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Abstract MicroRNAs are extensively known for post-transcriptional gene regulation and pattern formation in the embryonic
developmental stage. We explore the origin of these spatio-temporal patterns mathematically, considering three different motifs
here. For three scenarios, (1) simple microRNA-based mRNA regulation with a graded response in output, (2) microRNA-based
mRNA regulation resulting in bistability in the dynamics, and (3) a coordinated response of microRNA (miRNA), simultaneously
regulating the mRNAs of two different pools, detailed dynamical analysis, as well as the reaction—diffusion scenario have been
considered and analyzed in the steady state and for the transient dynamics further. We have observed persistent-temporal patterns, as
a result of the dynamics of the motifs, that explain spatial gradients and relevant patterns formed by related proteins in development
and phenotypic heterogenetic aspects in biological systems. Competitive effects of miRNA regulation have also been found to
be capable to cause spatio-temporal patterns, persistent enough to direct developmental decisions. Under coordinated regulation,
miRNAs are found to generate spatio-temporal patterning even from complete homogeneity in concentration of target protein, which
may have impactful insights in choice of cell fates.

1 Introduction

Pattern formation in living systems dictates several long-term decision-making, in contexts starting from cell differentiation and
morphogenesis, to development and phenotypic heterogeneity in bacteria. It started with the seminal work of A. Turing, opening
up a new field of how the positional information is laid down in living cells, accounting for the mechanism of biological pattern
formation with the help of the reaction—diffusion (RD) model [50]. Examples of pattern formation in biological systems are countless.
Patterning during embryonic development [17], morphogenesis [39], organization of neural networks [20], and patterns on body,
i.e., in wings of butterflies [22], pigments in fish body [32], and many more. The existence of a chemical gradient in an embryo
plays a key role in pattern formation in Drosophila melanogaster [8, 19]. In a hierarchy, the transition from simple gradient to
complex patterning can be seen in giraffe [31]. The growth and development of tissues also affect the pattern formation in embryos
[33]. Another prominent area that has been extensively explored by scientists in the last three decades is patterns produced by
the reaction—diffusion models of prey-predator [2, 28, 35, 38, 41] interactions and other types of interacting ecological systems,
vegetation pattern formation [37, 47], activator-inhibitor system [24, 43], feedback quenched oscillator system [27], and many more
[40, 42].

In spite of these explorations, the field of pattern formation by diffusible molecules in gene regulation is still underdeveloped.
Recently, the field of transient pattern formation in gene regulatory dynamics has drawn the attention of the science community
and some initial investigations have been performed [3, 13, 45]. However, the diverse regime of post-transcriptional gene regulation
remains completely unexplored, in this context. MicroRNAs (miRNA) are a class of small, non-coding RNA molecules majorly
involved in post-transcriptional gene regulation [4]. The presence of this single-stranded chain of nucleotides is found in plants,
animals, and some viruses. In the case of humans and other mammals, miRNA targets nearly 60% of the total mRNAs [21]. In
plant morphogenesis, evidence of direct miRNA regulation is seen [44]. In the post-transcriptional stage, miRNA binds with a
messenger RNA (mRNA) and stops further translation, thus, protein synthesis. This sets a threshold in gene expression and dictates
the level of stress or environmental fluctuation a cell can withstand. In plant development, adaxial-abaxial polarity specification,
meristem initiation, and auxin response factor genes are regulated by some particular types of miRNAs [18]. In mammals, the
importance of miRNA-regulation has been observed in development, apoptosis, adipocyte differentiation, neural cell fate, and
hematopoiesis, etc., [5, 7]. Dysregulation of miRNA is found in disease formation like cancer [10] and in neuronal disorders [34],
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Fig. 1 Schematic diagram for threshold linear response in gene expression by the post-transcriptional regulation of miRNA. (a) If the transcription rate of
miRNA oy, is greater than the transcription rate of mRNA oy, i.e., &y > oy, no active mRNA will remain for further translation. Thus, no protein will
synthesize. (b) If &g = oy, all MRNA will be targeted by miRNA, and no active mRNA will remain to produce protein further. (¢) If &y < o, some mRNA
will eventually remain active for further translation and protein synthesis

tumor progression/regression, cholesterol, glucose homeostasis, etc. As drivers of post-transcriptional regulation, a single miRNA
species is capable of regulating several different mRNAs; during post-embryonic development, this coordinated response in miRNA
regulation for multiple pools of mRNAs plays a leading role in achieving proper developmental timing and cell differentiation [14,
30].

Though miRNAs, as an important post-transcriptional regulator in gene expression dynamics, has an evident role in causing spatial
heterogeneity (like development), reaction—diffusion-based pattern formation for miRNA dynamics has been a little explored area.
Some of the recent works are related to pattern formation and gene amplification during Drosophila oogenesis [23], experimental
evidence of transient focal ischemia by middle cerebral artery occlusion of rats by miRNA expression [29], embryo pattern formation
at the beginning of zygote [1], etc. Though, there is a large scope of the study, specifically exploring quantitative models of pattern
formation by miRNA-regulated genetic motifs and respective diffusible protein molecules with/without environmental fluctuations.
Different transient or steady state patterns may emerge in different environmental conditions and elaborative studies on them will
help in understanding phenomena like cell-fate decision-making, biochemical signaling, and many more.

Here, in this paper, we have explored three different motifs of miRNA-mediated mRNA regulation, their dynamical behaviors,
and majorly the pattern formation by the motifs in a diffusible cellular environment for different initial conditions. Instead of studying
the dynamics of a single cell, we consider a collective cell arrangement to explore the genetic motifs which are closer to experimental
scenarios. The paper has been organized in the following way: in Sect. 2, we have explored the miRNA-mediated threshold gene
expression in a diffusible cellular environment; in Sect. 3, we have explored a binary gene expression by post-transcriptional
regulation of miRNA in terms of steady-state dynamics and reaction—diffusion model. In Sect. 4, a model of coordinated response
by miRNA, both in steady state and reaction—diffusion model for a collective cellular array are explored and reported. Finally, in
Sect. 5, we conclude with some discussion and the future scope of explorations.

