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Paper presents kinetic models of changes in genetic controlling systems of cells in
the states of cell proliferation and differentiation. It was shown that the changes in the
genetic control of cells in the state of proliferation and differentiation occur at the maxi-
mal rate of reactions constants. It was built on response surfaces for each of the reaction
rate constants showing what parameters of the model make the largest contribution to
the value of each of them. It was established that the greatest contribution to the rate of
reaction constants of changes in the genetic controlling systems of cells in the state of
proliferation have histone genes and cyclin-dependent kinases, and a little less — genes-
stimulators of proliferation and transcription factors. In cells in differentiation a state of
inhibitors of cyclin-dependent kinases, and equally transcription factors, cell cycle genes,
transcription proteins genes, structural genes and hyperpolarization of the cell mem-
brane. As a result, we got data that the value concentration of cyclin-dependent kinases
and inhibitors of cyclin-dependent kinases in the cell is the trigger that determines
whether a cell proliferates or differentiates. Also, it was set specific numerical value of
each of the reactions rate constants which characterize changes in the genetic control of
cell in the state of proliferation and differentiation.

Keywords: proliferation, differentiation, speed constant, response surfaces, ge-
netic control.

INTRODUCTION

There are different ways of regulation of cell activity, which are attributed to genetic,
biochemical and physiological levels of regulation. Within each of them there exist spe-
cific operating mechanisms, based on a sequence of certain metabolic processes. Un-
derstanding of the dynamic properties of these regulatory mechanisms can be based on
system-wide approach that examines the behavior of each element of a complex sys-
tem as a result of its interaction with other elements. One of the most advanced ap-
proaches is mathematical modeling. The kinetic models reflect the dynamics of changes
in the intensity of various components of biological systems, and define rates of indi-
vidual elementary reactions. In the basis of the environment exchange processes and
internal metabolism, there is a complex network of metabolic reactions. As a result of
these processes there are changes in concentrations of various substances, the number
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of certain cells, biomass of organisms, also may change other parameters, such as the
value of the transmembrane potential of the cell. Changes in all of these variables over
time make the kinetics of biological processes. Since all living systems are far from the
thermodynamic equilibrium, they are open systems for the flow of matter and energy,
and have a complex heterogeneous structure and hierarchical systems controlling pro-
cesses of both internal and external environment [22].

In models, there are used systems of differential equations describing dynamic pro-
cesses specific to wildlife, as well as systems of linear and nonlinear algebraic equations
or inequalities. The research of modeling object and drafting of its mathematical descrip-
tion is to establish relationships between the characteristics of the process identify its
boundary and initial conditions and formalize the process in the form of mathematical re-
lationships. To describe deterministic, time-variable phenomena, the differential equations
are often used [6, 11, 18, 19]. The basic approach in kinetics and mathematical modeling
of biological processes is to avoid the finding of exact analytical solutions of differential
equations [22]. Multivariate conditions and non-linear relationship between parameters
create difficulties in the mathematical modeling of biological processes [5, 16, 23].

Thus, the usage of mathematical modeling of various processes allows us to study
the properties of objects and determine optimal conditions for their functioning.

MATERIALS AND METHODS

On the basis of published data on the role of genes and their products in cell pro-
liferation and differentiation, as well as on the impact of other factors, including changes
in transmembrane potential on cell proliferation and differentiation, we built the kinetic
model of changes in genetic controlling systems of cells in the state of proliferation and
differentiation. The kinetic model shows changes at the gene level that occur both in
cells in the state of proliferation and differentiation.

Changes in the genetic controlling systems of cells in the state of proliferation are
shown in Fig. 1.
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Fig. 1. Kinetic model of changes of genetic controlling systems in cells in the state of proliferation
Puc. 1. KiHeTuuHa mogernb 3MiH CUCTEM rEHETUYHOIO KOHTPOSIO KMITWH y CTaHi nponidhepauii
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This diagram shows the changes that occur with genetic apparatus of cells when it
enters a phase of proliferation. It is known that the cell cycle is regulated by cyclin—de-
pendent kinases, which together with cyclin cause onset of proliferation [31].

As shown in Fig. 1, cell cycle genes indirectly through cyclin-dependent kinases in
complex with cyclin [31] and specific proliferative potential proteins P?Ps [15] affect
transcription proteins genes, which in turn produce various kinds of transcription factors.
These transcription factors affect the number of genes that directly cause the onset of
proliferation. Transcription factors can also operate on the principle of negative feed-
back, causing inhibitory effects on cell cycle genes by blocking their further formation.

It was found proximal promoter element of histone H4, designated as Site I, which
mediates the transcriptional control of the cell cycle. Factor that interacts with the Site Il
includes cdc2, cyclin A, RB-regulated protein and interferon regulatory factors (IRFs).
Proliferation is only possible due to the integration of this factor to Site Il. When this fac-
tor is not associated with Site Il, the differentiation is initiated [23]. Another study re-
viewed a protein complex BAF (Brahma associated factor), and how it controls coiling
of DNA around histone complex of chromosome [10]. Because BAF changes the struc-
ture of the DNA helix, it controls the access of transcription factors to these genes.
Therefore, this factor is required for the regulation of the passage of proliferation. Thus,
based on these studies and by Fig. 1, it can be argued that the transcription factors
mediate activation of histone genes, resulting in the onset of proliferation.

