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Abstract

Despite conceptually simple mechanism of signalidgK-STAT pathway exhibits
considerable behavioral complexity. Computatiorsthpray models are tools to investigate in
detail signaling process. They integrate well wattperimental studies, helping to explain
molecular dynamics and to state new hypotheses,t raften about the structure of
interactions.

A relatively small amount of experimental data vaitable for a JAK1/2-STATL1 variant of
the pathway, hence, only several computational isodere developed. Here we review a
dominant approach of kinetic modeling of the JAKSPAT1 pathway, based on ordinary
differential equations. We also give a brief ovewiof attempts to computationally infer
topology of this pathway.

1. Introduction

1.1 Computational modeling: mathematical description integrated with
experimental data.

Computational modeling of signal transduction inéégs available knowledge about pathway
regulation, and the general chemical and physicalciples with experimental data from
different biotechnology platforms. Such approachstibutes a powerful solution for
formalizing and extending traditional molecular ar@flular biology. However, success of the
entire project depends crucially on the said iraggn. Figure 1 illustrates the model’s life
cycle paradigm: the recurring processes of molecuwaperiments, measurements,
bioinformatics analyses, and mathematical modeling.
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EXPERIMENTAL

AND MODELING

Figure 1 lllustration of paradigm of interaction between ratig and experiments. Note that the
conclusions obtained from the model affect the drmental setup. Similarly, measurements that
provide data to bioinformatics analysis allow foodel enhancements. In the desired scenario several
iterations of such cycle are carried out.

In this review we sketch existing attempts to modl&K1/2-STAT1 signaling. There are
relatively few such attempts for this particulathpeay. The limiting factor is the availability
of experimental data. As we will see a new set ofetular data usually allows researchers to
formulate more adequate model.

Formal modeling of signaling pathways most oftertstwith a definition of a topology of the
pathway, represented by a biochemical reactionwarkt Construction of a structure of a
model requires systematization of a diverse, indetepand usually inconsistent biological
knowledge about the underlying phenomena. Consdélguére structure of a model itself is a
valuable contribution, provided that it is validht@&gainst available experimental data.
However, computational modeling of signaling pathisvaffers much more. It can help to
understand roles of designed parts of an investiggathway. Standard examples include
comprehension of a function of cascade ldyansi negative feedbatin the MAPK pathway
or, in case of the JAK-STAT pathway, role of a mael export of STATsand of a post-
translational negative feedback.

1.2. JAK-STAT signaling

JAK-STAT pathways are highly conserved intraceldgnaling pathways of all vertebrates
and even found in some more primitive metaZo@tese pathways have co-evolved with
multiple fundamental cellular processes, such matéand adaptive immune respon&egll
growth, differentiation and apoptosis regulatidh, maintenance of homeostaSis,
organogenesispr embryonic developmemt.

JAK-STAT pathways provide a simple and direct rofugen the membrane receptors to the
nucleus for mediating cellular responses to nungemudokines. Until now, four receptor-
associated JAK tyrosine kinases (JAK1/2/3, TYK2) aseven different STAT family
members (STAT1/2/3/4/5A/5B/6) have been identifietnammalian cell$!* In short, there
are three main stages involved in the transduaifazytokine receptor derived signal through
any JAK-STAT pathway: activation of the receptoiredt translocation of the signal into
the nucleus and expression of target genes. Bindingytokine triggers changes to the
cognate receptor that permit cross-activation cepéor-associated JAKs. Activated JAKs
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Figure 2: Key steps of JAKSTAT signaling in response to IFNs. IFNs induce activatic
JAKSs, receptors andubsequently, of cytoplasmic STATSs; all by phosphorylation. A
STATs essentially form dimers, which then are translocadedutleus where they aet
transcription factors in thepecific gene promoter or enhancer regions. IFN signaling ne
regubtors include multiple cytoplasmic PTPs, nuclear PTP and Platips, as well ¢
specific to IFN signaling SOCS1 which in principle inhibitsAST phosphorylation praess
See text for more details.

phosphorylate intracellular tail of the receptdrereby providing docking sites for latent

STAT transcription factors (see Figure 2). Recrui®TAT monomeric proteins become

subsequently phosphorylated by the proximate JAl&sociate from the receptor and form
homo- or heterodimers directed to enter to theausclActing as dimers or as more complex
oligomers STATSs bind to consensus DNA sequencéseimegulatory regions of target genes
and initiate or enhance the appropriate transorigliresponsé*?