2 MicroRNA can create spatial thresholds in protein response

Via post-transcriptional regulation, miRNA controls the gene expression in a number of important aspects like setting thresholds for
gene expression, suppressing fluctuations, filtering out transient signals, and many more. Generally, miRNA binds to target mRNA
with imperfect complementarity, producing an mRNA-miRNA bound complex which can either degrade or remain inactive for a
long time. Thus, the translation is restricted resulting in null protein output.

2.1 Model formulation

In this model (referred as Model 1 in the rest of the manuscript), let us consider a class of miRNA that have a single mRNA
target at steady state. Let oy, «, be the rates of transcription of miRNA and mRNA, respectively. Let 85 and B, be the rates of
natural degradation of miRNA (say S) and mRNA (say m), while k is rate of complex formation between miRNA and mRNA, and
degradation of the complex further. The rate of protein (say P) production is considered as «, linear with the active mRNA level,
and the natural degradation is considered as §. Now, the set of differential equations representing the above is given by:

s

Z_as—ﬂsS—kmS
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dm

Z:(xm—ﬂmm—kmS

dP

Z:a,,m—SP (1)

Now, in the presence of spatial heterogeneity, we consider a two-dimensional sheet of cells and further diffusion of the protein, to
mimic the tissue layer formation of cells. The position is discretized as (x;, y;), i € (1, 200), we have considered a 200 x 200 arena
of two-dimensional cellular arrangement. This consideration is valid for all the models, explored in this paper. The synthesized
protein is allowed to diffuse through the cell sheet in a no-flux boundary condition. Let D and Df, be the diffusion coefficients
along the two directions x and y here. Then, Eq. 1 will change to

ds

E:as—ﬁs S—kmsS

dm

ﬁ:am_ﬂmm_kms
AP (xi,yi 1) PP, P
T:O{pm—BP-}'D);,W-"DPTyZ (2)

Further considering isotropic diffusion (equal diffusion in both directions), we have D}, = D% = Dp (say).

2.2 Results

To mathematically establish the linear threshold response, we plot the synthesized protein concentration in y axis, for a fixed value
of miRNA transcription rate «s at 100, and for an increase in mRNA transcription rate o, in x axis in the range of 0 to 200. Protein is
considered to be synthesized linearly with mRNA, as shown in Eq. 1. Hence, the level of protein concentration is actually equivalent
to the level of mRNA available for translation.

Now if the rate of mRNA transcription () is lower than that of the rate of miRNA synthesis (¢;), as soon as the mRNA is
produced after transcription, the miRNA binds to it making a complex that stops further translation of mRNA, thus, as a result, no
protein synthesizes. Conversely, if o is less than the rate of mRNA synthesis o, then some mRNA cannot be targeted due to a lack
of miRNA, which can be further translated to proteins. This sets a threshold response in gene expression at oy & «,. A schematic
diagram of these conditions is shown in Fig. la—c. The position of the threshold depends upon the value of oy with no change in
slope and the target expression level is comparable to the difference between o and «,. The threshold linear response behavior is
shown in Fig. 2a. It is clear that the kink is near the region of oy & o, and a linear increase in protein level is seen afterward. A
spatially extended response showing threshold-linear behavior can be seen in a two-dimensional cellular array, of 40,000 cells in
Fig. 2b.

This controlled initiation and maintenance of a spatial gradient, as a result of the considered post-transcriptional regulation, in
the production of the output protein is quite common in different phases of development. Further, the capacity of the stress response
and/or fluctuation sensitivity of a cell cluster can be captured by this miRNA-based mRNA regulation. During cell fate decisions in
development, when a protein is only expressed above a certain threshold, this miRNA-based regulation can be extremely effective in
setting the threshold level in cell systems [46]. A spatially ultrasensitive all-or-none gradient dictated by the miRNA threshold can
be generated, resulting in the spatial expression pattern of the targets. In terms of wet-lab experiments, thankfully, the transcription
rates of miRNA and mRNA can be easily dynamically controlled by regulating the activity at their promoters, rather than changing
degradation rates, either single or coupled, which are biologically difficult to tune, makes it synthetically feasible to.

3 Bistable gene expression and pattern formation by miRNA regulation

In this model (referred as Model 2 in rest of the manuscript), we consider bistability caused by miRNA-regulated gene expression.
Inspired by a recent model [9], we study a miRNA-regulated protein synthesis, along with a non-cooperative positive feedback
loop in the transcriptional regulation. First, analysing the model from deterministic perspective, we extend the study for a cellular
array of 2 dimensional sheet, allowing the protein diffusion for a closer-to-reality investigation, considering the tissue formation in
biological systems.

3.1 Model formulation
Let us consider, a single miRNA species in regulating the translation of the mRNA for protein U. The mRNA is either free (m)
or has formed miRNA-mRNA complex m.. The total concentration of the miRNA is considered mir 41, and the free miRNA is

denoted as mi such that

MiToral = Mi + M 3)
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Fig. 2 Threshold linear response in miRNA-based gene expression. (a) The concentration of protein P remains 0 initially, crossing after a threshold value
of oy (nearly at oy = ;) the protein starts synthesizing and increases linearly with an increase in ;. (b) For two dimensional array of cells, threshold
linear response in reaction—diffusion environment. The target transcription rate of mRNA is varied in y direction and a threshold response is shown in the
output. Parameter values for both the figures are gy = 100, Bz =1, B =1, k=1, ap=1, §=1ay is varied from 1 to 200, in x axis for (a), and in
y axis in for (b)
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Fig. 3 Schematic diagram describing miRNA-based mRNA regulation. After transcription at the rate of /;,, the target mRNA can do further translation for
the final protein product or mRNA can degrade at a rate of Am. Meanwhile, miRNA binds with free mRNA at a rate of /; to form miRNA-mRNA complex
m.. The complex can unbind at a rate I, or can degrade at a rate of Am.. The protein expressed gives a positive feedback to the mRNA transcription (not
shown here)

