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he Argonaute family of proteins

is highly evolutionarily conserved
and plays essential roles in small RNA-
mediated gene regulatory pathways and
in a wide variety of cellular processes.
They were initially discovered by
genetics studies in plants and have been
well characterized as key components
of gene silencing pathways guided by
small RNAs, a phenomenon known
as RNA interference. Conventionally,
guided by different classes of small
RNAs, Argonautes bind to and silence
homologous target sequences at the
post-transcriptional level. Increasing
lines of evidence support their multi-
functional roles in the nucleus. Advances
in  high-throughput
methodologies have greatly facilitated

genome-wide

our understanding of their functions in
post-transcriptional gene silencing as
well as in other nuclear events. In this
point-of-view, we will summarize key
findings from genome-wide analyses
of the Ago subfamily of proteins in
mammals and Drosophila, discuss their
nuclear functions in the regulation of
transcription and alternative splicing
identified in recent years, and briefly
touch upon their potential implications
in cancer.

Introduction

Argonaute proteins comprise a family
of evolutionarily conserved proteins
that are central to the RNA interference
(RNAi) platform and microRNA
(miRNA) function and biogenesis.! They
are best known as core components of
the RNA-induced complex
(RISC) RNA-

mediated gene regulatory mechanisms.

silencing

required for small
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In post-transcriptional gene silencing
(PTGS), Argonautes guided by the small
RNAs (e.g., siRNAs, miRNAs, piRNAs,
etc.) bind to the complementary transcripts
via base-pairing and serve as platforms
for recruiting proteins to facilitate gene
silencing. Most of the molecular functions
of Argonautes have been well studied
in the cytoplasmic compartment of
eukaryotic cells in which they regulate
gene transcripts via PTGS mechanisms.
However, some unique nuclear functions
and RNAij-related processes have also
been well characterized in other model
organisms (e,  Schizosaccharomyces
pombe, Drosophila melanogaster,
Arabidopsis  thaliana, and C. elegans)
in which the Ago protein guided by
small RNAs assists in heterochromatin
formation at centromeric regions and/or
facilitates transcriptional gene silencing
(TGS)

segregation, suppression of antisense RNA,

associated with chromosome
maintenance of epigenetic inheritance,*®
and transcriptome surveillence.’

eight
proteins, which are divided into two
subfamilies: the Piwi clade and the Ago
clade. This review will focus on the Ago
clade members (which will be referred to
as Ago proteins or Agos in short). While

Mammals have Argonaute

Piwi proteins are exclusively expressed in
the germline where they bind to piRNAs
to facilitate silencing of transposable
elements, Ago proteins (Agol-4 or
EIF2C1-4) are ubiquitously expressed
in all tissues. Human Agol, Ago3, and
Ago4 genes are clustered on chromosome
1, whereas Ago2 is uniquely located on
chromosome 8. Biologically, Ago2 is
essential for embryonic development as
constitutive knockout of Ago2 causes
embryonic lethality in mice while single
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Table 1. Summary of high-throughput Ago-mRNA/DNA mapping in mammalian systems
Experimental Experimental Ago mer:nber(s) Antibody used Key findings Reference
approach system studied
Ago-bound tags fell in 3"UTR
: . Endogenous . (40%), coding sequences (25%), . 33
HITS-CLIP Mouse brain Ago anti-pan-Ago (2A8) introns (129%), and non-coding Chietal.
RNAs (5%).
Human embryonic Tagged Identified seed-dependent miRNA Hafner
PAR-CLIP fibroblasts (HE):(293) A %91 4 anti-HA target sites and nearly 50% of the ot al %
9 binding sites located in the CDS. ’
Mouse embryonic Endoaenous miRNA-dependent and GC-rich Leun
CLIP-seq stem cells (wt vs. 9 anti-Ago2 (2D5) binding sites were identified in 3’ 3%
. Ago2 . R etal.
Dicer -/-) untranslated and coding regions.
Widespread (> 63%) noncanonical
HEK293 (Doxycycline . mMiRNA-mRNA seed interactions Helwak
CLASH inducible) Tagged Agof anti-FLAG via noncanonical Watson—Crick etal¥’
base pairing.
Cellular stress induced by
Endogenous anti-Ago2(11A9), arsenite strengthens Ago2- Kardinov
CLIP-seq HEK293S Agoz anti-Ago2 (4F9), | mMRNA interactions in 3'UTR and etZl 0
9 anti-Ago2(2E12-1C9) CDS of genes repressed during ’
translation.
- Ago2, RB1, and miRNAs
Primary human ) - .
ChiP-chip diploid fibroblasts Endogenous anti-pan-Ago, functionally interact to repress Benhamed
(Wi38) Ago2 anti-Ago2(9E8.2) E2F regulated genes during etal®®
senescence.
Human brostate Endogenous Agol-bound sites are associated Huan
ChlIP-seq cancer ctflls (PC-3) Ago1 anti-Ago1(2A7) with transcriptionally active otal 292
9 loci marked by H3K4me3. ’

