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Abstract

AGO?2 (Argonaute 2, EIF2C2) is the only member in AGO family with catalytic activity and of
extreme importance during small RNAs guided gene silencing processes. The structural investi-
gations have provided insights into details and functional mechanisms of the four major domains
within AGO2. As a multifunction player, AGO2 has been revealed involved in tumorgenesis
through miRNAs-dependent or independent ways. And nowadays, AGO?2 has also been more
importantly found ectopically over-expressed in carcinomas and closely associated with aspects of
cancers in means of interacting with well-known tumor factors. Here, we provide a review on
structural insights, functional mechanisms, novel roles and relationship with carcinomas of AGO2.
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1. Introduction

AGO2 (Argonaute-2), also termed as EIF2C2,
belongs to the Argonaute family which is highly con-
served in species and symbolized by PIWI domain
and crescent PAZ domain [1]. Human Argonaute
family can be divided into two subfamilies: one is
AGO subfamily, including AGO1, AGO2, AGO3,
AGO4, and similar with Arabidopsis thaliana AGOL;
the other is PIWI subfamily, including HIWI1, HIWI2,
HIWI3, HIWI4, and similar with Drosophila PIWL.
PIWI subfamily proteins are exclusively expressed in
germ-line cells, but AGO subfamily proteins are
broadly expressed in most tissues [2, 3].

In human AGO family, AGO2 has been revealed
as the only member with catalytic activity and essen-
tial role within RISC complex, so to regulate small
RNAs guided gene silencing processes [1]. Notably,
different from other members of AGO family includ-
ing AGO1, AGO3 and AGO4, AGO2 has also been
proved indispensable in murine embryonic develop-
ment by the finding that knock-out Ago2 gene was
lethal [4, 5]. In 2012, the crystal structure of human
AGO2 combined with pre-miRNAs was revealed, and
functional details of the four major domains were also

clearly clarified, including the N domain which initi-
ates duplex RNAs unwinding during RISC assembly,
the PAZ domain which contains a variant OB fold and
binds to 3" overhang of small RNAs, the MID domain
which recognizes 5" nucleotides of the guide RNAs
through Rossmann-like fold, and the PIWI domain
which endows AGO?2 catalytic activity due to its pu-
tative slicer catalytic site [1].

2. Structural Information and Functional
Molecular Mechanisms of AGO2

2.1 Structural Information

Recent studies on the structure of AGO2 have
revealed the four core domains and details of their
functions. The four domains array into a bi-lobe for-
mat consisting of N-PAZ and MID-PIWI, and con-
nected by Linker 1 (L1) and Linker 2 (L2). The two
lobes form a gap which accommodates the guide
small RNAs and their complementary fragments in
the middle [6]. The details of each core domain will be
discussed below and simply showed in figure 1.
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Fig 1. Linearized depiction of human AGO?2. Four major domains and their core functions are showed.

N Domain: During the formation of RISC com-
plex, unwinding of the RNAs, wrapped inside AGO2
is a rate limiting step. In this process, slicer dependent
or independent, functional N domain is indispensa-
ble. However, N domain is not required for RNA
loading or slicing [7]. In Thermus thermophilus, N do-
main has another important role by stopping the base
pairing between guide RNAs and target mRNAs right
at the 16th base of the guide RNAs [8]. For eukaryotic
AGQO?2, this function of N domain has not been
showed.

PAZ Domain: PAZ domain exists in both AGO2
and Dicer, and highly conserved in species and char-
acterized by its OB-fold structure which binds to sin-
gle nucleotide strand through anchoring the
2-nucleotide of 3" overhang. And this is considered as
the main function of PAZ domain in AGO2 [9]. To
confirm this, mutant PAZ and its impact on AGO2
were also investigated, and found that AGO2 with
mutant PAZ domain could still interact with small
RNAs, but was unable to unwind small RNAs or
consequently form RISC complex. So PAZ do-
main/N-PAZ lobe is strictly required for AGO2 to
form RISC complex [10, 11].

MID Domain: Among PAZ and PIWI domains,
MID domain adopts Rossmann-like fold and provides
a binding pocket for 5" overhang of the guide RNAs
[12]. Additionally, MID domain has another assistant
site close to this binding site to function synergisti-
cally. Both sites have the same two sulfate ions and
highly conserved Lys 599 and Lys 638, this renders
MID domain the affinity toward m7GpppG cap on
target mRNAs [13].

