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English Abstract

This research is a continuing study of the research team, which is divided into 4
topics, namely, 1 studying the epigenetic of genome that are related to the aging of
cells, 2 finding cancer markers caused by changes in epigenetic conditions in white
blood cells of cancer patients, 3 development of genetically engineered epigenetic
editing technology, and 4 cell molecular biology studies in general.
1 To study the epigenetic of genome that are related to cell aging, the researchers
studied the reduction of Alu methylation in diabetic patients to confirm that the reduction
of Alu methylation may result in deterioration of the body. After that, the research team
increased Alu methylation in cells in vitro with Alu siRNA. The cells that were increased
in Alu methylation had less DNA damage. This study was the first study to prove that
the reduction of DNA methylation causes DNA damage, resulting in cell degeneration
and aging cells. Moreover this study also gives hope to be able to correct the aging of
cells as well. In order to find a mechanism to increase DNA damage in cells with
reduced DNA methylation, the research team proved that replication independent
endogenous DNA double strand breaks (RIND-EDSBs) that the research team reported
in 2008 were indeed an epigenetic condition that protects the stability of genome in
young cells. All these studies open a new door of knowledge and understanding of
aging cells especially the pathogenesis of non-communicable diseases in older people
or NCDs and is a hope for the production of elixirs to correct the deterioration of the
body in the elderly in the future.
2 The research team is one of the research groups that suggested that the molecular
changes of the white blood cells of cancer patients are a common change even though
the tumor size is small. Therefore, the molecular changes of the white blood cells of
cancer patients should be an indicator of cancer that is highly sensitive. In this grant,
the research team reported this hypothesis in colon and head and neck cancers.
3 The research team initiated the technology to edit the epigenetic conditions by
Argonaute proteins. We studied the role of the Argonaute1 protein in the disrupted
expression of genes that contain mononucleotide A repeats, in which these groups of
genes are often expressed at high level in cancer cells. Moreover, we studied the role
of the Argonaute4 protein in the mechanism of DNA methylation with small RNA in
human cells.
Keywords : epigenetics, epigenetic editing, genetic instability, aging, cancer and cancer
screening
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“Can DNA of the elderly be rejuvenated?”

“Where to be fixed in the genome?”

DNA methylation

7530,

RIND-EDSB

DNA damage

Epigenetics

Apiwat Mutirangura, Chulalongkorn University

Is global hypomethylation a nidus for molecular pathogenesis of age-related
noncommunicable diseases?

Short running title: Global hypomethylation drives age-related NCDs.

Age is the main risk factor for many common noncommunicable diseases (NCDs),
including diabetes mellitus, cancer, cardiovascular disease, osteoporosis and
neurodegeneration.(1) Epigenomic modifications that are altered in the genomes of the
elderly may initiate the cellular pathogenesis mechanism of NCDs.(2) Future medicine
should explore whether reversal of these epigenomic changes will improve the health of

those suffering from age-associated NCDs. Reduction in intersperse repetitive sequence
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(IRS) methylation or global hypomethylation is commonly found in the elderly and
NCDs, including diabetes mellitus, cancer, cardiovascular disease, osteoporosis, and
glaucoma.(3-8) Therefore, exploring whether and how global hypomethylation drives
NCD pathogenesis and whether adding DNA methylation to IRSs improves NCD
phenotypes would be interesting.

Two decades ago, global hypomethylation was proven to facilitate genomic instability
processes or increase the rate of mutation.(9) However, how DNA methylation maintains
genomic stability has not been elucidated. Previously, we found that Alu element
methylation helps prevent DNA damage, an abnormal chemical structure in DNA.(10)
Alu elements are a type of IRS with millions of copies dispersed throughout the human
genome. We found an inverse association between the Alu element methylation level
and DNA damage in white blood cells. When we increased Alu methylation levels in
cultured cells by Alu siRNA, the transfected cells reduced endogenous DNA damage
and improved resistance to DNA damaging agents.(10) Therefore, DNA methylation
plays a role in maintaining genomic stability by preventing DNA damage.

