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CHAPTER |
INTRODUCTION

Background and Rationale

RNA-directed DNA methylation (RADM) is firstly found in plants, described as a
process that small non-coding RNA mediated epigenetic modification, resulting in
transcriptional gene silencing (1). Later, proteins involved in this process have been
extensively studied. One of many regulatory proteins in plant RdDM is Argonaute 4
(AGO4) (2). Mechanistically, RdADM is mainly involved in the biogenesis of 21- to 24-
nucleotide small interfering RNAs (siRNAs) and in the loading of single guide RNA
(sgRNA) onto AGO4 protein. This sgRNA-bound AGO4 complex recruits domains
rearranged methyltransferase (DRM2) to promote de novo methylation at sites where
sgRNA homology (3, 4). RdADM was further investigated in other organisms whether it
exists, including in human cells. They found that small interfering RNA (siRNA) or short
hairpin RNA (shRNA) can lead to transcriptional regulation in human cells (5, 6).

However, mechanism of human RdDM have not been identified.

In humans, the long AGO family is composed of AGO1 to AGO4, each of which
has different functions, abundances and level of expression in cells (7-9) although, their
structures are similar and mostly conserved. Hence, to investigate RdADM pathway in
humans, the AGO protein that affects RADM is initially focused on identifying.
Aporntewan performed a whole genome analysis between a promoter-methylation
dataset (GSE20598) (10) and CLIPZ database (11), which lists all the known binding
sites of AGO proteins in the entire genome of human embryonic kidney HEK293 cell, to
explore association between human AGO proteins and promoter methylation. The
results showed that human AGO4 has the strongest correlation between number of

AGO4-binding sites on a promoter and promoter methylation levels (Pearson correlation
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coefficient = 0.17 and p-value = 1.48x107), explaining that the increasing number of
AGO4-binding sites on a promoter is proportionate to the amount of methylation on a
promoter (12). Together with human AGO4 is grouped into the long AGO family the
same as AGO4 from Arabidopsis (13), AGO4 protein in that both organisms could share
some common roles. Therefore, a possible hypothesis was set and stated that AGO4

might be involved in human RdDM similar to plants.

To verify the hypothesis above: the role of human AGO4 in DNA methylation, Pin-
on selected a set of genes that showed a connection between AGO4-binding and
promoter methylation from a wide-genome analysis above to be proved. He performed
his experiments in tetracycline-regulated AGO4-knocked-down HEK293 cells (Tet+: no
AGO4 expression; Tet- : AGO4 expression), the results showed that methylation levels of
AGO4-binding genes were not different between Tet+ and Tet- groups. When a
combination of tetracycline and 5’-azacytidine (Tet+, Aza+) was added to limit AGO4
mRNA and inactivate DNA methyltransferase activity, the methylation levels of AGO4-
binding genes were significantly decreased; however, the methylation levels did not
significantly change in Tet-, Aza+ group. The methylation level change did not find in
gene lacks AGO4-binding. These results indicated that AGO4 could reintroduce DNA
methylation to previously demethylated loci independent to 5’-azacytidine-related

mechanism (12).

Moreover, Patsung proved whether siRNA can promote methylation in human
cells and this process depends on AGO4, like RdADM in plants, she observed
methylation level change of interspersed repetitive sequences (IRS) Alu by transfection
Alu-siRNA in tetracycline-regulated AGO4-knocked-down HEK293 cells. The results
showed that Alu-siRNA increased Alu methylation level when AGO4 was not limited
(Tet); however, when AGO4 was depleted (Tet+), Alu methylation level did not change

(12).
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All results above bring us to the conclusions that the RADM process exists in
human cells and AGO4 is involved in this mechanism. However, we do not know what
the direct action is of AGO4 protein in this pathway related to DNA methylation. In this
work, it is aimed to prove how AGO4 localization is related to DNA methylation in the
RdDM process: AGO4 either binds to methylated loci or induces methylation. As
described above, each of human AGO proteins is different in many factors. It has been
reported that AGO4 quantity and its expression in both mRNA and proteins are at the
lowest levels compared to its protein family. Owing to these factors to address this
objective, AGO4 overexpression will be carried out using the AGO4 plasmid transfection
method; chromatin immunoprecipitation (ChIP), quantitative real-time PCR and
combined bisulfite restriction analysis (COBRA) of IRS (ALU and LINE-1) will be

performed to accomplish the objective above.

Currently, cell-penetrating peptides (CPPs) have been studied for therapeutic
applications. CPP are peptides that can facilitate the entry of biologically conjugated
cargoes into cells by various mechanisms (14); they can be categorized into many
classes depending on their individual properties. Therefore, rigorous selection is
considered for each type of CPP to be used. Oligoarginines (R8 — R12), which are
grouped into Arginine-rich CPPs, a class of CPPs containing sequences of positively
charged amino acid residues, have been used in many studies (15) because of their

lower cytotoxicities, broad cell specificities and high uptake efficiencies (16-18).

However, a new class of CPPs, namely xentry, has been recently found,
composed of 7-amino acid residues derived from an N-terminal region of the X-protein
of the hepatitis B. Like other CPPs, xentry can penetrate plasma membrane; however,
the distinct properties are 1) xentry penetrates cells through cell surface protein called
syndecan-4, which is mostly found in epithelial cells, unlike the oligoarginines-based
CPP mechanism 2) It is limited to permeate syndecan-deficient and non-adherent cells

such as circulating blood cells and 3) It is shorter than other CPP classes, which are
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normally about 10 to 30-amino acid residues, leading to an increase in capability of
delivering cargoes into cells. Regarding these properties, xentry is stabilized for in vivo
intravenous injection, enhancing a possibility to reach epithelial tissue targets (19).

As postulated, if the AGO4 protein can directly promote de novo methylation,
CPP-conjugated AGO4 (CPP-AGO4) could be used as an alternative epigenetic editing
tool. CPP-AGO4: 1) oligoarginines-tagged AGO4 (R9-AGO4) and 2) Xentry-tagged
AGO4 (Xentry-AGO4 or X-AGO4) will be engineered for recombinant CPP-AGO4 protein
production. Thereafter, they will be conjugated to single guide RNA (sgRNA) for
transfection purposes in order to induce methylation level at specific loci homologous to
sgRNA. Targeted methylation level changes, methylation-affected gene expression and
cell phenotypic changes and cellular uptake efficiency caused by either of R9-AGO4 or
X-AGO4 will be determined. These invented transfection technologies can be exploit in
investigations of cellular processes or utilized in clinical treatments, alongside zinc
finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and the
CRISPR-cas9 system (20, 21).

Hypomethylation of IRS either Alu or LINE-1 has been reported in
carcinogenesis (22-24). Moreover, LINE-1 hypomethylation resulted in down-regulation
of gene expression similar to gene promoter methylation (25, 26). Therefore, we attempt
to use CPP-AGO4 to enhance the methylation level of both IRS and single genes. For
single gene experiments, EML2 and CCNAT will be selected; EML2 is methylated only in
brain tissues (27) whereas CCNAT is partially methylated in cervical cancer (28).

This study aims to explore how AGO4 localization is related to DNA methylation
and to develop and compare new techniques using CPP-AGO4 (R9-AGO4 and X-
AGO4) proteins loading sgRNA to induce the methylation of LINE-1, Alu, EML2 and
CCNAT1. These finding could be important for a better understanding of the human

RdADM process and may be used for epigenetic therapies in the future.
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Research questions

1. How is human AGO4 localization related to DNA methylation in RdDM
process?

2. Can R9-AGO4 or Xentry-AGO4 loading sgRNA specifically induce
methylation, resulted in down-regulation in gene expression and phenotypic changes,

and which one can provide higher efficiencies?
Hypotheses

1. AGO4 protein localizes to DNA sequences and induce DNA methylation.
2. CPP-AGO4, (R9-AGO4 and/or Xentry-AGO4), can induce methylation at
target sites affected in changes of gene expression and cell phenotype by which xentry-

AGO4 could provide better efficiencies than R-AGO4.
Objectives

1. To investigate the association of AGO4 localization and DNA methylation.
2. To verify that CPP-conjugated AGO4 protein-coupling with sgRNA can induce

DNA methylation at specific loci that can be used as an epigenomic editing tool.
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How is AGO4 localization related to DNA methylation?

AGO4 binds to methylated loci

AGO4 binds to unmethylated loci

and induce methylation

Can CPP-AGO4 conjugated sgRNA induce methylation at specific loci

homologous to sgRNA?

R9- and Xentry-AGO4-
sgRNA can specifically

induce methylation

Either R-9 or Xentry-AGO4-
sgRNA can specifically

induce methylation

Gain a new approach used for epigenomic editing

Neither R- nor Xentry-
AGO4-sgRNA can
specifically induce

methylation
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CHAPTER I
LITERATURE REVIEW

In 2000, the human genome project revealed that our genome contains about
25,000 protein-coding genes which is estimated only about 1-2% of all over 3 billion
DNA base pairs in our genome. Although, our genes account for just a small percent of
nucleotides compared to all in the genome, they encode proteins which determine
underlying cellular phenotypes and functions (29). Due to this importance, our cells

have complicated mechanisms to control gene expression at different levels.

The gene expression regulation of human can be occurred in distinct levels,
including 1) transcriptional level; 2) RNA processing or post-transcriptional level; 3)
protein synthesis or translational level and 4) post-translational level (30). However, each
of level is mechanistically related. To illustrate, in transcription process, transcriptional
regulatory proteins such as transcriptional activators, and transcriptional repressors not
only interact with transcriptional factors or bind to DNA, they can also change chromatin
structure which comprises of chromatin de-condensation and condensation through
histone modification (31). The histone modification is an epigenetic event which takes
part in controlling gene expression at post-translation level. Many previous studies
showed that the histone modification has an interplay with DNA methylation (32).
Therefore, it can also, in turn, regulate gene expression through RNA silencing at the

transcriptional level (transcriptional gene silencing or TGS in short) (Figure 1).

TGS is simply described as inhibition of mRNA transcripts. However, the
processes contributing to repression of mMRNA synthesis consist of 1) RNA-directed
DNA methylation or RdDM; 2) small RNA-independent DNA methylation and 3)
chromatin modification (33). Of those mechanisms, only RdDM is classified into TGS. As

mentioned earlier in chapter 1, the aim of this research study is to explore whether



19

argonaute-4 protein plays a role in human RdDM, for this reason, we only focus RdDM in

more details.

RNA

\ 4
+
la R

Histone — > DNA
modification < methylation

Figure 1 Control of gene expression caused by an interaction between histone

modification in post-translational level (1) and DNA methylation in transcriptional level (2).

RNA-directed DNA methylation (RdDM)

Existence of RADM was first discovered in 1994 when full DNA methylation was
found only at specific sequences homologous to potato spindle tuber viroid (PSTVd)
which was introduced into tobacco plants (1). After that the experiments were confirmed
in other organisms (Arabidopsis thaliana and Drosophila melanogaster) revealing that
non-coding RNA (RNA which is not translated into protein) can cause specific gene
silencing through DNA methylation (34-36). Therefore, RdDM is described as the small

RNA-mediated epigenetic pathway.

