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Argonaute proteins (AGOs) are evolutionarily conserved and ubiquitously expressed in all
higher eukaryotes and have important function in several biological processes, such as cell
differentiation and transposon silencing. The commonly known functions of AGOs are key 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. Here, | evaluated the
expression of genes containing LINE-1 in AGO1-4-knocked down HEK293 cells using bioinformatics
approach: Connection Up- or Down- Regulation Expression Analysis of Microarrays X (CU-DREAM-
X). Furthermore, | measured the methylation levels of AGO1-4-bound LINE-1s and specific genes
using Chromatin immunoprecipitation (ChlP) and quantitative combined bisulfite restriction analysis
of methylation pattern (Q-COBRA-MP) and Pyrosequencing, respectively. The results showed that
genes containing LINE-1s in AGO1, -2, -3 or -4-knocked down HEK?293 cells prevented up-regulation,
increased up-regulation, unchanged regulation and prevented up-regulation, respectively. Interestingly,
AGO1-4 bound to LINE-1 differently in term of the methylation level. Although the methylation level
of AGOL1 and -4-bound LINE-1s was not different from the genome, AGO2- and AGO3-bound LINE-
1s were hypomethylated. Finally, in case of specific genes, AGO4 bound to genes was reduced after
Si-AGO4 HEK293 cell lines were treated with tetracycline for 7 days. Then, methylation levels of
AGO4 binding genes were reduced after Si-AGO4 HEK293 cell lines were treated tetracycline
together with 5-aza-deoxycytidine for 9 days and were recovered after Si-AGO4 HEK 293 cell lines
were cultivated continuously for 3 days without tetracycline and 5-aza-deoxycytidine. Our experiments
demonstrate the distinctive epigenetic roles of AGO1-4 in regulating genes containing LINE-1s and
evaluate AGO4 mediate small-RNA-guided de novo methylation in human cells. It is interesting to

further explore the underlining mechanism of these various functions.
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CHAPTER |
INTRODUCTION

The mechanism of DNA methylation is a major epigenetic process
found in the genome of various eukaryote and prokaryote organisms that
Is associated with regulating various cellular processes including
embryonic development, transcription, chromatin structure, genomic
stability, repetitive elements, and carcinogenesis. This mechanism is
referring to the addition of a methyl group to the 5' position of cytosines
which are present in the 5' regulatory regions closely promoter sequences
of transcription start sites by DNA methyltransferase protein families.
Four DNA methyltransferase, particularly DNMTI, DNMT2, DNMT3a,
and DNMT3b have been identified in humans.

DNA methylation had been classified as either maintenance or de
novo methylation. Maintenance methylation carried out by a DNA
methyltransferase that reproduce DNA methylation patterns specifically
on hemimethylated DNA between DNA replication. The mechanism is
simplest to copies the parental-strand methylation pattern onto the
daughter strand after each round of DNA replication. The major DNA
methyltransferase is responsible for establishing and maintenance of

methylation pattern as the DNA methyltransferasel (Figure 1).
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Figure 1. Mechanism of maintenance methylation in DNA replication.

Another mechanism is de novo methylation. In contrast, this
mechanism is not necessary to recognizes methylation patterns of the
parental DNA strand. There are several recent reports revealed that
DNMT3a and3b were able to add methyl group to specific DNA that has
never been methylated. It still unclear how to cells determine the
locations of de novo DNA methylation in human cells. However, there
are evidences suggest that Argonaute 4 has been implicated in RNA-
directed DNA methylation (RdDM) in plant.

RADM was first discovered in tobacco plants infected with
pathogen circular RNA molecules. This phenomenon plays important
roles as a cellular defence against RNA viruses, and associated with
genome integrity, and transposon stability [1]. When the pathogen RNA
molecules replicate, homologous DNA sequences becomes methylated
[2]. In a following investigation also conducted, the constitutive
expression of a dsRNA matching a genomic promoter sequence was
shown to result in de novo DNA methylation and transcriptional silencing

of the targeted promoter [3].

In brief, DNA dependent RNA polymerase IV (Pol V) transcripts
single-stranded RNA (ssRNA) (Figure 2-1) then copied into double-
stranded RNA (dsRNA) by RNA dependent RNA polymerase 2 (RDR2)
(Figure 2-2). Dicer-like 3 (DCL3) digests the dsRNA into 24-nucleotide



small interfering RNA (siRNA) duplexes (Figure 2-3) and methylated at
3’ overhang by hua-enhancer 1 (HEN1) (Figure 2-4). The single strand of
SIRNA binds to Argonaute 4 (AGO4) to form an RNA-induced silencing
complex (RISC)-AGO4 complex (Figure 2-5). DNA dependent RNA
polymerase V (PolV) transcription is supported by the DDR complex
including defective in RNA-directed DNA methylation 1 (DRD1),
defective in meristem silencing 3 (DMS3), required for DNA methylation
1 (DRM1) and DMS4 (Figure 2-6). AGO4 binds PolV transcripts by
base-pair complementary with the siRNA sequences and is sustained by
carboxy-terminal domain (CTD) and kow domain-containing
transcription factor 1 (KTF1) (Figure 2-7). IDN2 may stabilize PolV
transcript—siRNA pairing (Figure 2-8). The RDML1 protein binds AGO4
and the de novo cytosine methyltransferase, domains rearranged

methylatransferase 2 (DRM2), adding methyl group into nearby DNA

sequence (Figure 2-9) (Figure 2) [4].

Pol V transcript

Methylated

siRNA duplex
4 : 5 AGO4-RISC
Methylation

Figure 2. RNA-directed DNA methylation (RADM) [4].

In plant, it is clear that AGO4 associated with miRNAs or siRNAs,
and as an adaptor protein that binds to complementary target sequence



then recruits other proteins especially DNA methyltransferase such as
DRMZ2 is responsible for cytosine methylation. However, it is not certain
how the role of AGO4 in DNA methylation in human cell. Recently, we
performed comparison between human promoter-methylation dataset
(GSE20598) [5] and AGO binding sites, cross-linking and
Immunoprecipitation data (CLIPZ database) [6]. GSE20598 dataset
provided the amount of promoter methylation in HEK-293 cells. CLIPZ
database provided AGO binding sequences in the same cell. The result
revealed that the numbers of AGO4 binding sites were significant
correlation with promoter methylation. Moreover, the result showed that
distance of AGO4 sites were associated with peak of methylation level at

distance around 21 to 40 bp from the binding sites (Figure 3).

_1—!3'876! l2101234 I!lO

OB N W b unn o

-2
-3
-4
Number of AGO4 binding sites on

promoters with only AGO4 and no other
AGOs

Promoter methylation

Figure 3. The correlation between the number of AGOs binding sites and
promoter methylation (Chatchawit Aporntewan, personal

communication).

The results from bioinformatics approach showed that AGO4

protein may play a role on the mechanism of specific promoter



methylation through a process of RADM.  So, | hypothesized that
human AGO4 may be associated with promoter methylation similar to
RADM mechanism in plants due to as mediate to recruit DNA

methylatransferase for promoter methylation (Figure 4).

y u Cu Cu Cul syrR | EXON I ‘ CmCmCm Cm CmCml <R
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Figure 4. Schematic represents hypothesis of de novo methylation in

human cell.

Addition, | evaluated the role of AGO4 in DNA methylation by
establishing tetracycline-inducible sh-AGO4 HEK-293 cells. The
methylation profiles were detected by pyrosequencing. The ability of
AGO4 binding was investigated by chromatin immunoprecipitation and
guantitative PCR (ChIP-gPCR). The results showed that down regulated
AGO4 expression is strong associated with specific promoter
hypomethylation after treated tetracycline and 5-aza-deoxycytidine (5-
aza-CdR) on the 9th day.

The members of the Argonaute proteins are key players in gene
silencing pathways in various processes such as cell differentiation,
embryonic development and transposon silencing [7]. They are
ubiquitously expressed in prokaryotic and eukaryotic organisms [8] and
were first identified in plants [1]. They mediate guided by small RNASs
that are anchored into binding pockets and lead to target mMRNAs for gene

silencing. In human, there are eight AGO family members, some of



which are investigated. However, even though AGO1-4 are capable of

loading miRNA and endonuclease activity.

All AGOs share two main structural features, the PAZ and the
PIWI domain. PAZ domain represents their containing the specific
binding pocket that anchors the 3’ overhang of both siRNA and miRNA.
Therefore, it is recognizes mRNA for mRNA degradation by base-pairing
interaction. PIWI domain, it has the characteristic of RNase H thus it is

essential for the target cleavage [9].

When referring to gene silencing pathway, the mechanism that is
the most well-known and Ago has been also involved is called RNA
interference. Ago2 acting as a trans-acting element to down-regulate gene
expression by binding different classes of small noncoding RNAs,
including microRNAs (miRNAs) and small interfering RNAs (SiRNAS)
21-22 nt in length. These short double stranded fragments were digested
by an RNase Ill-like enzyme (Dicer). Then, RNA-induced silencing
complex (RISC) which cleaves the target mMRNA strand complementary
to their bound siRNAs [10-12].

Many researches on recent years have revealed that the role of
Agos involving gene silencing pathways such as Agol is a component of
the RNA-induced initiation of transcriptional silencing (RITS) complex
in S. pombe [7]. Ago2 and Ago3 are confined to the siRNA directed post-
transcriptional gene silencing (PTGS) and required for transposon
silencing pathway respectively in Drosophila [13-17]. Ago4 has been
found in the nucleus and was established well in plants that conducts
siRNA-guided DNA methylation [18, 19].



Furthermore, our group reported that AGO2 down-regulates genes
containing hypomethylated LINE-1 [20, 21]. In status of hypermethylated
intragenic LINE-1, host genes are transcript into mMRNAs whereas partial
and hypomethylated LINE-1, LINE-1 RNAs will be transcribed and form

with AGO2 then host genes reduce expression (Figure 5).
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Figure 5. Intragenic hypomethylated LINE-1s repress host gene

expression [21].

