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In eukaryotic cells, the kinetics of gene expression depend on the interplay of messenger RNAs (mRNAs),
proteins, and nonprotein coding RNAs, or, more specifically, microRNAs. Some of microRNAs may target
hundreds of mRNAs. To describe this case, the author proposes a kinetic model implying that the microRNA
synthesis is suppressed by protein produced via translation of one of the target mRNAs. With physically rea-
sonable model parameters, the model predicts bistability or, in other words, switches in expression of hundreds

of genes.
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In cells, the information flows from deoxyribonucleic
acid (DNA) to protein through its intermediary ribonu-
cleic acid (RNA) [1]. Specifically, the heritage encoded
in DNA is expressed via a templated polymerization
called transcription, in which the genes (segments of the
DNA sequence) are used as templates to guide the syn-
thesis of RNA by RNA polymerase (RNAP). In turn,
RNA or, more specifically, mRNA serves to direct the
synthesis of proteins by ribosomes. The gene transcrip-
tion, performed by RNAP, is often controlled by master
regulatory proteins. Due to the feedback between these
processes, the kinetics of mRNA and protein formation
may be complex even in the simplest genetic networks.
In particular, it may exhibit bistability. Practically, this
means that with changing a governing parameter one can
observe a stepwise transition or, in other words, switch
from one regime of gene expression to another regime.
Such switches often play a key role in regulation of cel-
lular processes. The corresponding kinetic models are
focused on the expression of one or two genes and in-
terplay of mRNA(s) and protein(s) (see, e.g., reviews
[2, 3], recent articles [4], and references therein).

The scheme outlined above is fully applicable to
prokaryotes whose genomes consist of tightly packed
protein-coding sequences. The genomes of the eukary-
otic cells contain however relatively rare protein-coding
sequences. The rest of the genome includes a lot of
transcript units representing nonprotein coding RNA
(ncRNA). During the past decade, it has become obvi-
ous that such RNAs form the cornerstone of a regulatory
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network of signalling that operates in concert with the
protein network [5-9].

One of the most important and interesting subgroup
of ncRNAs includes microRNAs (miRNAs) which are
20-22 nucleotides long [5,10—12]. Such RNAs are tran-
scribed as long ncRNA and then generated via a two-
step processing pathway including first the formation of
a few different ~ 65-nt pre-miRNAs and then conversion
of each of them into the corresponding miRNA [10]. The
numerous biological functions of miRNAs are based on
their abilities to silence target genes [10, 11]. Specif-
ically, a miRNA pairs with a target mRNA and then
either prevents translation or results in rapid degrada-
tion of the miRNA-mRNA complex.

At present, miRNAs are thought to regulate up to
one third of all human genes [13]. The bulk of the
data in this field was obtained by analysing the correla-
tions in the miRNA and mRNA expression and also by
using computational target predictions (see recent re-
views [13, 14]). One of the most interesting concepts
drawn from such studies is that some of miRNAs can
target hundreds (up to 800 [13]) of mRNAs. The direct
experimental identification and validation of miRNA tar-
gets are however still rare and represent one of the chal-
lenges in miRNA biology [14].

In analogy with mRNAs, the ncRNA/miRNA for-
mation can be controlled by transcription factors (pro-
teins) involved in the regulation of “conventional” genes
[11]. The identification and validation of feedbacks in
the interplay of ncRNAs, mRNAs, and proteins are now
based primarily on the analysis of the correlations in
the ncRNA and mRNA expression and computational
predictions [15, 16].
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The first kinetic models [17, 18], proposed recently
to describe the interaction of miRNA with mRNAs of
one or a few tipes, do not predict bistability. The model
[19] predicting bistability is focused on interaction of
miRNA with mRNA of one type. In this Letter, we in-
troduce a model exhibiting bistability in the interplay of
miRA, protein and hundreds of distinct mRNAs. This
model clarifies the conditions when this phenomenon is
possible and may help to understand the function of the
switches in gene expression regulated by miRNAs.

