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As a famous tumor suppressor, pS3 is also activated under hypoxic condi-
tions. Hypoxia-inducuble factor 1, HIF-1, is involved in the activation of p53
upon hypoxia. However, how p53 is modulated by the HIF-1 pathway to
decide cell fate is less understood. In this work, we developed a network
model including p53 and HIF-1 pathways to clarify the mechanism of cell
fate decision in response to hypoxia. We found that HIF-1a and p53 are acti-
vated under different conditions. Under moderate hypoxia, HIF-1a is acti-
vated to induce glycolysis or angiogenesis, and promotes partial accumulation
of p53 by inducing PNUTS. Under severe hypoxia, p53 rises to high levels
due to ATR-dependent stabilization and promotes Mdm2-dependent HIF-1a
degradation. As a result, fully activated pS3 triggers apoptosis. Of note, com-
petition for p300 between HIF-1a and p53 plays a key role in regulating their
transcriptional activities. This work may advance the understanding of the
mechanism for p53 regulation by HIF-1 in the hypoxic response.

Keywords: cell fate decision; HIF-lo; hypoxia; network model; p53
activation

Cells respond to hypoxia mainly through hypoxia-
inducible factor 1 (HIF-1), which is a heterodimer
composed of hypoxic response factor HIF-1o and con-
stitutively expressed HIF-13 [1]. Under normoxia,
HIF-1a is inactive and kept at very low levels due to
oxygen-dependent hydroxylation [2]. HIF-la is
hydroxylated by prolyl hydroxylases (PHDs) on
Pro402 and Pro564, and is recognized by the E3 ligase
von Hippel-Lindau (VHL) for the proteasomal degra-
dation. Meanwhile, the transcriptional activity of HIF-
la is inhibited by another hydroxylase, factor inhibit-
ing HIF-1 (FIH), which hydroxylates Asn803 and
blocks the binding of p300 to C-terminal transactiva-
tion domain (C-TAD) [3]. Upon hypoxia, HIF-1a is
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stabilized and activated, inducing a large number of
genes involved in multiple processes including glucose
metabolism, cell survival, angiogenesis and invasion
[1]. Thus, HIF-1a plays a key role in cellular adapta-
tion and survival under hypoxic conditions.

As a tumor suppressor, p53 becomes stabilized and
activated in cellular response to stresses including
DNA damage and hypoxia [4]. The mode of p53 regu-
lation is distinct in these two cases. p53 transactivates
a number of target genes involved in cell cycle arrest
and apoptosis in response to DNA damage [5-7]. By
contrast, the activity of p53 in response to hypoxia has
been reported controversially. It has been reported
that p53 only accumulates under severe hypoxia [8]. It

C-TAD, C-terminal transactivation domain; FIH, factor inhibiting HIF-1; HIF-1, hypoxia-inducible factor 1; ODEs, ordinary differential equations;
PFKL, phosphofructokinase L; PHDs, prolyl hydroxylases; PIP2, phosphatidylinositol-4,5-bisphosphate; PIP3, phosphatidylinositol-3,4,5-
trisphosphate; SHIP-1, SH2-containing inositol 5-phosphatase 1; SN, saddle-node; VEGF, vascular endothelial growth factor; VHL, von
Hippel-Lindau.
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was shown that most common target genes are not
induced by p53 upon hypoxia, and p53 mainly acts as
a transrepressor to induce apoptosis. But, it was also
reported that several proapoptotic target genes, like
bax, puma and bnip3l, are induced by p53 in response
to hypoxia [9,10]. Moreover, p53 can promote apopto-
sis through upregulating SH2-containing inositol 5-
phosphatase 1 (SHIP-1) [11], which inhibits AKT
phosphorylation to further stabilize p53, enclosing a
positive feedback loop [11,12]. Tt is still a challenge to
clarify the detailed mechanism of apoptosis induction
by p53 under severe hypoxia.

The mechanism of p53 activation upon hypoxia is
rather complicated. First, HIF-1oo promotes p53 stabi-
lization through different mechanisms. It was reported
that HIF-lo promotes the stabilization of wild-type
p53 in cells treated by hypoxia-mimicking agents [13].
The direct interaction between HIF-loo and Mdm?2
promotes p53 stabilization by repressing Mdm2-medi-
ated degradation [14]. HIF-la induces PNUTS and
promotes p53 phosphorylation by inhibiting the pro-
tein phosphatase PPI, thereby preventing p53 from
Mdm2-dependent degradation [15]. Second, under sev-
ere hypoxia, ATR promotes p53 stabilization by phos-
phorylation that blocks Mdm2-dependent degradation
of p53 [8]. Moreover, HIF-1a represses p53 by com-
peting for limited p300 that is transcriptional coactiva-
tor for both p53 and HIF-la [16]. Finally, p53
promotes its own activation by triggering HIF-1a
degradation upon anoxia [17]. It is intriguing to unra-
vel how HIF-1 and ATR coordinate to regulate p53 in
cellular response to hypoxia.