However, there were no reports how AGO1, 3 and 4 associated
with LINE-1 methylation in human cell. Hence, in this study, | 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 Expression Analysis



of Microarrays (CU-DREAM) software package
(http://pioneer.netserv.chula.ac.th/~achatcha/cudream/) [22]. This
software calculates statistical analyses, including Student’s t-test and
Pearson’s chi-squared test, to analyze the gene regulatory functions of
intragenic LINE-1. Moreover, to explore the association between AGOs
and intragenic LINE-1 methylation, | performed chromatin
immunoprecipitation (ChlP) and quantitative combined bisulfite

restriction analysis of methylation pattern (Q-COBRA-MP) assays [23].

In conclusion, it is well known that AGOs play a role in controlling
gene expression but there is limited information demonstrating whether
the functions of human AGO1, 2, 3 and 4 are redundant or different. So,
my exploration revealed whether the other AGOs serve as trans-acting
elements that mediate gene expression through intragenic LINE-1
methylation. Interestingly, my research explored the novel function of
AGO4 protein to regulate specific promoter methylation. This may be

applied to use for cancer screening and diagnosis.

Objectives
1. To determine the association between AGO1, 2, 3 and 4 binding

and intragenic LINE-1 methylation patterns.

2. To investigate the relationship between the role of AGO1, 2, 3

and 4 proteins and regulation of genes containing LINE-1.

3. To evaluate the role of AGO4 as mediate small-RNA-guided de

novo methylation.



Research Questions

1. How do AGO proteins are associated with LINE-1 methylation

pattern in human cell?

2. How do AGO proteins are associated with regulation of genes

containing LINE-1 in human cell?

3. How does the role of AGO4 proteins as mediate small-RNA-

guided de novo methylation in human cell?

Hypothesis

1. The binding of AGQO1, 2, 3 and 4 proteins should be affect
differently in methylation patterns of intragenic LINE-1.

2. The role of AGO1, 2, 3 and 4 proteins should be affect

differently in regulation of genes containing LINE-1 expression.

3. AGO4 proteins play an important role as mediate small-RNA-

guided de novo methylation in specific CpG promoters.
Keywords

Argonaute 4 protein (AGO4), de novo methylation, long

interspersed element 1 sequences (LINE-1)

Expected Benefits and Application

It is well known that alteration of LINE-1methylation affect
genetic instability and the regulation of gene expression. My research
revealed new insights of the relationship between the role of AGQO1, 2, 3

and 4 and LINE-1 methylation patterns and theirs genes containing
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LINE-1 expression. Furthermore, my research also proved that AGO4
mediates small-RNA-guided de novo methylation in human cells.
Understanding the distinctive role of AGOs effect on global methylation
and specific genes will lead to new strategy for future cancer therapy
approach as control methylation patterns of intragenic LINE-1 genes or

AGO binding genes.
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Conceptual Framework
1.

Ago proteins in the other organisms play a role in repetitive sequence
silencing. However, it remains unclear that how do human AGOs play

a role in term LINE-1 methylation.

g

How do AGO proteins are associated with LINE-1 methylation

pattern in human cell?

U

To determine the association between AGO1, 2, 3 and 4 binding and

intragenic LINE-1 methylation patterns.

U U

1) The binding of AGO1, 2, 3 and 2) The binding of AGO1, 2, 3
4 proteins have affect differently and 4 proteins have no affect in
in methylation patterns of methylation patterns of
intragenic LINE-1. intragenic LINE-1.

U U

1) The methylation level of LINE- || 2) The methylation level of

1 which was precipitated with LINE-1 which was precipitated
Anti-AGOs is significantly with Anti-AGOs is no different
different compared global compared global methylation.
methylation.

U U

The hypothesis is corrected. The hypothesis is not corrected.
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2.

Ago proteins in the other organisms play a role in gene-silencing
pathways. However, it remains unclear that how do human AGOs

play a role in controlling gene containing LINE-1 expression.

I

How do AGO proteins are associated with genes containing LINE-1

regulation in human cell?

I

To investigate the relationship between the role of AGO1, 2, 3 and

4 proteins and regulation of genes containing LINE-1.

g U

1) The role of AGO1, 2,3 and 4 2) The role of AGQO1, 2, 3 and
proteins have affect differently 4 proteins have no affect in

in regulation of genes containing regulation of genes containing

LINE-1 expression. LINE-1 expression.
1) The expression of genes 2) The expression of genes

containing LINE-1 has changed containing LINE-1 has no
significantly after AGOs were changed after AGOs were

reduced expression. reduced expression.

g U

The hypothesis is corrected. The hypothesis is not corrected.




3.

Ago4 plays a role to control the specific promoter methylation
through the process of RNA directed DNA methylation (RdDM)

in plants. However, this mechanism remains unclear in human

how AGO4 as mediate in de novo methylation.

I

How does the role of AGO4 proteins as mediate small-RNA-

atided de novo methvlation in huuman cell?

U

To evaluate the role of AGO4 as mediate small-RNA-guided de

novo methylation.

U

U

1) AGO4 proteins play an
important role as mediate small-
RNA-guided de novo
methylation in specific CpG

promoters.

2) AGO4 proteins do not
play a role as mediate small-
RNA-guided de novo
methylation in specific CpG

promoters.

1

1

1) The methylation level of
AGO4 binding genes decreased
significantly after AGO4 were
reduced expression and recover
methylated when AGO4 is

express normally.

2) The methylation level of
AGO4 binding genes has no
change after AGO4 were

reduced expression.

U

U
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The hypothesis is corrected.

The hypothesis is not corrected.
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CHAPTER 11
REVIEWS AND RELATED LITERATURES

DNA Methylation Mechanisms

DNA methylation is a biochemical modification that involves the
transfer of a methyl group to the 5-carbon of the cytosine (C) ring that
mainly upstream of guanine (G) in the DNA double-helix resulting in 5-
methylcytosine (5-Cm). This process does not alter the information coded
by the DNA but it participates to the regulation of gene expression. DNA
methylation has been demonstrated in the mammalian genome that plays
essential for normal development, differentiation, aging, X-chromosome
inactivation and involved in control mechanisms of a variety of biological
processes including genomic imprinting, suppression of repetitive

elements and carcinogenesis[24-28].

The addition of methyl group is carried out by several different
DNA methyltransferase enzymes (DNMTSs). At least three independent
DNA methyltransferases, DNMT1, DNMT3a and DNMT3b, that are
involved in DNA methylation and are likely to be central to these
processes. DNA methyltransferases divided into two categories based on
their bearing to modify cytosine to 5-methylcytosine in unmethylated

DNA strand, maintenance and de novo methyltransferases.

Maintenance methylation activity is necessary to preserve DNA
methylation. DNMT1 is the major enzyme responsible for establishment

and maintenance of DNA methylation patterns. After each round of DNA
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replication cycle [29], the new synthesized DNA becomes is
unmethylated at CpG sites in which the parent strand retains its
methylation pattern. DNMT1, which is localized to the replication
complex (RC), restores full methylation by methylating hemimethylated
DNA with the help of UHRF1 protein. DNMT1 also recognizes
hemimethylated sites and provides a mechanism for inheritance of a
methylation profiles through generations, resulting in DNA methylation
is stability. Furthermore, DNMT1 also maintains global methylation
patterns to plays an essential role in the epigenetic modification that

controls gene expression and genome stability.

While DNMT3a and DNMT3b are similar to mediate
establishment of de novo DNA methylation that occurs essentially during
embryonic development and also during the male and female
gametogenesis [30, 31]. It is the process in which unmethylated sites in
DNA are methylated resulting in formation of new methylation pattern.
This process is no necessary methylated parent strand [32]. DNMT3b in
particular is known to be required for de novo methylation in specific
genomic regions, as mice or human patients with DNMT3b mutations are
deficient in methylation of repetitive DNA sequences and CpG islands on
the inactive X chromosome [32, 33].

However, overexpression of DNMTL1 is leading to de novo
methylation [34, 35]. Recent studies revealed that DNMT3a and
DNMT3b are also required for maintenance methylation in repetitive
sequences [36]. So the mechanisms of DNA methylation in mammalian

cells may involve with another proteins beside DNMT.
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Even though there is a little known about de novo methylation how
specific DNA sequences are selected for DNA methylation. The
observations indicate that de novo DNA methylation machinery is

associated with inactive transcription.

In plants, it is clear that understanding how methylation patterns
are regulated for de novo DNA methylation through RNA-directed DNA
methylation mechanism (RdDM). RADM is an epigenetic process in
which siRNAs or miRNAs direct the cytosine methylation of DNA
sequences that are complementary to the siRNAs or miRNAs. This
process targets transposons and other types of repetitive sequences,
leading to their transcriptional silencing and the maintenance of genome
stability. In brief, double strand RNAs are transcribed from a genome
sequences by RNA dependent polymerase 2 (RDR2). The dsRNAs are
cleaved by dicer-like 3 (DCL3), and are methylated by HEN1. The
sSRNAs bind to AGO4 and RNA-induced silencing complex (RISC).
Then methyl group is transfer directly nearby the original genomic
sequences. The sources of dsRNAs often obtain from RNA viruses or
transposons. The target RNA sequence is transcribed by Pol V by
assistance of the DDR complex (DRD1, DMS3, and RDM1) and DMS4.
AGO4 binds via base pair complimentary with the target RNA sequence
and is stabilized by KTF1, which also binds RNA. The de novo
methyltransferase, DRM2 is loading methyl group to nearly genomic
sequence. Interestingly, DRM2 protein share significant homology to the
mammalian methyltransferases, DNMT3. DRM2 is the only enzyme that
has been implicated as de novo DNA methyltransferase.

Interestingly, the recent research revealed that Piwi—piRNA

complexes might guide DNMT3a/DNMT3b to transposon sequences,



17

although the mechanism induced DNA methylation remains unknown
[37]. The complexes might recruit enzymes to establish epigenetically
marks for promoting de novo DNA methylation through the activity of
the DNMT3a-DNMT3b complex. It is possible that Argonaute family
proteins may associate with de novo DNA methylation due to the piwi
domain is a domain that found in a large number of related nucleic acid-

binding proteins such as Argonaute proteins.

