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Abstract: Thalassemia syndromes are a diverse group of inherited genetic disorders. There
are different types of thalassemia disorders, such as, g-thalassemia, which is also called
Mediterranean anemia, that is an inherited disease that played a major role in the
American thriller movie, "Dying of the light" starring Nicolas Cage (Dec. 2014). In this
study, we focus on the beta-globin (5-globin) gene family related disorders. We seek
potential amelioration strategies for S-thalassemia and sickle cell anemia via y-globin gene
induction. In this work, a simulation model is developed, utilizing a reaction systems
methodology. These systems are finite and based on a discrete time scale and can be used
to describe and analyze complex biological systems and biological phenomenon. In our
model, simulations of normal and abnormal cases of fetal, to adult hemoglobin switching
developmental stage are illustrated. Various types of known and potential treatment
strategies for B-thalassemia and sickle cell anemia cases from the literature have been
utilized to validate our model, used for identifying new potential treatments to be tested by
molecular biologists, in the future studies. Moreover, we propose a novel potential
simulation, as a therapeutic means, for f-thalassemia and sickle cell anemia, by identifying
FOGL1 as a potential target. Finally, our proposed model, based on a reaction systems
methodology, shows that inhibition of FOG1 expression by using methods, such as, RNAi
induces y-globin gene expression and can compensate for the lack of beta-globin in patients
suffering from p-globin gene related diseases, such as, p-thalassemia and sickle cell
anemia.

Keywords: bioinformatics; hemoglobin switching; beta-globin; beta-thalassemia; reaction
systems; simulation; modeling biological systems
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1 Introduction

Diseases related to the hemoglobin (Hb) protein can result from either structural
aberrations, that give rise to “hemoglobinopathies”, or defects in the synthesis of
one or more of the polypeptide chains of Hb, which lead to thalassemias [17]. The
thalassemia syndromes are a diverse group of inherited disorders that can be
characterized according to their insufficient synthesis or absent production of one
or more of the globin chains. Here we will emphasize the beta-globin (B-globin)
gene family related disorders, especially the potential amelioration strategies for
fB-thalassemias via y-globin gene upregulation. To date more than 200 mutations
are reported causing various levels of B-globin gene defects [17], which are known
to produce B-thalassemia. B-thalassemia and sickle-cell anemia diseases are
caused by mutation(s) in [B-globin gene, which result in defective adult
Hemoglobin (HbA) and lead to various abnormal phenotypes. pB-thalassemia itself
is a common blood disorder worldwide, especially endemic in regions such as
Mediterranean basin, Middle Eastern countries, Central and South Eastern Asia,
Northern part of Africa, and India. Every year, thousands of infants worldwide are
born with this disease.

B-thalassemia is an inherited blood disorder and the global annual incident rate has
been reported to be 1 in 100,000 live births [8]. Thus, preventing it by educating
and informing people, and introducing novel treatment strategies is essential.
Hemoglobin Switching refers to a developmental stage of globin gene regulation
(Fig. 1). In the case of the fetal to adult globin gene expression switch, y-globin
gene expression is up-regulated during the first six months of gestational age
before birth, and then starts going down, continuing after birth. This gradual
down-regulation of B-globin gene is compensated by the gradual up-regulation of
y-globin gene expression starting from just before the third month of gestational
age before birth, and continuing to be up-regulated after birth replacing y-globin
gene production in a healthy human being. Overall, this phenomenon results in
down regulation of fetal hemoglobin (HbF) and up regulation of adult hemoglobin
(HbA) in a healthy adult developmental stage (Fig. 1). In case of any defect in -
globin gene, this picture is presented with a lack of or no production of HbA.
These defects should be supported/corrected by means of treating the individuals
with these syndromes, utilizing blood transfusions and certain drug treatments.
Therefore, one of the strategies in recent decades was related to compensating the
lack or loss of HbA by inducing y-globin gene production, which would result in
up-regulation of Fetal Hemoglobin (HbF) molecule in turn replacing the lost
function of the HbA [2].

