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The past decade has witnessed a true revolution in our
understanding of how RNA can act as regulator of gene
functions. Central to these new advances is a growing ap-
preciation that small interfering RNAs (siRNAs) can in-
duce sequence-specific destruction of homologous mRNAs
in mammalian cells via a natural process referred as RNA in-
terference (RNAi). During a period of only five years, RNAi
has grown from a biological phenomenon to one of the most
widely used tools in research. In effort to facilitate functional
genomics with RNAi, several libraries of siRNAs or short
hairpin RNAs have been constructed and screened in vitro
and in vivo. Although RNAi has many advantages over other
methods such as antisense and ribozyme technologies, the
specificity of silencing is not absolute and there is a danger
of “off-target effects,” and activation of the innate immunity.
Notably, the success of siRNAs as therapeutic agents largely
depends on the development of a delivery vehicle that can
efficiently deliver them to specific tissues or cells. A deeper
understanding of the mechanisms of RNAi should allow bet-
ter design of siRNA agents. The purpose of this issue is to
review this exciting field and to provide the reader with cur-
rent design rules, delivery strategies, and methods to mini-
mize unintended siRNA effects.

It should be noted that the emergence of RNAi has helped
to clarify another enigma of noncoding temporal RNAs or
microRNAs (miRNAs). These tiny RNA regulators are being
implicated in diverse biological pathways, ranging from de-
velopment to neuronal differentiation and insulin produc-
tion. In addition to their roles in cell biology, recent studies
have implicated miRNAs in tumorogenesis and metastasis.
Indeed, gene profiling analysis found a number of miRNAs
that were upregulated in various cancers, which suggests a
potential diagnostic and prognostic value. Also, the identifi-
cation of virus-encoded miRNAs indicate that some viruses
are able of exploiting RNA silencing as a convenient method

for gene regulation of host and viral genes. Although we
have learned much about the general mechanism underlying
miRNA biogenesis, a detailed understanding of how miRNAs
and related small RNAs work remains to be elucidated. This
issue on RNAi also highlights the recent advances in under-
standing the biogenesis and expression of miRNAs in mam-
malian cells.

As our understanding of the functions of small RNAs
and the mechanisms by which RNA activate innate immunity
continues to increase, we should become better equipped to
translate this naturally occurring process into our own ther-
apeutic benefit.
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Short interfering RNAs (siRNAs) are widely used to bring about RNA interference (RNAi) in mammalian cells. Numerous siRNAs
may be designed for any target gene though most of which would be incapable of efficiently inducing mammalian RNAi. Certain
highly functional siRNAs designed for knockout of a particular gene may render unrelated endogenous genes nonfunctional.
These major bottlenecks should be properly eliminated when RNAi technologies are employed for any experiment in mammalian
functional genomics. This paper thus presents essential notes and findings regarding the proper choice of siRNA-sequence selection
algorithms and web-based online software systems.

Copyright © 2006 Kumiko Ui-Tei et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

INTRODUCTION

RNA interference (RNAi) is the process of nucleotide-se-
quence-specific post-transcriptional gene silencing [1–5]. In
the case of lower eukaryotes such as Drosophila and Caen-
orhabditis elegans, long dsRNA may be used as an RNAi in-
ducer [6–15], while, possibly owing to interferon response
[16–20], short interfering RNA (siRNA), a Dicer digestion
product of long dsRNA, is widely used for knocking down
mammalian genes through RNAi [21–23]. Interferon re-
sponse can be brought about even by siRNA transfection
[24–28] and may be permitted in most cultured cell exper-
iments, in which siRNA concentration is equal to or less
than 100 nM [29]. In therapeutic application, low siRNA-
dependent interferon response would be a matter of concern
[17, 18].

Theoretically, (n-20) siRNAs targeting for a gene n bp
in length can be designed. In Drosophila, more than 90% of
these siRNAs are capable of reducing target gene activity by
more than 80% [29]. The design of siRNAs in the case of
Drosophila as well as other lower eukaryotes would thus not
involve any real difficulty. But about 80% of theoretically des-
ignable siRNAs would not be highly functional in the case of
mammalian RNAi [29, 30]. With certain target genes rich in
GC, nonfunctional siRNAs may increase by 95% or more of
the total designable siRNAs [Y N et al, unpublished].

Mismatched siRNA may occasionally inactivate genes
other than the target, an undesired side effect designated as
the “off-target effect” [31, 32]. The molecular basis for this
remains to be clarified [33] though mRNA cleavage, the cli-
max of the RNAi reaction [34–38], requires a nearly strict nu-
cleotide sequence identity between the mRNA target portion
and sense strand (SS) of siRNA [33, 39]. Thus, at least some
fraction of undesirable siRNAs, giving rise to the off-target
effect through destabilization of mRNAs other than the tar-
get, may be eliminated by computer-based homology search
[40–45].

In the design of highly functional siRNAs for mammalian
RNAi, suitable sequence conditions or good algorithms for
selection of highly functional siRNAs and good computer
software suitable for genome-wide short-sequence homol-
ogy search to minimize the off-target effect are indispens-
able.

Too many websites are available for functional siRNA
search for mammalian RNAi as partly listed in Table 1. These
websites may incorporate one or a few algorithms for func-
tional siRNA selection previously determined based on bio-
logical validation data. Considerable mammalian RNAi data
are presently available so that, in some websites, original al-
gorithms may have been replaced with those modified to
be more effective yet do not appear in scientific journals,
thus making difficult the evaluation of individual website
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Table 1: siRNA search websites.

Website URL Reference or company

BLOCK-iT RNAi Designer https://rnaidesigner.invitrogen.com/ Invitrogen

DEQOR http://cluster-1.mpi-cbg.de/Deqor/deqor.html [46]

Gene specific siRNA selector http://bioinfo.wistar.upenn.edu/siRNA/siRNA.htm [47]

OptiRNAi http://bioit.dbi.udel.edu/rnai/ [48]

RNAi Central http://katahdin.cshl.org:9331/RNAi web/ Hannon Lab

RNAi Design http://www.idtdna.com/Scitools/SciTools.aspx Integrated DNA Technologies

Sfold http://sfold.wadsworth.org/ [49]

SiDE http://side.bioinfo.ochoa.fib.es/ [50]

siDESIGN Center http://www.dharmacon.com/sidesign/ Dharmacon Research, Inc

siDirect http://design.RNAi.jp/ [40]

siRNA Design Software http://www.cs.hku.hk/ sirna/ [51]

siRNA Design Tool
http://www1.qiagen.com/Products/GeneSilencing/

Qiagen
CustomSiRna/SiRnaDesigner.aspx

siRNA Selection Server http://jura.wi.mit.edu/bioc/siRNA/ [52]

siRNA Sequence Selector http://bioinfo.clontech.com/rnaidesigner/ Clontech

siRNA Target Designer http://www.promega.com/siRNADesigner/ Promega

siRNA Target Finder http://www.genscript.com/rnai.html [53]

siRNA Target Finder http://www.ambion.com/techlib/misc/siRNA finder.html Ambion

siRNA Wizard http://www.sirnawizard.com/ InvivoGen

siSearch http://sisearch.cgb.ki.se/ [42]

TROD http://www.cellbio.unige.ch/RNAi.html [54]

reliability. Consequently, the present study directs attention
to basic frameworks and some related application prob-
lems of algorithms for the selection of highly functional siR-
NAs.

RNAi-INDUCING ACTIVITY AS AN INTRINSIC
PROPERTY OF THE siRNA SEQUENCE

RNAi activity induced in mammalian cells is highly de-
pendent on the particular sequence of siRNA used [29,
30] and may vary depending on transfected cell types
or transfection efficiency. To examine these factors, vari-
ous siRNAs targeting for the firefly luciferase gene (luc)
were synthesized and transfected with luc encoding plas-
mid DNA into a variety of mammalian cell lines, which in-
clude human HeLa, HEK293, and colo205, Chinese ham-
ster CHO-K1, and mouse E14TG2A ES cells [55]. The
concentration of siRNA used in these experiments was 5–
50 nM. siRNA-dependent RNAi activity was also exam-
ined in chicken embryos [29]. The transfection efficiency
of colo205 is quite low and about 1/100 times as high
as that of HeLa [55]. Neither difference in animal species
from which cell lines or embryos were derived nor that
in transfection efficiency had any significant effect on in-
duced RNAi activity [29, 55]. RNAi activity induced in
mammalian and chicken cells upon siRNA transfection may
thus be determined primarily by the transfected siRNA se-
quences themselves as far as RNAi due to 10–50 nM siRNA is
concerned.

THREE BASIC ALGORITHMS FOR SELECTING
FUNCTIONAL siRNAs BASED ON
BIOLOGICAL VALIDATION

Many experiments have been conducted to clarify possi-
ble sequence requirements of functional siRNAs for mam-
malian RNAi [29, 56–61]. Only three representative algo-
rithms, which may be widely used for functional siRNA
search for mammalian RNAi, are presented and discussed in
the following.

Algorithm 1. This algorithm was developed by Ui-Tei et al
[29]. As shown in Figure 1(a1), all siRNAs satisfying the fol-
lowing four sequence conditions are defined as class I siRNAs
in Algorithm 1: (1) the 5′ antisense-strand (AS) end, A or U,
(2) the 5′ SS end, G or C, (3) the 5′-terminal one-third of
AS, A/U-rich, and (4) a long G/C stretch, absent from the 5′-
terminal two thirds of SS. Validation data obtained using luc
as a target indicated all of 40 class I siRNAs arbitrarily chosen
to be capable of reducing target gene activity by more than
70% [29]. All RNAi experiments were conducted at 50 nM
siRNA.

Algorithm 1 siRNAs with features completely the oppo-
site to those of class I siRNAs except for condition (4) are
defined as class III siRNAs (Figure 1(a2)). Validation indi-
cated that all of 15 class III siRNAs arbitrarily chosen are in-
capable of inducing efficient mammalian RNAi [29]. Thus,
most, if not all, class I siRNAs may possibly serve as siR-
NAs highly functional in mammalian cells. Class III siRNAs
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Figure 1: Three algorithms for siRNA design for functional RNAi in mammalian cells. (a) Algorithm 1. Highly functional class I siRNAs
simultaneously satisfy the following four conditions: A/U at the 5′ AS end, G/C at the 5′ SS end, more than four A/U nucleotides in the
5′-terminal one-third of AS, and lacking a long G/C stretch in the 5′-terminal two-thirds of SS. Ineffective class III siRNAs possess features
opposite to class I siRNAs. (b) Algorithm 2. There are 8 requirements for this algorithm: low G/C contents (30–52%), three or more A/U at
the five 3′-terminal base pairs of SS, low internal stability lacking stable inverted repeats, and base preferences at SS positions 3, 10, 13, and
19. (c) Algorithm 3. A/U content in the 5′ AS end should be higher than that in the 5′ SS end. Base preferences are also required at positions
indicated. (d) Difference in functional siRNA prediction between three Algorithms, 1, 2, and 3. 43747193 siRNA sequences were collected
from human RefSeq sequences and classified using three algorithms.

are nearly incapable of inducing effective mammalian RNAi.
With the luc, the total number of theoretically designable siR-
NAs is 1631 and class I siRNAs represent about 17%, which
is roughly identical to the percentage (25%) of highly func-
tional siRNAs estimated from validation data [29], class I siR-
NAs may thus constitute most, if not all, of siRNAs highly
functional in mammalian RNAi.

Algorithm 2. This algorithm was proposed by Reynolds et al
[59, Figure 1B] who carried out analysis of 180 siRNAs tar-
geting mRNA of two genes and found the following charac-
teristics associated with siRNA functionality: low G/C con-
tent, preference for low internal stability at the 3′-terminus of
SS, and absence of inverted repeats. Furthermore, SS is pre-
sumed to preferably use A, U, and A at SS positions 3, 10,
and 19, respectively. The 5′ AS terminal should not be G/C.
G may not be present at position 13 (Figure 1(b)). In more

than half of class I siRNAs, there are no base preferences at
position 3 and 10 [29, 55], so that Algorithms 1 and 2, re-
spectively, may predict considerably different siRNA sets to
be functional.

Algorithm 3. This algorithm was proposed by Amarzguioui
and Prydz [60] who carried out statistical analysis on 46 siR-
NAs and found Algorithm 3 to require the following features
for functional siRNAs. The 5′ AS terminus and its SS partner
are A/U and the 5′ SS terminus and its AS partner, G/C. An
opposite combination of terminal bases may give rise to in-
adequate functionality. These authors also found that there
is asymmetry in siRNA duplex end stability; that is, the A/U
content differential for the three terminal nucleotides at both
ends of the duplex may be considered essential to siRNA
functionality. Furthermore, they noted A to prefer position
6 of functional siRNAs (Figure 1(c)), although only a small
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fraction of class I siRNAs is associated with A at SS position
6 [29].

To examine in greater detail, relationships among the
three algorithms, that the percentage of siRNAs considered
functional by Algorithm 1 (class I) can be repredicted as
functional by Algorithms 2 or 3 or vice versa, was determined
(see [55, Figure 1D]. Based on the three algorithms, total pos-
sible siRNA sequences (4.4× 107) designed using RefSeq hu-
man sequences (version 11) were found to be nonfunctional
by as much as 73%. Class I siRNAs constituted 14% of the
total theoretically predictable siRNAs, whereas Algorithms 2
and 3, respectively, predict 10 and 20% as functional siRNAs.
Nearly 90% of class I siRNAs could be repredicted as func-
tional by Algorithm 2 or 3 or both. Eighty four percent of siR-
NAs simultaneously predicted as functional by Algorithms
2 and 3 could be repredicted as functional or class I siR-
NAs by Algorithm 1. More than 50% of siRNAs predicted as
functional by Algorithm 2 could not be predicted to be func-
tional by Algorithm 3. Seventy seven percent of Algorithm 3
functional siRNAs could not be repredicted as functional by
Algorithm 2. These findings may indicate that Algorithm 1 is
capable of predicting the functionality of siRNAs more reli-
ably than Algorithms 2 or 3.

ALIGNMENT ALGORITHM FOR SHORT
NUCLEOTIDE SEQUENCES

Rapid homology comparison of the entire mRNA sequences
with siRNA AS/SS sequences is indispensable for identify-
ing off-target genes. BLAST [62] may not be a good software
for making such comparison, since a number of off-target
candidates are overlooked and too, considerable time is re-
quired for BLAST-based calculation. The Smith-Waterman
local alignment algorithm [63] is accurate but time consum-
ing to execute. Recently, Yamada and Morishita have devel-
oped a very rapid and accurate alignment algorithm for short
nucleotide sequences [41] and this software can process 60
million siRNA sequences of 21 nucleotides in length in 10
hours when executed in parallel on ten inexpensive PCs. The
hardware of Snøve Jr and Holen [64] provides similar perfor-
mance although the number of processing units is not clearly
specified. Websites using the Yamada-Morishita software or
hardware of Snøve Jr and Holen should thus prove much
more rapid and reliable compared to BLAST.

The base mismatch introduction studies indicate that
transfected siRNAs occasionally cause phosphodiester-bond
cleavage not only of the authentic mRNA target but also mu-
tated targets with 1-2 base mismatches [33, 39]. But mu-
tated targets with three or more mismatches may not un-
dergo cleavage by transfection of the same siRNA [Y N et
al, unpublished]. siRNAs less than 84 (16/19 × 100)% ho-
mology in sequence to any part of total mRNAs other than
the target should thus be used for RNAi, which would re-
duce the number of available functional siRNAs to 1/10 of
the input. That is, only 10% of class I siRNAs or less than 2%
of total siRNAs theoretically designable using human Ref-
Seq sequences becomes available in mammalian RNAi when

off-target effects due to mRNA destability are considered.
Computational analysis indicated that, even so few available
siRNAs, at least one functional class I siRNA can be assigned
to more than 99% of human mRNA sequences (RefSeq se-
quences) [Y N et al, unpublished].

miRNAs involved in posttranscriptional gene silencing
through translational regulation [65–73] possess less homol-
ogy with the target, indicating siRNAs with lesser homology
in some cases to possibly be involved in some off-target reac-
tions [74]. The elimination of a large number of siRNA with
low homology to mRNAs other than the target may render
genome-wide gene silencing in mammalian cells quite diffi-
cult. The simultaneous use of a few to several siRNAs target-
ing for an identical gene (target gene) may possibly solve this
problem since, in most cases, off-target targets would not be
identical to each other [31, 32].

EXPERIMENTAL PARAMETERS POSSIBLY
AFFECTING FUNCTIONALITY OF siRNAs

siRNA-mediated RNAi activity may vary significantly de-
pending on not only the particular siRNA sequence but also
parameters such as siRNA concentration, duration of siRNA
exposure, and possibly target mRNA concentration and sec-
ondary structure within cells [29, 75]. Functional siRNAs in
some cases have actually been found to induce maximum
RNAi activity 1 day after transfection, whereas other siR-
NAs to express maximum activity on 2 or 3 days follow-
ing transfection. Usually, functional-siRNA-dependent RNAi
persists 1-2 weeks, whereas virtually no RNAi is induced
within cells even after a long incubation with nonfunctional
siRNAs. Class I siRNAs, capable of inducing highly func-
tional RNAi when transfected at 50 nM, were considerably
heterogeneous in capability of bringing about RNAi when
used for 1-day transfection at the concentration of 50 pM
(see [29] by Ui-Tei et al). Reduction in target gene activ-
ity varied from 20 to 60% depending on the sequences of
class I siRNAs used. Thus, additional sequence conditions
may possibly be found so as to define a subclass of class
I with more functionality but in such a case, nearly com-
plete genome-wide gene silencing might no longer be pos-
sible.

Recently, Kim et al [76] showed that a 27 bp long dsRNA
with blunt ends is much greater in functionality than 21 bp
long siRNA and suggested that short Dicer substrate dsRNA
may be generally much more functional compared to au-
thentic siRNAs 21 bp long. However, it was subsequently
found that this is not a general feature of 27 bp long blunt-
ended dsRNA [77]. In the absence of 3′ overhang, Dicer di-
gests dsRNA uncontrollably, generating many products vary-
ing in length, most of which may not be as functional as 21 bp
long highly functional siRNAs [77]. RNAi-inducing activ-
ity would thus appear to depend primarily on the presence
of considerable highly functional siRNAs in the digestion
products and so, consequently, 27 bp long blunt-end dsRNA
would not be necessarily a good choice for highly efficient
RNAi.
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siRNA-OLIGOMER-DEPENDENT RNAi
IN MAMMALIAN CELLS

Long dsRNA possessing 2-nucleotide 3′ overhangs at both
ends is cleaved by Dicer from these ends to generate siR-
NAs having definite nucleotide sequences [28, 77–80]. Thus,
should nearly all siRNAs produced by Dicer digestion belong
to class I and the interferon response due to dsRNAs equiv-
alent in length to siRNA oligomers not being significant,
the induction of effective multiple-gene knockout in mam-
malian cells may occur with transfection of siRNA oligomers
and this was recently found to be the case [28]. Through
use of class-I-siRNA oligomers multiple-target gene knock-
out was clearly shown to take place.

DNA/shRNA-MEDIATED RNAi

RNAi can be induced by introducing DNA encoding both
SS and AS of siRNA into mammalian cells. Both RNA poly-
merase III and II promoters, respectively, are used to ex-
press short hairpin RNA (shRNA) and longer RNA includ-
ing shRNA sequence in the middle [81–90]. The primary
transcript of RNA polymerase III is a mixture of shRNAs
with two to several consecutive U’s at its 3′ overhang [81–
88]. Dicer cleavage sites of shRNAs vary depending on the
length of 3′ overhangs [89] and accordingly, several different
species of siRNAs are expected to be generated from shRNAs
transcribed by polymerase III [88]. Thus, the presence of
highly functional siRNAs in these Dicer digestion products is
required for successful RNAi due to a polymerase-III-based
system. In addition, four consecutive U’s or A’s should not be
included in the nonoverhang sequences of AS and SS, respec-
tively, since these sequences stimulate premature termination
of polymerase-III-dependent transcription [88].

In polymerase II-driven expression systems, the pri-
mary transcript is long polyadenylated RNA (pri-miRNA-
like RNA), which is recognized and cleaved by the nu-
clear microprocessor complex [91, 92]. This complex con-
tains Drosha, an RNase III-type RNase that cleaves the pri-
miRNA-like RNA to generate shRNA with a 2-nucleotide
3′ overhang [93]. The shRNA thus produced is converted
mainly to two overlapping siRNAs through Dicer digestion
(see [28]), indicating that successful RNAi requires the in-
volvement of highly functional siRNAs in these siRNA prod-
ucts.

POSSIBLE MOLECULAR BASES OF ASYMMETRIC
SEQUENCE REQUIREMENTS IN
FUNCTIONAL siRNAs

Each mammalian Argonaute proteins (eIF2Cs) is comprised
of a PRP motif and two domains: PAZ and PIWI [94]. Struc-
tural analysis of the Argonaute protein crystals from Pyro-
coccus farious indicated that the PIWI domain has essentially
the same three-dimensional structure as ribonuclease H and
that Argonaute may function as a slicer of mRNA [95]. PAZ
and PIWI domains may recognize separately two ends of
siRNA. The crystal structure of the PAZ domain from human

Argonaute 1 suggested that the PAZ domain is anchored to
the 2-nucleotide 3′ overhang of the siRNA duplex [96]. The
PIWI domain from Archaeoglobus fulgidus contains a highly
conserved metal-binding site that may recognize the 5′ nu-
cleotide of AS of siRNA in a manner not dependent on se-
quence [97].

Algorithms 1 and 3 predict functional siRNAs to pos-
sess A/U and G/C at the 5′ AS and SS ends, respectively
[29, 55, 60]. The GC pair is thermodynamically much more
stable than the AU pair and thus, differences in stability in
terminal base pair of the siRNA duplex may determine ter-
minal sequence preference in highly functional and non-
functional siRNAs, most probably by stimulating asymmet-
ric binding of PIWI and PAZ domains to siRNA ends.

The 5′-terminal one-third of AS of functional class I siR-
NAs is A/U-rich, possibly due to preferable siRNA unwind-
ing from its AS end [29, 56]. A one-step motor function of
the putative siRNA helicase may unwind several base pairs
from the A/U-rich siRNA end to stimulate formation of ac-
tive RISC lacking SS of siRNA. Should this be the case, the
introduction of base mismatches into the 3′-terminal third
SS of siRNA may significantly increase the induced RNAi ac-
tivity. Studies with Drosophila extracts showed a significant
base-mismatch-dependent increase in RISC formation [56].
But, to date there are no data clearly confirm this in mam-
malian cultured cell experiments. Recently a part of RISC
has been shown to be activated through cleavage of SS of
siRNA at its center [98]. The presence of base mismatches
in SS might be unfavorable to SS cleavage and this negative
effect might partially prevent siRNA from being unwound.
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The triumphant success of RNA interference (RNAi) in life sciences is based on its high potency to silence genes in a sequence-
specific manner. Nevertheless, the first task for successful RNAi approaches is the identification of highly active small interfering
RNAs (siRNAs). Early on, it has been found that the potency of siRNAs can vary drastically. Great progress was made when
thermodynamic properties that influence siRNA activity were discovered. Design algorithms based on these parameters enhance
the chance to generate potent siRNAs. Still, many siRNAs designed accordingly fail to silence their targeted gene, whereas others are
highly efficient despite the fact that they do not fulfil the recommended criteria. Therefore, the accessibility of the siRNA-binding
site on the target RNA has been investigated as an additional parameter which is important for RNAi-mediated silencing. These
and other factors which are crucial for successful RNAi approaches will be discussed in the present review.
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INTRODUCTION

RNA interference (RNAi) is a naturally occurring phenome-
non of RNA-mediated gene silencing that is highly conserved
among multicellular organisms (for recent reviews, see, eg,
[1–4]). It is a post-transcriptional process initiated by dou-
ble-stranded RNA molecules that induce degradation of a
complementary target RNA. In the first step of the path-
way, long double-stranded RNA molecules are chopped into
shorter duplexes with 2 nucleotide overhangs at both 3′ ends
by an endonuclease dubbed Dicer, the structure of which
has been solved only recently [5]. The resulting 21 mer effec-
tor RNAs, named small or short interfering RNAs (siRNAs),
are incorporated into a multimeric protein complex, the
RNA-induced silencing complex (RISC). One of the two
siRNA strands guides RISC to a complementary RNA. After
hybridization the endonucleolytic “slicer” activity of RISC
cleaves the target RNA, thus preventing its translation.

While long double-stranded RNA molecules can be em-
ployed to induce RNAi in lower eukaryotes, siRNAs being
21 nucleotides in length have to be used for gene silencing
in mammalian cells in order to prevent the activation of an
unspecific interferon response [6]. Due to the higher effi-
ciency of siRNAs compared to traditional antisense oligonu-
cleotides and ribozymes [7–9] and the relative ease of RNAi-
mediated knockdown of target gene expression compared to
knockout by homologous recombination, RNAi has rapidly
become a standard technology in life sciences. Furthermore,
siRNAs are not only new powerful research tools, but are also

considered to be a promising new class of therapeutics [10–
13].

In addition to siRNAs, endogenously expressed short
double-stranded RNA molecules, referred to as microRNAs
(miRNAs), entered the focus of current research (for a re-
view, see [14]). These molecules are now believed to be im-
portant cellular gene regulators that play an important role
in developmental processes and various diseases. At the be-
ginning of the miRNA pathway, RNA polymerase II gener-
ates long primary RNAs that contain the miRNA sequences.
These transcripts designated as pri-miRNAs are cleaved in
the nucleus by an RNase III family enzyme, Drosha, to give
the pre-miRNAs approximately 70–90 nucleotides with a 2
nucleotide 3′ overhang. After being exported to the cyto-
plasm, the pre-miRNA is recognized by Dicer and processed
to generate the mature miRNA, which is incorporated into
RISC. In contrast to siRNAs, however, miRNAs are capable
of inhibiting translation of the targeted mRNA without de-
grading it (at least in mammalian cells). Still, the siRNA and
miRNA pathways share many similarities. Elucidation of the
mechanisms of miRNA activity therefore helps to understand
the mode of action of siRNAs and vice versa.

Despite the great success of RNAi mediated approaches,
the design of highly efficient siRNAs still remains a hurdle
that has to be overcome. Initial expectations expressed on an
antisense meeting in 2001 that there is no need to select for
optimal siRNA target sequences [15] have soon been proven
to be too optimistic, since a drastic variation of silencing
efficiency was observed for different siRNAs directed against
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the same target RNA [16]. It thus became clear that either
factors intrinsic to the siRNA or properties of the targeted
mRNA are crucial for the success of an RNAi approach. In
the present review our current knowledge about factors that
influence the potency of siRNAs will be summarized and ad-
vice will be given that helps with the generation of efficient
molecules. It will, however, become obvious that we do not
yet know all relevant features so that even the sophisticated
design algorithms available to date do not guarantee satisfac-
tory activity of the proposed siRNAs.

THERMODYNAMIC PROPERTIES OF EFFICIENT siRNAs

Early on, recommendations have been given for the selection
of siRNA target sites [17]: the selected region should prefer-
ably be located in the coding region, at least 50 nucleotides
downstream of the start codon; the GC-content should be
approximately 50%; and a sequence motive AA N19 TT was
suggested to be advantageous. A blast search is necessary to
ensure that the siRNA has no significant homologies with
other genes than the intended target. Even though these se-
lection criteria have been employed with great success in nu-
merous RNAi experiments, a further increased hit rate for
highly potent siRNAs was desirable for the generation of
large libraries. Significant progress towards the design of ac-
tive siRNAs was achieved when an unexpected asymmetry
concerning the incorporation of the two strands of siRNAs
and miRNAs was found in two independent studies [18, 19].
Analysis of the known miRNA sequences in the context of
miRNA precursor hairpins revealed a low stability of the 5′

end of the antisense strand compared to the 5′ end of the
sense strand [18]. Subsequently, the same feature was ob-
served for siRNAs. Functional duplexes displayed a lower
relative thermodynamic stability at the 5′ end of the anti-
sense strand than nonfunctional duplexes. The finding that
the relative stabilities of the base pairs at the termini of the
two siRNA strands that determine the degree to which each
strand is fed into the RNAi pathway led to the hypothesis that
strand incorporation into RISC is determined by an RNA
helicase that initiates dissociation of the miRNA or siRNA
duplex at the end with the lower thermodynamic stability
[19].

These findings were further refined in a systematic anal-
ysis of 180 siRNAs targeting the mRNAs of two genes [20].
In addition to the relative stability of both ends of the siRNA,
base preferences at certain positions of the duplex were iden-
tified in functional siRNAs. A set of eight criteria was used
in an algorithm intended to improve the selection of po-
tent siRNAs (Table 1 and Figure 1). A total of 6 or more
points according to this scoring system was proposed to sig-
nificantly increase the probability for efficient gene silenc-
ing.

Independent studies analysing the activities of siRNAs
against different mRNAs confirmed the basic outcome of
these studies [eg, [21, 22]]. Although some base preferences
at certain positions of the siRNAs were either questioned or
added to the list, the relative thermodynamic stability of the
siRNA termini was verified to be a major determinant of

Table 1: Design criteria for siRNAs according to Reynolds et al [20].

Criterion Score

GC content between 30–52%
1

(in the 19 mer siRNA duplex)

A or U at positions 15–19 1 for each

A at position 19 1

A at position 3 1

U at position 10 1

G or C at position 19 −1

G at position 13 −1

the functionality of siRNAs. Somewhat different results were
obtained, when a database was compiled consisting of 398
siRNAs against 92 genes from 30 different studies, in order
to overcome a major shortcoming of earlier studies, the low
number of genes being targeted [23]. Bioinformatic analysis
of the data set led to a set of rules (termed “Stockholm rules”)
that differs from the scoring systems described above.

Various academic groups and commercial vendors devel-
oped a software for designing siRNAs based on the identified
features of active siRNAs. A list of freely available web tools
is given in Table 2. Some additional prediction servers were
introduced in a special web server issue of Nucleic Acids Re-
search of July 2004.

In a more recent study, a set of approximately 2200
randomly selected siRNAs targeting 24 mRNA species was
used to train a neuronal network to predict the activity of
siRNAs [25]. Statistic analysis of the large data set revealed
some of the criteria discovered previously, but also identi-
fied new motives that are overrepresented in potent siRNAs.
The approach to train an artificial neuronal network goes be-
yond earlier efforts like the above-mentioned scoring system,
which uses a linear summation of parameters, in that it can
handle complex sequence motifs and synergistic relations be-
tween two or more parameters. The neuronal network-based
algorithm was finally employed to design a library of approx-
imately 50.000 siRNAs that cover the human genome with a
redundancy of two siRNAs per gene.

Taken together, the analysis of the sequences of active and
nonfunctional siRNAs clearly revealed that the two strands
of an siRNA duplex are not equally eligible for assembly into
RISC. Rather, the relative stability of both ends of the siRNA
is widely considered to determine which of the strands will
preferentially participate in the RNAi pathway. It is therefore
advisable to take into account the proposed criteria for active
siRNAs when designing siRNAs against a new target. It has to
be mentioned, however, that following these algorithms does
not guarantee for the success of an RNAi approach. On the
contrary, numerous highly efficient siRNAs have been pub-
lished that do not obey the rules. Before addressing further
determinants of siRNA activity in more detail, a short sum-
mary of structural studies will be given that may account for
the asymmetric incorporation of the two siRNA strands into
RISC.
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Figure 1: Features of efficient siRNAs according to Reynolds et al [20]. The relative stability of both ends of the siRNA as well as the bases in
certain positions influences the activity of siRNAs (H = A, C or U).

Table 2: Web sites for the design of effective siRNAs (based on [24] with modifications).

Source URL

Dharmacon www.dharmacon.com/sidesign/

Hannon Lab katahdin.cshl.org:9331/homepage/siRNA/RNAi.cgi?type=siRNA

Integrated DNA Technologies scitools.idtdna.com/RNAi

Sonnhammer Lab sisearch.cgb.ki.se

Invitrogen rnaidesigner.invitrogen.com/sirna

McManus Lab

Qiagen http://www1.qiagen.com/Products/GeneSilencing/CustomSiRna/SiRnaDesigner.aspx

Sfold Algorithm http://sfold.wadsworth.org/index.pl

Whitehead Institute http://Jura.wi.mit.edu/siRNAext

MWG-Biotech http://www.mwg-biotech.com/html/s synthetic acids/s sirna design.shtml

STRUCTURAL BASIS FOR STRAND ASYMMETRY

In recent years, significant progress has been made to eluci-
date the molecular basis of RNAi and to understand the
asymmetric strand incorporation (for a review, see [26]).
The catalytic activity of RISC, termed slicer, which leads to
the cleavage of the target RNA, has been identified to be lo-
cated in the Argonaute2 (Ago2) protein [27]. Ago2 contains
two major domains referred to as PIWI and PAZ (acronym
for PIWI/Argonaute/Zwille). Crystallographic analysis re-
vealed the PIWI domain at the C-terminus of the protein to
closely resemble the structure of RNase H [28]. This enzyme
cleaves the RNA component of an RNA/DNA hybrid. The
PIWI domain of Ago2 can thus be regarded as a variant of
the RNase H structure motive specialized in cleavage of one
strand of double-stranded RNAs.

Recombinant human Ago2 and an siRNA were found to
form a minimal RISC that accurately cleaves substrate RNAs
[29]. Interestingly, only single-stranded siRNA could be spe-
cifically incorporated into recombinant Ago2, whereas pho-
toreactive double-stranded siRNA did not crosslink with
Ago2. This finding indicates the importance of the RISC
loading complex (RLC) for efficient incorporation of the
siRNA into the Ago2 protein. In Drosophila melanogaster, a
heterodimer consisting of Dicer-2 and the double-stranded
RNA binding protein R2D2, which contains the siRNA, was
found to be important for RISC assembly [30]. R2D2 binds
the thermodynamically more stable end of the siRNA, that is,
the 3′ end of the guide strand, and can thus determine which
one of the strands will be associated with Ago2. It has there-

fore been described as the “protein sensor for siRNA thermo-
dynamic asymmetry.”

In human cells, the HIV-1 trans-activating response
RNA-binding protein (TRBP) has been found to recruit the
Dicer complex to Ago2 [34]. Based on these findings a model
has been proposed for RISC assembly and function [31] that
is depicted in Figure 2. In cytoplasm, RISC containing Dicer,
TRBP, and Ago2 recognizes hairpin RNAs like pre-miRNAs.
The RNase III Dicer generates ∼22 nt long duplexes which
remain associated with RISC as a ribonucleoprotein com-
plex. In analogy to R2D2 from Drosophila, TRBP and Dicer
are likely to sense the thermodynamic asymmetry between
the two ends of the duplex. Two recent reports suggest that
the passenger strand is cleaved, before being removed from
the Ago2 protein [32, 33]. The guide strand remains bound
to the active RISC and recognizes target RNAs by comple-
mentary base pairing. The PIWI domain of Ago2 cleaves the
target RNA. After release of the cleavage products, RISC can
undergo further rounds of target RNA destruction. Interest-
ingly, none of these steps requires energy from ATP hydrol-
ysis. Although RISC can utilize 21 mer siRNA duplexes, pre-
miRNA-type Dicer substrates result in a 10-fold higher activ-
ity [31].

TARGET SITE ACCESSIBILITY

Although there is no doubt that the design criteria de-
scribed above increase the success rate to generate active siR-
NAs, a survey of published RNAi experiments readily re-
veals that many siRNAs are highly potent although they do
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Figure 2: Model for assembly and function of RISC according to
[31] under consideration of [32, 33].

not fulfil the recommendations. Even more intriguing is the
fact that siRNAs may be unsuitable to silence their target
although they comply with these rules. It is thus obvious
that additional features have to be considered to optimize
the efficiency of RNAi. Some earlier studies had already sug-
gested that the structure of the target RNA may influence
siRNA activity [35–37]. When it became clear that the de-
sign algorithms based solely on thermodynamic parameters
of the siRNA are helpful tools, but do not guarantee success
of RNAi approaches, target-site accessibility came back into
the focus.

Luo and Chang [38] described the local mRNA struc-
ture at the target site as the main cause for the positional
effect of different siRNAs. As a reliable parameter for target
site accessibility, they introduced the “hydrogen bond index”
representing the average number of hydrogen bonds formed
between nucleotides in the target region and the rest of the
mRNA. This index, which has to be determined by bioin-
formatic secondary structure prediction, was found to corre-
late inversely with the gene-silencing effect. Further experi-
ments revealed that the tight stem-loop structure of the HIV-
1 transactivation response element (TAR) is detrimental to

silencing by RNAi [39]. In contrast, the location of the
siRNA-binding site within a translated or noncoding region
of the mRNA had only marginal effects.

A systematic global analysis was performed with a set of
siRNAs directed against two target RNAs, for which the ac-
cessibility of the siRNA target sites was determined by an iter-
ative computational approach and by experimental RNase H
mapping [40]. IC50-values as well as the maximal extent of
target suppression were significantly improved for siRNAs
against accessible local target sites compared to those siRNAs
which targeted inaccessible regions of the mRNAs. In con-
trast, the relative thermodynamic stability of both ends of the
siRNA was not found to be a suitable marker for siRNA activ-
ity. This finding was further strengthened by a kinetic analy-
sis of isolated human RISC [41]. An siRNA directed against
the highly structured RNA of the HIV-1 TAR was found to be
incapable of target RNA cleavage. When the tight structure
was disrupted by the addition of an oligonucleotide consist-
ing of 2′-O-methyl RNA, target-site accessibility increased
leading to enhanced cleavage of the TAR RNA.

In a recent study, we aimed at deciphering the contri-
butions of both factors, that is, the thermodynamic proper-
ties of the siRNA and the target RNA structure, to the ef-
ficiency of an RNAi approach by constructing a set of in-
tentionally designed target sites [42]. A highly active siRNA,
which is capable of silencing its full-length target RNA in
the subnanomolar range, maintained its potency when di-
rected against the isolated target site fused to the green fluo-
rescent protein (GFP). Interestingly, a fusion construct with
the siRNA-binding site in reverse orientation was found to be
silenced to a much lower extent, confirming the existence of
a strand bias. However, incorporation of the original target
site into a tight hairpin structure was detrimental to silenc-
ing as well. Further experimental and bioinformatic analysis
of a set of target RNAs with varying degrees of target-site ac-
cessibility revealed a linear correlation between the local free
energy in the siRNA-binding region and the extent of gene
knockdown. These findings demonstrate that the thermody-
namic properties of the siRNA itself as well as the structure of
the target RNA both influence the efficiency of an siRNA. We
therefore proposed a model, according to which the outcome
of an RNAi approach is determined at two points of the mul-
tistep process (Figure 3). Firstly, asymmetric strand incorpo-
ration into RISC is controlled by thermodynamic properties
of the siRNA; secondly, accessibility of the target site may fur-
ther modulate the efficiency of silencing. Even siRNAs with
favorable thermodynamic properties may thus be incapable
of inhibiting gene expression in cases in which the binding
region is inaccessible due to tight secondary structures.

Design of siRNAs according to the criteria recommended
by Reynolds et al [20] frequently results in satisfactory inhibi-
tion of gene expression. Some targets, however, are refractory
to RNAi-mediated silencing, most likely due to the existence
of stable secondary structures. For example, we and others
failed to identify efficient siRNAs against the highly struc-
tured 5′ untranslated region of plus-stranded RNA viruses
and were more successful when targeting less tightly ar-
ranged parts of the coding region [43–47]. In some cases, it
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Figure 3: Efficiency of an siRNA is determined at two points of the
RNAi pathway. (1) A strand bias exists that is defined by the intrinsic
thermodynamic properties of the siRNA duplex, that is, by the rel-
ative stability of both ends. (2) A highly ordered structure may have
a detrimental influence on the hybridisation of the siRNA/RISC to
its target site and may therefore reduce the efficiency of the silenc-
ing process, even in cases in which the intended antisense strand is
favored for incorporation into RISC. (Reprinted with slight modi-
fications from the Journal of Molecular Biology; see [42], with kind
permission from Elsevier.)

might be advisable to take the target RNA structure into ac-
count as well. Several freely available design algorithms, for
example, the Sfold web server (http://sfold.wadsworth.org
[48]) and the siRNA design tool offered by MWG-biotech
(http://www.mwg-biotech.com [49]) allow the design of
siRNAs based on thermodynamic properties of the duplexes
with consideration of the predicted secondary structure of
the binding region of a potential siRNA.

STRATEGIES TO IMPROVE siRNA EFFICIENCY

Detailed bioinformatic analysis of the large set of sequence-
activity relationships reported by Huesken et al [25] con-
firmed that the score according to Reynolds et al [20] as
well as the target-site accessibility correlate with the extent
of siRNA-mediated gene silencing. However, this investiga-
tion clearly revealed that both parameters are insufficient to
fully explain or predict the potency of siRNAs (G. Schramm,
personal communication). Thus, further factors can be ex-
pected to influence the functionality of siRNA molecules. Re-
cently, Patzel et al [50] suggested that the structure of the
guide strand could be another feature, which is crucial for the
efficiency. Employing a series of siRNAs with different struc-
tures, guide strands that do not form defined structures or
possess freely available terminal nucleotides, mainly at the 3′

end of the guide strand, were found to increase the efficiency
of siRNAs (Figure 4). In contrast, structures with base-paired
ends were virtually inactive. Interestingly, in this study nei-
ther the thermodynamic duplex profiles nor target mRNA
structure were found to be of major importance for the si-
lencing process.

siRNA

Unwinding

Inactive Active

Figure 4: Influence of guide RNA structure on siRNA efficiency
[50]. siRNA guide strands with base-paired termini were found to
be inactive, whereas guide RNAs with freely accessible ends (mainly
3′ ends) were highly efficient.

A strategy to circumvent the need to identify suitable in-
dividual siRNAs is to use mixtures of siRNAs. To this end,
long double-stranded RNA molecules have been processed
in vitro by Escherichia coli RNase III [51]. The resulting
pool of siRNAs, dubbed endoribonuclease-prepared siRNAs
(esiRNA), can subsequently be transfected into cells to si-
lence the corresponding gene. This efficient and cost effec-
tive method allowed the rapid generation of a large library
consisting of more than 5000 esiRNAs [51]. It is still under
debate whether this approach will elicit severe off-target ef-
fects due to the large number of sequences contained in the
pool. It has, however, also been argued that pooling of siR-
NAs might decrease unspecific effects, since this strategy di-
lutes out the off-target effects of each individual siRNA, while
retaining the total target-specific silencing capacity.

Two independent studies described additional approach-
es to enhance the efficiency of a single siRNA. Conventional
siRNAs consist of a 19 mer double-stranded region and two
nucleotide overhangs at the 3′ ends of each strand. Accord-
ingly, short hairpin RNAs used for vector expression are de-
signed with a 19 mer duplex, a loop connecting both strands,
and two to four uridines at the 3′ end of the antisense strand.
The two more recent publications now report that longer
siRNA duplexes are up to 100-fold more potent than the cor-
responding conventional 21 mer siRNAs [52, 53]. In one of
these studies a set of chemically synthesised siRNAs of vary-
ing length was used [52]. The optimum of silencing efficiency
was found for siRNAs being 27 nucleotides in length. These
27 mers were even suitable to target sites that are refractory
to silencing by 21 mer siRNAs. Importantly, the 27 mer du-
plexes did not activate the interferon response or protein ki-
nase R. The authors of the second publication found 29 mer
short hairpin RNAs to be particularly potent inducers of
RNAi [53]. The higher efficiency of longer double-stranded
RNA duplexes might be due to the fact that these siRNAs
and shRNAs, respectively, are initially processed by Dicer to
give 21 mers. As described above, mechanistic models based
on copurification experiments [31] indicate that Dicer is in-
volved in the loading process of siRNAs into RISC, thus ex-
plaining the improved potency of Dicer substrates compared
to traditional 21 mer siRNAs. In a follow-up study, 27 mer
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duplexes with 2-base 3′-overhangs were found to be superior
compared to blunt-end duplexes [54]. Interestingly, asym-
metric strand utilization was found with the strand carry-
ing the overhang being preferred for silencing. The authors
conclude that Dicer processing confers functional polarity
within the RNAi pathway for longer double-stranded RNAs.

Recently developed strategies to generate siRNAs from a
miRNA environment went along the same lines to employ
Dicer substrates for silencing. Stegmeier et al [55] generated
an siRNA by replacing a naturally occurring miRNA by a
target-specific siRNA sequence flanked by ∼125 bases of 5′

and 3′ sequence derived from the primary miRNA transcript.
This construct can be expressed from both Pol III and Pol II
promotors, thus opening the road to use tissue-specific pro-
motors. The microRNA-type expression of shRNAs has been
found to be superior compared to conventionally expressed
isolated shRNAs and has been used to generate large libraries
covering a substantial fraction of the predicted genes in the
human and mouse genomes [56].

SUMMARY

Various factors have been identified that contribute to the
efficacy of small interfering RNAs. Thermodynamic proper-
ties of a given siRNA itself influence its asymmetric incor-
poration into the RNA-induced silencing complex. Further-
more, the local structure of the targeted RNA might render
the siRNA-binding region inaccessible, thus preventing effi-
cient silencing. Additional factors like the availability of free
ends of the siRNA antisense strand have been described to be
relevant to the induction of RNAi. It is, however, clear that all
of these features still do not provide an exhaustive descrip-
tion of the determinants of siRNA potency. We can therefore
expect additional factors to be identified that contribute to
the activity of siRNAs. Additional research is needed to fur-
ther increase the success rate when designing siRNAs against
a new target RNA.
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License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

INTRODUCTION

A variety of well-documented approaches have been de-
veloped for inhibiting gene expression. These include the
use of antisense RNAs, oligodeoxynucleotides (ODNs), ri-
bozymes, and RNA interference (RNAi) [1–3]. Among these
approaches, RNAi-mediated mRNA degradation is emerg-
ing as the most highly effective antigene strategies [2, 3]. Al-
though the same phenomenon was described in transgenic
plants in the late 1980s [4], only in 1998 Fire and colleagues
have demonstrated that ds RNA introduced into Caenorhab-
ditis elegans can silence the expression of homologous tar-
get gene by directing degradation of its mRNA [5]. During
RNAi, the precursor double-stranded (ds) RNA is processed
by the Dicer endonuclease into short 21–24 nucleotides ds
siRNAs containing 2-base 3′-overhangs. Subsequently, the
siRNA duplexes are then incorporated into a multiprotein
complex, the RNA-induced silencing complex (RISC), which
mediates the degradation of mRNAs with sequence homol-
ogous to the siRNA. Recent studies have showed that nu-
cleotides 2–8 of the siRNA antisense strand form a seed se-
quence that directs target mRNA recognition [6]. Some of
the protein components of RISC have been identified and as-
signed functions. Argonaute 2 (Ago2) is the RNA endonucle-
ase that cleaves target mRNA [7].

Despite the demonstration of RNAi in plants and worms,
researchers have been pessimistic about using RNAi in

mammalian cells due to the induction of the interferon
(INF) pathway by long ds RNAs (> 30 nucleotides), leading
to nonspecific inhibition of protein synthesis and degrada-
tion of mRNAs [8]. However, Tuschl and colleagues found
that siRNA duplexes mimicking the siRNAs generated by
Dicer cleavage in lower organisms could trigger RNAi with-
out inducing the IFN pathway, which is observed with long
double-stranded RNA in most cell types [9]. This discovery
has paved the way for the study of gene function in mam-
malian cells. In contrast to invertebrates, mammalian cells
do not have transitive RNAi because of the absence of RNA-
dependent RNA polymerase [2, 3]. Consequently, the num-
ber of siRNA molecules introduced into a cell limits gene
silencing induced by synthetic siRNAs. To circumvent this
potential problem, several groups have developed expression
vectors that direct the synthesis of RNA duplexes or short
hairpin RNAs (shRNAs) in mammalian cells, leading to sus-
tained production of siRNAs [3]. One approach for silencing
relies on the expression of shRNAs under the control of H1
or U6 pol III promoter, which is active in most mammalian
cell types.

During the last 5 years, siRNA-mediated gene knock-
down has become a standard method for studying gene func-
tion and drug target validation. However, despite the success
that has been achieved, some serious concerns such as the ac-
tivation of innate immunity, inhibition of unintended target
mRNAs, and potential interference with regulatory functions



2 Journal of Biomedicine and Biotechnology

of endogenous microRNAs need to be resolved prior thera-
peutic applications in humans [2, 10–12].

CELLULAR RESPONSE TO siRNAs

The gradual maturation of RNAi technology from the labo-
ratory to the clinic involves several major challenges, many
of which still need to be resolved. These include delivery to
target cells, intracellular stability, and specificity [2, 3]. It
should be noted that the introduction of synthetic siRNAs
into mammalian cells in culture is relatively simple by trans-
fection reagents [9]. siRNAs can be chemically synthesized,
or produced by in vitro transcription or by digestion of long
dsRNAs by recombinant RNase III or Dicer [2, 3]. Most of
the techniques that have been used for antisense delivery can
be applied to synthetic siRNAs and to DNA constructs en-
gineered to express shRNAs. These include electroporation,
cell microinjection, and lipophilic transfection [13].

Although siRNAs were initially thought to be small
enough to avoid the activation of the IFN pathway [9], re-
cent studies showed they could activate innate immunity in
mammalian cells [10, 14–16]. In this respect, Sledz and col-
leagues reported that siRNA could activate PKR, and the ef-
fects were sequence independent and do not occur with the
sense or the antisense RNA used to prepare the siRNA du-
plexes [15]. In contrast, Kariko and colleagues found that
siRNA could activate cytokine and interferon production via
TLR3, a receptor known to bind viral ds RNAs [16]. TLR3 is
mainly expressed on the cell surface. However, we and oth-
ers recently have demonstrated that PKR and TLR-3 do not
represent the major mechanism by which chemically syn-
thesized siRNA activate innate immunity [17–19]. In addi-
tion, internalization of ds siRNAs or ss siRNAs is required
for immune activation. Indeed, inhibitors of endosomal mat-
uration/acidification like bafilomycin A1, a drug that inhibit
endosomal H+-proton pumps, blocked immune activation
[17], indicating the involvement of endosomal TLR7 and
TLR8. Consistent with the role of endosomal TLRs in siRNA
signaling, TLR7 knockout mice did not mount immune acti-
vation in response to siRNAs [18]. Taken together, the avail-
able data indicate that immune cells such as monocytes and
dendritic cells recognize ds siRNAs and ss siRNAs through
TLR7 and TLR8, leading to the production of inflammatory
cytokines and type I interferons [20]. We also found that ss
siRNAs are more effective than ds siRNA in triggering TLR7
and TLR8 responses [17, 21]. In addition, we have found
that human bone marrow hematopoietic CD34+ progeni-
tor cells express TLR7 and TLR8. Interestingly, incubation of
these cells with either immunostimulatory synthetic siRNAs
or R848, a specific ligand for TLR7 and TLR8, induced their
differentiation into the myeloid lineage (Sioud et al in prepa-
ration). Thus, the interaction of viral RNAs with CD34+ pro-
genitor cells may increase the pool of innate immune cells.

As mentioned above mammalian cells respond to siR-
NAs, provided they are delivered to the endosomes. Notably,
the immune system uses a set of germ line encoded recep-
tors called pattern recognition receptors (PRRs) to recognize
common microbial structures known as pathogen associated

molecular patterns [22]. Whereas several TLRs are expressed
in the cell surface, TLR3, TLR7, TLR8, and TLR9, traffic be-
tween the endoplasmic reticulum and intracellular compart-
ment such as the endosomes and the lysosomes [22]. An ob-
vious function of these trafficking pathways is to scan for
viral and/or bacterial nucleic acids, thus playing a central
role in innate antiviral responses. Therefore siRNAs inter-
nalized via endocytosis are more likely to activate endoso-
mal TLRs. It should be noted that cytoplasmic delivery of
immunostimulatoty synthetic siRNAs or shRNA did not in-
duce immune response in human blood cells [17, 21], sug-
gesting that they are not recognized by cytolasmic sensors of
ds RNAs. In this respect, a recent study has showed that en-
dogenously expressed shRNAs are not immunostimulatory
in human cells [23]. Interestingly, Williams and colleagues
demonstrated that the presence of 2-base 3′-overhangs in
synthetic siRNAs or in Dicer processed shRNAs blocks the
activation of RIG-1, a major cytolasmic sensor for viral ds
RNAs [24].

STRUCTURE FEATURES THAT ACTIVATED
TLR7 AND TLR8

Initial experiments indicate that some types of secondary
structures and/or specific nucleotides are responsible for the
activation of NF-κB signaling pathway by siRNAs in adherent
PBMC, an enriched monocyte population [10]. Monocytes
are circulating peripheral blood cells that can be differenti-
ated by cytokines into macrophages of different phenotypes
as well as into dendritic cells. As mentioned above, siRNA ef-
fects are sequence dependent and can occur with ds siRNAs
and ss siRNAs [20]. Thus, what is the nature of IFN-inducing
motif present in one sequence but absent in another? Al-
though GU dinucleotides were found to trigger TLR7 and
TLR8 activation [25], their absolute requirement in siRNA
activation of innate immunity is still not clear [21]. Judge
and colleagues identified one RNA motif and its immunos-
timulatory effect seems to depend on the GU content [19].
However, Hornung and colleagues identified a second RNA
motif that is recognized by TLR7 in the context of siRNA du-
plexes and the activity does not depend on GU content [18].
It is worth noting that several siRNA sequences without GU
nucleotides activated the immune system [21, 26]. Thus, it is
likely that in addition to GU dinucleotides other characteris-
tics such as RNA structure, base position, and base composi-
tion of the siRNA flanking sequences may be involved.

2’-RIBOSE MODIFICATIONS OF URIDINES
BLOCKS IMMUNE ACTIVATION

The identification of the immunostimulatory sequence that
can activate innate immunity will allow the design of siRNAs
to minimize activation or to increase the immune response
for combating infections and tumor cells. Considering the
simplicity of the immunostimulatory motifs and their high
frequency in human RNAs, it is desirable to find strategies
that evade immune recognition of siRNAs. At least two ba-
sic strategies can be used to block immune recognition of
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Figure 1: Unmodified siRNA duplexes and single-stranded siR-
NAs (sense or antisense strand) activate innate immunity through
TLR7 and TLR8 resulting in cytokines and type I interferon produc-
tion. 2′-ribose modifications of uridines abrogate TLR recognition
of RNAs and therefore signaling [21]. Modified ss siRNAs did not
compete with unmodified siRNAs to activate TLR signaling, indi-
cating that 2′ modifications of uridines block the binding to TLRs
(unpublished data).

siRNA. One is to use delivery agents that avoid the delivery
and/or retention of siRNA within the endosomes. The other
is to apply chemical modifications. Regarding the first strat-
egy, Song and colleagues described an antibody-based de-
livery strategy that can result in gene silencing without im-
mune activation [27]. The second strategy relies in the use
of modified nucleotides, which are essential to protect siR-
NAs from nuclease degradation and ameliorate their phar-
macokinetic parameters in vivo [13]. However, the chemical
modification that blocks immune activation must be chosen
carefully so as not to inhibit siRNA silencing activity. Thus,
finding the appropriate chemical modifications for inhibit-
ing siRNA immune activation will be important for explor-
ing their therapeutic applications. In this respect, replace-
ment of the 2′-hydroxyl uridines with either 2′-fluoro, 2′-
deoxy, or 2′-O-methyl uridines abrogated immune recogni-
tion of siRNAs by TLRs [21]. Thus, endosomal TLRs can dis-
tinguish between modified and unmodified RNAs (Figure 1).
In order to distinguish between self and nonself RNAs, the
immune system may use both endosomal compartmentaliza-
tion and RNA modification strategies [20]. Collectively, these

recent findings offer the possibility of choosing the appropri-
ate modifications that evade immune activation without re-
ducing siRNA-silencing potency. Of note, siRNA with either
2′-fluoro uridines or 2′-deoxy uridines maintained silencing
activity [26, 28].

Another potential source of toxicity is the destruction of
cellular mRNAs that share partial homology to the siRNA se-
quences. Indeed, recent studies demonstrated that both siR-
NAs and microRNAs could interact with undesired target
mRNAs via base pairing of only few nucleotides, leading to
inhibition of gene expression [12, 29]. Interestingly, we have
found that chemical modifications of siRNAs not only evade
immune activation but also reduce the ss siRNAs and ds
siRNA “off-target effects” [30]. Although the evading mech-
anism is not known, it is probable that the interaction of ss
siRNAs or ds siRNAs with unintended cellular mRNAs is af-
fected by chemical modifications.

IMMUNOSTIMULATORY siRNAs AS
VACCINE ADJUVANTS

It is generally accepted that initiation of a specific im-
mune response requires activation of innate immunity re-
sulting in a proinflammatory response. The produced cy-
tokines and chemokines assist in activating and directing
the adaptive immune responses. Therefore, a vaccine has
to induce a proinflammatory response to be effective. As
discussed above, siRNA sequences containing immunos-
timulatory motifs induced interferons, chemokines, pro-
inflammatory cytokines, monocyte differentiation, and den-
dritic cell maturation [20]. Activated DCs produce high lev-
els of IL-12, INF-α, and proinflammatory cytokines such as
IL-6 and TNF-α. IFN-α triggers not only innate immune
defense such as the activation of NK cells, but also adap-
tive Th-1 responses, which are important for killing tumor
cells and virus infected cells [20]. Engagement of endoso-
mal TLR7 and/or TLR8 with siRNAs causes activation of
at least three key transcription factors, NF-κB, IFN regu-
latory factor (IRF)-3, and IRF-7, which are important im-
mune responses [30]. Previous studies have shown that the
activation of TLR9 can improve both cell-mediated and hu-
moral responses to antigens [31]. Notably, endosomal TLR9
recognize unmethylated 2′-deoxyribo (cytidine-phosphate-
guanosine) CpG motifs that are more commonly found in
bacterial and viral genomes [32]. Most, but not all, CpG din-
ucleotides are methylated in the genomic DNA of vertebrates.
Although much remains to be revealed regarding the adju-
vant potency of RNA oligonucleotides, the reported data in-
dicate that ss siRNA- and ds siRNAs-containing immunos-
timulatory RNA motifs might improve cancer and viral vac-
cines.