Interaction between DNMTs and Other Proteins

DNA methylation is not randomly distributed methylation, DNA
methyltransferases demonstrate sequence specific in vitro than requiring
the CpG dinucleotide recognition sequence. Therefore, recent identifying
the protein interaction partners of each of the DNMTs how these
interactions may mediate DNMT catalytic activity. For example, 1)
HDACS, it has been well established that DNA methylation represses
transcription partly by recruitment other co-repressor complexes, methyl-
CpG-binding proteins (MBDs). Recent evidence, demonstrated that the
DNMT1 and DNMT3 directly interact with one or more HDACs [38,
39]. 2) MBDs, MBD2 and MBD3 demonstrated co-localization with
DNMT1 at late S-phase DNA replication. Furthermore, the
MBD2/MBD3 complex represented binding affinity for both
hemimethylated and fully methylated DNA [40, 41]. Furthermore, all
MBD family members are involved in transcriptional repression by
recruiting chromatin-remodeling complexes to methylated CpG sites [42].
3) Myc, it interacts with DNMT3a and cooperation with other factors

such as Miz-1, it is presumably play a role in targeting DNA methylation



18

to specific genomic regions. Proteins interact with methyltransferase are

summarized in the table 1.

DNA _ Functions of
Methyl- Interac-tlve Interactive Putative Roles in Vivo
transferases Proteins Proteins
DNMT1 HDAC1 Histone Modification of chromatin by
HDAC?2 deacetylase histone deacetylation, resulting
in targeting DNA methylation.
PML-RAR Oncogenic DNA-binding and interaction
transcription with other transcriptional co-
factor regulators, targeting
methylation.
DMAP1 Co-repressor Recruiting other repressors,
transcriptional repression
DNMT3a RP58 Transcription Sequence-specific DNA
factor binding, targeting repression,
possibly methylation as well.
PML-RAR Oncogenic DNA-binding and interaction
transcription with other transcriptional co-
factor regulators, targeting
methylation.
HDAC1 Histone Modification of chromatin by
deacetylase histone deacetylation, resulting
in targeting DNA methylation.
DNMT3b HDAC1 Histone Modification of chromatin by
deacetylase histone deacetylation, resulting
in targeting DNA methylation.

Table 1. Proteins interacting with methyltransferases [43].
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The Role of Methylation in Gene Expression

The mechanism of DNA methylation in both plants and humans is
referring to the addition of a methyl group to the 5' position of cytosine
by methyltransferase protein families (Figure 6). This is a major
epigenetic modification in multicellular organisms and essential for cell
differentiation and embryonic development [44]. This mechanism
associated with a number of key processes including repression of
repetitive elements, and carcinogenesis. In mammals, this modification
occurs at CpG sites, which are present in the 5' regulatory regions that
can be in close to promoter regions of transcription start sites. The
process plays an essential role in the regulation of gene expression by
either interfering with the binding of transcription factors and leads to

theirs reduced expression [45].

NH, SAM-CH; SAM NH,
N Jj U N N )E/CH:;
PN T PN
H H
DNMT
Cytosine 5-Methylcytosine

Figure 6. Conversion of cytosine to 5-methylctosine by
methyltransferase (DNMT). DNMT catalyses the transfer of a methyl
group (CHj) from S-adenosylmethionine (SAM) to the 5-carbon position
of cytosine [46].
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There is evidence of this process has been revealed in studies that

show that gene promoters methylation varies considerably depending on

cell type, with more methylation of promoters association with low or no

transcription [47]. In many disease processes, such as cancer, alterations

of global and specific genes methylation have been recognized as an

Important component of cancer development (Table 2).

Cancers-
Genes Associated Correlations
Diseases
P16 NSCLC 1) Hypermethylation associated with years smoked and
smoking duration.
2) In stage 1 adenocarcinoma, an independent risk factor
predicting shorter post-surgery survival.

ATL Hypermethylation more frequently found in more
malignant lymphoma and acute ATL types than the less
malignant chronic & smoldering types.

HIC1 ALL,CML, HCL1 gene methylation was found in 100% recurrent

NHL ALL and blast crisis, but not at initial diagnosis of
CML.

P21 ALL Methylation correlated significantly with decreased
disease free and overall survival at 7 and 9 years

MGMT | Gliomas Methylation correlated with tumor regression and
prolonged overall 9 and disease-free survival in patients
treated with alkylating agent.

Multiple | Cervical Methylation extent increased from non-dyplastic low

genes cancer grade CIN to high grade & finally to invasive

carcinoma.

Table 2. The association between aberrant specific genes methylation and

cancers-associated diseases [48].
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Tumor suppressor genes are often silenced in cancer cells due to
hypermethylation, whereas the genomes of cancer cells have been shown
to be hypomethylated overall when compared to normal cells. Also,
methylation patterns of specific promoters are related in individual

humans.

The Stability of LINE-1 Methylation and Altered Gene Expression

LINE-1 are the largest element of abundant retrotransposon
sequences and widely distributed approximately 15% in human genome
[49, 50] so methylation patterns of LINE-1 are representative of global
methylation patterns. Previously, LINE-1 transcripts were reported to be
express only in germ line [51-54]. Full length LINE-1s are
retrotransposon ability of causing insertion mutations and genome
rearrangements. Recently, LINE-1 transcripts were detected in a variety
of somatic tissues [55-57]. It was revealed that the LINE-1 expression
play an important role in cell proliferation and differentiation, retaining
gene expression and genomic stability. Some research explored that
depletion of LINE-1 expression resulted in reduced of cancer cell
proliferation [58]. Furthermore, the alteration of LINE-1 methylation was

determined that associate with various human cancers (Table 3).
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and expression

Alteration Cancers Remarks

Hypomethylation Gastric cancer Correlates with overall
hypomethylation

Hypomethylation Colon cancer Begins in preneoplastic mucosa

Hypomethylation Prostate cancer Increases with stage and
metastasis

Hypomethylation Various Cell lines

Hypomethylation Bladder cancer Expression stronger in

teratocarcinomas

Hypomethylation

and expression

Liver carcinoma

Hypomethylation, but not

expression cancer-specific

No hypomethylation

Renal carcinoma

Tissues only

Table 3. The association between altered LINE-1 methylation and

various human cancers [59].

Moreover, It was reported that more than thousands genes
containing intragenic LINE-1. These sequences are conserved and act as
cis-regulatory elements and modulate gene expression within of their host
genes. There are researches explored that intragenic LINE-1 methylation
may be concerned with several biological processes such as DNA damage
and repair, embryogenesis, cellular response to external stimuli and

hormonal responses [60].

In normally, intragenic LINE-1sequences are methylated and
silenced in human normal tissues [56, 57, 61]. While, hypomethylation of
intragenic LINE-1 is thought to be linked to pathological processes
including tumorigenesis, abnormal placental function, birth defects, aging
and other chronic diseases [62, 63] and lead to their reactivation by
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promoting genomic instability. It is interpreted that when intragenic
LINE-1 methylation is decreased, the intragenic LINE-1 transcription is
increased resulting LINE-1 mRNAs form RISC

The Roles of Argonaute Proteins in Regulation of Gene Expression

Argonaute proteins are a highly conserved and extensively
expressed in many organisms, including plants, animals and humans
(Table 4) [8]. The distinctive role of Argonaute protein families are key
players in gene silencing pathways in various processes and species
(Table 5). There are many reports that human AGOs are involved in
organ growth and development [64], and recent studies have clarified its
role as a potential factor related to oncogenesis in colonic cancer, breast

cancer and prostate cancer [65-67].

Species Number of genes
Homo sapiens 8
Rattus norvegicus 8
Mus musculus 8
Drosophila melanogaster 5
Caenorhabditis elegans 27
Arabidopsis thaliana 10
Schizosaccharomyces pombe 1
Neurospora crassa 2

Table 4. Argonaute proteins are highly conserved between species and

many organisms encode multiple members of the family[68].
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Argonaute proteins Molecular functions

Schizosaccharomyces pombe

AdoL Heterochromatin silencing, transcriptional gene
go I - I
silencing, post-transcriptional gene silencing

Arabidopsis thaliana

AGO1 miRNA-mediated gene silencing
AGO4 Heterochromatin silencing
AGO6 Heterochromatin silencing
AGO7 Leaf development

Drosophila melanogaster

AGO1 miRNA-mediated gene silencing
AGO?2 RNAI

AGO3 piRNA, transposon silencing

Murine/Human

AGO1 Heterochromatin silencing

RNAI, miRNA-mediated gene silencing,
AGO2 S
heterochromatin silencing

Table 5. Functions of Argonaute proteins in different species [69].

Furthermore, several works have revealed that Agol is associated
with pre-transcriptional gene silencing. First, Agol in S. pombe is used to
direct Histone 3 Lysine-9 methylation (H3K9) of local transposon
sequences, resulting in nucleosome compaction and transposon silencing;
RNA polymerase Il (RNAPII) activity is thus restricted at the targeted
locus, followed by heterochromatin formation [7]. Second, Drosophila
Agol also has a role in heterochromatin formation: the Agol mutant
disrupts pre-transcriptional gene silencing of transgene tandem repeats,
with the loss of H3mK?9 and silencing of heterochromatin [70]. Third, in
A. thaliana, Agol may be the slicer component of RISC, acting as RNA
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slicers that use the sequence of associated siRNAs to guide the cleavage
of homologous RNAs in RNA-induced silencing complexes and in the
maintenance of chromatin modifications at some loci. Furthermore, Agol
knockdown resulted in developmental abnormalities [71] and implicated
in the silencing activity of promoter-targeted small RNAs. In Drosophila,
the function of Ago2 is confined to the siRNA directed post-
transcriptional gene silencing (PTGS) pathway. One known mechanism is
RNA interference, with Ago2 acting as a trans-acting element to down-
regulate gene expression by binding different classes of small noncoding
RNAs, including microRNAs (miRNAs) and small interfering RNAs
(SIRNAs), which guide proteins to their specific targets via sequence
complementarity [10-12]. Another mechanism is found in plants and is
termed RNA-directed DNA methylation (RdDM). Ago4 is associated
with siRNA, and the ribonucleoprotein (RNP) complex is loaded onto
chromatin via complementarity. In gene silencing, the complex guides
methyltransferases to establish sequence-specific de novo DNA
methylation [72].

Recently, we reported that AGO2 down-regulates genes containing
hypomethylated LINE-1 [20]. Moreover, our follow-up report
demonstrated that intragenic LINE-1 sequences are conserved and
regulate several biological processes, including DNA damage and repair,
inflammation, 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 regulate gene expression [60]. For example, genes containing
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LINE-1 are up-regulated in sh-AGO2 bladder and gastric cancer cells.
These results demonstrate that AGO2 plays a role in the control of gene

expression through intragenic LINE-1.

