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Abstract. In this paper we consider a mathematical model of PI3K/AKT signaling pathways in phosphorylation AKT.
PIBK/AKT pathway is an important mediator of cytokine signaling implicated in regulation of hematopoiesis. Constitutive
activation of PI3K/AKT signaling pathway has been observed in Acute Meyloid Leukemia (AML) it caused by the mutation of
Fms-like Tyrosine Kinase 3 in internal tandem duplication (FLT3-ITD), the most common molecular abnormality associated with
AML. Depending upon its phosphorylation status, protein interaction, substrate availability, and localization, AKT can
phosphorylate or inhibite numerous substrates in its downstream pathways that promote protein synthesis, survival, proliferation,
and metabolism. Firstly, we present a mass action ordinary differential equation model describing AKT double phosphorylation
(AKTpp) in a system with 11 equations. Finally, under the asumtion enzyme catalyst constant and steady state equilibrium, we
reduce the system in 4 equation included Michaelis Menten constant. Simulation result suggested that a high concentration of
PI3K and/or a low concentration of phospatase increased AKTpp activation. This result also indicates that PI3K is a potential
target theraphy in AML.
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INTRODUCTION

Acute Myeloid Leukemia (AML) is a hematological disorder characterized by deregulated proliferation of myeloid
cells immature. In this disease, hematopoietic stem cell differentiation is blocked which resulted in the accumulation
of neoplastic cells in the bone marrow of blasts [1 — 2]. AML patients can be stratified into three risk categories
favourable, intermediate, and unfavourable using Cytogenetics and FISH (Fluorescence In Situ Hybridization).
Leukemogenesis in AML can be caused by mutations in NPM1, CEBPA, FLT3-ITD. AML with mutations on
receptors fms like tyrosine kinase-3 (FLT3) on the domain Juxtamembrane (JM) internal tandem duplication (ITD)
(FLT3-ITD) is very aggressive and have a poor prognosis [3 — 4], while mutation in CEBPA and NPM1 have good
outcomes. In addition, AML can also be caused by a type of epigenetic mutations in IDH1, IDH2, DNMT3A, and
TET2. Several other types of mutations are also common. It is also often found several mutations that occur
together. Mutations of DNA methyltransferase 3A (DNMT3A) is the most common somatic mutations occur after
FLT3-ITD mutation. Almost all mutations in AML has a poor prognosis, except CEBPA and NPM1 mutations
without FLT3-ITD [5].

In the process of hematopoiesis regulation, PI3K/AKT signalling pathways is very important role. Most cases of
AML showed deregulated activity of the PI3K/AKT/mTOR signal transduction [6]. In normal conditions, FLT3
induces phosphorylation and activation of molecules in the cytoplasm, which is the PI3K regulator subunit P85 and
catalytic subunit P110 from Phospoinositol-3-kinase (PI3K), Ras GTPase, phospoliphase C-y, Shc, Grb2, and Src
tyrosine kinase which results in phosphorylation of the protein. Activation is followed by the next downstream
pathways, the PI3K/Protein Kinase B (PKB) or known as AKT and mitogen-activated protein kinase (MAPK)
pathway.

FLT3-ITD mutation results in loss of normal function of FLT3 that do not normally have an impact on the
function of PI3K/AKT pathway and RAS/MAPK/ERK pathway. In addition, this mutation also activates STATS
pathway [4]. On PI3K/AKT pathway, activation or phosphorilation of AKT excess occurred which resulted in the
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regulation of apoptosis and inhibition of the growth of abnormal cells that uncontrollably (AML blast). Constitutive
activation of AKT also phosphorylated and inhibit the transcription factor FOXO3a [7] that caused its inactive [8].
FOXO3a is a transcription factor that plays an important role in the process of apoptosis and cell cycle regulation.

There are many mathematical and computational model that gives an overview activity of signal transduction
pathways. Hatakeyama [9], Tan et al [10], has developed a computational model signal transduction pathways in
Mitogen Activates Protein Kinase (MAPK ). These models studied signal transduction pathways and its relation to
the investigation of therapy in the event of deviation due to certain diseases. Hatakeyama et al developed a
computational model of the MAPK and Akt signaling pathways in HRG-induced ErbB signal. The models in the
form of system differential equations consist 33 equations that describe the crosstalk between MAPK and
PI3K/AKT signalling pathways in the regulation of signal transduction, which showed that the HRG signaling
proteins regulated by PP2A posphatase which also modulate protein kinase. Tan et al developed a computational
model of Gabl/2 on the activation of AKT in the form of ODE system that consist 71 reaction with 14 different
protein and 43 kinetic parameters. Associated with PI3K signaling pathways, Lee et al [11] developing the model
proto-oncogene Myc regulation by Erk and PI3K in the model with ERK and PI3K as an input signal and Myc as an
output signal.

