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Abstract

Oxygen is a crucial molecule for cellular function. When oxygenatehexceeds supply, the
oxygen sensing pathway centred on the hypoxia inducible factor (sll§Witched on an
promotes adaptation to hypoxia by up-regulating genes involved in anggsg
erythropoiesis and glycolysis. The regulation of HIF is tigimigdulated through intricate
regulatory mechanisms. Notably, its protein stability is comtdolby the oxygen sensing
prolyl hydroxylase domain (PHD) enzymes and its transcriptiatadity is controlled by th
asparaginyl hydroxylase FIH (factor inhibiting HIF-1).

To probe the complexity of hypoxia-induced HIF signalling, effaris mathematical
modelling of the pathway have been underway for around a decades pagr, we revie
the existing mathematical models developed to describe and espksific behaviours of
the HIF pathway and how they have contributed new insights into ourstisuaiding of th
network. Topics for modelling included the switch-like response to dmsmleaxyge
gradient, the role of micro environmental factors, the regulatioflblyand the temporal
dynamics of the HIF response. We will also discuss the tedhagmects, extent and
limitations of these models. Recently, HIF pathway has beeniciagdl in other disease
contexts such as hypoxic inflammation and cancer through crosstaikih pathways lik
NFxB and mTOR. We will examine how future mathematical modellimg) fimulation o
interlinked networks can aid in understanding HIF behaviour in complex pafiolagical
situations. Ultimately this would allow the identification of new noh@cological targets in
different disease settings.
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Introduction

Hypoxia is the cellular stress which occurs when oxygen demacek@x supply. As a
homeostatic response to this challenge, several classes of gyenep-regulated, which



encode for proteins involved in angiogenesis, erythropoiesis and gly;dysh as vascular
endothelial growth factor, erythropoietin, most of the glycolyticyemes and glucose
transporters [1]. The possibility that higher organisms have diogggen sensing
mechanisms, like those known for yeast and bacteria, has alwagesiete biologists. A
major advance in the knowledge of mammalian oxygen regulation camesfudies on the
hypoxic induction of erythropoietin (EPO). This glycoprotein regslateammalian
erythrocyte production and, as a result, oxygen delivery to tissé®3.rBERNA levels are
several hundred folds induced in rodent liver and kidney in response to &yguXithis
induction was found to be effected by a nuclear factor induced fpyxia; named hypoxia
inducible factor (HIF) [2,3]. Later it was found that HIF is a dinscomposed of an oxygen-
regulated alpha subunit (HIFtl-200 and -3) and a constitutively expressed nuclear beta
subunit (HIF-B, -28 and -3) [4,5]. Although all the subunits are involved in generating the
diversity of the transcriptional response to hypoxia [6], the comeponents are thexland

1B subunits.

In normoxia, the HIFx protein levels are low due to constant ubiquitination-dependent
degradation via the Von Hippel-Landau (VHL) E3 ligase protein [7],clviriecognises
proline hydroxylated (Pro-OH) HtF[8-10] on two independent sites: a carboxyl terminal
and an amino terminal oxygen-dependent degradation domains (CODDMNQ@D®D,
respectively) [11,12]. These hydroxylation reactions are ca&idlgy oxygen-sensitive prolyl
hydroxylases (PHD) [13,14], establishing hydroxylation as a novel ifurait post-
translational modification in signalling pathways [11]. Anotheeleof control lies with the
oxygen-sensitive asparaginyl hydroxylase FIH (factor inim@pitHIF), which hydroxylates
the HIF alpha-protein and inhibits subsequent recruitment of the fifstital co-activators
p300 and CBP [15-18], thereby inhibiting the HIF transcriptional actiUtityhypoxia, when
less oxygen is available for PHD/FIH-mediated hydroxylatiorf-tdlprotein accumulates,
translocates into the nucleus, associates withfiHiRe the co-activators p300/CBP to induce
gene expression by binding to the conserved [A/G]CGTG hypoxmeines/e element (HRE)
[1], including PHD2 [19] and PHD3 [20], establishing a negative feddlmap. A historical
timeline of the major experimental findings together with ¢bee components of the HIF
network are shown in Figure 1. The ancient HIF response is consdmadjiout the
metazoans [21] and is an important physiological adaptation mechtmisonditions of low
cellular oxygen, such as high altitude, ischemic stroke or myatamfarction [1,11].
However, it can be hijacked in patho-physiological conditions suchrae where it allows
for clonal selection of cancerous cells adapted to the hypoxiocutumicroenvironment [1].
HIF-a is thus a promising anticancer drug target, and several compaoanygsirntg HIF
translation, degradation or transcriptional activity have already beervegd22].

Figure 1 Experimental and modelling advances in the HIF pathway(A) Historical

profile of the major findings in the core components of the HIF pathway, alongsidesjor
modelled behaviours. Numbers refer to the referenB@<¢re elements of the HIF
pathway: in normoxia, Hlfeis hydroxylated by PHD in presence of molecular oxygei). (O
This allows the binding of von Hippel-Lindau protein (VHL), eventually leading to HIF
proteosomal degradation. HtFean also be hydroxylated by FIH, which interferes with the
interaction with transcriptional coactivators p300 and CBP. In hypoxia, when demand of
oxygen exceeds supply, the oxygen-sensitive PHD and FIH enzymes are inhibited|F-hus H
a can accumulate, translocate into the nucleus and associate wighadt-p300/CBP,
leading to formation of a transcriptional complex recognising hypoxia reispaglements
(HRE) on the promoter of target genes. One such gene upregulated enco¢s, iwhkeh
creates a negative feedback loop.