In plants, RADM is mainly involved in the biogenesis of 24-nucleotide siRNAs
and the recruitment of DNA methylation machinery by loading of single guide RNAs
(sgRNA) onto the AGO4 protein to target specific loci (3, 4). Moreover, plant RADM can
be divided into 2 pathways: canonical and non-canonical RADM pathway depending on
a specialized transcriptional machinery (37) which involves different types of RNA

polymerase, size of sgRNA and effector proteins such as argonate (AGO) protein.
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1. Canonical RADM Pathway

The canonical RADM pathway is well-characterized compared to non-canonical
pathway. It is the pathway which functions to maintain DNA methylation in cells (37).
This pathway starts with the transcription of single-stranded RNA (ssRNA) by plant-
specific RNA polymerase IV (Pol V) at the existing DNA methylation loci. The ssRNA is
then copied by RNA-DEPENDENT RNA POLYMERASE 2 (RDR2) generating long
double-stranded RNA (dsRNA) at 26-45 nucleotides (nt) which are processed into small
dsRNA (24 nucleotides) by DICER-LIKE 3 (DCL3). The 24-nt siRNAs are loaded into
AGO4 or AGO6 protein. If sgRNA-bound AGO4 or AGO6 complex can be
complementary to target loci transcripts which are transcribed by RNA polymerase V
(Pol V), this complex will recruit DOMAINS REARRANGED METHYLTRASFERASE 2
(DRM2) to establish methylation and this will cause heterochromatin formation in
consequence (38) (Figure 2). The canonical RdADM pathway is importance for

transposable element (TE) repression (39).

T 24-nt

= o 5iRNAs
LU PV TRRTTTA

Upstream

Downstream

4—//
@ DNA

methyltransferase

11
DNA methylation

Figure 2 Canonical RdDM pathway (40) consists of 1) Biogenesis of siRNA which is

processed by Pol IV, RDR2 and DCL3; 2) Loading of 24-nt siRNAs into AGO4 or AGOS6;

3) Scaffold RNA production, processed by Pol V and 4) Protein recruitment for DNA

methylation establishment, processed by DRM2.
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2. Non-canonical RdDM pathway

The non-canonical RADM pathway provides establishment of methylation at new
target loci. Apart from 24-nt siRNA generated by Pol IV, RDR2 and DCL3 in canonical
RdDM pathway, other small RNA can direct RdADM (40). However, the mechanism of this
pathway is less understood. This pathway starts from transcription of newly inserted
transposons by RNA polymerase Il (Pol Il) at palindromic TE, or inverted repeat;
therefore, this pathway is responsible for host defense mechanism by degradation of
viral, or TE mRNA (41). These transcripts are then copied into dsRNA by RNA-
DEPENDENT RNA POLYMERASE 6 (RDR6) and then are cleaved into 21-nt siRNA by
DCL-LIKE 2 (DCL2) and DCL4. The 21-nt siRNA is loaded into AGO1 and guide
cleavage of transposon transcripts or RNAIi. (37) (Figure 3). It is noticed that non-
canonical RdDM is closely related to post-transcriptional gene silencing (PTGS) more
than TGS. However, some of 21-nt siRNA can be also loaded into AGOB6, this complex

will trigger canonical pathway as described earlier.

o> Inverted repeat,

,__;//w A microRNA precursor, @

T ? JL_sszs22s TEncRNA, or other

———anaane
v 2'-22-H£-.[::-r|mar-,-
I 4\ small RNA

EEEY A AAAAA . e
AGO1-bound e
mRMNA ot
RMAI loop secondary siRMAs

Cleaw-ed_ @
mRMNA \ﬁ [T errt A A A A @

£ Double-stranded

@ mRMNA

Figure 3 Non-canonical RADM pathway (40) consist of 1) Biogenesis of siRNA which is

processed by Pol Il, RDR6 and DCL2 or DCL4; 2) Loading of 21-nt siRNAs into AGO1
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and 3) Cleavage of mMRNA (RNAI). However, some of 21-nt siRNA can be incorporated

to AGOG6, canonical RdADM is occurred as a result.

After plant RADM was emerged, many researches have been widely
investigated and found that it plays many roles in biological functions; for example,
disease control through viral or TE repression, plant communication, stress response,
genome stability, including plant growth and development (42). The question had been
arisen whether this mechanism subsists in human. The first study of human RdDM

began in 2004 (6).

Evidences of RdADM in Human

The study of small non-coding RNA-directed TGS in human was first reported a

decade ago. It demonstrated that
AGO4 is related to promoter methylation

To determine whether any AGO protein is associated with DNA methylation, we
first performed whole-genome comparisons between the promoter-methylation dataset
(GSE20598) and AGO binding sites (CLIPZ database) (10, 11). The GSE20598 dataset
provided the amount of DNA methylation in HEK293 cells; the CLIPZ database provided
AGO-binding locations in the same cells. On the basis of these two datasets, the
association between DNA methylation and AGO proteins was identified. Among all AGO
proteins, AGO4 showed the strongest correlation with DNA methylation, as summarized
from multiple probes (Pearson correlation coefficient = 0.17 and p-value = 1. 48x10‘3)

(Figure 4A to 4D).

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 (Figure 4E). Sequence logos and

positions in relation with transcriptional start sites (TSS) of AGO4 binding and
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methylation are reported (Figure 5). Interestingly, AGO4 binds to the sense strand of

methylated DNA located immediately after TSS (Figure 6) (12).
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Figure 4 The correlation between AGO proteins and promoter methylation. (A to D)

Promoter methylation vs. the number of AGO-binding sites. The Pearson correlation

coefficients for A to D are 0.01, -0.06, 0.06, and 0.17, and the corresponding p-values

are 8.63E-01, 6.51E-01, 1.11E-01, and 1.48E-03, respectively. (E) Average methylation

vs. proximity to AGO binding sites. Each column represents the average amount of

methylation at a single probe if the proximity is within a predefined distance (12).
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Figure 5 Distribution of DNA bases on methylation and AGO4 binding sites. Raw data
of promoter methylation arrays provided both genomic location and methylation levels
through 15 probes per one gene promoter. Each probe is 50 bp in length. Met+ is
referred to as the methylation level in the 80" percentile. Remaining methylation levels
were referred to as Met-. CLIPZ database provided the genomic locations of AGO
binding sites. Each binding site is about 15-20 bp in length. AGO4+ is referred to as the
overlab between an AGO4 binding site and a methylation probe, while AGO4- is
referred to as no AGO4 binding sites on a methylation probe. (A to D) The distribution
categorized by (Met+, AGO4+), (Met+, AGO4-), (Met-, AGO4+), and (Met-, AGO4-),
respectively. Sense strands were collected from every CpG on the methylation probes

by centering CpG between 20-bp flanking sequences on the left and on the right. A total
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length was 42 bp. (E to H) The distribution categorized by (Met+, AGO4+sense), (Met+,
AGO4+Antisense), (Met+, AGO4+Antisense), (Met-, AGO4+Sense), and (Met-,
AGO4+Antisense), respectively where “Sense/Antisense” denotes the orientation of
AGO4 binding sites. The sense strands of AGO4 binding sites were centered and then

padded with flanking sequences. A total length was 61bp (12).
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Figure 6 Distribution of AGO4 binding sites on gene promoters. (A to D) Distribution of
(Met+, AGO4+antisense), (Met+, AGO4+sense), (Met-, AGO4+antiense), and (Met-,
AGO4+sense), respectively. Definitions of Met+, Met-, AGO4+, AGO4-, sense, and

antisense are given in figure 5 (12).

Moreover, we found that DNA methylation is associated with AGO-binding sites
(Figure 7A and 7B). The highly methylated probes are in proximity with the binding sites
of AGO1, AGO2, AGO3, and AGO4 proteins. This is indicated by odd ratio (OR) and
95% confidence interval (Cl) > 1. In contrast, number of association studies of the
control protein, PUMILIOZ2, shows OR and Cl < 1. In figure 7A, it demonstrated OR and
Cl when the ChIP sequences that are perfectly matched with the human genome were

counted whereas figure 7B reported approximate match. Other similar sequences which
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contain mismatch, insertion, and deletion being alternatively targets. All four AGOs
(AGO1, AGO2, AGO3 and AGO4) showed OR and Cl > 1 in several tests. However,
AGO4 showed the higher OR and the lowest p-value in most tests (Figure 7 and 8). By
allowing approximate match, AGO4 shows the highest odds ratio at binding length 2 15

bp, OR = 4.09, 95% Cl = 3.73 to 4.50, p-value =1.48E-214 (12).
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Figure 7 The association between methylation levels and protein-binding sites. The Chi-
sgare p-values are calculated from 2x2 contingency tables which count the number of
methylation probes. The rows of a contingency table separate highly and lowly
methylated probes, whereas the columns separate probes that are in proximity with
protein-binding sites and probes that are not. Note that a single probe might be in

proximity with multiple protein. (A) Only ChIP DNAs that are perfectly matched with the
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human genome are included. (B) Only ChIP DNAs that are approximately matched with

the human genome are included. This also includes perfectly matched DNAs (12).