PIWI Domain: PIWI domain exerts three major
functions within AGO2, including enduing RNase H
like endonucleolytic activity, containing tryptophan
binding area which is critically needed for the en-
rollment of GW182 and other tryptophan rich factors,
regulating the interaction between MID domain and
DNA/RNA due to the polarity and hydrophily on the
surface of MID-PIWI lobe, for whose stability
maintenance, the D603 on PIWI domain is indispen-
sable [14, 15].

2.2 Molecular Mechanisms of AGO2 Functions

As a multi-role player, AGO2 plays important
role in small RNAs guided gene silencing processes,
including RNA interference, translation repression
and heterochromatinization. The functional mecha-

nisms are discussed below.

Degradation of mRNAs: As a core element of
RISC complex, AGO2 could directly initiate the deg-
radation of target mRNAs through its catalytic activ-
ity in gene silencing processes guided by siRNAs or
miRNAs, and this is also a rate limiting step of RNA
interference [16, 17]. So, over expression AGO2 by
genetic manipulation might be promising in improv-
ing the RNA interference drug efficacy and decreas-
ing side effect due to its ability to enhance RNA in-
terference validity [18].

Translation Repression: Researches have al-
ready revealed that AGO2 could repress target gene
translation in at least four ways: 1) competing with
translation initiating factor elF4E in binding to m7G
cap of target mRNAs, so to hinder the assembly of
ribosome and translation initiation [19]; 2) blocking
the formation of 80s ribosome from 60s and 40s ribo-
some by recruiting elF6, then to stop translation initi-
ation [20]; 3) inducing the de-adenylation, uncapping
and degradation of target mRNAs by recruiting
GW182 through its P470 and P505 sites [21]; 4) com-
bining with other AGO proteins, like AGO1 and/or
AGO3, to form PUF/AGO/eEF1A complex, which
inhibits the extension of peptides during translation
[22].

Heterochromatinization: AGO?2 is normally lo-
cated on euchromatin instead of heterochromatin,
combining with CTCF/CP190, and then inhibits re-
lated target gene expression through CTCF/CP190
dependent Fab-8 insulation. And this regulatory pat-
tern of AGO?2 is RNA interference independent [23].
Another study reported that AGO2 could be occa-
sionally located on euchromatin with AGO1 together,
and this facilitated spliceosome recruitment and for-
mation, then promoted the H3K9 methylation of spe-
cific exons with the assistance from Dicer and HP1r,
so to selectively modulate the transcription elongation
efficacy of RNA polymerase and improve gene alter-
native splicing [24].

Other Mechanisms: In addition to serve as an
executor of target mRNAs degradation or gene si-
lencing guided by miRNAs, AGO2 could also act as
an RNA slicer in Dicer independent way, and regu-
lator of miRNAs maturation [25, 26]. Researchers have
also found that AGO2 could enhance miRNAs stabil-
ity. By these two ways, AGO2 improves gene silenc-
ing guided by miRNAs [27]. The functional mecha-
nisms of AGO2 will be described in figure 2.
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Fig 2. Functional mechanisms of AGO?2 are showed. AGO2 could serve as initiator of target mRNAs degradation, stopper of target gene translation,

regulator of miRNAs abundance, function, maturation and stability.

3. AGO2 in Carcinomas

3.1 AGO?2 is Over-expressed in Cancers

Data have showed that miRNAs are critical in
tumorgenesis. As a key regulator of miRNAs function
and maturation, AGO2 has also been found
over-expressed in carcinomas, including Colon Can-
cer [28], Head and Neck Squamous Cell Cancer [29],
Urothelial Carcinoma of Bladder [30], Ovarian Car-
cinoma [31], Gastric Carcinoma [32], and Colorectal
Carcinoma [33]. And the over-expression of AGO2
has been proved to be related to aspects of cancers,
including tumor cell growth, overall survival of can-
cer patients [34, 35]. We and others have previously
showed that AGO2 was frequently over-expressed in
HCC (Hepatocellular Carcinoma) tissues and cell
lines, the over-expression of AGO2 facilitated onco-
genic miRNAs (like miR-21) to repress targets, but the
regulatory capacity of tumor suppressive miRNAs
(like let-7) was contrary unaltered [35, 36]. We also
creatively found and reported feed-back regulatory
loop between AGO2 and miRNAs by revealing that
AGO2 could be reciprocally inhibited by miR-99a
which was remarkably decreased in HCC tissues. But
contradict to the conclusion made by other groups
that in our previous study we did not found signifi-
cant impact of knocking down Ago2 on HCC cell
propagation in vitro. Whereas, knocking down Ago2

did severely impaired tumor growth of HCC in vivo.
The overview of AGO?2 in carcinomas is summarized
in Table 1.