CONCLUDING REMARKS

As with any new agent, issues of delivery and specificity
are major obstacles before siRNAs can be used in pa-
tients. Similar to antisense oligonucleotides, certain synthetic
siRNAs activated innate immunity via TLRs, in particu-
lar TLR7 and TLR8. Therefore, there is a need to examine



4 Journal of Biomedicine and Biotechnology

the immunostimulatory effects of any potential therapeu-
tic siRNA in human immune cells prior to clinical applica-
tions. The recent findings clearly show that the 2′-hydroxyl
uridines are absolutely essential for TLR7 and/or TLR8
recognition and signaling. Indeed, replacement of uridines
with 2′-fluoro, 2′-deoxy, or 2′-O-methyl modified counter-
parts abrogated immune activation by ss siRNA and siRNA
duplexes. Alternatively, the presence of 2′-modified uridines
might protect siRNAs for being sensed by the immune sys-
tem. Also, most of the other bystander effects not related to
immune activation were also inhibited by chemical modifi-
cations. These findings will enable the rational design of siR-
NAs that avoid the induction of bystander effects.
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The completion of the genome sequencing for several organisms has created a great demand for genomic tools that can system-
atically analyze the growing wealth of data. In contrast to the classical reverse genetics approach of creating specific knockout cell
lines or animals that is time-consuming and expensive, RNA-mediated interference (RNAi) has emerged as a fast, simple, and
cost-effective technique for gene knockdown in large scale. Since its discovery as a gene silencing response to double-stranded
RNA (dsRNA) with homology to endogenous genes in Caenorhabditis elegans (C elegans), RNAi technology has been adapted to
various high-throughput screens (HTS) for genome-wide loss-of-function (LOF) analysis. Biochemical insights into the endoge-
nous mechanism of RNAi have led to advances in RNAi methodology including RNAi molecule synthesis, delivery, and sequence
design. In this article, we will briefly review these various RNAi library designs and discuss the benefits and drawbacks of each
library strategy.
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INTRODUCTION

RNA-mediated interference (RNAi) provides direct causal
links between specific genes and observed loss-of-function
(LOF) phenotypes. RNAi is an evolutionarily conserved phe-
nomenon in which gene expression is suppressed by the
introduction of homologous double-stranded RNAs (dsR-
NAs). After dsRNA molecules are delivered to the cytoplasm
of a cell, they are cleaved by the RNase III-like enzyme,
Dicer, to 21- to 23-nt small interfering RNAs (siRNAs) [1].
These siRNA duplexes are loaded into Argonaute2 (Ago2),
the catalytic component of the RNA-induced silence com-
plex (RISC) [2]. Ago2 cleaves the passenger strand of the
siRNA duplex and the antisense strand remains bound to
Ago2. The antisense strand in the now mature RISC serves
as a guide for sequence directed destruction of homologous
mRNA, resulting in silencing of the target gene [3]. In lower
organisms such as C elegans and Drosophila, RNAi is typi-
cally induced by the introduction of a long dsRNA (up to 1-
2 kb) produced by in vitro transcription. Although the core
RNAi mechanism appears to be conserved among diverse
organisms, this simple approach cannot be used in mam-
malian cells, where introduction of long dsRNA (> 30 nt)
elicits a strong antiviral response that obscures any gene-
specific silencing effect [4, 5]. Much of this response is
caused by activation of the dsRNA-dependent protein ki-
nase PKR, which phosphorylates and inactivates the trans-

lation initiation factor eIF2a [6, 7]. It was not until the dis-
covery that 21-nt siRNAs could effectively trigger the RNAi
silencing response without activating the antiviral response
that RNAi technology could be developed for mammalian
systems [8].

Originally limited to lower organisms, RNAi technology
has advanced to accommodate a variety of organisms to in-
clude mammals with methodologies that are readily adapted
to high-throughput screens (HTS) [9, 10]. The present avail-
ability of commercial RNAi libraries in addition to advance-
ments in RNAi delivery methods has provided the opportu-
nity for genome-wide screens evaluating any biological path-
way. It is crucial that when deciding on the use of RNAi tech-
nology for the purpose of a genome-wide screen that one
carefully evaluates the characteristics of the selected RNAi
library so that screens can be efficiently performed with
excellent gene coverage and highly reproducible data. One
must ensure that the RNAi library selected has been designed
to maximize the efficiency of gene silencing and that the
method of RNAi molecule delivery is well suited for both
the type of RNAi molecule as well as the system of interest.
The choice of screening an arrayed library or as pools is also
another option that should be carefully considered [11]. In
this article, we will review the current RNAi methodologies
based on the present understanding of the RNAi biochemi-
cal process and briefly discuss developing features in library
design.
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Figure 1: Extracellular generation of siRNA molecules. (a) Sense and antisense strands of RNA are chemically synthesized and annealed
to form 21–23 nt or 25–30 nt dsRNA molecules. 21–23 nt siRNA molecules can directly interact with RISC and guide degradation of the
corresponding mRNA. 25–30 nt dsRNA molecules must first be cleaved by Dicer to generate the 21–23 nt siRNA molecule which can be
loaded into RISC. (b) Recombinant Dicer or RNAse III enzymes can also be used to generate siRNA molecules with silencing capabilities.
21–23 nt siRNA molecules are cleaved from dsRNA and associate with the RISC.

Chemical synthesis

Initial RNAi libraries were directed solely to invertebrate or-
ganism genomes and comprised of long dsRNA fragments up
to 1-2 kb in size, which were generated through in vitro tran-
scription. These long dsRNAs were found to be both highly
specific and potent inducers of gene silencing in lower or-
ganisms, but the antiviral response in higher mammalian
systems requires a different approach [8]. Since the realiza-
tion that siRNAs could avoid the antiviral response while
still effectively triggering a LOF phenotype, many groups
began chemically synthesizing siRNAs. Chemically synthe-
sized RNAi molecules take the form of small duplex RNA
molecules. The sense and antisense strands are synthesized
separately, annealed, and then delivered to cells by such
means as transfection reagents, electroporation, or microin-
jection. Improved understanding of the RNAi mechanism
has resulted in different RNAi molecule designs that enter
the RNAi silencing pathway at different enzymatic points.
Synthetic siRNA molecules can be designed to interact ei-
ther with Dicer or RISC upon cellular entry (Figure 1(a)).
Initial siRNAs were designed to resemble Dicer products 21–
23 nt in size. Dicer product mimics, once transferred into
the system of interest, load to RISC directly and guide the
degradation of homologous mRNA immediately. Kim et al
recently demonstrated that 25–30 nt in length RNA duplexes
can more effectively induce gene silencing with up to 100-
fold greater potency than the analogous 21-mer siRNA by
first undergoing Dicer cleavage [12]. Kim et al also noted that

some 27-mer duplexes were shown to effectively silence tar-
get regions refractory to the conventional 21-mer siRNA.
Chemically synthesized siRNAs are more widely used in
HTS for the reason of well-characterized reagents, immedi-
ate knockdown of the target mRNA, and high transfection
efficiencies compared to that of plasmid-based ones.

Algorithm-based design

Initial success in knockdown with small siRNAs has since im-
proved due to greater understanding of the silencing mecha-
nism of Dicer and RISC. The most crucial aspect of an RNAi
library directed at mammalian systems is the choice of the
sequences used to target each gene due to the base pair-
ing specificity required for precise siRNA targeting and the
differential silencing potencies of individual siRNAs corre-
sponding to distinct regions of the same mRNA [13]. Ide-
ally, the RNAi molecule must effectively knock down gene
expression while avoiding off target effects which can be
either sequence-independent or sequence-specific [14]. As
mentioned above, siRNAs can trigger the mammalian an-
tiviral response inducing translation inhibition or cell death
in a sequence-independent manner [6, 7, 15]. Addition-
ally, sequence similarity to an off-target transcript can re-
sult in inadvertent degradation [14] or translation inhibition
[16]. Often concentration-dependent, off-target effects can
be minimized or avoided with minimal siRNA treatment and
the use of unique siRNA sequences, illustrating the need for
effective siRNA sequence design.
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Many commercially available RNAi libraries are de-
signed with siRNA algorithms. The design algorithms for
determining siRNA sequences for mammalian genes are
comprised of a number of parameters based on RNAi bio-
chemical knowledge and empirical data for maximal silenc-
ing efficacy [17]. Some of the most common specifications
[8, 18–20] include specific base compositions along the core
siRNA duplex, differential base-pairing thermodynamics be-
tween the 5’ sense and 5’ antisense strands [20] ensuring ap-
propriate loading of the antisense strand into RISC, A-form
helix formation between siRNA and target mRNA, no in-
ternal repeats or palindromes, 30–50% GC content, and an
absence of close homology to off-target gene sequences. Se-
quences designed by algorithms based on available genome
sequence data potentially target all predicted genes and
therefore would have in theory the greatest genome coverage.

The primary deficiency of the algorithm-based siRNA
design is our limited understanding of the RNAi mechanism.
Ideally but not practically so far, the efficacy in silencing
endogenously expressed genes by algorithm-designed siR-
NAs in a library would be validated experimentally in cul-
tured cells under strictly standardized conditions. In addi-
tion, the genome-wide RNAi analysis is further restricted to
gene mining technology. Although gene prediction has ad-
vanced greatly and provides a good representation of the ma-
jority of genes in the genome, not all gene coding sequences
[21] are identified nor are all possible splice variants pre-
dicted. Reboul et al showed that nine percent of genes iden-
tified from isolated cDNAs were not predicted by computa-
tional analysis of genome sequences [22]. The mature mRNA
is the target molecule in RNAi and misprediction of gene
boundaries will reduce the knockdown potential of rationally
designed siRNA molecules.

To deflect such problems as misprediction and variable
silencing capabilities, many libraries incorporate a degree of
redundancy, using multiple designed siRNA sequences di-
rected at a gene, to increase the likelihood of silencing the tar-
get gene. Although redundancy would have major implica-
tions in terms of various costs (eg, siRNA synthesis, screening
more samples), having multiple siRNA molecules for a par-
ticular gene can be advantageous in the screen and validation
phase, confirming the observed phenotype is the result of si-
lencing of the target gene and not due to an off-target effect
[23]. The availability of multiple siRNA oligos for each gene
also provides the opportunity to screen as pools of oligos tar-
geting the same gene. In certain scenarios, screening with
such pools may increase the chance of knocking down the
target gene expression effectively and decrease the likelihood
of off-target effects (due to using lower concentration of
each individual siRNA). Other concerns for synthetic siRNA
libraries are its cost, stability, and nonamplifiable nature,
which make the generation of siRNA libraries via chemical
synthesis not financially practical in individual laboratories.

siRNAs from mRNA source

An alternative to algorithm designed synthetic oligos is the
use of pools of siRNAs randomly generated with enzyme-

mediated cleavage of mRNA [13, 24]. The generation of
siRNA cocktails from dsRNA can be accomplished with re-
combinant Dicer [25] or Escherichia coli (E coli) RNase III
[26] (Figure 1(b)). Dicer is the enzyme involved in cleav-
ing long dsRNAs into 21–23 bp siRNAs in the endogenous
RNAi pathway [10]. E coli RNase III can also be used to cleave
dsRNA into effective siRNAs that are able to directly engage
RISC. The use of E coli RNase III to generate siRNAs may
be preferred due to inefficient in vitro cleavage by Dicer [27].
Either enzyme will process dsRNAs into a pool of siRNAs tar-
geting multiple sites on the mRNA of interest. Calegari et al
were able to knock down galactosidase expression in the de-
veloping CNS system of day 10 mouse embryos with a com-
plex pool of siRNAs prepared from endoribonuclease diges-
tion (esiRNA) with RNase III [24]. Yang et al were able to
knock down endogenous c-myc protein levels in 293 cells by
70% with esiRNA, as well as Cdk2 expression in a dosage-
dependent manner [27]. The gene silencing effect elicited by
Dicer and RNase III generated pools of siRNA are compara-
ble to well-designed individual siRNAs, but sequence ratio-
nal design is not required.

RNAi expression systems

Model systems such as the C elegans and Drosophila are
well adapted to chemically synthesized or mRNA-cleavage-
derived siRNAs due to the presence of an endogenous am-
plification of the RNAi signal [1]. In lower organisms, siR-
NAs prime dsRNA synthesis via RNA-dependent RNA poly-
merase (RdRP) where the target mRNA functions as a tem-
plate [28] allowing the generation of new dsRNAs. The C
elegans model system is especially well suited for siRNA si-
lencing not only due to endogenous amplification mecha-
nism but also because of the phenomenon of systemic RNAi,
where gene silencing can be observed in areas of the body dis-
tant from the site of the initial dsRNA delivery [29]. Systemic
RNAi is due to a multispan transmembrane protein known
as SID-1, which enables intercellular transport of dsRNA.
This feature is not available in all lower invertebrate organ-
isms and does not exist in Drosophila which has only cell-
autonomous RNAi.

Mammalian systems possess neither endogenous am-
plification nor the phenomenon of systemic RNAi, there-
fore the effects of chemically synthesized RNAi molecules
are limited to transient knockdown of the target gene as
a consequence of cell division and/or degradation of the
siRNA molecule. Most HTS experiments require only tran-
sient knockdown to sufficiently produce an observable phe-
notype. Transient knockdown is insufficient for groups con-
cerned with biological processes requiring long-term gene si-
lencing or for protocols that require some sort of selection.
To address the issue of transient knockdown, many groups
have elected to use intracellular expression of siRNA or short
hairpin RNA (shRNA) molecules from plasmid DNA driven
by either small nuclear RNA (snRNA) U6 or the human
RNase P RNA H1 promoters [30] (Figure 2). U6 and H1
are RNA polymerase III (Pol III) promoters ideally suited
for si/shRNA generation. Since almost all their regulation
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Figure 2: Intracellular siRNA molecule generation via plasmids. Dual promoter systems can direct the production of siRNA sense and
antisense strands which anneal and load into RISC. (a) Tandem sense and antisense strands are driven by individual U6 promoters. (b)
A single template transcribes for both the sense and antisense strand via opposing promoter design. (c) The addition of a loop structure
between the sense and antisense template driven by U6 promoter generates shRNA molecules. The shRNA is cleaved by Dicer producing
the functional siRNA molecule. (d) Second-generation shRNA-mir construct is based on miR-30 primary transcript driven by a single U6
promoter. The shRNA-mir molecule is first cleaved by Drosha creating an shRNA molecule recognized by Dicer thereby entering the RNAi
mechanism.

elements are located upstream of the transcribed region,
most insert sequences shorter than 400 nucleotides can be
transcribed. The U6 promoter and the H1 promoter have the
same conserved protein-binding sites and transcription ter-
mination sequence, but are different in size and identity of
the +1 nucleotide, guanosine for U6, and adenosine for H1
[31].

Lee et al created an siRNA expression vector that tran-
scribes for the sense and antisense strands (Figure 2(a)). The
sense and antisense sequences were located in tandem and
driven by separate U6 promoters. This tandem vector design
was able to induce 90% knockdown of EGFP in 293 cells [32].
They further demonstrated their siRNA expression strategy
to be capable of inhibiting HIV-1 in 293 cells showing up
to 4 logs of inhibition determined via HIV-1 p24 viral anti-
gen levels. To simplify vector construction and expression,
Paul et al created a single promoter system that transcribes
for the sense strand followed by a UUCG tetraloop sequence
followed by the antisense strand creating an shRNA structure
[33] (Figure 2(c)). The transcribed shRNA would be cleaved
by endogenous Dicer and generate siRNA molecules capable
of loading to RISC and guide destruction of the homologous
mRNA. Verification of their vector-based shRNA expression
was established with the knockdown of the human lamin
A/C in HeLa cells. To further simplify library construction,
a dual promoter siRNA expression vector (pDual) was de-
veloped by Zheng et al that allows the facile construction of
siRNA expression library [34] (Figure 2(b)). The siRNA se-
quence is inserted between opposing U6 and H1 promoters
and serves as the template for both the sense and antisense

strand upon transfection. Zheng’s construct results in an
siRNA duplex with a uridine overhang on each 3’ terminus,
similar to the siRNA generated by Dicer which can be incor-
porated into the RISC without any further modification. Fur-
thermore, a simple PCR protocol has been developed that al-
lows an efficient and cost-effective production of siRNA ex-
pression cassettes on a genome scale in a high-throughput
manner.

The vector-based shRNA design strategy was expanded
by groups interested in genome-wide shRNA vector libraries.
The shRNA expression construct pools can be generated
from cDNA with restriction enzymes, such as DNase I [35].
Several groups have developed methods to cleave cDNA into
fragments of the appropriate size and quickly clone these
fragments into DNA vectors that generate shRNA structures
in cells [36–38] (Figure 3). Several techniques have been re-
ported (REGS [37], EPRIL [38], SPEED [36]) but the un-
derlying principles guiding each are (1) restriction enzyme
(RE) cleavage of cDNA into multiple fragments with nu-
cleotide over hangs, (2) ligation of a 3’ loop with MmeI RE
recognition sequence, (3) further cleavage by MmeI to cre-
ate fragments of the requisite size (20-21 bp), (4) conversion
of dsDNA fragments into palindromic structures with PCR
amplification, and (5) insertion of the randomly generated
sense-loop-antisense sequences into the desired vector back-
bone. Shirane et al showed that their enzymatic production
of RNAi library (EPRIL) generated from cDNA was able to
create shRNAs which could knock down GFP and type 1
inositol 1,4,5-trisphosphate receptor 21 (IP3R) in Jurkat T
cells. Pools of shRNA expression constructs, directed at both
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known and unknown genes across the transcriptome, can be
generated from RE random digests of cDNA libraries [38].

More recently, advanced understanding of microRNA
(miRNA) biogenesis in plants and animals has led to the
construction of a second generation of shRNA expression
libraries, shRNA-mir (Figure 2(d)). These shRNA-mir con-
structs transcribe silencing trigger molecules that mimic the
natural miRNA primary transcripts. Originally believed to
be transcribed from the genome as shRNAs and directly pro-
cessed by Dicer [39], we now believe that miRNAs are ac-
tually transcribed into long primary polyadenylated RNAs
(pri-miRNAs) [40, 41] which are first cleaved by Drosha, an
enzyme in the RNase III family, to create pre-miRNAs. The
pre-miRNA is then transported to the cytoplasm, mediated
by Exportin-5 [42, 43], and only then recognized and cleaved
by Dicer to produce a mature miRNA. Silva et al designed
an shRNA-mir library, based on miR-30 primary transcript
[44], which was shown to be twelve times more efficient than
first-generation shRNA expression systems [45].

One added feature of using vector-based si/shRNA ex-
pression system is the facilitation of hit deconvolution by
PCR amplification or barcoding when performing selective
screens. Selective screens with vector libraries can be em-
ployed to fish out the target-specific and effective sequences
from pools. A pooled shRNA expression library can be intro-
duced into cells while a selective pressure is applied causing
negative control cells to be eliminated from the culture [38].
The selected RNAi sequence in the resistant cells can then
be determined by PCR amplification using invariant vector

backbone-based primers. Alternatively, the incorporation of
a gene-specific sequence into each distinct shRNA vector in
the library is another means of quick identification of the
selected gene target. Termed “barcode” screening [46–48],
this identification sequence can be located within the vec-
tor backbone [48] or function as the short hairpin sequence
of the shRNA molecule [46]. After the selection event, fluo-
rescent dyes are attached to the barcodes which are then hy-
bridized to microarrays, allowing for the quick identification
of positive siRNA sequences within the surviving cell popu-
lation.

In contrast to synthetic siRNAs, the vector-based siRNA
expression systems are amplifiable and more cost-effective.
However, their efficiency may be compromised in certain
HTS assays. Synthetic siRNAs can directly enter the RNAi
mechanism at the point of Dicer or RISC whereas vector-
based RNAi molecules must first be transcribed. In addition,
the transfection efficiency of plasmids may be lower relative
to synthetic siRNA oligos, but for cell lines resistant to classic
transfection reagents transduction with viral vectors should
be considered. Furthermore, vector-based stable gene silenc-
ing may be affected by its integration position and result in a
poor knockdown or off-target effects.

CONCLUSION AND FUTURE DIRECTIONS

Since the discovery of RNAi, groups have adapted this tech-
nology to suit their model system and assays of interest. A few
new RNAi methodologies recently developed are advances
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in viral delivery systems, incorporation of features such
as inducibility, and fluorescence/selection markers. Several
groups have developed adenoviral RNAi vector strategies
[49, 50] in order to achieve higher levels of transduction and
intracellular expression of the shRNA molecules. Lentiviral
vector approaches have also been reported enabling trans-
duction of the RNAi containing plasmids in nonproliferating
cells as well as in vivo systems [51–53]. Inducible RNAi vec-
tors have also been developed by several labs as both plasmid
[54–56] and retro-/lentiviral vectors [57, 58]. RNAi libraries
that incorporate fluorescent markers have the benefit of facil-
itating accurate evaluation of transfection efficiency. These li-
brary design features illustrate the adaptability of RNAi tech-
nology.

RNAi has proven to be a powerful tool in functional ge-
nomics. Its ability to induce the degradation of sequence-
specific target mRNAs provides a direct relationship be-
tween a gene’s expression level and its functional role [59].
RNAi-based methodologies are sufficiently robust for HTS
adaptation allowing for genome-scale applications. Advance-
ments aimed at resolving limitations as mentioned above
will no doubt lead to accessibility of cost-effective, validated
genome-wide siRNA collections further advancing our abil-
ity to annotate gene functions and investigate complex bio-
logical processes.
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INTRODUCTION

Altered expression levels of certain genes play a pivotal role in
several pathological conditions. For example, in many can-
cers the upregulation of certain growth factors or growth
factor receptors, or the deregulation of intracellular signal
transduction pathways, represents key elements in the pro-
cess of malignant transformation and progression of normal
cells towards tumor cells leading to uncontrolled prolifera-
tion and decreased apoptosis. Since these processes may re-
sult in the direct, autocrine stimulation of the tumor cell
itself as well as the paracrine stimulation of other cells, in-
cluding the stimulation of tumor-angiogenesis, many novel
therapeutic strategies focus on the reversal of this effect, that
is, the inhibition of these proteins or the downregulation of
their expression. Likewise, several other diseases have been
firmly linked to the (over-)expression of endogenous wild-
type or mutated genes. Taken together, in addition to strate-
gies based on the inhibition of target proteins, for example,
by low molecular weight inhibitors or inhibitory antibodies,
this opens an avenue to gene-targeting approaches aiming at
decreased expression of the respective gene.

The first method to be introduced for the specific inhi-
bition of gene expression was the use of antisense oligonu-
cleotides in the late 1970s [1, 2]. Upon their introduction
into a cell, antisense ODNs are able to hybridize to their tar-
get RNA leading to the degradation of the RNA-DNA hybrid

double strands through RNAase H, to the inhibition of the
translation of the target mRNA due to a steric or confor-
mational obstacle for protein translation and/or to the in-
hibition of correct splicing. In the early 1980s, the discov-
ery of ribozymes, that is, catalytically active RNAs which
are able to sequence-specifically cleave a target mRNA, fur-
ther expanded gene-targeting strategies [3–5]. Subsequently,
both methods were extensively studied and further devel-
oped with regard to the optimization of targeting efficacies
and antisense-ODN/ribozyme delivery strategies in vitro and
in vivo.

Most recently, another naturally occurring biological
strategy for gene silencing has been discovered and termed
RNA interference (RNAi). Since RNAi represents a particu-
larly powerful method for specific gene silencing and is able
to provide the relatively easy ablation of the expression of
any given target gene, it is now commonly used as a tool in
biological and biomedical research. This includes the RNAi-
mediated targeting in vitro and in vivo for functional stud-
ies of various genes whose expression is known to be upreg-
ulated as well as the development of novel therapeutic ap-
proaches based on gene targeting.

RNA INTERFERENCE

RNAi is an evolutionarily conserved, sequence-specific, post-
transcriptional gene silencing phenomenon. It is triggered by
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Figure 1: Mechanism of RNA interference (RNAi) in mammalian systems. Long double-stranded RNA molecules (dsRNA), which are
expressed from DNA vectors (left red arrow) or directly enter the cell (center red arrow), are processed by the Dicer complex resulting in the
formation of small inhibitory RNAs (siRNAs). Alternatively, to induce RNAi these small 21–23 bp duplexes are directly delivered into the
cell (right red arrow). The siRNAs are incorporated into a nuclease-containing multiprotein complex called RISC, which becomes activated
upon the ATP-dependent unwinding of the siRNA duplex by an RNA helicase. The now single-stranded siRNA guides the RISC complex to
its complementary target mRNA which is then cleaved by the endonucleolytical activity of RISC. While the RISC complex is recovered for
further cycles, the cleaved mRNA molecule is rapidly degraded due to its unprotected RNA ends.

double-stranded RNA molecules as described first in C ele-
gans by Fire et al [6] who then introduced the name RNA in-
terference. These findings also explained earlier observations
in petunias which turned white rather than purple upon the
introduction of the “purple gene” in form of dsRNA [7],
and on gene silencing by antisense oligonucleotides as well
as by sense oligonucleotides in C elegans [8]. Subsequent
studies demonstrated that RNAi, while described under dif-
ferent names (posttranscriptional gene silencing (PTGS), co-
suppression, quelling), is present in most eukaryotic organ-
isms with the response to dsRNA, however, being more com-
plicated in higher organisms.

RNAi relies on a multistep intracellular pathway which
can be roughly divided into two phases, that is, the initia-
tion phase and the effector phase. In the initiation phase,
double-stranded RNA molecules from endogenous or ex-
ogenous origin present in the cell are processed through
the cleavage activity of a ribonuclease III-type protein [9–
12] into short 21–23 nucleotide fragments termed siRNAs.
These effector siRNAs, which contain a symmetric 2 nt over-
hang at the 3′-end as well as a 5′-phosphate and a 3′-
hydroxy group, are then in the effector phase incorporated

into a nuclease-containing multiprotein complex called RISC
(RNA-induced silencing complex) [13]. Several structural
and biochemical studies have shed light on the processing of
double-stranded RNA and the formation of the RISC com-
plex (see, eg, [14] for a recent review). Through unwinding
of the siRNA duplex by an RNA helicase activity [15], this
complex becomes activated with the single-stranded siRNA
guiding the RISC complex to its complementary target RNA.
Upon the binding of the siRNA through hybridization to its
target mRNA, the RISC complex catalyses the endonucle-
olytical cleavage of the mRNA strand within the target site,
which, due to the generation of unprotected RNA ends, re-
sults in the rapid degradation of the mRNA molecule. With
the RISC complex being recovered for further binding and
cleavage cycles, the whole process translates into a net reduc-
tion of the specific mRNA levels and hence into the decreased
expression of the corresponding gene. For an overview of the
RNAi pathway, see Figure 1.

While from this mechanism it becomes obvious that
siRNA molecules complementary to the target mRNA and
thus being able to serve as a guide sequence for the RISC
complex play a pivotal role in this process, they need not
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be derived from long double-stranded precursor molecules.
Rather, omitting the initiation phase, they can be delivered
directly into the target cell (Figure 1, upper right arrow).

Several studies have led to the development of guidelines
for the generation of siRNAs which are optimal in terms of
efficacy and specificity [12, 16]. This includes the initial defi-
nition of the preferable length (19–25 bp) combined with a
low G/C content in the range between 36% and 52% and
the requirement of symmetric 2 nt overhangs at the 3′-end
[16–18]. Later studies on synthetic siRNA molecules, how-
ever, revealed an up to 100-fold higher targeting efficacy in
the case of even longer duplexes (25–30 nucleotides) which
act as a substrate for Dicer and which therefore allow the di-
rect incorporation of the newly produced siRNAs into the
RISC complex [19]. As to be expected, intramolecular fold-
back structures which can result from internal repeats or
palindrome sequences decrease the numbers of functional
siRNA molecules with silencing capability [20]. Additional
silencing-enhancing criteria include an A in position 3 and a
G at position 13 of the sense strand, the absence of a C or G
at position 19 and, most importantly, a U in position 10 of
the sense strand. Since nucleotides 10–11 represent the site
of the RISC-mediated cleavage of the target mRNA, this in-
dicates that RISC is comparable to most other endonucleases
in preferentially cleaving 3′ of U rather than any other nu-
cleotide [20, 21]. Furthermore, it was shown more generally
that the thermodynamic flexibility of the positions 15–19 of
the sense strand correlates with the silencing efficacy and that
the presence of at least one A/U base pair in this region im-
proves siRNA-mediated silencing efficacy due to a decreased
internal stability of its 3′-end [20].

Still, different siRNA sequences may display differing effi-
cacies, which suggest additional still unknown criteria for op-
timal siRNA selection and emphasize the influence of target
mRNA accessibility. In fact, several studies also correlate the
siRNA efficacy with the mRNA secondary structure [18, 22–
27].

In conclusion, apart from the selection criteria defined
above, the individual screening of different siRNAs for highly
efficient and specific duplexes, or the pooling of multiple
siRNAs, is the most effective approach to increase siRNA-
mediated targeting efficacy.

For the design of effective siRNAs, several algorithms on
publicly accessible web sites are available (see [28] for re-
view). To reduce the risk of nonspecific (“off-target”) effects
of the siRNAs, a homology search of the targeting sequence
against a gene database is necessary and already incorporated
in some of these web sites. Nevertheless, it has also been
shown that siRNAs may cross-react with targets of limited
sequence similarity when regions of partial sequence iden-
tity between the target mRNA and the siRNA exist. In fact, in
some cases regions comprising of only 11–15 contiguous nu-
cleotides of sequence identity were sufficient to induce gene
silencing [29]. The prediction of these off-target activities is
difficult so far.

An additional mechanism that may lead to nonspecific
effects in vivo relies on the interferon system [30–33] which
is induced when double-stranded RNA molecules enter a cell

activating a multi-component signalling complex. This effect
is particularly true for long dsRNA molecules and essentially
prevents them from being used as inducers of RNA interfer-
ence in mammalian systems. The development of synthetic
siRNAs [10, 12, 33, 34] largely circumvents this problem
since they seem to be too small. However, some synthetic siR-
NAs do induce components of the interferon system which
seems to be dependent on their sequence [31, 32, 35] as well
as, in the case of in vitro transcribed siRNAs, on the 5′ ini-
tiating triphosphate [36]. Thus, strategies to avoid as far as
possible the unwanted interferon response upon application
of siRNAs in vivo will include a design of siRNAs without
known interferon-stimulating sequences, the use of the low-
est possible siRNA dose to still achieve the desired effect and
optimized siRNA delivery methods.

OLIGONUCLEOTIDE DELIVERY SYSTEMS

Based on the known mechanisms of antisense technolo-
gy, ribozyme-targeting or RNAi, small oligonucleotides or
plasmid-based expression vectors can be used to specifically
downregulate the expression of a given gene of interest or of
pathological relevance in vitro. In principle, this also applies
to the in vivo situation leading to novel, potentially relevant
therapeutic approaches.

For the delivery of therapeutic nucleic acids, viral vectors
have been used which have the advantage of high transfec-
tion efficacy due to the inherent ability of viruses to trans-
port genetic material into cells. On the other hand, how-
ever, viral systems show a limited loading capacity regarding
that the genetic material are rather difficult to produce in a
larger scale and, most importantly, pose severe safety risks
due to their oncogenic potential and their inflammatory and
immunogenic effects which prevent them from repeated ad-
ministration [37–40].

In the light of these problems, concerns, and limitations,
nonviral systems have emerged as a promising alternative
for gene delivery. Main requirements are the protection of
their nucleic acid “load” as well as their efficient uptake into
the target cells with subsequent release of the DNA or RNA
molecules and, if necessary, their transfer into the nucleus.
Several strategies can be distinguished, mainly lipofection
and polyfection relying on cationic lipids or polymers, re-
spectively (see, eg, [41–43]).

The efficient protection against enzymatic or nonen-
zymatic degradation is particularly important for RNA
molecules including siRNAs. In fact, while the therapeutic
potential of siRNAs for the treatment of various diseases
is in principle very promising, limitations of transfer vec-
tors may turn out to be rate-limiting in the development
of RNAi-based therapeutic strategies. One approach to solve
this problem is the use of DNA expression plasmids which
encode palindromic hairpin loops with the desired sequence.
Upon transcription and folding of the RNA, the double-
stranded short hairpin RNAs (shRNAs) are recognized by
Dicer and cleaved into the desired siRNAs. Additionally, an
in vitro method has been described recently which is based
on the expression of shRNAs in E coli and their delivery
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via bacterial invasion [44]. While all these different DNA-
based systems offer the advantage of siRNA expression with
a longer duration and a probably higher level of gene silenc-
ing, they still rely on (viral or nonviral) delivery of DNA
molecules and again raise safety issues in vivo. Hence, the di-
rect delivery of siRNAs molecules, derived from in vitro tran-
scription or chemically synthesized, offers advantages over
DNA-based strategies and may be preferable for in vivo ther-
apeutic use.

In the last years, a large body of studies has been pub-
lished which describe different strategies for the systemic
or local application of siRNAs in vivo. Tables 1–3 give an
overview. The probably largest number of papers focuses the
use of unmodified siRNAs (Table 1) whose administration
is often performed IV by hydrodynamic transfection (high
pressure tail vein injection). While this method is widely used
and in some cases led to efficient target gene inhibition in
the liver and, to a lesser extent, in lung, spleen, pancreas,
and kidney, it may suffer from certain technical and prac-
tical limitations at least in a therapeutical setting since it re-
lies on the rapid IV injection of a comparably large volume
(>= 1 ml/mouse/injection, in theory equivalent to a ∼ 3 l
IV bolus injection in man). Alternative strategies for the ap-
plication of naked siRNAs include various delivery routes
which, however, often provide an only local administration
or rely on an administration at least close to the target tissue
or target organ, thus restricting the number of target organs
which may not be relevant for certain diseases. It should also
be noted that several studies described here and below use
rather large amounts of siRNAs and that upon intravenous
injection of siRNAs the liver is the primary site of siRNA up-
take. As an alternative approach for the application of siR-
NAs in vivo, their delivery by liposomes/cationic lipids has
been described. For liposome-based siRNA formulations, a
wide variety of modes of application allowing local or sys-
temic delivery has been used (Table 2). Finally, several other
strategies for local or systemic siRNA administration have
been explored, including chemical modifications of siRNA
molecules, electropulsation, polyamine, or other basic com-
plexes, atelocollagen, virosomes, and certain protein prepa-
rations (Table 3).

An alternative approach relies on the complexation
of unmodified siRNA molecules with a cationic polymer,
polyethylenimine (PEI).

POLYETHYLENIMINES: FROM DNA TRANSFECTION TO
siRNA DELIVERY IN VITRO AND IN VIVO

Polyethylenimines (PEIs) are synthetic polymers available
in branched or linear forms (Figure 2, upper panels) and
in a broad range of molecular weights from < 1000 Da to
> 1000 kd. Commercial PEI preparations, although labelled
with a defined molecular weight, consist of PEI molecules
with a broad molecular weight distribution [45–47]. PEIs
possess a high cationic charge density due to a protonable
amino group in every third position [48, 49]. Since no quar-
ternary amino groups are present, the cationic charges are
generated by protonation of the amino groups and hence are

dependent on the pH in the environment (eg, 20% at pH 7.4,
see [50] for review). Due to its ability to condense and com-
pact the DNA into complexes, which form small colloidal
particles allowing efficient cellular uptake through endocy-
tosis, PEI has been introduced as a potent DNA transfec-
tion reagent in a variety of cell lines and in animals for DNA
delivery (for review, see [51, 52] and references therein).
In fact, in several studies PEI has been shown to be able
to deliver large DNA molecules such as 2.3 Mb yeast artifi-
cial chromosomes (YACs) [53] as well as plasmids or small
oligonucleotides [48, 54–56] into mammalian cells in vitro
and in vivo. The N/P ratio, which indicates the ratio of the
nitrogen atoms of PEI to DNA phosphates in the complex
and thus describes the amount of PEI used for complex
formation independent of its molecular weight, influences
the efficiency of DNA delivery. A positive net charge of the
complexes, resulting from high N/P ratios, inhibits due to
electrostatic repulsion their aggregation and improves their
solubility in aqueous solutions as well as their interaction
with the negatively charged extracellular matrix components
and thus their cellular uptake [57]. Additionally, the strong
buffer capacity, described by the “proton sponge hypothe-
sis” which postulates enhanced transgene delivery by cationic
polymer-DNA complexes (polyplexes) containing H+ buffer-
ing polyamines due to enhanced endosomal Cl− accumula-
tion and osmotic swelling/lysis [48], seems to be responsi-
ble for the fact that PEI-based delivery does not require en-
dosome disruptive agents for lysosomal escape. This tight
condensation of the DNA molecules as well as the buffer-
ing capacity of PEI in certain cellular compartments like en-
dosomes and lysosomes also protects DNA from degrada-
tion [48, 49, 58, 59]. PEIs have been successfully used for
nonviral gene delivery in vitro and in vivo. While initial
publications showed increased transfection efficacies when
using high molecular weight PEIs [45], more recent stud-
ies demonstrated the advantages of certain low molecular
weight PEIs [47, 60, 61]. The higher transfection efficacy
of low molecular weight PEIs may be due to a more effi-
cient uptake of the resulting PEI/DNA complexes, a better
intracellular release of the DNA and/or lower in vitro cy-
totoxicity as compared to high molecular weight PEI [60–
63]. In fact, a decrease in the molecular weight of the PEI
leads to an increase in complex size which may be favourable
at least for in vitro use [64, 65]. On the other hand, other
PEIs with very low molecular weight (< 2 kd) display little or
no transfection efficacy even at very high N/P ratios which
may be attributed to the fact that a decrease in the molecular
weight of PEI has been shown to translate into an increas-
ingly lower ability to form small complexes [63]. Therefore,
low molecular weight PEIs require higher N/P ratios for op-
timal transfection efficacies as compared to higher molecu-
lar weight PEIs since higher N/P ratios lead to an increase
in compaction with reduced complex sizes and a reduced
tendency of the complexes to aggregate due to hydrophobic
interactions [61, 63, 64]. Nevertheless, while several param-
eters have been extensively studied, some precise determi-
nants for transfection efficacy remain to be elucidated (see
[50, 66] for review). Also, the mechanism of the cytotoxic
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Table 1: Studies based on the direct application of siRNAs to induce RNAi in vivo: administration of unmodified siRNAs.

Administration Target tissue/organ Target gene(s) Target disease/aim of study ReferenceIntravenous

Hydrodynamic Liver caspase-8 Fas-mediated apoptosis/
[94]transfection acute liver failure

Hydrodynamic Liver HBsAg Inhibition of HBV replication [95]
transfection

Hydrodynamic Liver HBsAg Inhibition of HBV replication [96]
transfection

Hydrodynamic Liver GFP Downregulation of GFP [97]
transfection

Pulse injection Liver Fas Fulminant hepatitis [98]

High or low Liver Fas Fas downregulation in liver [99]
pressure

Large-volume, Liver mdr1a Downregulation of mdr1a [100]
high-speed injection

High-volume injection Liver caspase-8, caspase-3 Protection against ischemia/
[101](with lipiodol) reperfusion injury

Hydrodynamic Liver and limb grafts DsRed2, GFP Downregulation of
[102]transfection target genes

Metastatic breast cancer cells CXCR4 Blockage of breast
[103]cancer metastasis

Hydrodynamic Coxsackievirus/various organs CVB 2A Coxsackieviral cytopathogenicity [104]
transfection

Pancreatic adenocarcinoma xenograft CEACAM6 Tumor growth inhibition [105]

Pancreatic adenocarcinoma xenograft EphA2 Tumor growth inhibition [106]

Pancreatic adenocarcinoma xenograft FAK Enhanced gemcitabine
[107]chemosensitivity

Hydrodynamic trans- Kidney Fas Renal ischemia-
[108]fection (renal vein) reperfusion injury

Hydrodynamic Lung Nucleoprotein, acidic polymerase Influenza virus infections [109]
transfection

Hydrodynamic Pancreas Ins2 Downregulation of the Ins2 gene [110]
transfection

Hydrodynamic Blood-brain barrier Organic anion transporter 3 Brain-to-blood transport [111]
transfection

Other delivery routes

Intraperitoneal Fibrosarcoma xenografts VEGF Tumor growth inhibition [112]

Intraperitoneal Subcutaneous pancreatic carcinoma xenografts bcl-2 Growth inhibition [113]

Local injection Optic nerve stump c-Jun, Bax, Apaf-1 Antiapoptosis in retinal
[114]ganglion cells

Intratracheal Lung KC, MIP-2 Acute lung injury [115]instillation

Local into the liver Liver Luciferase Downregulation of cotransfected
[116]luciferase

Subretinal Eye VEGF Ocular neovascularization [117]

Local injection Mouse joint TNF-α Collagen-induced arthritis [118]
and electroporation

Intradermal Antigen-presenting cells Bak, Bax Cancer vaccine potency [119]

Intranasal Nose after viral infection RSV-P, PIV-P Respiratory viral diseases [120]

Intranasal Lung HO-1 Functional analysis in
[121]lung ischemia-reperfusion injury

Intranasal Lung SCV Relief from SARS coronavirus fever [122]

In situ perfusion/ Pancreatic islet — Detection of fluorescing siRNA [123]
Intravenous

Intratumoral Breast carcinoma xenografts RhoA/RhoC Inhibition of tumor growth [124]

Intratumoral Mammary tumor xenografts CSF-1 Inhibition of tumor growth [125]

Intrathecal Brain cation channel P2X3 Chronic neuropathic pain [126]

Renal artery and Kidney TGF-β1 Glomerulonephritis [127]
electroporation

Intratracheal Lung Fas Hemorrhagic shock and sepsis [128]

Stereotactic injection Brain Agouti-related peptide Increased metabolic rate [129]
to hypothalamus

Intrathecal infusion Brain Pain-related cation channel P2X3 Decreased mechanical hyperanalgesia [126]using mini-osmotic pump

Infusion into the Brain Dopamine transporter Temporal hyperlocomoter response [130]ventricular system

Infusion into the Brain Serotonin transporter Antidepressant-related
[131]ventricular system behavioural response

Intraocular Retinal cells/terminals in supcolliculus APP/APLP2 Alterations of synaptic function [132]

Intraocular Eye VEGFA, VEGFR1, VEGFR2 Inhibition of ocular angiogenesis [133]

Intraocular Eye TGF-beta RII Prevention of ocular
[134]inflammation and scarring
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Table 2: Studies based on the direct application of siRNAs to induce RNAi in vivo: administration of siRNAs based on liposomes/cationic
lipids.

Administration Target tissue/organ siRNA formulation Target gene(s) Target disease/aim of study Reference

Intravenous Liver metastasis Liposomes bcl−2 Metastasis
[135]

growth inhibition

Intravenous Kidney Liposomes V2R Role of V2R in water/
[136]

sodium homeostasis

Intravenous Subcutaneous tumor DOPC liposomes EphA2 Tumor growth inhibition [137]
xenograft

Intravenous Lung Liposomes caveolin-1 Increase in lung
[138]

vascular permeability

Intravenous/intraperitoneal Various Liposomes – Detection of FITC-
[139]labeled siRNA

Intraperitoneal Peritoneal cavity Liposomes IL-12p40 Inflammation [140]

Intraperitoneal Peritoneal cavity Liposomes β-catenin Tumor growth Inhibition [141]

Intraperitoneal Various Liposomes TNF-α Sepsis after
[142]

lipopolysaccharide injection

Transurethral Bladder cancer Liposomes PLK-1 Tumor growth inhibition [143]

Local Ear Liposomes GJBR75W Hearing loss [144]

Subcutaneous Subcutaneous prostate Liposomes bcl-2 Tumor growth inhibition [135]
carcinoma xenograft

Local (tracheal grafts) Subcutaneous tracheal grafts Liposomes MIF Decreased formation of
[145]obstructive bronchiolitis

Intracardiac Developing vascular Lipoplexes GFP Downregulation of GFP [146]
network of chicken embryo

Systemic Prostate cancer Cationic cardiolipin liposomes Raf-1 Inhibition of
[147]

xenografts tumor growth

Intravenous Subcutaneous breast Cationic cardiolipin analogue c-raf Tumor growth inhibition [148]
cancer xenografts

Intrathecal Spinal cord/ i-Fect (cationic lipid) Delta opioid receptor DELT antinociception [149]
dorsal root ganglia

Intratumoral Subcutaneous HeLa xenograft Cytofectin GSV GFP Downregulation of GFP [150]

Intra-cerebroventricular Brain JetSI (+ DOPE) Luciferase Downregulation of luciferase [71]

Intravaginal Vagina Oligofectamine HSV-2 proteins Protection from HSV-2 infection [151]

effects of PEI complexes is only poorly understood. It may
rely on the formation of large aggregates in the range of up to
2 μm which, when formed on the cell surface, impairs mem-
brane functions finally leading to cell necrosis [60]. Clearly,
there is a trend towards low molecular weight PEIs as rather
nontoxic delivery reagents in vitro and in vivo, which com-
bine high biocompatibility and reduced side-effects thus also
allowing to employ larger PEI/DNA complex amounts with-
out significant cytotoxicity.

More recently, the use of polyethylenimines has been
extended towards the complexation and delivery of RNA
molecules, especially small RNA molecules like 37 nt all-RNA
ribozymes [67–69] and siRNAs [70] (Figure 2). While chem-
ically unmodified RNA molecules are very instable and prone
to rapid degradation, the PEI complexation has been shown
to lead to an almost complete protection against enzymatic
or nonenzymatic degradation. In fact, PEI-complexed siR-
NAs, which are [32P]-labeled for better detection, remain in-
tact in vitro for several hours even in the presence of RNase
A or fetal calf serum at 37◦C, while non-complexed siRNAs
are rapidly degraded (Figure 3(a)). This indicates that siRNA
molecules are efficiently condensed and thus fully covered
and protected by PEI. Indeed, the analysis of PEI/siRNA

complexes by atomic force microscopy showed the absence
of free siRNAs or siRNA molecule ends and thus confirms
these findings regarding an efficient complexation (Grzelin-
ski et al, submitted). However, while the complex stability
seems to be sufficient for siRNA protection with all PEIs
tested (Werth et al, in press; Aigner et al, unpublished data),
several of these complexes do not show any targeting efficacy
at all. In fact, only when using certain polyethylenimines,
PEI/siRNA complexes are efficiently delivered into target cells
in vitro, where siRNAs are released and display bioactivity
(Figures 1 and 2). In general and as seen before for PEI/DNA
complexes (see above), the transfection efficacy is depen-
dent on the PEI used, also indicating that the siRNA tar-
geting efficiency mainly depends on the endocytotic uptake
of the complex and/or its intracellular decomposition rather
than on the in vitro complex stability. Good results were
obtained with commercially available JetPEI [70] while the
in vivo JetPEI from the same supplier showed only poor
siRNA delivery efficacies [71]. Likewise, a novel low molecu-
lar weight PEI based on the fractionation of a commercially
available polyethylenimine demonstrates high siRNA protec-
tion and delivery efficacies in vitro (Werth et al, in press). Un-
der certain conditions, the PEI/RNA (siRNA or ribozyme)
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Table 3: Studies based on the direct application of siRNAs to induce RNAi in vivo: other strategies of siRNA administration.

siRNA formulation Target tissue/organ Administration Target gene(s) Target disease/aim of study Reference

Chemically modified Liver and jejunum Intravenous apoB Reduction of apoB
[152]

and total cholesterol

Chemically modified Liver Intravenous HBV Reduced serum HBV DNA [153]
+ lipid incapsulation

Electropulsation Muscle Intramuscular GFP Downregulation of GFP [154]

Histidine-lysine Breast tumor Intratumoral Raf-1 Breast cancer [155]
complex xenograft

Atelocollagen Subcutaneous prostate Intratumoral VEGF Tumor growth inhibition [156]
carcinoma xenograft

Atelocollagen Orthotopic germ cell Intratumoral HST-1/FGF-4 Tumor growth inhibition [157]
tumor xenograft in testes

Atelocollagen Bone-metastatic Intravenous EZH2 Inhibition of metastatic
[158]

prostate cancer tumor growth

Inactivated HVJ Subcutaneous HeLa Intratumoral Rad51 Enhancement of cisplatin
[159]suspension xenografts anticancer effect

Protamin-antibody Subcutaneous melanoma Intravenous or c-myc, Tumor growth inhibition [160]
fusion protein xenografts Intratumoral MDM2, VEGF

PEI complexation Subcutaneous ovarian Intraperitoneal HER-2 Tumor growth inhibition [70]
carcinoma xenografts

PEI complexation Lung Intravenous Influenza Influenza virus infections [74]
virus genes

Nanoplexes Subcutaneous N2A neuroblastoma Intravenous VEGF R2 Tumor growth inhibition [73]
(RGD-PEG-PEI) xenografts

TransIT-TKO Nose after viral infection Intranasal RSV-P, PIV-P Respiratory viral diseases [120]
(polyamine)

Polyamine Myocard Intraperitoneal Heat shock factor 1 Abrogation of HSF- [161]
induced cardioprotection

Virosomes + Peritoneal cavity Intraperitoneal GFP GFP downregulation [162]
cationic lipids

complexes retain their physical stability and biological activ-
ity also after lyophilization ([72] and Werth et al, in press).
Although the PEI transfection is only transient, data from
our lab show that PEI/siRNA effects are stable for at least 7
days (Urban-Klein and Aigner, unpublished results). Finally,
another study has explored the use of siRNA nanoplexes
comprising of PEI that is PEGylated with an RGD peptide
ligand attached at the distal end of the PEI. Again, siRNA
nanoplexes protect siRNAs against serum degradation and
show in vitro activity [73].

The ultimate goal is the application of siRNAs in vivo
which has been explored in some studies in different mouse
models. Ge et al showed that PEI-complexed siRNAs target-
ing conserved regions of influenza virus genes are able to
prevent and treat influenza virus infection in mice. Upon IV
injection, PEI promoted the delivery of siRNAs into the lungs
where, either given before or after virus infection, siRNA re-
duced influenza virus production in the lungs [74].

Most biological effects of the systemic application of PEI-
complexed siRNAs, however, have been determined in differ-
ent mouse tumor models and by targeting different proteins
which have been shown previously to be tumor-relevant.
This includes the epidermal growth factor receptor HER-2
(c-erbB-2/neu), the growth factor pleiotrophin (PTN), and
vascular endothelial growth factor (VEGF) and its receptor

(VEGF R2), and the fibroblast growth factor-binding protein
FGF-BP.

The in vivo administration of PEI complexed, but not of
naked siRNAs, through IP or subcutaneous injection resulted
in the detection of intact siRNAs even hours after injection
(Figure 3(b)). Radiolabeled siRNA molecules were found in
several organs including subcutaneous tumors, muscle liver,
kidney and, to a smaller extent, lung and brain. It is impor-
tant to note that the siRNAs were actually internalized by the
tissues as indicated by the fact that blood was negative for
siRNAs (Figure 3(b)).

Overexpression of the HER-2 receptor has been observed
in a wide variety of human cancers and cancer cell lines.
Since HER-2 displays strong cell growth-stimulating and
antiapoptotic effects especially through heterodimer forma-
tion with other members of the EGFR family, its overexpres-
sion has been established as a negative prognostic factor and
linked to a more aggressive malignant behaviour of tumors
(eg, [75]). Consequently, HER-2 qualifies as an attractive tar-
get molecule for antitumoral treatment strategies including
anti-HER-2 antibodies, low molecular weight inhibitors, or
HER-2-specific gene-targeting approaches. In fact, the rele-
vance of HER-2 (over-)expression in tumor growth has been
established in several in vitro HER-2 targeting studies includ-
ing the use of ribozymes [76, 78, 79] or siRNAs [80, 81].
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Figure 2: Polyethylenimine (PEI)-mediated siRNA transfer. Upper panel: PEIs are synthetic linear (a) or branched (b) polymers with an
amino group in every third position. Dependent on the pH, some of these amino nitrogens are protonated giving PEI a high cationic
charge density. Lower panel: proposed mechanism of PEI-mediated siRNA transfer. Due to electrostatic interactions, PEI is able to complex
negatively charged siRNAs leading to a compaction and the formation of small colloidal particles which are endocytosed. The “proton
sponge effect” exhibited by PEI complexes leads to osmotic swelling and ultimately to the disruption of the endosomes. siRNAs are protected
from degradation due to their tight condensation in the complex and the buffering capacity of PEI. Upon their release from the PEI-based
complex, intact siRNAs are incorporated into the RISC complex and induce RNAi (see Figure 1).

It was demonstrated that HER-2 reduction in vitro leads,
among others, to the inhibition of cell proliferation and in-
creased apoptosis.

The systemic treatment of athymic nude mice bearing
subcutaneous SKOV-3 ovarian carcinoma tumor xenografts
through IP injection of PEI-complexed HER-2-specific
siRNAs led to marked antitumoral effects as seen by a
significant reduction tumor growth (Figure 4) [70]. PEI-
complexed nonspecific siRNAs or HER-2-specific, naked siR-
NAs had no effects. This was paralleled by the detection of
intact HER-2-specific siRNAs in the tumors of the specific
treatment group already 30 min after administration and for
at least 4 h, and by the downregulation of HER-2 on mRNA
and protein levels [70].

Another receptor, VEGF R2, was targeted in a study em-
ploying self-assembling nanoparticles based on siRNAs com-
plexed PEI which is PEGylated with an RGD peptide ligand
attached at the distal end of PEG. While the PEGylation al-
lows steric stabilization and reduces nonspecific interactions
of the complexes, the RGD motif provided tumor selectivity

due to their ability to target integrins expressed on activated
endothelial cells in the tumor vasculature. Upon IV adminis-
tration into mice bearing subcutaneous N2A neuroblastoma
tumor xenografts, a selective tumor uptake and a VEGF R2
downregulation were observed, resulting in decreased tumor
growth and tumor angiogenesis [73].

The receptor ligand, VEGF, is a mitogenic and angiogenic
growth factor stimulating tumor growth and angiogenesis in
several tumors including prostate carcinoma. Thus, it may
represent attractive target molecule for RNAi-based gene-
targeting strategies also bearing in mind the double antitu-
moral effect due to reduction of tumor cell proliferation as
well as tumor angiogenesis. The subcutaneous or intraperi-
toneal injection of VEGF-specific siRNAs complexed with a
novel PEI obtained through fractionation of a commercially
available PEI (Werth et al, in press) resulted in the reduc-
tion of tumor growth due to decreased VEGF expression
levels (Höbel and Aigner, unpublished results). The same
was true for PEI/siRNA-mediated targeting of FGF-BP (Dai
and Aigner, unpublished results), which has been established
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Figure 3: Protection and in vivo delivery of siRNAs upon PEI complexation. In [70] (a) in vitro protection of siRNAs against nucleolytic
degradation. [32P] end-labeled siRNAs, complexed (upper panel) or not complexed (lower panel) with PEI, were subjected to treatment
with 1 % fetal calf serum at 37◦C. At the time points indicated, the samples were analysed by agarose gel electrophoresis, blotting, and
autoradiography. The bands represent full-length siRNA molecules indicating that PEI complexation leads to the efficient protection of
siRNAs while noncomplexed siRNAs are rapidly degraded. (b,c) In vivo delivery of intact siRNAs upon PEI complexation. [32P]-labeled
siRNAs, complexed (+) or not complexed (−) with PEI, were injected IP into mice bearing subcutaneous SKOV-3 ovarian carcinoma cell
tumor xenografts, and after 30 min (b) or 4 h (b) total RNA from various organ and tissue homogenates was prepared and subjected to
agarose gel electrophoresis prior to blotting and autoradiography. The bands represent intact [32P]-labeled siRNA molecules which for
several hours are mainly found in tumor and muscle as well as in liver and, time-dependently, in kidney. Only little siRNA amounts are
detected in the lung and traces in the brain.

previously as “rate-limiting” for tumor growth and angio-
genesis in several tumors ([82, 83], see [84] for review).

Finally, PEI/siRNA-mediated targeting of pleiotrophin
(PTN) exerted strong antitumoral effects. PTN is a se-
creted growth factor which shows mitogenic, chemotactic,
angiogenic and transforming activity [85–93] and which is
markedly upregulated in several human tumors including
cancer of the breast, testis, prostate, pancreas, and lung as
well as in melanomas, meningiomas, neuroblastomas, and
glioblastomas. The in vivo treatment of nude mice through
systemic subcutaneous or IP application of PEI-complexed
PTN siRNAs led to the delivery of intact siRNAs into sub-
cutaneous tumor xenografts and a significant inhibition of
tumor growth. Likewise, in a clinically more relevant or-
thotopic mouse glioblastoma model with U87 cells growing
intracranially, the injection of PEI-complexed PTN siRNAs

into the CNS exerted antitumoral effects. This establishes,
also in a complex and relevant orthotopic tumor model,
the potential of PEI/siRNA-mediated PTN gene targeting
as a novel therapeutic option in GBM, and further extends
the modes of delivery of PEI/siRNA complexes intrathecal
strategies as employed in the therapy of glioblastomas with
antisense oligonucleotides.

CONCLUSION

Only a few years after their discovery, siRNAs are catching
up with ribozymes and antisense oligonucleotides as efficient
tools for gene targeting in vitro and, more recently, also in
vivo. This includes the exploration of their potential as ther-
apeutics which will lead to the development of siRNA-based
therapeutic strategies. Their ultimate success, however, will
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Figure 4: Systemic treatment of mice with PEI-complexed HER-2-specific siRNAs leads to reduced growth of subcutaneous SKOV-3 tumor
xenografts due to decreased HER-2 expression. In [70] athymic nude mice bearing subcutaneous tumor xenografts were injected IP with 0.6
nmoles HER-2-specific naked (open circles) or PEI-complexed (closed circles) siRNAs 2–3 times per week and tumor sizes were evaluated
daily from the product of the perpendicular diameters of the tumors. Mean +/- standard error of the mean (SEM) is depicted and Student’s
unpaired t test was used for comparisons between data sets (∗∗P < .03, ∗∗∗P < .01). Differences in tumor growth reach significance at day 5
indicating the antitumoral effects of the PEI-complexed HER-2-specific siRNAs.

strongly depend on the development of powerful and feasi-
ble siRNA delivery strategies which need to address several is-
sues including the stability/stabilization of siRNA molecules
while preserving their efficacy and maintaining their gene-
silencing activity, an efficient delivery into the target organ(s)
as well as a sufficiently long siRNA half life in the organ-
ism and particularly in the target organ. Thus, siRNA deliv-
ery strategies must provide siRNA protection and transfec-
tion efficacy, the absence of toxic and nonspecific effects, they
must be efficacious also when using small amounts of siRNAs
and must be applicable in various treatment regimens and in
various diseases even when this requires to overcome biologi-
cal barriers after their administration to reach their target tis-
sue or target organ. The research done on DNA-based gene
delivery, ribozyme-targeting, and antisense technology will
facilitate this process since it already provides a basis of es-
tablished technologies. This is also true for the complexation
of siRNAs with polyethylenimine, which may represent a
promising avenue for siRNA applications in vivo. This may
eventually lead to novel therapeutic strategies.

ABBREVIATIONS

dsRNA, double-stranded RNA,

FGF-BP, fibroblast growth factor-binding protein,

GFP, green fluorescent protein,

HER-2, human epidermal growth factor receptor-2,

IP, intraperitoneal,

ODN, oligodeoxynucleotide,

PEI, polyethylenimine,

PTN, pleiotrophin,

RISC, RNA-induced silencing complex,

RNAi, RNA interference,

siRNA, small interfering RNA,

shRNA, short hairpin RNA.
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[44] Zhao H-F, L’Abbé D, Jolicoeur N, et al. High-throughput
screening of effective siRNAs from RNAi libraries delivered
via bacterial invasion. Nature Methods. 2005;2(12):967–973.

[45] Godbey WT, Wu KK, Mikos GA. Size matters: molecular
weight affects the efficiency of poly(ethylenimine) as a gene
delivery vehicle. Journal of Biomedical Materials Research.
1999;45(3):268–275.

[46] Tang MX, Szoka FC. The influence of polymer structure on
the interactions of cationic polymers with DNA and mor-
phology of the resulting complexes. Gene Therapy. 1997;4(8):
823–832.
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ethylenimine-based non-viral gene delivery systems. Eu-
ropean Journal of Pharmaceutics and Biopharmaceutics.
2005;60(2):247–266.

[67] Eigner A, Fischer D, Merdan T, Brus C, Kissel T, Czubayko F.
Delivery of unmodified bioactive ribozymes by an RNA sta-
bilizing polyethylenimine LMW PEI efficiently down regu-
lates gene expression. Gene Therapy. 2002;9(24):1700–1707.