In another study [1], it was found that fibroblast growth factor (FGF) stimulates and
controls the proliferation of satellite cells, through the activation of proliferation-stimula-
ting proteins genes, synergistically with hepatocyte growth factor (HGF) [1]. Other au-
thors [20, 28, 30] found that activated satellite cells in the state of proliferation express
regulatory factors Pax7 and MyoD, which are markers of cells in the state of prolifera-
tion. Moreover, when studying the osteogenic effect of bone morphogenesis proteins
(BMP), the authors [14] analyzed the role of these proteins in the proliferation of satellite
cells. The authors found that BMP signaling stimulates cell proliferation and inhibits their
differentiation. Thus, it can be argued that a number of regulatory factors (FGF, HGF,
Pax7 and MyoD) and proteins (BMP) through effects on proliferation-stimulating pro-
teins genes also lead to differentiation.

It was also found [12] that the transcription factors mediate activation of transport
proteins genes playing a significant role in the onset of proliferation.

Summarizing the data and addressing to Fig. 1, it can be argued that a number of
transcription factors directly or indirectly affect the histone genes, proliferation-stimulating
proteins genes and transport proteins genes, and thus trigger the onset of proliferation.

In addition it was found in studies [24, 25] that the value of the transmembrane
potential directly affects the possibility of initiation of proliferation or differentiation. So
the authors have found that proliferating cells show strong depolarized level of mem-
brane potential and cells in the state of differentiation — much hyperpolarized level of
membrane potential. A possible explanation for this phenomenon may be that the high-
ly polarized level of transmembrane potential (TMP) blocks resting somatic cells that
are in G, phase of the cell cycle from entry into S phase of DNA synthesis, thus inhibiting
mitosis [4]. Later it was suggested [2] that there may be a threshold level of TMP, which
serves as a boundary or trigger of DNA synthesis. Depolarization is caused by increa-
sing of cell permeability to Na* ions [17]. Thus depolarization directly affects the onset
of proliferation: depolarized membrane potential, affecting the genes of the cell cycle,
launches a whole cascade of transformations depicted in Fig. 1.
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Next, we performed a mathematical description of the model which by a differential
equations system describes changes in each parameter over time. This system of dif-
ferential equations is presented below:
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Changes in genetic control in cells in the state of
differentiation are shown in Fig. 2.

This diagram shows the processes that occur
with a cell that enters a phase of differentiation. As
shown in Fig. 2, the cell cycle genes interact with the
inhibitors of cyclin-dependent kinases, thereby block-
ing cell cycle progression and promote the onset of
differential processes. So it was found [9] that the ac-
tivity of Cdk-cyclin complexes may be inhibited by
binding of Cdk inhibitors (Cdl), which inhibit all Cdk-
cyclin complexes of G, phase. The fact that Cdl act as
regulators in many differentiating tissues, suggests
that these proteins may play a role in getting out of the
cycle of proliferation and onset of differentiation.

Such blocking of cyclin-dependent kinases leads
to the fact that the transcription proteins genes pro-
duce other transcription factors than during prolifera-
tion. These factors are: Osf2, Omd i Ogn. They were
discovered as the potential factors in the differentia-
tion of skeletal muscle cells [14]. Transcription factors
play an indirect role in the onset of differentiation
through the activation of a number of structural genes
(Fig. 2), including angiogenesis proteins genes, re-
ceptor proteins genes and channel proteins genes

[12]. The products of expression of the structural genes are structural proteins. So it was
found increased expression of BMP inhibitors Chordin and Myogenin that promote the
onset of differentiation and block proliferation [7]. Expression of the cell structural genes
and the presence of structural proteins directly indicate the onset of differential program.
It was found [12] that differentiation can also be induced by cAMP and retinoic acid.

Fig. 2. Kinetic model of changes in genetic con-
trolling systems in cells in the state of dif-

ferentiation
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Transcription factors, as well as during cell proliferation, may act as negative regulators
of their activity. They can communicate with the cell cycle genes and inhibit their activity,
thereby blocking its own formation.

As already mentioned above, the cells in the state of differentiation have much hy-
perpolarized membrane potential [24, 25]. Hyperpolarization may be caused by in-
creased permeability of the cell membrane to K* ions. So, hyperpolarization causes
blockage of the cell cycle and the onset of differential program.

Thus, Fig. 2 shows a cascade of changes that occur during the transition of cell
from the state of proliferation to the state of differentiation.

It was also made the mathematical description of the kinetic model of changes in
genetic controlling systems of cells in the state of differentiation. Accordingly, the follo-
wing system of differential equations describes this model.

The following differential equations systems were solved by numerical integration
[16] using MATLAB 7.0.1.

