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Abstract 
 
Endogenous retroviruses (ERVs) are found in genomes of all higher eukaryotes. As 

retrotransposition is deleterious, pathways have evolved to repress these retroelements. While 

DNA methylation transcriptionally represses ERVs in differentiated cells, this epigenetic mark 

is dispensable for maintaining proviral silencing during early stages of mouse embryogenesis 

and in embryonic stem cells (mESCs). Studies in diverse species have found histone H3K9 

methylation and DNA methylation to function together to repress retrotransposons. However, 

until recently, little was known about the role of this histone modification in proviral silencing in 

mESCs. Interestingly, our analysis of mESCs lacking G9a, an H3K9-specific lysine 

methyltransferase (KMTase) revealed that although ERVs lost H3K9 di-methylation (me2) and 

DNA methylation, they remained silent. Strikingly, the levels of H3K9 tri-methylation (me3) 

remained unaltered, suggesting that this mark may instead be responsible for maintaining these 

parasitic elements transcriptionally inactive.  

 The first stage of my research focused on identifying the enzyme depositing H3K9me3 

at ERVs and on determining its role in proviral silencing. I discovered that Setdb1, another 

H3K9-specific KMTase, was indeed depositing H3K9me3 at a subset of ERVs and was required 

for maintaining transcriptional repression. Interestingly, this silencing pathway operated 

independently of DNA methylation. Through collaboration, we also discovered that this 

pathway played a diminished role in differentiated cells. Taken together, these findings indicate 

the existence of a DNA methylation-independent proviral silencing pathway in mESCs.  

 The second stage of my research focused on the establishment of transcriptional 

repression of newly integrated proviruses. By employing an exogenous retroviral construct, I 

discovered a dramatic silencing defect in mESCs lacking G9a, which phenocopied cells depleted 
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of the de novo DNA methyltransferases. Furthermore, efficient DNA methylation of proviruses 

required G9a-mediated H3K9me2. These findings reveal that histone modifications and DNA 

methylation function in concert to defend the genome against invading retroviral elements in 

mESCs.   

Taken together with discoveries regarding the mechanism of DNA demethylation in 

early embryos, I propose that cells undergoing DNA methylation reprogramming predominantly 

employ histone modification-based pathways to maintain these parasitic elements in a silent 

state; however, the establishment of transcriptional repression for newly integrated elements also 

requires de novo DNA methylation.   
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1.1 Endogenous retroviruses 

Transposable elements have colonized the genomes of all higher eukaryotes. They are 

vastly diverse in sequence and constitute significant fractions of host genomes. These 

repetitive elements can be divided into DNA transposons and retrotransposons. The latter 

replicates through reverse transposition and amplify via a “copy-and-paste” process. 

Retrotransposons are further subdivided into non-long terminal repeat (LTR) 

retrotransposons and LTR retrotransposons. Non-LTR retrotransposons include the long 

interspersed nuclear elements (LINE) and short interspersed nuclear elements (SINE) and 

are the most abundant elements in mammalian genomes. LTR retrotransposons, including 

endogenous retroviruses (ERVs), constitute approximately 8 and 10% of the human and 

mouse genome, respectively [1, 2] and are divided into three classes, which will be 

described in greater detail below [3]. Retrotransposition of a subset of ERVs is 

responsible for up to 10% of all spontaneous mutations in mice [4] and therefore can 

have detrimental effects on the host fitness.  

 

1.1.1 Proviral structure and lifecycle 

ERVs are relics of exogenous retroviruses (XRV) that have infected and integrated into 

the host germ line and became “endogenized”. They can transmit vertically to offspring 

or horizontally to neighboring cells via production of infectious particles [5-7]. Upon 

integration, the retroviral element is known as a provirus and is treated as a part of the 

host genome. The provirus contains 5’ and 3’ LTRs flanking the retroviral genes: gag, 

pro, pol and env (Illustration 1). The gag gene encodes for the group specific antigen 
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proteins, which include the viral matrix, capsid and nucleoproteins. The pro gene encodes 

the protease, which functions to cleave the gag polyprotein precursor. The pol gene 

encodes the reverse transcriptase and integrase proteins and the env gene encodes the 

surface glycoproteins and transmembrane polyproteins. The group antigen proteins are 

the structural components of the retroviral particle, consisting of the RNA genome 

binding proteins and core nucleoproteins. The reverse transcriptase is an RNA-dependent 