[68] Brus C, Petersen H, Aigner A, Czubayco F, Kissel T.
Physicochemical and biological characterization of poly-
ethylenimine-graft- poly(ethylene glycol) block copolymers
as a delivery system for oligonucleotides and ribozymes. Bio-
conjugate Chemistry. 2004;15(4):677–684.

[69] Brus C, Petersen H, Aigner A, Czubayko F, Kissel T. Efficiency
of polyethylenimines and polyethylenimine-graft-poly (ethy-
lene glycol) block copolymers to protect oligonucleotides
against enzymatic degradation. European Journal of Pharma-
ceutics and Biopharmaceutics. 2004;57(3):427–430.

[70] Urban-Klein B, Werth S, Abuharbeid S, Czubayko F, Aigner
A. RNAi-mediated gene-targeting through systemic applica-
tion of polyethylenimine (PEI)-complexed siRNA in vivo.
Gene Therapy. 2005;12(5):461–466.

[71] Hassani Z, Lemkine GF, Erbacher P, et al. Lipid-mediated
siRNA delivery down-regulates exogenous gene expression
in the mouse brain at picomolar levels. Journal of Gene
Medicine. 2005;7(2):198–207.

[72] Brus C, Kleemann E, Aigner A, Czubayko F, Kissel T. Sta-
bilization of oligonucleotide-polyethylenimine complexes by
freeze-drying: physicochemical and biological characteriza-
tion. Journal of Controlled Release. 2004;95(1):119–131.



Achim Aigner 13

[73] Schiffelers RM, Ansari A, Xu J, et al. Cancer siRNA therapy by
tumor selective delivery with ligand-targeted sterically stabi-
lized nanoparticle. Nucleic Acids Research. 2004;32(19):e149.

[74] Ge Q, Filip L, Bai A, Nguyen T, Eisen HN, Chen J. Inhibition
of influenza virus production in virus-infected mice by RNA
interference. Proceedings of the National Academy of Sciences
of the United States of America. 2004;101(23):8676–8681.

[75] Slamon DJ, Godolphin W, Jones LA, et al. Studies of the
HER-2/neu proto-oncogene in human breast and ovarian
cancer. Science. 1989;244(4905):707–712.

[76] Juhl H, Downing SG, Wellstein A, Czubayko F. HER-2/neu is
rate-limiting for ovarian cancer growth. Conditional deple-
tion of HER-2/neu by ribozyme targeting. Journal of Biologi-
cal Chemistry. 1997;272(47):29482–29486.

[77] Thybusch-Bernhardt A, Aigner A, Beckmann S, Czubayko
F, Juhl H. Ribozyme targeting of HER-2 inhibits pancreatic
cancer cell growth in vivo. European Journal of Cancer.
2001;37(13):1688–1694.

[78] Suzuki T, Anderegg B, Ohkawa T, et al. Adenovirus-mediated
ribozyme targeting of HER-2/neu inhibits in vivo growth of
breast cancer cells. Gene Therapy. 2000;7(3):241–248.

[79] Czubayko F, Downing SG, Hsieh SS, et al. Adenovirus-
mediated transduction of ribozymes abrogates HER-2/neu
and pleiotrophin expression and inhibits tumor cell prolif-
eration. Gene Therapy. 1997;4(9):943–949.

[80] Choudhury A, Charo J, Parapuram SK, et al. Small interfer-
ing RNA (siRNA) inhibits the expression of the Her2/Neu
gene, upregulates HLA class I and induces apoptosis of
Her2/Neu positive tumor cell lines. International Journal of
Cancer. 2004;108(1):71–77.

[81] Yang G, Cai KQ, Thompson-Lanza JA, Bast RC Jr, Liu J. In-
hibition of breast and ovarian tumor growth through mul-
tiple signaling pathways by using retrovirus-mediated small
interfering RNA against Her-2/neu gene expression. Journal
of Biological Chemistry. 2004;279(6):4339–4345.

[82] Czubayko F, Liaudet-Coopman EDE, Aigner A, Tuveson AT,
Berchem G, Wellstein A. A secreted FGF-binding protein
can serve as the angiogenic switch in human cancer. Nature
Medicine. 1997;3(10):1137–1140.

[83] Aigner A, Renneberg H, Bojunga J, Apel J, Nelson PS,
Czubayko F. Ribozyme-targeting of a secreted FGF-binding
protein (FGF-BP) inhibits proliferation of prostate cancer
cells in vitro and in vivo. Oncogene. 2002;21(37):5733–5742.

[84] Abuharbeid S, Czubayko F, Aigner A. The fibroblast growth
factor-binding protein FGF-BP. to appear in The Interna-
tional Journal of Biochemistry & Cell Biology.

[85] Fang WJ, Hartmann N, Chow D, Riegel AT, Wellstein A.
Pleiotrophin stimulates fibroblasts and endothelial and ep-
ithelial cells and is expressed in human cancer. Journal of Bi-
ological Chemistry. 1992;267(36):25889–25897.

[86] Bowden ET, Stoica GE, Wellstein A. Anti-apoptotic signaling
of pleiotrophin through its receptor, anaplastic lymphoma
kinase. Journal of Biological Chemistry. 2002;277(39):35862–
35868.

[87] Wellstein A, Fang WJ, Khatri A, et al. A heparin-binding
growth factor secreted from breast cancer cells homologous
to a developmentally regulated cytokine. Journal of Biological
Chemistry. 1992;267(4):2582–2587.

[88] Milner PG, Li YS, Hoffman RM, Kodner CM, Siegel NR,
Deuel TF. A novel 17 kD heparin-binding growth factor
(HBGF-8) in bovine uterus: purification and N-terminal
amino acid sequence. Biochemical and Biophysical Research
Communications. 1989;165(3):1096–1103.

[89] Zhang N, Zhong R, Wang ZY, Deuel TF. Human breast cancer
growth inhibited in vivo by a dominant negative pleiotrophin
mutant. Journal of Biological Chemistry. 1997;272(27):16733–
16736.

[90] Czubayko F, Schulte AM, Berchem GJ, Wellstein A.
Melanoma angiogenesis and metastasis modulated by ri-
bozyme targeting of the secreted growth factor pleiotrophin.
Proceedings of the National Academy of Sciences of the United
States of America. 1996;93(25):14753–14758.

[91] Czubayko F, Riegel AT, Wellstein A. Ribozyme-targeting elu-
cidates a direct role of pleiotrophin in tumor growth. Journal
of Biological Chemistry. 1994;269(33):21358–21363.

[92] Schulte AM, Lai S, Kurtz A, Czubayko F, Riegel AT, Well-
stein A. Human trophoblast and choriocarcinoma expres-
sion of the growth factor pleiotrophin attributable to germ-
line insertion of an endogenous retrovirus. Proceedings of the
National Academy of Sciences of the United States of America.
1996;93(25):14759–14764.

[93] Choudhuri R, Zhang H-T, Donnini S, Ziche M, Bick-
nell R. An angiogenic role for the neurokines mid-
kine and pleiotrophin in tumorigenesis. Cancer Research.
1997;57(9):1814–1819.

[94] Zender L, Hütker S, Liedtke C, et al. Caspase 8 small inter-
fering RNA prevents acute liver failure in mice. Proceedings of
the National Academy of Sciences of the United States of Amer-
ica. 2003;100(13):7797–7802.

[95] Giladi H, Ketzinel-Gilad M, Rivkin L, Felig Y, Nussbaum O,
Galun E. Small interfering RNA inhibits hepatitis B virus
replication in mice. Molecular Therapy. 2003;8(5):769–776.

[96] Klein C, Bock CT, Wedemeyer H, et al. Inhibition of hepati-
tis B virus replication in vivo by nucleoside analogues and
siRNA. Gastroenterology. 2003;125(1):9–18.

[97] Lewis DL, Hagstrom JE, Loomis AG, Wolff JA, Herweijer H.
Efficient delivery of siRNA for inhibition of gene expression
in postnatal mice. Nature Genetics. 2002;32(1):107–108.

[98] Song E, Lee S-K, Wang J, et al. RNA interference targeting
Fas protects mice from fulminant hepatitis. Nature Medicine.
2003;9(3):347–351.

[99] Heidel JD, Hu S, Liu XF, Triche TJ, Davis ME. Lack of inter-
feron response in animals to naked siRNAs. Nature Biotech-
nology. 2004;22(12):1579–1582.

[100] Matsui Y, Kobayashi N, Nishikawa M, Takakura Y. Sequence-
specific suppression of mdr1a/1b expression in mice via RNA
interference. Pharmaceutical Research. 2005;22(12):2091–
2098.

[101] Contreras JL, Vilatoba M, Eckstein C, Bilbao G, Anthony
Thompson J, Eckhoff DE. Caspase-8 and caspase-3 small
interfering RNA decreases ischemia/reperfusion injury to the
liver in mice. Surgery. 2004;136(2):390–400.

[102] Sato Y, Ajiki T, Inoue S, et al. Gene silencing in rat-liver
and limb grafts by rapid injection of small interference RNA.
Transplantation. 2005;79(2):240–243.

[103] Liang Z, Yoon Y, Votaw J, Goodman MM, Williams L, Shim
H. Silencing of CXCR4 blocks breast cancer metastasis. Can-
cer Research. 2005;65(3):967–971.

[104] Merl S, Michaelis C, Jaschke B, Vorpahl M, Seidl S, Wes-
sely R. Targeting 2A protease by RNA interference attenu-
ates coxsackieviral cytopathogenicity and promotes survival
in highly susceptible mice. Circulation. 2005;111(13):1583–
1592.

[105] Duxbury MS, Matros E, Ito H, Zinner MJ, Ashley SW,
Whang EE. Systemic siRNA-mediated gene silencing: a new



14 Journal of Biomedicine and Biotechnology

approach to targeted therapy of cancer. Annals of Surgery.
2004;240(4):667–676; discussion 675–676.

[106] Duxbury MS, Ito H, Zinner MJ, Ashley SW, Whang EE.
EphA2: a determinant of malignant cellular behavior and a
potential therapeutic target in pancreatic adenocarcinoma.
Oncogene. 2004;23(7):1448–1456.

[107] Duxbury MS, Ito H, Benoit E, Zinner MJ, Ashley SW, Whang
EE. RNA interference targeting focal adhesion kinase en-
hances pancreatic adenocarcinoma gemcitabine chemosensi-
tivity. Biochemical and Biophysical Research Communications.
2003;311(3):786–792.
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INTRODUCTION

The functional mediators of RNA interference (RNAi) are
small interfering RNAs (siRNA) [1, 2]. These double-
stranded RNA molecules are typically 19 to 23 nucleotides
in length, and consequently have a molecular weight of ap-
proximately 13 to 15 kd and 38 to 46 negative charges. As a
consequence, passive transport over the lipophilic cell mem-
brane is poor [3–5]. At the same time, intracellular entry and
translocation into the cytoplasm (and/or nucleus), where the
RNAi machinery is located, is a prerequisite, for gene silenc-
ing activity [6–9]. More importantly, for in vivo applications,
intracellular entry into the target cell within the diseased tis-
sue is required and should lead to appearance in the cyto-
plasm to silence the mRNA of interest (Figure 1). Ideally,
siRNA should therefore be targeted to three levels: to the tar-
get tissue, the target cell type, and the subcellular compart-
ment.

Primary obstacles for achieving this in vivo include com-
petitive uptake by nontarget cells, excretion in urine, degra-
dation by nucleases, and endosomal trapping.

Some literature reports claim entry of siRNA in the tar-
get cells of the target tissue after intravenous injection [10].
The observations have been attributed to translocation of
siRNA over the cell membrane by a dsRNA-receptor, referred
to in Caenorhabditis elegans as SID-1,which is responsible
in this organism for systemic spreading of the silencing ef-
fects [11]. Indeed, overexpression of the mammalian homo-
logue increases the intracellular uptake of siRNA [12]. In
contrast, “naked” siRNA is used by many researchers as a

negative control which fails to produce silencing effects af-
ter injection in vivo and even after prolonged incubation of
cells with high siRNA concentrations in vitro. This lack of
activity of “naked” siRNA indicates that not all cell types ex-
press (enough of) the SID-1 homologue, to observe silencing
effects. In addition, the rapid removal of “naked” siRNA after
intravenous administration from the circulation, with more
than 99% of the injected dose renally excreted and taken up
by liver Kupffer cells within minutes, makes a very small per-
centage of the administered dose available for the target tis-
sue. This small percentage is additionally subject to nucle-
ase degradation. Therefore, intravenous injection of naked
siRNA relying on passive targeting of the diseased tissue, and
SID-1 homologue-mediated target cell uptake seem to be in-
efficient and as yet unpredictable.

Local injection at the site of pathology avoids many
of the difficulties encountered after intravenous adminis-
tration, most notably the rapid elimination, and is there-
fore a popular approach to increase target tissue concen-
trations of siRNA. With this approach chances of obtain-
ing sufficient intracellular levels of siRNA for therapeutic ef-
fects are increased [13, 14]. Furthermore, helper molecules
(like cationic lipids or polymers) or physical methods (like
electroporation, sonoporation, or hydrodynamic pressure)
can be employed to facilitate intracellular entrance of siRNA
[13, 15–19]. In addition, local production of siRNA by genes
encoding for short hairpin RNA (shRNA) can ensure pro-
longed levels of the dsRNA intracellularly [20, 21]. The en-
coding genes can be delivered by viral vectors or one of the
aforementioned nonviral methods.
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Unfortunately, local administration is not always feasi-
ble because the target tissue cannot be reached, or covers an
area that is too large to be feasible for a local injection proto-
col. In addition, using local injection (possibly supplemented
with helper molecules or physical stimuli) selectivity in de-
livery to nontarget and target cell types has usually not been
taken into account. This is an important aspect when consid-
ering the nonspecific effects that can be induced by dsRNA.
Over the past few years, it has become clear that cells can
respond strongly to siRNA by different proinflammatory re-
actions depending on cell type, siRNA sequence, and intra-
cellular location [22–24]. These effects can be intensified by
employing cationic helper molecules [25], an effect probably
mediated by a change in the intracellular trafficking of the
dsRNA [23]. As a consequence, nontarget cells may also take
up siRNA and respond with induction of proinflammatory
pathways in addition to the therapeutic RNAi effects within
the target cells at the diseased site.

In this review we will focus on strategies for targeted
siRNA delivery that are designed to improve accumulation of
siRNA at three in vivo levels of delivery: at the target tissue,
the target cell, and at the intracellular target site of action. We
will concentrate on delivery approaches for systemic admin-
istration as such systems have broadest applicability. Three
approaches will be discussed:

(1) chemical modifications of siRNA,
(2) viral nucleic acid delivery systems,
(3) nonviral nucleic acid delivery systems.

Most attention will be given to in vivo delivery strategies, as
in vitro targeting studies often do not represent a fair evalu-
ation of the many barriers that exist in vivo, possibly imped-
ing efficient and site-specific delivery (eg, phagocyte uptake,
uptake by competing cell types, excretion, intracellular pro-
cessing, and siRNA (delivery system) stability).

CHEMICAL MODIFICATIONS

The nuclease sensitivity and poor tissue distribution/mem-
brane permeation qualities of siRNA provide a reason to
investigate possible chemical modifications that would im-
prove these characteristics which would not interfere with
the silencing efficiency of the molecules. Several strategies
have been proposed to improve nuclease resistance and target
cell uptake.

Increasing nuclease resistance

Chemical modifications in the nucleobases, sugars, and the
phosphate ester backbone of siRNA can reduce siRNA sen-
sitivity to nucleases [26–28]. Initial studies centered on
the tolerance of the RNAi system for modifications in the
two RNA strands [29]. A number of chemical modifica-
tions have been proposed to increase nuclease resistance,
like boranophosphates [30], 4′-thioribonucleosides, phos-
phorothioates, 2′deoxy-2′ fluorouridine, 2′-O-methyl, 2′-O-
(2-methoxyethyl), and locked nucleotides [31–36]. All of
these chemically modified siRNAs were still able to induce

Figure 1: Three levels of targeting: preferably, siRNA should be tar-
geted to the diseased tissue (I). Within this tissue it should be deliv-
ered to the correct cell type for silencing the mRNA of interest (II).
Following entry of the target cell, siRNA should be delivered to the
cytoplasm (and/or nucleus) to interact with the components of the
RNAi machinery (III).

siRNA-mediating gene silencing provided that the modifi-
cations were absent in specific regions of the siRNA and
included to a limited extent. These specific restrictions re-
garding position and degree of modifications were depen-
dent on the characteristics of the incorporated modification.
Although increased nuclease resistance of siRNA would be
expected to increase in vivo silencing effects, Layzer et al
showed that this is not necessarily the case. They studied si-
lencing effects in the liver after hydrodynamic injection, and
showed that unmodified siRNA had a similar potency as the
stabilized version [36].

In contrast, chemical modifications were shown to en-
hance therapeutic effects in a mouse model of hepatitis B
virus infection. Chemically modified siRNA designed against
a conserved region of the hepatitis B virus was shown to de-
crease viral DNA, hepatitis B surface antigen levels in serum,
as well as viral RNA levels in liver over 1000-fold as compared
to chemically modified control siRNA and buffer-treated an-
imals in a hydrodynamic injection protocol. The benefit of
chemically modified siRNA was supported by the fact that
indicators of viral infection were 30-fold higher in animals
treated with unmodified siRNA [37].

Increasing intracellular uptake

Several approaches have been developed where chemical
modifications have been introduced to enhance intracellular
uptake of siRNA. Liao and Wang developed poly-2′-O-(2,4-
dinitrophenyl) modified siRNA. The enhanced lipophilicity
of this siRNA allows passive diffusion over the cell mem-
brane, while at the same time enhancing nuclease resistance.
This approach has only been investigated in vitro and shows
that chemical modification can enhance siRNA potency at
both fronts. As a result the silencing effects of the chemi-
cally modified siRNA specific for insulin-like growth factor
receptor were strongly enhanced as compared to unmodified
siRNA [38].
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In a similar setup, membrane permeant peptides (pen-
etratin and transportin) were coupled to siRNA to facilitate
their intracellular uptake. By coupling the peptide via a re-
ducible disulfide linker, the bulky peptides are expected to be
cleaved-off liberating the siRNA in the cytoplasm. The ap-
proach was validated in vitro, thus supporting wide applica-
tion of the basic technology. Nevertheless, cell specificity is
lacking [39].

Probably the furthest developed work on chemically
modified siRNAs has been reported by Soutcheck et al [40].
They have developed siRNAs with partial phosphorothioate
backbone modifications and 2′-O-methyl sugar variations
on the sense and antisense strands to promote nuclease re-
sistance, while at the same time cholesterol was conjugated
to the 3′ end of the sense strand using a pyrrolidine linker to
change tissue distribution. The cholesterol-modified siRNA
silenced reporter gene expression in vitro in the absence
of transfection agents, something not observed for unmod-
ified siRNAs. Probably the interaction of the cholesterol
with serum components in the culture medium improved
siRNA translocation over the cellular membrane. The choles-
terol modification particularly enhanced binding of siRNA
to serum albumin, probably explaining the prolonged circu-
lation half-life measured after intravenous injection as com-
pared to unmodified siRNA. In addition to a prolonged pres-
ence in the circulation, cholesterol-modified siRNAs were
detected in liver and jejunum at concentrations of 100–
200 ng per gram tissue 24 hours after the last injection of
50 mg/kg doses. These levels were sufficient to reduce the lev-
els of the apolipoprotein apoB-100 in plasma by 31–68%.
This reduction was paralleled by a 37% reduction in over-
all cholesterol levels, and reduction in high-density lipopro-
tein, low- density lipoprotein, and chylomicron levels. De-
spite these impressive results using relatively simple modi-
fications, the doses of chemically modified siRNAs needed
are relatively high and seem to underline that changing tis-
sue distribution of siRNA in favor of target cell uptake by
conjugation with comparatively small chemical groups is dif-
ficult to achieve. At the same time, small molecular weight
modifications seem to be needed to preserve correct inter-
action with the RNAi enzymes. Cleavable linkers for cou-
pling of bulkier modifications may be an approach to avoid
these problems. In conclusion, chemical modifications do
promise important advances regarding nuclease resistance
and reduced induction of the stress response. Invitrogen
has developed a second-generation siRNA, known as Stealth
RNAi, in which chemical modifications are designed to in-
crease the specificity of RNAi effects by allowing only the
antisense strand to efficiently enter the RNAi pathway and
eliminating induction of interferon-related pathways. Oth-
ers have also demonstrated that sequence and modifications
can strongly influence intensity of silencing efficiency and
inflammatory reactions, providing tools to optimize these
[41, 42].

Taken together, chemical modifications can markedly in-
crease nuclease resistance of siRNA improving cellular persis-
tence and conjugation with translocating/hydrophobic func-
tional groups can increase membrane permeation. Strategies

to affect tissue distribution profiles of siRNA with chemical
modifications seem more difficult.

VIRAL NUCLEIC ACID DELIVERY

Viruses are at present the most efficient gene delivery vectors.
After cell binding they are capable of delivering their nucleic
acid payload intracellularly in a proficient way along with nu-
clear localization. Although virus-mediated delivery meth-
ods are usually based on delivery of genes encoding shRNA,
few approaches used viruses to deliver chemically synthesized
siRNA in vivo [43, 44].

Delivery of chemically synthesized siRNA

In this approach, reconstituted viral envelopes derived from
influenza virus are used to encapsulate and deliver siRNAs.
The reconstituted membrane vesicles contain the influenza
virus spike protein hemagglutinin and additionally added
cationic lipids. This protein is responsible for binding to and
fusion with cellular membranes. The siRNA-loaded vesicles
are taken up by receptor-mediated endocytosis, and are able
to escape endosomal degradation by fusion with the endo-
somal membrane. Functional siRNA delivery was demon-
strated in vitro, while in vivo uptake by macrophages in
the peritoneal cavity was demonstrated after intraperitoneal
injection. A similar approach, described siRNA delivery by
simian virus SV40-based particles in vitro in lymphoblastoid
cells [44]. As with many viral approaches, drawbacks of the
systems are the difficulties of repeated administration and
limited control over transduced cell type.

Delivery of DNA encoding siRNA/shRNA

A number of studies investigated the use of DNA encoding
for shRNA delivered by viruses for gene silencing in vivo. In-
travenous injection of 5 × 109 plaque forming units (pfus)
recombinant adenovirus expressing shRNA targeting hepati-
tis B virus transcripts in mice with active replication of the
hepatitis B virus, showed almost complete inhibition of vi-
ral protein production [45]. This in turn led to arrest of vi-
ral replication at day 17 after viral infection. The inhibitory
effect persisted for at least 10 days. Interestingly, there ap-
peared to be a fraction of viral protein that was not suscep-
tible to RNAi-mediated silencing, which is suggested to be
attributable to protection through binding of their mRNA to
specific proteins. The exact nature of this protection and its
possible involvement in RNAi resistance remains to be deter-
mined.

Uchida et al used expression of two separate siRNA
strands against survivin by adenoviral transduction to inhibit
tumor growth. Survivin is a protein that inhibits cancer cell
apoptosis. Mice bearing subcutaneous U251 glioma tumors
were treated with intratumoral injections of 1010 viral parti-
cles on three consecutive days every twenty days, ultimately
leading to four-fold smaller tumors at day 48 after start of
treatment as compared to empty adenoviral vector and ade-
noviral vector expressing irrelevant siRNA [20].
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These studies demonstrate the possibilities for single in-
travenous or multiple local injections of virally delivered
DNA encoding si/shRNA for gene silencing. This strategy
has been further confirmed in a number of different in vivo
models and with a number of different vectors, like intracra-
nial delivery of lentivirus-produced shRNA for inhibition of
reporter gene expression in cortical neurons [46], intraperi-
toneal delivery of lentivirus-produced shRNA for inhibition
of viral cyclin to prevent primary effusion lymphoma in
mice [47], intramuscular or intraspinal delivery of lentivirus-
produced shRNA for inhibition of mutant SOD1 in amy-
otrophic lateral sclerosis [48, 49], and ex vivo delivery of
lentivirus-produced shRNA for inhibition of CC-chemokine
receptor 2 in hematopoietic cells in mice [50].

Taken together, the viral DNA-based sh/siRNA delivery
process is very efficient: binding to the target cell surface
and subsequent transduction, carrier stability, and protec-
tion against nucleases appear satisfactory [51–54]. However,
as the discussed approaches illustrate, viruses usually lack se-
lectivity for the target cell type. To improve specificity, the
natural tropism of viruses for certain cell types may be used.
Currently, much attention is focused on redirecting the nat-
ural preferred cell type of viruses towards therapeutically in-
teresting receptors on the surface of target cells. Examples in-
clude the retargeting of murine coronavirus to the human
epidermal growth factor receptor [55], directing adenovirus
via fibroblast growth factor ligand towards its associated re-
ceptor (FGFR1) for delivery to glioma, or adenoviral delivery
to angiogenic endothelium via RGD-peptides binding alpha
v-integrins [56]. However, such approaches have not been
tried as yet in combination with RNAi-mediated gene silenc-
ing in vivo.

The strength of the viral delivery approach is the efficient
transduction of cells. Challenges that remain are the control
over transduced cell type, especially after systemic adminis-
tration. In addition, inflammatory reactions, immunogenic-
ity, and oncogenic transformations continue to be important
safety considerations for viral vectors that need to be ad-
dressed [57, 58].

Nonviral nucleic acid delivery

Whereas viral vectors possess many of the desired character-
istics for efficient nucleic acid delivery, nonviral vectors pos-
sess several advantages. Important benefits of synthetic vec-
tor systems are the safety (related to their lack of immuno-
genicity and low frequency of integration) and ease of large-
scale production. In addition, they can accommodate a wide
variety of nucleic acid sizes and they allow easy modification.
On the downside, transfection efficiency can be a limiting
factor.

To face this weakness, many functional groups need to
be incorporated into nonviral nucleic acid delivery systems.
A cationic functional group is usually required to bind and
condense the nucleic acid, thereby protecting it against nu-
cleases and (important for siRNA) increasing the apparent
molecular weight above the renal clearance cut-off. In addi-
tion, some cationic compounds are being used as endosomal

escape enhancers. Due to the resulting positive charge, com-
plexes tend to form aggregates by binding in the blood stream
to negatively charged biomolecules. As a result, their clear-
ance is usually rapid. Moreover, such cationic complexes pos-
sess a propensity to interact with virtually any cell type they
encounter, creating a need to insulate the interactive sur-
face of the particle to promote specificity. For that purpose,
shielding groups can be added to enhance colloidal stability
and reduce surface charge thereby avoiding nonspecific cell
uptake. To restore cell interaction in a target-specific manner
targeting ligands can be coupled to induce site-specific bind-
ing and uptake. In the case of delivery of DNA encoding for
shRNA by non-viral delivery systems, nuclear translocation
of the DNA is often inadequate. As such, the cytoplasmic site
of activity of chemically synthesized siRNA provides an im-
portant advantage.

Delivery system based on RNA

A system consisting completely of RNA was proposed by Guo
et al [59]. Their system is based on the packaging RNA of the
DNA-packaging motor of bacteriophage phi29, which can
spontaneously form dimers via interlocking right- and left-
hand loops. By attaching the siRNA to one loop and an RNA
aptamer to CD4 to the other, a cancer cell targeted system was
created that could silence survivin gene expression in vitro.
Alternatively, the system could also be targeted by folate.

Cationic delivery systems

Unshielded, untargeted complexes of siRNA with cationic
polymers or lipids, can provide local or systemic transfec-
tion of a sufficient number of target cells for therapeu-
tic effects. Several studies employed cationic lipids to com-
plex siRNA to silence, amongst others,TNF-alpha in in-
traperitoneal macrophages after intraperitoneal administra-
tion [60], delta opioid receptor in spinal cord and dorsal
root ganglia after intrathecal administration [61], polo-like
kinase-1 in bladder cancer after intravesical administration,
and c-raf-1 in prostate cancer cells after intravenous admin-
istration [62]. Although, a sufficient number of cells must
have been reached as silencing is observed, it is fair to as-
sume that a large part of the dose will arrive in nontarget
cells. In view of the nonspecific effects that can be induced
by cationic lipids themselves and in particular in combina-
tion with dsRNA, this may severely hamper therapeutic ap-
plication [25, 63].

A variety of other cationic compounds have also been in-
vestigated for siRNA-delivery purposes. A linear low molecu-
lar weight form of the cationic polymer poly(ethylene imine)
(PEI) has been used for treatment of (subcutaneously im-
planted) ovarian carcinoma in mice [64]. After intraperi-
toneal administration complexed siRNA was primarily re-
covered from muscle, liver, kidney, and tumor. Interestingly,
the major organ where PEI nucleic acid-complexes are usu-
ally recovered, the lung, was largely avoided. Importantly, si-
lencing of Her-2 with these polyplexes inhibited ovarian car-
cinoma growth in vivo.
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Atelocollagen (a highly purified type-I collagen of calf
dermis digested by pepsin), was shown to be a suitable ve-
hicle for local delivery of siRNA [17, 65]. In addition, when
administered intravenously, atelocollagen-siRNA was able to
localize at sites of tumor mestastases and inhibit metastasis
outgrowth [66]. More specifically, tumor levels increased ∼
6-fold as compared to levels after “naked” siRNA administra-
tion (from 0.7 to 4.3 ng/mg after injection of 25 μg siRNA).
This effect was, albeit less pronounced, also seen in the other
organs investigated (ie, liver, lungs, kidneys, and spleen)
demonstrating that the enhanced tissue uptake is not ex-
clusively tumor-specific. Nevertheless, delivery of these lev-
els of siRNA silencing EZH2 (enhancer of zest homologue-
2, a gene overexpressed in hormone-refractory metastatic
prostate cancer) or p110-α (a phosphatidylinositol 3-kinase
regulating cell survival, proliferation, and migration) re-
sulted in strong inhibition of growth of bone metastases
of prostate cancer cells. Importantly, siRNA-atelocollagen
complexes failed to induce nonspecific proinflammatory re-
sponses like secretion of IFN-α and IL-12.

Targeted cationic delivery systems

A targeted amino-acid-based system was based on the
cationic peptide protamine [67]. To the system’s protamine-
block the C-terminus of the heavy chain Fab fragment of an
HIV-1 envelope antibody was coupled to form a protein con-
struct known as F105-P. This system was highly efficient in
binding to and transfection of cells expressing HIV-envelope
protein, although it is unclear why the HIV-envelope protein
would be internalized. Importantly, expression of interferon-
β, 2′, 5′-oligoadenylate synthetase, and Stat-1, as indicators
of nonspecific effects, were not increased upon siRNA trans-
fection of HIV-envelope-expressing melanoma cells. In addi-
tion, when these cells formed subcutaneous tumors in vivo,
30% of cells took up fluorescent siRNA when delivered by
F105-P after intravenous administration. Naked siRNA was
not taken up, nor was F105-P-siRNA delivered to cells that
were envelope-protein negative. Delivery of a combination of
siRNAs against c-myc, MDM2, VEGF strongly inhibited tu-
mor growth in vivo when delivered using the F105-P system.
This combination of siRNAs attacking the tumor at multiple
fronts is an important advantage of the siRNA technology as
it allows simultaneous interference with a number of differ-
ent pathways, while the delivery problem for each individ-
ual drug molecule (siRNA) remains the same. The versatility
of this targeted system was demonstrated by exchanging the
HIV-envelope antibody for an ErbB2-antibody changing the
specificity of the system to ErbB2-positive breast carcinoma
cells.

In a cationic lipid-based approach, Pirollo et al coupled
a transferrin receptor single chain Fv region antibody frag-
ment to the surface of cationic DOTAP: DOPE complexes
containing siRNA [68]. They evaluated the targeting poten-
tial of these systems in different murine tumor models: an
orthothopically implanted pancreatic carcinoma (that pro-
duced spontaneous metastases), an orthotopically implanted
prostate carcinoma, and intravenously administered breast

carcinoma cells giving rise to metastases in the lung. In all
these models, specific accumulation of fluorescently labeled
siRNA complexed to the targeted cationic lipid particles at
the site of the malignancy could be demonstrated as com-
pared to surrounding normal tissue and liver. The question
whether targeted delivery resulted in gene silencing was not
addressed.

Shielded targeted cationic delivery systems

Targeted cationic systems have the important advantage that
they possess a recognition signal for specific interaction with
the target cell type. However, the cationic surface may also be
able to interact with biomolecules or nontarget cells. As such,
shielding of the cationic surface may further enhance target
cell specificity by reducing nontarget tissue uptake and may
additionally increase colloidal stability of the siRNA com-
plexes.

In our studies we focused on the cationic polymer PEI
coupled to PEG as shielding polymer. To the distal end of the
PEG-chain a cyclic RGD-peptide was coupled. This peptide
is a high-affinity ligand for alpha v-integrins that are overex-
pressed on angiogenic endothelial surfaces [69]. Tissue dis-
tribution studies in vivo of fluorescently labeled siRNA in
subcutaneous neuroblastoma-bearing mice showed that in-
jection of “naked” siRNA did not produce appreciable tumor
levels, but rather rapid clearance into the urine. PEI-siRNA
complexes also lacked the production of high fluorescence in
the tumor, but did increase liver and especially lung levels.
The fluorescence appeared punctuate in both latter tissues,
probably reflecting formation of aggregates in the circula-
tion.

When the PEG-shielded, targeted nanoparticles were
used, a higher level of specificity for the tumor and lower lev-
els of fluorescence in the lung and liver were observed. In a
therapeutic setting, siRNA against murine VEGF receptor-
2 was used, since the receptor is one of the driving factors
of tumor angiogenesis. Delivery to host tumor endothelium
is required to inhibit tumor proliferation. Efficacy studies
with VEGFR2-specific siRNA complexed in RGD-PEG-PEI
nanoparticles resulted in strong inhibition of sc neuroblas-
toma growth rate, which was sequence-specific. These exper-
iments suggest that the targeted shielded nanoparticles in-
deed deliver the siRNA to the angiogenic endothelial cells. In
line with these findings, the reduced tumor growth rate was
paralleled by a reduction in blood vessels in the periphery of
the tumor and changes in vascular morphology of remain-
ing vessels, supporting an antiangiogenic mechanism of ac-
tion. These results were supported by studies in a model of
pathological angiogenesis in the eye [70], again demonstrat-
ing vasculature-specific delivery and inhibition of angiogen-
esis leading to therapeutic effects. Importantly, the studies in
the eye also showed that combining siRNAs against differ-
ent driving factors in the VEGF-pathway in the same deliv-
ery system improved therapeutic effects. Attacking the var-
ious receptors and growth factors simultaneously seems to
offer advantages. Especially in multifactorial diseases, where
functional redundancy is likely, this cocktail approach seems
to offer important benefits.
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(a)
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Nucleic acid
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Nuclease resistance
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Cationic compound

(c)

Nonviral nucleic acid delivery

Figure 2: Strategies for siRNA delivery. Strategies are based on (a) chemical modifications of siRNA, (b) targeting of siRNA using viral
vectors, or (c) nonviral delivery systems.

Synthetic nonviral delivery systems are a diverse class of
molecules used in different nucleic acid delivery strategies
that range from relatively simple cationic complexation for
local administration to targeted shielded systems for intra-
venous injection. Their adaptability to specific targeting re-
quirements is an important advantage, although optimiza-
tion of delivery efficiency continues to remain important.

FINAL REMARKS

Over the last decades, research on the promises of nu-
cleic acids for therapeutic intervention and the difficulties
encountered in turning these promises into clinical real-
ity has provided a clearer picture of the development steps
that are needed to transform nucleic acids into actual drug

molecules. As a result siRNA has been able to make a remark-
able rapid progress from initial discovery as functional medi-
ator of RNA interference in mammalian cells in 2001 to three
clinical trials at the end of 2005: two in age-related macular
degeneration, the other in respiratory syncytial virus infec-
tion [71]. Nevertheless, the choice of the diseases also reflects
the delivery difficulties encountered for this class of nucleic
acids. These diseases were selected partly because the target
cell delivery problems are relatively low as these pathologies
are confined to specific and accessible sites. To further im-
prove target specificity, also in view of possible adverse ef-
fects occurring when siRNA is processed by nontarget cells,
and to allow application of siRNA for systemic treatment sev-
eral strategies can be proposed (Figure 2). Taken together
they serve to increase nuclease resistance, to reduce renal
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excretion/specific cell uptake, to promote uptake by the tar-
get cells, and to ensure correct intracellular trafficking to the
site of action. As the first preclinical proofs of principle have
been delivered showing therapeutic effects of locally and sys-
temically delivered siRNAs, it is expected that these strate-
gies will soon translate into viable clinical development pro-
grams.
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INTRODUCTION

The discovery of RNAi

In 1998 Andrew Fire and Craig Mello discovered in a se-
ries of experiments in Caenorhabditis elegans that injection
of sense or antisense RNAs led to negligible decreases of tar-
get RNA, whereas introduction of dsRNA resulted in effec-
tive and specific degradation of cytoplasmic mRNA. Further-
more, these silencing effects of dsRNA in C elegans were sys-
temic and heritable [1]. Later on, the sequence-specific gene
silencing capacity of dsRNA, now known as RNA interfer-
ence (RNAi), has been linked to previously described gene
silencing phenomena such as posttranscriptional gene silenc-
ing (PTGS), co-suppression in plants, and quelling in fungi
[2–7]. Following this exciting and fundamental discovery, in-
tense studies were undertaken with the purpose to dissect the
molecular mechanism of RNAi. Indeed, in the past few years,
many details of the biogenesis of small dsRNAs have been
elucidated, and components, structure, and function of pro-
tein complexes of the RNAi machinery have been identified.
RNAi has thus emerged as an evolutionarily highly conserved
and fundamental mechanism for the regulation of gene ex-
pression and has rapidly been developed into a tool to ana-
lyze gene function.

RNAi molecular pathways

The detailed molecular mechanism of RNAi has been the
subject of numerous recent reviews [8–16]. As this review

concentrates on delivery of RNAi in the hematopoietic sys-
tem and discusses its potential diagnostic and therapeutic
applications in hematology, we will only briefly resume the
principal phases of dsRNA-mediated gene silencing pathways
as schematically represented in Figure 1.

Two types of small noncoding dsRNA can serve as ef-
fector molecules and trigger RNAi: small interfering RNA
(siRNA) and micro RNA (miRNA). Long dsRNAs, intro-
duced experimentally into the cell or generated as intermedi-
ates during viral infections [17] or as aberrant transcripts de-
rived from inverted tandem repeats and transposons [18], are
processed in the cytoplasm by a ribonuclease (RNase) III-like
enzyme called Dicer [19, 20] into siRNA duplexes of 21–25 nt
in length with 3′ dinucleotide overhangs, 5′-phosphates, and
3′-hydroxyl termini [21].

With the discovery of micro RNAs (miRNAs) the impor-
tant physiological role of RNA-mediated gene silencing for
regulating gene expression during development [22], differ-
entiation [23], and apoptosis [9, 24], as well as its possible
involvement in diseases like cancer, soon became manifest
(see [8, 9] for review). miRNAs constitute a large class of
endogenously expressed, highly conserved, noncoding small
RNA molecules which act as negative regulators of gene ex-
pression in a variety of organisms ranging from plants to
mammals [9]. Usually miRNAs are transcribed from endoge-
nous genes by RNA polymerase II [25, 26] as long primary
transcripts (pri-miRNAs) (see [27] for review) possessing 5′-
caps and 3′-poly A tails [25, 28] (Figure 1). Recent studies
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Figure 1: Schematic representation of RNA-mediated gene silencing pathways. miRNAs are transcribed from endogenous genes by RNA
polymerase II as long primary transcripts (pri-miRNAs). In the nucleus, Drosha, an RNase III-like enzyme, releases the characteristic stem-
loop structure of the ∼ 70 bp precursor-miRNA from the primary transcript (pre-miRNA). The pre-miRNAs are then transported from the
nucleus to the cytoplasm by exportin-5, where they are processed by Dicer to generate the mature miRNA of 21–23 nt in length. Similarily,
siRNA duplexes of 21–25 nt in length are generated from long dsRNAs in the cytoplasm by Dicer as well. Only the antisense strand of
the mature si/miRNAs is retained in the active ribonucleoprotein effector complexes (RISC or miRNP) and acts as a guide to target the
homologous mRNA. Normally, siRNAs are fully complementary and induce the cleavage and degradation of their target mRNA transcript.
In contrast, miRNAs usually bind only with partial complementarity to the 3′ untranslated region (UTR) of their cognate mRNAs and
lead to translational inhibition. Depending on the cell context and the degree of complementarity between the small RNA effector and the
mRNA target, both siRNA and miRNA can induce posttranscriptional gene silencing through degradation or translational inhibition. In
addition, transcriptional gene repression has been described by repeat-associated siRNA (rasiRNA). They are believed to be loaded into
RNAi-induced transcriptional gene silencing (RITS) complexes and may target homologous genomic loci. However, this mechanism is not
yet fully understood.

suggest that miRNA expression is regulated at the level of
transcription [29–31], similarly to mRNA and likely involv-
ing a similar or identical molecular machinery. The pri-
miRNAs undergo a two-step processing to give rise to the
mature miRNAs: in the nucleus, the characteristic stem-loop
structure of the precursor-miRNA (pre-miRNA) of ∼ 70 bp
is released from the primary transcript by another RNase III-
like enzyme called Drosha [32–36]. The pre-mRNAs are then

transported from the nucleus to the cytoplasm by exportin-
5 [37–40], where its 2 nt 3′-hydroxyl terminus is recognized
by Dicer, which generates the mature miRNA of 21–23 nt
length [41–43]. Dicer thus represents the core of the RNAi
machinery where the different RNA-mediated gene silencing
processes converge (Figure 1).

Only one strand of the mature si/miRNAs, distinguished
by the lower thermodynamic stability at its 5′ terminus
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[44, 45], is retained in the active ribonucleoprotein effec-
tor complexes and acts as a guide to target the homologous
mRNA (Figure 1). Normally, siRNAs are fully complemen-
tary to their cognate mRNAs and guide the RNA-induced si-
lencing complex (RISC) [46, 47] to the target transcripts, fol-
lowed by cleavage and degradation. A member of the Argo-
naute (Ago) family of proteins [48, 49], which contain a
small RNA-binding domain (PAZ [50]) and an RNase ac-
tivity (PIWI domain [51]), constitutes the catalytic ribonu-
clease component of RISC responsible for cleaving the tar-
get mRNA at the center of the region complementary to the
guide RNA [48, 49]. RISC is then released and the cleaved
mRNA is degraded by cellular exonucleases. Except in plants
where they have perfect homology to their targets and act
exactly as siRNAs inducing mRNA degradation [52] upon
integration into complexes usually referred to as miRNA-
ribonucleoproteins (miRNPs), most miRNAs bind only with
partial complementarity to the 3′ untranslated region (UTR)
and lead to translational inhibition downstream of the initi-
ation step [53]. In fact, apart from the distinction based on
their biogenesis, a precise boundary between si- and miRNA
functionality cannot always be established, since both have
been shown to be capable to target mRNA for degradation
or translational inhibition, depending on the cellular context
and the degree of complementarity between the RNA effector
and the mRNA target [46, 54–58].

In addition to posttranscriptional gene silencing, RNAi
has also been demonstrated to induce transcriptional repres-
sion through RNA-directed DNA methylation in plants [59],
and recent studies have reported similar effects even in hu-
man cells [60, 61], inducing heterochromatin formation (see
[62, 63] for review).

RNAi IN MAMMALIAN CELLS: DESIGN, DELIVERY,
AND TARGET VALIDATION

After its discovery, RNAi was rapidly employed as a power-
ful tool for large-scale reverse genetic screens in C elegans,
where it can be easily induced by direct injection of dsRNAs,
by feeding worms with bacteria engineered to express si-
RNAs, or simply by soaking the animals in medium contain-
ing siRNAs. Furthermore, in nematodes, RNAi acts systemi-
cally and is a long-lasting heritable event due to the presence
of RNA-dependent RNA polymerases (RdRPs) which allow
the amplification of the trigger and the perpetuation of the
silencing process [64–66].

In mammals, however, initial efforts to use RNAi for spe-
cific gene silencing encountered more difficulties, especially
due to the induction of nonspecific inhibition of gene ex-
pression resulting from the activation of the interferon (IFN)
response pathway by dsRNAs longer than 30 bp [67]. The
discovery from Elbashir et al [68] and Caplen et al [69] that
RNA duplexes of 21 nt in length, mimicking the Dicer cleav-
age products, were able to mediate efficient and specific RNAi
upon transfection into mammalian cells without eliciting the
INF response, finally enabled loss-of-function studies of spe-
cific target genes in mammalian systems as well.

Designing RNAi effector molecules

To design efficient siRNAs several parameters should be
considered. Although duplex RNAs of 21 nt in length were
shown to be the most effective RNAi triggers, recent stud-
ies suggest that 27- to 29-mers may be more active than
21-mers [70–72]. This could be due to the fact that these
dsRNAs are processed by Dicer and thus may be incorpo-
rated directly and more efficiently into RISC [73]. Reynolds
et al [74] conducted systematic analyses to evaluate physic-
ochemical characteristics associated with highly functional
siRNAs and set up an algorithm with several criteria which
significantly improved selection of potent siRNAs. To com-
ply with the rules promoting asymmetric incorporation into
RISC, the base pair at the 5′ end of the siRNA antisense
(guide) strand should have a lower thermodynamic stabil-
ity compared with the 3′-end [44, 45]. Accordingly, the pres-
ence of three or more A/U nucleotides at the 3′-terminus of
the sense strand was defined as a criterion for siRNA func-
tionality [74]. Low G-C content (30%–52%), lack of inter-
nal inverted repeats which can form secondary structures,
and specific nucleotide preferences at positions 3 (A), 10
(U), 13 (absence of G), and 19 (A, absence of G or C) on
the sense strand also increased the probability of selecting
a potent siRNA in this study [74]. Concerning the speci-
ficity of the sequence match necessary to achieve efficient
gene silencing, different groups have reported varying de-
grees of mismatch tolerance for siRNA-mediated silencing
[75–81]. Mismatched small RNAs may still be competent and
can function like miRNAs which may bind to mRNAs with
multiple target sites in the 3′-UTR [82]. miRNA binding is
not limited to the 3′-UTR but can include the coding se-
quence of an mRNA as well [83]. These results demonstrate
the possibility of off-target effects by siRNAs used for ex-
perimental or therapeutic purposes. Therefore, for preven-
tion of cross-reactive silencing, a BLAST search of poten-
tial target sequences should be performed in order to ex-
clude candidate siRNAs with some degree of homology with
other genes [74, 84]. For the efficacy of gene silencing, the
overall stability of the antisense RNA/RISC-mRNA complex
is probably more important than the absolute number of
mismatches. Accordingly, base pairing at the center of the
duplex is critical, while one or two mismatches located at
the 3′- or 5′-end of the siRNA may be well tolerated [85].
Since regions which are not involved in intramolecular fold-
ing have been demonstrated to be optimal targets [86], com-
putational approaches have been reported to analyze the sec-
ondary structure and the local folding of the target mRNA.
However, all predictions based on physicochemical charac-
teristics, sequence homologies, or secondary structure can
not guarantee the generation of an efficient siRNA, and func-
tional testing is still always required. Similarly, different si-
RNAs targeting the same gene may have different silencing
efficacies not always predictable by the parameters discussed
above. Therefore, more than one target sequence should be
tested empirically to identify the optimal small RNA for effi-
cient and specific silencing of a given target mRNA.
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RNAi delivery in mammalian cells

RNAi in mammalian cells can be triggered by direct intro-
duction through injection, electroporation, lipid-mediated
transfection, nanoparticles, or antibody bound enzymatical-
ly generated or chemically synthesized siRNAs, among oth-
ers. Alternatively, siRNAs or small hairpin RNAs (shRNAs)
can be delivered by vector-based intracellular expression.

Synthetic siRNA-mediated RNAi

siRNAs can be synthesized chemically [75, 87, 88], gen-
erated enzymatically through in vitro transcription by T7
phage polymerase [89, 90], or through endonuclease di-
gestion by recombinant Dicer of in vitro transcribed long
dsRNA [91, 92]. In mammalian cells, direct delivery of siR-
NAs can only induce transient silencing due to their limited
half-life and to their dilution during cell division.

Vector-based RNAi

Transient downregulation of gene expression may not be suf-
ficient for many applications, for example, for studies of pro-
teins with long half-lives in rapidly dividing cells. In order
to produce long-lasting RNAi in mammalian cells, plasmids
and viral expression vectors have been developed to drive
continuous intracellular expression of siRNA or shRNAs un-
der the control of highly active RNA polymerase III promo-
ters such as U6 or H1 [93, 94].

As represented in Figure 2, the two strands of an siRNA
can be transcribed from distinct expression units, either
cloned in tandem or in two separate vectors [95, 96], or can
result from bidirectional transcription of a single 19- to 29-
mer DNA fragment under the control of two opposite pro-
moters [97, 98]. The intracellular expression and hybridiza-
tion of the two strands gives rise to functionally active siRNA
duplexes. However, the most commonly used approach in-
volves the intracellular expression of shRNAs. They are tran-
scribed as single-stranded RNAs from an expression cassette
inserted immediately downstream of the pol III promoter,
which contains, in the following order, a 19 nt sequence ho-
mologous to the target mRNA, a spacer 6 to 9 nucleotides in
length, the antisense sequence, and the RNA pol III termina-
tor signal composed of a stretch of about 6 thymidines. Af-
ter transcription, the resulting stem-loop RNA structure, like
miRNA precursors, is cleaved by Dicer to yield a function-
ally active siRNA [93, 99, 100] (Figure 2). A second genera-
tion of RNAi-delivering vectors is based on RNA pol II pro-
moters driving transcription of shRNAs incorporated into a
miRNA chimeric transcript, comprising flanking sequences
optimized for Drosha/Dicer processing [100, 101].

A major advantage of vector-dependent RNAi is the us-
age of selectable markers to generate stable transfectants or
of reporter genes such as green fluorescent protein (GFP)
or red fluorescent protein (RFP) to identify and eventually
isolate the si/shRNA expressing cells in a quantitative man-
ner. When using shRNA-expressing vectors, however, it is ab-
solutely necessary to confirm the sequence of the shRNA ex-
pression cassette, because genetic recombination and/or in-

troduction of point mutations are very frequent and can oc-
cur in almost every step of the cloning strategy.

Finally, when the target gene to be silenced is essential
for cell survival and/or proliferation and the constitutive
knockdown of its expression is even lethal, employing in-
ducible or tissue-specific RNAi could be especially important
[100]. In the last years, various methods for inducible expres-
sion of shRNAs have been described. Tetracycline-inducible
[94, 102, 103] and ecdysone-inducible [104] expression sys-
tems have been reported which mediate induced and re-
versible downregulation of gene expression. However, no
standard technique for inducible RNAi has been established
so far.

Many suspension and primary cells are difficult to trans-
fect efficiently. However, viral transduction strategies allow
stable induction of RNAi in these cells. Particularly, the ca-
pacity of lentiviruses to integrate into the genome of non-
cycling cells, such as stem cells or terminally differentiated
cells, renders lentiviral vectors much more efficient than
retroviral vectors in inducing RNAi in these cells [105, 106].

Finally, transgenic technology has also been adapted for
in vivo delivered RNAi in mice. Transgenic animals have been
reported which produce siRNAs constitutively [107] or con-
ditionally, in a stage- or tissue-specific manner [108], to re-
press selected target genes. Tiscornia et al [106] efficiently
used a lentiviral vector system to express siRNA in preim-
plantation mouse embryos.

In vivo systemic delivery of siRNAs

Chemical modifications are required to potentiate siRNA nu-
clease and thermodynamic stability in vivo without compro-
mising their efficacy. Recently, several groups reported dif-
ferent approaches for systemic in vivo delivery of siRNAs.
Soutschek et al [109] described intravenous injection in mice
of chemically modified naked siRNAs coupled to a choles-
terol group chemically linked to the terminal hydroxyl group
of the sense strand to promote entry into the cells. In vivo
delivery of chemically modified siRNAs encapsulated into li-
posome particles has been recently reported by Morrisey et
al [110], and Song et al [111] described an antibody-based
delivery system which could offer a possibility for systemic,
cell-type-specific siRNA delivery.

Specificity of RNAi-induced gene silencing

Prior to functional analysis, monitoring the level of target
mRNA expression is necessary for siRNA target validation.
Quantitative RT-PCR is a fast and reliable method to mea-
sure target transcript levels in specific versus control siRNA-
treated cells, to ascertain that any phenotypic changes are
really due to specific gene knockdown and not to nonspe-
cific effects of the RNAi strategy. This issue can be further ad-
dressed by verifying that the same phenotype is induced by
siRNAs homologous to different regions of the target tran-
script. The correlation between the extent of gene silencing
and dose of the delivered si/shRNA can offer some evidence
of specificity. Finally, the availability of a rescue experiment
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able to revert the loss-of-function phenotype can ensure
RNAi specificity.

RNAi IN THE HEMATOPOIETIC SYSTEM

siRNAs and hematopoietic cells

Apart from its transient nature in mammals, the use of RNAi
in primary hematopoietic cells is limited by the difficulty
to deliver siRNA through conventional transfection meth-
ods. In contrast, lentiviruses have been shown to efficiently
transduce human hematopoietic stem and NOD/SCID re-
populating cells (HSCs and SRCs) as well as more com-
mitted colony forming progenitors [112–114] and can of-
fer a useful means for effective and stable delivery of RNAi
triggers in the hematopoietic system. Lentiviral transduc-
tion was successfully employed by our group to induce RNAi
against the common β chain of the receptors for granulocyte-
macrophage colony-stimulating factor (GM-CSF), inter-
leukin (IL)-3, and IL-5 in human CD34+ SRCs and colony
forming cells [115]. Similarly, Schomber et al [116] reported
efficient and stable silencing of the p53 gene in human
cord blood-derived CD34+ cells through lentivirus-mediated
RNAi.

Application of siRNAs to target leukemia-associated
oncogenes

Chromosomal translocations leading to the expression of
chimeric oncoproteins are frequently involved in malignant
transformation in leukemias and lymphomas. In the past few
years, RNAi technology has been used to specifically silence
the expression of translocation products (Table 1). For exam-
ple, the bcr-abl oncogene resulting from the t(9; 22) translo-
cation characterizes chronic myelogenous leukemia (CML)
and some variants of acute lymphoblastic leukemia (ALL).
It codes for a constitutively active cytoplasmatic tyrosine
kinase which is both necessary and sufficient for leukemic
transformation in several models [129–131]. Different re-
search groups [117–120] have demonstrated the feasibility
of specific interference with the bcr-abl expression without
affecting the expression of wild-type c-abl or c-bcr using
breakpoint-specific siRNAs delivered by electroporation in
bcr-abl positive hematopoietic cell lines and primary CD34+

cells from CML patients. Upon siRNA treatment, inhibi-
tion of survival and proliferation, increased sensitivity to
the abl-specific tyrosine kinase inhibitor imatinib mesylate
(STI571) [123, 132], and increased apoptosis were observed
[119, 120].
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Table 1: RNAi targeting hematopoietic fusion genes.

Oncogene target Disease implication Reference

BCR-ABL Chronic myeloid leukemia

[117]

[118]

[119]

[120]

[121]

[122]

AML1-MTG8 Acute myeloid leukemia [123]

TEL-PDGFβR Chronic myelomonocytic leukemia [124]

MLL-AF4 Acute lymphatic leukemia [125]

NPM1-ALK Anaplastic large-cell lymphoma
[126]

[127]

FLT3-ITD Acute myeloid leukemia [128]

In a recent study, our group used lentiviral gene trans-
fer of shRNAs to trigger stable RNAi targeting the bcr-abl
oncogene [133]. Stable, but not transient, RNAi was demon-
strated to induce depletion of bcr-abl positive cells from sus-
pension cultures. This depletion, as well as the degree of bcr-
abl gene silencing, correlates with the multiplicity of lentivi-
ral infection (MOI), the number of lentiviral integration into
the host cell genome, and the expression level of the RFP
reporter gene: cells with lower RFP expression and fewer
lentiviral integrations could survive and were selected in sus-
pension cultures but still showed reduced bcr-abl expression,
aberrant proliferation kinetics, and enhanced sensitivity to
STI571 as compared to controls. Furthermore, in contrast to
transient RNAi [118], stable RNAi-induced silencing of bcr-
abl inhibited the colony forming capacity of primary CD34+

cells from CML patients.
Heidenreich et al [123] used siRNAs to specifically re-

press the AML1/MTG8 fusion product resulting from the
t(8; 21) translocation [134] found in about 10% to 15% of
all cases of de novo AML. Electroporation of siRNAs specific
for the fusion site of the AML1/MTG8 into the Kasumi-1
t(8; 21)-positive cell line specifically suppressed the expres-
sion of the fusion product, without impairing the expression
of the two respective wild-type genes. Despite the transient
character of the RNAi strategy employed, the authors de-
scribed some functional effects due to the suppression of the
fusion protein such as increased myeloid differentiation and
reduced clonogenic potential upon TGFβ/vitamin D treat-
ment.

Stable retroviral delivery of shRNAs was used by Chen et
al [124] to target the fusion sequence of the TEL-PDGFβR
fusion product derived from the t(5; 12) translocation, a
recurrent cytogenetic aberration associated with chronic
myelomonocytic leukemia (CMML) [135]. Stable RNAi-
mediated inhibition of TEL-PDGFβR significantly reduced
the proliferation of TEL-PDGFβR-transformed Ba/F3 cells,
but did not restore IL-3 dependence, concordant with a
marked decrease, but not abrogation of TEL-PDGFβR ex-

pression and selection of TEL-PDGFβR expressing cells. The
authors also reported a significantly prolonged disease la-
tency and survival of nude mice or Balb/C mice injected with
TEL-PDGFβR-transormed Ba/F3 cells coexpressing siRNA
as compared with injection of TEL-PDGFβR-transformed
cells not expressing siRNA. However, as observed in cell
culture, the expression of siRNA alone was not sufficient
to completely abrogate TEL-PDGFβR-induced transforma-
tion in these murine models. A synergistic effect between si-
RNAs and small molecule inhibitors of tyrosine kinase ac-
tivity, such as imatinib, was also demonstrated in TEL-
PDGFβR-transformed Ba/F3 cells.

The mixed-lineage leukemia (MLL) gene is involved in
numerous translocations in a variety of leukemias [136].
Most frequently, the MLL gene is fused to the AF4 gene as
a consequence of the t(4; 11) translocation [137–139], found
in acute lymphoblastic leukemia (ALL) with poor progno-
sis in infants [140]. Thomas et al [125] applied siRNAs to
silence MLL-AF4 and demonstrated decreased proliferation
and clonogenicity of t(4; 11)-positive leukemic cells as well
as induction of apoptosis through caspase-3 activation and
repression of the BCL-XL anti-apoptotic gene. They also ob-
served that MLL-AF4 depletion resulted in a reduced ex-
pression of the homeotic genes HoxA9, MEIS1, and HoxA7,
known to be upregulated by MLL fusion proteins, and of the
CD133 marker for hematopoietic stem cell and early progen-
itors, which may suggest a reactivation of hematopoietic dif-
ferentiation. Finally, using a NOD/SCID mouse xenotrans-
plantation model, the authors showed that siRNA-mediated
repression of MLL-AF4 compromised leukemic engraftment
and the development of leukemia in vivo.