knockout of other family members appears
to be dispensable.’”'® Ago2 is the primary
mediator of RNAI given that it is the only
family member possessing endonuclease
activity."’ Crystal structures of full-length
human Ago2 have been solved,'*" which
provide key mechanistic insights into their
interactions with small RNAs. Similar to
the bacteria counterpart, human Ago2
is a bilobular structure comprising the
N-terminal (N), PAZ, MID, and PIWI
domains. The PAZ domain anchors
the 3’end of the small RNAs and is
dispensable for the catalytic activity of
Ago2. However, PAZ domain deletion
disrupts the ability of the non-catalytic
Agos to unwind small RNA duplex and to
form functional RISC.'¢

Biochemical studies strongly support
thatAgomemberscanbind commonsetsof
miRNAs with no functional selectivity.”
Specifically, human Ago proteins have
been shown to be functionally redundant
in miRNA-mediated gene silencing as
subsequent re-introduction of single Ago
(Agol—4) into Ago-knockout MEFs can
rescue defect in miRNA-mediated gene
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silencing.'* However, it has been reported
that many non-miRNA sequences are
specifically enriched in human Agol
immunoprecipitates in small RNA deep
sequencing suggesting
that Agos may have differential selectivity
for non-miRNA RNA species, including
promoter-associated transcripts.

experiments,"

Ago proteins are predominantly located
in the cytoplasmic compartment known
as the cytoplasmic processing bodies
(P-bodies) and can be readily detected
by immunofluorescence techniques.?® By
biochemical fractionation and confocal
microscopy,
endogenous Ago proteins have also been

immunofluorescence

detected in the nuclear compartment
of mouse and human cells in a number
2124 Sophisticated  optical
techniques such as fluorescence correlation
spectroscopy  (FCS)
cross-correlation  spectroscopy  (FCCS)
have been applied to directly study the
nucleocytoplasmic  shuttling of Ago-
small RNA complexes.” It is not until
2 years ago, several molecular studies

of studies.

and fluorescence

investigating the nuclear activities of
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exogenous miRNAs?* and/or synthetic
RNA duplexes in mammalian cells have
implicated Ago proteins in several non-
canonical pathways unique to the nucleus,
including

transcriptional  silencing,

transcriptional  activation,  alternative
splicing,  and  quiescence-associated
translational  upregulation.?#%32  Ye,
despite such studies, the nuclear functions
of Ago proteins remain mysterious in
mammalian cells. Here, in addition to
the cytoplasmic functions in PTGS,
we will discuss novel findings of the
nuclear functions of the Ago subfamily
specifically in transcriptional regulation
and alternative splicing obtained from

high-throughput genome-wide studies.

Genome-Wide Characterization
of Ago-RNA Interactions

Transcriptome-wide mapping of Ago-
mRNA crosslinking
immunoprecipitation (CLIP)-based
high-throughput methods such as CLID-
seq (crosslinking immunoprecipitation
high-throughput sequencing) or

