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Abstract: Both hypoxia-inducible factor-1 (HIF-1) and tumor suppressor p53 are involved in the
cellular response to hypoxia. It has been reported that HIF-1« induces cockayne syndrome B (CSB)
to compete with p53 for limited p300. We developed a network model to clarify how the interplay
between HIF-1 and p53 modulates cellular output in the presence of CSB. Our results revealed
that HIF-1a is progressively activated depending on the severity of hypoxia. Activated HIF-1a
promotes its own activation by inducing CSB to dissociate p300 from p53 under moderate hypoxia;
in severe hypoxia, pS3 accumulates remarkably due to ATR-dependent phosphorylation and wins the
competition for p300. As a result, HIF-1a induces PFKL and VEGEF to facilitate cellular adaptation
to mild and moderate hypoxia respectively, while p53 is activated to induce apoptosis under severe
hypoxia. This work may advance the understanding of the modulation of the interplay between HIF-1
and p53 in the hypoxic response.
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1. Introduction

Hypoxia induced factor 1 (HIF-1) plays a key role in cellular response to hypoxia [1]. It is a
heterodimer composed of an oxygen-sensitive HIF-1a subunit and a constitutively expressed HIF-
18 subunit [2]. Under normoxia, HIF-1a is hydroxylated at Pro402 and Pro564 in the N-terminal
transactivation domain (N-TAD) by prolyl hydroxylase domain proteins (PHDs) that facilitate HIF-1«
degradation by von Hippel-Lindau (VHL) [2,3]; HIF-1a is deactivated due to hydroxylation at Asn803
in the C-terminal transactivation domain (C-TAD) by factor inhibiting HIF-1 (FIH) that blocks its
interaction with the co-activator p300/CBP [4]. Upon hypoxia, HIF-1a accumulates remarkably and is
activated due to the gradual deactivation of PHD and FIH [5]. Active HIF-1« induces a large number
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of genes involved in cellular adaptation to hypoxia [1]. It is less understood how the two transactivation
domains of HIF-1a coordinate in cell fate decision.

pS53 is a well-known tumor suppressor involved in cellular response to multiple stresses including
DNA damage [6-8]. It is also activated and plays a significant role in response to hypoxia [9]. It has
been reported that HIF-1a induces cockayne syndrome B (CSB) to inhibit p53 activation [10]. HIF-1«
and p53 compete for limited p300 for transactivation [11]. Binding of CSB to p53 disassociates it
from p300 and promotes HIF-1a activation indirectly, enclosing a positive feedback loop [12]. CSB
deficiency leads to cellular fragility, while overexpressed CSB increases the risk of cell carcinogenesis
[13]. It is intriguing to clarify how CSB modulates the competition between HIF-1a and p53.

The mechanism of p53 stabilization upon hypoxia is rather complicated. For example, HIF-1a
promotes the stabilization of wild-type pS53 in cells treated with hypoxia mimics [14]. Direct interaction
between HIF-1a and Mdm?2 protects pS3 from degradation [15]. Moreover, ataxia-telangiectasia and
Rad3-related (ATR) is activated by replication arrest under severe hypoxia, and phosphorylates p53 at
Serl5 to block Mdm2-dependent degradation, resulting in marked accumulation of p53 [16]. Protein
phosphatase-1 nuclear targeting subunit (PNUTS) is induced to repress p53 dephosphorylation via
protein phosphatase-1, promoting p53 accumulation indirectly [17]. Once p53 reaches high levels and
is acetylated by p300, apoptosis is induced [18]. An issue arises concerning how p53 is activated in
the presence of CSB expression.

A series of models have been developed to investigate how the HIF-1 network responds to
hypoxia [19]. Qutub et al. proposed a detailed model of oxygen sensing by HIF-1a to clarify the
mechanism underlying its dynamic behaviors [20]. Nguyen er al. focused on the progressive
activation of HIF-la by sequential deactivation of PHD and FIH under gradually aggravating
hypoxia [21]. Bagnal et al. characterized the role of the HIF-1-PHD negative feedback loop in the
pulsing behavior of HIF-1a [22]. Recently, we built a network model to characterize the competition
between HIF-1a and p53 for p300, focusing on the mechanism underlying the regulation of HIF-1a
activity and apoptosis induction by p53 [9]. It is still a challenge to explore the mechanism for
interplay between the two pathways in response to hypoxia.