Each stage of JAK-STAT signaling takes differemdito execute - it ranges from seconds
upto hours, depending on an organism and a tis3he magnitude and duration

of the transduced signal is tightly controlled ateh be attenuated at all levels. The key
players here are: the protein tyrosine phosphatéiRéPs; e.g. SHP-1 or SHP-2), which



dephosphorylate receptors at the membrane andasfi\STATs in the nucledsprotein
inhibitors of activated STATs (PIAS), which in peciple, block STAT dimers DNA binding
or transactivation capacity in the nucleus, boteatly (PIAS-1/3) or by recruitment of other
co—repressor molecules (PIAS-x)and expressed as a negative feedback, some members
of the family of suppressors of cytokine signalif§OCS1/2/3), which inhibit receptor
signaling by directly inhibiting both JAKs and cigtne receptoré**In principle, these SOCS
family members block STAT docking sites on the ptoe™ but they also probably mediate
STAT degradation by ubiquitin-proteasome pathWayn addition, the transcriptional
potency of STATs can be influenced by other prateaither through direct interaction on a
promoter (e.g. NRkeB) or through post-translational modification, imding phosphorylation
by growth factor receptors tyrosine kinases or gatoactivated protein kinases (MAPKS).

In general, JAK-STAT signaling is involved in a btbspectrum of fundamental processes.
However, each cytokine receptor is activated bymalls set of cytokines, specific only
to this receptor. Consequently, cytokine receptotivates a characteristic combination
of individual JAKs and STATSs that is determinedtbg structure of the intracellular domains
of the receptor chairts.

1.3. Interferons

Interferons — potent regulators of innate immunitylay a key role in the inflammatory
response after viral infection and in host defeag@inst microorganisms. Currently, there are
three distinct classes recognized: Type | (l&/RBle/x/®), Type Il (IFNy) and Type Il (IFN-

A), distinguishable by their differing target reaast Types | and Il IFN receptors are present
on most human cell types whilst type Ill IRNeceptors are highly expressed on hepatocytes
but not on microvascular endothelium, adipocyté#spblasts or CNS celf€ Types | and I
IFN, despite signaling through distinct receptomptexes, stimulate very similar signaling
pathways, namely they activate JAK1 and TYK2, whittosphorylate STAT1 and STAT2,
respectively. In this pathway variant, the dowretneneterotrimer of phosphorylated STAT1,
STAT2 and IRF9 is generated to form interferon-stated gene factor 3 (ISGF3). ISGF3
acts as a transcription factor within interferomnslated response element (ISRE) sites on the
promoter or enhancer regions of Type | and Ill Iponsive genéé*® The focus of this
review is modeling of cellular response to TypdAN (IFN-y), which signals through the
IFN-y receptor (IFNGR), pre-associated with JAK1 and 2AKtimulation of the receptor
leads to phosphorylation and dimerization of STAB&th IFN signaling schemes, including
pathway negative regulators are depicted in Figure

1.4.JAK1/2-STAT1 variant

Active form of IFN+y receptor is more complex than that for Types | BinldFN. IFN-y signal
transduction engages oligomerization of two sulsulfNGR1 and IFNGR2, which triggers
activation of receptor-associated kinases JAK1 B2 and phosphorylation of STAT1 on
critical tyrosine residue. Phosphorylated STAT1nstacate as transcriptionally active
homodimers into the nucleus, bind to the promatgians via DNA sequences termed GAS
(y-activated siteind, thereby, affect transcription of IFNnduced gene¥. The mechanism
that regulates active nuclear import of tyrosinegghorylated STAT1 dimers was shown to
involve a specific carrier, importin5, and metabolic energy. It has been suggested that
besides the carrier-dependent transport of phodphers, also unphosphorylated STAT1
molecules shuttle continuously between the nucéggscytoplasm, in a process mediated by
direct interaction with nucleoporins located in theslear pore complexé8 This constitutive
nucleocytoplasmic translocation of unphosphoryl&8@&T1 occurs both in resting and IFN-
y -stimulated cells. The existence of distinct t@ors pathways allows the controlled nuclear
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transport of phosphorylated STAT1 dimers duringokite induction. It was demonstrated
that nuclear import and nuclear retention are twpasate steps leading up to nuclear
accumulation of STAT1. DNA binding protects STATorh dephosphorylation, so only once
released from DNA, the phosphorylated STAT1. Dimeexome dephosphorylated by
nuclear phosphatasésDimer dephosphorylation is a critical step, whéctables the return of
STA(;zl'Z"l to the cytosol to participate in additionalinds of the activation and deactivation
cycle™.