A series of models has been constructed to explore
the mechanism of cellular response to hypoxia. Qutub
et al. [18] focused on the detailed mechanism of intra-
cellular oxygen sensing by HIF-la and reported that
the HIF-1-mediated cellular response may exhibit
switch-like or gradual behavior depending on the con-
text of hydroxylation. Nguyen et al. [19] confirmed that
HIF-1a is progressively activated by sequential deacti-
vation of PHDs and FIH activity with enhancing
hypoxia. Recently, Bagnall et al. [20] developed a mini-
mal model comprising the HIF-1a-PHD negative feed-
back loop to interpret the pulsing behavior of HIF-1a.
In the above, most of those models focused on how the
abundance and activity of HIF-la are regulated by
hypoxia, seldom modeling the regulation of p53 upon
hypoxia. Recently, we developed a preliminary model
to characterize the competition for p300 between p53
and HIF-1a, focusing on the regulation of HIF-1a by
p53 [21]. A more elaborate model is required for clari-
fying how p53 activity is modulated by multiple mecha-
nisms under various hypoxic conditions.

Regulation of p53 activation by HIF-1

Here, we developed a network model to reveal how
p53 and HIF-1a pathways coordinate to regulate cellu-
lar response to hypoxia. We proposed that HIF-1a is
partially activated to induce genes involved in glycoly-
sis under mild hypoxia. Under moderate hypoxia,
HIF-1a is fully activated to induce angiogenesis and
promotes partial stabilization of p53 by inducing
PNUTS. Under severe hypoxia, p53 accumulates suffi-
ciently due to ATR-dependent phosphorylation and
competes with HIF-1a for limiting p300. Under anox-
ia, p53 is fully activated since HIF-1a is degraded by
p53-dependent mechanism, thereby inducing apoptosis.
Together, different regulation of p53 by HIF-1a mod-
ulates the cellular outcome depending on the severity
of hypoxia.

Materials and methods

The p53 and HIF-1a pathways are interlinked in response
to hypoxia. Our model characterizes the sensing of hypox-
ia, activation of p53 and HIF-1a, and decision-making in
cell fates (Fig. 1). We focused on the regulation of p53 sta-
bility and activity by HIF-1 under various hypoxic condi-
tions. More details of the model are described below.

Regulation of HIF-1a by hypoxia

Under normoxia, HIF-1a is hydroxylated in its N-TAD by
oxygen-dependent hydroxylases PHDs, leading to VHL-de-
pendent degradation [2,22]. Moreover, the transcriptional
activity of HIF-la is inhibited due to FIH-mediated
hydroxylation in the C-TAD [3]. Under hypoxia, PHDs
lose their activity and HIF-lo becomes stable due to
repressed degradation. Moreover, the transcriptional activ-
ity of HIF-la is activated due to the deactivation of FIH
under severe hypoxia. It was reported that FIH remains
active and hydroxylates HIF-1a in its C-TAD under mild
hypoxia [23]. The different thresholds of oxygen level for
the activation of FIH and PHD-2 necessitate differentiating
active forms of HIF-1a. Five forms of HIF-1a are consid-
ered here: HIF-lo, (cytoplasmic dehydroxylated HIF-1a),
HIF-10-aOH,. (cytoplasmic HIF-lao hydroxylated on
Asn803 in C-TAD), HIF-lo, (nuclear dehydroxylated
HIF-1a), HIF-lo,ac (nuclear acetylated HIF-lo) and
HIF-10-aOH, (nuclear HIF-1a hydroxylated on Asn803 in
C-TAD) (see Eqgs. 1-5 in Method S1).

It is assumed that PHD-2 is the main form of PHDs to
promote HIF-la degradation since its activity is much
higher than PHD-1/3 [24,25]. The degradation of HIF-la
by PHD-2 is constrained in cytoplasm due to the cytoplas-
mic localization of PHD-2 [26]. HIF-1a induces the expres-
sion of PHD-2, which in turn targets HIF-lo for
degradation, enclosing a negative feedback loop [27]. This
feedback loop should contribute to adaptation of HIF-1a
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Fig. 1. Schematic diagram of the network model involving HIF-1a and p53. The model focuses on the regulation of p53 by HIF-1a pathway
upon hypoxia. The hydroxylases PHD-2 and FIH are progressively deactivated, leading to the stabilization and activation of HIF-1a. Partially
active HIF-1a can induce PFKL to trigger glycolysis. The fully activated HIF-1a induces PNUTS and VEGF to promote p53 phosphorylation
and angiogenesis, respectively. On the other hand, both ATR and PNUTS promote p53 stabilization by facilitating its phosphorylation. p53
and HIF-1a compete for binding both p300 and Mdm?2 in their transactivation and degradation, respectively. Activated p53 induces Bax to
initiate apoptosis. Moreover, p53 promotes its own accumulation through the p53-SHIP-1-Mdm2 positive feedback loop. Arrow-headed
dotted lines denote the transactivation of target genes by HIF-1a and p53, while the arrow-headed solid lines mark the state transition or
the nucleus-cytoplasm trafficking. The circle-headed and bar-headed lines display the promotion and inhibition, respectively.
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to hypoxia [20]. Similar to PHD-2, FIH-mediated HIF-1a
hydroxylation is also restricted in cytoplasm since FIH is
mainly a cytoplasmic protein [26]. Two forms of PHD are
considered: PHD (inactive form) and PHD* (active form);
FIH is divided into FIH (inactive form) and FIH* (active
form) [19]. The oxygen-dependent activation and deactiva-
tion of FIH and PHD-2 are described by Michaelis—
Menten kinetics (Eqs. 6, 7, 9 and 10 in Method S1). It is
assumed that PHD-2 is induced by all the three forms of
HIF-1a in the nucleus [20], and the production rate of
PHD-2,,, is characterized by the Hill functions of HIF-1a,,
HIF-10-aOH,, and HIF-1a,5c levels (Eq. 8 in Method S1).
By contrast, FIH expression is HIF-la-independent, and its
total amount is assumed to be constant.

