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ABSTRACT: Argonaute proteins (AGOs) are evolutionarily conserved and ubiquitously expressed in all higher eukaryotes.
They participate in cell differentiation, transposon silencing, and other important functions. AGOs play key roles in the gene-
silencing pathways guided by small RNAs. There are many human AGOs. However, redundancy and the distinctive roles of
different AGOs have not been well characterized. Previously, we demonstrated that AGO2 down-regulates the expression
of genes containing hypomethylated long interspersed nuclear elements (LINE-1s). Here, we evaluate the expression of
genes containing LINE-1 in AGO1-4-knocked down HEK293 cells. Furthermore, we measured the methylation levels of
AGO1-4-bound LINE-1s. Genes containing LINE-1s in AGO1, -2, -3 or -4-knocked down HEK293 cells showed prevented
up-regulation, increased up-regulation, unchanged regulation and prevented up-regulation, respectively. Interestingly,
AGO1-4 bound to LINE-1 differently in terms of the methylation level. Although the methylation level of AGO1 and
-4-bound LINE-1s was not different from that of the genome, AGO2- and AGO3-bound LINE-1s were hypomethylated.
Our experiments demonstrate the distinctive epigenetic roles of AGO1-4 in regulating genes containing LINE-1s.
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INTRODUCTION

It is well known that Argonaute proteins (AGOs) play
a role in controlling gene expression. There are 8 AGO
genes in humans1, 2, but there is limited information
demonstrating whether the functions of each AGO
protein are redundant or different3. AGO genes are
a highly conserved and extensively expressed in many
organisms, including plants, animals, and humans4.
There are many reports that human AGO proteins
are involved in organ growth and development5, and
recent studies have clarified its role as a potential
factor related to oncogenesis in colonic, mammary,
and prostate tissue6–8. Furthermore, several works
have revealed that AGO1 is associated with pre-
transcriptional gene silencing. First, Ago1 in S. pombe
is used to direct histone 3 lysine-9 methylation
(H3K9) of local transposon sequences, resulting in nu-
cleosome compaction and transposon silencing; RNA
polymerase II (RNAPII) activity is thus restricted at
the targeted locus, followed by heterochromatin for-
mation9. Second, Drosophila Ago1 also has a role in

heterochromatin formation: the Ago1 mutant disrupts
pre-transcriptional gene silencing of transgene tandem
repeats, with the loss of H3mK9 and silencing of
heterochromatin10. Third, in A. thaliana, Ago1 may
be the slicer component of RNA-induced silencing
complex (RISC), acting as an RNA slicer that uses
the sequence of an associated siRNAs to guide the
cleavage of homologous RNAs in RISCs and in the
maintenance of chromatin modifications at some loci.
Furthermore, knockdown of Ago1 has been reported
to be associated with developmental abnormalities11.
In addition, Ago1 has been implicated in the silencing
activity of promoter-targeted small RNAs. DNA
methyltransferase (DNMT3a) has been shown to co-
immunoprecipitate with small RNAs at the promoters
of some targeted genes. One known mechanism is
RNA interference, with Ago2 acting as a trans-acting
element to down-regulate gene expression by binding
to different classes of small noncoding RNAs, in-
cluding microRNAs (miRNAs) and small interfering
RNAs (siRNAs), which guide proteins to their specific
targets via sequence complementarity12–14. Another
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mechanism is found in plants and is termed RNA-
directed DNA methylation (RdDM). Ago4 is associ-
ated with siRNA, and the ribonucleoprotein complex
is loaded onto chromatin via complementarity. In
gene silencing, the complex guides methyltransferase
enzymes to establish sequence-specific de novo DNA
methylation15.

Recently, we reported that AGO2 down-regulates
genes containing hypomethylated intragenic long in-
terspersed elements-1 (LINE-1)16. LINE-1s comprise
a group of abundant retrotransposon sequences found
in large numbers in the human genome. Moreover, our
follow-up report demonstrated that intragenic LINE-1
sequences are conserved and regulate several biologi-
cal processes, including DNA damage and repair, in-
flammation, immune function, and cell differentiation.
We screened for genes that are involved in intragenic
LINE-1 regulation networks using a bioinformatics
approach and found that intragenic LINE-1 acts as a
cis-regulatory element within genes to modulate host
gene expression. Furthermore, AGOs are also trans-
acting elements and coordinate with LINE-1 to regu-
late gene expression17. For example, genes containing
LINE-1 are up-regulated in si-AGO2 embryonic kid-
ney cell lines. These results demonstrate that AGO2
plays a role in the control of gene expression for
thousands of genes containing LINE-1s. Herein, we
investigate whether the other AGOs serve as trans-
acting elements that mediate gene expression through
intragenic LINE-1 elements.