Recent data have proved that regulation of STAThaling is more complex. There is
evidence that unphosphorylated STAT1 also existim®rs with DNA binding activity and,
although less active than phosphorylated forms, nemylate gene expressiohBesides,
STATL1 is known to form larger assemblies than dsnehen bound to DNA, including
tetramers and extended polymers, which may sigmflg influence in vivo binding
preference$?

Similarly to other variants of JAK-STAT signal tsduction, JAK1/2-STAT1 pathway is
negatively regulated by a number of regulatory medms, including activity of various
PTPs and the PIAS family, as well as feedback itibibby SOCSs. However, some of these
mechanisms have been recognized as specific acydarty important for attenuation of IFN-
vy — induced response.

Among PIAS family members, primarily PIAS1 actsagpartial physiological inhibitor of
STATI?. It was originally shown to block STAT1 DNA-bindjractivity’®, but due to its E3
SUMO ligase activity it has been suggested to pten®UMO-conjugation to STAFL
Simulation of STAT1, which obstructs tyrosine phaosgylation and affects STAT1
solubility?®, may be a unique mechanism that has evolved tativety regulate IFNy —
induced signaling, however the role of PIAS1 irsthiocess has been controveféiahd the
identity of the E3 SUMO ligase responsible remainglear.

The most studied inhibitors of JAK-STAT signalingahe SOCS proteiffs IFN signaling-
specific SOCS1 is known to interact with IFNAR1 eptor and respective TYK2 in Type |
IFN signaling and with IFNGR1 receptor and JAK2Tigpe Il IFN signaling?* SOCS1 is
itself upregulated via Type Il IFN signaling, budtrknown to be upregulated via Type | or lli
IFN signaling. Moreover, as revealed by gene-tamgetxperiments, loss of SOCS1 results in
excessive response to IRNand the majority of inflammatory defects exhibitegd SOCS1
knockout mice are related to unbridled IFNignaling™. Therefore, SOCSL1 is recognized as
a crucial regulator of IFN-induced response.

Whereas Type | IFNs are primarily induced in regeoto viral infection, IFN¢ is produced
predominantly by T lymphocytes, NK and NKT cellslléwing activation with immune and
inflammatory stimul? IFN-y acts on its receptor to augment innate cellulanimity by
activating NK cells and macrophages, upregulatingQViexpression, promoting leucocyte
migration and inducing the expression of proinflaatony cytokines (e.g. IL-12 p40 subunit,
TNF-0, IL-1) and enzymes involved in elimination of isged bacterial or protozoan
pathogens, such as nitric oxide synthis8ome data also implicates role of IFNas a
critical immune system component, protecting thethivom development of variety of
tumors, e.g. in fibrosarcoma, melanoma, mammargimama modeld? Except from effects
on both the innate and adoptive antitumour imm@sponses and inhibition of angiogenesis,
one of the major targets of IFNs anti-tumor actions is the tumor cell itself. Thwlecular
basis of this effect is the JAK1/2-STAT1-dependactivation of genes encoding cell cycle
inhibitors or implicated in promoting tumor cell@gosis® Owing to the central role of IFN

in immune response to microbial infections and nonpoting anti-tumor protection, JAK1/2-
STAT1 pathway exploited by the cytokine is an ebergltarget for detailed studies. Because
of its relative simplicity and high evolutionallyogservation it has attracted attention of
systems biologists, who have contributed to mathiealanodels of the signaling cascade.



Dysregulation of JAK-STAT signaling is associatedhwarious immune disorders and
cancers. ldentification of key components and stepsgnal transduction pathway provides
useful strategy for drug discovery. Computationabdels can greatly facilitate such
predictions.

2. Computational models

Most of the experimental data for the JAK-STAT pedlys available in the recent literature
in vast majority concerns variants activated bwiids other than Type Il IFN. This data was
used in development of many formal models of JAKAS Bignaling. Most notably, for Epo-
stimulated variant, a simple model which originafesm work of Swameye et alThis
model was re-used multiple times in mainly methodmal case studies, with adjustments
such as linear chain approximation of a nucleanspart delay*=’ For other examples of
computational models of JAK-STAT pathway variantveated by Epo, as well as by IL or
by Type | IFN, see respectively r&fref3 or refs***! For a broader review see féfin this
review we focus on models of the JAK1/2-STAT1 sigmapathway. There are relatively
few distinct computational models for this variahthe JAK-STAT pathway.

