
MeCBIC 2008

Stochastic π simulations of several
RNA-interference models and its efficacy to

impede HIV-1 virus

Muskan Kukreja1,2

Biodesign Institute
Arizona State University,
Tempe, AZ , USA 85287

Manish K Gupta3

Laboratory of Natural Information Processing
Dhirubhai Ambani Institute of Information and Communication Technology (DA-IICT),

Gandhinagar, India 382007

Abstract

RNA-interference has been considered as a promising anti-viral treatment. Many mathematical models
have been proposed for RNA-i mechanism and HIV-1 separately, however, little work is known from systems
biology approach. On the other hand recently stochastic π calculus has been widely used to model complex
biological process to understand them at systems level but not much has been done to successfully inhibit
HIV-1 using RNA-i. In this work, using stochastic π calculus, we have modelled pathway of si-RNA
transfection at several stages of HIV-1 replication cycle in order to prevent HIV-1 escape from RNA-i.
In particular, we have considered transfection of CD4, pre-sliced mRNA virus, viral genes such as TAT,
NEF and GAG for more effective inhibition and also p24 si-RNA for efficient prevention of integration and
reconstruction of HIV-1 progeny.
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1 Introduction

Acquired Immune Deficiency Syndrome (AIDS) has been widely known as killer
epidemics caused by the HIV-1 virus since 1981. Many approaches have been con-
sidered in the literature to fight this virus including techniques such as machine
learning, mathematical modelling and RNA-interference (RNA-i) [10] [14] [20] [9].
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Though RNA interference techniques is quite successful for gene deactivation it
was found later that virus can escape the RNA-i [3] [22]. Many mathemati-
cal models have been proposed in understanding the complex pathway of RNA-
interference [8] [9]. In this paper, we consider a systems biology approach towards
this problem. Systems biology can be used to understand the biological components
and their interactions in biological process [11] [6] [13]. This includes developing
models that create understanding of the functions and behavior of biological sys-
tems. One of the popular candidate for modelling is stochastic π calculus which
has been widely used to model complex biological process to understand them at
systems level. In particular, HIV-1 population dynamics have been modelled by
Kukreja and Gupta [12] and Agarwal, Mishra and Gupta [1] in stochastic π cal-
culus. In this work, we consider inhibition of HIV-1 virus by RNA-interference
mechanism through stochastic π calculus. We show that this process can inhibit
HIV-1 replication and potentially act as powerful anti-retroviral therapy. The first
step in modelling this pathway is to understand the RNA silencing mechanism at
systems level. The modelling is done in stochastic π calculus and simulations are
done in stochastic π machine. The rates of reactions of these models are taken from
the literature [2] [9].

To achieve this, we have first considered different models of RNA-interference
mechanism through stochastic π calculus and verified important results. We have
also developed viral replication model and anti-viral silencing model to show that
RNA-interference can inhibit the viral response. Using this, we finally modelled the
complex pathway of si-RNA transfection at various stages of HIV-1 replication cycle
to show that continuous transfection can downregulate the HIV-1 viral response.

The paper is organized as follows. Section 2 gives a short introduction to stochas-
tic π calculus. The section 3 gives a brief introduction to RNA-interference tech-
nology and also discusses the modelling of the RNA silencing process. Section 4 is
about modelling the viral replication to show that virus replicates in a silencing sys-
tem and Section 5 is about anti-viral silencing which can inhibit the viral response.
Section 6 of the paper gives introduction to HIV-1 virion structure and its genome
and section 7 deals with our final model of the mechanism of RNA-interference
inhibition of HIV-1 virus. The paper concludes with section 8.

2 Stochastic π Calculus

Process calculi are widely used in computer science for describing interactions be-
tween simultaneously running processes. In 1992, Robin Milner [15] developed a
formal language for concurrent computational processes, such as mobile telephone
systems, known as the π-calculus. It is an expressive formal language for describing
systems of concurrent actors and their interactions. Many variants of π -calculus
have been developed since then. In 1995, Corrado Priami [4] developed a stochastic
extension of π-calculus, known as the stochastic π-calculus. This added a rate r
to every activity in the system modelled. The stochastic rate and the associated
exponential distribution which are attached to every reaction describes the stochas-
tic behavior of that activity. These rates are used by the stochastic simulation
algorithm which calculates the probability of all possible reactions at each step and
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stochastically choose the next step reaction based on this probabilities. One spe-
cial feature of π calculus is, it allows dynamic communication topology which can
be used to model mobility. It is this feature which makes it a perfect represen-
tation of biological transaction [19] [13]. Here molecules are modelled as process,
interaction capability as channels, interaction as communication, modification as
state change [19] [13]. The advantage of using stochastic π-calculus for modelling
of these or any other biological system is that biological systems are very complex
and probabilistic in nature and thus highly unpredictable. It helps us in taking into
account the complexity, concurrency and probabilistic nature of these systems. For
further details on this calculus the reader is referred to the excellent references such
as [17] [15] [6].