The distinctive role of AGO1-4 in the control gene expression
through upstream mononucleotide A-repeats has been reported [73]. We
found that all members of the AGO family preferentially bind to A-
repeats. However, AGO1-4 knockdown produced different patterns.
AGO1 was up-regulated genes containing upstream A-repeats, whereas
AGO2 and AGO3 were significantly associated with down-regulated
genes containing upstream A-repeats. AGO4 did not significantly
regulate gene expression. However, it is unclear whether AGOs are
associated with intragenic LINE-1 methylation and whether they lead to

gene up- and/or down-regulation.

The Association between Human Argonaute4 Proteins and Promoter

Methylation

There have been revealed that the ability of Ago4 to control the
specific promoter methylation through the process of RNA directed DNA
methylation (RdADM) in plants [72]. This mechanism is a small-RNA-
guided epigenetic process, adding a methyl group to precise DNA
location. It is well known that Ago4 concerns siRNA-guided DNA
methylation [18, 19]. It has been found that Ago4 localizes to distinct the
nucleolus of A. thaliana. and supported that a various DNA methylation
complex including Ago4 and siRNAs [74, 75]. In human, although
siRNA or shRNA were proved to be able to generate DNA methylation,
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this mechanism has not been proven in humans whether AGO4-

associated siRNA sequence with directly DNA or transcripts.

Recently, we evaluated association between promoter-methylation
dataset (GSE20598) [5] and AGO binding sites (CLIPZ database) [6].
GSE20598 dataset comprised the amount of global promoter methylation
profiles in HEK-293 cells. CLIPZ database comprised AGO binding
sequences in the same cell. Among all Ago proteins, only AGO4 shows
the significant correlation with global promoter methylation summarized
from multiple probes (Pearson correlation coefficients = 0.17 and p-value
= 1.48E-03). The increasing number of AGO4 binding sites on a
promoter is proportional to the amount of methylation on the promoter.
Moreover, the binding position of AGO4 is correlated with the
methylation of a single probe. The proximity between a binding site and a
methylation site (a probe) determines the amount of methylation at the
probe. However, the proximity is not correlated with methylation in a
linear fashion. Our analysis of genome-wide data suggests that AGO4
may cause a peak of methylation level at distance around 21 to 40 bp

from the binding sites (Figure 7).
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CHAPTER 111
MATERIALS AND METHODS

Data Mining for Promoter Selection and Primer Design

Only promoters bound with AGO4 proteins is considered in
analysis in order to avoid any possible interactions between AGO
proteins. The boundary of a promoter was defined as the region between
the first and the fifteenth (the last) probes of each promoter. From
previous study to determine the association between AGO protein site
(CLIPZ database) and promoter methylation (GSE20598 dataset) in the
whole genome of HEK?293 cells by bioinformatics approach, we obtain
probe ID, methylation level, position on the chromosome and AGO
binding sequences.

To collect candidate promoter genes, probe ID are compared with
genome_mapping database for providing bound by AGO4. Then, map ID
are compared with mapped_sequences database for providing AGO4
binding sequences. These data are analyzed to know the candidate
promoter sequences using Ensembl database. We downloaded the
following database files from http://test.mirz.unibas.ch/smirnaWeb/
geneBio/smiRNA/temp/10544043421949953483/samples (Figure 8).

We performed primer design for pyrosequencing using PyroMask
Assay Design software. Following stepl: Copy and paste the unconverted
bisulfite sequence that we are interested to design primers with in the
“Sequence Editor”. Step 2: Highlighting the targeted region in blue and
right click to “Set Target Region”. Step 3: Click on the “Play button”.
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The software will generate 100 primer set with a quality score given to
indicate the quality of the design indirectly to determine the success rate
for PCR. Choose the primer set with the highest score. Step 4: In order to
view the report or summary of the primer set, click on the “report button”
(Figure 9).

raw data — genome_mapping database

Strand| t s sequence id chromosome seq_start seq end strand chr_start chr_end alignment
Transcriptinal start site (built 36) 73339713
Methylation level 267285 _267284] 54539 Fhril 15 1- 73339535 73339546 8I[1]
Locus (from TSS)|Methylation \evel 267286 267285 54539 :hri 1 15 + 174807128 174807142 5M[T]
Methylation probe -269) -14 — —
Methylation probe
Methylation probe
04 binding site
Agod il o mapped_sequences database
Methylation probe
Methylation probe 1 |id sequence copies  five_utr fricds fract three_utr “exon fractintron_frac unknown_igenome_count_p
%%:%: 2 218 35583(_SSITPAACTCGOCARATTGA ML NUL ML ML UL UL 17
Methylation probe 1 022 35584| 54540|AACTCGGCARATTGACA 2NULL  NULL  NULL  NULL NULL  NULL 3
Methylation probe 21 0.29|
Methylation probe 51 -0.44|
Methylation probe 61 -0.21
Methylation probe 71 -0.15
Methylation probe 81 013 . .
[rethjanin pove it AGO4 binding sequences
1D Chr Map ID Unique Sequence
267284 chril 54539 no AACTCGGCAAATTGA (bacterial |
--> = methylated CpG 1077640 chrX 269832 o ATCCCGCTGCGGTGA (bacterial)
= Ago4 binding site 2522877 chrx 628520 no GAATCCCGTCTCCTGAT (repeat)
> l = mismatch 3136073 chril 785633 no GGGGCTGATTCTGGAC (bacterial)
N h T T |
X000 —-—> = methylation probe 3469103 chrX 884040 no GTTCGGCTGGGGCGGCA (bacterial)

AGO4 binding mapping

3) Chll (DNALB13)
>11 dna:chromosome chromosome:NCBI36:11:73339449:73339869:1

TGCATTTCT T AAAACTAAT TACTGCTICTCT T TAAAAACAAAAACAAAATAAAACAGAGC
CCTG TGAGTW_LW
CCTTTCACTG, GAGCTGAAATT TGT TTAGGGAAG TGGGACTACAACT CCCAGAGTGCA
CCTGTGCGGT TGTCAGGAGCAACCAAGGAAGCCAACTAACAGCCT TGCTAGAGTCTGAGGACTATCCAGGGCC
TGACTGCCAGCTAGCCAGCCATGGGCCAGGAT TAT TACTCTGTGCTCGGGATCACTCGCAAT TCAGAGGATGC

CCAGATCAAGCAGGCGTAAGT TGGGGTGGGAGCCAGGCCTTAGGGGTGTGCTGG

>Ago4 binding site
1D Cla Tnuquie Sequence

267284 chrll 5452 no ]
31326073 chrll 785632 no )
> Methylation probe

>11 dna:chromosome chromosome:NCBI36:11:73339539:73339588:1

TTTCCGAGT TGAGTGACCT TTCACAGGGTCGCAGAAT CAGCCCCAGCTCT

>11 dna:chromosome chromosome:NCBI36:11:73339579:73339628:1
CCCCAGCTCTCCCCCAGTCCT T TCACTGACTCCTCTCTGTGGCAGAGCTG

Figure 8. Strategy of AGO4 binding mapping.
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Original Sequence Editor | Converted Sequence | Graphic View | Final Primer Set |
Upper Strand (S' to 3')

A(Aoccu(um(crcn(xcm(c \GTGAGGTAGGCAGCACTGCCACCTCTGT
\GAGAGGGGGTAACCCAAGCACGGAATAGC GCAGTCCCTTGCC TAAGGACACACAGC

G-\GGAAKGC(( \GCGGGGAC TCGAACCCACGCACTCTGGC TCCAGAGTCGATGCTCTTA a

IATATTATGTTGAGCCGC TCTCCGTGATCCAGCCGTAAGGGGAC TAATTAAGGGACAGCAA
ACTGAGC TGCCTAAATTTCTCGTGTGTGC GGCC TGAGGTGGGCCGGCTGTCGGCCTGCAT -
TTGGGCGAGCAGTACAGGGC GATC TCAGGATGTTCACCCTCCCTGCGTCTCCGCGLGGGC
v ICAGGC TGGCCGGGL TCAGC TGC TCCAAGTCCAAGTCC TAATATGGAAGTCGTGCCCCGCC .
Iv GCAGAGCCGGACCTGTTGTGTCTTTGCC TTTC TACGCATC TGCGCCCACCTCGGCCCAGA £

ACAAGGATTTC Mr«(ccc{.ﬁrﬁam.\w«.au( ACCCCAAGECGEGG

T GACAGTTCT
cm(mcmm(rcm ‘GCAGTTCAGAGGGACTGTGC GT((AGC((YMC(A &
IGCCCCGCCCAGAGTTACCGCCCTGCGCTGCCAATTGCC TAATCCTCTAATTGGGAGAGAT =
CAGAAAAGCCCTCCCTTTCCTCAGATCTCCCTGGGE TTCTAGTGGGGCC TCAGGCCACGC

ICCACCCACAGTTTACCCTCTTTCATCAARCCAGTCTGGACTCTACTGTCAGATTACAGAG
AGCTGTAAACTTGCCCAAC TACTTGT TACATAAGGGT TCACCCTTGCAGGACTCTAACCT

Figure 9. lllustration represents primer design for pyrosequencing using
PyroMask Assay Design software.

Si-AGO4 HEK?293 Construction

To construct Si-AGO4 HEK?293 cell line, we perform lentivirus
vector and TetR system according to manufacturer’s instruction for
coding double strand sh-AGO4. The target sequence 5'-
GGCCAGAACTAATAGCAATT-3" were cloned into pENTR™/H1/TO
(Invitrogen) and subcloned into pLenti4/BLOCK-iT™-DEST Gateway®
Vector (Invitrogen) using LR Clonase® 11 (Invitrogen). Lentivirus
expressed sh-AGO4 using TetR as activator for transcription. Briefly,

HEK293FT cells were co-transfected with 5 pg of plenti4/H1/TO/shAgo4
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and pLenti6/TR using FugeneHD transfection reagent (Roche,
Indianapolis, IN). After transfection for 48 hours, the media were
collected and filtered through a 0.45 pum pore-size filter. Virus-containing
supernatants were centrifuged at 25,000 rpm for 90 minutes. Viral pellets

were resuspended with Opti-MEM (Invitrogen).