Please be aware of the fact that in principle nratdteal modeling is not suitable for the very
detailed description of reality. It is importantrimaintain an appropriate balance between the
number of mechanistic details responsible for tloenmexity of the model, and their
significance in the context of the data availablerhodel validation process (cf. réf&). The
identifiability of model parameters is one of keysuss here: non-identifiable model
parameters may require more appropriate experihdasign, or model reduction, adapting
the complexity of the model to the information camit of experimental measurements (cf.
refs.**43. Finally, focusing on specific hypotheses whilesigning the model should also
enhance its predictive power (cf. Féf.

2.1. Kinetic modeling

Mathematical models resulting from a biochemicalctens network are complex, even for
the simplest signaling pathways, such as JAK-STARerefore, anin silico analysis
is usually based on computationally efficient nuicar solutions for a deterministic
framework which despite of a coarse simplificatioha spatial distribution and diffusion
effects under spatial homogeneity assumption pravés very elucidative. In this framework
state of a modeled system is represented by thee tioependent vector
§(t) = (Sl(t),...,SN (t)) denoting concentrations of N reacting specigst), ..., Sy (b).
Dynamics of the system is governed by a set oftao&dirst-order ODE, known as the
reaction rate equations (RRE), i.e.:

d§(t) _ - =3 _ . - -
LO=7F(5w)=c-9(5w),
where the right-hand side of the differential e'qm'ﬁf = (f, ..., fn) IS equal to M state-

dependent reactions rate_éz(ﬂl,...,BM) linearly combined according to a fixed
stoichiometric matrix of the biochemical reactioretworkc, i. e.:

€11 Cl.,M> Uy (§(t))

C-z§(§(t))=<5 :
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Stoichiometric matrix directly reflects a structusé the modeled network. Reaction rates,
typically, follow the mass action ld&Wor its enzyme kinetics approximations such as the
simplest Michaelis-Menten kinetié8.Together with the initial state the dynamics oé th
system is formulated as an initial value probleraloB/ we briefly review kinetic models for
the JAK1/2-STAT1 signaling. All of them describendynics using RRE. Development of
stochastic counterparts of these models still méuither exploration.

Model by Yamada et al. Arguably, the first model of the JAK1/2-STAT1 pathyvwas
introduced by Yamada et Hl.This model describes a control mechanism and altorfs
influencing the kinetics of JAK/STAT pathway in IFNstimulated hepatocytes,
recapitulating liver injury associated with increddFN« activity. Yamada et &I’ model is
relatively complex as it captures all essentialmgets in the JAK1/2-STATL1 signaling,
together with many short-lived, intermediate spgci€hese species most likely could be
omitted or even systematically eliminated (cf. r&f%). Scheme of the model is depicted in
Figure 3(a). The model can be informally dividedoirthree modules: receptor module,
transcription factor module (the STAT life-cyclenhda post-translational feedback module.
Panels Figure 2(b-d) show the numerical solutidrRRE for output species of each module.
Respective modules emit output signal for ca. 25, B9 min and 1.5 h, with its peak activity
in ca. 28" minute, 58' minute and % and a half hour.



(a) Scheme of the JAK1/2-STAT1 model (b) Receptor module output
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Figure 3: JAK1/2-STAT1 pathway modules denoted by colors tba scheme of a model

Yamada et al! (a), and numerical simulations of modules output speej®senting concentrati
of, respectively, phosphorylated receptor dimer (b), phosphorytateléar STAT1 dimer (c), a
SOCS1 (d) with respect to timAdditional decorations of the simulations graphs represenalig
properties, such as: peak activity timelurationd and amplitude:* at the basal, steady state lex
corresponding to a constant IFN input of 10 nM. In sucsilice experimental setup, unbound ac
receptor reaches peak in ca. 25 min (b) and from that momentsogritdudly used up in activatic
of STAT1 proteins. In turn, phosphorylated STAT1 dimers accumulatesgtein with maximur
concentration reached in ca. 1 hour (c). Their slow concentrationntiesdellowed up by delayt
expression of SOCSL1 proteins (d), whggtadually overtake active receptors (b). The remainindl
excess of the latter induces a second, much weaker phase ohgigsiarting in ca. 5-th hour @)
After that the signal is completely attenuated. Durationctity of signaling molecules elongate
downstream of the pathway, and extent of this effect depends @tréhgth of signaling (cf. the
first and the second phase of signaling; b-d).



The model by Yamada et 4lis currently curated in DOQC%and BioModels databasgs>?

for instance, in the machine-readable SBML forfidt.means that this model is basically
ready to be simulated and it has been assuredttheplicates published behavior. This is
a priceless advantage of this model because dlagively large. Namely, it consists of over
30 variables representing species and of over fdhpeters of reaction rates. In principle, this
model was calibrated and validated against the rexpatal datd’ Kinetic constants and
protein concentrations were set based on experahessults mainly from Brysha et &f
There are noticeable quantitative differences & Kkimetics of response to IFNdepending

on cell type, i.e. mouse liver celfsand T cells dafdbut the overall, qualitative behavior of
the JAK1/2-STAT1 pathway is consistent with pubdidibiological data.