HIF-1a induces a number of genes to modulate cellular
adaptation to hypoxia. Among them, phosphofructokinase
L (PFKL) contributes to metabolic switch from oxidative
phosphorylation to glycolysis, while vascular endothelial
growth factor (VEGF) promotes angiogenesis to enhance
oxygen supply [1]. PFKL and VEGF are induced by HIF-
lo under distinct hypoxic conditions depending on the sta-
tus of FIH [28]. We assume that PFKL is induced by HIF-
loa-aOH,, and HIF-1a,, while VEGF expression is activated
by HIF-lo,ac. PNUTS is reported to be induced by HIF-
lo at 0% O, [15], and can be considered a target of HIF-
lozac [28]. Similar to PHD-2.,, the induction rates of
PNUTS, PFKL and VEGF are all characterized by the Hill
function (Egs. 11, 25 and 26 in Method S1).

Activation of p53 upon hypoxia

As a transcription factor, the phosphorylation and acetyla-
tion of p53 modulate the selective induction of its target
genes [29]. It is assumed that p53 is progressively activated:
phosphorylation contributes to its stabilization and partial
activation; further acetylation leads to its full activation
[21]. Based on its status and subcellular localization, four
forms of p53 are included in the model, namely p53. (cyto-
plasmic p53), p53, (nuclear inactive p53), pS53,p (nuclear
phosphorylated p53) and p53,ac (nuclear acetylated p53)
(Egs. 14-17 in Method S1).

ATR promotes p53 accumulation by phosphorylation
under severe hypoxia. ATR can be activated by hypoxia-
induced replication arrest and phosphorylate p53 at Serl5
[8]. Moreover, activated ATR promotes its own activation
through autophosphorylation [30]. Two forms of ATR are
considered: ATR (inactive form) and ATR* (active form);
their conversion is oxygen-dependent, and is described by
Michaelis—Menten kinetics (Egs. 12 and 13 in Method S1).

Reciprocal regulation of HIF-1 and p53 pathways

HIF-1o promotes p53 accumulation in two ways. On one

hand, HIF-loo induces PNUTS to promote p53

Regulation of p53 activation by HIF-1

phosphorylation indirectly, protecting p53 from Mdm2-
dependent degradation [15]. On the other hand, HIF-1a
releases pS3 from Mdm2-dependent degradation by direct
interaction with Mdm2 [14].

The transcriptional coactivator p300 is shared by multi-
ple transcription factors including HIF-1a, p53, NF-xB
and so on, in cells exposed to hypoxia [31-34]. Moreover,
p300 is involved in histone acetylation during transcription
initiation [35]. Although p300 is abundant in the whole cell,
the available p300 for HIF-la and p53 is limited in the
hypoxic response [34]. Therefore, the two transcription fac-
tors have to compete for limited p300 to gain transcription
activity [34]. We use p300,, to denote the total of p300
available for HIF-la and p53. For simplicity, p300. is
assumed to be fixed as a parameter. The activation rate of
HIF-1a and p53 is proportional to p300, and is described
by the competitive Michaelis—Menten kinetics (Eqgs. 5 and
17 in Method S1). It is assumed that p53,Ac can induce
the transcription of mdm?2, SHIP-1 and bax, and the tran-
scription rates obey Hill function with Hill coefficient set to
4 (Egs. 18, 20 and 27 in Method S1).

As an E3 ubiquitin ligase, Mdm2 promotes the degrada-
tion of both p53 and HIF-1a [14]. The subcellular localiza-
tion of Mdm2 significantly influences the degradation of
p53 [36,37], whereas Mdm2-regulated degradation of HIF-
loe occurs mostly in cytoplasm [38]. Thus, Mdm?2 is divided
into Mdm2. (cytoplasmic Mdm2) and Mdm?2, (nuclear
Mdm2). Mdm?2 promotes the degradation of both p53 and
HIF-1a, and they compete for degradation described by
competitive Michaelis-Menten kinetics (Egs. 1-4 and 14-16
in Method S1). Specially, the Mdm2-mediated degradation
of p53,ac and HIF-1o,ac is ignored because ubiquitination
is excluded by the acetylation [39].

Notably, the subcellular distribution of Mdm2 is also
regulated by p53-induced SHIP-1 [11,12]. Given SHIP-1 is
induced by p53 under severe hypoxia [11], we assume that
p53uac controls SHIP-1 production (Eq. 20 in Method S1).
Further, AKT activity is repressed due to the deactivation
of phosphatidylinositol-3,4,5-trisphosphate (PIP3) to phos-
phatidylinositol-4,5-bisphosphate (PIP2) by SHIP-1 (Egs.
21 and 23 in Method S1) [12,40]. Consequently, most of
Mdm?2 is sequestered in cytoplasm, which stabilizes nuclear
p53 [41]. Thus, the p53-SHIP-1-Mdm2 positive feedback
loop contributes to p53 stabilization by modulating the
subcellular localization of Mdm?2. Based on their phospho-
rylation status, AKT and PIP3 are divided into active
(AKT* and PIP3) and inactive (AKT and PIP2) forms. As
posttranslational modifications are the main regulation
modes of AKT upon hypoxia, the total amount of AKT
and AKT* is assumed to be a constant. Similarly, the total
amount of PIP2 and PIP3 is also set as a constant.
Michaelis—Menten kinetics is exploited to characterize the
enzymatic reactions in the p53-SHIP-1 pathway (Eqgs. 18,
19, and 21-24 in Method S1).
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Methods

