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4. Summary

microRNAs (miRNAs) are small non-coding RNAs of 21-24 nt in size, which are
endogenously expressed in higher eukaryotes and play important roles in processes
such as tissue development and stress response and in several diseases including
cancers. In mammals, miRNAs guide proteins of the Argonaute family (Ago proteins)
to partially complementary sequences typically located in the 3’-untranslated regions
(3-UTRs) of specific target mMRNAs, leading to translational repression or mRNA
degradation. To gain further insight into the function of human miRNAs, we analyzed
the protein as well as the RNA composition of miRNA-Ago protein complexes in
molecular detail.

To identify novel Ago-interacting proteins, we isolated Ago complexes and
investigated them by mass spectrometry and co-immunoprecipitation experiments.
We found that trinucleotide repeat-containing 6B (TNRC6B), Moloney leukemia virus
10 (MOV10), RNA binding motif protein 4 (RBM4) and Importin 8 (Imp8) interact with
human Ago proteins. Moreover, using RNA interference and EGFP and dual
luciferase reporter assays, we demonstrated that these factors are required for
miRNA function, indicating that we have identified nhew components of the miRNA
pathway. Intriguingly, depletion of Imp8 does not affect the levels of mature miRNAs
or the interaction of miRNAs with Ago proteins, but is required for efficient association
of Ago-miRNA complexes with their target mRNAs. Thus, Imp8 is the first factor
acting at the level of target mRNA binding, establishing a novel layer of regulation for
the miRNA pathway. Imp8 is an Importin-p-like protein, which has previously been
implicated in nuclear import of substrate proteins' 2. In line with these results, we
demonstrated that a detectable fraction of Ago2 localizes to the nucleus of human
cells. Moreover, knockdown of Imp8 by RNAIi reduces the nuclear signal of Ago2,
suggesting that Imp8 affects the nuclear localization of Ago2. Therefore, our data
suggest that Imp8 has a dual function both in the cytoplasmic miRNA pathway and in
nuclear transport of Ago proteins.

To identify small RNAs, which associate with human Ago proteins, we isolated,
cloned and sequenced small RNAs bound to Ago1 and Ago2 complexes. In addition
to known miRNAs, we found several small RNAs, which derive from small nucleolar
RNAs (snoRNAs). We therefore investigated the function of one particular small
RNA, which is derived from the snoRNA ACA45 and showed that it functions like a



miRNA. Interestingly, this small RNA is processed by the miRNA maturation factor
Dicer, but does not require the microprocessor complex that is essential for
processing of primary miRNA transcripts. Thus, we have identified a novel biogenesis
pathway of a new class of small RNAs that can function like miRNAs.

To experimentally identify mMRNAs that are stably associated with miRNA-Ago protein
complexes, we isolated and analyzed Ago1 and Ago2-bound mRNAs by cloning and
sequencing and by microarray hybridization techniques. Using dual luciferase
reporter assays, we demonstrated that many Ago-associated mRNAs are indeed
miRNA targets. Therefore, we have developed a method allowing for the
identification of mMIRNA target mRNAs from cell lines or tissues of interest
independently of computational predictions.

In a project that was independent of our studies on Ago protein complexes, we
investigated structural and functional requirements for the activity of small interfering
RNAs (siRNAs). siRNAs are small double-stranded RNAs of appr. 21 nt in size,
which trigger the sequence-specific endonucleolytic degradation of perfectly
complementary target transcripts upon binding to Ago2* *. However, both single
strands of a siRNA duplex can potentially have unwanted “off-target effects” by
repressing partially complementary target mRNAs through binding to their 3-UTRs>®.
We therefore developed a method to selectively inhibit the activity of the siRNA
strand that is dispensable for target silencing (“passenger strand”) through chemical
modification of its 5’-end. This method could be a useful tool for the design of highly
specific siRNAs.

Taken together, we have analyzed the composition of Ago-miRNA protein complexes
by a variety of methods and identified novel protein factors of the miRNA pathway, a
novel class of small RNAs as well as a panel of previously unknown miRNA target
MRNAs. The techniques for the purification and the analysis of Ago complexes that
were developed in this study will provide useful tools for future analyses of miRNA
pathway factors, small RNAs and miRNA target mRNAs from any tissue or cell line of

interest.



5. Introduction

The biology of gene inactivation is a major focus of research since several decades.
Specific gene inactivation can involve a variety of mechanisms including gene
mutation or deletion, repression of transcription, translational repression,
destabilization of mMRNAs and degradation of protein products. In the laboratory, the
inactivation of specific genes can be utilized to investigate their functions. However,
methods to generate organisms with mutant genes or gene deletions are often time-
consuming and more convenient techniques to silence gene expression were
needed. One prominent method to achieve specific gene silencing is the transfection
of oligonucleotides antisense to an mRNA of interest. Such antisense
oligonucleotides bind to complementary mRNAs in a sequence-specific manner and
lead to their destabilization®. However, antisense-mediated inhibition of mMRNAs
requires the presence of high (stoichiometric) amounts of antisense oligonucleotides.
In contrast, small double-stranded RNAs can trigger highly efficient sequence-
specific catalytic degradation of complementary target RNAs through endonucleolytic
cleavage in a process termed RNA interference (RNAi). Because RNAI is based on a
catalytic mechanism, it is effective at lower (sub-stoichiometric) concentrations
compared to antisense-mediated gene silencing. RNAi was first shown in 1998, when
Andrew Fire and Craig Mello made the surprising observation that double-stranded
RNA (dsRNA) acts as a very potent trigger to silence complementary genes in
Caenorhabditis elegans (C. elegans)'®. Subsequent studies showed that the minimal
triggers of RNAi are small interfering RNAs (siRNAs) of appr. 21 nucleotides (nt) in
size that act as guides to silence complementary transcripts through endonucleolytic
cleavage'" '%. Since these reports, the field of small RNA-guided gene silencing has
rapidly expanded. To date, a variety of different endogenously expressed small RNA
species has been identified in the majority of eukaryotes, with Saccharomyces
cerevisiae (S. cerevisiae) being a notable exception. Moreover, it is now apparent
that small RNAs can also act through many mechanisms which are different from
endonucleolytic cleavage™ '*. Many studies have investigated the biological roles of
small RNAs as well as their biogenesis pathways and their functions. The following
introductory sections summarize known small RNA biogenesis pathways and their
functions in mammals, together with the proteins that mediate their mechanisms of

action.



5.1. Classes of Mammalian Small RNAs

Since the discovery of RNAIi and the identification of siRNAs, numerous small RNA
species have been identified, most of which derive from longer double-stranded RNA
precursor molecules.

siRNAs are appr. 21 nt small double-stranded RNAs, which trigger silencing of
perfectly complementary RNA molecules through endonucleolytic cleavage'. They
carry characteristic phosphate groups on their 5’ ends and 2 nt overhangs on their 3’
ends'®'®. Until recently, it was assumed that siRNAs in mammals can only derive
from exogenous sources of double-stranded RNA such as viral replication
intermediates. However, more recent studies reported that endogenous siRNAs
(endo-siRNAs) are present in mouse oocytes and may act to suppress
transposons'®?',

microRNAs (miRNAs) are 21-24 nt in size and can trigger translational inhibition or
deadenylation of target mMRNAs by binding to partially complementary sites in their
3’-untranslated regions (3-UTRs)'. miRNAs are endogenously expressed in most
eukaryotes and have diverse biological roles, e.g. in organ development, stress
response and in various diseases including cancer®’.

Piwi-interacting RNAs (piRNAs) are single-stranded germline-specific small RNAs of
24-30 nt in size which are thought to silence transposons, possibly through an RNAi-
like mechanism?®. They carry characteristic methyl groups on the 2-OH groups of

their 3’ terminal nucleotides®* %°.
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5.2. Biogenesis of Small RNAs in Mammals

5.2.1. microRNA Biogenesis

miRNAs are small RNAs of 21-24 nt in size which are endogenously expressed in
most eukaryotes. Although the expression of particular miRNAs can be highly
specific to a certain developmental stage or to a tissue, miRNA expression in general
is thought to be ubiquitous throughout different tissues?®. Many miRNA genes are
evolutionarily conserved, suggesting that miRNAs can have important biological
functions?’.

miRNAs are typically transcribed as primary transcripts (pri-miRNAs) by RNA
polymerases Il or Il in the nucleus (figure 1)?® ?°. In many cases, miRNA genes are
genomically clustered such that pri-miRNA transcripts contain multiple mature miRNA
sequences®*>?. Pri-miRNAs are further processed in the nucleus by a multiprotein
complex termed microprocessor which contains the RNase Il enzyme Drosha and
the dsRNA binding protein DGCR8%*%". Microprocessor generates hairpin-structured
pre-miRNAs, which are exported to the cytoplasm by the nuclear export receptor
exportin 5°%4°. In the cytoplasm, the RNase lll-like enzyme Dicer cleaves off the
precursor loop to generate double-stranded intermediates containing the mature
miRNA and the corresponding duplex counterpart which is termed “miRNA star”
(miRNA*)*. These intermediates typically contain 5 phosphate groups and 2 nt
overhangs on the 3’-ends. One strand of the intermediate is incorporated into a
miRNA-ribonucleoprotein complex (miRNP), which contains a member of the Ago
subfamily of Argonaute proteins (Ago 1-4 in humans)*?. Ago proteins directly bind to
miRNAs and are the mediators of miRNA function. Small RNA loading to Ago
proteins involves Dicer and the dsRNA binding proteins TRBP and/or PACT**°.
Additionally, helicases such as RNA helicase A (RHA) are likely to be required for
efficient separation of the duplex strands®’. Interestingly, unwinding of the duplex
could be facilitated by Ago2 itself. Ago2 cleaves the precursor hairpins of some
miRNAs on the miRNA* side of the stem, yielding a nicked processing intermediate®®.
miRNA/miRNA* duplices from such processed hairpins are probably easier to
unwind. Consistently, overexpression of Ago2 was reported to increase mature
miRNA levels in some cell types*®. Loading of the single strands to miRNPs is mainly

determined by the relative thermodynamic stability of the miRNA/miRNA* duplex
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ends, such that the strand that is less stably paired at its 5 end becomes
incorporated into a miRNP (“asymmetry rules”)*> °°. The mechanism underlying
these asymmetry rules has not yet been completely resolved in mammalian cells. In
Drosophila melanogaster (D. melanogaster) cells, the dsRNA binding protein R2D2
acts as an asymmetry sensor by binding to the more stable duplex end, thereby
directing Ago2 to interact with the less stable duplex end®'. PACT and TRBP are
mammalian homologs of R2D2, and further studies will be required to investigate
whether their function is similar to R2D2. Despite the evidence supporting the
asymmetry rules, thermodynamic asymmetry does not reliably predict strand
selection of all known duplices, and it is likely that additional determinants of strand
selection exist which have yet to be defined. In most cases, the mature miRNA is
preferentially incorporated into a miRNP, whereas the miRNA* sequence is
degraded. However, not all miRNA* species are instable and a recent study
suggested that some miRNA* sequences are functional, similar to mature miRNAs®2.
Upon binding to an Argonaute protein, miRNAs serve to guide the miRNP to partially
complementary target sites on mRNAs. miRNPs can trigger target mRNA repression
through translation inhibition or mMRNA destabilization (section 5.3.1.2.)".

In addition, miRNAs can be generated from large introns of protein-coding genes.
miRNA precursors are released from introns by the microprocessor complex before
mRNA splicing is completed®?.

Moreover, small introns which are released by the splicecosome can serve as pre-
miRNAs®**°. Such miRNA precursors bypass Drosha/microprocessor processing and
directly serve as substrates for nuclear export by exportin 5 and processing by Dicer.
According to their biogenesis, such miRNAs have been termed mitrons. Furthermore,
it was recently described that some snoRNAs serve as precursors of functional small
RNAs that act like miRNAs®" °®. miRNA target repression by such miRNAs is Drosha-
independent, suggesting that snoRNA-derived miRNAs can bypass Drosha
processing (publication 7, section 11).

12
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Figure 1: miRNA biogenesis pathways. MiRNA precursor transcripts are synthesized in the nucleus
(upper panel). Pre-miRNAs are mostly processed from primary miRNA transcripts (upper middle
panel) or from large introns of pre-mRNAs (upper right panel). Alternatively, they can be released from
small hairpin-structured introns of pre-mRNAs by the spliceosome (upper left panel). Pre-miRNAs are
exported into the cytoplasm by Exportin 5. They are further processed by Dicer to yield a
mMiRNA/mMiRNA* processing intermediate (lower panel). Mature miRNAs are loaded to Ago protein
complexes, whereas miRNA* sequences are mostly degraded. After loading, miRNAs guide Ago
proteins to partially or perfectly complementary target sites on mRNAs, allowing for post-transcriptional

gene silencing through different mechanisms.
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5.2.2. piRNA Biogenesis

piRNA biogenesis is currently less well understood than miRNA biogenesis, and
there are many questions that remain to be addressed. In contrast to miRNAs which
are expressed throughout different tissues, piRNA expression has only been
detected in germ cells and is most prominent in testes. piRNAs are single-stranded
small RNAs of 24-30 nt in size which bind to Piwi proteins, a subclass of Argonaute

proteins which is mainly expressed in germ cells**®’

. piRNA sequences are not
conserved across species, but piRNAs are expressed from syntenic regions. Most
piRNA sequence reads (>80%) that have been obtained from RNA cloning and deep
sequencing approaches map to discrete genomic clusters®® ®°. In contrast to single
miRNA sequences that can be highly abundant in small RNA libraries, most piRNA
sequences are only present as single reads in libraries, with hundreds or thousands
of different reads originating from each piRNA cluster. Interestingly, piRNA
expression in testes changes during stages of sperm development. piRNAs which
are expressed before the pachytene stage of meiosis arise from genomic clusters
that frequently bear repetitive elements®. In contrast, piRNAs which are found from
the pachytene stage until the round spermatid stage derive from a different set of
genomic clusters with a lower repeat content®® °°. Unlike miRNAs, the genomic
context of piRNAs does not allow to calculate stable hairpin precursor structures,
suggesting that piRNA biogenesis is different from miRNA processing. Loss-of-
function studies in zebrafish and flies indicated that piRNA expression is independent
of Dicer®® . Since Dicer is capable of processing double-stranded RNA into small
RNAs, these data suggest that piRNAs are processed from single-stranded precursor
transcripts rather than from long double-stranded RNA. Nevertheless, studies in D.
melanogaster showed that piRNAs can derive from corresponding sense and

antisense transcripts of repetitive sequences® %

. piRNAs from antisense transcripts
are mainly bound by the Piwi proteins Piwi and aubergine, whereas piRNAs from
sense transcripts are incorporated into Ago3, a Piwi protein in D. melanogaster.
Sense and antisense piRNAs are frequently found in pairs such that there is a 10 nt
sequence compementarity of their 5’ ends. This relation suggests an amplification
mechanism in piRNA biogenesis that utilizes endonucleolytic activities of Piwi
proteins to generate piRNAs®® ®: Piwi or aubergine is loaded with a sense piRNA

and cleaves the long antisense transcript to generate the 5’ end of a piRNA which will
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be incorporated into Ago3. Most likely, the 3’ end of the antisense piRNA is
generated by exonucleolytic processing. After 3° end trimming, piRNAs become
methylated by a methylase which is a homolog of the plant protein Hen1 (mHen1 in
mice and DmHen1 in D. melanogaster)** °%°. Methylation occurs at the 2° OH
groups of the piRNA 3’ termini. DmHen1 mutants express shorter piRNAs, and
piRNA levels are generally lower than in wild-type animals, suggesting that
methylation may stabilize piRNAs, possibly by preventing aberrant exonucleolytic
processing from the 3’ end®. Once the antisense piRNA is generated, the
amplification cycle generates a new sense piRNA via the same “ping-pong”
mechanism. In mice, this model is supported by deep sequencing studies of pre-
pachytene piRNAs which are bound to the Piwi protein Mili (figure 2)%2. However, it is
unclear if all piRNAs are synthesized via the ping-pong mechanism. While this model
may explain piRNA amplification, the initiating event for the amplification cycle
remains to be determined. One possible mechanism that could initiate the ping-pong
cycle is maternal transmission of piRNAs to the progeny which has been observed in

D. melanogaster’®.
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Figure 2
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Figure 2: Ping-Pong model of piRNA biogenesis in mice. Bidirectional transcription from repetitive
elements or piRNA clusters generates sense and antisense transcripts. MILI together with a piRNA
cleaves one transcript strand to define the 5’ end of a piRNA, which is subsequently incorporated into
MIWI2. The 3’ end of the MIWI2-associated piRNA is generated through exonucleolytic processing by
an unknown nuclease, followed by 2 O methylation by mHen1. MIWI2 then binds and cleaves a
transcript of the opposing transcript strand to define the 5’ end of a piRNA, which is subsequently
incorporated into MILl. Again, the 3’ end of the new piRNA is generated and modified by
exonucleolytic processing and 2° O methylation. The Ping-Pong model yields pairs of piRNAs with a
10 nt complementarity in their 5’ regions. In mammals, the event that generates the first piRNA to

initiate the cycle is unknown.
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5.2.3. siRNAs from Exogenous Sources

siRNAs are small RNAs of appr. 21 nt in size which guide sequence-specific
cleavage of highly complementary target RNA molecules by RNAI. Early reports
showed that siRNAs are endogenously expressed in plants' and that they can also
function in mammals when delivered by transfection'’, but evidence for the presence
of endogenous siRNAs in mammals remained elusive for several years. However,
mammalian cells express Dicer which can generate siRNAs from dsRNA'™ 4. An
exogenous source of dsRNA are viral replication intermediates. Consistently, the
RNAI pathway was demonstrated to be an important component of antiviral defence

.72 and Dicer contributes to an antiviral

mechanisms in plants and in Drosophila
response to influenza virus in mammalian cells”.

siRNA biogenesis resembles the final steps of miRNA maturation (figure 3, left
panel). Dicer processes long dsRNA to double-stranded siRNAs, which carry
5'-phosphate groups and 2 nt overhangs on their 3-ends’®'®. In contrast to miRNAs,
which can repress translation in mammals through binding to human Ago1-4, siRNA-
guided target cleavage only depends on Ago2, because only Ago2 has
endonucleolytic activity® *. The effector complex of RNAi which contains Ago2 is
referred to as RNA-induced silencing complex (RISC)™. It contains a single-stranded
siRNA termed “guide strand” which guides target RNA cleavage. The opposing
strand of the duplex (passenger strand) is mostly degraded. RISC loading is
influenced by the same asymmetry rules that also determine miRNA loading*® *°.
Similar to miRNP loading, this process is facilitated by the double-stranded RNA
binding proteins TRBP and/or PACT***¢. Moreover, it was recently demonstrated that
Ago? itself facilitates RISC maturation by cleaving the passenger strand”>”’. The
cleavage fragments of the passenger strand are less stably bound to the guide
strand and are expected to rapidly dissociate, yielding cleavage-competent RISC

loaded with a single-stranded siRNA.
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Figure 3
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Figure 3: siRNA biogenesis pathways. siRNAs from exogenous sources of long double-stranded RNA
are generated and loaded onto Ago2 by a complex containing Dicer and TRBP and/or PACT (left
panel). RISC maturation is facilitated by the endonucleolytic activity of Ago2: Cleavage of the
passenger strand by Ago2 facilitates the formation of active guide strand-RISC and vice versa. The
formation of guide strand-RISC is preferred in most cases (bold arrow). Endo-siRNAs derive from
endogenous sources of double-stranded RNA such as bidirectional transcription of repetitive
elements, transcription of inverted repeats and pairs of genes and pseudogenes (right panel). Endo-
siRNAs are processed by Dicer. However, it is currently unknown whether the endo-siRNA pathway

requires TRBP, PACT and involves Ago2-guided siRNA passenger strand cleavage.
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5.2.4. Endo-siRNA Biogenesis

Endogenous siRNAs (endo-siRNAs) were discovered early in plants and later also in
several animal species'® . However, small RNA cloning approaches from somatic
mammalian cells have mainly identified miRNAs, and evidence for the presence of
endo-siRNAs in mammals remained elusive for several years. Very recently, endo-
siRNAs were found to be expressed in Drosophila cells and in mouse oocytes®® %'
8 These siRNAs are appr. 21 nt in length and derive from various sources of long
dsRNA, including antisense transcript pairs of genes and pseudogenes, bidirectional
transcription of repetitive elements and inverted repeats (figure 3, right panel). It is
currently unclear whether mammalian endo-siRNA are generated by the same
pathway as siRNAs from exogenous sources. However, both pathways require

Dicer?" 8.
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5.3. Argonaute Proteins and the Functions of Mammalian Small
RNAs

Argonaute proteins were named after a mutation in Arabidopsis thaliana (A. thaliana)
which causes a squid-like phenotype by affecting proper leaf development®’.
Although the number of Argonaute proteins strongly varies across different species,
Argonaute proteins are present in all higher eukaryotes investigated. Mounting
evidence indicates that these proteins are key factors of different small RNA-guided
gene silencing pathways. Based on sequence homology, the Argonaute protein
family can be subdivided into the Piwi and Ago protein families. Whereas humans
express hsAgo1-4, mice have five different Ago proteins (mmAgo1-5)%2. The Piwi
protein family has been named after its founding member, the D. melanogaster
protein P-element induced wimpy testis (PIWI)®. It consists of four proteins in
humans, HIWI1-3 and HILI, and three proteins in mice, MIWI1, MIWI2 and MILI.
Whereas Ago proteins are ubiquitously expressed throughout different tissues, the
expression of mammalian Piwi proteins is thought to be restricted to germ cells®.
Argonaute proteins are characterized by piwi-argonaute-zwille (PAZ) and PIWI
domains®® which have distinct roles in small RNA binding and function. The PAZ
domain binds the 2 nt 3’-overhangs of small RNAs which are typical for Dicer
processing products®® . The PIWI domain is structurally similar to RNase H%® %,
Indeed, the PIWI domain of some Argonaute proteins serves to cleave RNA
substrates that are complementary to the bound small RNA. Such Ago proteins are
termed “slicer”. Similar to RNaseH, this endonucleolytic activity depends on a
catalytic triad, which typically consists of a DDH motif. In case of human Ago2, the
triad consists of D(597), D(669) and H(807)% ®. However, not all Argonaute proteins
contain a DDH triad and are catalytically active. Moreover, some Argonaute proteins
like human Ago3 contain a DDH triad but are catalytically inactive, indicating that the
presence of the triad is not sufficient for cleavage activity. The region between the
PAZ and PIWI domains contains a third functionally important module which is
referred to as MID domain. It harbors a basic pocket that binds the characteristic
5’-phosphate groups of Dicer-processed small RNAs and anchors the small RNA on

the protein surface®" %2.
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Despite the structural similarities among all Argonaute proteins, they are involved in
different small RNA pathways with distinct functions such as translational regulation

and transposon suppression.
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5.3.1. Ago Proteins and Small RNA Functions in Somatic Cells

5.3.1.1. Subcellular Localization of Ago Proteins — Insights and Open

Questions

Ago proteins localize to cytoplasmic RNA granules which are known as processing
(P-) bodies or GW bodies®™ . P-bodies are enriched in proteins that act in various
pathways of mMRNA metabolism such as nonsense-mediated decay (NMD),
deadenylation and decapping. Therefore, P-bodies are considered as cellular sites of
mRNA surveillance and decay®. The observation that Ago proteins localize to
P-bodies suggested that these granules could also play a role in the miRNA pathway
or even be essential for miRNA function. Indeed, there are several lines of evidence
that support this hypothesis: First, several Ago-interacting proteins such as
GW182/TNRCBA, TNRC6B, RCK/p54, Dcpla and Dcp2 localize to P-bodies® "%, At
least three of these proteins, RCK/p54, GW182/TNRCG6A and TNRCG6B, are essential
for the miRNA pathway®* * *°. Second, mRNAs can be targeted to P-bodies in a
miRNA-dependent manner® °" 192 Additionally, Ago proteins that carry mutations in
the PAZ domain which abolish miRNA binding do not localize to P-bodies
anymore'®. Taken together, these data put forward a model in which miRNAs
together with Ago proteins bind to their target mMRNAs and induce mRNP aggregation
and sequestration into P-bodies (figure 4). These mRNAs may be subsequently
degraded in P-bodies by the deadenylation and decapping machinery and the 5’->3’
exonuclease Xrn1 or only translationally inhibited. Interestingly, it was shown that the
CAT-1 mRNA can be translationally repressed by miR-122 and stored in P-bodies'"".
Upon cellular stress, CAT-1 mRNA is released from P-bodies by the AU-rich element
binding protein HUR and efficiently translated. Thus, the recruitment of mMRNAs to P-
bodies is not a general commitment for decay but can be reversible at least in some
cases.