Yamada et al’ used their model to underline importance of nucfg##sphatase PTPs and
the negative feedback created by SOCS-1 protesn,importance of the JAK1/2-STAT1
pathway negative regulators. Through silico knockout experiments nuclear PTP was
identified as the most important pathway regulatith respect to attenuation of an unwanted
signal which can arise from a non-significant randappearance of IFN, i.e. in case of
excessive exposure of cells to the cytokine. Dephaiy/lation of STAT1 dimer by nuclear
phosphatase is a prerequisite for the transcrigaotor export to cytoplasm and thus one of
the crucial factors in controlling nuclear accuntiola of active STAT1 at the site of
regulation of gene expressfén On the other hand, mechanism of a post-transiatio
production of SOCS was justified by a requiremdrd delay in the activation of the negative
feedback. To that end, Yamada et'’ahnalyzed hypothetical model, where SOCS was
stimulated directly from a downstream of a sigrtafore the end of transcription and
translation of target genes. Available experimemtaia show that SOCS-1 expression is
induced by IFNy and overexpression of SOCS-1 inhibits IfFNignaling>®*’

The only obvious component of the JAK-STAT pathvimgeneral, which is missing in the
model, is the PIAS inhibitor. Moreover, this modkles not take into consideration some
currently accepted regulatory mechanisms affecBA@T1:DNA binding activity, such as
STAT1 simulation and transcriptional activity of plosphorylated STAT1. One of the
reasons is obviously the fact, that these procdsadsnot been clearly defined at the time,
when the model was created.

Sensitivity analysis. The same model was analyzed in several followingepd*°®**which,

to some extent, employed a concept of biologicdlustness, based on a mathematical
technique termed as the sensitivity analysis. Rinless is a property of a system to maintain
one or more of its functions under external aneriml perturbation¥ On the other hand
sensitivity analysis in principle investigates tieation between uncertain parameters of a
model and the observable output. For a review psisigity analysis methods applicable to
chemical reaction networks and signaling pathwayaiticular see ref&:®? Global
sensitivity analysis (GSA) is the most suitable faghly nonlinear models, such as RRE
models®* Based on the mathematical model developed by Yaread!’’, by means of GSA
of the IFNy induced JAK-STAT signaling pathway, Zi et 8lconfirmed that SOCS1, and
nuclear phosphatase are critical components forpdreurbation of the system output and
additionally pointed out an importance of cytoplas®TAT1 for a dynamic behavior of the
pathway. The result that the nuclear phosphatad&&CS1 are more critical than SHP-2 and
the cytoplasmic phosphatase underscores the inmpertaf downstream (hence, more direct
upon STAT1) negative regulators compared to upstresggulators. The SOCS proteins are
generally expressed at low levels in unstimulatetlscand become rapidly induced by
cytokines, thereby blocking continued signaling dodming a classic negative-feedback
loop>® The finding by Zi et af®, that the nuclear phosphatase (which promotestictear
export) is an important signaling component, matcheell with the importance of



nucleocytoplasmic shuttling process of STAT1, désgct in biological systems. Moreover,
according to Swameye et alwho developed a much simpler model of JAK2-STAT5
signaling pathway, STATs nucleocytoplasmic shuftlparameters are the most sensitive to
perturbations with respect to the total amountudfi@ar activated STAT.

The Yamada et &f. model and three hypothetical models, which diffgra form in which
STAT protein enters the nucleus and acts as adriatisn factor, were compared in work
of Shudo et al. The original model was selected aas evolutionary preferable one,
by presenting the most reasonable strength anddintlee response, as well as lowest local
sensitivity of kinetic parameters with respect tee tinput stimuli. This computational
reasoning was used to justify that the STAT1 digsion is an indispensable signaling step
in the generation of cellular response to =NFhis is in line with published data implying
that active nuclear import induced by cytokine siimion as well as subsequent
STAT1:DNA binding requires STAT1 dimer formatioh! However, the model version
by Shudo et al° differs from the model by Yamada et “al.by lack of a reaction
of dimerization of receptor molecules. This redmetiwvas based on the assumption that
cytokine receptors are already assembled on thebmsef®®° We studied consequences
of this reduction in ret! The receptor activation mechanism is not easilyessible for
experimental measurements, thus we carried outrgpaative computational analysis of four
variants of activation of the JAK1/2-STAT1 pathwaysing GSA, complemented with the
profile-likelihood based identifiability analyst$,we showed that the on-membrane pre-
assembly of the dimers in the absence of ligandeases the overall environmental
robustness of the pathway model. In a more gersate, we evaluated the usefulness
of different model selection methods in a frequeaticountered, but not much discussed case
of a model of a considerable size, which has séveriants differing at peripheriés.With
lack of the sufficient experimental data to testiagt, the generalizability/parsimony
principle turned out not to be a sufficient crigefor model selection. The sensitivity analysis
based on the robustness concept enabled more coss@xpert-mediated choice of the
preferred model.