The dynamics of all the proteins are described by ordinary
differential equations (ODEs), which are listed in Method
S1. All the initial values of the variables are set as their
steady-state values at 21% O,, and are listed in Table S1.
All the parameters are shown in Table S2. The free soft-
ware oscILL8 (http://oscill8.sourceforge.net) is exploited to
solve the ODEs and plot bifurcation diagrams. The original
codes for the simulation by osciLL8 are presented in
Method S2. Time is in units of minutes, and the units of
parameters are set to ensure the concentration of each pro-
tein is dimensionless. The level of oxygen is characterized
by its volume percentage denoted by Lo,.

Results

Overview of the dynamics of HIF-1o and p53

Heat maps are exploited to elucidate the global proper-
ties of [HIF-1oy,] and [p53,] dynamics at various Lo,
(Fig. 2A,B). Under mild hypoxia, [HIF-loy,] shows
adaptive behavior with a bell-shaped pulse. This adap-
tive response has been observed experimentally due to
the HIF-10-PHD negative feedback [19,20]. [HIF-10t]
rises and settles at high levels under moderate hypoxia
(Fig. 2A). Under severe hypoxia, it stays at high levels
for a period of time and drops to basal levels finally;
the delay in the descending phase of [HIF-1oy,] is due
to hypoxia-independent degradation [8]. By contrast,
[p53¢04] still stays at low levels in mild hypoxia, reaches
moderate levels under severe hypoxia, and attains high
levels upon anoxia (Fig. 2B). The difference in the
dynamics of [HIF-loy,] and [p53.,] under different
hypoxic conditions shows good agreement with experi-
mental observations [8]. Together, HIF-1a is preferen-
tially activated under mild or moderate hypoxia,
whereas p53 accumulates remarkably under severe
hypoxia or anoxia.

The bifurcation diagrams reveal the dependency of
the steady-state [HIF-loy] and [p53,,] on Lo,, char-
acterizing the long-time dynamical behaviors of these
two proteins (Fig. 2C,D). Both [HIF-10,] and [p53s(]
exhibit two discrete states with varying Lo,. The
steady-state level of HIF-1oy,, is still rather low at 2%
0O,, consistent with the presence of adaptive behavior.
[HIF-10yy] switches to high levels in the range of
0.085-2% O, due to repressed degradation, but drops
to rather low levels for Lo, < 0.085% (Fig. 2C). By
contrast, [p53,] varies markedly in the range of
0.085-0.4% 0O,, and switches to high levels for
Lo, <0.085% (Fig. 2D). How HIF-loo and p53
dynamics vary and what the underlying mechanism

P. Wang et al.

of their reciprocal regulation will be clarified in the fol-
lowing.

Regulation of HIF-1a. dynamics by PHD-2

As shown in Fig. 2A, HIF-1a shows adaptive behavior
and sustained high levels under mild and moderate
hypoxia, respectively. It was reported that HIF-la
induces PHD-2/3 to promote its own degradation [27].
The correlation between HIF-la-induced PHD-2
expression and HIF-1o dynamics is revealed in Fig. 3.
Under mild hypoxia, [PHD-2*] drops quickly due to
the deactivation of PHD-2, leading to the stabilization
of HIF-la and a rise in [HIF-1oy,] (Fig. 3A). [PHD-
204 rises gradually due to HIF-la-dependent induc-
tion. Correspondingly, [PHD-2*] increases after the
initial decline so that [HIF-loy,] drops later due to
enhanced degradation. Therefore, HIF-1a-PHD feed-
back contributes to the adaptation of HIF-1a to mild
hypoxia. These results are consistent with the adaptive
behaviors of HIF-1a reported in Ref. [20].

By contrast, PHD-2* is fully deactivated, and
[PHD-2*] drops to rather low levels under moderate
hypoxia (Fig. 3B). As a result, HIF-1ay, accumulates
and settles at high levels, leading to sustained transac-
tivation of PHD-2. That is, full deactivation of PHD-
2* inhibits the HIF-1a-PHD negative feedback, result-
ing in sustained stabilization of HIF-la in this case.
Similar dynamics of HIF-1a was also observed experi-
mentally [20]. Collectively, both PHD-2 induction by
HIF-1oo and its deactivation affect the dynamics of
HIF-1o.