In a linear biochemical cascade, effects of perturbations suphamacological inhibition
of cascade components can be intuitively predicted and interpretaglevier, cellular
responses often appear to be mediated through highly interconnectednapléx networks
forming from multiple pathways crosstalk and feedback regulationh Sunilar level of
complexity featured by the hypoxia-induced HIF signalling netviag motivated studies in
which mathematical models are used to gain understanding of thegesmenetwork
behaviours. The focus of this review is to bring together the modeltings and discuss the
models developed so far for the HIF signalling pathway. These madellemented to run
as computer programs, can generate simulations which provides ayawelkfto analyse
and understand the HIF network behaviour in complex physiologicatisitsaincluding
inflammation and cancer. Moreover, model-based analysis would allowdehgfication of
new pharmacological targets in different disease settingshdffe a comprehensive review
of the available models of the HIF pathway will help lap@ndation for the development of
more complete HIF models, as well as of future large-snalgels integrating HIF and other
pathways.

Mathematical models of the HIF pathway

Overview of the HIF pathway models

Mathematical modelling of the HIF pathway was initiated by Komth @lleagues [23], who
also pioneered the development of molecular interaction map (MIM). Since then, a mfimber
HIF models have been developed focusing largely on four topics whiachilivéiscuss in
detail: (1) oxygen-mediated switch-like behaviour of HIF nucleacumulation and
transcriptional activity [23-27]; (2) HIF sensitivity to the male&r micro environment
[25,28]; (3) role of FIH in the modulation of HIF activity and stdpiliesponse [27,29-31]
and (4) temporal dynamics of the HIF response to hypoxia [23,25-28,30,3ibheline of
these models is given in Figure 1A.

Modelling of a biochemical network typically begins with constructadna molecular
interactions map which summarises the biological knowledge and pravweaprehensible
and unambiguous graphical description of the network regulation. Figure Zlgsosn
example of such an interaction map for the HIF network [31]. Theartiens are then
formulated using precise mathematical terms which make umatigematical model of the
network. The available HIF models are primarily developed usinghamgidifferential
equations (ODE) which are based on biochemical reaction kineticppapaah appropriate
for addressing network dynamic behaviours. Reaction kineticsiloedcby either mass
action or Michaelis-Menten laws are used to formulate the biesach component of the
network interaction map. In some models, model reduction using quadi state analysis
was performed for certain reactions, such as the hydroxylatictiaes mediated by PHD
and FIH and the interaction between VHL and prolyl-hydroxylatéé ptlotein. By using the
Briggs-Haldane approximation [29], intermediary states can $@mesd time invariant and
neglected, thereby reducing the complexity of the system. Forthey values for the initial
concentrations of each variable species and kinetic rate congegts association,
dissociation, catalytics, synthesis, degradation) are -either netitairom experimental
measurements (in-house or from the literature) or estimatetlimerically searching the
parameter space for optimal fitting. A detailed summary ofitbee technical aspects of each
of the developed mathematical models for the HIF pathway is presented in Table 1.



Figure 2 Molecular interaction map (MIM) for the HIF network. An example of the
MIM used by our group for modelling the HIF response. The cellular localisation of the
various moieties of HIF (free HIF, prolyl-hydroxylated pOH and asparaiygtoxylated
aOH), VHL, PHD and FIH are described to be either cytoplasmic or nuclear! Maddons
are numbered in red. Output of the MIM is the Gaussia luciferase signal undentiad of
HRE. Figure is reproduced from [31] with permission.




Table 1 Summary of the main features of HIF models

Model reference Modelled behaviour ~ Major assumptions Findings/Predictions Modelling approach Parameter finding

Kohn et al., 2004 HRE occupancy and/ofl) Essential network behaviour (e.g. switch-like A switch-like behaviour for HIF is predicted to originatenfréliFa protein stabilisation and activity are modelled by k-space for optimised sharpness of
mRNA expression in  behaviour) encoded in core subsystem; numerically integrating a system of ODEs at each oxygen HRE occupancy in response to oxygen
response to changes in (2) PHD confers oxygen dependence; (i) rapid oxygen-independeatsyihesis concentration. concentration changes.

Kooner et al., 2006

oxygen concentration. ) ] ] ) o )
(3) Only one PHD isoform is dominant in each cell liig; oxygen-dependent HiFdegradation

(4) HiFu refers to either HIF-d or HIF2y (iii) a higher affinity of HIFe for PHD than HIF-§
(5) Hypoxia responsive genes are activated byxHIF The negative feedback loop (HIF: PHD2) has non influence
binding to HRE; on this behaviour

(6) Hydroxylated moieties are equally likely to bind to
and activate HRE;

(7) PHD promoter contains a HRE, which creates a
negative feedback loop;

(8) HIFu is synthesized at a constant rate;

(9) HIF-1B concentration is constant.

HRE occupancy and/dn comparison to Kohn's model: Oxygen-dependence ofdilIHF-18 and HIFe: HIF-13:  HIFa protein stabilisation and activity are modelled by
MRNA expression in (1) HIF dissociation from HiR: HIF-1B and HIFe: HRE complexes dissociation and HiFruclear exportis  numerically integrating a system of ODEs at each oxygen
response to changes in H|F-18: HRE complexes and nuclear export* is lineaPPPosed to be the major mechanism responsible for the concentration.
oxygen concentration. dependent on oxygen; decrease in HIF protein and activity in the 0-0.5 % oxygen

(2) HIF and PHD associate in an oxygen-dependeff"Sion-
way but the dissociation is oxygen-independent;

(3) Hydroxylation and ubiquination can occur both in

the nucleus and cytosol;

(4) Negative feedback via PHD is not necessary.