Despite the evidence supporting a role of P-bodies in the miRNA pathway, recent
studies proposed that P-bodies are formed as a consequence of mRNA silencing
pathways but are not required for the functional integrity of the miRNA pathway®” %:
P-bodies are thought to be highly dynamic structures, and it was demonstrated that

the formation of visible P-bodies is sensitive to downregulation of several P-body
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components® #7: 19419 1mportantly, some P-body components such as LSm1 and
LSm3 are required for visible P-body formation but not for miRNA function, indicating
that macroscopic P-bodies are not essential for the miRNA pathway®" ' 10,
Conversely, knockdown of miRNA pathway factors such as Dicer and Drosha
depletes P-bodies. P-body formation can be rescued by expressing an artificial small
RNA target together with the corresponding small RNA, suggesting that silencing
pathways such as the miRNA pathway are upstream triggers of P-body formation'®*
1% However, although the knockdown of LSm proteins demonstrated that visible P-
bodies are not essential for miRNA function, these experiments do not exclude the
presence of sub-microscopic P-bodies, which could be required for the miRNA
pathway. Clearly, high-resolution techniques such as electron microscopy will be
needed to address this possibility.

P-bodies share several protein components with another class of cytoplasmic foci,
so-called stress granules'’. Stress granules (SG’s) are formed upon various forms of
cellular stress such as heat shock or oxidative conditions. SG assembly is triggered
by phosphorylation of the translation initiation factor elF2a, which reduces the
availability of the elF20-GTP—tRNAM®" complex for translation initiation and causes
accumulation of stalled 48S pre-initiation complexes, which lack the initiation factors
elF2 and elF5'%. A recent quantitative analysis of Ago protein localization revealed
that only a minor portion of enhanced green fluorescent protein- (EGFP)-tagged
Ago2 (1.3%) localizes to P-bodies and that the majority of Ago2 is diffusely
distributed throughout the cytoplasm'®. Importantly, EGFP-Ago2 is also present in
SG’s. Photobleaching experiments showed that the pool of EGFP-Ago2 that localizes
to SG’s is more dynamic than the pool in P-bodies. Moreover, EGFP-Ago2 fails to
localize to SG’s but still localizes to P-bodies in Dicer knockout cells'®®. These data
would be consistent with the hypothesis that miRNAs repress their targets in SG’s
rather than in P-bodies. However, the fact that Ago2 localizes to P-bodies in Dicer-
deficient cells could also be due to additional Dicer-independent pathways that target
Ago2 to P-bodies such as Dicer-independent small RNA pools which have recently
been reported’®.

One possible model to reconcile the data for P-bodies and stress granules is shown
in figure 4: Upon cellular stress, 48S translation pre-initiation complexes which are
inhibited by miRNAs (for details, see section 5.3.1.2.2.) could rapidly aggregate and

be sequestered to stress granules. As stress granules frequently localize in the
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vicinity of P-bodies, it is possible that repressed mMRNAs are exchanged between
these foci. Thus, miRNA targets could shuttle from stress granules to P-bodies after
remodelling and removal of 40S subunits and some translation intitiation factors
which are not present in P-bodies such as elF2 and elF3. P-bodies could represent a
more static storage site for some mMRNAs and a site of decay for other mRNAs.
However, miRNAs function in the absence of cellular stress and it is unknown
whether SG’s or related structures exist under such conditions. Thus, it is likely that a
stress-granule-independent pathway exists which sorts repressed miRNA targets to
P-bodies.

Although immunofluorescence experiments of mammalian Ago proteins typically
show a mainly cytoplasmic staining pattern, several studies have focused on the
localization and possible functions of Ago proteins in the nucleus. Nuclear functions
of Ago proteins have been reported in many species such as Schizosaccharomyces
pombe (S. pombe), D. melanogaster, C. elegans and in plants''®, but nuclear Ago
functions in mammalian cells are still a matter of debate. Sub-cellular fractionation
experiments showed that Ago proteins are present in nuclear fractions, but these
studies did not rule out the possibility that Ago signals could be due to an association
with the outer nuclear envelope* '"'. Similarly, nuclear transcripts such as U6 snRNA
or 7SK RNA can be depleted by RNAI, suggesting that Ago2 may be present and
active in the nucleus (figure 4, upper panel). It was, however, not excluded that these
transcripts could transiently shuttle through the cytoplasm, allowing for degradation
by Ago2'".

In S. pombe, Ago guides transcriptional silencing by guiding heterochromatin
formation™. Indeed, it was also shown in human cells that transfected siRNAs
directed to promoter regions can either lead to transcriptional gene silencing or gene

112-116

activation, depending on the target site within the promoter . Chromatin

immunoprecipitation (ChlP) experiments revealed that Ago proteins were recruited to

the targeted promoters after siRNA transfection''®""®

. Moreover, transcriptional
modulation was sensitive to the knockdown of Ago1 and/or Ago2, suggesting that
these proteins can silence or activate gene expression when loaded with promoter-
directed siRNAs (figure 4, upper panel). However, evidence that endo-siRNAs can
guide transcriptional silencing in human cells remains elusive, and therefore it is
currently unclear whether these silencing mechanisms are biologically relevant in

humans. It will therefore be interesting to determine whether specific Ago-interacting
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proteins are involved in this pathway and to investigate whether their roles are
evolutionarily conserved. The present study describes the identification of Importin 8
(Imp8) as an Ago-interacting protein that can modulate nuclear localization of Ago

proteins (publication 8).
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Figure 4: Subcellular localization of Ago proteins. In the cytoplasm, miRNAs and Ago protein
complexes could be recruited to translating mRNAs and induce ribosome drop-off and co-translational
repression (upper left panel). Alternatively, Ago protein complexes could bind to 48S pre-initiation
complexes to repress translation initiation by preventing joining of the 60S ribosomal subunit (middle
panel). Upon cellular stress, repressed pre-initiation complexes could be sequestered to Stress
Granules (middle right panel). This requires remodelling of the complexes, as GW182 and TNRC6B
are absent from Stress Granules. Alternatively, Repressed complexes could be sequestered to P-
bodies (lower panel). Again, this requires remodelling, because 40S subunits, poly(A) binding protein
(PABP), elF2 and elF3 are absent from P-bodies. It is also conceivable that repressed mRNPs are
transferred from Stress Granules to P-bodies after remodelling, because both types of granules
frequently localize close to each other. Repressed mRNAs can either be degraded in P-bodies or
released by the RNA binding protein HuR to resume translation. In the nucleus, Ago proteins could
bind to promoter elements to guide transcriptional gene activation or gene silencing. Additionally,
Ago2 could cleave nuclear transcripts. Please note that several factors such as elF6 have been

omitted from the figure for simplicity.
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5.3.1.2. Ago Protein Complexes and Mechanisms of microRNA Function

5. 17 \which serve as

In somatic mammalian cells, Ago proteins bind to miRNAs
guides to recruit Ago proteins to partially complementary target sites on mRNAs.
Upon binding to their target mRNAs, Ago proteins trigger posttranscriptional
repression. Indeed, tethering of Ago proteins to mRNAs revealed that Ago binding is
sufficient to repress a target mRNA, suggesting that Ago proteins are crucial
mediators of miRNA function''®. The following sections will focus on the mechanisms

of posttranscriptional repression that are triggered by miRNAs and Ago proteins.
5.3.1.2.1. Determinants of microRNA - Target Interactions

MiRNAs can potentially regulate a high number of target mRNAs. Therefore many
different experimental and computational approaches have tried to define principles
of typical miRNA-miRNA target interactions to enable computational miRNA target
predictions with high accuracy'"®.

An early study showed that the 5’-regions of metazoan miRNAs are more conserved
than the 3’-parts, suggesting that they might be crucial for miRNA function'®. Such
5-regions (nt 1-8 or nt 2-8) of miRNAs have been termed “seed sequences”.
Consistent with miRNA conservation data, miRNA-guided repression is relieved
when pairing of the miRNA seed sequence to the miRNA target site is disrupted by

mutations, indicating that seed pairing is important for target repression'®''%,

Moreover, miRNA seed matches are highly conserved in human 3-UTRs'.
Likewise, conserved miRNA seed matches display a significantly lower single
nucleotide polymorphism (SNP) frequency than other conserved 3’-UTR elements,
indicating that miRNA seed pairing is under negative selective pressure and that
SNPs in many miRNA seed binding sites are likely to be deleterious'®. These
experimental and computational data suggested that the miRNA seed pairing is the
most crucial determinant of miRNA targeting. However, it was shown early that single
mismatches in the seed region can be compensated by a high degree of
complementarity in the 3’ part of the miRNA sequence’'. Thus, miRNA seed pairing

is important but not always required for repression.
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In addition to the properties of the miRNA target site itself, the surrounding context of
the target 3’-UTR influences miRNA-guided repression. Statistically, miRNA target
sites in long 3’-UTRs are more efficient when located at the beginning or at the end of
the 3-UTR'®. Moreover, an AU-rich 3-UTR context statistically enhances the
efficiency of miRNA target sites, most likely because those target sites are more
accessible than others'?® 7,

Interestingly, a recent report showed that a miRNA which targets an mRNA in a
particular cell type can fail to suppress the same target in a different cell type128.
These data suggested that miRNA-target interactions do not only depend on the
properties of the miRNA and the target mRNA, but are also determined by other, cell-
type specific factors. Such factors could be RNA binding proteins that either
contribute to or prevent silencing of specific target mMRNAs. Indeed, it was shown that
miRNP access to 3'-UTRs can be blocked by the RNA binding protein Dead-end 1
(Dnd1), which binds to U-rich 3-UTR elements'?°.

The above-described paradigm that miRNPs can suppress mRNAs by binding to
their 3'-UTRs is supported by many experimental and computational results. In
contrast, miRNA binding to open reading frames (orf's) is thought to be unlikely,
because translating ribosomes are expected to interfere with the binding of miRNPs.
Indeed, a recent report showed that a mutation of a stop codon that generates a
longer orf efficiently destroys miRNA binding sites that are located in the extended orf
downstream of the mutated stop codon.

Interestingly, it was recently demonstrated that miRNPs can bind to the 5-UTRs of
ribosomal mMRNAs and thereby suppress translation of the corresponding ribosomal
proteins131. These results are consistent with earlier observations that fusion of
miRNA binding sites to the 5-UTRs of reporter constructs can trigger their
repression'?®. Clearly, more studies are required to investigate whether miRNA

binding to 5’-UTRs is a frequent event or limited to a small set of target mMRNAs.
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5.3.1.2.2. Mechanisms of microRNA-Guided Translational Repression

Early studies in Caenorhabditis elegans (C. elegans) showed that the miRNA lin-4
acts to repress the expression of the lin-14 gene by binding to regulatory elements in
the 3-UTR of the lin-14 mRNA™?"3* |nterestingly, neither the levels of the lin-14
mRNA nor its poly(A)-tail length was affected by lin-4, arguing that lin-4 represses
protein translation rather than mRNA stability’®*. Notably, polysome association of
the lin-14 mRNA was not altered by lin-4, suggesting that this miRNA inhibits
translation at a step after initiation. Consistently, several studies showed that miRNAs
as well as miRNA target mRNAs co-sediment with polysomes, arguing that miRNAs

138137 Moreover,

inhibit translation at the steps of elongation or termination
disassembly of polysomes by various agents co-ordinately shifts miRNAs, Argonaute
proteins and miRNA targets to lighter polysome gradient fractions, suggesting that
miRNPs may physically associate with polyribosomes'®® '*% 139 Consequently, it was
postulated that miRNAs induce rapid “ribosome drop-off’ from target mRNAs (figure
5)"¢. Ribosome drop-off from translating mRNAs implies the production of immature
polypeptide chains. Interestingly, it was shown that nascent polypeptide chains which
are translated from miRNA target reporter constructs cannot be captured by
antibodies directed to the N-terminus, suggesting that such nascent polypeptides
may be rapidly degraded by a protease'®. However, direct evidence for this model
remains elusive. Consistent with miRNA-guided repression of translation elongation,
two studies reported that internal ribosome entry site (IRES)-mediated translation of
reporter mMRNAs can be inhibited by miRNAs, similar to cap-dependent translation®®
40 Since mechanisms of IRES-mediated (cap-independent) and cap-dependent
translation initiation are different, these data argue for miRNA-guided repression at
post-initiation steps.

In spite of the evidence supporting miRNA-guided inhibition of translation elongation,
other publications argue for miRNA-guided repression at the initiation step. Several
lines of evidence suggest that miRNA function interferes with cap-dependent
translation initiation: Reporter mRNAs which bear non-functional ApppN caps are
resistant to miRNA-guided translation repression in vitro and in cell culture systems,
whereas their m’G-capped counterparts are efficiently repressed, suggesting that the

cap is involved in miRNA function''"*®, Moreover, IRES-mediated translation was
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found to be resistant to miRNA-guided repression in some studies'®® ™.

Consistently, addition of the cap-binding complex elF4F relieves miRNA target
repression in vitro, suggesting that miRNA function is related to the cap structure*?.
An attractive explanation for these observations is provided by a study which
demonstrated that human Ago? itself contains a motif that directly binds to the m’G
cap structure’®. Mutational analysis showed that this motif is required for
translational repression but is dispensable for endonucleolytic activity of Ago2. Thus,
miRNA-loaded Ago2 may directly inhibit translation initiation by competing with the
elF4F complex for m’G cap binding, thereby preventing the assembly of a functional
initiation complex. However, experiments in Drosophila cells suggested that the cap-
binding motif of Ago2 is also required for the interaction with GW182'%°. GW182 is a
protein which interacts with Argonaute proteins and is required for translational

repression downstream of miRNA binding™®.

Therefore, the phenotype of Ago
mutants in the cap-binding domain could partly be due to their inability to recruit
GW182 to miRNA target mMRNAs.

The model that miRNAs act on translation initiation is further supported by the finding
that a high molecular weight complex containing TRBP, Ago2 and Dicer associates
with the translation initiation factor elF6'’. Depletion of elF6 by RNAi abrogates
miRNA silencing in C. elegans and in human cells. Interestingly, elF6 is known to

inhibit 80S ribosome assembly'*®

, raising the possibility that recruitment of elF6 to
MRNAs by the miRNA pathway could block translation initiation by preventing 60S
subunit joining (figure 5). This model is also consistent with the observation that
miRNA reporter constructs specifically associate with components of the 40S
ribosomal subunit, but associate with fewer 60S subunits compared to reporters
where miRNA binding sites were mutated™®. Moreover, primer extension
experiments revealed that the AUG start codon of repressed reporter constructs is
covered by a complex, suggesting that 40S subunits occupy the AUG codon of
repressed mRNAs'*. Thus, it is likely that translation initiation of miRNA target
MRNAs is blocked after scanning of the 5’-UTR for the start codon and before joining
of the 60S subunit (figure 5).

Both models for miRNA function — initiation inhibition and elongation inhibition — are
highly controversial. It is currently unclear whether opposing results are due to the
different reporter systems or assays that have been used, or whether mechanisms of

miRNA function could even be miRNA and/or miRNA target-specific. Most evidence
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for an involvement of miRNAs in translation elongation is based on co-sedimentation
studies of miRNAs, miRNA target mRNAs and Argonaute proteins with
polyribosomes. Importantly, co-sedimentation does not necessarily imply physical
interaction, and a recent study has challenged many interpretations of co-
sedimentation data: In Drosophila cell extracts, miRNAs can induce the formation of
heavy mRNP aggregates which are similar in size to polysomes and have therefore

been termed “pseudo-polysomes”’™?

. It is therefore possible that such pseudo-
polysomes were misinterpreted as polysomes in some of the studies which aimed to
argue for the inhibition of translation elongation. However, pseudo-polysomes have
only been observed in Drosophila in vitro systems so far and it is unclear whether
pseudo-polysomes exist in other species and other experimental systems as well.

In conclusion, miRNA mechanisms of translational repression are not completely

resolved and further studies will be required to fully elucidate miRNA function.
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Figure 5
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Figure 5: Possible mechanisms of miRNA and Ago protein function. Translation initiation involves the
binding of the poly(A) binding protein (PABP) and the elF4F complex to the mRNA, followed by joining
of the 43S complex which contains the 40S ribosomal subunit and elF3 (upper panels). Subsequently,
the 43S complex scans the 5-UTR for the AUG start codon. Translation elongation starts after joining
of the 60S ribosomal subunit and dissociation of elF3. It was proposed that Ago proteins and miRNAs
inhibit translation during elongation by inducing ribosome drop-off (upper right panel). In contrast, it
has been suggested by others that Ago proteins and miRNAs act on the 48S pre-initiation complex
(middle panel) to prevent joining of the 60S ribosomal subunit, possibly in cooperation with elF6. It is
controversial whether Ago2 directly displaces elF4E from the m’G cap structure to inhibit translation
initiation. GW182 and/or TNRC6B are thought to be generally required for miRNA function and are
therefore expected to cooperate with Ago proteins in all known types of repression. Many repressed
mRNAs are instable, because GW proteins can trigger deadenylation and subsequent decapping and
mRNA degradation (lower panels). Please note that several translation initiation factors have been
omitted from the figure for simplification. Please also note that the exact composition of the repressed

pre-initiation complex has not yet been determined and is therefore hypothetical.
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5.3.1.2.3. MicroRNA-Guided Destabilization of Target mRNAs

Biochemical analyses of human Ago proteins revealed that Ago2 is an endonuclease
that cleaves target RNAs which are highly complementary to the small RNA bound by
Ago2> *. Indeed, it was shown that miR-196 can trigger endonucleolytic cleavage of
the HoxB8 mRNA in mice™. However, miRNAs have only very few perfectly
complementary targets in mammals and it is therefore unlikely that endonucleolytic
cleavage is a widespread mechanism of miRNA function in these species.
Nevertheless, mounting evidence indicates that miRNAs can not only trigger
translational inhibition, but also destabilization of many target mRNAs"'"*, Such
MRNA degradation processes involve recruitment of the deadenylation machinery
rather than endonucleolytic cleavage by Ago2' %8 15° The repressive effects of
miRNAs and Ago proteins on target mRNAs depend on members of a conserved
family of RNA binding proteins with Glycine-Tryptophan (GW) repeats that interact
with Ago proteins® 99 146. 169
family comprises TNRC6A (GW182), TNRC6B and TNRC6C, whereas Drosophila
cells only express one family member, GW182. Experiments, which utilized tethering
approaches of Ago1 and GW182 to mRNAs, revealed that Drosophila GW182 is

required for target mMRNA degradation and translational repression downstream of

see also publication 1, section 11). In humans, this

Ago1 mRNA binding™®. Inhibition of the interaction of GW and Ago proteins by using
competing peptides relieves miRNA-guided silencing in vitro and in cell culture,
suggesting that the interaction of GW182 and Ago proteins is required for miRNA-
guided repression'*® 161,

GW182-triggered target mRNA degradation, but not translational repression requires
the decapping DCP1:DCP2 complex as well as components of the deadenylation
machinery, CAF1 and NOT1 (figure 5, lower panel)'*®. Consistently, human Ago1
and Ago2 interact with Dcp1a and Dcp2'®. These data put forward a model in which
miRNAs together with Ago proteins act to recruit proteins of the GW family to miRNA
target mRNAs. GW proteins, in turn, trigger translational repression and often
deadenylation and subsequent decapping of target mMRNAs, which can eventually
lead to mMRNA degradation.

Recent proteome- and transcriptome-wide studies which utilized microarray and
mass spectrometry approaches showed that the relative contribution of translational

repression and mRNA destabilization to miRNA-guided repression varies depending
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on the individual miRNA target'" 7. Further studies will be required to find elements
on 3-UTR’s and protein factors such as specific RNA binding proteins that determine

the mechanisms of target repression.
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5.3.1.2.4. Other Mechanisms of microRNA Function

Recent reports suggest that miRNAs are also capable of activating translation'®? 1.
While miRNA-guided repession is predominant in proliferating cells, translation
activation occurs during cell cycle arrest and can involve binding of miRNPs to AU-
rich elements. Interestingly, miRNAs can repress and activate translation of the same

targets, depending on the cell cycle stage'®.

Notably, most studies on miRNA
function have been performed in rapidly proliferating cell lines, raising the possibility
that miRNA-guided translation activation might be a more general mechanism in
resting cells. However, comprehensive analyses of miRNA targets during cell cycle
arrest, which could provide more general support for such mechanisms, have not yet

been performed.
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5.3.1.3. Ago2 and RNA Interference (RNAI)

siRNAs trigger the cleavage of complementary target RNAs by binding to an
Argonaute protein with endonucleolytic activity. Ago2 is the only human Ago protein
with such “slicer” activity and it is therefore essential for RNAi*> *. Biochemical studies
showed that the cleavage reaction requires Mg2+ ions, is ATP-independent and
generates products with 5-phosphates and 3-OH groups'®* '®°. Because siRNAs,
which are generated by Dicer, carry 5-phosphate groups, several groups have
investigated a possible involvement of the 5-phosphate in RNAi. To rule out
phosphorylation of siRNAs by cellular kinases, these experiments employed
chemically modified siRNAs with 5-methoxy (CHsO) groups, which cannot be
phosphorylated. It is now widely accepted that the 5’-phosphate is required for RNAI,
but it has been controversially discussed whether single-stranded siRNAs can form

active RISC when lacking a 5-phosphate® & 9. 166168

Because chemically
synthesized siRNAs are usually not phosphorylated, they have to be modified by
cellular kinases in order to be active. Interestingly, it was recently shown that the
kinase hClp1 phosphorylates siRNAs on their 5-ends and is required for their
activity'®°.

While RISC loading likely involves the formation of larger complexes, mature siRNA-
loaded active RISC can be as small as 100 kilodalton (kDa), and it was demonstrated
that Ago2 together with a single-stranded siRNA can form a minimal RISC® '7°_ |t
therefore appears likely that Ago2-mediated endonucleolytic target RNA cleavage
requires less factors than miRNA-guided repression, which targets translation
initiation, elongation or mRNA stability through more complex mechanisms. However,
depletion of the miRNA pathway factors GW182 and TNRC6B affects miRNA-guided

mRNA cleavage, suggesting that these proteins enhance the efficiency of RNA{* '%°.