Referring to the models of signal transduction pathway as mentioned above, in this paper we modeled and
simulated the AKT phosphorylation as a result of FLT3-ITD mutations that activate PI3K/AKT signaling pathways
in cases of AML. Furthermore, from this model we expected to obtain a description of how to use inhibitors in the
right signalling pathways to threat AML.

PI3K/AKT SIGNALING PATHWAY IN AML

Phospoinositol-3 kinase (PI3K) is a family of enzym that have crucial rule in machanism of cell regulation. The
family of PI3K has been categorized into three classes, which class I PI3K is the best understood and are key players
of multiple intracellular signaling networks that integrate a wide variety of signals and corelated with hematolgy
malignancy. The most important PI3K substrate is phosphatidynositol 4,5 biphosphate (PtdIns(4,5)P2) writen as
PIP2, which is phophorylated to yield phosphatidylinositol 3,4,5 triphosphate (PtdIns3,4,5P3) written as PIP3.
Although there are more than 50 downstream effectors of PI3K , but the most dominant effectors are AKT. AKT is
a sherine/threonine protein kinase also known as protein kinase B (PKB) contains an NH2 terminal pleckstrin
homology (PH) domain, which interacts with PIP3 and phospoinositide dependent kinase-1 (PDK1) at the plasma
membrane resulting in AKT phosphorylation at threonine 308. For full activation, AKT also phosphorylation by
mechanistic target of rapamycin complex 2 (mTORC?2) at serine 473. In AML constitutive activation PI3K/AKT is a
common feature, that is about 50 to 70 % of patien with AML display phosphorilation of both Thr 308 and Ser 473
AKT [8]. Constitutive activation or overactivation of PI3K/AKT signaling pathway has been observed in Acute
Meyloid Leukemia (AML) it caused by the mutation of fms-like tyrosine kinase 3 in internal tandem duplication
(FLT3-ITD), the most common molecular abnormality associated with AML. Downstream effects of this signal
included inactivation of transcription factor GSK3 and FOXO3a through phosporylation that caused its retained in
the cytoplasma and its transcriptional activity is prevented.

Negative regulator of PI3K/AKT signal is a phosphatase and tensin homologue deleted on chromosome ten
(PTEN). PTEN is a protein phosphatase that dephosphorylation the PIP3 back into PIP2. Dephosphorylation is
essential to inhibit the signaling pathways of AKT. Loss of PTEN function results in the accumulation of PIP3 and
its downstream pathways. Another negative regulator is protein phosphatase 2A (PP2A) that can directly cause
dephosphorylation at AKT. Dephosphorylation of AKT can also caused by PH domain leucine-rich repeat protein
phosphatase (PHLPP) [6],[12 — 13]. PHLPP can cause dephosphorylation of AKT phosphorylation on one site,
which is Ser 473 or in both site site Thr 308 and Ser 473. In AML, the deregulation of the PI3K/AKT pathway is
caused due to excessive activation of PI3K, PTEN deletion/ inactive, PP2A deletion/loss. These deregulation caused
overactivation of AKT phophorylation that necessary for increased cell survival, proliferation, and leukemic
transformation [6].
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MATHEMATICAL MODEL

In this model, it is assumed that it had occurred the activation of PI3K caused by mutations of FLT3-ITD . PI3K
is further activate PIP2 to form PIP3 . PIP3 activate AKT become AKT phosphorylated on two site, we note with
AKTpp mediated by PDK1 and mTORC?2 in the process. PIP3 dephosphorylated by PTEN generates PIP2,whereas

dephosphorylation AKTpp done by PP2A .The representation of the biochemical reaction shown in Figure 1 below:

PI3K

— Vv
PIP2 PIP3

PTEN

AKT AKTpp

PP2A

FIGURE 1. Schematic of the biochemical reaction in PI3K/AKT signaling Pathway

From the diagram in Figure 1, the chemical reaction can be divided in two levels of phosphorylation -
dephosphorylation.The first level biochemical reactions is phosphorylation of PIP2 by PI3K as an enzyme to form
PIP3 and dephosphorylation PIP3 by phospatase PTEN back to PIP2, as follows:

a

k
PIP2 + PI3K : PIP2: PI3K > PIP3 + PI3K

dq
az

k
PIP3 + PTEN:P1P3: PTEN = PIP2 + PTEN

d;
The set of biochemical reactions second level is phosphorylation AKT by PIP3 as enzyme to form AKTpp and
dephosphorylation of AKTpp by phospatase PP2A back to AKT,as follows:
as

k
PIP3 + AKT:PIPS: AKT 3 PIP3 + AKTpp

ds
Qg

k
AKTpp + PPZA:AKTpp: PP2A = PP2A + AKT
dg
where a;,d;, and k; is rate of association, dissociation, and activation of protein asumed to be constant.