Our model includes synthesis of miRNA (R) and
mRNAs of n types (R;, 1 <i<mn)

Gene, — Gene, + R, (1)

Gene; — Gene; + R;. (2)

The miRNA synthesis is assumed to be regulated by
protein (P) produced via translation of one of the mR-
NAs,

All these species degrade,
R—0, R,—> 0, P> Q. (4)

The interaction between miRNA and mRNAs is consid-
ered to occur via their association and degradation,

In this generic scheme, the formation of miRNA is rep-
resented as a single lumped step (1). If necessary, one
can introduce a few intermediate steps (see, e.g., Ref.
[18]). For our present goals, the lumped description is
sufficient.

In our treatment, P is considered to suppress the
miRNA synthesis. Specifically, the miRNA formation
is assumed to run provided that m regulatory sites of
Gene, are free of P. The P association with and disso-
ciation from the gene are considered to be rapid so that
these steps are at equilibrium. In this case, the mean-
field kinetic equations for the numbers of R;, P, and R
copies in a cell are as follows

dN
zN N kiN’L'a
7 -r (6)
dN
d—P = kpN1 — kpNp, (7)
t
dN*
= —_ i N N; —
dt (KP + NP) ZT ®)

where w; is the rates of the R; synthesis, kp is the
rate constant of the P synthesis, w, is the rate of
the R synthesis in the absence of suppression by P
[Kp/(Kp + Np)]™ is the probability that all the reg-
ulatory sites are free of P (this probability corresponds
to the P association-dissociation equilibrium; K p is the
corresponding constant), k;, x and kp are the rate con-
stants of the R;, R and P degradation, and r; are the
rate constants of steps (5).

Analysing Eqgs. (6)—(8), we consider that the cell is
under steady-state conditions. In this case, equation (6)
yields

N; = wi/(ki + T'iN*). (9)

Substituting this expression into Eq. (8) results in

r;w; N,
_— — kN, =0. (1
(KP+NP) Zk +7"z " 0 ( 0)

To express in this equation Np via N,, we rewrite Eq.
(7) as

Np = (kp/kp) N1 (11)
and use expression (9) for Ny,
Ny = wy/(k1 + r1Ny). (12)
Substituting (12) into (11) yields
Np = kpw1/[kp(k1 + r1N.)]. (13)

Substituting this expression into Eq. (10), we obtain

o (e -
* Kp+ K.pwl/[kp(kl + TlN*)]
rywgN,
— kN, =0. 14
Zk +Tz " 0 ( )

Equation (14) for N, can easily be solved numeri-
cally and then one can calculate all the other variables.
Looking at Eq. (14), one can notice that it always has
at least one solution. If m > 2, equation (14) may have
three solutions. As usual in such cases, the lower and up-
per solutions are stable and the intermediary solution is
unstable. Thus, with appropriate parameters, equation
(14) predicts bistability.

Our analysis of Eq. (14) in a wide range of model
parameters (the total number of parameters is 3n + 6)
indicates that the bistability is possible for physically
reasonable parameters even if n is high, e.g., 100 as we
use below. To explicitly illustrate the type of constraints
we have here, it is instructive to outline the principles be-
hind the choice of “reasonable parameters”. First of all,
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we should note that the direct measurements of kinetic
parameters for miRNAs are now lacking. Nevertheless,
the estimates of the scale of the parameter for miRNAs
are feasible, because the mechanisms of formation and
degradation of miRNAs are similar to those of mRNAs.
For this reason, we can employ for miRNAs the same
range of parameters as for mRNAs.

The rate constants of mRNA and protein degrada-
tion are often in the range from 0.1 to 1 min~—! (see, e.g.,
the review by Kaern et al. [2]). To be specific, we em-
ploy k1 = k = kp = 0.1min~'. The rate constants k;
with ¢ > 1 are selected at random in the range from 0.1
to 1min—1.