HEK293 cells were transduced with lentivirus expressed sh-Ago4
and TetR supplemented with 6 pg/mL polybrene. After transduction for
48 hours, cells were dissociated and seeded in 10 cm? dish at 10%
confluence and were cultured under 100 pg/mL Zeocin™ and 10 pg/mL
Blasticidin selection for 3 weeks. Zeocin™- and Blasticidin-resistant
clonal were isolated and tested for sh-AGO4 activity in a tetracycline-

regulated manner using real-time PCR.

Cell Cultures and Treatments

Si-AGO4 HEK293 cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 2mM L-glutamine, 10% (v/v) heat-
inactivated fetal bovine serum, 10 mg/ml antibiotic/antimycotic, 500
ng/ml zeocin at 37°C and 5% (v/v) CO,. To knock down AGO4 protein
expression, Si-AGO4 HEK293 cells were treated with 2 pg/ml
tetracycline for 9 days. Si-AGO4 HEK?293 cells (no treated tetracycline,
Tet off) were also harvested on 7th, 9th and 12th day. Media and
tetracycline were changed every 3 days later. All of them were added
with 5-aza-CdR on 7th to 9th day and changed every day (Figure 10).
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Figure 10. Methedology of cell cultures and treatments.

Quantitative Real-time PCR

AGO4 mRNA expression was determined whether the transfection
of sh-RNA against the mRNA in Si-AGO4 HEK?293 cells by quantitative
real-time PCR. Total RNA was extracted from cell lines using the Trizol
reagent (Invitrogen) according to the manufacturer’s instructions. The
RNA was treated with RNase-free DNasel (Fermentas) to remove

contaminating genomic DNA and with RiboLockTM Ribonuclease
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Inhibitor (Fermentas) to prevent degradation. To synthesize cDNA, 5 mg
DNA-free RNA was dissolved in 12 ml of DEPC-treated water
containing 0.5 mg oligo(dT)18 primer (Fermentas). The RNA was
incubated for 5 min at 70°C and chilled on ice for 5 min. Each sample
was then incubated with 200U RevertAid™ M-MuLV Reverse
Transcriptase (Fermentas), 20 U Ribolock™ Ribonuclease Inhibitor
(Fermentas) and 20 mM dNTPs for 1 hr at 42°C, followed by 10 min at

70°C and subsequent chilling on ice.

The reaction mixtures contained 0.1 puM cDNA and were
performed using Roter Gene machine (NumbleGEN, IN, USA) and
QuantiTect SYBR Green | reagents (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. The conditions used were as follows:
95°C for 5 sec, followed by 40 cycles of 60°C for 10 sec. All reactions
were run in triplicate. The forward and reverse primers are: Ago4
exonl6-17_F: CAG GAA TTC AGG GAA CCA GCC G and Ago4 exon
17-18 R: CTG CCT TCC GCA CTG TCA TGA TC. The relative
expression of AGO4 was normalized with GAPDH.

Connection Up- or Down- Regulation Expression Analysis of
Microarrays X (CU-DREAM-X)

To evaluate whether AGOs can control theirs host gene expression
through intragenic LINE-1, we collected mMRNAs of GSE 4246 from the
GEO database [76] and prepared templates of the microarray, series
matrix file and platform (Figure 11). Each gene was compared to the
means of the experimental and control groups and classified as up- or

down-regulated and not up- or not down-regulated, depending on the
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statistical significance of Student’s t-test. Subsequently, the distributions
of up- or down-regulated genes were evaluated to whether the
distributions were dependent on containing an intragenic LINE-1 using
Pearson’s chi-squared test. A list of genes containing LINE-1s was
previously reported [60]. 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- or
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. The P-values of the
odds ratio (ORs), P-values and lower and upper 95% confidence intervals
(C1) of the genes in groups A through D were displayed in an MS Excel
format. All of the statistical analyses were performed using extensions in
the  CU-DREAM  software  (http://pioneer.netserv.chula.ac.th/~
achatcha/cu-dream/) (Table 7).



http://pioneer.netserv.chula.ac.th/~achatcha/cu-dream/
http://pioneer.netserv.chula.ac.th/~achatcha/cu-dream/
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GSE file:|GSE4246_series_matrix.txt Series matrix file downloaded from www.ncbi.nlm.nih.gov
Annotation file:|GPL570-13270.txt Annotation file downloaded from www.ncbi.nlm.nih.gov
T-test parameter (tail):|Two-tailed distribution Parameter for ttest() in Microsoft Excel
T-test parameter (type):|2 Series with unequal standard - arameter for ttest() in Microsoft Excel
Differential expression{|Down | Direction of differential expression
P-value threshold:|0.0T P-value threshold for t-test

Warning for paired t-test: subjects in the same row are paired.

Experimental group Note (optional) Control group Note (optional)
GSM96822 GSM96816
GSM96823 GSM96817
GSM96824
GSM96825

GSE file:|(GSE4246_series_matrix.txt Series matrix file downloaded from www.ncbi.nlm.nih.gov
Annotation file: |GPL570-13270.txt Annotation file downloaded from www.ncbi.nlm.nih.gov
T-test parameter (tail):|Two-tailed distribution Parameter for ttest() in Microsoft Excel
T-test parameter (type):|2 Series with unequal standard|Parameter for ttest() in Microsoft Excel
Differential expression{lUp | - lirection of differential expression
P-value threshold:|0.01 |P-value threshold for t-test

Warning for paired t-test: subjects in the same row are paired.

Experimental group Note (optional) Control group Note (optional)
GSM96822 GSM96816
GSM96823 GSM96817
GSM96824
GSM96825

Figure 11. Template preparation for CU-DREAM-X analysis.

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

Number of genes in 2nd

Genes containing LINE-1 Number of genes in 1st group (A) group (B)

Number of genes in 4th

Genes without LINE-1 Number of genes in 3rd group (C) group (D)

Table 6. The principle of CU-DREAM-X. The table represents the

intersection between the expression of each gene and genes containing

intragenic LINE-1.
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Chromatin Immunoprecipitation (ChlP)

A ChIP analysis was performed according to a previously
published protocol [77]. Briefly, 1 x 10° HEK293 cells in a 75-cm? flask
were grown to 80% confluence. 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; the cells were scraped into a
conical tube. The cells were collected by centrifugation and rinsed in cold
phosphate-buffered saline. The cell pellets were resuspended in lysed
buffer (0.5% NP40, 85 mM KCI, 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-HCI, 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 sec 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 solution was precleared
with the addition of protein A-positive cells for 15 min at 4°C. The
precleared chromatin was incubated with 1 pg of affinity-purified goat
monoclonal antibody or no antibody and rotated at 4°C for approximately
12 to 16 h. The antibodies used included EIF2C1-4 (anti-AGO1-4) or a
control non-immunized goat antibody. Protein A agarose (40 ul) was
added for 2 h at 4°C with rotation to collect the antibody/protein complex,

and the complexes were washed and eluted. The pellet was gently
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centrifugation (1084g at 4°C, 1 min), and the protein A agarose/ antibody/
protein complex was washed for 3-5 minutes on a rotating platform with
each of the following buffers in order: a) low-salt immune complex wash
buffer (1 X 1 ml); b) high-salt immune complex wash buffer (1 X 1 ml)
and c) LiCl immune complex wash buffer (1 X 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 pug of RNaseA 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 microcentrifugation. The samples were resuspended
in 100 pl of Tris-EDTA (pH 7.5), 25 ul of proteinase K buffer (1.25%
sodium dodecyl sulfate, 50 mM Tris (pH 7.5), 25 mM EDTA) and 1.5 pl
of proteinase K (Sigma) and incubated at 45°C for 2 h. The samples were
extracted with phenol-chloroform-isoamyl alcohol (25:24:1) followed by
extraction with chloroform-isoamyl alcohol and then precipitated with
1/10 volume of 3 M NaOAc (pH 5.3), 5 ug of glycogen and 2.5 volumes
of ethanol. The pellets were collected by microcentrifugation and

resuspended in 30 ul of H,0.

For ChIP and Quantitative-RT PCR, the pellets were collected by
microcentrifugation, resuspended in 30 ul of H,O. PCR mixtures
contained 2ul of immunoprecipitate and were performed using Rotor-
Gene SYBRGreen PCR Kit (Qiagen) on the Rotor-Gene Q system
(Qiagen). The conditions used were as follows: 95°C for 5 sec, followed
by 40 cycles of 60°C for 10 sec. All reactions were run in triplicate. The

forward and reverse primers represent following table 8.
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Primer Name

Sequence (5’-----> 3”)

ChIP_F_C8ORF42

AGA AGG CAC TGC TGG TGC

ChIP_R_ C80RF42

CCTCATTITTITTGCTCT CCCTTA

ChIP_F_C160RF89

GGG TGG CCT GGG CAA A

ChIP_R_ C160RF89

GCA GCC CTC TCC CCA

ChIP_F_C60RF134

GGG TGT GTAGGG ATT GTG TA

ChIP_R_ C60RF134

AGG CAT GCC ACA AGG AAA AG

ChIP_F_FEZ2 GGG AAG AAA TGT TTC CAG GGT C

ChIP_R_FEZ2 CCCTCTCTTTCTCCTTTT TGT TGT

ChIP_F_MSN CTG TCT AGA GAA GGA AAA GAT
AGG TAG

ChIP_R_MSN CTC CTC TCC CAC CCT GGT CA

Table 7. List of primer sequences for ChIP and Quantitative-RT PCR.

