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ABSTRACT. This paper deals with development of signaling pathways models
and using plasmid-based experiments to support parameter estimation. We
show that if cells transfected with plasmids are used in experiments, the models
should include additional components that describe explicitly effects induced by
plasmids. Otherwise, when the model is used to analyze responses of wild type,
i.e. non-transfected cells, it may not capture their dynamics properly or even
lead to false conclusions. In order to illustrate this, an original mathematical
model of miRNA-mediated control of gene expression in the NFxB pathway is
presented. The paper shows what artifacts might appear due to experimental
procedures and how to develop the models in order to avoid pursuing these
artifacts instead of real kinetics.

1. Introduction. Responses to any external stimuli, behavior and fate of any liv-
ing cell is determined by interplay of many complex biochemical processes that
take place inside it. One of the most important of them is gene transcription, in
which information stored in DNA is transcribed into newly produced messenger
RNA (mRNA) molecules, that subsequently are used as templates to produce new
proteins. These proteins, in turn, are the active players in all intracellular processes.

The process of gene transcription is regulated by one or more mechanisms, involv-
ing various molecules. Among them, so called micro RNA (miRNA) has recently
gained a lot of interest. Those short non-coding RNA molecules may bind to spe-
cific sequences in mRNA, which results in either mRNA degradation or translation
blocking. There are many species of miRNA, each being able to target various
mRNA species.

Knowledge of intracellular regulatory mechanisms helps to advance our under-
standing of the nature of many illnesses [2] as well as provides hints for finding
better therapies or new therapeutic targets. However, revealing only the structure
of these mechanisms is not sufficient, as the dynamics of the processes involved plays
an important role in cellular responses to changes in environment, stress factors or
DNA damage. Therefore, mathematical modeling of regulatory pathways that con-
trol intracellular biological and chemical processes is a rapidly expanding field in
biomedical research [19, 11, 4], supported by developments in new experimental
techniques (e.g., [3]).
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Much too often, however, mathematical models are built without putting at-
tention to the nature of experiments whose results are used to estimate parameter
values. This is particularly important if these experiments consist in introducing
external molecular players into control mechanisms, as in the case of plasmid trans-
fection. In this paper, with the help of an original model of miRNA-regulated
signaling pathway, we show consequences of analyzing transfected cells behavior in
the same way as the wild type cells. We claim that in order to relate models to
experimental data, the latter need to incorporate variables and processes that result
from plasmid transfection.

Both the control mechanism and the experimental technique utilized in measuring
its effects are briefly described in the subsequent section. Then, a mathematical
model is presented, followed by simulation results and their discussion.

It should be stressed that although the analysis of plasmid transfection related
issues is done in the context of a particular signaling pathway, conclusions concern-
ing the necessity of including specifics of experimental procedure are general, and
they are the main contribution of this paper.

2. Biological background.

2.1. miRNA-based control mechanisms. There are many mechanisms involved
in regulation of gene expression. Some of them utilize small, noncoding RNA
molecules called micro-RNAs (miRNAs). These molecules are implicated in many
biological processes [20, 7] and are the subject of ongoing research in cancer and
other diseases [10]. The human genome encodes over a thousand miRNA species
[5, 13], targeting most protein coding genes [8, 12].

Processes leading to activation of miRNAs and detailed mechanisms of their
actions are very complex and describing them is beyond the scope of this paper.
Here, we consider only the final result of their activity, which in most cases is the
reduction of the number of proteins coded by the mRNA that contains a specific
Binding Site (BS) for a given miRNA. This is achieved either by targeting the
mRNA for degradation or by prohibiting ribosomes to attach to mRNA and start
the translation process. Gaining knowledge of the sequences of the BS facilitated
development of experimental procedures, in which artificial plasmids containing
these specific BSs are introduced into cells, making it possible to observe the results
of miRNA control actions.

2.2. Experimental procedures involving transfection. In many cases exper-
imental research on miRNA is based on so called plasmid transfection [9, 17]. In
such procedures, a reporter gene containing a sequence of interest and coding a
bioluminescent reporter (specific for the miRNA that is a subject of the investi-
gation) is introduced into an expression vector, which is subsequently transferred
into cells. Following transfer, the cells are assayed for the presence of the reporter
by directly measuring the reporter protein itself or the enzymatic activity of the
reporter protein [1]. The idea is to measure the activity without disturbing other
processes that take place inside the cell.

Plasmids used in the experiments under consideration contain specific BSs, which
are the same as in the target gene of interest, controlled by a specific miRNA. As
a result, the miRNAs of interest will bind to mRNA coded by the plasmid, as well
as to the mRNA that they are supposed to control. Observation of luminescence of
plasmid-coded proteins allows to measure miRNA activity, as binding of miRNA to
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FI1GURE 1. Block diagram of a miRNA-based regulation of mRNA
expression. Dashed lines represent components and processes in-
troduced by transfection experiments. production and degradation
of miRNA and mRNA has not been shown for the sake of clarity.

plasmid-coded mRNA leads to reduction of the number of bioluminescent reporter
proteins.