3 RNA-Interference

In this section, first we describe the basics of RNA-interference followed by a basic
stochastic model. Finally we extend it to many segment model. Ever since the
discovery of RNA interference, it is considered as a common denominator for several
post transcriptional gene silencing process induced by long double stranded RNA
molecule (ds-RNA). It is based on the defence mechanism developed within the
species to fight against foreign invaders [7]. RNA interference works inside every
species by generating a specific response against the foreign elements. They amplify
these responses to fight against this threat. RNA silencing mechanism also has a
risk of mounting certain undesirable responses which work against itself. It also
has specific immune response against viruses. It does it by identifying the non self
elements or genes and by generating the target immune response against invaders
and finally amplifying this response.

For the proper functioning of the RNA-interference, the major challenge occurs
in recognizing the self and non self genes. Some of the induced responses can be
proved boom to us but in parallel there can also be response which might deter our
goal. In the amplification process, there is an accidental production of antisense
transcript which can lead to the formation of double strand RNA (ds-RNA) which
can in turn trigger the silencing mechanism [2].

3.1 Basic Biological Model

In this basic model, we have considered the simple RNA silencing pathway developed
earlier [2]. The long double strand RNA molecule is cleaved by enzyme dicer. These
small pieces generally of 22− 30 nucleotides are known as short interfering RNA’s
(si-RNA). These are actually the key mediators. This si-RNA act as a template for
RNA-induced silencing complex (RISC). These RISC target to m-RNA to form the
m-RNA RISC complex in short we call them complex. There is an amplification
of ds-RNA molecules as some part of this complex forms into ds-RNA molecule and
some part gets degraded. See Figure 1.

3



Kukreja and Gupta

Fig. 1. Stochastic π modelling and simulation of RNA silencing process [2]

3.2 Stochastic π Calculus Modelling

In order to verify the issue discussed above regarding the RNA silencing process,
there is a need to model this biological phenomenon. For the modelling purpose we
have chosen stochastic π-calculus, to check the capability of the model to amplify its
response and identity non self and self genes thereby limiting the responses against
itself. The D,R,M and C (ds-RNA molecule; RISC, m-RNA and complex) are
considered as process. Here process are represented as nodes and down arrows as
decay rates of process. Edges represent the interaction and transformation of one
process into another. ? represent input from the channel and ! represent output
of the channel. The ds-RNA molecule cleaves with rate an to form RISC complex
where n the number of segments of small interfering molecules formed or decays with
rate da. Temp is imaginary process used to pump the values of D into R constantly
while maintaining the values of D as constant. Similarly, R takes the input from
channel b and M gives the output at the same channel to give C. Finally m-RNA
molecule M increases with rate of h and decay at rate dm. The new complex formed
C either forms D at rate g or decays with rate dc. The rates of the reactions have
been taken from the literature [2].

3.3 Simulation Results

In this modelling, we have considered that silencing occurs starting with some initial
inoculum of ds-RNA. After performing simulations for small and large amount of
ds-RNA(10-100) we have seen the following observations

• There is sudden degradation of ds-RNA concentration
• Rapid increase in RISC complex concentration
• There is a amplification of the response, after initial decay of ds-RNA. It reaches

to a steady state but still managed to continue the very high RISC concentration.
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Fig. 2. In this segment model there is an amplification of target m-RNA to many folds. The segment A
being in upstream shows the highest number. Due to imbalance silencing reaction dies

• There is decrease of m-RNA concentration because of the silencing process.

3.4 Drawbacks and Conclusion of Basic Model

There is no dosage dependence seen in the simulation, any amount of ds-RNA would
lead to equal level of silencing process and steady state. This dosage dependence
is seen experimentally as large amount of ds-RNA is quite a good indicator of the
presence of non and self genes. For detail analysis and simulation of basic model
see Figure 1.