In this work, we developed a network model to unravel how CSB modulates the competition
between HIF-1a and p53 in their activation upon hypoxia. We revealed that HIF-1a and p53 induce
CSB and Mdm?2 respectively to regulate their activities and influence cellular outcome. Under mild or
moderate hypoxia, HIF-1a induces CSB to prevent p53 from activation by p300. Under severe
hypoxia, p53 accumulates markedly due to ATR-dependent phosphorylation and prevails over
HIF-1a. Abundant p53 competes with HIF-1a for p300, leading to downregulation of CSB and
promoting further activation of p53. Together, HIF-1a and p53 can be activated sequentially due to
the alternation in the predominance of antagonistic feedback loops.

2. Materials and method

2.1. Model

We built a network model to investigate the interplay between HIF-1a and p53 upon hypoxia. The
model characterizes their activation and clarifies the mechanism of cell fate decision (Figure 1). The
network model is composed of HIF-1 module, p53 module and the downstream effector module. The
HIF-1a and p53 modules are interlinked by p300, CSB and Mdm?2. Three feedback loops, i.e., HIF-
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1a-CSB-p53, p53-Mdm?2 and p53-Mdm?2-HIF-1a loops, play significant roles in the hypoxic response.
The products of the target genes phosphofructokinase L (PFKL), vascular endothelial growth factor
(VEGF) and PUMA act as effectors to decide the cellular outcome. All the regulation relationships in
the network are characterized by ordinary differential equations (ODEs) in Method S1 in Supporting
Information. The details of the model are presented as follows.
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ypoxia J, (L

CSB

J --:’jHIF_laO"l' CSBpS3| ———

PHD >+ HIF-la_ t; _______ \ﬁm _______ .
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Figure 1. Schematic diagram of the network model involving p53 and HIF-1 pathways in
the hypoxic response. The model characterizes the regulation of HIF-1a and p53. CSB
modulates the competition between HIF-1a and p53 for p300, influencing the induction
of their target genes including PFKL, VEGF and PUMA. The process of transactivation
is described by arrow-headed dashed lines, while translation and transition are denoted by
arrow-headed solid lines. Circle-headed lines denote promotion, while bar-headed lines
indicate repression in enzymatic reactions.

2.2. Regulation of HIF-1a by oxygen levels

HIF-1a is mainly regulated by the hydroxylases PHD (mainly corresponding to PHD-2 in our
model) and FIH whose hydroxylation activity is dependent on oxygen levels [2]. The two
hydroxylases are deactivated under different hypoxic conditions [23]. In our model, two forms of
PHD are considered: PHD (inactive form) and PHD,. (active form); Similarly, FIH is divided into
FIH (inactive form) and FIH,. (active form) [21]. According to experimental observation [23], we
assume that the dissociation constant of PHD for oxygen is much greater than that of FIH
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(Eqns 9,10). Active PHD promotes HIF-1a degradation, while activated FIH represses the C-TAD
transcriptional activity of HIF-1a (Eqns 5-6). The total level of PHD, PHD,, is controlled by HIF-1
since the PHD-2 gene is considered an N-TAD gene [5]. The total level of FIH is assumed to be
constant and is denoted by FIH,, (Eqn 2) .