AGO1-4 plays a distinctive role in the con-
trol gene expression through upstream mononu-
cleotide A-repeats3. We found that all members
of the AGO family preferentially bind to A-repeats.
AGO1-4 knockdown however produced different pat-
terns. AGO1 up-regulated genes containing upstream
A-repeats, whereas AGO2 and AGO3 were signifi-
cantly associated with down-regulated genes contain-
ing upstream A-repeats. AGO4 did not significantly
regulate gene expression.

However, it is unclear whether AGOs are associ-
ated with intragenic LINE-1 methylation and whether
they lead to gene up- and/or down-regulation. Thus
in this study, we evaluated the role of AGO1-4 in
affecting the expression of genes containing LINE-1
using a bioinformatics approach. The mRNA levels
in the HEK293 cell line knocked down for AGO1-4
were compared with intragenic LINE-1 genes by
the connection up- and down-regulation expres-
sion analysis of microarrays (CU-DREAM) software
package (http://pioneer.netserv.chula.ac.th/∼achatcha/
cu-dream/)18. This software calculates various statis-
tical parameters, including Student’s t-test and Pear-

son’s chi-squared test, to analyse the gene regulatory
functions of intragenic LINE-1. To explore the asso-
ciation between AGOs and intragenic LINE-1 methy-
lation, we performed chromatin immunoprecipitation
(ChIP) and quantitative combined bisulphite restric-
tion analysis of methylation pattern (Q-COBRA-MP)
assays19.

MATERIALS AND METHODS

Cell culture

HEK293 cells were maintained in Dulbecco’s mod-
ified Eagle’s medium (Gibco BRL, Life Technolo-
gies) supplemented with 2 mM L-glutamine, 10%
(v/v) heat-inactivated foetal bovine serum (Sigma),
10 mg/ml antibiotic/antimycotic (Gibco BRL, Life
Technologies) at 37 °C and 5% (v/v) CO2. The
medium was changed 3 days later. The cells were
harvested for the ChIP assay on the 7th day.

Chromatin immunoprecipitation

A ChIP analysis was performed according to a previ-
ously published protocol20. Briefly, 1× 106 HEK293
cells in a 75-cm2 flask were grown to 80% conflu-
ence. The cells were harvested, and formaldehyde
was added at a final concentration of 1% directly to
the cell culture medium. Fixation was performed
at 37 °C for 10 min and stopped by the addition of
glycine to a final concentration of 0.125 M. As much
medium as possible was removed, and the cells were
washed twice with ice-cold PBS containing protease
inhibitors; and then scraped into a conical tube. The
cells were collected by centrifugation and rinsed in
cold phosphate-buffered saline. The cell pellets were
resuspended in lysis buffer (0.5% NP40, 85 mM
KCl, 5 mM PIPES, pH 8.0), incubated on ice for
20 min, and homogenized. The nuclei were collected
by microcentrifugation and then resuspended in lysis
buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl,
pH 8.1) and incubated on ice for 10 min. The
samples were sonicated on ice with an Ultrasonics
sonicator at setting 10 amplitude for 20 s to achieve
an average length of approximately 200–1000 bp; the
samples were then microcentrifuged. The sonicated
cell pellet was resuspended 10-fold in ChIP dilution
buffer with protease inhibitors. The fragment so-
lution was precleared with the addition of protein
A-positive cells for 15 min at 4 °C. The precleared
chromatin was incubated with 1 µg of affinity-purified
goat monoclonal antibody or no antibody and rotated
at 4 °C for approximately 12–16 h. The antibodies
used included EIF2C1-4 (anti-AGO1-4) or a control
non-immunized goat antibody. Protein A agarose
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Table 1 Gene grouping according to presence of LINE-1 elements and regulated expression.

