR trafficking
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at the cell membrane, this study suggests that the interplay between the range of ligand, abundance and phos-
phorylation of the receptor expressed at the cell surface and intracellular regulators of internalization determine
EGF-regulated downstream signal transduction.
The regulation of signal transduction pathways can take place at different levels, from the cell membrane

with the regulation of receptor trafficking, to intracellular signalling cross-talk and finally to transcriptional
regulation including feedback control of the signal transduction pathway. A prominent example of feedback
regulation examined by a modular modelling approach is given by TNFα-induced signal transduction. TNFα is
part of the inflammatory response upon liver damage and it is characterized by a wide spectrum of biological
responses, ranging from pro-survival to pro-apoptosis [73]. In the liver, TNFα is secreted by macrophages
upon liver damage and contributes to the initiation phase of liver regeneration by activating pro-survival signal-
ling [74]. The mode of action of the negative feedback regulator A20 on the upstream signal transduction
pathway has not been fully described and it is, therefore, formalized in different ways in mathematical models
describing TNFα signal transduction. A20 can inhibit the inhibitor of NFκB kinase (IKK) directly or by inter-
fering with the interaction between IKK and TNF receptor. Aiming to understand how the mode of action of
A20 impacts TNFα signalling, Mothes et al. [75] compared the different A20 implementation modules of three
published mathematical models of TNFα signal transduction [76–78]. The authors established an ordinary dif-
ferential equation-based model (core model) describing NFκB binding to IκBα followed by its activation upon
TNFα stimulation and IκBα degradation. Activated NFκB induces the transcriptional activation of IκBα, repre-
senting a negative feedback loop of known mechanism, and A20, whose mode of action on inhibiting NFκB
can be formalized in different manners. To compare the mechanism of action of A20, the authors generated
three modules describing different A20 regulation mechanisms upstream of the NFκB activation. Specifically,
the authors compared the mode of action of A20 as follows: Model 1: A20 inhibits TNFα-dependent and
TNFα-independent activation of IKK. Model 2: A20 inhibits the reaction of inactive IKK towards its neutral
state, the so-called IKK form that can be activated by TNFα stimulation. This mechanism of action of A20 is
dependent on TNFα stimulation. Model 3: A20 actives the TNFα-dependent transition of active IKK to inactive
IKK. In this case, both the reaction neutral IKK towards active IKK and active IKK to inactive IKK are
TNFα-dependent. To compare the impact of the three formalizations of A20, the core model was trained on
the same experimental dataset [78] resulting in comparable protein kinetics among the three models. The
effect of A20 on signalling dynamics was explored by predicting NFκB kinetics in combination with different
strengths of A20 feedback alone and in combination with the other negative feedback regulations mediated by
IκBα. The effect of the two negative feedbacks and their strengths was analysed on key features of signalling
kinetics: (i) amplitude, (ii) peak time and (iii) signal duration. This analysis showed the impact of the combin-
ation of negative feedback regulators on signal transduction depending on their mode of action and feedback
strength. In this specific study, only model 2 showed that the peak time of NFκB activation is regulated by
IκBα, while A20 influences the NFκB signal duration in all three models. The advantage of using mathematical
modelling resides in the possibility to test hypotheses that would not be possible to test experimentally. The
combination of different strengths of A20 and TNFα was tested to analyse their impact on signalling features
as described above. While the peak time and the amplitude of NFκB were influenced by the strength of TNFα
in all models, the impact of A20 could be observed only in models 1 and 3. The authors showed that high
TNFα increased NFκB signal duration in model 1, while in models 2 and 3 the same stimulation would cause
a decrease in NFκB signal duration, suggesting that the different formalization of the mode of action of A20 in
the three models affects the simulated predictions. Experimental validations of conditions tested with the
model indicated that, at least in HeLa cells, model 1 represents the biological mode of action of A20.
Taken together, these studies provide an overview of the complexity of the regulation of signal transduction

at different levels. This complexity can be disentangled by mathematical modelling and quantitative experimen-
tal data. To identify the mode of interaction of signal transduction components, a modular modelling approach
was shown to be of advantage (Figure 3). Additionally, it is important to note that in case of the HGF study
presented here, the model has been established and validated in hepatocytes, therefore, can be regarded as a
tissue-specific model. The EGF model suggests a general mechanism of receptor trafficking, allowing to adapt
the model to different cell types. The TNFα model is an example of how modular modelling can be applied to
identify a mode of signalling interaction, which can be cell type specific. Finally, it is noteworthy that mathem-
atical models as well as experimental studies can be based on well-established models, which can be further
developed to include new modules of a new level of signalling regulation or by integrating additional signal
transduction pathways.
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Conclusions and future directions
In the last few decades efforts were undertaken to establish methods for the generation of mechanistic mathem-
atical models and reliable parameter estimation based on quantitative experimental data [79]. These approaches
allow understanding which parameters are mostly affected by perturbation [80] and enables the quantification
of parameters that are difficult to measure experimentally [81]. Typically, the methodological development is
performed on subsets of signal transduction pathways. In this review, we presented an improvement of
dynamic modelling represented by modular approaches, allowing to accurately integrate different parts of a

Figure 3. Modular approaches that were used for mechanistic mathematical modelling.

On the left side, the core model is shown (dark cyan). On the right side, additional species and reactions that were used to

extend the model are shown in orange. Top: HGF-induced ERK and AKT activation extended by interaction of MET with integrin

α5β1 [60]. Middle: EGFR activation by multisite phosphorylation extended by CBL-based ubiquitination and internalization of

EGFR [69]. Bottom: TNFα-induced NFκB signal transduction extended by specific A20 regulation mechanisms [75].
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signal transduction pathway. However, methods for the integration of several signal transduction pathways still
remain to be improved. The combination of different modelling approaches might be required to tackle the
complexity of the signalling interaction among several pathways [61] and for the mechanistic modelling of
single cell behaviour [82]. To be able to build mechanistic models of cell-to-cell communication, further meth-
odological developments are necessary. For such a case, it was suggested to generate mechanistic models on the
single cells, simplify these models by sampling their input–output behaviour and combine these as multi-
cellular and multi-compartment models [83].
The examples for mechanistic modelling of signal transduction in liver cells discussed here frequently