The population of each mRNA may be in the range
from a few copies to a few thousands of copies [20]. For
high n, the bistability is possible provided that in the
absence of miRNA the average population of mRNA,
(No) ~ (W;)/{k;), is not too large, because otherwise
miRNA will not be able to appreciably influence mR-
NAs. For this reason, we use w; = 10min—! and dis-
tribute w; with ¢ > 1 at random in the range from 0 to
20min!. In this case, we have (Ny) ~ 20. In contrast,
the miRNA population in the absence of mRNAs should
be high in order to be able to influence many mRNAs,
and accordingly we employ w, = 5- 10> min—!. In this
case, w. /K = 5 - 10%.

The P population may be in the range from a few
copies to many thousands of copies [20]. To obtain bista-
bility, the parameters controlling this population can be
chosen quite arbitrarily. In particular, we use kp = 1
and w; = 10min~!. In this case, in the absence of
miRNA, the P population is Np = kpw; /kpk; = 103.

To observe bistability, the variation of Np from low
values up to the maximum value, Np = kpwy /kpk; =
= 103, should result in appreciable change of the rate
of the miRNA synthesis. This is possible if Kp is
lower than 103. To be specific, we employ m = 4 and
Kp = 400.

In addition, we take into account that miRNA finds
complimentary fragments of a mRNA chain for associ-
ation. This means that for a given miRNA the distri-
bution of the association rate constants is not expected
to be wide, and accordingly we fix these rate constants
as r; = r. To obtain bistability, it is desirable to have
high value of r. It cannot however be higher than that
predicted by the theory of diffusion-limited reactions.
In particular, our estimates [18] indicate that » should
be lower than 3 - 103 min~!. For this reason, we use
r=10"*min"1.

With the specification above, equation (14) predicts
bistability as shown in Figure. Two stable solutions
correspond to high and low expression of miRNA, re-
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Left-hand part of Eq. (14) as a function of N,. In this
case, equation (14) has three solutions. The lower and up-
per solutions are stable and the intermediary solution is
unstable. (For the parameters, see the text)

spectively. In the former case, the population of R is
N, = 2.6-10% In the latter case, one has N, = 140.

In the example above, the rate constants k; and w;
were distributed in relatively wide ranges. If these con-
stants are fixed as k; = 0.1min~?! and w; = 10min—!
(in this case, (Np) ~ 100) and the other parameters are
kept the same, the bistability is predicted as well (not
shown).

In combitation, the two examples presented above
indicate that the conditions for observation of bistability
are not too severe. Physically, the explanation of bista-
bility is straightforward: (i) If the miRNA population is
high, it suppresses the mRNA population via step (5)
and accordingly suppresses the rate of protein forma-
tion as well. The latter results in low protein concen-
tration. Thus, this regime is stable because the protein
concentration is not sufficient to suppress the miRNA
synthesis. (ii) If the miRNA population is low, it is not
able suppresses the mRNA population. In this case, the
mRNA and protein populations are relatively high. Due
to high protein concentration, the miRNA synthesis is
suppressed, and accordingly the miRNA population can-
not be appreciably increased. For this reason, the latter
regime is stable as well.

In conclusion, we may repeat that one of the most in-
teresting concepts in the miRNA biophysics is that some
of miRNAs can target hundreds of mRNAs [13, 14]. We
have proposed a kinetic model describing this case. The
specifics of our model is that the miRNA synthesis can
be suppressed by protein which is produced via trans-
lation of one of the mRNAs. With physically reason-
able model parameters, the model predicts bistability.
In other words, the model predicts switches in gene ex-
pression including microNRA and hundreds of mRNAs.
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Validating the choice of the appropriate parameters, we
have shown the conditions desirable for observation of
this phenomenon. The understanding of these condi-
tions is of intrinsic interest and also may have practical
implications, because the biological functions of miR-
NAs have been tracked out in a wide variety of cellular
processes. For example, thousands of mammalian mR-
NAs are highly expressed at developmental stages be-
fore miRNAs expression and their levels tend to fall as
the miRNAs that target them begin to accumulate [21].
Abnormal levels of miRNA expression were observed in
many types of human cancer [22]. Our model represents
the first attempt of interpretation of such global miRNA-
related changes in gene expression in terms of chemical
kinetics.
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Council.