The half-life of miRNA (which is experimentally determined as 28 to 220 hour) is roughly 2 to 20 fold longer than the half-life
of mRNA (generally 10 h) [51]. So, the total concentration of miRNA can be considered constant in gene expression dynamical
equations. The natural degradation constant for mRNA and miRNA is taken as Am and Ami. The transcription rate by which the
target mRNA is being produced is taken as [, and the rate constants for binding and unbinding of mRNA and miRNA to produce
the complex is taken as Ip; and I,,,. Demonstrating two possibilities, the bound complex can either cause degradation of the mRNA
at rate Am,, releasing the miRNA, or can break up into free mRNA and free miRNA. A non-cooperative auto-activation of the
target gene is considered with a rate constant y;, with an equilibrium dissociation constant k. The rate of total protein production is
considered as I, and the degradation of protein U is considered as Au. A schematic diagram of this model consideration is shown
in Fig. 3. The differential equations describing the model are given by:

dm Ym U .
Z:Im+k+U —Ipyimmi+1,;, mi— Am m
dm )
=1y mmi — I,;, mi — Am, m,
dt
U I, AuU “)
— =1, m— Au
de "
In the steady state, all the rates of change are equal to zero, and modified equations are given by
U
Im+ym —Ipimmi+ I, me— Amm =0
k+U
. m MiTotal Ly + Am,
* = Am, mi , M= ———— A= ———
/3 c Total c m+ g a Iy
LI )
T Au
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Further calculations demonstrate that the steady-state solution for protein U will be given by:

Ua U
S+ — —U = f(U)=0, 6
k+U 1 +U F ©

where(Szg—”;,oz: %,(b:ﬁ—z,)\:)\a Lo and A = L’}HA”.

3.2 Stability analysis and bifurcation

To determine the equilibrium points that were biologically feasible, we equate the system Eq. 6 to zero. Graphically, Fig. 4a shows
that f{U) may intersect U axis in three points for certain parameter values, indicating maximum three relevant solutions of the system;
however, the function can also change its slopes to result into a single solution for some other parameter regime. This indicates the
presence of bifurcation in the dynamics.

Theoretical proof of the possible bifurcations can be approached through the discriminant of the cubic polynomial resulting from
the system Eq. 6. We proceed to study the discriminant of the cubic system:

U+ X U*+YU+Z=0, (7
where the coefficients of the polynomial are represented in terms of system parameters as:

X=QA+k+¢ -6 —0),
Y=QAk +dk—ar—58k—354r),
Z=— 36k

when plotted graphically, in Fig. 4b, for a range of « value, the discriminant A is positive, and the system has three real positive
solutions.

For the system to be bistable, for all three roots of Eq. 7, we must have a positively invariant set, 2 = {U € Ry : U > 0}, which
implies:

A = 18XYZ — 4X3Z + X*Y?2 —4v3-277%>0 8)

Boundaries of this condition, A = 0, indicates existence of bifurcation points where two solutions collide and annihilate each other,
giving rise to saddle-node bifurcations.

As expected in this kind of bifurcation, out of the three possible solutions, further analysis of linear stability determines the
existence of two stable solution and one unstable solution. The protein U shows bistability for a range of o values (o 0 0tpigh)
and these two points are called lower and upper bifurcation points (ajoy, and ap;gn, respectively marked in Fig. 4c). Here, while
increasing the parameter o, we find no fixed point exists as a continuation of low synthesis steady state beyond o = apjgp, as two
fixed points (unstable points shown using the dotted line and low synthesis stable point, shown using the solid line) approach each
other and annihilate at gy A similar statement can be made for «y,,,, where the high synthesis state collides and annihilates
with the unstable point. Temporal behavior of the system, starting from different initial conditions, shown in Appendix, Fig. 14 also
supports the bistable nature of the system for the given range of parameter values that satisfies A > 0. Now, let us elaborate on the
bistable nature of the system wrt. different parameters.

3.2.1 Bistability of protein U: parameter variation

In Fig. 4c, the system is explored in terms of bifurcation, tuning parameter o, for two different values of ¢. For ¢ = 0.4, we can see
that protein U shows bistability for a range of « value, and the range of the bistable region shifted to a high value of « (blue curve)
than that for ¢ = 0.3 (red curve), along with an increase in the region of bistability. The phase space plot wrt. ¢ — « in Fig. 4f, the
respectively marked monostable and bistable regions, also indicate a similar behavior.

Biologically, this switch-like response, as a result of the emergence of a saddle-node bifurcation in the system here, is very
effective in introducing a memory in the system between bifurcation points o4y, = 11.8 and ap;gn = 12.2 (for ¢ = 0.3, red curve,
Fig. 4c). While increasing the tuning parameter (say «), the output protein concentration remains low and steady up to o = opigh,
and a sudden jump to higher concentration value is seen after the point ay;gj,. But, in time of decreasing the tuning parameter o, the
protein concentration will not come to its low value for o = o, but chooses to retain its high state up to a = o, and a sudden
jump to low concentration is seen after this point. A memory effect has been reported, for the range of a value from ooy to apign,
the system tries to retain its previous high/low expression state, despite the fluctuation in its tuning parameter value. This range of
parameter values, for which the system shows the memory effect, accounts for the robustness of the switch response in the biological
systems. Physically two different protein concentrations can coexist here, depending upon the forward/backward operation mode
of the system. Similar responses observed for two more parameters A and ¢ are also reported in Fig. 4d, e.

In the case of development, cell fate decision-making, this switch response plays a major role in biological systems. In miRNA-
regulated post-transcriptional gene regulation resulting in a bistable behavior is found to regulate the cellular decision-making
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Fig. 4 Linear stability analysis of the motif. (a) f(U) curve intersect U axis in 3 different point. Parameter values are « = 13.3, § = 0.01, k = 10,
A = 0.6, ¢ = 0.3. (b) Plot of discriminant A with respect to parameter «. Bistability is achieved in the system when A > 0. Monostable high, low, and
region of bistability are respectively marked in the figure. Parameter values are . = 0.6, ¢ = 0.3, k = 10, § = 0.01. (¢) Bistability diagram of protein
U wrt. parameter o, blue curve is for ¢ = 0.4 and red curve is for ¢ = 0.3. (d) Bistability diagram of protein U wrt. parameter A. Parameter values are
§ =0.01, k=10, ¢ =0.3, a = 13.5. (e) Bistability curve of protein U wrt. parameter ¢ for « = 13. (f) Phase space diagram of protein U in a-¢ space.
Rest of the parameter values for (c), (e), (f) are § = 0.01, k=9, » =0.6

broadly in precise tissue boundary formation [36], cell fate decision-making [48, 49], and many more. The bistable behavior, of our
model, thus should be studied in similar scenarios of biological systems with spatially extended model.