Based on its modification status, three forms of HIF-1a are considered: HIF-1a (dehydroxylated
form), HIF-lapy (C-TAD hydroxylated form) and HIF-la,. (C-TAD acetylated form).
Dehydroxylated HIF-1a can transform into HIF-1aoy through FIH-induced hydroxylation in C-TAD.
Under mild hypoxia, the deactivation of PHD promotes the stabilization of HIF-1a. HIF-laoy has
partial transcriptional activity because of its N-TAD activity (Eqn 6) [5]. Under moderate hypoxia,
acetylated HIF-1a accumulates due to further deactivation of FIH [24]. HIF-1« is fully activated into
HIF-1a,. by recruiting p300 (Eqn 7) [4,25]. The conversion between different forms of HIF-1e« is
characterized by the Michaelis-Menten kinetics.

We assume that all the three forms of HIF-1a can transactivate the N-TAD-inducible genes like
PHD, CSB and PFKL [5, 10]. PHD production is controlled by each form of HIF-1a (Eqn 8) [26].
Given that CSB disassociates p300 from p53, we assume that HIF-1a induces CSB to form the
CSBp53 complex, preventing p53 from activation by p300 (Eqns 13-14) [12]. Thus, HIF-1« promotes
its own activation in a positive feedback loop [12]. PFKL is modulated by N-TAD of HIF-1a,
inducing glycolysis [5, 27]. For simplicity, the rate constants for the transactivation of each
N-CAD-inducible gene by the three forms of HIF-1a are set to the same values. In addition, it is
assumed that VEGF is a C-TAD-inducible gene, and can only be activated by HIF-1a,. [5,28]. All
the induction rates of those target genes are described by Hill functions.

2.3. p53 regulation upon hypoxia

Hypoxia contributes to pS3 stabilization by the ATR-dependent and -independent mechanisms that
repress Mdm?2-dependent degradation (Eqn 11) [17]. On one hand, ATR is activated in severe
hypoxia [16], and activated ATR promotes its further phosphorylation, enclosing a positive feedback
loop (Eqn 16) [29]. Given posttranslational modification is the main mode of ATR regulation [30], the
total level of ATR, ATRy, is assumed to be a constant. Since hypoxia promotes the phosphorylation
of ATR, we assumed that the activation rate of ATR is a decreasing function of oxygen levels. On the
other hand, given the effect of PNUTS on p53 stabilization, it is assumed that pS3 degradation rate is
an increasing function of oxygen levels (Eqn 11) [15,26].

Three forms of p53 are considered: p53 (free inactive form), p53,. (acetylated form) and CSBp53
(p53 in complex with CSB). Once p53 is stabilized, it competes with HIF-1a for p300 [11]. It is
assumed that p53 has a higher affinity for p300 than HIF-1« [12]. Interestingly, the transcriptional
activity of primarily accumulated p53 is repressed by CSB through forming the CSBp53 complex and
excluding the binding of p300 [12]. p53 can be acetylated into p53,. by p300, which has transcriptional
activity and induces target genes. pS3,. induces Mdm?2 to promote the degradation of both HIF-1a and
pS3 [31]. As a result, pS3 promotes its own degradation by inducing Mdm?2 in a negative feedback
loop, and indirectly facilitate its own activation by inducing Mdm?2 to degrade its competitor HIF-1a
in a positive feedback loop. We assume that free p53, CSBp53 and HIF-1a compete for Mdm?2 in their
degradation [15]. PUMA is induced by p53 to initiate apoptosis [32]. Hill function is exploited to
describe the transcription of pS3-targeted genes, and the Hill coeflicient is set to 4 since p53 is mostly
present in tetramers transactivating target genes [33].
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2.4. Methods and parameters

The details of the model and parameter setting are presented in Supporting Information. The
dynamics of all the species are characterized by ordinary differential equations (ODEs) in Method S1.
[.] denotes the concentration of each species. The initial concentration of each species is set to its
steady-state value at 21% O, (Table S1). All parameter values are listed in Table S2. The software
Oscill8 is used to numerically solve the ODEs and plot bifurcation diagrams. In our model, oxygen
concentration refers to the percentage of oxygen in volume denoted by Lo,, which corresponds to
oxygen concentration in the culture environment in experiments [1]. For culture cells, oxygen
concentration can vary from 21% to 0%. Roughly, mild hypoxia refers to oxygen concentration in the
range of 1%—-5%, moderate hypoxia corresponds to 0.1%—1% O,, and oxygen concentration is below
0.1% for severe hypoxia [34]. Of note, oxygen concentration in cells is markedly lower than that in
the culture systems [34].