Facilitation and inhibition are two fundamental mechanisms for functioning
biochemical reactions [6]. Reaction Systems are formal models that work on a
discrete timescale in a parallel manner to investigate and analyze biochemical
reactions and the interaction among them [7]. A formal reaction has been
considered as a triplet a = (R, I, P), where R is the set of reactants, | is the set of
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inhibitors, and P is the set of products [6]. A reaction is enabled if all elements of
set R, are present and all elements of set I are absent in the actual “state” of the
system. If a reaction goes, then the result will be set P, as the product that is set R
produced the elements of set P. Otherwise a reaction is not enabled and the
product of such reaction is the empty set. For example, if we define reactions
a1 = {AB}L{C},{AD}), a2 = {E}.{A}.{A,B}), and initial state to be {A,B,E},
then reaction a; is enabled since both reactants A and B are available and there is
no C present to inhibits the reaction. Thus, the products of reaction a, are
produced which are A and D. On the other hand, a, is not enabled since A as an
inhibitor is available and does not let this reaction to go. Therefore, the result will
be union of {A, D} and empty set which is the set of products {A, D}.

In a biological system, there are phenomena that can easily be represented in a
binary way, e.g., a gene can be down regulated or upregulated, a complex could be
formed or being in parts. Therefore, we believe that relatively simple models as
Reaction Systems are opt to model some biological phenomena. In this paper, we
have exploited a Reaction System protocol to simulate hemoglobin switching
process in case, where a genetic defect occurs in B-globin gene. This enabled us to
validate qPCR data of known and experimental drugs to show the efficacy of these
strategies. Ultimately, by considering a novel initial state, we came up with new
strategy, which can be used to increase y-globin gene induction.

2 Biological Context (Targets for Various Potential
Therapeutic Models)

In a healthy human adult, c-Myb as a member of MYB family activates
transcription of KLF1 gene, which is a transcription factor needed for y-globin
gene expression. KLF1 binds to promoter of BCL11A gene and activates the
transcription of BCL11A gene [13]. BCL11A protein binds to NuRD complex,
which contains HDAC1/2, CHD3/4, and MBD2 [10, 17]. BCL11A together with
NuRD complex physically interact with SOX6 and has molecular interaction with
FOG1l and GATAL transcription factors [18]. These transcription factor
complexes are also essential for y-globin gene expression. Finally, this multi-
protein complex which includes NuRD complex, BCL11A, and Erythroid
Transcription Factors, SOX6, FOG1, and GATAL [3] inhibits y-globin gene
expression [17]. This process is illustrated in Fig. 2.
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Figure 1
Fetal to adult hemoglobin switching (Adapted from [17])
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Figure 2
Hemoglobin switching pathway (Adapted from [3])
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3 Exploiting Reaction Systems to Model Hemoglobin
Switching Process

As mentioned earlier, a reaction can be shown as a triplet a = (R, I, P), where R is
the set of reactants, | set of inhibitors, and P is the set of products [6]. A reaction
system is a pair (O, A) of sets of objects and reactions. To model our system in
term of reaction systems we are considering these objects as possible elements of
theset O = {C, K, B, H, N, F, G, S, SFG, p, 7}. Where objects corresponding to
these symbols are illustrated in Table 1.

If one, or some of these objects appear to be in a state or in reactions, it means
those certain gene expressions are upregulated, otherwise disappearing or
nonexistence means down regulation. We have not considered other elements of
NuRD complex to emphasize mostly on the role of HDAC1/2 in y-globin gene
induction. Furthermore, SOX6 along with GATAL and FOGL are called erythroid
transcription factors (SFG) which are interacting with BCL11A [3, 19].

The reactions, i.e., the elements of A in our system:

a1 = ({C}, {} {C,K}) a;=({C, K}, {3, {C,K,B})

as=({S, F, G}, {}. {S, F. G, SFG}) as = ({H}. {} {H.N})

as = ({B, N, SFG, 7}, {3, {B, N, SFG}) as = ({K, G, F}, {3, {K, G, F, g}

a7 = ({B}, {K}, {B}) as = ({1, {B}. {r})

as = ({N}, {H}, {N}) aw = ({}, {N}, {r})
an = ({SFG}, {S, F, G}, {SFG}) a2 = ({}, {SFG}, {r})
ais = ({G}, {}, {G}) ais = ({F}, {}, {F})
ais = ({C} {}, {C}) ais = ({S}, {}, {S})