employed step-wise mathematical modelling using submodules. Signal transduction is a paradigm for a bio-
logical processes that is carried out by modules consisting of many species of interacting molecules [84]. It was
quickly realized that it is of advantage to define modules during the establishment of a mathematical model.
Especially, by defining the inputs and outputs of the modules, this approach allows to calibrate the individual
modules separately based on experimental data [85]. The use of submodules is fostered by the re-use of both
experimental data and mathematical models. Providing the experimental data to the community in public
repositories such as the Gene Expression Omnibus [86] and the Proteomics Identification [87] database and as
source data in publications [88] was shown to be extremely valuable. Similarly, progress in mathematical mod-
elling was accelerated by public repositories for mathematical models, including JWS online [89] and the
Biomodels database [90]. A precondition for such an exchange is the standardization of formats. For mechanis-
tic mathematical models, the Systems Biology Markup Language (SBML) was widely adopted by the commu-
nity [91]. Additionally, a unified format to support the mathematical model with data files describing the
observation functions, experimental data and the parameters to be estimated was suggested, termed PEtab [92].
A recent study underscored the urgency of such standardizations by demonstrating that nearly half of the pub-
lished mathematical models could not be directly reproduced given the information in the manuscript, mostly
due to the lack of information [93]. To improve the reproducibility of mathematical models, a checklist was,
therefore, suggested that would help to reproduce the simulation results. As mechanistic models grow in size,
calibration of the mathematical model based on experimental data becomes more and more challenging.
Therefore, efficient optimization tools for parameter estimation are required. Recently, a collection of bench-
mark problems ranging from 20 data points and 10 parameters to more than 1000 data points and 200 para-
meters to be estimated was presented [94]. This collection allows to evaluate model calibration algorithms by
an unbiased assessment. Still, such data sets are small compared with approaches based on big data. However,
because mechanistic models are theory-based, the model structure independent of the model parameters
already confines the possible outputs. In contrast, the output of data-driven models used in the analyses based
on big data are mostly determined by the data set used for machine learning [95]. In the future, we expect that
hybrid approaches will show to be of advantage. For example, the simulated output of a mechanistic model
describing signal transduction could be linked to phenotypic responses measured for various conditions by a
machine learning approach.
The onset of liver cancer was reported to be frequently accompanied by changes in metabolic pathways,

hinting to an intersection of metabolism and signal transduction in liver diseases [96]. Both, comprehensive
metabolic reconstructions of the human hepatocyte [97] and detailed biochemistry-based kinetic models of
liver metabolisms [98] have been developed. The regulation of metabolism regulation is interlinked with the
immune response and intercellular interactions, requiring the integration of different aspects, such as genomic
and proteome studies. While there are models linking genotype and metabolic phenotype [99], a unified frame-
work for mechanistic mathematical models combining liver metabolism and signal transduction is still missing.
Apart from being applied to signal transduction and metabolism in the liver for basic research, mechanistic

models disentangling intracellular complexity were employed for translational approaches. Mechanistic models
were reported to predict the responses to drug treatment in NFκB signal transduction in hepatoma cell
lines [100] and to simulate disease states of iron disorders in the liver [101]. Diabetes is a complex disease that
is characterized by alterations in glucose metabolism. Treatment of diabetes with insulin is a prime example for
mathematical modelling that can now be applied to suggest personalized dosing schemes. Several mathematical
models have been established and applied to optimize insulin therapy [102]. The models describing glucose
metabolism are continuously improved by inclusion of compartments representing different organs linked by
the blood flow [103]. In the future, mathematical models promise to become part of clinical workflows to
predict and optimize patient outcome after complex liver surgery [104]. In conclusion, mechanistic mathemat-
ical modelling was shown to be of advantage in deciphering liver signal transduction networks based on
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quantitative data. We expect that mechanistic modelling approaches will contribute to advance high-definition
medicine [105], a data-driven practice of personalized medicine combining longitudinal and multi-parametric
measurements to assess and manage health for the benefit of the individual patient.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
This work was supported by by the German Ministry for Education (BMBF) within the LiSyM network [031L0042]
and the LiSyM-Cancer networks SMART-NAFLD [031L0256A] and C-TIP-HCC [031L0257C] and by the
Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) — Project number 272983813 — TRR 179.

CRediT Author Contribution
Marcel Schilling: Conceptualization, Investigation, Visualization, Writing — original draft. Lorenza
A. D’Alessandro: Conceptualization, Investigation, Writing — original draft. Ursula Klingmüller:
Conceptualization, Funding acquisition, Writing — original draft.

Acknowledgements
We thank Jens Timmer for critical reading of the manuscript. Figures 1 and 3 were created with BioRender.com.

Abbreviations
EGF, epidermal growth factor; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus;
HGF, hepatocyte growth factor; IFN, interferon; IFNAR, interferon alpha/beta receptor; IKK, inhibitor of NFκB
kinase; IL, interleukin; IL1RAP, IL1 receptor accessory protein; JAK, Janus kinase; MAPK, mitogen-activated
protein kinase; NFκB, nuclear factor κ-light-chain-enhancer of activated B cells; PI3K, phosphoinositide
3-kinase; RTK, receptor tyrosine kinase; SBML, systems biology markup language; siRNA, small interfering RNA;
SOCS, suppressor of cytokine signalling; STAT, signal transducer and activator of transcription; TNFα, tumour
necrosis factor alpha.

References
1 Nair, A., Chauhan, P., Saha, B. and Kubatzky, K.F. (2019) Conceptual evolution of cell signaling. Int. J. Mol. Sci. 20, 3292 https://doi.org/10.3390/

ijms20133292
2 Noble, D. (2008) Claude Bernard, the first systems biologist, and the future of physiology. Exp. Physiol. 93, 16–26 https://doi.org/10.1113/expphysiol.

2007.038695
3 Hornberg, J.J., Bruggeman, F.J., Binder, B., Geest, C.R., de Vaate, A.J., Lankelma, J. et al. (2005) Principles behind the multifarious control of signal

transduction. ERK phosphorylation and kinase/phosphatase control. FEBS J. 272, 244–258 https://doi.org/10.1111/j.1432-1033.2004.04404.x
4 Erbe, R., Gore, J., Gemmill, K., Gaykalova, D.A. and Fertig, E.J. (2022) The use of machine learning to discover regulatory networks controlling

biological systems. Mol. Cell 82, 260–273 https://doi.org/10.1016/j.molcel.2021.12.011
5 Baker, R.E., Pena, J.M., Jayamohan, J. and Jerusalem, A. (2018) Mechanistic models versus machine learning, a fight worth fighting for the biological

community? Biol. Lett. 14, 20170660 https://doi.org/10.1098/rsbl.2017.0660
6 Dinarello, C.A. (2007) Historical insights into cytokines. Eur. J. Immunol. 37 Suppl 1, S34–S45 https://doi.org/10.1002/eji.200737772
7 Simpson, K.J., Lukacs, N.W., Colletti, L., Strieter, R.M. and Kunkel, S.L. (1997) Cytokines and the liver. J. Hepatol. 27, 1120–1132 https://doi.org/10.