As seen from the Fig. 1-2, each reaction is character- aQ _ KQ+ K X—KT
ized by its own reaction rate constant, and the intensity of dt ! 6 4
each model parameter depends on the intensity of the dL ,
other parameters and rate constants. But the solutions of dat —kiL
these equations do not provide information from which dG
variables depends each of the reaction rate constants and T k;(QL)-k,G
in what range of values they are changing. For specifying
exactly which variables make the largest contribution to ﬂ: kG — kT —k.T
each of the reaction rate constants, using Box—-Wilson d
method, we constructed response surfaces for all of the ﬂ: KT —K'V
reaction rate constants. Construction of response surfac- dt ° ¢
es was carried out using a specially created computer pro- aw KV — KW
gram Octave, which determined what parameters make at ¢ 5
the largest contribution to each of the rate constants, by du
the method of selection of about 10,000 combinations of o kW
the mutual influence of all parameters on the values of dx
reaction rate constants and to each other. i -k X

However, the response surfaces do not provide a way
to visually determine the maximal value of the constant by which the rate of conversions
in the system is maximal. To determine the maximal value of the constant it was neces-
sary to transform the obtained response surfaces into the linear dependence (lineariza-
tion method by Lineweaver—Burk) and find the point of intersection of the line with the
coordinate axes. The point of intersection of the line formed by the abscissa is the de-
sired maximal value of the rate constant, i.e. k...

RESULTS AND DISCUSSION

Solutions of equations describing the changes in the genetic control of cells in the
state of proliferation and differentiation are presented graphically (Fig. 3 and 4). The ob-
tained results show time changes of the initial conditions of the parameters A, B, C, D, E,
E,, F, F,, M, N, K (first system) and Q, L, G, T, V, W, U, X (second system), with the reac-
tion rate constants k, — k,, and k', — k', (first and second system, respectively). The values
of the initial conditions display the intensity of each parameter (gene, protein, another
factor of the kinetic model) in the cell. To calculate these values it was chosen initial condi-
tions and rate constants of reactions presented in Tab. 1 and 2, respectively:
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Table 1.

The value of the initial conditions of the changes intensity of the cell parame-
ters for two systems

Tabnuus 1. 3Ha4YeHHs1 MOYaTKOBUX YMOB 3MiHM iHTEHCMBHOCTI MapameTpiB KNiTUHU Ans

ABOX CUCTEM

Parameter of the

Initial conditions

Parameter of the

Initial conditions

| equation system (|ntens_|ty (O o Il equation system (|nten§|ty of the
parameter in the cell, %) parameter in the cell, %)
A 0.2 Q 0.2
B 0.04 L 0.017
e 10 G 10
D 10 T 10
F 0.017 U 30
Fy 0.02 X 35
M 0.03
N 45
K 50

Table 2.

Values of reaction rate constants for two equation systems

Tabnuys 1. 3Ha4YeHHA BENIMYNH KOHCTAHT LWBUAKOCTEN peakLili Ana ABOX CUCTEM PiBHAHb

S

k, | system | Min Max | K, Il system | Min | Max
K, 108 0.25 K, 10-® 0.25
k, 10-¢ 1 K, 10-¢ 1
Ky 10-® 0.3 Ky 107 0.6
K, 10-® 0.3 K, 10-° 1
K 1078 0.3 K 1077 0.6
Ks 10°° 0.9 K'g 10°® 0.25
K, 10-¢ 0.9 K, 107 0.75
Kq 10-¢ 0.9
Ky 108 0.25
k 10”7 0.75

The following time changes in the parameters intensity of the cell in the state of

proliferation and differentiation are presented in Fig. 3 and 4, respectively:
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Fig. 3 Time changes in the parameters intensity

Puc. 3.

at the minimal reactions rate constants in
the cell in the state of proliferation

3MiHa iHTEHCMBHOCTI NapaMeTpiB 3 YacoMm
npu  MiHIManbHUX 3HAYEHHSIX KOHCTaHT
LUBUOKOCTEN peakuin y KMiTUHI y CcTaHi
nponicpepauii
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As shown in Fig. 3 and 4, at the minimal values of reactions rate constants it is
observed continuous intensity of all the parameters during all time, both in the cells in
the state of proliferation and differentiation, which is not typical of living systems.

The case when the processes run at maximal values of reaction rate constants in
the cells in the state of proliferation and differentiation, is shown in Fig. 5 and 6 (for cells
in the state of proliferation and differentiation, respectively).
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Fig. 5. Time changes in the parameters inten-
sity at the maximal reactions rate con-
stants in the cell in the state of prolifera-
tion

Puc. 5. 3miHa iHTEHCMBHOCTI napameTpiB 3 4a-
COM NMpN MaKCUMarbHNX 3HAYEHHSAX KOH-
CTaHT LUBWMAKOCTEN peakuin y KNiTuHi
y CTaHi nponidepauii