3. A mathematical model of a miRNA-controlled regulatory module -
the case study.

3.1. Consequences of transfection experiments. Let us first consider a generic
system, in which a specific miRNA regulates expression of mRNA of interest. Bind-
ing of miRNA to its BS in the mRNA results in creation of a complex, which after
some time dissociates releasing miRNA and driving mRNA to degradation (Fig. 1
with solid line elements only). In a wild type cell, in the simplest case (no feedback
between mRNA and miRNA in their production), these processes may be described
by the following set of three ODEs:

dm
7dt1 = Pm — dpymy — k1mary, (1)
d
% = pr — drml — k/’]_mlrl + kflcla (2)
dc
cTtl = kimar —k_1c1, (3)

where my, r1 and ¢; denote concentrations of mRNA, free (unbounded) regulatory
miRNA and mRNA-—miRNA complex, respectively. Parameters p,., pr, dm, d;
denote the rates of mRNA production, mRNA degradation, miRNA production
and miRNA degradation, respectively, while k; and k_; are complex association
and dissociation rates, respectively.

If the experiments used to measure results of miRNA activity involve plasmid
transfection, the system under consideration contains also other components, as de-
picted in Fig. 1. Then, the equation (2) should include additional terms, describing
processes showed in Fig 1 in dashed lines, thus changing into

dTl
dt
where mo and co are concentrations of plasmid-coded mRNA containing BSs for
miRNA and its complex with regulatory miRNA, respectively. Their dynamics is

=pr —drmy — kymyry +k_1c; — kamary + k_sca, (4)
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governed by the following equations:

dm2

g Pm2~ dmama — kamary, (5)

T komory — k_oca, (6)

If the association and dissociation rate constants k1 and k_; are estimated from
plasmid based experimental data, the estimation procedure must be based on the
full model that includes (4), (5) and (6). Moreover, transfection is not a fully
controlled process in the sense that the number of plasmid copies entering each cell
is a random variable. As a result, different cells obtain a different number of plasmid
copies. There are two implications of this fact. First, the production rate p,,2 in (5)
may be different in each cell. Second, it is the average luminescence that is measured
in the experiments, so to compare simulation and experimental results one should
first run a large number of simulations with p,,> being the random parameter, and
then average these results before comparing them to experimental data.

3.2. The model of miRN A-based regulation of NFxB pathway. So far, most
of the models describing control mechanisms of intracellular processes have been
focused on activation or inhibition of gene transcription. Relatively few works deal
with modeling of miRNA-mediated regulation. Among them, interesting works can
be found, devoted to analysis of either small regulatory modules or larger interaction
networks (e.g. [21, 23, 24, 25]).

However, none of them takes into account the nature of experiments whose results
the model output should reflect. The simple generic example presented in the
previous section indicates that this may lead to at least poor parameter estimation.
In order to check if that is the case in modeling a specific signaling pathway, we
have built an original model that includes miRNA-mediated regulation in the NFxB
pathway. The model is based on interaction between two subsystems that can be
found in literature. The first of them is one of the simplest regulatory modules,
in which levels of intracellular species, including NFxB are controlled by specific
miRNA molecules [23], as more complex models (e.g. [24]) require introduction of
molecular species that cannot be measured experimentally.

Its graphical representation is shown in Fig. 2, in the right dashed line-bounded
box. It consists of two interacting factors, NFxB and IL-6 that induce the pro-
duction of each other, as well as two miRNAs. Each of these factors also induces
production of a specific miRNA, that inhibits the expression of the other factor.

It should be noted that the original equations from [23] had to be modified to
provide nonnegativness of solutions for any set of parameters. In [23] the effect
exerted by miRNA on NFkB was given by a linear term. While for the param-
eters chosen in that paper it appeared that such model provides an excellent fit
to experimental data, the solutions are highly dependent on the absolute level of
miRNA which is significantly altered in transfection experiments. For sufficiently
large miRNA values, such simplification lead to negative concentrations of NFxB.

The second subsystem, depicted in Fig. 2 in the left dashed line-bounded area
is a well established model of NFxB pathway [14]. It has been chosen as the most
representative one. Though there exist other models of this pathway (e.g. [6, 18,
22]), they are all based on the same feedback loops. Since this paper aims at showing
the approach to model development and not the analysis of a particular pathway,
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FIGURE 2. Block diagram of the miRNA-based regulation of the
NFxB pathway. Two subsystems, described in the literature
(adapted from [14, 23]) are distinguished by the dashed lines.
The molecule p21 represents plasmid coding mRNA that contains
miRNA-specific binding sites, introduced in the transfection exper-
iment. An arrow between two elements indicates that increase in
one molecular species leads to increase of the other. A line section
at the end of the graph edge represents an inhibitory action.

an arbitrary choice of the pathway model does not constrain its applicability in any
sense.