Reaction a; illustrates that up regulation of C-Myb results into up regulation of
KLF1. Reaction a, shows that up regulation of C-Myb and KLF1 leads to up
regulation of BCL11A. Then, as illustrates that up regulation of SOX6, FOG1,
and GATAL indicates up regulation of these erythroid transcription factors as a
complex; and as shows that up regulation of HDACL/2 leads to up regulation of
NuRD complex. We have not considered other components of NURD complex in
this system. Reaction as indicates that binding of BCL11A with NURD complex
and erythroid transcription factors GATAL, FOGL, and SOX6 leads to inhibition
of y-globin gene expression. Further, as shows that KLF1, GATAL, and FOG1 are
transcription factors of B-globin gene. Then a; mentions that down regulation of
KLF1 leads to down regulation of BCL11A. The reactions ag, aio, and ai» indicate
that down regulation of either BCL11A, NuRD complex, or erythroid
transcription factors GATAI1, FOGI, and SOX6 leads to y-globin gene induction;
while ag shows that down regulation of HDAC1/2 leads to down regulation of
NuRD complex. Further, a;; indicates that down regulation of either GATAL,
FOGL1, or SOX6 leads to down regulation of these erythroid transcription factors
as a complex. Finally, ais, ais, ais, and ais indicate that if GATAL, FOG1,
C-MYB, or SOX6 are upregulating, they will remain to be upregulated.
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Table 1
Descriptions related to objects in set O

Object’s symbol Object
C C-Myb
K KLF1
B BCL11A
H HDAC1/2
N NuRD complex
F FOG1
G GATAlL
S SOX6
SFG Erythroid Transcription Factors SOX6, FOG1, and
GATAl
¥ Beta globin
y Gamma globin

The reaction system Ho = (O, A) is able to describe (simulate) the hemoglobin
switching process of a healthy person. We considered initial state for the normal
case of fetal hemoglobin switching to be {C, H, G, F, S, }. Then reactions
indexed by 1, 3, 4, 8, 10, 12, 13, 14, 15, and 16 are allowed. After the first round,
new state {C, K, H, N, G, F, S, SFG, vy} is obtained. Then reactions with indices 1,
2,3,4,6,8, 13, 14, 15, 16 are allowed. After the second round, new state is {C, K,
B, H, N, G, F, S, SFG, g, 7}. Then reactions with numbers 1, 2, 3, 4, 5, 6, 13, 14,
15, and 16 are enabled. After third round, the new state of the system is {C, K, B,
H, N, G, F, S, SFG, g}. This is the last state which is a fix point of the system and
it does not change anymore. That is  has started to be up regulated while vy is
down regulating. The result of the simulation is the expected outcome for the
healthy case.

4 Extended Reaction System to Deal with Disease and
Treatment Cases

To extend Reaction System to cover cases related to p-thalassemia and treatment
options, new objects are added and reactions are edited to the previous ones:
0’ = {l, D, M}, where objects corresponding to these symbols are illustrated on
Table 2.
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Table 2
Descriptions related to objects in set O’

Object’s symbol | Object
| BCL11A down regulator
D KLF1 deactivator
M Beta globin gene mutation

The reactions of our extended reaction system are as follows:

an= ({C}! {D}! {Cr K}) az= ({C! K}, {l}, {C! K, B})

a)3 = ({S, F1 G}v {}v {S, F’ G! SFG}) a,4 = ({H}, {}l {H! N})

a’s=({B, N, SFG, s}, {}.{B,N,SFG}) a’s=({K, G, F}, {M}, {K, G, F, £}

a7=({B}, {K} {B}) as={} {8} {/H)

a’s = ({N}, {H}, {N}) a’'n={}H{N}s {3
a’'u = ({SFG}, {S, F, G}, {SFG}) a’'z={} {SFG}, {1}
a's=({G} {} {G}) a'u={F} {},{F})
a’is=({M}, {3, {M}) a’s=({C} {3 {C}
a’'v=({D}, {3, {D}) as={1} ¢ {1}

a'w = ({S} {}, {S})

In reaction a’;, D stands for KLF1 deactivator. When D is presents, it doesn’t let
KLF1 to be transcribed so that its level decreases. In a’, | plays the role of
BCL11A down regulator. Thus, whenever | is present, KLF1 cannot activate
transcription of BCL11A. In as, when mutation has happened in B-globin gene,
transcription factors of B are not able to transcribe this DNA to mRNA anymore,
so that B-globin gene expression decreases. a’is, a’17, and a’ig show that if
mutation has happened, KFL1 deactivator exist, or BCL11A down regulator is
present, they remain present.