As shown in Fig. 5 and 6, there is a non-linear time changes in the parameter inten-
sity in the cell. So when the cell is in the state of proliferation (Fig. 5), which is accom-
panied by an increase in the transmembrane potential of the cell (depolarization of the
cell membrane), it is seen an increase in the expression of histone genes and transport
proteins genes and of the concentrations of FGF, HGF, BMP and MyoD. On the other
hand, it is seen a decrease in the expression of transcription proteins genes, and there-
fore of the concentrations of transcription factors and cyclin A, RB-regulated protein,
BAF, IRF. Expression of the proliferation-stimulating proteins genes and the concentra-
tion of cyclin-dependent kinases remain unchanged or these changes are minor. The
intensity of the expression of cell cycle genes first increases and then decreases. The
obtained results are confirmed by the literature [1, 7, 12—-14, 20, 21, 26-28].
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Fig. 6. Time changes in the parameters inten-
sity at the maximal reactions rate con-
stants in the cell in the state of differen-
tiation

Puc. 6. 3miHa iHTEHCUBHOCTI napameTpiB 3 va-
COM NpPU MaKCUMarnbHWX 3HA4YEHHSIX KOH-
CTaHT LUBWMAKOCTEN peaKuin y KNiTuHI
y CTaHi gudepeHuiauii

Time changes of the parameters intensity in the cell in the state of differentiation
(Fig. 6) are also non-linear. So when the cell is in the state of differentiation, which is
accompanied by a decrease in the transmembrane potential of the cell (hyperpolariza-
tion of the cell membrane), it is observed an increase in the expression of the cell cycle
genes. In contrast, it is seen a decrease in the expression of transcription proteins
genes and structural genes, and thus in the concentration of transcription factors and
structural proteins. The concentrations of inhibitors of cyclin-dependent kinases, as the
concentrations of cyclin-dependent kinases during cell proliferation remain unchanged
or these changes are minor. These results were also confirmed by a number of experi-
mental data in the literature [3, 8, 9, 29-31].

Thus, as shown in Fig. 5 and 6, there is a nonlinear time changes in the activity of
genes, proteins or other factors at maximal values of reaction rate constants, which is a
characteristic of the living system. Therefore, it can be argued that the changes in the
genetic control of cells in the state of proliferation and differentiation occur at the maxi-
mal values of reaction rate constants that reflect these changes.

Referring to the differential equations systems describing the changes in the ge-
netic control of cells in the state of proliferation and differentiation, we can see that each
of the rate constants (k,—k,, (I system), k',—k’, (Il system)) depends on certain variables
(A,B,C,D,E E,,F,F,, M, N, K(I system), Q, L, G, T, V, W, X (Il system)). In fact, each
of them depends on all 11 parameters (for cell in the state of proliferation) or 8 para-
meters (for cells in the state of differentiation) because all equations are interrelated.
Therefore, we created a special computer program for constructing response surfaces
for each constant to determine which variables make the largest contribution to each
rate constant. The resulting response surfaces are shown in Fig. 7 (reaction rate con-
stants of changes in the cells in the state of proliferation) and Fig. 8 (reaction rate con-
stants of changes in the cells in the state of differentiation).

These response surfaces show the spatial temporal dependence of the reaction
rate constants of changes in the genetic controlling systems on the intensity of the defi-
nite model parameters.

The obtained data are presented in Tab. 3 and 4.

As shown in Tab. 3, the largest contribution to the value of constants k,, k; and k,
have such parameters as proliferation-stimulating proteins genes and histone genes.
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Fig. 7. Response surfaces for reaction rate constants of changes in genetic controlling systems of the cells
in the state of proliferation: A — response surface for rate constant k,; B — response surface for rate
constant k,; C — response surface for rate constant k,; D — response surface for rate constant k,; E —
response surface for rate constant k,; F — response surface for rate constant k,; G — response surface
for rate constant k,; H — response surface for rate constant k; / — response surface for rate constant
ky; J — response surface for rate constant k,,

Pwuc. 7. NoBepxHi BiAKNWKy ANs KOHCTaHT LUBUAKOCTEN peakuii NepeTBOpeHb Y CUCTEMaX reHETUYHOIO KOHT-
pono KNiTUH y cTari nponicepadii: A — NOBEpXHSA BiAKMMUKY A5 KOHCTAHTW WBWUAKOCTI K,; B — noBepx-
HA BIOKNVKY ANS KOHCTAHTW WBWUAKOCTI K,; C — NOBEPXHS BiAKNMUKY AN KOHCTaHTW WBUAKOCTI Ky, D —
MOBEPXHS BIAKMMKY ANS KOHCTAHTU WBWUAKOCTI K,; E — NOBEPXHSA BiAKIWKY ANS KOHCTAHTW LUBUAKOCTI
ks; F — NOBepXHs BIAKMUKY ANS KOHCTAHTW LUBUAKOCTI Kg; G — NOBEPXHSA BIOKNVKY AN KOHCTaHTU
LUBWAKOCTI k;; H — NOBEPXHS BIAKMUKY AN KOHCTaHTW LUBUAKOCTI Kg; | — MOBEPXHA BiAKMNVKY ANS KOH-
CTaHTW LUBUAKOCTI Ky; J — NOBEPXHSA BIAKMNKY AN KOHCTaHTW LWBUAKOCTI K,
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Fig. 8. Response surfaces for reaction rate constants of changes in genetic controlling systems of the cells
in the state of differentiation: L — response surface for rate constant k';; M — response surface for rate
constant k',; N — response surface for rate constant k';; P — response surface for rate constant k',;
Q - response surface for rate constant k';; R — response surface for rate constant k'y; S — response
surface for rate constant k',