1016/S0168-8278(97)80160-2
8 Glassman, C.R., Tsutsumi, N., Saxton, R.A., Lupardus, P.J., Jude, K.M. and Garcia, K.C. (2022) Structure of a Janus kinase cytokine receptor complex

reveals the basis for dimeric activation. Science 376, 163–169 https://doi.org/10.1126/science.abn8933
9 Aaronson, D.S. and Horvath, C.M. (2002) A road map for those who don’t know JAK-STAT. Science 296, 1653–1655 https://doi.org/10.1126/science.

1071545
10 Swameye, I., Muller, T.G., Timmer, J., Sandra, O. and Klingmuller, U. (2003) Identification of nucleocytoplasmic cycling as a remote sensor in cellular

signaling by databased modeling. Proc. Natl Acad. Sci. U.S.A. 100, 1028–1033 https://doi.org/10.1073/pnas.0237333100
11 Starr, R., Willson, T.A., Viney, E.M., Murray, L.J., Rayner, J.R., Jenkins, B.J. et al. (1997) A family of cytokine-inducible inhibitors of signalling. Nature

387, 917–921 https://doi.org/10.1038/43206
12 Bekisz, J., Schmeisser, H., Hernandez, J., Goldman, N.D. and Zoon, K.C. (2004) Human interferons alpha, beta and omega. Growth Factors 22,

243–251 https://doi.org/10.1080/08977190400000833
13 Uze, G., Schreiber, G., Piehler, J. and Pellegrini, S. (2007) The receptor of the type I interferon family. Curr. Top. Microbiol. Immunol. 316, 71–95

https://doi.org/10.1007/978-3-540-71329-6_5
14 Lau, J.F., Parisien, J.P. and Horvath, C.M. (2000) Interferon regulatory factor subcellular localization is determined by a bipartite nuclear localization

signal in the DNA-binding domain and interaction with cytoplasmic retention factors. Proc. Natl Acad. Sci. U.S.A. 97, 7278–7283 https://doi.org/10.
1073/pnas.97.13.7278

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1371

Biochemical Journal (2022) 479 1361–1374
https://doi.org/10.1042/BCJ20210548

D
ow

nloaded from
 http://port.silverchair.com

/biochem
j/article-pdf/479/12/1361/934087/bcj-2021-0548c.pdf by guest on 10 April 2024

https://doi.org/10.3390/ijms20133292
https://doi.org/10.3390/ijms20133292
https://doi.org/10.1113/expphysiol.2007.038695
https://doi.org/10.1113/expphysiol.2007.038695
https://doi.org/10.1111/j.1432-1033.2004.04404.x
https://doi.org/10.1111/j.1432-1033.2004.04404.x
https://doi.org/10.1016/j.molcel.2021.12.011
https://doi.org/10.1098/rsbl.2017.0660
https://doi.org/10.1002/eji.200737772
https://doi.org/10.1016/S0168-8278(97)80160-2
https://doi.org/10.1016/S0168-8278(97)80160-2
https://doi.org/10.1016/S0168-8278(97)80160-2
https://doi.org/10.1016/S0168-8278(97)80160-2
https://doi.org/10.1126/science.abn8933
https://doi.org/10.1126/science.1071545
https://doi.org/10.1126/science.1071545
https://doi.org/10.1073/pnas.0237333100
https://doi.org/10.1038/43206
https://doi.org/10.1080/08977190400000833
https://doi.org/10.1007/978-3-540-71329-6_5
https://doi.org/10.1073/pnas.97.13.7278
https://doi.org/10.1073/pnas.97.13.7278
https://creativecommons.org/licenses/by/4.0/


15 Platanias, L.C. (2005) Mechanisms of type-I- and type-II-interferon-mediated signalling. Nat. Rev. Immunol. 5, 375–386 https://doi.org/10.1038/
nri1604

16 Stahl, N., Farruggella, T.J., Boulton, T.G., Zhong, Z., Darnell, Jr, J.E. and Yancopoulos, G.D. (1995) Choice of STATs and other substrates specified by
modular tyrosine-based motifs in cytokine receptors. Science 267, 1349–1353 https://doi.org/10.1126/science.7871433

17 Vigers, G.P., Anderson, L.J., Caffes, P. and Brandhuber, B.J. (1997) Crystal structure of the type-I interleukin-1 receptor complexed with
interleukin-1beta. Nature 386, 190–194 https://doi.org/10.1038/386190a0

18 Albrecht, U., Yang, X., Asselta, R., Keitel, V., Tenchini, M.L., Ludwig, S. et al. (2007) Activation of NF-kappaB by IL-1beta blocks IL-6-induced sustained
STAT3 activation and STAT3-dependent gene expression of the human gamma-fibrinogen gene. Cell Signal. 19, 1866–1878 https://doi.org/10.1016/j.
cellsig.2007.04.007

19 Schlessinger, J. and Ullrich, A. (1992) Growth factor signaling by receptor tyrosine kinases. Neuron 9, 383–391 https://doi.org/10.1016/0896-6273
(92)90177-F

20 Appleman, L.J. (2011) MET signaling pathway: a rational target for cancer therapy. J. Clin. Oncol. 29, 4837–4838 https://doi.org/10.1200/JCO.2011.
37.7929

21 Soung, Y.H., Clifford, J.L. and Chung, J. (2010) Crosstalk between integrin and receptor tyrosine kinase signaling in breast carcinoma progression.
BMB Rep. 43, 311–318 https://doi.org/10.5483/BMBRep.2010.43.5.311

22 Viticchie, G. and Muller, P.A.J. (2015) c-Met and other cell surface molecules: interaction, activation and functional consequences. Biomedicines 3,
46–70 https://doi.org/10.3390/biomedicines3010046

23 Yi, L., Shi, T., Gritsenko, M.A., X’Avia Chan, C.Y., Fillmore, T.L., Hess, B.M. et al. (2018) Targeted quantification of phosphorylation dynamics in the
context of EGFR-MAPK pathway. Anal. Chem. 90, 5256–5263 https://doi.org/10.1021/acs.analchem.8b00071

24 Tomas, A., Futter, C.E. and Eden, E.R. (2014) EGF receptor trafficking: consequences for signaling and cancer. Trends Cell Biol. 24, 26–34
https://doi.org/10.1016/j.tcb.2013.11.002

25 Yamada, Y., Webber, E.M., Kirillova, I., Peschon, J.J. and Fausto, N. (1998) Analysis of liver regeneration in mice lacking type 1 or type 2 tumor
necrosis factor receptor: requirement for type 1 but not type 2 receptor. Hepatology 28, 959–970 https://doi.org/10.1002/hep.510280410