interactions by
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Figure 1. Multi-functional roles of nuclear Ago proteins. Cytoplasmic Agos enter the nucleus through nuclear import pathways (e.g., importin 8) via one
of the four possible routes as depicted in the left panel of the figure: in complex with a guide dsRNA, miRNA, ssRNA, or as a free form. In the nucleus, they
are guided by the bound RNA to its homologous target sites or recruited by nuclear-localized RNAs to chromatin sites to exert multi-functional roles.
(A and B) Ago-mediated chromatin modification processes. (A) RNAa: Recruitment of CMPs by Ago-dsRNA or miRNA complex leads to increased active
chromatin marks such as H3K4me3 methylation, allowing active transcription to occur at the targeted promoter. (B) TGS: Recruitment of CMPs by Ago-
dsRNA or miRNA complex leads to increased repressive chromatin marks such as H3K9/K27 methylation thereby inhibits transcription at the targeted
promoter. (C and D) RNA-mediated alteration of splicing. (C) Exogenous dsRNA-guided alternative splicing: dsRNA-Ago complex forces exon exclusion
or inclusion by targeting intronic or exonic sequences involved in splicing. (D) Endogenous small RNA-mediated alternative splicing: Agos, possibly
guided by unstructured single stranded small RNA (ssRNA), are recruited to chromatin at the 3" ends of the variant regions possibly by an intragenic
antisense transcript. Interactions with other chromatin components (such as HP1y or SR proteins) result in H3K9me3 mark deposition by Suv39h1 and
EHMT2 (KMT lysine methyl transferase). Consequently, RNAP Il elongation rate is slowed, which in turn facilitates spliccosome recruitment and allows
alternative splicing of the variant exons. (E) DNA damage repair process. diRNAs generated from DSBs are incorporated into Ago proteins which facili-
tate DNA damage repair by directly interacting with repair proteins or by affecting local chromatin structures via recruitment of CMPs. CMPs, chromatin
modifying proteins; diRNAs, double-strand-break-induced small RNAs; DSBs, double strand breaks; dsRNAs, double stranded RNAs; miRNA, microRNA;
RNAa, RNA activation; RNAP Il, RNA polymerase II; ssRNA, single stranded small RNA; TGS, transcriptional gene silencing.

HITS-CLIP (high-throughput
sequencing of RNA isolated by
crosslinking  immunoprecipitation),®%
PAR-CLIP (photoactivatable-

ribonucleoside-enhanced  crosslinking
and immunoprecipitation),*® and CLASH
(crosslinking, ligation, and sequencing of
hybrids)? allow systematic identification
of Ago-bound target mRNA sequences
i The wuse of
photocrosslinking and photoactivatable
nucleoside in PAR-CLIP has greatly
improved the efficiency of nucleic acid

in mammalian cells.

crosslinking and signal to noise ratio with
single nucleotide resolution compared with
the traditional RNA immunoprecipitation
methods (reviewed in Ascano et al.’®).
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These studies reveal that Ago proteins
mediate binding of miRNAs to diverse
RNA species via both canonical and
noncanonical base pairings and have
generated a wealth of information on
ternary map of Ago-miRNA-mRNA
interactions (Table 1). Furthermore, these
studies confirm that miRNAs can regulate
gene expression by binding to various
regions of the transcripts not restricted
to 3" UTR regions. Surprisingly, many
of these interactions can occur through

noncanonical seed base  pairings;¥
for example, ~10% of the mRNA tags
mapped to introns, suggesting that

miRNA can target precursor mRNAs in
the nucleus.?

RNA Biology

Noncanonical Functions
of the Ago Proteins

Transcriptional regulation

The chromatin association with
Ago proteins and other RNAij-related
components in  Drosophila  suggests
their fundamental roles in chromatin
regulation.*""  There has been a
limited number of reports on the
role of mammalian Ago proteins in
transcription regulation (summarized in
Fig. 1A and B) despite it has been well-
documented in fission yeast and other
lower eukaryotes.>**#! A series of studies
in Drosophila published in the last couple
of years has truly laid groundwork for the
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investigation of nuclear Ago proteins in
mammalian cells. Cernilogar et al.*’ found
that Drosophila Ago2 (dAgo2) interacts
with euchromatin and dAgo2-associated
small RNAs are enriched at promoter
regions of heat shock-responsive genes.
Moshkovich et al.#! demonstrated that
dAgo2 is associated with transcriptionally
active sites which correspond to regions
of low endo-siRNA  productions.
However, the effect of RNA polymerase
IT (RNAP II) activity on dAgo2-bound
sites was not examined in this study. A
more recent study by Taliaferro et al.*?
obtained an almost identical dAgo2
binding profile as Moshkovich et al. and
speculated that, in additional to its role
in alternative splicing, nuclear dAgo2
regulates developmentally regulated genes
by binding to their respective promoters
and negatively regulates transcription.
This group of promoters was also bound
by Polycomb group (PcG) transcriptional
repressor proteins, suggesting that dAgo2
may mediate gene transcription via
recruitment of PcG. Consistently it has
been previously shown that dAgo2 and
components of the RNAi machinery
are required for chromatin and nuclear
organization of PcG chromatin targets.*
By wusing ChIP-chip (chromatin
immunoprecipitation  coupled  with
microarray) analysis, Benhamed et al.®®
showed that nuclear Ago2 is involved
in senescence-associated transcriptional
gene silencing (SA-TGS) by directly
interacting with retinoblastoma 1 (RBI)
to repress E2F1 target genes in human
fibroblasts. By deep-sequencing small
RNAs co-immunoprecipitated with Agos,
they further showed that the enrichment
of heterochromatin-associated miRNAs,
including the let-7 family, correlated with
transcriptional repression and epigenetic
changes at Ago-bound promoters (e.g.,
CDC2 and CDCAS). Based on these data,
the authors proposed two non-mutually
exclusive models for Ago2-mediated
SA-TGS. Ago2-miRNP interacts with
histone deacetylases (HDACsS) or histone
methyltransferases (HMTs) to block
RNAP II at target promoters leading
to TGS. Alternatively, Ago2-miRNP
complex may enhance the stability of
RBl-associated repressor complexes to

promote TGS.