This model can generate specific immune response rapidly but fails to shut down
any responses that occur by accident. The main drawback of the model is that
accidental responses are also amplified and are not shut until the self transcripts
are also removed. Secondly the system is not working to recognize between self
and non self genes. A small mistake would be amplified and cause a permanent
silencing mechanism. Since this model fails to recognize the self genes, there is a
need to develop a new model. We have tried to build a stochastic π calculus model
for the number of si-RNA molecules and tried to show that upstream molecule
leads its follower in terms of concentration during the amplification. As described
earlier [2] there is a unidirectional amplification of ds-RNA molecule from 3’ to 5’
prime direction. We have built the model for 5 segments A, . . . , E. For the purpose
of modelling we would assume that amplification process is starting from segment
D. Every segment can amplify into its next segment with a rate A and do not
amplify with a rate d or do nothing with rate p.

Using stochastic π calculus we have verified that number of seg-
ments from downstream to upstream are sub exponential and not expo-
nential. The stochastic π segment model and parameter variation for the
values of A, d and p can be found in supplement material available at
http://www.guptalab.org/mainweb/publication.html. The model and simu-
lation results are given in Figure 2. Our final motive is to observe how the change
in distribution of si-RNA population affects the overall dynamics of silencing. Uni-
directional amplification has shown the path to down regulate the self responses
that are generated accidently.

Here, we have developed a model that takes into account for various segments
of ds-RNA molecules and their corresponding RISC complex (R) and complex (C).
We have built stochastic π calculus model for 5 segments but since the model is
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Fig. 3. Stochastic π-calculus model for 5 segments

symmetric, around M(), it can be further extended for n segments easily by adding
corresponding Dn+1, Cn+1 and Rn+1 . For sake of simplicity and analysis we have
shown the results for 2, 4, 5 and 10 segments (see supplement material for 2, 4 and
10 segments). The model and simulation for 5 segments is shown in Figure 3 and
Figure 4.

Fig. 4. Simulation results for 5 segments for high value of ds-RNA(100) and continuous supply of ds-RNA

The model we developed for 5 segments is an extension of our basic model,
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Fig. 5. Simulation results involving bidirectional, stream wise amplification, segment variation and compe-
tition

difference lies in the fact that for each si-RNA segment corresponding to A, . . . , E,
we have D1, . . . , D5; R1, . . . , R5 and C1, . . . , C5. Since there is a unidirectional
amplification the concentration of upstream segment A is contributed by all n − 1
Di’s. For this case all D1 to D5 contribute in formation of R1 and D2 to D5

in formation of R2 and so on. Each Di can die at rate of da or transform into
corresponding Ri with rate of a. Each Ri can take input from channel b and M can
give the corresponding output at channel b to give complex Ci. Each complex Ci
can either form Di with rate g or die at rate of dc. The Temp is imaginary process
for pumping the values of corresponding Di’s that are responsible for formation of
Ri’s.

3.5 Analysis

Taking the unidirectional amplification into account, we observe the change in our
results compared to our basic model. The ds-RNA initiates the reaction but even
the higher amount is unable to continue the silencing reaction. This means for
continuous silencing response there should be continuous input supply of ds-RNA.
The reaction is persistent as long as there is continuous input. This system amplifies
the response but also limit the self accidental response. We can control the silencing
process with the external supply of ds-RNA input. The rates of the reaction have
been taken from literature [2].

3.6 Verification of some important results

Some trivial manipulations on this model, we found that bidirectional nature of am-
plification process does not down regulate self response, increasing the number of
segments, competition among the si-RNA and RISC molecules would end the silenc-
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ing process more quickly and downstream amplification results in higher silencing
reaction. Simulation results are given in Figure 5.

Fig. 6. The RdRP(), P(), M() and virus first increases and then becomes stable, this is how virus replicates
and ds-RNA strand formed by minus strand(Dm) always dominates over ds-RNA formed by plus strand(Dp)

4 Viral Replication in RNA-interference Models

In the earlier section, we have modelled the RNA-interference and find its ability
to silence ds-RNA and endogenous genes. In this section, we have developed the
model that incorporate RNA-interference technique with viral replication. First we
would consider the mechanism of viral replication when the RNA strand enters into
our body.

Retroviruse like HIV-1 first translates its RNA genome to DNA and then inserts
it into the human genome. As discussed earlier, the ds-RNA is considered as a
signal of non self genes. In our earlier model we have seen that the m-RNA RISC
complex amplifies the response by forming ds-RNA, but recent studies have shown
that virus encoded RdRP (RNA Directed RNA Polymerase) helps in formation of
ds-RNAs through a secondary pathway hence replicating the virus indirectly [20].