26 Hayden, M.S. and Ghosh, S. (2012) NF-kappaB, the first quarter-century: remarkable progress and outstanding questions. Genes Dev. 26, 203–234
https://doi.org/10.1101/gad.183434.111

27 Brown, K., Park, S., Kanno, T., Franzoso, G. and Siebenlist, U. (1993) Mutual regulation of the transcriptional activator NF-kappa B and its inhibitor,
I kappa B-alpha. Proc. Natl Acad. Sci. U.S.A. 90, 2532–2536 https://doi.org/10.1073/pnas.90.6.2532

28 Krikos, A., Laherty, C.D. and Dixit, V.M. (1992) Transcriptional activation of the tumor necrosis factor alpha-inducible zinc finger protein, A20, is
mediated by kappa B elements. J. Biol. Chem. 267, 17971–17976 https://doi.org/10.1016/S0021-9258(19)37138-8

29 McGlynn, K.A., Petrick, J.L. and El-Serag, H.B. (2021) Epidemiology of hepatocellular carcinoma. Hepatology 73Suppl 1, 4–13 https://doi.org/10.1002/
hep.31288

30 Qu, L. and Lemon, S.M. (2010) Hepatitis A and hepatitis C viruses: divergent infection outcomes marked by similarities in induction and evasion of
interferon responses. Semin. Liver Dis. 30, 319–332 https://doi.org/10.1055/s-0030-1267534

31 Tosi, D., Valenti, R., Cova, A., Sovena, G., Huber, V., Pilla, L. et al. (2004) Role of cross-talk between IFN-alpha-induced monocyte-derived dendritic
cells and NK cells in priming CD8+ T cell responses against human tumor antigens. J. Immunol. 172, 5363–5370 https://doi.org/10.4049/jimmunol.
172.9.5363

32 Kawai, T. and Akira, S. (2007) Antiviral signaling through pattern recognition receptors. J. Biochem. 141, 137–145 https://doi.org/10.1093/jb/mvm032
33 Sato, M., Hata, N., Asagiri, M., Nakaya, T., Taniguchi, T. and Tanaka, N. (1998) Positive feedback regulation of type I IFN genes by the IFN-inducible

transcription factor IRF-7. FEBS Lett. 441, 106–110 https://doi.org/10.1016/S0014-5793(98)01514-2
34 Kok, F., Rosenblatt, M., Teusel, M., Nizharadze, T., Goncalves Magalhaes, V., Dachert, C. et al. (2020) Disentangling molecular mechanisms regulating

sensitization of interferon alpha signal transduction. Mol. Syst. Biol. 16, e8955 https://doi.org/10.15252/msb.20198955
35 Mudla, A., Jiang, Y., Arimoto, K.I., Xu, B., Rajesh, A., Ryan, A.P. et al. (2020) Cell-cycle-gated feedback control mediates desensitization to interferon

stimulation. Elife 9, e58825 https://doi.org/10.7554/eLife.58825
36 Jiang, Y. and Hao, N. (2021) Memorizing environmental signals through feedback and feedforward loops. Curr. Opin. Cell Biol. 69, 96–102 https://doi.

org/10.1016/j.ceb.2020.11.008
37 Runkel, L., Pfeffer, L., Lewerenz, M., Monneron, D., Yang, C.H., Murti, A. et al. (1998) Differences in activity between alpha and beta type I interferons

explored by mutational analysis. J. Biol. Chem. 273, 8003–8008 https://doi.org/10.1074/jbc.273.14.8003
38 Jaitin, D.A., Roisman, L.C., Jaks, E., Gavutis, M., Piehler, J., Van der Heyden, J. et al. (2006) Inquiring into the differential action of interferons (IFNs):

an IFN-alpha2 mutant with enhanced affinity to IFNAR1 is functionally similar to IFN-beta. Mol. Cell. Biol. 26, 1888–1897 https://doi.org/10.1128/MCB.
26.5.1888-1897.2006

39 Binder, P., Schnellbacher, N.D., Hofer, T., Becker, N.B. and Schwarz, U.S. (2021) Optimal ligand discrimination by asymmetric dimerization and turnover
of interferon receptors. Proc. Natl Acad. Sci. U.S.A. 118, e2103939118 https://doi.org/10.1073/pnas.2103939118

40 Thomas, C., Moraga, I., Levin, D., Krutzik, P.O., Podoplelova, Y., Trejo, A. et al. (2011) Structural linkage between ligand discrimination and receptor
activation by type I interferons. Cell 146, 621–632 https://doi.org/10.1016/j.cell.2011.06.048

41 Kirby, D., Parmar, B., Fathi, S., Marwah, S., Nayak, C.R., Cherepanov, V. et al. (2021) Determinants of ligand specificity and functional plasticity in type
I interferon signaling. Front. Immunol. 12, 748423 https://doi.org/10.3389/fimmu.2021.748423

42 Wilmes, S., Beutel, O., Li, Z., Francois-Newton, V., Richter, C.P., Janning, D. et al. (2015) Receptor dimerization dynamics as a regulatory valve for
plasticity of type I interferon signaling. J. Cell Biol. 209, 579–593 https://doi.org/10.1083/jcb.201412049

43 Makowska, Z., Duong, F.H., Trincucci, G., Tough, D.F. and Heim, M.H. (2011) Interferon-beta and interferon-lambda signaling is not affected by
interferon-induced refractoriness to interferon-alpha in vivo. Hepatology 53, 1154–1163 https://doi.org/10.1002/hep.24189

44 Qi, Y.F., Huang, Y.X., Wang, H.Y., Zhang, Y., Bao, Y.L., Sun, L.G. et al. (2013) Elucidating the crosstalk mechanism between IFN-gamma and IL-6 via
mathematical modelling. BMC Bioinformatics 14, 41 https://doi.org/10.1186/1471-2105-14-41

45 Robichon, K., Maiwald, T., Schilling, M., Schneider, A., Willemsen, J., Salopiata, F. et al. (2020) Identification of Interleukin1beta as an amplifier of
interferon alpha-induced antiviral responses. PLoS Pathog. 16, e1008461 https://doi.org/10.1371/journal.ppat.1008461