3. Results

3.1. Overview of the dynamics of key proteins

Figure 2 shows the dynamics of key proteins in the network under mild, moderate or severe hypoxia.
Under mild hypoxia (2% O,), partially activated HIF-1aoy accumulates markedly due to deactivation
of PHD (Figure 2A). HIF-1a,. and p53 remain at rather low levels. PFKL is transactivated by HIF-
laoy and rises to high levels to induce glycolysis. VEGF and PUMA are not induced in this case.
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Figure 2. Overview of the network dynamics under different hypoxic conditions. Temporal
evolution of the levels of HIF-1aoy, HIF-1a,., p53.., PFKL, VEGF and PUMA under mild
hypoxia (2% O,) (A), moderate hypoxia (0.4% O,) (B), or severe hypoxia (0.02% O,) (C).
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For moderate hypoxia (0.4% O,), HIF-1aoy first accumulates due to hypoxia-induced stabilization
and drops significantly due to the deactivation of FIH (Figure 2B). Subsequently, HIF-1a is further
acetylated by p300 and activated into fully active HIF-1a,.. As a result, the C-ATD-activated gene
VEGTF is expressed to promote angiogenesis. PFKL also reaches high levels since it is still induced by
HIF-1a,.. A little amount of p53 is activated and the PUMA level rises mildly.

For severe hypoxia (0.02% O,), both HIF-1aoy and HIF-1q,, rises in the early phase since PHD
deactivation leads to HIF-la stabilization; they drop to basal levels due to Mdm2-dependent
degradation since p53,. rises to high levels and promotes Mdm2 production (Figure 2C). The phase
difference between p53 and HIF-1« contributes to the adaptive behaviors of HIF-1a. Consequently,
[PFKL] and [VEGF] decline to basal levels in the late phase following the fall in [HIF-1a]. p53.
induces PUMA to trigger apoptosis. These results are consistent with the experimental observation
that p53 accumulates markedly only in severe hypoxia [16].

The above results suggest that HIF-1 and p53 are antagonistic in the hypoxic response. HIF-1a
is progressively activated from mild to moderate hypoxia, while p53 is only activated under severe
hypoxia. The cell fate shifts from HIF-1-dependent survival to p53-induced apoptosis. How hypoxia
severity modulates the interplay between HIF-1 and p53 will be revealed in the following.

3.2. HIF-la is progressively activated upon hypoxia

The bifurcation diagrams of [HIF-laoy] and [HIF-1a,.] versus O,% are plotted to show the
dependency of HIF-1a activation on the severity of hypoxia (Figure 3A). [HIF-1aog] first rises with
decreasing oxygen levels due to enhanced stabilization of HIF-1a that is hydroxylated by FIH. It
reaches the peak during the transition region between mild and moderate hypoxia (about at 1.2% O,)
and then decays to basal levels under severe hypoxia. In contrast to HIF-1aoy, HIF-1a,. rises more
gradually, reaches the peak at a lower oxygen level under moderate hypoxia (about 0.5% O,), and
drops to basal levels for severe hypoxia. Our results show agreements with experimental observation
that the prolyl hydroxylation sites in HIF-la is sensitive to hypoxia than the asparaginyl
hydroxylation sites [24]. Thus, HIF-1a is progressively activated with gradually aggravating hypoxia.
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Figure 3. Progressive activation of HIF-1a in response to hypoxia. (A) Bifurcation diagrams
of the steady-state levels of HIF-1aoy and HIF-1a,. versus O,%. (B) Fraction of [PHD,]
and [FIH,.] versus O, %.
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Figure 3B shows the fraction of PHD,. and FIH,. versus O,%. With decreasing oxygen levels, the
fraction of PHD,. reduces gradually under mild hypoxia, while the fraction of FIH,. remains at high
levels and declines markedly under moderate or severe hypoxia. The difference in the curves can be
explained by their distinct sensitivity to hypoxia. PHD is deactivated earlier than FIH with decreasing
oxygen levels, which means PHD is more sensitive to hypoxia than FIH [24]. Deactivation of PHD
contributes to the stabilization of HIF-1a, and HIF-1aoy rises under mild hypoxia (see Figure 3A).
When oxygen level further drops, HIF-1aoy is further dehydroxylated due to deactivation of FIH,
facilitating the accumulation of HIF-1a,. in moderate hypoxia.