Table 1. AGO2 in Carcinomas

Ref.  Carcinomas Total ~ AGO2 Expression
Cases  Positive Cases Negative Cases
[28]  Colon Carcinoma 75 74 (98.67 %) 1(1.33%)
[30]  Urothelial Carcinoma of 106 96 (90.57) 10 (9.43%)
Bladder
[31]  Ovarian Carcinoma 103 103 (100%) 0(0%)
[33]  Colorectal Carcinoma 76 43 (56.6%) 33 (43.4%)
[37]  Smooth Muscle Carcino- 110 107 (97.3) 3(2.7%)
ma of Soft Tissues
[38]  Prostate Carcinoma 107 61 (57%) 46 (43%)
[38]  Esophageal Carcinoma 58 34 (58.4%) 24 (41.6%)
[34]  Gliomas 129 129 (100%) 0 (0%)
[39] Myeloma 53 53 (100%) 0 (0%)
[35]  Hepatocellular Carcinoma 152 105 (69.07%) 47 (30.93%)

However, others reported that in melanoma,
AGO2 expression was strongly reduced in protein
level, but not mRNA level [40], and over-expression of
AGO?2 by genetic manipulation could inhibit cell and
tumor growth [41, 42]. This contradiction could be
explained as: the expression level of AGO2 is likely
variable between cancer types, due to their different
miRNAs expression patterns [43, 44]. Moreover,
AGO?2 has been revealed associated with aspects of
cancer, including angiogenesis, metastasis and other
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processes, and the regulatory mechanisms for these
processes are heterogeneous among cancer types and
stages [45, 46]. Therefore, miRNAs expression pat-
terns, cancer types, cancer stages and cancer devel-
opmental regulation mechanisms are major determi-
nants of AGO2 expression and function. Hence, more
elaborated and systematic experimental design will be
helpful to exclude variants before conclude the role of
AGO2 in a certain type of cancer.

3.2 AGO2 Related Pathways in Carcinomas

As discussed above, miRNAs/oncogenes/tumor
suppressive genes are critical in tumorgenesis. As an
essential mediator of miRNAs function and matura-
tion, AGO2 could undoubtedly affect tumorgenesis.
But recently, AGO2 was also proved function directly
without miRNAs participation in cancers by inter-
acting with famous tumor factors. The diagrammatic
overview on the role of AGO?2 in cancer is described
in fig 3.

Cell Growth Angiogenesis Metastasis

Fig 3. The overview on the role of AGO?2 in cancer.

3.2.1 AGO2 and AKT3

In 2013, Shane R. Horman and others reported
that AKT3 could phosphorylate AGO2 at 5387, en-
hance its binding with GW180 and entry into
P-bodies, so to repress expression of target genes.
When 5387 was not phosphorylated, AGO2 could just
function as RNA endonuclease, mediate the degrada-
tion of target mRNAs directly. Therefore, AKT3 might
be the switch between the two functional patterns of
how AGO2 mediates target mRNAs degradation [47].

3.2.2 AGO2 and EGFR

In 2013, Jia Shen and others reported that under
hypoxia situation, EGFR was frequently over ex-
pressed, this led to the improvement of EGFR medi-
ated propagation pathways as well as EGFR des-
quamation from membranes, desquamated EGFR
would be captured by vesicles and transferred into
cells. Those transferred EGFR molecules could phos-

phorylate AGO2 at Tyr393, and thus attenuate its af-
finity toward Dicer and impede the maturation of
long-loop miRNAs. Interestingly, most long-loop
miRNAs were tumor suppressive. So they concluded
that, hypoxia situation which occurs frequently in
solid tumors, hindered the maturation of tumor sup-
pressive miRNAs through AGO2/EGFR, and conse-
quently promoted the survival and metastasis of tu-
mor cells. They also confirmed this by clinical inves-
tigation on the association between AGO2 expression
and breast cancer patients’ overall survival. Results
showed consistence [48, 49].