Quantitative Combined Bisulfite Restriction Analysis of Methylation
pattern (Q-COBRA-MP)

The immunoprecipitates were used for bisulfite modification, as
previously described [23]. The bisulfite-treated DNA was amplified using
COBRA LINE-1 primers. The 20 pl of PCR reaction includes: 25 U
HotStarTaqg DNA Polymerase (Qiagen, Germany) with 1x PCR buffer
(Qiagen, Germany), 2.5 mM of Magnesium chloride (Qiagen, Germany),
200 uM deoxynucleotide triphosphate (ANTP) (Promega, USA), 1 uM of
each primer, and 2 pl sample of bisulfited DNA. The reactions were
incubated 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.
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The amplicons were digested in 10 ml reaction volumes with 2U of Taq|l
in 1xTaql buffer (MBI Fermentas) at 65°C overnight and then
electrophoresed through 8% non-denaturing polyacrylamide gels. The
intensities of DNA fragments were measured with a Phosphorlmager and
analyzed using Excel (Microsoft). The methylated amplicons (Tagl
positive) and unmethylated amplicons (uncut amplicon) yielded were
calculated as a percentage (the intensity of the methylated candidate gene
digested by Tagl divided by the sum of the unmethylated amplicon and
the Taql-positive amplicons) following this formula: A=92/92, B=60/56,
C=50/48, D=42/40, E=32/28 and F=((D+E)-(B+C))/2. The LINE-1
methylation level was calculated from
[(A+2C+F)x100]/(2A+2B+2C+2F) and statistical analysis by paired T-

test.
Pyrosequencing

Si-AGO4 HEK293 with and without tetracycline treatment (Tet+
and Tet-) cells were harvested by trypsinization and extracted for DNA.
Brief, cells were lysised with 10% sodium dodecyl sulfate (SDS) (Sigma-
Aldrich, USA), lysis buffer 1l (0.75 M NaCl, 0.024 M EDTA, pH 8) and
20 mg/ml proteinase K (USB, USA) at 50°C for 7 days.
Phenol/chloroform extraction and ethanol precipitation were carried out
as previously described. The amount 750 ng of each genomic DNA
sample was used for bisulfite modification using EZ DNA methylation-
Gold™kit (Zymo research, USA) according to the manufacturer’s
instruction. After resuspend with Tris-EDTA buffer (pH 8.0). The eluted
DNA was amplified consequently by PCR. The PCR mixture volume is
30 pl includes: 1 unit Taq Pol with 1x buffer, 2.5 mM MgCl,, 200 uM
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dNTP, 1 uM primers, and 3 pl bisulfited DNA. The reactions were
incubated at 95°C for 10 min, followed by 35 cycles of 95°C for 30 s, 54-
60°C for 30 s, and 72°C for 30 s, and a final extension at 72°C for 7 min.
PCR assays were designed to amplify a part of the specific CpG in the
gene promoters. Confirmation of PCR product quality was on 8%
acrylamide gels with ethidium bromide staining. The forward and reverse

primers represent following table 9.
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Primer Name

Sequence (5°----- >3”)

C8ORF42-F

AGA AGG TAT TGT TGG TGT TAT
AGG

C80ORF42-RBiotin

CCTCATTITTTIT TACTCT CCC
TTACT

C160RF89-F GGG TGG TTT GGG TAA AGG A
C160RF89-RBiotin ACA ACCCTC TCC CCA ACA
C60RF134-F GGG TGT GTA GGG ATT GTG
TAT
C60RF134-RBiotin AAA CAT ACC ACA AAA AAA
AACTCT CTA
FEZ2-F GGG AAG AAATGT TTT TAG
GGT TATATGA
FEZ2-RBiotin CCCTCTCTTTCT CCTTTT TAT
TATATCT
MSN-F TTG TTT AGA GAA GGA AAA
GAT AGG
TAG TGA
MSN-RBiotin CTC CTC TCC CAC CCT AAT CAC

AA

Table 8. List of primer sequences for pyrosequencing.

Pyrosequencing was carried out using the PyroMask® Gold Q24
machine (Qiagen) according to manufacturer’s protocol. Pyrosequencing
primers were subsequently designed to focus on 3-5 targets CpG
dinucleotides of CBORF42, C160RF89, C60RF134, FEZ2 and MSN. In
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brief, pyrosequencing was applied to each sample in triplicate. Twenty
microliters of PCR product was immobilized on Streptavidin Sepharose
HP beads (GE Healthcare Life Sciences) and purified using the PyroMark
Q24 vacuum work station (Qiagen), according to the manufacturer’s
Instructions. After denaturation at 80°C for 2 min, PCR products were
annealed to a sequencing primer, and subjected to pyrosequencing using
the PyroMark Q24 instrument (Qiagen) and the PyroMark Gold Q24
reagents (Qiagen). The nucleotide dispensation order and the sequence to
analyze were determined with the PyroMark Q24 software 2.0.6.
Negative-control nucleotides were automatically incorporated, and a
cytosine was added at position to check the efficiency of bisulfite
conversion. Pyrograms were analyzed in CpG assay mode in order to

quantify the methylation percentage of the CpGs.

The principle of pyrosequencing, based on PCR, DNA will be
polymerized by polymerase enzyme and release pyrophosphate.
Adenosine 5’ phosphosulphate and pyrophosphate will be catalyzed by
sulfulylase and release ATP. This ATP drives luciferase for convert
luciferin to oxyluciferin that generate visible light. Apyrase degrades
ATP and unincoperate dNTP. Methylation level will be calculated from
the formular C peak height divide sum of C and T peak height. The

sequence primers represent following table 10.
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Primer Name

Sequence (5’-----> 3”)

C80ORF42 GGT TGG TTT TTG GAT TAT AA
C160RF89 AAG GGT GGT TGT AGG
C60RF134 GTGAAGTITTTG GAG TAAT
FEZ2 GTGAAGTITTTGGAG TAAT
MSN GAG TGG GGG TGG GGT

Table 9. List of sequencing primers for pyrosequencing.
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CHAPTER IV
RESULTS

Connection Up- or Down- Regulation Expression Analysis of
Microarrays X (CU-DREAM-X)

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 profiles 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 intragenic LINE-1 was determined using Student’s t-test and the chi-
square test. The results showed that the reduction of AGO2 expression in
HEK293 cells significantly promoted the up-regulation of genes
containing intragenic LINE-1, OR = 1.88, P-value = 6.19E-04 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
=4.67E-04 and 1.34E-08, 95% ClI = 0.39-0.77 and 0.22-0.50
respectively. Conversely, AGO1-4 siRNA did not significantly altered
down-regulating genes containing LINE-1 elements. These results
support that AGO1 and AGO4 play a role that is opposite to AGO2 in
terms of the expression of genes containing intragenic LINE-1 (Table
11).
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Si-AGO1

Si-AGO2

Si-AGO3

Si-AGO4

OR

P-value

95% CI

OR

P-value

95% ClI

OR

P-value

95% ClI

OR

P-value

95% ClI

Up

LINE-1

0.55

4.67E-04

0.39-0.77

1.88

6.19E-04

1.30-2.70

0.78

4.45E-01

0.41-1.48

0.33

1.34E-08

0.22-0.50

Down

LINE-1

1.29

5.21E-02

1.00-1.67

0.82

4.57E-01

0.48-1.39

1.29

3.03E-01

0.79-2.11

127

7.99E-02

0.97-1.66

Table 10. The result of CU-DREAM-X. The ORs, P-values and lower
and upper 95% confidence intervals (95% Cl) of Si-AGO1-4 are grouped

in terms of up- and down-regulated gene expression.

Chromatin immunoprecipitation (ChlIP) and quantitative combined

bisulfite restriction analysis of methylation pattern (Q-COBRA-MP)

To evaluate whether the epigenetic modification of AGOs bound to

LINE-1s are different, we investigated the methylation status of LINE-1-
bound AGO1-4 proteins by ChIP and Q-COBRA-MP. The results
revealed that AGOl1 and AGO4 preferentially bind to normally
methylated LINE-1s, whereas AGO2 and AGOS3 preferentially bind to
hypomethylated LINE-1s (Figure 12).
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Figure 12. 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.

AGO4 Binding Site Mapping

From the analysis to explore association between promoter
methylation and AGO4 binding sites by bioinformatics approach, we
categorized the genes into two groups, AGO4 binding genes (AGO+) that
are hypermathylated comprise C80RF42, C160RF89, C60RF134 and
FEZ2. The other is non-AGO binding gene (AGO-), MSN. Obtaining of
probe numbers and AGO4 binding sequences makes us derive genomics
DNA sequences. Then AGO4 binding site are located into the sequence,
up-and downstream CpGs nearby are examined methylation patterns. The

forward and reverse pyrosequencing primers of each gene were designed
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by PyroMask Assay Design (Qiagen). The amplicon sizes are
approximately 90-250 base pairs (Figure 13).

a. CBORF42 (127 bp)
>

AGAAGGCACT GCTGGTGCCA CAGGGGTCCT GGGCTGGCTC TTGGACCATA ACCAGCGTTC
ACTGAGGATG CGGTTTCTTT GAAATGCTCT TGTTCTTCCT AAGTAAGGGA GAGCAAAAAA
AATGAGG <

b. C160RF89 (94 bp)
-
ACTCTGGGAA GGGTGGCTGC AGGGGGATGA CGGTTAGGCA GCGGAGGTTA GGCCAGTCCT

GGGCGTAGAG CCTGCTGTCC ACGGGATGCT GGGG
<_

c. C60RF134 (211 bp)

———>
GGGTGTGTAG GGATTGTGTA CTTTCGATGT CCAAAGATCC TGCTGCTCTC CCTGCCTCTT
TTCCTCACGT TTCTCTACCA CTTTCCCCCA CAGAACGTGA AGCTCITGGA GCAATTTGTC
TGCGCCCACA CGGGTATCAT CTTCTATGCT CCATACACAG GTTAGCCCAT CATCCCTGCA
CCACCAGAGA GCTTTTCCTT GTGGCATGCC T

<

d. FEZ2 (242 bp)

>

GGGAAGAAAT GTTTCCAGGG TCACATGAAT AATAAATACA ACTGTGCATT ACACTTATTT

TTCTTCTGTA ACTTCAAACA AACAGACCAT TTCAAAAAGT GAAAAATCTC TCTCAAACAA

AAGGTTTIGTT ATCCTTTCTG GAGAAAGAAT TCGCTCTCAA TGTGAGAACA GGATTTAATA

TCTAATTTGT AATAAAGAAG CTAAGCACTA AGGCAGATAC AACAAAAAGG AGAAAGAGAG GG
< ----- -— ————

e. MSN (167 bp)
>
CTGTCTAGAG AAGGAAAAGA TAGGTAGTGA GCTCCCCATC AGTGGAAAGT TGCAGTCAGG
GGCTGAGTAA GCATCTGTCA GGGCCCAGGG TCTGGGCCCT GAGTGGGGGT GGGGCTGGAA
GGCCAGGACG TGGAAGGCTA GGGGCTGTGA CCAGGGTGGG AGAGGAG

<

Figure 13. Amplicon sequences of C8BORF42, C160RF89, C60RF134,
FEZ2 and MSN. Red alphabets are methylated CpGs, underlines are
AGO4 binding sites, forward and reverse arrows are forward and reverse

primers.
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Argonaute 4 Proteins Mediate Small RNA Guided De Novo

Methylation in Human Cells

After Si-AGO4 HEK 293 cell lines were treated with tetracycline
for 7 and 9 days. We investigated AGO4 expression of Tet on Si-AGO4
HEK 293 cell compare with Tet off Si-AGO4 HEK 293 cell. The results

revealed that AGO4 expression was decreased significantly (Figure 14).
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Figure 14. AGO4 expression of tetracycline-inducible sh-AGO4 HEK-
293 cells was cultured without tetracycline treatment (Tet-) and with

tetracycline (Tet+) for 7 and 9 days.