RNAI was initially regarded as a highly specific process by which siRNAs can trigger
the sequence-dependent degradation of perfectly complementary target RNAs.
Therefore, RNAI is widely being used as a research tool to study loss-of-function
phenotypes of particular genes of interest. However, mounting evidence suggests
that siRNAs can downregulate a large number of partially complementary “off-target”

transcripts in addition to their target. Similar to miRNA target mRNAs, siRNA off-
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targets contain many sites in their 3’-UTRs which are complementary to nt 1-8 of the
siRNA, i.e. the siRNA seed sequence®®. Therefore, siRNA off-targeting resembles
miRNA-guided repression and it is likely that siRNAs repress their off-targets by
binding to all Ago proteins'’". Indeed, siRNAs are efficiently loaded to human Ago1-
4, similar to miRNAs®. Notably, thermodynamic asymmetry is often not sufficient to
completely prevent incorporation of siRNA passenger strands into Ago protein
complexes, indicating that both strands of siRNA duplices can potentially have off-

targets*® % (

see also publication 4, section 11). siRNA off-target effects may cause
false-positive results in loss-of-function experiments. Furthermore, off-target effects
are an obstacle for therapeutic applications of siRNAs. Therefore, the reduction of
siRNA off-target effects is a major goal of siRNA research. This thesis describes an
efficient method to prevent the incorporation of the passenger strand into RISC to

block its off-target effects (publication 4).
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5.3.2. Ago2 and endo-siRNAs

Endo-siRNAs are present in mouse oocytes and derive from various sources of
dsRNA including pairs of gene and complementary pseudogene transcripts and
repetitive elements?" 8. Transposon transcripts containing perfectly complementary
binding sites for endo-siRNAs are upregulated in Dicer- or Ago2-deficient oocytes,
suggesting that endo-siRNAs could target these repetitive elements, possibly through
Ago2-mediated endonucleolytic cleavage?" ®°. However, a direct proof of endo-siRNA
function is still missing.

In addition to transposon suppression, endo-siRNAs, which derive from gene-
pseudogene pairs, are complementary to coding genes. Indeed, it was shown that
Dicer and Ago2 mutants have elevated levels of endo-siRNA target mRNAs?" .
Importantly, those target mMRNAs with a higher number of siRNA target sites are more
strongly upregulated in Dicer-deficient mice than mRNAs with fewer matches?".
Collectively, these data suggest that endo-siRNAs regulate several protein-coding
genes.

Although mammalian endo-siRNAs have only been found in oocytes so far, loss of
Ago2 causes severe developmental defects in somatic tissues such as failure to
close the neural tube and swelling inside the pericardial membrane®. It remains to be
investigated whether these somatic phenotypes are due to the function of Ago2 in
miRNA-guided repression or its function in the endo-siRNA pathway, which might

play a role in somatic development as well.
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5.3.3. Piwi Proteins, piRNAs and Transposon Silencing in the Germline

Since their discovery, Piwi proteins have emerged as essential guardians of the
genome in germ cells, and it becomes clear that they play key-roles in transposon
suppression®®. In mammals, insight into the function of Piwi proteins is largely based
on knockout studies of the three Piwi family members in mice, MIWI, MIWI2 and
MILI. Loss of MILI or MIWI2 causes apoptosis of sperm cells around the pachytene

172,173 \whereas defects in MIWI-deficient mice occur later at the

stage of meiosis
haploid, round spermatid stage'’. Interestingly, both MILI- and MIWI2-deficient
sperm cells display increased levels of DNA double-strand breaks, as assessed by
staining of phoshorylated H2AX. Moreover, MILI- and MIWI2-deficient mice show
higher levels of transposon transcripts'’® 3. These phenotypes could be explained
by a model in which MILI and MIWI2 bind piRNAs from repetitive elements, which
guide them to transposon transcripts. These transcripts could be repressed through
RNAI-like degradation and/or transcriptional silencing. Loss of silencing in MILI- and
MIWI2-deficient mice may lead to transposon “de-repression” and accumulation of
DNA double-strand breaks. This model is supported by the observation that pre-
pachytene piRNAs frequently derive from repetitive elements®®. Notably, all Piwi
proteins in mice carry the catalytic DDH triad that is required for endonucleolytic
activity. Indeed, it has been observed that the rat Piwi protein Riwi co-fractionates
with an endonucleolytic activity®’. However, transposon cleavage activity of
immunopurified Piwi proteins has not yet been observed in in vitro systems.

Because germline defects in MIWI-deficient mice manifest later than the meiotic
phenotypes of MILI and MIWI2, it is possible that MIWI plays a different role in
spermatogenesis. This hypothesis is supported by the finding that MIWI binds to
mRNAs of proteins that are involved in spermatogenesis'’*. Thus, MIWI might play a

role that is similar to the function of Ago proteins in somatic cells.
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5.4. Biological Roles of Animal miRNAs

Since their discovery, miRNAs are emerging as crucial regulators of diverse
biological processes in higher eukaryotes. It was described early that lin-4 and let-7,
the founding members of the miRNA family, are involved in the development of C.
elegans larvae, because mutants exhibit defects in developmental timing™®* '°. Other
pioneering studies showed that miRNAs control asymmetric specification of certain

C. elegans neurons'’®'7®

. Today, numerous studies indicate that miRNAs are
important developmental regulators in many species including mice and humans'’.
For example, mice deficent in the miR-17-92 cluster die shortly after birth with lung
and heart defects'®. Moreover, this miRNA cluster is also essential for B-cell
development'®. In contrast, miR-155 regulates cytokine production of T-cells and is
required for proper T-cell development'®'.

Beside their role during development, it soon became apparent that the miRNA
network is frequently de-regulated in cancer. The first evidence that miRNAs could
function as tumor suppressors came from a study which reported that patients with B-
cell chronic lymphocytic leukemia (BCLL) frequently carry deletions in the 13q14
locus which contains genes of miR-15a and miR-16-1"®2. More recent reports have
shown that let-7 functions as a tumor suppressor in lung cancer by suppressing the
Ras oncogenes'®® '®*. Today, several other tumor suppressor miRNAs have been
characterized. In contrast to these miRNAs, other miRNAs can function as
oncogenes when aberrantly expressed in certain cell types. For example, miR-21 is
frequently upregulated in glioblastomas, and inhibition of miR-21 triggers apoptosis,
indicating that miR-21 is important for glioblastoma cell survival'®® '®®. Thus, miRNAs
can act both as oncogenes and tumor suppressors, depending on the particular
miRNA and the cell type. The importance of miRNAs in tumor biology is further
corroborated by the finding that the expression of different miRNA pathway proteins
is de-regulated in various cancer types. For instance, the genes for human Ago1,
Ago3 and Ago4 are located in a region on chromosome 1 (1p34-35) which is
frequently deleted in Wilms tumors of the kidney and in neuroblastomas'®’.
Moreover, reduced Dicer expression is significantly correlated with poor prognosis in
lung cancer'®. Similarly, a recent study identified a mutation in TRBP which affects
overall levels of mature miRNAs, destabilizes Dicer and frequently occurs in colon
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and endometrial tumors ~°. Importantly, re-introduction of TRBP into cancer cells
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inhibits tumor growth and restores mature miRNA levels, suggesting that the miRNA
pathway has growth-suppressive functions in these tumors'®®.

Taken together, miRNAs have diverse roles in development and in various diseases.
To date, several miRNA targets have been characterized that may account for some
of the phenotypes that are associated with the overexpression or the loss of certain
miRNAs. However, it is widely assumed that each miRNA regulates many targets
and it still remains a major challenge of the miRNA field to identify and to
characterize these miRNA targets and their potential biological roles. This thesis
describes a novel method to experimentally identify miRNA target mMRNAs from their
physical association with Ago protein complexes, providing a useful tool to find new

miRNA targets (publications 2 and 8).
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5.5. Aims of the PhD Thesis

Ago proteins are central components of siRNA- and miRNA-guided gene silencing
complexes, because they are present in a complex together with small RNAs as well
as their target RNAs. Moreover, Ago proteins likely bind to a variety of auxiliary
protein factors that are important for small RNA-guided gene silencing. Therefore, the
aim of this thesis is to purify Ago complexes and to identify and functionally
characterize their protein, small RNA and mRNA components:

1) It is well established that Ago proteins associate with upstream factors of the
miRNA biogenesis pathway such as Dicer and TRBP. However, very little is known
about Ago-interacting proteins that function after the loading of miRNAs to Ago
proteins: Firstly, it is unclear whether miRNPs find their target sites on 3'-UTRs by
passive diffusion and base-pairing or whether additional factors exist which promote
or antagonize binding of Ago proteins to their targets. Secondly, factors that are
recruited by Ago proteins to achieve miRNA-guided translational repression and
MRNA decay of miRNA targets are essentially unknown. Thirdly, it is unclear whether
other 3’-UTR binding proteins could interact with Ago proteins to enhance or to
relieve gene silencing. Thus, this thesis mainly focuses on novel Ago-associated
proteins that function downstream of miRNA loading (publications 1, 3 and 8). We
therefore aim to purify human Ago1-4 protein complexes by immunoprecipitating
tagged and endogenous Ago proteins with appropriate antibodies, followed by the
identification of interacting proteins by mass spectrometry. Next, we want to validate
such interactions by different experimental approaches such as co-
immunoprecipitation and in vitro binding assays. Finally, we aim to functionally
investigate possible roles of Ago-interacting proteins in small RNA-guided gene
silencing, using EGFP- or luciferase-based reporter systems for miRNA function.

2) Since Ago proteins are direct binding partners for different types of small RNAs, a
second aim of this thesis is to identify novel types of small RNAs from
immunopurified Ago protein complexes by RNA cloning and deep sequencing
methods. After identifying these small RNAs, we will characterize them functionally,
i.e. test whether they could act like known small RNAs such as miRNAs or siRNAs
(publication 7). Importantly, the human transcriptome contains many small RNA

sequences that are derived from various non-coding RNAs such as tRNAs, rRNAs
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and scRNAs, and it is unclear which of these small RNAs are functionally
incorporated into Ago protein complexes'%.

3) Bioinformatic miRNA target prediction algorithms are mostly based on
assumptions such as perfect base-pairing of the miRNA seed sequence with the
target site, which are true for many, but not all miRNA target sites’'® '?'. Thus, it is
likely that some of the predicted target sites are not functional. Conversely, some
miRNA targets with non-canonical binding sites (e.g. sites with imperfect base-pairing
of the seed sequence) are probably missed by most prediction algorithms. Therefore,
an unbiased experimental method to identify miRNA target mRNAs is needed.
Because Ago proteins physically associate with miRNA target mRNAs, we aim to
establish a method to identify miRNA targets from immunoprecipitated Ago protein
complexes by cloning and sequencing (publication 2) or microarray analyses
(publication 8) of Ago-associated mRNAs.

In an independent project, we analyzed siRNA activities aiming at the improvement of
RNAI specificity and efficiency. SiRNA off-target effects (sequence-specific
downregulation of mRNAs that are unrelated to the siRNA target) are a major
problem for siRNA applications in research and in medical therapies (section
5.3.1.3.). Depending on their incorporation into RISC, both strands of an siRNA
duplex can potentially have off-target effects*® °°. However, strands that are not
incorporated into RISC will not have sequence-specific off-target effects, and only
one strand (the guide strand) is required for silencing, while the opposing strand
(passenger strand) is dispensable. Therefore, we chemically modified siRNA 5’-ends

and analyzed incorporation into RISC (publication 4).
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6. Discussion

6.1. Proteomic and Functional Analyses of Human Ago Protein

Complexes

To identify new proteins that function in the miRNA pathway, we purified complexes
of all four human Ago proteins and analyzed their composition by using mass
spectrometry and co-immunoprecipitation experiments. (publications 1, 3, and 8). We
identified the novel Ago-associated proteins TNRC6B and MOV10 and showed that
they are required for miRNA-guided gene silencing (publication 1). TNRC6B belongs
to a conserved family of proteins with glycine-tryptophan (GW) repeats which
comprises three proteins in humans, TNRC6A/GW182, TNRC6B, and TNRC6C.
Similar to TNRC6B, its human homologs TNRCBA/GW182% and TNRC6C'® as well
as GW proteins in other species are required for miRNA-guided gene silencing’*®
Studies in Drosophila revealed that GW proteins most likely function by recruiting the
deadenylation machinery to mRNAs which are targeted by Ago proteins and
miRNAs, thereby destabilizing the mMRNAs'*®. However, in cells where mRNA decay
was inhibited by knockdown of decapping enzymes, GW proteins are still required for
miRNA-guided translational repression, indicating that they play a role in translational
repression as well'®®. Today, the exact mechanisms by which GW proteins trigger
silencing are still unclear. However, it was recently shown that the domain which
triggers silencing maps to the C-terminal GW repeats (“silencing domain”)'®. Further
studies will be required to fully elucidate the mechanisms of these central players of
miRNA-guided gene silencing.

MOV10 is a putative RNA helicase and a homolog of the Drosophila protein
armitage. Armitage is required for RISC assembly and siRNA function in Drosophila
cell lysates, suggesting that the function of this putative helicase could be
conserved'®" %2 |t is conceivable that MOV 10 might help to unwind miRNA/miRNA*
intermediates, thereby enabling efficient loading of RISC and miRNPs with small
RNAs. However, this has not been tested yet and the precise function of MOV10 is
still unknown.

After this initial study, we characterized the proteomic composition of Ago protein

complexes in more detail and found that Ago proteins reside in at least three different
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complexes of different sizes (publication 3). The two larger complexes contain
mRNAs and may therefore represent repressed mRNPs. We showed that in the large
complexes, Ago proteins specifically associate with many RNA helicases in a RNA-
dependent and independent manner. For instance, RHA and DDX36 associate with
Ago proteins in an RNA-independent manner. Interestingly, it was later shown that
RHA is required for RNAI, and it was proposed that it could be involved in RISC
Ioading47. Moreover, we identified several mMRNA binding proteins that specifically co-
immunpoprecipitate with Ago1 and Ago2 in an RNA-dependent manner, suggesting
that miRNPs may act in concert with these mRNA binding proteins to achieve
repression of target mRNAs. Consistently, we demonstrated that RNA binding motif
protein 4 (RBM4) is essential for repression of several miRNA targets, although its
interaction with Ago proteins is RNA-dependent. This observation could be explained
by a model, in which RBM4 binds to miRNA target mRNAs prior to miRNP binding. It
may help to recruit Ago proteins to the target mMRNAs or to stabilize the interaction of
Ago proteins with miRNA target mRNAs. In this case, mRNAs would have to be
marked by RBM4 or similar RNA binding proteins to become susceptible to Ago
protein recruitment and miRNA-guided repression. The logical consequence of such
a model would be that not all mMRNAs with predicted miRNA binding sites are actually
miRNA targets, but only those that contain binding sites for RBM4 or similar proteins.
Consequently, it would be expected that RBM4 strongly associates with miRNA
target MRNAs. Indeed, it has been observed that LARK, the Drosophila homolog of
RBM4, associates with a pool of mMRNAs that is strongly enriched in predicted miRNA
binding sites'®®. Nevertheless, it is also possible that RBM4 could be a more general
3’-UTR remodelling factor with additional roles in the miRNA pathway, because it was
recently reported that RBM4 suppresses m’G-cap-dependent translation through CU-
rich elements in the 3-UTRs'*.

Next we extended our studies to include Ago3 and Ago4 in our proteomic and
functional analyses. We found that Imp8 specifically interacts with Ago1-4 in an RNA-
independent manner (publication 8). Imp8 belongs to a family of Importin B-like

proteins that are involved in nuclear import of protein substrates’ '%°

, raising the
possibility that Imp8 could be a nuclear import receptor for Ago proteins. Nuclear
functions of mammalian Ago proteins such as nuclear RNAi and Ago-dependent
transcriptional silencing are controversially discussed in the small RNA research field

(section 5.3.1.1.), because most studies on nuclear Ago functions rely on artificial
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overexpression of small RNAs, and endogenous small RNAs that clearly function in
the nucleus have not yet been identified. Moreover, the pathways that Ago proteins
utilize for nuclear silencing are still unknown. Importantly, the subcellular localization
of Ago proteins is also a matter of debate, because subcellular fractionation
experiments suggest that a significant fraction of Ago proteins is in the nucleus, while
most immunofluorescent approaches display a mainly cytoplasmic staining pattern.
Therefore, we generated a monoclonal antibody to human Ago2 and re-investigated
whether Ago2 localizes to the nucleus (publication 5). Interestingly, we found that
Ago2 localizes to both the cytoplasm and the nucleus. The staining intensity from
both compartments was strongly decreased when Ago2 was depleted by RNAI,
suggesting that the nuclear signal was Ago2-specific. Strikingly, the localization of
endogenous Ago2 was shifted towards the cytoplasm after knockdown of Imp8.
Similar results were obtained with a cell line expressing EGFP-tagged Ago2
(publications 6 and 8). Thus, Imp8 affects nuclear localization of Ago2. Taken
together, these data would be consistent with a model in which Imp8 imports Ago2
into the nucleus. However, the observation that Imp8 modulates the nuclear Ago2
pool could potentially also be due to indirect effects. For instance, a protein that
strongly associates with Ago2 could be imported into the nucleus by Imp8, and its
depletion from the nucleus after Imp8 knockdown might co-deplete Ago2 from the
nucleus. In line with such a model, Ago2 lacks classical nuclear localization signals
and it remains to be addressed which domains of Ago2 are responsible for nuclear
targeting. Clearly, in vitro assays such as nuclear import assays of recombinant Ago
proteins will be needed to resolve whether Imp8 directly imports Ago proteins into the
nucleus. Notably, a significant portion of Ago2 remains in the nucleus after
knockdown of Imp8, raising the possibility that other import receptors could contribute
to nuclear Ago2 import as well. Alternatively, these results could be due to residual
levels of Imp8 after siRNA transfection.

In conclusion, the finding that Imp8 modulates Ago protein localization is intriguing
because Imp8 may be part of a pathway that facilitates nuclear functions of
Argonaute proteins. Interestingly, the germline-specific Argonaute protein MIWI2 is
mainly localized to the nucleus'®. Thus, further studies will be required to analyze
whether Imp8 is a nuclear import receptor for MIWI2 with possible roles in germ cell

maintenance.
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In addition to its role for Ago protein localization, we noticed that Imp8 co-localizes
with Ago proteins in cytoplasmic P-bodies (publication 8) which have been implicated
in miRNA-guided gene silencing®. This result and the fact that Imp8 interacts with
Ago proteins suggested that Imp8 could play a role in the miRNA pathway. We
demonstrated that Imp8 is indeed required for miRNA-guided gene silencing. In
contrast to known miRNA pathway factors which function in miRNA maturation (e.g.,
Dicer and Drosha) or in steps downstream of target mRNA binding (e.g., TNRC6B
and GW182), Imp8 is required for efficient binding of Ago proteins to their target
MRNAs, as shown by microarray analysis of Ago2-associated miRNA targets. Thus,
we identified Imp8 as the first factor that positively regulates miRNP binding to target
MRNAs. Interestingly, we found that miRNA target mMRNAs are not enriched in anti-
Imp8 immunoprecipitates, suggesting that Imp8 does not stably interact with Ago2 on
target mMRNAs. Consistently, mass spectrometry analyses revealed that Imp8 co-
immunoprecipitates with low molecular weight complexes of Ago2, but not with
heavier complexes containing mMRNAs (publication 3). Thus, Imp8 may preferentially
interact with Ago proteins prior to target mRNA binding (see model in Figure 7,
publication 8). It thererfore remains to be investigated how Imp8 promotes the Ago-
target mRNA interaction, although it interacts with mRNA-free miRNPs rather than
with repressed mRNPs. Intriguingly, it was proposed that Importin p-like proteins
could serve as chaperones for their substrate proteins by preventing unspecific
aggregation with nucleic acids into insoluble complexes'®. We showed that
knockdown of Imp8 does neither affect the levels of soluble Ago proteins nor their
stability. However, it appears possible that Imp8 helps to maintain an active
conformation of Ago proteins that is required for stable binding of target mMRNAs. In
such a model, Imp8 could bind to Ago proteins which are released from P-bodies and
help to maintain the active conformation until the miRNP is recruited to a new miRNA
target mRNA (Figure 7, publication 8). Notably, structural analysis of the Thermus
thermophilus Argonaute protein revealed that the ternary complex of Argonaute
together with a guide strand and a target RNA adopts a different conformation than
the binary complex of Argonaute with the guide strand. The nucleic acid binding
channel between the PAZ domain and the PIWI domain widens to accept the target
RNA'™. Thus, target mRNA binding involves conformational changes, and it is
tempting to speculate that Imp8 might be involved in maintaining a conformation that

is capable of undergoing such rearrangements. However, we demonstrated that
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while Imp8 is required for miRNA-guided repression of imperfectly complementary
targets, it is dispensable for RNAIi. RNAI also requires transient binding of Ago2 to the
target mRNA. It therefore remains to be investigated whether RNAi and miRNA-
guided repression requires different Ago protein conformations and whether one of
them is specifically promoted by Imp8. Alternatively, Imp8 could promote a
posttranslational modification of Ago proteins that is essential for stable target mMRNA
binding.

Considering that Imp8 is involved in nuclear targeting of Ago proteins as well as in
Ago protein recruitment to target mRNAs, we wanted to investigate whether these
two roles are linked or separable. We therefore targeted Ago2 to the nucleus in an
Imp8-independent manner by fusing a SV40 nuclear localization signal (Simian virus
40 NLS) to its N-terminus (publication 8). Interestingly, we found that SV40 NLS-
Ago2 binds to miRNA target mRNAs in an Imp8-dependent manner, similar to wild-
type Ago2. Thus, it appears that the role of Imp8 in the miRNA pathway is
independent of its effects on the nuclear localization of Ago2. However, additional
experiments could be performed to elucidate the relation between the two roles of
Imp8 in more detail. For example, a search for Imp8 mutants that fail to target Ago2
to the nucleus but are still capable of targeting Ago2 to target mMRNAs (or vice versa)

may provide further insight into the two mechanisms of Imp8 function.
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6.2. Identification and Functional Analyses of Ago-Associated
Small RNAs

In addition to identifying Ago-associated proteins, we reasoned that purifying Ago1
and Ago2 complexes might help to find novel functional small RNAs, because small
RNA pools from purified Ago proteins are expected contain less non-functional small
RNA sequences (such as random degradation products of ribosomal RNAs or
tRNAs) than total RNA pools. We therefore generated libraries of Ago1- and Ago2-
associated small RNAs (publication 7). We were able to demonstrate for the first time
that a snoRNA, ACA45, can serve as a precursor for a small RNA, which is
incorporated into Ago complexes and functions as a miRNA. This small RNA
represses its targets in a Drosha-independent manner but requires Dicer, suggesting
that ACA45 directly serves as a Dicer substrate and bypasses Drosha processing.
Moreover, we identified several other snoRNA-derived small RNA sequences in
libraries from anti-Ago2 immunoprecipitates, indicating that snoRNA-derived small
RNAs constitute a novel class of miRNA-like molecules. Thus, we have
demonstrated that the purification of Ago proteins provides a useful tool to find novel
functional small RNA molecules. Considering the numerous miRNA biogenesis
pathways that have been described to date (e.g. processing from distinct genes,
introns, snoRNAs and the mirtron pathway), it appears that the miRNA pathway can
be fuelled by a variety of different substrates. It is therefore possible that in addition
to snoRNAs, other non-coding RNA species can also serve as miRNA precursors, if
they are structurally similar to pri-miRNAs or to processing intermediates of the
miRNA pathway. The use of deep sequencing and cloning approaches from anti-

Ago1-4 immunoprecipitates could help to identify such novel small RNA species.
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6.3. Identification and Functional Analyses of Ago-Associated
Target RNAs

Having specific antibodies to human Ago proteins in hand, we decided to extend our
analyses to identify mRNAs that specifically associate with human Ago complexes.
Because miRNAs guide Ago proteins to their target mRNAs, it was expected that
immunoprecipitation of Ago proteins under appropriate conditions could be used to
purify a transcript pool that is highly enriched in miRNA targets. Importantly, searches
for miRNA target mMRNAs were long hampered by the fact that it is difficult for target
prediction algorithms to separate the noise of non-functional seed matches from
functional miRNA target sites. Therefore, methods to identify miRNA targets in an
unbiased manner were needed. Thus, we biochemically purified human Ago1 and
Ago2 complexes by using monoclonal antibodies, isolated RNA from the
immunoprecipitates and cloned long associated transcripts (publication 2). Using
luciferase reporter assays for a panel of candidate mRNAs, we were able to
demonstrate that many of the most abundant mRNAs in our libraries are repressed
by miRNAs, demonstrating that our method is a useful tool to experimentally identify
miRNA targets. This study demonstrated for the first time that it is possible to
biochemically identify miRNA target mMRNAs from mammalian cells. Similar results
were obtained in an earlier study in Drosophila cells'®. Subsequent studies in
mammalian cells (including publication 8) employed microarray analyses of Ago-
associated mRNAs compared to total RNA pools, because this allows to normalize
for the overall abundance of each transcript in total RNA pools and may reduce the
number of false-positive miRNA targets'®*?%2. These analyzes showed that the Ago-
associated mRNA pool is significantly enriched in miRNA seed matches,
corroborating that this method is a valid tool for miRNA target identification. However,
transcripts that associate with Ago proteins could potentially be targeted by any
miRNA that is expressed in the cells used. Thus, it remains a challenge to identify the
miRNA(s) and their target site(s) for each Ago-associated target mRNA. One
possibility is to overexpress or to inhibit a particular miRNA and to identify the
transcripts that join or disappear from the pool of Ago-associated mRNAs upon
overexpression or inhibition. At least for miRNA overexpression, it has been

demonstrated that the 3’-UTRs of those differentially associated transcripts are highly

50



enriched in seed matches for the overexpressed miRNA, suggesting that such
methods can be used to assign Ago-associated target mRNAs to a miRNA of
interest'®® 2% 201 However, miRNA overexpression could potentially create artifacts.
Therefore, a method that inhibits endogenous miRNAs is expected to yield more
reliable results compared to miRNA overexpression. Using qPCR experiments, we
demonstrated that the let-7 target Hmga2 mRNA is efficiently depleted from Ago2
immunoprecipitates upon antisense inhibition of let-7, providing a proof of principle
for such a technique (publication 8). However, in order to map miRNA binding sites to
a narrow region of the target 3’-UTRs, different techniques would be required. For
example, limited RNase digestion of the Ago2-miRNA-mRNA complex, followed by
cloning and deep sequencing of target mMRNA fragments that are protected by the
Ago complexes may help to identify miRNA binding sites.