Requirement of HIF-1a expression for the
stabilization of p53

The effects of HIF-1a level on p53 stabilization are
shown in Fig. 4. Under anoxia, [p53,] drops remark-
ably when the production rate of HIF-lo, kuiriq,,
decreases from 0.4 to 0 (Fig. 4A). Thus, HIF-la
expression contributes to p53 stabilization remarkably.
This result is consistent with the data from
immunoblotting experiment in which HIF-la was
expressed normally or knocked out in cells treated
with hypoxia mimetic desferrioxamine for 6 h [13].
Indeed, under anoxia the steady-state [p53.,] drops
with decreasing kspipiac (production rate of cytoplasmic
HIF-1a) when it is less than 0.5 (Fig. 4B). Neverthe-
less, [p53io] is still greater than 3.0 with kggipiac = 0,
suggesting that additional mechanisms also play a role
in stabilizing p53. Of note, HIF-1a-dependent p53 sta-
bilization only occurs for smaller ksyipiac. [PS53i0d] rises
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quickly to high levels, while it declines slowly for
ksaiFiac > 0.5 and switches to lower levels when
ksuiriae exceeds the threshold corresponding to the
saddle-node (SN) bifurcation point. Overexpressed
HIF-1oa downregulates p53 since most p300 is snatched
from p53, deactivating p53 and facilitating its degrada-
tion. Thus, HIF-1a may play a dual role in the regula-
tion of p53 level depending on its own induction rate.
Notably, the dynamics of normalized [p53.,] and
[HIF-1oy,] is comparable to experimental data [§]
(Fig. 4C.D). Under severe hypoxia (0.02% O,), [HIF-
loyo ] rises to and stays at high levels in the early per-
iod of 12 h, and drops to basal levels in the late phase
(Fig. 4C). The upregulation of [HIF-10,] results from
hypoxia-induced stabilization, while its subse-
quent downregulation is owing to Mdm2-dependent
degradation [17]. The dynamics of [HIF-loy,] show

FEBS Letters 593 (2019) 2596-2611 © 2019 Federation of European Biochemical Societies

agreements with experimental data [8]. [p53o] first
reaches a moderate level and further rises to a higher
level later (Fig. 4D). Together, p53 level rises progres-
sively within 24 h as observed experimentally [8].
Therefore, HIF-1oo and p53 exhibit distinct dynamic
patterns under hypoxia.

HIF-1o. promotes p53 accumulation by inducing
PNUTS

We next address the role of HIF-la-induced PNUTS
in the stabilization of p53 (Fig. 5). To assess the signif-
icance of HIF-la transcriptional activity in p53 stabi-
lization, we investigate how p53 expression is
influenced by FIH that represses the transcriptional
activity of HIF-1a [3] (Fig. 5A). Consistent with exper-
imental data, [p53,] with shRNA treatment for FIH
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is doubled at least compared with the controlled case
at 1% O, [42]. Similarly, [p53.,] also rises markedly
under normoxia in the shFIH case. As shown in the
figure, our results coincide with experimental data
rather well [42]. The dependency of p53 stabilization
on FIH expression suggests that the transcriptional
activity of HIF-1a is required for p53 stabilization.

The effects of FIH abundance on p53 accumulation
under moderate hypoxia are shown in Fig. 5B. The
steady-state levels of both HIF-la,ac and PNUTS
drop toward saturation with increasing FIH,, while
[HIF-10-aOH] rises toward saturation. These behav-
iors result from the conversion of HIF-lo,ac to HIF-
la-aOH depending on FIH. Moreover, p53,, drops
significantly with increasing FIH,, due to downregula-
tion of PNUTS under moderate hypoxia. Therefore,
FIH abundance plays a significant role in p53 stabi-
lization by modulating HIF-1a activity and PNUTS
induction.

To further reveal the significance of PNUTS induc-
tion in p53 accumulation, the bifurcation diagram of
[p53i0] versus kpnurs at 0.3% O, is  plotted
(Fig. 5C). The steady-state [p53.,] is very low in the
absence of PNUTS expression, and rises toward satu-
ration with increasing kgpnyts. Our results suggest
that PNUTS promotes p53 stabilization under moder-
ate hypoxia.

Time (h)

1
12 24 [HIF-To0¢) (C) and [p53i01 (D) at 0.02% O,.
The black lines denote the simulation
results, and the red dots represent the
experimental data from RKO cells [8].

The dynamics of [p53,,] and [PNUTS] are com-
pared with experimental data from EC219 cells [15]
(Fig. 5D). Upon anoxia (0% O,), [PNUTS] rises per-
sistently within 12 h due to induction by HIF-1a, and
p53 accumulates owing to repression of its dephospho-
rylation by PNUTS. That is, HIF-lo-induced PNUTS
contributes to p53 stabilization in the early phase of
cellular response to anoxia as shown in the experiment
[15]. In the late phase, PNUTS recovers to basal
expression tightly following the behavior of [HIF-10y]
as shown in Fig. 3E. Therefore, transient PNUTS
induction by HIF-1a contributes to the initial accumu-
lation of p53, and other mechanisms are at work to
maintain high levels of p53., in the late phase.

PNUTS and ATR cooperate to facilitate p53
stabilization

Under severe hypoxia, activated ATR phosphorylates
p53 and promotes its accumulation in addition to
PNUTS [8]. We next characterize the respective role of
ATR and PNUTS in p53 stabilization (Fig. 6). Both
ATR and PNUTS exhibit bistable behaviors with
varying oxygen levels (Fig. 6A). PNUTS is induced
gradually under moderate hypoxia, while it drops to
basal levels under severe hypoxia. ATR is activated
only under severe hypoxia. Thus, PNUTS and ATR
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Tanacl (black) versus FIHo: at 0.3% O».
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®
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[PNUTS] at 0% O,. The black lines
describe the simulation results, and the
red circles represent the experimental data
from EC219 cells [15].

contribute to p53 accumulation under different
hypoxic conditions.