The complete model is described by a set of ordinary differential equations, that
describes the changes in molar concentrations of molecular players involved in the
pathway, with the variables named after the molecules (Table 1). All modifications
to the original equations from [23] and [14] have been introduced in the standard
way, following the approach based on the law of mass action.

IKK
w =p1—dy - (IKKn)—TR-a, - (IKKn), (7)
@ = Tp-ar- UKKn) — ps- (IKKa) — Tg iz - (IKK) - (A20)
—dy-(IKKa) —co- (IKKa) - (IkBa) + c_o - (IKKallkBa) (8)
—c¢3-(IKKa) - (IkBa|NFkB) + c_3- (IKKa|IkBa|NFkB),
@ =po-(IKKa)+Tgis- (IKKa) - (A20) — d; - (IKK3i), (9)
w =c¢o-(IKKa) - (IkBa,) — c_2 - (IKKa|lkBa), (10)
A(IKK|IxBa|NFrxB)

=c3-(IKKa)- (IkBa|NFkB)
—c_3-(IKKa|llIkBa|NFkB),

dt
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NFkB
% =ps+ ks (IL) +do - (ItBa|NFkB) — ¢4 - (NF&B) - (IkBa)
+ 3 - (IKKa|IkBa|NFrB) — is - (NFrB) (12)
— ¢ (NFkB) - (miR21) — ds - (NFkB),
% — iy ko (NF&B) — c_y - (IkBa), - (NFKB),, (13)
d(A2
% =ps+ ky - (NFKJB)n —dy - (AZOt), (14)
A2
AA20) _ 1y (420,) — dy - (420), (15)
IxkB
W = —¢y- (IKK) - (IkBa) — ¢4 - (IkBa) - (NFkB) + tg - (IkBay) 16)
—ds - (IkBa) —ig - (IkBa) + es - (IkBa)s,,
kB
W = —¢y- (IkBa), - (NFEB), +ig - ky - (IKBa) — €6 - ky - (IKBa)y,, (17)
@ = pr+kr - (NFkB), — dr - (IkBay), (18)

d(IkBa|NFkB)

=c¢4-(IkBa) - (NFkB) — dy - (IkBa|NFkB)

7 (19)
—c¢3- (IKKa) - (IskBa|NFKB) + e - (IkBa|NFxB).,,
d(miR21 . ;
% =pg + ks(IL) — ¢5 - (miR21)(NF&kB) — c11 - (Pa1t) - (miR21) (20)
— dg(miR21),

W = pg + ko(NFKB),, — c10(miR146)(IL) — dg(miR146), (21)

d(IL) :
=+ kio(NFEB), — c10(miR146)(IL) — dyo(IL), (22)

d(P: ;
% =n-pn —cin - (Porr) - (miR21) — di1 (Pare), (23)

d(P.

(dtm) = t12(Po1t) — d12 - (Pa1). (24)

The parameters appearing in these equations are explained in Table 2. The
parameter original values have been modified, as adding new interactions is required
to obtain the same system responses when no plasmids are added. It should be noted
that the model represents only one mode of miRNA actions, consisting in transcript
degradation. If it was aimed at capturing regulatory mechanism of translation
inhibition, the equation should include another term, representing dissociation of
miRNA-mRNA complexes. Nevertheless, even when it is the degradation action
that is modeled, these complexes should be also included explicitly as variables,
which will be proved in the Results section.

Unfortunately, there exist no publicly available data showing changes in con-
centrations of main molecular players both in transfected and untransfected cells.
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Symbolic name Description
(IKKn) neutral IKK protein
(IKKa) free active IKK protein
(IKK7) inactive IKK protein
(IKKa|lkBa) cytoplasmic IKKa—IxBa complexes
(IKKa|lkBa|NFkB) | cytoplasmic (I K Ka|lxBa|NFrB) complexes
(NFkB) free cytoplasmic NFxB protein
(NFkB), free nuclear N F'xB protein
(A20) cytoplasmic A20 protein
(A20,) A20 transcript
(IkBa) free cytoplasmic IxkBa protein
(IkBa)y, free nuclear IkBa protein
(IkBay) IkBa transcript
(IkBa|NFkB) cytoplasmic (IkBa|NFkB) complexes
(IkBa|NFEkB), nuclear (Ix Ba|NFxB) complexes
(IL) Interleukin 6
(miR21) cytoplasmic miRNA 21
(miR146) cytoplasmic miRNA 146
(P21¢) plazmid-coded mRNA with miR21 binding site
(Pa1) protein coded by the plasmid mRNA

TABLE 1. Model variables

Therefore, to illustrate the differences between models built on distinct assumptions,
only simulation results are shown.