We evaluated the role of AGO4 in DNA methylation by
establishing tetracycline-inducible sh-AGO4 HEK-293 cells. Using
bioinformatic  information  from  promoter-methylation  dataset
(GSE20598) and AGO binding sites (CLIPZ database), 9 loci of four
known AGO4 binding methylated genes (AGO+), C80ORF42, FEZ2,
C160RF89 and C60RF134, were evaluated whereas AGO4 lacking gene
(AGO-), MSN as a control.
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First, to determine AGO4 binds with AGO4 binding gene.
Sh-AGO4 HEK293 cells were cultured and treated with tetracycline to
repress AGO4 expression for 9 days. Then Sh-AGO4 HEK293 cells were
harvested and were determined DNA recovery using ChIP technique. The
results showed that the DNA recovery of all of AGO4 binding genes
reduced significantly when compared with cells without tetracycline
treatment (Tet-), while DNA recovery of AGO4 lacking gene, MSN was
not changed (Figure 15).
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Figure 15. Normalized DNA recovery of AGO+ and AGO- genes in Sh-
AGO4 HEK?293 cells were treated with tetracycline for 9 days.

Then, to determine AGO4 associated with DNA methylation.
Sh-AGO4 HEK?293 cells were cultured and treated with tetracycline to
repress AGO4 expression for 7 days. Sh-AGO4 HEK?293 cells were
harvested and determined DNA methylation using pyrosequencing
technique. The results showed that the percentage of methylation levels



51

both AGO4 binding genes and AGO4 lacking gene not changed when

compared to cells without tetracycline treatment (Tet-) (Figure 16).
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Figure 16. The percentage of methylation levels of AGO+ and AGO-
genes in Sh-AGO4 HEK293 cells were treated with tetracycline for 7
days.

After harvest Sh-AGO4 HEK293 cells were cultured with and
without tetracycline for 7 days (Tet + and Tet-). Cell were treated with 5-
aza-CdR and cultured for 2 days. Then, cells were harvested to determine
DNA methylation. Results of experiment shows that the percentage of
methylation level all of AGO4 binding genes in Tet +, Aza + cells
decreased significantly while AGO4 lacking genes unchanged compared
with Tet-, Aza- cells (Figure 17).
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Figure 17. The percentage of methylation levels of AGO+ and AGO-
genes in Sh-AGO4 HEK293 cells were treated with 5-aza-CdR for 2

days.

treated with and without tetracycline treatment for 3 days. Then, cells

were harvested to determine DNA methylation.

experiments showed that the percentage of methylation level almost all of
AGO4 binding genes and AGO4 lacking genes in Tet- cells recovered

significantly compared to the Tet + cells (Figure 18).

After harvest Sh-AGO4 HEK293 cells were treated tetracycline
together 5-aza-CdR for 9 days (Tet + and Tet). Cells were splited and

Results of the
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Figure 18. The percentage of methylation levels of AGO+ and AGO-

genes in Sh-AGO4 HEK293 cells were treated with tetracycline for 9

days and were cultured continuously for 3 days with and without

tetracycline treatment.
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CHAPTER V
DISCUSSION

Distinctive Roles of Human Argonautel, 2, 3 and 4 Proteins on
LINE-1 Methylation and Regulation of Intragenic LINE-1-

Containing Genes

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 containing
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 AGO?2, resulting in
MRNA depletion. On the other hand, when AGO2 were knocked down,
LINE-1 RNA is still transcribed however LINE-1 RNA cannot form a
complex with AGO?2, resulting in increased up regulated genes. AGO3
binds to hypomethylated LINE-1s, similar to AGO2. Nevertheless, the
depletion of AGO3 did not alter gene expression. 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 repeats. We speculate that the AGO2 and AGO3
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functions are redundant; thus, the depletion of AGO3 was compensated

for by AGO2 (Figure 19).

Hypomethylated LINE-1 .

= Transcription start . .
VA A i v I

SUTR

= 5'UTR EXON AAA

Pre-mRNA

LINE-1RNA !

SLAGO?2 Hypomethylated LINE-1 .

= Transcription start . .
92 —

mRNA

= 5'UTR EXON AAA
SUTR
Pre-mRNA
LINE-1RNA
AN

Increase up regulated gene

Si-AGO3 Hypomethylated LINE-1 .

= Transcription start .
9? ==

S'UTR

= 5'UTR EXON AAA

Pre-mRNA

LINE-1RNA !

Unchanged gene

mRNA

Figure 19. Hlustration represents hypothesis mechanisms how do AGO2
and AGO3 proteins are associated with regulation of genes containing

LINE-1 in human cells.
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The down-regulation of AGOl1 and AGO4 prevents the up-
regulation of gene 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
interfering with gene transcription. In normal cell, intragenic LINE-1 is
hypomethylated. The host gene is transcribes. When either AGO1 or
AGO4 is knocked down, the other AGOs remain bind to hypermethylated
LINE-1. So, LINE-1 RNA cannot transcribe, resulting in prevented up
regulated genes (Figure 20).
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Figure 20. Hlustration represents hypothesis mechanisms how do AGO1
and AGO4 proteins are associated with regulation of genes containing
LINE-1 in human cells.

In a variety of living organisms, AGO1 has the function of
promoting heterochromatin; in plants, AGO4 promotes DNA

methylation. It is possible that AGO1 and AGO4 in humans may be
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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 repress genes containing
hypomethylated LINE-1. AGO3 may be redundant to AGO2, while
AGO?2 plays a major role. The AGO1 and AGO4 roles are distinctive
from AGO2 and have opposite effects in regulating gene expression. It is
interesting to further explore the mechanisms underlying these

differences.

Argonaute 4 Proteins Mediate SmallRNA Guided De Novo

Methylation in Human Cells

From literature reviews are reported that the ability of Ago4 to
control the specific promoter methylation through the process of RNA
directed DNA methylation (RdDM) in plants. Furthermore, we
demonstrated that AGO4 shows the significant correlation with global
promoter methylation. So it is interesting to define which DNA

methylation related biological processes are AGO4 dependent.

Then, we evaluated association between AGO4 binding and
mehtylation status. AGO4 binding genes in tetracycline treatment (Tet+)
were reduced when compared with cells without tetracycline treatment
(Tet-). This result confirms AGO4 protein was interfered by tetracycline
treatment. When Si-AGO4 HEK 293 cells were treated tetracycline on
7th days, methylation level of AGO4 binding genes was not changed
suggesting AGO4 is not a prerequisite to maintain DNA methylation. It is
possible that DNMT1 still load methyl group to specific loci due to
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DNMT1 acts as maintain DNA methyltransferase. It will add the methyl
group in daughter strand after every DNA replication. (Figure 21).
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‘  —
— 5'UTR EXON _L S'UTR EXON

Cm Cm Cm Cm Cm Cm

G i G ‘
Cu Cu Cu Cu Cu _Cul sprp | EXON I CmCmCm Cm Cm Cm’ 5UTR
————— 5'UTR EXON ——————) 5'UTR EXON
Cm Cm Cm Cm CmCm CmCm Cm Cm Cm Cm
Si-AGO4
Cu_Cu Cu_Cu Cu_Cul sprp | EXON I CmCmCm CmCm Cm’ 5UTR EXON
-_— ——

—— 5 UTR EXON —) 5"UTR EXON
Cm Cm Cm Cm Cm Cm CmCm Cm Cm Cm Cm

Figure 21. lllustration represents hypothesis mechanisms of DNA
methylation in Si-AGO4 HEK293 cells were treated tetracycline for 7
days.

Whereas, Si-AGO4 HEK 293 cell lines were treated tetracycline
together with 5’azacytidine on 9th days, the results of combination
between reduction of AGO4 binding to target loci and a DNA
demethylating agent, 5-aza-CdR, treatment reduced significantly DNA
methylation levels at the loci than 5-aza-CdR treatment alone. It is
possible that AGO4 acts as de novo methylation by recruits the other
DNA methylatransferase to add methyl group such as DNMT3a

DNMT3b. These DNA methylatransferase were reported act as de novo
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methylation that play an important role to add methyl group at specific

loci without methylated parent strand.