Up- or down-regulated genes of experiment Not up- and not down-regulated genes of experiment

Genes containing LINE-1 Number of genes in group A Number of genes in group B
Genes without LINE-1 Number of genes in group C Number of genes in group D

(40 µl) was added for 2 h at 4 °C with rotation to
collect the antibody/protein complex, and the com-
plexes were washed and eluted. The pellet was gently
centrifugation (1084g at 4 °C, 1 min), and the protein
A agarose/antibody/protein complex was washed for
3–5 min on a rotating platform with each of the fol-
lowing buffers in order: (a) low-salt immune complex
wash buffer (1× 1 ml); (b) high-salt immune complex
wash buffer (1× 1 ml) and (c) LiCl immune complex
wash buffer (1× 1 ml).The complex was eluted with
elution buffer and shaken for 15 min. The cross-
links were reversed by the addition of NaCl to a final
concentration of 200 mM, and RNA was removed by
the addition of 10 µg of RNase A per sample, followed
by incubation at 65 °C for 4 h. The samples were
then precipitated at −20 °C overnight by the addition
of 2.5 volumes of ethanol and then pelleted by mi-
crocentrifugation. The samples were resuspended in
100 µl of Tris-EDTA (pH 7.5), 25 µl of proteinase K
buffer (1% sodium dodecyl sulphate, 50 mM Tris
(pH 7.5), 25 mM EDTA) and 1.5 µl of proteinase K
(Sigma) and incubated at 45 °C for 2 h. The samples
were extracted with phenol-chloroform-isoamyl alco-
hol (25:24:1) followed by extraction with chloroform-
isoamyl alcohol and then precipitated with 1/10 vol-
ume of 3 M NaOAc (pH 5.3), 5 µg of glycogen and
2.5 volumes of ethanol. The pellets were collected by
microcentrifugation and resuspended in 30 µl of H2O.

Q-COBRA-MP

The immunoprecipitated samples were used for bisul-
phite modification, as previously described19. The
bisulphite-treated DNA (2 µl) was amplified using
COBRA LINE-1 primers. The reactions were incu-
bated at 95 °C for 10 min, followed by 35 cycles
of 95 °C for 30 s, 54 °C for 30 s, and 72 °C for
30 s, with a final extension at 72 °C for 7 min. The
amplicons were digested in 10-ml reaction volumes
with 2 U of TaqI in 1×TaqI buffer (MBI Fermentas)
at 65 °C overnight and then electrophoresed through
8% non-denaturing polyacrylamide gels. The in-
tensities of DNA fragments were measured with a
PhosphorImager and analysed using MS EXCEL. The
yields of methylated amplicons (TaqI positive) and
unmethylated amplicons (uncut amplicon) were calcu-
lated as a percentage (the intensity of the methylated
candidate gene digested by TaqI divided by the sum

of the unmethylated amplicon and the TaqI-positive
amplicons).

Expression analysis

To evaluate whether intragenic LINE-1 can control
host gene expression through AGOs, we collected
mRNAs of GSE4246 from the GEO database21 and
prepared templates of the microarray, series matrix
file, and platform. Each gene was compared to
the means of the experimental and control groups
and classified as up- or down-regulated and not up-
and not down-regulated, depending on the statistical
significance of Student’s t-test. Subsequently, the
distributions of up- or down-regulated genes were
evaluated as to whether the distributions were de-
pendent on containing an intragenic LINE-1 using
Pearson’s chi-squared test. A list of genes containing
LINE-1s has been reported17. Genes were grouped
into four groups, A through D. The significantly up- or
down-regulated genes containing intragenic LINE-1
were included in group A. The significant not up-
and not down-regulated genes containing intragenic
LINE-1 were included in group B. The significant up-
or down-regulated genes without intragenic LINE-1
were included in group C. The remaining genes (non-
significant genes without LINE-1) were included in
group D (Table 1). The p-values of the odds ratio
(ORs), p-values and lower and upper 95% confidence
intervals (CI) of the genes in groups A through D
were displayed in an MS EXCEL format. All the
statistical analyses were performed using extensions
in the CU-DREAM software (http://pioneer.netserv.
chula.ac.th/∼achatcha/cu-dream/).

RESULTS

In this study, we determined whether the roles of
human AGO1-4 in the epigenetic regulation of genes
containing LINE-1 are different. The mRNA pro-
files of HEK293 cells knocked down for AGOs from
GSE4246 was categorized as up- or down-regulated
and not up- or not down-regulated; the statistical
significance of 1454 genes containing or not intra-
genic LINE-1 was determined using Student’s t-test
and the chi-squared test. The results showed that
the reduction of AGO2 expression in HEK293 cells
significantly promoted the up-regulation of genes con-
taining intragenic LINE-1, OR = 1.88, p-value =
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Table 2 Grouping of up- and down-regulated gene expression determined by CU-DREAM-X.