Interestingly, we found that in addition to target mMRNAs, anti-Ago2
immunoprecipitates contain several highly enriched long non-coding transcripts such
as H19 or MALAT-1. The interaction of these transcripts with Ago2 was validated by
gPCR. Thus, it is likely that miRNAs target these transcripts, and it will be interesting
to investigate the miRNA targeting mechanisms as well as the biological role of these
interactions. Thus, our method has revealed unexpected interactions of Ago2 with
non-coding transcripts, and application of this method to other cell lines and tissues
will probably extend the knowledge about the functions and targeting mechanisms of
Ago proteins and miRNAs.
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6.4. Reduction of siRNA Off-Target Effects by Blocking
5’-Phosphorylation of the Passenger Strand

Finally, we wanted to re-investigate the role of the 5’-phosphate for the function of
siRNAs (publication 4). Although it is known that siRNAs require a 5’-phosphate
group to be functional, its precise role has been a matter of controversy in the past™
18, 90. 166168 5iRNAs which are transfected into cells or incubated with cell lysates
become rapidly 5-phosphorylated by the cellular kinase hClp1'®®. We therefore used
siRNA derivatives for our study that carried 5’-methoxy (CH3O) groups to selectively
block 5’-phosphorylation of one or both of the single strands. Interestingly, we found
that single-stranded siRNAs are incorporated into RISC, irrespective of their 5'-
phosphorylation status. However, when double-stranded siRNAs were loaded to
Ago2, only those duplex strands where incorporated that carried a 5-phosphate:
Selective modification of one duplex strand with a 5-methoxy group serves to
exclude the modified strand from RISC, while the other strand is effectively
incorporated and active. Considering these results, we asked whether it is possible to
modulate the off-target activities of siRNAs with 5’-methoxy groups. In addition to
their target mMRNA, siRNAs can repress many off-target mMRNAs by imperfectly base-
pairing to their 3'-UTRs, similar to miRNAs (section 5.3.1.3.). Because these off-
target effects substantially lower the specificity of siRNAs, they represent a major
problem for the use of siRNAs in research and in clinical trials. Importantly, both
siRNA strands can potentially have off-target effects, because the thermodynamic
asymmetry of siRNA duplices does not completely prevent RISC loading of

passenger strands in many cases® .

Using transcriptome-wide microarray
analyses of siRNA off-target effects, we were able to demonstrate that 5-methoxy
groups on passenger strands can be used to selectively block their off-targeting
activity. Thus, this modification may be a useful tool for the design of highly specific

siRNAs.
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Summary

RNA silencing processes are guided by small RNAs
known as siRNAs and microRNAs (miRNAs) [1-4].
They reside in ribonucleoprotein complexes, which
guide the cleavage of complementary mRNAs [3, 4] or
affect stability and translation of partial complemen-
tary mRNAs [1, 2, 5]. Argonaute (Ago) proteins are at
the heart of silencing effector complexes and bind
the single-stranded siRNA and miRNA [4, 6]. Our bio-
chemical analysis revealed that Ago2 is present in
a pre-miRNA processing complex that is able to trans-
ferthe miRNA into atarget-mRNA cleaving complex. To
gain insight into the function and composition of RNA
silencing complexes, we purified Ago1- and Ago2-
containing complexes from human cells. Several
known Ago1- and/or Ago2-associated proteins includ-
ing Dicer were identified, but also two novel factors,
the putative RNA helicase MOV10, and the RNA recog-
nition motif (RRM)-containing protein TNRC6B/
KIAA1093. The new proteins localize, similar to Ago
proteins, to mRNA-degrading cytoplasmic P bodies,
and they are functionally required to mediate miRNA-
guided mRNA cleavage.

Results and Discussion

Proteomic Analysis of Human Ago1 and Ago2
Complexes

We generated HelLa-cell lines stably expressing FLAG/
HA-tagged Ago1 or Ago2 [7] and biochemically copuri-
fied Ago-associated proteins from HelLa-cell cytoplas-
mic extracts by double-affinity purification. Cytoplasmic
extract was first passed over anti-FLAG-antibody-
coated beads. Bound proteins were eluted under native

*Correspondence: meister@biochem.mpg.de (G.M.); ttuschi@rockefeller.
edu (T.T.)

8 Present address: Max Planck Institute for Biochemistry, Am Klop-
ferspitz 18, D-82152 Martinsried, Germany.

conditions with FLAG peptides, and the eluate was sub-
sequently incubated with anti-HA-antibody-coated
beads. The bound proteins were recovered and ana-
lyzed by SDS-PAGE and silver staining (Figure 1A, lanes
2 and 3). The visible bands were subjected to ESI tan-
dem MS (LC-MS/MS) analysis. The most prominent pro-
teins with molecular weights of about 100 kDa were
identified as FLAG/HA-tagged Ago2 (lane 2) and Ago1
(lane 3). Additionally, Gemin3 and Gemin4, two proteins
previously reported to be associated with human Ago2
[8], were also copurified with FLAG/HA-Ago2. The
RNase Il enzyme Dicer was also found to be stably
associated with Ago1 and Ago2, consistent with very
recent reports [9].

Among the silver-stained bands in both purifications,
we identified four proteins that have not been previously
linked to small-RNA-regulated gene silencing in human
systems. The 175 kDa band was identified as TNRC6B
isoform 1, also known as KIAA1093, a poorly character-
ized protein. The gene is annotated as trinucleotide re-
peat containing 6B, which encodes glycine-tryptophan
(GW) repeats. The amino acid sequence of TNRC6B also
contains an RNA recognition motif (RRM) at the C ter-
minus, suggesting TNRC6B may function as a single-
stranded-RNA binding protein. The 130 kDa band
was identified as MOV10, a putative DExD-box helicase.
MOV10 is a candidate ortholog of the plant protein SDE-
3 and the Drosophila melanogaster protein Armitage
[10-12], both of which are involved in RNA.. A third pro-
tein migrating at about 70 kDa was identified as the argi-
nine methyltransferase PRMT5. The protein migrating at
50 kDa was found to be the translation factor eEF1a.

The specific interactions of the affinity-purified com-
ponents of the Ago complexes with Ago1 and Ago2 pro-
teins were further examined by cotransfection and co-
immunoprecipitation (co-IP) experiments. N-terminally
tagged FLAG/HA-Ago1, FLAG/HA-Ago2, or FLAG/HA-
GFP was cotransfected with N-terminally tagged myc-
TNRC6B into HEK 293 cells (Figure 1B). Myc-TNRC6B
coimmunoprecipitated with FLAG/HA-Ago1 and FLAG/
HA-Ago2 (lanes 5 and 6), and myc-TNRC6B was absent
in the FLAG/HA-GFP co-IP (lane 7). FLAG/HA-Ago1,
FLAG/HA-Ago2, and FLAG/HA-GFP IPs were tested
for association with PRMT5 via a specific polyclonal
anti-PRMT5 antibody (Figure 1B, right panel). PRMT5
was detected only in the FLAG/HA-Ago1l and FLAG/
HA-Ago2 IPs (lanes 9 and 10) and not in the FLAG/
HA-GFP control IP (lane 11). To verify a specific inter-
action of MOV10 with the Ago proteins, N-terminally
FLAG/HA-tagged MOV10 was cotransfected with N-
terminally tagged myc-Ago1 or myc-Ago2 (Figure 1C).
The FLAG/HA-tagged proteins were immunoprecipi-
tated with anti-FLAG beads, and the bound proteins
were analyzed by western blotting against the myc-tag
(middle and right panel) and the FLAG/HA-tag (left
panel). FLAG/HA-MOV10 coprecipitated with myc-Ago1
and myc-Ago2 (lanes 4 and 6), whereas no Ago proteins
were detected in the FLAG/HA-GFP control IP (lanes 3
and 5). We were unable to confirm an association of
eEF1a with Ago1 or Ago2 via coimmunoprecipitation
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Figure 1. Biochemical Purification and Identification of Novel Ago-Associated Protein Factors

(A) Ago protein complexes were double-affinity-purified from HelLa cells stably transfected with FLAG/HA-tagged Ago1 (lane 3) and Ago2 (lane 2)
plasmids. The proteins were separated by SDS-PAGE followed by silver staining and identification of the bands by ESI tandem MS (LC-MS/MS).
The asterisks indicate so-far-unidentified proteins. Lanes 1 and 4 show molecular-weight markers.

(B) FLAG/HA-tagged Ago1 (lanes 1 and 5), FLAG/HA-tagged Ago2 (lanes 2 and 6), and FLAG/HA-tagged GFP (lanes 3 and 7) were cotransfected
with myc-TNRC6B. In lanes 4 and 8, no FLAG/HA plasmid was cotransfected. Anti-FLAG immunoprecipitates were analyzed by western blotting
with anti-HA (lanes 1-4) or anti-myc antibodies (lanes 5-8). FLAG/HA-tagged Ago1 (lane 9), FLAG/HA-tagged Ago2 (lane 10), and FLAG/HA-
tagged GFP (lane 11) were transfected into 293 HEK cells. Anti-FLAG immunoprecipitates were analyzed by western blotting with specific poly-
clonal anti-PRMT5 antibodies.

(C) FLAG/HA-tagged MOV10 (lanes 2, 4, 6) and FLAG/HA-tagged GFP (lanes 1, 3, 5) were cotransfected with myc-tagged Ago1 (lanes 3 and 4) or
with myc-tagged Ago2 (lanes 5 and 6). Anti-FLAG immunoprecipitates were analyzed by western blotting with anti-HA (lanes 1 and 2) or anti-myc
antibodies (lanes 3-6).

(D) FLAG/HA-tagged Ago2 (lane 1), FLAG/HA-tagged MOV10 (lane 2), and FLAG/HA-tagged GFP were transfected into HEK 293 cells. RNA was
extracted from anti-FLAG immunoprecipitates and analyzed by northern blotting with a probe specific to miR-16. Total RNA extracted from HEK
293 cells is shown in lane 4.

approaches. Therefore, it is unclear whether the binding
of eEF1a to the Ago2 complex is specific.

Ago proteins specifically associate with mature
miRNAs [7]. We therefore investigated whether MOV10
interacts with miRNA-loaded Ago protein complexes.
We transiently transfected FLAG/HA-tagged Ago2,
FLAG/HA-tagged MOV10, and FLAG/HA-tagged GFP
into HEK 293 cells (Figure 1D). FLAG/HA-tagged pro-
teins were immunoprecipitated with anti-FLAG antibod-
ies. Coprecipitated RNAs were extracted from the beads
and analyzed by northern blotting with a probe specific

to miR-16, a highly abundant miRNA in HEK 293 cells.
miR-16 was specifically detected in the FLAG/HA-Ago2
as well as the FLAG/HA-MOV10 immunoprecipitate
(lanes 1 and 2), and this detection is indicative of an
interaction of MOV10 with mature-miRNA-containing
Ago protein complexes. No signal was observed in the
control-IP (lane 3).

Taken together, our results indicate that MOV10,
TNRC6B, and PRMT5 specifically associate with Ago
proteins. We were unable to detect MOV10 and
PRMTS5 in the FLAG/HA-Ago1 purification, presumably
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because the amounts available for purified FLAG/HA-
Agol complexes were less compared to FLAG/HA-
Ago2 complexes (Figure 1A, compare lane 2 and 3).

MOV10 and TNRC6B Colocalize with Ago Proteins

in Cytoplasmic P Bodies

Recently, it has been demonstrated that Ago proteins as
well as miRNAs localize to specific cytoplasmic loci
termed processing bodies, or P bodies [13-15]. Further-
more, TNRCG6B is a protein homologous to the P body
component GW182 [16], which is also known as

.
-.

Figure 2. Human Ago1 and Ago2 Colocalize
with TNRC6B and MOV10 in Cytoplasmic P
Bodies

(A) FLAG/HA-Ago1l was transiently ex-
pressed in HEK 293 cells, and the fixed cells
were probed with rabbit anti-FLAG and
monoclonal mouse anti-GW182 antibodies.
The cells were stained with secondary fluo-
rescein-conjugated anti-mouse and Texas
Red-conjugated anti-rabbit antibodies. The
cells were analyzed with a TCS SP2 confocal
laser microscope (Leica). (A¢) shows FLAG/
HA-Ago1, (A;) shows FLAG/HA-Ago2, and
(A2) and (As) show GW182 localization. (A3)
and (Ag) show the merged images.

(B) FLAG/HA-Ago1 (B4_3 and B7_g), FLAG/HA-
Ago2 (B4s and Bjo_12), and myc-TNRC6B
(B1-s) as well as myc-MOV10 (B;_12) were
coexpressed in HEK 293 cells. The fixed cells
were probed with mouse anti-HA and rabbit
anti-myc antibodies. Protein localization was
analyzed as described in (A).

merge

merge

TNRCG6A. Therefore, we tested whether the novel bio-
chemically identified Ago-complex components localize
to P bodies as well. We transiently expressed FLAG/HA-
tagged Ago1 and Ago2 in HEK 293 cells. After 48 hr, the
cells were fixed and immunofluorescence studies were
performed with anti-FLAG antibodies. Both Ago1 and
Ago2 were concentrated in cytoplasmic P bodies (Fig-
ure 2A, left panel) as shown by costaining with anti-
bodies directed against the P body marker protein
GW182 (Figure 2A, middle and right panel). For colocal-
ization studies of Ago1 and Ago2 with the biochemically
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Figure 3. MOV10 and TNRC6B Are Required for miR-21-Guided Cleavage Activity in HeLa-Cell Culture

A stable HeLa-cell line that expresses EGFP carrying a sequence with perfect complementarity to miR-21 in its 3 UTR was transfected with con-
trol siRNAs complementary to the luciferase mRNA (1 and 2) or Ago1 (3 and 4), Ago2 (5 and 6), TNRC6B (7 and 8) and MOV10-specific siRNA
duplexes (9 and 10). Fluorescence and phase-contrast images were recorded 5 days after transfection with a TCS SP2 confocal laser micro-

scope (Leica Microsystems, Germany).

identified complex components TNRC6B and MOV10,
we transiently expressed FLAG/HA-Ago1 and FLAG/
HA-Ago2 together with myc-TNRC6B or myc-MOV10
in HEK 293 cells (Figure 2B). Immunostaining with anti-
myc antibodies demonstrated that both TNRC6B and
MOV10 localized to cytoplasmic granules (Figures 2B,,
2By, 2B, and 2B,,). Moreover, these granules also con-
tained FLAG/HA-Ago1 or FLAG/HA-Ago2 as shown by
probing the same cells with anti-HA antibodies (Figures
2B,, 2Bs5, 2Bg, and 2B14). An overlay of the respective im-
ages shows that both Ago1 and Ago2 colocalize with
TNRC6B and MOV10 in cytoplasmic P bodies (Figures
2B3, 2Bg, 2By, and 2B ,). No specific signal has been ob-
served when the primary anti-FLAG, anti-HA, or anti-
myc antibodies were omitted from the staining proce-
dure (Figure S1 in the Supplemental Data available
with this article online).

MOV10 and TNRC6B Are Required

for miRNA-Guided mRNA Cleavage In Vivo

To learn about the function of Ago2 and its complex
components TNRC6B and MOV10 in cultured cells, we
used a previously developed GFP-based positive-read-
out reporter cell line [7, 17]. In this cell line, the expres-
sion of GFP is repressed by miR-21. Transfection of 2'-
O-methyl oligonucleotides antisense to miR-21 blocked
endogenous miR-21 and derepressed GFP expression
[7, 17]. In this reporter system, we depleted Agoi,
Ago2, TNRC6B, and MOV10 mRNAs by using siRNAs
(Figure 3). The knockdown of the specific mMRNA was
monitored by quantitative RT-PCR (gqRT-PCR, Figure

S2). Similar to previous findings, depletion of Ago1 (Fig-
ure 33), as well as transfection of control siRNAs, (Figure
34) has no influence on GFP expression, whereas knock-
down of Ago2 resulted in strong upregulation of GFP
(Figure 35) [7]. Knockdown of MOV10 (Figure 3g) as
well as TNRC6B mRNA (Figure 3;) resulted in GFP-
signal upregulation comparable to targeting of Ago2, in-
dicating that MOV10 and TNRC6B were required for
miR-21-guided mRNA cleavage in cultured cells.

Very recently, it has been shown that also Caenorhab-
ditis elegans and D. melanogaster homologs of the
TNRC6 family are required for miRNA-guided gene si-
lencing and are present in P bodies [18, 19]. Because
members of the human Ago subfamily as well as miRNAs
and their target MRNAs were reported to localize to cyto-
plasmic P bodies [13-15], it is tempting to speculate that
some of the newly identified factors, including TNRC6B,
mediate targeting of Ago complexes to P bodies, while at
the same time they might act in assembly of the silencing
complexes and/or in guiding target recognition.

In Vitro Reconstitution of Target-RNA Cleaving
RISC/miRNPs Supplying dsRNA Precursors

Because Dicer copurified with FLAG/HA-Ago1l and
FLAG/HA-Ago2, we tested whether Dicer also associ-
ated with other Ago proteins and whether Dicer-contain-
ing Ago complexes showed biochemical Dicer activity.
Wetransiently expressed FLAG/HA-tagged Ago1 through
Ago4 and MOV10 in HEK 293 cells. After 48 hr, cells were
harvested and the FLAG/HA-tagged proteins were im-
munoprecipitated. The IP was incubated with internally
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Figure 4. Human Ago2 Is Associated with Dicer, Allowing Cleavage
of miRNA Precursors, Incorporation of the miRNA into Ago2 Com-
plexes, and Cleavage of Complementary Target RNA

(A) HEK 293 cells were transiently transfected with FLAG/HA-tagged
Ago1, 2, 3, 4, and FLAG/HA-tagged MOV10 (lanes 2-6). Inmunopre-
cipitates were incubated with a Dicer substrate RNA derived from
the miR-27a precursor that has been internally *?P labeled. The pro-
cessed RNA products were analyzed by 15% denaturing RNA PAGE
followed by phosphoimaging. In lane 7, recombinant Dicer was
used, and lane 1 shows a 21-nt-long RNA as size marker. An anti-
HA western blot indicating the amounts of FLAG/HA-tagged Ago
proteins used for the Dicer reaction is shown to the left.

(B) Immunoprecipitations of FLAG/HA-tagged Ago2 (lanes 1-4) or
FLAG/HA-tagged GFP (lanes 5-8) were washed with 150 mM, 300
mM, 500 mM, or 1500 mM NaCl and subsequently preincubated
with an in vitro-transcribed miR-124a-1 precursor followed by incu-
bation with a *2P-cap-labeled target RNA that carried a sequence el-
ement perfectly complementary to the mature miR-124.

The reactions shown in (C) were preincubated with single-stranded
or double-stranded siRNAs directed against a luciferase target RNA.
Cleaved RNA products shown in (B) and (C) were separated by 8%
denaturing RNA PAGE and visualized by phosphoimaging. Partial
nuclease T1 digestions of the miR-124 and the luciferase target
RNAs are indicated as T1. The target-RNA sequence element that
is covered by miR-124 and the siRNA against the luciferase mRNA
is shown as black lines to the left of the gels.

radioactively labeled pre-miR-27a, and the processing
products were subsequently analyzed by denaturing
PAGE (Figure 4, right panel). As a positive control, we in-
cubated pre-miR-27a with commercially available re-
combinant human Dicer (Stratagene). All of the FLAG/
HA-Ago IPs (lanes 2-5) as well as the positive control
(lane 7) supported pre-miRNA processing to 21-nt RNA
products, indicating co-IP of Dicer cleavage activity.
The FLAG/HA-MOV10 IP, however, did not contain Dicer

activity, suggesting that MOV10 functions downstream
of the Dicer cleavage step (lane 6) or that it is only tran-
siently associated with the RISC loading or assembly
complex.

The coexistence of Dicer and Ago proteins in Ago-
purified complexes and the presence of Dicer activity
prompted us to examine whether RISC can be reconsti-
tuted in vitro by using pre-miRNAs as input. Previously,
it was shown that single-stranded 21-nt RNAs but not
duplex siRNAs reconstitute cleavage activity by using
partly purified or recombinant Ago2 [20, 21]. To avoid
contamination of endogenously expressed miRNAs
from HelLa or HEK 293 cells in such an assay, we chose
the neuron-specific pre-miR-124a-1. Pre-miR-124a-1
was transcribed in vitro and mimicked the Drosha pro-
cessing products carrying a 2 nt 3' overhang at the
base of the stem loop. FLAG/HA-Ago2 or FLAG/HA-
GFP IPs from HEK 293 cells were preincubated with
pre-miR-124a-1 and followed by the addition of a 32P-
cap-labeled substrate RNA perfectly complementary
to miR-124a. The cleaved RNA products were analyzed
by denaturing PAGE (Figure 4B). Only the incubation
with FLAG/HA-Ago2 IP (lane 1) but not the FLAG/HA-
GFP control IP (lane 5) resulted in a specific miR-124a-
guided cleavage product, which indicated that Dicer,
RISC-loading, and RISC activity coprecipitated with
FLAG/HA-Ago2. The activity of the complexes is in-
creased after a high-salt wash up to 1.5 M NaCl (lanes
1-4), possibly suggesting that endogenously associated
dsRNA may have been removed and the proteins were
free to incorporate the exogenously added pre-miR-
124a. We also examined whether RISC can be reconsti-
tuted by using duplex siRNA (Figure 4C). FLAG/HA-
Ago2 or FLAG/HA-GFP IPs were preincubated with the
duplex siRNA directed against firefly luciferase mRNA.
A 32P_|abeled substrate RNA was subsequently added,
and the cleaved RNA products were analyzed as
described above. The FLAG/HA-Ago2 IP, but not the
FLAG/HA-GFP IP, supported target-RNA cleavage. The
cleavage activity reconstituted on FLAG/HA-Ago2 beads
when input duplex siRNA was used was about 10-20-
fold weaker than when single-stranded siRNA was used
at the same concentrations (lane 2), presumably as a
result of very low amounts of coprecipitated protein
complex(es) that are required for unwinding and/or
RISC loading. In summary, we demonstrated that human
Ago2 coprecipitated with components required for
miRNA processing, unwinding of the small RNA duplex,
RISC loading, and cleavage of a substrate RNA.