Hierarchical subsystems identification. On the other hand, Soebiyanto ef®aapplied the
multilevel hierarchical systems framew8tko study the coordination principle in the RRE
model of JAK1/2-STAT1 signaling by Yamada et aBased on the knowledge of biological
functionality they divided the model into five systems - 4 modules in the cytoplasm and
one representing the STAT1 activity in the nucledempartmentalization of the pathway
model coupled within silico inhibition, knockdown/deletion and perturbationpekments
identified SOCS1 as a coordinator. Coordinator’® rie to regulate the subsystems at the
lower level to achieve the overall objective of thgstem. In fact, SOCS1 was shown to
regulate functionally independent subsystems reélateSHP-2 and cytoplasmic STATL1. This
discovery of SOCS1 as a coordinator is in line witte recent publicatidn that shows
biological data supporting SOCS1 as a crucial siggaomponent regulator. The model by
Soebiyanto also showed that a SOCS1 knockdown kealigh-level activation behavior of
the pathway, while SHP2 knockdown results in itsstiutive, though pathological,
activation. Theseén silico experimental data agree with the results of STAfdsphorylation
with SOCS1 knockdown shown by Yamada et’and are consistent with Brysha et‘l.
Moreover, it suggests that with abundance of §£Ms it occurs during inflammation, STAT1
can be persistently activated if a SOCS1 mutatimozkdown exists. Without the high
availability of cytokines, it is SHP2 that is regtihg the constitutive activation of STAT1.

| dentifiability of the model. Finally, Quaiser et &f also analyzed the model by Yamada et
al.?® however, focusing on the mathematical problem afdeh identifiability. Authors
proposed an iterative method for model simplificati and demonstrated its use by
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simplifying the JAK1/2-STAT1 model. Their procedumumerically estimates Kkinetic
parameters of the model, create an identifiabiiggking for them, and finally simplify the
model based on the identifiability analysis resuRsrameter is called identifiable if it is
uniquely defined by the model structure and datmukted or experimental. The
simplification steps are applied until the modeidentifiable (i.e. parameter variances are
small). Fully identifiable version of the origin@mhodel was obtained after six silico
iterations. The resulting model has only 9 stateabtes and 10 parameters. Simplifications
include: constitutive binding of JAKs and receptdcs. ref*%): lumping formation of the
receptor complex with STAT1 phosphorylation and)vasely, modeling step dissociation of
the whole receptor complex in a single step; asl wel omitting cytoplasmic STAT1
dephosphorylation (cf. réf).

Modeling based on PSC molecular data. A qualitatively different mathematical model of
IFN-y-mediated signaling in pancreatic stellate cellSGPwas presented by Rateitschak et
al®®1t was based on authors own quantitative experiaiatgta. Their relatively small RRE
(11 kinetic parameters, 9 species variables) mddstribes kinetics of chemical reactions.
Delayed processes (such as transcription and ataos) have been described as a distributed
time delay with gamma kernel. Reduced reaction akwncludes main JAK1/2-STAT1
signaling features, i.e.: binding of the cytokidEN) to the receptor (R) combined with its
immediate activation, phosphorylation of STAT1 coneld with its immediate
homodimerization, nuclear cycling of STAT1, trangtion of IRF1 and SOCS1 as target
genes and negative feedback formed by the latigteipr Most notably this model lacks
negative regulation corresponding to cytoplasmiogphatases, but on the other hand,
includes a post-translational positive feedbackpo@presenting expression of STAT1 in
response to activation of IFjNfeceptors (via unknown underlying mechanism). $tieeme

of biochemical reactions is shown in Figure 4.
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Figure 4: Scheme of the JAK1/2-STAT1 pathway model from the work of Rateik et af® Wavec
(transcription and mRNA relocation) and dashed arrows represdayed processes. Names
variables have been adjusted for a consistency of this review.X$ & @etails.