We further compare the bifurcation diagram of
[pS3od versus 0,% without PNUTS or ATR
(Fig. 6B). Without PNUTS, p53 still exhibits a bis-
table switch while it cannot reach sufficiently high
levels stimulated by ATR alone. Of note, this result
suggests that transient expression of PNUTS con-
tributes to the complete stabilization of p53. Without
ATR, the steady-state level of p53,, gradually rises to
moderate levels at 0% O,. Thus, we propose that both
PNUTS and ATR are required for the full accumula-
tion of p53 by promoting its phosphorylation upon
anoxia.

p53 competes for p300 with HIF-1a

We have verified that HIF-1a is indispensable for high
expression of p53 by inducing PNUTS. We will further
explore the interplay between the two transcription
factors in their activation and investigate the key fac-
tors that influence the acetylation of HIF-1a and p53
(Fig. 7).

We first show the bifurcation diagrams of [HIF-
lowac] and [pS3,ac] versus O,%, revealing how oxy-
gen levels affect the acetylation of HIF-la and pS53
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(Fig. 7A). [p53nac] stays above 4.5 for Lo, <0.2%
and reduces remarkably for Lo, > 0.4%. By contrast,
[HIF-1o,ac] rises gradually from 0.4% to 0.085% O,
while it drops to rather low levels with Lo, below
0.085%. These results can be well explained by higher
binding affinity of p53 for p300 that facilitates p53
acetylation [43]. Under moderate hypoxia, HIF-la is
acetylated by p300 and induces PNUTS that promotes
p53 stabilization, leading to partial acetylation of p53.
Under severe hypoxia, accumulated p53 attenuates
HIF-1a activity by competing for p300 and promoting
its degradation. That is, p53 promotes its own activa-
tion indirectly by repressing HIF-lo, enclosing an
implicit positive feedback in the competition between
p53 and HIF-la,ac. Together, HIF-lao or p53 pre-
dominates in the competition for p300 depending on
the severity of hypoxia.

p53 abundance affects the competition for p300 as
seen in the bifurcation diagram of [p53,ac] and [HIF-
lozac] versus the production rate of p53, kgps3,
(Fig. 7B). Under anoxia, HIF-1a acetylation predomi-
nates with very small kgs3,, and [HIF-lo,ac] drops
quickly with increasing kgps3,. When kgps3 exceeds a
certain threshold, p53 prevails over HIF-1a in acetyla-
tion. Therefore, the outcome of the competition
between p53 and HIF-la is largely dependent on the
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p300,

relative proportion of their abundance. Similarly, p300
abundance affects the competition between p53 and
HIF-1a (Fig. 7C). Both [p53,ac] and [HIF-1o,ac] rise
with increasing p300,,, and both of them become sat-
urated and reach rather high levels when p300 level is
very high. Together, intense competition between p53
and HIF-1a appears only for limited p300.

In the two-parameter bifurcation diagram of p300,,
versus kgps3 , the curve shows the threshold of p300,
with varying kgps3, based on the right SN point in
Fig. 7C (Fig. 7D). The phase plane is divided into two
regions, p53 is highly (or weakly) acetylated in the
upper right (or lower left) region. Both the levels of
p53 and p300 significantly affect the outcome of the
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p300,,

(black) versus oxygen level (A), kspsz, (B)
and p300;c; (C). (D) Two-parameter
bifurcation of p300 and ksps3, . Lo, is 0%
in B-D.

competition between p53 and HIF-la. For limited
p300, p53 prevails over HIF-1a due to its stabilization
under severe hypoxia. When p300 is abundant, both
p53 and HIF-la can be sufficiently acetylated, and
HIF-1a level reduces due to p53-dependent degrada-
tion. Together, the competition for limited p300
between p53 and HIF-1a significantly influences the
cellular outcome upon hypoxia.

p53 promotes its own activation by degrading
HIF-1a via Mdm2

HIF-1a level is rather low under severe hypoxia [44],
which may result from oxygen-independent degradation
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modulated by p53 [17,19]. The underlying mechanism is
investigated in the following (Fig. 8).

We first show the dynamics of [HIF-1a,] with dif-
ferent kgps3, (the rate constants of p53 production)
(Fig. 8A). [HIF-1oy,] rises to a high platform followed
by returning to basal levels. The transient high plat-
form results from hypoxia-induced stabilization.
Increasing the abundance of p53 by increasing kqps3,
largely shortens the platform. Decreasing kgps3, length-
ens the platform; [HIF-1oy,] remains at the high plat-
form when kg,s3, becomes too small. These results can
be verified by plotting the bifurcation diagram of
[HIF-loyo] versus k53, (Fig. 8B). Only when kgpss,
exceeds the threshold dose [HIF-loy,] drop to basal
levels.

To explore how the subcellular distribution of
Mdm?2 affects HIF-1ow degradation, we consider three
cases: blocking nuclear export of Mdm2 by setting
kourm = 0, or nuclear entry by setting ki,n = 0, or nor-
mal translocation in the standard parameter setting

Regulation of p53 activation by HIF-1

(Fig. 8C). Restricting Mdm2 to the cytoplasm can
effectively decrease [HIF-loy,], consistent with the
experimental data for HIF-loy, at 4 h after hypoxia
treatment in which S166A mutation on Mdm?2 inhibits
its nuclear entry and promotes HIF-1oy,, degradation
[38] (see the right histograms). On the contrary, HIF-
loe hardly changes if all Mdm2 is confined in the
nucleus (experimentally, this was realized by inducing
S166E mutation on Mdm?2) [38]. Thus, HIF-1a stabil-
ity is largely affected by the subcellular localization of
Mdm2.