Puc. 8. [NoBepxHi BigKNMKy ANS KOHCTaHT LWBMAKOCTEW peakLin nepeTBOpeHb Y cUCTEMaX reHETUYHOMO KOHT-
pornto KMiTUH y cTaHi audepeHuiadii: L — noBepXxHs BiAKMUKY ANS KOHCTAHTW WBKUAKocTi K';; M — no-
BEPXHS BiAKIMKY ANt KOHCTAHTU WBUAKOCTI K',; N — NOBEPXHS BiAKMMKY ANs KOHCTaHTU LBMAKOCTI K';
P — noBepxHs BiAKNVKY ANS KOHCTAHTW WBWUAKOCTI K',; Q — NOBEPXHSA BiAKIMKY ANS KOHCTAHTU LWBMA-
KOCTi K's; R — NoBepxHs BiAKINMKY AN KOHCTaHTW WBWUAKOCTI K'g; S — NOBEPXHS BiAKNWKY ANS KOHCTaH-
TW WBKUAKOCTI K';,

In the value of the constant k, — transcription factors and cyclin-dependent kinases;
while in the value of constants k;, k,, k., ks, k, and k,, — histone genes and cyclin-depen-
dent kinases. Thus, the greatest contributions to the reaction rate constants of changes
in the genetic controlling systems of the cell in the state of proliferation have histone
genes and cyclin-dependent kinases, and a little less — proliferation-stimulating proteins
genes and transcription factors. Parameters such as cell cycle genes, transcription pro-
teins genes, protein complexes, transport proteins genes and depolarization have no
significant effect on the rate of transformation in the cells in the state of proliferation.
Regarding to the cells in the state of differentiation (Tab. 4), the largest contribution to
the value of the constant k', make such parameters as inhibitors of cyclin-dependent ki-
nases and cell cycle genes; to the value of k', — transcription proteins genes and inhibitors
of cyclin-dependent kinases; to k', — transcription factors and inhibitors of cyclin-dependent
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kinases; k', — structural genes and inhibitors of cyclin—~dependent kinases; k', — differen-
tiation and inhibitors of cyclin-dependent kinases; k', — hyperpolarization and inhibitors of
cyclin-dependent kinases; and k', — transcription factors and inhibitors of cyclin-depen-
dent kinases. As seen from the results, the greatest contributions to all constants have
inhibitors of cyclin-dependent kinases. On equal level contribute: transcription factors; cell
cycle genes; transcription proteins genes; structural genes and hyper polarization of the
cell membrane. The effects of structural proteins on the rate of changes were not found.

Table 3.  Parameters that have the major contribution to the value of the reaction rate
constant in the cell in the state of proliferation

Tabnuys 3. MapameTpu, WO BHOCATbL HAWGINbLLWWIA BKNag y BeIMYUHY KOHCTAHT LUBUOKO-
CTel peakuii y KniTuHax y ctaHi nponidepauii

Rate | Marking of parameters that

) o Parameters that have the major contribution
constant | have the major contribution

k, ES Proliferation-stimulating proteins genes, histone genes
k, D,B Transcription factors, cyclin-dependent kinases

Kk, E, B Histone genes, cyclin-dependent kinases

k, E, B Histone genes, cyclin-dependent kinases

K E., B Histone genes, cyclin-dependent kinases

Kq E,B Histone genes, cyclin-dependent kinases

k, P [ Proliferation-stimulating proteins genes, histone genes
kg Fo B Proliferation-stimulating proteins genes, histone genes
Ky E,B Histone genes, cyclin-dependent kinases

Ko E,B Histone genes, cyclin-dependent kinases

Table 4. Parameters that have the major contribution to the value of the reaction rate
constant in the cell in the state of differentiation

Tabnuys 4. NMapameTpu, WO pooNATL HaNGINbLWKUM BKNag y BeNIMYUHY KOHCTAHT LWBUOKO-
CTeun peakuin y KniTuHax y ctaHi audepeHuiauii

Rate | Marking of parameters that

constant| have the major contribution Parameters that have the major contribution

K, L, Q Inhibitors of cyclin-dependent kinases, cell cycle genes
K G L T.ranscription proteins genes, inhibitors of cyclin-dependent
2 ’ kinases

K, T L Transcription factors, inhibitors of cyclin-dependent kinases
K, V, L Structural genes, inhibitors of cyclin-dependent kinases
K U, L Differentiation, inhibitors of cyclin-dependent kinases

K X, L Hyperpolarization, inhibitors of cyclin-dependent kinases
K, T L Transcription factors, inhibitors of cyclin-dependent kinases

From the response surfaces, we found which parameters (A, B, C,D, E, E,, F, F,,
M, N, K, Q, L, G, TV, W, U, and X) make the largest contribution to the value of each of
the reaction rate constants. However, they do not give us possibility to define a specific
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value of each of the reaction rate constants. To find this value, we used the Lineweaver—
Burk plot to manage to determine the value of k,, at the intersection of the line with the
axis of ordinates.

