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Abstract

Small interfering RNAs (siRNAs) are fundamental to the regulation of cell function.
Much is known about its gene interfering mechanism, but a kinetic description of it is
still lacking. Here, we derived a set of reaction-diffusion equations for multiple
RNA-induced silencing complex (RISC) pathways that give quantitative temporal and
spatial descriptions of the siRNA process in mammalian cell, and are able to correctly
describe all salient experimentally observed patterns of sub-cellular siRNA localization,
including those that, at first glance, appear irreconcilable. These results suggest siRNA
sub-cellular localization mainly concerns the non-catalytic RISC-target complex, and is
caused by the selectiveness of RISC-target interaction and the permeability of the
nuclear membrane to siRNA strands but not to RISC-target complexes. Our method is
expected to be useful in devising RNAi based cell regulation strategies.

Introduction 1

siRNA is a double-stranded RNA, 20-25 nucleotides in length that, through 2

complementary base paring, sequence-specifically regulates cell functions including 3

mRNA degradation and DNA methylation [1–3]. RNA interference (RNAi) was initially 4

thought to be a form of post-transcriptional gene silencing with only a cytoplasmic 5

pathway [4]. Later on, an siRNA nuclear pathway was discovered [5]. Experiments have 6

shown that siRNA co-localizes with target RNA, but a molecular model capable of 7

accounting for all observed patterns of siRNA localization [6–9] is lacking. 8

Argonaute (AGO) proteins – AGO1-4 in mammals – are key effectors in siRNA 9

induced RNAi [10,11]. In mammal siRNA action, an AGO protein loads the double 10

stranded – the guide/antisense strand and the passenger/sense strand – siRNA, then 11

discards one of the strands to forms a RNA-induced silencing complex (RISC). A 12

guide-strand containing, or mature, RISC is guided by the strand to the target RNA 13
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and binds with it to form a complex, and either silences the target by AGO2-catalysed 14

cleavage [10,11], or otherwise disrupts its function by mRNA-destabilization [12,14]. A 15

passenger-strand RISC does not bind with the target and has no interference activity. 16

Ordinary differential equations (ODEs) have been used to describe the dynamics of 17

the siRNA system [15–17]. Being temporal but not spatial in nature, these works did 18

not address localization, which is a spatial phenomenon, nor did it address the fact that 19

different RISCs have distinct pathways. Here, we developed a set of partial differential 20

reaction-diffusion equations (PDEs) for the siRNA system based on the law of mass 21

action and designed to yield realistic temporal and spatial simulations of multiple RISC 22

pathways. We find that having multiple RISC pathways was necessary for understanding 23

siRNA action, that siRNA sub-cellular localization is dominated by the localization of 24

non-catalytic RISCs, and is a kinetic consequence of RISC-target interactions and the 25

non-permeability of the nuclear membrane to RISC-target complexes. 26

In our simulation, the siRNA system is represented by two types of reaction 27

equations, those describing the binding of the DNA strands for siRNA to the AGO 28

proteins (i=1 to 4) and the hybridization of the guide and passenger strands to form the 29

double-stranded siRNA (i=5): 30

Xi + Yi
ki−→ Zi + Ui; (i = 1 to 5) (1)

where X1−4=D, X5=G, Y1,2=Ac, Y3,4=Ao, Y5=P , Z1=Rcg, Z2=Rcp, Z3=Rog, 31

Z4=Rop, Z5=D, U1,2,5=null, U3=P , and U4=G; and those describing the binding of 32

RISCs to target RNA to form RISC-target complexes and, in the case of the complex 33

Cct, its return to RISC after cleavage of target by the AGO2 protein: 34

Rcg + T
k6−−⇀↽−−
k′
6

Cct
k′′
6−−→ Rcg; Rog + T

k7−−⇀↽−−
k′
7

Cot (2)

Abbreviations (lower case when used as subscripts) are: D, the double-stranded siRNA; 35

G/P , guide/passenger strand of siRNA; T , target RNA (mRNA or nucleus RNA); A, 36