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1372

Biochemical Journal (2022) 479 1361–1374
https://doi.org/10.1042/BCJ20210548

D
ow

nloaded from
 http://port.silverchair.com

/biochem
j/article-pdf/479/12/1361/934087/bcj-2021-0548c.pdf by guest on 10 April 2024

https://doi.org/10.1038/nri1604
https://doi.org/10.1038/nri1604
https://doi.org/10.1126/science.7871433
https://doi.org/10.1038/386190a0
https://doi.org/10.1016/j.cellsig.2007.04.007
https://doi.org/10.1016/j.cellsig.2007.04.007
https://doi.org/10.1016/0896-6273(92)90177-F
https://doi.org/10.1016/0896-6273(92)90177-F
https://doi.org/10.1016/0896-6273(92)90177-F
https://doi.org/10.1016/0896-6273(92)90177-F
https://doi.org/10.1200/JCO.2011.37.7929
https://doi.org/10.1200/JCO.2011.37.7929
https://doi.org/10.5483/BMBRep.2010.43.5.311
https://doi.org/10.3390/biomedicines3010046
https://doi.org/10.1021/acs.analchem.8b00071
https://doi.org/10.1016/j.tcb.2013.11.002
https://doi.org/10.1002/hep.510280410
https://doi.org/10.1101/gad.183434.111
https://doi.org/10.1073/pnas.90.6.2532
https://doi.org/10.1016/S0021-9258(19)37138-8
https://doi.org/10.1016/S0021-9258(19)37138-8
https://doi.org/10.1016/S0021-9258(19)37138-8
https://doi.org/10.1002/hep.31288
https://doi.org/10.1002/hep.31288
https://doi.org/10.1055/s-0030-1267534
https://doi.org/10.1055/s-0030-1267534
https://doi.org/10.1055/s-0030-1267534
https://doi.org/10.4049/jimmunol.172.9.5363
https://doi.org/10.4049/jimmunol.172.9.5363
https://doi.org/10.1093/jb/mvm032
https://doi.org/10.1016/S0014-5793(98)01514-2
https://doi.org/10.1016/S0014-5793(98)01514-2
https://doi.org/10.1016/S0014-5793(98)01514-2
https://doi.org/10.15252/msb.20198955
https://doi.org/10.7554/eLife.58825
https://doi.org/10.1016/j.ceb.2020.11.008
https://doi.org/10.1016/j.ceb.2020.11.008
https://doi.org/10.1074/jbc.273.14.8003
https://doi.org/10.1128/MCB.26.5.1888-1897.2006
https://doi.org/10.1128/MCB.26.5.1888-1897.2006
https://doi.org/10.1128/MCB.26.5.1888-1897.2006
https://doi.org/10.1073/pnas.2103939118
https://doi.org/10.1016/j.cell.2011.06.048
https://doi.org/10.3389/fimmu.2021.748423
https://doi.org/10.1083/jcb.201412049
https://doi.org/10.1002/hep.24189
https://doi.org/10.1186/1471-2105-14-41
https://doi.org/10.1186/1471-2105-14-41
https://doi.org/10.1186/1471-2105-14-41
https://doi.org/10.1186/1471-2105-14-41
https://doi.org/10.1371/journal.ppat.1008461
https://creativecommons.org/licenses/by/4.0/


46 Greene, M.W. (2012) Circadian rhythms and tumor growth. Cancer Lett. 318, 115–123 https://doi.org/10.1016/j.canlet.2012.01.001
47 O’Rahilly, S., Turner, R.C. and Matthews, D.R. (1988) Impaired pulsatile secretion of insulin in relatives of patients with non-insulin-dependent diabetes.

N. Engl. J. Med. 318, 1225–1230 https://doi.org/10.1056/NEJM198805123181902
48 Kubota, H., Uda, S., Matsuzaki, F., Yamauchi, Y. and Kuroda, S. (2018) In vivo decoding mechanisms of the temporal patterns of blood insulin by the

insulin-AKT pathway in the liver. Cell Syst. 7, 118–128.e113 https://doi.org/10.1016/j.cels.2018.05.013
49 Kalsbeek, A., van der Spek, R., Lei, J., Endert, E., Buijs, R.M. and Fliers, E. (2012) Circadian rhythms in the hypothalamo-pituitary-adrenal (HPA) axis.

Mol. Cell. Endocrinol. 349, 20–29 https://doi.org/10.1016/j.mce.2011.06.042
50 Biddie, S.C., Conway-Campbell, B.L. and Lightman, S.L. (2012) Dynamic regulation of glucocorticoid signalling in health and disease. Rheumatology

(Oxford) 51, 403–412 https://doi.org/10.1093/rheumatology/ker215
51 Lauriola, M., Enuka, Y., Zeisel, A., D’Uva, G., Roth, L., Sharon-Sevilla, M. et al. (2014) Diurnal suppression of EGFR signalling by glucocorticoids and

implications for tumour progression and treatment. Nat. Commun. 5, 5073 https://doi.org/10.1038/ncomms6073
52 Fausto, N., Campbell, J.S. and Riehle, K.J. (2006) Liver regeneration. Hepatology 43, S45–S53 https://doi.org/10.1002/hep.20969
53 Lindroos, P.M., Zarnegar, R. and Michalopoulos, G.K. (1991) Hepatocyte growth factor (hepatopoietin A) rapidly increases in plasma before DNA

synthesis and liver regeneration stimulated by partial hepatectomy and carbon tetrachloride administration. Hepatology 13, 743–750 https://doi.org/10.
1002/hep.1840130422

54 Pediaditakis, P., Lopez-Talavera, J.C., Petersen, B., Monga, S.P. and Michalopoulos, G.K. (2001) The processing and utilization of hepatocyte growth
factor/scatter factor following partial hepatectomy in the rat. Hepatology 34, 688–693 https://doi.org/10.1053/jhep.2001.27811

55 Duplaquet, L., Kherrouche, Z., Baldacci, S., Jamme, P., Cortot, A.B., Copin, M.C. et al. (2018) The multiple paths towards MET receptor addiction in
cancer. Oncogene 37, 3200–3215 https://doi.org/10.1038/s41388-018-0185-4

56 Bouattour, M., Raymond, E., Qin, S., Cheng, A.L., Stammberger, U., Locatelli, G. et al. (2018) Recent developments of c-Met as a therapeutic target in
hepatocellular carcinoma. Hepatology 67, 1132–1149 https://doi.org/10.1002/hep.29496

57 Speicher, T., Siegenthaler, B., Bogorad, R.L., Ruppert, R., Petzold, T., Padrissa-Altes, S. et al. (2014) Knockdown and knockout of beta1-integrin in
hepatocytes impairs liver regeneration through inhibition of growth factor signalling. Nat. Commun. 5, 3862 https://doi.org/10.1038/ncomms4862

58 Bogorad, R.L., Yin, H., Zeigerer, A., Nonaka, H., Ruda, V.M., Zerial, M. et al. (2014) Nanoparticle-formulated siRNA targeting integrins inhibits
hepatocellular carcinoma progression in mice. Nat. Commun. 5, 3869 https://doi.org/10.1038/ncomms4869