www.landesbioscience.com

Very recently, we provided the first
unbiased mapping of endogenous Agol-
DNA
cells by using ChIP-seq (chromatin

coupled  with
sequencing).”  We
showed that Agol is pervasively associated

interactions in human cancer

immunoprecipitation
massively parallel

with euchromatic regions defined by
H3K4me3 marks. Gene
profiling in Ago 1 depleted cells revealed

expression

a strong positive correlation between Agol
occupancy and levels of gene expression,
suggesting that Agol may play a positive
role in gene regulation. Biochemically,
Agol is associated with chromatin and
physically interacts with RNAP II.
Furthermore, Agol and RNAP II are
both enriched in the promoters of many
genes known to be involved in cancer
pathways. Bioinformatics analysis also
revealed that Agol-bound sequences are
enriched for oncomiR targets, suggesting
that Agol-chromatin interactions may
partly depend on miRNAs. Although the
underlying mechanism by which Agol is
involved in transcriptional gene regulation
remains to be determined, this study will
spur general interests in nuclear Agol-
chromatin regulation and potential cross-
talk between small RNA-mediated gene
regulation and oncogenic pathways in
cancer cells.

Alternative splicing

Several studies have reported that
synthetic siRNAs targeting exonic or
sequences the
splicing junction can regulate alternative
splicing through TGS*3? (Fig. 1C). It
is thought that intronic siRNAs trigger
heterochromatin formation by inducing
histone H3K9  dimethylation, and
subsequently, inhibiting transcriptional

intronic proximal to

elongation resulting in changes in
alternative splicing.** A recent study
by Ameyar-Zazoua et al.” uncovered
an unexpected role for Ago proteins

splicing. The

identified novel interacting proteins of

in alternative authors
chromatin-bound Agos in human cells

using tandem affinity purification.
Surprisingly, a large fraction of interacting
chromatin-bound  Agol
and Ago2 were part of spliceosome,
including components of the U2 and
U5 snRNP complexes, SR proteins, and

heterogeneous nuclear ribonucleoproteins

partners  of
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(hnRNPs). Other proteins involved in
chromatin regulation include HPly and
HMTs were also identified. By using
the CD44 gene as a model, the authors
demonstrated that Agol and Ago2 regulate
alternative splicing by coupling RNAP II
elongation and histone modifications.
The authors proposed that Agol/2,
possibly guided by an intragenic antisense
transcript, is recruited to the transcribed
regions in CD44 where it interacts with
other chromatin components (such as
HP1y or SR proteins), which in turn,
induces H3K9 methylation on variant
exons and generates heterochromatin-
like environment through lysine methyl
transferase (KMT) activity resulting in
the slowdown of RNAP II. Consequently,
this gives splicing factors more time
to recognize splice sites and influences
splicing decisions (Fig. 1D). In line with
this finding, another study found that
dAgo2 is also involved in alternative pre-
mRNA splicing,”® suggesting that the
splicing-related function of Ago proteins
is evolutionarily conserved.

Double strand break repair

Recent
unexpected and conserved role for small
RNAs and Ago2 in the double strand
break (DSB) repair pathway. Wei et
al.* reported that in A. Thaliana and
human cells, small RNAs are produced
in vicinity of the DSBs and are referred to
as diRNAs (double strand break induced
small RNAs), which then serve as guiding
molecules to recruit effector proteins to
facilitate DNA repair. Intriguingly, the
authors proposed that Ago2/diRNAs
can either directly recruit repair proteins

studies have revealed an

to DSB or by recruiting chromatin
modifying complexes to modify local
DSB
(Fig. 1E). How exactly Ago proteins are

chromatin to facilitate repair
involved in DSB repair is a fascinating

question that remains to be addressed.