AGO proteins; R, RISCs; C, RISC-target RNA complexes. The subscript c indicates 37

the catalytic AGO2 protein; o, other AGO proteins. 38

From Eqs. (1) and (2) we derive the set of 12 dynamic PDEs: 39

dWi

dt
= Fi − ωi∇2Wi; (i = 1 to 12) (3)

with the functions Fi and Wi defined in Table 1. 40

The cell was modelled by a sphere of radius r =10µm composed of a spherical 41

nucleus of radius 0.45r, a cytoplasmic perinuclear shell of thickness 0.2r, and the outer 42

shell. For simplicity the cytoplasm was composed of only the cytosol. The nucleus had a 43

typical 1/10 volume of the cell and the perinuclear region had twice the volume of the 44

nucleus. 45

The system was injected with fixed amounts of double-stranded siRNA and total 46

AGO proteins initially: D(0)=2nM in cytoplasm and D(0)=0 in the nucleus (the 47

notation D(0) denotes D at initial time with no spatial reference), and 48

Ac(0) +Ao(0)=A(0)=4nM throughout the entire cell, and was supplied with quantities 49

of target RNA at a constant rate ST : T (0)=T0 and ST=T0s
−1, with T0=10nM and 50

2nM , either only in the nucleus (and zero elsewhere; case of nuclear target) or only in 51

the perinuclear region (case of perinuclear target). All other quantities were initially set 52

to zero, Wi(0)=0, i=4 to 11, throughout the entire cell. The parameter pd∈[0,1] 53

controls the relative abundance of AGO2 versus non-AGO2 proteins: Ac(0)=pdA(0), 54

Ao(0)=(1-pd)A(0), and the parameter sd∈[0,1] controls the relative abundance ofguide 55

and passenger strands (Table 1). Values for the reaction coefficients (k’s) (Table 1) were 56
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Table 1. Symbols and diffusion coefficients in Eq. (3).

i Wi Fi
∗ ωi(µm

2s−1)b

1 D −kcAcD − koAoD + k5GP 30
2 Ac −kcAcD 20
3 Ao −koAoD 20
4 Rcg k1AcD − F10 15
5 Rcp k2AcD 15
6 Rog k3AoD − F11 15
7 Rop k4AoD 15
8 G k4AoD − k5GP 40
9 P k3AoD − k5GP 40
10 Cct k6RcgT − (k′6 + k′′6 )Cct 0
11 Cot k7RogT − k′7Cot 0
12 T −(F10 + k′′6Cct)− F11 − k8T + ST 0

∗k1=sdkc, k2=(1-sd)kc, k3 =sdko, and k4=(1-sd)ko, where kc=ko=5× 10−3nM−1s−1

and sd, ranging from 0 to 1, controls the relative abundance of guide and passenger
strand; k5=2.8×10−2nM−1s−1, k6=(M/n)k′6=k7=(M/n)k′7=10−3nM−1s−1,
k′′6=7×10−3 s−1, k8=4×10−3s−1.

derived from experiment [16] and those for diffusion coefficients were estimated based 57

on the value of 27µm2s−1 for the diffusion coefficient of GFP in eukaryotic cells [18] 58

and letting the diffusion coefficient of a biology molecule be inversely proportional to 59

the cube root of molecular weight. siRNA strands, AGO proteins and RISCs may 60

diffuse across the (virtual) cytoplasm-nucleus boundary [9] (ωi 6=0 in Table 1) while the 61

target RNA (T ) and target-containing complexes do not. In particular, this implies that 62

non-AGO2 proteins are trapped in situ once they form Cot complexes with target. The 63

reaction rate k8 represents degradation of the target RNA by other unspecified enzymes. 64

In a typical round of computation, a set of values for T0, sd and pd were taken and 65

the PDEs in Eq. (3) were solved using the finite difference method for all sites in the 66

cell from time zero to 120 minutes in one-second time steps separately for two cases: 67

nuclear target and perinuclear target. 68

Results 69

Time-evolution of the target RNA density after siRNA injection was sensitive to target 70

location and the values of sd and pd (Fig. 1). When there was no AGO2 protein (pd=0) 71

to form RNA cleaving RISC, little loss of target RNA was observed regardless of target 72

location, even when the production of the guide strand was maximized (sd=1), (4 in 73

Fig. 1(a) and (b)). Target depletion became noticeable when the amounts of AGO2 74

protein and guide strand were moderate (pd=0.4, sd=0.6). Rate of depletion was higher 75

when target was in the perinuclear region than in the nucleus (5 in Fig. 1(a) and (b)). 76