3.3. HIF-la promotes its own activation by inducing CSB

It is assumed that CSB induction is controlled by both HIF-1aoy and HIF-1a,.. We first investigate
the significance of HIF-1aoy-dependent CSB induction in activation of HIF-1a,.. The bifurcation
diagrams of [HIF-1a,.] versus O,% are plotted for different induction rates of CSB by HIF-laoy
(Figure 4A). [HIF-1a,.] drops remarkably in the absence of CSB induction, especially under
moderate hypoxia. This variation is relevant to the inhibition of p53 by CSB. With kyionesb = 0, the
level of CSBpS53 declines due to reduced CSB expression and p53 snatches p300 from HIF-1a,,
thereby leading to the reduction in [HIF-1a,.] (Figure 4B). Therefore, HIF-1apy induces CSB to
facilitate HIF-1a activation by separating p53 from p300.
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Figure 4. HIF-1aoy-dependent CSB induction facilitates the activation of HIF-1a,.. (A-B)
Bifurcation diagrams of [HIF-1a,.] (A) and [CSBp53] (B) versus O,% with or without HIF-
lapp-dependent CSB induction. (C, D) Time courses of [HIF-1a,.] (C) and [VEGF] (D) at
0.4% O, for different rates of HIF-1aoy-dependent CSB induction.

Mathematical Biosciences and Engineering Volume 16, Issue 5, 5247-5262.



5254

The dynamics of [HIF-la,.] are shown under moderate hypoxia (Figure 4C). When kpifoneso
reduces from 0.03 to 0, the steady-state of [HIF-1a,.] declines to a medium level (see Figure 4A). As
a result, the steady-state level of VEGF drops significantly without HIF-laoy-induced CSB
expression (Figure 4D).

The significance of HIF-1a,-CSB-p53 positive feedback in HIF-la,. activation is further
investigated (Figure 5). A global view of HIF-1a,. dynamics under various hypoxic conditions is
presented with heat maps. With normal CSB expression, HIF-1a,. is activated persistently only under
moderate hypoxia (Figure 5SA). Moreover, the initial values of the variables are set to the steady states
at 0% O, and the above heat map is redrawn (Figure S1A). Compared to Figure SA, [HIF-1a,]
reaches low steady states in the transition region of severe and moderate hypoxia due to existing
bistability in the region (see Figure 3A). With kpitacesy = 0, [HIF-1a,.] only rises to high levels

transiently (Figure 5B). Therefore, the HIF-1a,.-CSB-p53 feedback loop is required for sustained
activation of HIF-1a.
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Figure 5. HIF-1a,. induces CSB to promote its own activation. (A, B) Heat maps of [HIF-
la,.] as a function of oxygen concentration and time with kygeesb = 0.03 (A) or 0 (B). (C)
Bifurcation diagram of [HIF-1a,.] versus kpifaccsp at 0.4% or 0.02% O,. (D) Time courses of
[HIF-1a,.] with kpifacesy = 0.03 or 1.2 at 0.02% O,.