In order to describe the mathmatical model of biochemical reaction above, we use the law of mass action in an
ordinary differential equations (ODE) system. The law of mass action says that the rate of a reaction is proportional
to the product of the concentrations of the reactants. Let us define states of the system; : x; = [PIP2] = Concentration
of PIP2, x, = Concentration of PI3K, x; = Concentration of PIP3, x, = Concentration of PTEN, x5 = Concentration
of AKT, x4 = Concentration of AKTpp, x; = Concentration of PP2A, y,= Concentration of complex PIP2:PI3K,
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y,= Concentration of complex PIP3:PTEN, y; = Concentration of complex PIP3:AKT, y, = Concentration of

complex AKTpp:PP2A.
Mathematical model of PI3K/AKT signaling pathway is given by nonlinear ODE system:

% = —a; XX, +d1y; + ko, ¢))
% = —ayx.x, + (dy + k)yy (2)
% = a; %1%, — (dy + k )y, 3
% = —ayX3Xy + dyYy + k1Y — azxzxs + (ds + k3)ys 4)
% = —ayx3x4 + (dy + k)Y, 5)
% = apX3%y — (dz + k)Y, (6)
% = —a3x3X5 + d3y3 + Ky ys @)
% = azxzxs — (ds3 + k3)y; ®)
% = —Q4XeX7 + dyys + k3Y3 ©)
% = —ayXeX7+ (ks + ds)Ya (10)
% = ayXeX; — (dyt k4)Ys- 11

In the mechanism of enzyme substract reaction, the enzyme is a catalyst, which only facilitates the reaction, so
its total concentration, free enzym plus complex is a constant.This conservation law for the enzyme can be applied
for the system (1) — (11), so we can reduce the system in 8 equations, as follow.

On adding the equation (1) and (3) equation, we get

dx, dy;
—+ —=—=0.
ac T
Integrated with using initial condition y, (0) = 0, gives
Xz = [x2]r — y1 (12)
Similary, on adding the equation (5) and (6), then (10) and (11), we gets
dx,  dy, -0
dt ' dt
X4 = [X4lr = y2. (13)
and
dx; dy,
74+t =,
TIMT:
x7 = [x7]7 = Ya- (14)

Using equation (12) to (14), we can eliminates X,, x,, and x, from the system, and we write the system as

dx,

T —alxl(sz —y1) + dyys + ko, (15)
dy
d_tl = alxl(sz - J’1) —(dy + k) (16)
dx
d_t3 = —a2x3(x4T - 3’2) + dyy, + kiy; — azxsxs + (dz + k3)ys 17)
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vz
dt
dxs
— = —a3x3x5 + d3y3 + k4

——= = azx3xs — (d; + k3)y;

= a2x3(x4T —¥,) — (dy + k3)ys

Va

— = _a4x6(x7T —¥a) + duys + k3ys

- = a4x6(x77~ —Ya)— (ka +dy)Va

(18)
(19)
(20)
(2D
(22)

Now, according to the steady state asssumption, the rate of production of enzyme-substract complex must equal

dyi _ 0 ay;
- ’

the rate of its breakdown. With this assumption we have —

equation (16), (18), (20), and (22) from the system to gets ODE system with 4 equations,

dq+kq _ datk;

dt dat

& _ kixorxy | kyXarxs
dt =~ Ki+x K, +x;
% _ koXarxs  kyxorxy
dt =~ K, +x; K +x
dxs ks kyx77X6
dat K T K,
dxs ks kyx77x6

o _ "3 e
dt K37 Ky +x

dz+ks3 _ dgtky

where K; =

1K3=

as Qs

d d
=02 = O,and%

dat

NUMERICAL SIMULATION

= 0, then we eliminate

, Ky = are known as Michaelis-Menten constant.

(23)
(24)
(25)

(26)

We now simulate our mathematical model using the ode45 routine generating using Matlab to show the
dynamics of PI3K/AKT signaling pathways. Parameters used on this simulation are depicted in table 1 and table 2:

TABLE 1. Parameter value.