Integration of the Factors in an Interaction Network

Crystallographic studies of Ago proteins revealed unique
structural and enzymatic features required for binding
small RNAs processed by RNase Ill enzymes and for
guiding target-mRNA recognition as well as cleavage
[21-28]. To define the protein network of individual mem-
bers of the human Ago subfamily, we applied biochemi-
cal methods to identify such interactors. Among the
identified proteins, we found Dicer stably associated with
Ago1-and Ago2-containing complexes; Dicer was previ-
ously shown to bind to the PIWI-box of Ago proteins
through one of its RNase Ill domains [29]. Human Dicer
was also shown to be present in a complex together
with the dsRNA binding domain (dsRBD) protein TRBP,



Current Biology
2154

and that this complex interacted with Ago proteins
[9, 30]. However, it is only here where functional bio-
chemical studies support the existence of such a small-
RNA processing and targeting “holo-RISC” complex.

MOV10 is a human homolog of the D. melanogaster
DExD-box protein Armitage. In D. melanogaster lysates,
Armitage is required for early RISC assembly as demon-
strated in gel-shift experiments [12]. Armitage is also
essential for miRNA-guided translational regulation in
D. melanogaster and suggests a general role for Armit-
age in all RNA silencing processes [10, 12]. MOV10 might
have a similar function in assembling miRNA-containing
silencing complexes and/or acts in subsequent steps.

The arginine-methyltransferase PRMT5 specifically
generates symmetric dimethyl-arginines in its target
proteins [31]. Among other RNA binding proteins, such
targets are “like-Sm” proteins (LSm proteins), which
are involved in pre-mRNA splicing and mRNA turnover
[32]. Interestingly, LSm-proteins also localize to cyto-
plasmic P bodies [33], and it will be very interesting to
examine whether PRMT5 and/or LSm-proteins are re-
quired for the localization of Ago proteins to cytoplasmic
P bodies. Though we assume that PRMT5 is part of hu-
man “holo-RISC” and mediates methylation of arginine
residues on some yet-to-be-identified “holo-RISC”
component(s), we did not identify classic target motifs
composed of arginines usually flanked by two glycines
in known components of silencing complexes. Further
biochemically studies are needed to address the role
of these new enzymatic activities present in RNA-silenc-
ing-mediating complexes.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures
and two Supplemental Figures and are available with this article
online at: http://www.current-biology.com/cgi/content/full/15/23/
2149/DC1/.
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Note Added in Proof

This text differs slightly from the version previously published online,
in which MOV10 was incorrectly identified as a DEAD-box helicase;
MOV10 actually belongs to the DExD superfamily. In addition, the
authors wish to cite the following paper as evidence that Gemin3
and Gemin4 functionally interact with Ago2: Hutvagner, G., and Za-
more, P.D. (2002). A microRNA in a multiple-turnover RNAi enzyme
complex. Science 297, 2056-2060.
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ABSTRACT

MicroRNAs (miRNAs) constitute a class of small noncoding RNAs that regulate
gene expression on the level of translation and/or mRNA stability. Mammalian miRNAs
associate with members of the Argonaute (Ago) protein family and bind to partially
complementary sequences in the 3' untranslated region (UTR) of specific target mRNAs.
Computer algorithms based on factors such as free binding energy or sequence conser-
vation have been used to predict miRNA target mRNAs. Based on such predictions, up
to one third of all mammalian mRNAs seem to be under miRNA regulation. However,
due to the low degree of complementarity between the miRNA and its target, such
computer programs are often imprecise and therefore not very reliable. Here we report
the first biochemical identification approach of miRNA targets from human cells. Using
highly specific monoclonal antibodies against members of the Ago protein family, we
co-immunoprecipitate Ago-bound mRNAs and identify them by cloning. Interestingly, most
of the identified targets are also predicted by different computer programs. Moreover,
we randomly analyzed six different target candidates and were able to experimentally
validate five as miRNA targets. Our data clearly indicate that miRNA targets can be
experimentally identified from Ago complexes and therefore provide a new tool to
directly analyze miRNA function.

INTRODUCTION
MiRNAs form a highly conserved class of small non-coding RNAs with regulatory

functions in processes as diverse as development, cell differentiation or apoptosis.l’3
MiRNA genes are often organized in genomic clusters, which give rise to one primary
transcript containing multiple miRNAs. MiRNAs, however, also derive from one indi-
vidual transcript or frequently originate from intronic sequences.!> MiRNA genes are
transcribed by RNA polymerases II or III to generate primary miRNA transcripts that
are poly-adenylated and capped.®> Primary miRNA transcripts are processed by the
nuclear microprocessor complex, which contains the RNase III enzyme Drosha and
its co-factor DGCR8.%® Drosha produces stem-loop structured miRNA precursors
(pre-miRNAs) with characteristic two nucleotide (nt) 3' overhangs.” The pre-miRNA
hairpin is further transported to the cytoplasm by the export receptor Exportin 5 where
it is further processed by the RNase III enzyme Dicer.>!%!! Dicer most likely recognizes
the two nt overhangs and cleaves 21 nt from the ends to produce a short-lived double
stranded (ds) miRNA/miRNA* RNA which is subsequently unwound and only one
strand is incorporated into miRNA-protein complexes (miRNDPs) and gives rise to the
mature miRNA. 310:11

MiRNAs guide members of the Argonaute protein family to partially complementary
sequences within the 3' UTR of target mRNAs to either regulate their translation into
protein or their stability.!>!3 Argonaute proteins are highly conserved and contain PAZ
(PIWI-Argonaute-zwille) and PIWI domains. Structural studies have demonstrated that
the PAZ domain forms a highly specific binding module for 2 nt 3" overhangs generated
by RNase III enzymes. In contrast, PIWI domains fold similar to RNase H and may
therefore function as endonucleases.'1¢ Indeed, it has been demonstrated for some Ago
proteins that they are endonucleolytically active and such proteins have therefore been
termed “Slicer”. Interestingly, in mammalian cells Ago2 is the only member of the Ago
protein family, which has endonuclease activity, although the critical amino acids are
conserved in some other Ago proteins as well.!”-18
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MiRNAs recognize partially complementary binding sites located
in the 3" UTR of target mRNAs and function as guides for protein
effectors such as Ago proteins.! It has been shown that miRNP-
binding to specific target mRNAs can regulate gene expression in
different ways. On target sites with a high degree of complementarity,
miRNAs function alike siRNAs and guide sequence-specific cleavage
of the target mRNA.!” Targets with low degree of complementarity
can either be destabilized by recruiting de-capping and de-polym-
erization enzymes or their translation is repressed without altering
mRNA levels.'? While sequence-specific cleavage of target RNAs is
well understood, the mechanism of how miRNAs guide translational
repression or destabilization is only poorly understood.

The mode of miRNA-guided translational repression is still a
matter of debate. Initial studies in Caenorhabditis elegans (C.elegans)
have shown that miRNAs as well as target mRNAs associate with
polysomes in sucrose gradients and it has been suggested that
miRNAs function after initiation and presumably at the elonga-
tion steps of translation.’%2! Later on, it has been reported that
also mammalian miRNAs can be found on polysomes and a ribo-
some drop-off model has been suggested, which describes the rapid
ribosome drop-off from mRNAs that are targeted by miRNAs.?2-%4
Controversially, it has been demonstrated that miRNAs interfere
with translation initiation steps. Moreover, cap-independent transla-
tion mediated by internal ribosome entry sites (IRES) is not sensitive
to miRNA-guided regulation, indicating that miRNAs inhibit trans-
lation initiation.?>2¢ Very recently, two reports supported this model.
First, miRNPs associate with the 60S ribosomal subunit and eIF6, a
protein known to prevent assembly of 80S ribosomes.?” Second, in a
Drosophila in vitro translation system, miRNAs induce the formation
of dense miRNPs that co-migrate with polysomes.?8 These structures
have been termed pseudo-polysomes and may reflect the structures
that have been interpreted as polysomes in other studies.

Novel mechanistic insights into miRNA function came from
recent studies on Ago proteins. Mourelatos and co-workers identified
a motif within Ago proteins, which specifically recognizes and binds
the m7G cap of mRNAs, thus preventing binding of eIF4E binding.
This Ago-m7G cap interaction therefore leads to the inhibition of
translational initiation.??

Due to the low degree of complementarity between miRNAs and
target mRNAs, only a few mammalian target mRNAs have been
discovered and validated thus far. Computer algorithms have been
developed to predict putative miRNA targets and it has been found
that seven to eight nt at the 5' end of the miRNA is the most impor-
tant determinant for target specificity. Such sequences are also called
“seed sequence”.30-3% Based on seed sequence conservation and free
binding energy, miRNA targets have been predicted in a variety of
different organisms. The different prediction programs find about
100 to 150 different targets for one miRNA. Some algorithms even
predict one third of all human mRNAs as miRNA targets. Computer
programs usually predict targets on a genome wide scale irrespective
of tissue-specific mRNA and miRNA expression patterns. Therefore,
it is very difficult to find miRNA targets that are specific to tissues
or cell lines. Interestingly, it has been proposed earlier, that miRNA-
mRNA interactions are restricted to specific tissues in C. elegans.>4
It is becoming more and more apparent that it is very important to
develop biochemical tools to identify only subsets of miRNA targets
from specific tissue material.

Here we report the first biochemical miRNA target identifica-
tion approach. Using specific monoclonal antibodies against human
Agol and Ago2, we succeeded to co-immunoprecipitate Ago-bound
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mRNAs. We generated a ¢cDNA library from the Ago-associated
mRNAs and identified a significant number by sequencing. We
further validated six Ago-bound mRNAs either by inhibiting or
over-expressing miRNAs that have been predicted to regulate the
respective mRNAs.

MATERIALS AND METHODS

Reporter constructs. To generate miRNA reporter plasmids
which express the firefly luciferase mRNA with a 3'UTR sequence
of interest and renilla luciferase as a transfection control, pMIR-
REPORT (Ambion) was modified as follows: The renilla luciferase
gene with a SV40 promoter and a poly(A) site was PCR-amplified
from the pRL-SV40 plasmid (Promega) and inserted into the Sspl
site of pMIR-REPORT. Additionally, an HSV-TK promoter was
PCR-cloned from pRL-TK (Promega) and inserted into pMIR-
REPORT to replace the CMV promoter of the firefly luciferase gene.

Luciferase expression constructs were generated by cloning of
the 3'UTRs of STMN1, HMGBI, Raver2, SERBP1, DNAJB11
and SFPQ into the modified pMIR vector (pMIR-RL) described
above. The 3'UTRs were cloned via PCR amplification from cDNA
libraries and ligated into the corresponding Sacl and Nael sites of
pMIR-RL. The primer sequences are:

SERBP1I, 5'-CGCTGAGCTCCTGGATGCCATAAGACAACCCT,
5'-CGCTGCCGGCTTAACTGGTACACACTGTTCAC;

Raver2, 5'-CGCTGAGCTCGTTAAGCTCTCTCCTAATAACC,
5'-CGCTGCCGGCTCCCAATAAAAGTTTATTTATG;

SFPQ, 5'-CGCTGAGCTCATGTGATATTTAGGCTTTCATT,
5'-CGCTGCCGGCTCATGTTTAACATCTTTAATTC;
DNAJB11,5'-CGCTGAGCTCGAGTGAATAAAATTGGACTTTG,
5'-CGCTGCCGGCTTCATGAAAAAAATAACAACAA;

HMGBI, 5'-CGCTGAGCTCGTTGGTTCTAGCGCAGTTTTTT,
5'-CGCTGCCGGCTTACTGCAATTATTAGTTTATT;

STMNI, 5'-CGCTGAGCTCTTTGTTCTGAGAACTGACTTTC,
5'-CGCTGCCGGCCTACAGCAGTACATAAAGTTTT.

The sequences of miR-let7a, miR-26a, miR-26b, miR-29b, miR-
99a, miR-100 and miR-141 were cloned as oligonucleotides into
pSuper (oligoengiene) according to the manufacturer’s protocol.
miR-let7a, 5'-GATCCCTGGGATGAGGTAGTAGGTTGTATAG
TTTTAGGGTCACACCCACCACTGGGAGATAACTATACAAT
CTACTGTCTTTCCTATTTTTA;

miR-26a, 5'-GATCCCGTGGCCTCGTTCAAGTAATCCAGGAT
AGGCTGTGCAGGTCCCAATGGGCCTATTCTTGGTTACTT
GCACGGGGACGCTTTTTA;

miR-26b; 5'-GATCCCCCGGGACCCAGTTCAAGTAATTCAG
GATAGGTTGTGTGCTGTCCAGCCTGTTCTCCATTACTTG
GCTCGGGGACCGGTTTTTA;

miR-29b, 5’-GATCCCCTTCAGGAAGCTGGTTTCATATGGT
GGTTTAGATTTAAATAGTGATTGTCTAGCACCATTTGAAA
TCAGTGTTCTTGGGGGTTTTTA;

miR-99a, 5'-GATCCCCCCATTGGCATAAACCCGTAGATCCG
ATCTTGTGGTGAAGTGGACCGCACAAGCTCGCTTCTATG
GGTCTGTGTCAGTGTGTTTTTA;

miR-100, 5'-GATCCCCCTGTTGCCACAAACCCGTAGATCC
GAACTTGTGGTATTAGTCCGCACAAGCTTGTATCTATAGG
TATGTGTCTGTTAGGTTTTTA;

miR-141, 5'-GATCCCCGGCCGGCCCTGGGTCCATCTTCC
AGTACAGTGTTGGATGGTCTAATTGTGAAGCTCCTAACA
CTGTCTGGTAAAGATGGCTCCCGGGTGGGTTCTTTTTA.
2'0O-methylated miRNA inhibitors were designed as antisense oligos
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to the mature miRNAs according to the miRNA
registry (microrna.sanger.ac.uk/sequences/index.
sheml).

Transfections and luciferase assays. Plasmid
transfections for luciferase assays were performed
with 50 ng pMIR-RL 3'UTR and 200 ng
pSuper-miRNA  vector or 40 pmol 2'OMe-
miRNA-inhibitor per 2x104 cells in a 48-well
plate using EscortV transfection reagent (Sigma)
as described by the manufacturer. For Co-trans-
fection of DNA and 2'OMe-miRNA-inhibitors,
pMIR-RL 3'UTR were transfected 6 h after
transfection with the 2'OMe-miRNA-inhibitors.
Luciferase activity was measured 48 h after trans-
fection using a dual luciferase reporter system as
described by the manufacturer (Promega).

Cell lysates and immunoprecipitations.
HEK 293 cells were lysed in buffer containing
25 mM Tris HCl pH 7.4, 150 mM KCI,
0.5% NP-40, 2 mM EDTA, 1 mM NaF 0.5
mM DTT and protease inhibitors (Roche)
and centrifuged at 10000 g for 10 min at 4°C.
For immunoprecipitations 5 ml of hybridoma
supernatant from monoclonal anti-Ago1-4B8
and anti-Ago2-5D4 antibodies were coupled
to approx. 80 pl Protein-G-Sepharose (GE
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v
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Healthcare). Beads were subsequently incu-
bated with 10 ml of HEK 293 lysate (approx.

10 pg/pl) for 5 h under constant rotation at
4°C. After incubation, the beads were washed
three times with washing buffer (300 mM KCI,
50 mM Tris-HCI pH 7.4, 1 mM MgCI2, 0.1
% NDP-40). Finally, the beads were washed once
with PBS. Co-precipitated RNA was extracted
using one volume of phenol and subsequently
precipitated from the aqueous phase using three
volumes of Ethanol. The RNA pellet was used
for oligo-dT purification and library generation.
cDNA synthesis and library generation.
The cDNA library was generated by Vertis
Biotechnology (Weihenstephan, Germany). Briefly, immunoprecipi-
tated mRNAs were subjected to oligo-dT purification. The purified
mRNAs were reverse transcribed using reverse transcriptase and
oligo-dT as primer. The single stranded cDNA was used for second-
strand synthesis using random hexamers as primers. The resulting
c¢DNA was cloned into a TOPO vector (Invitrogen) according to the
manufacturer’s instructions. The plasmids were subsequently trans-
formed into E.coli to generate cDNA libraries. In order to identify
individual cDNAs from the libraries, bacteria were separated on agar
plates and individual colonies were picked for plasmid DNA prepara-
tion. Plasmids were sequenced in a 96 well format by LARK (UK).
Monoclonal antibodies. For monoclonal antibody production
Lou/C rats were immunized subcutaneously and intraperitoneally
with a mixture of Agol-GST or Ago2-GST fusion protein (50 pg),
5 nmol CPG oligonucleotide (ODN 2006, TIB Molbiol, Berlin,
Germany), 500 pl PBS and 500 pl IFA. After a six-week interval
a final boost without adjuvant was given three days before fusion
of the rat spleen cells with the murine myeloma cell line P3X63-
Ag8.653 (ZIT). Hybridoma supernatants were tested in an ELISA
using bacterially expressed Agol or Ago2 fusion protein or an
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Figure 1: Biochemical isolation of mRNAs that are associated with human Agol or Ago2.
(A) Monoclonal antibodies against Ago1 (4B8, lanes 1 and 2), against Ago2 (5D4, lanes 3
and 4) and the FLAG tag (lanes 5 and 6) were bound to Protein-G Sepharose beads and used for
immunoprecipitations of FLAG/HA+tagged Ago1 (lanes 1, 3 and 5) and FLAG/HA+agged Ago2
(lanes 2, 4 and 6). Immunoprecipitated proteins were analyzed by western blotting using anti-HA
antibodies. (B) Schematic presentation of the Ago1- and Ago2-associated mRNP purification proto-
col. (C) Monoclonal antibodies Ago1-4B8 (lane 3), Ago2-5D4 (lane 2) or a monoclonal antibody
against the FLAG-ag (lane 4) were coupled to Protein-Sepharose beads and incubated with HEK
293 lysates. Co-immunoprecipitated mRNAs were reverse transcribed and second-strand cDNA
synthesis was performed using random hexamers. Lane 1 shows a DNA size marker.

irrelevant GST fusion protein. mAbs reacting only with Agol-GST
or Ago2-GST fusion proteins were analyzed in western blotting and
immunoprecipitation. Only Agol1-4B8 (rat IgG2a) recognized the
protein specifically in western blotting. However, both Ago1-4B8
and Ago2-5D4 recognized only Agol or Ago2 specifically and were
used in this study.

RESULTS

Isolation of Ago-bound mRNAs. Based on structural studies on
archaeal Ago proteins, it is very likely that Ago proteins do not only
bind to small RNAs but also directly contact the regulated target
RNAs.3%3¢ We therefore hypothesized that Ago proteins may form
stable Ago mRNDPs that can be biochemically analyzed. We gener-
ated highly specific monoclonal antibodies against human Agol and
Ago2. Clone Agol-4B8 recognized specifically tagged Agol and a
100 kDa band in human cell extracts (data not shown). Moreover,
Agol-4B8 immunoprecipitated only tagged Agol but not Ago2
(Fig. 1A). Clone Ago2-5D4 did not show any signal in western
blots but specifically immunoprecipitated tagged Ago2 but not Agol
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Table T Ago1l-associated mRNAs

mRNA | # of clones | miRanda | TargetScan | picTAR
Nuclear-encoded
ANKRD47 ankyrin repeat domain 47 NM_198471.1 2 - - -
APPBPI amyloid beta precursor protein binding protein 1 NM_003905.3 2 - + -
ATF4 activating transcription factor 4 NM_001675.2 3 - -
S-aminoimidazole-4-carboxamide ribonucleotide
ATIC formy transferase/ IMP cyclohydrolase NM_004044.4 2 ) ) )
ATP synthase, H+ transporting, mitochondrial FO
ATPSF1 complex, subunit B1, nuclear gene, mitochondrial | NM_001688.4 3 - - -
protein
BTF3L4 basic transcription factor 3-like 4 NM_152265.1 2 + -
Cl0orf84 Chromosome 10 open reading frame 84 NM_022063.1 2 - - -
Cl19orf2 Chromosome 19 open reading frame 2 NM_003796.2 2 + + +
C2lorf51 Chromosome 21 open reading frame 51 NM_058182.2 2 - -
C2orf25 Chromosome 2 open reading frame 25 NM_015702.1 3 - + -
Coorf48 Chromosome 6 open reading frame 48 NM_001040438.1 2 - - -
CALM2 calmodulin 2 NM_001743.3 2 + +
CCDC28A Coiled-coil domain cont. 28a NM_015439.2 3 + - +
CCNBIIPI Cyclin B1 interac. Protein NM_021178.3 2 - - -
CDC26 cell division cycle 26 homolog NM_139286.3 3 - -
CPVL carboxypeptidase, vitellogenic-like NM_019029.2 2 - -
CTNNALI catenin (cadherin-associated protein) NM_003798.1 2 - + +
CULI Cullin 1 NM_003592.2 2 + + +
DEXI dexamethasone-induced transcript NM_014015.3 2 + +
DHFR Dihydrofolate reductase NM_000791.3 2 + - -
DNAJBI11 Hsp40/ DNAJ NM_016306.4 3 + + +
EEF1A1 eucaryotic translation elongation factor 1 alpha NM_001402.5 4 + + +
EEF1G eukaryotic translation elongation factor 1 gamma NM_001404.4 2 + - -
EIF4A2 eukaryotic t lation initiation factor 4A, isoform 2 | NM_001967.3 2 + + +
Faml8B family with sequence similarity 18, member B NM_016078.3 2 + - -
FBLN1 fibulin 1 variant ¢ NM_001996.2 2 + - -
FHL1 four and a half LIM domains 1 NM_001449.3 2 + + -
GNAS GNAS complex locus variant 1 NM_000516.3 2 + + +
GNL2 Guanine nucleotide binding protein like 2 NM_013285.1 2 - -
HEBP2 heme binding protein 2 NM_014320.2 - - -
HMGBI High mobility group box 1 NM_002128.3 6 + + +
HNRPA2BI heterogenous nuclear ribonucleoprotein A2/ B1 NM_002137.2 4 + + -
HNRPD heterogenous ngclgar ribonycleoprotein D AU rich NM_031370.2 2 + + :
element RNA-binding protein 1
HNRPH1 heterogenous nuclear ribonucleoprotein H1 NM_005520.1 2 + + +
IARS isoleucin-tRNA synthetase NM_002161.3 2 - -
IMPDH2 IMP (inosine monophosphate) dehydrogenase 2 NM_000884.2 2 - -
KIF22 kinesin family member 22 NM_007317.1 2 - - -
LDLR low  density li]_)oprotein receptor  (familial NM_000527.2 2 4 N B
hypercholesterolemia)
LOC388181 hypothetical protein LOC388181 XR_019273.1 2 - - -
LTK leukocyte tyrosine kinase NM_002344.3 2 + - -
Myc v myc myelocytomatosis viral oncogene homolog NM_002467.3 2 + + +
NDUFV3 NADH dehqugenasg (ubiguinone) 'ﬂaovopljotein 3, NM_021075.3 2 } }
nuclear protein encoding mitochondrial protein
NM23B non metastatic cells 2 protein NM_001018139.1 2 - - -
NOLA2 Nucleolar protein NM_001034833.1 3 + - -
NOP5/ NOP8 nuclear protein NOP5/ NOP8 NM_015934.3 3 - - -
NPM1 Nucleophosmin NM_002520.5 6 + + +
NRDI1 nardilysin NM_002525.1 2 - - -
NTSC3L 5'-nucleotidase, cytosolic 111-like NM_052935.2 2 - -
PABPC1 poly A binding protein, cytoplasm NM_002568.3 4 + + +
SPE]L?;,II Pai mRNA binding protein NM_015640.3 2 + - +
POMP proteasome maturation protein NM_015932.2 2 + - -
POUF2F POU domain TF NM_002698.1 6 + + +
PSATI phosphoserine aminotransferase 1 NM_021154.3 3 - - -
PSMA4 E);;;ee:lsome (prosome, macropain) subunit, alpha NM_002789.3 2 : i
PTMA prothymosin alpha( gene sequence 28) NM_002823.2 2 - + -
PTP4A2 predicted protein tyrosine phosphatase type iVA XM_001132357.1 2 + + +
RABI13 Ras oncogene family NM_002870.2 2 - -
RasL.10B ras like family 10 member B NM_033315.2 2 + + +
RAVER2 PTB binding 2 NM_018211.2 2 + + -
RPL11 ribosomal protein L11 NM_000975.2 2 - -
RPL15 ribosomal protein L15 NM_002948.2 3 + + -
RPL24 ribosomal protein L24 NM_000986.3 2 - - -
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Table T continued