To investigate the influence of kpfaccsy On HIF-1av,. activation, we plot the bifurcation diagrams
of [HIF-1a,.] versus kpitcesp Under moderate or severe hypoxia (Figure 5C). For moderate hypoxia,
[HIF-1a,.] remains at high levels except for very small ky;gccsp. For severe hypoxia (0.02% O,), [HIF-
la,] exhibits bistability and switches to high levels only when kpiacesp 1S very large. When kpigacesp 18
rather large, HIF-1a,. rises to high levels since excessive CSB is in complex with all p53, leading to
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high expression of HIF-1a,. (Figure 5D). Thus, overexpression of CSB activates HIF-1« indirectly by
inhibiting p53 although p53 accumulates remarkably. These results show agreements with the report
that CSB is overexpressed in cancer cells, leading to apoptotic resistance [35].

3.4. Activation of p53 in severe hypoxia

We have shown that HIF-1a« is progressively activated under mild and moderate hypoxia, but drops
to low levels under severe hypoxia. The dynamics of pS3 for various oxygen levels are characterized
by the heat map (Figure 6A). Alternatively, we replot the heat map by setting the initial values of the
variables to the steady states at 0% O, (Figure S1B). p53 shows high steady states upon moderate
hypoxia due to the existence of bistability in this region (also see Figure 6D). There exists an apparent
threshold of oxygen levels for p53 activation. pS3 accumulates mildly in moderate hypoxia, and [p53,.]
rises and reaches rather high levels finally. Thus, p53 is fully activated under severe hypoxia. The heat
map of [CSBp53] is also plotted to show the repression of p53 by CSB (Figure 6B). For moderate
hypoxia, most p53 is bound by CSB and the CSBp53 complex shows high levels. For severe hypoxia,
the amount of CSBp53 drops to rather low levels, leading to p53 activation. As a result, PUMA is
induced by p53,. to trigger apoptosis only under severe hypoxia (Figure 6C).

A [pS3_ ] B [CSBp53]
1 6
5 6
1E-1 5
X 4 o\° 4
¥ 3
© g2 3 O 5
2 1
1E-3 1
0 1000 2000 1000 2000
Time (min) Time (min)
C [PUMA] D
1 6
5 ——[ATR ] =10
1E-1 y [ATR ] =0
o\c 4 3 ’
ON m 3 \
1E-2 &
2 /\\
1E-3 0
0 1000 2000 0.01 0.1 1 10
Time (min) 0,%

Figure 6. p53 is activated in severe hypoxia. (A-C) Heat maps of [p53..] (A), [CSBp53] (B)
and [PUMA] (C) as a function of O,% and time. (D) Bifurcation diagrams of [p53,.] versus
0,% for different [ATR(].

It has been reported that ATR promotes p53 stabilization under severe hypoxia [16]. The
significance of ATR in p53 activation is assessed by the bifurcation diagrams of [p53,.] versus O,%
with or without ATR (Figure 6D). In the normal case, p53 is activated progressively: [p53,.] rises to
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medium levels in moderate hypoxia and further switches to high levels in severe hypoxia. However,
[p53..] only attains medium levels for severe hypoxia in the ATR-deficient case. Therefore, ATR is
required for full activation of p53 in response to severe hypoxia.

3.5. Regulation of HIF-1a by the competition between CSB and Mdm?2

Once activated, p53 promotes HIF-1a degradation in an oxygen-independent way by inducing
Mdm?2. Given the indirect repression of p53 by HIF-1a, the p5S3-Mdm2-HIF-1a positive feedback
loop is enclosed. On the other hand, HIF-la induces CSB to repress p53, enclosing the
HIF-1a-CSB-p53 positive feedback loop. The effect of the competition between the two feedback
loops on HIF-1a regulation is investigated as follows.

To show the effect of p53-dependent Mdm2 induction on HIF-la activation, the bifurcation
diagrams of [HIF-la,.] versus the induction rate of Mdm2 by p53, kys3mam2, are plotted with
khitoness = 0.03 or 0.015 at 0.4% O, (Figure 7A). [HIF-1a,.] declines with increasing kys3mim2 due to
Mdm?2-dependent degradation of HIF-la. For larger kpifonesh, [HIF-1a,] exhibits bistability with
varying kpssmam2. [HIF-la,] drops to low levels only when kps3mam> €xceeds the threshold. For
smaller Apifonesps [HIF-1a,.] becomes monostable and drops to low levels more quickly. Therefore,
HIF-1aop-dependent CSB induction significantly affects the deactivation of HIF-1a,. by p53-induced
Mdm?2. The dynamics of HIF-1a,. are shown for different kps3mam2 (Figure 7B). [HIF-1a,] rises to
and stays at high levels for smaller k,s3mam2, Whereas [HIF-1a,.] shows a transient pulse for larger
kpsamam2 since HIF-la is activated before marked accumulation of Mdm2 and drops due to
degradation by Mdm?2.