4. Simulation results and discussion.

4.1. Simulation procedure. Transfection efficiency vary from one cell to another
in the sense that each cell contains a different number of plasmid copies. This can
be incorporated in the model by randomizing parameter n in (23) and repeating
the simulation for a predetermined number of times. Each simulation represents
behavior of one cell, whose intracellular processes are governed by deterministic
equations with only one initial condition being a random variable.

Sample simulation results are shown in Fig. 3, in which four distinct cases are
presented. The first plot illustrates the behavior of a wild type cell, which has
not been transfected with plasmids. Basically, this is the system that is of an
interest and whose dynamics is to be reflected by the model. Three other cases
represent the behavior of cells in a population that is transfected with the plasmids:
with high efficiency (n has been sampled from the uniform distribution on the
[20, 30] interval), low efficiency (n has been sampled from the uniform distribution
on the [5,10] interval) or variable efficiency (in which some cells do not contain
the plasmid at all, other might contain many copies - n has been sampled from
the uniform distribution on the [0, 30] interval). The uniform distribution has been
chosen arbitrarily as the most relevant in this case. Since n should be a nonnegative
integer, and in a realistic situation about 30 copies is the maximum number that
can be accepted by a cell. Thus, using other distributions, more commonly used in
systems biology, seems not justified.
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Par. Description Par. Description
ail TNF-dependent IKK activa- | ig IKK inactivation rate caused
tion rate « by A20
Co IKK-IkBa association rate i3 NF&B nuclear import rate
Cc_g IKK-IxBa catalysis rate ig IxBa nuclear import rate
cs IKK-(IkBa|NFkB) associa- | k3 inducible NFxB production
tion rate rate
c_3 (IKK-IkBa-NFkB) catalysis | k4 inducible A20 mRNA produc-
rate tion rate
C_4 IxB-NFkB association rate k7 inducible IkBa mRNA pro-
duction rate
cs miR21-NFkB association rate | kg miR21 inducible production
rate
C10 miR146-IL association rate ko inducible miR146 production
rate
dy IKKn and IKKi degradation | kig inducible IL production rate
rates
do IkBa degradation rate k11 inducible plasmid mRNA
production rate
ds NFkB degradation rate p1 neutral IKK production rate
dy A20 mRNA degradation rate | ps constitutive IKK production
rate
ds A20 protein degradation rate | ps constitutive NFxB produc-
tion rate
dg IkBa protein degradation | py constitutive A20 mRNA pro-
rate duction rate
d7 IkBa mRNA degradation | p7 constitutive IxBa mRNA
rate production rate
dg miR21 degradation rate P8 constitutive miR21 produc-
tion rate
dy miR146 degradation rate Po constitutive miR146 produc-
tion rate
dio IL degradation rate P1o constitutive IL mRNA pro-
duction rate
di1 plasmid mRNA degradation | pi1 constitutive plasmid mRNA
rate production rate
dia plasmid degradation rate ts A20 translation rate
€6 IxkBa nuclear export rate te IkBa translation rate
er IkBa-NFxB nuclear export | t1o plasmid translation rate
rate
ko cytoplasmic to nuclear vol-
ume ratio

TABLE 2. Parameters used in simulation.

To compare simulation results with experimental data, one must consider the ex-
perimental setup again. In addition to luminescence measurements of the plasmid-
coded protein, Reverse Transcription Polymerase Chain Reaction (RT-PCR) tech-
nique and Western Blots are used to measure transcript and protein content of a
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FIGURE 3. Comparison of simulation results obtained with var-
ious transfection efficiency. As an example, IL-6 concentration
measured in Arbitrary Units (A.U.) have been chosen. Each color
line represents change in concentration in one cell, obtained with
a random value of n parameter, corresponding to the transfection
efficiency. Black line in panels showing results for transfected cells
represent the population average that is observed in experimental
measurements.
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FIGURE 4. Change in NFxB concentration: (a) raw results; (b) re-
sults normalized by the area under the curve. Black, red, green and
blue lines represent system response in wild-type cells, transfected
with low, high and variable efficiency, respectively.

given molecular species, respectively. RT-PCR provides information about the fold
change in mRNA copies while Western Blotting produces images, in which light in-
tensity of stripes in specific locations is proportional to the protein amount. These
techniques are averaging over cell populations. Moreover, in most cases it is the av-
erage luminescence that is used as an indicator of how much of the reporter protein
is present in cells. This of course leads to artificial attenuation of the oscillation,
which is not present at the single cell levels but is nevertheless a widely used ap-
proach in many experiments. Therefore, in his paper we assumed such procedures
are used in experimental data acquisition.