The results indicate that the contribution of SO@&sthe termination of STAT1 activation in
PSC is limited. The authors suggest exhaustiofr§f land dephosphorylation of STAT1 by
tyrosine phosphatases as critical steps of STA@dtivation in this experimental system.

The proposed JAK1/2-STAT1 mod@lsuccessfully reproduced key laboratory findings
and more importantly allowed to predict the resulfsnew independent experiments not
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previously used for model calibration. One of theompared the efficiency of different
stimulation modes with respect to the expressiaiv@on of different components of the
STAT1 pathway. We considered this experimentalgiesiteresting for the following reason:
Interferons are cytokines with a variety of clidiegplications. Since interferon action also
involves induction of negative feedback loops, dpplication mode (e.g., time between two
applications; dose split versus a single high dasdkely to influence biological efficiency.
Thus, studies at the molecular level may providepde insights into the cellular basis of
interferon responsiveness or resistance. The mdeetloped specifically for PSC is of
potential clinical interests because of the rolayptl bySTAT1 in the mediation of
antifibrotic effects of IFN.

2.2. Network topology reconstruction

In all computational models described up to now assumedh priori knowledge of the key
biochemical reactions involved in the pathway. Gopently it was feasible to model
the network dynamics using a set of differentialamns. Taking one step back, a different
modeling approach that can be found in the liteeat@ims in inference of the network
topology from experimental measurements. A methagiol which was previously
successfully applied in the field of gene regulatoetwork reconstruction (see, e.g., $f.

In the context of JAK-STAT signaling Kaderali et’&lreconstructed the network topology
from gene knockout data obtained with the use oARS¢reening technologyrhe pathway is
modeled as Bayesian network with probabilistic Baol threshold functions. Moreover
the efficient Monte Carlo procedure to sample fritn@ posterior over model parameters was
proposed.

Knockout RNAI dataset. The knockdown experiments was conducted for 10 gen®lved

in two variants of JAK-STAT pathway (JAK1/2-STATIné JAKL/TYK2-STAT1/2) in
humane hepatoma cell line under three differentlitmms: no stimulation, IFNt stimulation
and IFN«y stimulation. The main obstacle in the network retanuction task is the fact that
the number of possible network topologies increasg®nentially with the number of nodes
in the network. To reduce the complexity 10 genethe pathway were manually grouped
into six complexes: IFN: receptor complex, IFN-receptor complex, JAK1 and TYK2
kinase complex, JAK1 and JAK2 complex, STAT1, STAArdl IRF9 complex and STAT1
homodimer. The proposed method correctly reconstduthe core topology of JAK-STAT
pathway. All edges were identified except of STAJHbsphorylation by JAK1/TYK2.

Constraint-based approach. To reconstruct the JAK-STAT signaling network ihaman B-
cell, Papin and Palssbnapplied the method called extreme pathways arsalyShe
methodology, proposed originally in the contextrmoétabolic pathways, enables to study
various properties of signaling systems such agutioutput relationships, crosstalk,
correlated reaction sets and network redundah&xtreme signaling pathways represent the
edges of the steady-state flux cone derived fromvew analysis of systems of reaction
equations (given by stoichiometric matrix) with)@quality constraints such as mass balance
and reaction irreversibility. The method was usedetonstruct whole JAK-STAT signaling
network based on the stoichiometric matrix consgstof 15 different receptors and 15
corresponding ligands identified in human B céellsere were 297 reactions in total that gave
rise to 147 extreme pathways characterizing fundaahéunctional states of the network. The
structure of crosstalk in the JAK-STAT network, rfally defined as a nonnegative linear
combination of extreme pathways, was also analy3edh constraint-based approach may
provide the tool for the description of biologigaind medically significant properties of the
pathway.
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3. Discussion

Combination of theoretical and experimental analysan provide valuable insight into
mechanisms of signaling pathways. High quality datthe limiting factor in computational
modeling of JAK1/2-STAT1 pathway. We briefly revied/ here analysis performed
for existing kinetic models: a set of models dediieom the model by Yamada et “al.
and a more recent model of JAK1/2-STAT1 pathwayamcreatic stellate cells build from
the scratch on the independent dat&$Bigorous mathematical approach allows one to study
the network dynamics, while techniques of sensjtimnalysis and model reduction contribute
to identification of key pathway components (poiardrug targets).

We would like to emphasize, that all reviewed kimehodels of JAK1/2-STAT1 pathway
neglect the aspect of intrinsic noise caused byhststic fluctuations. Our preliminary
comparison of mean and standard deviation of tbehssstic process with the numerical
solution of RRE, both underlying model by Yamadaléf suggest that deterministic model
is a good approximatiofi. However, there is an evident lack of the exhaastaystematic
analysis of influence of both intrinsic and, simankous, intrinsic and extrinsic noise on the
behavior of JAK1/2-STAT1 signaling.