Yu et al., 2007 HRE occupancy and/of1) Identification of the major pathways responsible witch-like behaviour is predicted to originate from the Extreme pathway analysis for the analytical identifarabf key
mRNA expression in  a behaviour can be analytically identified by extremeswitching of a PHD-@VHL-dependent HIF degradation components responsible for the sharpness of the ldfonse to
response to changes in pathway analysis (EPA) instead of the more pathway in normoxia to an oxygen-independent degradatiotygen, followed by analysis of fluxes through the pathway.
oxygen concentration computationally-demanding numerical integration ofathway in hypoxia.

system of ODEs;
(2) Negative feedback via PHD is not included;
(3) HIF-o precursor species is a constant and therefi
integrated in the HIF synthesis rate constant.
Qutub and Popel, 200&ensitivity of HIF Ascorbate is the key reducing agent responsible for Two HIF responses to hypoxia are predicted according tdHtteprotein levels are modelled by numerically integraing

Experimental or assumption based
mostly on NikB model (e.g. mRNA
and protein synthesis and degradation).

k-sets from Kohn et al. (2004).

Experimental or estimated from the

protein to hydroxylation keeping the F& pool in the cell, counteracting the  concentrations of PHD, Feand 20G, which can reflect  system of ODE at each,@vel with different concentrations of model followed sensitivity analysis.

cofactors and PHD oxidizing role of HO.. different cellular/environmental contexts. These 2 responkey cofactors of the PHD hydroxylation reaction
are either a steep switdike response when all hydroxylatit
reactants are in excess, or a gradual increaseavniétar-
linear oxygen sensitivity when the reactants are limiti

Qutub and Popel, 200Temporal effect on HIF This model builds on the one from Qutub and Popel The ratio of PHD2 to HIF in different tissues and cellety isIn addition to the approach in Qutub and Popel (2006), the mdeigberimental or estimated from the

protein stabilisation by (2006) and includes the effect of succinate, a produgiroposed to modulate the HIF accumulation to chronic integrates the time course for PHD2 synthesised in resfgons
succinate inhibition andthe PHD hydroxylation reaction the ratio of PHD2 thypoxia. hypoxia and the accumulation of succinate.
PHD negative feedbackHIF protein. The model predicts a very sharp and transient accumulatio

of unhydroxylated HIF protein at high PHD2: HIF ratio, and

a reduced but sustained HIF stabilisation at low PHIIE:

ratios.

Accumulation of succinate under conditions of chronic

hypoxia is predicted to inhibit the HIF hydroxylation

reaction.

model followed sensitivity analysis.




Yucel and Kurnaz,
2007

Dayan et al. 2009

Sensitivity of the

a cancer cell to PHD andifferentially regulated by FIH and PHD;

FIH.

FIH controls a switch (1) The C-TAD modified by FIH and the N-TAD
between C-TAD and N-modified by PHD function as independent RNA

TAD HIF target gene
repertoires

Schmierer et al., 2010 ARD proteins

sequestration of FIH

(1) The angiogenic potential of a cancer cell is

(2) Compartmentalisation (nuclear, cytoplasmic and normoxic levels.
extracellular matrix) is included for HIF and VEGF, but

not for the hydroxylases;

(3) FIH is a post-translational modificator of HIF,

through Asn-hydroxylation, which sequesters HIF in a

form that is unable to bind the co-activators p300/CBP

after translocating into the nucleus.

(4) PHD is the regulator of HIF stability by promoting

the proteasome-mediated degradation after the Pro-

hydroxylation of HIF.

moderate hypoxia while C-TAD dominant genes are

Both PHD and FIH overexpression in hypoxia are predict€dbncentrations of reaction species and kinetic reactimstants Experimental or estimated from the
angiogenic behaviour ofdependent on HIF-mediated VEGF expression whichoiglecrease HiFaediated transcriptional activation of VECwere inputted into GEPASI alongside with the governing
Only PHD is able to decrease the transcriptional actiuity equations following the principle of Mass action and Mlis-

model followed sensitivity analysis.

Menten kinetics.

N-TAD dominant genes are predicted to be induced durirstandard ODE approach, HIF transcriptional activity is medellNumerical fitting of the parameters to

as a gene induction function. This incorporates a paeartg’ experimental data was done through

polymerase recruitment domains, controlling differergredicted to be induced in more severe hypoxia, when Fltthere =0 for FIH-independent and g>0 for FIH-dependent geweslinear fitting with Mathematica.

subsets of genes;
(2) No assumption of a switch-like behaviour;

loses its activity.

The FIH &ty of a gene is proposed to be estimated
from the ratio of MRNA fold change at 3% énd at anoxia.

(3) Only HIF-1o. is modelled, and the data is fitted to &lo switch-like behaviour is predicted: the model did not find

HIF-1a only cell line (LS174).
equilibriums could exist.

Building on the framework from Dayan et al. (2007), The FIH/ARD interaction is predicted to provide a

the module was extended at the conceptual level intmechanism by which the hypoxic response threshold cartfagiscriptional activity and protein stability under diéfet

modulates FIH activity taking into consideration:

Nguyen, Cavadas et ¢Global temporal

2013

dynamics of the HIF:
PHD: FIH network.

(1) Asn-OH-C-TAD-HIF can lead to a third subset of(i) varied (range finding mechanism); (ii) ultrasensitive
HIF target genes, which is only activated in moderatexygen level;

hypoxia;

(2) ARD proteins can sequester FIH in an inactive stéii¢ sharpen the signal to response curves;

until it is released at intermediate oxygen concentrations

(moderate hypoxia)

(3) HIF-1B, 20G and F& are not limiting;

(4) Degradation of HIF-Pro-OH and HiE-HRE
binding are fast compared to Pro-hydroxylation.