The obvious result of the introduction of many plasmid copies into a cell is an
increased competition for miRNA between its original targets and plasmid-coded
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mRNA. Due to this competition, a smaller number of original targets is bound
to miRNA and more of them escape miRNA-based regulation. Consequently, the
more plasmids are in a cell, the less regulation is observed at the level of miRNA
targets (see NF&B levels in Fig. 4). However, specific normalization procedures (like
normalization by the area under the curve - AUC) are required when comparing
simulation and experimental data [15]. Therefore, such normalization has been
included in the calculations whose results are shown in this paper (Fig. 4b) and,
consequently, it is the qualitative behavior that is the subject of the discussion.

4.2. Change of system dynamics by plasmid transfection. Introducing plas-
mids to the cell in transfection experiments changes the dynamics of system re-
sponses to external stimuli, not only in quantitative but also in a qualitative way.
There is shift in oscillation phase visible in the NFxB time course (Fig. 4(b)).
While the initial system response looks the same regardless of transfection, the dif-
ferences become visible in later stages. If the measurement procedure is adjusted
so that even smaller oscillations are captured, and both model and measurements
are normalized to facilitate their comparison, the influence of transfection efficiency
is apparent. The oscillation phase is shifted, with two consequences: (i) without
the plasmid variable, the model would be fitted to specific experiment conditions
which do not appear in wild type cells; (ii) if the time series consists of only several
time points (e.g. 0.5, 1, 1.5, 2 hrs), the dynamics of mRNA regulated by miRNA,
indicated by them may be completely different.

What is even more important is that the phase of oscillations of plasmid-coded
mRNA may be completely different depending on transfection efficiency, as illus-
trated in (Fig. 3).

Time course of some protein level may indicate increasing trends, which is due
only to the effects introduced by the experimental procedure. It does not make
sense to try to fit a model of wild type cell behavior to such trends. Instead, it can
be retraced after the model with plasmids are fitted to data from experiments with
transfection and, subsequently, the plasmid levels has been set to zero (Fig. 5), i.e.
initial condition for (p21;) variable and the parameters n and c;;.
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FIGURE 5. Time course of IL-6 for low (red), high (green) and
variable (blue) transfection efficiency and in wild type cells (black).

It is clear from Figs. 4-5 that the qualitative dynamics is different in transfected
cells and normal cells. Both the oscillation frequencies and their damping ratios
differ from one cell type to another. If a model was built without taking into
account the experimental procedure, its behavior would not reflect the dynamics of
cells that normally do not contain artificial plasmids.
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Another interesting observation concerns the oscillation amplitude in system re-
sponses. Numerical experiments suggest that they depend on the transfection ef-
ficiency (Fig. 6). Proteins that are coded by miRNA-regulated transcripts may
exhibit much larger oscillations in transfected cells. Time course of miRNA con-
centration in wild type cells, shown in black line in Fig. 6 can be retraced after
the model with plasmids are fitted to data from experiments with transfection and,
subsequently, the plasmid levels has been set to zero. Otherwise, the model for wild
type cells would exhibit oscillations on a scale not existing in these cells.
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FIGURE 6. (a) Plasmid mRNA; (b) plasmid protein and (c)
miRNA for low (red), high (green) and variable (blue) transfec-
tion efficiency and wild type cells (black).

4.3. miRNNA-mRNA complexes as necessary variables. Before fitting nu-
merical results to experimental data, careful review of experimental procedure is
required to recognize the actual signal that is measured. Often, the RT-PCR mea-
surements are reported as a direct source of valid biological conclusions. However,
in RT-PCR procedures it is the total amount of mRNA that is measured, includ-
ing both molecules accessible for ribosome complexes and those bound to miRNA
and hence inactivated. Omnly the former is the template for protein production.
So, the effects of miRNA regulatory actions may not be visible in RT-PCR exper-
iments. Then, experimental results may prove difficult to interpret with almost
constant mRNA and changing protein levels. However, knowing the intricacies of
experimental procedures, one can modify the model to take them into account.

In the case the miR146-mediated regulation of IL-6 was under consideration,
an additional variable should be introduced, representing concentration of miR146
complexes with IL-6, whose dynamics is governed by the following equation:

d(miR146|I1L)

T = ¢10(miR146)(IL) — d13(miR146|IL). (25)
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Then, the system output that should be compared to the results of RT-PCR
experiments, is given by the total mRNA present in the system, i.e. the sum of
free mRNA and miR146—IL complexes. It is the mathematical model then, that
provides an added value to analysis of experimental results, making it possible to
discern free mRNA serving as a template for protein production. The conclusions
should therefore be drawn after retrieving its fraction from the total amount (Fig. 7).