To evaluate AGO4 acts as de novo methylation molecules, the 9th
days treated tetracycline and 5’azacytidine Si-AGO4 HEK 293 cell lines
were cultivated continuously for 3 days with tetracycline but without 5-
aza-CdR. Re-methylation of CBORF42, C160RF89 and C60RF134 in
Si-AGO4 HEK293 cell lines can be observed at higher levels by re-
introducing AGO4. This finding was comprehended that AGO4 depletion
and 5-aza-CdR treatment decreased DNA methylation by different
mechanism. 5-aza-CdR is chemical reagent to interfere maintain DNA
methyltransferase during DNA replication, preventing adding methyl
group to a daughter DNA strand. Therefore, it is possible that AGO4
dependent RADM contributes to large number of de novo methylation

loci in human cells (Figure 22).
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ABSTRACT: Argonaute proteins (AGOs) are evolutionarily conserved
and ubiquitously expressed in all higher eukaryotes and have important
function in several processes, such as cell differentiation and transposon
silencing. The commonly known functions of AGOs are key 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 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 term
of the methylation level. Although the methylation level of AGO1 and -4-
bound LINE-1s was not different from 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. It is interesting to further explore the underlining mechanism of

these differences

INTRODUCTION

It is well known that Argonaute proteins (AGOs) play a role in
controlling gene expression. There are 8 AGOs in humans® ?, but there is
limited information demonstrating whether the functions of each AGO

are redundant or different’. AGOs are a highly conserved and extensively
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expressed in many organisms, including plants, animals and humans®”.
There are many reports that human AGOs are involved in organ growth
and development®, and recent studies have clarified its role as a potential
factor related to oncogenesis in colonic cancer, breast cancer and prostate
cancer®®. Furthermore, several works have revealed that AGO1 is
associated with pre-transcriptional gene silencing. First, Agol in S.
pombe is used to direct Histone 3 Lysine-9 methylation (H3K9) of local
transposon sequences, resulting in nucleosome compaction and
transposon silencing; RNA polymerase Il (RNAPII) activity is thus
restricted at the targeted locus, followed by heterochromatin formation®.
Second, Drosophila Agol also has a role in heterochromatin formation:
the Agol mutant disrupts pre-transcriptional gene silencing of transgene
tandem repeats, with the loss of H3mK9 and silencing of
heterochromatin'®. Third, in A. thaliana, Agol may be the slicer
component of RISC, acting as an RNA slicers that uses the sequence of
associated siRNAs to guide the cleavage of homologous RNAs in RNA-
induced silencing complexes and in the maintenance of chromatin
modifications at some loci. Furthermore, Agol knockdown resulted in
developmental abnormalities™. In addition, Agol 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 different classes of
small noncoding RNAs, including microRNAs (miRNAs) and small
interfering RNASs (siRNAs), which guide proteins to their specific targets

via sequence complementarity*>**. Another mechanism is found in plants
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and is termed RNA-directed DNA methylation (RdDM). Ago4 is
associated with siRNA, and the ribonucleoprotein (RNP) complex is
loaded onto chromatin via complementarity. In gene silencing, the
complex guides methyltransferases to establish sequence-specific de novo
DNA methylation™.

Recently, we reported that AGO2 down-regulates genes containing
hypomethylated intragenic Long Interspersed Elements-1 (LINE-1).
LINE-1s comprise a group of abundant retrotransposon sequences that
are found in large numbers in the human genome. Moreover, our follow-
up report demonstrated that intragenic LINE-1 sequences are conserved
and regulate several biological processes, including DNA damage and
repair, inflammation, 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 regulate gene expression'’. For example,
genes containing LINE-1 are up-regulated in si-AGO2 embryonic kidney
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 demonstrate whether the other AGOs serve as trans-acting elements

that mediate gene expression through intragenic LINE-1 elements.

The distinctive role of AGO1-4 in the control gene expression
through upstream mononucleotide A-repeats has been reported®. We
found that all members of the AGO family preferentially bind to A-
repeats. However, AGO1-4 knockdown produced different patterns.
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AGO1 was up-regulated genes containing upstream A-repeats, whereas
AGO2 and AGO3 were significantly associated with down-regulated
genes containing upstream A-repeats. AGO4 did not significantly

regulate gene expression.

However, it is unclear whether AGOs are associated 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 AGO 1-4 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 Expression Analysis of
Microarrays (CU-DREAM) software package
(http://pioneer.netserv.chula.ac.th/~achatcha/cudream/)*®. This software
calculates various statistical analyses, including Student’s t-test and
Pearson’s chi-squared test, to analyze the gene regulatory functions of
intragenic LINE-1. To explore the association between AGOs and
intragenic  LINE-1  methylation, we  performed chromatin
immunoprecipitation (ChlP) and quantitative combined bisulfite

restriction analysis of methylation pattern (Q-COBRA-MP) assays *.

MATERIALS AND METHODS

Cell culture

HEK?293 cells were maintained in Dulbecco’s modified Eagle’s medium

(Gibco BRL, Life Technologies) supplemented with 2 mM L-glutamine,
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10% (v/v) heat-inactivated fetal bovine serum (Sigma), 10 mg/mi
antibiotic/antimycotic (Gibco BRL, Life Technologies) at 37°C and 5%
(v/v) CO,. The medium was changed 3 days later. The cells were

harvested for the ChlP assay on the 7th day.

Chromatin immunoprecipitation (ChlP)

A ChIP analysis was performed according to a previously published
protocol®. Briefly, 1 x 10° HEK293 cells in a 75-cm? flask were grown to
80% confluence. 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; the cells were scraped into a conical
tube. The cells were collected by centrifugation and rinsed in cold
phosphate-buffered saline. The cell pellets were resuspended in lysed
buffer (0.5% NP40, 85 mM KCI, 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-HCI, 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 sec 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 solution was precleared
with the addition of protein A-positive cells for 15 min at 4°C. The

precleared chromatin was incubated with 1 ug of affinity-purified goat
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monoclonal antibody or no antibody and rotated at 4°C for approximately
12 to 16 h. The antibodies used included EIF2C1-4 (anti-AGO1-4) or a
control non-immunized goat antibody. Protein A agarose (40 ul) was
added for 2 h at 4°C with rotation to collect the antibody/protein complex,
and the complexes 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 minutes on a rotating platform with
each of the following buffers in order: a) low-salt immune complex wash
buffer (1 X 1 ml); b) high-salt immune complex wash buffer (1 X 1 ml)
and c) LiCl immune complex wash buffer (1 X 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 pug of RNaseA 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 microcentrifugation. The samples were resuspended
in 100 pl of Tris-EDTA (pH 7.5), 25 ul of proteinase K buffer (1.25%
sodium dodecyl sulfate, 50 mM Tris (pH 7.5), 25 mM EDTA) and 1.5 pl
of proteinase K (Sigma) and incubated at 45°C for 2 h. The samples were
extracted with phenol-chloroform-isoamyl alcohol (25:24:1) followed by
extraction with chloroform-isoamyl alcohol and then precipitated with
1/10 volume of 3 M NaOAc (pH 5.3), 5 ug of glycogen and 2.5 volumes
of ethanol. The pellets were collected by microcentrifugation and

resuspended in 30 pl of H,0.
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Q-COBRA-MP

The immunoprecipitates were used for bisulfite modification, as
previously described™. The bisulfite-treated DNA (2 pl) was amplified
using COBRA LINE-1 primers. The reactions were incubated 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 2U of Taql in 1xTagl buffer
(MBI Fermentas) at 65°C overnight and then electrophoresed through 8%
non-denaturing polyacrylamide gels. The intensities of DNA fragments
were measured with a Phosphorlmager and analyzed using Excel
(Microsoft). The methylated amplicons (Taql positive) and unmethylated
amplicons (uncut amplicon) yielded were calculated as a percentage (the
intensity of the methylated candidate gene digested by Taql divided by

the sum of the unmethylated amplicon and the Tagl-positive amplicons).

Connection Up- or Down- Regulation Expression Analysis of
Microarrays X (CU-DREAM-X)

To evaluate whether intragenic LINE-1 can control host gene expression
through AGOs, we collected mRNAs of GSE 4246 from the GEO
database® 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- or
not down-regulated, depending on the statistical significance of Student’s
t-test. Subsequently, the distributions of up- or down-regulated genes
were evaluated a to whether the distributions were dependent on
containing an intragenic LINE-1 using Pearson’s chi-squared test. A list

of genes containing LINE-1s was previously reported'’. Genes were
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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- or 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. 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 of the statistical analyses were
performed using extensions in the CU-DREAM software

(http://pioneer.netserv.chula.ac.th/~achatcha/cu-dream/) (Table 1).

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 profiles 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 intragenic LINE-1 was determined using Student’s t-test and the chi-
square test. The results showed that the reduction of AGO2 expression in
HEK293 cells significantly promoted the up-regulation of genes
containing intragenic LINE-1, OR = 1.88, P-value = 6.19E-04 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
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hampered up-regulation, with significant ORs = 0.55 and 0.33, P-values
=4.67E-04 and 1.34E-08, 95% ClI = 0.39-0.77 and 0.22-0.50
respectively. Conversely, AGO1-4 siRNA did not significantly altered
down-regulating genes containing LINE-1 elements. These results
support that AGO1 and AGO4 play a role that is opposite to AGO2 in

terms of the expression of genes containing intragenic LINE-1 (Table 2).

To evaluate whether the epigenetic modification of AGOs bound to
LINE-1s are different, we investigated the methylation status of LINE-1-
bound AGO1-4 proteins by ChIP and Q-COBRA-MP. The results
revealed that AGOl1l and AGO4 preferentially bind to normally
methylated LINE-1s, whereas AGO2 and AGO3 preferentially bind to
hypomethylated LINE-1s (Figure 1).

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 containing
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 AGO?2, resulting in
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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
interfering with gene transcription. AGO3 binds to hypomethylated
LINE-1s, similar to AGO2. Nevertheless, the depletion of AGOS3 did not
alter gene expression. 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
repeats>. 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 possible 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 repress 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 effects in regulating gene expression. It is
interesting to further explore the mechanisms underlying these

differences.
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TABLE LEGENDS

Table 1 CU-DREAM-X procedure. The table represents the intersection
between the expression of each gene and genes containing intragenic
LINE-1. These intersections are referred to as groups A through D. Group
A consists of genes that are up- or down-regulated and contain intragenic
LINE-1.Group B consists of genes that are not up- or not down-regulated
and contain intragenic LINE-1. Group C consists of genes that are up- or
down regulated and without intragenic LINE-1.Group D consists of genes

that are not up- or down regulated and without intragenic LINE-1.

Up- or down- Not Up- or not down-
regulated regulated
genes of experiment genes of experiment
Genes containing | Number of genes in Number of genes in 2nd
LINE-1 Ist group (A) group (B)
Genes without Number of genes in Number of genes in 4th

LINE-1 3rd group (C) group (D)
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Table 2 The results of CU-DREAM-X. The ORs, P-values and lower and
upper 95% confidence intervals (95% CI) of Si-AGO1-4 are grouped in

terms of up- and down-regulated gene expression.

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

4.67E-04

0.39-0.77

1.88 6.19E-04 1.30-2.70 | 0.78 4.45E-01 0.41-1.48 0.33 1.34E-08 | 0.22-0.50

Down

LINE-1

129

5.21E-02

1.00-1.67

0.82 | 4.57E-01 | 0.48-1.39 | 129 | 3.03E-01 | 0.79-2.11 | 1.27 | 7.99E-02 | 0.97-1.66

FIGURE LEGENDS

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.
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