Location dependence was strong in the nucleus – the closer is the target to the 77

nucleus-cytoplasm boundary the faster the depletion (Fig. 1(c)) – but weak in the 78

perinuclear region (Fig. 1(d)). 79

Response following siRNA injection was faster in the perinuclear region for all values 80

of pd and sd (except when pd=0). At four minutes after siRNA injection, target 81

depletion essentially reached equilibrium in perinuclear region but was minimal in the 82

nucleus (Fig. 2a). In both cases target depletion grew monotonically with increasing 83

values of pd and sd. Equilibrium was substantially achieved two hours after siRNA 84
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Figure 1. Time-evolution of target RNA concentration. (a) Average density,
target in nucleus: 4, pd=0, sd=1; 5, pd=0.4, sd=0.6. (b) Same as (a), but with target
in perinuclear region. (c) Target in nucleus at 0.29R (4), 0.35R (©), and 0.42R (�);
pd=0.4 and sd=0.6; cell radius is R=10µM; nucleus-cytoplasm boundary is at 0.45R.
(d) Same as (c), but target in perinuclear region at 0.48R, 0.55R, and 0.61R.

injection (Fig. 2b). 85

Figure 2. Density of target RNA as a function of sd and pd. Density of target
RNA (a) 4 minutes and (b) 2 hours (b) after siRNA injection. Dashed lines, target in
nucleus; solid lines, target in perinuclear region. Values shown are averaged over region
where target resides.

Time courses of the density of the passenger/sense strand Dp (=D+ P+ Rcp+ Rop) 86

in all three regions, and that of the guide/antisense strand Dg (=D+ G+ Rcg+ Rog+ 87

Cct+ Cot) in regions without target RNA, converged to a common value close to 1 nmol. 88

In contrast, in the region where the target RNA resides, Dg increased with time to a 89

value close to 3 nmol (Fig. 3; � in (a) and © in (b)). 90

Figure 3. Time-evolution of guide and passenger strand densities, Dg and
Dp. (a) Target in the nucleus; (b) target in the perinucleus. Symbols � (♦), © (•),
and 4 (5) stand for: guide (passenger) strand in nucleus, perinuclear region, and rest
of cytoplasm, respectively. In all cases pd=0.4 and sd=0.6.

Density profile of the passenger strand (Dp) along the cell diameter was low, about 1 91

nmol along the entire line (Fig. 4), as was that of the guide strand (Dg) except in the 92

region where the target RNA was located. In the latter case, the density was about 3 to 93

4 nmol when it was in the nucleus (Fig. 4(a)), and about 3 nmol when it was in the 94

perinuclear region (Fig. 4(b)). 95

Radial density profiles of the guide strand, the passenger strand, the AGO2 protein, 96

and non-AGO proteins were distinct and responded differently to changing nuclear 97

target conditions (Fig. 5). Of the four cases, the passenger-strand profile is the most 98

featureless (Fig. 5(b)) because the strand (and RISCs bearing it) is blind to the 99

presence of target. 100

Discussion 101

A prominent difference between nuclear and perinuclear target is the speed of target 102

attenuation after siRNA injection; fast for perinuclear target, and slow for nuclear 103

target (Fig. 1 and Fig. 2(a)). This is because siRNA is injected into, and RISCs are 104

formed in, the cytoplasm, and the RISCs enter the nucleus only by diffusion [9], a slow 105

process. Diffusion also explains why, in the case of nuclear target, response time is slow 106

near the nucleus center while almost as fast as the case of perinuclear target near the 107

nucleus-cytoplasm boundary (Fig. 1(c)), and why in the perinulear region response time 108

is largely location independent (Fig. 1(d)). 109

The high concentration of guide strand in the region where the target RNA resides 110

(Fig. 3 and Fig. 4) is consistent with the siRNA localization reported in [6]. The 111

enrichment of the guide strand is linked to target RNA because only guide 112

strand-containing RISCs can form RISC-target complexes, and the non-catalytic 113

complex Cot, once formed, stay in place because they neither breakup nor diffuse, and 114

act as traps for guide strands. In contrast, the passenger strand does not bind to the 115
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Figure 4. Density profiles of guide and passenger strands. Density profiles at
pd=0.4 and sd=0.6, along the diameter in the case of (a) nuclear target and (b)
cytoplasmic target; solid line, guide strand; dashed line, passenger strand. The two
colored strips indicate the perinuclear region.