Several lines of evidence suggest that spontaneous accumulation of DNA damage
drives the aging process and NCD phenotypes.(11) For example, pathologic
endogenous DNA double strand breaks (Path-EDSBs) are spontaneously produced and
retained in chronological aging yeast.(12) Path-EDSBs were also detected indirectly as
YH2AX foci in several organs of aging mammals, including humans.(13-16) Oxidative
DNA damage refers to the oxidation of specific bases. 8-Hydroxydeoxyguanosine (8-
OHdG) is increased in cardiovascular patients and patients with diabetes mellitus,
chronic lung disease, osteoporosis, and neurological degeneration.(11) DNA damage
may promote NCD phenotypes by promoting DNA damage repair (DDR) signal
pathways. The role of DDR is to arrest cell cycle progression to allow for DNA repair
and to prevent mutation due to DNA replication errors. However, too much DDR causes
a number of pathogenic processes, including inflammation, metabolic rewiring,
senescence, apoptosis and aging.(17) This may be the reason why the elderly have a
delayed healing process. In addition to increasing Alu methylation and decreasing DNA
damage, Alu siRNA-transfected cells increased cell proliferation.(10) Therefore, an
increase in Alu methylation may reverse aging phenotypes and improve health
conditions in NCD patients.

The molecular mechanism by which DNA methylation decreases DNA damage remains
to be elucidated. Notably, the Alu siRNA experiment suggests that DNA methylation
Atk el
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stabilizes the human genome in a long distance from the methylated sequence. While
Alu siRNA increased Alu methylation levels by only 10%, three-quarters of the
endogenous 8-OHAG disappeared.(10) By rough estimation, DNA methylation of an Alu
locus protected 30 Kb of the human genome. Because this spreading effect does not
harm cells, this modification should not directly interfere with gene expression. | propose
a hypothesis that instead of spreading epigenomic modification or proteins and DNA
interaction, DNA methylation relieves DNA tension and consequently stabilizes the
genome in cis-acting up to several ten thousand base pairs of the genome.(2)

Within the methylated genome, there is a type of lesser-known epigenetic marker that
can relieve DNA tension.(18) These epigenetic markers are physiologic replication
independent endogenous DNA double strand breaks (Phy-RIND-EDSBs).(18-20)
Because Phy-RIND-EDSBs are localized within the hypermethylated genome, global
hypomethylated genomes possessed low levels of Phy-RIND-EDSBs.(18) Even though
Phy-RIND-EDSBs are DSBs, Phy-RIND-EDSBs are epigenetic markers and not DNA
damage lesions. Phy-RIND-EDSBs are found ubiquitously in all cells from yeast to
humans.(18, 19) Phy-RIND-EDSBs are reduced in cells lacking high-mobility group box
(HMGB) proteins and Sir2.(19) This means eukaryotic cells have proteins that produce
or maintain Phy-RIND-EDSBs. Interestingly, in yeast, cell viability correlated very
strongly with Phy-RIND-EDSB levels (r=0.94, p<0.0001).(20) When Phy-RIND-EDSBs
levels decreased, Path-EDSBs were augmented.(20) Therefore, Phy-RIND-EDSBs
possess a physiologic function in maintaining genomic stability of the cells.(20) The role
of Phy-RIND-EDSBs is similar to topoisomerase in that it relieves DNA torsion via
physiologic EDSBs.(19) | hypothesized that Phy-RIND-EDSBs stabilize the genome by
relieving DNA tension similar to tension reduction by gaps left in between rails of a
railway track. Interestingly, Phy-RIND-EDSBs are reduced convincingly with age in
chronological aging yeast.(20) Thus, Phy-RIND-EDSBs can be designated as youth-
associated genomic stabilizing DNA gaps.(2)

In conclusion, the genome of the elderly is hypomethylated. Global hypomethylation
increases genomic instability by increasing DNA damage. Too much DDR will halt the
cell cycle and drive NCD pathogenesis. The increase in Alu methylation by Alu siRNA
resulted in a reduction in DNA damage. Therefore, a technique adding IRS methylation,
such as Alu siRNA transfection, may be useful for treating aging and DNA damage-

associated disease conditions in the future.
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- Thongsroy J, Patchsung M, Mutirangura A. The association between Alu

hypomethylation and severity of type 2 diabetes mellitus. Clin Epigenetics.
2017;9:93.
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BACKGROUND: Cellular senescence due to genomic instability is believed to be one of

the mechanisms causing health problems in diabetes mellitus (DM). Low methylation

levels of Alu elements or Alu hypomethylation, an epigenomic event causing genomic

instability, were commonly found in aging people and patients with aging phenotypes,

such as osteoporosis.