DNA polymerase and possesses RNase H activity required during retrotransposition. The 

integrase protein introduces breaks in the host chromosomal DNA to mediate integration 

of proviral DNA into the genome. These enzymes are essential for the reverse 

transcription and integration process and in turn, the amplification of the provirus. The 

envelop proteins are the surface proteins that bind to host receptors on the cell membrane 

and therefore determine the range of host cells the retrovirus is able to infect (viral 

tropism). In addition to the retroviral genes, the provirus also contains the primer-binding 

site (PBS) and the poly-purine tract (PPT), which play essential functions in the 

retrotransposition and transcription of the element respectively [8]. The flanking LTRs 

contain the U5 (unique to 5’ end), R (repeated sequence) and U3 (unique to 3’ end) 

sequences, which are necessary for regulation of proviral transcription. Throughout 

evolution, many ERVs in mammalian genomes have acquired mutations where segments 

of the provirus may be duplicated or deleted. In fact, various ERV classes lack the gag-

pro-pol-env retroviral genes and thousands are even reduced to solitary LTRs [9].  
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Illustration 1. The structure of an integrated provirus (not to scale). 5’ and 3’ long 
terminal repeats (LTR) flank the primer binding site (PBS) and retroviral genes. The gag 
encodes for the matrix proteins, capsid proteins and nucleoproteins. The pro gene 
encodes for the protease. The pol gene encodes for the reverse transcriptase and integrase 
enzymes. The env gene encodes for the surface and transmembrane glycoproteins  

  

In order for retroviruses to propagate and expand, they must replicate through 

retrotransposition. For XRVs or ERVs capable of producing functional retroviral 

particles, the glycoproteins of the virion bind to the host cell membrane receptors leading 

to fusion of the membranes, allowing the viral RNA genome entry into the cytoplasm. 

The viral genome then reverse transcribes into a double stranded DNA copy (Illustration 

2). The DNA is transported to the nucleus where the integrase protein introduces double 

stranded breaks, facilitating the integration of viral DNA into the host genome. Upon 

integration, the provirus becomes a part of the host cell’s genome and is transcribed by 

endogenous RNA polymerase II and replicated along with the host chromosomes by the 

cellular machinery. The resulting transcripts are capped at the 5’ end and polyadenylated 

and therefore behave as do the host mRNAs.  
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Illustration 2. Process of reverse transcription. (I) The retroviral PBS is recognized by 
host complementary tRNA molecules that function as a primer for extension, catalyzed 
by reverse transcriptase using the viral RNA genome (yellow) as template. (II) Viral R 
and U5 sequences are degraded by RNase H. (III) The newly generated DNA (green) 
hybridizes to the 3’ LTR of the RNA and primes the extension through the viral 
sequence. (IV) RNase H removes most of viral genome and the remaining RNA sequence 
is used as primer for extension towards the 3’ tRNA end. (V) The tRNA is removed 
along with remaining hybridized RNA. The newly generated strand hybridizes to 
complementary PBS sequence. (VI) Extension of both strands completes production of a 
double stranded DNA molecule of the proviral genome. 

       

As previously mentioned, ERVs are the descendants of XRVs, which entered the 

germ line of hosts. Through evolution, many proviral elements have lost their viral gene 



 6 

sequences and/or their capacity for transcription, possibly due to non-homologous 

recombination between proviral copies and accumulation of mutations in the 

promoter/enhancer sequences respectively. Therefore these ERVs may be incapable of 

retrotransposition. In contrast, others ERVs are capable of producing full-length 

transcripts containing all the viral genes and thus can retrotranspose. A few elements are 

even able to form virions capable of infecting neighboring cells.  Interestingly, subsets of 

ERVs have accumulated mutations that enhance their capacity for intracellular 

retrotransposition, facilitating amplification to high copy numbers [10].    