Perfect match

Binding Protein a b c d OR 95 %C1 p-value Binding Protein a b c d OR 95 %C1 p-value
Length Length
AGO1 | 5562 | 560 |15,866] 1,978 | 1.24 |1.12-1.37| 2.13E-05 AGO1 923 91 |20,505| 2,447 | 1.21 |0.57-1.51| 8.75E-02
AGO2 24596 | 176 [18,932| 2,362 | 1.77 |1.51-2.07| 9.73E-13 AGO2 307 27 121,121) 2,511 | 1.35 |0.51-2.01| 1.34E-01
15 AGO3 7,603 | 762 (13,825 1,776 | 1.25 |1.17-1.40| 4.91E-08 21 AGO3 1,141 | 112 [20,2587| 2,426 | 1.22 |1.00- 1.49| 5.10E-02
AGO4 6,476 | 497 [14,952| 2,041 | 1.78 |1.61-1.97| 6.48E-29 AGO4 719 56 [20,709( 2,482 | 1.54 |1.17-2.03| 1.97E-03
PUMILIOZ| 2,800 | 542 |18,628) 1,996 [ 0.55 [0.50-0.61| 4.30E-30 PUMILIOZ | 407 45 (21,021 2,489 | 0.98 |0.73-1.33| 5.13E-01
AGO1 3,038 | 306 [18,390( 2,232 | 1.20 |1.06-1.37| 3.55E-03 AGO1 790 80 |20,638| 2,458 | 1.13 |0.93- 1.49| 1.73E-01
AGO2 1,227 | 105 [20,201| 2,433 | 1.41 |1.15-1.73| 9.53E-04 AGO2 260 25 |21,168| 2,513 | 1.23 |0.82- 1.87| 3.16E-01
16 AGO3 | 4,057 | 393 |17,371] 2,145 | 1.27 |1.14-1.43| 2.359E-05 22 AGO3 925 83 |20,503| 2,450 | 1.26 |1.01- 1.57| 4.43E-02
AGO4 3,314 | 242 [18,114] 2,296 | 1.74 [1.51-1.99| 1.90E-15 AGO4 540 43 | 20,888| 2,495 | 1.50 |1.10- 2.05| 1.07E-02
PUMILIOZ2| 1,579 | 314 [19,849] 2,224 | 0.56 [0.50-0.64| 5.90E-19 PUMILIO2| 383 46 | 21,045 2,492 | 0.99 |0.72- 1.34| 5.28E-01
AGO1 1,929 | 199 (19,499] 2,339 | 1.16 [1.00-1.35| 5.18E-02 AGO1 655 66 |20,773) 2,472 | 1.18 |0.91-1.53| 2.03E-01
AGO2 678 55 |20,750| 2,483 | 1.48 [1.12-1.95| 5.81E-03 AGO2 232 23 |21,196) 2,515 | 1.20 |0.78- 1.84| 4.13E-01
17 AGO3 2,578 | 232 [18,850| 2,306 | 1.36 [1.18- 1.57| 1.88E-05 23 AGO3 706 71 |20,722) 2,467 | 1.18 |0.92-1.52| 1.81E-01
AGO4 1,934 | 147 (19,494] 2,391 | 1.61 [1.36-1.92| 4.49E-08 AGO4 443 34 |20,985] 2,504 | 1.55 |1.09-2.21| 1.31E-02
PUMILIOZ| 960 166 |20,468| 2,372 | 0.67 |0.57-0.79| 3.51E-06 PUMILIO2| 346 43 |21,082( 2,495 | 0.95 |0.69- 1.31| 7.64E-01
AGO1 1462 | 147 (19,966 2,391 | 1.19 (1.00-1.42| 4.97E-02 AGO1 357 58 |20,871| 2,480 | 1.14 |0.87- 1.50| 3.44E-01
AGO2 483 35 (20,945 2,503 | 165 [1.17-2.33| 4.15E-03 AGO2 210 21 |21,218) 2,517 | 1.19 |0.76-1.86| 4.57E-01
13 AGO3 1,927 | 172 (19,501] 2,366 | 1.36 [1.16-1.60| 1.88E-04 24 AGO3 560 53 |20,868| 2,485 | 1.26 |0.95-1.67| 1.13E-01
AGO4 1,352 | 108 (20,076 2,430 | 1.52 [1.24-1.85| 4.29E-05 AGO4 367 29 |21,061) 2,509 | 1.51 |1.03-2.21| 3.31E-02
PUMILIO2| 686 96 [20,742| 2,442 | 0.84 [0.68-1.05| 1.19e-01 PUMILIOZ| 317 39 |21,111) 2,499 | 0.96 |0.89-1.35| 8.22e-01
AGO1 1,213 | 121 (20,215 2,417 | 1.20 |0.99-1.45] 6.34E-02 AGO1 464 36 |20,964) 2,502 | 1.54 |1.09-2.16| 1.28E-02
AGO2 398 30 |21,030) 2,508 | 1.58 [1.09-2.30| 1.51E-02 AGO2 189 20 121,239) 2,518 | 1.12 |0.71- 1.78| 6.30E-01
19 AGO3 1,614 | 147 (19,814] 2,391 | 1.32 |1.11-1.58| 1.49E-03 25 AGO3 440 44 (20,988( 2,454 | 1.19 |0.87-1.62| 2.79E-01
AGO4 1,049 83 |20,379) 2,455 | 1.52 [1.21-1.91| 2.63E-04 AGO4 305 26 121,123) 2,512 | 1.40 |0.93- 2.09| 1.03E-01
PUMILIO2| 523 70 20,905 2,468 | 0.88 [0.68-1.14| 3.30E-01 PUMILIOZ| 299 35 21,129) 2,503 | 1.01 |0.71-1.44| S.47E-01
AGO1 1,037 | 101 [20,391| 2,437 | 1.23 |1.00-1.51| 5.41E-02
AGO2 350 27 |21,078) 2,511 | 1.54 [1.04-2.29| 2.92E-02
20 AGO3 1,372 | 129 [20,056| 2,409 | 1.28 |1.06-1.54| 9.45E-03
AGO4 869 67 |20,559) 2,471 | 1.56 [1.21-2.01| 5.00E-04
PUMILIOZ| 439 61 |20,989) 2,477 | 0.85 [0.65-1.11| 2.37E-01
Approximate match
Binding Protein a b c d OR 95 %Cl1 p-value Binding Protein a b c d OR 95 %Cl p-value
Length Length
AGO1 (17,795| 1,703 | 3,633 | B35 2.40 [2.19-2.63| 1.02E-84 AGO1 3,540 | 432 (17.488| 2,106 | 1.10 [0.98-1.22| 9.20E-02
AGO2 (12,918 863 | 8,510 | 1,675 | 2.5 |2.70-3.21|1.62E-141 AGO2 894 99 |20,534] 2,435 | 1.07 |0.87-1.33| 5.17E-01
15 AGO3 (20,003| 2,072 | 1,425 | 466 | 3.16 |2.82-3.54| 4.01E-95 21 AGO3 5,155 | 520 |16,273| 2,018 | 1.23 |1.11- 1.36| 6.36E-05
AGO4 (19,180( 1,715 | 2,245 | 823 | 4.09 |3.73-4.50|1.48E-214 AGO4 1,804 | 158 [19,624| 2,380 | 1.38 [1.17- 1.64| 1.38E-04
PUMILIO2|14.456| 1,580 [ 6,972 | 958 | 1.26 [1.15-1.37| 1.34E-07 PUMILIO2| 1,425 | 265 [20,003| 2,273 | 0.61 [0.53-0.70| 1.74E-12
AGO1 (16,118 1,496 | 5,310 | 1,042 | 2.11 |1.94-2.30| 4.47E-69 AGO1 3,338 | 381 [18,090| 2,157 | 1.04 [0.93-1.17| 4.57E-01
AGO2 (10,357 685 |11,071| 1,853 | 2.53 |2.31-2.77| L.73E-92 AGO2 717 85 |20,711) 2,453 | 1.00 |0.79-1.26| 9.94e-01
16 AGO3 (15,025 1,920 | 2,403 | 618 | 2.55 |2.31-2.82| 2.80E-79 22 AGO3 4,060 | 418 |17.368[ 2,120 | 1.15 |1.06-1.32| 2.46E-03
AGO4  [17,729] 1,458 | 3,699 | 1,080 | 3.55 |3.26-3.87|9.94E-200 AGO4 1,252 | 121 (20,176 2,417 | 1.24 [1.02-1.50| 2.75E-02
PUMILIO2|12,752| 1,430 | 8,676 | 1,108 | 1.14 [1.05-1.24| 2.14E-03 PUMILIO2| 1,125 | 215 [20,303| 2,323 | 0.60 [0.51-0.70| 2.41E-11
AGO1 |13,188| 1,247 | 8,240 | 1,291 | 1.66 |1.53- 1.80| 1.33E-33 AGO1 2,825 | 340 [18,603| 2,198 | 0.98 |0.87- 1.11| 7.65E-01
AGO2 6,763 | 462 (14,665 2,076 | 2.07 |1.87-2.30| 1.01E-43 AGO2 589 76 |20,839) 2,462 | 0.92 |0.72-1.17| 4.76E-01
17 AGO3 |16,885| 1,663 (4,543 | 875 | 1.96 |1.79-2.14] 1.23E-51 23 AGO3 3,166 | 347 [18,262( 2,191 | 1.09 |0.97-1.23| 1.37E-01
AGO4 14,358 1,074 | 7,070 | 1,464 | 2.77 |2.55-3.01|3.28E-133 AGO4 967 96 |20,461) 2,442 | 1.20 |0.57-1.49| S.11E-02
PUMILIO2| 9,559 | 1,205 |11,429) 1,333 [ 0.97 [0.89-1.05| 4.36E-01 PUMILIOZ| 976 187 |20,452) 2,351 | 0.60 |0.51-0.71| 4.47E-10
AGO1 9,450 | 932 [11,938| 1,606 | 1.37 |1.26-1.49) 3.59E-13 AGO1 2,395 | 306 [19,033[ 2,232 | 0.92 |0.81-1.04| 1.85E-01
AGO2 3,650 | 279 (17,778 2,259 | 1.66 |1.46-1.89| 7.68E-15 AGO2 504 65 |20,924) 2,473 | 0,52 |0.71-1.19| 5.13E-01
18 AGO3 |13,149) 1,267 | 8,279 | 1,271 | 1.59 |1.47-1.73| 8.63E-29 24 AGO3 2,462 | 272 [18,966( 2,266 | 1.08 |0.95- 1.23| 2.47E-01
AGO4 9,281 | 658 [12,147| 1,880 | 2.18 |1.99-2.40| 2.03E-63 AGO4 764 86 | 20,664 2,452 | 1.05 |0.84-1.32| 6.49E-01
PUMILIO2| 6,505 | 920 |14,923) 1,618 [ 0.77 |0.70-0.84 1.29E-09 PUMILIOZ| 876 172 |20,552| 2,366 | 0.59 |0.50- 0.69| 3.76E-10
AGO1 6,693 | 666 (14,735 1,872 | 1.28 |1.16- 1.40| 2.51E-07 AGO1 2,034 | 269 [19,354( 2,265 | 0.88 |0.77- 1.01| 7.37E-02
AGO2 1,964 | 173 [19,464| 2,365 | 1.38 |1.17-1.62| 8.61E-05 AGO2 436 57 [20,992( 2,481 | 0.90 |0.68-1.20| 4.79E-01
19 AGO3 9,345 | 910 [12,080| 1,628 | 1.38 |1.27-1.51| 7.39E-14 25 AGO3 1,897 | 229 [159,531] 2,309 | 0.98 |0.85- 1.13| 7.76E-01
AGO4 | 5046 | 370 [16,382| 2,168 | 1.80 |1.61-2.02| 1.66E-24 AGO4 625 70 |20,803| 2,468 | 1.06 |0.82- 1.36| 6.52E-01
PUMILIO2| 3,739 | 590 |17,689) 1,945 [ 0.70 |0.63-0.77| 7.04E-13 PUMILIOZ| 301 154 20,627 2,384 | 0.60 |0.50-0.72| 1.40E-08
AGO1 | 4,877 | 520 |16,551] 2,018 | 1.14 |1.03-1.27| 9.59E-03
AGO2 1,242 | 129 [20,186| 2,409 | 1.15 |0.95-1.38| 1.43E-01
20 AGO3 6,632 | 661 (14,796 1,877 | 1.27 |1.16- 1.40| 3.79E-07
AGO4 2,843 | 233 [18,585| 2,305 | 1.51 |1.32-1.74| 5.85E-09
PUMILIO2| 2,111 | 367 |19,317) 2,171 | 0.65 |0.57-0.73| 5.58E-13
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Figure 8 The 2x2 table shows the association between methylation levels and protein
binding sites. (A) Only ChIP DNAs that are perfectly matched with the human genome
are included. (B) Only ChIP DNAs that are approximately matched with the human

genome are included (12).

The Argonaute 4 protein is involved in de novo methylation of AGO4-binding

genes

To investigate AGO4-binding genes and the role of AGO4 in DNA methylation,
we obtained target genes from analyses of the GSE20598 and CLIPZ databases. These
bioinformatics data provided us with a large number of genes that show a connection
between AGO4-binding and promoter methylation. We randomly selected eight loci of
three genes: TRDP, C160RF89 and ATATT that have high level of DNA methylation and
AGO4 binding to study the interaction between AGO4 and DNA methylation; however,
C160RF89 was showed as an example. MSN, which lacks AGO4 binding, was used as
a negative control. The experiments were carried out by depleting endogenous AGO4
using a tetracycline-regulated shRNA-expression system in the HEK293 cell line
(AGO4sh). The timing of tetracycline (Tet) and 5-AC treatment is shown (Figure 9A).
Depletion of AGO4 mRNA expression was confirmed (Figure 9B). After the cells were
cultured with Tet (Tet+) or without Tet (Tet-) for 7 days, they were collected to confirm
the AGO4-binding genes. All four selected genes bound large quantities of AGO4;
C160RF89 is provided as an example (Figure 9C), with the exception of MSN (Figure
9D). Methylation levels were also evaluated; however, there was no significant difference
in methylation levels between the Tet+ and Tet- cells at all nine loci of the four known
AGO4-binding genes or MSN (Figure 9E and 9F at Tet- and Tet+ bars). Thereafter, the
HEK293 cell line was treated with a combination of Tet and 5-AC to limit AGO4 mRNA
and inactivate DNA methyltransferase activity for two additional days, until day 9;

methylation changes were then investigated. From days 7 to 9, the methylation levels of
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all loci were significantly reduced in Tet+ and 5-AC+ shAGO4-induced cells compared
with Tet- and 5-AC+ cells (Figure 9E and 9F at Tet- 5-AC+ and Tet+ 5-AC+ bars). This

finding suggested a role of AGO4 in the demethylation of AGO4-bound sequences.

