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A dynamic model of the MYCN regulated DNA
damage response in Neuroblastoma

Axel Kuehn
Systems Biology Ireland
UCD Conway Institute
Dublin, 4
Email: axel.kuehn@ucdconnect.ie

Abstract—Neuroblastoma is the most common cancer in
infancy with an extremely heterogeneous phenotype that is ainly
driven by the MYCN oncogene. TheMYCN transcription factor
and its amplification is commonly associated with poor progpsis
in patients, although it has also been shown that elevateM YCN
levels correlates with apoptosis sensitization in cells. MGAL is
one of MYCN target genes and is involved in triggering apoptsis
through a DNA Damage Response (DDR) by inducing ataxia-
telangiectasia-mutated (ATM) gene expression. But HMGAL 9
also involved in preventing apoptosis by directly binding HPK2
and decreasing its presence in the nucleus, therefore deasing
phosphorylation of p53 at serine 46 which is required for the
activation of p53 apoptotic targets. In this article, we prgose
a model in which MYCN protein regulates the HMGA1-ATM-
p53 and HMGA1-HIPK2-p53 subsystems. Because the molecular
details concerning the HIPK2-HMGAL1 interaction are uncertain
several possibilities were explored in simulations. Our madel
points towards an important role of MYCN-dependent regula-
tion of HMGAL1 expression levels and the subsequent HIPK2
nuclear/cytoplasmic re-localization and led to experimetally
testable predictions that can discern between alternativenodel
structures.

I. INTRODUCTION
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[4]. Depending on its response dynamics, p53 can promote
DNA repair, senescence or apoptosis. p53 is often mutated
or otherwise inactivated in cancer. In Neuroblastoma, p53
mutations are rare (occurring in 5% of cases), indicatirag th
the p53 system is functionally inactivated at the level of
upstream or downstream regulators. MYCN is one of these
upstream regulators. A particularly attractive hypotbesising
from the clinical data is that MYCN would exert a dual dosage-
dependent effect on the p53 system. In this hypothesiditblig
increased MYCN levels would result in an increased p53 DNA
damage response whereas excessively increased MYCN, levels
such as found in MYCN-amplified tumours, would impair
the p53 apoptotic response. Here, we explored whether this
hypothesis is theoretically possible.

The p53 system is complex, containing multiple negative
and positive feedback loops, which in turn generate complex
dynamics ranging from sustained to pulsatile oscillatogy r
sponses [4]-[6]. This complexity hinders a straight forvar
intuitive understanding of the p53 network. Therefore wakto
a computational systems biology approach and build a dymami
model of the p53 DNA damage response and its regulation by
MYCN. In the following, we first describe the implementation

Neuroblastoma is the most common extracranial solic®f the model and then proceed by exploring its dynamics.

tumour in childhood and the most common cancer in in-

fancy. It is an extremely heterogeneous disease stratified .
in low-, intermediate- and high-risk tumours. Whereas low-

risk tumours often undergo spontaneous regression, figgh-r The response of p53 to DNA damage can be understood
tumours can be very aggressive despite multi-modal trea®s an input-output signal transduction system (Fig. 1), [6]
ments. TheMYCN gene encodes for MYCN transcription The input layer consists of ATM which senses the DNA
factor and its amplification is commonly associated withdamage. The output or effector layer consists of p53 which
high-risk tumours although it has been shown thYCN  depending on its phosphorylation status promotes celecyc
gene amplification also correlates with apoptosis seasitis.  arrest or apoptosis. When phosphorylated at S46, p53 pssmot
Thus, MYCN seems to have an interesting biphasic effecapoptosis, and this proapototic form of p53 (hereafterrrete

on Neuroblastoma. In patients, moderately increased MYCNo as p53-killer) was chosen as output [7]. The core of our
levels are associated with improved prognosis, wheldSN ~ model is based on established models in the literature ¢#]-[
gene amplification and greatly increased levels are agsdcia and is explained briefly in the following.