The t(2; 5) chromosome translocation fuses the ALK
(anaplastic lymphoma kinase) gene on chromosome 2 to
the nucleophosmin (NPM1) gene on chromosome 5 and
is associated with anaplastic large-cell lymphomas (ALCLs)
[141]. In a recent study, Piva et al [127] reported that silenc-
ing of NPM1-ALK induced by shRNAs directed against the
3′ sequences encoding the cytoplasmatic domain of ALK-R,
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which is retained in all oncogenic fusion proteins involving
ALK, leads to abrogation of NPM1-ALK-mediated transfor-
mation of MEF cells and inhibition of cell growth in sev-
eral human NPM1-ALK-positive cell lines. Moreover, an in-
creased number of apoptotic cells together with caspase ac-
tivation and downregulation of the anti-apoptotic protein
survivin were detected in ALCL cells 4 days after lentivirus-
mediated RNAi. Similar results were seen in vivo: shRNA-
expressing ALCL cells injected into NOD/SCID mice re-
vealed a reduction in tumor formation as compared to con-
trol cells. Furthermore, in a second series of experiments, in-
jection of lentiviruses driving shRNA expression directly into
ALCL tumor masses showed growth inhibition of neoplastic
cells, and histologic sections of the tumors demonstrated the
presence of large necrotic regions and, in areas with retained
viability, many apoptotic cells.

The receptor FMS-like tyrosine kinase 3 (FLT3) is the sin-
gle most frequently mutated gene in AML. It is constitutively
activated by internal tandem duplications (ITDs) within the
juxtamembrane domain or by point mutations within the
catalytic kinase domain in approximately 30% of AML pa-
tients [142, 143] and appears to confer an unfavourable prog-
nosis. RNAi-mediated silencing of FLT3 was reported by
Walters et al [128]. The authors used an siRNA pool to ef-
fectively downregulate the expression of FLT3 in FLT3-ITD-
positive human leukemia cells and showed diminished phos-
phorylation of downstream signalling molecules, comprising
STAT5, MAPK, and Akt, inhibition of cell proliferation, and
induction of apoptosis. In addition, upon siRNA treatment
in these cells, they found increased sensitivity to treatment
with the FLT3 inhibitor MLN518, further demonstrating the
potential benefit of such combined therapeutic approaches.

miRNAs in the hematopoietic system

miRNAs associated with hematopoietic differentiation

Fine modulation of gene expression is essential for the cor-
rect realization of differentiation programs. Consistent with
this, several groups recently demonstrated the implication of
miRNAs in controlling hematopoietic differentiation.

Chen et al [23] described three miRNAs, miR-181, miR-
223, and miR-142s, which are differentially expressed in the
murine hematopoietic system, and showed that miR-181
plays a specific role in B-cell differentiation. They found
that miR-181 is normally expressed at low levels in murine
hematopoietic progenitors and becomes upregulated dur-
ing B-cell differentiation. Overexpression of miR-181 in
hematopoietic progenitors gives rise to a greater fraction of
B-lymphoid cells than in wild-type progenitors, in vitro as
well as in vivo.

In a recent publication, Felli et al [144] described miR-
221 and miR-222 as inhibitors of normal erythropoiesis and
indicated the kit receptor mRNA as a major target of these
two miRNAs. Using microarray chip and Northern blot-
analysis, they showed that miR-221 and miR-222 are down-
regulated in erythropoietic cultures of cord blood CD34+

progenitors. In addition, they observed an impairment of

human CD34+ cell engraftment in NOD/SCID mice as well
as an inhibition of cell growth in the c-kit+ TF-1 ery-
throleukemic cell line upon overexpression of miR-221 and
miR-222.

Recent studies conducted by Fazi et al [29] revealed the
implication of miR-223 in human myeloid differentiation:
miR-223 expression increases during retinoic acid- (RA-) in-
duced granulocytic differentiation of the NB4 promyelocytic
cell line as well as of blasts from patients with acute promye-
locytic leukemia (APL) undergoing RA treatment. The au-
thors depicted a finely regulated network involving miR-223
and the transcription factors C/EBPα, well known for its im-
plication in granulocytic differentiation [145–147], and NFI-
A [148, 149]. C/EBPα and NFI-A, which can induce or re-
press miR-223 expression, respectively, are in competition
for an overlapping binding site on the miR-223 promoter. In
undifferentiated cells, NFI-A maintains miR-223 and conse-
quently its translation inhibitory effect at low levels. Upon
RA treatment, C/EBPα displaces NFI-A from the miR-223
promoter, thus activating its expression. Interestingly, NFI-
A is a target of miR-223 which, through a positive feedback,
represses NFI-A translation, reduces the competition with
C/EBPα, and maintains sustained levels of its own expres-
sion.

miRNA alterations in hematological malignancies

The expression of about one-third of human mRNAs appears
to be regulated by miRNAs, each of which, according to com-
putational analysis, is predicted to regulate a broad spectrum
of different mRNAs [150], revealing a very complex regula-
tory network. As cancers essentially derive from alteration
of gene expression and/or gene function, it is not surprising
that several recent publications supported the direct involve-
ment of miRNAs in tumorigenesis. Approximately 50 per-
cent of the known human miRNA genes are located at fragile
sites and cancer-associated regions of the genome [151]. Dys-
regulation of various human miRNAs has been associated
with leukemias and lymphomas: the precursor of miR-155
was found to be overexpressed in the majority of childhood
Burkitt lymphoma [152]; the miR-15a/miR-16 cluster at lo-
cus 13q14 is frequently deleted or downregulated in patients
with B-cell chronic lymphocytic leukemia (CLL), mantle cell
lymphoma, and multiple myeloma [153]. As miR-15/16 was
demonstrated to induce apoptosis by targeting the apopto-
sis inhibitor protein BCL2 in CLL cells [154], downregula-
tion of miR-15a and miR-16-1 can contribute to malignant
transformation through BCL2 upregulation and inhibition
of apoptosis. The miR-17-92 polycistron, located at 13q31, is
amplified in human B-cell lymphomas [155]. He et al [156]
found that enforced expression of the miR-17-92 cluster can
augment the oncogenic potential of c-myc in a mouse B-cell
lymphoma model, offering the first evidence of a miRNA to
act as an oncogene. O’Donnell et al [30] further confirmed
the relationship between this miR cluster and cancer. Us-
ing a lymphoma cell line with inducible c-myc expression,
they demonstrated that the miR-17 cluster is specifically and
directly upregulated by c-myc, but at least miR-17-5p and
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miR-20a downregulate E2F1-protein expression, a target of
c-myc which promotes cell cycle progression. These findings
reveal a feedback mechanism through which c-Myc activates
E2F1 transcription and simultaneously induces inhibition of
its translation.

Recent microarray-based studies have provided evidence
that specific alterations in human miRNA expression pro-
files are associated with specific types of cancers. Lu et al
[157] established a sensitive method to analyze the expres-
sion profiles of 217 miRNAs in a panel of 334 samples rep-
resenting diverse human normal tissues and corresponding
tumors. They observed a general downregulation of miRNAs
in tumors compared with normal tissues and demonstrated
that miRNA expression profiles correlate with the develop-
mental origins of specific cancers. Furthermore, even within
a single developmental lineage, distinct patterns of miRNA
expression seem to reflect the mechanism of transformation.
Indeed, clustering of miRNA profiles of bone marrow sam-
ples from patients with acute lymphoblastic leukemia (ALL)
showed a nonrandom distribution into three major groups
in correlation with previously characterized molecular al-
terations and phenotypic classifications (BCR-ABL-positive
and TEL-AML1-positive samples, T-cell acute lymphoblastic
leukemias, and mixed lineage leukemias). Their results sug-
gest that miRNA expression profiles could be more accurate
for the classification and diagnosis of human cancers than
mRNA microarrays.

Using miRNA profiling, Calin et al [158] found that dif-
ferent patterns of miRNA expression distinguish CLL cells
from normal CD5+ B cells. In a recent study based on
genome-wide expression profiling of a large number of sam-
ples from CLL patients [159], the same group showed that
a miRNA signature is associated with the presence of other
known prognostic factors (levels of ZAP-70 expression and
the mutational status of the immunoglobulin heavy-chain
(IgVH) gene) and with disease progression in CLL: a molecu-
lar signature composed of 13 miRNAs differentiated CLL pa-
tients with high levels of ZAP-70 expression and unmutated
IgVH from patients with low ZAP-70 expression and mutated
IgVH. Nine of these miRNAs were significantly overexpressed
in the first group of patients, associated with a poor progno-
sis. Furthermore, 9 miRNAs of the prognostic signature were
able to discriminate between patients with a short interval
from diagnosis to therapy and patients with a longer inter-
val: in the first group, 8 of the 9 miRNAs were upregulated,
suggesting their involvement in disease progression. The au-
thors also showed some functionally relevant mutations in
miRNA genes in CLL. Some of these mutations are located
in the flanking sequences of the pre-miRNA, compromising
the correct processing and expression of the mature miRNA.

CONCLUSIONS AND FUTURE PERSPECTIVES

Despite many remaining technical problems, current ad-
vances in strategies to extend genome-wide screens with
siRNA or shRNA libraries to mammalian cells [160–167] as
well as specific gene silencing approaches may finally facili-
tate the identification of essential genes involved in human

diseases and may identify new potential therapeutic targets.
On the other hand, disease- and stage-specific systematic
analysis of miRNA gene-expression profiles may help to es-
tablish new diagnostic and prognostic markers.

Employing RNAi in a therapeutic setting may still en-
counter numerous obstacles: the issue of efficient delivery in
a clinical setting, as well as problems deriving from toxicity,
and possible off-target effects.

While viral delivery systems are certainly of great utility
for experimental models, further studies are necessary before
their possible therapeutic application may become possible
in the future.

If all these obstacles can be overcome, cancer-specific
oncogenes, such as the fusion genes produced by chromo-
somal translocations involved in several types of leukemia,
could be suitable candidates for tumor cell-specific target-
ing in RNAi-mediated therapeutic approaches. Beside those,
gene expression by infectious organisms may be targeted by
RNAi. Indeed, early clinical trials are under way or being
started targeting vascular epidermal growth factor (VEGF)
receptor in age-related macular degeneration or genes ex-
pressed by respiratory syncytial virus (RSV). Finally, as sug-
gested by recent reports demonstrating the cooperative ef-
fects of RNAi and selective molecular inhibitors, such as ima-
tinib for Bcr-Abl [119, 120] and TEL-PDGFβR [124], and
the kinase inhibitor MLN518 for FLT3 [128], combination of
targeted therapies including small molecules and RNAi could
be taken into consideration, especially when drug resistance
becomes a problem.
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INTRODUCTION

With the sequencing of the mouse genome [1], there has
been tremendous interest in teasing out the function of “ev-
ery” gene. In the mouse, gene targeting using homologous
recombination in embryonic stem cells (ESC) has provided a
unique opportunity to probe gene function in development
[2], and a number of powerful techniques have been devel-
oped to target genes in temporal or tissue specific ways. Un-
fortunately, these are time consuming and often require the
development of multiple strains of mice, which then must be
mated to obtain the desired cell-type specific gene targeting.
The recent application of posttranscriptional gene silencing
using RNA interference (RNAi) to silence target genes has
been an efficient way to study gene function initially in C el-
egans and plants, later in mammalian cells in culture, and
recently in embryos.

RNAi is a powerful alternative to traditional gene target-
ing using homologous recombination in ES cells, large scale
mutagenesis, ribozymes, morpholinos, oligonucleotides, and
so forth, for many reasons. Among these are simplicity in
the design of the targeting construct, efficiency, and high
throughput (reviewed in [3]). In addition, RNAi offers the
ability to target specific exons/specific sequences within a
gene [4], to study gene dosage phenotypes, to target multi-
ple (redundant) genes, to target multiple members of a regu-
latory pathway, and to produce graded levels of knockdown

analogous to allelic series, which is particularly useful in ana-
lyzing the effects of genes that have “threshold” effects rather
than acting as binary on-off switches. In addition, RNAi may
be particularly useful to avoid the confounding genetic back-
ground effects common to gene targeting using the limited
number of “germ line” ESC lines, and finally, many other
species (eg, rat) can be employed.

Relatively few studies have employed RNAi to study gene
function in the developing embryo. RNAi has been electro-
porated [5, 6] or microinjected into oocytes or early zy-
gotes [7–11], siRNA-transfected ES cells have been used
to create germ line transgenic RNAi mice [12], or all ES
embryos have been generated using tetraploid aggrega-
tion of RNAi-targeted ESC [13]. Delivery, particularly to
postimplantation-staged embryos, continues to be a major
limitation in the widespread application of this important
technology.

Information regarding the prenatal delivery of plas-
mid DNA (pDNA) comes largely from the gene therapy
field where in utero gene targeting/therapy has been pro-
posed as a method to treat diseases that affect the devel-
oping embryo [14], which may ultimately be the most ef-
fective means to treat genetic defects. Various routes of
pDNA delivery have been attempted for fetal “gene ther-
apy” including direct injection of the fetus [15–17], injec-
tion into the placenta or umbilical cord [18, 19], injec-
tion into the amniotic cavity [20, 21], or the yolk sac [21],
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typically resulting in the limited transduction of the em-
bryo.

Intravascular delivery of naked DNA is increasingly rec-
ognized as a preferred route to deliver nucleic acids to target
tissues [22] because of its simplicity and effectiveness and be-
cause high levels of transgene expression can be achieved and
sustained (eg, [23]). However, it has required either high-
pressure delivery to produce extravasation [24] or a tourni-
quet to keep the pDNA in place [23]. Tail vein injection has
been employed to silence genes in neonatal [24], and adult
mice [25–28]. Based on these reports, we have recently de-
livered shRNAs to pregnant mice and have observed gene si-
lencing and additional six genes that play important roles in
organogenesis of the early embryo.

MATERIALS AND METHODS

Development of targeting constructs

We developed a targeting construct that would allow us to de-
liver a single plasmid containing a small hairpin RNA (driven
by the constitutively active H1 or U6 promoter) and a fluo-
rochrome reporter driven by the CMV promoter (Figure 1).
The vector backbone is the pCS2 plasmid (from David
Turner), which contains two multiple cloning sites (MCS) for
insertion of a DsRED and shRNA cassettes. A BamHI/XbaI
fragment that contains the entire DsRed coding region was
removed from pDsRed2-1 (Clontech) and ligated down-
stream of the CMV promoter in the first MCS. The H1 (Gen-
Bank AF191547) or the U6 (GenBank X06980) promoter was
amplified in PCR with specific primers and SV129 mouse ge-
nomic DNA was then ligated into the second MCS. Gene-
specific shRNAs were designed to target Aggf1 (BC052410),
Bmp4 (GenBank X56848), Bmp7 (NM007557), geminin
(AF068780), nanog (AY278951), Wnt8b (NM011720), and
Est1 (AK008955). Each shRNA is a ligated downstream of
the H1 or U6 promoter to yield the final expression plasmid.
All sequences are included in the supplemental data.

In addition to confirming that the plasmid reached the
embryonic compartment (DsRed fluorescence), controls in-
clude empty plasmid (pRed) and hairpins containing three
nucleotide substitutions (scrambled hairpins) that corre-
spond to no known mRNA. Blast analysis confirms unique
targeting of the hairpin and that no genes are targeted by the
scrambled hairpin. We monitor target gene expression using
PCR and at the protein level by Western blot or immunohis-
tochemistry when an antibody is available. It is also impor-
tant to monitor additional members of the signaling path-
way, compensatory genes, irrelevant genes, and genes down-
stream of the target. We also monitor the interferon response
gene Oas1 (GenBank AF466823) [29] to determine if our
construct elicits a nonspecific response.

Tail vein injections

These are carried out in mice as we have described previously
[30]. Pregnant females or neonates are placed in a conical
tube (open at the tip for air flow). A small hole is also drilled

into the cap to accommodate the tail. Mice are warmed for
5 minutes using a heat lamp and heating pad, then shRNA
expression plasmids (10 μg) diluted in Ringer’s solution are
injected into the tail vein. We use a 23-G needle and a volume
of 200–300 μL using a slow steady pressure, usually over 10–
20 seconds for pregnant mice.

Because research in our laboratory has focused on the
early postimplantation period of development, we have typi-
cally delivered targeting constructs at E6.5 and autopsied em-
bryos 24 h to 72 h later. We have also carried out limited stud-
ies at midgestation when the placental barrier is most robust,
as well as on E17.5 when the barrier thins and delivery should
be more complete. We examine the extent of DsRed expres-
sion in all embryos using epifluorescence, followed by scan-
ning electron microscopy (SEM), sectioning, immunohisto-
chemistry, Western blotting, and/or PCR. DsRed is typically
expressed throughout the early embryo, without a preference
for a particular tissue type.

Tissue analysis

Pregnant females and neonatal mice are sacrificed by cervical
dislocation followed by rapid dissection of embryos and tis-
sues. Embryos are dissected from the decidua and images are
captured using a Leitz-inverted fluorescence microscope to
determine the extent of DsRed expression. Embryos are then
either embedded in OCT for frozen sectioning or placed in
Trizol for RNA/protein extraction. For SEM or whole mount
immunohistochemistry (IHC), embryos are fixed in 1% glu-
taraldehyde (SEM) or 2% paraformaldehyde (IHC), then
stored at 4◦ prior to additional processing.

For scanning electron microscopy, embryos are dehy-
drated through graded alcohols, washed twice in hexamethyl
disilazane (HMDS), oriented on SEM stubs, and sputter-
coated with gold palladium. They are viewed and pho-
tographed using an Amray 1910 scanning electron micro-
scope.

Sectioning

Unfixed sections are cut to determine the pattern of expres-
sion of DsRed and cell type specific markers using immuno-
histochemistry. Embryos are embedded in OCT and frozen
in hexane cooled over anacetone-dry ice slurry. Sections are
cut at 10 μm using a microm cryostat and collected onto
slides.

Immunohistochemistry

Frozen sections or entire embryos are fixed, blocked exten-
sively, followed by primary antibody overnight. The geminin
(sc-13015) and BMP4 (sc-6896) antibodies were obtained
from Santa Cruz Biotechnology (Santa Cruz, Calif, USA); the
nanog antibody from Kamiya Biomedical Company (Seattle,
Wash, USA). Whole mount immunohistochemistry was car-
ried out following [29]. Geminin and nanog primary anti-
bodies were used at 1 : 100, BMP4 at 1 : 50. Secondary an-
tibody-HRP (1 : 200, Jackson Immunoresearch Laboratories,
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Figure 1: (a) shRNA expression plasmids were constructed using the pCS2 plasmid as the backbone. The DsRed 2.1 coding region was
removed from the pDsRed2-1 vector (Clontech) and cloned downstream of the CMV promoter in the MCSI. The mouse H1 promoter
(1040–1215 nt) of the RNAseP/PARP2 promoter, GenBank accession AF191547, was PCR-amplified from genomic DNA and cloned into
MCSII. Gene-specific shRNAs (blue region) or scrambled shRNAs (yellow) are then ligated downstream of the H1 promoter. (b) Tail vein
injections were carried out in pregnant mice as we have done previously (29). (c) Embryos are dissected from the uterus, and decidua and
membranes are removed. Transmitted light and fluorescence images of embryos are captured using a Leitz-inverted fluorescence microscope
to determine the extent of DsRed expression and to examine their morphology. A: amnion, Al: allantois, EPC: ectoplacental cone.

West Grove, Pa, USA). Images are captured using a Leitz Flu-
overt or DMIRB microscope then imported into Adobe Pho-
toshop.

PCR

RNAs are extracted from embryos using the Trizol reagent
(Invitrogen, Carlsbad, Calif, USA), quantified, and DNAsed.
Prior to the reverse transcription (RT) reaction, RNA is sub-
jected to 30 cycles of PCR with β-actin primers to verify
that there is no genomic DNA present. RNAs (1 μg) serve
as templates in RT reactions with oligo-dT primers. Gen-
eral PCR conditions are 94◦/3 m, 94◦/1 m, 51–63◦/1 m, and
72◦/2 m for 25–35 cycles; however, parameters are optimized
for each primer pair. The products are electrophoresed in
1.5% agarose gels in the presence of ethidium bromide, then
images are scanned into the BioRad Gel Documentation sys-
tem. For quantitative analysis of gene expression, real-time

PCR is performed using the Clonetech Qzyme system on a
BioRad iCycler. Real-time PCR primers were designed and
optimized by Clontech for use in multiplexed assays with
β-actin serving as a reference gene. All reactions are per-
formed in triplicate, and data are analyzed using the 2 −ΔΔ CT

method.

RESULTS

We have delivered shRNA to more than 100 pregnant mice,
and obtained both gene silencing and expression of the
DsRed fluorochrome in embryonic tissues, persisting in
postnatal mice. We have carried out a number of experiments
to determine if implantation site is correlated with knock-
down. In general, embryos implanted near the vagina ex-
hibited greater knockdown than those near the ovaries. In
most cases, there is knockdown and DsRed is expressed in
embryos. Occasionally (∼ 5% of the injections), there is no



4 Journal of Biomedicine and Biotechnology

transfection, likely because injection itself fails due to an in-
sufficient amount of DNA entering the circulation.

Geminin shRNA

The geminin gene has been both down regulated and over ex-
pressed in Xenopus embryos, reducing or expanding the neu-
ral ectoderm fields, respectively [31]. Geminin is particularly
interesting because, as suggested by its name, the protein has
two functions: the C-terminus functions in cell cycle progres-
sion required for differentiation; the N-terminal is involved
in early neural differentiation [32]. Despite its provocative
expression in the early neural ectoderm and demonstrated
role in amphibian, Drosophila, and zebrafish development,
there is not yet a knockout of geminin in the mouse.

When a shRNA targeted to geminin was delivered on
E6.5, and embryos were examined one–three days later, we
observed reductions in neural tissue, neural tube closure
defects that typically affected the midbrain, and posterior
neuropore. In early embryos, we observed abnormally ex-
panded nodes and failure of closure of the primitive gut en-
doderm (Figure 2). When we examined geminin expression
in whole mount immunohistochemistry, wild-type embryos
were indistinguishable from control embryos exposed to the
scrambled hairpin both in morphology and in the pattern
of geminin protein expression in the newly induced neu-
ral ectoderm (Figures 2(a), 2(b)). Geminin was present at
slightly higher levels in the anterior neural folds compared
with the posterior region of early somite-staged control em-
bryos (Figures 2(a), 2(b)). There was a slight geminin im-
munoreactivity in the neural ectoderm of some geminin-
targeted embryos (Figure 2(c)); while others expressed vir-
tually no geminin protein (Figure 2(d)). When semiquan-
titative RT-PCR was carried out on RNA isolated from in-
dividual embryos from three litters, there was some vari-
ability in knockdown in the shRNA-exposed embryos, with
two embryos expressing levels similar to control, others ex-
pressing intermediate, low, or no geminin mRNA (Figure 3).

Although geminin targeting in amphibian and Drosophila
embryos has axis patterning and neural tissue consequences,
there is no information on the early expression of geminin
or targeted deletion of the geminin gene in the early mouse
embryo. Since it is strongly induced by noggin, the observed
neural, node, and endoderm abnormalities are likely due to
the early expression of geminin in these tissues.

Nanog shRNA exposure

The nanog gene encodes a varient homeodomain protein
originally identified in ES cells, where it is required to main-
tain pluripotency and inhibit lineage differentiation [33].
Targeted deletion in embryos is lethal before implantation
[34], but additional evidence suggested that nanog is ex-
pressed in germ cells and somatic tissues later in develop-
ment [35]; however, its role could not be assessed due to
the early lethality of null embryos. To determine the role
of nanog in later stages of development, we have exposed

21 litters of pregnant mice to shRNA-targeted to nanog via
tail vein injection. We have observed widespread resorp-
tion of nanog-targeted embryos, and in other litters we
have observed abnormalities of gastrulation and neurulation.
Nanog knockdown embryos are characterized by axis abnor-
malities which are present in early somite embryos, consider-
ably earlier in development than the turning process is initi-
ated, endoderm overgrowth, and neural tube closure defects,
particularly of the midbrain neural folds. Somite segmenta-
tion is also often abnormal, and we have observed abnormal-
ities of cell migration through the primitive streak at gastru-
lation. Figures 4 and 9(b) illustrate some of these malforma-
tions.

In whole mount immunohistochemistry, nanog protein
expression is significantly reduced, particularly in the primi-
tive streak of embryos exposed to the nanog shRNA (37). To
correlate phenotype and knockdown, we carried out quanti-
tative PCR on RNA from individual nanog- targeted embryos
from an entire litter. Silencing ranged from complete in three
embryos to 60% of wild-type nanog levels in the least severely
affected embryo. The presence of phenotypic abnormalities
correlates strongly with the degree of knockdown, as illus-
trated in Figure 4 by the largely normal appearance of the
embryo from lane 6, compared with the embryo from lane 7.

Somewhat surprisingly, two nanog-shRNA embryos ex-
pressed slightly elevated levels of the Oas1 gene (Figure 5,
lane 15). Bmp4 expression was robust, however, suggesting
that there had not been widespread silencing of nontargeted
genes. Although it is widely employed to monitor off-target
effects [36], Oas1 is expressed in muscle, brain, and connec-
tive tissue during development [37, 38]. In addition, Oas1
plays a role in cell cycle progression [39], suggesting a need
to monitor additional interferon targets in these studies.

Targeting multiple genes: Bmp4, 7RNA interference

Bmp4 has previously been shown to be required in the
gastrulation-staged embryo, where it is important in meso-
derm differentiation and organization of the primitive streak
[40]. Later Bmp4 plays a role in determining the boundaries
of the neural ectoderm and surface ectoderm [41], with par-
ticularly high levels of BMP4 associated with regions of epi-
dermal ectoderm differentiation.

When a cocktail of shRNA targeted to Bmp4 (exons 2 and
3) was delivered on E6.75 of gestation to pregnant mice, we
observed defects of neural tube closure, allantois develop-
ment, and of heart and axial rotation (Figure 6(b)) in tar-
geted embryos. The number of primordial germ cells iden-
tified by alkaline phosphatase staining was also strikingly
reduced. RT-PCR analysis of RNA obtained from individ-
ual Bmp4 shRNA-exposed embryos from one entire litter
identified only one embryo with any expression of Bmp4
(Figure 7).

Immunohistochemical localization of BMP4 protein was
carried out on sections through shRNA- and pRed (plasmid
lacking the hairpin) exposed embryos, and indicated signif-
icant depletion of BMP4 in targeted embryos [30]. We also
have carried out Western blotting analysis of protein isolated
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Figure 2: Immunohistochemical localization of geminin in control (a) and (b) embryos, and in embryos exposed on E6.5 to geminin shRNA
(c and d). In control embryos, both wild type (a) and embryos exposed on E6.5 to a scrambled geminin hairpin construct (b), the expression
of geminin protein was high in the neural ectoderm of the head folds, although geminin was also expressed in the posterior neural ectoderm
as well (brown reaction product). There is a slight background staining of the allantois and membranes in all embryos (a)–(d). (c) and (d)
Embryos were exposed to the shRNA-targeting geminin, examined and fixed on E7.5 of gestation, then immunohistochemistry to identify
patterns of geminin protein expression was carried out as for (a) and (b) (secondary antibody-HRP). There is low-level geminin protein
remaining in the neural ectoderm in embryo (c) less than that in embryo (d). (e) and (f) Transmitted light images of embryos exposed to the
geminin shRNA on E6.5 and examined on E7.5. (e) Many targeted embryos exhibited axis defects, abnormal expansion of the node (arrow),
and in later embryos, the endoderm of the gut tube often failed to close. (f) Occasionally, the embryonic axis appeared very flattened, and
there was blood within the amniotic cavity. (a), (c), (e), and (f) are sideviews with anterior located toward the left. (b) is a dorso-lateral view,
and (d) is a frontal (coronal) view. A: amnion, Al: allantois, Hf: head folds, WT: wild-type control embryo. Arrows indicate the node.
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Figure 3: (a) Semiquantitative PCR to detect geminin expression in two entire litters of geminin shRNA- exposed embryos. Some embryos
continue to express nearly normal levels of geminin (lanes 1, 4), while others express low (2, 3, 16), intermediate (9, 17–19), or undetectable
(5–8, 10–15) levels of geminin. The most advanced embryos consistently expressed the highest levels of geminin. Two entire litters of geminin-
targeted embryos were examined; 1–8 and 9–19. − = no RT, + = E9 embryo RNA. (b) Sideview of control and embryos expressing varying
levels of geminin.

from individual embryos exposed to Bmp4 shRNA, where
there was a reduced expression of phospho-Smads 1/5/8,
which are phosphorylated in response to BMP4,7 signaling.

Conventional gene targeting of Bmp4 results in peri-
implantation lethality [40], while on a C57Bl/6 background

embryos live until approximately 26 somite stage [41], and
are characterized by axis elongation abnormalities. The re-
sults of the Bmp4 RNAi phenocopy many defects in the Bmp4
null embryos [40, 41] including anomalies of axis formation,
primordial germ-cell differentiation, and neural tube closure
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Figure 4: (a) Sideviews of two embryos exposed to nanog shRNA. Although the first embryo expressed 60% of wild-type levels of nanog
mRNA, developmental defects are minor and include an axis abnormality and a flattened posterior neuropore. When nanog levels are
reduced to 2% of wild type, embryos were more severely affected. The embryo in the right panel is characterized by defects of somite
segmentation, neural tube closure, and abnormalities of endoderm differentiation. (b) Q-PCR analysis of nanog mRNA expression levels
in individual embryos. Embryos were exposed on E6.5 to the nanog shRNA and examined on E9.0. cDNA from each embryo was run
in triplicate in quantitative PCR with primers to both nanog and β-actin using the Clontech Qzyme system. Levels of β-actin and nanog
expression from nanog shRNA-treated embryos (lanes 2–11) were compared to expression in a control embryo (lane 1). Nanog expression
ranged from 0–60% of control levels. .
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Figure 5: Oas1 PCR. Single embryo RT reactions were subjected to 40 cycles of PCR with primers for Oas1 mRNA (71). Mouse brain RT was
used as a low-level expression positive control (+). Only 2 nanog shRNA embryos were positive for Oas1 expression (one shown, lane15). −
= no cDNA control.

[30]. Many of these are also observed in embryos lacking
Bmpr1a [42].

Because BMP proteins have overlapping functions in de-
velopment, we examined the effects of knocking down mul-
tiple Bmps (Figure 6). We delivered a cocktail of shRNA tar-
geted to Bmp4 + Bmp7, as well as to Bmp7 alone. The Bmp7
shRNA embryos were the least severely affected (Figure 6(c))
with neural tube closure defects, while the Bmp4 + Bmp7
shRNA embryos had widely expanded neural folds, defects of
rotation, failure of development of posterior structures, and
ventral body wall closure defects (Figure 6(d)), a more severe
phenotype than either the Bmp4 shRNA or Bmp7 shRNA
embryos, but strikingly similar to the caudal dysgenesis and
the “massive brains” reported in Xenopus embryos following
morpholino depletion of Bmp2, 4, and 7 [43].

Durability of the RNAi

To determine how long knockdown could be maintained, we
carried out tail vein injection of shRNA targeted to Bmp4
on E6.5 and examined neonatal mice. On postnatal days
1–5, neonates were characterized by cystic bladders, had
rudimentary testes or ovaries, and were consistently growth
retarded compared with mice exposed to the pRed con-
trol (Figure 8(a)). Expression of DsRed was maintained in
many tissues in both the mother (including milk) and in the

offspring (Figures 8(b), 8(c), 8(d),8(e), and 8(f)). There were
also anomalies of the subventricular neural stem cell zone
(SVZ; Figures 8(b), 8(c)) which depends on noggin-BMP4
signaling [44].

Multiple targets, multiple phenotypes

Although there are considerable data available regarding the
role of secreted signaling molecules in the initial events of
neural induction, very little is known regarding the genes that
bridge the process of neural induction and neural differen-
tiation. To identify novel genes that mark the earliest neu-
ral ectoderm, we carried out a differential-display RT-PCR
screen of genes induced in mouse embryonic stem (ES) cells
by noggin protein. From this screen, we selected several tran-
scripts that were expressed in early embryos just after induc-
tion. Based on their expression profiles, we selected several
candidates for RNAi silencing. Two of these had not previ-
ously been examined during development. During the course
of our work, Aggf1 (angiogenic factor with Gpatch and FHA
domains 1) was identified as an angiogenic factor mutated in
human disease [45], but no information is available about its
expression or role in development. Initial in situ hybridiza-
tion studies indicated that Aggf1 is expressed at high levels in
the distal epiblast, especially in the posterior epiblast on E7.5.
At later stages it is expressed in the neural ectoderm. shRNA
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Figure 6: Effects of Bmp shRNA. (a) Scanning electron microscopy
(SEM) view of a control embryo illustrating completed neural tube
closure in the forebrain (F) region; the posterior neuropore (pnp)
has not yet been closed. (b) Bmp4 shRNA-exposed embryo with
widely open anterior neural folds (arrows) and posterior neuropore
(lower black arrow). (c) SEM view of a Bmp7 shRNA-exposed em-
bryo. Both the midbrain (arrows) and the posterior neuropore (pnp
arrow) are widely open, but the body axis defects characteristic of
Bmp4 shRNA and Bmp4 + 7 shRNA embryos were not present. (d)
Ventrolateral SEM view of a compound Bmp4 + Bmp7 shRNA em-
bryo. The cephalic neural folds are unfused (arrows) and the poste-
rior region is rudimentary (∗). 1: first branchial arch, A: amnion, F:
forebrain, H: heart, pnp: posterior neuropore.
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Figure 7: RT-PCR analysis of individual Bmp4 shRNA-exposed em-
bryos from one entire litter. The positive control (+) is from an em-
bryo exposed to pRed control vector alone. Pregnant dams were in-
jected on E6.5 and RNA extracted from embryos on E9.0.

targeted to Aggf1 produced a lethal phenotype at E7.5. In
these embryos, the ectoderm delaminated, and blood was
often present within the amniotic cavity. Given its role in
vessel formation, it is not surprising that we also observed
implantation defects in shRNA-exposed embryos. Rare em-
bryos that survived to E8.5 were characterized by focal hem-
orrhages and neural tube defects that affected midbrain and
posterior neuropore (Figure 9(c)).

Est1 was identified twice in the differential display as-
say. Initial in situ hybridization localization studies indicate
that it is expressed in the early epiblast, preconfiguring the
primitive streak, in the node, later in the neural ectoderm.
Targeting Est1 produced a severe neurulation phenotype,
embryos with open neural folds, defects of embryonic rota-
tion, and differentiation of posterior structures, reminiscent
of genes involved in L-R axis patterning (Figure 9(d)).

A number of Wnt family members were also identified in
this screen. Because Wnt8b had not previously been silenced,
we delivered shRNA targeted to Wnt8b to pregnant dams on
E6.75. Resulting embryos were characterized by axis elon-
gation defects (Figure 9(f)). These embryos also had neural
tube closure anomalies and defects in closure of the endo-
derm.

We have delivered shRNA targeted to Wnt8b, Bmp4,
Bmp7, Bmp4 + Bmp7, geminin, nanog, and to two Ests identi-
fied in a differential display RT-PCR screen and observed
specific targeting and unique phenotypes (Figure 9). These
studies have also identified a previously unsuspected role
for nanog in gastrulation and also in somite organization
(Figures 4, 9(b)). Overall, we believe that these results are
important and valid for a number of reasons. One, we have
targeted multiple genes and observed unique phenotypes.
These include Bmp4 (phenocopies the Bmp4 null embryos,
as far as is possible to determine due to early lethality of the
null embryos), Bmp7 alone, Bmp4 + Bmp7, Wnt8b, nanog,
Aggf1, and Est1. Two, in each case where an antibody is avail-
able to the protein (BMP4, nanog, geminin) or to the down-
stream signal transduction cascade (PhosphoSmad1, 5, 8),
we have demonstrated knockdown in “individual” embryos.
Three, in cases where an antibody is not available, we have
demonstrated unique phenotypes and knockdown by PCR.
Four, these data also demonstrate that we can knock down
multiple targets, for example, Bmp7 and Bmp4, and identify
an additive phenotype.

DISCUSSION

With genome-wide gene sequencing data now available,
there is increased interest in systematically manipulating
“all” the genes of the mouse to understand their roles in de-
velopment and disease. Many new tools to manipulate gene
function have been developed including ribozymes, microR-
NAs, DNAzymes, as well as a number of methods for post-
transcriptional gene silencing such as morpholinos (review
[46]), antisense oligos (review [47]), and RNAi (review [3]).
RNAi is typically more robust than antisense oligos or mor-
pholinos in embryos [48, 49], and morpholinos have the
additional problem that the translational start site must be
known, so uncharacterized genes (such as Ests) cannot be
targeted.

RNAi may be particularly appropriate in targeting a de-
velopmental disease such as Down’s syndrome/trisomy 21
once critical duplicated genes are identified, and may also be
effective in targeting upstream pathways in metabolic disease
to limit disease progression, or in silencing activating gene
mutations, such as in the FGF receptor-2 which produces
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Figure 8: Longevity of the RNAi. (a) Day 10 neonatal mice (PN10) obtained from litters exposed on E6.5 to the Bmp4 shRNA (left) or to
pRed (no hairpin plasmid) control (right). Bmp4 shRNA mice were consistently developmentally delayed and lacked testis or ovaries. (b)
and (c) Coronal sections through the lateral ventricles of PN3 mice exposed on E17.5 to pRed control (b) or to Bmp4 shRNA (c). In addition
to the obvious anomalies of the subventricular zone and ventricle, neural stem cells obtained from the Bmp4 shRNA mice fail to differentiate
normally. (d)–(f) illustrate the persistent expression of DsRed in liver (d), lung (e), and spinal cord (f) in neonates exposed to Bmp4 shRNA
on E6.5.

craniosynostosis [50]. Systemic delivery will also be applica-
ble to diseases that affect tissues with open circulations, as
well as diseases in which the blood brain barrier is opened
such as Duschenne muscular dystrophy, certain brain tu-
mors, in aging, and in multiple sclerosis (review [51]).

These studies have identified unsuspected roles in devel-
opment for several genes. In the case of nanog, which in null
embryos is lethal at early cleavage stages of development, we
have identified a role in gastrulation, neurulation, and in en-
doderm differentiation. There is not a report of a knockout
of the geminin gene in the mouse, and it will be of particu-
lar interest to study carefully the characteristics of the neural
tissue in targeted embryos, as well as the characteristics of
the node. Neither is there a published report of a Wnt8b
knockout, but many of the defects observed in this study
are similar to those present in other Wnt null embryos. For
example, Wnt3a null embryos have similar severe posterior
truncations [52]. The use of RNAi directed against individ-
ual Wnt mRNAs should allow rapid analysis of specific Wnt
functions. In addition, since Wnts may compensate for each
other, masking functions in single-gene knockouts, combi-
natorial Wnt RNAi should help elucidate overlapping rela-
tionships between the Wnts. Delivery of shRNA to pregnant
dams has also provided an opportunity to rapidly determine
if there was a role in early embryos for novel genes identified

in a differential display RT-PCR screen. A role for Aggf1 in
later aspects of vasculogenesis was described previously [45],
and given its role in vessel development, it is not surprising
that targeting Aggf1 affected the implantation process.

The ability to target multiple genes with overlapping ex-
pression and function, as in the case of Bmp4/7 [53], is an
important improvement over traditional knockouts in which
mutations in multiple genes are obtained by breeding. In the
future, it will be important to target multiple genes using a
single plasmid containing multiple hairpins, rather than the
cocktail we have employed to target Bmp4 and Bmp7.

To date, study of the placental transport of plasmid DNA
has come largely from attempts to deliver pDNA for in utero
gene therapy, which have produced conflicting results. Thus,
when pDNA complexed with liposomes was delivered by in-
travenous injection of pregnant mice on E2.5, 5.5, 8.5, 11.5,
or 14.5, no plasmid DNA was detected in fetuses exposed on
E2.5 or E5.5, while embryonic expression peaked with deliv-
ery on E8.5, compared with E11.5 or E14.5. ”All” embryos
treated on E8.5 expressed the plasmid, with sustained ex-
pression at 40 days postinjection [54]. However, it has also
been reported that DNA-liposome complexes were trapped
in the visceral endoderm prior to placenta development on
E11.5 [55]. Others have also reported hemodynamic trans-
fer of genes to the fetal compartment, however. For example,
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Figure 9: Control- and Gene-targeted embryos: nanog, geminin, Aggf1, and Est1. (a) Control embryo. Sideview of an embryo exposed
to pRed plasmid (no hairpin) on E6.5 and examined on E8.5, illustrating the normal appearance of the head folds (Hf), somites, and
unturned body axis. (b) Nanog shRNA. Embryo exposed on E6.5 to shRNA targeting nanog, illustrating the typical lack of development of
the head folds (Hf) and posterior region in the tail bud (T). Somites have also failed to segregate normally. (c) and (d) We carried out a
differential display RT-PCR screen of genes induced in D3 ESC by noggin exposure, then targeted two using tail vein injection of shRNAs.
(c) Aggf1-targeted embryos failed to implant normally and the primitive ectoderm often delaminated into the amniotic cavity. Hemorrhages
are present within the embryo; there are striking abnormalities of turning and posterior development in the rare embryo that survived to
E8.5. (d) Est1-targeted embryo. There were anomalies of primitive streak organization in these embryos. They also often failed to turn to
adopt the fetal position and exhibited abnormalities of the node. (e) pRed control. Sideview of an E8.5 pRed (no hairpin) control. This
embryo is beginning the turning process, the body axis is elongated, neural folds are fused in the anterior (head fold, Hf) region, although
the posterior neuropore remains open in the tail bud (T). (f) Wnt8b-targeted embryo illustrating the shortened axis and open neural folds
typical of these embryos. (g) and (h) Geminin shRNA. An embryo exposed to geminin shRNA on E6.5 and examined on E8.5. There are very
characteristic midbrain (upper arrows) and posterior neuropore (lower arrow in (g)) defects in these embryos, which exhibit widespread
DsRed fluorescence (H). All embryos are oriented with anterior toward the left. Al: allantois, H: heart, Hf: head folds, T: tail bud. Arrows
indicate open neural folds.

intravenous delivery of plasmid DNA to pregnant mice on
E9.5 successfully immunized the fetuses against HIV-1 and
influenza [56]. We have avoided carriers since liposomes are
often immunogenic, are generally less effective in serum, and
can be toxic to both the embryo and the pregnant female
[55].

Although we have obtained widespread expression of
our construct, a number of improvements and alternative
approaches can be considered. It would be possible to in-
crease the amount of DNA injected, although 5 μg plasmid
DNA was optimal (saturating) and > 25 μg/mouse was toxic
[57, 58]. Other studies have shown that transfection effi-
ciency is not determined by volume or rate, but the amount
of DNA delivered, with highest expression achieved with
1000 ng/mouse (23). Given the ∼ 1.6 mL blood volume of
an 18 g mouse and observations that there is less degradation
of pDNA in a larger volume of carrier [58], increasing the
volume delivered would be an option. Rate of injection—5
seconds is better than 30 [24, 58]—could also be considered,
but very rapid injection can be lethal.

Despite careful breeding, the developmental stage of in-
dividual embryos at the time of exposure to shRNAs cannot
be known precisely, and may account for some of the vari-
ability in our results. Alternatives include using exo-utero
surgery of midgestation embryos with injection of shRNAs
and electroporation [49]. For early postimplantation stages
when exo-utero surgery is not applicable, whole embryo cul-
ture presents another option [59]. Better promoters and bet-
ter control of CRE expression in the early embryonic com-
partment will allow the development of hybrid approaches
to specifically, inducibly silence gene expression in a par-
ticular tissue/cell type (eg, 61). Interestingly, the oocyte-
restricted ZP3 promoter was recently employed to drive ex-
pression of dsRNA targeted to the Mos gene, recapitulating
the null phenotype, with spontaneous parthenogenetic ac-
tivation [60]. These and other recent investigations suggest
that it will be possible to target RNAi to particular cells or
tissues.

One drawback to tail vein injection is the loss of plasmid
DNA to the female and unintended transfection of maternal
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Table 1

Aggf1
tttacttcgaccatgacttgca tttaTttcgCccatgacttgTa
gctcgtcctttctatcgaggc gcGcgtcctGtctatcgagTc

Bmp4
cagtccatgattcttggga cagtcAatgaGtcttgTga
ccttcagaaaccggtcggc cAttcagaaTccggtAggc

Bmp7
tccatctccgtagtatccg tccGtctccgCagtatTcg
ttcgacgacagctctaatg ttcCacgaTagctctCatg

Est1
cccgaacgatatttggtgtga ccGgaacgaGatttggtgtTa
caagacgacgtgacaattcca caCgacgaTgtgacaattcTa

Geminin
tcatgtacacggcctagcat tAatgtacCcggcctagAat
attcctgactatccggtga atCcctgactatAcggcga

Nanog
ttctgggaacgcctcatcaatgc ttcCgggaacAcctcatcaTt
ggaagcagaagatgcggactgt ggaTgcagaCgatgTggactgt

Wnt8b
atgtacaccctgactagaaactgcagcct aGgtacaccAtgactagatgcagAct
gtccgctgcgagcagtgccgccgg gGccgctAcgagTagtgccgccgA

PCR Primers

Gene Forward 5′-3′ Reverse 5′-3′

Bmp4 ctcccaagaatcatggactg aaagcagagctctcactggt
Geminin gagaaaatgagttgccaaaagg ccacagcttgaagtctgagatg
Nanog agggtctgctactgagatgctctg atcttctgcttcctggcaag
Oas1g atggtagtatcaataagaagc gcatagacagtgagtagctcc
actin ttgctgacaggatgcagaaggaga actcctgcttgctgatccacatct

tissues. Since the liver has an expandable circulation and is
easily transfected using intravenous delivery, it is important
to monitor liver function in pregnant females and neonates.
Obviously, when the targeted gene is important in maternal
tissues, this is a larger concern that must be constantly mon-
itored. Additional experiments might therefore include tar-
geting of a nonessential protein such as EGFP in the GFPU
mouse [61] which has no known downstream targets, nor
have there been deleterious effects of EGFP cleavage prod-
ucts. It would be possible to mate hemizygous GFPU mice to
determine if there are any deleterious effects that are trans-
mitted to the nontargeted +/+ embryos. It would also be
useful to target a gene expressed only in male embryos, so
that female littermates would serve as a control for off-target
and/or maternal effects.

It is impractical to carry out microarray analyses of indi-
vidual, targeted embryos to determine specificity of target-
ing, although in previous studies when the targeting con-
struct was specific, RNAi signatures were unique and highly
specific for the target gene [62, 63]. More detailed analy-
sis can also be carried out to verify the presence of specific
mRNA cleavage products using 5′ RACE, PCR to identify
the cleavage fragments with sequencing [64]. It has gener-
ally been assumed that early development in the embryo
is incapable of mounting a full interferon response [65],
yet interferon responsive genes such as fragilis are expressed
during very early postimplantation development [66]. Since
Oas1 may have additional roles in development, monitoring
other interferon-responsive genes would also be appropriate
in these studies. Recent evidence also suggests that shRNA

expression can competitively inhibit endogenous miRNA
function via exportin 5 [67], although inclusion of scram-
bled hairpin constructs should control for this effect. Much
remains to be understood about this technique, particularly
regarding transport, uptake, and expression in the embryos
and fetuses.

Since the first transgenic mouse was developed in 1980 by
pronuclear injection of DNA [68], there have been major im-
provements to the technological base for mouse functional
genomics, and RNAi promises to be a powerful new addition
to that tool set.
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C5a, one of the most potent inflammatory peptides, induces its inflammatory functions by interacting with C5a receptor (C5aR)
that belongs to the rhodopsin family of seven-transmembrane G protein-coupled receptors. C5a/C5aR signaling has been impli-
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transferred to an adenovirus DNA vector. ShRNA-expressing adenoviruses were intratracheally administered into mouse lung, and
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appear to be an alternative strategy for the treatment of complement-induced disorders.
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INTRODUCTION

The complement system was initially identified as an impor-
tant innate immune mechanism of host defense to eradi-
cate microbial pathogens. Recently, complement activation
has been implicated in the pathogenesis of many inflam-
matory and immunological diseases, including sepsis [1],
acute respiratory distress syndrome [2], rheumatoid arthritis
[3], glomerulonephritis [4], multiple sclerosis [5], ischemia-
reperfusion injury [6], and asthma [7]. Complement acti-
vation exerts its harmful roles through the generation of
complement protein split products, especially C3a and C5a
(also known as anaphylatoxins). C5a induces its inflamma-
tory functions by interacting with C5aR that belongs to
the rhodopsin family of seven-transmembrane G protein-
coupled receptors [8–10]. Traditionally, C5aR expression
was thought to be present only on hemopoietic cells, bone
marrow cells [11], neutrophils [12], monocytes [13], and
eosinophils [14]. However, recent studies have demonstrated
the presence of C5aR on nonmyeloid cells, including cells in
human lung and liver [15–17], rodent type II alveolar epithe-
lial cells [18], astrocytes [19], kidney tubular epithelial cells
[20], mesangial cells [21], and hepatocyte-derived cell lines
[22, 23]. Widespread upregulation of C5aR has been seen in
organs (heart, liver, lungs, kidneys) from septic animals [24].

Due to the detrimental effects of complement activa-
tion under pathologic conditions, interventions aimed at
blocking C5a/C5aR signaling represent promising targets for
therapeutic treatment in the inflammatory disorders. Pep-
tide antagonist (C5aRa) to the C5aR markedly reduced the
lung permeability index (extravascular leakage of albumin)
in mice after intrapulmonary deposition of IgG immune
complexes [25]. C5aRa treatment substantially reduced I/R-
induced pathological markers [26, 27]. In addition, mice in-
jected at the start of CLP with a blocking antibody to C5aR
showed dramatically improved survival [24].

RNA interference (RNAi) is an emerging technology that
specifically inhibits target gene expression in vitro and in
vivo. Tuschl and colleagues demonstrated that exogenously
introduced short (19–23 nt) synthetic RNA oligonucleotides
can silence genes in somatic cells without activating non-
specific suppression by dsRNA-dependent protein kinases
[28]. Successful gene silencing has been achieved in vivo by
intravenous injection of siRNA oligos in a large volume of
saline solution [29–31] or by injecting smaller volumes of
siRNAs that are packaged in cationic liposomes [32]. How-
ever, these strategies are limited by the in vivo stability of
siRNA molecules and the efficiency with which they are taken
up by target cells and tissues. DNA vector-based siRNA ex-
pression system would facilitate transfection experiments in
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cell cultures, and allow the use of transgenic or viral deliv-
ery systems [33–36]. Several viral vectors have been used
to induce RNAi silencing in cultured cells and in exper-
imental animals, including lentivirus [37, 38], retrovirus
[33], adenovirus [39, 40] and adeovirus-associated viruses
(AAV) [41, 42]. Adenoviruses can infect a wide range of
cells and have been shown to silence gene expression in vivo
[39, 43, 44]. In this study, we demonstrated that systemic ap-
plication of an adenovirus expressed siRNA can specifically
inhibit C5aR gene expression in vivo.

MATERIALS AND METHODS

Cells and antibodies

Mouse alveolar macrophages (MHS cell line) were pur-
chased from ATCC and was cultured in RPMI1640 medium
(Life Technologies) supplemented with 10% fetal calf
serum as well as 2 mM L-glutamine, 4.5 g/L glucose, 10 mM
HEPES, 1.0 mM sodium pyruvate, penicillin (100 U/ml) and
streptomycin (100 µg/ml), and 0.05 mM 2-mercaptoethanol.
HEK293 cell was cultured in DMEM medium (Life Tech-
nologies) supplemented with 10% fetal calf serum.

Anti-mouse C5aR polyclonal antibody was generated
against a 37 aa peptide spanning the N terminus of the mouse
C5aR (MDPIDNSSFEINYDHYGTMDPNIPADGIHLPKR-
QPGDC) [45]. The antipeptide specific Ab was purified by
affinity chromatography using the synthetic peptide coupled
to cyanogen bromide-activated Sepharose 4B (Amersham
Pharmacia Biotech, Piscataway, NJ). HA antibody (12CA5)
was obtained from BABCO (Berkeley Antibody Company).

Cecal ligation puncture-induced sepsis

C57BL/6 male mice (6 to 8 wk of age weighing 25–30 g; Jack-
son Laboratories, Bar Harbor, ME) were used in all experi-
ments. Mice were anesthetized with ketamine. A 1 cm long
midline incision was made to expose the cecum and adjoin
the intestine. With a 4–0 silk suture, the cecum was tightly
ligated below the ileocecal valve without causing bowel ob-
struction. The cecum was punctured through with a 21 gauge
needle and gently squeezed to extrude luminal contents, en-
suring patency of the two puncture holes. The abdominal
incision was then closed with a 4–0 nylon suture and skin
metallic clips (Ethicon, Somerville, NY). Sham-operated an-
imals underwent the same procedure except for ligation and
puncture of the cecum.

Cloning of mouse C5aR

According to the mouse C5aR sequence [46], two primers
(forward primer: 5′-CGG AAT TCC GAT GGA CCC CAT
AGA TAA CAG C-3′; reverse primer: 5′-GAA GAT CTT CTA
CAC CGC CTG ACT CTT CCG-3′) were designed to am-
plify mouse C5aR from mouse liver RNA using reverse
transcription-polymerase chain reaction. PCR products were
digested with EcoR I and Bgl II and then cloned into pCMV-
HA, a mammalian expression vector that contains the
hemagglutinin epitope (PYDVPDYA).

Table 1: Sequences and locations of siRNA oligos.

No. Sense sequences (5′− > 3′) Locations

1 CGCCAUCUGGUUUCUGAAUd(TT) 210

2 CUACUGGUACUUUGAUGCCd(TT) 297

3 ACAUCUGCUACACCUUCCUd(TT) 656

4 CCCUAUCAUCUACGUCAUGd(TT) 888

siRNA oligos

The 21 nt sense and antisense siRNA oligomers targeting
against mouse C5aR mRNA were designed and synthesized
by Qiagen. Their locations and sequences are shown in
Table 1 (only the sense sequences are shown). The oligos were
numbered based on the nucleotide position within the cod-
ing region of mouse C5aR sequence. Sense and antisense oli-
gos were annealed in HEPES buffer (100 mM potassium ac-
etate, 30 mM HEPES-KOH, 2 mM magnesium acetate, pH
7.4) to obtain siRNA duplexes. Rhodamine labeled control
(nonsilencing) siRNA was also purchased from Qiagen.

Cell transfection and western blot

For MHS cell transfection, cells were plated in 6-well plates
(8 ×105/well) and transfected with 6 µ l of TransIT-TKO
(Mirus) and 30 pmol of siRNA duplexes. Silencing effects
were detected by semiquantitative RT-PCR two days af-
ter transfection. For HEK293 cell transfection, cells plated
in 35 mm dishes (5 × 105 cells/dish) were transfected
with HA-tagged C5aR using Lipofectamine 2000(Invitro-
gen). Two days after transfection, cells were placed in ly-
sis buffer containing 50 mM HEPES, pH 7.4, 1% Triton X-
100, 2 mM MgCl2, 150 mM NaCl, 1 mM dithiothreitol, and
1 mM PMSF. Thirty microliters of the whole cell lysates were
electrophoresed in 10% SDS-PAGE and then transferred to
a nitrocellulose membrane. Nonspecific binding sites were
blocked with TBST (40 mM Tris-HCl, pH 7.4, 300 mM NaCl,
0.1% Tween 20), containing 5% nonfat dry milk for 1 hour
at room temperature. The membrane was then incubated
with anti-mouse C5aR serum (1:500 dilution) overnight at
4◦C. After three washes in TBST, the membrane was then
incubated in a 1:10 000 dilution of horseradish peroxidase-
conjugated donkey anti-rabbit IgG (Amersham Pharma-
cia). The membrane was developed by enhance chemilu-
minescence according to the protocol of the manufacturer
(Amersham Pharmacia).

Detection of C5aR mRNA by semiquantitative RT-PCR

Total RNA was isolated from cells or lung tissue with the
Trizol reagent according to the manufacturer’s instructions
(Invitrogen). Digestion of any contaminating DNA was
achieved by treatment of samples with RQI RNase-free
DNase (Promega). RT-PCR was performed with 1 µg of to-
tal RNA using the one-step RT-PCR system (Invitrogen)
according to the protocol of the manufacturer. Primers for
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Table 2: Sequences and locations of short hairpin RNAs (note: “G” indicates an extra nucleotide added to the target sequence).

No. Hairpin sequences (5′− > 3′) Locations

1 gatccGCTACTGGTACTTTGATGCttcaagagaa(ASb)TTTTTg 300

2 gatccGCCCATCTGGTGTCAGAAGttcaagagaa(ASb)TTTTTg 420

3 gatccGTGTACCGGGAGGCATAAttcaagagaa(ASb)TTTTTg 517

4 gatccGACATCTGCTACACCTTCCTttcaagagaa(ASb)TTTTTg 656

5 gatccGAGGGTGGAGAAGCTGAACttcaagagaa(ASb)TTTTTg 831

6 gatccGCCCTATCATCTACGTCATGttcaagagaa(ASb)TTTTTg 888

a hairpin loop sequence.
b antisense sequence.

C5aR were

(i) forward primer: 5′-GTTGCAGCCCTTATCATCTA-
C-3′,

(ii) reverse primer: 5′-TTCCGGGTTGAGGTGTCGTCT-
G-3′.

The primers were designed for a 908 bp DNA fragment
amplification (nucleotides 112-1019). The primers for the
“housekeeping” gene GAPDH were

(i) forward primer: 5′-ACCACCATGGAGAAGGCTGC-
3′,

(ii) reverse primer: 5′-CTCAGTGTAGCCCAGGATGC-
3′.

After a reverse transcription step for 30 min at 50◦C, 25–
35 cycles were used for amplification with a melting temper-
ature of 94◦C, an annealing temperature of 60◦C, and an ex-
tending temperature of 72◦C, each for 30 seconds, followed
by a final extension at 72◦C for 7 min. RT-PCR products were
confirmed by electrophoresis of samples in 1% agarose gel.
To ensure that DNA was detected at the linear part of the
amplification curves, PCR was performed with different cycle
numbers for C5aR and GAPDH primers. Thirty cycles were
used for C5aR amplification in CLP mice, and thirty-two cy-
cles were used in control mice. Twenty five cycles for GAPDH
were found to be in the linear range of PCR amplifications.

Immunocytochemistry and confocal microscopy

HEK293 cells were plated on glass bottom 6-well plates (no.
1 thickness coverslips). Two days after transfection, cells
were fixed in paraformaldehyde. Fluorescence microscopy
was performed as previously described [47]. HA-tagged
C5aR was visualized with the affinity purified anti-mouse
C5aR antibody (1:500 dilutions) and goat anti-rabbit Alexa
568 (Molecular Probe) secondary antibody (1:1000 dilu-
tions) in the lissamine-rhodamine channel. Cells were im-
aged on a LSM 510 laser scanning confocal microscope
(Zeiss, Oberkochen, Germany) with a 63 × water lens.

Plasmids expressing short hairpin RNAs

Vectors that express C5aR short hairpin RNAs (shRNAs)
under the control of U6 promoter were constructed by in-
serting pairs of annealed DNA oligonucleotides into the

linearized RNAi-Ready pSIREN-DNR-DsRed-Express Vec-
tor (BD knockout adenoviral system 2) between the BamH
I and EcoR I sites. Sequences and locations of shRNAs are
shown in Table 2 (only the top strands are shown).