p53-induced SHIP-1 can alter the subcellular local-
ization of Mdm2 through the PIP3-AKT cascade and
thus participates in regulating HIF-la stability [12].
p53-dependent induction rate of SHIP-1, ksspip;, Sig-
nificantly influences the steady states of [Mdm2.] and
[Mdm2,] (Fig. 8D). For small kgyp;, most Mdm?2
enters the nucleus. Only when kgsyp; exceeds the
threshold, cytoplasmic Mdm2 becomes dominant as its
nuclear entry is inhibited by high expression of SHIP-
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1. As a result, [HIF-1oy,] abruptly drops to low levels
when kgspp; exceeds the threshold; pS53,,, further rises
to high levels with larger ksspp; since SHIP-1 prevents
the nuclear entry of Mdm2 (Fig. 8E). Together, SHIP-
1 indirectly promotes the degradation of HIF-la by
modulating the subcellular distribution of Mdm?2.

kssuipr directly determines the level of SHIP-1, while
ksps3, controls the level of p53 and indirectly influences
the rate of SHIP-1 production. The two-parameter
bifurcation diagram of kgps3, versus kgspipr is plotted
to show how they modulate HIF-1la and p53 levels
(Fig. 8F). With small kgps3,, sufficient SHIP-1 can be
produced with rather large kgspp; so that most Mdm2
can be maintained in the cytoplasm to degrade HIF-
lo. With rising kgps3 , sufficient SHIP-1 can be pro-
duced even with smaller kg yip; to facilitate HIF-1o
degradation by Mdm2. When kgsyp; becomes rather
small, increasing ksps3, has no marked effects on the
threshold since it is rather difficult to produce suffi-
cient SHIP-1 in this case.

A [HIF1 &
2

B [PFKL]
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Coordination of HIF-1a and p53 guarantees an
optimal fate decision

Finally, we reveal how HIF-la and p53 coordinate to
decide cell fate depending on the severity of hypoxia.
HIF-1a and p53 are progressively activated to selec-
tively induce their target genes controlling cellular out-
come (Fig. 9).

Under mild hypoxia, [HIF-la,7] (the total level of
HIF-1oo and HIF-1a-aOH,,) accumulates transiently to
induce the phosphofructokinase PFKL to transform
metabolism from oxidative phosphorylation to glycoly-
sis, promoting cellular adaptation to hypoxia. Upon
moderate hypoxia, [HIF-1o,1] stays at high levels persis-
tently and induces sustained expression of PFKL to trig-
ger glycolysis (Fig. 9A,B). At 0.1% O,, most HIF-la
converts to acetylated HIF-1oyac (Fig. 9C). As a result,
accumulated HIF-lo,ac induces VEGF (Fig. 9D).
Therefore, HIF-1a is partially activated under mild or
moderate hypoxia due to deactivation of PHDs,
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inducing a number of genes to facilitate cellular adapta-
tion to hypoxia; further aggravating hypoxia leads to
deactivation of FIH and full activation of HIF-1a, pro-
moting angiogenesis that is involved in metastasis [1].

Under moderate hypoxia, p53 is partially activated
due to PNUTS-dependent stabilization. Under severe
hypoxia, p53 becomes fully activated and accumulates
in the form of p53,ac after a delay (Fig. 9E). Corre-
spondingly, Bax is induced by p53 and triggers apop-
tosis (Fig. 9F). HIF-1a is degraded by Mdm2 after
transient activation. Upon anoxia, PNUTS and ATR
cooperate to promote p53 phosphorylation and acety-
lation, activating its proapoptotic activity. Of note, the
p53-SHIP-1-Mdm2 positive feedback contributes to
the sharp reversion between p53 and HIF-lo.
Together, HIF-1a and p53 cooperate to make an opti-
mal fate decision under hypoxia.

Conclusion and Discussion

In this work, we investigated the mechanism of cellular
response to hypoxia involving HIF-1a and p53 path-
ways. The reciprocal regulation of HIF-la and p53
can be summarized briefly in a schematic diagram
(Fig. 10). Under mild hypoxia, HIF-la is partially
activated to trigger glycolysis and does not contribute
to pS3 stabilization. Under moderate hypoxia, it
becomes fully activated and contributes to angiogene-
sis. At the same time, HIF-1a promotes the partial sta-
bilization of p53 by inducing PNUTS. Accumulated
p53 begins to compete for p300 with HIF-lo. Only
under severe hypoxia, p53 prevails over HIF-1a in the
competition for p300 due to ATR-mediated stabiliza-
tion. Moreover, activated p53 facilitates its further
activation by inducing Mdm2-dependent HIF-1a
degradation. Fully activated p53 can initiate apoptosis
by inducing Bax. Together, the transition in the pre-
domination of HIF-1a and p53 plays a key role in cell
fate decision depending on the severity of hypoxia.