The reaction system H = (O U O’, {a, a%, ... , a’g}) is able to describe
(simulate) the hemoglobin switching process also in a patient who has B-globin
gene mutation.

5 Simulation Results

In this section, simulation results in a severe p-thalassemia patient with possible
treatments found in the literature, are illustrated. Moreover, potential therapeutic
modalities are proposed by referring to Reaction System simulation results. For
obtaining the simulation results, we have written a C++ program on a personal
computer.
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5.1 Simulation of B-globin Gene Mutations

To simulate the case when mutations occur in -globin gene, we have considered
initial state to be {C, H, G, F, S, », M}. Then reactions with indices 1, 3, 4, 8, 10,
12, 13, 14, 15, 16, and 19 are allowed. Thus, after these reactions take place, after
the first round, the new state {C, K, H, N, G, F, S, SFG, y, M} is reached. In this
state reactions indexed by 1, 2, 3, 4, 8, 13, 14, 15, 16 and 19 are allowed. After
second round, the new state is {C, K, B, H, N, G, F, S, SFG, y, M}. Then reactions
indexed by 1, 2, 3, 4, 5, 7, 13, 14, 15, 16 and 19 are enabled. Then the last state
which is the fix point of the system and does not change anymore is {C, K, B, H,
N, G, F, S, SFG, M}. Thus, in case of mutation in B-globin gene, expression of B-
globin gene is down regulated. Moreover, y-globin gene expression is down
regulated after fetal to adult hemoglobin switching. The steps are illustrated in
Fig. 3. As one can observe the simulation gives exactly the expected result also for
the ill case.

{CHGFSy M}
Where the allowed reactions have the following indices:
1,3,4,38,10,12,13, 14, 15, 16, 19

{C K HN,G,F,S, SFG, y, M}

Where the allowed reactions have the following indices:
1,2,3,4,8,13, 14,15, 16, 19

v

{C K B HN,G,F,S, SFG, y, M}

Where the allowed reactions have the following indices:

l 1,2,3,4,5,7,13, 14,15, 16, 19

{C, K, B, H,N,G,F,S, SFG, M}

Figure 3
Simulation of steps in Reaction Systems in case of mutation in B-globin gene
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5.2 Validation of Current Strategies to Induce y-globin Gene
Expression

521 HDAC1/2 Inhibition

Drugs such as Lovastatin [11], Romidepsin, and Vorinostat [5] can be used as
inhibitors of Histone deacetylase enzyme. By eliminating “H” from initial state,
we can simulate this case. Initial state is {C, G, F, S, y, M}. Then reactions
indexed by 1, 3, 8, 10, 12, 13, 14, 15, 16 and 19 are enabled. After first round,
new state is {C, K, G, F, S, SFG, y, M}. Then reactions 1, 2, 3, 8, 10, 13, 14, 15,
16, and 19 are allowed. After second round, the new state {C, K, B, G, F, S, SFG,
y, M} is obtained. Then reactions with numbers 1, 2, 3, 10, 13, 14, 15, 16 and 19
are allowed, which leads to the same state that is the fix point of the system and
does not change anymore. Thus HDAC1/2 inhibition has resulted in y-globin gene
expression induction. The simulation steps are shown in Fig. 4. The simulation
works well in this case too.