RPL29 ribosomal protein L.29 NM_000992.2 3 - -

RPL3 ribosomal protein L3 NM_00967.3 3 - - -
RPL41 ribosomal protein L41 NM_021104.1 4 - - +
RPL6 ribosomal protein L6 NM_000970.3 5 + -

RPL7 ribosomal protein L7 NM_000971.3 3 + -

RPL9 ribosomal protein L9 NM_000661.4 2 + -

RPS11 ribosomal protein 511 NM_001015.3 2 + -

RPS14 ribosomal protein 514 NM_005617.3 2 + -

RPS16 ribosomal protein 516 NM_001020.4 2 + -

RPS24 ribosomal protein S24 NM_033022.2 3 - - -
RPS27A ribosomal protein S27A NM_002954.3 2 - -

RPS27L ribosomal protein 5271 NM_015920.3 2 - -

RPS3A Ribosomal protein S3A NM_001006.3 2 - -

RPS6 ribosomal protein 56 NM_001010.2 6 - -

RUVBLI RuvB-likel NM_003707.1 2 - - -
SCD stearoyl-CoA desaturase NM_005063.4 2 + + +
SFPQ PTB associated NM_005066.1 2 + + +
SNAPCS Small nuclear RNA activating complex NM_006049.2 2 + -

SS5B Sjorgen syndrome antigen B NM_003142.2 2 - -

STMNI Stathminl/ oncoprotein 18 NM_005563.3 4 + + +
TCEAL4 transcription elongation factor A (SII) like 4 NM_024863.4 2 - -

TCEB1 transcription elongation factor B SI11 NM_005648.2 2 - + -
TNERSFI2A tluzl:or necrosis factor receptor superfamily, member NM_016639.1 2 . ) .
TPTI tumor protein translationally-controlled 1 NM_003295.1 2 + + -
VDAC2 Voltage-dependent anion channel NM_003375.2 3 + + +
WDSOFI1 WD repeats and SOF1 domain containing NM_015420.4 2 - - -
WIBG within bgen homolog NM_032345.1 2 - +

YBX-1 YB NM_004559.3 5 + + +
YIPF5 YIP1 domain family NM_030799.6 2 - + -
Mitochondrion-encoded

ATP6 ATP-synthase FO subunit 2 NC_001807.4 3 = = =
Cox1 cytochrome ¢ oxidase subunit [ NC_001807 4 2 - -

Cox3 cytochrome ¢ oxidase subunit 111 NC_001807.4 5 - - -
NDI NADH dehydro subunit2 NC_001807.4 3 - - -

(Fig. 1A). Therefore, we used the antibodies for affinity purifica-
tion of Ago complexes (Fig. 1). Monoclonal antibodies Ago1-4B8
or Ago2-5D4 were immobilized on Protein-G-Sepharose beads and
incubated with HEK 293 cell lysates. After stringent washing, the
co-immunoprecipitated Ago-bound RNAs were extracted and
subjected to oligo-dT purification to purify mRNAs from other
Ago-associated RNA species (Fig. 1B). The isolated mRNAs were
reverse transcribed, cloned and subjected to second-strand synthesis
using random hexamer oligos (Fig. 1C). Interestingly, both the Agol
and the Ago2-specific monoclonal antibodies pull-down mRNAs
indicated by a RNA smear over a broad range of the agarose gel (lanes
2 and 3). A monoclonal antibody directed against the FLAG-tag was
used as a control and did not immunoprecipitate visible amounts of
mRNAs (lane 4), indicating that the Agol and Ago2 mRNA signal
is specific. Taken together, we have demonstrated that Agol and
Ago2 form stable mRNPs in human cells that can be biochemically
isolated.

Cloning and identification of Ago bound mRNAs. In order to
identify and further analyze the mRNA pools that were isolated from
Agol and Ago2 mRNPs, the cDNAs described above were cloned
and transformed into E. coli to produce Ago-associated mRNA
libraries. About 600 colonies from each of the libraries were picked
and the corresponding plasmids were sequenced (Table 1 and Table
2). Since it cannot be excluded that the libraries contain a limited
number of mRNAs that are unspecifically bound to the beads, we
removed all the single hits from the list and considered only enriched
mRNAs as miRNA target candidates (all cloned mRNAs are shown
in supplementary tables 1 and 2). To further analyze the list of Ago-
bound mRNAs that we have obtained, we employed three target
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prediction algorithms that are widely used (Miranda, targetScan,
pictar). Surprisingly, only about 60% of the Agol-bound mRNAs
and about 50% of the Ago2—-bound mRNAs are predicted as miRNA
targets. Moreover, we also find high numbers of messages that are
encoded by the mitochondrion indicating that pools of cellular
mRNAs that have not been analyzed by target prediction programs
so far are subject to miRNA regulation as well. In order to gain
insight into Ago1 and Ago2 function, we compared the Agol-bound
mRNAs with the Ago2-bound mRNAs (supplementary table 3). We
find that only a limited number of mRNA overlap between Agol
and Ago2 suggesting that many miRNA targets might be specific to
one Ago protein.

Taken together, we have demonstrated that mRNAs specifically
co-purify with human Agol and Ago2 complexes. Interestingly,
prediction algorithms have not identified many of the identified
Ago-bound mRNAs. Therefore, our data suggest that larger numbers
of mRNAs as previously anticipated might be under the control of
the miRNA pathway.

Validation of identified mRNAs. For detailed analysis of the
specificity of the Ago-bound mRNAs, we validated a number of
mRNAs by different experimental approaches. We chose six mRNAs
from the Agol-bound cDNA library that are also predicted as
miRNA targets by different algorithms and cloned the 3' UTRs
behind a firefly luciferase reporter gene (for predictions see supple-
mentary figure 1). Notably, all miRNAs that have been tested
are also associated with Agol in HEK 293 cells (data not shown,
submitted elsewhere). The reporter plasmids were co-transfected with
2'0O-methylated antisense inhibitors against endogenous miRNAs
that are predicted to bind to the respective 3'UTRs (Figure 2, left
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Table 2  Ago2-associated mRNAs

mRNA # of clones ‘ miRanda | Target scan | pictar

Nuclear-encoded

ASNS I asparagine synthetase (ASNS), transcript variant 3 NM_183356.1 4 - - -

CCDCT72 coiled-coil domain containing 72 NM_015933.2 2 - - -

. CCHC-type zinc finger, nucleic acid binding protein

CNBP (CNBP) NM_003418.1 2 +

CTPS CTP synthase NM_001905.1 2 - - -

DDX48 DEAD (Asp-Glu-Ala-Asp) box polypeptide 48 (DDX48) | NM_014740.2 3 - - -
dolichyl-phosphate mannosyltransferase polypeptide 1, . - -

DPMI catalytic subunit (DPM1) NM_003859.1 B

EBNAIBP2 EBNAI binding protein 2 (EBNAIBP2) NM_006824.1 2 - - -

S eukaryotic translation elongation factor 1 alpha 1

EEF1A1 (EEFIAL) NM_001402.5 2 + + +

EEFIG eukaryotic translation elongation factor | gamma NM_001404 .4 2 + - -

EIF1 eukaryotic translation initiation factor 1 NM_005801.3 2 + - -

EIF383 cukaryotic translation initiation factor 3, subunit 3 NM_003756.2 2 : . .

40kDa

ENY2 enhancer of yellow 2 homolog (Drosophila) (ENY2) NM_020189.4 2 - + +
fatty acid binding protein 5 (psoriasis-associated)

FABPS (FABPS) NM_001444.1 2 - - -

GIAL gap junction protein, alpha 1, 43kDa (connexin 43) NM_000165.2 2 + . .
(GJAL) - o

GLUL glulamfilc-an?m(mia ligase (glutamine  synthetase), NM_002065 4 2 + . .
transcript variant |

GMNN geminin, DNA replication inhibitor BC0O05185.1 2 - - -
hydroxyacyl-Coenzyme A dehydrogenase, type |1l

HADH2 (HADH2), nuclear gene encoding mitochondrial protein, | NM_004493.2 2 - - -
transeript variant 1

HAXI HCILSI associated protein  X-1 (HAXI), transcript NM_006118.3 2 a R R
variant |

HMGB1 high-mobility group box 1 (HMGB1) NM_002128.3 2 + + +
heterogeneous  nuclear  ribonucleoprotein ~ A2/B1

HNRPA2BI | (INRPA2BI), transcript variant B NM_031243.1 2 * * *

IARS isoleucine-tRNA synthetase, transcript variant | NM_013417.2 5 - - -

NAPILI r]luclcnmmc assembly protein 1-like I, transcript variant NM_139207.1 4 . N .

NP nucleoside phosphorylase (NP) NM_000270.1 2 - - -
nucleophosmin  (nucleolar  phosphoprotein ~ B23,

NPMI numatrin) (NPM 1), transcript variant 1 NM_002520.5 2 + + +

0AZ1 omithine decarboxylase antizyme 1 (OAZ1) NM_004152.2 2 - - -

PABPCI poly(A) binding protein, cytoplasmic 1 NM_002568.3 4 +

PABPNI poly(A) binding protein, nuclear 1 (PABPN1) NM_004643.1 3 +

PDCDI0 gmgmmmed cell death 10 (PDCDI10), transcript variant NM_145859.1 2 + . .

PRDX3 pelmxiredoxlin 3 SPRDXS]._ nucllear gene encoding NM_006793 2 2 + B B
mitochondrial protein, transcript variant 1

PSMB6 proteasome (prosome, macropain) subunit, beta type, 6 NM_002798.1 2 - - -

RNF166 ring finger protein 166 (RNF166) NM_178841.2 2 - - -

RPL3 ribosomal protein L3 (RPL3), transcript variant 1 NM_000967 3 2 - - +

RPL36A ribosomal protein L36a (RPL36A) NM_021029.4 2 - - -

RPL39 ribosomal protein L39 (RPL39) NM_001000.2 2 - - -

RPL4 ribosomal protein L4 NM_000968.2 3 - - -

RPL41 ribosomal protein L41 (RPL41), transcript variant 1 NM_021104.1 4 - - +

RPLT ribosomal protein L7 (RPLT) NM_000971.3 3 + - -

RPS27A ribosomal protein $27a (RPS27A) NM_002954.3 3 - - -

RPS3A ribosomal protein S3A (RPS3A) NM_001006.3 5 - - -

RPS4x ribosomal protein 54, X-linked (RPS4X) NM_001007.3 2 - - -

SET SET translocation (myeloid leukemia-associated) (SET) | NM_003011.1 4 + -

STMNI1 stathmin 1/oncoprotein 18 (STMNI), transcript variant 3 | NM_005563.3 2 + +

TOMM20 translocase  of outer mitochondrial membrane 20 NM_014765.1 3 + . .
homolog

TPI1 triosephosphate isomerase | NM_000365.4 2 + + +

TPT1 tumor protein, translationally-controlled 1 (TPT1) NM_003295.1 2 + - -

TUBB tubulin, beta (TUBB) NM_178014.2 2 +

VDAC2 voltage-dependent anion channel 2 (VDAC2) NM_003375.2 2 +

Mitochondrion-encoded

COX3 cytochrome ¢ oxidase subunit 111 NC_001807.4 3 - - -

TNRK mitochondrially encoded (RNA lysine NC_001807.4 2 - - -
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(Fig. 3E) were co-transfected with reporter plas-
mids containing the full length 3'UTRs of these
mRNAs. Notably, we were not able to validate
stmnl as miRNA target (data not shown).
Therefore, our data suggest that the majority
of the Agol-bound mRNAs that have been
validated are indeed under the control of endog-
enous miRNAs.

Inhibition of specific endogenous miRNAs
resulted in enhanced expression of the above-
mentioned Agol-bound mRNAs. If these
mRNAs are indeed under the control of the
miRNA pathway, we hypothesized that forced
over-expression of those miRNAs may lead to
a decreased expression of Agol-bound mRNAs.
We cloned different miRNA hairpins into the
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sion of a luciferase reporter containing the
full-length dnajb11 3'UTR was reduced to about
40% indicating that dnajb11 is indeed regulated
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when over-expressing miR-26a, miR-26b and
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containing the full-length 3'UTR of serbp1 was
strongly reduced indicating that serbp1 is under
the control of the miRNA pathway (Fig. 2B).
Similar results were obtained with hmgb1 (Fig.
2C), raver2 (Fig. 2D) and sfpq (Fig. 2E).

In summary, two independent validation
approaches clearly demonstrate that all Agol-
bound mRNAs that have been tested are indeed
miRNA targets suggesting a high number of
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miRNA targets in our libraries. We also provide a
novel tool to specifically identify miRNA targets
from individual human cell lines or tissues.

DISCUSSION

Ago proteins specifically recognize and bind
both ends of small non-coding RNAs and are
therefore considered as key factors in RNA
silencing 14-16. Moreover, structural studies
demonstrated that Ago proteins might not only
interact with the small RNA but also with target
RNAs that are regulated. Using a biochemical
approach, we purified Ago-mRNDPs from human
cells and identified about 600 Agol-bound

Figure 2. For legend, see page e8.

panels). Inhibitors against miRNAs that are not predicted to regu-
late the analyzed mRNAs served as controls. Strikingly, inhibition
of miR-29b led to an enhanced luciferase activity compared to the
control transfection when fused to the full length 3'UTR of dnajb11,
an mRNA that encodes for a hsp40 variant indicating the dnajb11
is indeed a miRNA target (Fig. 2A). Similar results were obtained
when inhibitors against miRNAs that have been predicted to regu-
late serbpl (Fig. 3B), hmgb! (Fig. 3C), raver2 (Fig. 3D) and sfpq

e/

RNA Biology

and about 600 Ago2-bound mRNAs. Since it
cannot be excluded that our libraries also contain
mRNAs that un-specifically co-purify, we elimi-
nated the single hits form the list to obtain all
mRNAs that are enriched in the libraries. Using a luciferase-based
reporter system, we have analyzed six Agol-bound mRNAs and have
validated five of them as miRNA targets. It is therefore tempting
to speculate that a high percentage of our purified mRNAs are
indeed miRNA targets. Notably, we have not validated Ago2-bound
mRNAs yet. However, due to the specificity of the antibodies
(Fig. 1A), it is likely that miRNA targets are enriched in the
Ago2-associated mRNA fraction as well. Large-scale validation
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Figure 2. Validation of miRNA targets that are associated with human Agol mRNPs. (A) A lucif-
erase reporter construct containing the full length 3'UTR of dnajb11 was co-ransfected either
with a 2'O-methylated inhibitor antisense to miR-29b (left panel) or a plasmid over-expressing
miR-29b (right panel). The empty vector served as control. Firefly luciferase expression was nor-
malized to Renilla luciferase expression. Error bars are derived from three individual experiments.
(B) Experiments were performed as in (A). The full-length 3'UTR of serbp1 was fused to firefly lucif-
erase. Inhibitors against miR-26a, miR-103 and miR-107 were co+transfected (left panel). MiR-26q,
miR-26b and miR-141 were over-expressed (right panel). (C) Experiments were performed as in
(A). The full length 3'UTR of hmgb1 was fused fto firefly luciferase. An inhibitor against miR-141
was cotransfected (left panel). MiR-141 was over-expressed (right panel). (D) Experiments were
performed as in (A). The fulHength 3'UTR of raver2 was fused to firefly luciferase. Inhibitors against
miR-99a, miR-99b and let-7a were cotransfected (left panel). MiR-99a, miR-99b and let-7a were
over-expressed (right panel). (E) Experiments were performed as in (A). The fulllength 3'UTR of
sfpq was fused to firefly luciferase. Inhibitors against miR-29b and miR-141 were co-ransfected
(left panel). MiR-29b and miR-141 were overexpressed (right panel).

for example messages for ribosomal proteins.
Third, beside a few overlapping mRNAs in the
Agol- and Ago2-bound mRNA fractions, we
find many mRNAs that are specific to one or the
other Ago protein again arguing against general
mRNA background in our purifications.

The limited number of overlapping mRNAs
could be considered as general background.
However, it is equally reasonable that those
mRNAs are targeted both by Ago1 and Ago2 since
it has been suggested by computer predictions that
individual mRNAs might be targeted by multiple
miRNAs. An exhaustive sequencing approach
of Ago-bound ¢DNA libraries in conjunction
with large-scale validation approaches will be
a powerful tool to identify all mRNAs that are
targeted by the miRNA pathway. Analysis of
target mRNAs that are not predicted as miRNA
targets yet will also help to understand how the
miRNA pathway in general and individual Ago
proteins in particular function in gene silencing.

Most interestingly, only about 60% of the
Ago-bound mRNAs, which have been identified
in this study, are predicted by the three most
widely used prediction algorithms Miranda,
targetScan and pictar (tables 1 and 2).30-32
Assuming that the mRNA background in our
purifications is low, our data suggest that the
currently used miRNA target prediction algo-
rithms may miss a significant number of miRNA
targets. Moreover, many prediction programs
do not cover all cellular RNAs including mito-
chondrial RNAs due to incomplete databases.
It is therefore reasonable that we find mRNAs
in our purifications that are not predicted as
miRNA targets. However, only a comprehensive
validation of the isolated mRNAs will allow
for a conclusive comparison of bioinformatics
and biochemical miRNA target identification
approaches.

Detailed bioinformatic as well as biochemical
analysis of biochemically-identified mRNAs will
lead to a better understanding of how miRNDPs
function and how such particles are embedded
into larger regulatory networks. It is reasonable
that other protein factors bind to miRNA targets
and either inhibit miRNA association or enhance
miRNA and therefore Ago binding. Such factors
might be specific to individual mRNAs that are

approaches will be needed to clearly show that the identified Ago-
bound mRNAs are regulated by the miRNA pathway.

Among our purifications we find very abundant mRNA including
many that encode for ribosomal proteins. Such highly abundant
mRNAs very often co-precipitate un-specifically. However, several
lines of evidence argue against high background in our purifications.
First, we do not find visible amounts of mRNAs that co-purify with
the monoclonal anti-FLAG antibody (Fig. 1B) indicating that most
of the Agol and Ago2-associated mRNAs are specific and not just
bound to the beads. Second, among the Agol and Ago2 mRNP puri-
fications we find low abundant mRNAs with higher frequency than

www.landesbioscience.com

targeted by miRNAs. The limited number of putative miRNA targets
that we provide in this study is a perfect starting point to analyze
consensus sequences for RNA binding proteins in the vicinity of

predicted miRNA binding site.

Note
Supplemental materials can be found at:
www.landesbioscience.com/supplement/beitzingerRNA4-2-sup.pdf
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Proteomic and functional analysis of Argonaute-
containing mRNA-protein complexes in human cells
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Members of the Argonaute (Ago) protein family associate with
small RNAs and have important roles in RNA silencing. Here, we
analysed Ago1- and Ago2-containing protein complexes in human
cells. Separation of Ago-associated messenger ribonucleoproteins
(mRNPs) showed that Ago1 and Ago2 reside in three complexes
with distinct Dicer and RNA-induced silencing complex acti-
vities. A comprehensive proteomic analysis of Ago-containing
mRNPs identified a large number of proteins involved in RNA
metabolism. By using co-immunoprecipitation experiments
followed by RNase treatment, we biochemically mapped inter-
actions within Ago mRNPs. Using reporter assays and knockdown
experiments, we showed that the putative RNA-binding protein
RBM4 is required for microRNA-guided gene regulation.
Keywords: Argonaute proteins; gene silencing; microRNA;

RNA interference

EMBO reports (2007) 8, 1052-1060. doi:10.1038/sj.embor.7401088

INTRODUCTION

RNA silencing is a conserved gene-silencing pathway that is
triggered by double-stranded RNA (dsRNA). DsRNA molecules
are processed to small interfering RNAs (siRNAs) or microRNAs
(miRNAs), which are then assembled into various effector
complexes, including the RNA-induced silencing complex (RISC).
MiRNA precursors (pre-miRNAs) are excised from primary tran-
scripts by a nuclear complex containing the RNase Il enzyme
Drosha and the dsRNA-binding domain protein DGCR8/Pasha. Pre-
miRNAs are subsequently exported to the cytoplasm by the export
receptor exportin 5, where dsRNAs and pre-miRNAs are further
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processed by the RNase Ill enzyme Dicer to duplexes of approxi-
mately 22 nucleotides. In a manner similar to Drosha, Dicer
functions with the dsRNA-binding domain proteins TRBP (human
immunodeficiency virus transactivating response RNA binding
protein) and PACT (PKR activator; reviewed by Meister & Tuschl,
2004; Filipowicz et al, 2005; Zamore & Haley, 2005). Only one
strand of the siRNA-miRNA duplex intermediate is loaded into the
silencing effector complex to become the guide strand. SiRNAs
and miRNAs either guide the sequence-specific degradation of
complementary RNAs or inhibit the translation of partly comple-
mentary target messenger RNAs (Pillai et al, 2007). Recently, a third
pathway of miRNA function has been identified in Drosophila, in
which miRNAs guide the degradation of not perfectly complemen-
tary target mRNAs by recruiting de-adenylation and de-capping
enzymes (Behm-Ansmant et al, 2006; Wu et al, 2006).

Members of the Argonaute (Ago) protein family are crucial
components of RNA silencing effector complexes. Ago proteins
contain PAZ and PIWI domains, and structural studies of archaeal
Ago proteins show striking similarity between the PIWI domain and
RNase H. Further functional analyses have shown that some Ago
proteins contain endonucleolytic activity (Parker & Barford, 2006;
Peters & Meister, 2007). Recently, another Ago domain, which binds
to the m’G cap of mRNAs, was identified (Kiriakidou et al, 2007).

Biochemical purifications of Agol and Ago2 complexes from
HelLa cell lysates identified the DExD box protein MOV10
(Moloney leukaemia virus 10 homlogue) and a protein termed
TNRC6B (trinucleotide repeat containing 6B) as new components
of the Ago complex (Eulalio et al, 2007a). Interestingly, TNRC6B
is highly homologous to TNRC6A (GW182), which constitutes
a marker protein for cytoplasmic processing bodies (P-bodies).
P-bodies are cellular sites of RNA metabolism, and it has been
shown that Ago proteins also localize to P-bodies (Eulalio et al,
2007a). MiRNAs and artificially bulged miRNA target mRNAs are
also found in P-bodies, and it has been suggested that localization
of mRNAs to P-bodies might prevent their translation (Liu et al,
2005; Pillai et al, 2005). Furthermore, a recent study showed that
the P-body component RCK/p54 (DEAD box polypeptide 6) is
required for miRNA-guided translational repression in human
cells (Chu & Rana, 2006). Further studies showed that P-bodies are
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formed as a consequence of gene silencing, but their integrity is
not required for gene silencing (Eulalio et al, 2007b).