Regulation of p53 activation by HIF-1

We focused on the modulation of p53 activation by
HIF-1a and other factors upon hypoxia. On one hand,
HIF-lo contributes to the primary accumulation of
p53 by inducing PNUTS under moderate hypoxia.
This step was verified indirectly by a recent report that
p53 expression could be regulated by FIH, which has
been deemed a critical regulator of HIF-la [42]. On
the other hand, HIF-la represses p53 by competing
for p300. Thus, HIF-1a plays a dual role in the regula-
tion of p53 under moderate hypoxia. Under severe
hypoxia, ATR promotes the full accumulation of p53
that prevails over HIF-1a in the competition of p300
[8]. Moreover, p53 promotes HIF-1a degradation to
maintain its dominant state. Of note, HIF-1oo and p53
are predominated under different conditions. Under
mild or moderate hypoxia, HIF-1o overwhelms p53 in
the competition for p300; under severe hypoxia, a
reversion occurs in their competition, and p53 becomes
activated. We proposed that HIF-lo-induced PNUTS
and ATR coordinate to promote p53 accumulation by
regulating its phosphorylation progressively upon
hypoxia.

It has been identified experimentally that FIH acts as
a repressor of HIF-1a transcriptional activity in cellular
response to hypoxia [3,45]. It is broadly expressed in
various organs and tissues [46]. Its deletion or downreg-
ulation is closely related to tumor progression in multi-
ple human cancers including glioblastoma and
colorectal cancer [47,48]. The oncogenic role of FIH
depends on its inhibition on HIF-la transcriptional
activity [47,49]. It has been reported that about 40%
genes induced by C-TAD of HIF-la are inhibited by
FIH [50]. Although FIH plays a key role in repressing
HIF-1a activity in the hypoxic response, FIH-knockout
mice exhibit reduced body weight, elevated metabolic
rate and improved glucose homeostasis, suggesting that
FIH should contribute to metabolism regulation. Of
note, the regulation of metabolism by FIH is not depen-
dent on its canonical role in inhibiting HIF-la-
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@ @
D CJ@

Fig. 10. Schematic of hypoxia-driven cell
signaling mediated by p53 and HIF-1a. The
black and gray lines denote the activated
and inactivated regulation, respectively.
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dependent transcription in developmental hypoxia in
mice [51]. Thus, FIH performs distinct functions in dif-
ferent context. It is intriguing to characterize the distinct
roles of FIH in other contexts in addition to hypoxic
response by modeling.

p300 functions as coactivators for the activation of
numerous transcription factors in hypoxic response
[31-33]. Moreover, p300 also acts as histone acetyl-
transferases in transcription initiation [35]. It can be
considered limiting, sharing by the multiple transcrip-
tion factors and histones. Especially, the competition
of p300 between p53 and HIF-la significantly influ-
ences their transcription activities and is intensively
investigated in recent years [32,52]. The induction of
the target genes by HIF-1a is modulated by the abun-
dance of p53 and p300 [53]. In our work, it is assumed
that HIF-1a and p53 compete for limited p300 upon
hypoxia. The amount of available p300 is denoted as
p300,,, in our model. p300,, is significantly affected
by histones and other transcriptional factors. Thus, we
have assessed the effects of varying p300,, on the out-
come of the competition between HIF-loo and p53.
Indeed, it has been revealed experimentally that over-
expressed p300 relieves pS53-induced repression of
HIF-1a activity [34]. Of note, p300 competition should
be helpful to maintain the ordered physiological func-
tions induced by various transcription factors [54]. It
is still a challenge to construct a more detailed model
including more transcription factors to investigate the
regulation of HIF-la and p53 activity in hypoxic
response.

The inositol phosphatase SHIP-1 was found in the
middle 1990s and shown to be largely expressed in
hematopoietic cells [55,56]. Further investigations
showed that SHIP-1 is also expressed in other tissues
like spermatids, testis, osteoblasts and mesenchymal
stem cells [57,58]. Very recently, it has been identified
that SHIP-1 is induced by p53 under severe hypoxia in
multiple cell lines [11]. We consider p53-induced SHIP-
1 as the endogenous repressor of AKT in the present
work. In our previous work, PTEN was assumed to be
upregulated by p53 by repressing its repressor miR-17-
92 [21,59]. SHIP-1 is not considered in the previous
model since its induction by p53 in hypoxia has not
been reported. We cannot exclude that SHIP-1 and
PTEN may cooperate in the inhibition of AKT. More-
over, the additive AKT inhibition pathway may be
important in several cancers in which the PTEN is
mutated or depleted [60].

There are still some limitations to our model. We did
not consider HIF-1-induced autophagy that promotes
cell survival and adaptation to hypoxia [61]. It has been
reported that Mdm2 competes with FIH for Asn803 at

P. Wang et al.

the C-terminal of HIF-1la, facilitating the recruitment
of p300 to HIF-1a. The above function of Mdm?2 was
not considered as the oxygen level required for consid-
erable accumulation of Mdm?2 is much less than that of
FIH inactivation in our model [62]. Given HIF-1a pro-
duction is upregulated via PI3K pathway [63], p53-
induced SHIP-1 should repress HIF-la production
indirectly by inhibiting AKT activation. For simplicity,
this indirect repression of HIF-la by p53 was not
included here. Moreover, the transcriptional repression
of the target genes by p53 is not considered since we
focused on the regulatory mechanism of the transcrip-
tional activity of p53 and HIF-1a.

Hypoxia plays a central role in tumor progression
and resistance to therapy [64]. Our work may provide
clues for cancer therapy based on the reciprocal regu-
lation of HIF-1a and p53 upon hypoxia. Hypoxic cell
killing is significant for cancer therapy [64]. Reactiva-
tion of p53 should be an efficient way to remove can-
cer cells in hypoxic microenvironment and improve
treatment effects. Moreover, overexpression of either
PNUTS or SHIP-1 may contribute to p53 activation
under hypoxic conditions.
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