RESULTS: We investigate Alu methylation levels of white blood cells of type 2 DM, pre-

DM, and control. The DM group possess the lowest Alu methylation (P < 0.001, P <

0.0001 adjusted age). In the DM group, Alu hypomethylation is directly correlated with

high fasting blood sugar, HbA1C, and blood pressure.

CONCLUSION: Genome-wide hypomethylation may be one of the underlining

mechanisms causing genomic instability in type 2 DM. Moreover, Alu methylation levels

may be a useful biomarker for monitoring cellular senescence in type 2 DM patients.

doananzgIn ldnasauidungumiialuilunvanaaddin Alu siRNA WAENAN DAY
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- Patchsung M, Settayanon S, Pongpanich M, Mutirangura D, Jintarith P,

Mutirangura A. Alu siRNA to increase Alu element methylation and prevent DNA
damage. Epigenomics. 2018;10(2):175-85.

LLamgﬂwamu’iﬁ'ﬂﬁ@”ﬂf:

Global DNA hypomethylation promoting genomic instability leads to cancer and

deterioration of human health with age.

AIM: To invent a biotechnology that can reprogram this process.

METHODS: We used Alu siRNA to direct Alu interspersed repetitive sequences

methylation in human cells. We evaluated the correlation between DNA damage and

Alu methylation levels.
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RESULTS: We observed an inverse correlation between Alu element methylation and
endogenous DNA damage in white blood cells. Cells transfected with Alu siRNA
exhibited high Alu methylation levels, increased proliferation, reduced endogenous DNA
damage and improved resistance to DNA damaging agents.

CONCLUSION: Alu methylation stabilizes the genome by preventing accumulation of
DNA damage. Alu siRNA could be useful for evaluating reprograming of the global
hypomethylation phenotype in cancer and aging cells.
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Welcome to the 11th volume of Epigenomics
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Foreword by Lucy Chard: Wekome to the 11th volume of Epigenomics. | would like to take this opportu-
nity to wish all of our readers a Happy New Year. In this Foreword, | shall be taking a look back at some
of the journal highlights of 2018,

Over the past year, we have seen some great strides In the development of epigenetics for medical
applications. However, this advancing field, while niche, still needs to overcome a number of obstacles
before we see a more widespread application of this technology. It has been a privilege for Epigenomics
to publish work In this fascinating field, which continues to be of the highest quality.
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ﬂ’ﬁﬁﬂ‘lﬁ@iamlﬂumsﬁg%ﬁ’h replication independent endogenous DNA double
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strand breaks w3a RIND-EDSBs famziidudunuuazmenuaiiusniull 2008 7
Nucleic Acids Res. 2008;36(11):3667-75. WH11339ua2t0% epigenetic marks N&ALY

gmsvdasiunnulisiosvasiluuiedosiuanusrweses i HaRNwa
Thongsroy J, Patchsung M, Pongpanich M, Settayanon S, Mutirangura A. Reduction in
replication-independent endogenous DNA double-strand breaks promotes genomic
instability during chronological aging in yeast. FASEB J. 2018:fj201800218RR. I@mﬁ'
The FASEB Journal lunssnsandayluszdts Tier 1. aqunasmisvldasit

The mechanism that causes genomic instability in nondividing aging cells is unknown.
Our previous study of mutant yeast suggested that 2 types of replication-independent
endogenous DNA double-strand breaks (RIND-EDSBs) exist and that they play
opposing roles. The first type, known as physiologic RIND-EDSBs, were ubiquitous in
the GO phase of both yeast and human cells in certain genomic locations and may act
as epigenetic markers. Low RIND-EDSB levels were found in mutants that lacked