Fig. 7 shows that when the regulatory mechanisms lead to oscillations in mRNA
levels, they may not be visible in RT-PCR experiments. Moreover, if the measure-
ment procedure is adjusted so that even smaller oscillations are captured, and both
model and measurements are normalized to facilitate their comparison, the influ-
ence of transfection efficiency on the dynamics of the observed variable becomes
apparent.
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FIGURE 7. Raw (not normalized) results of simulation of miRNA-
regulated plasmid mRNA dynamics. Black dashed and gray dotted
lines represent free mRNA and miRNA-mRNA complexes, respec-
tively, while solid black line represents total mRNA that would be
exhibited in the experiment. (a), (b) and (c) show the results for
low, high and variable transfection efficiency, respectively.

4.4. Different modes of miRINA regulatory actions. As mentioned in the bi-
ological background section, there are two types of regulatory actions of miRNA.
In the first one, creation of mRNA-miRNA complexes is followed by their degra-
dation. In the second case, the complexes are simply used to inhibit translation,
and eventually the mRNA may return to the original, unbound state. In most
cases, it is not known which mode of action is utilized in specific miRNA-mRNA
systems. Appropriate changes in the mathematical model may help in answering
that question.

Te model presented in the preceding sections was based on the assumption that
miRNA-mRNA complexes are degraded following their creation. If a simple inhi-
bition was the true mode of action, equations (21) and (22) should be modified, to
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include terms describing dissociation of miR146 complexes with IL-6:

i R14

(26)
+ di3(miR146|IL),

d(IL)
dt
Equation (25) describing changes in concentration of the complex should be left

unchanged, but the interpretation of the di3 parameter would be different. It would
be a dissociation rate constant, instead of the degradation rate constant.
Following these changes, behavior of two alternative models can be compared.
While the levels of miRNA and plasmid protein might be exactly the same in both
models (if the value of dissociation and degradation rate constants, represented by
dy3 in both models was the same), the total plasmid mRNA allows to distinguish
these cases. While this conclusion might have been reached without mathematical
modeling, simulation allows to explain why plasmid mRNA and protein oscillations
are observed to be in phase in some experiments and completely off-phase in others.

Once again, it is the varying level of plasmid transfection that is responsible for
differences between experiments (Fig. 8)
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FiGURE 8. Influence of the transfection efficiency on mRNA mea-
surements: (a) total plasmid mRNA when miRNA action leads to
degradation; (b) total plasmid mRNA when miRNA action leads to
inhibition without degradation; (c) plasmid protein level; (d) free
miRNA level. Red, green and blue lines represent low, high and
variable transfection efficiency. Black line in (d) represents miRNA
level in wild type cells
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4.5. Implications for experiment planning. If measurements taken at discrete
time points are used to fit the model to data, the model kinetics would be quite
different from the actual one. In transfected cells the NFxB level increases between
2 and 4 hours, whereas if the plasmid is turned off in the model, representing wild-
type cell behavior, it decreases in that period of time (Fig. 9).
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FIGURE 9. Dynamics exhibited by discrete measurements of
miRNA-regulated mRNA. Black, red, green and blue points repre-
sent system response in wild-type cells, transfected with low, high
and variable efficiency, respectively.

The differences in the oscillation frequencies seem to be the most important. One
of the practical applications of mathematical modeling in analysis of intracellular
processes is in experiment design. Due to high costs of experiments, amount of
molecular species is usually measured only at several time points (unless live cell
imaging is the experimental technique). These are often chosen arbitrarily, most
often as the same time points that can be found in literature, to facilitate better
comparison with previous experiments. However, if the nature of experiments is
different (i.e., experiments with and without transfection) the time points should
be chosen differently. In Fig 9 one can see that the maximum and minimum values of
the concentrations in transfected and non-transfected cells are off-phase. Of course,
it is possible to fit parameters of a model that does not include transfection elements
so that the dynamics it exhibits reflects the observations. However, if one attempts
to subsequently work with such model to analyze the behavior of the wild-type
cells, which is the main goal of research in this area, it might prove to be useless.
For example, if the aim was to control the cell fate by targeting molecules at the
peak of their activity, the resulting control action would be exerted at precisely the
moment of their lowest activity.

5. Conclusions. In this paper we have shown that a mathematical model describ-
ing dynamics of intracellular processes should be developed with particular attention
to experimental procedures used to obtain the data to which the model is fitted.
Numerical analysis presented in the paper indicates that if experimental procedures
involve cells transfection with plasmids, these plasmids should be explicitly included
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in the model. Moreover, such models should include the concentration of miRNA-
mRNA complex as a separate variable whose dynamics is traced. Experiments
cannot focus on mRNA measurement only, since conclusions drawn from them may
be misleading. This is particularly important in the short time-horizon experiments,
as the protein levels may exhibit oscillations that are off-phase comparing to mRNA
oscillations.