{CGFSy M

Where the allowed reactions have the following indices:
1,3,8, 10,12, 13, 14, 15, 16, 19

v
{C, K G, FS, SFG, y, M}

Where the allowed reactions have the following indices:

1,2,3,8,10,13, 14, 15, 16, 19

v
{C K B, G,FS,SFG,y, M}

Where the allowed reactions have the following indices:

l 1,2,3,10,13, 14,15, 16, 19

{C K B G,FS, SFG,y, M}

Figure 4
Simulation of steps in Reaction Systems in case of HDACZ1/2 inhibition

5.2.2 KLF1 Down-Regulation

A recent example of KLF1 down regulator is herbal drug Ninjin’yoeito [10]. To
simulate it, we have considered initial state to be: {C, D, H, G, F, S, y, M}. Then
reaction numbers 3, 4, 8, 10, 12, 13, 14, 15, 16, 17 and 19 are allowed. After the
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first round, the state {C, D, H, N, G, F, S, SFG, y, M} is reached. Then reactions 3,
4,8, 13,14, 15, 16, 17 and 19 are allowed. The last state, which is the fix point of
the system and does not change anymore is the same as previous one {C, D, H, N,
G, F, S, SFG, y, M}, which means down regulation of KLF1 has resulted in vy-
globin gene expression induction. Down-regulation of KLF1 leads to down
regulation of B-globin gene, which results in the induction of y-globin gene
expression. Thus, this scenario might be useful only in the case of severe B-
thalassemia cases, where the production of B-globin gene is already defective or
no B-globin is expressed at all. The stages are explained in Fig. 5.

{C, D HG,FS,y, M}
Where the allowed reactions have the following indices:
3,4,8,10,12,13, 14, 15,16, 17,19
{C,D,H,N,G,FS, SFG, y, M}
l Where the allowed reactions have the following indices:

3,4,8,13,14,15,16,17,19
{C D HN,G,F,S, SFG,y, M}

Figure 5
Simulation of steps in Reaction Systems in case of KLF1 down-regulation

5.2.3 BCL11A Down-Regulation

Hydroxyurea (HU) [9] and simvastatin together with t-BHQ decrease expression
of BCL11A gene [13]. To simulate it, we have defined object | to represent
inhibition of BCL11A. To simulate such case, we considered initial state to be {C,
H, G, F, S, y, M, I}. Then reactions 1, 3, 4, 8, 10, 12, 13, 14, 15, 16, 18 and 19 are
allowed. New state after first round is {C, K, H, N, G, F, S, SFG, y, M, 1}. Then
reactions 1, 3, 4, 8, 13, 14, 15, 16, 18 and 19 are enabled. The last state which is
the fix point of the system which does not change anymore is {C, K, H, N, G, F, S,
SFG, y, M, 1}. Thus, the simulation shows that down regulation of BCL11A leads
to y-globin gene expression induction. The simulation stages are illustrated in
Figure 6. Our model also captures well that type of treatment.
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{CHGFESy MI}

Where the allowed reactions have the following indices:

l 1,3,4,8,10,12, 13, 14, 15, 16, 18, 19

{CK HN,G,F,S,SFG, y, M, I}
Where the allowed reactions have the following indices:

1,3,4,8,13, 14, 15, 16, 18, 19

v
{CKHN,G,FS,SFG,y, M, I}

Figure 6
Simulation of steps in Reaction Systems in case of BCL11A down-regulation

5.2.4  SOX6 Down-Regulation

There are drugs such as HU which their utilization leads to SOX6 down regulation
[9]. To simulate, we may consider initial state as: {C, H, G, F, y, M}. Then
reactions indexed by numbers 1, 4, 8, 10, 12, 13, 14, 15, and 16 are allowed. After
the first round, new state is {C, K, H, N, G, F, y, M}. Then reactions 1, 2, 4, 8, 12,
13, 14, 15, and 16 are allowed. After second round, new state is {C, K, B, H, N, G,
F, y, M}. Then reactions indexed by 1, 2, 4, 12, 13, 14, 15, and 16 are allowed.
After third round, new state is the same as previous one, which is the fix point of
the system and does not change anymore. Thus, down regulation of SOX6 led to
y-globin gene induction. The simulation steps are shown in Fig. 7. The model
gives the expected result.