The mechanism by which AGO4 prevented demethylation by 5-AC suggested a
role of AGO4 in de novo DNA methylation. To observe the de novo methylation function
of endogenous AGO4, cells were cultured continuously with Tet and 5-AC for nine days.
Then, the cells were cultured for three days (days 9 to 12) without 5-AC and with or
without Tet. The methylation levels of all loci were recovered in cells lacking tetracycline
treatment (Tet-, 5-AC+) (Figure 9G and 9H). Moreover, tetracycline and scramble
shRNA by themselves did not affect AGO4 expression (Figure10) and did not influence
DNA methylation levels (Figure 11). This finding means that AGO4 reintroduces DNA

methylation to previously demethylated loci showed in Figure 12 (12).



30

A B
1.0
- Tetracycline (+/-) > 3
I-5-AC 44— 5-AC ¢—— 3 o
O ) : 2
—— oy B0
1 2 3 4 5 6 7 8 9 10 11 12 0.4
A s 4 ¥ =z
C,D,EF E F G.H § 0.24
Tet- Tet+ Tet-  Tetr
5AC+ 5AC+
C ORF' D
151 C16 89 0.4+ MSN
5 : >
= £ B
QE; —_— a\ 03"
b= 104 g
o o
B o
0.24
3 3
(=] (]
g g
= & 014
£ E
2 2
0 T 0.0 T
Tet- Tet+ Tet- Tet+
E C160RF89(L1) F MSN
100~ - 20+
9\3 804 § 15+ — o
s E
E 60 2
5 § 104
8 401 ©
>
5 £ s
= 2 =
C L] L} O L T
Tet- Tet+ Tet- Tet+ Tet- Tet+ Tet- Tet+
5-AC+ 5-AC+ 5-AC+ 5-AC+
G H
C160RF89(L1) MSN
1007 o 251 -
—_—
& 801 = 204
D o
z 60 3 154
= c
o (=]
T 404 B 104
£ £
s 2 = A
L G Ll
Tet- Tet+ Tet- Tet+

Figure 9 Association of the AGO4-binding genes and methylation levels. (A) Scheme

showing that tetracycline-treated cells switch off AGO4 protein expression (Tet+) from
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day 1 to 12 and that 5-azacytidine treatment from day 7 to 9 inhibits DNA
methyltransferase (5-AC). (B) Detection of AGO4 mRNA in Tet- (AGO4 expression) and
Tet+ (No AGO4 expression) cells; AGO4 was significantly expressed in the absence of
Tet. (C) Confirmation of AGO4 binding genes, it showed that AGO4 only bound to the
selected gene from bioinformatics data as exemplified by C7160RF89. (D) However,
AGO4 did not bind to a gene lacking the AGO4-binding site, MSN. (E) The AGO4
methylation level of the gene, which containing AGO4-binding sites, was increased due
to the presence of the AGO4 protein (Tet-). This increased methylation level was not
associated with the presence of DNA methyltransferase (5-AC+). (F) These results were
not observed for a gene lacking AGO4-binding sites, MSN. (G to H) Recovery of DNA
methylation levels is found in cells expressing the AGO4 protein (Tet-) with 5'-
azacytidine withdrawal in both of AGO4-binding gene, C160RF89 and non AGO4-
binding gene, MSN; AGO4 is inferred to methylate previously demethylated loci. The
above data are the representative dataset from three independent experiments
presented as the meanzSEM. Statistical analyses were performed using a paired-
sample t-test, where p<0.05, p<0.01 and p<0.005 are represented as *, ** and ***,
respectively where Tet+ means tetracycline treatment, 5-AC+ means azacytidine
treatment and Tet- and 5-AC- mean untreated groups (12).

AGO4 scramble HEKZ293

Anti-AGO4 |1

Anti-3 actin

Figure 10 AGO4 protein expression in AGO4 plasmid and scramble shRNA transfected-
and untransfected HEK293 cells at 48 hours after transfection. AGO4 protein was
upregulated in AGO4 plasmid transfected HEK293 while scramble shRNA transfected
HEK293 showed low level of AGO4 protein as same as in untransfected HEK293 cells.

B-actin was used to confirm equal protein loading of each lane.
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Figure 11 Tetracycline (Tet) (the first panel), and 5-azacytidine and combined
tetracycline and 5-azacytidine treatment (the second panel) in scramble shRNA
transfected HEK293 cells. Methylation levels were observed in AGO4-binding genes:
C160RF89 and non AGO4-binding gene, MSN. Statistical test using an unpaired T-test
was shown where p<0.05 is represented as **, and SC means scramble shRNA

transfected cells (12).
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Figure 12 Schematic overview of the role of AGO4 in de novo methylation. After DNA
replication, DNA methylation is maintained by DNMT1 by the recognition of
hemimethylated CpG on the parental strand as a template and the addition of newly
methylated CpG to the daughter strand. DNMT1 is inhibited by the action of 5-AC, and
the methylation level should be decreased by half under 5-AC treatment. In our study,
when tetracycline was added, AGO4 shRNA was manipulated, resulting in AGO4
expression repression. Thus, without tetracycline, AGO4 is upregulated and binds to
DNA loci, and DNA methylation is maintained although 5-AC is added, suggesting that

AGO4 involved in de novo methylation.

Transfection of Alu siRNA increases Alu methylation when AGO4 is presented

Previously, we demonstrated that Alu element siRNA (Alu siRNA) transfection
increased Alu methylation (43). To determine whether siRNA can promote methylation in
human cells and whether this process is dependent on AGO4, Alu siRNA was used to
transfect the AGO4sh-induced HEK293 cell line, and the cells were cultured under Tet+
or Tet- conditions. We found that Alu siRNA increased the Alu methylation level when
AGO4 was not limited; on the other hand, Alu siRNA did not promote methylation when
AGO4 was depleted in Tet+ cultured HEK293 cells (Figure 13). Therefore, Alu siRNA

may form an RADM complex with AGO4 to methylate Alu sequences.
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Figure 13 Alu methylation upon Alu siRNA transfection in Tet-controlled AGO4-
expressing cells. The Alu methylation level was significantly increased when AGO4 was
upregulated under Alu siRNA transfection. The above data are the representative
dataset from six independent experiments presented as the mean+SEM. Statistical

analysis was performed using an unpaired t-test where p<0.01 is represented as **.

Human Argonaute Proteins

One of the effector proteins involved in TGS or PTGS is AGO proteins. AGO can
be divided into two subclasses according to sequence homology. The first group is
AGO subfamily which falls into Arabidopsis thaliana AGO1 homology. Another is PIWI
subfamily, it is closely related to Drosophila melanogaster (44). AGO protein found to be
conserved through evolution from prokaryotes to eukaryotes, it composes of 3 structural

domains which are PAZ domain, MID-domain and PIWI-domain (Figure 14).
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Figure 14 Argonaute structure in prokaryotes and eukaryotes (modified from (45)).

1. PAZ domain: Function to bind with 3’ of the small RNA.
2. MID domain: It is a conserved region which binds to 5’ of the small RNA.

3. PIWI domain: Contain RNase H-like active sites for RNA cleavage (13).

In human, sequences analysis was performed to identify human AGO proteins.
The result revealed that human contains eight putative genes which are 1). AGO
subfamily: AGO1, AGO2, AGO3 and AGO4. and 2). PIWI subfamily: PIWIL1, PIWIL2,
PIWIL3 and PIWIL4. As previously described, AGO proteins play roles in both of TGS
and PTGS by binding to siRNA or miRNA resulting in gene expression repression, RNA
degradation, including translational inhibition (46). There are less studies for each AGO
proteins’ function, the most extensive study is human AGO2 related small RNA-mediated

TGS.

For human AGO4, it differs by a few amino acid sequences from the N-terminal
and PIWI-domains of AGO2, which has been well described with respect to its structure
and function. AGO4 does not have catalytic cleavage activity (47), and the quantity of
AGO4 and its expression in both MRNA and protein are at the lowest levels compared to

its protein family. Moreover, this finding also found that AGO4 expression inhibition is
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mainly found in nucleus at the level of mMRNA synthesis (48, 49). Due to these limits, we
aimed to overexpress AGO4 using plasmid transfection and cell-penetrating peptide
(CPP)-tagged AGO4 protein to observe the action of AGO4 in the RADM pathway in this

study.

Cell-penetrating Peptides (CPPs)

At present, drug delivery has been widely studied in part of targeted therapy for
human diseases. However, the most important obstacle is that those drugs which can
be oligonucleotides, active peptides or proteins cannot translocate into cells due to
membrane barrier which has a selectively semi-permeable hydrophobic property. The
discovery of CPP provides many benefits to deliver those cargoes into cells without
membrane damage or causing cytotoxicity in cells, but giving high efficiency in cellular

uptake and specificity to targets (50) when appropriate CPP is selected to use.

CPPs or also known as protein transduction domains (PTDs) is defined as short
peptides that facilitate biologically active cargoes to across cellular membrane due to
an attachment of CPP to cargo molecules through covalent conjugation or electrostatic
interaction (51) (Figure 15). CPPs are categorized into many classes according to their

individua properties, including peptide sequences and binding properties as described

below (14).
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Figure 15 Interaction of CPP and biologically active cargo molecules (52).
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1. Primary amphipathic CPPs: They mostly contain more than 20 amino acids
which can be either positively or negatively charge such as MPG or TP10.They can
translocate into cells by direct penetration through pore formation or inverted micelles
formed to the membrane.

2. Secondary amphipathic CPPs: They typically contain less than 20 amino
acids, they can be a-helical, B-sheet or proline-rich CPPs such as M918 or penetratin.
Their amphipathic property is revealed when they form interaction with a phospholipid
membrane resulting in an increase of translocation efficiency.

3. Non-amphipathic CPPs: They mostly are cationic amino acid sequences such

as oligoarginines (R9) and TAT and bind to anionic lipid membrane.

Due to advantages of CPPs using in therapeutic areas, more CPPs are
discovered and modified to potentially enhance the capability in systemic drug delivery
utilization. An established CPP database showed many types of CPP being used (Figure
16), owning to this, CPP should be selected for utilization with cautions. One factor

should be considered is an uptake mechanism.

Chimeric Nanoparticle Peptide

Figure 16 Available CPPs found in CPP database in 2002 based on (A) conformation
(B) modification (C) origin and (D) delivery types (53).

CPP uptake mechanisms are not clarified so far. However, based on their
properties, the internalization mechanisms can be categorized into 2 groups (Figure 17)

(54).
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1. Energy-independent penetration: Direct penetration (membrane transduction)
falls into this groups. It consists of pore formation, the carpet-like model and an inverted
micelle formation. This pathway occurs owing to the interaction of positively charged
CPPs and negatively charged of cellular membrane contributing to membrane
destabilization.

2. Energy-dependent penetration: Endocytosis falls to this group; however, it is
involved micropinocytosis, and receptor-mediated endocytosis. After endocytosis
occurs, cargoes must escape from endosomes to cytosol and reach the targets.

Which mechanism the CPPs is used depending on pH and temperature in

experiments, cell type, nature of CPP and CPP concentration (50).
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Figure 17 Mechanisms of CPP translocation (55).

However, we selected 9x-oligoarginines and xentry as CPPs in our study.