Generation of siRNA-expressing adenoviruses

U6-driven shRNA cassettes and the CMV-driven DsRed ex-
pression cassette in pSIREN-DNR-DsRed donor vector ware
transferred to the adenoviral acceptor vector pLP-Adeno-X-
PRLS by cre-loxP mediated recombination according to the
protocol of the manufacturer. HEK293 cells were transfected
with Pac I-digested adenoviral DNA using lipofectamine
2000. One week after transfection, cytopathic effect (CPE)
was detected and cells were spun down and lysed in 500 µl
PBS with three consecutive freeze-thaw cycles. Supernatants
containing infectious adenoviruses were amplified twice by
infecting larger scale of HEK293 cells. Viruses were purified
by column (Puresyn, Inc) and concentrated by YM-50 cen-
tricon (Millipore). Titers of the viruses were determined by
Adeno-X rapid titer kit (BD clontech).

Isolation of peritoneal macrophages and
adenovirus infection

Macrophages were isolated from the peritoneal cavities of
4- to 6-week-old C57BL/6 mice 4 days after intraperi-
toneal injection of 0.5 ml 3% thioglycollate, yielding ≥ 95%
macrophages as demonstrated by cytospin and differential
stain analysis. The cells were seeded at a density of 2 ×
106 cells/ml and plated into 6-well plates at 2 ml/well [48] in
the same culture medium as MHS cells.

MHS cells and peritoneal macrophages plated in 6-well
plates were infected with 100- to 2000-MOI of adenoviruses
in a volume of 150 µl of culture medium for one-hour. Dur-
ing the one hour incubation, plates were shaked occasionally
at a 15 min interval. Cells were changed to 2 ml fresh medium
after the incubation and cultured for another two days for the
examination of silencing effects.

Adenovirus-mediated siRNA delivery in animals

Eight- to 10-week-old C57BL/6 mice (weighing 25–30 g)
were used in this study. The 50 µl viral suspensions with a
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Figure 1: Screening of functional mouse C5aR siRNA oligos in MHS cells. MHS cells in 6-well plates were transfected with 30 pmol of control
siRNA and four C5aR siRNA oligos using Mirus TransIT-TKO transfection reagent. (a) Eight hours after transfection, cells transfected with
Rhodamine-labeled control siRNA were plated on glass-bottom plate and washed twice with phenol-red-free medium and subjected to
confocal microscopy analysis (Zeiss). The transfected cells were visualized by red fluorescence (left). (b) Total RNA extracted from transfected
MHS cells was quantified for C5aR mRNA expression by semiquantitative one-step RT-PCR (upper panel). GAPDH was used as endogenous
control (lower panel).

dosage of 1 × 109 plaque-forming units (pfu) were injected
intracheally into mouse lungs. Four days after the injection,
mouse lung were extensively flushed with DPBS, and frozen
in liquid nitrogen. The 2 ml Trizol reagent was added into
one lung for RNA isolation procedure.

RESULTS AND DISCUSSION

siRNA duplexes efficiently inhibited endogenous
C5aR in MHS cells

The 21- to 23-nucleotide siRNAs were generated by ribonu-
clease III through cleavage of longer dsRNAs. They have
been shown to act as the mediators of post-transcriptional
gene silencing in cells and animals [49, 50]. For the initial
screening of the functional siRNA sequences of mouse C5aR,
we used synthesized 21-nucleotide siRNA duplexes with 3′-
(dTT) overhangs (Table 1) to transiently transfect MHS cell,
a cell line that expresses C5aR mRNA endogenously.

Similar to other macrophages, none of the standard tran-
fection methods (e.g., calcium phosphate, lipid, or electropo-
ration) can efficiently transfer DNA plasmids into MHS cells.
As a minimum, seventy percentage transfection efficiency is
required to study the silencing effects. We used rhodamine-
labeled control siRNA to determine the transfection effi-
ciency. Different from larger DNA plasmids, short siRNA oli-
gos could be efficiently transferred into MHS cells by a lipid-
mediated method (TransIT-TKO). All of the cells showed
red fluorescence eight hours after transfection (Figure 1(a)).
No fluorescence was observed for the control cells without
TransIT-TKO reagent (data not shown). To confirm that
these oligos actually entered the cells, a Z-stack protocol of
confocal microscopy was performed and the scanning results

confirmed the cytosolic localization of the fluorescence-
labeled siRNA.

All four synthesized siRNA duplexes showed silencing
effects on the endogenous C5aR expression as examined
by semiquantitative RT-PCR (Figure 1(b)). SiC5aR-210 and
siC5aR-297 had moderate inhibition effects, whereas siC5aR-
656 and siC5aR-888 suppressed 90 percentage of the endoge-
nous gene. No silencing effects were observed for the control
siRNA (scrambled sequences). The specificity of these siRNA
oligos was verified by BLAST search against the gene bank.

Cotransfection of siRNA duplexes inhibits C5aR protein
expression in HEK293 cells

C5aR is a member of the seven transmembrane receptor
superfamily and is ubiquitously expressed on neutrophils,
macrophages, thymocytes, epithelial, and endothelial cells.
However, in vitro cultured cell lines have very low or non-
detectable expression of the receptor. To determine if these
siRNA duplexes could also suppress C5aR protein expres-
sion, full-length mouse C5aR cDNA was cloned into a HA-
tagged mammalian expression vector and transfected into
HEK293 cells. Immunocytochemistry analysis showed that
this C5aR construct showed a cortical pattern of expression
on the membranes of HEK293 cells (Figure 2(a)). Western-
blot analysis using anti-mouse C5aR antibody revealed a
∼ 45 kDa band, which is consistent to the size of the receptor
expressed in tissues and primary cells (Figure 2(b)) [51].

In the cotransfection experiment, 0.8 µg C5aR plasmid
was transfected with 40 pmol of control siRNA or the C5aR-
siRNAs. Two days after transfection, these cell lysates were
analyzed by Western blot. Compared to control group, both
siRNAs (siC5aR-656 and siC5aR-888) could significantly
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Figure 2: Oligo siRNA inhibition of C5aR protein expression in HEK293 cells. HEK293 cells were cotransfected with HA-tagged C5aR
plasmid, control siRNA, or C5aR siRNA oligos. (a) Forty-eight hours after transfection, transfected cells were fixed in paraformaldehyde and
stained with the anti-mouse C5aR primary antibody and goat anti-rabbit Alexa 568 secondary antibody. Expression and localization of C5aR
were visualized by confocal microscope under lissamine-rhodamine channel (Zeiss). (b) Cell lysates from transfected cells were subjected to
Western-blot analysis using anti-mouse C5aR antibody (1:500).

inhibit the protein expression of C5aR in HEK293 cells (Fi-
gure 2(b)).

Hairpin RNA constructs inhibit C5aR expression

Based on the identified C5aR siRNA oligonucleotide se-
quences, we designed short hairpin RNAs (shC5aR-656 and
shC5aR-888) according to the design rules suggested by the
manufacturer (BD PharMingen) and inserted them into a U6
promoter-driven shRNA expression donor vector, pSiren-
DNR-dsRed. For the most efficient transcription initiation
of RNA polymerase III, an extra “G” was added at the 5′

end of the sense sequence (Table 2). Sense- and antisense nu-
cleotides were separated by a 9 nt spacer and five consecutive
Ts were added at the 3′ end for the termination of short RNA
transcripts.

To evaluate the silencing effects of these short hairpins, a
1:10 (HA-C5aR to hairpin RNA) ratio of plasmids was used
for the cotransfection experiment in HEK293 cells. A lu-
ciferase short hairpin construct pSiren-shLuc served as neg-
ative control. Unexpectedly, neither one of the C5aR hairpin
constructs (pSiren-shC5aR-888 and pSiren-shC5aR-656) ef-
ficiently inhibited C5aR expression (Figure 3).

Different from synthesized siRNA oligos, the effects of
DNA vector-based hairpin RNAs are regulated by multiple
components. Target sequence selection is an important com-
ponent, while other factors such as the transcription effi-
ciency, the cleavage efficiency of hairpin RNA into siRNA by

Dicer [33], and the subcellular localization of the short tran-
script [52], can also affect the efficacy of a hairpin RNA. To
select an effective hairpin RNA structure that could be used
for our in vivo adenoviral delivery, four additional plas-
mids, pSiren-shC5aR-300, pSiren-shC5aR-420, pSiren-shC-
5aR-517 and pSiren-shC5aR-831 were constructed. pSiren-
shC5aR-831 (third bar) and pSiren-shC5aR-517 (fifth bar)
strongly inhibited C5aR expression in HEK293 cells, while
pSiren-shC5aR-420 (sixth bar) and pSiren-shC5aR-300 (sev-
enth bar) had little inhibitory effects (Figure 3). No extra “G”
was added to pSiren-shC5aR-420, -517 and -831 as the target
sequence itself start with a “G”. An extra “G” was added to
pSiren-shC5aR-300 (Table 2).

In vitro and in vivo silencing effects of
adenovirus-expressed siRNA

pSiren-DNR-DsRed is an intermediate vector of adenoviral
DNA. After we identified two functional shRNAs (C5aR-517
and C5aR-831), the U6 promoter and the hairpin cassette in
the donor vector were transferred to a promoterless aden-
oviral acceptor vector by cre-loxp mediated recombination.
The adenoviral DNAs were then transfected into HEK293
cells to produce infectious viruses. Two adenoviruses (adeno-
shC5aR-517 and adeno-shC5aR-831) and one control virus
(adeno-shLuc) were generated for in vivo gene silencing.

Macrophages that express C5aR endogenously were used
to test the silencing effects of these viruses. However, these
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Figure 3: Silencing effects of plasmid-derived short hairpin RNAs.
HEK293 cells in 6-well plates were transfected with 4 µg of a 10:1
mix of pSIREN-DNR-DsRed-shRNA to HA-tagged C5aR together
with 0.3 µg gfp plasmid. Forty-eight hours after transfection, cell
lysates were analyzed by Western-bloting for HA (upper panel).
Expression of gfp showed equal transfection efficiency. The bot-
tom panel showed the quantitative densitometric analysis of bands
shown in the upper panel. The percentage of inhibition was normal-
ized to control cells transfected with luciferase-shRNA. Averages are
derived from 3 to 5 independent experiments (standard deviations
are indicated).

cells do not express coxsackie receptor [53, 54] and they
internalize adenovirus about 100- to 1000-fold less than
receptor-expressing cells, such as epithelial cells [55]. To
identify an optimal infection condition, we tested a range of
infectious units (100, 500, 1000, and 2000 MOI) and found
that ∼ 80% of the cells could be infected (as shown by the
DsRed marker in the adenoviral DNA) at 2000 MOI (Figure
4), whereas less than half the cells were infected at 1000 MOI
(data not shown). In addition to the high infectious units,
we also used a low volume of medium during the incu-
bation to enhance other virion uptake pathways (endocy-
tosis or phagocytosis). C5aR mRNA expression in infected
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Figure 4: In vitro silencing by siRNA-expressing adenovirus. Both
MHS cell and peritoneal macrophages were infected with 2000 MOI
of adenovirus. (a) Sixty hours after infection, expression of dsRed
protein in the cells was visualized by fluorescence microscope. Virus
infection efficiency was examined by comparing the fluorescence
images (left) and the bright field images (right). (b) Silencing effects
of adenovirus-expressed siRNAs were examined by one-step RT-
PCR as described in Material and Method. Adeno-luciferase siRNA
was used as control.

MHS cells were examined by semiquantitative RT-PCR. Both
adeno-shC5aR-517 and adeno-shC5aR-831 effectively inhib-
ited endogenously expressed C5aR and the inhibition effect
of adeno-shC5aR-831 appeared to be stronger (Figure 4(b)).

To evaluate the ability of virally expressed siRNAs to di-
minish target gene in vivo, mice were injected intratracheally
with 1× 109 plaque-forming unit (pfu) infectious units of re-
combinant adenovirus expressing shC5aR-831 or the control
virus adeno-shLuc. Four days after infection, RNAs were iso-
lated from mouse lungs and subjected to RT-PCR analysis. As
shown in Figure 5(b), the luciferase control virus infection
did not change C5aR expression in the lung tissue. However,
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Figure 5: In vivo silencing by adenovirus delivey of siRNA. (a)
The predicted shRNA transcript from the adenovirus vector and
the expected Dicer processing products in vivo. Semiquantitative
RT-PCR analysis with whole lung RNAs from control (b) and sep-
tic mice (c) showed the decreased C5aR expression in mice in-
fected with C5aR-siRNA adenovirus. Luciferase-siRNA-adenovirus
infected lungs were used as controls.

adeno-shC5aR-831effectively inhibited C5aR expression in
the lung tissue. To test the effect of adeno-shC5aR-831 in dis-
ease condition, sepsis was induced by CLP in mice that had
received adenovirus for four days. Twenty four hours after
CLP, RNAs from lungs were analyzed for C5aR and GAPDH
expression. As shown in Figure 5(c), the inhibitory effect of
adeno-shC5aR-831 is still effective under sepsis condition.
These data indicate that complement receptor C5aR could be
suppressed in vivo by an adenovirus-mediated siRNA knock-
down strategy under both normal and disease conditions.

RNA interference is a powerful tool to silence gene
expression post-transcriptionally. Different from gene knock
out, the inhibition efficiency of siRNAs could vary dramati-
cally by employing a different delivery method and sequence
design strategy of siRNA oligonucleotides or short hair-
pins. In this study, it is noted that the vector-based siRNA
sequences could not be simply derived from chemically syn-
thesized oligo sequences. It may be due to the fact that the
functionality of shRNAs depends on more complicated in-
tracellular mechanisms. In fact, none of the current design
rules guarantee an effective siRNA and a functional siRNA
can only be identified experimentally. Another important
factor that affects the application of siRNA is the efficiency
and the effectiveness of delivery routes. Here we demon-
strated the intratracheal administration of siRNA-expressing
adenovirus that could efficiently knock down C5aR expres-
sion. Thus, C5aR siRNA-expressing adenovirus shall not
only serve as a useful tool for studying the mechanisms of
complement activation in inflammation, but may also have
important therapeutic applications.
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Encoded by the genome of most eukaryotes examined so far, microRNAs (miRNAs) are small ∼21-nucleotide (nt) noncoding
RNAs (ncRNAs) derived from a biosynthetic cascade involving sequential processing steps executed by the ribonucleases (RNases)
III Drosha and Dicer. Following their recent identification, miRNAs have rapidly taken the center stage as key regulators of gene
expression. In this review, we will summarize our current knowledge of the miRNA biosynthetic pathway and its protein compo-
nents, as well as the processes it regulates via miRNAs, which are known to exert a variety of biological functions in eukaryotes.
Although the relative importance of miRNAs remains to be fully appreciated, deregulated protein expression resulting from either
dysfunctional miRNA biogenesis or abnormal miRNA-based gene regulation may represent a key etiologic factor in several, as
yet unidentified, diseases. Hence is our need to better understand the complexity of the basic mechanisms underlying miRNA
biogenesis and function.

Copyright © 2006 Dominique L. Ouellet et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

INTRODUCTION

In 1990, a group of plant biologists attempted to accentuate
the purple pigmentation of petunia petals by increasing the
synthesis of anthocyanin via overexpression of a transgene
encoding chalcone synthase. Unexpectedly, this transgene in-
duced the formation of white flowers, in association with a
block in pigment synthesis and a 50-fold reduction in trans-
gene mRNA levels; this intriguing phenomenon was termed
cosuppression [1, 2].

Three years later, in the field of developmental biology,
Lee et al [3] identified two lin-4 transcripts, with the smaller
(∼21 nt) being complementary to seven repeated sequences
in the 3′ nontranslated region (NTR) of the heterochronic
gene lin-14 mRNA, identified previously by Wightman et al
[4]. These findings suggested that lin-4 could regulate lin-14
translation via an antisense RNA:mRNA interaction and play
an important role in developmental timing in the nematode
Caenorhabditis elegans (C elegans) [3, 5].

These studies converged in 1998, when Fire et al [6] ob-
tained evidences about the involvement of double-stranded
(ds) RNA intermediates in a phenomenon termed RNA in-
terference (RNAi). The authors noticed that dsRNA species

induced a more potent genetic interference than either
strands alone in C elegans. A year later, while investigating
posttranscriptional gene silencing (PTGS) as a natural an-
tiviral defense mechanism, Hamilton and Baulcombe [7] ob-
served the presence of antisense viral RNA of∼25 nt in virus-
infected plants. The authors noted that these small RNAs
were long enough to convey sequence specificity and sug-
gested that they may be important specificity determinants
of PTGS. Subsequent papers reporting that dsRNA-induced
mRNA degradation is mediated by 21 to 23 nt RNAs [8, 9]
prompted molecular biologists and geneticists to search for
the endogenous source of small RNAs. In 2001, three inde-
pendent groups defined miRNAs as a novel family of small
(∼22 nt) endogenous RNAs that are diverse in sequence and
expression patterns, evolutionarily widespread, and involved
in sequence-specific, posttranscriptional regulatory mecha-
nisms of gene expression [10–12].

We now know that miRNA genes are encoded in the
genome of most eukaryotic organisms and transcribed
by RNA polymerase (pol) II into primary miRNAs (pri-
miRNAs). These structured RNAs are then processed by the
nuclear RNase III Drosha, acting in concert with the DiGe-
orge syndrome critical region 8 (DGCR8) protein within a
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Figure 1: mRNA regulation mediated by microRNAs (miRNAs). miRNA genes are transcribed by RNA polymerase II into primary miRNAs
(pri-miRNAs), which are processed by Drosha, acting in concert with DiGeorge syndrome critical region 8 (DGCR8) protein within the
microprocessor complex, into ∼60 to 70 nt miRNA precursors (pre-miRNAs). Following export via exportin-5, pre-miRNAs are cleaved by
Dicer, acting in concert with transactivating response RNA-binding protein (TRBP) within the pre-miRNA processing complex, to generate
an imperfect miRNA:miRNA∗ duplex of ∼21 to 23 nt. After a strand selection/separation process, the mature miRNA is loaded into an
effector miRNA-containing ribonucleoprotein (miRNP) complex that will recognize and mediate repression or cleavage of specific mRNAs.
Synthetic small interfering RNAs (siRNAs) can be introduced into cells and be incorporated into the endogenous miRNA-guided RNA
silencing machinery to mediate cleavage of the targeted mRNA.

complex known as the microprocessor [13–16], into ∼60
to 70 nt stem loop miRNA precursors (pre-miRNAs) [17–
19]. Following export from the nucleus to the cytoplasm by
the Ran-GTP dependent transporter Exportin-5 [20–23], the
pre-miRNAs are cleaved at the base of the loop by a second
RNase III enzyme located in the cytoplasm, Dicer, to generate
an imperfect miRNA:miRNA∗ duplex of ∼21 to 24 nt. Dicer
was recently shown to act together with the transactivating
response RNA-binding protein (TRBP) within a pre-miRNA
processing complex. Following strand selection/separation,
mature ∼22 nt miRNAs are incorporated into, and guide, ef-
fector miRNA-containing ribonucleoprotein (miRNP) com-
plexes containing Argonaute 2 (Ago2) towards specific mR-
NAs. Dicer and TRBP have recently been shown to be a
part of a functional human RNA-induced silencing complex
(RISC), thereby coupling the initiation and effector steps of
RNAi [24]. The targeted mRNA will be initially subjected
either to cleavage or translation repression, depending on
whether the miRNA:mRNA pairing is perfect or not [25].
The miRNA-guided RNA silencing pathway is illustrated in
Figure 1.

In humans, conservative predictions indicate that up to
30% of the genes may be regulated by such a mechanism!
Thus, potentially all the cellular pathways may be governed

by miRNAs, which may contribute to the fine tuning of gene
expression on a global level. The importance of miRNAs in
gene regulation will be better appreciated when their func-
tion or deregulation, or that of the cellular machinery me-
diating their biosynthesis and function, will be identified
among the underlying causes of several genetic disorders. In-
deed, it is easy to conceive that protein overexpression re-
sulting from defective miRNA-based mRNA regulation may
compromise normal cell function and cause genetic diseases.
In turn, the responsible gene(s) may be responsive to RNAi-
based inactivation, illustrating the transition from funda-
mental research to clinical applications of RNAi.

Today, the miRNA mimetics small interfering RNAs (siR-
NAs) are increasingly important molecular tools, as they of-
ten are the method of choice used by researchers that aim at
elucidating the function of a gene. More importantly, per-
haps, is the high potential of the approach for therapeu-
tic applications, leading several biotechnology firms to de-
velop and refine tools, and improve the design of new ther-
apeutic strategies in order to take advantage of the natu-
ral RNA silencing machinery to silence the expression of
disease-causing genes. This requires a better understand-
ing of the miRNA-based RNA silencing machinery in hu-
man.
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COMPONENTS OF THE RNAi MACHINERY

The endogenous miRNA-guided RNA silencing machinery
is composed of several different proteins, protein complexes,
and types of RNAs. How these elements integrate with each
other to form this important functional cascade is the sub-
ject of intense investigations. We will first discuss the pro-
tein components, identified so far, that are governing miRNA
biogenesis and function (see Figure 1). The subsequent sec-
tions will cover the identification of miRNAs and their tar-
gets, the biological roles of miRNAs, as well as their involve-
ment in diseases.

RNA polymerase II

RNA pol II, which governs the transcription of protein-
encoding messenger RNAs (mRNAs), has been identified as
the major transcriptional unit for miRNA genes [17, 26] after
some speculations about the potential implication of RNA
pol III [25]. The pri-miRNA transcripts, which can be longer
than 1000 nts [26] and up to several kilobases long, possess
the signature of RNA pol II characterized by a 5′ 7-methyl
guanylate (m7G) cap and a 3′ poly(A) tail [17]. Although
miRNA genes can be found as clusters forming their own
transcriptional units [19, 26], ∼ 40% are transcribed from
the intronic sequence of protein-encoding genes [27, 28]. A
study by Rodriguez et al [27] has shown that the expres-
sion of a large subset of mammalian miRNAs may be tran-
scriptionally linked to the expression of other genes, cod-
ing for both proteins and ncRNAs. Although the majority of
pri-miRNAs are noncoding RNAs, whose genomic regions
do not correlate with known transcripts [29], some of them
contain open reading frame (ORF) susceptible to be trans-
lated. However, analysis of both endogenous and overex-
pressed pri-miRNAs showed that very little full-length pri-
miRNA transcripts reached the cytoplasm, probably because
they were processed by Drosha before they could be exported
from the nucleus [17].

Drosha

The RNase III Drosha is a class II endoribonuclease that was
identified, cloned, and first implicated in preribosomal RNA
(pre-rRNA) processing [30] (see Figure 2). Members of the
class II RNase III family are characterized by a duplication
of the RNase III domain (RIIID), a C-terminal dsRNA bind-
ing domain (dsRBD), as well as a proline-rich region (PRR)
and an arginine/serine(RS)-rich domain in the N-terminal
region [18, 30]. Previously known as the human RNase III,
Drosha was further identified as the enzyme mediating the
first step in miRNA biogenesis through conversion of pri-
miRNAs into pre-miRNAs [18] (see Table 1), confirming
previous findings obtained with nuclear fractions of human
cultured cells [19].

Drosha homologues are expressed in C elegans [13, 31],
Drosophila melanogaster (D melanogaster) [13, 31], and
Mus musculus [32], but not in Schizosaccharomyces pombe
(S pombe) (http://www.sanger.ac.uk/Projects/S pombe/) and

Arabidopsis thaliana (A thaliana) [30]. The absence of
Drosha in lower species reveals fundamental differences in
the initiation steps of small regulatory RNA biosynthesis,
which may have been evolved during the course of evolution.

Pri-miRNA processing by Drosha yields a pre-miRNA
product with termini bearing the signature of RNases III,
that is, a 5′ phosphate and 2 nt overhangs at the 3′ hydrox-
ylated end [18, 19, 33]. From the junction of the loop and
the adjacent stem, Drosha cleaves pri-miRNAs after approxi-
mately two helical turns into the stem to produce∼70 nt pre-
miRNAs [18]. Lee et al used deletional mutagenesis on miR-
30a followed by in vitro processing to show that sequences
covering ∼20 nt upstream and ∼25 nt downstream of the ex-
pected cleavage site were necessary and sufficient to support
processing [18]. Beyond the pre-miRNA cleavage sites, ap-
proximately one helix turn of stem extension is also essential
for efficient processing. While Drosha cleavage sites are deter-
mined largely by the distance from the terminal loop, varia-
tions in stem structure and sequence around the cleavage site
can fine-tune the actual cleavage sites chosen [34]. A cleaving
model was proposed in which the two RIIID of Drosha form
an intramolecular dimer to create a catalytic site for substrate
processing [15]. This model is analogous to that proposed for
Dicer [35]. The two RIIIDs of human Drosha are distinct in
their roles within the dimer: the RIIIDa cuts the 3′ strand,
while the RIIIDb cleaves the 5′ strand, independently of each
other [15]. Han et al suggested that Drosha may reorientate
itself after the recognition of the 3′ end of pri-miRNAs [15]
and, as for human Dicer, places the processing center at <20
base pairs from the terminus [35].

Fractionation of HEK 293 cell nuclear extracts by gel
filtration chromatography identified a pri-miRNA process-
ing activity corresponding to a molecular mass of >700 kDa
[15]. This activity peak shifted to <650 kDa following treat-
ment of the extract with RNase A, indicating that Drosha
may function in a large complex of < 650 kDa. Analysis of
Drosha immunoprecipitates by mass spectrometry revealed
the presence of DGCR8 in that complex [13, 14]. A distinct,
larger Drosha complex containing the DEAD box RNA heli-
case DDX17/P72, the heterogeneous nuclear ribonucleopro-
tein M4 (hnRNPM4), and the protein product of Ewing’s sar-
coma gene (EWS) was reported [14]. As reviewed in Arvand
and Denny [36], EWS belongs to a family of genes that en-
code proteins that may serve as adapters between the RNA
pol II complex and RNA splicing factors. Because Drosha has
also been previously shown to participate in pre-rRNA pro-
cessing [30], this large Drosha complex has been suggested to
mediate such pre-rRNA processing activities [14].

DGCR8/microprocessor

DGCR8 was identified in anti-Flag immunoprecipitates pre-
pared from an HEK-293 cell line stably expressing Flag-
Drosha [14]. This Drosha-DGCR8 complex, which has also
been observed in other organisms [13, 16], has been termed
microprocessor [14]. DGCR8 contains two dsRBDs and
a WW domain that could interact with the N-terminal
proline-rich region of Drosha [14].
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Figure 2: Some peculiarities of the major protein components of the microRNA-guided RNA silencing.

The exact role of DGCR8 in the microprocessor com-
plex remains uncertain, but may be related to pri-miRNA
recognition. In accordance with a proposed model, DGCR8
would interact with the stem, and perhaps also the single-
stranded (ss) region of this structure, to guide the recogni-
tion of the pri-miRNA stem by Drosha dsRBD. Alternatively,
but not exclusively, DGCR8 may also interact with the ss re-
gion of RNA to correctly orient the complex on pri-miRNAs
[15]. Gregory et al [14] have shown that the knock-down of
DGCR8 results in, as observed upon Drosha depletion, a pro-
nounced decrease in mature miRNA level. Depletion of both
Drosha and DGCR8 resulted in a substantial accumulation
of pri-miRNAs, showing the requirement of the micropro-
cessor complex for miRNA processing in vivo [14].

The DGCR8 gene is located in the q11.2 region of the hu-
man chromosome 22 that contains∼30 genes and is a part of
a common monoallelic deletion [37]. Patients carrying this
heterozygous deletion and other chromosomal abnormalities
in this region display clinical phenotypes defined as the Di-
George syndrome, Conotroncal anomaly face syndrome, and

Velocardiofacial syndrome [38]. Congenital heart defects,
characteristic facial appearance, immunodeficiency, and be-
havioral problems are other manifestations of these genetic
disorders [38].

Exportin-5

Subcellular localization studies previously showed that pri-
miRNA and pre-miRNA processing is compartmentalized
into the nucleus and cytoplasm, respectively [19], suggest-
ing the existence of a pre-miRNA nuclear export step. Less
than two years later, three independent groups reported the
identification of Exportin-5, a member of the nuclear karyo-
pherin β transporter family [21], as the nuclear pre-miRNA
transporter [20, 22, 23].

Exportin-5-mediated pre-miRNA transport was either
reduced upon downregulation of Exportin-5 by siRNAs [23]
or enhanced upon overexpression in mammalian cells [39].
Export of pre-miRNAs was greatly reduced by the inhibition
of the Ran guanine nucleotide exchange factor, suggesting
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Table 1: Characteristics of the major protein components of the miRNA-guided RNA silencing pathway.

Protein
Role/

function

Accession
mRNA
(bp)

Accession
Amino
acids

Molecular
Isoelectric

point∗
Intracellular
localizationnumber number weight

(mRNA) (protein) (kDa)∗

Drosha
Processing of

NM 013235 4764 NP 037367 1374 159 7.81 Nuclearpri-miRNA into

pre-miRNA

DGCR8
Assistance of Drosha

NM 022720 4461 NP 073557 773 86 5.94 Nuclearfunction in the

microprocessor

Exportin-5
Nuclear export

NM 020750 5231 NP 065801 1204 136 5.79 Nuclear membrane
of pre-miRNA

Dicer
Processing of pre-miRNA

NM 177438 10 276 NP 803187 1922 219 5.68 Cytoplasmic, ER
into miRNA:miRNA∗

TRBP
Assistance of Dicer

M60801 1368 AAA36765 345 38 7.38 Cytoplasmicfunction in pre-miRNA

processing complex

Ago2
Component of miRNPs,

NM 012154 3567 NP 036286 859 97 9.19 Cytoplasmic
repression of translation

FMRP
Component of miRNPs,

NM 002024 4362 NP 002015 632 71 7.42
Cytoplasmic,

repression of translation nuclear

∗Calculated from protein calculator v.3.2 (http://www.scripps.edu/∼cdputnam/protcalc.html). ER, endoplasmic reticulum.

that it is catalyzed by RanGTP [22]. In fact, RanGTP was
necessary for specific binding of pre-miRNAs by Exportin-
5 [23]. Recognition of pre-miRNAs bearing a 2 nt 3′ over-
hang by Exportin-5 was superior than pre-miRNAs with 5′

or no overhangs [40]. As for the pre-miRNA terminal loop
and stem, which should be more than 16 nt in length, their
recognition is not sequence-specific [20, 40]. Recognition of
a minihelix motif in the RNA allows transport by Exportin-
5, as demonstrated by the efficient transport of VA1 RNA
from adenovirus 5 [41]. The exact coordination links be-
tween Exportin-5 and the nuclear and cytoplasmic steps of
miRNA biogenesis remain obscure and need further investi-
gation.

Dicer

Dicer is a ribonuclease III that was first identified as an en-
zyme capable of generating ∼21–23 nt RNA guide sequences
from dsRNA to initiate RNAi in Drosophila S2 cells [42].
Within a two-month period, three papers reported that null
mutations in the Dicer gene altered developmental timing, in
association with defective miRNA maturation and accumu-
lation of pre-miRNAs, in C elegans [43, 44] and Drosophila
[45]. Human Dicer cDNA, which had been identified two
years before [46], was later cloned and the recombinant pro-
tein expressed, allowing the characterization of its RNA bind-
ing properties and RNase activity [47, 48]. Localized mainly
in the cytoplasm [49] or the endoplasmic reticulum [47] of
cultured cells, human Dicer is a large protein composed of
several domains: an N-terminal putative ATPase/helicase do-

main containing a DECH box, a domain of unknown func-
tion (DUF283), a PIWI/Ago/Zwille (PAZ) domain, and a C-
terminal RIIID, composed of tandem RNase III motifs and a
C-terminal dsRBD [35, 42, 47, 48].

Recently, data reported by Zhang et al [35] pointed to-
wards the existence of a single catalytic center in human
Dicer. The authors proposed a model in which Dicer would
function through intramolecular dimerization of its two RI-
IID, assisted by the flanking RNA binding domains, PAZ, and
dsRBD. The PAZ domain of Dicer may participate in the
recognition of the terminal 3′ overhangs of its pre-miRNA
substrate [35]. In this model, each RIIID cuts a single strand
of the RNA duplex substrate after two turns of α-helices, at
the end opposite to that cleaved by Drosha, to produce a new
end bearing a hydroxylated 2 nt 3′ overhang and a phospho-
rylated 5′ end. The 2 nt overhang is measured by the align-
ment of the dimer rather than by the distance between ac-
tive residues on one peptide chain, whereas the length of the
product (∼21 nt) is determined by the distance between the
PAZ domain and the active site [35].

Genetic studies revealed that Dicer is essential for mam-
malian development, as Dicer-deficient mice die at the em-
bryonic stage [50, 51]. However, the DCR-1 gene can be dis-
rupted in mouse embryonic stem (ES) cells by conditional
gene targeting. The generated Dicer-null ES cells are viable,
despite being completely defective in the generation of miR-
NAs, and display severe defects in differentiation both in
vitro and in vivo [52]. Similar conditional inactivation of the
Dicer gene in ES cell lines compromised proliferation as well
as miRNA maturation, possibly rationalizing the phenotype
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observed in Dicer-null animals [53]. Epigenetic silencing of
centromeric repeat sequences [52, 53] and expression of ho-
mologous small dsRNAs [52] were also markedly reduced in
Dicer-null ES cells. Re-expression of Dicer in knockout cells
rescued these phenotypes [52]. These results suggest the in-
volvement of Dicer in multiple fundamental biological pro-
cesses in mammals, ranging from stem cell differentiation to
maintenance of centromeric heterochromatin structure and
centromeric silencing [52].

It is relevant to note that Dicer activity is potently stim-
ulated by limited proteolysis induced by low concentrations
of proteinase K in vitro [47, 48], indicating the presence of
intrinsic regulatory domains of Dicer activity. As recently
reported, cellular proteins interacting with Dicer such as
Ago2 [54], fragile X mental retardation protein (FMRP) [55],
TRBP [56, 57], and the protein kinase R (PKR)-activating en-
zyme (PACT) [58] may also represent key regulators of Dicer
activity. In addition, Dicer was recently shown to be a part of
an effector miRNP [24], thereby coupling the initiation and
effector steps of miRNA-guided RNA silencing.

TRBP

TRBP was identified and characterized in 1991 as a cellu-
lar factor acting in synergy with the viral Tat protein in the
transactivation of the long terminal repeat (LTR) of human
immunodeficiency virus type 1 (HIV-1), leading to viral gene
transcription [59]. TRBP exists mainly in two different iso-
forms: TRBP1 and TRBP2 [60], which possess three dsRBDs
and a basic C-terminus, coexist in the cell and are encoded
by two alternatively initiated isoforms of mRNA that differ at
their 5′ ends. TRBP2 is 21 amino acids longer than TRBP1
[60–62]. TRBP has also been shown to bind Tax of human
T-cell leukemia virus 1, although this interaction inhibits
the transactivating activity of Tax [63]. Another function of
TRBP is the inhibition of the interferon-induced dsRNA-
regulated PKR [64].

Recently, TRBP has been reported to play a role in
miRNA-guided RNA silencing. TRBP was identified by pro-
teomic analysis of immunoprecipitates prepared from HEK
293-derived stable cell lines expressing a Flag-tagged Dicer
[56]. Further analyses revealed the association of Dicer-
TRBP with Ago2 and the requirement of TRBP for the re-
cruitment of Ago2 to the siRNA bound by Dicer. TRBP was
shown to facilitate the cleavage of pre-miRNAs in vitro and
optimize RNA silencing mediated by siRNAs and endoge-
nous miRNAs [57]. These results support a role for TRBP, the
first Dicer-interacting protein identified since Ago2, in assist-
ing Dicer function in a pre-miRNA processing complex and
contributing to RISC assembly by the recruitment of Ago2 to
the miRNA.

A Dicer interaction with the Drosophila homologue of
human TRBP, Loquacious (Loqs), which share 34% iden-
tity at the amino acid level, was also observed by two in-
dependent groups [65, 66]. As for human TRBP, Loqs was
required for normal processing of pre-miRNAs by Dicer-1
[65, 66] and for efficient miRNA-mediated silencing in vari-
ous contexts [65]. Thus, every known fly RNase III is paired

with a dsRBD-containing protein that facilitates its function
in small RNA biogenesis.

R2D2

The siRNA-generating complex purified from Drosophila S2
cells consists of two stoichiometric subunits: Dicer-2 and
R2D2 [67]. R2D2, which was named so because it con-
tains two dsRNA-binding domains (R2) and is associated
with DCR-2 (D2) in Drosophila [67], is homologous to C
elegans RDE-4 [68, 69]. The Dicer-2/R2D2 complex, but
not Dicer-2 alone, binds to siRNA and enhances sequence-
specific mRNA degradation mediated by the RISC. R2D2
has been shown to act as a biosensor for detecting thermo-
dynamic differences of base pairing at the extremities of an
siRNA [70]. Thus, in concert with Dicer-2, R2D2 determines
which siRNA strand will be incorporated into the RISC and
may also discriminate an impostor siRNA [71, 72]. These re-
sults indicate that R2D2 bridges the initiation and effector
steps of the Drosophila RNAi pathway by facilitating siRNA
passage from Dicer to RISC. Whether a similar mechanism is
operating in humans remains to be investigated.

RISC and miRNPs

The miRNA or siRNA generated by Dicer is loaded into an ef-
fector miRNP or siRNP complex, respectively, and guides it
for the recognition and regulation of the mRNA target. The
mRNA specifically recognized by the RNP complexes will ini-
tially be either cleaved or translationally repressed, depend-
ing on whether the guide:mRNA pairing is perfect or not
[25]. In humans, mRNA regulation by miRNAs is believed to
consist mainly in translational repression, although a recent
study reported that miRNAs downregulate a greater number
of transcripts than previously thought [73]. Yekta et al [74]
demonstrated that miR-196 shows perfect complementarity
(presence of a single G:U wobble) with HOXB8 mRNA and
directs its cleavage in mouse embryos. Genes for miR-196
map to homeobox (HOX) clusters, which encode transcrip-
tion factors crucial for the developmental program in ani-
mals. Bagga et al [75] observed that the let-7 miRNA induces
degradation of its target, lin-41, in C elegans. Furthermore,
they observed that the level of the lin-4 miRNA targets, lin-
14 and lin-28, is decreased in response to lin-4 expression.
These observations suggest that mRNAs containing partial
miRNA complementary sites may not only be subjected to
translational repression, but also be targeted for degradation
in vivo.

Initial studies on the RISC reported the existence of a
large (∼150 kDa to ∼500 kDa) multiprotein RNP complex
exhibiting sequence-specific nuclease activity [54, 76, 77].
Small RNAs of ∼21 to 25 nt were found to copurify with the
RISC isolated from Drosophila S2 cells [76], a characteristic
shared by RISC complexes from other species [78]. A study
by Pham et al [78] provided the first glimpse of the mech-
anism involved in RISC assembly. The authors proposed a
three-step model for RISC formation in Drosophila. Isolation
of three distinct complexes, named R1, R2, and R3, by native
gel electrophoresis showed that siRNA binding to Dicer-2 is
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responsible for R1 formation. R1 is probably the ∼360 kDa
complex described as the RISC [77]. R1 serves as a precursor
to form both the R2 and R3 complexes. R3 is a large ATP-
enhanced complex that contains unwound siRNAs, cofrac-
tionates with known RNAi factors, binds and cleaves targeted
mRNAs in a cognate siRNA-dependent manner [78].

Recently, three studies published in the same issue of Cell
[24, 79, 80] provided additional insights on the composi-
tion, assembly, and function of the RISC. Gregory et al [24]
showed that the human RISC is composed of at least three
proteins: Dicer, TRBP, and Ago2. Recently, the dsRBD pro-
tein PACT was also found to be associated with Dicer, hAgo2,
and TRBP in a ∼500 kDa complex and to function as a com-
ponent of the RISC [58]. At first, an ATP-dependent heli-
case was proposed to separate the two siRNA strands, one of
which was thought to bind to Ago2. However, a recent con-
sensus model suggests that Ago2 directly receives the double-
stranded siRNA and cleaves the siRNA passenger strand in-
stead, thereby liberating the ss guide for mediating cleav-
age or repression of the RNA target [24, 79, 80]. In con-
trast, passenger-strand cleavage is not important for the in-
corporation of miRNAs that are derived from mismatched
duplexes, suggesting that this mechanism may not apply to
endogenous miRNAs in humans.

In 2002, Mourelatos et al [81] reported the identifica-
tion and characterization of a miRNP complex showing high
similarity with the RISC. The authors isolated a wide range
of different miRNAs forming a complex with three major
proteins: Gemin3, Gemin4, and EIF2C2 (hAgo2). Gemin3,
a 105 kDa DEAD-box putative helicase, may be involved in
unwinding the double-stranded miRNA and releasing the
miRNA∗ strand for recognition of the target.

P-/GW-bodies

Where does the miRNP-mediated mRNA regulation or
cleavage occur in the cell? Recent studies revealed the ex-
istence of specific cytoplasmic foci, referred to as process-
ing (P-bodies) [82, 83] or GW182-containing bodies (GW-
bodies) [84]. The GW bodies, which were named so because
they contain the GW182 RNA-binding protein, are enriched
in proteins that are involved in mRNA degradation [85]. Liu
et al [82] demonstrated the localization of Ago proteins into
mammalian P-bodies. In fact, Ago proteins were found to in-
teract with GW182 [86]. Silencing of GW182 or mutations
that prevented Ago proteins from localizing in P-/GW-bodies
impaired translational repression of mRNAs [86]. The pres-
ence of exogenous siRNAs was also detected in these bod-
ies [87]. These studies support a functional link between cy-
toplasmic P-/GW-bodies and mRNA translation repression
mediated by miRNAs.

These cytoplasmic P-/GW-bodies may not be the only
sites of mRNA degradation in the cell. Two independent
groups also detected a RISC-like activity in the nucleus of
cultured mammalian cells [88, 89]. It is tempting to specu-
late that the nuclear effector complex mediating this activity
may be closely related to the RNA-induced initiation of tran-
scriptional gene silencing (RITS) complex found in S pombe
[90].

Ago2

Ago2 is a member of the PAZ and Piwi domain (PPD) pro-
tein family, which is composed of highly basic proteins that
are present in metazoans and fungi, but not in the budding
yeast Saccharomyces cerevisiae [91, 92]. Eight members of
the Ago family are expressed in humans [93], and the iso-
forms Ago1 to 4 are closely related. All four can bind siRNAs
and miRNAs, but only Ago2 is present in an mRNA-cleavage
competent RISC [94, 95]. Several paralogues of Ago proteins
are found across the kingdoms and their number varies from
1 in S pombe [96] to more than 20 in C elegans [43, 97].

Structural studies have provided key insights into the
mechanism of RNAi. Ago2 is composed of a central PAZ
domain and a C-terminal PIWI domain. The nuclear mag-
netic resonance solution structure of the Drosophila Ago1
PAZ domain bound to RNA was resolved recently [98, 99].
The structure consists of a left-handed, six-stranded β-barrel
capped at one end by two α-helices and wrapped on one side
by a distinctive appendage, which comprises a long β-hairpin
and a short α-helix. Combined structural and binding stud-
ies of the PAZ domain indicated that it provides a binding
pocket for the 3′ protruding ends of siRNAs [98–101].

Structural studies revealed that the PIWI domain con-
sists of 5-stranded β-sheets surrounded by three helices [102]
and mediates binding of the ss RNA 5′ end [103–105]. The
structure of Archaeoglobus fulgidus PIWI domain in complex
with an siRNA-like duplex, which mimics the 5′ end of a
guide RNA strand bound to an overhanging target mRNA,
has been solved. This study revealed the presence of a highly
conserved metal-binding site that anchors the 5′ nt of the
guide RNA [105]. Structural studies also determined PIWI as
the catalytic domain for the nuclease activity of Ago2, given
its resemblance to RNase H [95, 102, 104], in terms of struc-
ture and activity; like RNase H, Ago2 activity is dependent on
divalent cations such as Mg2+ or Mn2+ [106]. The PIWI do-
main and RNase H also share a DDE motif, similar to those
present at the catalytic center of integrase proteins [107].

Structural information from Pyrococcus furiosus Ago
[102], together with the demonstration that Ago2 is the
core slicing machine of the human RISC [95, 108], provided
strong evidences suggesting that the PIWI domain may be
responsible for mediating this “slicer” activity. This possibil-
ity was further supported by the observed inhibition of target
mRNA cleavage activity upon deletion of the DDE motif of
hAgo2 [95]. In siRNA-guided RNA silencing, Ago2 cleaves, in
an ATP-independent manner, the phosphodiester backbone
of the target mRNA between nucleotides 10 and 11, as calcu-
lated from the RNA guide 5′ end [80, 94, 109].

The mechanism of translation repression mediated by
Ago proteins is still unclear, although recent evidences sug-
gest the possibility that some Ago-containing complexes may
repress translation in P-bodies [110, 111].

FMRP

In human, loss-of-function mutations in the FMR1 (fragile
mental retardation 1) gene product FMRP is the cause of the
most common mental retardation, the fragile X syndrome
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[112, 113]. An expansion of the CGG repeat in the 5′NTR
of FRM1 is associated with DNA methylation problems of
both the CpG island and the CGG repeat itself, resulting in
an inhibition of transcription and translation [114, 115].

FMRP is a cytoplasmic RNA-binding protein found to
be associated with polyribosomes as part of an mRNA ri-
bonucleoprotein (mRNP) complex, suggesting a role for
FMRP in mRNA translation regulation [112]. In fact, this
protein of 632 amino acids, containing two K-homology
(KH) domains and an RGG box, acts as a negative regu-
lator of translation in vitro and in vivo [116–118]. A re-
lationship between FMRP and the RNAi pathway was un-
veiled by the copurification of dFMR1 with the Drosophila
RISC, which also contains Ago2 and the vasa intronic gene
(VIG) [119]. Similarly, Ishizuka et al [55] used a tan-
dem affinity purification approach to isolate an RNP com-
plex that contains dFMR1, Ago2, the RNA helicase Dmp68,
and the ribosomal proteins L5/5S RNA and L11. Ishizuka’s
group demonstrated that dFMR1 is a component of the
RISC effector complex and is associated with Dicer and
Ago2 [55]. Knockdown of dFMR1 by introduction of dFMR1
dsRNA had only mild effects on the efficiency of RNAi
[55, 119].

The work of Jin et al [120] suggested that FMRP could
interact with miRNAs, Dicer, and Ago1 in mammalian cells
in vivo, raising the possibility that FMRP could use miRNAs
to regulate translation of specific mRNAs. Indeed, a recent
study from our laboratory showed that human FMRP can
act as an miRNA acceptor protein for Dicer and facilitate
the assembly of miRNAs on specific target RNA sequences
[121]. This activity appears to be mediated by the KH do-
mains. In this study, the requirement of FMRP for efficient
RNAi in vivo was unveiled by reporter gene silencing as-
says using various small RNA inducers, which also supported
its involvement in an ss siRNP effector complex in mam-
malian cells. These results defined a possible role for FMRP
in miRNA-guided RNA silencing and provided further in-
sight into the molecular defects in patients with the fragile X
syndrome.

VIG

The VIG protein has been shown to be associated with the
Drosophila RISC [119]. An evolutionarily conserved protein
expressed in C elegans, A thaliana, S pombe, and mammals,
VIG has no recognizable protein domains other than an
RGG box, a motif that is known to bind RNA. Although no
function has been assigned to VIG, its human homologue,
plasminogen activator inhibitor (PAI)-RBP-1, was originally
identified as a protein having an affinity for AU-rich elements
(ARE) located in the 3′NTR of PAI RNA and regulating its
stability [122]. The authors also demonstrated the impor-
tance of Dicer and miR-16, a human miRNA containing a
sequence complementary to ARE, in conferring instability to
ARE-containing mRNAs. This suggests an interesting con-
nection between the components of the miRNA-guided RNA
silencing pathway and regulation of the stability of mRNAs

containing AREs, which are known to act in cis to regulate
rapid turnover of unstable mRNAs [123] in their 3′NTR. The
exact role of VIG in that context remains to be investigated.

Tudor-SN

The staphylococcal nuclease Tudor (Tudor-SN) has been
identified as a component of the RISC in C elegans, D mela-
nogaster, and humans [124]. Tudor-SN contains five staphy-
lococcal/micrococcal domains and a tudor domain. At first,
Tudor-SN was suspected to be the nuclease responsible for
the RISC-mediated mRNA target cleavage. However, studies
demonstrating that the nuclease activity of the RISC is Mg2+-
dependent [106] and produces 5′-phosphomonoester ends
[125] did not support this hypothesis, as Tudor-SN is rather
a Ca2+-dependant nuclease that generates 3′-phosphomono-
and dinucleotides from DNA or RNA substrates [126].

Recently, a novel relationship was established between
Tudor-SN and adenosine deaminases that act on RNA
(ADARs). Members of the ADAR family exhibit affinity with
dsRNAs and mediate an RNA editing reaction that substi-
tutes adenosine (A) residues by inosines (I) in cellular mR-
NAs or other dsRNA targets [127]. Scadden [128] showed
that Tudor-SN specifically interacts with and promotes the
cleavage of model hyper-edited dsRNA substrates containing
multiple IU and UI pairs. Yang et al [129] have recently re-
ported that the edition of pri-miR-142 resulted in the sup-
pression of its processing by Drosha, and was instead de-
graded by Tudor-SN. Similarly, pre-miRNAs have also been
shown to be edited by ADARs [130]. ADAR-induced modifi-
cation of pri- and pre-miRNA sequences may also contribute
to diversifying and influencing the genetic control mediated
by miRNAs. For example, structural changes induced by A-
to-I edition of pri- and pre-miRNAs may hamper their recog-
nition and processing by the dsRNA-cleaving Drosha and
Dicer RNases [131–133]. These studies reveal a new function
for RNA editing in the control of miRNA biogenesis.

RITS complex

In the fission yeast S pombe, dsRNA arising from centromeric
repeats targets the formation and maintenance of centromere
function through RNAi-mediated histone H3 lysine-9 (K9)
methylation [90]. This is accomplished by the effector com-
plex RITS, which contains the proteins Ago1, Chp1, and
Tas3, in addition to small RNAs [96] generated by Dicer
[134]. Homologous to centromeric repeats [135], these small
RNAs appear to guide the RITS components to heterochro-
matic regions, such as the centromeres, the mating-type re-
gion, and the telomeres [136, 137]. Upon centromeric bind-
ing, RITS promotes Clr4-mediated methylation of histone
H3 K9, recruitment of Swi6 [138], and formation of hete-
rochromatin [96]. Recently, a study concluded that Dicer and
the RNAi machinery were involved in the formation of het-
erochromatin in higher vertebrate cells, as suggested previ-
ously [134]. The discovery of the effector RITS complex sup-
ports a nuclear function for small RNAs derived from Dicer.
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IDENTIFICATION OF miRNAs AND THEIR TARGETS

As the major protein components of the miRNA-guided
RNA silencing pathway are being identified and character-
ized, hundreds of new miRNAs are being discovered in sev-
eral different species. The fact that the interaction between
miRNAs and the mRNA targets they regulate is based mainly
on partial, rather than perfect, complementarity renders tar-
get idenfication rather arduous. However, improvement of
our understanding of the determinants governing mRNA
recognition by miRNAs has allowed the development of sev-
eral predictive bioinformatic tools. The growing number of
miRNA targets and functions, as revealed by various exper-
imental approaches, let us foresee the importance and com-
plexity of the gene regulatory network utilizing miRNAs.

Identification of miRNAs

Almost 8 years after the discovery of the ncRNA lin-4,
known for its crucial role in developmental timing in C el-
egans [3, 5], three independent groups defined miRNAs as a
novel family of small (∼22 nt) regulatory RNAs that are di-
verse in sequence and expression patterns, and evolutionarily
widespread [10–12]. The authors used different strategies to
identify new miRNAs from various species. miRNAs show-
ing features reminiscent of Dicer cleavage can be cloned by
reverse transcription-polymerase chain reaction (RT-PCR)
on size-fractionated RNA populations. If their sequences are
known or predicted, and if they are abundant enough, miR-
NAs can be detected by Northern blot analysis.

Rapid and large-scale identification of miRNAs prompt-
ed experts in the field to establish guidelines for miRNA an-
notation and institute different criteria, based on expression
and biogenesis, for an RNA to be considered as an miRNA
[139]. First, a 22 nt RNA transcript must be detected by
Northern blot analysis. Second, the RNA transcript must be
detected in a cDNA library prepared from size-fractionated
RNA samples. Third, bioinformatic analyses must predict a
hairpin-loop structure encoded in the genome and the se-
quence has to be located on one arm of this structure with a
lowest free energy. The hairpin should have small bulges and
approximately 60–80 nt in length. Phylogenetic conservation
among species represents another important feature which,
however, excludes miRNAs that have either disappeared, ap-
peared, or evolved during the course of evolution.

Computational algorithms designed to identify hairpin-
loop structures and sequence conservations across species
are very useful, especially for less abundant or tissue-specific
miRNAs. These small RNAs can be regrouped into families,
based on the sequence of their 5′ region [139]. One compu-
tational algorithm that has been developed and tested with
C elegans, miRScan, uses different characteristics to identify
miRNA genes. It has been designed to find conserved se-
quences upstream and downstream of the miRNA foldback,
identify specific adjacent sequences that can be involved in
miRNA transcription or processing, and determine the lo-
cation of cotranscribed miRNAs in orthologous host genes
[140].

miRBase is the new home of the miRNA data on the web,
accessible at the following address: http://microrna.sanger
.ac.uk/ [141]. It provides information previously accessible
from the miRNA registry [142]. As of May 2006 (release 8.1),
there were 462 human miRNA sequences among 3963 en-
tries.

To date, miRNA genes constitute about 2% of the pre-
dicted genes in mammals. They may be constitutively or
developmentally regulated and expressed at various levels
in different tissues. Recent estimates suggest that between
30% and 50% of the genes may be regulated by miRNAs
[144, 145]. This raises the possibility that all the cellular path-
ways may be governed by miRNAs. However, the question
remains: which mRNAs are subjected to miRNA regulation?

Identification of miRNA targets

Identification of miRNA targets is a key step in under-
standing the biological function of miRNAs. However, the
progress of this work is hampered by the mode of mRNA
recognition by the regulatory miRNAs itself, which is based
on imperfect sequence complementarity [25]. Characteriza-
tion of a few experimentally validated miRNA:mRNA inter-
actions allowed to establish a context in which this interac-
tion is favored and helped to develop very useful bioinfor-
matic approaches to identify them. Initial studies indicate
that a given miRNA may regulate several different mRNAs
and that, conversely, a specific mRNA can be regulated by
more than one miRNAs.

Several algorithms currently available on the web,
such as TargetScan (http://genes.mit.edu/targetscan/) [146],
Miranda (http://www.microrna.org) [147], and DIANA-
microT (http://www.diana.pcbi.upenn.edu/) [148], com-
bine different parameters of the sequence requirements for
miRNA:mRNA binding as predictive methods to identify tar-
gets. These computational tools are designed to scan the
3′NTR of mRNA targets, to search for the miRNA seed and
to determine the free energy of the interaction. They can
also take into account the phylogenetic conservation and
the presence of more than one miRNA binding site in a
given 3′NTR. Because each of these methods uses differ-
ent miRNA:mRNA target predictive determinants, the results
obtained may differ from one to another. Nevertheless, these
bioinformatic tools are crucial in providing initial cues as
to the possible mRNA targets regulated by specific miRNAs.
They also offer a certain basis for initiating experimental val-
idation on miRNA:mRNA target pair of interest. In turn, a
better comprehension of the interaction between miRNAs
and their targets will permit the improvement of these pre-
dictive methods.

Vella et al [143, 149] studied the well-characterized let-
7:lin-41 interaction to better understand the architecture and
requirements of miRNA:mRNA target recognition. Although
the lin-41 mRNA target bears six putative let-7 miRNA bind-
ing sites, only two of them appear to be necessary for lin-
41 regulation (see Figure 3). These two sites are separated
by a 27 nt sequence. Generally, the miRNA seed consists in
a perfect pairing between miRNA nucleotides 2 to 8 with a
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LCS1 LCS2

lin-41 mRNA target 5�– UUUUAUACAACCGUUCUACACUCA

let-7 miRNAs 3� UU
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let-7: lin-41
LCS complexes
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Figure 3: Recognition of the lin-41 mRNA by let-7 in C elegans. The lin-41 3′NTR contains two let-7 complementary sites (LCS) separated
by a 27 nt sequence that seems to be important in target recognition [143]. The miRNA seed consists in a perfect pairing of nucleotides 2 to
8 of the miRNA.

sequence located in the 3′NTR of its mRNA target. Although
pairing of the 3′ region of an miRNA seems to be less impor-
tant, it may compensate a weaker binding of the 5′ region.
The authors also observed that lin-41 regulation by let-7 was
lost upon substitution of the intervening 27 nt sequence by
another [143]. This suggests that miRNA:mRNA interactions
do not rely solely on the regions of complementarity and may
be more complex than previously thought.

In spite of the difficulties to identify miRNA targets, sev-
eral groups have found their way to assign a biological func-
tion to some miRNAs. Hematopoietic cell lineages derived
from mouse bone marrow express specific miRNAs that reg-
ulate differentiation. Chen et al [150] analyzed three miR-
NAs, miR-181, miR-223, and miR-142 that were differen-
tially or preferentially expressed in hematopoietic cells. They
observed that overexpression of these miRNAs in undiffer-
entiated progenitor cells derived from mouse bone marrow
altered lineage differentiation. They further analyzed the ef-
fects of miR-181 in vivo by infecting mouse Lin− bone mar-
row cells with a viral vector expressing this miRNA and
observed that mice expressing miR-181 had a substantial
increase in B-lymphoid (CD19+) cells. Lim et al [73] used
a microarray approach to identify miRNA targets after over-
expression of known miRNAs. They found that 174 genes
were downregulated following overexpression of miR-124,
an miRNA preferentially expressed in the brain, in HeLa cells.
Incidentally, the target genes were expressed at low levels in
the brain. Thus, the expression of miR-124 in HeLa cells
caused a shift in gene expression profile towards that of the
brain. Using the same approach, expression in HeLa cells of
miR-1, expressed in muscle, shifted the expression profile of
HeLa cells towards that of the muscle.

BIOLOGICAL FUNCTION OF miRNAs

As experimental evidences are accumulating on how miR-
NAs recognize and regulate specific mRNA targets, we are be-

ginning to understand the exact function of each miRNA as
well as the cellular processes they are regulating. Information
pertaining to the biological function of miRNAs in different
species, which is the subject of this section, is summarized in
Table 2.

miRNAs and development

Developmental studies of the nematode C elegans led to the
discovery of the first small noncoding regulatory RNA, lin-4.
C elegans proceeds through four larval development stages
termed L1 to L4. Transition from one stage to the next is
dictated by temporally regulated heterochronic genes, which
are involved in developmental regulatory cascades. Wight-
man et al [4] first reported that short repetitive sequences
in the 3′NTR of the heterochronic gene lin-14 were negative
regulatory elements of Lin-14 expression. The observed in-
crease in Lin-14 protein synthesis associated with two gain-
of-function mutations in the 3′NTR of lin-14 mRNA [4] was
instrumental for this discovery. More than two years later,
Lee et al [3] identified two lin-4 transcripts, one of 61 nt and
another of 21 nt. Furthermore, they observed that the lin-4
smaller transcript was complementary to seven repeated se-
quences in lin-14 3′NTR, identified previously by Wightman
et al [4]. These findings suggested that lin-4 could regulate
lin-14 translation via an antisense RNA:mRNA interaction
[3]. Recently, Boehm and Slack [169] found that lin-4 and
lin-14 expression control life span through adulthood, since
lin-4 loss-of-function mutant is associated with a shorter life
span as compared to wild-type nematodes, whereas overex-
pression of lin-4 prolonged it. They also noted that animals
carrying a temperature-sensitive loss-of-function mutation
in lin-14 had a 31% longer life span than wild-type, which is
consistent with the phenotype observed with lin-4 [169].