Among the two strands of HIV, the RNA plus strand (denoted by P) generates
the virus. Initially RdRP is generated by P. Then two strands +ve(P) and -ve(M)
interact with RdRP to form the complementary strands respectively resulting in
ds-RNAs i.e., Dp (by +ve strand) and Dm (by -ve stand). The Dp has a complex
which again forms RdRP, RNA plus and a minus strand. Dm forms only a minus
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strand. Finally a virus is generated which is of plus strand. The biological model
and stochastic π-calculus model is shown in Figure 6. As seen from the simulation
results we observe that constant replication of virus in the system and also the
concentration of Dm dominates over Dp (see Figure 6).

5 Anti-viral RNA Silencing

In this section, we show that RNA-silencing helps in downregulating the viral re-
sponse, depending upon the silencing strength and other factors like rate of forma-
tion of si-RNA’s would effect the viral patterns in the RNA-interference systems.
We have extended the viral replication model to develop the anti-viral silencing
model. Here we consider the role of dicer that form siRNA’s from ds-RNA’s. Sip
and Sim denote the siRNA’s formed by cutting Dp and Dm respectively by dicer
at rate of Gd. SiRNA’s are formed by the both Dp and Dm and also by Plus and
Minus strand at the rate of Gs. These si-RNA’s are hence combine with free RISC
to form Rp and Rm respectively. Free RiSC replicates itself with rate i and all these
protein complexes have their death rates as shown. The biological and stochastic π
model is shown in the Figure 7.

Fig. 7. Anti-viral replication model

Earlier in viral replication model, we observe the viral replication in the system.
Due to RNA-interference, we conclude from this model that there is a change in
viral patterns. From the simulation results (see Figure 8), we observe that RNA-
silencing helps in down regulation of virus to a considerable amount. Silencing
strength which depends upon Gs,Gd and the number of si-RNA’s formed play a
vital role in determining the downregulation of viral patterns. We see that as there
is an increase in silencing strength, viral patterns tends to lower its concentration.

6 HIV-1 Virion Structure and its Genome

HIV-1 has a viral core which has two copies of viral RNA copies. The surrounding
environment comprised of cellular lipids. Gp120 binds have high affinity towards
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Fig. 8. Simulation graphs of anti-viral replication model

CD4 protein and cellular chemokine receptor (CCR5 and CXCR4). These two co-
factors are necessary for HIV-1 replication thereby helping in infecting CD4 and
macrophages during early and later period of infection respectively.

The virus has nine genes. These are classified into 3 categories viz. struc-
tural, transactivation and accessory genes. Gag, Pol and Env are basically the
structural genes responsible for encoding the viral core, enzymes and virus en-
velope respectively. The next category is of transactivation genes that are re-
sponsible for replication. Tat and Rev regulates the viral transcription and RNA
transport respectively. The final category is of accessory genes. Nef is one of the
important of this category which down regulates CD4 and essential for viral disease
induction. Apart from Nef, Env gene is also responsible for it. CD4 downregula-
tion is vital property for virion release from infected cells. Another important key
feature of T-cell activation initiated by Tat and Env by interacting with cellular
kinase to promote the virus replication [14] [20].

7 RNA-i Attacks HIV-1

Studies have shown that si-RNA directed against the HIV-1 genome can inhibit viral
infection [18] [21]. Silencing activity towards CD4 major protein decreased HIV-1
entry. Targeting viral and cellular RNA’s by transfecting it with si-RNA and then
exposed to HIV lead to many folds reduction in HIV-1. si-RNA can inhibit viral
replication at several stages of infection, including early stages when the viruses are
most vulnerable, more infection can also be blocked by targeting viral genes and
host genes that are involve in HIV-1 replication cycle [5]. Major challenges in this
silencing process is that all viral si-RNA are not equally accessible to si-RNA’s.
There are also issues in non recognition of progeny molecules towards si-RNA. As
described earlier, RNA-i mechanism is potent for HIV-1 inhibition, in this work we
have considered pathway involving Magi-CCR5, CD4 and chemokine receptor CCR5
and CXCR4, the pre-sliced viral m-RNA, viral-DNA, viral-protein and viral genes
such as NEF, REV and GAG that are transfected with si-RNA [16]. Initially, HIV-1
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Fig. 9. si-RNA targeted at various levels of HIV-1 replication cycle