(iv) create a time delay for C-TAD hg®ylation upon
reoxygenation (memory effect).

a region in the parameter space (k-space) where twe stabl

Standard ODE approach was used to modulate the HIF Numerical fitting of the parameters to
experimental data was done through
combination of hydroxylation status. non-linear fitting with Mathematica.

All simulation were done using the open source softwar@-XP
AUT.

Steady state values calculated by running time courseationlal
different oxygen levels until a steady state was achieve

(1) The degradation of Pro-OH HIF via VHL binding Bhe model predictions match heuse experimental data. THIFa protein stabilisation and activity and protein levelPétD Numerical fitting of the parameters to

assumed to be an irreversible step; main findings are:
(2) A generic PHD entity is considered for simplicity; i) g residual activity of FIH at low oxygen concentratio
which can be inhibited by siRNA;
(i) HIRvawt is not directly correlated to HIF protein
expression levels;
(4) Hydroxylation and VHL-mediated degradation cafiii) silencing FIH under conditions of PHD inhibition
occur in both nucleus and cytoplasm with similar  increases HIF activity but paradoxically reduces HIF
kinetics; stability, explained by a role for FIH in controlling HIF
(5) Asn-OH-HIF can be hydroxylated by PHD but Prérotein stability.
OH-HIF cannot be hydroxylated by FIH due to the fast
degradation kinetics of Pro-OH-HIF;
(6) Hydroxylation steps are mostly irreversible,
although a small fraction could in theory be reversible;
(7) Both hydroxylated and non-hydroxylated HIF and
PHD can shuttle between the cytoplasm and the nucleus;
(8) p300/CBP co-activators are not included and HIF-
o/ dimer is assumed to be active;
(9) PHD is HIF-inducible, forming a negative feedback
loop;
(10) Only nuclear HiFe free of asparaginyl
hydroxylation is assumed to be transcriptionally active.

(3) FIH is assumed to be mostly cytoplasmic;

and FIH are modelled by numerically integrating a system of in-house experimental data was done
ODEs in different experimental conditions (such as oryge  through non-linear fitting with
concentration, PHD or PHD and FIH inhibition) over 12 hours Mathematica.

period. This follows an iterative process of predictive higpsis

and experimental validation.

* HIF is exported to the cytoplasm to undergo degradation upon reoxygenation of hypoxid4;883. [



Switch-like behaviour in response to decreasing oxygen

While the HIFea response is experimentally reported to increase exponentigtyeducing
oxygen tension over the physiological range, there is insteaghh décrease in the Hié-
response at low oxygen levels (0.5% to 0% [@2]. This decrease is intriguing because the
hydroxylation reaction by PHD requires oxygen as substrate ang@énierally assumed that
at levels close to anoxia, the HIF response is maximal. Téleservations gave rise to the
hypothesis that HIF response could offer an on/off (a “switof&fhanism for the onset of
hypoxia-induced gene expression and that there is a sustained piakéi& response at very
low oxygen tension [23,25-27,33]. Many of the available HIF models aithetoretically
explain this hypothetical switching mechanism, and at least ttweeeptually different
explanations have been provided (Figure 3).

Figure 3 Different model-based explanations for the switch-like behaviourfA) Hypoxia
causes the oxygen-dependent HIF degradation ratg (ka PHD and VHL to be lower than

the oxygen-independent HIF synthesis ratg (E3]. (B) Hypoxia causes the oxygen-

dependent HIF degradation pathway (Flux 1) via PHD and VHL to be lower than the oxygen-
independent pathway (Flux 2) [26]. (C) Oxygen regulates the activity of PHD lbasike

HIF nuclear export and the dissociation rates for HIF: HRE and HIETomplexes [33].

Starting from a comprehensive MIM of the HIF network, Kohn and aglles reduce it to a
core subsystem comprising of HéE-HIF-B, PHD2, PHD3, VHL and a generic HIF target
gene containing a hypoxia responsive element [23]. Under normgkoxgonditions, the
oxygen-independent synthesis rate of kIks assumed to be lower than the oxygen-
dependent degradation rate arising from a fast hydroxylatiotioedry the PHD enzymes.
Thus almost every HIF protein synthesised would be hydroxylated gnaldeel before being
able to bind HIRE. As the level of oxygen concentration decreases, PHD actisity i
increasingly reduced, resulting in decreasing Hléfegradation rate which at a threshold of
oxygen level, becomes lower than the HIBynthesis rate. Subsequently, accumulated HIF-
a associates with HIB; leading to HRE occupancy. Kohn’s model manages to simulate a
sharp increase in HIF response and a plateau phase at low agggEm. Interestingly, the
model analysis proposes that this sigmoidal, switch-like behavioursooaly if the affinity

of HIF-a for PHD is assumed greater than for HIF23]. The switch is further investigated
by Yu and collaborators using a Boolean based extreme pathwayisi@gysoach [26]. In
Yu’'s model, the HIF network is further simplified by excludingateans which are shown
not to be required for the switch-like behaviour, such as the PHD wedatdback loop
[23]. In addition, Yu's model considers 3 major pathways for HIF degoad§26]. This
modified model predicts that the switch-like behaviour is causesiitghing from a PHD-
O,-VHL-dependent HIF degradation pathway in normoxia to an oxygen-independent
pathway in hypoxia. The latter may be due to the reported binding ofopH& in anoxia
(<0.2% Q) which leads to induction of HIF degradation [34].