1. Oligoarginines or arginine-rich CPP: It is derived from synthesis of
homopolyarginine, here 9 oligoarginines (R9) are used. The oligoarginines translocate
through cellular membrane via a direct penetration; however, some studies showed the
endocytosis depending on conjugated cargo or even the two uptake processes may

share together (56-58). In the study of using oligoarginines, the result also showed that it
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has more efficiency to enter cells compared to other positively charged amino acid,
lysine according to its guanidium head group. Moreover, increase of using arginine
number also develop the translocation efficiency (59, 60). The R9 is applied in many
studies with good achievements with lower cytotoxicities, broad cell specificities and

high uptake efficieincies (61-63), the R9 was selected in this study.

2. Xentry: It is seven amino acid peptides (LCLRPVG) derived from X-protein of
hepatitis B virus. It penetrates into cells by the binding of heparan sulphate moieties on
syndecan-4 which belong to clathrin pathway and can be applied to use in many cell
types (19, 64). Even it is just a new class of CPP which was found, owing to its short
sequences, it may offer good results when conjugate it with large cargo molecules like

AGO4. Xentry is selected for this study.
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CHAPTER IlI
MATERIALS AND METHODS

Cells and culture

Human cervical adenocarcinoma Hela, human cervical retinoblastoma C33a, proximal
tubule epithelial HK2, and embryonic kidney HEK293 cell lines were purchased from
American Type Culture Collection (ATCC, VA, USA). WSU-HN31 cell line was kindly
provided by Dr. Silvio Gutkind (National Institutes of Health/NIIDCR, MD, USA). They
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher Scientific,
MA, USA) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific)
and 1% antibiotic-antimycotic (Thermo Fisher Scientific) in a 5% humidified incubator at

37°C.

Argonaute-4 plasmid transfection and overexpression

pIRESneo-FLAG/HA-AGO4 (AGO4) and pcDNA3.1/HIS A (PC) plasmids (Addgene, MA,
USA) which was used as a control group were transformed into DH5QL competent cells
(Promega, WI, USA). Both AGO4 and PC-transformed cells was cultured in 100 ug/ml
ampicillin (Merck Millipore, NJ, USA) containing Luria-Bertani (LB) broth for plasmid
extraction using the plasmid DNA miniprep kits (Thermo Fisher Scientific) according to
the manufacturer's protocols. Sequence fidelity was confirmed by Sanger sequencing

(data not shown).

One day before transfection, Hela cells were seeded at 2 x, 10° cells/ml in 6-well
plate in 2-ml DMEM. The next day, plasmid transfection complexes were prepared; 2 ug
of AGO4 and PC plasmid was transfected into HelLa using 10 pl of Lipofectamine®2000
(Thermo Fisher Scientific) mixed with Opti-MEM® reduced serum media (Thermo Fisher
Scientific) in a total volume of 500 ul according to the manufacturer’'s protocols. The
transfection duration was 72 h for chromatin immunoprecipitation (ChlIP) and the
observation and quantification of LINE-1 or Alu methylation; overexpression of AGO4

MRNA and protein was confirmed.
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Protein preparation and Western blot assay

AGO4- and PC- overexpressing Hela cells were collected as whole cell lysate using
RIPA cell lysis buffer (Amresco, OH, USA). Cells were further sonicated at a 30%
amplitude for 5 s, which was repeated three times. The protein concentration was
determined by using a BCA Protein Assay Kit (Thermo Fisher Scientific) according to the
manufacturer’s instruction. Twenty-five pg of whole cell lysate was subsequently used
for 6% SDS-PAGE and Western blot analysis as previously described (65). The
antibodies used in these assay were 1:1000 eLF2C4 (C-12) (SC-32655) (Santa Cruz,
CA, USA), 1:5000 goat anti-mouse IgG HRP (SC-2005) (Santa Cruz), and anti- beta-
actin antibody [AC-15] (HRP) (Ab49900) (Abcam, Cambridge, UK). Each antibody was
diluted in the Blgk® Noise Cancelling Reagent (Merck Millipore). Finally, the signal was
visualized using the SuperSignal® west femto chemiluminescent substrate (Thermo

Fisher Scientific) on a C-Digit® blot scanner (LI-COR Biosciences, NE, USA).

Chromatin immunoprecipitation (ChlP)

To detect AGO4 protein-binding genes, ChlIP was performed as previously described
with some modifications (66). Briefly, cells were fixed with 1% final concentration of
formaldehyde for 30 min at room temperature, and then 0.125 M final concentration of
glycine was added for 5 min to stop the crosslink between DNA-protein reaction. After
that cells were washed twice with 1X protease inhibitor (Thermo Fisher Scientific)
containing cold PBS and collected using scrapers. The cells were sonicated at a 30%
amplitude on 15 s and off 30 s, repeated for eight times. The supernatant was then
collected by centrifugation and diluted with ChIP dilution buffer. Protein A or G plus-
agarose (Santa Cruz) was added to the samples with agitation for 1 h at 4°C, and the
supernatant was harvested. Following this, immunoprecipitation was performed using 10
Jg of each antibody: HA-probe (Y-11) (SC-805) (Santa Cruz) and normal rabbit IgG
(#2729) (Cell Signaling, MA, USA). Protein A or G-agarose was added again to capture

the antigen-antibody complexes. The precipitated complexes were then washed with
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150 and 500 mM sodium chloride and lithium chloride buffer. After that the complexes
were decrosslinked, and the DNA was precipitated using ethanol and purified by
phenol-chloroform DNA extraction as previously described. Finally, the DNA was used

for further experiments consisting of real-time PCR and conventional PCR.

RNA preparation and cDNA synthesis

Cells were collected using trypsinization and washed with phosphate-buffered saline
(PBS), Trizol™ (Thermo Fisher Scientific) was then added to the cell pellet for RNA
extraction. 500-100 ng of total RNA of each sample was used to synthesize cDNA using
the RevertAid™ first-strand cDNA synthesis kit (Thermo Fisher Scientific) according to

the manufacturer’s specification.

Real-time PCR

To observe AGO4 mRNA expression, for quantification of AGO4-binding LINE-1 or ALU
DNA, or to investigate whether AGO4-protein-conjugated single guide RNA (sgRNA)
has an impact on LINE-1 or MKI67 expression in five biological replications, real-time
PCR was carried out using Power SYBR® Green PCR Master Mix (Applied Biosystems,
CA, USA) with AGO4 FW and RW primers (GAPDH FW and RW primers were used as
an internal control) or copy LINE-1 FW and RW primers, copy ALU FW and RW primers,
LINE-1 exp FW and RW primers, or MKI FW and RW primers (shown in table). The
amplifications were performed in a 7500 Fast Real-Time PCR System (Applied
Biosystems). The /A\ /ACT method (67) was used to calculate the amount of AGO4-
binding LINE-1 or ALU in AGO4 plasmid-overexpressed cells compared to pcDNAS.1
empty-plasmid-transfected cells. In the case of LINE-1 or MKI67 expression, fold
enrichment of expression was calculated from CPP-AGO4-sgRNA transfected cells
versus untransfected cells. Lastly, sample paired T-tests were performed for statistical

analysis at confidence intervals of 95%.
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DNA preparation and sodium bisulfite treatment

Cells were harvested by trypsinization for DNA extraction using 10% sodium dodecyl
sulfate (SDS) (Sigma-Aldrich, MO, USA) containing lysis buffer 11 (0.75 M NaCl, 0.024 M
EDTA at pH 8), and 20 mg/ml proteinase K (USB, OH, USA). Cells were incubated in a
50°C water bath for three nights. Phenol-chloroform extraction and ethanol precipitation
were then performed as previously described (68). After this 750 ng of DNA was used to
perform sodium bisulfite treatment using the EZ DNA methylation-Gold™ kit (Zymo
Research, CA, USA) according to the manufacturer’s instructions. The eluted DNA was
further applied for combined bisulfite restriction analysis (COBRA) or methylation-

specific PCR (MS-PCR).

LINE-1 or Alu-combined Bisulfite Restriction Analysis (COBRA) and methylation
analysis

To observe methylation levels of LINE-1 or ALU in transfected cells, the sodium-bisulfite-
treated DNA in each sample was amplified by a PCR containing 1X PCR buffer
(Qiagen), 0.2 mM deoxynucleotide triphosphate (dNTP) (Biotechrabbit, Hennigsdorf,
Germany), 1 mM magnesium chloride (Qiagen), 25 U of HotStarTag DNA Polymerase
(Qiagen) and 0.3 uM LINE-1 met FW and RW primers or Alu met FW and RW primers, as
shown in table1. For L1 amplification, the cycling program was set at 95°C for 15
minutes, followed by 30 cycles of 95°C for 45 seconds, 55°C for 45 seconds, 72°C for
45 seconds, with a final extension at 72°C for 7 minutes. LINE-1 PCR products were then
put through COBRA by using 2U of Taqgl (Thermo Scientific) with 0.5X Tagl buffer
(Thermo Scientific) and incubating at 65°C overnight. For ALU amplification, the
program was set as follows: 95°C 15 minutes for one cycle, followed by 40 cycles of
95°C for 45 seconds, 57°C for 45 seconds, 72°C for 45 seconds, with a final extension
at 72°C for 7 minutes. ALU PCR products were subjected to COBRA using 2U of Taqgl
(Thermo Scientific) and 2U of Tasl (Thermo Scientific) with 5X NEB3 buffer (New

England Biolabs, MA, USA) and 1 pg/ul bovine serum albumin (BSA) (New England
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Biolabs) and incubated at 65°C overnight. Then, cut PCR products were analysed by
8% acrylamide and SYBR (Lonza, Basel, Switzerland) gel stain. The band intensity of
LINE-1 or ALU methylation was observed and measured by Strom840 and

ImageQuanNT Software (Amersham Biosciences, Little Chalfont, UK).

To analyze LINE-1 methylation level, the band intensities of each LINE-1 products
sizes of 92, 60, 50, 42 and 32 base pair (bp) were applied for the calculation followed
the formula (23): [(A+2C+F)x100)/(2A+2B+2C+2F) where A = band intensity at 92
bp/92, B = 60/56, C = 50/48, D = 42/40, E = 32/28, and F = [(D+E)-(B+C))/2. For Alu
methylation level analysis, the band intensities of each Alu products sizes of 133, 90, 75,
58, and 43 Dbp were wused for calculation following this formula (23):
[(2F+D+C)x100]/(2A+2B+2D+2F), where A = band intensity at 133 bp/133, B = 58/58, C
= 75/75, D = 90/90, E = 43/43, F = [(E+B)-(C+D)J/2. The global methylation of LINE-1 or

Alu measured in each replication was statistically tested using a paired sample T-test.