5.25 GATAI1 Inhibition

GATAL1 can reverse y-globin gene silencing [19]. To simulate, we may consider
initial state as: {C, H, S, F, y, M}. Then reactions numbered by 1, 4, 8, 10, 12, 14,
15, 16 and 19 are allowed. After first round, the new state is {C, K, H, N, S, F, 7,
M}. Then reactions indexed by 1, 2, 4, 8, 12, 14, 15, 16 and 19 are allowed. After
second round, new state is {C, K, B, H, N, S, F, y, M}. Then reactions 1, 2, 4, 12,
14, 15, 16 and 19 are allowed. After third round, new state is the same previous
which is the fix point of the system and does not change anymore. Therefore,
GATAL inhibition leads to y-globin gene expression induction. The simulation
steps are demonstrated in Fig. 8.
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{CHGFy M

Where the allowed reactions have the following indices:
1,4,8,10,12,13, 14,15, 16
{CKHN,G,F vy, M}
Where the allowed reactions have the following indices:
" 1,2,4,8,12,13, 14,15, 16
{C K B HN,G,F,y, Mj

Where the allowed reactions have the following indices:

v 1,2,4,12,13,14,15,16
{CKBHN,G,Fy M

Figure 7
Simulation of steps in Reaction Systems in case of SOX6 down-regulation

{CHSFy M
Where the allowed reactions have the following indices:
l 1,4,8,10,12, 14,15, 16, 19
{Cl KI HI NI SI FI yl M}
i Where the allowed reactions have the following indices:
1,2,4,8,12,14,15, 16,19
{CK B HN,S,Fy, M

l Where the allowed reactions have the following indices:

{CKBHN,S,Fy, M 1,2,4,12,14,15,16,19

Figure 8
Simulation of steps in Reaction Systems in case of GATAL inhibition

5.3 Predicting Result of a Novel Strategy in Favor of Gamma-
globin Gene Expression Induction

In this subsection we identify a new possibility for treatment of p-thalassemia
based on our model.

-30-



Acta Polytechnica Hungarica Vol. 16, No. 3, 2019

5.3.1  RNA Interference (RNAI)

A powerful methodology for studying the function of any gene is to
experimentally disrupt its expression to examine the resulting phenotype. RNA
interference (RNAI) is a naturally occurring mechanism of gene regulation. This
can be induced by the introduction of double stranded RNA into a cell. This event
can be synthetically utilized to down-regulate expression of specific genes by
transfecting mammalian cells with synthetic short interfering RNAs (siRNAS).
These siRNAs can be designed to silence the expression of genes of interest
having a certain target sequence, and may potentially be presented as a therapeutic
strategy for inhibiting transcriptional regulation of genes [15].

5.3.2 Inhibition of FOG1 by RNAi Methodology

To simulate, we may consider initial state as: {C, H, G, S, y, M}. Then reactions
indexed by 1, 4, 8, 10, 12, 13, 15, 16 and 19 are allowed. After first round, new
state is {C, K, H, N, G, S, y, M}. In this state the reactions indexed by 1, 2, 4, 8,
12, 13, 15, 16 and 19 are allowed. After second round, the new state is {C, K, B,
H, N, G, S, y, M}. Then reactions numbered by 1, 2, 4, 12, 13, 15, 16 and 19 are
allowed. After third round, the new state is the same as previous one, which is the
fix point of the system and does not change anymore. Therefore, FOGL1 inhibition
has led to y-globin gene expression induction as a possible. The steps of this
simulation process are illustrated in Fig. 9.

{CHGS,y M
l Where the allowed reactions have the following indices:

1,4,8,10, 12,13, 15, 16, 19
{Cl KI HI N/ GI 5/ yl M}

l Where the allowed reactions have the following indices:

{CKBHN,G,Sy, M 1,2,4,12,13,15,16, 19

Figure 9
Simulation of steps in Reaction Systems in case of FOG1 inhibition by RNAI

6 Discussion

In this section, we give a brief comparison of our simulation model and other
models. Various simulation techniques were used for p-thalassemia, e.g., in [1,
16]. However, in these papers the authors only wanted to simulate and understand
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the disease itself, simulating how the gene can produce hemoglobin, and what is
wrong in case of B-thalassemia, without proposing or checking any possible
treatments.