chromatin-condensing proteins, such as the high-mobility group box (HMGB) proteins
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and Sir2. The second type is referred to as pathologic RIND-EDSBs. High pathological
RIND-EDSB levels were found in DSB repair mutants. Under normal physiologic
conditions, these excess RIND-EDSBs are repaired in much the same way as DNA
lesions. Here, chronological aging in yeast reduced physiological RIND-EDSBs and cell
viability. A strong correlation was observed between the reduction in RIND-EDSBs and
viability in aging yeast cells ( r = 0.94, P < 0.0001). We used galactose-inducible HO
endonuclease (HO) and nhp6a, an HMGB protein mutant, to evaluate the
consequences of reduced physiological RIND-EDSB levels. The HO-induced cells
exhibited a sustained reduction in RIND-EDSBs at various levels for several days.
Interestingly, we found that lower physiologic RIND-EDSB levels resulted in decreased
cell viability ( r = 0.69, P < 0.0001). Treatment with caffeine, a DSB repair inhibitor,
increased pathological RIND-EDSBs, which were distinguished from physiologic RIND-
EDSBs by their lack of sequences prior to DSB in untreated cells [odds ratio (OR) </=1].
Caffeine treatment in both the HO-induced and nhp6a cells markedly increased OR
</=1 breaks. Therefore, physiological RIND-EDSBs play an epigenetic role in preventing
pathological RIND-EDSBs, a type of DNA damage. In summary, the reduction of
physiological RIND-EDSB level is a genomic instability mechanism in chronologically
aging cells.-Thongsroy, J., Patchsung, M., Pongpanich, M., Settayanon, S., Mutirangura,
A. Reduction in replication-independent endogenous DNA double-strand breaks
promotes genomic instability during chronological aging in yeast.
ﬂmzﬁ‘ﬁsﬂ'\‘i"L@TﬁﬂmiﬁﬂMﬂa"l,ﬂmmmma:wudwmm"l,&iLaﬁzmlaﬁiuwlumaa’ﬁmw
wdrnuNiudsEAnEmwmstenuauiiSuaianas NuIsuRaRNAR
- Pongpanich M, Patchsung M, Mutirangura A. Pathologic Replication-
Independent Endogenous DNA Double-Strand Breaks Repair Defect in
Chronological Aging Yeast. Front Genet. 2018;9:501. LLaxaﬁaﬂNamuﬁ‘ﬂvLﬁ/@vdfz
Reduction of physiologic replication-independent endogenous DNA double strand breaks
(Phy-RIND-EDSBSs) in chronological aging yeast increases pathologic RIND-EDSBs
(Path-RIND-EDSBs). Path-RIND-EDSBs can occur spontaneously in non-dividing cells
without any inductive agents, and they must be repaired immediately otherwise their
accumulation can lead to senescence. If yeasts have DSB repair defect, retention of
Path-RIND-EDSBs can be found. Previously, we found that Path-RIND-EDSBs are not
only produced but also retained in chronological aging yeast. Here, we evaluated if
chronological aging yeasts have a DSB repair defect. We found a significant

accumulation of Path-RIND-EDSBs around the same level in aging cells and caffeine
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treated cells and at a much higher level in the DSB repair mutant cells. Especially in the
mutant, some unknown sequence was found inserted at the breaks. In addition, %
difference of cell viability between HO induced and non-induced cells was significantly
greater in aging cells. Our results suggested that RIND-EDSBs repair efficiency
declines, but is not absent, in chronological aging yeast which might promote
senescence phenotype. When a repair protein is deficient, an alternative pathway might
be employed or an end modification process might occur as inserted sequences at the
breaks were observed. Restoring repair defects might slow down the deterioration of
cells from chronological aging.
mu%‘vﬂﬁwu@vL@TagﬂLLa:Lﬁﬂmflu Textbook 71 Epigenetics
- A Hypothesis to Explain How the DNA of Elderly People Is Prone to Damage:
Genome-Wide Hypomethylation Drives Genomic Instability in the Elderly by
Reducing Youth-Associated Gnome-Stabilizihg DNA Gaps By Apiwat
Mutirangura Submitted: September 20th 2018 Reviewed: December 7th 2018
Published: December 31st 2018 DOI: 10.5772/intechopen.83372
Epigenetic changes are how the DNA of elderly people is prone to damage. One role of
DNA methylation is to prevent DNA damage. In the elderly and those with aging-
associated noncommunicable diseases (NCDs), DNA shows reduced methylation;
consequently, the aging genome is unstable and accumulates DNA damage. While the
DNA damage response (DDR) of the direct intracellular machinery repairs DNA lesions,
too much DDR halts cell proliferation, and promotes senescence. Therefore, genome-
wide hypomethylation drives genomic instability, causing aging-associated disease
phenotypes. However, the mechanism is unknown. Independent of DNA replication, the
eukaryotic genome retains a certain amount of endogenous DNA double-strand breaks
(EDSBs), called physiologic replication-independent EDSBs (Phy-RIND-EDSBs), that
possess physiological function. Phy-RIND-EDSBs are reduced in aging yeast, and low
levels of Phy-RIND-EDSBs decrease cell viability and increase DNA damage. Thus,
Phy-RIND-EDSBs have a biological role as youth-associated genomic-stabilizing DNA
gaps. In humans, Phy-RIND-EDSBs are located in the hypermethylated genome.
Because the genomes of aging people are hypomethylated, the elderly should also
have a low level of Phy-RIND-EDSBs. Based on this evidence, | hypothesize that in the
human Phy-RIND-EDSBs, reduction is a molecular process that mediates the genome-
wide hypomethylation driving genomic instability, which is a nidus pathogenesis