Although the models by Kohet al and Yuet al both describe a plateau in the HIF response
at very low oxygen tension, this is however not in total agreemiéimthe experimental data
they have used, which shows instead an attenuation of the HIF regiomsgyen levels
close to anoxia [32]. In order to address this discrepancy, Kooner cdledgties have
extended Kohn’s model by considering the role of oxygen in mediatingaiotions of HIF-

a with PHD, HIF$ and HRE, as well as its nuclear export [33]. Their model asstimages
HIF-a and PHD associate in an oxygen-dependent manner but the dissorgaiction is
oxygen-independent. Furthermore, HIFHRE and HIF-&: HIF-18 dissociations as well as



HIF-a nuclear export are assumed to be linearly dependent on oxygen cdimentfaing
data on the export of HIk-from the nucleus and its degradation in the cytoplasm following
reoxygenation [35,36], Kooner’s model is able to reproduce the attenudgohadfthe HIF
response at oxygen concentrations below 0.5%. This suggests that tisatiocabf HIF and
other core proteins can be significantly important for the modulation of the Hien®ss

I mportance of the molecular microenvironment

In addition to oxygen, the hydroxylation reaction catalysed by RdfDires both P& and 2-
oxoglutarate (20G, also known @sketoglutarate) as reactants [11]. The reaction can also be
affected by other micro environmental factors, including ascolvatmin C). Their levels
vary across tissues, which may affect the tissue-specikcrésponse via the regulation of
PHD activity [37]. Furthermore, 20G is converted to succinaigu(é 4A), both of which

are part of the Kreb’s cycle, and directly link PHD activity to cell metabo[38,39].

Figure 4 Different model-based explanations for the effect of the PHD hydroxgtion
reaction on the HIF response(A) The PHD hydroxylation of HIFd protein requires
molecular oxygen (§), iron (F€"), 2-oxoglutarate (20G) and ascorbate (Asc) as reactants,
producing succinate (Suc) and carbon dioxideAC@®) In the presence of abundant PHD
and hydroxylation cofactors, there is a step decrease in prolyl-hydeckyE (HIF-lo-

POH) with decreasing oxygen. However, this decrease is linear undedlifttD2 or
cofactors [25]. C) Increasing the ratio of succinate to PHD leads to increased succinate
inhibition of PHD from negative feedback (A), resulting in decreased prolybRythted

HIF [28].

To analyse the effect of the molecular environment on the HIF respQusgub and Popel
constructed a model of the HIF network incorporating the level&df &scorbate and 20G
[25]. When the cellular levels of PHD, 20G and Fare in excess, their model predicts a
steep drop in HIF hydroxylation with decreased oxygen. Howevanyione of the reactants
is limiting, a near-linear response to oxygen is observed insteacoMar when two or
more reactants are limiting, Hke-hydroxylation is greatly reduced with a significant
decrease in sensitivity to oxygen (Figure 4B). The effectsobiate is found to be more
complex, and an intermediate response is instead predicted whebassdevel is limiting
[25]. These predictions open up potential therapeutic strategies ddulating HIFe
hydroxylation by varying the metabolic environment of cells. Arlatedel [28] includes the
level of succinate, which has been shown to negatively feedbacktlentbydroxylation
reaction [38,40-42]. The prediction from this model is that a high sateito PHD ratio at
the beginning will result in a decrease in Hiffrydroxylation and increase in HIF activity
(Figure 4C). This is relevant to the condition when succinate level is higdrenbrmal, such
as in the case of succinate dehydrogenase deficiency [41,42].

Role of FIH in shaping the HIF response

The HIF«a protein contains two independent transcriptional activation domains (&
C-TAD [43-46]). PHD enzymes hydroxylates HiFat prolyl residues present in the N-TAD,
while FIH hydroxylates at the asparaginyl residue in the AD-T(Figure 5A). This is
mathematically represented in a model by Dayan and colleaghes, aims to simulate the
sensitivity of a set of genes to FIH activity over an oxygeuigra [29] (Figure 5A). Some
genes are proposed to be dependent on the N-TAD only, while o#logriseran additional
intact non-asparaginylated C-TAD. Given that PHD has a higheitafor oxygen than FIH



[47], the differential and spatially dependent gene upregulatioHIByis attributed to the
sensitivity of certain genes to an oxygen gradient which wetes PHD but not FIH (mild
hypoxia; N-TAD-sensitive/C-TAD-insensitive genes) or both PHid EBIH (strong hypoxia;
N-TAD/C-TAD-sensitive genes) [29,46] (Figure 5A). This model predn appears to agree
with experimental data on FIH-sensitive and insensitive genes IHt&jever, a group of
other genes (including BNIP3 - BCL2/adenovirus E1B 19 kD interagtiatgin 3) does not
fit the model, and FIH overexpression instead increases their exyressr this observation,
Dayan and colleagues propose the existence of an unknown C-TAD-depesputessor
which is activated and de-represses this particular group of.g8abmierer and colleagues
suggest an alternative explanation based on their model, which ptédicégsgroup of genes
(such as BNIP3) is actually activated by an Asn-hydroxgt&el AD HIF-a, and thus not
dependent on CBP/p300 [27]. Schmierer's model also includes the hydiaxybétother
ARD (ankyrin repeat domains) proteins by FIH and assumesthieat is competition
between ARD proteins and HIF for FIH (Figure 5B). Thus, as oxygeside decreases, the
model predicts that FIH catalytic activity decreases atessslikely to hydroxylate HIF at its
C-TAD [27]. Furthermore, Schmierer's model of ARD/HIF/FIH irtetions is predicted to
generate a time delay for C-TAD hydroxylation and encode aameaifect of the hypoxic
episode [27]. The more severe the hypoxic exposure, the longértaide for FIH to be free
from ARD sequestration upon re-oxygenation, resulting in non-Asn-hyaadyIC-TAD-
HIF moiety lingering longer in the nucleus.