3.3 Results: reaction—diffusion model

Here, we have explored the behavior of this motif in a two-dimensional cellular array to see the spatiotemporal response of the

dynamics. In the presence of diffusion of U, in a two-dimensional cellular array of 200 x 200 cells, (similar as considered in Model
1) Eq. 6 changes to

Weiyin) _ o Ua U

LU, U
- -U+D
ot k+U X +U

v ax2 + U ayZ (9)

where, Dj; and Dly] is considered as the diffusion coefficient in the x and y direction. In our study, we have considered isotropic
diffusion (thus Df, = D{, = Dy ) of the protein in a no-flux boundary condition. We have further considered different initial
conditions, remembering the variability in pattern formation in different kinds of systems. A scaling term k; has been added to the
respective distribution functions, representing the two-dimensional protein distribution in the cellular sheet, randomized via the term
&, which picks any number randomly between O to 1. On a common theme, with time evolution, a spatial pattern arises as a result
of bistability and protein diffusion for all these initial conditions; however, the generated patterns have distinct natures.

3.3.1 Random initialization

To begin with, let us consider,

Uinitial(xi, yi, 0) = k1 £(0, 1)

as shown in Fig. 5a—d, starting from a completely random initial condition, the system quickly achieves low or high expression
states. Quickly the system converts to a mixture of some islands of high expression state and some islands of low expression state.
Diffusion-driven instability causes the high-expression steady states to convert into the low-expression steady state, and thus the
islands of low-expression states get bigger with time, getting connected to each other. This transient response causes a transient

pattern formation in the system. As time progresses, the system will eventually converge to the state with greater stability (here, the
low U expression state).
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3.3.2 Positive exponential initial condition

A gradient of some inducer, either naturally occurring or experimentally generated, may cause these exponential initial conditions
that give rise to distinctive threshold-based patch patterns. For this, we consider initial condition:

Uinitial(Xi> yi> 0) = k1 £(0, 1) exp(ka x})

Exponential initial condition has also been tested and the corresponding spatio-temporal pattern formation is shown in Fig. 6a—d.
The visibly imperceptible gradient in initial values in Fig. 6a causes transient islands of low protein state (Fig. 6¢), which grows
further and creates a clear boundary of two expression states in later times (Fig. 6d), before converging to homogeneous state. At
any intermediate state, any decision taken based on this cellular response, can propagate through the downstream pathways creating
significant future effects.

3.3.3 Stochastic periodic initial condition

The periodic pattern formation is very common in biological systems (including zebra, cuckoo, zebrafish, etc., in animals and fern,
Aloe Polyphylla, etc., in plants). Considering the importance of periodicity in biological systems, we explore the effects and behavior
of miRNA-mediated mRNA regulation and, thus, protein synthesis in a bistable dynamical picture with following initial condition:

(T
Uinitial(xi, yi, 0) = k1 £(0, 1)sin sy

Starting from a stochastic sinusoidal initial condition, the time evolution and a pattern in output as shown in Fig. 7. A transient
evolution is shown in the figure; this might be important in the case of the developmental aspect as the output shows the pattern is
very persistent. For this pattern formation, a video of the simulation can be seen here, which shows that the pattern becomes almost

invariant with time'.

! Link for the video is: https://youtu.be/C4zovgxtCpQ.
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Diffusion constant is taken as Dy = 0.01. Rest of the parameter values are @ = 13.2, ¢ =0.3, 1 =0.6, § =0.01, k=10, k1 = 1.5, kp =10

3.3.4 Uneven stripes with tangential initial condition

The final initial condition that we report is given by:

T X
Uinitiar = k1 £(0, 1) tan(k—’>
2
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We choose this specific initial condition to look for heterogeneous stripe width. In the two-dimensional cellular arena as given above,
the spatio-temporal evolution from this initial condition and respective pattern formation is shown in Fig. 8a—f. Spatial patterns,
evolving with time, give rise to island sizes of large variability in a long time limit.

3.4 Spatio-temporal patterns, initial conditions, and their steadiness

Considering the immense diversities and possibilities in biological systems, we have considered different initial conditions for
pattern formation to explore here. It is important to note that though the patterns we are getting are transient spatio-temporal but
are very persistent too. Some of our simulations eventually ended in the final low expression steady states (like Figs. 5 and 6), but
some other simulations are quite away from converging to a particular steady state (like Figs. 7 and 8). It is possible in a cellular
environment, in the presence of different intracellular and extracellular signals and activity, the patterns get steady. Even this long
transient behavior is also very impactful for cellular decision-making.

4 Coordinated response of miRNA: steady-state analysis and spatiotemporal pattern formation by sharing miRNA
between two mRNA pools

Now, let us proceed further for an extension of Model 2, considering that the pool of miRNA is now simultaneously accessible for
two pools of different mRNAs. This is a commonly occurring phenomenon called the coordinated response of miRNAs, where the
presence of two mRNA pools mutually helps each other for protein synthesis by sharing the available active miRNA. If the available
miRNA pool is greater than each of the mRNA pools individually, and also greater than the sum of the two mRNA pools in number,
then no mRNA from either pool will translate further. Here, the post-transcriptional regulation via miRNA is becoming prominent
because of the dominant nature of the number game in miRNA-based regulation. The situation is similar and straightforward when
the total miRNA is less than the individual, when both mRNAs can proceed for translation. However, the coordinated response is
more fascinating when the miRNA pool is greater than each of the individual mRNA pools, but less than the sum of two mRNA
pools. As the miRNA pool now exceeds each mRNA pool in number, no translation is expected due to miRNA-mRNA pairing, thus
no further protein in output. But, both the mRNA are found to be translated, and thus proteins in output as a result of a coordinated
response by miRNA.