Methylation-specific PCR (MSP)

Seven hundred and fifty nanograms of sodium-bisulfite-treated DNA was used in this
experiment to observe levels of methylated and unmethylated EML2 and CCNAT.
Methylated and unmethylated primers (Table 1), both at concentrations of 0.3 uM, were
added to the PCR master mix. The program was set as follows: 95°C for 15 minutes for
one cycle, followed by 35 cycles of 95°C for 1 minute, 56°C (for EML2; or 59°C for
CCNAT) for 1 minute, and 72°C for 1 minute, and with a final cycle at 72°C for 7 minutes.
PCR products were visualized on an 8% acrylamide gel stained by SYBR (Lonza). An
EpiTect® PCR Control DNA Set (Qiagen) was used to represent actual methylated and
unmethylated band positions. Methylated and unmethylated band intensities were
measured using Storm 840 and ImageQuaNT software (Amersham Biosciences).
Changes in EML2 sequences due to CPP-AGO4-EML2 were also confirmed by Sanger

sequencing.
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Table 1 Oligonucleotide sequences and conditions for PCR and gPCR analyses
Primer Sequences (5'-3) Annealing
temperature (°C)
LINE-1 met FW GTTAAAGAAAGGGGTGAYGGT 55°C

LINE-1 met RW AATACRCCRTTTCTTAAACCRATCTA

ALU met FW GGYGYGGTGGTTTAYGTTTGTAA 57°C
ALU met RW CTAACTTTTTATATTTTTAATAAAAACRAAATTTCACCA

AGO4-FW CAGGAATTCAGGGAACCAGCCG 56°C
AGO4-RW CTGCCTTCCGCACTGTCATGATC

GAPDH-FW TGGAAGGACTCATGACCACAG 56°C
GAPDH-RW TTCAGCTCAGGGATGACCTT

Copy LINE-1 FW CTCCCAGCGTGAGCG 56°C

Copy LINE-1 RW  ACTCCCTAGTGAGATGAACCCG
LINE-1 exp FW GGCCAGTGTGTGTGCGCACCG 60°C

LINE-1 exp RW CCAGGTGTGGGATATAGTCTCGTGG

MKI FW CCACACTGTGTCGTCGTTTG 60°C
MKI RW CCGTGCGCTCATCCATTC

EML2 met FW CGGTTTCGAAGTTTTGTTATTCGTC 56°C
EML2 met RW CGTATCCCCACGCCGA

EML2 unmet FW CCAAATTGGTTTTGAAGTTTTGTTATTTGTT 56°C

EML2 unmet RW TTATTAATCCCATATCCCCACACCAA
EML2 seq FW TCGTCGTTATGAGTAGTTTTGG 57°C

EML2 seq RW CACGCCGATCTAAATCCC
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Primer Sequences (5'-3") Annealing

temperature (°C)

CCNA1 met FW TTTCGAGGATTTCGCGTCGT 59°C
CCNA1metRW  CTCCTAAAAACCCTAACTCGA

CCNA1 exp FW GCCTGGCAAACTATACTGTGAAC 60°c
CCNA1exp RW  GTGCAGAAGCCTATGACGATTA

CCNAT unmet FW  TTAGTGTGGGTAGGGTGTT 59°C
CCNA1 unmet RW CCCTAACTCAAAAAAACAACA

CCNA1 unmet FW  TTAGTGTGGGTAGGGTGTT 59°C

CCNA1 unmet RW  CCCTAACTCAAAAAAACAACA

Cell-penetrating peptide-tagged AGO4 plasmid construction and protein production

1. Oligoarginines-tagged AGO4 (R-AGO4) and EGFP (R-EGFP) plasmids

To produce R-AGO4 and R-EGFP recombinant proteins, 9X arginines (R9) as
cell-penetrating peptide (CPP), and AGO4 mRNA (NM_017629.3) or EGFP mRNA
(AB909457.1) were in-frame inserted into the pRSET A vector (Thermo Scientific)
between BamH| and EcoRI sites. Both vectors were constructed by the GeneArt™
Plasmid Construction Service (Thermo Scientific). The fidelities of the sequences were

confirmed by Sanger sequencing.

2. Xentry-tagged AGO4 (Xentry-AGO4) and EGFP (Xentry-EGFP) plasmids

To produce Xentry-AGO4 and Xentry-EGFP recombinant proteins, Xentry
sequences (5-ATGCTGTGCCTGCGTCCGGTGGGC-3’) was added to 5 of AGO4
MRNA (NM_017629.3) or or EGFP mRNA (AB909457.1) were in-frame inserted into the
PRSET A vector (Thermo Scientific) between BamHI and EcoRl sites. Both vectors were

constructed by the GeneArt™ Plasmid Construction Service (Thermo Scientific). The
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fidelities of the sequences were confirmed by Sanger sequencing. All vector

constructions were shown in figure 18.

BamHI EcoRl

e RIS A7G [R9 or Xentry [AGO4 or EGFPW

Figure 18 R9- or Xentry-tagged AGO4 or EGFP plasmid construction.

Each vector was transformed into BL21(DE3)pLysS competent cells (Promega,
WI, USA) for protein production. The transformed cells were then cultured in 2YT
medium, and overexpression was induced by adding 1 mM isopropyl-1-thio-B-D-
galactopyranoside (IPTG) (Sigma-Aldrich) until the OD600 reached 0.8. The cells were
cultured further for 20 h at 20°C in a 250-rpm incubator shaker. Then, the cells were
collected by centrifugation at 10,000 rpm for 15 minutes at 10°C. Cell pastes were lysed
by lysis buffer [50 mM Tris-HCI (pH 8.0), 300 mM NaCl, 10 mM imidazole, 10% glycerol,
10 mg/ml lysozyme, 1% Triton X-100, and 1X protease inhibitor], and sonicated and
centrifuged at 10,000 rpm at 10°C for 20 min to harvest the crude protein supernatant.
R9- or X-AGO4 and R9- or X-EGFP, which was soluble in supernatant, was purified on a
HisTrap™ HP (GE Healthcare) column according to the manufacturer’s instructions. The
purified R9- or X-AGO4 and R9- or X-EGFP proteins were confirmed using Coomassie®-
Brilliant-Blue-R-250 (C.1.42660) (Merck Millipore)-stained 6% SDS-PAGE for AGO4 and
12% SDS-PAGE for EGFP proteins. Furthermore, Western blot analysis was performed
as indicated above using 1:2,500 Anti-6X HIS tag® antibody [HIS.H8] (Ab18184)
(Abcam) and 1:5,000 Goat anti-mouse IgG-HRP) (SC-2005) (Santa Cruz). After that the
fraction that contains purified proteins was taken to perform buffer exchange by using
Vivaspin® protein concentrator spin columns (GE Healthcare) to collect the purified
proteins in PBS. Concentrations of both purified proteins were determined by Pierce

BCA protein assay kit (Thermo Fisher Scientific).
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Cell-penetrating peptide AGO4-conjugated single guided RNA (sgRNA) transfection

Purified R9- or X-AGO4 was conjugated to sgRNA of LINE-1, ALU, EML2 or CCNA1
(Table 2) using a slicing assay as previously describe (69), with some modifications.
Briefly, the desired amount (or other protein amount in dose-dependent experiment) of
the R9- or X-AGO4 protein was mixed with 200 nM of each sgRNA in conjugation buffer
[1.5 mM MgCl,, 5% glycerol, 50 mM KCI and 20 mM Tris-HCI (pH 7.0)] and incubated in
a 37°C water bath for 30 min. Then, the conjugated complexes of R9- or X-AGO4-
sgRNA were dropped into 500 pl DMEM-cultured 7.5x10" cells in a 24-well plate to allow
the complexes to be internalized into the cells and induce methylation at specific targets
homologous to the sgRNA; non-induced R9- or X-AGO4 represented as buffer was used
as a control. After transfection at defined time, cells were collected to measure changes

of methylation levels of target genes by COBRA or MSP.

For purified R9- or X-AGO4 -EGFP, the protein was transfected to observe
whether CPP can facilitate protein entry into cells. One microgram of R9- or X-AGO4 -
EGFP was transfected in 7.5x10" cells/well in a 24-well plate containing DMEM and
observed immediately under a Zeiss LSM 800 confocal laser scanning microscope (Carl
Zeiss Microscope, Oberkochen, Germany). Hoechst 33342 (Cell Signaling), as a cell-
permeant nuclear counterstain, at a final concentration of 1 pg/ul, was used as a

positive control dye to identify the cell position.
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Table 2 Single guided strand RNA using in combination with CPP-AGO4 protein

Single guided-strand RNA Sequences (5'- 3')
LINE-1 antisense Tas GGAGUGACCCGAUUUUCCAGGUGCG
LINE-1 antisense Taq AGCGCAAUAUUCGGGUGGGAGUGAC
ALU-25 antisense AUCCGCCCGCCUCGGCCUCCCAAAG
ALU-21 antisense UCCGCCCGCCUCGGCCUCCCA
ALU-18 antisense UCCGCCCGCCUCGGCCUC
EML2 antisense R.1 CUACGAAAAAAUCUCACCCAACUCC
EML2 antisense R.2 AUCUAAACCCCGAAAACGCGAAAAA
CCNA1 antisense CCCGAGGGCGCGGLCUCGC
CCNA1 sense GCGAGCCGCGCCCUCGGG

Cell proliferation assay

After transfection, cells were seeded for 4x10° cells/well in 96-well plate containing 100
ul DMEM to assess cell proliferation. A day later, DMEM was removed, MTT reagent was
added to every well according to the manufacturer’'s protocol. Cells was incubated at
37°C for 4 hours, cell proliferation was later determined using Biochrom Asys UVM 340
microplate reader at 562 nm. Experiments were repeated every day, continuously for 4
days in nine technical replications. Line graph was generated to observe cell

proliferation trend.
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CHAPTER IV
RESULTS

1. Localization of AGO4 induced de novo methylation

To investigate the connection of AGO4 localization and DNA methylation in human
RdDM process, we firstly observed whether AGO4 localizes to LINE-1 and Alu. We
transfected a hemagglutinin (HA)-tagged AGO4 plasmid into Hela cells at various time
point to find the appropriated transfection duration. We also used an empty plasmid
(pcDNA, or PC more briefly) as a control plasmid. Overexpression of AGO4 after
transfection was detected at 72 h at the mRNA level and at 24, 36, 48 and 72 h at the
protein level. The results revealed that HA-AGO4 protein reached the highest expression
level within 48 h and gradually decreased. While AGO4 mRNA was still upregulated
around 100,000 folds compared to PC transfection group at 72 h post-transfection
(Figure 19A and 19B). Moreover, the genome-wide interspersed repetitive sequence
(IRS) methylation of both LINE-1 and Alu was observed. The results showed that LINE-1
and Alu methylation was significantly increased in AGO4-overexpressing cells (Figure

19C and 19D).
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Figure 19 Confirmation of AGO4 expression in HA-AGO4 and PC plasmid
overexpressed Hela. (A) AGO4 mRNA expression was confirmed by real-time PCR.
Overexpression of HA-AGO4 resulted in a significant increase in IRS methylation. (B)
AGO4 protein expression in time-course of plasmid transfection was detected by
Western blot analysis. (C) LINE-1 and (D) Alu in the input (cell lysate) of HA-AGO4
compared with untransfected Hela cells. The experiment was performed in triplicate, a
paired sample t-test was used for statistical analysis where p < 0.05, p < 0.01 and p <
0.005 represented as *, **, **, respectively and error bar showed the standard error

(SE).

Then, AGO4 localization to IRS was explored using HA antibody in ChIP
experiment; normal rabbit IgG was used as an isotype control antibody to determine the
background of non-specific binding of antibody. We discovered that HA-AGO4
preferentially bound to LINE-1 and Alu sequences as the fold enrichment of HA-AGO4

binding to LINE-1 and Alu was higher than its control counterpart (Figure 20). In addition
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to IRS methylation, AGO4-overexpressing cells also revealed higher methylation levels

compared to PC-overexpressing cells (Figure 21).