A second small ncRNA, let-7, was later identified and
found also to regulate the transition from late larval L4 to
adult stage through the regulation of heterochronic genes
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Table 2: Biological functions of miRNAs in different species.

Species Expression miRNA
mRNA Validation Mode of

Process regulated References
target (Expt/Pred) regulation

Schizosaccharomyces
—

12 different Centromeric
Expt

H3 K9 DNA Maintenance of

pombe small RNAs regions methylation heterochromatin
[135]

Caenorhabditis
elegans

lin-4
lin-14
lin-28

Expt

Translational Control of the

— repression/ developmental [3, 4, 75, 151]

mRNA cleavage stages L1-L3

— let-7

hbl-1

Expt
Translational
repression/
mRNA cleavage

Control of the last
developmental
stage L4

[75, 149, 152–
156]

lin-41

daf-12

ras

miR-48

hbl-1 Expt
Translational
repression

Control of
the L2 to L3
transition

— miR-84 [157]

miR-241

Drosophila
— bantam hid Expt

Translational Inhibition

melanogaster repression of apoptosis
[158]

miR-2

Inhibition of
apoptosis

miR-6

— miR-11 ND Expt ND [159]

miR-13

miR-308

Mus musculus
Hematopoietic
cells

miR-142
Hematopoietic cell
differentiationmiR-181 ND Expt ND [150]

miR-223

Mouse embryo
< day 7

miR-196 HOXB8 Expt mRNA cleavage

Control of the

developmental [74]

program

Homo sapiens Brain miR-124 ND Expt ND
Brain-specific

gene expression
[73]

Muscle miR-1 ND Expt ND
Muscle-specific

gene expression
[73]

Overexpression
Inhibition of
apoptosisin brain tumor miR-21 ND Expt ND [160]

glioblastoma

Downregulation miR-15a
Bcl2 Expt

Translational Induction of
[161, 162]

in CLL miR-16-1 repression apoptosis

Downregulation in
miR-143
miR-145numerous cancer ND Expt ND Oncogenesis [163]

cultured cells

Overexpression in
miR-155 ND Expt ND Oncogenesis

BL patient
[164]

Overexpression in

miR-17-92
cluster

ND Expt ND Oncogenesis
B-cells lymphomas

and lung cancer

cell lines

[165]
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Table 2: Continued.

ORF2 in the

Restriction of
PFV-1
accumulation

3′NTR of all

HeLa, 293T miR-32 remaining Expt ND [166]

PFV-1

mRNAs

Liver-specific
expression

5′ noncoding
Facilitation of
HCV replicationmiR-122 region of the Expt ND [167]

HCV genome

T cells
miR-29a

nef Pred ND
Inhibition of HIV-1

miR-29b replication
[168]

Control of the cell

T cells miR-149 vpr Pred ND cycle arrest [168]

in G2

T cells miR-378 env Pred ND
Control of the virus

assembly
[168]

Control of

T cells miR-324-5p vif Pred ND viral particle [168]

production

BL: Burkitt lymphoma; CLL: chronic lymphocytic leukemias; Expt: experimental; HCV: hepatitis C virus; HIV-1: human immunodeficiency virus type 1;
ND: not determined; PFV-1: primate foamy virus type 1; Pred: predicted.

in C elegans [152]. Northern blot analyses revealed that the
miRNA let-7 is expressed in a wide range of species, includ-
ing worm, fly, and human, as opposed to lin-4, and seems
to regulate late developmental transition in different species
[153]. Three let-7 miRNA family members, miR-48, miR-84,
and miR-241, were identified on the basis of sequence iden-
tity of 8 consecutive nucleotides in their 5′ region [11, 170].
let-7 regulates lin-41, hbl-1, and daf-12 [149, 152–155]. The
other members of the let-7 family appear to regulate hbl-
1 in the L2 to L3 transition [157]. let-7 also appears to be
important for zebrafish embryo development, since injec-
tion of a synthetic let-7 miRNA duplex into zebrafish zygotes
causes severe growth defect [171]. Embryos of a maternal-
zygotic zebrafish Dicer mutant that were unable to process
pre-miRNA into miRNA showed abnormal brain morpho-
genesis [172]. This brain defect was rescued by the injection
of a preprocessed, mature miRNA, miR-430. The miRNA ex-
pression profile of zebrafish embryos is highly tissue-specific
during segmentation and later stages, but not in early devel-
opment, suggesting that miRNAs may play a more promi-
nent role in differentiation or maintenance of tissue identity,
rather than in directing tissue fate [173].

miRNAs have also a major role in developmental reg-
ulation in fly. This conclusion came from miRNA loss-of-
function analyses using 2′ O-methyl (Me) antisense oligori-
bonucleotides in Drosophila embryos [159]. In these anal-
yses, depletion of as many as 25 of 47 miRNAs expressed
in early development caused a severe developmental pheno-
type. In situ hybridization analyses, using probes recognizing
38 different miRNAs in Drosophila embryos, indicated that
the expression profile of most of them is comparable to their

vertebrate counterparts [174], suggesting an evolutionarily
conserved role for miRNAs in development.

Recently, two groups independently reported the cloning
of the mouse and chicken homologues of C elegans lin-41
[175, 176]. They found that mlin-41 and clin-41 are im-
plicated in limb development. Bioinformatic analyses con-
firmed the presence of let-7 binding sites in the 3′NTR of
these two genes. In mice, targeted disruption of the Dicer1
gene was lethal in early development, indicating that Dicer
function is essential for proper development in mammals
[50]. Harfe et al [177] used an inducible inactivation sys-
tem of Dicer1 to study its importance in late development in
mice. In this model, depletion of Dicer led to a severe defect
in limb formation.

miRNAs and heterochromatin

The RNAi pathway was also reported to play a role in nuclear
events such as genome rearrangement [178], gene inhibition
[90, 134, 179], and chromosome segregation [134], support-
ing the idea that the genome integrity itself is preserved by
small regulatory RNAs. In a model proposed by Noma et
al [136], dsRNA transcripts are cleaved by Dicer to produce
siRNAs, which are incorporated into the RITS complex and
guide it to heterochromatic regions, probably through inter-
actions with DNA or native RNA transcripts. Once localized
at the siRNA homologous target sequence, the RITS com-
plex recruits the Clr4 methyltransferase that catalyzes methy-
lation of histone H3 at lysine 9. This creates binding sites
for the heterochromatin protein Swi6 which, in turn, leads
to the recruitment of additional Clr4 and further H3-Lys9
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methylation of adjacent nucleosomes. These modifications
allow the binding of RITS in a Dicer-independant manner
via the chromodomain of Chp1 and the maintenance of gene
repression at the transcriptional level. Although this pro-
cess was first documented in S pombe [96, 136, 180], re-
cent reports indicate the occurrence of a similar transcrip-
tional gene silencing phenomenon in the nucleus of human
cells [181, 182]. Altogether, these studies reveal a key role for
Dicer-derived small RNAs in guiding the RITS complex and
regulating the transcriptional and posttranscriptional status
of host gene expression.

miRNAs in cell growth and apoptosis

Cell growth and programmed cell death are important pro-
cesses implicated in both development and differentiation.
The bantam gene identified in Drosophila was first discovered
on the basis of its effect on tissue growth: tissues were larger
when bantam was overexpressed and smaller when bantam
expression was suppressed. Although smaller, the flies were
proportional and did not exhibit patterning defects [158].
Later, the same group determined that the bantam gene en-
coded for an miRNA, not for a protein, that controlled the
proapoptotic gene hid. Thus, bantam promotes prolifera-
tion while inhibiting apoptosis [183]. Additional miRNAs in-
volved in the regulation of pro-apoptotic genes in Drosophila
were discovered in loss-of-function experiments. In that con-
text, a family of miRNAs comprising miR-2, miR-6, miR-11,
miR-13, and miR-308 has been found to be required for sup-
pression of embryonic apoptosis [159].

Chang et al [184] used a library of miRNA antisense
oligonucleotides bearing 2′ O-Me modifications to inhibit
miRNA function in HeLa cells. Monitoring changes in cell
growth and apoptosis, they identified several important reg-
ulatory miRNAs. In the highly malignant human brain tu-
mor glioblastoma, miR-21 was strongly overexpressed. When
miR-21 was knocked down in glioblastoma cultured cells,
caspases were activated, causing an increase in cell apopto-
sis [160]. This suggests a role for miR-21 as a suppressor of
apoptosis in this malignant tumor [160]. In chronic lym-
phocytic leukemias (CLL), the antiapoptotic protein B-cell
lymphoma 2 (Bcl2) is overexpressed [161]. Interestingly, fre-
quent deletions and downregulation of the miR-15 and miR-
16 genes at the chromosome locus 13q14 are observed in
the majority of CLLs [162]. These findings suggest a role for
miR-15a and miR16-1 as repressors of Bcl2 expression and
possible inducers of apoptosis [161].

RELATIONSHIP BETWEEN miRNAs
AND DISEASES

Given their recognized importance in gene regulation, a link
between miRNAs and several major diseases is expected. For
example, defects in miRNA-mediated regulation of mRNA
translation may lead to overexpression of specific proteins,
which accumulation may cause diseases. In fact, intriguing
connections between miRNAs and diseases, such as cancer
and viral infections, are emerging.

miRNAs and cancer

A recent study reported that human miRNA genes are fre-
quently located at fragile sites and genomic regions involved
in cancer [185]. Indeed, Calin et al [162] observed frequent
deletions and downregulation of miR-15 and miR-16 genes
at 13q14 in CLL. These miRNAs have been shown to nega-
tively regulate the antiapoptotic Bcl2 protein at the posttran-
scriptional level [161]. BCL2 repression by these miRNAs in-
duced apoptopsis in a leukemic cell line model [161], thereby
providing a link between the absence of miR-15/miR-16 and
leukemia.

Northern blot analyses showed that miR-143 and miR-
145 expression is downregulated in various human cell lines
derived from breast, prostate, cervical, lymphoid cancers,
and, particularly, colorectal tumors [163]. Potential targets
of these miRNAs have been previously implicated in oncoge-
nesis [163].

A relationship between miRNAs and Burkitt lymphoma
(BL) has been suggested. miR-155 is encoded within nu-
cleotides 241–262 of the BIC gene, which is located on chro-
mosome 21. Both the BIC and miR-155 genes are overex-
pressed in some BL patients, but not in all BL cases [164,
186]. Abnormal miRNA expression may thus contribute to
the transformation of B cells [164].

Another miRNA cluster, miR-17-92, is often overex-
pressed in tumor samples from B-cell lymphomas when
compared to normal cell lines [165]. This cluster is present
in an amplified DNA region encoding for the ORF c13orf25.
Alignment of this ORF between mouse and human indi-
cates that the polycistron and its immediate flanking se-
quences only are conserved. The c13orf25 transcript con-
tains seven pre-miRNAs encoding for miR-17-5p, miR-17-
3p, miR-18, miR-19a, miR-20, miR-19b-1, and miR-92-1.
Using a microarray analysis of 191 mature miRNAs, five miR-
NAs from the cluster were found to be highly expressed in B-
cell lymphomas, in correlation with an increased expression
of c13orf25 [165]. These studies revealed that the miR-17-92
cluster can act as a potential human oncogene, and was re-
ferred as oncomiR-1 by Hammond and colleagues [165].

Another group subsequently reported that the miR-17-
92 cluster was overexpressed in human lung cancer cell lines
[187]. When analyzing the subcellular localization of the
c13orf25 transcript, they observed a nuclear localization,
restricting its cytoplasmic localization for translation. This
suggested that this transcript can act as a vehicle for the ex-
pression of the miR-17-92 cluster. Its predicted targets in-
clude the tumor suppressor genes PTEN and RB2 [146]. In a
mouse B-cell lymphoma model, the overexpression of miR-
17-92 accelerates tumor formation induced by the product
of the MYC gene [165], which encodes an important tran-
scription factor that regulates cell proliferation, growth, and
apoptosis. Modification of MYC expression is a commonly
observed deregulation leading to tumorigenesis. O’Donnell
et al showed that c-myc, through binding to sequences near
the miR-17-92 cluster genomic locus, activates miR-17-92
expression [188]. Among the predicted targets of the miR-
17-92 cluster is the transcription factor E2F1, which appears
to be negatively regulated by miR-17-5p and miR-20a [146].
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E2F1 is a cell cycle promoter induced upon c-myc expression.
Conversely, c-myc expression is induced by E2F1 [189–191].
Therefore, a balance between the gene regulatory processes
involving miRNAs and transcription factors may contribute
to finely tune E2F1 expression and to generate a tightly con-
trolled proliferative signal [188].

The let-7 miRNA also seems to be involved in cancer
pathogenesis. Calin et al reported that let-7 genes are deleted
in many cancers [185]. Moreover, a reduction in let-7 expres-
sion has been observed in samples of human lung cancers or
cancer cell lines. Patients associated with a reduced let-7 ex-
pression had the worst prognosis after a potentially curative
resection [192]. It is relevant to note that the overexpression
of let-7 in lung cancer cells inhibits growth in vitro [192]. In
C elegans, let-60, the ortholog of the human oncogene RAS,
was found to contain eight putative let-7 binding sites in its
3′NTR [156]. As for the three human RAS genes, they also
contain multiple let-7 binding sites, allowing let-7 to regulate
RAS expression. Evidences of a downregulatory role for let-
7 in RAS expression came from experiments using reporter
genes fused to the 3′NTR of NRAS and KRAS [156]. Intro-
duction of let-7a inhibitors relieved this repression [156]. In
this study, miRNA microarray analyses of 21 different sam-
ples from lung cancer patients revealed that the expression of
the let-7 gene family was reduced, in association with an in-
creased expression of RAS protein. These data suggest a role
for the let-7 miRNA family in the regulation of RAS during
development of lung cancer [156].

Deregulated expression of protein components of the
miRNA biosynthetic pathway may also be implicated in
cancer formation. Karube et al [193] recently observed a
diminution of Dicer expression in nonsmall cell lung can-
cer samples taken from 67 patients, as assessed by RT-PCR.
As for the let-7 miRNA, this reduction was also associated
with shorter postoperative survival [193]. Thus, the presence
of Dicer, which mediates miRNA biogenesis, appears to be
required for maintaining normal cell function.

miRNA expression profiling of the affected tissues may
eventually be important for improving the diagnosis of dis-
eases, such as cancer [194]. Using a new miRNA profil-
ing method, Lu et al [195] analyzed mammalian miRNAs
from 334 samples, including human cancers. They observed
a characteristic general downregulation of miRNA expres-
sion in tumors, as compared to normal tissues [195]. Sim-
ilarly, Jiang et al used an RT-PCR approach using primers
specific to 222 pre-miRNAs to monitor their expression in
human cancer cell lines [196]. Monitoring of global changes
in miRNA expression profiles will be useful to establish pos-
sible links between miRNAs and diseases.

miRNAs and viruses

Several studies have reported a role for RNA silencing in host
defense mechanisms against viruses in plants [197], and re-
ports suggest that they may also play a similar role in hu-
mans. The interaction between RNA silencing pathways and
viruses, such as HIV-1, is complex and multifaceted [198].
Some viral RNAs exhibit secondary structures that are prone

to Dicer processing, as evidenced by the discovery of miRNAs
derived from Epstein-Barr virus (EBV), a virus belonging to
the herpesvirus family, in infected Burkitt’s lymphoma cells
[199]. In this case, miRNAs originate from five precursors
present in two different clusters of the genome of EBV [199].
The overall impact of viral miRNAs on cellular and viral gene
expression remains to be fully appreciated. They may target
and regulate specific human mRNAs, thereby ultimately in-
fluencing cell function and viral replication. Indeed, the po-
tential host mRNA targets of these miRNAs, as predicted by
bioinformatical analyses, are implicated in many biological
processes, such as transcription, cell proliferation, apoptosis,
B cell-specific chemokine and cytokine synthesis, and signal
transduction [199]. These findings illustrate how a virus may
exploit the RNA silencing machinery for its own purpose.

miRNAs derived from a virus may also be turned against
some of its mRNAs, as exemplified by miR-BART2. This EBV
miRNA has been shown to be perfectly complementary to
the EBV gene BALF5, encoding for a DNA polymerase, and
to target it for degradation [199, 200].

The pathogenic human Kaposi’s sarcoma-associated her-
pesvirus (KSHV) was recently shown to encode an array of
11 distinct miRNAs, all of which are expressed at readily de-
tectable levels in latently KSHV infected cells [201]. Com-
puter analysis of potential mRNA host targets for these vi-
ral miRNAs included several mRNAs previously shown to
be downregulated in KSHV-infected cells, suggesting that
KSHV miRNAs play a critical role in the establishment
and/or maintenance of KSHV latent infection [201].

The genome of HIV-1 encodes a gene called nef, which
is located in the 3′ region and is overlapping with the LTR.
Omoto et al identified a nef -derived miRNA, called miR-
N367, produced in cells persistently infected with HIV-1.
This miRNA has been shown to downregulate the transcrip-
tion of the HIV-1 genome in human T cells by targeting the
negative responsive element of its 5′NTR U3 region and the
nef sequence located in the 3′NTR [202, 203]. HIV-1 was
also found to generate an siRNA that can mediate nucleic-
acid-based immunity and to encode a suppressor of RNA si-
lencing in its Tat protein [204].

Additional evidences suggest that viruses have evolved to
take advantage of RNA silencing pathways to enhance the
probability of successful infection. For example, the simian
virus 40 (SV40) genome was found to encode a pre-miRNA
from which two miRNAs can be derived. Expressed at late
times in infection, these miRNAs are perfectly complemen-
tary to the early viral mRNAs, and target those for degrada-
tion [205]. SV40-infected cells show a reduced expression of
viral T antigens, are less sensitive to lysis by cytotoxic T cells,
and trigger less cytokine production [205].

Cellular miRNAs may also play an important role in
virus/host interactions. For example, miR-32 was found to
restrict retrovirus primate foamy virus type 1 (PFV-1) accu-
mulation in human cells [166]. However, PFV-1 may coun-
teract this cellular restriction through expression of Tas, a
protein inhibiting RNA silencing in mammalian cells [166].
Moreover, a study showed that the sequestration of miR-
122, an miRNA highly and specifically expressed in the liver,
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resulted in a marked loss of autonomously replicating hep-
atitis C virus (HCV) RNAs [167]. HCV replication thus ap-
pears to be facilitated by a genetic interaction between miR-
122 and the 5′NTR of the HCV genome, making miR-122 a
potential target for an anti-HCV intervention.

As for a possible regulation of HIV-1 replication by
human miRNAs, computational predictions identified four
possible HIV-1 targets: the nef gene targeted by miR-29a and
miR-29b, the vpr gene targeted by miR-149, the vpu gene tar-
geted by miR-378, and the vif gene targeted by miR-324-5p
[168]. Microarray profiling confirmed the expression of these
miRNAs in HIV-1 replication-competent human T lympho-
cytes [168]. Further investigation is required to determine
the biological significance of these cellular miRNAs-HIV-1
interactions.

CONCLUSION

miRNAs are now recognized as key regulators of gene ex-
pression. Not surprisingly, causal links between deregula-
tion of miRNA expression and some important genetic dis-
eases are gradually emerging. A better characterization of the
miRNA expression profiles observed in various clinical sit-
uations may ultimately be useful to physicians in providing
signatures for specific tumors or infectious diseases. Further
investigations that aim at elucidating and understanding the
mechanisms involved in miRNA biosynthesis and function
are crucial for the design and development of potentially im-
portant diagnostic tools and new therapeutic strategies.
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Nearly 97% of the human genome is composed of noncoding DNA, which varies from one species to another. Changes in these
sequences often manifest themselves in clinical and circumstantial malfunction. Numerous genes in these non-protein-coding
regions encode microRNAs, which are responsible for RNA-mediated gene silencing through RNA interference (RNAi)-like path-
ways. MicroRNAs (miRNAs), small single-stranded regulatory RNAs capable of interfering with intracellular messenger RNAs
(mRNAs) with complete or partial complementarity, are useful for the design of new therapies against cancer polymorphisms and
viral mutations. Currently, many varieties of miRNA are widely reported in plants, animals, and even microbes. Intron-derived
microRNA (Id-miRNA) is a new class of miRNA derived from the processing of gene introns. The intronic miRNA requires type-II
RNA polymerases (Pol-II) and spliceosomal components for their biogenesis. Several kinds of Id-miRNA have been identified in
C elegans, mouse, and human cells; however, neither function nor application has been reported. Here, we show for the first time
that intron-derived miRNAs are able to induce RNA interference in not only human and mouse cells, but in also zebrafish, chicken
embryos, and adult mice, demonstrating the evolutionary preservation of intron-mediated gene silencing via functional miRNA
in cell and in vivo. These findings suggest an intracellular miRNA-mediated gene regulatory system, fine-tuning the degradation
of protein-coding messenger RNAs.

Copyright © 2006 Shi-Lung Lin et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

INTRODUCTION

The first microRNA (miRNA) molecules, lin-4 and let-7,
were identified in 1993 [1]. Since then there have been rapid
advances in small RNA research, with progress in identifying
more miRNAs and understanding their biogenesis, function-
ality and target gene regulation. These early miRNAs were
located in the noncoding regions between genes and tran-
scribed by unidentified promoters; these are intergenic miR-
NAs. Most miRNAs studied at this stage were recognized as
intergenic miRNA until 2003, when Ambros et al [1] discov-
ered some tiny noncoding RNAs derived from the intron re-
gions of gene transcripts.

In the meantime, Lin et al [1] demonstrated the bio-
genetic and gene silencing mechanisms of these intron-
derived miRNAs, providing the first functional evidence for a
new miRNA category: intronic miRNA. As shown in Table 1,
several intronic miRNA molecules have been identified in C
elegans, mouse, and human genomes [1–3] and some of their
functions have been related to RNA interference (RNAi).

Introns occupy the largest proportion of noncoding se-
quences in the protein-coding DNA of a genome. The tran-
scription of the genomic protein-coding DNA generates

precursor messenger RNA (pre-mRNA), which contains four
major parts including the 5′-untranslated region (UTR),
the protein-coding exon, the noncoding intron, and the
3′-UTR. Broadly speaking, both the 5′- and 3′-UTR can
be seen as a kind of intron extension; however, their pro-
cessing during mRNA translation is different from the in-
tron located between two protein-coding exons, termed
the in-frame intron. The in-frame intron can range up to
thirty or so kilobases and was initially thought to be a
huge genetic waste in gene transcripts. Recently, this mis-
conception was corrected by the observation of intronic
miRNA. miRNA is usually about 18–25 oligonucleotides
in length and is capable of either directly degrading its
intracellular messenger RNA (mRNA) target or suppress-
ing the protein translation of its targeted mRNA, depend-
ing on the complementarity between the miRNA and its
target. In this way, the intronic miRNA is similar struc-
turally and functionally to the previously described inter-
genic miRNAs, but differs from them in its unique require-
ment for Pol-II and RNA splicing components for biogen-
esis [2, 4, 5]. Approximately 10 ∼ 30% of a spliced in-
tron is exported into the cytoplasm with a moderate half-life
[6].
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Table 1

miRNA Species Host gene (intron) (#) Target gene(s)

miR-2a, -b2 Worm Spi

miR-7b Mammal
Pituitary gland specific factor 1A
(2) [NM174947]

Paired mesoderm homeobox
protein 2b; HLHm5

miR-10b Mammal Homeobox protein HOX-4 (4)

miR-11 Drosophila E2F

miR-13b2 Drosophila CG7033

miR-15b, -16-2 Mammal
Chromosome-associated
polypeptide C

miR-25, -93, -106b Mammal CDC47 homolog (13)

miR-26a1, -26a2, -26b Vertebrate
Nuclear LIM interactor-interacting
factor 1, 2, 3

miR-28 Human
LIM domain-containing preferred
translocation parterner in lipoma
[NM005578]

miR-30c1, -30e Mammal
Nuclear transcription factor Y
subunit γ (5)

Transcription factor HES-1; PAI-1
mRNA-binding protein

miR-33 Vertebrate
Sterol regulatory element binding
protein-2 (15)

RNA-dependent helicase p68;
NAG14 protein

miR-101b Human
RNA 3′-terminal phospate
cyclase-like protein (8)

miR-103, -107 Human Pantothenate kinase 1, 2, 3

miR-105-1, -105-2, -224 Mammal
γ-aminobutyric-acid receptor α-3
subunit precursor, epsilon
subunit precursor

miR-126, -126∗ Mammal
EGF-like, Notch4-like, NEU1
protein (6) [NM178444]

miR-128b Mammal
cAMP-regulated phospho-protein
21 (11)

miR-139 Mammal
cGMP-dependent 3′,5′-cyclic
phosphodiesterase (2)

miR-140 Human
NEDD4-like ubiquitin-protein
ligase WWP2 (15)

miR-148b Mammal Coatomer ζ-1 subunit

miR-151 Mammal

miR-152 Human Coatomer ζ-2 subunit
N-myc proto-oncogene protein;
noggin precursor

miR-153-1, -153-2 Human
Protein-tyrosine phosphatase N
precursors

miR-208 Mammal
Myosin heavy chain, cardiac
muscle α isoform (28)

miR-218-1, -218-2 Human
Slit homolog proteins
[NM003062]

RNA interference (RNAi) is a posttranscriptional gene
silencing mechanism in eukaryotes, which can be triggered
by small RNA molecules such as microRNA (miRNA) and
small interfering RNA (siRNA). These small RNA molecules

usually function as gene silencers, interfering with intracellu-
lar expression of genes either completely or partially comple-
mentary to the small RNAs. In principle, siRNAs are double-
stranded RNAs capable of degrading target gene transcripts
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with almost perfect complementarity [7, 8]. Unlike the strin-
gent complementarity of siRNAs to their RNA targets, miR-
NAs are single-stranded and able to pair with target RNAs
that have partial complementarity to the miRNAs [9, 10].
Numerous natural miRNAs are derived from hairpin-like
RNA precursors in almost all eukaryotes, including yeast
(Schizosaccharomyces pombe), plant (Arabidopsis spp), nema-
tode (Caenorhabditis elegans), fly (Drosophila melanogaster),
mouse, and human, functioning as a defense against viral
infections and allowing regulation of gene expression dur-
ing development [11–21]. In contrast, natural siRNAs are
abundant in plants and relatively simple animals (worms and
flies), but are rarely seen in mammals [10]. Because of the
widespread presence of miRNAs in eukaryotes, these small
RNAs have recently been used to design novel therapeutics
for cancers and viral infections [4, 22]. In fact, gene-silencing
mechanisms involving miRNA may be an intracellular de-
fense system for eliminating undesired transgenes and for-
eign RNAs, such as viral infections and retrotransposon ac-
tivities [22, 23].

Definition of miRNA: Biogenesis

The definition of intronic miRNAs is based on two fac-
tors; first, they must share the same promoter with their
encoded target genes, and second, they are spliced out of
the transcript of such encoded genes and further processed
into mature miRNAs. Although some of the currently known
miRNAs are encoded in the genomic intron region of a
given gene but in the opposite orientation to the gene tran-
script (palindrome), such miRNAs are not intronic miR-
NAs because they neither share the same promoter with
the gene nor need to be released from the gene transcript
by RNA splicing. For the transcription of such palindromic
miRNAs, the promoters are located in the antisense di-
rection to the gene, likely using the gene transcript as a
potential target for the antisense miRNA. A good exam-
ple is let-7c, which is an intergenic miRNA located in the
antisense region of a gene intron. Current computer pro-
grams for miRNA prediction cannot distinguish the intronic
miRNA from the intergenic miRNA. Because intronic miR-
NAs are encoded in the gene transcript precursors (pre-
mRNA) and share the same promoter with the encoded gene
transcripts, the miRNA prediction programs tend to clas-
sify the intronic miRNAs along with the intergenic miR-
NAs located in the exonic regions. However, in view of their
different biogenic mechanisms, these two types of miRNA
may have different gene-regulatory functions in the adjust-
ment of cellular physiology. Thus, a miRNA-prediction pro-
gram utilizing a database of noncoding sequences located
in the protein-coding pre-mRNA regions is urgently needed
for thoroughly screening and understanding the distribu-
tion and variety of hairpin-like intronic miRNAs in the
genomes.

The process of miRNA biogenesis in vertebrates involves
five steps (Figure 1). First, a long primary precursor miRNA
(pri-miRNA) is excised, probably by RNA polymerase type-
II (Pol-II) [2, 24]. Second, the long pri-miRNA is further

excised by Drosha-like RNase III endonucleases or spliceo-
somal components, depending on the origin of the pri-
miRNA either in an exon or an intron, respectively [2, 25],
to form a mature precursor miRNA (pre-miRNA), and third,
the pre-miRNA is exported out of the nucleus by Ran-GTP
and the receptor Exportin-5 [26, 27]. In the cytoplasm,
Dicer-like nucleases cleave the pre-miRNA to form mature
miRNA. Lastly, the mature miRNA is incorporated into a ri-
bonuclear particle (RNP), which becomes the RNA-induced
gene silencing complex (RISC), capable of executing RNAi-
related gene silencing [28, 29]. Although an in vitro model
of siRNA-associated RISC assembly has been generated, the
link between the final miRNA maturation and RISC assem-
bly remains to be determined. The characteristics of Dicer
and RISC are distinctly different in the siRNA and miRNA
mechanisms [30]. In zebrafish, we have recently observed
that the stem-loop structure of pre-miRNA is involved in
strand selection for mature miRNA during RISC assembly.
These findings suggest that the duplex structure of siRNA
may not be essential for the assembly of miRNA-associated
RISC in vivo. The biogeneses of miRNA and siRNA seem
to be very similar; however, the miRNA mechanisms pre-
viously proposed were based on the model of siRNA. In
contrast, it will be necessary to distinguish the individual
properties and differences in these two types of RNAs in or-
der to understand the evolutionary and functional relation-
ship of these gene-silencing pathways. In addition, the differ-
ences may provide a clue for understanding the prevalence
of native siRNAs in invertebrates compared to that in mam-
mals.

The proposed research will generate data from several
transgenic zebrafish lines. It is our explicit intention that
these data will be submitted in a readily accessible pub-
lic database in the ZFIN website. All efforts will be made
to rapidly release data through publication of results as
quickly as possible to analyze the experiments. Data used
in publications will be released in a timely manner. ZFIN
data will be made accessible through a public site that allows
querying as has been set up for a similar project.

Intronic miRNA and disease

The majority of human gene transcripts contain introns,
phylogenetically conserved to a greater or lesser degree.
Changes in these non-protein-coding sequences are fre-
quently observed in clinical malfunction such as myotonic
dystrophy and fragile X syndrome.

Numerous introns encode miRNAs which are involved
in RNAi-related chromatin silencing mechanisms. Over 90
intronic miRNAs have been identified using the bioinfor-
matic approaches to date, but the function of the vast ma-
jority of these molecules remains to be determined [3]. Ac-
cording to the strictly expressive correlation of intronic miR-
NAs with their encoded genes, one may speculate that the
levels of condition-specific, time-specific, and individual-
specific gene expression are determined by the influences
of distinctive miRNAs on single or multiple gene modula-
tion. This interpretation accounts for the heterogeneity of
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Figure 1: Comparison of biogenesis and RNAi mechanisms among siRNA, intergenic (exonic) miRNA, and intronic miRNA. siRNA is
likely formed by two perfectly complementary RNAs transcribed from two different promoters (remaining to be determined) and further
processing into 19–22 bp duplexes by the RNase III-familial endonuclease, Dicer. The biogenesis of intergenic miRNAs, for example, lin-4
and let-7, involves a long transcript precursor (pri-miRNA), which is probably generated by Pol-II or Pol-III RNA promoters, while intronic
miRNAs are transcribed by the Pol-II promoters of its encoded genes and coexpressed in the intron regions of the gene transcripts (pre-
mRNA). After RNA splicing and further processing, the spliced intron may function as a pri-miRNA for intronic miRNA generation. In the
nucleus, the pri-miRNA is excised by Drosha RNase to form a hairpin-like pre-miRNA template and then exported to the cytoplasm for
further processing by Dicer∗ to form mature miRNA. The Dicers for siRNA and miRNA pathways are different. All three small regulatory
RNAs are finally incorporated into an RNA-induced silencing complex (RISC), which contains either the strand of siRNA or the single-
strand of miRNA. The action of miRNA is considered to be more specific and less adverse than that of siRNA because only one strand is
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synthesis depending on the sequence complementarity to the target gene transcripts.

genetic expression of various traits; dysregulation will re-
sult in genetic disease. For instance, monozygotic twins fre-
quently demonstrate slight, but definitely distinguishing, dif-
ferences in disease susceptibility and behavior. For example,
a long CCTG expansion in intron 1 of the zinc finger protein
ZNF9 gene has been correlated with type 2 myotonic dystro-
phy in whichever twin exhibits the higher susceptibility [31].
Since the expansion motif bound with high affinity to certain
RNA-binding proteins, an interfering role of intron-derived
expansion fragments is suggested. Another more-established
example involving pathogenic intronic expansion fragments
is fragile X syndrome, which accounts for about 30% of
human inherited mental retardation. Intronic CGG repeat
(rCGG) expansion in the 5′-UTR of the FMR1 gene is the
causative mutation in 99% of individuals with fragile X syn-
drome [32]. FMR1 encodes an RNA-binding protein, FMRP,
which is associated with polyribosome assembly in an RNP-
dependent manner and is capable of suppressing translation

through an RNAi-like pathway. FMRP also contains a nuclear
localization signal (NLS) and a nuclear export signal (NES)
for shuttling certain mRNAs between the nucleus and cyto-
plasm [33]. Jin et al proposed that RNAi-mediated methy-
lation occurs in the CpG region of the FMR1 rCGG expan-
sion, which is targeted by a hairpin RNA derived from the 3′-
UTR of the FMR1 expanded allele transcript [32]. The Dicer-
processed hairpin RNA triggers the formation of an RNA-
induced initiator of transcriptional gene silencing (RITS) on
the homologous rCGG sequences and leads to heterochro-
matin repression of the FMR1 locus. These examples suggest
that natural evolution gives rise to more intronic complexity
and variety in higher animals and plants, allowing the coor-
dination of their vast gene expression libraries and interac-
tions. Any dysregulation of miRNA derivation from introns
may then lead to genetic disease involving intronic expansion
or deletion, such as myotonic dystrophy and fragile X mental
retardation.
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Man-made intronic miRNA

To understand the disease caused by the dysregulation of in-
tronic miRNA, an artificial expression system is needed to
recreate the function and mechanism of miRNA in vitro and
in vivo. The same approach may be used to design and de-
velop therapies. Several vector-based RNAi expression sys-
tems have been developed, using type-III RNA polymerase
(Pol-III)-directed transcription activities, to generate more
stable RNAi efficacy and lower interferon-related toxicity in
several cell lines in vitro [34–37]. For gene therapy in vivo, a
functional gene is preferably delivered into an animal or hu-
man being by expression-competent vector vehicles, such as
retroviral vector, lentiviral vector, adenoviral vector, and ade-
noassociated viral (AAV) vector. The main purpose of these
vector-based approaches is to maintain long-term and con-
sistent gene modulation. Although some studies [38, 39] at-
tempting to use the Pol-III-directed RNAi system have suc-
ceeded in maintaining constant gene silencing efficacy in
vivo, their delivery strategies failed to target a specific cell
population due to the ubiquitous existence of Pol-III activity
in all cell types. Moreover, the requirement of using Pol-III
RNA promoters, for example, U6 and H1, for small RNA ex-
pression is another problem. Because the read-through side-
effect of Pol-III occurs on a short transcription template
in the absence of proper termination, large RNA products
longer than the desired 18–25 base pairs (bp) can be synthe-
sized and cause unexpected interferon cytotoxicity [40, 41].
Such a problem can also result from competition between
the Pol-III promoter and another vector promoter (ie, LTR
and CMV promoters). We and others [42] have found that
a high dosage of siRNA (eg, > 250 nM in human T cells)
caused strong cytotoxicity similar to that of long double-
stranded dsRNA [42, 43]. This toxicity is due to the double-
stranded structure of siRNA and dsRNA, which activates
interferon-mediated nonspecific RNA degradation and pro-
grammed cell death through signaling via the PKR and 2–5A
systems. It is well known that the interferon-induced protein
kinase PKR can trigger cell apoptosis, while activation of the
interferon-induced 2′, 5′-oligoadenylate synthetase (2–5A)
system leads to extensive cleavage of single-stranded RNAs
(ie, mRNAs) [44]. Both the PKR and 2–5A systems contain
dsRNA-binding motifs which are highly conserved, but these
motifs do not bind either single-strand RNAs or RNA-DNA
hybrids. These disadvantages limit the use of Pol-III-based
RNAi vector systems for therapeutic purposes.

The intron-derived miRNA system is activated in a spe-
cific cell type under the control of type-II RNA polymerases
(Pol-II)-directed transcriptional machinery. To overcome
Pol-III-mediated siRNA side effects, we have successfully de-
veloped a novel Pol-II-based miRNA biogenesis strategy, em-
ploying intronic miRNA molecules [2] to knock down more
than 85% of selected oncogene function or viral genome
replication [45, 46]. Because of the flexibility in binding to
partially complementary mRNA targets, miRNA can serve
as an anticancer drug or vaccine, a major breakthrough in
the treatment of cancer polymorphisms and viral mutations.
We are the first research group to discover the biogenesis of

miRNA-like precursors from the 5′-proximal intron regions
of gene transcripts (pre-mRNA) produced by the mam-
malian Pol-II. Depending on the promoter of the miRNA-
encoded gene transcript, intronic miRNA is coexpressed with
its encoding gene in a specific cell population, which ac-
tivates the promoter and expresses the gene. It has been
noted that a spliced intron was not completely digested into
monoribonucleotides for transcriptional recycling since ap-
proximately 10–30% of the intron was found in the cyto-
plasm with a moderate half life [6, 47]. This type of miRNA
generation relies on the coupled interaction of nascent Pol-
II-mediated pre-mRNA transcription and intron excision,
occurring within certain nuclear regions proximal to ge-
nomic perichromatin fibrils [46, 48, 49]. After Pol-II RNA
processing and splicing excision, some of the intron-derived
miRNA fragments can form mature miRNAs and effectively
silence the target genes through the RNAi mechanism, while
the exons of pre-mRNA are ligated together to form a ma-
ture mRNA for protein synthesis (Figure 2(a)) [2]. Because
miRNAs are single-stranded molecules insensitive to PKR-
and 2–5A-induced interferon systems, the Pol-II-mediated
miRNA generation can avoid the cytotoxic effects of dsRNA
and siRNA in vitro and in vivo. These findings indicate new
functions for mammalian introns in intracellular miRNA
generation and gene silencing, which can be used both as
tools for the analysis of gene functions and the development
of gene-specific therapeutics against cancers and viral infec-
tions.

Using artificial introns carrying hairpin-like miRNA pre-
cursors (pre-miRNA), we have successfully generated mature
miRNA molecules with full capacity for triggering RNAi-
like gene silencing in human prostate cancer LNCaP, hu-
man cervical cancer HeLa, and rat neuronal stem HCN-A94-
2 cells [2, 45]. As shown in Figure 2(b), the artificial in-
tron (SpRNAi) was cotranscribed within a precursor mes-
senger RNA (pre-mRNA) by Pol-II and cleaved out of the
pre-mRNA by RNA splicing. Then the spliced intron con-
taining the pre-miRNA was further processed into mature
miRNA capable of triggering RNAi-related gene-silencing ef-
fects. Utilizing this artificial miRNA model, we have tested
various pre-miRNA constructs, and observed that the pro-
duction of intron-derived miRNA fragments originated from
the 5′-proximity of the intron sequence between the 5′-splice
site and the branching point. These miRNAs were able to
trigger strong suppression of genes possessing more than
70% complementarity to the miRNA sequences, whereas
nonhomologous miRNA intron, that is, empty intron with-
out the pre-miRNA insert, with an off-target miRNA in-
sert (negative control) and splicing-defective intron, showed
no silencing effects on the targeted gene. The same results
can also be reproduced in the zebrafish by directing the
miRNA against target EGFP expression (Figure 2(c)), indi-
cating the consistent preservation of the intronic miRNA
biogenesis system in vertebrates. Furthermore, no effect was
detected on off-target genes, such as RGFP and β-actin, sug-
gesting the high specificity of miRNA-directed RNA interfer-
ence (RNAi). We have confirmed the identity of the intron-
derived miRNA, which comprised about 18–25 nucleotides
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Figure 2: Biogenesis and function of intronic miRNA. (a) The native intronic miRNA is cotranscribed with a precursor messenger RNA (pre-
mRNA) by Pol-II and cleaved out of the pre-mRNA by an RNA splicing machinery, the spliceosome. The spliced intron with hairpin-like
secondary structure is further processed into mature miRNA capable of triggering RNAi effects, while the ligated exons become a mature
messenger RNA (mRNA) for protein synthesis. (b) We designed an artificial intron containing pre-miRNA, namely SpRNAi, mimicking
the biogenesis of the native intronic miRNA. (c) When a designed miR-EGFP(280–302)-stemloop RNA construct was tested in the EGFP-
expressing Tg(UAS:gfp) zebrafish, we detected a strong RNAi effect only on the target EGFP (lane 4). No detectable gene-silencing effect was
observed in other lanes; from left to right: 1, blank vector control (Ctl); 2, miRNA-stemloop targeting HIV-p24 (mock); 3, miRNA without
stemloop (anti); and 5, stemloop-miRNA∗ complementary to the miR-EGFP(280–302) sequence (miR∗). The off-target genes, such as
vector RGFP and fish actin, were not affected, indicating the high target specificity of miRNA-mediated gene silencing. (c) Three different
miR-EGFP(280–302) expression systems were tested for miRNA biogenesis; from left to right: 1, vector expressing intron-free RGFP, no pre-
miRNA insert; 2, vector expressing RGFP with an intronic 5′-miRNA-stemloop-miRNA∗-3′ insert; and 3, vector similar to the 2 construct
but with a defected 5′-splice site in the intron. In Northern blot analysis probing the miR-EGFP(280–302) sequence, the mature miRNA was
released only from the spliced intron resulting from the vector 2 construct in the cell cytoplasm.

(nt), approximately the length of the newly identified in-
tronic miRNAs in C elegans. Moreover, the intronic small
RNAs isolated by guanidinium-chloride ultracentrifugation
can elicit strong, but short-lived, gene-silencing effects on the
homologous genes in transfected cells, indicating a reversible
RNAi effect. Thus, the long-term (> 1 month) gene-silencing

effect that we observed in vivo, using the Pol-II-mediated
intronic miRNA system, is likely maintained by constitutive
miRNA production from the vector rather than the stability
of the miRNA.

The components of the Pol-II-mediated SpRNAi system
include several consensus nucleotide elements consisting of
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Pre-mRNA construct with SpRNAi:

5�-promoter exon 1 - artificial intron (SpRNAi) - exon 2 3� T codons

5� splice site Pre-miRNA insert BrP PPT 3�-splice site 3� T codons

After intronic insert is spliced: 5�-UTR exon 1 - exon 2 (mRNA) 3�-UTR

+ intronic microRNAs

Figure 3: Schematic construct of the artificial SpRNAi intron in a recombinant gene SpRNAi-RGFP for intracellular expression and pro-
cessing. The components of the Pol-II-mediated SpRNAi system include several consensus nucleotide elements consisting of a 5′-splice site,
a branch-point domain (BrP), a poly-pyrimidine tract (PPT), a 3′-splice site, and a pre-miRNA insert located between the 5′-splice site
and the BrP domain. The expression of the recombinant gene is under the regulation of either a mammalian Pol-II RNA promoter or a
compatible viral promoter for cell-type-specific effectiveness. Mature miRNA molecules are released from the intron by RNA splicing and
further Dicer processing.

a 5′-splice site, a branch-point domain, a poly-pyrimidine
tract, and a 3′-splice site (Figure 3). Additionally, a pre-
miRNA insert sequence is placed within the artificial intron
between the 5′-splice site and the branch-point domain. This
portion of the intron would normally form a lariat struc-
ture during RNA splicing and processing. We now know
that spliceosomal U2 and U6 snRNPs, both helicases, may
be involved in the unwinding and excision of the lariat RNA
fragment into pre-miRNA; however, the detailed processing
remains to be elucidated. Further, the SpRNAi contains a
translation stop codon domain (T codon) in its 3′-proximal
region to facilitate the accuracy of RNA splicing which, if
present in a cytoplasmic mRNA, would signal the diversion
of a splicing-defective pre-mRNA to the nonsense-mediated
decay (NMD) pathway and thus cause the elimination of any
unspliced pre-mRNA in the cell. For intracellular expression
of the SpRNAi, we needed to insert the SpRNAi construct
into the DraII cleavage site of a red fluorescent membrane
protein (RGFP) gene from mutated chromoproteins of coral
reef Heteractis crispa. The cleavage of RGFP at its 208th nu-
cleotide site by the restriction enzyme DraII generates an AG-
GN nucleotide break with three recessing nucleotides at each
end, which forms 5′ and 3′ splice sites, respectively, after the
SpRNAi insertion. Because this intronic insertion disrupts
the expression of functional RGFP, it becomes possible to de-
termine the occurrence of intron splicing and RGFP-mRNA
maturation through the appearance of red fluorescent emis-
sion around the membrane surface of the transfected cells.
The RGFP also provides multiple exonic splicing enhancers
(ESEs) to increase RNA splicing efficiency.

Intron-mediated gene silencing in zebrafish

The foregoing discussion establishes the fact that intronic
miRNAs are an effective strategy for silencing specific tar-
get genes in vivo. We first tried to determine the structural
design of pre-miRNA inserts for the best gene-silencing ef-
fect. We found that a strong structural bias exists for the se-
lection of a mature miRNA strand during the assembly of
the RNAi effector, the RNA-induced gene silencing complex
(RISC). RISC is a protein: RNA complex that directs either
target gene transcript degradation or translational repression

through the RNAi mechanism. Formation of siRNA duplexes
plays a key role in the assembly of the siRNA-associated
RISC. The two strands of the siRNA duplex are function-
ally asymmetric, but the assembly into the RISC complex
is preferential for only one strand. Such preference is deter-
mined by the thermodynamic stability of each 5′-end base-
pairing in the strand. Based on this siRNA model, the forma-
tion of miRNA and its complementary miRNA (miRNA∗)
duplex was thought to be an essential step for the assem-
bly of miRNA-associated RISC. If this were true, no func-
tional bias would be observed in the stemloop of a pre-
miRNA. Nevertheless, we observed that the stemloop of the
intronic pre-miRNA was involved in the strand selection of
a mature miRNA for RISC assembly in zebrafish. In these
experiments, we constructed miRNA-expressing SpRNAi-
RGFP vectors as previously described [2] and two symmetric
pre-miRNAs, miRNA-stemloop-miRNA∗ (1) and miRNA∗-
stemloop-miRNA (2), were synthesized and inserted into
the vectors, respectively. Both pre-miRNAs contained the
same double-stranded stem arm region, which was directed
against the EGFP nt 280–302 sequence. Because the in-
tronic insert region of the SpRNAi-RGFP recombined gene
is flanked with a PvuI and an MluI restriction site at the
5′- and 3′-ends, respectively, the primary insert can be eas-
ily removed and replaced by various gene-specific inserts (eg,
anti-EGFP) possessing cohesive ends. By allowing a change in
the pre-miRNA inserts directed against different gene tran-
scripts, this intronic miRNA generation system provides a
valuable tool for genetic and miRNA-associated research in
vivo.

To determine the structural preference of the designed
pre-miRNA, we have isolated the zebrafish small RNAs
by mirVana miRNA isolation columns (Ambion, Austin,
TX) and then precipitated all potential miRNAs comple-
mentary to the target EGFP region by latex beads con-
taining the target RNA sequence. One full-length miRNA,
miR-EGFP(280–302), was active in the transfections of
the 5′-miRNA-stemloop-miRNA∗-3′ construct, as shown
in Figure 4(a) (gray-shading sequences). Since the ma-
ture miRNA was detected only in the zebrafish trans-
fected by the 5′-miRNA-stemloop-miRNA∗-3′ construct,
the miRNA-associated RISC tends to preferably interact
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Figure 4: Intronic miRNA-mediated gene silencing effects in vivo. (a)–(c) Different preferences for RISC assembly were observed following
the transfection of 5′-miRNA∗-stemloop-miRNA-3′ (1) and 5′-miRNA-stemloop-miRNA∗-3′ (2) pre-miRNA structures in zebrafish, re-
spectively. (a) One mature miRNA, namely miR-EGFP(280/302), was detected in the (2)-transfected zebrafish, whereas the (1)-transfection
produced another kind of miRNA, miR∗-EGFP(301–281), which was partially complementary to the miR-EGFP(280/302). (b) The RNAi ef-
fect was only observed with the transfection of the (2) pre-miRNA, showing less EGFP (green) in (2) than in (1), while the miRNA indicator
RGFP (red) was equally present in all vector transfections. (c) Western blot analysis of the EGFP protein levels confirmed the specific silenc-
ing result of (b). No detectable gene silencing was observed in fish without (Ctl) and with liposome only (Lipo) treatments. The transfection
of either a U6-driven siRNA vector (siR) or an empty vector (Vctr) without the designed pre-miRNA insert resulted in no significant gene
silencing. (d)–(g) Silencing of endogenous β-catenin and noggin genes in chicken embryos. (d) The pre-miRNA construct and fast green
dye mixtures were injected into the ventral side of chicken embryos near the liver primordia below the heart. (e) Northern blot analysis of
extracted RNAs from chicken embryonic livers with anti-β-catenin miRNA transfections (lanes 4–6) in comparison with wild types (lanes
1–3) showed a more than 98% silencing effect on β-catenin mRNA expression, while the house-keeping gene, GAPDH, was not affected.
(f) Liver formation of the β-catenin knockouts was significantly hindered (upper right 2 panels). Microscopic examination revealed a loose
structure of hepatocytes, indicating the loss of cell-cell adhesion due to breaks in adherents junctions formed between β-catenin and cell
membrane E-cadherin in early liver development. In severely affected regions, feather growth in the skin close to the injection area was also
inhibited (lower right 2 panels). Immunohistochemical staining for β-catenin protein (brown) showed a significant decrease in the feather
follicle sheaths. (g) Lower beak development was increased by the mandibular injection of the antinoggin pre-miRNA construct (lowerpanel)
in comparison to wild type (upper panel). Right panels showed bone (alizarin red) and cartilage (alcian blue) staining to demonstrate the
outgrowth of bone tissues in the lower beak of the noggin knockout. Northern blot analysis (small windows) confirmed a ∼ 60% decrease
of noggin mRNA expression in the lower beak area.
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with the construct (2) rather than the (1) pre-miRNA. The
green fluorescent protein EGFP expression was constitutively
driven by the β-actin promoter located in almost all cell types
of the zebrafish, while Figure 4(b) shows that transfection
of the SpRNAi-RGFP vector into the Tg(UAS:gfp) zebrafish
coexpressed the red fluorescent protein RGFP, serving as a
positive indicator for miRNA generation in the transfected
cells. This approach has been successfully used in several
mouse and human cell lines to show RNAi effects [2, 45].
We applied the liposome-encapsulated vector (total 60 μg)
to the fish and found that the vector easily penetrated al-
most all tissues of the two-week-old zebrafish larvae within
24 hours, providing fully systemic delivery of the miRNA ef-
fect. The indicator RGFP was detected in both of the fish
transfected by either 5′-miRNA∗-stemloop-miRNA-3′ or 5′-
miRNA-stemloop-miRNA∗-3′ pre-miRNA, whereas the si-
lencing of target EGFP expression (green) was observed only
in the fish transfected by the 5′-miRNA-stemloop-miRNA∗-
3′ pre-miRNA (Figures 4(b)–4(c)). The suppression level in
the gastrointestinal (GI) tract was somewhat lower, proba-
bly due to the high RNase activity in this region. Because
thermostability in the 5′ end of the siRNA duplexes result-
ing from both of the designed pre-miRNA molecules is the
same, we suggest that the stemloop of pre-miRNA is involved
in strand selection of mature miRNA during RISC assembly.
Given that the cleavage site of Dicer in the stem arm deter-
mines the strand selection of mature miRNA [25], the stem-
loop may function as a determinant for the recognition of
a special cleavage site. Therefore, the heterogeneity of stem-
loop structures among various species may help to explain
the prevalence of native miRNA in vertebrates over inverte-
brates.

Intron-mediated gene silencing in
chicken embryos

The in vivo model of chicken embryos has been widely uti-
lized in developmental biology, signal transduction, and flu
vaccine development. We have successfully demonstrated the
feasibility of localized gene silencing in vivo by the intronic
miRNA approach and also discovered that the interaction be-
tween pre-mRNA and genomic DNA may be essential for
miRNA biogenesis. As an example, the β-catenin gene was
selected because its products play a critical role in develop-
ment [50]. β-catenin is involved in the growth control of skin
and liver tissues in chicken embryos. The loss-of-function of
β-catenin is lethal in transgenic animals. As shown in Fig-
ures 4(d)–4(g), experimental results demonstrated that the
miRNAs derived from a long mRNA-DNA hybrid construct
(≥ 150 bp) were capable of inhibiting β-catenin gene expres-
sion in the liver and skin of developing chicken embryos. Ho-
mologous recombination between the intronic miRNA and
genomic DNA may account for a part of the specific gene-
silencing effect [46]. We have demonstrated that the [P32]-
labeled DNA component of an mRNA-DNA duplex con-
struct in cell nuclear lysates was intact during the effective pe-
riod of miRNA-induced RNA interference (RNAi) phenom-
ena, while the labeled RNA component was replaced by cold

homologues and excised into small RNA fragments within
a 3-day incubation period. Since intronic miRNA generation
relies on a coupled interaction of nascent Pol-II-directed pre-
mRNA transcription and intron excision occurring proximal
to genomic perichromatin fibrils, the above observation in-
dicates that pre-mRNA-genomic DNA recombination may
facilitate new miRNA generation by Pol-II RNA transcrip-
tion and excision for relatively long-term gene silencing. Al-
ternatively, Pol-II may function as an RNA-dependent RNA
polymerase (RdRp) for producing small interfering RNAs,
since mammalian Pol-II possesses RdRp activities [51, 52].
Thus, it appears that Pol-II-mediated RNA generation and
excision is involved in both mRNA-DNA-derived and intron-
derived miRNA biogenesis, resulting in single-stranded small
RNAs of about 20 nt, comparable to the usual sizes of Dicer-
processed miRNAs as observed in the regulation of numer-
ous developmental events.

In an effort to test the pre-mRNA and genome interac-
tion theory, we performed an intracellular transfection of
the mRNA-DNA hybrid construct containing a hairpin anti-
β-catenin pre-miRNA, which was directed against the cen-
tral region of the β-catenin coding sequence (aa 306–644)
with perfect complementarity. A perfectly complementary
miRNA theoretically directs target mRNA degradation more
efficiently than translational repression. Using embryonic
day 3 chicken embryos, a dose of 25 nM of the pre-miRNA
construct was injected into the ventral body cavity, which is
close to where the liver primordia would form (Figure 4(d)).
For efficient delivery into target tissues, the pre-miRNA con-
struct was mixed with the DOTAP liposomal transfection
reagent (Roche Biomedicals, Indianapolis, IN) at a ratio of
3:2. A 10% (v/v) fast green solution was concurrently added
during the injection as a dye indicator. The mixtures were in-
jected into the ventral side near the liver primordia below the
heart using heat pulled capillary needles. After injection, the
embryonic eggs were sealed with sterilized scotch tape and
incubated in a humidified incubator at 39–40◦ C until day
12 when the embryos were examined and photographed un-
der a dissection microscope. Several malformations were ob-
served, although the embryos survived without visible overt
toxicity or overall perturbation of embryo development. The
liver was the closest organ to the injection site and its pheno-
type was most dramatically affected. Other regions, particu-
larly the skin close to the injection site, were also affected by
the diffused miRNA. As shown in Figure 4(e), Northern blot
analysis for the targeted β-catenin mRNA expression in the
dissected livers showed that β-catenin expression in the wild-
type livers remained normal (lanes 1–3), whereas expression
in the miRNA-treated samples was decreased dramatically
(lanes 4–6). miRNA silencing degraded more than 98% of
β-catenin mRNA expression in the embryonic chicken, but
had no effect on the house-keeping gene GAPDH expression,
indicating high target specificity and very limited interferon-
related cytotoxicity in vivo for the miRNA construct.

After ten days of primordial injection with the anti-β-
catenin pre-miRNA template, the embryonic chicken livers
showed enlarged and engorged first lobes, but the sizes of
the second and third lobes of the livers were dramatically
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decreased (Figure 4(f)). Histological sections of normal liv-
ers showed hepatic cords and sinusoidal space with few blood
cells. In the anti-β-catenin miRNA-treated embryos, the gen-
eral architecture of the hepatic cells in lobes 2 and 3 re-
mained unchanged; however, there were islands of abnor-
mality in lobe 1. Endothelial development appeared to be
defective and blood leaked from the blood vessels. Abnor-
mal hematopoietic cells were also observed between hepato-
cytes, particularly dominated by a population of small cells
with round nuclei and scanty cytoplasm. In severely affected
regions, hepatocytes were disrupted (Figure 4(f), small win-
dows) and the diffused miRNA also inhibited feather growth
in the skin area close to the injection site. The results showed
that the anti-β-catenin miRNA was very effective in knock-
ing out targeted gene expression at a very low dose of 25 nM
over a long period of time (≥ 10 days). Further, the miRNA
gene-silencing effect appeared to be very specific as off-target
organs appeared normal, indicating that the small single-
stranded miRNA herein produced no generalized toxicity.
In an attempt to silence noggin expression in the mandible
beak area using the same approach (Figure 4(g)), an enlarged
lower beak morphology was produced similar to what is seen
in BMP4-overexpressing chicken embryos [53, 54]. Skele-
ton staining showed outgrowth of bone and cartilage tis-
sues in the injected mandible area (Figure 4(g), right pan-
els) and Northern blot analysis further confirmed that about
60% of noggin mRNA expression was knocked out in this
region (small windows). Since bone morphogenetic protein
4 (BMP4), a member of the transforming growth factor-β
(TGF-β) superfamily, is known to promote bone develop-
ment and since noggin is an antagonist of BMP2/4/7 genes,
it is not surprising to find that our miRNA-mediated nog-
gin knockouts exhibited a morphological change resembling
the effects of BMP4-overexpression as reported in chicken
and other avian models. Thus, gene silencing in the chicken
by miRNA transfection has a great potential for localized
transgene-like manipulation in developmental biology.