We have shown that HIF-1a,. promotes its own activation by inducing CSB (see Figure 5). We
further plot the bifurcation diagrams of [HIF-1a,] versus kpigacesy for different Kps3mame at 0.02% O,
(Figure 7C). [HIF-la,.] exhibits bistability with varying Kpitccsr. With increasing Kps3mamo, the
threshold for HIF-1a,. activation moves rightward, meaning that more CSB is needed to ensure high
expression of HIF-la,.. When kys3mam2 €xceeds the threshold, [HIF-1a] always stays at low levels
since the p53-Mdm?2-HIF-1« loop prevails over the HIF-1a-CSB-p53 loop. The time courses of
[HIF-1a,.] are shown in Figure 7D. kpsamam2 influences the adaptive behaviors of HIF-1a,. under
severe hypoxia. [HIF-1a,.] rises faster with the lower expression of Mdm2. When Mdm?2 is deficient,
HIF-1a,. stays at high levels for a rather long period. This corresponds to the abnormal expression of
HIF-1 in tumor cells due to the mutation of p53 [36].

3.6. p300 abundance affects the competition between HIF-1a and p53

Given HIF-1 and p53 compete for limited p300 [11], we further investigate how the total level of
p300 influences their competition (Figure 8A and 8B). When the total level of p300, p300,, is reduced
to 5 (half the standard value), the steady-state behaviors of [HIF-1a,.] and [p53,.] change thoroughly
in moderate and severe hypoxia (Figure 8 A). Under moderate hypoxia, HIF-1a is activated to induce
CSB to repress p53. Under severe hypoxia, the further reduction in p300 abundance leads to enhanced
competition. HIF-1a,. predominates over p53 in the competition for p300, further rising to high levels.
By contrast, pS3 cannot be fully activated and drops to low levels.

With excessive p300 (p300,,, = 50), the inhibitory effect of HIF-1a on p53 becomes inapparent and
[p53.c] gradually accumulates from medium levels under mild hypoxia (Figure 8B). Due to sufficiency
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Figure 7. Antagonistic p53-Mdm2-HIF-1a and HIF-1a-CSB positive feedback loops. (A)
The bifurcation diagrams of [HIF-1a,.] versus kps3mam> (the induction rate of Mdm2 by p53)
at 0.4% O,. (B) The dynamics of [HIF-1a,.] at 0.4% O, with different k,53mam2. (C) The
bifurcation diagram of [HIF-lay.] versus Kpigcesr at 0.02% O, with different kys3mam2. (D)
The dynamics of [HIF-1a,] at 0.02% O, with different k,s53mdmo-

in p300 availability, both HIF-1a,. and p53,. stays at fairly high levels under severe hypoxia. It seems
that only when the amount of p300 is limited, the HIF-1a,.-CSB positive feedback loop functions in
the activation of HIF-1a. Taking the target genes into account, the abundance of p300 is critical to cell
fate decision.

We plot the bifurcation diagrams of [HIF-1a,.] versus p300-dependent acetylation rate of HIF-1a,
knifp300, for different kegyps3 Or Kps3pzoo (Figure 8C and 8D). The steady-state level of HIF-1a,. exhibits
bistability with varying kpnirp300 under severe hypoxia. Similar to the case with standard parameter
setting, [HIF-1a,] stays at low levels for kpigpzoo below the threshold since it loses the competition
for p300. When k300 becomes rather large and exceeds the threshold, HIF-1a wins the competition
even under severe hypoxia. Moreover, increasing kcgps3 reduces the threshold of kyiep300 for HIF-
la activation since high expression of CSB promotes HIF-1a activation by repressing pS3. On the
contrary, increasing Kps3p3o0 counteracts the effects of increasing kyifp300 on HIF-1ar activation, thereby
raising the threshold for HIF-1« activation (Figure 8D).