 

1.1.2 Mouse endogenous retrovirus 

In the mouse, ERVs comprise ~10% of the genome and their reverse transposition 

activity have been reported to account for 10% of all spontaneous germ line mutations [1, 

4]. These retroelements are divided into three classes based on the sequence of their pol 

genes and range greatly in copy number from several to tens of thousands of copies per 

genome [8]. They also vary between different mouse strains, as some elements are more 

prevalent in one strain versus another [9].  

Class I endogenous retroviruses/gammaretroviruses are classified as type C based 

on virion morphology [11] and constitute ~0.7% of the mouse genome [1]. Members of 

this ERV class are grouped together based on their similarity to the Moloney Murine 

Leukemia Virus (MoMLV or MLV) [8], which was identified in leukemic cells of the 

AKR mutant mouse strain [12, 13]. MLV integration into the mouse germ line dates to 

approximately 1.5 million years ago and is relatively “younger” than members of the 
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other classes of ERVs [14]. Vectors based on the MLV XRVs have been extensively used 

in molecular biology and also in gene therapy trials [15-18]. Depending on the mouse 

strain, there are 25 to 70 copies of MLV elements in the genome [8, 14]. Class I ERVs 

are further subdivided based on their range of target host cells, as determined by the env 

gene sequence. A few members of this class, such as GLN, have the capacity to produce 

functional virions [8, 19].  

Class II ERVs/betaretroviruses are classified as Type B and D based on their viral 

particle morphology[20] and comprise of ~3% of the mouse genome [1]. This class 

consists of many more members capable of producing functional retroviral particles as 

compared to class I [21, 22]. Class II ERVs show some sequence similarity to the Mouse 

Mammary Tumor Virus (MMTV) [8], first identified as a factor capable of causing 

mammary cancers in mice, manifesting in vertical transmission from mother to offspring 

via viral particles released into the milk [23]. Another member of this class includes the 

well-studied non-infectious family of Intracisternal A Particles (IAPs) [24, 25], which is 

present in approximately 2000 copies in the mouse genome [9]. Other class II ERVs 

include MusD and the closely related Early Transposon (ETn) elements, which lack the 

retroviral genes but utilize the gene products of MusD elements to retrotranspose [26, 

27]. The LTR sequences of these two families are virtually identical and are present at a 

combined ~400 copies in the mouse genome [9]. MusD are among the previously 

mentioned subsets of ERVs that contain mutations in the gag gene, allowing for 

intracellular maturation of virions and thus enhance their ability to retrotranspose within 

the host cell [10].  

Class III ERVs, also known as spumavirus-like elements, are the most numerous 
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of all three ERV classes, comprising of ~5.4% of the mouse genome [1]. These elements 

consist largely of Murine ERV-L (MERV-L) [28] and the non-autonomous MaLR 

elements [29], the latter of which is the most abundant ERV family in the mouse genome. 

These retroelements are relatively old and members are found in all placental mammals 

indicating their integration at more than 70 million years ago [28]. Class III ERVs are 

amongst the most transcriptionally active [4] and some elements have even been co-opted 

by the host for use as promoters during specific stages of early embryogenesis [30, 31]. 

 

1.1.3 ERV expression in mouse and role of ERVs in development  

Given the possible detrimental consequences of ERV retrotransposition, which will be 

further discussed below, the host cells must tightly regulate the transcription of these 

elements. Interestingly, unlike most differentiated cell types, particular families of ERVs 

are expressed in cells of the early embryo and placenta [31-34]. As such elements have a 

greater chance to amplify and integrate into the germ line, they have the highest copy 

numbers. Amongst the most active ERVs are the IAP and MusD/ETn elements [24, 33, 

35, 36]. IAP expression has been observed in several mouse tumors and cell lines [25] 

and ETn expression in undifferentiated embryonic carcinoma (EC) and embryonic stem 

cells (ESCs) [35, 37].  Both families are highly expressed during early embryogenesis, 

but are silenced as development progresses.  