Si-AGO1 Si-AGO2 Si-AGO3 Si-AGO4

OR p-value 95% CI OR p-value 95% CI OR p-value 95% CI OR p-value 95% CI

up LINE-1 0.55 4.67 × 10−4 0.39–0.77 1.88 6.19 × 10−4 1.30–2.70 0.78 4.45 × 10−1 0.41–1.48 0.33 1.34 × 10−8 0.22–0.50

down LINE-1 1.29 5.21 × 10−2 1.00–1.67 0.82 4.57 × 10−1 0.48–1.39 1.29 3.03 × 10−1 0.79–2.11 1.27 7.99 × 10−2 0.97–1.66

6.19× 10−4 and 95% CI = 1.30–2.70. This result
supports that the biological function of AGO2 is to
down-regulate genes containing intragenic LINE-1. In
contrast, HEK293 cells knocked down for AGO3 did
not show regulated gene expression. HEK293 cells
knocked down for AGO1 and -4 showed hampered
up-regulation, with significant ORs = 0.55 and 0.33,
p-values = 4.67× 10−4 and 1.34× 10−8, 95% CI =
0.39–0.77 and 0.22–0.50, respectively. Conversely,
AGO1-4 siRNA did not significantly alter down-
regulating genes containing LINE-1 elements. These
results support the notion that AGO1 and AGO4 play
a role that is opposite to AGO2 in terms of the expres-
sion of genes containing intragenic LINE-1 (Table 2).

To evaluate whether the epigenetic modification
of AGOs bound to LINE-1s are different, we in-
vestigated the methylation status of LINE-1-bound
AGO1-4 proteins by ChIP and Q-COBRA-MP. The
results revealed that AGO1 and AGO4 preferentially
bind to normally methylated LINE-1s, whereas AGO2
and AGO3 preferentially bind to hypomethylated
LINE-1s (Fig. 1).
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Fig. 1 ChIP and Q-COBRA-MP. Methylation percentage
of AGO1 and AGO4 shows normality compared with the
HEK293 cell line, whereas the methylation percentage of
AGO2 and AGO3 shows hypomethylation compared with
the HEK293 cell line.

DISCUSSION

Previously, we demonstrated that AGO2 represses
genes containing hypomethylated LINE-1s. Here, we
demonstrate that AGO1 and AGO4 regulate genes
containing LINE-1s in an opposite manner as that
of AGO2. Furthermore, AGO1 and AGO4 bind to
different LINE-1 loci from AGO2. Whereas AGO2
and AGO3 bind to hypomethylated LINE1s, AGO1
and AGO4 bind to LINE-1s that have methylation
levels similar to the entire genome.

The AGO2-mediated repression of genes contain-
ing hypomethylated LINE-1s is mediated by LINE-1
RNA. When intragenic LINE-1s are hypomethylated,
LINE-1 RNA is transcribed; the LINE-1 RNA then
forms a complex with pre mRNA and AGO2, resulting
in mRNA depletion. The down-regulation of AGO1
and AGO4 prevents the up-regulation of expression.
It is possible that AGO1 and AGO4 prevent LINE-1
transcription. Consequently, the presence of AGO1
and AGO4 at normally methylated LINE-1s prevents
intragenic LINE-1 RNA production, and AGO1 and
AGO4 consequently limit LINE-1 RNA from inter-
fering with gene transcription. AGO3 binds to hy-
pomethylated LINE-1s, similar to AGO2. Neverthe-
less, the depletion of AGO3 did not alter gene ex-
pression. The similar roles between AGO2 and AGO3
and the opposite roles between AGO1 and AGO2 were
demonstrated previously with regard to the regulatory
roles of mononucleotide A repeats3. We speculate
that the AGO2 and AGO3 functions are redundant;
thus the depletion of AGO3 was compensated for by
AGO2.

In a variety of living organisms, AGO1 has the
function of promoting heterochromatin; in plants,
AGO4 promotes DNA methylation. It is pos-
sible that AGO1 and AGO4 in humans may be
associated with heterochromatin and methylation-
associated LINE-1s, with AGO1 and AGO4 binding
to transcription-inactiveLINE-1s.

In conclusion, we explored whether AGO proteins
play a different role in controlling gene expression.
AGO2 represses genes containing hypomethylated
LINE-1. AGO3 may be redundant to AGO2, while
AGO2 plays a major role. The AGO1 and AGO4
roles are distinctive from AGO2 and have opposite
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effects in regulating gene expression. It is interesting
to further explore the mechanisms underlying these
differences.
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