Biological Implications
of Ago Proteins in Cancer

the small RNA-

mediated pathways have been implicated

Components  of

in various cancers;®4 however, the role
of Ago proteins in cancer has never been
examined closely. Several expression
studies have found that Ago2 is highly
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expressed in breast cancer,” high-risk

8 colon cancer,” liver cancer,”

myeloma,?
prostate, and esophageal cancer.®>' Ago2
overexpression has been implicated as
a result of increase in Ago2 DNA copy
number on chromosome 8q24°° (Huang
et al., unpublished data).

The link between miRNA maturation
and epidermal growth factor receptor
(EGFR) signaling has been recently
established. Shen et al’? reported that
EGER can directly phosphorylate Ago2 at
tyrosine 393, which blocks the binding of
Dicer to Ago2 and inhibits the maturation
of a subset of miRNAs, and enhances cell
invasiveness under hypoxia. Supported
by clinical data, higher expression
of p-Y393-Ago2 also correlated with
poorer overall survival in breast cancer
patients. Agol seems to be also involved
in angiogenesis during tumorigenesis
as it has been identified to be a miRNA
target of hypoxia-induced translational
de-repression.”® In support, our integrated
analysis of ChIP-seq and gene expression
profiling demonstrated that Agol-bound
and Agol-responsive genes are enriched in
major cancer-related signaling pathways.?
How the nuclear activities of Ago proteins
are directly related to cancer signaling
pathways await further investigation.

Conclusions and
Future Perspective

Recent  high-throughput
approaches allowed the mapping of
Ago footprints on either mRNA or

DNA sequences in vivo under different

genomic

physiological conditions and demystifying
the multi-functional roles of Ago proteins,
particularly in the nucleus. The topic of
nuclear RNAI remains controversial and
there have been disparate observations
as to which Ago family members plays
a dominant role in a particular nuclear
event. The results from these studies were
highly dependent on the cell type and cell
context and the experimental approaches
employed (Table 1). Technical-wise,
differences in the specificity and affinity
of the antibodies used in ChIP- and CLID-
based studies can be a major contributing
factor (summarized in Table 1).

Some of the outstanding questions
remain to be addressed include (1) How

22

do Ago proteins interact with chromatin?
Due to the lack of a DNA binding
domain in Ago proteins, it is conceivable
that nuclear Ago-small RNA complex
mediates gene regulation by localizing
regulatory  proteins  (i.e.,
modifying enzymes) to specific genomic

chromatin-

DNA regions to modulate gene expression
(reviewed by Li**). Although more direct
evidence needs to be provided, our findings
showed that overexpression of mutant
Agol without the PAZ domain failed to
induce the expression of Agol-bound
genes,”? implying a role for small RNAs
in mediating Ago-chromatin interactions.
(2) What types of RNA species might be
involved in mediating Agol-chromatin
interactions? Agol-RNAP II interaction
was reduced in Dicer-knockdown cells,?
implying that Dicer-processed RNA
species are responsible for Ago-chromatin
Identification of RNAs
associated with chromatin-bound Agos

interactions.

will provide clues to these questions. (3)
How Agol and Ago2 are functionally
distinct in the Subcellular
localization studies showed that these

nucleus?

two family members appear to have
differential  nuclear  distributions.?>?*
While the nuclear localization of Agol
is generally scattered throughout the
nuclear interior, Ago2 predominantly
localizes to the inner nuclear periphery,
which may partly account for the lack
of Ago2-chromatin association at steady-
state although technical reasons cannot be
completely excluded. As further supported
by biochemical evidence, Agol and Ago2
have been reported to exhibit intrinsic
preferences  when  selecting  and/or
loading RNA molecules.”*® Quantitative
proteomic analysis has revealed differential
abundance of Ago proteins in human and
mouse melanoma cells.” It is plausible
to hypothesize that Agol and Ago2 have
differential nuclear abundance, which
may influence their target specificity.
Post-translational ~ modifications  of
Ago proteins have been shown to affect
Ago protein stability and homeostasis
of miRNA-guided gene L7
Another yet-to-be explored area is how

silencing.

post-translational modification(s) affect

the nuclear functions of Ago proteins.
Ago proteinshaveattracted considerable

attention for their involvement in gene

RNA Biology

regulation and other novel functions,
which will continue to expand in the
years to come. Coupling high-throughput
genomic and computational analyses
with  biochemical
nuclear Ago proteins will enhance our

characterization of

understanding of the complexity of
small RNA-mediated gene regulatory
mechanisms in  various  biological
contexts. It would be of future interests
to understand

Ago-mediated gene regulatory networks

the crosstalk between

and major signaling pathways altered
in pathological conditions. Ultimately,
modulating nuclear Ago protein activities
may potentially be a novel point of
therapeutic intervention for cancer and
others diseases.
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