Interestingly, Peaston et al. discovered that class III ERVs such as Mouse 

Transposons A (MTA) and MERV-L have been co-opted to affect the expression of 

endogenous genes during early stages of mouse embryonic development [30, 31]. The 



 9 

LTRs of these elements are used as alternative promoters for genes in the oocyte and 

two-cell stages. Many chimaeric transcripts begin from MTA LTRs and splice into 

neighboring genes. Such transcripts disappear by the eight-cell stage, where MTA 

elements are no longer expressed. These findings indicate that the host cells have evolved 

to utilize specific ERV subfamilies at precise developmental periods to direct genic 

transcription profiles by exploiting proviral regulatory sequences.  

 

1.1.4 Mutagenic mechanisms of ERVs 

The aberrant expression of ERVs can cause damage to the host genome through several 

mechanisms including insertion into gene introns leading to premature polyadenylation, 

improper splicing and transcriptional deregulation of nearby genes [4]. ETn elements 

have been reported to most commonly cause aberrant splicing and introduce ectopic 

polyadenylation signal into genes by integrating in introns [4]. Whereas, IAP elements 

have been found to more frequently affect the expression of neighboring genes [4]. For 

instance, in the viable yellow agouti (Avy) mouse model, an IAP element integrated in 

intron 1 of the agouti gene in some mouse strains can function as an alternate promoter 

[38]. Ectopic transcription starts from the IAP cryptic promoter instead of the mouse hair-

cycle specific promoter and expression of the provirus leads to ubiquitous expression of 

the gene, which manifests as a phenotype of altered yellow coat colour and obesity [38]. 

Further illustrating the potentially deleterious effects of deregulation of these elements, 

multiple studies in Drosophila, mice and humans, have reported that upregulation of 

retrotransposons can lead to an increase in double stranded breaks in the genome as 

newly reversed transcribed retroviral DNA are integrated [39-43]. Therefore, 
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transcriptional silencing of ERVs is important for maintaining the integrity of both the 

genome and transcriptome.  

 

1.1.5 Human endogenous retroviruses upregulation in disease  

The upregulation of ERVs has been observed in many human diseases including 

neurological disorders, autoimmune diseases and cancers. Human endogenous 

retroviruses (HERVs) much like their mouse counterparts, constitute a significant 

proportion of the genome (~8%) [2] and their transcriptional states are tightly controlled. 

In neurological disorders such as multiple sclerosis (MS), increased expression of HERV-

W elements is found in autopsied brains of patients and the upregulation in MS plaques 

correlates with increased demyelination and inflammation [44, 45].  

Other studies have found correlations between the production of HERV proteins 

and the pathogenesis of autoimmune disorders such as systemic lupus erythematosus and 

rheumatoid arthritis, potentially via molecular mimicry [46-49]. HERV-E proteins are 

reported to cross-react with human HLA class I proteins resulting in autoimmunity 

against endogenous proteins [46]. HERVs have also been reported to form superantigens 

in autoimmune disease patients. The env proteins of HERV-K18, a MMTV-related 

element [50], interacts with the Vβ chain of T-cell receptors and activate the T-cells in 

autoimmune disorders such as rheumatoid arthritis and type I diabetes [48, 51]. These 

findings demonstrate that the deregulation of HERVs may contribute to immunological 

response observed in specific autoimmune disorders. 

Deregulation of HERVs has also been reported in various cancer types. Studies 
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have found increased transcription of HERVs in multiple cancers and cancer cell lines 

[52]. For example, HERV-K proteins have been detected in melanomas [53], testicular 

germ cell tumors [54] and ovarian cancers [55], whereas HERV-W proteins have been 

found in breast cancers [56], endometrial carcinoma tissues [57] and neuroblastoma cell 

lines [45]. HERV derepression could lead to oncogenesis via several potential 

mechanisms. Proviruses encode oncogenic proteins, possibly resulting from erroneous 

incorporation of host genes into the retroviral genome (oncogene capture). Np9 and Rec 

are two proteins with oncogenic potential, encoded by HERV-K (HML) elements [58, 

59]. Transcripts of these genes are detected specifically in malignant tissue samples [60]. 