In principle, kinetic models building is a trickya difficult task for many reasons. Except of
an incomplete biological knowledge, there is noacleotion of model optimality. With
respect to more mundane aspects of model buildtagdardization of published models via
common formats, such as SBMt databases, such as BioMod&R and vocabularies, such
as Systems Biology Ontoloffyis essential, yet still not widely practiced. loneext
of computational models of JAK1/2-STAT1 signalingtipvay this is perfectly exemplified
by a variants of the model by Yamada et’dh fact, Zi et aP® and Soebiyanto et &°,most
likely being unable to exactly reproduce originabdel, used as slightly different, smaller
variant of the model (with just over 50 rate partars®. Similarily, as already mentioned,
Shudo et af? applied their own adjustments to the model. Algitoin a model of such size
none of these changes made significant qualitaliferences, small quantitative differences
are noticeable and confusing.

On the final note, we sketched recent attemptsiteven more challenging task of inference
of the network topology from experimental measunetsie Such approach is invaluable
in cases when the network of biochemical reactisngsnknown. In the context of JAK1/2-
STAT1 modeling the extreme pathway analysis apprdaseems more adequate to
understand biochemical reactions network desigmcjpies than the Bayesian network
inferencé®.

Concluding, to appreciate the usefulness of a fommalel, we need to be conscious that the
main role of computational models of signaling patlis is compacting a large number of
detailed knowledge and determining within the ollegdance at the pathway and its
dynamics, which of its elements, when and why arpartant. It happens that discoveries
provided by modeling approach were already know their importance lies in the fact that
these hypotheses had been confirmed independegtlyhéd iterative process of model
development and calibration (this is e.g. the aseucleocytoplasmic shuttling importance
from the model by Swameye et3l.Likewise, computational model helped to demaistr
the importance of dimerization of STAT1 to avoiddesirable activation caused by the noise
in the IFN activity® The last example concerns the reported significasfcthe cytokine
receptors dimerization before the IFN appearancehie stability of the pathway activation
process for slightly different characteristicirifacellular environmefit.
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Figure 1 lllustration of paradigm of interaction between ratitlg and experiments. Note that the
conclusions obtained from the model affect the drmental setup. Similarly, measurements that
provide data to bioinformatics analysis allow fooael enhancements. In the desired scenario several
iterations of such cycle are carried out.

Figure 2: Key steps of JAK-STAT signaling in response to IFIN&Ns induce activation of JAKSs,
receptors and subsequently, of cytoplasmic STAITfiyaphosphorylation. Active STATSs essentially
form dimers, which then are translocated to nucledsere they act as transcription factors
in the specific gene promoter or enhancer regitiid.signaling negative regulators include multiple
cytoplasmic PTPs, nuclear PTP and PIAS proteingedisas specific to IFN signaling SOCS1 which
in principle inhibits STAT1 phosphorylation proceSge text for more details.

Figure 3: JAK1/2-STAT1 pathway modules denoted by colors ba scheme of a model by
Yamada et al’ (a), and numerical simulations of modules outpetcies representing concentration
of, respectively, phosphorylated receptor dimer (ifjosphorylated nuclear STAT1 dimer (c), and
SOCS1 (d) with respect to time. Additional decanasi of the simulations graphs represent signaling
properties, such as: peak activity timelurationd and amplitude:*® at the basal, steady state lewel
corresponding to a constant IFN input of 10 nMsulich in-silico experimental setup, unbound active
receptor reaches peak in ca. 25 min (b) and frahrtfoment on it is gradually used up in activation
of STAT1 proteins. In turn, phosphorylated STATIndrs accumulate in nuclei, with maximum
concentration reached in ca. 1 hour (c). Their stawcentration descent is followed up by delayed
expression of SOCSL1 proteins (d), which gradualigrtake active receptors (b). The remaining small
excess of the latter induces a second, much wedlase of signaling, starting in ca. 5-th hour (b-d)
After that the signal is completely attenuated. ddon of activity of signaling moleculeselongates
downstream of the pathway, and extent of this effiepends on the strength of signalingcf. the
first and the second phase of signaling; b-d).

Figure 4: Scheme of the JAK1/2-STAT1 pathway model from theknof Rateitschak et &f.Wwaved

(transcription and mRNA relocation) and dashed vesraepresent delayed processes. Names of
variables have been adjusted for a consistendyi®feview. See text for details.
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