This can be compared with the concept of resource competition in biological systems. The total miRNA pool can be considered
as a pool of post-transcriptional resources in gene regulation. The miRNA is now simultaneously pairing with both the mRNA
pools, depending upon the rate constant and other biological factors. With all equivalent conditions, miRNA can now pair with both
the mRNA pool, but practically when a miRNA pairs with an mRNA of any of the pools (say the first pool now), this miRNA is
no longer available to pair with other mRNAs of both the pool. Thus, even though the total miRNA is greater than the individual
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mRNA pool, when a part of the miRNA pool pairs with mRNA, that part is no more available to block the other mRNA. As the sum
of mRNA pool is greater than miRNA, total miRNA is segmented, blocking each mRNA pools partially, but letting some active
mRNA available for further translation, and both the proteins are found in the output.

We study the coordinated response of this resource sharing in the miRNA-based binary gene expression (Model 2), especially to
observe the spatio-temporal effect. In the next section, we briefly describe the model formulation part and then the results.

4.1 Model formulation

As an extension of Model 2, we consider another mRNA is now simultaneously pairing along with the first pool of mRNA to the
miRNA pool. To highlight the effects of resource miRNA sharing, we consider this second mRNA pool (say m,) has no activation
via protein as in our previous model and the first mRNA pool (say m,,) here has. The second mRNA pool m,, is entirely coupled via
the miRNA pool to the first mRNA pool m,,. We have established that this resource sharing emerges completely new responses in
protein U and V dynamics.

4.1.1 Deterministic model of coordinated binary response

U and V be the two proteins respectively translated from the two mRNA pool m,, and m,, at rates of I, and I,,. The transcription rates
of m, and m, are considered as I,,, and I,,;,,. MmiTorq1 1s the total miRNA pool shared between the two mRNA pools (m,, and m,,
respectively). Ip;, is the rate of binding between the accessible free miRNA from the total miRNA pool m;7yt4; and mRNA m,, to
produce a miRNA-mRNA complex, say m.,,. This complex can further unbind to release the mRNA m,, at a rate [,,,,;,, which can take
part in translation, or degrade with a rate of Am.,. The mRNA m,, and protein U can degrade at a rate of Am,, and Au respectively.
Similar notations with the suffix v are considered for similar considerations of protein V. The first mRNA m,, is considered to be
regulated positively by the first protein U with rate constant y,,,, added with an equilibrium dissociation constant K,,, similar to
Model 2. However, the second protein V' has no such regulation.

Now, to account for the available free miRNA pool, accessible by both the mRNA pool for complex formation from the total
miRNA pool ;741 We follow the conventional way of subtracting the complex miRNA from the total pool. This is the conventional
way of determining free resources when shared from a common pool between multiple participants followed by [11, 12, 25]. The
accessible miRNA pool is thus given by (m;1ora1 — Mey — Mey)-

The set of differential equations representing above scenario is given in Eq. 10.

dmy Ymu U
dr = Iy + K, +U — Ipiw my (MiTorar — Mey — Mey) + Lypy Moy — Amy my
dmy
dr = Ipiy My (MiToral — Meyw — Mey) — Lypy Mey — Amey Mey
dUu
Z = Iu my — Au U
dm,
dt = Iy — Ipiv My (MiTotal — Mey — Mey) + Ly Mey — Amy my
dmgy
7 = Ipiv My (MiTotal — Mey — Mey) — Luny Moy — Amey Mey
dv
ZZIUMU—AUV (10)

At equilibrium, all the rates of change are equal to zero, and we investigate the model.

4.1.2 Model formulation: reaction—diffusion system

We further incorporate diffusion of two proteins U and V for a collection of a two-dimensional sheet of 200 x 200 cells considering
tissue layer formation, bio-film generation, etc., in biology. The diffusion coefficient of protein U is considered Dy, in x direction
and D;’, in y direction and similarly the diffusion coefficient of V' is considered as Dy, for x and Dy, for y direction. In the presence
of diffusion Eq. 10 will change to

dm”—] +ym”U—1»m (m; — My — Mey) + Typy Moy — Amy m
dt mu K,+U biu My iTotal cu cv unu Mcuy u Pty
dmy
dr = Ipiy my (MiToral — Mey — Mey) — Lupu Moy — Amey Mey
AU (x,y,1) 22U ., 3*U
—— =1, my—AuU+D}, — +D;, —
ot v U gx2 " TV §y2
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Fig. 9 Bistability of protein U depends on the binding rate of miRNA to both the mRNA pools. (a) The concentration of protein U wrt. activation constant y,,
plot for two different binding constants of mRNA m;, to miRNA. I;, = 0.5 for blue curve, I;,, = 1 for red curve. (b) The concentration of protein U wrt.
activation constant y;y,,, plot for two different binding constants of mRNA m,, to miRNA. Ip;, = 0.01 for blue curve, Ij;,, = 1 for red curve. The parameter
values are mirorar = 10, Lyy = Imy = 1, Iypy = Lyny = 0.1, Ky =12, I, =1, = 0.5, Amy = Amey = Au = Amy = Amey = Av = 0.7 for
both the model. Ip;, = 1 for (a) and I;,, = 1 for (b)

dm,y
di = Iy — Ipiv my (MiTotal — Mey — Mey) + Ly Mey — Amy my
dmy
di = Ipiy my MiTotal — Mey — Mey) — Lypy Moy — Ay Mey
IV (x,y,1) L2V 9%V
g = hm— A VD) oo+ Dy oy (11

We have considered isotropic diffusion here, i.e., for both the proteins U and V have the same diffusion coefficient in both the x
and y direction. Thus, D, = D[y] = Dy represents the diffusion coefficient of U and Dy, = D’;} = Dy represents the diffusion
coefficient of V.