Figure 5 New roles for FIH in the regulation of the HIF response(A) The HIFe protein
contains two independent transcriptional activation domain (N-TAD and C-TAD),-the N
TAD overlaps with the CODDD. PHD enzymes hydroxylate the prolyl residsempren the
N-TAD, while FIH hydroxylates the asparaginyl residue in the C-ThkDhigh oxygen
concentration, both PHD and FIH are active, resulting in no HIF-regulated geraseact
As the oxygen tension decreases, PHD is inactivated, resulting in expressidii\of-N-
sensitive genes. In strong hypoxia, both PHD and FIH are inactivated, resukixgyéssion
of N-TAD and C-TAD-sensitive genes [29B) FIH can hydroxylate either ARD or HIé-
proteins. Sequestration of FIH by ARD inhibits HIF asparaginyl hydréieylg27]. (C) HIF-
a can be degraded via either PHD-dependent or -independent pathways. FIH hyidroryla
HIF is proposed to protect HIF degradation via the PHD-independent pathway [31].

The model developed in our lab considers the titetwork as a dynamic system affected
by both oxygen concentration and the duration of exposure to hypoxia [31]H[Fae
moieties (free, prolyl- and asparaginyl-hydroxylated formasg¢ treated and described
separately in the model, as are their cytoplasmic/nucleatidattah (MIM shown in Figure
2). This model incorporates both PHD and FIH as the major HIF hyldses and also
accounts for the negative feedback regulation due to HIF-indugedssion of PHD. Model
calibration is carried out based on experimental data generateouse which consist
primarily of the time-course dynamic data up to 12h post hypetioulation of HIF
stabilisation and transcriptional activity using a pan-hydroxylasehibitor
(Dimethyloxalylglycine, DMOG) or a selective PHD-inhibit@NJ1935 [48]). The model is
able to satisfactorily simulate the Hlk-temporal response to different oxygen levels and
also to increasing concentrations of DMOG and JNJ1935 (refle@HD+FIH or PHD
inhibition). It is also able to simulate the modest effect &f Bilencing on HIF-& activity
observedn vivo in mice lacking FIH [49]. Moreover, the model predicts an unusuealfool
FIH in regulating the stability of HIF by protecting Hlf-Ifrom non-PHD mediated
degradation (Figure 5C). This prediction is further supported by itpiargly analysis of a
reduced model containing core interaction module of the HIF networkclasely matches



experimental data using an overexpressed HiIfvith mutated prolyl residues (making it
non-hydroxylable by PHD). Thus this model reassures the known wgittingture of the HIF
network and more importantly a new role for FIH in regulating HIF staldiproposed from
the model and validated experimentally.

Temporal dynamics of the HIF response to hypoxia

The transient accumulation of HH--during hypoxic time-course exposure is a well
characterised feature of vitro systems, described to be due to the presence of negative
feedback loops [25,28,30,31,50]. The best described mechanism for this dexithasap-
regulation of HIF-regulated PHD 2 and 3 enzymes [19,20], although otlierelgulated
feedback such as mir-155 [50] can also affect the transient response. Qutub arch&gpel
the effect of varying the ratio of PHD: HIF synthesisd goredict that this might be a
mechanism to generate very different HIF responses, possiallpto different cell types to
respond differently to a hypoxia stimulus [28]. At higher PHD: W¥fathesis ratio, the HIF
response is sharp and transient. When the ratio is lower, the respdet®yed but does not
attenuate, in close agreement to experimental data in HEK293 [B&lls Their model
assumes that the PHD: HIF synthesis ratio can be controll@dfégdback loops: autocrine
HIF up-regulation, negative feedback through HIF up-regulation of PHD2saocinate
production inhibition [28].

Discussion

Usefulness of current models

While many of the molecular components of the HIF pathway haes ldentified and
characterised, the dynamics of their interaction within the n&tane less well understood.
Knowledge of the network components alone do not warrant a wholmterstanding of the
system, particularly by simple intuition. The collection of modkdseloped so far for the
HIF pathway has provided different quantitative frameworks upon vérnaérgent properties
of the network as a whole can be obtained, which is crucially immom understanding
effects to perturbation such as drug responses. Some of theses rpoalétie plausible
mechanistic explanations for previously observed experimental obses/atthich are
nontrivial otherwise. For example, the molecular mechanisms padia HIF switch-like
response to decreasing oxygen levels have been extensively mi¢a8|26,33] based on the
original experiments by Jiang and co-workers [32]. Thasglico studies can help in the
elucidation of the pathophysiological role of the oxygen gradienblestad in a tumour
microenvironment. Furthermore, modelling and simulation can suggest testable
hypotheses which guide further experiments in a rational way. Takelnfrom Dayan and
co-workers [29] proposed a new paradigm of hypoxic differential gegndation within this
tumour oxygen gradient. Given the differences in oxygen sensitemtyPHD and FIH, a
sequential inhibition of PHD followed by FIH is predicted down the erygradient. Thus
hypoxia is proposed to induce specific HIF-regulated genes in &lgpabntrolled way
depending on their C-TAD or N-TAD sensitivities [29]. It is nolpassumed that HIF
protein stabilisation is indicative of HIF transcriptional acyiviHowever, work from our
combined experimental and modelling study shows that this is natsaeite true, and HIF
activity is tightly controlled by the activity of the aspgmyl hydroxylase FIH [31].
Furthermore, our mathematical model predicts that FIH, throughaagpg-hydroxylation,



can protect HIF from PHD-independent degradation mechanisms (Eg@yyestablishing a
new role for FIH in HIF stabilisation.