with poor prognosis [1], [2]. These MYCN-amplified, highly Upon DNA damage, ATM is phosphorylated at S1981

aggressive tumours usually evade even extensive multimoda ost likely through DNA-damage induced autophosphoryla-

chemotherapy resulting in high death rates. Because tumo L . .
aggressiveness and evasion to chemotherapy is intimate, gjr(])l[Jsr],nEn%](.jgloirsszgrg))l(lacrlltgémeoﬁTcheprlg)liRhggrfggg :gﬁﬁ? but

linked to the cellular DNA damage response (DDR) and p5§

. : does not describe the detailed autophosphorylation events
i[rif]Nvg/ﬁrz%tljagsi}totr?];nvestlgate how MYCN affects the p53 DDR81981 ATM is also involved in inactivating phosphorylatiai

MDM2 [10], [11] and SIAH1/SIAH2/WSB1 [12], [13] which
The protein p53 is a tumour suppressor that regulateall lead to activation of p53. Finally, ATM s1981 directly
the cell fate in response to DNA damage and other stressegmosphorylates p53 at serine 15 [14], [15]. Due to overlagpi
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Fig. 1. Schematic of the model.

functions between ATM and ATR, and less efficient kinasep53 apoptotic targets [25], [26]. Taking these experimiartta
activity towards p53, ATR is neglected in this model [14]. By servations into account, our extended model includes HMGA1
phosphorylating MDM2, ATM S1981 reduces MDM2 binding induced ATM expression [21], ATM/ATR induced HMGA1
on p53 which results in decreased MDM2 ubiquitin ligasephosphorylation [22], HMGA1 dependent HIPK2 cytoplasmic
activity and higher p53 level [11]. Based on [16] we assumeelocalisation [25], [26] and MYCN induced HMGA1 and
that p53 can in turn induce MDM2 gene expression if at leasMDM2 expression [23], [24], [27]. For simplicity, we moded
phosphorylated at serine 15, i.e p53 is primarily activatedHMGAL-dependentinactivation and cytoplasmic relocéiisa
On the other hand, ATM exerts a similar mechanism onof HIPK2 as a simple sequestration reaction, i.e. HMGAl
the ubiquitin ligase SIAH1. SIAH1 is responsible for HIPK2 binds HIPK2 and the resulting complex is inactive. Because
degradation and by phosphorylating SIAH1, ATM reduces theéhe molecular details for the HMGA1-HIPK2 interaction are
binding affinity between SIAH1 and HIPK2 and allows HIPK2 uncertain, several possibilities were explored in the rhade
accumulation [12]. HIPK2 is one of the main kinases involveddescribed in the results section.

7161 nGrder for PR 0 posphoniate s o s, 85520 9 e desrbed meracions a Smamic model i
fg’eﬁgg ;Se 3? es ”faorrggtefg’séoﬂf]gfrﬁggm?t[g? @th;?]”igea;gd(he §erived [28]. This system of O(dinary differential equasavas

by ATM. p53 "arrester” upregulates WIP-1 ,phosphatase at thémplemented and simulated in Matlab. The parameter values
transcriptional level. WIP1 dephoshphorylates serine1168 were chosen based on established models in the literature

. . .. _and within biologically reasonable bounds [5], [6]. A dédi
ATM [19] and serine 15 of p53 [20]. For a detailed description : . :
of thig n}odel we refer to tﬁe o[rigi]nal literature [4]-[6]. PUON, ccount of all reactions, rate equations and parameteisein t

model is provided in Tables | - IV.

In addition to the above described core interactions, our In all simulations, we excite the system with a step input
model accounts for the regulation of the p53 system byf DNA damage att = 0, i.e. Uppr = 0 for ¢ < 0 and
MYCN. HMGAL1 is one of MYCN target genes and is involved Uppr = 10 for ¢ > 0 and solve the system of ordinary
in triggering apoptosis through the DDR by inducing ATM differential equations numerically (Matlab, ode15s sgivéo
gene expression [21]-[24]. But HMGAL is also involved in explore the dynamics of the system, interesting staticrpara
preventing apoptosis by directly binding HIPK2 and dedreas eters, such as the level of MYCN, are then varied between
its presence in the nucleus, therefore decreasing phogphor multiple simulation runs and the resulting outpwb3ic.)
tion of p53 at serine 46 which is required for the activatién o trajectories are analysed.