4. Discussion

This work investigated how HIF-1a and p53 compete for the predominance in response to hypoxia.
The overall picture of the hypoxic response involving HIF-1a and p53 pathways is presented in a
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Figure 8. p300 abundance influences the competition between HIF-1a and p53. (A-B)
Bifurcation diagrams of [HIF-1a,.] and [p53,.] versus O,% with p300,, = 5 (A) or 50 (B).
(C-D) Bifurcation diagrams of [HIF-1a,.] versus kpifpzo0 (p300-dependent acetylation rate of
p53) for different kcq,ps3 (association rate of CSB and p53) (C) or kps3p300 (binding rates of
p300 and p53) (D) at 0.02% O,.

schematic diagram (Figure 9). For mild hypoxia, PHD is deactivated and HIF-1e is stabilized and its
N-TAD transcriptional activity is activated. p53 is undetected due to Mdm?2-dependent degradation.
For moderate hypoxia, the C-TAD activity of HIF-1 is further activated. p53 accumulates partially due
to the ATR-independent mechanism. HIF-1a induces CSB to promote its own activation by inhibiting
pS3 activity. HIF-1a induces PFKL and VEGEF to trigger glycolysis and angiogenesis, respectively. In
severe hypoxia, p53 accumulates markedly and prevails over HIF-1« in the competition for p300. By
degrading HIF-1a through modulating Mdm2, p53 guarantees the low level of HIF-1a under severe
hypoxia, amplifying its own activation. As a result, activated p53 induces PUMA to initiate apoptosis.
The coupled HIF-1a-CSB-p53, p53-Mdm2 and p53-Mdm2-HIF-1a feedback loops coordinate in
regulating the two transcription factors under different hypoxic conditions. In addition, p300
abundance is a key factor modulating the interplay between HIF-1a and p53.

Modeling the cellular response to hypoxia has attracted intensive interests. Most studies by others
focused on the mechanism for HIF-1a activation upon hypoxia [19]. Our present work focused on the
modulation of the competition between HIF-1a and p53 by their target genes. Several feedback loops
interplay to influence the competition and cell fate. Our work reveals the competition between HIF-1a
and p53 through their target genes CSB and Mdm?2.

There still exist some limitations in our model. It has been identified that FIH also influences the
stability of HIF-1a in addition to its role in repressing HIF-1a activity [21]. The effect of FIH on
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HIF-1« stability is ignored in the present model. We did not consider the N-TAD hydroxylated form
of HIF-1a since it is dehydroxylated due to deactivation of PHD upon hypoxia [24]. The role of
Mdm?2 in the hypoxic response is rather complicated. It was reported that Mdm?2 can stabilize HIF-1«
in mild hypoxia in a p53-independent way [37]. It is a challenge to unravel how Mdm?2 transits its
role under different hypoxic conditions. Moreover, HIF-1a-induced CITED2 may affect the crosstalk
between HIF-1 and p53 pathways by inhibiting p300-dependent HIF-1 activation [38,39]. There is an
antagonistic relationship between CITED2 and CSB, which may also interfere with p53 activation [40].
Thus, it is intriguing to construct a more detailed model of the hypoxic response.

Both the HIF-1 and p53 pathways play significant roles in cellular response to hypoxia. Our work
proposed a new mechanism by which HIF-1 modulates the activation of p53 through its target gene
CSB. For abnormally high expression of HIF-1 in tumor cells, it should be feasible to knock down CSB,
killing the cells by enhancing apoptosis. Moreover, it would be promising to exploit Mdm2-dependent
HIF-1a degradation in cancer therapy.
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