After the digitization of the response surfaces and their subsequent linearization
the following graphic dependences presented in Fig. 9 and 10 were obtained.

For each graphic has been found the point of intersection of the line with the ordi-
nate axis (K,,,,)- All values were determined by the module.

The numerical values of all k,, are presented in Tab. 5 and 6.

Table 5. Values of reaction rate constants of changes in genetic controlling systems in
the cells in the state of proliferation

Tabnuys 5. BenNMYMHM KOHCTaHT LWWUBUOKOCTEN peakL il 3MiH CUCTeM reHeTUYHOTO KOHTPOJIHO
KNiTUH y cTaHi nponidepauii

Reaction rate constants of changes in genetic | Values of reaction rate constants of changes
controlling systems in the cells in the state in genetic controlling systems in the cells
of proliferation in the state of proliferation

K, 0.375

K, 0.15

k, 0.3

K, 0.375

K 0

K 0.3

K, 0.35

Kq 0.35

Ky 0.225

Ko 0.4

Table 6. Values of reaction rate constants of changes in genetic controlling systems in
the cells in the state of differentiation

Tabrnuys 6. BenMYMHN KOHCTaHT WBUAKOCTEN peakLi 3MiH CUCTeM FreHeTUYHOTO KOHTPOJTH
KNiTUH y cTaHi andpepeHuiauii

Reaction rate constants of changes in genetic | Values of reaction rate constants of changes
controlling systems in the cells in the state in genetic controlling systems in the cells
of differentiation in the state of differentiation

K, 0.25
K, 0.15
K, 0.4

K, 0.425
K's 0.9

K 0.4

K, 0.45

Substituting the obtained exact values of reaction rate constants to the solutions of
our differential equations systems, we obtained graphically time changes in the param-
eters intensity of the kinetic model of changes in genetic controlling systems of the cells.
Dependence for cells in the state of proliferation and differentiation are shown in Fig. 11
and 12, respectively.

ISSN 1996-4536 (print) « ISSN 2311-0783 (on-line) e BionoriyHi Ctyaii / Studia Biologica e 2015 e Tom 9/Ne1 e C. 67-84



ANALYTICAL DESCRIPTION OF GENETIC CONTROLLING SYSTEMS IN CELLS IN OF PROLIFERATION... 79

0.2

0.0
-0.24
044
-0.64
0.8
-1.04

00 14

10",

*10

*10

J B
3
2
1
o]
4]
T T T T T )
3 2 1 0 1 2 3D
o D
o
2]
4]
-6
8 ————————————1— E,
5 40 05 00 05 10 15 20 25
2l F
i
o]
4
2
-3
]
S+ T ——T E,
15 10 05 00 05 10 15 20 25
A H
f
o]
4
2]
-3
]
51
T T T T T — F,
10 05 00 05 10 15 20 25
o J
o
4
2]
-3
e
-5
o

Fig. 9. Linearized response surfaces for reaction rate constants of changes in genetic controlling systems in
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Puc. 9. JliHeapn3oBaHi NOBepXxHi BiAKNMKY ANS KOHCTaHT LUBUAKOCTEN NEPETBOPEHb Yy CUCTEMAaX FreHETUYHOMo
KOHTPOMIO KNITVUH y cTaHi nponidepalii: K, (A); k, (B); ks (C); k,(D); ks (E); ks (F); k; (G); kg (H); Ky (1); Kyg (J)
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As shown in Fig. 11 when cell is in the state of proliferation, which is accompanied by
an increase in the transmembrane potential of the cell, it is seen an increase of the ex-
pression of histone genes and transport proteins genes; and the concentration of fibro-
blast growth factor, hepatocyte growth factor, bone morphogenesis protein and factor
MyoD. On the other hand, it is seen a decrease of the expression of transcription proteins
genes, and therefore, the concentration of transcription factors and cyclin A, RB-regulated
protein, BAF, IRF. Expression of proliferation-stimulating proteins genes and concentra-
tion of cyclin-dependent kinases remains unchanged or these changes are minor. The
intensity of the expression of cell cycle genes first increases and then decreases.

When the cell is in the state of differentiation (Fig. 12) which is accompanied by
a decrease in the transmembrane potential of the cell, it is seen an increase in the expres-
sion of cell cycle genes. In contrast, it is seen a decrease in the expression of transcription
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KIHETMYHOI MoAeni 3MiH CUCTEM FreHETUYHO-
ro KOHTPOIIO KMITUH Y CTaHi AudepeHuiaLii
npw BU3HAYeHUX K.,

proteins genes and structural genes, and thus the concentration of transcription factors
and structural proteins. The concentration of inhibitors of cyclin-dependent kinases as the
concentration of cyclin-dependent kinases during cell proliferation remains unchanged or
these changes are minor.