: fate and thus clinical outcome depends on the level of MYCN.
-~ pS3i Slightly increased levels of MYCN would promote cancer cell
_Sggﬁ apoptosis, whereas hugely increased levels of MYCN would
A | inhibit apoptosis. To test whether the p53-MYCN network
‘ (Fig. 1) is at least theoretically capable of exhibiting Isuc
s e a biphasic response, we simulated the model with increasing
it levels of MYCN (Fig. 3(a)). Our simulations show that p53
05 ! ] exhibits indeed a biphasic response to increasing MYCN
R levels; first increasing and then decreasing. Thus our com-
d\/\. putational analysis confirms that the p53-MYCN network is

00 500 o 500 1000 1500 2000 theoretically capable of explaining the dual, dosage-ddpst
Time (minutes) MYCN effect.

(a) MYCN = 3

15

Protein levels (a.u.)

15 ‘ ‘ ‘ ‘ —— C. Biphasic MYCN response does not depend on the dynamic
regime.

i | Considering that the dynamic behaviour of the p53 system
is highly context dependent and critically depends on thHe va
ues of the kinetic parameters, we sought to investigatethvenet
the above described biphasic MYCN response is robust. In
particular, we asked whether the biphasic response can b
observed in both the sustained and the oscillatory paramete
‘ regime. It is known that the oscillatory p53 dynamics depend
0 : : ‘ on the mdm2-p53 negative feedback [29] and increasing this
-1000 -500 0 500 1000 1500 2000 . . .
Time (minutes) parameter in our model switches the response dynamics from
(b) MYCN = 1.5 sustained to oscillatory. Holding the MYCN-dependent MDM2
MRNA synthesis parametekd;,: »par21) constant at a low
Fig. 2. Time course simulations for different values of MY@Nresponse value and Increasing the Ie\-/el of MYCN switched the P53
to DNA damagelUppr = 10 at timet = 0. (a) System relaxes to a monos- reSponS_eS fror_n non_reSpor.]dmg to S.UStamed responsesio no
table steady-state. (b) System exhits sustained osuillatiMYCN-dependent ~ Fesponding (Fig. 3(a)). At intermediafe, .+ v par21 vValues
MDM2 mRNA synthesis ratésyn:, mrpare1 = 0.05 min~1. p53; denotes  the system transitioned from non-responding to osciliator
unphosphorylated p5353., denotes p53-arrester phosphorylated at serine 15responses and then to sustained responses with decrease
P53, denotes p53-killer phosphorylated at serine 46. amplitudes and finally switched off completely (Fig. 3(b)).
For highksynt arpare1 the system switched directly from non-
l. RESULTS responding to oscillations, which then diminished in anopolée
for further increasing MYCN values (Fig. 3(c)). Thus, the
A. DNA damage response exhibits distinct dynamics depend-  p53 system exhibited a robust biphasic MYCN response.
ing on parameter values and MYCN levels. In particular, the biphasic nature of this response was not

It is well established that the p53 DNA damage responséiependent on whether the p53 system operated in the subtaine

system exhibits qualitatively distinct dynamics such as-su ©OF oscillatory parameter regime.

tained and oscillatory responses in a cell-type, stimulug a

dosage dependant manner [4]. For example, it was shown ] o . . ]
that UV radiation triggered a sustained p53 response, walere D. The HIPK2-HMGAL interaction is crucial for the biphasic
gamma radiation resulted in oscillatory response dynamiss Fesponse.