Another important observation stemming from this paper is that proteins that
are coded by miRNA-regulated transcripts may exhibit much larger oscillations in
transfected cells. Therefore, when conclusions drawn from transfection experiments
are transposed on behavior of wild type cells, careful analysis of simulation results
is needed.

An additional contribution of this paper is a novel model of miRNA-based reg-
ulation of the NFxkB pathway. However, it should not be regarded as the most
important one, as it requires further experimental validation.

Acknowledgements. This work was partially supported by NCN (National
Science Centre, Poland) Grant DEC-2012/04/A/ST7/00353 (MD) and a DEC-
2013/11/B/ST7/01713 (JS). Calculations were performed on the Ziemowit compu-
tational cluster (http://www.ziemowit.hpc.polsl.pl) created in the POIG.02.01.00-
00-166/08 project (BIO-FARMA) and expanded in the POIG.02.03.01-00-040/13
project (Syscancer).

REFERENCES

[1] S. T. M. Allard and K. Kopish, Luciferase reporter assays: Powerful, adaptable tools for cell
biology research, Cell Notes, 21 (2008), 23-26.

[2] J. Bachmann, A. Raue, M. Schilling, V. Becker, J. Timmer and U. Klingmueller, Predictive
mathematical models of cancer signalling pathways, J. Intern. Med., 271 (2012), 155-165.

[3] D. Bakstad, A. Adamson, D. G. Spiller and M. R. White, Quantitative measurement of single
cell dynamics, Curr. Opin. Biotechnol., 23 (2013), 103-109.

[4] S. Basak, M. Behar and A. Hoffmann, Lessons from mathematically modeling the NF-<B
pathway, Immunol. Rev., 1 (2012), 221-238.

[5] I. Bentwich, A. Avniel, Y. Karov, R. Aharonov, S. Gilad, O. Barad, A. Barzilai, P. Einat,
U. Einav, E. Meiri, E. Sharon, Y. Spector and Z. Bentwich, Identification of hundreds of
conserved and nonconserved human microRNAs, Nat. Genet., 37 (2005), 766-770.

[6] R. Cheong, A. Bergmann, S. L. Werner, J. Regal and A. Hoffmann, Transient IxB kinase
activity mediates temporal NF-xB dynamics in response to wide range of tumour necrosis
factor-a doses, J. Biol. Chem., 281 (2006), 2945-2950.

[7] A. E. Erson-Bensan, Introduction to microRNAs in biological systems, Methods Mol. Biol.,
1107 (2014), 1-14.

[8] R. C. Friedman, K. K. Farh, C. B. Burge and D. P. Bartel, Most mammalian mRNAs are
conserved targets of microRNAs, Genome Res., 19 (2009), 92-105.

[9] A. Grimson, K. K. Farh, W. K. Johnston, P. Garrett-Engele, L. P. Lim and D. Bartel,
MicroRNA Targeting Specificity in Mammals: Determinants beyond Seed Pairing, Mol. Cell,
27 (2007), 91-105.

[10] J. Hayes, P. P. Peruzzi and S. Lawler, MicroRNAs in cancer: Biomarkers, functions and
therapy, Trends Mol. Med., 20 (2014), 460-469.

[11] P. Iglesias and B. Ingalls (editors), Control Theory and Systems Biology, MIT Press, Cam-
bridge, Mass., 2010.

[12] B. P. Lewis, C. B. Burge and D. P. Bartel, Conserved seed pairing, often flanked by adenosines,
indicates that thousands of human genes are microRNA targets, Cell, 120 (2005), 15-20.

[13] L. P. Lim, N. C. Lau, E. G. Weinstein, A. Abdelhakim, S. Yekta, M. W. Rhoades, C. B. Burge
and D. P. Bartel, The microRNAs of Caenorhabditis elegans, Genes Dev., 17 (2003), 991—
1008.

[14] T. Lipniacki, P. Paszek, A. R. Brasier, B. Luxon and M. Kimmel, Mathematical model of
NFxB regulatory module, J. Theor. Biol., 228 (2004), 195-215.


http://dx.doi.org/10.1111/j.1365-2796.2011.02492.x
http://dx.doi.org/10.1111/j.1365-2796.2011.02492.x
http://dx.doi.org/10.1016/j.copbio.2011.11.007
http://dx.doi.org/10.1016/j.copbio.2011.11.007
http://dx.doi.org/10.1038/ng1590
http://dx.doi.org/10.1038/ng1590
http://dx.doi.org/10.1007/978-1-62703-748-8_1
http://dx.doi.org/10.1101/gr.082701.108
http://dx.doi.org/10.1101/gr.082701.108
http://dx.doi.org/10.1016/j.molcel.2007.06.017
http://dx.doi.org/10.1016/j.molmed.2014.06.005
http://dx.doi.org/10.1016/j.molmed.2014.06.005
http://www.ams.org/mathscinet-getitem?mr=MR2605611&return=pdf
http://dx.doi.org/10.1101/gad.1074403
http://www.ams.org/mathscinet-getitem?mr=MR2080276&return=pdf
http://dx.doi.org/10.1016/j.jtbi.2004.01.001
http://dx.doi.org/10.1016/j.jtbi.2004.01.001