HERVs may also induce oncogenesis via inactivation of tumor suppressor genes by 

insertional mutagenesis. HERV-K (HML) elements possess intact retroviral genes and 

could potentially retrotranspose, leading to introduction of mutations. Unlike the other 

diseases described above, although many studies have found HERVs up-regulated in 

cancers, evidence supporting the aforementioned mechanisms of proviral deregulation 

promoting tumorigenesis is lacking.  

A recent study has shed light on this relationship by revealing that the survival of 

malignant cells in Hodgkin’s lymphoma depends on the aberrant expression of the 

colony-stimulating factor 1 receptor (CSF1R) gene, which initiates from the adjacent 

upregulated THE1B element, a MaLR-like HERV [61]. Therefore, the derepression of 

this HERV is directly involved in the pathogenesis of this cancer. Given that derepression 

of ERVs generally has deleterious consequences, it is essential for host cells to employ 

mechanisms for maintaining these intracellular parasites in a silent state.  
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1.2 DNA methylation 

1.2.1 DNA methylation and DNA methyltransferases 

Epigenetic modifications are covalent modifications of DNA or associated proteins that 

affect the expression of genes without altering the underlying coding sequence. Of the 

different epigenetic pathways, DNA methylation is the best-characterized transcriptional 

silencing mechanism and is evolutionarily conserved in a wide range of organisms, 

including fungi, plants and animals. In the context of transcriptional repression, DNA 

methylation involves the catalytic addition of a methyl group to the 5th carbon of the 

cytosine base (5mC). In mammals, methylation occurs mostly in the context of cytosine-

guanine dinucleotides (CpG). In mice, approximately 40% of promoters contain or are 

proximal to regions containing high frequencies of CpGs known as CpG islands [62]. 

However, paradoxically, CpGs within CpG islands generally remain unmethylated, while 

CpGs outside of such islands are typically densely methylated. Methylation patterns are 

maintained during DNA replication and cell divisions and are vital in the regulation of 

gene expression, as well as other important processes such as X chromosome inactivation 

[63] and genomic imprinting [64]. While the enzymes catalyzing DNA methylation, the 

DNA methyltransferases (Dnmts), were cloned and characterized over a decade ago, the 

mechanisms responsible for targeting of the Dnmts to specific genomic regions have yet 

to be elucidated. 

DNA methylation in mammals is established by the de novo Dnmts, Dnmt3a and 

Dnmt3b, and maintained by the maintenance Dnmt, Dnmt1 (Illustration 3). During early 

stages of embryonic and germ line development, new methylation patterns are established 

by Dnmt3a and Dnmt3b, which use unmethylated CpGs as their substrates. These de 
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novo Dnmts are highly expressed in embryos, ESCs and germline cells [65], and are 

essential for establishing methylation patterns in these cells [66]. Dnmt3a and Dnmt3b 

double knockout (DKO) mouse embryos reveal abnormal morphology at E8.5 and E9.5 

as well as embryonic lethality before E11.5 [67]. The mESCs derived from these 

blastocysts show global DNA hypomethylation. Dnmt3l, a related protein with sequence 

homology to Dnmt3a and 3b, lacks catalytic activity, but is essential for de novo 

methylation in the germ line [68]. 

Dnmt1, on the other hand, assures the maintenance of established methylation 

patterns. Dnmt1 is associated with replication foci in S phase [69], where it recognizes 

hemimethylated DNA and methylates the cytosine on the newly synthesized strand. 