Parameter Value Unit References
a, 5x 1076 Cell mol's™! [10]
a, 5x107° Cell mol's! [10]
as 2.6x 1074 Cell mol's! [10]
a, 1.7 x 107 Cell mol's! [10]
d, 0.1 st [10]
d, 0.1 st [10]
ds 0.1 st [10]
d, 0.1 st [10]
k, 0.2 st [10]
k, 0.1 st [10]
ks 1 st [10]
k, 1.5 st [10]
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Figure 2 shows the simulated protein activities used parameters on table 1 and table 2.

TABLE 2. Initial Concentration of the protein

Concentration

Range (nM)

Protein References
(nM)

PI3K 10 10 - 100 [91.[22]

PTEN 270 0.1 -350 [91,[10]

PP2A 150 4-150 [14]

PIP2 700 700 — 800 [91,[10]

AKT 700 10 — 900 [9],[101,[22]

700 ‘ N
PIP2
—— PIP3
600 — - AKT |
AKTpp
500 1
s
=
= 400 1
2
s
£
g 300 1
o
o
200+ 1
100F 1

0 | ! I I I L I I
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

time(second)

FIGURE 2. Simulated system dynamics of the PI3K/AKT activity.

The initial condition is [PIP2] = 700 nM, [PI3K] = 10 nM1, [PTEN] = 270 nM, [ AKT] =700 nM, [PP2A] = 150
nM, [PIP3] = 0, [AKTpp] = 0. With this parameters and initial value, AKTpp reach its maximal level in about 2500

second.
700 — —
700 —_— .
— -
600 ~ 1
600 / PI3K=10nM N -
/ — - PI3K=30nM
——— PI3K= 100 nM 500} ’ *
500} , _ /
— = ;
= / = L |
< 400t g 400
] / = ’ [PTEN] = 0.1 nM, [PP2A] = 4 nM
© jid
g Z , — ~[PTEN] = 350 nM, [PP2A] = 150 nM
& 300 / @ 300
g § i
8 : °
’
200+ / 200 ’ b
;
.
100l |/ 100} i
, 7
,
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 200 400 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000

time(second)

()

time(second)

FIGURE 3. Concentration of AKTpp with different concentrations of PI3K (a) and
different concentration of phosphatase (b).
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T — = ———

a1=0.000005/s
— —a1=0.00005/s
— al1=0.05/s

concentration (nM)

0 | | | | | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
time(second)

FIGURE 4. Concentration of AKTpp with different reaction rate of PI3K.

It is not known exactly the concentration of AKTpp in normal hematopoiesis regulation. However, it is known
that the high concentration of AKTpp, which shows high AKTpp activities, will enhance the development of cell
cycle progression. On the other hand overexpression of AKTpp will result in abnormalities of the next signaling
pathways that lead to increased antiapoptosis. In the case of AML, overactivity of AKTpp caused due to
overactivation of PI3K. Overactivation of PI3K expressed by a high concentration of PI3K or large parameters a; .
Figure 3a shows the simulated AKTpp when using different concentration of PI3K. We see that when the amount of
PI3K is larger, it is corresponding with the larger signal output of AKTpp. Figure 3b shows the simulation AKTpp
with different level concentration of phosphatase, PTEN and PP2A. We see that the low concentration of
phosphatase caused high lvel of concentration of AKTpp. Figure 4 shows the concentration AKTpp using different
value of a,, where the greater value of the parameters a; then AKTpp will be even greater. From these figure we
see that in a large amount of concentration PI3K or larger parameter a;, AKTpp quickly reach its maximum
concentration. From the medical view, to reduce the value a; can be done with apply an inhibitor which inhibits
PI3K activity.

CONCLUSIONS AND FUTURE WORK

In this paper we consider a mathematical model of PI3K/AKT signaling pathways in phosphorylation AKT.
This model not included protein substract in the downstream pathways of AKTpp. This model also not observe
crosstalk with another signal, protein syntesis or degradation. Here, we only provide evidence that overactivation of
PI3K caused by FLT3-ITD mutation induced overactivation of AKTpp based on simulation. It is known that
conditionally activate AKTpp mediated survival, proliferation, and leukemic transformation of myeloid cells, likely
through inactivation of FOXO3a transcriptional activity. In the future work we will observe the downstream
pathways of AKTpp, especially the FOXO3a trascription factor that play a critical rule in cellular apoptosis.
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