4.2 Results: bifurcation analysis

We start with the linear stability analysis and find interesting results in the output. Here, in this Model 3, the first mRNA pool, m,,,
has the same dynamics of mRNA m of previously discussed Model 2, with the additional effect of sharing resource miRNA pool
with another mRNA pool, m,. As we proceed to analyze bifurcation for the current model, we find that the discriminant of the first
protein U of Model 3 has the same form of Eq. 8 with modified parameters of Eq. 5 as

my (MiTotal — Mey)
my + Ag

ﬂ:ew = Amey (MiTotal — Mey), Mey =

Thus, similar to Model 2, we observe the bistable nature of protein U; but more interestingly here the bistability is affected by the
coupling of the second mRNA pool, m, with miRNA, and also with the availability of the total miRNA pool, m;7:4;. The second
protein V shows a saddle-node bifurcation, in the presence of miRNA coupling, even though it has simple monostable dynamics in
the absence of coupling. We have elaborated on the important findings below.

4.2.1 Bistability of protein U depends upon the binding of miRNA to both the mRNA pools

The bistable behavior of protein U, as a result of the miRNA-based post-transcriptional regulation, is found to be affected by the
coupling of miRNA to both the mRNA pool, as shown in Fig. 9. The binding constant /;;;, of mRNA m,, with the miRNA pool will
regulate the bistability of protein U is a straightforward conclusion of our model, which can be seen in Fig. 9a. Increase in the region
of bistability as well as a shift in the point of bifurcation with an increase in I, (Ip;, = 0.5 for blue curve and Ip;, = 1 for red
curve) is observed. Further, the bistability of protein U is found to be dependent on the binding rate I5;,, of miRNA to the second
mRNA pool m,,. Interestingly, Ip;, is not a parameter regulating the dynamics of protein U directly, this dependency is completely
regulated by indirect coupling of the two mRNA pool m, and m, via the miRNA resource pool. With all other parameters fixed,
a plot of the concentration of protein U wrt. the activation constant y,,,, for two different values of binding constant (m, with the
miRNA pool) Ip;,, we find a shift in the bistable region along with a change in the region of bistability. The red curve for I;, = 1
has a smaller bistable region, starting with bifurcation a little earlier when compared with the blue curve of 1;;, = 0.01.
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Fig. 10 Emergent bistability in protein V, due to sharing same miRNA pool with U. (a) In the absence of miRNA binding (/;, = 0), protein V shows
no bistability. (b) Protein V shows bistability in the presence of coupling to miRNA pool with I;, = 0.5. Parameter values are m;7,q; = 20, Ky, =3,
Iy = 1, ymu = 30, for (a) and (b). (¢), (d) Bistability of protein V wrt I,,;, for two different values of m;7q1. Ku = 12, I, = 0.5, Ipjp = 0.5,
Ymu = 50, for (¢) and (d). Ip;jy, = 1, Imy =1, Iyny = Lynv = 0.1, I, = 0.5, Amy = Amey = Au = Amy = Amey = Av = 0.7 for all (a)—(d)

4.2.2 Emergent bistability in protein V: graded versus binary response

The indirect coupling of protein V with protein U, via the resource pool of miRNA significantly modifies the dynamics of protein V.
Emergent bistability in the dynamics of V is shown in Fig. 10. To establish that the bistability in protein V is completely emergent
due to sharing a common miRNA pool with U, we have studied the dynamics of V in the presence and absence of this resource
coupling. In the absence of the coupling (with Ip;;, = 0), a monostable dynamics is seen (Fig. 10a), while in the presence of resource
miRNA coupling (with Ip;, = 0.5), we find bistability in V, shown in Fig. 10b. Graded response of protein V, switches to a binary
response in the region of bistability due to coupling to U via resource pool. Another important observation here is the change in the
shape of bistability curve of protein V with the change in miRNA pool value m; 7y, shown in Fig. 10c, d.

4.3 Availability of total miRNA regulates bifurcation of both the proteins

As the coupling between two proteins is completely regulated by sharing the same miRNA pool, the availability of total miRNA
m;Torql Significantly regulates the bistability of both the proteins U and V as shown in Fig. 11. With an increase in miRNA pool
miTtoral, for protein U, we find the range of bistability increases considerably, when plotted against the activation constant yy,,,,
comparing red and blue curves in Fig. 11a. For protein V, we plot the concentration of V against the rate of transcription I,;;,,. The
range of bistable region is found to increase with m; 7., initially then decreases after a certain value of m; 71447 A similar response
is found for U also, when plotted wrt. transcription rate of mRNA m,,, the parameter I,,,, (Not shown here). The phase space plot
of the protein U in Fig. 11c (phase plot of protein V in Fig. 11d) shows that with the increase in m; 7,41, We got a closed bistable
phase space shown in blue-gray color representing the region of bistability for the rate of transcription I, of protein U (for the
rate of transcription /,,, for protein V') with a defined blue boundary, which increases initially with the increase in m; 74 up to a
certain value and decreases afterward.

The coupling of miRNA to mRNA actually stops the translation, thus for smaller values of m;74;, if the transcription rate of
mRNA is low, the miRNA will block most of mRNA and no proteins will be synthesized. The two proteins U and V show similar
responses in phase space because of sharing of the same miRNA pool, which reflects coordinated behavior. We can see for a range of
lower values of m;7,:41, bistability starts from a very low value of the transcription rate. When explained in terms of concentration,
Fig. 10, we can conclude that miRNA coupling includes another low synthesis steady state in the potential along with its high
synthesis steady state, which exists even without coupling. When m; 7441 is low, for both low values of 1,,,;, and I,,,, and coordinated
response of m, and m,, both the proteins can have a high synthesis state or low synthesis state because of emergent bistability of
miRNA-mRNA coupling. Increasing I,,,, in U (similarly 7, in V) for a low value of m;7 .4 produces many mRNAs, causing very
little post-transcriptional regulation and the bistability effect is not prominent by high transcription, thus a translation of proteins.
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Fig. 11 Availability of total miRNA regulates the bifurcation of both proteins. (a) Bistability of protein U depends upon the total availability of miRNA. The
concentration of protein U vs. activation constant y;;;, plot. The red curve is for m; 1,41 = 10, the blue curve is for m; 1,41 = 20. (b) Bistability of protein
V depends upon the total availability of miRNA. The concentration of protein V vs. transcription rate I,;,, plot. The red curve is for m; 7,47 = 30, the blue
curve is for m;r,:q1 = 35. (¢) Phase space plot of protein U for the region of bistability 7, for different m;7,;4;. (d) Phase space plot of protein V for the
region of bistability 7, for different m; T ,;q;. Parameter values are K, = 12, Ly, =1, Ipiy = 0.5, Ipjy =1, Iyny = Lyny = 0.1, I, =1, = 0.5,
Amy = Amey = Au = Amy = Amey = Av = 0.7 for all (a)—(d). For (a) I,y = 1, For (b)—~(d) yjnu = 50

Further, when m; 1,4 is high, for a low transcription rate of both the proteins U and V, (I, and I, ), respective mRNAs are
repressed so resulting in very low protein synthesis. Bistability is seen for intermediate values of transcription rates. For a very high
value of m;T,4 most of the mRNAs are repressed and bistability is seen for a small region of high transcription values. Thus, a
closed bistable phase space in the output is seen.