1222 JAROSLAW SMIEJA AND MARZENA DOLBNIAK

[15]
[16]

(17)

(18]

J. Smieja, Coupled analytical and numerical approach to uncovering new regulatory mecha-
nisms of intracellular processes, Int. J. Appl. Math. Comp. Sci., 20 (2010), 781-788.

J. Smieja and M. Dolbniak, Experimental data in modeling of intracellular processes, Proc.
IASTED Int. Conf. Modelling, Identification and Control (MIC 2015), (2015), 105-109.

Y. Takei, M. Takigahira, K. Mihara, Y. Tarumi and K. Yanagihara, The metastasis-associated
microRNA miR-516a-3p is a novel therapeutic target for inhibiting peritoneal dissemination
of human scirrhous gastric cancer, Cancer Res., 71 (2011), 1442-1453.

D. A. Turner, P. Paszek, D. J. Woodcock, C. A. Horton, Y. Wang, D. G. Spiller, D. A. Rand,
M. R. H. White and C. V. Harper, Physiological levels of TNF « stimulation induce stochastic
dynamics of NF-kB responses in single living cells, J. Cell Sci., 324 (2010), 2834-2843.

[19] J. J. Tyson, R. Albert, A. Goldbeter, P. Ruoff and J. Sible, Biological switches and clocks, J.

R. Soc. Interface, 5 (2008), S1-S8.

[20] A. V. Orang, R. Safaralizadeh and M. Kazemzadeh-Bavili, Mechanisms of miRNA-Mediated

Gene Regulation from Common Downregulation to mRNA-Specific Upregulation. Int. J. Ge-
nomics, 2014 (2014), 970607.

[21] X. Wang, Y. Li, X. Xu and Y. H. Wang, Toward a system-level understanding of microRNA

pathway via mathematical modeling, Biosystems, 100 (2010), 31-38.

[22] R. A. Williams, J. Timmis and E. E. Qwarnstrom, Computational models of the NF-xB

signalling pathway, Computation, 2 (2014), 131-158.

[23] X. Xue, W. Xia and H. Wenzhong, A modeled dynamic regulatory network of NF-kB and

IL-6 mediated by miRNA, BioSystems, 114 (2013), 214-218.

[24] F. Yan, H. Liu and Z. Liu, Dynamic analysis of the combinatorial regulation involving tran-

scription factors and microRNAs in cell fate decisions, Bioch et Biophysica Acta, 1844 (2014),
248-257.

[25] W. Zhou, Y. Li, X. Wang, L. Wu and Y. Wang, MiR-206-mediated dynamic mech-anism of

the mammalian circadian clock, BMC Syst. Biol., 5 (2011), 141.

Received October 30, 2015; Accepted March 16, 2016.

E-mail address: Jaroslaw.Smieja@polsl.pl
E-mail address: Marzena.Dolbniak@polsl.pl


http://dx.doi.org/10.2316/P.2015.826-016
http://dx.doi.org/10.1158/0008-5472.CAN-10-2530
http://dx.doi.org/10.1158/0008-5472.CAN-10-2530
http://dx.doi.org/10.1158/0008-5472.CAN-10-2530
http://dx.doi.org/10.1098/rsif.2008.0179.focus
http://dx.doi.org/10.1016/j.biosystems.2009.12.005
http://dx.doi.org/10.1016/j.biosystems.2009.12.005
http://dx.doi.org/10.1016/j.bbapap.2013.06.022
http://dx.doi.org/10.1016/j.bbapap.2013.06.022
mailto:Jaroslaw.Smieja@polsl.pl
mailto:Marzena.Dolbniak@polsl.pl

	1. Introduction
	2. Biological background
	2.1. miRNA-based control mechanisms
	2.2. Experimental procedures involving transfection

	3. A mathematical model of a miRNA-controlled regulatory module - the case study
	3.1. Consequences of transfection experiments
	3.2. The model of miRNA-based regulation of NFB pathway

	4. Simulation results and discussion
	4.1. Simulation procedure
	4.2. Change of system dynamics by plasmid transfection
	4.3. miRNA-mRNA complexes as necessary variables
	4.4. Different modes of miRNA regulatory actions
	4.5. Implications for experiment planning

	5. Conclusions
	Acknowledgements
	REFERENCES