>
@

— 0.0104* ——0 5+ —— 0.0034*

=
5]
]

=
o
1

=]
(3]
1
Fold enrichment in

AGO4-binding Alu

Fold enrichment in
AGO4-binding LINE-1

e
=]

T T
HA-AGO4 PC HA-AGO4 PC

Figure 20 Confirmation of AGO4 binds (A) LINE-1 and (B) Alu by ChlIP real-time PCR.
Fold enrichment in AGO4-binding IRS with standard error (SE) shown is the average of 5
biological replicates, a paired sample t-test was used to detect significant differences at

the p<0.05 and p<0.01 level which is represented as * and **, respectively.
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Figure 21 AGO4 localization is involved in RADM by introducing IRS methylation (A)
LINE-1 and (B) Alu in human cells. The experiment was done for 5 biological replicates.
A paired sample t-test was used for statistical analysis where p < 0.05 and p < 0.01 and
p < 0.005 represented as * and **, respectively and error bar showed the standard error

(SE).
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2. Optimal conditions using in CPP-AGO4-sgRNA transfection
2.1 Recombinant CPP-AGO4 and CPP-EGFP protein production and

purification

After we proved that AGO4 localization can induce de novo methylation, we
engineered CPP portion (R9 or Xentry) which was added at 5’ of AGO4 or EGFP mRNA
sequences (R9-AGO4, R9-EGFP, Xentry-AGO4 and Xentry-EGFP) for plasmid
construction and recombinant AGO4 or EGFP protein production, aimed for transfection
to induce specific methylation by incorporation of single guided RNA (sgRNA) into CPP-
AGO4 protein. Each plasmid was transformed into Escherichia coli strain
BL(21)DE3pLysS for those protein productions. Optimal conditions including culture
media, IPTG concentration and temperature for bacterial cell culture were investigated
to obtain the highest yield of cell paste. We found that the transformed cells were grown
when cultured in 2YT medium at 20°C and induced by 1 mM IPTG for protein production
(Figure 22A to 22C). Moreover, R9-AGO4 transformed cells which cultured followed

optimal conditions above were collected in time-course (Figure 22D).
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Figure 22 Investigation of optimal conditions for R9-AGO4 transformed BL21(DE3)pLysS
cells. (A) culture media between LB and 2YT, (B) IPTG concentration between 0.5 mM
and 1.0 mM, (C) temperature between 20°C, 30°C and 37°C. (D) R9-AGO4 protein
levels in time-course collection were observed on 6%SDS-PAGE, the R9-AGO4 was

shown at about 100 kDa protein and was overexpressed until 24 h culture.

Transformed bacterial cell culture was harvested by ultracentrifugation,
supernatant fraction and cell pellet were separately collected and used to explore
whether R9-AGO4 or R9-EGFP is soluble. The result showed that both of R9-AGO4 and
R9-EGFP was soluble in supernatant (Figure 23A); moreover, soluble EGFP has been
reported (70). Hence, supernatant fraction from R9-AGO4 and R9-EGFP, including X-
AGO4 and X-EGFP transformed cell cultures can be straight for protein purification.
According to N-terminal 6xHIS tagged-pRSET A plasmid, protein purification can be
facilitated by using HisTrap™ HP (GE Healthcare) columns. All purified proteins were

detected by Coomassie blue R-250 staining 6% and 12% SDS-PAGE for R9- and X-
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AGO4, and R- and X-EGFP, respectively (Figure 23B and 23D). The result of AGO4
purification in figure 23B indicated that our R9- and X-AGO4 protein cannot bind well to
Ni2"-bead trapped inside column, leading to the elution of desired proteins in early
fractions. However, the purified R9- and X-AGO4 purified proteins was confirmed by
Western blot analysis using HIS antibody (Figure 23D). Thereafter, the fractions that
contained purified R9- and X-AGO4 proved by Western blot analysis were applied for
human cell line transfection. On the other hands, we did not perform Western blot
analysis for R9- and X-EGFP as the fractions that contained those proteins was shown in

green color (Figure 23E).
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Figure 23 Purification of the R9- and X-AGO4 and R9- and X-EGFP proteins. (A)
Detection of R9-AGO4 (upper) and R9-EGFP (lower) solubility indicated that both of
proteins which found in cytoplasmic fraction is soluble. Tot, total lysate; Cyt,

Cytoplasmic fraction (supernatant); and IB, inclusion body (found in cell paste). (B) The
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purified R9-AGO4 (upper) and X-AGO4 (lower) were detected at about 100 kDa on 6%
SDS-PAGE. FT, unbound protein; 1 and 2, (20 mM imidazole); 3 and 4, (50 mM
imidazole); 5 and 6, (100 mM imidazole); 7 and 8, (200 mM imidazole)-containing
washing buffer. (C) The Western blot analysis using 1:2,500 anti-6X HIS antibody
showed that purified R9-AGO4 (upper) found in fraction 6 and 7 while purified X-AGO4
(lower) found in fraction 7. Definitions of FT and number 1 to 8 are given above. (D) The
purified R9-EGFP (upper) and X-EGFP (lower) were detected at about 30 kDa on 12%
SDS PAGE. Definitions of FT and number 1 to 8 are given above, number 9 and 10
represent 250 mM imidazole-containing washing buffer. (F) The elution of both purified

R9- and X-EGFP came out as green color.

2.2 Optimal time for transfection determined by R9- and X-EGFP

To determine transfection duration, the R9- and X-EGFP was used to transfect
HelLa cells; the penetration of those proteins was captured by a confocal microscope
every 3 min until 12 h. The results found that R9-EGFP started to penetrate most cells in
a time-dependent manner (Figure 24). Moreover, we expanded the transfection duration
to compare transfection efficiency between R9- and Xentry-EGFP, the results found that
at 72 h post-transfection X-EGFP can translocate into cells more than using R9-EGFP
(Figure 25). We also compared transfection system in Hanks’ Balanced Salt solution
(HBSS) buffer and DMEM and found that both of R9-EGFP and X-EGFP can translocate
into cells in HBSS buffer better than in DMEM (Figure 26). Consequently, we decided to
transfect our engineer proteins in HBSS buffer for 24 h after that HBSS was removed,

DMEM was added. Cells were cultured for 72 h and finally harvested.
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Figure 24 The confocal images showed the translocation of R9-EGFP (green color) in
Hela cells in time-course at 0, 4, 8 and 12 h posttransfection. Hoechst 3332 (blue color)

was used for the nuclei labeled. Scale denotes 20 um.
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CPP-EGFP+Hoechst 33342

CPP-EGFP Merged

R9-EGFP
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Figure 25 The confocal images showed the translocation of CPP-EGFP (green): R9-
EGFP (upper panel) and Xentry-EGFP (lower panel) in Hela cells after transfection for

72 h. Hoechst 3332 (blue) was used for the nuclei labeled. Scale denotes 50 um.
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Figure 26 The confocal images showed the translocation of (A) R9-EGFP and (B) X-
EGFP in HelLa cells by transfection in HBSS buffer (upper panel) compared with
transfection in DMEM (lower panel) for 72 h. Hoechst 3332 (blue color) was used for the

nuclei labeled. Scale denotes 100 um.

2.3 Optimal length of single guided RNA (sgRNA) to induce methylation of
target sites

To determine appropriate sgRNA length to be used for incorporation with CPP-
AGO4 in inducing methylation of target sequences, sgRNA complementary to Alu
sequences at 18, 21 and 25 bp length with or without 5-phosphate were used for
transfection as a previous study reported that 5’-phosphate-siRNA is required to bind at
the MID domain of the AGO2 protein. After 72 h of transfection, cells were harvested to

observe Alu methylation change. The result showed that 18 bp length sgRNA provided
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the highest Alu methylation level among other lengths; however, this was not significant
(Figure 27). Moreover, 5-phosphate was not related to an increase of Alu methylation.

We decided to use 25 bp sgRNA without 5’-phosphate for further experiments.
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Figure 27 Alu methylation level when R9-AGO4 protein was conjugated with different
length of Alu sgRNA, including with or without 5’-phosphate. The experiment was done

in 10 replicates and scale bar represented a standard error (SEM).

3. AGO4 as a master protein regulates human RdDM

3.1 IRS (LINE-1 or Alu)
A. CPP-AGO4-sgRNA increased methylation levels of IRS (LINE-1 and Alu)

To validate the role of AGO4 in human RdDM and to invent a new epigenomic-
editing tool, we engineered the AGO4 protein for in vitro transfection. Due to the AGO
protein was reported to automatically form a complex with single guide RNA (sgRNA)
(50). We initially tried to induce the methylation of Alu or LINE-1 by using Alu or LINE-1
sgRNAs to incorporate with CPP-AGO4. We discovered R9-AGO4-Alu sgRNA increased
Alu methylation significantly, but not LINE-1 methylation (Figure 28A and 28B),
indicating the absence of off-target effects. However, X-AGO4-Alu did not provide an
augmentation of Alu methylation, surprisingly, it non-specifically induced LINE-1

methylation (Figure 28C and 28D).
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Figure 28 Change in Alu methylation level when using (A) R9-AGO4-Alu transfected
Hela cells, by this transfection, it did not induce LINE-1 methylation (B). (C) X-AGO4-Alu
transfection did not affect Alu methylation, but LINE-1 methylation (D). The experiment

was performed in 5 replicates, scale bar represented a standard error (SEM).

Due to the results above, we tried to prove why X-AGO4-Alu did not give rise in
increasing of Alu methylation, even the transfection efficiency of using xentry portion
was better than using R9. As the previous study reported that xentry permeates cells
using syndecan-4, we performed Western blot analysis to check syndecan-4 protein
expression in various cells. The result revealed that syndecan-4 protein expression
found in all cell lines we used with different levels (Figure 29A). However, when we tried
to observe whether xentry-tagged protein can translocate into nucleus in HelLa cells
using Z-stack confocal microscopy images, we found that less percentage of our protein
reside in nucleus (Figure 29B). This might be the reason why methylation levels at

targets did not significantly change.
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Figure 29 Prove of xentry-tagged protein translocation. (A) Expression of syndecan-4
which is xentry-binding protein was observed using Western blot analysis. g-actin was
used as used as a loading control. (B to E) Z-stack images of xentry-EGFP (green
channel), Hoechst (blue channel) and xentry-EGFP residing in nucleus represented in

the overlays of the related green and blue channel images.

According to xentry-tagged protein permeating cells did not provide
impressive results, we were turning to reveal efficiency of using R9-tagged AGO4 with
Alu sgRNA by expanding the experiments in more cell lines. Alu methylation levels were
significantly increased in all cell lines when R9-AGO4-Alu was transfected, but not in its
control counterparts (Figure 30). Moreover, we examined further whether R9-AGO4-

conjugated LINE-1 can alter LINE-1 methylation.
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Figure 30 R9-AGO4-Alu transfection increased Alu methylation level in HelLa, HN31,

HGF and HEK293 cell lines.

In general, hypomethylation of LINE-1 in cancer cells increases LINE-1
transcription, and LINE-1 RNA is involved in cancer development (25). Therefore, we
evaluated if CPP-AGO4-LINE-1 results in these consequences due to LINE-1
methylation. As X-AGO4 did not provide positive results for Alu methylation, we decided
to use only R9-AGO4 for LINE-1 experiments. The results showed that R9-AGO4-LINE-1

transfection elevated LINE-1 methylation with no off-target in Alu methylation (Figure 31A

and 31B).
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Figure 31 Transfection of R9-AGO4-LINE-1 increased LINE-1 methylation (A) but not in
Alu methylation (B). The experiment was performed in 5 replicates, scale bar

represented a standard error (SEM).
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Moreover, an increase of LINE-1 methylation also diminished LINE-1 RNA levels
(Figure 32A). Furthermore, we found that decrease in LINE-1 expression also
contributed to the reduction of Hel.a cell growth observed by the 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay (Figure 32B); marker of proliferation
Ki-67 (MKI67) gene expression (Figure 32C) and cell numbers were observed under

phase-contrast microscopy (Figure 33).
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Figure 32 The increasing of LINE-1 methylation due to R9-AGO4-LINE-1 also resulted in
an alleviation of LINE-1 mRNA (A). Moreover, cells with R9-AGO4-LINE-1 transfection
showed the delay in cell proliferation compared to their control counterparts test by MTT
(B) and MKI67 expression (C). The results were performed in 5 replicates, scale bar

represented a standard error (SEM).
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Figure 33 Transfection of R9-AGO4-LINE-1 delayed in Hela cells proliferation

compared to its control counterparts, observed at 24 h (upper) and 72 h (lower) after

transfection using a phase contrast microscope. Scale denotes 100 pm.