CONCLUSIONS

1. Kinetic model was built for changes in genetic controlling systems of the cells in the
state of proliferation and differentiation that reflects changes in the expression of the ge-
netic apparatus of the cell, which is in a state of proliferation, and during the onset of dif-
ferential program. This model shows that changes in the cells in the state of proliferation
and differentiation occur at the gene, chromosomal, cell and membrane levels.

2. Mathematical description was done for the kinetic models of changes in the ge-
netic controlling systems of cells in the state of proliferation and differentiation in the
form of differential equations systems. At the decision of which using methods of nu-
merical integration, it was found that all the processes involved to some extent in the
genetic control of cell proliferation and differentiation occur at maximal values of reac-
tion rate constants of these changes.

3. Response surfaces were constructed for reaction rate constants of changes in
genetic controlling systems of cells in the state of proliferation and differentiation, so that
it was found that in the cells in the state of proliferation the biggest impact on the rate of
passage of reactions have the expression of histone genes and concentration of cyclin-
dependent kinases and in the cells in the state of differentiation — inhibitors of cyclin-
dependent kinases. Therefore we can say that the correlation in the cell of cyclin-depen-
dent kinases and inhibitors of cyclin-dependent kinases is a kind of trigger mechanism
that launches in the cell proliferative or differential program.

4. After the digitization and linearization of response surfaces, it was determined
the numerical value of k___for each of the reaction rate constants that reflect changes in

max

the genetic controlling systems in the cells in the state of proliferation and differentiation.
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5. Considering the exact numerical values of k.., it was graphically displayed the time
changes of all the parameters of the kinetic model, based on which it can be argued that
the cells in the state of proliferation, which is accompanied by an increase in the trans-
membrane potential of the cell, have increased expression of histone genes and transport
proteins genes; and concentrations of fibroblast growth factor, hepatocyte growth factor,
bone morphogenesis protein and factor MyoD, whereas decreased expression of tran-
scription proteins genes, and therefore, the concentrations of transcription factors and
cyclin A, RB-regulated protein, BAF, IRF. Expression of proliferation-stimulating proteins
genes and concentration of cyclin-dependent kinases remains unchanged or these
changes are minor. The intensity of the expression of cell cycle genes first increases and
then decreases. When the cell is in the state of differentiation which is accompanied by a
decrease in the transmembrane potential of the cell, it is seen an increase in the expres-
sion of cell cycle genes; and in contrast, a decrease in the expression of transcription
proteins genes and structural genes, and thus the concentration of transcription factors
and structural proteins. The concentration of inhibitors of cyclin-dependent kinases as the
concentration of cyclin-dependent kinases during cell proliferation remains unchanged or
these changes are minor.
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AHATNITUYHUA ONUC CUCTEM FrEHETUYHOIO KOHTPOIO KNITUH
Y CTAHI NPONI®EPALII TA AU®EPEHLIALIT

I. B. CmadHuk, [. I. Canazypcbkuli

JIbsiecbKuli HaujoHanbHUU yHisepcumem iMmeHi leaHa ®paHka
syn. lpywescbkoeo, 4, Jibeie 79005, YkpaiHa

e-mail: irysjastadnyk@gmail.com

Y po6oTi NpefcTaBneHo KiHETUYHI MOAeri 3MiH CUCTEM FrEHETUYHOIO KOHTPOSTHO Krli-
TVH y CTaHi nponidepadii Ta gudepeHdiadii. 3’'ssicoBaHo, WO 3MiHN B CUCTEMAX reHeTNY-
HOro KOHTPOIIO KITiITUH Y CTaHi nponidepadii Ta gudepeHuiadii BigOyBatoTbCst Npy Mak-
CUMarnbHMX KOHCTaHTaXx LUBUOKOCTEN peakuin. [ns KOXHOI 3 KOHCTaHT LUBUOKOCTEWN
nobyaoBaHO MOBEPXHi BiAKMMKY, SKi MOKa3ykTb, KOTPI 3 MapaMeTpiB Mogeri pobnatb
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HaMBINbLIMIA BHECOK Y BENMUYNHY KOXHOI 3 KOHCTAHT. BCTaHOBMEHO, WO HaWBinbLLMA
BHECOK Yy KOHCTaHTU LLUBUOKOCTEWN peakLin NepeTBOPEHb Y CUCTEMAX FrEHETUYHOIO KOHTP-
Orto KNiTUH Yy CTaHi Npornidepavii BHOCATb reHW riCTOHIB i LIMKMiH3anexHi KiHa3un, a Tpoxu
MEHLUNA — FeHU-CTUMYNATopu nponidpepalil i TpaHCKpUNUiiHI dakTopu; y KNiTMHax
y CTaHi andbepeHuiadii — iHriGiTopy UMKNIH3aNeXHNX KiHa3, i PiBHOK Mipot TpaHCKpUI-
LiHi dbakTopu, reHn KNiTUHHOIO LMKMY, reHWU TPaHCKPUNLi, CTPYKTYPHI reHu Ta rinepno-
napusauisg KniTmHHOI MeMbpaHun. Y pesynbsraTti oaepXaHo AaHi, siki cBigyaTb Npo Te, Wo
CMiBBIAHOLLEHHS B KITiITUHI KOHLEHTpaUIiT LMKIiIH3aneXHuX KiHa3 Ta iHribiTopiB LMKMiH-3a-
NEXHUX KiHa3 € MyCKOBUM MEXaHi3MOM, WO BMU3HAYae Yy KNiTUHI nponidepaTtnBHy 4uum
AndepeHLiiHy nporpamMy. BusHayeHo KOHKPETHI YACMOBI 3HAYEHHST KOXKHOI 3 KOHCTaHT
LIBMAKOCTEN peakUin, 3a sKnx BiabyBaloTbCA NEPETBOPEHHSA B CUCTEMAx reHETUYHOro
KOHTPOIIO KMiTUH Y cTaHi npornidepalii Ta gudepeHuiaLii.