Dnmt1 KO embryos die during mid-gestation (before E10.5), indicating its importance in 

embryonic development [70]; whereas Dnmt1 KO mESCs are viable but show severe 

DNA hypomethylation [70].  
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Illustration 3. Structure of the DNA methyltransferases in mice. The maintenance 
Dnmt, Dnmt1 contains a nuclear localization signal (NLS), a replication foci targeting 
sequence, cystine-rich domain and a methyltransferase domain. The de novo Dnmts, 
Dnmt3a and Dnmt3b both have PWWP domain, cystine-rich domains and the catalytic 
methyltransferase domain. Dnmt3l contains the cystine-rich domain but lacks the 
catalytic domain; however, this protein is also necessary for de novo DNA methylation in 
the germ line. 

 

1.2.2 Mechanisms of DNA methylation-mediated silencing 

Two principle mechanisms of DNA methylation-mediated inhibition of gene expression 

have been proposed, including the direct and indirect models. In the direct inhibition 

model, CpG methylation at promoter or enhancer regions inhibits binding of critical 

transcription factors and therefore prevents active transcription. In the indirect model, the 

methylated cytosine is the ligand for binding of recognition proteins such as MeCP2 or 

MBD2, which subsequently recruit Sin3a and NuRD complexes, respectively [71-73]. 

Both complexes contain histone deacetylases (Hdacs), which remove the active 

acetylation mark on histone tails and ultimately lead to chromatin compaction and 

inhibition of transcription. 

 

1.2.3 Role of DNA methylation in ERV silencing 

Dr. Tim Bestor and colleagues have suggested that DNA methylation evolved primarily 

as a defense mechanism against transposable elements [74]. Indeed, in addition to the 

many important regulatory roles that DNA methylation plays in the cell, this mark is 

essential for ERV repression in specific cell types and tissues [75, 76]. In most tissues, 

ERV LTRs are heavily DNA methylated and this mark is required for repression of IAP 

elements in late stage embryos, embryonic fibroblasts (MEFs), neuronal cells and 
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epiblast-derived stem cells [75, 76]. Analysis of Dnmt1 KO mice reveals that null 

embryos die before day E8.5. To allow for further analysis of its role in embryonic 

development Dnmt1N, a targeted Dnmt1 allele was employed, reducing the protein level 

by 95% and the genome-wide DNA methylation down to ~30% of wildtype. These 

mutant embryos survive for an additional two days and embryos at day E9.5 reveal a 50 

to 100-fold upregulation of IAP expression [75]. More recently, another study looked at 

the expression levels of IAP in various cell types in a Dnmt1 KO genetic background 

[76]. A >100-fold increase of IAP transcripts is detected upon differentiation of Dnmt1 

null mESCs. Intriguingly, mESCs devoid of DNA methylation do not show proviral 

silencing defects [76]. This observation will be a central theme in my thesis, as discussed 

below. High levels of IAP mRNA and proteins are detected in Dnmt1 null epiblast 

derived stem cells and also Dnmt1 conditional KO (CKO) MEFs, neurons and glial cells 

[76]. Interestingly, DNA methylation also has a critical function in transcriptional 

silencing of repetitive elements and their relics in filamentous fungi [77] and plants [78], 

indicating evolutionary conservation of defense mechanisms against these retroelements. 

Taken together, these studies illustrate the importance of DNA methylation in ERV 

silencing in various cell types.   

 

1.2.4 DNA methylation reprogramming in development 

During early development in mice, the genome undergoes two waves of DNA 

methylation reprogramming (Illustration 4) [79, 80]. In the first wave, fertilized oocytes 

undergo asymmetrical demethylation, in which the paternal genome becomes rapidly 

demethylated while the maternal genome loses methylation gradually until approximately 
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the morula stage. The genome remains hypomethylated until approximately the 

blastocyst stage where DNA methylation patterns are then re-established [79]. The 

second wave occurs when primordial germ cells (PGCs) migrate into the genital ridge. 