59 Barbhuiya, M.A., Mirando, A.C., Simons, B.W., Lemtiri-Chlieh, G., Green, J.J., Popel, A.S. et al. (2017) Therapeutic potential of an anti-angiogenic
multimodal biomimetic peptide in hepatocellular carcinoma. Oncotarget 8, 101520–101534 https://doi.org/10.18632/oncotarget.21148

60 Jafarnejad, M., Sove, R.J., Danilova, L., Mirando, A.C., Zhang, Y., Yarchoan, M. et al. (2019) Mechanistically detailed systems biology modeling of the
HGF/Met pathway in hepatocellular carcinoma. NPJ Syst. Biol. Appl. 5, 29 https://doi.org/10.1038/s41540-019-0107-2

61 D’Alessandro, L.A., Samaga, R., Maiwald, T., Rho, S.H., Bonefas, S., Raue, A. et al. (2015) Disentangling the complexity of HGF signaling by combining
qualitative and quantitative modeling. PLoS Comput. Biol. 11, e1004192 https://doi.org/10.1371/journal.pcbi.1004192

62 Azimifar, S.B., Nagaraj, N., Cox, J. and Mann, M. (2014) Cell-type-resolved quantitative proteomics of murine liver. Cell Metab. 20, 1076–1087
https://doi.org/10.1016/j.cmet.2014.11.002

63 Melas, I.N., Lauffenburger, D.A. and Alexopoulos, L.G. (2013) Identification of signaling pathways related to drug efficacy in hepatocellular carcinoma via
integration of phosphoproteomic, genomic and clinical data. Proc. IEEE Int. Symp. Bioinform. Bioeng. 2013, 14026468 https://doi.org/10.1109/BIBE.
2013.6701683

64 Wooten, D.J., Meyer, C.T., Lubbock, A.L.R., Quaranta, V. and Lopez, C.F. (2021) Musyc is a consensus framework that unifies multi-drug synergy
metrics for combinatorial drug discovery. Nat. Commun. 12, 4607 https://doi.org/10.1038/s41467-021-24789-z

65 Cancer Genome Atlas Research Network. Electronic address: wheeler@bcm.edu; Cancer Genome Atlas Research Network. (2017) Comprehensive and
integrative genomic characterization of hepatocellular carcinoma. Cell 169, 1327–1341.e1323 https://doi.org/10.1016/j.cell.2017.05.046

66 Gebhardt, R. and Jonitza, D. (1991) Different proliferative responses of periportal and perivenous hepatocytes to EGF. Biochem. Biophys. Res. Commun.
181, 1201–1207 https://doi.org/10.1016/0006-291X(91)92066-S

67 Sigismund, S., Argenzio, E., Tosoni, D., Cavallaro, E., Polo, S. and Di Fiore, P.P. (2008) Clathrin-mediated internalization is essential for sustained EGFR
signaling but dispensable for degradation. Dev. Cell 15, 209–219 https://doi.org/10.1016/j.devcel.2008.06.012

68 Sigismund, S., Algisi, V., Nappo, G., Conte, A., Pascolutti, R., Cuomo, A. et al. (2013) Threshold-controlled ubiquitination of the EGFR directs receptor
fate. EMBO J. 32, 2140–2157 https://doi.org/10.1038/emboj.2013.149

69 Capuani, F., Conte, A., Argenzio, E., Marchetti, L., Priami, C., Polo, S. et al. (2015) Quantitative analysis reveals how EGFR activation and
downregulation are coupled in normal but not in cancer cells. Nat. Commun. 6, 7999 https://doi.org/10.1038/ncomms8999

70 Adlung, L., Kar, S., Wagner, M.C., She, B., Chakraborty, S., Bao, J. et al. (2017) Protein abundance of AKT and ERK pathway components governs cell
type-specific regulation of proliferation. Mol. Syst. Biol. 13, 904 https://doi.org/10.15252/msb.20167258

71 Ito, Y., Takeda, T., Sakon, M., Tsujimoto, M., Higashiyama, S., Noda, K. et al. (2001) Expression and clinical significance of erb-B receptor family in
hepatocellular carcinoma. Br. J. Cancer 84, 1377–1383 https://doi.org/10.1054/bjoc.2000.1580

72 Sharma, S.V., Bell, D.W., Settleman, J. and Haber, D.A. (2007) Epidermal growth factor receptor mutations in lung cancer. Nat. Rev. Cancer 7,
169–181 https://doi.org/10.1038/nrc2088

73 Webster, J.D. and Vucic, D. (2020) The balance of TNF mediated pathways regulates inflammatory cell death signaling in healthy and diseased tissues.
Front. Cell Dev. Biol. 8, 365 https://doi.org/10.3389/fcell.2020.00365

74 Yamada, Y., Kirillova, I., Peschon, J.J. and Fausto, N. (1997) Initiation of liver growth by tumor necrosis factor: deficient liver regeneration in mice
lacking type I tumor necrosis factor receptor. Proc. Natl Acad. Sci. U.S.A. 94, 1441–1446 https://doi.org/10.1073/pnas.94.4.1441

75 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

76 Ashall, L., Horton, C.A., Nelson, D.E., Paszek, P., Harper, C.V., Sillitoe, K. 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

77 Lipniacki, T., Paszek, P., Brasier, A.R., 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

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1373

Biochemical Journal (2022) 479 1361–1374
https://doi.org/10.1042/BCJ20210548

D
ow

nloaded from
 http://port.silverchair.com

/biochem
j/article-pdf/479/12/1361/934087/bcj-2021-0548c.pdf by guest on 10 April 2024