Development of miRNA therapy

The following experiments demonstrate silencing exogenous
retrovirus replication in an ex vivo cell model of patient-
extracted CD4+ T lymphocytes. Specific anti-HIV SpRNAi-
RGFP vectors were designed to target the gag-pol region from
approximately nt +2113 to +2450 of the HIV-1 genome.
This region is relatively conserved and can serve as a good
target for anti-HIV treatment [55]. The viral genes located
in this target region include 3′-proximal Pr55gag polypro-
tein (ie, matrix p17 + capsid p24 + nucleocapsid p7) and
5′-proximal p66/p51pol polyprotein (ie, protease p10 + re-
verse transcriptase); all these components have critical roles
in viral replication and infectivity. During the early infec-
tion phase, the viral reverse transcriptase transcribes the HIV
RNA genome into a double-stranded cDNA sequence, which
forms a preintegration complex with the matrix, integrase,
and viral protein R (Vpr). This complex is then transferred
to the cell nucleus and integrated into the host chromosome,

consequently establishing the HIV provirus. We hypothe-
sized that, although HIV carries few reverse transcriptase and
matrix proteins during its first entry into host cells, the co-
suppression of Pr55gag and p66/p51pol gene expression by
miRNAs would eliminate the production of infectious viral
particles in the late infection phase. Silencing Pr55gag may
prevent the assembly of intact viral particles due to the lack
of matrix and capsid proteins, while suppression of protease
in p66/p51pol can inhibit the maturation of several viral pro-
teins. HIV expresses about nine viral gene transcripts which
encode at least 15 various proteins; thus, the separation of a
polyprotein into individual functional proteins requires the
viral protease activity. As shown in Figure 5, this therapeutic
approach is feasible [22, 43].

The anti-HIV SpRNAi-RGFP vectors were tested in
CD4+ T lymphocyte cells from HAART-treated, HIV-sero-
positive patients. Because only partial complementarity be-
tween miRNA and its target RNA is needed to trigger the
gene silencing effect, this approach may be superior to cur-
rent small molecule drugs since the high rate of HIV mu-
tations often produce resistance to such agents. Northern
blot analysis in Figure 5(a) demonstrated the ex vivo gene si-
lencing effect of anti-HIV miRNA transfection (n = 3 for
each set) on HIV-1 replication in CD4+ T lymphocytes from
both acute and chronic phase AIDS patients. In the acute
phase (≤ one month), the 50 nM miRNA vector transfec-
tion degraded an average of 99.8% of the viral RNA genome
(lane 4), whereas the same treatment knocked down only
an average of 71.4 ± 12.8% of viral genome replication in
the chronic phase (about a 2-year infection). Immunocy-
tochemical staining for HIV p24 marker protein confirmed
the results of Northern blot analysis (Figure 5(b)). Sequenc-
ing analysis has revealed at least two HIV-1b mutations in
the acute phase and seven HIV-1b mutations in the chronic
phase within the targeted HIV genome domain. It is likely
that the higher genome complexity produced by HIV muta-
tions in chronic infections reduces miRNA-mediated silenc-
ing efficacy. Transfection of 50 nM miRNA∗ vector homolo-
gous to the HIV-1 genome failed to induce any RNAi effect
on the viral genome, indicating the specificity of the miRNA
effect (lane 5). Expression of the cellular house-keeping gene,
β-actin, was normal and showed no interferon-induced non-
specific RNA degradation. These results suggest that the de-
signed anti-HIV SpRNAi-RGFP vector is highly specific and
efficient in suppressing HIV-1 replication in early infections.
In conjunction with an intermittent interleukin-2 therapy
[55], the growth of noninfected CD4+ T lymphocytes may
be stimulated to eliminate the HIV-infected cells.

CONCLUSION

The consistent evidence of miRNA-induced gene silencing
effects in zebrafish, chicken embryos, mouse stem cells, and
human disease demonstrates the preservation of an ancient
intron-mediated gene regulation system in eukaryotes. In
these animal models, the intron-derived miRNA produces an
RNAi-like gene silencing effect. We herein provide the first
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Figure 5: Silencing of HIV-1 genome replication using anti-gag/pro/pol miRNA transfection into CD4+ T lymphocytes isolated from the
acute and chronic phases of AIDS infections. (a) Northern blot analysis showed about 98% and 70% decreases of HIV genome in the acute
and chronic infections after miRNA treatments (lane 4), respectively. No effect was detected in the T cells transfected with miRNA∗ targeting
the same gag/pro/pol region of the viral genome (lane 5). The size of pure HIV-1 provirus was about 9,700 nucleotide bases (lane 1). RNA
extracts from normal noninfected CD4+ T lymphocytes were used as a negative control (lane 2), whereas those from HIV-infected T cells
were used as a positive control (lane 3). (b) Immunostaining for HIV p24 marker confirmed the results in (a). Since the ex vivo HIV-silenced
T lymphocytes were resistant to any further infection by the same strains of HIV, they may be transfused back to the donor patient for
eliminating HIV-infected cells.

evidence for the biogenesis and function of intronic miRNA
in vivo. Given that evolution has given rise to more com-
plexity and more variety of introns in higher animal and
plant species for the task of coordinating their vast gene
expression libraries and interactions, dysregulation of these
miRNAs due to intronic expansion or deletion will likely
cause genetic diseases, such as myotonic dystrophy and frag-
ile X mental retardation. Thus, gene expression produces
not only gene transcripts for its own protein synthesis but
also intronic miRNA, capable of interfering with the expres-
sion of other genes. Thus, the expression of a gene results
in gain-of-function of the gene and also loss-of-function of
other genes, with complementarity to the mature intronic
miRNA. An array of genes can swiftly and accurately coordi-
nate their expression patterns through the mediation of their
intronic miRNAs, bypassing the time-consuming transla-
tion process in quickly changing environments. Conceivably,
intron-mediated gene regulation may be as important as the
mechanisms by which transcription factors regulate gene ex-
pression. It is likely that intronic miRNA is able to trigger
cell transitions quickly in response to external stimuli with-
out such tedious protein synthesis. Undesired gene products
are reduced by both transcriptional inhibition and/or trans-
lational suppression via miRNA regulation. This could en-
able a rapid switch to a new gene expression pattern with-
out the need to produce various transcription factors. This
regulatory property of miRNAs may have modulated an-
cient gene even before the emergence of proteins in the post-
RNA world. Considering the variety of microRNAs and the
complexity of genomic introns, a thorough investigation of
miRNA variants in the human genome will markedly im-
prove the understanding of genetic diseases and also the de-
sign of miRNA-based drugs. Learning how to exploit such a
novel gene regulation system for future therapeutic applica-
tions will be a great challenge.
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INTRODUCTION

Since 2000 the interest in microRNAs (miRNAs) and their
role as gene expression regulators has grown immensely. Lee
et al were the first to identify such a small regulator: the
lin-4 RNA in Caenorhabditis elegans [1]. It has been shown
that the 21 nt lin-4 RNA represses mRNA and controls part
of the C elegans larval development [1, 2]. The next small
regulatory RNA to be discovered was the let-7, which con-
trols a later stage in the development of C elegans [3, 4]. The
lin-4 and let-7, previously known as small temporal RNAs
(stRNAs), are today recognized as the first of a large class
of small regulatory noncoding RNA molecules now called
microRNAs [5]. This class of molecules is not limited to
development but regulates a wide range of biological pro-
cesses [6]. The microRNAs have been reported to be en-
coded within noncoding regions of genomes [5, 7, 8], and
within protein coding genes [9] as well as noncoding genes
[10].

Primary precursor miRNAs (pri-miRNAs) are long tran-
scripts that contain one or more miRNA precursors (pre-
miRNAs) [11]. Subsequently the pri-miRNA is cut by the
Drosha enzyme into one or more ∼ 70 nt long pre-miRNA
stem-loop (hairpin) structure(s) while still in the nucleus

[12]. The pre-miRNAs are transported by exportin-5 to the
cytoplasm [13–15], where they are cut by the RNase III Dicer
enzyme into active ∼ 22 nt long miRNAs [16–18] (Figure 1).
Usually only one side of the stem encodes a mature miRNA
[5, 19], however the process of selecting the side and re-
gion of the pre-miRNA that becomes a mature miRNA is
still not fully understood. The mature miRNAs are then
incorporated as subunits of the micro-ribonucleoproteins
(miRNPs) [20]. The miRNP is able to repress the transcrip-
tion of target mRNAs by binding to or cleaving the mRNA.
Thus the miRNA is capable of posttranscriptional regulation
[1–4, 21–23]. Such a posttranscriptional silencing complex
is often called an miRNA-initiated (or associated) RISC com-
plex (RNA-induced silencing complex), and is very similar to
the small interfering RNA-initiated RISC complexes [21, 24].
Detailed descriptions of the stepwise maturation of microR-
NAs are presented by Chen and Meister [25] and by Bartel
[26].

Different miRNAs have been detected in a variety of or-
ganisms; including 114 C elegans miRNAs, 326 human miR-
NAs, and a total of 35 virus-encoded miRNAs (miRBase
release 7.1, October 2005) [27, 28]. It is estimated that as
much as 30% of human genes are regulated by miRNAs
[29, 30].
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Figure 1: Sequence and structure of a pre-miRNA molecule encod-
ing a miRNA detected by Pfeffer et al [33] from the Epstein-Barr
virus. The mature 21 nt EBV mir-BART1 miRNA sequence is shown
on a grey background.

COMPUTATIONAL DETECTION OF miRNAs
IN SELECTED ORGANISMS

Until 2003 miRNAs were identified almost exclusively by ex-
perimental molecular biology [31] because there were few
computational miRNA prediction tools available (except for
homology searches).

According to Lai et al [32], three observations suggest
that computational miRNA prediction approaches will be
feasible. “First, miRNAs are generally derived from precursor
transcripts of 70–100 nucleotides with extended stem-loop
structure. Second, miRNAs are usually highly conserved be-
tween the genomes of related species. Third, miRNAs display
a characteristic pattern of evolutionary divergence.”

Already in 2001 Lee and Ambros used both bioinformat-
ics and cDNA cloning to identify potential C elegans miRNAs
[7]. They searched the C elegans genome for sequences con-
served in C briggsae that also had characteristic pre-miRNA
features and a secondary structure similar to lin-4 and let-7,
as computed by the mfold program [37]. They reported 15
novel miRNAs, of which two were the results of the com-
putational screening, while the rest were derived from the
cDNA cloning. Table 1 contains an overview of computa-
tional miRNA prediction studies.

Another computational tool for miRNAs identification
is MiRscan, described by Lim et al in 2003 [31]. MiRscan
was designed to identify miRNA genes conserved between
genomes, and was initially applied to C elegans and C brig-
gsae. MiRscan was utilized together with extensive sequenc-
ing of clones, resulting in the detection of 30 additional
miRNAs.

MiRscan starts out with two closely related genomes A
and B. It scans genome A for sequences that could form hair-
pin structures and then checks if the sequences are conserved
in genome B. This initial search aims at capturing most of the
homologous pre-miRNAs in the two genomes. The program
uses the captured miRNAs that are already experimentally
verified as a training set, and then computes a score for all
the initially recognized sequences.

Lim et al found 35 novel miRNA candidates in C elegans
using MiRscan, of which 16 were experimentally validated. In
addition, the program used a detection threshold that would
have identified half (29) of the known (58) miRNAs. This
implies that in the worst case, the MirScan program would
have a sensitivity of 0.70 for miRNAs detection in this study.

Lim et al also showed that the accuracy of MirScan is
lower than for programs designed to detect one special type
of RNA, such as tRNAs [38], but on the other hand it is at
least as good as general computer algorithms for detection
of bacterial ncRNAs [39–41]. Due to the homology criterion

of MiRscan, it may be questionable whether this program is
suitable for the detection of viral miRNAs as there are reports
on viral miRNAs not being conserved across species [33], as
well as reports on the opposite [36]. MiRscan has proved it-
self able to detect a large number of miRNAs in vertebrate
genomes with a detection sensitivity of 0.74 [42].

In May 2003, Ambros et al reported on the testing of
different methods for the detection of miRNAs in C ele-
gans [34]. This study was a follow up to their 2001 study,
when only 10% of the C briggsae genome was available [7].
Two computational approaches were based on sequence sim-
ilarities and stem-loop structure features, but used slightly
different algorithms. The algorithms were complementary
in the way that the methods uniquely identified miRNAs
and in total these two approaches identified 9 new miRNAs.
Combined with a third approach, cDNA cloning followed by
Northern blots, they discovered a total of 21 novel miRNAs.

Others have also screened the C elegans genome for
miRNAs using computational approaches based on hairpin
structure searches, secondary structure predictions, and in-
terspecies sequence conservation. Grad et al suggested 214
miRNA candidates of which 14 were confirmed by expres-
sion analysis [43].

In 2003 Lai and colleagues described a computational
method for miRNA identification in Drosophilia [32]. The
approach was named miRseeker, and the initial step was to
search the euchromatic DNA sequences of D melanogaster
and D pseudoobscura for transcripts potentially forming
stem-loop structures and having a “pattern of nucleotide
divergence characteristic of known miRNAs.” Subsequently
they considered the conservation of this sequence in more
distantly related insects. Lai et al started by aligning 24
pre-miRNA sequences from the two Drosophilia species and
found the degree of conservation to be higher than in pro-
tein coding regions. The candidates were then subjected to a
stricter selection procedure due to the many conserved pos-
sible pre-miRNA stem-loops found. Further analysis proved
that most divergence in the orthologous Drosophila miRNAs
originated in loop-mutations. In more diverged species only
the 21–24 nt mature miRNAs were found to be preserved.
The algorithm consists of three steps. Initially it aligns all D
melanogaster and D pseudoobscura intronic and intergenic re-
gions. It then slides a window along the conserved regions
and uses mfold [37] to estimate the free energy of poten-
tial secondary structure formed by the sequence in the win-
dow. A minimum arm length of 23 nt was required as well
as a free energy of at most −23.0 kcal/mol for one isolated
miRNA precursor arm. Both strands of the DNA sequence in
the sliding window were mfolded. Additional scoring of the
stem-loops was also applied. Finally, miRseeker attempts to
fit all the remaining miRNA-precursor candidates into one
of six stem-loop pattern classes defined by the initial 24 pre-
miRNA training set. This procedure left 208 miRNA candi-
dates, including 18 (75%) from the training set among the
124 highest scoring candidates. Out of the 208 candidates 42
were also found to be conserved (by sequence and structure)
in a third species. In a selection of 38 candidates, 24 were con-
firmed as novel miRNA genes (20/27 of those conserved in a
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Table 1: Overview, in chronological order, of approaches and results of selected miRNA detection studies. Computational and experimental
approaches used as well as the total number of predicted candidates and verified miRNAs are indicated for each study.

Reference Genome(s) Stem-loop Homology
Folding

Experimental
Novel candidates Novel verified

(free energy) (comp/exp) (comp/tot)

Lee and Ambros [7] C elegans X X X X 40/38 (only 53 tested) 2/13
Lim et al [31] C elegans X X — X 35/NA 16/30
Ambros et al [34] C elegans X X X X 407/NA 9/21
Lai et al [32] D melanogaster X X X — 166/0 (only 38 tested) 24/24
Pfeffer et al [35] Epstein-barr virus (EBV) — — — X 0/NA 5/5

Pfeffer et al [33]
Human cytomegalovirus

X — X X 11/NA 5/9
(HCMV)∗

Grey et al [36]
Human cytomegalovirus

X X — — 10/0 2/2
(HCMV)

∗One selected genome of a range of herpesviruses studied.

third species and 4/11 of the Drosophila specific candidates).
Lai and colleagues also estimated miRNAs to make up about
1% of the total amount of genes in the Drosophila genomes
(94–124 miRNA genes), while Grad et al estimated C elegans
to code for 140–300 miRNA genes [43]. As a concluding re-
mark, Lai et al state that their algorithm excludes at least one
known miRNA (miR-100).

Another study exploiting both characteristic miRNA fea-
tures and sequence conservation was developed by Wang
et al [44]. This approach was used in their search for Ara-
bidopsis thaliana miRNAs. Their prediction identified 63%
of known Arabidopsis miRNAs, and they claim identification
of 83 novel miRNAs, of which 25 were verified. The com-
puter algorithm evaluated possible miRNA precursors based
on their stem-loop structure, the GC content of the mature
miRNA, the loop length, mismatches in the stem containing
the mature miRNA and the conservation of mature miRNA
sequence in the Orysa sativa genome. Interestingly, 15 of the
19 already known unique Arabidopsis miRNAs have a loop
ranging from 20–75 nt, which is much longer than in the
known viral miRNAs [19, 33, 35, 36].

In plants, the alignment of the miRNA and its target
mRNA contains few mismatches. This fact has been success-
fully exploited in combination with typical miRNA feature
and conservation searches, as described above, in a search for
Arabidopsis thaliana miRNA [45].

Yet another project combining bioinformatics and exper-
imental biology in the quest for A thaliana and Nicotiana
tabacum miRNA chose a “reverse” approach [46]. Billoud
first created a cDNA library of all short N tabacum RNAs,
then computational methods were used to identify poten-
tial miRNAs. Their pattern matching program, Patbank, was
used for finding homologues and their MIRFOLD program
was used to check for possible miRNA secondary structures.

In this context, the microHarvester should be mentioned
as it is a useful web service designed to detect miRNA ho-
mologues in any set of sequences, given an miRNA precur-
sor [47]. The microHarvester is filter based and uses the con-
servation patterns of the microRNAs combined with BLAST
[48], Smith-Waterman [49], and RNAfold [50].

Wang et al presented a new computational tool in 2005
designed to search for homologues and paralogues of known

miRNAs; miRAlign [51]. It is claimed that miRAlign outper-
forms all earlier programs of this kind, due to a less strict
conservation search, the ability to take more structural prop-
erties into account, as well as its capability to create structural
alignments based on a single miRNA. It should be noted that
miRAlign is tested primarily on animal data. It was able to
detect 59 miRNA candidates in Anopheles gambiae of which
37 has later been reported in the MicroRNA registry [27, 28].

COMPUTATIONAL DETECTION OF miRNAs
IN VIRAL GENOMES

The first miRNAs detected in a viral genome were reported in
Science 2004 [35]. Pfeffer and colleagues recorded the small
RNA profile of Epstein-Barr virus (EBV) positive cells. They
detected several expressed miRNA genes in EBV, and given
the function of miRNAs they concluded that they had iden-
tified regulators of host and/or viral gene expression. The
detection of these 5 novel miRNAs was made by cloning of
small RNAs from EBV-infected cells. 4% of the small RNAs
originated from EBV. The 5 novel EBV miRNAs were de-
tected by Northern blotting. One miRNA was found in the
5′ UTR, one in the coding sequence, and one in the 3′ UTR
of the same gene, BHRF-1. The last two miRNAs are from a
cluster in the intronic regions of the BART gene. The mi-
RANDA algorithm was used in their prediction of mRNA
targets, a method developed for detecting miRNA targets in
Drosophila [52]. Several host and/or EBV mRNA targets were
found for every miRNA. The majority of the target mRNAs
have more then one miRNA binding site.

In 2005 Pfeffer et al reported on the identification of
several miRNAs in the herpesvirus family [33]. Their study
combined a new computational method for miRNA predic-
tion with a cloning approach similar to the one used in their
initial discovery of viral miRNAs [35]. They were able to pre-
dict miRNAs in many large DNA viruses, but they were un-
able to predict or experimentally identify miRNAs in small
RNA viruses or retroviruses. Another important finding in
this study was that the EBV miRNAs neither have any sig-
nificant sequence similarity with host miRNAs, nor do they
seem to be conserved in the herpesvirus family. This obser-
vation indicated that methods depending on cross-species
sequence conservation such as MiRscan and miRseeker,
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described above, are not well suited for prediction of viral
miRNAs. The computational approach developed by Pfef-
fer and colleagues was based on defining a set of properties
of known miRNA precursor stems and subsequently train-
ing a support vector machine (SVM) to separate known pre-
miRNAs from stem-loops unlikely to code for miRNAs. The
SVM was then applied on the set of all genomic regions po-
tentially forming a stem-loop secondary structure. The SVM
reported predictions based on a chosen threshold that re-
sulted in the detection of 71% of the true pre-miRNAs from
the training set with only 3% false positives. Their program
also had a method for ranking the candidates with a score
above the threshold; this method is independent of the SVM
threshold score. Disregarding the direction of transcription,
Pfeffer et al made 23 unique predictions of which 14 (61%)
were experimentally verified. One should keep in mind that
some of the predicted miRNAs can be very hard to detect as
they may be expressed only under rare conditions.

Further studying the expression of the EBV BHRF-1 gene
and its miRNAs, Pfeffer and colleagues suggest that viruses
are able to simultaneously transcribe both miRNAs and
mRNA from the same region. Pfeffer et al also suggest that
their conclusions support the view of independent miRNA
evolution in viruses, as viral miRNAs seem to lack sequence
conservation. In addition, most miRNAs are transcribed by
pol II [53], while viral miRNAs may also be transcribed by
pol III [25, 33].

Almost at the same time as Pfeffer et al published their
results [33], Cai et al published a paper on the detection
of miRNAs in the human pathogenic Kaposi’s sarcoma-
associated herpesvirus (KSHV) [54]. They reported the de-
tection of 11 distinct miRNAs, of which all were expressed in
latent KSHV infected cells. These 11 miRNAs were detected
by cloning small RNAs followed by RT-PCR and Northern
blot analyses. MirBase (release 7.1, October 2005) [27, 28]
lists 12 KSHV miRNAs, of which 10 were identified in both
studies, while both Pfeffer et al and Cai et al report one addi-
tional unique miRNA.

Grey et al developed a computational method based
on pre-miRNA stem-loop properties and combined it with
stem-loop conservation [36], despite the findings by Pfeffer
et al about lack of sequence conservation for viral miRNAs,
but in line with the findings in primates [55]. Grey and col-
leagues studied the closely related human and chimpanzee
cytomegaloviruses (HCMV and CCMV). First, all conserved
stem-loop structures scoring better than a 60% similarity
threshold were detected. The resulting 110 highly conserved
stem-loop sequences were then run through the MiRscan
program [31]. MiRscan then suggested 13 high-scoring can-
didates. Northern blot analysis was used on total RNA har-
vested at different time points for transcription verification.
Five of the 13 candidates were expressed during infection,
and three of these were among the ones detected by Pfeffer et
al. All but one of the miRNAs found in the study by Pfeffer et
al but not identified in the study by Grey et al were conserved
in CCMV and had a MiRscan score above the threshold. The
reason they were not detected was the initial stem-loop finder
algorithm.

The miRNAs of the simian virus 40 (SV40) has also been
studied [19]. Sullivan et al created a computer program
called VirMir that identifies miRNA precursor candidates in
small genomes (max 300 kbp). The VirMir program utilizes
the RNAfold package [50]. Sullivan and colleagues ended
up with two candidates out of which one region produced
a suitably sized pre-miRNA that was detected by a Northern
blot. The detected miRNA precursor was found to be a
member of a seemingly small fraction of the miRNA pre-
cursor family, namely, those producing one mature miRNA
from each stem of the precursor hairpin. Interestingly, they
also discovered that both of these miRNAs are acting on the
same target mRNA.

Bennasser et al argue that there are 5 likely miRNA can-
didates in the human immunodeficiency virus (HIV-1) [56].
Attempts to validate the candidates were in progress, but all
of the miRNA candidates were found to have several cellu-
lar mRNA targets by a rule based target finder algorithm.
As small-interfering RNAs (siRNAs) are somewhat related to
miRNAs due to the fact that their pathways partially overlap
and both become part of a RISC complex [21, 24], it is worth
mentioning that the HIV-1 genome encodes an siRNA [57].
So there is evidence that viruses can encode both miRNAs
and siRNA. The existence of both viral miRNAs and siRNAs
was also suggested by Lu and Cullan in their paper on the
adenovirus VA1 [58].

A COMPUTATIONAL SEARCH FOR EBV
miRNA PRECURSORS

In 2004 we investigated the challenges in computational
detection of miRNAs encoded in the EBV genome. The
EBV genome sequence (NC 001345) was retrieved from
NCBI, and then the sRNAloop program [43] (parameters:
hairpin structure no more than 75 nt, loop longer than 3 nt,
score threshold 22) was used to scan the entire genome for
potential miRNA precursors. A total of 148 candidates were
found, including all the five known EBV miRNAs. We kept
only one copy of the candidates appearing more than once
in the genome, narrowing down the number of candidates
to 70. Potential miRNA precursors inside coding regions
were not excluded. We then used mfold [37] to estimate the
free energy of the entire precursors, using the web service
(http://bioweb.pasteur.fr/seqanal/interfaces/mfold-simple.
html). The free energy estimates for the five known EBV
miRNAs ranged from −25 kcal/mol to −33.8 kcal/mol. We
kept approximately 40 candidates having a free energy less
than −24.5 kcal/mol, which is about the same threshold as
used in the study by Lai et al [32].

We then ranked the candidates as follows: the candidates
from nonrepeat noncoding regions or hypothetical protein
coding regions were ranked first, followed by candidates in
known protein coding regions, and finally the remaining
candidates. All of the five known pre-miRNAs were among
the top ten candidates. Based on these criteria we selected
the top 14 candidates for further studies, including the 5
known miRNAs. This leaves 9 novel predictions, as shown
in Table 2, the according secondary structure predictions can
be found in Figure 2. Attempts to experimentally verify either
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Table 2: Computationally predicted miRNA precursor candidates from the Epstein-Barr virus (this study), ranked according to our criteria.
The free-energy estimates were computed by the online mfold [37] version of December 2004. All predicted secondary structures can be
found, according to the given letter, in Figure 2.

Name,1 structure Position Direction Length Free energy2 Sequence Notes

PMRP 1, a 53263–53332 + 69 −25.4 kcal/mol

AUAACCUAUAGGUU-
AUUAACCUAGUGGU-
GGAAUAGGGUAUUG-
CAGCUGGGUAUAUA-
CCUAUAGGUAUAU

Intergenic region, poly A
signals upstream

PMRP 2, b 6838–6912 − 74 −32.7 kcal/mol

UACGUCACGGUUGUA-
GGCGGGGUUAAGCGU-
GCAUCUUCUGGGAUG-
CAACGUUAAGCCCCG-
UUUAGGUGGAACUG

Intergenic region

PMRP 3, c 9041–9116 + 74 −29.8 kcal/mol

AUGCUUCCCGUUGG-
GUAACAUAUGCUAUU-
GAAUUAGGGUUAGUC-
UGGAUAGUAUAUACU-
ACUACCCGGGAAGCAU

Intergenic region, poly A signals
upstream, promoter at 8573

PMRP 4, d 61262–61333 + 71 −43.8 kcal/mol

UGCCAUCAUCCCCUG-
CUUGGGACCCGACCG-
CACUUGCAUGCGGCC-
GGUGGUCCUGCGGGG-
GGUGACGGUCA

Inside a hypothetical
protein coding region

PMRP 5, e 1898–1973 − 75 −32.7 kcal/mol

CUCCUGACGCUGAGG-
CCUGGGAUCGUUGUU-
GGUGCCACGCAGCGC-
CACUAGCAGCAGGUU-
CUCAGCAAUCAGGGG

Inside a coding region

PMRP 6, f 7408–7483 + 75 −24.6 kcal/mol

CCACUCUACUACUGG-
GUAUCAUAUGCUGAC-
UGUAUAUGCAUGAGG-
AUAGCAUAUGCUACC-
CGGAUACAGAUUAGG

Intergenic repeat region3

PMRP 7, g 7454–7526 + 72 −25.4 kcal/mol

UAGCAUAUGCUACCC-
GGAUACAGAUUAGGA-
UAGCAUAUACUACCC-
AGAUAUAGAUUAGGA-
UAGCAUAUGCUA

Intergenic repeat region

PMRP 8, h 7929–8003 + 74 −29.4 kcal/mol

AUAGCAUAUGCUACC-
CAGAUAUAGAUUAGG-
AUAGCCUAUGCUACC-
CAGAUAUAGAUUAGG-
AUAGCAUAUGCUAU

Intergenic repeat region,
promoter at 7888

PMRP 9, i 151510–151584 + 74 −34.0 kcal/mol

UUGGUGGGACCUGAU-
GCUGCUGGUGUGCU-
GUAAAUAAGUGCCUA-
GCACAUCACGUAGGC-
ACCAGGUGUCACCAG

Intergenic repeat region

BHRF 1-1, j 53754–53829 + 75 −27.9 kcal/mol

CUCCUUAUUAACCUG-
AUCAGCCCCGGAGUU-
GCCUGUUUCAUCACU-
AACCCCGGGCCUGAA-
GAGGUUGACAAGAAG

Holds known miRNA; BHRF 1-1
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Table 2: continued.

Name,1 structure Position Direction Length Free energy2 Sequence Notes

BHRF 1–2, k 55131–55206 + 75 −32.1 kcal/mol

CCCCACUUUUAAAUU-
CUGUUGCAGCAGAUA-
GCUGAUACCCAAUGU-
UAUCUUUUGCGGCAG-
AAAUUGAAAGUGCUG

Holds known miRNA; BHRF 1–24

BHRF 1–3, l 55248–55323 + 75 −25.0 kcal/mol

UGGUGUUCUAACGGG-
AAGUGUGUAAGCACA-
CACGUAAUUUGCAAG-
CGGUGCUUCACGCUC-
UUCGUUAAAAUAACA

Holds known miRNA; BHRF 1–3

BART 1, m 151631–151706 + 75 −33.8 kcal/mol

CGUGGGGGGUCUUAG-
UGGAAGUGACGUGCU-
GUGAAUACAGGUCCA-
UAGCACCGCUAUCCA-
CUAUGUCUCGCCCGG

Holds known miRNA; BART 1

BART 2, n 153197–153272 + 75 −30.8 kcal/mol

UUCCAGACUAUUUUC-
UGCAUUCGCCCUUGC-
GUGUCCAUUGUUGCA-
AGGAGCGAUUUGGAG-
AAAAUAAACUGUGAG

Holds known miRNA; BART 2

1The novel candidates are named PMRP (possible micro RNA precursor) 1 through 9.
2Energy calculations made using mfold [37].
3Mfold suggests two possible secondary structures for this sequence, only one structure is shown.
4Pfeffer et al [35] state that this hairpin structure gives two mature miRNAs, one from each stem-arm, the other is named BHRF 1–2∗.

the 5 known miRNAs or the 9 new candidates were unsuc-
cessful. Several possible human and EBV target mRNAs were
predicted for the 9 novel pre-miRNA candidates (data not
shown) using a ParAlign [59] sequence similarity search with
the predicted stem sequences and a set of rules similar to
the ones used by the miRANDA algorithm [52]. A schematic
view of our approach can be found in Figure 3.

DISCUSSION

It is important to assess the significance of viral miRNA-
induced posttranscriptional gene regulation in an infected
cell. In C elegans, miRNAs play vital roles during develop-
ment [3, 4], while such a critical role for miRNAs has not
yet been discovered in viruses. Sullivan et al argue that the
importance of the EBV miRNAs in viral mRNA regulation is
uncertain, while claiming a more important role of the SV40
miRNA, which they have proven to reduce the cytotoxic T-
lymphocyte susceptibility and also reduce local cytokine re-
lease [19]. The homology findings of Grey et al indicate that
the viral miRNAs have not evolved independently [36], sug-
gesting a more significant role than implied by theories of
independent evolution.

The importance of further miRNA knowledge is illus-
trated by the successful use of miRNA expression profiles to
classify human cancers [60], as well as data indicating that
many human miRNAs are located in regions frequently asso-
ciated with cancer [61].

Our study clearly indicates that predicting pre-miRNA
structures seems reasonably easy apart from deciding on a
score threshold for candidates. The most challenging task is
to predict the accurate position of the mature miRNA within
the precursor. The most promising strategy for predicting
novel miRNAs in viruses appears to be a combination of the
conserved stem-loop search by Grey et al and the precursor
miRNA feature searches used in the Grey and Pfeffer stud-
ies. Grey et al suggest a refinement of the stem-loop finder to
improve the search results as it excluded true positives that
would have been accepted by the later stages of the algorithm.
A broader search for stem-loop structures is also anticipated
by the reports by Wang et al [44] of much longer loops (20–
75 nt) in A thaliana than in the loops in the known HMCV
miRNAs (4–12 nt) [33, 36].

Algorithms might also be improved by exploiting the
findings of Berezikov et al [55]; while miRNAs stems show
strong conservation and the loops vary in their degree of
conservation, the miRNA precursors’ flanking regions show
a striking drop in conservation. This conservation profile can
be used for phylogenetic shadowing [62], a technique for se-
quence comparison between closely related species. This ap-
proach was used to predict and identify several primate miR-
NAs [55].

Introducing a search for miRNA targets [29, 52, 63–67]
at an earlier stage of the algorithm could also improve the
results. In most miRNA detection approaches this is often
a final separate part [44, 45]. We suggest that including an
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(a) (b) (c) (d) (e) (f) (g) (h) (i)

(j) (k) (l) (m) (n)

Figure 2: (a)–(i) The predicted structure of the nine top scoring novel miRNA precursor candidates. (j)–(n) The predicted structure of the
five known EBV miRNA precursors.
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Retrieve EBV
genome from
NCBI

Run sRNAloop on EBV genome
(max 75nt hairpin, min 3 nt loop,
score min 22)

Remove copies and
obvious repeats

Use mFold to filter
candidates
(cutoff �24.5 kcal/mol)

Rank candidates
due to rule set
(see details in the text)

Check for
possible mRNA
targets

140
candidates

70
candidates

40
candidates

Kept 14
(9 novel,
5 known)

Schematic view of the
computational approach

Figure 3: Schematic view of the computational approach.

miRNA regulatory module (MRM) [68] search at an early
stage could be a valuable improvement.

Concerning experimental approaches and verification it
should be noted that miRNA candidates found to originate
from within exons are often regarded as cloning artefacts
and therefore discarded. However, as stated by Berezikov et
al, there is no experimental evidence excluding miRNAs can-
didates in these regions [55]. Furthermore, there is evidence
indicating that a region coding for both an miRNA and a pro-
tein can be used almost simultaneously for miRNA and pro-
tein production [54]. A large portion of the currently known
miRNAs have emerged as a result of cloning, but cloning ap-
proaches are likely to be biased towards abundant miRNAs
[43].

Current computational methods are useful tools for
identifying miRNA candidates, however before better meth-
ods have been developed, we still need to verify candidates
using Northern blots.
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In mammalian cells, fragile X mental retardation protein (FMRP) has been reported to be part of a microRNA (miRNA)-
containing effector ribonucleoprotien (RNP) complex believed to mediate translational control of specific mRNAs. Here, using
recombinant proteins, we demonstrate that human FMRP can act as a miRNA acceptor protein for the ribonuclease Dicer and fa-
cilitate the assembly of miRNAs on specific target RNA sequences. The miRNA assembler property of FMRP was abrogated upon
deletion of its single-stranded (ss) RNA binding K-homology domains. The requirement of FMRP for efficient RNA interference
(RNAi) in vivo was unveiled by reporter gene silencing assays using various small RNA inducers, which also supports its involve-
ment in an ss small interfering RNA (siRNA)-containing RNP (siRNP) effector complex in mammalian cells. Our results define a
possible role for FMRP in RNA silencing and may provide further insight into the molecular defects in patients with the fragile X
syndrome.
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INTRODUCTION

MiRNAs form a class of small regulatory RNAs (∼ 21–23 nt)
involved in guiding translational repression or cleavage of
mRNAs [1]. Biosynthesis of miRNAs is initiated upon tran-
scription of miRNA-encoding genes into primary miRNAs
(pri-miRNAs) by RNA polymerase II [2]. Pri-miRNAs are
then processed by the nuclear ribonclease (RNase) III Drosha
into miRNA precursors (pre-miRNAs) [3]. Following export
to the cytoplasm via Exportin 5 [4], the imperfectly paired
stem-loop pre-miRNAs are cleaved into miRNA:miRNA∗

duplexes by the RNase III Dicer [5–8]. Based upon the sta-
bility of the base pairs at the 5′ ends of the two strands
[9], the mature miRNA will be incorporated into the RNA-
induced silencing complex (RISC) [10], whereas the opposite
miRNA∗ strand is encountered much less frequently and is
presumably degraded [1]. The mRNA specifically recognized
by the RISC will either be cleaved or translationally repressed,
depending on whether the miRNA:mRNA pairing is perfect
or not [1].

Hundreds of miRNAs have been identified in Drosophila,
C elegans [11], A thaliana [12], zebrafish, mice, human cells

[13–15], and viruses [16]. The ability of some of these miR-
NAs to regulate translation of specific mRNAs has been
demonstrated experimentally. For example, cel-let-7 silences
lin-41 mRNA through binding to its 3′ untranslated region
(UTR) in C elegans [17], whereas miR-196 mediates cleavage
of the HOXB8 mRNA in mouse embryos [18]. A mechanistic
insight into miRNA-mediated translational repression was
recently provided, as endogenous let-7 miRNPs were shown
to inhibit translation initiation [19]. mRNA functional regu-
lation by miRNAs has been involved in various cellular pro-
cesses, such as leaf morphogenesis in plants, developmental
timing and left/right asymmetry in nematodes, cell prolifer-
ation and apoptosis in flies, and hematopoietic cell differen-
tiation in mice [1].

In humans, loss of expression of the FMR1 (fragile men-
tal retardation 1) gene product, the fragile X mental retarda-
tion protein (FMRP), is the etiologic factor of the fragile X
syndrome, the most frequent cause of inherited mental re-
tardation [20, 21]. FMRP is an RNA-binding protein that
contains two K-homology (KH) domains and an RGG box
and is involved in RNA regulation of translation, RNA trans-
fer, and local modulation of synaptic mRNA translation.
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However, its exact roles are still unclear and the mecha-
nisms by which it controls translation are poorly understood.
FMRP has been reported to behave as a negative regulator of
translation both in vitro and in vivo [22–26], and it is de-
duced that the miRNA-guided RNA silencing pathway could
be a cellular process through which FMRP could regulate
translation of target mRNAs.

Indeed, a relation between FMRP and components of
the RNAi machinery was uncovered. The ortholog of FMRP
(dFMR1) was found to be associated with the effector RISC
as well as miRNAs in Drosophila S2 cells [27, 28]. In mam-
malian cells, FMRP has been reported to be part of a ribonu-
cleoprotein (RNP) complex with miRNAs and Argonaute
2 (Ago2) [29]. However, how FMRP functions in miRNA-
mediated translational control remains unknown.

In this study, we have used recombinant proteins to show
that human FMRP can accept miRNAs derived from Dicer
cleavage and facilitate the formation of specific miRNA:
target transition complexes in vitro. Reporter gene silencing
assays, using various small regulatory RNAs, revealed the re-
quirement of FMRP for efficient RNAi in vivo. The results
obtained with single-stranded (ss) antisense siRNA also sup-
port its involvement in an ss siRNP effector complex in mam-
malian cells.

MATERIALS AND METHODS

Protein expression, purification, and analysis

Recombinant Dicer [6], FMRP deleted variant ΔKHT, FMRP
mutant I304N, and FXR1P [30] proteins were expressed and
purified as previously reported. Immunoblot analysis was
performed with previously described antibodies recognizing
FMRP [30] and FXR1P [31] proteins, and the immunore-
active proteins visualized with peroxydase-labeled affinity-
purified goat anti-rabbit or mouse IgG secondary anti-
body using Western Lightning Chemiluminescent Reagent
(PerkinElmer).

Preparation of RNAs

For in vitro experiments, all RNA substrates contained 5′-
p and 3′-OH ends (for complete sequence and structure in-
formation, see Supplementary text available online at DOI
10.1155/JBB/2006/64347). Synthetic RNAs (Dharmacon) de-
void of 5′-p were labeled at their 5′ end using T4 polynu-
cleotide kinase (New England Biolabs) and [γ-32 P] ATP
(PerkinElmer), and purified by denaturing PAGE. The fol-
lowing siRNA duplexes were used: CLP siRNA (5′-pAGGA-
GGUCGUACAGAAUUUdtdt) and Dicer siRNA (5′-pUGC-
UUGAAGCAGCUCUGGAdtdt).

Target RNAs (∼ 60 or ∼ 100 nt), encompassing the
miRNA/siRNA binding sites and flanking regions, were syn-
thesized from DNA templates by in vitro transcription using
the T7 RNA polymerase (Ambion) and purified by denatur-
ing PAGE. Templates were obtained either by annealing DNA
oligonucleotides or by introducing a T7 RNA polymerase

promoter by PCR followed by gel purification. The following
target RNAs were used: CLP target RNA (nt 414–514, Acc no
L54057), Dicer target RNA (nt 353–453, Acc no AJ132261),
lin-41 target RNA (nt 4100–4162, Acc no AF195610), and
HOXB8 target RNA (nt 2237–2297, Acc no X13721).

Prior to use, miRNAs and target RNAs were dena-
tured at 90◦C for 2 min and chilled on ice. Pre-miRNAs
and miRNA:miRNA∗ were renaturated, and complementary
strands of siRNA duplexes annealed, by incubation at 95◦C
for 5 min, and then slowly cooled down to room tempera-
ture.

For cell transfection, the siRNA duplexes siRluc (5′-G-
GCCUUUCACUACUCCUACdtdt) and siCtl (5′-GUAUA-
AUACACCGCGCUACdtdt) were used, whereas the ss anti-
sense siRNAs asRluc (5′-GUAGGAGUAGUGAAAGGCCdt-
dt) and asCtl (5′-GUAGCGCGGUGUAUUAUACdtdt) were
phosphorylated in vitro using T4 polynucleotide kinase, fol-
lowed by ethanol precipitation, prior to use.

Dicer RNase assays

32P-labeled pre-miR-31 RNA (40000 cpm) was incubated in
the absence or presence of recombinant Dicer (50–400 ng)
and/or FMRP (0.18–2.8 μg) with MgCl2 (5 mM) at 37◦C for
1 h, as described [6]. The samples were analyzed by dena-
turing PAGE and autoradiography. For the experiments with
FMRP, the samples were treated with 40 μg proteinase K
(Ambion) at 55◦C for 45 min prior to analysis. RNA derived
from Dicer cleavage was gel-purified and incubated with in-
creasing amounts of recombinant FMRP (0.35–1.4 μg), with-
out or with BSA (20 μg), for 30 min on ice prior to EMSA
analysis.

EMSA

32P-labeled human GFP siRNA (0.25 pmol), hsa-miR-
196a-1 miRNA:miRNA∗ duplex (0.50 pmol), or miRNA
(0.50 pmol) (40000 cpm) was incubated in the absence or
presence of recombinant FMRP (0.35–1.4 μg) for 30 min on
ice prior to electrophoretic mobility shift assay (EMSA) anal-
ysis, as described [18]. FMRP-RNA complex formation was
analyzed by nondenaturing PAGE (6%) and autoradiogra-
phy, and analyzed quantitatively by AlphaImaging.

RNA strand annealing assays

These assays were adapted from Gabus et al [32]. Briefly,
0.015 pmol of 32P-labeled RNA was incubated, with or with-
out target RNA, in the presence of recombinant FMRP,
FMRP I304N, FMRP ΔKHT, or FXR1P [30] protein at 1 : 1,
2 : 1, or 4 : 1 (protein:RNA), or BSA (B) at 4 : 1 molar ra-
tio. Assays were performed in 10 μL containing 20 mM Tris-
HCl (pH 7.0), 0.1 mM MgCl2, 30 mM NaCl, 10 μM ZnCl2,
5 mM DTT, 5% Superase-In at 37◦C for 10 min. The reac-
tion was stopped by chilling on ice. After adding 0.5 vol-
ume of stop mix (20% glycerol, 20 mM EDTA pH 8.0, 0.2%
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SDS, 0.4 mg/mL yeast tRNA, and 0.25% bromophenol blue)
to chase FMRP, the samples were analyzed by nondenatur-
ing 10% PAGE in TBE buffer. The gels were dried and the
radioactive RNA complexes were visualized by autoradiogra-
phy, and analyzed quantitatively by PhosphorImaging.

DNA constructs, cell culture, and luciferase assays

The psiSTRIKE and psiCHECK vectors were obtained from
Promega. Mouse embryonic Fmr1 KO (STEK TSV-40, 3T3A,
3T6A, or TpBSVE) [24, 30, 33], Fxr1 KO (KETS) (to be de-
scribed elsewhere) and wild-type (Naı̈ves or NIH/3T3) fi-
broblasts were grown in DMEM supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, 100 units/mL peni-
cillin, and 100 μg/mL streptomycin in a humidified incuba-
tor under 5% CO2 at 37◦C. Expression of FMRP, FXR1P,
and actin proteins was verified by Western blot using anti-
mAb1C3 [34], mAb2FX [31], and anti-actin AC-40 (Sigma)
antibodies, respectively. Cells grown in 12-well plates to 70%
confluency were transfected with 0.8 μg of the psiCHECK re-
porter vector and either 0.0005–0.5 μg of the psiSTRIKE con-
struct using Lipofectamine 2000 (Invitrogen) or 100–400 nM
of ss antisense Rluc siRNA (asRluc) or 100 nM of Rluc siRNA
duplex (siRluc) using Oligofectamine (Invitrogen). Twenty-
four hours later, cells were harvested, lysates were prepared,
and Rluc and Fluc activities were measured successively using
the Dual-Luciferase Reporter Assay System (Promega).

RESULTS

FMRP acts as an acceptor of miRNAs
derived from Dicer cleavage

Dicer activity has been reported to be associated with FMRP
in EBV-transformed human B cells [29], suggesting that
Dicer and FMRP are part of a complex in vivo. Since FMRP
is likely acting downstream of Dicer in the RNA silenc-
ing pathway, we asked whether FMRP can act as a miRNA
acceptor protein for the ribonuclease Dicer. To test this
hypothesis, the 32P-labeled miRNA precursor pre-miR-31
was incubated in the presence of recombinant Dicer, which
bound (Figure 1(a), left panel) and cleaved pre-miR-31 into
a ∼ 21-nt RNA product (Figure 1(a), center panel). When
this 32P-labeled RNA derived from Dicer cleavage was gel-
purified and incubated with increasing amounts of recom-
binant FMRP, a gel mobility shift was observed, compatible
with the formation of an FMRP-RNA complex (Figure 1(a),
right panel).

The relative ability of FMRP to interact with RNA species
involved in RNA silencing was further quantified by EMSA.
Initial analyses showed that recombinant FMRP associates
with the human immunodeficiency virus transactivating re-
sponse DNA [32] and RNA (I Plante and P Provost, unpub-
lished data) structure, the latter of which closely resembles
that of a pre-miRNA. We observed that FMRP preferentially
recognized mature miRNA (Figure 1(b), right), as monitored
by the concomitant decrease in unbound RNA levels. Un-

der these conditions, FMRP only weakly bound a perfect
siRNA (Figure 1(b), left), or an imperfect miRNA:miRNA∗

(Figure 1(b), center) duplex. These results confirm the abil-
ity of FMRP to bind to the effector mature miRNA.

FMRP assembles miRNAs and ss siRNAs on
target RNAs in vitro

Given the ability of FMRP to interact with several hundreds
of mRNAs [35, 36] and its recently described nucleic acid
chaperone properties [32], we asked if FMRP could facilitate
the assembly of miRNAs on target RNAs. To this end, single
miRNA strands were incubated with a specific target RNA
in the presence or absence of recombinant FMRP. Formation
of imperfectly paired miRNA:target RNA complexes was vi-
sualized by nondenaturing PAGE after FMRP removal. We
observed FMRP-mediated assembly of cel-let-7 (Figure 2(a),
left panel) and hsa-miR-196a-1 (Figure 2(a), right panel)
miRNAs on their specific 60-nt RNA targets. No anneal-
ing was observed in the presence of bovine serum albumin
(BSA) (Figure 2(a), 7th lane of each panel) or when the cel-
let-7 target lin-41 was swapped with that of hsa-miR-196a-1
(HOXB8) (Figure 2(a), last lane of each panel). Whether this
activity could be extended to siRNAs was tested using siR-
NAs directed against Dicer and coactosin-like protein (CLP)
mRNAs. In both cases, assembly of single siRNA strands
on their 100-nt RNA targets was observed (Figure 2(b)),
but not when the targets were interchanged (Figure 2(b),
last lane of each panel). Used as hybridization control re-
actions, temperature-mediated annealing of ss siRNAs to
their targets was superior to that of miRNAs, as expected
considering the increased stability of perfectly complemen-
tary ss siRNA:target RNA versus imperfect miRNA:target
RNA duplexes. In contrast, FMRP favored annealing of miR-
NAs to their targets, more than that of ss siRNAs (compare
Figure 2(a) versus Figure 2(b)), thereby illustrating its prefer-
ence for imperfect, but natural miRNA:target RNA complex
formation.

FMRP mediates miRNA annealing to specific
RNA targets through its KH domains

To get further insights into the miRNA annealing proper-
ties of FMRP, we assessed the activity of the biologically rele-
vant FMRP I304N mutant and the deleted ΔKHT FMRP ver-
sion. A single substitution (I304N) in the Fmr1 gene prod-
uct FMRP was found in a fragile X patient suffering of a se-
vere form of fragile X syndrome [37]. When the recombi-
nant FMRP I304N mutant protein was tested in RNA strand
annealing assays, it exhibited properties comparable to the
wild-type protein (Figure 3(a)). On the other hand, dele-
tion of the KH domains markedly compromised its miRNA
annealing properties (Figure 3(b)). Since the KH domains
present in RNA-binding proteins are known to mediate bind-
ing to ss nucleic acids, as reviewed recently [38], these results
support the requirement of the ssRNA-binding KH domains
for FMRP-mediated miRNA annealing to specific RNA tar-
gets.



4 Journal of Biomedicine and Biotechnology

0 50 10
0

20
0

30
0

40
0

0Dicer (ng)

Dicer �
pre-miR-31

pre-miR-31

M 0 50 10
0

15
0

20
0

Gel purification

FMRP
(μg)

FMRP �
RNA

Cleavage
product

BSA

0 0.
35

0.
7

1.
4

1.
4

� � � � +

(a)

0 0.
07

0.
35

0.
7

1.
4FMRP

GFP siRNA

0

2

4

6

8

10

B
ou

n
d/

u
n

bo
u

n
d

ra
ti

o

Unbound

0 0.
07

0.
35

0.
7

1.
4FMRP

hsa-miR-196a-1
miRNA:miRNA�

0

2

4

6

8

10
0 0.

07
0.

35
0.

7
1.

4FMRP

hsa-miR-196a-1

0

2

4

6

8

10

(b)

Figure 1: FMRP can act as an acceptor of miRNA derived from Dicer cleavage of pre-miRNA. (a) Recombinant FMRP interacts with
Dicer RNA cleavage products. 32P-labeled pre-miR-31 was incubated in the absence or presence of recombinant Dicer, without (left) or
with (center) MgCl2. The samples were analyzed by nondenaturing (left) or denaturing (center) PAGE and autoradiography. RNA derived
from Dicer cleavage was gel-purified and incubated with increasing amounts of recombinant FMRP (0.35–1.4 μg), without or with BSA
(20 μg), prior to EMSA analysis (right). M indicates a 10-nt RNA size marker. (b) FMRP preferentially interacts with miRNAs. 32P-labeled
green fluorescent protein (GFP) siRNA (left), hsa-miR-196a-1 miRNA:miRNA∗ duplex (center), or miRNA (right) was incubated in the
absence or presence of increasing amounts of recombinant FMRP. The samples were analyzed by EMSA and autoradiography, and analyzed
quantitatively by PhosphorImaging. Bound RNA was expressed as a bound to unbound ratio.

FMRP is required for efficient RNA silencing
in mammalian cells

In order to assess whether the activity displayed by FMRP
in vitro is important for RNA silencing in vivo, we set up a
reporter-based cellular assay using cultured mouse embry-
onic fibroblasts established from Fmr1 KO [24] or isogenic
wild-type mice. In these assays, a dual reporter gene con-
struct encoding Renilla (Rluc) and Firefly (Fluc) luciferase
was cotransfected with a construct encoding an shRNA di-
rected against Rluc. We used a second Fluc reporter that,
in addition to correct for cell-to-cell variability, allowed us
to examine the function of FMRP pertaining to small RNA-
mediated RNA silencing. This was essential considering that
FMRP can act as a negative regulator of translation [22–24].

Immunoblot analyses of Fmr1 KO cell protein extracts
confirmed the absence of FMRP (Figure 4(a), right lane),
whereas FMRP was detected in wild-type cells (Figure 4(a),
left lane). Expression of Rluc shRNA, which had no effect
on interferon regulatory factor-1 (IRF-1) protein levels (see
Supplementary Data, Figure S1), induced a dose-dependent
decrease in Rluc activity in wild-type cells (Figure 4(b)). The
efficiency of Rluc shRNA to induce RNA silencing was signif-
icantly impaired in Fmr1 KO cells, as compared to wild-type
cells.

The observed variations in RNA silencing responses
might be a consequence of looking at different cell line clones
which, apart from being deficient in FMRP, may have differ-
ent properties with respect to transfection, nucleic acid re-
lease, or amount of available Exportin 5 [39] or RISC [40].



Isabelle Plante et al 5

� � � 1 2 4 (B) 4FMRP
� +a +b + + + + NSTarget

cel-let-7

miRNA:
target

miRNA

2 14 13 32 39 63 16 5

Annealing (%)

� � � 1 2 4 (B) 4
� +a +b + + + + NS

hsa-miR-196a-1

2 7 11 36 51 73 8 2

Annealing (%)

(a)

� � � 1 2 4 (B) 4FMRP
� +a +b + + + + NSTarget

Dicer ss siRNA

ss siRNA:
target

ss siRNA

0 1 32 2 2 6 1 0

Annealing (%)

� � � 1 2 4 (B) 4
� +a +b + + + + NS

CLP ss siRNA

1 4 21 7 12 26 4 1

Annealing (%)

(b)

Figure 2: FMRP preferentially facilitates natural miRNA:target RNA complex formation. FMRP mediates miRNA (a) and siRNA (b) an-
nealing to specific RNA targets. (a) 32P-labeled cel-let-7 (left) or hsa-miR-196a-1 (right) was incubated with a specific lin-41 or HOXB8 RNA
target, respectively, in the absence or presence of increasing amounts of FMRP, or BSA at 4 : 1 (protein:RNA) molar ratio. (b) The RNA
strand annealing assays using a single 32P-labeled strand of Dicer (left) or CLP (right) siRNA duplex incubated with a specific or nonspecific
RNA target were performed as in (a). Control hybridization was conducted at 37◦C for 10 mina or 65◦C for 30 minb. RNA complexes were
analyzed by nondenaturing 10% PAGE and autoradiography. B, BSA; NS, nonspecific target.

A recent study reported that the efficiency of the RNAi path-
way may differ between cell types [41]. In order to confirm
our data and to avoid possible misinterpretation due to cell
line-specific RNA silencing responses, we have tested three
additional Fmr1 KO cell lines (STEK 3T3A, STEK 3T6A, and
STEK TpBSVE) and one additional control wild-type cell
line (NIH/3T3). The absence or presence of FMRP in these
cell lines was confirmed by immunoblot analysis. As shown
in Figure 4(c), impairment of shRNA-induced Rluc silencing
was observed in all Fmr1 KO cell lines tested, as compared to
FMRP-expressing control cell lines. Thus, the observed de-
fect of the RNA silencing pathway in Fmr1 KO cell lines is
not specific to a particular cell line clone, thereby confirm-
ing the importance of FMRP for efficient RNA silencing in
mammalian cells.

FMRP is essential for ss siRNA-induced RNA silencing

In order to get further insights into the role of FMRP in RNA
silencing, we compared in Fmr1 KO and wild-type cells the
efficiency of two other RNA silencers (siRNA duplex and ss
antisense siRNA) that are known to enter the endogenous
machinery at levels downstream to that of shRNAs or pre-
miRNAs. Duplex siRNA-induced silencing was efficient in
wild-type cells, with a > 90% inhibition of Rluc activity
at 100 nM, but was defective in Fmr1 KO cells (P < .001)
(Figure 5). These results suggest that the defect associated
with the absence of FMRP is situated at or downstream of
the siRNA duplex entry level into the RNAi pathway.

To characterize this perturbation further, we induced si-
lencing of the Rluc reporter gene by using ss antisense siRNA,

which may enter the RNA silencing machinery downstream
of the strand selection/separation step(s). In wild-type cells,
the extent of Rluc silencing induced by ss antisense Rluc
siRNA reached ∼ 35% at the highest concentration (Figure
5), which was less pronounced than that achieved with the
corresponding duplex, as previously reported [42, 43]. How-
ever, cells lacking FMRP were incompetent at mediating Rluc
silencing induced by ss antisense Rluc siRNA (P < .05). These
data imply the involvement of FMRP in a distal ss siRNP ef-
fector complex in mammalian cells.

The properties of FMRP are shared by its paralog FXR1P

In contrast to the single dFMR1 gene in Drosophila, three
paralogs, namely, FMRP and the fragile X-related proteins
FXR1P and FXR2P, are expressed in mammalian cells [31].
In order to examine if the properties of FMRP are unique
or representative of this gene family, we studied the func-
tion of FXR1P. As illustrated in Figures 6(a) and 6(b), the
miRNA and ss siRNA annealing properties of FXR1P are
similar to those exhibited by FMRP in vitro (compare with
Figures 2(a) and 2(b)). We then studied the importance
of FXR1P in RNA silencing in vivo using Fxr1 KO cells.
Immunoblot analyses confirmed the absence of FXR1P in
these cells (Figure 6(c), compare right lane versus left lane).
As Fmr1 KO cells, Fxr1 KO cells also exhibited, although
to a lesser extent, a compromised RNA silencing response
relative to wild-type cells (Figure 6(d)). These results sug-
gest a common, possibly complementary, role for members
of the fragile X protein family in RNA silencing in mam-
mals.



6 Journal of Biomedicine and Biotechnology

� � � � � � � � 1 2 4 (B) 4FMRP I304N
� � � 1 2 4 (B) 4 � � � � �FMRP
� +a +b + + + + NS + + + + NSTarget

hsa-miR-196a-1

miRNA:
target

miRNA

1 7 14 39 50 72 9 3 57 72 84 9 3

Annealing (%)

(a)

� � � � � � � 1 2 4 4FMRP ΔKHT
� � � 1 2 4 4 � � � �FMRP
� +a +b + + + NS + + + NSTarget

hsa-miR-196a-1

miRNA:
target

miRNA

1 7 10 32 50 54 2 15 14 20 1

Annealing (%)

(b)

Figure 3: FMRP mediates miRNA annealing to specific RNA targets through its KH domains. RNA strand annealing properties of the FMRP
I304N (a) and ΔKHT (b) mutants. (a) 32P-labeled hsa-miR-196a-1 miRNA was incubated with a specific HOXB8 RNA target in the absence
or presence of FMRP or FMRP I304N or with BSA at 4 : 1 (protein:RNA) molar ratio. (b) The RNA strand annealing assays using the FMRP
ΔKHT mutant were performed as in (a). Control hybridization was conducted at 37◦C for 10 mina or 65◦C for 30 minb. RNA complexes
were analyzed by nondenaturing 10% PAGE and autoradiography. B, BSA; NS, nonspecific lin-41 RNA target.