Here, we report the biochemical identification and isolation of
human Ago1 and Ago2 protein complexes. We identify three distinct
Ago1 and Ago2 complexes, which we refer to as Ago complexes
I-1ll. Using a comprehensive proteomic approach, we have
identified the protein composition of the Ago complexes. Among
these interactors, we found RBM4 (RNA binding motif protein 4) and
show that it is required for small RNA-guided gene silencing.

RESULTS AND DISCUSSION

Human AGO1 and AGO?2 associate with mRNPs
Previously, it has been shown that mammalian Ago proteins and
miRNAs sediment with polyribosomes (Kim et al, 2004; Nelson
et al, 2004; Maroney et al, 2006; Nottrott et al, 2006). In many
studies, however, the majority of Ago proteins and miRNAs
migrate together with messenger ribonucleoproteins (MRNPs; Kim
et al, 2004; Nelson et al, 2004). For a detailed characterization of
Ago protein complexes, we revisited Ago sedimentation in poly-
ribosome fractionations (Fig 1A). Extracts from human embryonic
kidney (HEK) 293 cells were separated on a sucrose gradient
ranging from 17% to 51%. Fractions were analysed by western
blotting against the ribosomal protein S6 (rpS6) to identify
ribosome-containing fractions. RpS6 was detected in fractions
10-12, representing ribosomal subunits as well as monosomes, and
in fractions 14-26, indicative of polyribosomes. Probing with anti-
bodies against AGO1 showed that human AGO1 predominantly
migrated in the fractions with low sucrose density. In addition, a
small portion of AGO1 was found in higher molecular weight
fractions that also contained polyribosomes (fractions 18-24).

To investigate AGO-containing mRNPs, we established gra-
dient conditions that allowed further separation of the mRNP pool
(Fig 1B). HEK 293 cell lysate was loaded onto a 15-55% sucrose
gradient and fractionated by centrifugation for 18 h; AGO proteins
were then analysed as above. Both AGO1 and AGO2 sedimented in
three distinct complexes, which we refer to as AGO complexes I-lIl.
A large portion of AGO1 or AGO2 was found in complex I, which
has a molecular mass of about 250-350 kDa (lanes 2-7). Complex
Il constitutes a second prominent peak, which sediments similarly
to a 19S particle and is about 600-700 kDa in size (lanes 10-13).
Complex Il peaks in fractions 15 and 16 are indicative of a
molecular mass of more than 900 kDa or 25-30S (lanes 15,16).

The co-migration of AGO proteins with mRNPs in poly-
ribosome gradients prompted us to investigate whether Ago
complexes |-l contain mRNAs and form mRNPs (Fig 1C). HEK
293 cell lysates preincubated with or without RNase A were
separated as described previously. AGO1 complexes II-lll were
clearly visible in the untreated lysates (upper panel), but not in the
RNase-treated extracts (lower panel). Together, our data show that
human AGO1 and AGO?2 associate with three distinct RNA-protein
complexes. Furthermore, AGO complexes Il and Il are sensitive to
RNase treatment, suggesting that these complexes form mRNPs.

AGO complex Il co-sediments with the KRAS mRNA

Next, we investigated whether AGO complexes Il and Il contain
miRNA target mRNAs. We transfected a luciferase reporter
construct carrying the 3’-untranslated region (3’-UTR) of KRAS
(Kirsten rat sarcoma viral oncogene homologue), which has been
shown to be translationally regulated by let-7a in human cells
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(Johnson et al, 2005). Cell lysates were separated on a 15-55%
sucrose gradient. RNA was extracted from individual fractions and
analysed by quantitative reverse transcription-PCR (qRT-PCR;
Fig 1D). Strikingly, we detected high amounts of KRAS mRNA
co-sedimenting with AGO complex Ill, suggesting that AGO
complex Ill forms large mRNPs with miRNA target mRNAs.

AGO complexes I-Ill associate with miRNAs

A detailed molecular characterization of the AGO complexes I-lII
requires immunoprecipitations and functional analyses of the
precipitates. As the antibodies used for western blotting proved
to be too inefficient for immunoprecipitation, we recapitulated
AGO protein complex associations using Flag/haemagglutinin
(HA)-tagged AGO proteins (Flag/HA-AGO; Fig 2A). Flag/HA-
AGOT1 and FlagZHA-AGO2 were expressed in HEK 293 cells
and the lysates were separated by centrifugation as described
above. Individual fractions were analysed using HA antibodies.
Consistently, the same distinct AGO1 and AGO2 complexes as in
wild-type HEK 293 lysates were observed, indicating that Flag/
HA-AGO1 and Flag/HA-AGO2 associated with native protein
complexes and could therefore be used for further analyses.

As AGO proteins are the binding partners of mature miRNAs, we
analysed the miRNA content of various AGO complexes. HEK 293
lysates containing Flag/HA-AGOT1 or Flag/HA-AGO2 were sepa-
rated as described above. Proteins were immunoprecipitated from
each fraction using Flag antibodies, and the associated RNA was
extracted and analysed by semiquantitative RT-PCR for miR-16 or
let-7a (Fig 2B). Notably, both miR-16 and let-7a were found in all
AGO-containing fractions, whereas only weak signals were found
in other fractions (Fig 2B). Together, the three distinct human AGO1
and AGO2 complexes associate with mature miRNAs.

Analysis of AGO-associated RISC and Dicer activity
AGO?2 is the endonucleolytic component of human RISC (Liu et al,
2004; Meister et al, 2004); therefore, we investigated which of the
observed AGO2 complexes associates with RISC activity. Lysate
from HEK 293 cells transfected with Flag/HA-AGO2 was fractio-
nated and immunoprecipitated as described above. Individual
immunoprecipitates were incubated with a 32P-cap-labelled RNA
complementary to endogenous miR-19b (Fig 2C). Fractions 3-6, as
well as the total lysate, showed strong cleavage activity, whereas no
cleavage activity was observed in higher molecular weight fractions,
indicating that AGO2 complex | represents active human RISC.

It has been shown that human AGO proteins associate stably
with Dicer and that this complex is able to generate small RNAs
from dsRNA precursors (Gregory et al, 2005; Meister et al, 2005).
Therefore, we tested individual AGO complexes for Dicer activity.
HEK 293 lysates containing Flag/HA-AGO1 were fractionated and
immunoprecipitated using Flag antibodies. The immunoprecipi-
tates were incubated with an internally 32P-labelled miR-27a
precursor and the cleavage products were analysed by 15%
denaturing RNA polyacrylamide gel electrophoresis (Fig 2D).
AGO1 complex | (fractions 3-7) and AGOT1 complex Ill (fractions
15-17) were associated with Dicer activity, whereas only very
weak Dicer activity was observed in AGO1 complex Il (fractions
10-13). Together, we have shown AGO2 complex I is a low-
molecular-weight RISC, whereas AGO complexes | and Il are
associated with Dicer. Interestingly, AGO complex Il does not
contain RISC and shows little detectable Dicer activity.
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AGO, Argonaute; HEK, human embryonic kidney; KRAS, Kirsten rat sarcoma viral oncogene homologue; mRNPs, messenger ribonucleoproteins;
qRT-PCR, quantitative reverse transcription-PCR; rpS6, ribosomal protein S6; 3’-UTR, 3'-untranslated region.

Proteomic analysis of AGO complexes I-llI Fractions 3-8, 10-13 and 15-18, representing AGO complexes 1, Il
We analysed the protein composition of AGO complexes I-lll to  and Ill, respectively, were combined and AGO complexes were
identify cofactors that function together with AGO1 or AGO2. Flag/  immunoprecipitated using Flag antibodies. The co-immunoprecipi-
HA-AGOT1 or Flag/lHA-AGO?2 was transiently expressed in HEK 293 tated proteins were analysed using mass spectrometry (supplemen-
cells, and the lysates were separated by gradient centrifugation.  tary Fig 1 online). Antibodies that were not specific to the Flag tag
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Fig 2| Argonaute complexes associate with distinct Dicer and RISC activities. (A) HEK 293 cell extracts containing Flag/HA-AGO1 (upper panel) or
Flag/HA-AGO2 (lower panel) were separated by gradient centrifugation. The presence of Flag/HA-AGO1 and Flag/HA-AGO2 was analysed by western
blotting using HA antibodies. (B) Lysates from HEK 293 cells expressing Flag/HA-AGO1 or Flag/HA-AGO2 were separated as in (A). Fractions were
immunoprecipitated using Flag antibodies. RNA was extracted and the presence of endogenous let-7a (upper panel) and miR-16 (lower panel) was
determined using RT-PCR. (C) Lysates from Flag/HA-AGO2-transfected HEK 293 cells were separated and immunoprecipitated as described in (A).
Immunoprecipitates were incubated with a 32P-cap-labelled RNA, which contained a perfect complementary sequence to the endogenous miR-19b.
Lanes indicated with T1 show RNase T1 digestions of the RNA substrates. The RNA sequence complementary to miR-19b is indicated by a black bar
to the right. (D) Flag/HA-AGO1-containing HEK 293 lysate was separated and immunoprecipitated as described in (A). The immunoprecipitates or
recombinant Dicer were incubated with an internally labelled pre-miR-27a substrate. A 21-nucleotide marker is shown to the left. AGO, Argonaute;
HA, haemagglutinin; HEK, human embryonic kidney; qRT-PCR, quantitative reverse transcription-PCR; RISC, RNA-induced silencing complex.

were used for control purifications (supplementary Fig 2 online).  were present in the AGO immunoprecipitates. Table 1 shows a list of
After investigating only a few visible bands in our previous study  proteins that were specifically found in AGO precipitations, but not
(Meister et al, 2005), our aim was now to analyse all proteins that  in control purifications (see also the supplementary tables online).
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Table 1|Proteins associated with human AGO1 and AGO2

Name Domains/motif AGO1 complex AGO2 complex Accession no.

Proteins involved in gene silencing

Dicer DEAD box, RNase III, PAZ, dsRBD, DUF I, III I, III* gi|21665773/gi|5019620
TNRC6B RRM — I gi|14133235
MOV10 DExH box III 111 gi|14424568
TRBP dsRBD * I* gi|107904
Gemin3 DEAD box I+ gi[14209614
Gemin4 Leucin zipper 11, 111 I, III gi|7657122

DEAD/DEAH box-containing proteins

RNA helicase A (RHA)/DHX9 DEAH box, helicase domain, dsRBD, DUF1605 II, III II, III gi|1806048/gi|1082769
DHX30 DEAH box, helicase domain, dsRBD, DUF1605 II, III 11, IIT 2i|20336294
RENT1/Upfl DEAD box, exoV III — gi|1575536
DHX36 DEAH box, helicase domain, DUF1605 IT*, IIT* I+ gi|7959237/gi|23243423
DDX21/RNA helicase GuA DEAD box, helicase domain, GUCT II, I II gi|2135315
DDX50/RNA helicase GuB DEAD box, helicase domain, GUCT, RESIII III — gi|55664207
DDX46 DEAH box, helicase domain, DUF1605 I I gi[2696613
DDX48 DEAD box, helicase domain I1*, 111 —_ gi[496902
DDX18 DEAD box, helicase domain III — gi[1498229
DDX5/p68 DEAD box, helicase domain — iy
DDX39/BAT1 DEAD box, helicase domain II* I gi[1905998
DDX47 DEAD box, helicase domain, apolipoprotein L 111 — £i[20149629
Heterogeneous nuclear ribonucleoprotein particles
hnRNP-U SAP, SPRY, SCOP 1L, IIT 1L, II1 gi|32358
hnRNP-U-like SAP, SPRY, SCOP I* — gi[3319956
hnRNP-H2/H’ RRM, RNPHEF zinc finger I* — i|6065880
hnRNP-F RRM, RNPHF zinc finger I I* 2i|16876910
hnRNP-C RRM 1L, IIT 1L, II1 gi|13937888/gi|14250048
hnRNP-E2 KH1, KH2 1> —
NSAP1 Phox-like, PX-associated motif, RRM 11, III —_ gi[5031512
hnRNP-L Enoyl-CoA hydratase/isomerase, RRM 1+ — gi|11527777
Messenger RNA-binding proteins
Poly-A-binding proteins RRM 11, 111 11, 11T gi[46367787/gi|693937
Nuclear cap-binding protein 80 kDa MIF4G III — gi|3153873
YB-1 Cold-shock domain II II, 111 gi|181486/gi|55451
FMRp Agenet, KH1 IIr* — gi|182673
FXR1 Agenet, KH1 — I gi[1730139
FXR2 Agenet, KH1 III — gi|4758410
ZBP-1 RRM, KH1 11, III 111 gi|7141072/gi|56237027
ZBP-3 RRM, KH1 III — €i[30795212
HuR RRM Ir* — gi|1022961
RBM4 RRM, zinc finger — IIr* gi|4506445
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Name Domains/motif AGO1 complex AGO2 complex Accession no.

Proteins involved in RNA metabolism
NF90/ILF3/NFAR-1 dsRBD, DZF 11, 111 I gi|1082856/gi|5006602
NF45/ILF2 DZF 11, IIT 1L, II1 gi|532313
SART3 Lsm interaction motif, RRM I, II, III — gi|7661952
RBM10 D111/G-patch, RRM, zinc finger, Ran binding — I*, II* gi|12644371
Fibrillarin Fibrillarin motif — 1%, IIT* gi|182592
NOP56 Pre-mRNA processing RNP, NOP5NT, NOSIC 111 — gi|2230878
Nucleolin RRM 111 — gi|128841
eIF2bd Initiation factor 2B * — gi[6563202
eIF4b RRM — I* gi|288100
FLJ20758 Pentatricopeptide repeat II II gi|38683855

Other proteins
Myb-binding protein la DNA polymerase V I IIr* gi|7657351
Matrin 3 RRM, zinc finger T+ I+ gi|6563246
Motor protein — IT, 111 gi|516764
ZNF326 AKAP95 11, 111 — gi|31807861/gi|47125447
Ku70 Ku70/80 motif, DNA-binding SAP — I* gi|57165052
DDB1 CPSF A subunit I I* gi|418316
RuvB-like IT AAA ATPase, Tip49b I I, II gi|5730023/gi|12653319
Coatomer protein WD-40, COPB2 111 II gi|1002369

*Identified by a single peptide.

As expected from the Dicer activity assays, we found Dicer
only in AGO1/2 complexes | and I, whereas TRBP was identified
only in AGO complex I. TNRC6B, MOV10, RHA (DEAH box
polypeptide 9), Gemin3 and Gemin4, which have been found
in AGO complexes previously (Mourelatos et al, 2002; Meister
et al, 2005; Robb & Rana, 2007), were also among the identified
proteins. Proteins that have not yet been implicated in RNA
silencing in mammals were grouped according to their domains
and function (Table 1). Among the DEAD/DEAH box helicases,
we found DDX5, an orthologue of Drosophila p68, which has
been shown to associate with Drosophila Ago2 (Meister & Tuschl,
2004), and DDX18, a putative helicase that has been implicated
in Drosha function (Gregory et al, 2004). Consistent with the
hypothesis that AGO complexes Il and Il are mRNPs, we found
various isoforms of poly-A-binding proteins, indicating that
mRNAs were present in the purifications. Strikingly, we found
many mRNA-binding proteins that are involved in translational
regulation, including FMRp and its homologues FXR1 and FXR2. It
was reported previously that FMRp associates with Ago proteins as
well as miRNAs in both human and Drosophila cells (Meister &
Tuschl, 2004). Further identified proteins with regulatory functions
in translation are NSAP1/SYNCRIP, YB-1, HuR, RBM4, ZBP1 and
ZBP3. We also found various ribosomal proteins in the Ago
complexes (supplementary tables online), suggesting that ribosomal
proteins might have other functions as components of mRNPs.

©2007 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

Next, using western blotting, we examined whether the
identified factors specifically co-sediment with AGO-containing
fractions in sucrose gradients (Fig 3A). Consistent with the
proteomic data, hnRNP-U, NF-90, ZBP1 and ZBP3 co-migrated
with both AGO complexes Il and Ill, whereas TRBP was
found in low-molecular-weight fractions co-migrating with AGO
complex I; however, NF-45 and YB-1 were detected in fractions
containing AGO complex Ill. For a more comprehensive analysis,
we expressed Flag/HA-tagged DDX47, DDX36, DDX30, RHA
(DHX9), hnRNPC, HuR as well as SART3 and investigated co-
sedimentation with AGO proteins. All tagged proteins migrated
in fractions also containing AGO complexes Il and Ill. Notably,
we found a larger portion of the tagged proteins migrating at the
top of the gradient, presumably owing to overexpression.

To validate a specific association with AGO complexes,
we carried out co-immunoprecipitations (Fig 3B) and Flag/HA-
AGO1 or Flag/HA-AGO2 was immunoprecipitated from HEK 293
lysates using Flag antibodies. RNase A-treated and untreated
samples (supplementary Fig 3 online) were analysed using western
blotting. HnRNP-C1/C2, ZBP1, ZBP3 and YB-1 disappeared from
the Flag/HA-AGO1/2 immunoprecipitates when RNase A was
added, indicating that the tested proteins were not associated with
AGO proteins through protein—protein interactions, but bound to
the same RNAs. NF-90, SART3, DDX5 and DDB-1 immuno-
precipitated with Flag/HA-AGO1/2 in the presence of RNase A,
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Fig 3| Proteins identified by mass spectrometry interact with Argonaute complexes. (A) HEK 293 cell extracts were separated by gradient
centrifugation and fractions were analysed by western blotting against the proteins indicated to the left (upper panels). HEK 293 cells were transiently
transfected with Flag/HA-tagged expression constructs as indicated to the left and analysed by western blotting using HA antibodies. (B) HEK 293 cells
were transfected as indicated. AGO complexes were immunoprecipitated using Flag antibodies and probed using specific antibodies with (lanes 2 and
4) or without (lanes 1 and 3) RNase A treatment (left panel). The asterisk denotes unspecific interactions of the ZBP1 antibody. A western blot using
HA antibodies is shown to the right. (C) HEK 293 cells expressing Flag/HA-tagged proteins were treated as indicated. Immunoprecipitations and
RNase treatment were carried out as in (A). Wild-type HEK 293 lysate was used as a control. Interactions were analysed by western blotting against
AGO1 (upper panels), AGO2 (middle panels) or HA (control; lower panels). AGO, Argonaute; GFP, green fluorescent protein; HA, haemagglutinin;
HEK, human embryonic kidney; hnRNP, heterogeneous nuclear ribonucleoprotein particles; TRBP, human immunodeficiency virus transactivating

response RNA binding protein.

which is indicative of protein—protein interactions. To analyse a
specific AGO association of mRNP components for which no
specific antibodies were available, we expressed Flag/HA-tagged
fusions (Fig 3C). The tagged proteins were immunoprecipitated
using Flag antibodies and the precipitates were analysed by
western blotting using HA (lanes 1-33, lower panel), AGO1
(upper panel) or AGO2 (middle panel) antibodies. Endogenous
AGO1 and AGO2 clearly co-precipitated with all Flag/HA-tagged
proteins (lanes 1-33). The binding of DDX30, HuR, RBM4,
hnRNP-F, PABP-C1 and Matrin3 to AGO1 and AGO2 complexes
was sensitive to RNase A treatment, whereas the binding of
DDX36, DDX47, RHA and UPF1/RENT1 was not, suggesting
protein—protein interactions.

RBM4 is required for miRNA-guided gene silencing
To investigate the relevance of identified AGO mRNP components
for miRNA function, we generated a luciferase construct containing a

1058 EMBO reports VOL 8 | NO 11| 2007

perfectly complementary miR-21 target site in the 3’-UTR (Fig 4A). As
expected, knockdown of AGO1, AGO3 and AGO4 had no effect,
whereas siRNAs against AGO2 or TNRC6B led to a significant
increase of luciferase expression. No effect was observed with a
mutated miR-21-binding site (supplementary Fig 4 online). Strikingly,
knockdown of RBM4 resulted in a strong increase of luciferase
activity, indicating that RBM4 modulates miR-21-guided RNA
cleavage. Notably, the interaction of RBM4 and AGO?2 is reduced
when RNase A is added (Fig 3C). It is reasonable to assume that
miRNA degradation by RNase A affects AGO2 interactions.
Alternatively, RBM4 could also enhance the binding of AGO proteins
to mRNAs by increasing the accessibility of miRNA target sites.
Next, we analysed whether RBM4 is also required for the
regulation of natural miRNA targets (Fig 4B). A luciferase construct
containing the KRAS 3’-UTR was transfected into HEK 293 cells
in which let-7a was inhibited or TNRC6B, YB-1, RBM4, ZBP3 or
FMRp was depleted by RNA interference. Knockdown of
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out as described in (A). A luciferase reporter construct containing the 3’-UTR of KRAS was used (left panel). 2’OMe inhibitors of the indicated
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siRNA. (D) Schematic illustration of RBM4. (E) Lysates from HEK 293
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GFP, green fluorescent protein; HEK, human embryonic kidney; KRAS, Kirsten rat sarcoma viral oncogene homologue; miRNA, microRNA;
RBM4, RNA binding motif protein 4; siRNAs, small interfering RNAs; TNRC6B, trinucleotide repeat containing 6B; UTR, untranslated region.

TNRC6B, RBM4, YB-1 and ZBP3 resulted in stronger luciferase
activity. Overexpression of RBM4 but not ZBP3 led to decreased
luciferase activity (supplementary Fig 6 online), suggesting that
RBM4 functions on the 3/-UTR of KRAS.

Recently, hmga2, serbp, dnajb11 and raver2 have been identi-
fied and validated as miRNA targets (Beitzinger et al, 2007; Mayr

©2007 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

et al, 2007). Therefore, we transfected luciferase reporter con-
structs containing the respective 3’-UTRs and measured luciferase
activity in an RBM4- or TNRC6B-knockdown background
(Fig 4C). Indeed, luciferase activity was significantly increased in
the RBM4- or TNRC6B-knockdown cells, indicating that RBM4
functions on different miRNA targets. As RBM4 contains two RNA
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recognition motifs (Fig 4D), we investigated whether RBM4 co-
immunoprecipitates with miRNAs (Fig 4E). Flag/HA-RBM4 was
immunoprecipitated using Flag antibodies and the associated
RNA was extracted. Strikingly, miR-19b was detected in the Flag/
HA-RBM4 precipitate, whereas no miR-19b was precipitated
in a control reaction.

Our data indicate that RBM4 co-immunoprecipitates with
miRNAs and functions in AGO-mediated gene silencing; therefore,
we have identified a new component of human gene silencing.