https://doi.org/10.1016/j.canlet.2012.01.001
https://doi.org/10.1056/NEJM198805123181902
https://doi.org/10.1016/j.cels.2018.05.013
https://doi.org/10.1016/j.mce.2011.06.042
https://doi.org/10.1093/rheumatology/ker215
https://doi.org/10.1038/ncomms6073
https://doi.org/10.1002/hep.20969
https://doi.org/10.1002/hep.1840130422
https://doi.org/10.1002/hep.1840130422
https://doi.org/10.1053/jhep.2001.27811
https://doi.org/10.1038/s41388-018-0185-4
https://doi.org/10.1038/s41388-018-0185-4
https://doi.org/10.1038/s41388-018-0185-4
https://doi.org/10.1038/s41388-018-0185-4
https://doi.org/10.1002/hep.29496
https://doi.org/10.1038/ncomms4862
https://doi.org/10.1038/ncomms4869
https://doi.org/10.18632/oncotarget.21148
https://doi.org/10.1038/s41540-019-0107-2
https://doi.org/10.1038/s41540-019-0107-2
https://doi.org/10.1038/s41540-019-0107-2
https://doi.org/10.1038/s41540-019-0107-2
https://doi.org/10.1371/journal.pcbi.1004192
https://doi.org/10.1016/j.cmet.2014.11.002
https://doi.org/10.1109/BIBE.2013.6701683
https://doi.org/10.1109/BIBE.2013.6701683
https://doi.org/10.1038/s41467-021-24789-z
https://doi.org/10.1038/s41467-021-24789-z
https://doi.org/10.1038/s41467-021-24789-z
https://doi.org/10.1038/s41467-021-24789-z
https://doi.org/10.1016/j.cell.2017.05.046
https://doi.org/10.1016/0006-291X(91)92066-S
https://doi.org/10.1016/0006-291X(91)92066-S
https://doi.org/10.1016/0006-291X(91)92066-S
https://doi.org/10.1016/j.devcel.2008.06.012
https://doi.org/10.1038/emboj.2013.149
https://doi.org/10.1038/ncomms8999
https://doi.org/10.15252/msb.20167258
https://doi.org/10.1054/bjoc.2000.1580
https://doi.org/10.1038/nrc2088
https://doi.org/10.3389/fcell.2020.00365
https://doi.org/10.1073/pnas.94.4.1441
https://doi.org/10.3389/fphys.2020.00896
https://doi.org/10.1126/science.1164860
https://doi.org/10.1016/j.jtbi.2004.01.001
https://creativecommons.org/licenses/by/4.0/


78 Murakawa, Y., Hinz, M., Mothes, J., Schuetz, A., Uhl, M., Wyler, E. et al. (2015) RC3H1 post-transcriptionally regulates A20 mRNA and modulates the
activity of the IKK/NF-kappaB pathway. Nat. Commun. 6, 7367 https://doi.org/10.1038/ncomms8367

79 Raue, A., Schilling, M., Bachmann, J., Matteson, A., Schelker, M., Kaschek, D. et al. (2013) Lessons learned from quantitative dynamical modeling in
systems biology. PLoS One. 8, e74335 https://doi.org/10.1371/journal.pone.0074335

80 Mathew, S., Bartels, J., Banerjee, I. and Vodovotz, Y. (2014) Global sensitivity analysis of a mathematical model of acute inflammation identifies
nonlinear dependence of cumulative tissue damage on host interleukin-6 responses. J. Theor. Biol. 358, 132–148 https://doi.org/10.1016/j.jtbi.2014.
05.036

81 Cohen, J.E. (2004) Mathematics is biology’s next microscope, only better; biology is mathematics’ next physics, only better. PLoS Biol. 2, e439
https://doi.org/10.1371/journal.pbio.0020439

82 Adlung, L., Stapor, P., Tonsing, C., Schmiester, L., Schwarzmuller, L.E., Postawa, L. et al. (2021) Cell-to-cell variability in JAK2/STAT5 pathway
components and cytoplasmic volumes defines survival threshold in erythroid progenitor cells. Cell Rep. 36, 109507 https://doi.org/10.1016/j.celrep.
2021.109507

83 Meier-Schellersheim, M., Varma, R. and Angermann, B.R. (2019) Mechanistic models of cellular signaling, cytokine crosstalk, and cell-cell
communication in immunology. Front. Immunol. 10, 2268 https://doi.org/10.3389/fimmu.2019.02268

84 Hartwell, L.H., Hopfield, J.J., Leibler, S. and Murray, A.W. (1999) From molecular to modular cell biology. Nature 402, C47–C52 https://doi.org/10.
1038/35011540

85 Neves, S.R. and Iyengar, R. (2002) Modeling of signaling networks. Bioessays 24, 1110–1117 https://doi.org/10.1002/bies.1154
86 Clough, E. and Barrett, T. (2016) The gene expression omnibus database. Methods Mol. Biol. 1418, 93–110 https://doi.org/10.1007/

978-1-4939-3578-9_5
87 Perez-Riverol, Y., Csordas, A., Bai, J., Bernal-Llinares, M., Hewapathirana, S., Kundu, D.J. et al. (2019) The PRIDE database and related tools and

resources in 2019: improving support for quantification data. Nucleic Acids Res. 47, D442–D450 https://doi.org/10.1093/nar/gky1106
88 Lemberger, T. (2014) Tools of discovery. Mol. Syst. Biol. 10, 715 https://doi.org/10.1002/msb.201305048
89 Olivier, B.G. and Snoep, J.L. (2004) Web-based kinetic modelling using JWS online. Bioinformatics 20, 2143–2144 https://doi.org/10.1093/

bioinformatics/bth200
90 Le Novere, N., Bornstein, B., Broicher, A., Courtot, M., Donizelli, M., Dharuri, H. et al. (2006) Biomodels database: a free, centralized database of

curated, published, quantitative kinetic models of biochemical and cellular systems. Nucleic Acids Res. 34, D689–D691 https://doi.org/10.1093/nar/
gkj092

91 Keating, S.M., Waltemath, D., Konig, M., Zhang, F., Drager, A., Chaouiya, C. et al. (2020) SBML level 3: an extensible format for the exchange and
reuse of biological models. Mol. Syst. Biol. 16, e9110 https://doi.org/10.15252/msb.20199110

92 Schmiester, L., Schalte, Y., Bergmann, F.T., Camba, T., Dudkin, E., Egert, J. et al. (2021) PEtab-Interoperable specification of parameter estimation
problems in systems biology. PLoS Comput. Biol. 17, e1008646 https://doi.org/10.1371/journal.pcbi.1008646

93 Tiwari, K., Kananathan, S., Roberts, M.G., Meyer, J.P., Sharif Shohan, M.U., Xavier, A. et al. (2021) Reproducibility in systems biology modelling. Mol.
Syst. Biol. 17, e9982 https://doi.org/10.15252/msb.20209982

94 Hass, H., Loos, C., Raimundez-Alvarez, E., Timmer, J., Hasenauer, J. and Kreutz, C. (2019) Benchmark problems for dynamic modeling of intracellular
processes. Bioinformatics 35, 3073–3082 https://doi.org/10.1093/bioinformatics/btz020

95 Collin, C.B., Gebhardt, T., Golebiewski, M., Karaderi, T., Hillemanns, M., Khan, F.M. et al. (2022) Computational models for clinical applications in
personalized medicine-guidelines and recommendations for data integration and model validation. J. Pers. Med. 12, 166 https://doi.org/10.3390/
jpm12020166

96 Satriano, L., Lewinska, M., Rodrigues, P.M., Banales, J.M. and Andersen, J.B. (2019) Metabolic rearrangements in primary liver cancers: cause and
consequences. Nat. Rev. Gastroenterol. Hepatol. 16, 748–766 https://doi.org/10.1038/s41575-019-0217-8