DISCUSSION

A cooperation between Dicer and FMRP, in which FMRP
would act as an acceptor of miRNAs derived from Dicer pro-
cessing of pre-miRNAs, is consistent with a concerted action
in regulating mRNA expression. Independent groups have

shown that target cleavage directed by ss siRNA is supported
in extracts of HeLa cells [42, 43], from which a human RISC
containing ss siRNA was characterized [42]. The presence of
a single siRNA strand in mRNA-cleaving RNP complexes,
previously found to contain dFMR1 [27, 28], has also been
demonstrated in Drosophila S2 cells [44, 45]. Although the
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Figure 4: FMRP is required for efficient RNA silencing in mammalian cells. (a) Expression of FMRP in wild-type and Fmr1 KO (TSV-40)
cells was verified by immunoblot analysis, in parallel with actin. (b) Fmr1 KO (TSV-40) and wild-type (Naı̈ves) cells were cotransfected with
psiSTRIKE encoding Rluc shRNA and psiCHECK reporter construct (n = 6). (c) Fmr1 KO cell lines STEK TSV-40 (n = 2), STEK 3T3A
(n = 2), STEK 3T6A (n = 1), and STEK TpBSVE (n = 2), and wild-type Naı̈ves (n = 6) and NIH/3T3 (n = 5) cell lines were cotransfected
as in (b). Results of Rluc activity were normalized with Fluc activity and expressed as a percentage of Rluc activity obtained with an shRNA
directed against a sequence deleted in the Rluc reporter mRNA. Results were expressed as mean ± SEM and analyzed by analysis of variance
followed by unpaired Student’s t test. ∗∗∗P < .001.

human and fly RNA silencing machineries differ mechanis-
tically and in terms of mediating translational repression or
mRNA cleavage, they may share two features in common: an
ssRNA-containing effector RNP complex and a member of
the fragile X protein family.

Recent findings indicate that siRNA-bound Dicer-2 as-
sembles into RISC in Drosophila [44–46]. Although the as-
sembly of miRNA-bound Dicer into human RISC remains
to be demonstrated, the observations that (i) the product of

human Dicer remains associated with the enzyme [7], that
(ii) Dicer interacts directly with the human RISC component
Ago2 [47], and that (iii) FMRP forms an RNP complex with
Ago2 and miRNAs in mammalian cells [29] are compatible
with this scenario. This assembly scheme may determine the
nature of the RNA species to be loaded into RNPs and confer
specificity to the general RNA binding and chaperone prop-
erties of FMRP operating in miRNA-mediated RNA silenc-
ing. Although a recent study demonstrating the presence of
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Figure 5: FMRP is required for ss siRNA-induced RNA silencing. Fmr1 KO (TSV-40) and wild-type (Naı̈ves) cells were cotransfected with
ss antisense Rluc siRNA (asRluc) or Rluc siRNA duplex (siRluc) and psiCHECK reporter construct (n = 6). Results were expressed as mean
± SEM and analyzed as described in the legend of Figure 4. ∗P < .05; ∗∗P < .01; ∗∗∗P < .001.

Dicer preassembled in a human RISC that can cleave target
RNA by utilization of a pre-miRNA Dicer substrate offers a
slightly different perspective [48].

When assessing cellular responses to silencing RNAs, we
found that FMRP was required for optimal RNA silencing in
mammalian cells, as previously reported in Drosophila [27].
Rluc silencing mediated by Rluc shRNA is likely executed by
an ss siRNP through a reaction in which the strand annealing
properties of FMRP are solicited. This is in agreement with
the fact that FMRP is unable to exchange strands of perfectly
paired siRNA duplexes to target RNAs in vitro (see Supple-
mentary Data, Figure S2) and recent evidences suggesting the
involvement of an ss siRNP in target RNA cleavage mediated
by human RISC [48]. Considering the transposition of our
in vitro annealing assays, using synthetic RNAs and recom-
binant proteins, to RNA silencing in vivo, the caveat has to
be taken into account that the presence of other protein or
nucleic acid components as well as postranslational modifi-
cations may influence the role and function of FMRP.

The relative importance of fragile X proteins in RNA
silencing observed in our study may have been underesti-
mated given that expression of FXR1P and FMRP may have
contributed to alleviate and compensate for their respective
functional loss in Fmr1 and Fxr1 KO cells. A relatively higher
expression levels of FMRP and Dicer in Fxr1 KO fibroblasts
was observed (I Plante and P Provost, unpublished data).
This may be related either to a compensatory mechanism, in
the case of the former, or a dysfunctional miRNA-based reg-
ulation of their expression. The fact that FMRP and FXR1P
exhibit similar activities, conjugated with the differential tis-
sue expression patterns of the fragile X proteins observed in
mammals, suggests that RNP complexes of various composi-
tion may be functionally redundant.

A fragile X patient was found to carry a single substi-
tution (I304N) in the Fmr1 gene product FMRP. We ob-
served that recombinant FMRP I304N mutant protein exhib-
ited miRNA strand annealing properties comparable to the
wild-type protein. In contrast, the ss nucleic acid binding KH
domains appear to be required for the miRNA annealing ac-
tivity of FMRP. However, neither of these two mutants, that
is, FMRP ΔKHT [30] and FMRP I304N [49], cosedimented
with polyribosomes, thereby dissociating the polyribosomal
association and miRNA annealing activity of FMRP. These
observations suggest that the phenotype observed in fragile
X patients may be related either to the loss of its chaperone
activity [32] or the mislocalization of a still active mutant
protein, as demonstrated for the FMRP I304N mutant [49].

The hypothesis that the subset of mRNAs bound by
FMRP may be subjected to miRNA regulation, as proposed
by Jin et al [50], is attractive. FMRP may recognize its tar-
get mRNAs through recognition of the G quartet structures
[51, 52] and/or via the kissing complex motifs [53]. The si-
lencing state of the bound mRNA might then be determined
by a specific regulatory miRNA. The specificity of miRNA-
based translational regulation may thus reside in both the se-
quence of the miRNA as well as the recognition of selected
mRNA targets by FMRP. In turn, the presence and impor-
tance of FMRP in effector miRNP complexes may explain
why FMRP is found associated with so many mRNAs. It will
be interesting to see what proportion of the several hundreds
of mRNAs bound by FMRP [54, 55] are experimentally vali-
dated and physiologically relevant miRNA targets.

The biological significance of pre-miRNA binding by
FMRP (I Plante and P Provost, unpublished data), an event
that would occur upstream of Dicer, is unclear. However, it
is relevant to note that FMRP contains a nuclear localization
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Figure 6: The paralog FXR1P shares the RNA strand annealing properties of FMRP. (a)-(b) RNA strand annealing assays with FXR1P were
performed and analyzed as described in the legend of Figure 2. (c) Expression of FXR1P in wild-type and Fxr1 KO cells was verified by
immunoblot analysis, in parallel with actin. (D) Fxr1 KO and wild-type (Naı̈ves) cells were cotransfected with psiSTRIKE encoding Rluc
shRNA and psiCHECK reporter construct (n = 6). Results were expressed as mean ± SEM and analyzed as described in the legend of
Figure 4. ∗P < .05; ∗∗P < .01.

signal (NLS) as well as a nuclear export signal (NES) [56].
These sequences appear to be functional, as FMRP was
subsequently characterized as a nucleocytoplasmic shuttling
protein [57]. Together, these observations raise the possi-
bility that FMRP may play a role in nuclear export of pre-
miRNA. The issues as to whether FMRP can be found in pro-
cessing bodies mediating translation repression, as suggested
by trapping of mRNAs by FMRP into cytoplasmic granules
[24], or accompanies miRNP complexes involved in other
cellular processes requiring mRNA repression, such as trans-
fer of mRNAs from the cell body to dendrites of neurons
[58], will also need to be addressed.

Several findings suggest the possible presence of Dicer
in FMRP-containing complexes present in the translation

machinery: (i) fractionation of competent RISC with ribo-
somes [10]; (ii) the demonstration that Dicer is part of the
human RISC [48]; (iii) the documented existence of polyri-
bosomal miRNAs [59, 60]; and (iv) transcripts engaged in
translation regulation are sensitive to RNAi [61]. Our find-
ings provide yet another functional link between the initia-
tion and effector steps of RNA silencing.

FMRP may function in RNA silencing as a downstream
effector of Dicer and miRNA assembler on target mRNAs.
FMRP is particularly abundant in the brain due to its high
expression in neurons [34, 62], and the extent of neu-
ronal miRNA-mediated mRNA regulation, as deduced by the
number and diversity of miRNAs cloned from mammalian
neurons [60], appears to be important. A suboptimal miRNA
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assembly on their natural mRNA targets, resulting from the
lack of FMRP expression, may contribute to the molecular
basis for the fragile X syndrome, thereby suggesting a causal
link between dysfunction of the RNA silencing machinery
and a human disease.

ABBREVIATIONS

EMSA electrophoretic mobility shift assay
FMRP fragile X mental retardation protein
KH K-homology
KO knockout
miRNA microRNA
pre-miRNA miRNA precursor
pri-miRNA primary miRNA
RISC RNA-induced silencing complex
RNAi RNA interference
RNase ribonuclease
RNP ribonucleoprotein
sh short hairpin
siRNA small interfering RNA
ss single-stranded
FXR1P fragile X-related protein 1
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MicroRNA (miRNA)-guided messenger RNA (mRNA) translational repression is believed to be mediated by effector miRNA-
containing ribonucleoprotein (miRNP) complexes harboring fragile X mental retardation protein (FMRP). Recent studies docu-
mented the nucleic acid chaperone properties of FMRP and characterized its role and importance in RNA silencing in mammalian
cells. We propose a model in which FMRP could facilitate miRNA assembly on target mRNAs in a process involving recognition
of G quartet structures. Functioning within a duplex miRNP, FMRP may also mediate mRNA targeting through a strand exchange
mechanism, in which the miRNA∗ of the duplex is swapped for the mRNA. Furthermore, FMRP may contribute to the relief of
miRNA-guided mRNA repression through a reverse strand exchange reaction, possibly initiated by a specific cellular signal, that
would liberate the mRNA for translation. Suboptimal utilization of miRNAs may thus account for some of the molecular defects
in patients with the fragile X syndrome.

Copyright © 2006 I. Plante and P. Provost. This is an open access article distributed under the Creative Commons Attribution
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THE miRNA-GUIDED RNA SILENCING
MACHINERY AND DISEASES

MicroRNAs (miRNAs) are small ∼21- to 24-nucleotide (nt)
RNAs that mediate messenger RNA (mRNA) translational
repression through recognition of specific partially comple-
mentary binding sites usually located in the 3′ nontranslated
region (NTR). They are generated by successive process-
ing of stem-loop structured primary miRNAs (pri-miRNAs)
and miRNA precursors (pre-miRNAs) by the ribonucleases
(RNases) III Drosha [1] and Dicer [2–4], respectively, as re-
viewed in this issue by Ouellet et al [5]. Encoded by 1–5% of
the genome in eukaryotes, miRNAs may regulate more than
30% of the genes in humans [6, 7]!

Unveiling the complexity of the process, recent studies
have identified new protein components involved in miRNA-
guided RNA silencing, such as DiGeorge syndrome critical
region 8 (DGCR8) [8–11], transactivating response (TAR)
RNA-binding protein (TRBP) [12–15], and fragile X men-
tal retardation protein (FMRP) [16, 17]. Intriguingly, these
accessory proteins, which are required for optimal function-
ing of the pathway, are related to specific human diseases.

Thus, in addition to the emerging causal links between de-
fective miRNAs and human diseases, as reviewed in Ouellet
et al [5] and Perron et al [18], some genetic disorders might
also be related to malfunctioning of the machinery involved
in miRNA biogenesis and function.

DGCR8 was identified in Drosha immunoprecipitates
and found to be required for optimal pri-miRNA process-
ing [10]. Both acting within the Microprocessor complex
[10], DGCR8 has been proposed to guide Drosha in sub-
strate recognition [11]. Clinically, patients carrying a com-
mon monoallelic deletion affecting the DGCR8 gene dis-
play phenotypes defined as the DiGeorge syndrome, with
manifestations such as congenital heart defects, characteristic
facial appearance, immunodeficiency, and behavioral prob-
lems [19, 20]. The possibility that the DiGeorge syndrome is
caused by a perturbed Drosha function and/or pri-miRNA
processing is attractive, but remains to be established.

As for TRBP, it was identified by proteomic analysis of
Dicer immunoprecipitates and reported to assist Dicer func-
tion within a pre-miRNA processing complex [12, 13]. Ini-
tially identified in 1991, TRBP was characterized as a cellu-
lar factor acting in synergy with the viral Tat protein in the
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transactivation of the long terminal repeat of human im-
munodeficiency virus type 1 (HIV-1), leading to viral gene
transcription [21]. TRBP may thus play a dual role in HIV-1
pathogenesis and RNA silencing, as recently discussed [22].

Two independent groups simultaneously reported a pos-
sible relationship between the Drosophila FMRP ortholog
(dFMR1) and RNA interference (RNAi). dFMR1 was found
to be associated with the effector RNA-induced silencing
complex (RISC) as well as miRNAs in Drosophila S2 cells
[16, 17]. In mammalian cells, FMRP was reported to be part
of a ribonucleoprotein (RNP) complex with Argonaute 2
(Ago2) and miRNAs [23]. These findings suggest a possible
link between the loss of FMRP function in miRNA-guided
RNA silencing and the fragile X syndrome.

FMRP AS A REGULATOR OF TRANSLATION

In humans, the FMR1 (fragile mental retardation 1) gene,
which spans ∼38 kb in the q27.3 region located at the tip of
the X chromosome long arm, encodes an mRNA of ∼3.9 kb
composed of a ∼0.2 kb 5′NTR, a 1.9 kb coding region, and a
1.8 kb 3′NTR [24]. Loss of the FMR1 gene product FMRP is
the etiologic factor of the fragile X syndrome, the most fre-
quent cause of inherited mental retardation [25, 26]. It affects
about 1 in 4000 males, who will develop in almost all cases
moderate to severe mental retardation (IQ ≤ 50), and about
1 in 7000 females, who present in general a milder mental
handicap [24].

FMRP has been detected in practically every tissue in
humans and rodents, with high levels in the brain, testes,
esophagus, lung, and kidney [27]. The ability of FMRP to
bind RNA, which was first suggested by the presence of K-
homology (KH) domains and an RGG box found in various
RNA-binding proteins, was later confirmed experimentally
[28, 29]. FMRP is associated with translating polyribosomes
in neuronal cells [30, 31] and acts, at high levels, as a negative
regulator of translation in vitro and in vivo [32–34].

Experimental studies have documented the involvement
of FMRP in translational control. When preincubated with
mRNAs, FMRP leads to inhibition of translational inhibi-
tion both in vitro in the rabbit reticulocyte lysate system and
in vivo after microinjection in the Xenopus oocytes [32, 33].
In Drosophila, the dFMR1 protein was reported to down-
regulate expression of the futsch protein [35]. Expression of
high levels of FMRP results in repression of reporter genes in
transfected cultured mammalian cells [34]. Although FMRP
has been shown to interact with mRNAs and to inhibit trans-
lation, its exact role and function are unclear.

More recently, using the recombinant protein, Gabus et
al [36] have shown that FMRP possesses nucleic acid chaper-
one properties, shedding new light on the principal mecha-
nism by which FMRP could regulate gene expression. They
observed that FMRP could either anneal or transfer DNA
strands of TAR that are perfectly complementary in vitro. Ex-
amining these activities in a hammerhead ribozyme model
system, the authors noted that FMRP enhanced ribozyme
cleavage of an RNA substrate. The KH motifs and RGG box
were found to be important for optimal chaperone activity
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Figure 1: FMRP can assemble and exchange strands of RNAs in-
volved in miRNA-guided RNA silencing. Recombinant FMRP can
(1) assemble an miRNA to its specific mRNA target, or (2) use
an miRNA:miRNA∗ duplex for mRNA targeting through an RNA
strand exchange reaction, which releases the miRNA∗.

[36]. These findings suggest that FMRP may regulate trans-
lation by acting on the structural status of mRNAs.

Are these nucleic acid chaperone properties of FMRP
compatible with, and relevant to, a specific cellular context or
regulatory process, such as miRNA-guided RNA silencing?

A ROLE FOR FMRP IN miRNA-GUIDED RNA SILENCING?

In Drosophila S2 cells, mRNA-cleaving RNP complexes have
been found to contain dFMR1 [16, 17] as well as a sin-
gle siRNA strand [37, 38]. Independent groups have shown
that target cleavage directed by single-stranded (ss) siRNAs
is supported in extracts of HeLa cells [39, 40], from which a
human RISC containing ss siRNAs was characterized [40].
In mammalian cells, FMRP was reported to be part of an
miRNA-containing RNP (miRNP) complex containing Ago2
[23]. Thus, although the mammalian and fly RNA-silencing
machineries differ substantially, they may share two features
in common: an RNP complex containing an ssRNA species
and a member of the fragile X family of proteins.

How miRNAs and ss siRNAs are used by the effector RNP
complexes for recognition and targeting of regulatable mR-
NAs remains poorly understood. However, rather than being
the result of a passive hybridization reaction, formation of
an miRNA:mRNA or ss siRNA:mRNA transition complex is
more likely to be facilitated by a component of the miRNP
or siRNP complexes. Capable of promoting RNA folding
and hybridization, FMRP represents the most interesting and
valuable protein candidate.

FMRP FACILITATES miRNA ASSEMBLY ON
TARGET mRNA

We verified this possibility and showed that human FMRP
can act as an miRNA acceptor protein for Dicer and facili-
tate assembly of miRNAs on specific target RNA sequences
(see Figures 1 and 2) [41]. In these assays, FMRP exhibited a
preference for assembling imperfectly paired miRNA:mRNA
duplexes, which is the most prevalent situation encountered
in mammals. The miRNA assembler property of FMRP was
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Figure 2: Proposed roles and functional regulation of FMRP in miRNA-guided RNA silencing. (1) mRNA targeting by mature miRNPs
may involve the concerted assembly of the miRNAs to their binding sites with the recognition of G quartet structures in specific mRNAs
by FMRP (in purple). Acting within miRNPs, FMRP may play a key role by relieving translational repression through disassembly of the
miRNA:mRNA complexes. mRNAs repressed by miRNPs could thus be reutilized and translated into proteins. This process may be triggered
by a cellular signal, possibly a dephosphorylation event. A variant of that phenomenon would have a complementary RNA, like the miRNA∗,
involved in a strand exchange reaction making the mRNA available for translation, while recycling the miRNP into a duplex miRNA-
containing RNP. (2) In the absence of FMRP, miRNA assembly on target mRNAs may be suboptimal. Moreover, FMRP-deficient miRNPs
may be less responsive to signal-induced miRNA:mRNA disassembly, resulting in a suboptimal dissociation from the target mRNAs. In
certain tissues where it is expressed, the FXR1P paralog (in orange) may functionally complement, and possibly compensate for, the absence
or loss of FMRP expression.

abrogated upon deletion of its RNA-binding KH domains
[41]. In line with these findings, reporter gene silencing as-
says supported the involvement of FMRP in an ss siRNA-
containing RNP (siRNP) effector complex and revealed its
requirement for optimal RNAi in cultured mammalian cells
[41]. These data suggest that FMRP may function as the
miRNA assembler in RNA silencing.

FMRP CAN EXCHANGE miRNA∗/mRNA STRANDS

Recently, native gel electrophoresis unveiled different RNP
complexes containing siRNA duplexes in Drosophila [37, 38],
leading the authors to propose a siRNP assembly scheme
compatible with conversion of double-stranded (ds) siRNP
into ss siRNP. mRNA cleavage activity could only be corre-
lated with the latter complex [37]. siRNA-induced mRNA
cleavage and miRNA-guided translational repression may be
mediated by different RNP complexes and differ mechanis-
tically. If ss siRNPs induce mRNA cleavage, what about the
complexes that mediate inhibition of translation? Do they
contain ssRNA or dsRNA, such as miRNA duplexes? In fact,
duplex RNA-containing RNPs may be more than precur-
sors of ssRNA-containing RNPs. They may be functionally
important in RNA silencing. Whether they are involved in

miRNA-guided translational repression has not been ad-
dressed so far.

However, this would require resolution of the “three-
strand” enigma, posed by targeting of an ssRNA by
dsRNA species. In that context, formation of a specific
miRNA:mRNA transition complex from a miRNA:miRNA∗

duplex and its target RNA would appear as obligatory. In-
terestingly, human FMRP can do just that! We observed
that FMRP can accept and utilize miRNA:miRNA∗ du-
plexes, generated upon Dicer processing of pre-miRNAs,
to favor miRNA:mRNA complex formation through an
miRNA∗/mRNA strand exchange reaction [41], as illus-
trated in Figure 1. Together, these observations suggest that
FMRP could facilitate mRNA targeting by acting (i) as
an miRNA assembler in ssRNA-containing RNPs, and (ii)
as an miRNA∗/mRNA strand exchanger in duplex RNA-
containing RNP effector complexes.

IS FMRP INVOLVED IN RELIEVING mRNA REPRESSION?

Reversibility is a fundamental difference between siRNP-
mediated mRNA cleavage or miRNP-guided translational
repression. If mRNA structural and functional integrity
is preserved, silenced mRNAs could be translated again,
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whereas degraded mRNAs could not. In Drosophila, the RISC
mediates cleavage of the mRNA target, and is presumably
regenerated, allowing for repeated cycles of mRNA inacti-
vation and amplification of the phenomenon [43]. In con-
trast to the most prevalent situation in flies and plants,
mammalian mRNAs are mainly and primarily subjected to
miRNP-induced translation repression prior to their reloca-
tion to specific cytoplasmic foci, referred to as processing (P-
bodies) [44, 45] or GW182-containing bodies (GW-bodies)
[46], where mRNA degradation occurs. This sequence of
events is supported by a recent study revealing that mRNAs
containing partial miRNA complementary sites are eventu-
ally targeted for degradation in vivo, as exemplified by the
lin-41 mRNA:let-7 miRNA tandem [47].

Do P-bodies represent the unique and ultimate destina-
tion of miRNA-repressed cellular mRNAs? Can these mRNAs
be prevented from reaching their final destination? Is there a
defined structural or functional point of no return, ahead of
which mRNAs could be redirected towards the translation
machinery? Most interestingly, can mRNAs escape and re-
turn “safe” from P-bodies and be used again for protein syn-
thesis? In these cases, the involvement of a protein having the
ability to shuttle between cellular compartments may be ex-
pected.

miRNPs may be perceived as translational “locks” and
contribute to preserve mRNA structural and functional in-
tegrity until it needs to be translated again. Relief of the
miRNA-guided translational repression may thus represent a
posttranscriptional control of gene expression relevant to sit-
uations where specific proteins need to be expressed within
minutes under specific circumstances, such as conditions
of cellular stress. The exact mechanism and duration of
miRNA-induced repression of a given mRNA remain unclear
at this point. As well, no information is currently available as
to how long the mRNA can be stored when complexed with
miRNPs. However, if miRNA repression of mRNAs can be
relieved, it would likely involve a coordinated and regulated
disassembly of miRNA:mRNA complexes, a process probably
executed by a component of miRNPs, such as FMRP.

FMRP MAY ACT AS A MOLECULAR SWITCH IN
miRNA-GUIDED RNA SILENCING

How could miRNA repression be relieved? It may be ini-
tiated upon destabilization of miRNP binding to the re-
pressed mRNA, induced by unknown cellular signals or fac-
tors, leading to dissociation of the miRNA:mRNA complex
(see Figure 2). Whether differences in strand complementar-
ity of the complexes can contribute or suffice to drive this
reaction backward requires further investigation.

Alternatively, the RNA strand exchange properties of
FMRP may participate to the relieving of miRNA repres-
sion, in a reaction possibly involving the miRNA∗, whose fate
and function remain obscur. A recent study by Matranga et
al [48] showed that the siRNA passenger strand of the du-
plex is cleaved by Ago2 in Drosophila embryo lysates. How-
ever, the authors showed that passenger-strand cleavage is
not important for the incorporation of miRNAs that derive

from mismatched duplexes [48]. These observations raise the
following question: do miRNAs∗ play a significant role in
RNA silencing?

The possibility that the miRNA∗ could be used by FMRP
like a spare RNA for the mRNA to be relieved from the
miRNA repression, as illustrated in Figure 2, is plausible
and attractive. Characterized as a chaperone [36], FMRP
could bind to one or more nucleic acid molecules and pro-
mote the formation of the most stable structure, upon which
its continued binding is no longer required to maintain it
[36, 49, 50]. The results of our previous study [41] sug-
gest that the miRNA:mRNA complex is more stable than the
miRNA:miRNA∗ duplex. We hypothesize that unknown cel-
lular signals or factors may assist FMRP in executing a reverse
strand exchange by lowering the required thermodynamic
threshold. The miRNA∗ may further facilitate that process by
providing an appropriate sequence-specific RNA template.
The reaction would liberate the mRNA for translation and
lead to reconstitution of a duplex miRNP, theoretically avail-
able for subsequent rounds of mRNA regulation events.

A ROLE FOR FMRP DEPHOSPHORYLATION IN
RNA SILENCING?

FMRP may function as a molecular device regulating mRNA
translation by allowing optimal miRNA assembly or dis-
assembly in response to specific cellular signals or fac-
tors. Posttranslational modifications, such as phosphoryla-
tion/dephosphorylation events, may regulate FMRP func-
tion in RNA silencing, allowing it, for example, to switch
between the forward (on) and reverse (off) modes of RNA
strand exchange. Drosophila FMR1 is phosphorylated by ca-
sein kinase II at serine 406 (Ser406), which is highly con-
served among fragile X family members from several species
[51]. This residue is located in close proximity to the RGG
box and corresponds to Ser499 [52] or Ser500 [51] (de-
pending on amino acid numbering) in human FMRP, which
was also found to be phosphorylated in vivo. Phosphoryla-
tion upregulated dFMR1 oligomerization, thereby enhancing
the RNA-binding properties of the protein [51]. In contrast
to the Drosophila ortholog, the phosphorylation status of
mammalian FMRP did not influence its association with spe-
cific mRNAs in vivo [52]. The authors, however, found that
unphosphorylated FMRP is associated with actively trans-
lating polyribosomes, while a fraction of phosphorylated
FMRP is associated with apparently stalled polyribosomes
[52]. These data suggest that the release of FMRP-induced
translational suppression may involve a dephosphorylation
signal [52].

FMRP MAY BE A KEY DETERMINANT OF
miRNA:mRNA SPECIFICITY

The presence and importance of FMRP in effector miRNP
complexes may explain why FMRP is found associated with
several hundreds of different mRNAs [53]. It will be interest-
ing to see what proportion of these mRNAs bound by FMRP
[53, 54] is experimentally validated and physiologically
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Figure 3: A potential role for suboptimal miRNA:mRNA assembly and/or disassembly in the etiology of the fragile X syndrome. (1) miRNA
assembly on target mRNAs may be optimal when facilitated by FMRP, which may also be required for optimal relief of miRNA-guided
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relevant miRNA targets. Using a bioinformatic approach,
John et al [42] observed a strong enrichment of predicted
targets in mRNAs associated with FMRP in mammals. FMRP
may thus be a key determinant of miRNA:mRNA specificity.
This is consistent with the hypothesis that miRNAs act as
sequence-specific adaptors in the interaction of RNPs with
translationally regulated mRNAs [42]. This interaction may
be dictated, on the one hand, by the nucleotide sequence of
the miRNA and, on the other hand, by the presence of G
quartet structures [55] and/or kissing complex motifs [56]
in the mRNA. Therefore, it may not be a coincidence that
the FMR1 gene is highly conserved among vertebrates [27],
where mRNAs are primarily subjected to miRNP-induced
translation repression.

A MOLECULAR BASIS OF THE FRAGILE X SYNDROME?

The biochemical properties of FMRP make it a prime can-
didate for a role in mediating and relieving miRNA-guided
translational repression. We hypothesize that the absence of
FMRP expression may result in suboptimal miRNA assem-
bly on, and/or disassembly from, their natural mRNA tar-
gets, leading to a perturbed protein expression profile (see
Figure 3). This may be expected given the requirement of
FMRP for efficient small RNA-guided gene regulation [41].

The FMRP paralog fragile X-related protein 1 (FXR1P)
exhibited miRNA annealing and strand exchange prop-
erties similar to FMRP [41]. These data suggest a con-
served function for fragile X proteins in RNA silencing and
open the possibility that FXR1P may partly complement or

compensate for the absence or loss of FMRP expression (see
Figure 2).

The next challenge will be to ascertain the ability of
FMRP to assemble and exchange miRNA strands in a cellular
context. In fact, several additional issues need to be addressed
in order to validate the proposed hypothesis. For instance,
are these properties of FMRP preserved within miRNPs in
vivo? What are the cellular proteins and/or cofactors assist-
ing FMRP function in vivo? Is FMRP able to relieve miRNA-
guided mRNA repression? If so, what is the mechanistic of
that process, that is, the sequence of events, nature of the
components involved and/or signal(s) required? When and
where in the cell do these events take place? Elucidation of
the exact role and function of FMRP in miRNA-guided gene
regulation may hold key to determining the molecular ba-
sis of the fragile X syndrome and establishing a causal link
between dysfunction of the RNA-silencing machinery and a
human genetic disease.
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INTRODUCTION

The accumulation of multiple genetic alterations that af-
fect the activity and/or expression of key proteins confers
the proliferative and invasive characteristics of growth to
cancer cells. Chromosomal deletions, rearrangements, and
gene mutations are selected during cancer progression be-
cause these defect(s) lead to altered protein signalling net-
works and generate a survival advantage for the cancer cell
[1].

The sequencing of the human genome, coupled to the
availability of novel techniques as the high throughput
screens and microarrays analysis, in less than a decade, has
led to a vast accumulation of information about genes that
are aberrantly regulated in cancers and has generated the re-
alistic hope of identifying, at the molecular level, the funda-
mental processes that cause transformation from normal cell
growth to malignancy.

The implications of this knowledge are profound because
a detailed understanding of the complex interactions that oc-
cur at the genetic and protein levels provides attractive tar-
gets for rationally designing new drugs for new prevention
and treatment approaches. Indeed, a major challenge of can-
cer research studies is to distinguish individuals at high risk
of developing cancer thus to develop improved strategies for
earlier diagnosis and more effective treatment with minimal
side effects.

In the recent few years the increasing understanding on
the function of small noncoding RNAs (ncRNAs) has as
well generated a great enthusiasm because these molecules
may provide an obvious potential use as powerful new tools
in cancer medicine. Under the definition of ncRNAs falls
a broad range of regulatory RNA molecules, such as ri-
bozymes, antisense, interfering small RNAs or aptamers, that
are either naturally found in several cell types or are artifi-
cially designed to target gene expression or protein function
(Figure 1). The advantage of these biomolecules over other
biochemical or chemical substances employed up to now in-
clude high potency and specificity for the target, use of in
vitro techniques for their production, that considerably re-
duce production costs as well as the need for animal testing
and that markedly increase specificities and quality assurance
in diagnostic and therapeutic applications.

In this review, we will examine recent work in the
possible applications of artificial small ncRNAs as versa-
tile biomolecules to identify and validate cancer targets and
as inhibitors or tracers in cancer medicine. The advantages
and drawbacks of the competing methodologies will be dis-
cussed here.

A HETEROGENEOUS FAMILY OF RNA-BASED TOOLS

Small noncoding RNAs elicit at least four distinct types of
responses that trigger specific gene inactivation, including
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Figure 1: Schematic representation of the mode of action of ap-
tamers compared to other ncRNAs. Antisense, ribozymes, siRNAs,
miRNAs recognise the target nucleic acid by complementary base
pairing and, by activating an intracellular molecular machinery, im-
pair the expression of the corresponding protein. Aptamers act by
directly binding the target without interfering with its expression.

destruction of homologous mRNA, inhibition of translation,
de novo methylation of genomic regions that can block tran-
scription of target genes, and chromosomal rearrangement.

Among small RNAs, the microRNAs (miRNAs) are 21-
base-long RNA molecules that regulate gene expression. In
mammalians, miRNAs act by imperfectly base-pairing pre-
dominantly within the 3′ untranslated region of target mes-
senger RNAs and inhibiting protein translation [2]. Because
of their importance in the regulation of gene expression miR-
NAs have been implicated in the modulation of several phys-
iological and pathological cellular processes.

In RNA silencing mediated by siRNAs the sequence-
specific gene inhibition is initiated by small RNA duplexes
that cause the destruction of complementary target messen-
ger RNA.

Aptamers are single-stranded oligonucleotides whose in-
hibiting function relies on a completely different mechanism
with respect to miRNA and siRNA. These molecules are gen-
erated by an in vitro evolutionary selection-amplification
scheme, named SELEX (systematic evolution of ligands by
exponential enrichment) [3, 4]. Because they bind their tar-
get molecules at high affinity and specificity, displaying dis-
sociation constants in the low picomolar to low nanomo-
lar range, aptamers are considered as attractive therapeutic
agents that rival antibodies.

As shown in Figure 2, the starting point for the genera-
tion of an aptamer is the synthesis of a nucleic acid library
(RNA, DNA, or modified RNA) of large sequence complex-
ity followed by the selection for oligonucleotides able to bind
with high affinity and specificity to a target molecule. Ran-
domisation of a synthetic sequence stretch from 22 up to 100
nucleotides in length has been used to create an enormous di-
versity of possible sequences (4N different molecules) which
in consequence generate a vast array of different conforma-
tions with different binding properties. The SELEX method
includes the following steps: (i) incubating the library with

the target molecule under conditions favourable for binding;
(ii) partitioning: molecules that, under the conditions em-
ployed, adopt conformations that permit binding to a spe-
cific target are then partitioned from other sequences; (iii)
dissociating the nucleic acid-protein complexes; and (iv) am-
plifying of the nucleic acids pool to generate a library of re-
duced complexity enriched in sequences that bind to the tar-
get. This library will be then used as starting pool for the
next round of selection. After reiterating these steps for a
variable number of cycles, the resulting oligonucleotides are
subjected to DNA sequencing. The sequences correspond-
ing to the initially variable region of the library are screened
for conserved sequences and structural elements indicative
of potential binding sites and subsequently tested for their
ability to bind specifically to the target molecule. This selec-
tion scheme works since single-stranded nucleic acids fold up
into unique 3D shapes in a similar manner to proteins, each
structure being unique and dictated by the sequence of the
nucleic acid.

By starting with 1015 random DNA sequences (thus, to a
first approximation, 1015 specific shapes), it is possible to se-
lect (through 10–15 rounds of selection-amplification) spe-
cific binding reagents for virtually each targeted human pro-
tein.

UNDERSTANDING THE MOLECULAR
MECHANISMS OF CANCER

Determining gene function

Determining by reverse genetics the function and the bio-
logical relevance of a given protein for a particular cancer
type is a critical step to validate the most promising molec-
ular targets for drug development. The possible strategies
that are usually used to understand the function of a spe-
cific gene in a cell are either based on techniques that impair
the expression of the candidate target gene or rely on the use
of products that act by specifically interfering or inhibiting
the function but not the expression of the final product. In
both cases the resulting phenotype turns out as a powerful
source of information on the function of the target protein
(Figure 1).

(a) Gene silencing: the generation of null mutants by ho-
mologous recombination of a given gene in a cell or in an
entire organism has been extensively used to create models
of several human diseases, including cancer. Using this tech-
nique (named gene knockout), in which the gene of inter-
est is irreversibly disrupted and the synthesis of the encoded
products abolished, allowed to make an incredible and rapid
progress in our understanding of the function of several
oncogenes and tumor-suppressor genes. However, trigger-
ing gene silencing by homozygous gene ablation is laborious
and expensive and thus rather inappropriate for a large-scale
screening. An alternative strategy has been recently devel-
oped to determine the roles of particular genes in cancer that
is based on the use of ncRNAs for gene silencing. The RNA
interference (RNAi) has proven to be a precious approach
that permits loss-of-function phenotypic screens in mam-
malian somatic cells or in whole animals at high specificity.
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Indeed, in the last few years the sequencing of the entire hu-
man genome coupled to advancements in high-throughput
oligonucleotide synthesis and better prediction of active se-
quences is allowing the design of RNAi constructs against vir-
tually any transcript. Furthermore, in contrast to the knock-
out approach, the RNA interference-based strategies achieve
loss of function phenotypes without the loss of genomic in-
formation of the targeted gene (recently reviewed in 5). This
leaves the possibility to restore the exact expression of the en-
dogenous gene once the RNAi vector is silenced or removed.

(b) Functional inhibitors: a major drawback to gain in-
formation on the function of a given protein by impairing
its expression is that proteins and enzymes involved in cru-
cial functions, such as cell growth and differentiation, fre-
quently act in concert with various partners thus forming
large stable complexes that dictate its function in the cell en-
vironment. Therefore, depleting a single key protein from
the cell will change, or even disrupt, at the same time one
or more of these multiprotein complexes. As a consequence,
the resulting phenotype will be produced by the simultane-
ous impairment of several protein functions and the under-
standing stays frequently ambiguous. Furthermore, silencing
a gene gives no information about which region of the puta-
tive target protein is important for its function.

To overcome these disadvantages, additional approaches
have been developed that enable to interfere with a given

protein function. Indeed, using monoclonal antibodies, pep-
tides, and small molecules to directly target the protein in
a drug-like manner has the advantage to interfere with the
protein activity without depleting the protein itself and thus
with low destabilisation of the proteomic status of the cell.
During the past decade, as excellent alternatives to these in-
hibitors, the RNA-based aptamers have proven to be highly
selective ligands and efficient inhibitors of a wide variety of
proteins implicated in cancer. Aptamers have a larger sur-
face area as compared to small interfering compounds thus
presenting more points of contact with the target protein.
Furthermore, these molecules have been shown either to in-
hibit their target by competitive mechanisms or to interfere
with its conformation by noncompetitive mechanisms [6].
The ability to select aptamers directed against purified sol-
uble targets has recently incredibly progressed thanks to the
automation of part of the in vitro selection processes so that
several targets can be isolated in parallel strongly reducing
the time required for the selection. Aptamers for protein
targets of biomedical interest have been reported and many
of them are actually under clinical trials for cancer treat-
ment (Table 1). In particular, Food and Drug Administra-
tion has recently approved one aptamer developed by Eye-
tech (MacugenTM) that inhibits the human vascular en-
dothelial growth factor 165 (VEGF165), for the treatment
of age-related macular degeneration [7]. Since an obvious
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Table 1: Therapeutic aptamers in cancer treatment.

Aptamer
Aptamer activity

The rapeutic application
in vitro in vivo

Macugen Inhibition of VEGF165
Inhibition of the VEGF-induced

vascular permeability
Approved by FDA for treatment of age-related

macular degeneration

ProMune
Agonist for toll-like
receptor 9 (TLR 9)

Activate the immune system
through TLR 9 against cancer

Phase 2: melanoma

Phase 1: renal cell carcinoma;

non- Hodgkin’s lymphoma; cutaneous T-cell

lymphoma, non-small-cell lung cancer

Agro 100 Binding to nucleolin

Antiproliferative activity in a broad Phase 1
Phase 2 launched in 2005

for advanced solid malignancies
array of tumor cell types; enhancement

of chemotherapeutic agents effects

HYB2055 Agonist for TLR 9

Antitumor activity in nude mouse

Phase 2 for advanced solid malignancies
xenografts with colon, breast,

lung cancer, and glioma cell lines

VaxImmune
Agonist for TLR 9

Elicits a powerful immune response
Phase 2 for several different cancer indications

adjuvant against infectious disease and cancers

potential therapeutic use for aptamers to VEGF is in can-
cer, this aptamer was tested in a mouse model of nephrob-
lastoma [8]. Renal histopathology revealed an 84% reduc-
tion in tumor weight in the aptamer-treated kidneys com-
pared to the controls. Furthermore, lung metastases were
seen in 20% of the aptamer-treated mice compared to 60%
of control animals. This same aptamer was also tested in a
murine model of neuroblastoma, where it resulted in 53%
reduction in tumor growth compared to control [9]. An-
other aptamer that inhibits receptor tyrosine kinase activa-
tion by binding to the corresponding ligand is the aptamer
against platelet-derived growth factor (PDGF). It has been
successfully used in vivo in animal models of cancer due to
its high specificity in the fact that it suppresses PDGF B-chain
(PDGF-BB) but not the epidermal- or fibroblast-growth-
factor-2-induced proliferation [10]. Furthermore, the SE-
LEX methodology has been used to identify high-affinity
2’-aminopyrimidine RNA ligands to the potent angiogenic
factor, the basic fibroblast growth factor (bFGF). In cell
culture, these aptamers inhibited bFGF binding to both
low-affinity sites and high-affinity sites on FGF receptor-1
[11].

Even though several aptamers that inhibit receptor ty-
rosine kinases by binding to their soluble ligands have now
been selected, targeting the receptor itself that is a large in-
soluble glycosylated protein has only been recently addressed
[12]. To this aim we developed a general protocol of differ-
ential whole-cell SELEX to target cell surface bound proteins
in their natural physiological environment. We have evolved
aptamers able to inhibit an active mutant of the receptor ty-
rosine kinase, Ret, by targeting its extracellular domain in
which such activating mutation is located. By this method,
the selection procedure was performed by using as target
the RETC634Y mutant expressed on PC12 cells. A library
of 2′-fluoro pyrimidine RNAs was incubated with parental
PC12 cells to remove aptamers that bind nonspecifically to

the cell surface. To select for aptamers that specifically bound
the mutant receptor, the supernatant was incubated with
PC12–RETC634Y cells. Unbound sequences were washed off,
the whole process reiterated 16 times, and the bound win-
ning sequences cloned. The resulting aptamers did not bind
to a recombinant EC C634Y RET fragment highlighting the
strength of the whole-cell approach. Among the selected ap-
tamers, the best inhibitor (D4) binds specifically to the Ret
receptor tyrosine kinase and blocks its downstream signalling
effects on cell differentiation and transformation [12]. The
results suggest that the differential whole-cell SELEX ap-
proach will be useful in the isolation of other lead therapeutic
compounds and diagnostic cell-surface markers. Aptamers
that have high affinity and specificity for tissues have also
been produced, demonstrating that complex targets, includ-
ing tumour tissue, are compatible with the SELEX process.
“Tissue SELEX” methodology could be favourable when the
precise molecular target is unknown but the target is, for ex-
ample, a specific type of cells. A fluorescence based SELEX-
procedure was applied against transformed endothelial cells
as a complex target to detect microvessels of rat experimental
glioma, a fatal brain tumour which is highly vascularized. A
secondary selection scheme, named deconvolution-SELEX,
was carried out to facilitate the isolation of ligands for com-
ponents of interest within the targeted mixture. Other exam-
ples of proteins that have been reported as targets for devel-
opment of aptamers as promising therapeutics include the
tenascin-C, the Ras binding domain of Raf-1, the prostate
specific membrane antigen (PMSA), the protein kinase CβII,
the epidermal growth factor receptor-3 (ErbB3/HER3), and
the CXCL10 chemokine [13].

Identifying “cancer genes”

Two paradigmatic and elegant recent papers well demon-
strate the power of siRNAs in identifying new cancer targets
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involved in cell survival. Apoptosis-based anticancer ther-
apies are designed to achieve tumor eradication through
the use of death-inducing molecules. Because of its spe-
cific toxicity against transformed cells, the tumor necro-
sis factor (TNF)-related apoptosis-inducing ligand (TRAIL)
receptors are judged to be amongst the most promising
apoptosis-based antitumor targets. To better understand
the molecular mechanisms of TRAIL-induced apoptosis,
Aza-Blanc et al [14] carried out a large RNAi-based screen
to identify genes that modulate TRAIL-induced apoptosis.
They used an siRNA library to individually target 510 hu-
man genes (corresponding to 380 predicted kinases and 130
other predicted proteins) transfected in the cervical carci-
noma derived HeLa cell line. By using an assay that could
detect both sensitization and resistance to TRAIL-induced
apoptosis the authors identified a variety of genes that mod-
ulate both positively and negatively TRAIL activity. Further-
more, besides genes that encode well-characterised media-
tors of TRAIL, including the DR4 receptor for TRAIL and
the caspase 8 or known modulators of apoptosis (Myc and
JNK3), in the RNAi screen they detected and functionally
characterised two previously unknown genes, which were
found to modulate TRAIL-induced apoptosis. One of the
genes, DOBI (Downstream of Bid), is required for progres-
sion of the apoptotic signal through the intrinsic mitochon-
drial cell death pathway indicating that it may function to
mediate cytochrome c release induced by BID cleavage, the
other, named MIRSA (Mina53-related suppressor of apop-
tosis), is a gene that acts to prevent TRAIL-induced death.

Changes in the expression and/or activity of kinases and
phosphatases, key proteins of the cellular signalling path-
ways, are the most frequent molecular causes of cancer pro-
gression. MacKeigan et al [15] reported a large-scale RNAi
approach to identify kinases and phosphatases that regulate
cell survival and apoptosis. Authors transfected in HeLa cells
two large siRNA library sets against human kinase and phos-
phatase, containing two siRNAs for each target (correspond-
ing to 650 kinases and to 222 phosphatases). By the data ob-
tained they predicted that 11% of kinases and 32% of phos-
phatases are constituted of genes whose expression is critical
for cell survival. In addition to those for previously known
“survival kinases” (Akt2, KD2, SGK, PKCdelta) they identi-
fied several genes with still unknown function, the silencing
of two of which resulted in a strong increase in apoptosis.
They also identified phosphatases that act as tumor suppres-
sors to sensitize or promote apoptosis. Silencing of these “cell
death phosphatases” resulted in marked cell protection to
chemotherapeutic-induced cell death. Furthermore, the au-
thors developed a further screen in the presence of low doses
of chemotherapeutics by which they identified kinases whose
silencing increases the rate of apoptosis. The kinases identi-
fied are thus promising targets for silencing in order to sensi-
tize the cancer cell to low doses of chemotherapeutic agents,
thus reducing unwanted side effects in chemotherapy.

On the other hand, as alternative to transfection, siR-
NAs can be also expressed within the cells as a short hair-
pin RNA (shRNA) that is then processed by the cell machin-
ery to produce the small interfering double strand RNA. To

facilitate the use of RNAi as a genetic tool in mammals, Pad-
dison et al [16] and Berns et al [17] used a shRNA retrovirus-
based library approach to develop strategies that allow a high
throughput RNAi-based screen of mammalian genes. Berns
et al screened a library targeting around 8.000 human genes
for those that affect the function of the tumour suppressor,
p53. Genes were subsequently identified by microarray de-
tection of the shRNA sequence [17]. Paddison and colleagues
developed a shRNA library targeting around 10.000 human
and more than 5.000 mouse genes. To facilitate the use in
virtually any cell types, their shRNA expression library was
constructed in a vector that permits moving the shRNA en-
coding inserts to different vectors by bacterial mating and
designed to function for both genetic selections and screens.
Indeed, for facilitating the screening, in addition to the selec-
tion pressure both groups adopted a unique DNA “bar-code”
sequence present in the vector which can be identified us-
ing microarrays containing oligonucleotides corresponding
to the bar-code sequences.

The generation of large siRNA libraries has been further
improved by using, instead of shRNAs that are transcribed
by the RNA polymerase III, pri-miRNA based large tran-
scripts that permit to generate siRNAs driven by the RNA
polymerase II promoters that can be thus tightly regulated
both in culture and in vivo, in animal models [18, 19].

Two recent reports [20, 21] address the use of large
viral-based RNAi libraries to identify novel potential tumor-
suppressor genes thus further underscoring the power of
RNAi screening to understand the molecular mechanisms of
neoplastic transformation.

Kolfschoten et al [20] used a shRNA retrovirus-based li-
brary [17] in combination with in vitro neoplastic transfor-
mation assays to screen for novel tumor-suppressor genes. To
this aim they used a Ras-dependent transformation model of
genetically modified human primary BJ fibroblast cells ex-
pressing the catalytic subunit of telomerase (hTERT), and
SV40 small T antigen (ST) in combination with the inhi-
bition of the expression of p53 and p16INK4A. In this cell
line the expression of the oncogenic H-RasV12 is sufficient
to confer anchorage-independence for survival and prolifer-
ation [22]. By this approach the authors identified few genes
whose silencing substitutes for the activity of the oncogenic
Ras one of which, the homeodomain transcription factor
PITX1, was not previously implicated as possible tumor sup-
pressor allowing anchorage-independent growth of fibrob-
lasts. The authors showed that PITX1 regulates the Ras path-
way and thereby tumorigenesis. The mechanism appears to
involve constitutive activation of the Ras signalling pathways
at the level of GTP loading onto Ras itself. Indeed, PITX1 di-
rectly controls the expression of RASAL1, one of the negative
regulators of Ras belonging to the GTPase-activating protein
(GAP) family. The evidence that PITX1 is a tumor suppres-
sor was supported by the strong correlation between the low
PITX1 levels present in colon cancer cell lines and wt Ras ex-
pression and the low PITX1 expression levels in prostate and
bladder tumor tissues compared with normal tissues.

To identify genes that suppress oncogenic transforma-
tion, Wetsbrook et al [21] used genetically modified human
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epithelial mammary cells that have been immortalized by the
expression of hTERT and SV40 large T antigen and also nat-
urally express high levels of Myc (TLM-HMECs). Forced ex-
pression of an active mutant of PI3K confers to these cells
the ability to grow in an anchorage-independence manner
[23]. Based on the assumption that inactivation of a sin-
gle tumor-suppressor gene may be sufficient to shift TLM-
HMECs cells into a frankly transformed phenotype that can
be selected for, the authors used a shRNA retrovirus-based
library to infect TLM-HMECs [16]. In the screen they iden-
tified several potential suppressors of epithelial cell trans-
formation genes that represent potential tumor suppressors.
Most of them were associated with genes known to be in-
volved in key intracellular signalling pathways including Ras,
PI3K, and TGF-β signalling. In addition, they provided ev-
idence that one of these candidates, the transcriptional re-
pressor REST/NRSF, plays a previously unknown role in tu-
mor suppression. REST encodes a transcriptional factor in-
volved in repressing neuronal genes in non-neuronal cells.
Even though the mechanism by which REST silencing re-
leases the transformed state should be still elucidated, it likely
involves regulation of PI3K. Indeed, impaired REST function
promoted epithelial cell transformation, enhanced the inten-
sity and duration of PI3K activity, eventually acting via the
transcriptional control of neurotrophins.

Despite the expanding potentiality of siRNAs the key
challenges for their development for gene silencing is largely
dependent on the improvement of siRNA specificity. Not ev-
ery sequence works, and a success rate of about one of three
should be expected. In addition, although the effects are gen-
erally thought to be highly sequence specific, one potential
concern in using siRNAs for phenotypic screens is that the
observed effects could be due to inhibition of either the in-
tended target or of an off-target mRNA [24]. Indeed, siRNAs
are not perfectly selective and results should be confirmed
with an independent siRNA targeting of the same transcript
to understand whether or not some of the effects see result
from an off-target transcript. Generation of libraries of mul-
tiple siRNAs for each gene has been therefore the most fre-
quent approach used to avoid this drawback and be safe to
conclude that the effects are specific to the targeted gene.

DEFINING THE SIGNATURES OF CANCER CELLS:
MICRORNAs PROFILING

Early detection together with the accurate description of the
tumor type is crucial for a better diagnosis of cancer and a
more effective therapy. Therefore, what is required to gain
an increased survival rate of the patient is the identification
of multiple biomarkers that can be measured simultaneously
as a biological signature of the disease state. Using high-
throughput technologies allows the identification of these
signatures and their validation by the rapid comparison of
samples from many different patients with the realistic hope
of finding molecules that are informative of the type of can-
cer and with high predictive value for the patient.

The coordinated expression of specific miRNAs is be-
lieved to have a central role in diverse cellular processes,

including cell proliferation and apoptosis, and their altered
expression is involved in tumorigenesis. Indeed, expression
profiling of differential miRNA has been shown to represent
highly informative signatures for human cancers. Lu et al
[25] developed a bead-based technique coupled to flow cy-
tometry to determine the expression profiles of 217 human
miRNAs in 332 cancer samples. They found that the expres-
sion pattern of a small set of miRNA dramatically varies
across tumour types, reflecting the lineage and differentia-
tion status of the tumor. In contrast, profiling expression data
obtained on the same samples using 16,000 mRNAs was inef-
fective, thus implicating miRNA profiling as highly informa-
tive to classify human cancer types [25]. Furthermore, their
results show that the expression pattern of a small set of miR-
NAs is highly informative to classify human cancer types.

Furthermore, as well illustrated by the three following re-
cent papers, the development of microarrays containing all
known miRNAs permitted to perform large-scale analysis of
miRNA expression profiling in human cancers. In the first re-
port the authors [26] evaluated the activity of miRNA genes
in chronic lymphocytic leukemia (CLL) cells from 94 pa-
tients. Of the miRNA genes analysed, the researchers found
that the activity pattern of 13 of them accurately predicted
whether a person had the slow- or fast-progressing form of
CLL. They also identified a germ-line mutation in the miR-
16-1-miR-15 precursors, which caused low levels of miRNA
expression and thus may be considered as cancer susceptibil-
ity genes for CLL (see below). In a second paper, by apply-
ing a similar approach, the same group examined miRNA
expression profile in 76 breast tumors compared to nor-
mal breast tissue [27]. In this study 29 miRNAs were sig-
nificantly deregulated in breast cancer (either over-expressed
or downregulated). They found that miRNA expression was
correlated with breast tumors’ hormone status as well as its
metastatic, invasive, and proliferative potential. Most impor-
tant, their work demonstrated that the expression pattern of
as few as five miRNAs (miR-10b, miR-125b, miR-145, miR-
21, and miR-155) was sufficiently informative to successfully
distinguish normal tissue from cancerous tissue. Finally, in
the paper by Huiling He et al [28] the researchers examined
samples of malignant tissue from 15 patients diagnosed with
papillary thyroid carcinoma and compared them with the
normal tissue adjacent to the tumors. They found 23 miR-
NAs that were significantly altered in the cancerous tissue
when compared with the normal counterparts, with three of
them (miR-146, miR-221, and miR-222) dramatically over-
expressed, reaching 11-to-19-fold higher levels of expression
in the tumors. Further investigation revealed that the expres-
sion pattern of miR-146, miR-221, and miR-222 if combined
with that of two additional miRNAs (miR-21 and miR-181a),
formed a “signature” that clearly predicted the presence of
malignant tissue.

In conclusion, in several cancers the miRNA expression
profiles seem to be sufficient to provide a “signature” that is
directly associated to the clinical status of the disease. Indeed,
the utility of single markers in diagnosis and monitoring of
cancer is limited by the poor association of any single protein
with a specific disease or stage of disease. Thus identifying the
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distinctive signature of a network of these regulatory signals
would enable us by a more precise diagnosis to detect tumors
earlier, at times when treatments are more effective.

CANCER SIGNATURE MEASUREMENT

Developing methods that allow clinicians and researchers to
translate signature discoveries to routine clinical use by look-
ing simultaneously at a large number of biomarkers has now
become a major challenge in cancer diagnosis. Indeed, be-
cause they are readily accessible without any need of inva-
sive intervention measuring molecules expressed in serum or
plasma is highly preferable. However, many potential cancer
biomarkers in biological fluids are present at low concentra-
tions, presumably in the low nanomolar range. Therefore,
the capability to measure multiple protein markers simul-
taneously depends on methods having not only low limits
of detection with elevated signals, but also coupled to very
low noise, thus capable to distinguish specific protein sig-
nalling in the presence of a huge excess of unrelated pro-
teins.

The use of aptamers as biorecognition element for the de-
velopment of biosensors to detect protein targets offers over
classical methods mainly based on antibodies, a lot of advan-
tages, such as the possibility of easily regenerate the immo-
bilised aptamers, their homogeneous preparation, and the
possibility of using different detection methods due to easy
labelling [29]. Moreover, the enormous diversity of random
oligonucleotide libraries can exceed the diversity of antibod-
ies in the mammalian genome by several orders of magni-
tude. Since aptamers are nucleic acids, experience with DNA,
as in the production of DNA arrays, should be applicable to
the development of aptamer-based biosensors. On the other
side, the aptamer arrays can potentially expand the scope of
DNA microarrays to recognise expressed proteins as well as
expressed mRNAs. In this regard, numerous aptamers have
already been selected against a wide array of proteins, and
the possibility of acquiring aptamers against proteomes has
been advanced by automation of the in vitro selection pro-
cedure. These considerations explain why now the aptamer-
based technology for protein detection is in advanced stages
of development as useful tools in clinical diagnosis and ther-
apy. Furthermore, this technology has been improved by
the use of modified aptamer molecules, named photoap-
tamers by Petach et al at SomaLogic, Inc [30–33]. These
modified aptamers (either DNA or RNA) at specific locations
include, in place of thymidine residues, the photoreactive 5-
bromodeoxyuridine (BrdU) that can form a specific cova-
lent crosslink with the target proteins. Indeed, short pulses
of ultraviolet light at 308 nm induce a chemical crosslink be-
tween the BrdU residue and the electron rich amino acid on
the target protein that is in a specific location in proximity
and in the correct juxtaposition of the BrdU. Since this cross-
linking event is dependent on the correct juxtaposition of the
BrdU and the target amino acid, it conveys specificity to the
photoaptamer-protein complex. This gives rise to multiplica-
tive specificity by a photochemical cross-link that follows the
initial affinity binding event. Proteins captured on the array

are then measured either by universal protein staining or by
using specific antibodies.

In order to measure simultaneously large numbers of
proteins, even thousands, in biological fluids multiple cap-
ture photoaptamers can be deposited and covalently linked
to the appropriate chip surface. Therefore, since photoap-
tamers covalently bind to their targets before staining, the
photoaptamer arrays can be vigorously washed to remove
background proteins, thus providing the needed potential for
elevated signal-to-noise ratios.

The sensitivity and specificity of photoaptamers, com-
bined with the ability to automate and scale up their selec-
tion and the ability to use them on solid surfaces, indicate
that they could become an important factor in the develop-
ment of proteomic technology.

IN VIVO DELIVERING

Whether being used as experimental tools and/or pharma-
ceutical drugs, small ncRNAs need to be able to cross cell
membranes but negatively charged oligonucleotides will not
pass through a lipid layer such as cell membranes. Similar
to antisense oligonucleotides and ribozymes, the delivery of
synthetic siRNAs and aptamers can be improved via the use
of various delivery systems, which include synthetic carri-
ers, composed primary of lipids. Larger carriers such as lipo-
somes localise the drugs mainly to the blood compartment.
However, angiogenic blood vessels in most tissues have gaps
between adjacent endothelial cells large enough to cause the
extravagation of liposome/siRNA complexes into the tumor.
In addition, most solid tumors possess an enhanced vas-
cular permeability and impaired lymphatic drainage, which
leads to the accumulation of most liposomes within the tu-
mor tissues. For these reasons, a big effort has recently been
devoted to develop delivery vehicles that can efficiently de-
liver these RNAs molecules in vivo for the success of these
molecules as therapeutics. Furthermore, the possibility to
chemically modify and easily engineer small RNAs permits
to express these molecules inside the target cell thus cou-
pling the advantages of drug-based to those of gene-based
therapy.

CONCLUDING REMARKS

Over the past few years the unexpected progress gathered in
the knowledge of the mode of action of small noncoding
RNAs is changing our point-of-view on the possible ap-
proaches to identify and to target tumor-associated genes.
These flexible molecules have proven their enormous po-
tential both as diagnostic and therapeutic tools in several
fields of cancer medicine. Paradigmatic examples in the use
of these small RNA molecules include that of siRNAs for high
selective gene silencing, aptamers as high affinity inhibitory
ligands, the miRNA profiling for a more accurate description
of the tumor state, and the use of high sensitive aptamer-
based biosensors to readily measure the proteomic status in
biological fluids. Therefore, developing ncRNAs as the new
generation of molecular tools for human health is an urgent
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challenge that in the next future should provide us with the
ability to tailor therapies to the cancer patient more effec-
tively.
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