one would expect form a system containing several positive . . . -
and negative Ff)eedback Ioogs, our model ig well cap?able of Both the sustained and oscillatory regimes exhibited a
simulating these different dynamic behaviours by changingﬁ'phas'c. response thus demonstrating that the biphasic be
the particular parameter values used in the simulatiorg. (Fi ""2V1O" 1 & robust result. But what is the underlying mecha-
2). Because MYCN is intrinsically linked to the prognosis of NiSM? Using simulations, we found that the MYCN mediated
Neuroblastoma patients, the parameter we were partigularf€gulation of HMGAL, but not MDM2, caused the biphasic
interested in was the MYCN level. Interestingly, we obsdrve 'eSPOnses (Fig. 4). This can be intuitively explained adsvad.
that p53 response can switch from a sustained to an oscjllatoO" the one hand, moderately increased HMGAL levels in
response just by changing the level of MYCN (Fig. 2). Further '€SPONse to slight MYCN increases lead to increased ATM
we observed that particularly high levels of MYCN markedly expression, thus resulting in the activation of the ATM-K&R

: . : : p53 axis. On the other hand MYCN amplification causes
irse deL)I(%?grézeinpr5n3orrssdp§25einamgl;%Jlﬁjoivliﬂgc_)ur simulations. Thl(%xcessive HMGAL1 levels to an extent at which HMGA1l

binds and sequesters HIPK2, thus inhibiting the pro-apapto
phosphorylation of p53. Thus, MYCN-induced HMGAL ex-
hibits a dosage-dependent dual effect, first promoting thé D
An attractive hypothesis arising from the clinical data ondamage response by inducing ATM, and then inhibiting the
MYCN described in the introduction is that the cancer cellpro-apoptotic phosphorylation of p53 by sequestering FIPK

Protein levels (a.u.)

B. p53 exhibits biphasic behaviour in response to MYCN.
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4(a),4(b)). In contrast, models in which only the unphospho
rylated form of HMGAL binds HIPK2 or in which HMGAL1
binds irrespective of its phosphorylation status exhibite
biphasic response (Fig. 4(c),4(d)). Notably, the bipha$fiect
was most pronounced when only unphosphorylated HMGA1
bound HIPK2. These simulation results demonstrate that the
nature of the MYCN-p53 response - biphasic or not - criticall
depends on the nature of the HMGA1-HIPK2 interaction.
Further, these results provide a means of validating or in-
validating the different possible biochemical mechanism o
the HMGA1-HIPK2 interaction once experimental data on the
MYCN-p53 response become available.

IV. CONCLUSIONS

Complex reaction networks are often difficult to understand
intuitively making it necessary to describe and analysenthe
formally. The complexity of the present system lies in the
multiple nested feedback loops within the p53 system, namel
the ATM-p53-WIP1 and the p53-MDM2 feedbacks, and the
dual role of HMGA1 which both positively regulates the
ATM-p53 axis and negatively regulates the ATM-HIPK2-p53
axis. Here, we constructed a dynamic model of the p53
system that integrates a core network of the DNA damage
response described in [5], [6] with extended knowledge &bou
how MYCN affects the components within that system via
its transcription factor activity. A key target of MYCN in
our model is the gene HMGAL, which caused biphasic p53
responses for increasing MYCN levels in our simulationdsTh
biphasic behaviour mimics the clinical pathology of MYCN
neuroblastoma biology.

The prediction of the biphasic MYCN and HMGA1 be-
haviour can be validated experimentally by measuring the
different components after DNA damage induction (drugs or
radiation) in neuroblastoma cell lines, for example by \&st
blotting. Hereby, our model can be used to guide the experi-
mental design. For example, to assess the effect of HMGA1
one experiment is to transfect a cell line expressing radbti
low level of MYCN with increasing dosages of HMGA1 vector
resulting in range of artificially induced HMGA1 expression
levels. Observing a biphasic behaviour would be consistent
with models (c) and (d) in Fig. 4, but not models (a) and
(b). Vice-versa observing a monotone response would \alida

Fig. 3. Simulation showing the p53-killer response as ationcof MYCN. del d (b is al ibl f ant
The plot shows the asymptotic behaviour of the p53-killspanse after DNA ~ Models (a) and (b). It is also possible to perform an expertme
damage induction¢(> 2000 min); solid lines indicate monostable steady- iN @ similar setup selecting a range of neuroblastoma cedkli

states values, circles the minimum and maximum of sustaisedlations. naturally expressing different MYCN levels ranging fromvio
to high, although different genetic backgrounds mighttithe
interpretation of this experiment.