mechanism of human body deterioration in aging-associated NCDs.
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OBJECTIVE: Alteration of long interspersed element-1 (LINE-1) methylation in
peripheral blood mononuclear cells (PBMCs) has been simultaneously activated to
breast carcinogenesis due to its secretion. To evaluate the effect in head and neck
squamous cell carcinoma (HNSCC), LINE-1 methylation levels and patterns have been
measured both in vitro and in vivo.

METHODS: Analysis of LINE-1 methylation in cocultured models between HNSCC cell
lines and normal PBMCs was performed. The observation of PBMCs of HNSCC
patients compared to PBMCs of normal controls was performed using the
semiquantitative combined bisulfite restriction analysis technique.

RESULTS: Downregulation of LINE-1 methylation was significantly found in the PBMCs
cocultured with all HNSCC cell lines compared to normal PBMCs. Likewise, a reduction
in LINE-1 methylation levels was observed in PBMCs of HNSCC compared to normal
PBMCs (p < 0.0001). Receiver operating characteristic analysis demonstrated the
potential of the unmethylated alleles ((u) C(u) C) of LINE-1 for distinguishing the PBMCs
of HNSCC patients from normal controls with 100% sensitivity and specificity.
CONCLUSION: Our data supported that the alteration of LINE-1 methylation levels in
PBMCs was influenced by HNSCC secretions. Moreover, the unmethylated LINE-1
allele of PBMCs was proved to be an effective tumor marker and possesses a potential

as HNSCC diagnostic tool.

HRUERIRIT0IN & WISBiaANRT
- Boonsongserm P, Angsuwatcharakon P, Puttipanyalears C, Aporntewan C,
Kongruttanachok N, Aksornkitti V, Kitkumthorn N, Mutirangura A:
Tumor-induced DNA methylation in the white blood cells of patients with

colorectal cancer. Oncology Letters https://doi.org/10.3892/0l.2019.10638

LLazagﬂwamu%'sl"L@T@”aﬁ

The secretions of cancer cells alter epigenetic regulation in cancer stromal cells. The
present study investigated the methylation changes in white blood cells (WBCs) caused
by the secretions of colorectal cancer (CRC) cells. Changes in the DNA methylation of
peripheral blood mononuclear cells (PBMCs) from normal individuals co-cultured with
CRC cells were estimated using a methylation microarray. These changes were then
compared against the DNA methylation changes and mRNA levels observed in the
WBCs of patients with CRC. Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1

(PLOD1) and matrix metalloproteinase 9 (MMP9) were selected to assess the DNA
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https://doi.org/10.3892/ol.2019.10638