The nature of the considered problem results relatively simple simulations, after a
few steps the system halts in each case. The same phenomenon occurs by
simulation with Petri nets [14], the simulation goes without any cycles. In [14]
hybrid places (both discrete and continuous) were used instead of only discrete
ones. Therefore, instead of a discrete value (integer number of tokens), real
numbers were used at each place. In this way, in the simulation Petri times were
used, e.g., the simulation program ran for 500 Petri times. The simulation results
of Subsections 5.2.1, 5.2.2, 5.2.3 and 5.2.4 are in line with the simulation results
with the Hybrid Functional Petri nets model, where HDAC1/2 gene expression
was inhibited using ST-20 drug, KLF-1 gene expression was inhibited using MS-
275, ST-20, and the combination of Simvastatin and tBHQ drugs, BCL11A gene
expression was inhibited using ACY-957 drug and SOX6 gene expression was
inhibited using ACY-957 drug, respectively [14]. Our reaction systems model had
the advantage to simplify all this. We could answer whether a treatment can be
useful or not in just a few steps. The advantage of the binary feature of the
reaction systems approach is that it simplifies the system analysis. Such method
can be used as a pre-test to identify potential entities which can play an important
role to up-regulate or down-regulate a specific component in the system. After
identifying the entities which play an important role, it will be possible to extend
the model into a model which is appropriate to investigate the role of these
components more accurately (in terms of quantities, ratios, concentrations etc.).
The disadvantage of our binary approach could be that it cannot investigate the
role of each entity in the system quantitatively. Although, this approach shows
which manipulation of the system can be useful to up-regulate or down-regulate
the target entity, it does not provide any sort of comparison between the efficiency
of the possible treatments. To compare the treatments quantitatively, hybrid
models can be used such as hybrid functional Petri nets [14] and fuzzy stochastic
hybrid Petri nets [12]. We underline that the proposed strategies shown in
Subsections 5.2.5 and 5.3 are novel and up to our knowledge they have not been
simulated with other methods, nor biological experiments are done to verify them.

Each of the known strategies proposed for treatment of B-thalassemia we have
checked with simulations were in line with lab experiments. This model shows
also a nice example, how the analysis (through simulation) of biological systems
such as hemoglobin switching network can be useful. This approach can be used
as a pre-test to analyze more complex biological systems in future studies.

Conclusions

We have demonstrated that “Reaction Systems” is a beneficial model, that
simulates pathways, such as, fetal to adult hemoglobin switching developmental
stage, in healthy people, thalassemic or sickle cell anemia patients and in case of
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various treatments to compensate for the lack of B-globin gene expression via y-
globin gene expression induction by down-regulation or inhibition of gene
expressions such as HDAC1/2, KLF1, BCL11A, SOX6, and GATALl. The
simulation results in our Reaction Systems model shows that B-globin gene
expression is upregulated as expected in adult stage, and downregulated in
patients who are suffering from B-globin gene related disorders caused by
mutation in B-globin gene. Moreover, simulation results of our proposed model
demonstrate that inhibition of HDACL1/2 gene expression decreases the
concentration level of NuRD complex, down-regulation of KLF1 gene expression
decreases gene expression of BCL11A, down-regulation of BCL11A gene
expression decreases the binding rates of y-globin gene and the multi-protein
complex including BCL11A, NuRD, and erythroid transcription factors (GATAL,
FOGL1, and SOX6), and finally down-regulation of SOX6 gene expression and
inhibition of gene expression of GATAL decreases the concentration of erythroid
transcription factors. In all cases, y-globin gene up-regulated in adult stage, which
agree with current known treatments of p-globin gene related disorders via vy-
globin gene expression induction. Therefore, since hemoglobin switching process
can be represented as binary of gene expression up regulation or down regulation,
our proposed reaction systems model can describe and analyze this biological
phenomenon.

Moreover, we propose a novel strategy to treat B-thalassemia and sickle cell
anemia by inhibiting expression of FOG1 by using methods such as RNAi. RNAI
as a naturally occurring mechanism of gene regulation method can be used to
inhibit FOG1 gene expression by introducing double stranded RNA into the cell.
As the results of our simulation have illustrated, this strategy decreases
concentration level of erythroid transcription factors and leads to y-globin gene
expression induction, that is, this proposed strategy could provide potential
treatment options. However, we have not performed any laboratory experiments to
explore how the proposed strategy would work in a wet lab setting. Thus, further
validation of this strategy needs to be performed in our future studies.
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