Coordinated actions of miRNA is well known to regulate different significant cellular decision processes, which include regulation
of skeletal muscle development and adaptation [6], a transition from epithelial to mesenchymal (EM) or mesenchymal to epithelial
(ME) state of cells in cancer systems [16] and many more. Here, in our model we find the coordinated response, as a result of miRNA
sharing from a fixed pool by two separate mRNA pools (i, and m,), emerges bistability in the otherwise monostable dynamics of
protein V. Instead of the graded linear response the switch-like response of protein V with a memory, driven by the saddle-node
bifurcation in the system, significantly changes the protein concentration. Biologically this is very impactful as the genetic networks
are mostly complex and dependent upon each other’s expression. Thus the emergent bistability of protein V and thus the binary
concentration of V, can affect the local dynamics and also the global dynamics via the connected genetic network as well.

4.4 Result: reaction—diffusion and pattern formation
4.4.1 Transient pattern formation in protein V due to miRNA coupling

The emergent bistability in the dynamics of protein V, due to the coupling with protein U via the miRNA pool, further causes
transient pattern formation in presence of diffusion, when studied in a two-dimensional sheet of cells. In presence of coupling (with
Ipiy = 0.5), when started from an initial randomized condition:

Uinitiar(xi, i, 0) =k1 0, 1) Viniriar(xi, yi, 0) = k2 £(0, 1)

each cell chooses any of the steady states (either low or high) and the bistable behavior causes a binary response in output (also
shown in Fig. 12a, Panel I). The initial condition is randomized as chosen above by considering a factor £ to pick up any number
between 0 to 1, multiplied with a scaling factor k1. Due to diffusion, we can further see a transition of low to high expression state
causing a transient pattern in output and finally evolving the entire sheet to the high expression state (Fig. 12a—d, Panel I). In time
evolution appearance of island-like patches gives spatio-temporal richness to the dynamics.
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Fig. 12 Resource sharing emerges transient pattern formation in protein V. Panel I: In the presence of miRNA binding with protein V, a transient pattern is
seen in a two-dimensional sheet of cells. Snapshots are taken after time (a) 1, (b) 45, (¢) 250, (d) 470. Panel II: In the absence of miRNA binding, no pattern
is seen in a two-dimensional sheet of protein V. Snapshots are taken after time (e) 1 (f) 10 (g) 15 (h) 20. Diffusion coefficients are taken as Dy = 0.1,
Dy = 0.1 Parameter values are k; = 10, kp = 0.5, Ky, = 3, mitotal = 22, Imu = Imv = 1, Ipiy = 1, Lypu = Lyny = 0.1, I, =05, I, =1,
Ymu = 30, Amy = Amey = Au = Amy = Amey = Av = 0.7 for all the figures of (a) to (h). For Panel I (a)—(d) Ip;,, = 0.5, for panel II (e)—(h) I;, =0

Panel Il

In the absence of miRNA coupling (with I;;, = 0), no such binary response and further pattern formation are seen (Fig. 12e-h,
Panel II). Starting from the same randomized condition, the system quickly evolves to its single steady state, without any visible
pattern in output. This shows that this coupling of mRNA m, with the miRNA pool m;r,4; changes the dynamics of protein V in
steady state and reaction—diffusion approach as well. This emergent transient pattern might be a reason for phenotypic heterogeneity
when shedding impact to its nearby genetic network.

4.4.2 Pattern formation from initial homogeneity

The coupling of protein U to V via the miRNA pool causes emergent bistability in dynamics of V, and pattern formation considering
diffusion in a two-dimensional sheet of cells. This coupling is so effective that an initial pre-patterning in U can surpass the initial
homogeneity conditions for V, eventually dictating an instability and pattern formation of the V. For example, suppose, U is
initialized with an exponential form as shown below:

Uinitiai(xi, yi, 0) = k1 §0, 1) exp(w x; k3)  Vipiriai(xi, yi, 0) = k2

while, the initialization of V is fixed and homogeneous. Though V initialization is fixed in a constant value, the initial pre-pattern in
protein U accordingly couples with miRNA; thus, a shadow of U’s pattern is left in m;7,4; pool. Further, this spatial distribution
in m;7eal, via the coupling with m, patterns V spatially. Thus, instability arises creating islands and patches for protein V. As a
result, an exponential evolution of protein V with time in the two-dimensional sheet of cells can be seen in Fig. 13. This shows the
possibility of patterning in a static cell lattice, which remarkably drifts away from a stable homogeneous state due to miRNA-based
regulatory coupling.

5 Discussion

A combination of reaction—driven stability and diffusion-driven instability (that causes an otherwise stable spatial state to become
unstable) may result in pattern formation for biological systems. Biological systems naturally fall under the category of reaction—dif-
fusion systems where reaction serves the purpose of intercellular dynamical actions, and diffusion establishes intracellular signaling
and environmental communication. It is considered that reaction—diffusion causes pattern formation in biological systems like ani-
mals, birds, fish, and many more in a wide aspect of shapes (dotted, periodic, strips, etc.), and colors. The study of spatio-temporal
pattern formation in biological systems has unravelled the dynamics of development and phenotypic heterogeneity as well. Scientists
are recently focusing on exploring synthetically tunable pattern formations theoretically and experimentally, as models can be the
best ways to take steps towards studying natural systems, which are tremendously complicated because of numerous confounding
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Fig. 13 Pattern formation in protein V from homogeneous initial state. Snapshots are taken for protein V after time (a) 0 (b) 55 (¢) 75 (d) 135. Diffusion
coefficients are taken as Dy = 0.1, Dy = 0.1. Parameter values are k; = 10, kp = 0.5, k3 = 0.0005, K;, = 3, miTotal = 22, Imy = Imv = 1,
Ipiu =1, Ipivy = 0.5, luynu = Lyny = 0.1, Iy, =0.5, Iy =1, ymy =30, Amy = Amey = Au = Amy = Amey = Av =0.7

factors. Further insight regarding pattern formation as an emergent phenomena will reveal the self-organization of cells in three
dimensions, bio-film development, quorum sensing in pathogens, and many more.