1. B. Alberts, A. Johnson, J. Lewis et al., Molecular Biol-
ogy of the Cell, Garland, New York, 2002.

2. M. Kaern, T.C. Elston, W.J. Blake, and J.J. Collins,
Nature Rev. Genet. 6, 451 (2005).

3. L. Mariani, M. Lohning, A. Radbruch, and T. Hofer,
Progr. Biophys. Mol. Biol. 86, 45 (2004); J. Paulsson,
Phys. Life Sci. 2, 157 (2005); B. B. Kaufmann and A. van
Oudenaarden, Curr. Opin. Gen. Devel. 17, 107 (2007).

4. H.H. Chang, P.Y. Oh, D.E. Ingber, and S. Huang,
BMC Cell Biol. 7, Art. No. 11 (2006); V. Chickarmane,
C. Troein, U. A. Nuber et al., PLOS Comp. Biol. 2, 1080
(2006); R. E. Callard, Immun. Cell. Biol. 85, 300 (2007).
S. Huang, Y.P. Guo, G. May, and T. Enver, Develop.
Biol. 305, 695 (2007). V.P. Zhdanov, JETP Lett. 84,
632 (2007).

5
6
7

. D.P. Bartel, Cell 116, 281 (2004).
. F.F. Costa, Gene 357, 83 (2005).

. J.A. Goodrich and J.F. Kugel, Nat. Rev. Molec. Cell.
Biol. 7, 612 (2006).

8. P. Michalak, J. Evol. Biol. 19, 1768 (2006).
9. F.F. Costa, Gene 386, 1 (2007).

10.
11.

12.

13.
14.

15.

16.

17.

18.
19.

20.

21.

22.

P. Gammell, Cytotechn. 53, 55 (2007).

R. Kulshreshtha, M. Ferracin, M. Negrini et al., Cell
Cycle 6, 1426 (2007).
J.Q. Yin, R.C. Zhao,
Biotechn. 26, 70 (2008).
N. Rajewsky, Nature Genet. Suppl. 38, S8 (2006).
D.E. Kuhn, M. M. Martin, D.S. Feldman et al., Meth-
ods 44, 47 (2008).

J. Tsang, J. Zhu, and A. van Oudenaarden, Molec. Cell
26, 753 (2007).

Y. Zhou, J. Ferguson, J. T. Chang, and Y. Kluger, BMC
Genomics 8, 396 (2007).

E. Levine, Z. Zhang, T. Kuhlman, and T. Hwa, PLOS
Biol. 5, 1998 (2007); N. Mitarai, A.M. C. Andersson,
S. Krishna et al., Phys. Biol. 4, 164 (2007); Y. Shimoni,
G. Friedlander, G. Hetzroni et al., Mol. Syst. Biol. 3,
138 (2007).

V.P. Zhdanov, Chem. Phys. Lett. 458, 359 (2008).
V.P. Zhdanov, J. Phys. A: Math. Theor. 41, 285101
(2008), Biosystems (2008), in press.

S. Ghaemmaghami, W. Huh, K. Bower et al., Nature
425, 737 (2003).

K.K.H. Farh, A. Grimson, C. Jan et al., Science 310,
1817 (2005).

E. Barbarotto, T.G. Schmittgen, and G. A. Calin, In-
tern. J. Cancer 122, 969 (2008).

and K.V. Morris, Trends

Mucbema B #KIT® Tom 88 BHIM.7-8 2008