METHODS

Cell extracts and gradient centrifugation. Polyribosome fractio-
nation from HEK 293 cells was carried out according to Pillai et a/
(2005). For complex purification and co-immunoprecipitations,
HEK 293 cells were lysed in buffer containing 25 mM Tris—HCI (pH
7.4), 150mM KCl, 0.5% NP-40, 2 mM EDTA, 1T mM NaF, 0.5 mM
dithiothreitol and protease inhibitors (Roche, Penzberg, Germany)
and centrifuged at 10,000g for 10 min at 4 °C. For fractionations,
gradients from 15% (w/v) to 55% (w/v) sucrose in 150 mM KCl,
25mM Tris (pH 7.4) and 2mM EDTA were used. Lysates were
separated by centrifugation at 30,000r.p.m. for 18h in an SW41
rotor at 4°C. To determine indicated S values, catalase (11S),
apoferritin (17S) and thyroglobin (19S) were used. For the analysis
of RNA-dependent interactions, extracts were preincubated with
100 ug/ml RNase A (Qiagen, Hilden, Germany) at 4 °C for 1h.
Immunoprecipitation of Flag/HA-tagged AGO complexes. AGO-
containing gradient fractions were pooled and incubated with
100 pl Flag M2 agarose beads (Sigma, Taufkirchen, Germany) for
2h at 4°C. Beads were subsequently washed with immuno-
precipitation buffer (300 mM NaCl, 5 mM MgCl,, 0.1% NP-40 and
50 mM Tris—-HCI, pH 7.5) and phosphate-buffered saline (PBS).
Co-immunoprecipitation experiments. Lysates were incubated
with 30 pl Flag M2 agarose at 4 °C for 1.5 h, and washed with IP
buffer and PBS. Beads were distributed equally into two tubes and
1.5 ml PBS or PBS containing 100 pg/ml RNase A was added. After
incubation at 4 °C for 1.5h, beads were washed with PBS and
denatured by adding 25 pl of protein sample buffer.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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Strand-specific 5'-O-methylation of siRNA duplexes
controls guide strand selection and targeting specificity
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ABSTRACT

Small interfering RNAs (siRNAs) and microRNAs (miRNAs) guide catalytic sequence-specific cleavage of fully or nearly fully
complementary target mRNAs or control translation and/or stability of many mRNAs that share 6-8 nucleotides (nt) of
complementarity to the siRNA and miRNA 5’ end. siRNA- and miRNA-containing ribonucleoprotein silencing complexes are
assembled from double-stranded 21- to 23-nt RNase Il processing intermediates that carry 5’ phosphates and 2-nt overhangs
with free 3’ hydroxyl groups. Despite the structural symmetry of a duplex siRNA, the nucleotide sequence asymmetry can
generate a bias for preferred loading of one of the two duplex-forming strands into the RNA-induced silencing complex (RISC).
Here we show that the 5’-phosphorylation status of the siRNA strands also acts as an important determinant for strand selection.
5’-O-methylated siRNA duplexes refractory to 5’ phosphorylation were examined for their biases in siRNA strand selection.
Asymmetric, single methylation of siRNA duplexes reduced the occupancy of the silencing complex by the methylated strand
with concomitant elimination of its off-targeting signature and enhanced off-targeting signature of the phosphorylated strand.
Methylation of both siRNA strands reduced but did not completely abolish RNA silencing, without affecting strand selection
relative to that of the unmodified siRNA. We conclude that asymmetric 5’ modification of siRNA duplexes can be useful for

controlling targeting specificity.

Keywords: RNA interference; RNAI; off-target effects; gene silencing; siRNA; RISC

INTRODUCTION

Duplexes of 21-nucleotide (nt) small interfering RNAs
trigger RNA interference (RNAi) in mammalian cells and
are widely used for functional genetic studies or screens
in cultured cells (for reviews, see Dorsett and Tuschl
2004; Echeverri and Perrimon 2006; Fuchs and Boutros
2006; Root et al. 2006; Krausz 2007). siRNA duplexes
are designed to mimic the RNase III processing intermedi-
ates of naturally expressed dsRNAs, such as miRNAs, to
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effectively enter the RNAi pathway (for reviews, see Bartel
2004; Meister and Tuschl 2004; Filipowicz et al. 2005;
Tomari and Zamore 2005). Naturally processed siRNAs or
miRNAs carry 5" phosphates and 3'-hydroxyl groups and
have symmetric 2-nt 3’ overhangs (Elbashir et al. 2001; Lau
et al. 2001). Synthetic siRNA duplexes with 5’-hydroxyl
ends are rapidly phosphorylated inside cells by the cellular
kinase Clpl (Weitzer and Martinez 2007). Some classes of
small RNAs are additionally 2’'-O-methylated at their 3’
ends, depending on the species (Ebhardt et al. 2005; Yu
et al. 2005; Vagin et al. 2006; Horwich et al. 2007; Kirino
and Mourelatos 2007; Ohara et al. 2007; Pelisson et al.
2007; Saito et al. 2007). Mammalian miRNAs or siRNAs
are not methylated, but the germline-specifically expressed
piRNAs are 3’-end modified (Kirino and Mourelatos 2007;
Ohara et al. 2007).

One strand of the siRNA duplex or miRNA/miRNA*
molecule is assembled into an effector complex or RISC,
while the other strand is degraded during the assembly
process (Hutvagner and Zamore 2002; Martinez et al.
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2002a). The effector complex contains at its heart an
Ago/PIWI protein member (Hammond et al. 2001;
Martinez et al. 2002a). Ago/PIWI proteins contain a
conserved Piwi-Argonaute-Zwille (PAZ) and PIWI domain
(for reviews, see Carmell et al. 2002; Peters and Meister
2007). The PAZ domain, which is also present in Dicer,
specifically binds the characteristic 2-nt 3" overhangs of
RNase-III-processed dsRNAs (Song et al. 2003; Yan et al.
2003; Lingel et al. 2004; Ma et al. 2004). The PIWI domain
contains a RNA 5’-phosphate binding (MID domain) and
a RNase H domain (Parker et al. 2004, 2005; Song et al.
2004; Ma et al. 2005; Rivas et al. 2005; Yuan et al. 2005,
2006; Song and Joshua-Tor 2006). The MID domain
anchors the 5" end of the guide small RNAs (Ma et al.
2005; Parker et al. 2005; Rivas et al. 2005), and presumably
also plays a role during RISC-loading by receiving and
binding the guide strand 5’ phosphate (Nykidnen et al.
2001).

Protein factors critically involved in siRNA or miRNA
silencing complex assembly were first identified in Dro-
sophila melanogaster. Duplex siRNAs are recognized by the
heterodimer of RNase III Dcr-2 and the dsRNA-binding-
domain protein R2D2, both of which are critical for
formation of the Ago2-containing RISC (Liu et al. 2003,
2006). miRNA maturation in D. melanogaster is catalyzed
by a heterodimeric complex of RNase III Dcr-1 and
the dsRNA-binding-domain protein Loquacious/R3D1
(Forstemann et al. 2005; Jiang et al. 2005; Saito et al.
2005). R2D2 preferably binds the thermodynamically more
stable end of the siRNA duplex and thereby directs strand
selection (Tomari et al. 2004b). The assembly of RISC is
ATP dependent, at least to a certain degree (for reviews, see
Filipowicz 2005; Preall and Sontheimer 2005). In mamma-
lian systems, Dicer, the dsRNA-binding proteins TARBP2
and/or PACT, and an Ago protein appear to form the
RISC-loading complex (Chendrimada et al. 2005; Gregory
et al. 2005; Haase et al. 2005; Maniataki and Mourelatos
2005; Lee et al. 2006).

Two pathways are known for the transition of the
duplex siRNAs or miRNA/miRNA* processing intermedi-
ate into a single-stranded RNA-containing effector complex
(Matranga et al. 2005; Rand et al. 2005; Leuschner et al.
2006). The first pathway requires near-perfect base-pairing
of the small RNA strands and depends on the RNase H
activity intrinsic to a subset of the siRNA-binding Ago
proteins (Liu et al. 2004; Meister et al. 2004; Parker
et al. 2004, 2005; Rand et al. 2004; Song et al. 2004; Ma
et al. 2005; Miyoshi et al. 2005; Rivas et al. 2005; Yuan et al.
2005). RNase H active Ago proteins are able to receive the
duplex siRNAs and guide the cleavage of the nonretained
siRNA strand (often referred to as passenger, nonguide,
or sense siRNA) (Matranga et al. 2005; Rand et al. 2005;
Leuschner et al. 2006). Upon release of the cleavage pro-
ducts, the retained guide (or anti-sense) siRNA is able
to recognize complementary or partially complementary

264 RNA, Vol. 14, No. 2

mRNA targets. The second RISC loading pathway is used,
when duplex siRNA or miRNA/miRNA* duplexes either
encounter a RNase-H-deficient Ago protein member or
when the duplexes are imperfectly paired across the center
and cleavage site (like most miRNA/miRNA* duplexes),
thereby preventing RNase H cleavage (Matranga et al. 2005).
Presumably, a RNA helicase activity residing or transiently
associating with the RISC-loading complex catalyzes the
second RISC loading process (Tomari et al. 2004a; Meister
et al. 2005; Robb and Rana 2007).

The duplex-initiated RISC assembly process appears
to be bypassed if high concentrations of single-stranded
siRNAs are added to cell lysates or transfected into cells
(Martinez et al. 2002a). The role and the requirement for a
5" phosphate in reconstituting RISC and its activity, how-
ever, remained somewhat controversial (Liu et al. 2004;
Song et al. 2004; Ma et al. 2005).

The specificity of small-RNA-guided mRNA degradation
was examined in detail including mRNA array analysis
(Jackson et al. 2003; Lin et al. 2005; Birmingham et al. 2006;
Jackson et al. 2006b). These studies revealed “oft-targeting”
activities of siRNAs that could not be separated from
the “on-targeting” activity by simply decreasing the siRNA
concentration. Some of the off-targets contained sequence
segments of extensive complementarity to the siRNA, but
many other off-targets showed only partial complementarity
within their 3’-untranslated region (UTR) to the siRNAs,
notably at the 5" end of the siRNA guide strand. The latter
observation was reminiscent of miRNA “seed” sequence
(comprising positions 1-8) mediated target mRNA regula-
tion (Lai 2002; Lewis et al. 2003; Stark et al. 2003; Rajewsky
and Socci 2004; Lim et al. 2005; Linsley et al. 2007). Off-
target signatures can be identified for both the sense and
the anti-sense siRNA strands, although strand biases during
the assembly of RISC affect the targeting efficiencies of the
two strands (Khvorova et al. 2003; Schwarz et al. 2003). In
selecting siRNA sequences one takes now into consideration
the differential thermodynamic stability of the siRNA ends
to favor the incorporation of the target mRNA comple-
mentary guide siRNA (for review, see Pei and Tuschl 2006).
Other strategies proposed to control off-targeting activities
included the introduction of 2'-O-methyl-ribose residues
into the seed sequences of the siRNAs, which reduces off-
targeting without detectable drop in on-targeting (Jackson
et al. 2006a).

Here we study the role of the 5'-terminal phosphate
during RISC assembly from duplex and single-stranded
siRNAs using 5'-O-methyl-modified siRNAs. We show that
the 5'-phosphorylation status within a duplex siRNA is an
important determinant of strand incorporation into RISC,
and we demonstrate that selective 5'-O-methylation can be
used to control strand-specific off-targeting activity. The
phosphorylation status of single-stranded siRNAs has little
impact on the nonnatural RISC assembly and the sub-
sequent activity of RISC.
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RESULTS

5’ phosphates are required for reconstitution of RISC
from double-stranded but not single-stranded siRNAs

To revisit the requirements for 5’ phosphates described
for reconstituting RISC in D. melanogaster (Nykdnen et al.
2001) or human cell lysates (Martinez et al. 2002a; Liu et al.
2004; Song et al. 2004; Ma et al. 2005), we prepared single-
and double-stranded siRNAs with uridine and thymidine
5’-end modifications (Fig. 1A). 5'-O-methyl-thymidine is
currently the only nucleotide readily available for solid-phase
synthesis to render the ribose 5" ends of siRNAs refractory
to phosphorylation in cell lysates (Nykdnen et al. 2001).
HeLa cells and lysates contain hClpl kinase, which rapidly
phosphorylates 5'-hydroxyl termini of dsRNA or dsDNA
as well as single-stranded RNA (Martinez et al. 2002a;
Weitzer and Martinez 2007). To control for the concomitant
introduction of a 5-methyl group with 2’-deoxythymidine
incorporation into RNA, we also prepared siRNAs with
5’-hydroxyl-2'-deoxythymidine, 5’-hydroxyl-uridine, and
5’-phosphorylated uridine-containing siRNAs.

HeLa S100 cell lysates were incubated with double-
stranded siRNA derivatives followed by addition of 5’
*’P-labeled complementary target mRNA segments. Irre-
spective of the modification of the sense (passenger) strand,
5'-hydroxyl- or 5’-phosphate-modified anti-sense strands
mediate target RNA cleavage. In contrast, 5'-O-methylated
anti-sense siRNA showed substantially reduced activity
(Fig. 1B). The siRNA duplexes were cognate to firefly luci-
ferase (Pp-luc) mRNA, and they were cotransfected with
plasmids encoding the Pp-luc target and sea pansy control
luciferase (Rr-luc) genes into HeLa cells. Consistent with
the biochemical results, only the duplex with 5'-O-methyl-
modified anti-sense strand showed reduced silencing ac-
tivity (Fig. 1C). Together, these observations were pointing
to a role of the 5’ phosphate of the anti-sense strand during
RISC loading or RISC activity.

Two possibilities can be envisioned responsible for the
reduced silencing activity of 5'-O-methylated anti-sense
strand duplex siRNAs: (1) loading of the anti-sense strand
into RISC was compromised, and/or (2) the anti-sense
strand-loaded RISC had reduced activity because of con-
formational restraints imposed by an unoccupied Ago2
5’-phosphate binding pocket (Liu et al. 2004; Ma et al.
2005; Parker et al. 2005; Rivas et al. 2005). We therefore
tested if we were able to load RISC using the single-
stranded anti-sense siRNAs. Because single-stranded siRNAs
are more susceptible to nucleases present in cell lysates
than duplex siRNAs, we immunopurified FLAG/HA -affinity-
tagged Ago2 protein complexes from HEK 293 cell lysates,
and subsequently incubated them with single-stranded
siRNAs and target RNA substrate. Surprisingly, the single-
stranded siRNAs reconstituted RISC activity irrespective of
their 5" modification status (Fig. 1D).
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FIGURE 1. 5" phosphates are required for reconstitution of RISC
from double-stranded but not single-stranded siRNAs. (A) Schematic
presentation of the luciferase duplex siRNAs used in B and C. (B)
HeLa S100 extract was incubated with the siRNAs shown in A. After
preincubation, a 32P—cap—labeled RNA substrate was added, and the
cleaved RNA fragments were analyzed on a denaturing sequencing gel.
T1 refers to partial nuclease T1 digestion of the target RNA. The black
line to the left indicates the segment of the target RNA covered by the
used siRNAs. (C) The effect of duplexes 1-5 and a control siRNA
duplex on inhibition of the firefly luciferase (Pp-luc) expression
relative to Renilla luciferase (Rr-luc) in a dual-luciferase assay. The
ratios of the signals of Pp-luc/Rr-luc for duplexes 1-5 were normalized
to that of the control siRNA. The plotted data were averaged from
three independent experiments £SD. (D) FLAG/HA-tagged Ago2 was
transiently transfected into HEK 293 cells. Tagged proteins were
immunoprecipitated from the lysates using anti-FLAG beads, and
RISC activity was reconstituted by adding single-stranded siRNA
against the luciferase mRNA either with a 5 phosphate (lane 1),
without a 5’ phosphate (lane 2), with a 5’-hydroxyl-2'-dT (lane 3), or
with a 5'-methoxy-2’-dT (lane 4). The beads were subsequently
incubated with a *?P-cap-labeled RNA substrate and analyzed by
denaturing RNA-PAGE followed by phospho-imaging. T1 refers to
partial nuclease T1 digestion of the luciferase target RNA. p indicates
5" phosphate; Me, 5'-O-methyl group.

These data suggest that the 5’ phosphate plays an
important role during the process of RISC loading, that
a 5'-phosphate-sensing mechanism can be bypassed using
single-stranded siRNAs, and that the Ago2 5'-phosphate
binding pocket does not need to be occupied to mediate
target mRNA cleavage.
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Asymmetric 5'-O-methylation of duplex siRNAs
directs strand selection during RISC formation

The loss of silencing activity of duplex siRNAs in which
only the anti-sense strand was 5’-O-methyl-modified could
be due either to preferential loading of the sense strand into
RISC under these conditions or to a defective recognition
of the siRNA duplex by some RNAi machinery protein at a
stage prior to RISC assembly. To monitor the asymmetry of
siRNA strand incorporation and target RNA cleavage, we
synthesized two pairs of siRNA duplexes that were pre-
dicted to be symmetrically and asymmetrically incorpo-
rated into RISC based on the differences in thermodynamic

stability at their duplex termini (Khvorova et al. 2003;
Schwarz et al. 2003).

We first characterized biochemically the symmetric
siRNA duplex (Fig. 2A) by incubating it in lysates from
HEK 293 cells transiently transfected with FLAG/HA-
affinity-tagged Ago2. HEK 293 cells were chosen because
they are efficiently transfected at large scale with FLAG/
HA-Ago2 expression plasmids. The siRNAs that coimmu-
noprecipitated with FLAG/HA-Ago2 were analyzed by
Northern blotting using probes complementary to either
the anti-sense or the sense strand. Signals for the anti-sense
strand were detected when the siRNA duplex contained
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FIGURE 2. siRNA 5'-O-methylation inhibits RISC loading and RISC activity. (A) Schematic presentation of the symmetric RISC loading siRNA
duplexes used in B, C, D, and E. (B) FLAG/HA-Ago2 and FLAG/HA-EGFP were transiently transfected into HEK 293 cells. Cell lysates were
preincubated with siRNA duplexes allowing for RISC loading. RISCs were immunoprecipitated using anti-FLAG antibodies, and the precipitated
proteins were analyzed using anti-HA antibodies (lower panel). Ig indicates the heavy chain of the immunoglobulin. The bound siRNA strands
were examined by Northern blotting (upper panel). (C) HeLa cell extracts were preincubated with the indicated siRNA duplexes allowing for RISC
loading. Control (Ctrl) refers to luciferase siRNA duplex. **P-cap-labeled substrates either complementary to the sense strand or the anti-sense
strand were subsequently added and the cleaved RNA products were analyzed by 4% denaturing RNA PAGE. T1 indicates digestion of the
substrate using nuclease T1. The bar to the left of the image indicates the sequence of the substrate RNA, which is complementary to the used
siRNAs. (D) 5'-O-methylated siRNAs inhibits RNAI in living cells. Plasmids encoding EGFP, EGFP fused to a complementary target site for the
anti-sense strand or EGFP fused to a complementary target site for the sense strand were cotransfected with control (ctrl), luciferase siRNAs, or
the indicated siRNA duplex. A plasmid encoding the DS Red gene was cotransfected and served as a transfection control. (E) Plasmids containing
either a Pp-luciferase gene fused to a complementary target site for the anti-sense strand or a complementary target site for the sense strand of the
siRNA were cotransfected with Rr-luciferase and the indicated siRNAs. GFP siRNA was utilized as control (ctrl) siRNA. The Pp-luc/Rr-luc ratios
were normalized to that of the control siRNAs.

266 RNA, Vol. 14, No. 2


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cshlp.org on March 18, 2009 - Published by Cold Spring Harbor Laboratory Press

Analysis of siRNA 5' modifications

unmodified or 5'-O-methyl sense strand but not when the
anti-sense strand was 5'-O-methylated (Fig. 2B). Signals for
the sense strand were detected when the siRNA duplex
contained unmodified or 5'-O-methyl anti-sense strand
but not when the sense strand was 5'-O-methylated (Fig.
2B). We then confirmed that symmetrically or asymmetri-
cally loaded FLAG/HA-Ago2 immunoprecipitates cleaved
siRNA-complementary **P-cap-labeled target RNAs (Tuschl
et al. 1999) as expected from their strand-loading ratios
determined by Northern blotting (Fig. 2C).

To measure the cell-based silencing activities from the
assembly of the anti-sense and the sense siRNA strand into
RISC, we introduced anti-sense and sense-complementary
sequence segments into the 3" UTR of EGFP as well as
Pp-luc reporters. The results were consistent with our
biochemical observations in HEK 293 lysates (Fig. 2D,E).
Symmetric 5'-O-methylation of both siRNA strands lead to
an overall reduced gene silencing activity in the luciferase
reporter assay, without changing the symmetry of the
residual cleavage activity when compared with the unmod-
ified siRNA duplex. In contrast, a single asymmetric
modification did not alter the activity attributable to the
unmodified siRNA strand. Together, these observations
indicate that the RISC assembly of symmetrical siRNA
duplexes can be influenced using asymmetric 5'-O-meth-
ylation, whereby the methylation of one strand directs
incorporation of the complementary strand into RISC.

We next evaluated whether strand selection of a ther-
modynamically asymmetrical siRNA duplex could be con-
trolled by 5'-O-methylation (Fig. 3A). The activities of the
modified and unmodified siRNA duplexes were determined
using the EGFP and luciferase reporter assay described
above (Fig. 3B,C). The unmodified siRNA duplex prefer-
entially repressed the target complementary to the sense
strand, as expected from the design of the siRNA. The 5'-
O-methylation of the anti-sense siRNA reduced its cleavage
activity about twofold. Reciprocally, 5'-O-methylation of
the sense siRNA strand reduced its cleavage activity two-
fold, while the anti-sense strand cleavage activity was
significantly increased. Similar to the observations made
for the symmetric siRNA duplex above, double 5'-O-
methylation weakened the silencing activity of both the
anti-sense and sense strands. These observations indicate
that 5'-O-methylation of siRNA strands can influence
siRNA strand incorporation into RISC, even in the context
of a thermodynamically asymmetric siRNA.

Strand-specific 5'-O-methylation also controls siRNA
off-targeting activity

Off-target effects are, like on-target effects, strictly
sequence-specific and caused either by near-perfect com-
plementarity between the central region of the siRNA and
its targets or by seed-sequence complementarity between
the siRNA and the target 3’ UTR (Jackson et al. 2003,
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FIGURE 3. siRNA 5'-O-methylation inhibits RISC loading and
RISC activity. (A) Schematic presentation of the asymmetric RISC
loading siRNA duplexes used in B and C. (B) The same experiments
and controls described in Figure 2D were carried out using the
asymmetrically RISC loading siRNAs duplex as well as complemen-
tary EGFP target constructs. (C) The same experiments and controls
described in Figure 2E were performed using the asymmetrical RISC
loading siRNAs.

2006b; Birmingham et al. 2006). To assess if strand
selection from asymmetrically 5'-O-methylated siRNA
duplexes could be used for controlling siRNA off-targeting
activity, we determined the gene expression profiles of HeLa

www.rnajournal.org 267


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cshlp.org on March 18, 2009 - Published by Cold Spring Harbor Laboratory Press

Chen et al.

cells transfected with 5'-O-methylated or unmodified siRNA
duplexes. The symmetrical siRNA duplex, whose both
sense and anti-sense strands are incorporated into RISC,
was selected for the analysis (Fig. 2A).

The choice of cell line and transfection reagents was
critical for identifying siRNA-strand-specific off-targets.
We first tested Lipofectamine 2000 Transfection Reagent
(Invitrogen) in HEK 293 cells, but variations in gene
expression, caused presumably by mild toxicity of the
formulated transfection reagent, made it impossible to
detect siRNA-sequence-dependent off-target signatures.
Next, we tested Lipofectamine RNAIMAX transfection
reagent (Invitrogen) in HEK 293 cells. Though the siRNA
and mock transfection yielded reproducible and stable
expression profiles, we did not detect any off-targeting
signature using either Affymetrix or Agilent mRNA micro-
arrays (data not shown). Finally, we examined HeLa cells
transfected with Lipofectamine RNAIMAX using Affymetrix
microarrays, and we were able to identify the expected
off-targeting effects. Using the same approach, we also
detected the previously reported off-targets of a siRNA
duplex targeting the PIK3CB gene (PIK3CB-6340) (Jackson
et al. 2006b), indicating that our Affymetrix array platform
was sufficiently sensitive for off-target analysis in this cell
type.

The off-target effects were quantified by analyzing the
frequency of seed-complementary sites (where the seed was
defined as nucleotides 1-7, 2