97 Gille, C., Bolling, C., Hoppe, A., Bulik, S., Hoffmann, S., Hubner, K. et al. (2010) Hepatonet1: a comprehensive metabolic reconstruction of the human
hepatocyte for the analysis of liver physiology. Mol. Syst. Biol. 6, 411 https://doi.org/10.1038/msb.2010.62

98 Berndt, N., Bulik, S., Wallach, I., Wunsch, T., Konig, M., Stockmann, M. et al. (2018) HEPATOKIN1 is a biochemistry-based model of liver metabolism
for applications in medicine and pharmacology. Nat. Commun. 9, 2386 https://doi.org/10.1038/s41467-018-04720-9

99 Nijhout, H.F., Best, J.A. and Reed, M.C. (2015) Using mathematical models to understand metabolism, genes, and disease. BMC Biol. 13, 79
https://doi.org/10.1186/s12915-015-0189-2

100 Oppelt, A., Kaschek, D., Huppelschoten, S., Sison-Young, R., Zhang, F., Buck-Wiese, M. et al. (2018) Model-based identification of TNFalpha-induced
IKKbeta-mediated and IkappaBalpha-mediated regulation of NFkappaB signal transduction as a tool to quantify the impact of drug-induced liver injury
compounds. NPJ Syst. Biol. Appl. 4, 23 https://doi.org/10.1038/s41540-018-0058-z

101 Mitchell, S. and Mendes, P. (2013) A computational model of liver iron metabolism. PLoS Comput. Biol. 9, e1003299 https://doi.org/10.1371/journal.
pcbi.1003299

102 Cedersund, G. and Stralfors, P. (2009) Putting the pieces together in diabetes research: towards a hierarchical model of whole-body glucose
homeostasis. Eur. J. Pharm. Sci. 36, 91–104 https://doi.org/10.1016/j.ejps.2008.10.027

103 Lopez-Palau, N.E. and Olais-Govea, J.M. (2020) Mathematical model of blood glucose dynamics by emulating the pathophysiology of glucose
metabolism in type 2 diabetes mellitus. Sci. Rep. 10, 12697 https://doi.org/10.1038/s41598-020-69629-0

104 Christ, B., Collatz, M., Dahmen, U., Herrmann, K.H., Hopfl, S., Konig, M. et al. (2021) Hepatectomy-induced alterations in hepatic perfusion and function
- toward multi-scale computational modeling for a better prediction of post-hepatectomy liver function. Front. Physiol. 12, 733868 https://doi.org/10.
3389/fphys.2021.733868

105 Torkamani, A., Andersen, K.G., Steinhubl, S.R. and Topol, E.J. (2017) High-definition medicine. Cell 170, 828–843 https://doi.org/10.1016/j.cell.2017.
08.007

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1374

Biochemical Journal (2022) 479 1361–1374
https://doi.org/10.1042/BCJ20210548

D
ow

nloaded from
 http://port.silverchair.com

/biochem
j/article-pdf/479/12/1361/934087/bcj-2021-0548c.pdf by guest on 10 April 2024

https://doi.org/10.1038/ncomms8367
https://doi.org/10.1371/journal.pone.0074335
https://doi.org/10.1016/j.jtbi.2014.05.036
https://doi.org/10.1016/j.jtbi.2014.05.036
https://doi.org/10.1371/journal.pbio.0020439
https://doi.org/10.1016/j.celrep.2021.109507
https://doi.org/10.1016/j.celrep.2021.109507
https://doi.org/10.3389/fimmu.2019.02268
https://doi.org/10.1038/35011540
https://doi.org/10.1038/35011540
https://doi.org/10.1002/bies.1154
https://doi.org/10.1007/978-1-4939-3578-9_5
https://doi.org/10.1007/978-1-4939-3578-9_5
https://doi.org/10.1007/978-1-4939-3578-9_5
https://doi.org/10.1007/978-1-4939-3578-9_5
https://doi.org/10.1007/978-1-4939-3578-9_5
https://doi.org/10.1007/978-1-4939-3578-9_5
https://doi.org/10.1093/nar/gky1106
https://doi.org/10.1002/msb.201305048
https://doi.org/10.1093/bioinformatics/bth200
https://doi.org/10.1093/bioinformatics/bth200
https://doi.org/10.1093/nar/gkj092
https://doi.org/10.1093/nar/gkj092
https://doi.org/10.15252/msb.20199110
https://doi.org/10.1371/journal.pcbi.1008646
https://doi.org/10.15252/msb.20209982
https://doi.org/10.1093/bioinformatics/btz020
https://doi.org/10.3390/jpm12020166
https://doi.org/10.3390/jpm12020166
https://doi.org/10.1038/s41575-019-0217-8
https://doi.org/10.1038/s41575-019-0217-8
https://doi.org/10.1038/s41575-019-0217-8
https://doi.org/10.1038/s41575-019-0217-8
https://doi.org/10.1038/msb.2010.62
https://doi.org/10.1038/s41467-018-04720-9
https://doi.org/10.1038/s41467-018-04720-9
https://doi.org/10.1038/s41467-018-04720-9
https://doi.org/10.1038/s41467-018-04720-9
https://doi.org/10.1186/s12915-015-0189-2
https://doi.org/10.1186/s12915-015-0189-2
https://doi.org/10.1186/s12915-015-0189-2
https://doi.org/10.1186/s12915-015-0189-2
https://doi.org/10.1038/s41540-018-0058-z
https://doi.org/10.1038/s41540-018-0058-z
https://doi.org/10.1038/s41540-018-0058-z
https://doi.org/10.1038/s41540-018-0058-z
https://doi.org/10.1371/journal.pcbi.1003299
https://doi.org/10.1371/journal.pcbi.1003299
https://doi.org/10.1016/j.ejps.2008.10.027
https://doi.org/10.1038/s41598-020-69629-0
https://doi.org/10.1038/s41598-020-69629-0
https://doi.org/10.1038/s41598-020-69629-0
https://doi.org/10.1038/s41598-020-69629-0
https://doi.org/10.3389/fphys.2021.733868
https://doi.org/10.3389/fphys.2021.733868
https://doi.org/10.1016/j.cell.2017.08.007
https://doi.org/10.1016/j.cell.2017.08.007
https://creativecommons.org/licenses/by/4.0/

	Deciphering signal transduction networks in the liver by mechanistic mathematical modelling
	Abstract
	Introduction
	Cytokine waves augmenting or diminishing pathway activation in hepatocytes
	Interactions, trafficking and feedback regulations of receptors in the hepatocyte membrane
	Conclusions and future directions
	Competing Interests
	Funding
	CRediT Author Contribution
	References