Figure 5. Radial density profiles. Radial density profiles of (a) guide strand, (b)
passenger strand, (c) AGO2 protein, and (d) non-AGO proteins with target in the
nucleus under four conditions: T= 10 nmol, pd=0.4 (solid black); T= 2 nmol, pd=0.4
(solid gray); T= 10 nmol, pd=0.9 (dashed black); T= 2 nmol, pd=0.9 (dashed gray). In
all cases sd=0.6 . Colored strip in panels indicate the perinuclear region.

target RNA and does accumulate around the target. The dip in the guide strand 116

concentration near the nucleus center (Fig. 4(a)) is likely caused by guide-strand 117

bearing RISCs being consumed by target near the nucleus-cytoplasm boundary before 118

they can diffuse to the center. 119

Imaging experiments have been conducted to examine the intracellular locations of 120

two siRNA duplexes, 7SK siRNA targeting the small nuclear 7SK RNA and NS3 siRNA 121

targeting the cytoplasmic HCV replicon mRNA [6]. In the case of cytoplasmic target 122

our result (Fig. 4(b)) essentially reproduces the experimental result (Fig. 2f, [6]). In the 123

case of nuclear target our result shows the localization of the guide strand in the nucleus 124

(Fig. 4(a)), whereas the experiment shows the localization of both guide and passenger 125

(antisense and sense) strands, in the human Huh-7 and CHO cells (Figs. 1f and 4f, [6]). 126

These results led to the suggestion that cytoplasmic and nuclear RNAi pathways have 127

distinct mechanisms, such that in the latter case both sense- and antisense-strand 128

bearing RISCs are trapped in the nucleus [6]. 129

The 7SK siRNA result observed in [6] can be explained without invoking distinct 130

cytoplasmic and nuclear RNAi pathways: both the sense and antisense strands are 131

guide strands, but they target RNAs from different sources. The antisense strand 132

GGAGGUUUGUUCGAGAGUU targets the nuclear 7SK as supposed, while the sense 133

strand AACUCUCGAACAAACCUCC can target the uncharacterised human ncRNA 134

LOC101928306 (Sequence ID: ref|XR 251544.1|Range 32-50). The existence of two 135

distinct nuclear targets for the 7SK siRNA can also explain why the two strands were 136

observed to have different concentration profiles [6]. This hypothesis can be verified 137

using human cells with either snRNA 7SK or ncRNA LOC101928306 is pre-silenced. 138

Our search for a target for the sense strand in the NS3 siRNA yielded a null result. 139

Fluorescence correlation spectroscopic measurements of AGO2-RISC concentration 140

in nuclear pathway of siRNA induced RNAi in ER239 cells revealed little AGO2-RISC 141

accumulation in the nucleus [9]. Our results agree with these measurements: 142

localization of AGO2 in the nucleus is weak and insensitive to target concentration and 143

relative abundance (proportional to pd) of AGO2 protein (Fig. 5(c)). Owing to the 144

catalytic cleaving ability of the AGO2 protein, the target depleted AGO2-bearing 145

complex does not trap the AGO2-RISC inside the nucleus, hence accumulation of AGO2 146

near the target is not expected. 147

For the case of nuclear target, our result attributing nuclear localization to the 148

accumulate of non-catalytic (or non-AGO2, (Fig. 5(d))), but not catalytic, RISC-target 149

complexes reconciles the seemingly conflicting results reported in [6] (localization of 150

guide strands, Fig. 5(a))) and [9] (absence of localization of AGO2 protein,Fig. 5(c))). 151

It follows that the degree of localization is sensitive to target concentration (solid lines 152

in Fig. 5(d)) and relative abundance (proportional to (1-pd)) of non-AGO2 proteins 153

(black lines in Fig. 5(d)). These results can be experimentally validated. 154

It is now generally believed that in mammalian miRNA action, the predominant 155

reason for reduced protein output in gene expression is the destabilzation of target RNA 156
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associated with miRNA induced mRNA deadenylation in the cytoplasm [13,14]. This 157

action, not caused by AGO endonuclease cleavage, is an issue separate from siRNA 158

sub-cellular localization. 159

Our model gives a simple and unified molecular narrative for siRNA sub-cellular 160

localization for both cytoplasmic and nuclear RNAi pathways that quantitatively 161

reconciles seemingly conflicting experimental observations. Our work establishes 162

localization as a phenomenon of non-catalytic RISC-target complex, a consequence of 163

the selectiveness of RISC-target interaction and the non-diffusiveness of the RISC-target 164

complex. The model provides a realistic framework for gaining deep insights in siRNA 165

induced RNAi and for devising RNAi based cell regulation strategies. 166
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