E. Exploring different mechanisms of HMGA1-HIPK2 inter-

action. The present model focused on MYCN feed forward effect

which allowed us to use MYCN as an independent parameter.
The above results demonstrated a central role of HMGA1n a future work it will be of interest to investigate the féaak

for the cell fate decision in response to DNA damage. How<egulation of MYCN via MDM2 and p53 [30], [31]
ever, the HMGA1-HIPK2 interaction is not well charactedse
experimentally. For example, HMGAL1 is phosphorylated by
ATM [22] and this phosphorylation might promote or inhibit
the interaction with HIPK2. We therefore explored theséedif
ent possibilities in simulations using an ensemble of dffé
models with different HMGA1-HIPK2 interactions patterns.
We found that models in which HMGA1 does not bind
HIPK2 or in which only the phosphorylated form of HMGA1 This model was deposited in BioModels Database [32] and
binds HIPK2 do not exhibit a biphasic MYCN response (Fig.assigned the identifier MODEL1410080001

In conclusion, our model allowed us to dissect complex
dynamic behaviours related to MYCN biology and more
specifically its dual role as pro-apoptotic and anti-aptipto
molecule. Simulation analyses allowed us to optimally giesi
future experiments aimed at validating or invalidating the
hypotheses generated by the model.
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(d) k1,pmcA1 = 4, k1, HMGA1p = 0, only HMGAL
binds HIPK2

Fig. 4. The biphasic response of p53 depends of the modeitsteuand the
nature of the HIPK2-HMGAL interaction (a) HIPK2 does notHMGAL,

(b) HIPK2 binds only the phosphorylated form of HMGAL, (c)P2 binds
both unphosphorylated and phosphorylated HMGAL, (d) HIRK&s only
the non-phosphorylated form of HMGAL.



TABLE I.

TABLE OF PHOSPHORYLATION AND

BINDING REACTIONS

Reaction Forward rate law Reverse rate law Kp K_p k1 k_1
UDDR N K UppR [ATM] k_1[ATM*][WIP1] .
[ATM] [ATM™] Tos BT X ATk o] N TTATM] 1,5 23 10 2
[ATM™] k1 [p53][ATM*] k_1[p53s15][WIP1]
[p53] =—— [p53s15] e PR o tipes I 0.4 1.0  0.07 0.1
[HIPK2] k1[p53415][HIPK?2] k_1[p53546]
[[)53515] —_— [1)53546] W D T 1p535a06] 0.5 0.2 0.6 1.0
[ATM™) k1 [MDM2][ATM* k_1[MDM2p]
[MDM2] [MDM2,] o i pa D] 01 01 01 0.1
[ATM*] Ky [HMGAL][ATM*] k_1[HMGAlp]
[HMGA1] [HMGAL,] ~tEreatip — T pFAAGATP] 0.1 0.1 0.1 0.1
[ATM™) k1[STAH1][ATM* k_1[SIAH1p]
[STAH1] [STAH1,)] o ] S TARLT] 01 01 01 0.1
[HMGA1] + [HIPK2] = [HMGA1/HIPK?2] ki [HMGA1)[HIPK?2] k_1[HMGA1/HIPK?2)] - - 4* 2
[HMGA1lp] + [HIPK?2] = [HMGAlp/HIPK?2] ki[HMGA1p|[HIPK?2) k_1[HMGAlp/HIPK?2] - — 0** 2
* parameter varied in Fig. 4k1, garG Al
. R
parameter varied in Fig. 4k marcAalp
TABLE II. TABLE OF MRNA SYNTHESIS AND DEGRADATION
Reaction Forward rate law Reverse rate law K Ksynt Kdeg
0 = [ATM,,] Esynt Edeg[AT My, - 0.1 0.1
[HMGA1] ksynt [HMGA1]?
) —— [AT M,,] W — 1 0.2 —
[HMGAlp] ksynt [HMGALp]
0 [AT M, ] THMGAL, P T RE — 1 0.4 —
0 = [MDM2,,] Esynt Edeg[MDM2,,] — 0.002 0.003
[p53515]+[P53446] ksynt[P53s15+p53546]%
1PP7s151TPO7s46] _ . _
0 [MDM2,,] [p53415 +7535a0 T4 KT 1 0.024
[MYCN] ksynt[MYCN] «
) —— [MDM2,,] MY ENy 2T R — 0.7 0.01 —
0 = [WIP1,,] Esynt Edeg(WIP1,,] - 0.01 0.05
[P53515] Esynt [p53515]°
O ——=% [WIP1l,,) T8 B KT — 0.5 0.1 —
= [HMGA1,,] Esynt kaeg[HMGALy,)  — 0.06 0.1
[MYCN] ksynt[MYCN]?
) ——— [HMGAL,,] TMYCNTETRE — 10 1.0 —
* the parameter varied in Fig. syne, D21
TABLE IIl. T ABLE OF PROTEIN SYNTHESIS AND DEGRADATION
Reaction Forward rate law Reverse rate law ksynt kdeg K
0 = [p53] ksynt kdeg[p53] 0.4 0.2 -
[p53515] — 0 — kdgg[p53515] — 0.1 —
[p53s46] = 0 - kdeg[p53s46] - 0.1 -
0= [HIPK2] Esynt geg[HIPK?2] 0.4 0.1 -
[HMGAlyp)
—————— [HMGA1] Esynt [HMGA1L,,] Edeg[HMGA1)] 0.2* 0.1 -