Limitations of the current models

The models developed so far have focused on understanding the relationshgoaxygen
levels, a limited number of micro environmental factors and the rddponse (protein
stability and transcriptional activity) using the canonical companehtthe HIF pathway
(HIF, VHL, PHD, FIH and the HRE element). While the main congrds can broadly
describe the HIF response, several assumptions have been madecamsileicting the
models. Sometimes these assumptions were taken to simplify thdingpdeocess but more
often than not the assumptions are due to lack of experimental datad mdost of the HIF
models to date have been constructed based on published third par@gitdatigh some
models including ours [29,31] have benefited from a process of iteragpezimental and
mathematical validations. Moreover, the limitation in the availgbilof dynamic
experimental data has restricted most models to focus on stddybehaviour, except the
more recent ones [31].

A common assumption has been that the PHD isoforms 1, 2 and 3 belmasmgle entity,
i.e. they respond similarly to oxygen levels, are responsible fortamang the HIF baseline
normoxic levels and are hypoxia-inducible to provide a negative feetliigzkAlthough the
oxygen sensitivities of the PHD enzymes are generallyaifdl7], the PHD2 isoform is, for
many cell lines, the most abundant and considered to be the mainhyargkylase for HIF
stabilisation in normoxia [52]. Experimentally however, the other tsadorms are not
redundant, as PHD1 and PHD3 have been shown to contribute to the HI&tioegin
certain cell lines [53]. Furthermore, compartmentalisation optbeeins involved in the HIF
response was rarely considered in most models, even though PétBssiown to have
specific localisation in the cell which could affect theiratgs [54]. Similarly, HIFx exists
as three different subunits (1, 2 and 3) and have been shown to regelafe sets of genes
[55,56]. While it is technically possible to differentiate amongdleunits through isoforms
specific gene silencing, most mathematical models sim@ynas that hypoxia response is
mediated by HIF-d& only. Our group has bypassed this challenge by modellingyihaxia
response in HEK293 cells lacking the Hlk-<ubunit [31].

The lack of signalling crosstalks in the current models refldue technical challenges to
obtain high quality data on the dynamics of different transcriptifacabr activities (such as
for HIF with NF«B) and to measure the abundance/modification states of signalitegnsr:
Fortunately, there have been recent advances which have facilitedeneration of
guantitative experimental data suitable for mathematical modellFor example, the
simultaneous transfer of proteins from multiple gel-strips ontos#imee membrane (multi-
strip western blot) has increased data output per single blotioe @nd allowed
simultaneous monitoring of proteins while reducing signal errors [57,58), Aur group has
initiated the use of secreted luciferases as a non-invasive nfethmdnitoring the temporal
dynamics of transcriptional activity [31,59,60].

Opportunities for future modelling work
Overall, most of the modelling effort up to date has been ckotreéhein vitro HIF response

to hypoxia with the HIF pathway being the sole focus (Figuréléyvever, HIF is known to
have important roles in normoxia, and more complex physiological conslijoverned by



extensive crosstalk to other pathways. Interestingly, but perhapunmtsingly due to the
increased complexity of the system, mathematical modellingeotrosstalk and synergism
with other pathways such as & [60,61] and mTOR [39,62,63] have not been considered.
We will focus on NkB and mTOR as examples of topics for further research dueeto t
significant degree of crosstalk during two pathophysiological conditof both basic and
pharmacological interests: inflammation and cancer.

Figure 6 Opportunities for further modelling work: HIF crosstalk to mTOR and NFxB

in cancer and inflammation. Hypoxia, the cellular condition when oxygen demand exceeds
oxygen supply (1) is present in several physiological and pathophysiologicesgesc
including inflammation (2) were hypoxia is induced as a result of the highly miethol

active inflammatory cells and reduced blood supply associated with a disruptathitas;

and cancer (3) were the highly proliferative cancer cells can be veaywégrfrom the
vasculature. N&B is classically activated by inflammatory stimulus (4) and has rgdeed¢n
appreciated to be regulated by hypoxia (5), both of these stimulus are preseiohis o€g
chronic inflammation and can also activate HIF (6,7). Furthermore, these twaiptosc
factors show a significant degree of crosstalk witlkBlEanscriptionally regulating HIF (8)
and HIF regulating N&B activity (9). mTOR is affected by hypoxia at multiple levels (10)
and is activated in cancer (11). HIF is overexpressed in cancer, due to both tumour hypoxia
(6) and mutations in tumour suppressor genes (12). Importantly, mTOR transefigti
regulates HIF in response to growth factors (13) and HIF regulates fethdiactor

receptors and adaptor proteins which can affect mTOR signalling (14). Wisteofthe
mechanisms of the effect of cellular hypoxia on the HIF response have been th(idelle
continuous lines), the HIF/hypoxia crosstalk tokBFand mTOR and the outcome of the
interaction of these pathways in inflammation and tumour development are still ope
opportunities for further modelling research (16,17, dashed lines).