Here, we have studied three motifs of miRNA-regulated mRNA synthesis, respective dynamics, and spatio-temporal pattern
formations. Though the role of miRNAs in spatially heterogeneous time evolution is well-known, it still remains a less explored
domain from mathematical and computational perspectives. To understand phenomena like development, it is actually necessary
to consider the transient changes in the dynamics rather than focus on the final state. Sluggish transient patterns are completely
capable of initiating important decision sequences. However, the transient pattern formations are generally ignored in the case of
pattern formation studies. We have studied three scenarios (all parameters and their physical significance have been consolidated
in Appendix, Tables 1, 2 and 3.) where miRNA-regulated gene expression creates spatial patterning, which are sustainable enough
to dictate biological decisions. We start by exploring the silencing of gene expression by post-transcriptional regulation, or more
specifically by the absence/presence of miRNAs, providing a threshold in gene expression. This provides a clear idea of environmental
fluctuations, and stress management in biological systems and we have demonstrated the spatial implications of threshold response
with the results for Model 1.

In Model 2, we have explored a bistable motif, arising due to auto-activation of the gene of interest, under miRNA regulation.
The steady-state analysis, along with a brief reaction—diffusion analysis, explored the possible dynamics of the system in natural
or synthetic environments. Some transient spatio-temporal patterns are shown, including a scenario of convergence to a particular
steady state and scenarios of long persistent patterns much away from converging to a particular state. There is a chance of these
patterns getting stable in the cellular environment in the presence of different biological factors, which is not included explicitly
in our computational model. The transient patterns are also very important in the light of development, influencing the cellular
decision-making process for its own fate as well as for the connected genetic network.

In Model 3, we have explored a competitive scenario of miRNA between two mRNA pools as an extension of our Model 2,
adding a new mRNA pool, regulated by miRNA from the same pool. The coordinated response of two mRNA allows the expression
of both pools, giving rise to some novel behavior in the dynamics. The most striking observation shows coupling-induced emergent
bistability in the dynamics of the second protein, which is temporally as well as spatially exhibited. The coordinated response in post-
transcriptional regulation causes transient patchy pattern formation in a protein, causing regional differences in the concentrations,
starting from a homogeneously distributed initial condition.

We have also considered the fact that different environmental signaling cues may pre-pattern the system, in terms of initial condi-
tions. To incorporate different distribution profiles, we have considered different initial conditions along with random initialization,
as in de novo pattern formation, a prior step of pattern formation is the absence of spatial information. We have considered symmet-
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ric diffusion considering the same diffusion coefficient in both directions now. The work can be extended further for asymmetric
diffusion coefficients and diffusion gradients. As in biological systems protein molecules inherently differ in diffusion coefficient
in a different direction and also might be a function of space. In some recent studies, the variation in transient time with the change
in system size [15], the regulation of temperature and evaporation in pattern dynamics, more accurately in the complexity of the
pattern [26] opens a new insight of further theoretical and experimental study of our systems. We also believe scenarios related to
diseases where dysregulation of miRNA has been observed can be better understood and explored through this study in the future.
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Appendix
List of parameters:

For better clarity, we have given a list of parameters used in our entire manuscript hereby in Tables 1, 2 and 3.

Table 1 List of parameters for Parameter name Physical meaning
Model 1
S miRNA
m mRNA
P Protein
s miRNA transcription rate
Um mRNA transcription rate
Ap The synthesis rate of protein
Bs Natural degradation rate of miRNA
Bm Natural degradation rate of mRNA
8 Natural degradation rate of protein
k Rate of complex formation between miRNA and mRNA
D)}C) Rate of protein diffusion along x axis
Di, Rate of protein diffusion along y axis
Table 2 List of parameters for Parameter name Physical meaning
Model 2
m mRNA
mi, miTo¢ql, Me Free miRNA, Total pool of available miRNA, miRNA-mRNA complex
U Protein
Ym Auto activation rate constant for mMRNA
Im Transcription rate of mRNA
Ipi Binding coefficient of miRNA-mRNA to produce complex
Lun Unbinding coefficient of the complex
Iy Rate of protein U production
k Equilibrium dissociation constant
Am, Am¢, Au The degradation rate of mRNA, miRNA-mRNA complex, protein
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Fig. 14 Time evolution curves of protein U for different initial conditions. x axis represents time and y axis represents the concentration of protein U. (a) The
system is monostable with low synthesis state as a steady state. So for all initiation, protein U goes to its low synthesis stable state. (b) The system is bistable
with two steady states. So with different initial conditions, the system chooses any of its nearest stable states and finally, we are left with two stable fixed
states. (¢) The system is monostable with its high synthesis stable state. All states from different initial conditions move to a single high synthesis stable
state. Parameter « has value 12 for (a), 13.3 for (b), 14 for (c¢). Rest of the parameter values for all (a)—(¢) are A = 10, k =10, § =0.01, ¢ =0.3

Model 2: Binary gene expression, temporal dynamics

To understand the temporal dynamics of the protein synthesized, we plot the time evolution curves of the protein starting from
different initial conditions for three set of parameter values. For the parameter values of Fig. 14a, low synthesis state is the system’s
stable steady state, starting from all initialization, the system converges to it. Similarly, 14c can be explained for its high synthesis
stable state. However, the system has two steady states for the parameter value of 14b, and a bistable dynamics is shown in the
output. Starting from different initial concentrations, the protein chooses any of its either low or high synthesis states, which one is
more favorable and two drastic different concentrations coexist in output.
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