virus attacks CD4T Cell which are source of CD4 protein and CXCR4 chemokine
receptor respectively. After infection with HIV-1 they become infected and then
die due to infection. As soon as the virus inserts its RNA and useful enzymes for
replication in the nucleus. We transfect the m-RNA of virus at several stages with
corresponding si-RNA’s which forms a complex. This si-RNA m-RNA Complex is
different for every transfection but for the sake of simplicity for modelling purpose
we have chosen this to be m-RNA RISC complex (we have called them complex as
discussed in section 3.4). We first tried to transfect the pre-sliced m-RNA of virus
with its corresponding si-RNA. Then with p-24 si-RNA we have tried to prevent
integration and reconstruction. After this, we have try to target three genes GAG,
NEF and REV. The biological model is shown in Figure 9 and stochastic π modelling
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Fig. 10. Stochastic π modelling of the complex pathway of si-RNA directed against various stages of HIV-1
replication cycle

Fig. 11. Simulation Results for final model

is shown in Figure 10. Here channels a, b, c and m are used for transfecting. The
pre-translation virus delay at rate m into three components REV, NEF and GAG
which is reformed at rate n. These genes also from complex when transfected with
their corresponding si-RNA’s.

The simulation results shown in Figure 11 shows infected cells and new HIV-1
virus generated before and after transfection with si-RNA’s. If we transfect 1000
units si-CD4 which can target the CD4 which can suppress the HIV-1 entry, there
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is a delay in HIV-1 entry but the amount of new HIV-1 virus produced aren’t
changing. But if we supply continuous amount of si-RNA at rate of 50 then there
is 2 fold reduction in the infected cells. The amount tend to decrease more as we
increase the rate of transfection with CD4.

After transfection continuously with all si-RNA’s at rate of 50 and 100, we
observe that there is a 6 fold reduction in formation of new virus. Continuous
supply of si-RNA hence inhibit the HIV-1 replication process to a large extent,
hence shown the way to inhibit HIV-1 virus.

There is an intricate interplay relationship between virus and RNA- interference
mechanism. Viruses take advantage of silencing systems and use them to regulate
their response. In addition they can also encode protein which can suppress RNA
interference mechanism of inhibiting the viral response [3] [22]. The intermediate of
the Interference mechanism si-RNA’s can arise from RNA secondary structures and
also from ds-RNA from virus. In addition to si-RNA, mi-RNA can also inhibit as
well as promote viral replication. In particular, mi-RNA is encoded by NEF gene
and on the contrary, TAT gene act as suppressor of RNA-interference by blocking
the Dicer. It has been seen that when sh-RNA anti-viral treatment is given, HIV-1
escape from RNA-i. The HIV-1 escape is quite prevented by Tar RNA binding
protein (TRBP) which is a vital component to increases HIV-1 interference with
RNA-i.

7.1 How our model takes care of HIV-1 escape

Studies show that using a single si-RNA can result in HIV-1 escape [3] [22]. For this
we have used continuous supply of different si-RNA’s which are target at multiple
points in HIV-1 replication cycle which minimizes the HIV-1 escape. For the purpose
of gene silencing, we have chosen TAT and NEF so to minimize the RNA-i suppressor
activity as discussed above.

8 Conclusion

In this work, we exploited natural phenomenon of RNA-interference to inhibit HIV-
1 virus and its viral response. Stochastic π model of RNA-interference in section
3.4 is well versed in predicting various hidden phenomenon that can carry out inside
the RNA-i process. Stochastic π simulations of this model substantiated it by being
coherent to various observations proposed/done in the laboratory (section 3.6)

Viral replication model simulations results reveals virus response is a fast pro-
cess and it takes advantage of RNA-i machinery for its replication. To counter
this phenomenon our anti-viral silencing model simulation results in down regu-
lating viral response. The rates of reactions of these models are taken from the
literature [2] [9]. These model are flexible to incorporate other factors in future
compare to model developed earlier based on system of differential equation [2] [9].
Finally we exploit this process in inhibiting HIV-1 virus by transfecting it at vari-
ous stages. Simulation results reveal continuous and multiple si-RNA transfection
at CD4, previral mRNA, viral genes (GAG, REV and NEF) and p24 si-RNA
at integration and reconstruction inhibits HIV-1 viral response and prevents HIV-
1 escape from RNA-i. We hope this systems biology approach would add a new
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dimension in finding solutions and ongoing research towards HIV-1.The modelling
of this complex pathway would give us the real insight towards HIV-1 inhibition
process by RNA-i and contribute greatly to ongoing research in finding solutions
to HIV-1. The supplementary material of the paper such as SPiM codes of the
models and high resolution images of the paper are available at author’s home page
at http://www.guptalab.org/mainweb/publication.html.
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