HIF and NF«xB crosstalk during hypoxic inflammation

Sites of chronic inflammation including arthritic joints and inflamiatestinal mucosa
demonstrate decreased oxygen availability [61,64,65]. This is lik@hged by increased
oxygen demand from the inflamed tissue [66] as well as frorwabeulopathy that leads to
reduced blood perfusion [67,68]. In this context both HIF andB\N$eem to play important
functions. HIF can have both pro-inflammatory and anti-inflammatomsralependent on
the cell where it is expressed, while AF~works primarily as regulator of inflammatory and
anti-apoptotic gene expression [69]. In this hypoxic inflammationecdbnHIF and NkB
seem to share sensitivity to similar stimulus. HIF is affiédy reactive oxygen species ROS
from the oxidative burst [70] and can be independently activated byxiaypt the protein
level and by bacterial lipopolysaccharide, tumour necrosis fagtand interleukin-18 [70-
74] in a mechanism involving the XB pathway. Furthermore, NB has also been reported
to play a role in hypoxia-induced HIFrkINRNA expression [71] and in keeping basal levels
of HIF-1a gene expression [72,75]. Converserly xBFhas also been shown to be regulated
by hypoxia and hypoxic mimetics [76,77], several components of thd3 Nathway are
hydroxylated by prolyl and asaparaginyl hydroxylases [78], &edetis also compelling
evidence for a role of HIF in the regulation of &NEignalling [69,79,80], these two
transcription factors seem to be able to integrate similaukts and to have an extensive
crosstalk in the regulation of several inflammatory genes inguclyclooxygenase 2 [60,81]
and IL-13 [82]. Further understanding of this crosstalk with the help of matieaha
modelling can provide a better understanding of gene regulation in kypdldmmation
(Figure 6).



HIF and mTOR crosstalk in cancer

In the complex process of cancer development, cells need to @eleteimmutations that allow
them to escape the intrinsic cellular and extrinsic environmentatraints on proliferation
[83]. Solid tumors, where the process of tumor expansion exceeds thepteset of blood
vessels, associated with the fact that the new blood vessedbarant and have poor blood
flow [84], results in a hypoxic tumour microenvironment. Processgglated by hypoxia in
cancer extend from angiogenesis, glycolysis and growth-fagoalling to immortalisation,
genetic instability, tissue invasion, metastasis, apoptosis andegudation. Most of the
hypoxia-induced pathways promote tumour growth, but apoptosis is also indubgdoxia.
HIF-1a and HIF-2 protein is overexpressed in several primary tumours and this is associate
with increased patient mortality, indicating that the HIFhpaty promotes oncogenesis
and/or cancer progression [1]. The balance of these pathwayshmeighitical for the effects
of hypoxia on tumour growth [1,84]. The mammalian target of rapam@iTOR) is a
highly conserved kinase which can integrates signals from nut(@ntso acids and energy)
and growth factors (in higher eukaryotes) to regulate cell gromthcell progression co-
ordinately [85]. Its classical targets being the ribosomal p70&6&i (p70S6K) and elF4E-
binding protein, which lead to enhancement of translation and tramscyighabling cell
growth and cell cycle progression from G1 to S phase. Pathwaygampsof mTOR and
MTOR themselves are activated in cancer. Insulin, angiotensimdllepidermal growth
factor have been shown to up-regulate HIF in the presence of naolesyigen [62,86,87]
and mTOR inhibition decreases tumour progression partially to dedreas-vascularisation
[88], indicating mTOR as a regulator of HIF by increasingriBNA translation. Conversely
MTOR signalling can also be affected by HIF and hypoxia,teiiffet genes involved in cell
proliferation and viability (insulin-like growth factor receptor-2 and instika growth factor
receptor binding protein-1, [86]) can further amplify mTOR signgJl and hypoxia can
directly impact on mTOR signalling at multiple points [63], inmeechanism where the
crosstalk between two pathways can potentiate cancer develofifigeme 6). Mathematical
modelling of these crosstalks is expected to provide important tintbe key therapeutic
target nodes that could disrupt cell proliferation.

Conclusions

Most of the modelling studies on the HIF pathway have been conceritiedhe core
components of the pathway: HIF, PHD, FIH and VHL, which seesuffice in providing

the system with the characteristic network featurestchwike behaviour and attenuation
under prolonged hypoxia. This supports the view that essential behafiduiological
systems is often encoded within small “core” subsystems, wtidéi@al complexity may
serve to fine tune this behaviour. The additional complexity can be enbgadadnges in the
molecular microenvironment [25,28,38,40-42] and brought about by feedback loops
[25,28,30,31,50].

While all models are supposedly wrong, some are useful [89]. Tmarent limitation,
though, has a positive implication: failure of a model to reproduceriex@®al data often
indicate the presence of additional elements and prompt furthertigatess into the
regulatory mechanisms of that same system. Mathematicalllingds therefore a valuable
tool in aiding experimental biologists to better understand the ldthway by providing
explanations for complex and sometimes counter-intuitive behaviours offieting

predictions on missing protein partners or unknown functional relationshipvgedre



components. Furthermore, modelling of the HIF response in more compmtgital

settings such as cancer and inflammation, where HIF is known t@dhteith major
signalling pathways activated in these contexts, will facitaiblogists in formulating new
hypothesis to explain complex behaviours.
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— HIF, a nuclear factor induced by hypoxia regulates EPO [2]

— HIF protein levels are hypoxia-sensitive [3]

——  VHL targets HIF for O, —dependent proteolysis [7] EXperimental
HIFa’s ODDs are Pro-OH by PHDs [13, 14] advances
—— NODDD and CODDD: independent HIFa Pro-OH sites [12]
— VHL recognises Pro-OH HIFa [8-10]
— HIFa CTAD is Asn-OH by FIH [16-18]
— PHD2/3 negative feedback [19, 20]
1992 1995 1999 2001 2002 2004 2005 2006 2007 2010 2013

Switch-like behaviour of HIF response
to O, using HIFa, PHD, and VHL [23]

ARD sequestration of FIH

Mathematical

models

Micro environmental factors in the HIF __|
response and PHD negative feedback [25, 28]

Differential gene regulation by CTAD and NTAD [29] =

FIH regulation of HIF activity [30]

regulates HIF [27]

Asn-OH protects HIF from
PHD independent degradation [31]

HIF stability does not necessarily
correlates to activity [31]
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