3.2.3 AGO2 and FAK

In 2013, Nan Cheng and others showed that
AGO?2 was over expressed in HCC samples and cells.
By chromatin immunoprecipitation they revealed that
AGO2 could directly bind to the promoter of FAK,
which is a critical molecule associated with tumor
metastasis, and trigger its transcription. This led to the
improvement of HCC metastasis. In addition, they
revealed that the increased copy number of Ago2 on
chromosome 8q24 might be the mechanism for AGO2
over-expression [36].

3.2.4 AGO?2 and P4H

P4H (Prolyl-4-hydroxylase), which is inhibited
under hypoxia situation, was reported as a master of
hypoxia response by controlling the stability of HIF
[50]. In 2008, Hank H. Qi and others reported the
physical interaction between AGO2 and P4H subunits
a-(P4H-a(l)) and p-(P4H-P). By mass spectrometric
analysis, they identified that the endogenous AGO2
could be hydroxylated at proline 700 and enhanced by
P4H subunits. Mutation at proline 700 or dysfunction
of P4H subunits resulted in decreased stability of
AGO2 [51].

Moreover, AGO2 was also found to regulate
FGF2 expression and miRNAs stability. By binding to
miRNAs, AGO?2 could prolong their half-time, espe-
cially for extracellular miRNAs [52]. In 2013, Benoit
Laffont and others revealed the mechanism of how
AGO2 prolonged miRNAs half-time, that is, the
complex of miRNAs/AGO2 could be effectively
wrapped by platelet derived micro-particles and
transferred into vascular endothelial cells, then af-
fected related signaling pathway inside [53].

3.3 AGO2 and Cancer Angiogenesis

Many researches on the mechanism of angio-
genesis have revealed that angiogenesis is a compli-
cated process, and intricately regulated by factors
including VEGF, PDGF, FGF, TGF, MMP, Angiopoi-
etin, Angiostatin, Endostatin and so on [54]. As es-
sential regulator of gene expression, miRNAs function
and executor—DICER has been indicated playing
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important role in tumor angiogenesis [55]. How is
AGO2 in angiogenesis?

In 2008, Tomohiro Asai and others proved that
AGO2 could directly regulate the angiogenesis of
vascular endothelial cells. They also showed that
knock-down of Ago2 in HUVECs (human umbilical
vein endothelial cells), which are strictly required in
vascularization, induced apoptosis and disabled ves-
sel formation [56]. In our previous study, we found
that knock-down of Ago2 by siRNAs significantly
impaired HCC growth in vivo instead of in vitro. We
also astonishingly noticed that the severely attenuated
HCC angiogenesis might be a cause for this [35]. By
examining the expression of angiogenesis related
factors, we found the correlation between AGO2 and
VEGEF in HCC cell lines. This was confirmed by the
reduction of VEGF in vitro and in vivo when we
knock-down Ago2. Through further investigations
over the underlying mechanisms, we revealed that
PTEN was a mediator of the interaction between
AGO2 and VEGF (In Press). So AGO?2 is probably a
potential target for treatment of carcinomas, and it is
of great interests to further investigate the relation-
ship and the underlying mechanisms of AGO2 with
angiogenesis in other carcinomas.

In addition to be associated with aspects of tu-
morgenesis, AGO2 has also been proved to be related
to stem cell pluripotency maintenance [57], cell dif-
ferentiation [58], pancreatic P cell expansion [42],
skeletal muscle homeostasis modulation [59], mi-
crovesicles function [60] and hypoxic adaptation [61].
All these newly found roles of AGO?2 are enlightening
and freshening our understanding of AGO?2 in car-
cinogenesis, but further studies are needed.

Conclusion

Being an important miRNAs machinery, AGO2
has been found involving in tumorgenesis in a miR-
NAs-dependent manner. Recently, the alternative role
of AGO2 has also been concerned to directly regulate
tumorgenesis through interacting with other tu-
mor-associated factors. Although the identified func-
tions of AGO2 across different types of cancer are
contradicted, emerging data have undoubtedly
showed that AGO2 implicated in the regulation of
many biological processes of cancer, including prolif-
eration, metastasis, angiogenesis and et al. Further-
more, the versatile roles of AGO2 found in normal
cells, especial regulation of cell differentiation fate,
have broadened potential function of AGO2 in tu-
morgenesis. In summary, these related works men-
tioned above have made AGO?2 served as a hot target
in cancer research.
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