Knroyoei crioea: nponicepalis, oudepeHLiauis, KOHCTaHTa LWBUAKOCTI, MOBEPX-
Hs1 BIOKMUKY, FEHETUYHUIA KOHTPOSb.

AHANMUTUYECKOE OMNMUCAHUE CUCTEM TEEHETUYECKOIO KOHTPOIA
KNETOK B COCTOAHUU NMPONMUPEPALIMN N ANDODPEPEHLIMALINA

U. B. CmadHuk, [. N. CaHazypckul

JIbeo8CKUl HayUOHarbHbIU yHU8epcumem umMmeHu VisaHa ®paHKo
yn. ['pywesckoeo, 4, Jlbeos 79005, YkpauHa
e-mail: irysjastadnyk@gmail.com

B pabote npencraBneHbl KNHETUYECKME MOAENN U3MEHEHWIN CUCTEM FEeHETUYECKO-
ro KOHTPONS KNETOK B COCTOSAHUM nponudepauun n guddepeHumaumn. NokasaHo, 4To
U3MEHEHNS B CUCTEMAX MEHETUYECKOIO KOHTPOSS KNETOK B COCTOSIHMM Nponudepanmm
1 andpepeHLmaLm NpoMcXoaaT NPy MakCMMaribHbIX KOHCTaHTax CKOPOCTEN peakL i,
[ns KaXkaon N3 KOHCTaHT CKOPOCTEN MNOCTPOEHbI MOBEPXHOCTN OTKIMKA, KOTOPbIE NoKa-
3bIBalOT, KakMe M3 napameTpoB MOAENN BHOCAT HavbonbLUMiA BKMag B BEMUYMHY Ka-
X[OWM N3 KOHCTaHT. YCTaHOBMEHO, YTO HanbOoMbLUWIA BKNaj B KOHCTAHTbl CKOPOCTEN pe-
akuui npeobpa3oBaHnii B CUCTEMAX FrEHETUYECKOIO KOHTPOIS KIETOK B COCTOSIHUM NPO-
nudepaumm BHOCAT reHbl TMCTOHOB M LMKIMH3aBUCUMbIE KMHAa3bl, @ HECKOITbKO MEHb-
UMM — reHbl-CTUMYNATOPbI Nponudepaunm 1 TPaHCKPUNLUMOHHbIE (haKTopbl; B KNeTKax
B COCTOSIHUMN andbdepeHumnaLmm — MHMIMOUTOPbI UMKIMH3ABUCUMbIX KMHA3, 1 B PaBHOW
CTeneHn TPaHCKPUMLMOHHbIE (DaKTOpPbI, FeHbl KIETOYHOTO LMKMa, reHbl TPaHCKpUMNLmm,
CTPYKTYPHbIE FeHbl Y TMNepnonspu3auns KnetToyHorn membpatsl. B pesynsrate nonydye-
Hbl AaHHble, CBUAETENbCTBYIOLME O TOM, YTO COOTHOLUEHME B KMETKe KOHLEHTpauun
UMKITUH3ABUCUMbIX KUHA3 U MHIMOUTOPOB LMKITMH3ABUCUMbIX KUHA3 SIBNSETCA MyCcKo-
BbIM MEXaHW3MOM, OMNpefensoLnM B KreTke nponudepatmBHyo unu guddepeHum-
anbHyo nporpammy. OnpegeneHbl KOHKPETHbIE YMCMOBbIE 3HAYEHUST KaOoW U3 KOH-
CTaHT CKOPOCTEN peakLumi, Npu KOTOPbIX NpoucxoaaT npeobpasoBaHus B cUCTeMax re-
HETUYECKOro KOHTPOMS KNETOK B COCTOSAHWUM npornudepauun 1 amddepeHumaumnn.

Knroyeensie cnoga: nponvdepauuns, guddepeHumalnms, KOHCTaHTa CKOPOCTMH,
NMOBEPXHOCTb OTKMMKA, FEHETUYECKUIA KOHTPOSb.
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