[HMGAl,] — 0 - Kdeg[HMG A1) - 0.1 -

[WIP1y]

———— [WIPI] Ksynt [WIP1,,)] Egeq[WIP1] 0.2 0.05 -

[AT Mp,]

s [AT M) Eaynt[AT M, ] Kaeq[AT M) 0.1 0.1 -
[MDM2y,]
[MDM?2] ksynt[MDM2,,] kdgeg[MDM2] 0.004 0.003 —

[MDM?2,] — 0 - Edeg[MDM2,] - 0.05  —
[HMGA1/HIPK?2] — [HMGALI] kdgeg[HMGA1/HIPK?2) - - 0.1 -
[HMGA1/HIPK?2] — [HIPK?2] kdgeg[HMGA1/HIPK?2) - - 0.1 -

[HMGAlp/HIPK?2] — [HMG Alp] kgeg[HMGAlp/HIPK?] - - 0.1 -

[HMGAlp/HIPK?2] — [HIPK?2] kgeglHMGAlp/HIPK?2) - - 0.1 -
[MDM?2)] kgeq M DM2][p53]

(HIPK2) BAT, deg ] - - 01 1.0

* the parameter varied in Fig. &synt, mM G AL



TABLE IV. TABLE OF INITIAL VALUES

Variable Description Initial value
[p53] Concentration of unphosphorylated p53 protein 0.8
[p53s15] Concentration of p53 phosphorylated at serine 15 0.1
[p53546] Concentration of p53 phosphorylated at serine 46 0
[STAH1,] Concentration of SIAH1 phosphorylated by ATM 0
[HIPK?2] Concentration of HIPK2 protein 0.2
[WIP1,,] Concentration of WIP1 mRNA 0.2
[WIP1] Concentration of WIP1 protein 0.2
[HMGA1/HIPK?2)] Concentration of HMGA1/HIPK2 dimer 0.1
[ATM™] Concentration of ATM activated by DNA damage 0
[HMGA1,] Concentration of HMGAL phosphorylated by ATM 0.1
[ATM,,] Concentration of ATM mRNA 5
[AT M) Concentration of ATM protein 5
[HMGA1y,) Concentration of HMGA1 mRNA 1.0
[HMGA1] Concentration of HMGAL protein 1.0
[MDM2,,] Concentration of MDM2 mRNA 0.26
[MDM2] Concentration of MDM2 protein 0.26
[MDM2,) Concentration of MDM2 phosphorylated by ATM 0.4
[HMGAl,/HIPK?2]  Concentration of dimer of HMGA1 phosphorylated by ATM andPHR 0.1