3.1.2 Single gene
A. EML2

Finally, we evaluated whether CPP-AGO4-sgRNA can methylate unique
sequences. We selected EML2 and CCNAT1 for this study. Immediate 3’ to the EML2
transcriptional start site was methylated only in nerve cells and completely unmethylated
in most epithelial cell lines (32). We tried to induce the methylation of EML2 using CPP-
AGO4-EML2 in HeLa and HEK293 cell lines. The results showed that R9-AGO4-EML2
was able to promote EML2 methylation in HeLa and HEK293 cells, while X-AGO4-EML2
could not induce EML2 methylation (Figure 34A and 34B). However, R9-AGO4-EML2
provided a wide range of methylation percentages (Figure 34C). The induction of
methylation of EML2 at CpG dinucleotides complementary to the sgRNA was confirmed
by Sanger sequencing (Figure 34D). Thereafter, we attempted to improve the
transfection method to enhance de novo methylation levels of target genes. Multiple

transfections and dose-dependent protein amount using for transfections were



66

performed; however, these did not ameliorate EML2 methylation level. (Figure 35A).
Additionally, CPP-AGO4-EML2 did not affect the genome-wide methylation observed for

Alu (Figure 35B).
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Figure 34 The increasing of EML2 methylation when (A) R9-AGO4-EML2 was
transfected to Hela cells. (B) However, X-AGO4-EML2 transfection could not augment
EML2 methylation level. (C) R9-AGO4-EML?2 transfection caused EML2 methylation in a
wide range; moreover, EML2 methylation was not observed every time after transfection.
(D and E) The results of EML2 methylation induction were confirmed by sodium bisulfite-

combined Sanger sequencing in HeLa and HEK293 cells, respectively.
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Figure 35 Multiple transfections using R9-AGO4-EML2 were attempted. (A)
Improvement of EML2 methylation levels was found. (B) Higher EML2 methylation
caused by R9-AGO4-EML2 could not lead to off-target Alu methylation. The results were

performed in 5 replicates, scale bar represented a standard error (SEM).

B. CCNA1

The promoter of CCNAT is partially methylated in the C33a cervical cancer cell
line (31). When we induced methylation using R9-AGO4-CCNA1, the results
demonstrated that CCNAT methylation was increased (Figure 36A). Interestingly, the
sense strand sgRNA provided a higher level of CCNAT methylation than the antisense
strand without any off-target effects detected by ALU methylation (Figure 36B), while the
antisense strand sgRNA resulted in a higher level of EML2 methylation than the sense
strand. It is possible that either the sense or antisense strand sgRNA could induce
methylation in complex with the AGO4 protein. Moreover, the methylation level caused
by the R9-AGO4-CCNA1 sense strand also resulted in the repression of CCNAT

expression (Figure 36C).
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Figure 36 Induction of CCNAT promoter methylation by R9-AGO4-CCNA1. (A and B) By
using sense strand CCNAT sgRNA incorporated with R9-AGO4 provided a higher
methylation level of CCNAT than other groups, without off-target of Alu methylation. (C)
Accumulation of CCNA7T methylation resulted in CCNAT7T expression inhibition. The

results were performed in 5 replicates, scale bar represented a standard error (SEM).
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CHAPTER V
DISCUSSION

In this study, we performed several experiments to determine that human AGO4
is a crucial protein in the RADM complex. First, we found AGO protein localization with
DNA methylation. Second, AGO4 overexpression increases |IRS methylation of the
genome and AGO4-bound sequences. Finally, DNA methylation of DNA sequences
homologous to sgRNA was increase when exogenous R9-AGO4 was introduced
implying that the purified R9-AGO4 can be developed further to be used as an

alternative epigenomic editing protein.

Due to our recent publication in bioinformatics study, Pearson correlation
coefficients were used to evaluate the correlation of promoter methylation and the
number of AGO-binding sites. A positive correlation was found for AGO4. Therefore, we
hypothesized that human AGO4 plays a role in RADM. However, this function might be
redundant with other proteins. As the supported evidences were found from chi-square
test of the association of methylation levels and protein-binding sites (Table 1), the
results showed that AGO1 to AGO3 are also statistically significant; however, with lesser
degree of that AGO4. Consequently, we postulated that the function RADM of human
AGO4 might be redundant with other AGO proteins. This may explain why our results
did not show huge significances in methylation changes either endogenous or

exogenous AGO4 overexpression or AGO4 depletion.

In addition to confirm whether AGO4 is involved in RdADM, overexpression of
exogenous AGO4 provided the results that revealed significant relation between AGO4
binding and higher methylation levels of LINE-1 and Alu. Moreover, CPP-AGO4-sgRNA
transfection can specifically promote LINE-1, Alu, EML2 and CCNA7 methylation. Some

of those methylation changes like LINE-1 or CCNAT also contributed to their expression



70

and cell phenotypic changes. Therefore, all data obtained is in good agreement that
AGO4 protein is one of the proteins processed RADM in human cells. However, there

are some points that we would like to draw attention to.

For human CPP-AGO4 protein production, we selected to manipulate our
proteins in Escherichia coli as it provided the high cell density cultures, meaning that we
will obtain high recombinant protein yields in short times. Yet, proteins produced from
this platform are not post-translated (71), the previous studies only found that AGO2
possess phosphorylation for mMRNA binding (72) and sumoylation for control its stability
(73). However, more research in structure of each human AGO protein including AGO4
is desirable before obtaining a definitive answer of human RADM mechanism or to apply
them for epigenomic editing tool. For example, we can engineer only DNA
methyltransferase binding sequences of AGO4 with CPP fusion and use it for specific

methylation induction.

In order to use CPP-AGO4 as an epigenetic editing tool, when R9-EGFP was
transfected to cells, we observed that cells start to die after transfection for 24 h. This
might be the reason why R9-AGO4-LINE-1 or Alu transfection provided just 3 to 5
percent increase in methylation and R9-AGO4-EML2 transfection caused EML2
methylation in wide ranges. However, Alu and LINE-1 account for about a million copy in
human genome (74, 75), change in methylation at 3 to 5 percentage of LINE-1 or Alu is
composed of 30,000 to 50,000 copies. This may be enough to affect human genome
stability or the variable methylation at different LINE-1 or Alu loci may give rise to
different cellular phenotypes (23). For xentry-AGO4-sgRNA, it cannot increase any
methylation status, this might be because our recombinant protein cannot translocate
into nucleus and process RdDM. The most likely explanation of the negative result is
observed from z-stack, most xentry-EGFP resided at cell surface or outside nucleus. To

use xentry-AGO4 as an epigenomic editing tool, nuclear localization sequences (NLS)
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should be engineered into the recombinant protein to ensure that our desired protein will
penetrate to nucleus. Until that time, xentry-AGO4-sgRNA should be exercised again as
well as other cell penetrating peptides should be intensively studied, the one that
causes less harmful to cells and provides the most specific at targets should be

selected.

Epigenomic editing could be beneficial in ex vivo or in vitro therapy. To date,
ZFNs, TALENs, CRISPR-cas9 and Dnmt3a with a catalytically inactive Cas9 have been
developed for future personalized medicine at both the genomic and epigenomic levels
(76-78). CPP-AGO4-sgRNA is different from the other epigenetic editing technology.
While CPP-AGO4-sgRNA used protein transfection, the others used transgenes.
Transgene technology is more effective. Unfortunately, plasmid transfection has a
drawback. Transgene technology can generate an insertion of recombinant DNA into
host genomes that might lead to unwanted mutations (79, 80). Epigenomic editing using
protein transfection tools such as CPP-AGO4 can prevent this unwanted complication.
The CRISPR-cas9 protein complex is 3 times larger than CPP-AGO4 (7, 81). Moreover,
CRISPR-cas9 are not human proteins (81). Therefore, CPP-AGO4 will be a more

appropriate choice for therapies using protein transduction technology in the future.

Additionally, human RdDM complexes should be further explored in detail. In
plants, there are two effector AGO proteins that are involved in RADM, one of which is
AGO4 (82). AGO4/siRNA complexes are selectively transported into the nucleus and
then recruit de novo methylase DRM2 to methylate target DNA (83, 84). As noted
before, DRM2 plays a role in plant RdADM and is an ortholog of human DNMT3, which is
in accordance with the results we obtained showing that AGO4 participates in de novo
methylation. Therefore, the association of RADM effector protein complexes, including
AGO4, each DNMT (DNMT3A/3B, and DNMT1), and other proteins that serve as

transcription factors should be investigated. Another issue that might be a piece of the
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puzzle is that plant RADM is processed by RNA polymerase [V and V (Pol IV and Pol V).
These enzymes have conserved amino acid sequences similar to Pol Il, but their largest
domain is different from Pol Il, suggesting that this domain might have evolved to
function in RADM (85). However, Pol I, Il and Il are present in humans (86), and the
specialized function of Pol involved in RADM should therefore be identified. Moreover,
evidence from S. pombe and human cells showed the presence of AGO1-mediated
heterochromatin formation during transcriptional gene silencing, together with small
RNAs (87, 88); similarly, AGO3 is loaded by piRNAs derived from transposon mRNAs in
Drosophila leading to the hypothesis that AGO3-generating piRNA could play a role in
chromatin formation at transposon loci (89). Thus, it is possible that human AGO1 and
AGO3 could have interrelated effects on the methylation levels of histones and DNA. All
of these observations give rise to one last question that should be addressed: Is there
any interplay between DNA methylation and chromatin modification caused by cohesion
of AGO proteins? Notably, our genome-wide correlation study showed that the
correlation between AGO2 and methylation was far less significant than that of the other
AGO protein; thus AGO2 may not play a role in RADM and may only function in RNA
processes only. Futhermore, a study in mice indicated by generating individual AGO-
deficient cells, each AGO possesses mMiRNA silencing activity. However, AGO2 yielded
the greatest effect (90). Consistent with the results of PR-9 anti-gene transfection in
AGO-depleted cells, AGO2-lacking cells showed the largest decrease in PR-9 gene
expression, while other AGOs had little effect (91). As the greatest quantity of AGO2 was
found in humans, all of these lines of evidence led us to address whether the amount of
AGO protein in cells could be a factor determining the pathway being used for gene

silencing.

DNA methylation plays roles in several processes, such as genomic imprinting,

x-inactivation, cell differentiation, aging and adaptation to the environment. Our genome-
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wide study of colocalization between AGO4 binding and DNA methylation revealed that
human AGO4 methylates DNA located immediately downstream of the TSS. This
location was also identified in our previous tissue-specific DNA methylation study (27),
suggesting that the tissue specificity might be modulated by RADM. However, as AGO4
can also bind both LINEs and SINEs and contribute to the control of gene expression
and prevention of genomic instability (92), other functions of AGO4 should also be

explored.

In summary, human AGO4 plays a role in siRNA-mediated DNA methylation,
implying that RdDM exists in humans and is involved in de novo methylation. Further
studies are needed to observe the roles of RADM in human cells, and this study might

shed light on the use of human AGO4 for future applications in epigenomic therapy.
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