methylation of the WBCs from CRC patients using real-time methylation-specific PCR.
The majority of the genes analyzed presented high levels of mRNA in the WBCs of the
patients with CRC and DNA methylation in the co-cultured PBMCs. Intragenic
methylation revealed the strongest association (P=8.52x10-21). For validation, MMP9
and PLOD1 were selected and used to test WBCs from 32 patients with CRC and 57
normal controls. The intragenic MMP9 methylation was commonly found (P<0.0001)
with high sensitivity (90.63%) and high specificity (96.49%), and a positive predictive
value of 93.33% and a negative predictive value of 93.22%. PLOD1 methylation was
revealed to have lower sensitivity (30.00%) but higher specificity (97.92%). In addition to
circulating WBCs, MMP9 protein expression was observed in infiltrating WBCs and the
metastatic lymph nodes of patients with CRC. In conclusion, CRC cells secrete factors
that induce genome wide DNA methylation changes in the WBCs of patients with CRC.
These changes, including intragenic MMP9 methylation in WBCs, are promising CRC
biomarkers to be tested in future CRC screening studies.
wananitwisuluiateiiianstasin o Saslaun
- qmﬂ@aaumsmnmﬁa%’o”ﬁimﬁ@Lﬁaqﬁfamméﬁmﬁﬁmﬁamn lagAamzinng
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Epigenomic editing
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- Pin-On P, Aporntewan C, Siriluksana J, Bhummaphan N, Chanvorachote P,
Mutirangura A: Targeting high transcriptional control activity of long
mononucleotide A-T repeats in cancer by Argonaute 1. Gene 2019, 699:54-61.
nuispilldansntiasudad
- msw"’wmLmeﬂ‘v\ﬂummﬂLwiaam’s:mﬁaw”uqnﬁmaa'?i"[uwl,ﬁaa%”wﬁul,l,uu
p13nwlanusi59a2835 CPP-AGO1-U21
LLazagﬂwaaﬁuﬁﬁ'ﬂvL@T@?f:
Epigenetic regulatory changes alter the gene regulation function of DNA repeat
elements in cancer and consequently promote malignant phenotypes. Some short
tandem repeat sequences, distributed throughout the human genome, can play a role
as cis-regulatory elements of the genes. Distributions of tandem long (>/=10) and short
(<10) A-T repeats in the genome are different depending on gene functions. Long
repeats are more commonly found in housekeeping genes and may regulate genes in
harmonious fashion. Mononucleotide A-repeats around transcription start sites interact
with Argonaute proteins (AGOs) to regulate gene expression. miRNA-bound AGO
alterations in cancer have been reported; consequently, these changes would affect
genes containing mononucleotide A- and T-repeats. Here, we showed an
unprecedented hallmark of gene regulation in cancer. We evaluated the gene
expression profiles reported in the Gene Expression Omnibus and found a high density
of 13-27 A-T repeats in the up-regulated genes in malignancies derived from the
bladder, cervix, head and neck, ovary, vulva, breast, colon, liver, lung, prostate, kidney,
thyroid, adrenal gland, bone, blood cells, muscle and brain. Transfection of cell-
penetrating protein tag AGO1 containing poly uracils (CPP-AGO1-polyUs) to the lung
cancer cell lines altered gene regulation depending on the presence of long A-T
repeats. CPP-AGO1-polyUs limited cell proliferation and the ability of a cancer cell to
grow into a colony in lung cancer cell lines. In conclusion, long A-T repeats up-regulated
Atk el
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many genes in cancer that can be targeted by AGO1 to change the expression of many

genes and limited cancer growth.

MIANBUNLINUNLINVBILUIAY Argonauted TunalnnsL@is DNA methylation @3¢
small RNA luLsﬁa5maau1¢mﬁom’ia”sﬁﬁﬂuﬁﬁ
- Chalertpet K, Pin-on P, Aporntewan C, Patchsung M, Ingrungruanglert P,
Israsena N, Mutirangura A: Argonaute 4 as an Effector Protein in RNA-Directed
DNA Methylation in Human Cells. Front. Genet., 04 July 2019 |
https://doi.org/10.3389/fgene.2019.00645

LLazagﬂwamuiﬁTﬂVlﬁT@”\iﬁ

DNA methylation of specific genome locations contributes to the distinct functions of
multicellular organisms. DNA methylation can be governed by RNA-dependent DNA
methylation (RADM). RdDM is carried out by endogenous small-RNA-guided epigenomic
editing complexes that add a methyl group to a precise DNA location. In plants, the
Argonaute 4 (AGO4) protein is one of the main catalytic components involved in RADM.
Although small interfering RNA or short hairpin RNA has been shown to be able to
guide DNA methylation in human cells, AGO protein-regulated RdDM in humans has
not yet been evaluated. This study aimed to identify a key regulatory AGO protein
involved in human RdDM by bioinformatics and to explore its function in RdDM by a
combination of AGO4 knockdown, Alu small interfering RNA transfection, AGO4-
expressing plasmid transfection, chromatin immunoprecipitation, cell-penetrating
peptide-tagged AGO4 combined Alu single-guide RNA transfection, and methylation
analyses. We found that first, human AGO4 showed stronger genome-wide association
with  DNA methylation than AGO1-AGO3. Second, endogenous AGO4 depletion
demethylated DNA of known AGO4 bound loci. Finally, exogenous AGO4 de novo
methylated the bound DNA sequences. Therefore, we discovered that AGO4 plays a

role in human RdDM.
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