PGCs undergo dramatic DNA methylation reprogramming at ~E11.5-13.5, in preparation 

for germ line development, including establishment of gender-specific DNA methylation 

patterns [81]. The loss and re-establishment of DNA methylation patterns are crucial for 

normal development [80]. Although the kinetics of DNA methylation reprogramming is 

well described, the mechanism responsible for DNA demethylation remains controversial 

[82]. Recently, several different pathways have been characterized, which shed some 

light on the inner workings of this process.  
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Illustration 4. Mouse genome undergoes two waves of DNA methylation 
reprogramming. Soon after fertilization, non-imprinted paternal (blue) and maternal 
(red) genomes undergo asymmetrical global de-methylation. Repetitive elements (grey) 
also become hypomethylated; however, DNA methylation at imprinted genes (green) 
remains unchanged. DNA methylation patterns are re-established at approximately the 
blastocyst stage. The second wave of DNA methylation occurs in primordial germs cells 
as they migrate into the genital ridge (Figure modified from Wu and Zhang [82]).  

 

One such mechanism involves the repair of single stranded breaks by the base 

excision repair pathway (BER). This mechanism has been implicated in active removal of 

5mC from the paternal genome of early stage zygotes and also in PGCs. Studies found 

that deamination of 5mC is catalyzed by the enzymes activation-induced deaminase 

(AID) or apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like protein 

(APOBEC), leading to a transition mutation resulting in a T-G mismatch [83, 84]. In turn, 

the mismatch triggers BER to replace the T with an unmethylated C and thus effectively 

removing the 5mC base. This is supported by the evidence that demethylation of both 

zygote and PGCs are mechanistically linked to the introduction of single stranded DNA 

breaks and activation of BER [85]. However, the function of AID and deamination may 

only be a part of the DNA reprogramming machinery, as PGCs do not express the 

required deaminases in vivo [85]. Thus other DNA demethylation pathways likely exist.  

Recently, the discovery and characterization of the Tet family of proteins have 

provided new insight into the biochemical basis of this process [86]. The three members 

of this family, Tet1, Tet2 and Tet3, all catalyze oxidation reactions converting 5mC to 5-

hydroxylmethyl-cytosine (5hmC) or further oxidation products, including 5-

carboxylcytosine (5caC) [87, 88]. These proteins have been implicated in the DNA 

methylation reprogramming process. Iqbal et al. reported that Tet3 converts 5mC to 
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5hmC in the paternal pronucleus at stages immediately following fertilization and 

proposed that 5hmC is important in the DNA methylation reprogramming process in that 

it is an intermediate between 5mC and unmethylated cytosine [89]. This proposed 

function of Tet proteins is consistent with previous observations that DNA demethylation 

begins soon after fertilization and the genome remains hypomethylated until after the 

blastocyst stage. Intriguingly, Tet1 and Tet2 are expressed at high levels in mESCs [90, 

91] and in blastocysts [92], where 5hmC is relatively abundant. Furthermore, these 

enzymes play an important role in the maintenance of the pluripotent state [90, 93]. 

5hmC may represent an intermediate step in either active or passive pathways leading to 

the loss of DNA methylation [89, 94]. Importantly, unlike 5mC, 5hmC itself is likely to 

be non-repressive, as none of the MBD proteins tested thus far are capable of binding to 

this mark [95, 96]. Thus, Tet proteins, via their catalytic activity, may function in part to 

counteract the repressive function of the de novo Dnmts, which are also highly expressed 

in mESCs [97]. This conjecture is supported by genome-wide studies, which reveal that 

Tet1 and 5hmC are enriched in the promoter regions and gene bodies respectively, of 

many actively transcribing genes [90, 98].  Taken together, it appears multiple pathways 

function in concert during particular stages of early embryonic development to reprogram 

the DNA methylation patterns. Therefore, given the potentially detrimental effects of 

deregulating expression of genes and repetitive elements during these periods, we 

hypothesized that other methods must exist to modulate transcriptional control of 

proviruses. 
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1.3 Chromatin biology 

1.3.1 Covalent histone modifications 

In eukaryotes, nucleosomes form the basic building blocks of chromatin. 147bp of DNA 

is wrapped around core histones and condensed to form chromatin, which allows or 

restricts interactions with various nuclear molecules. Therefore, the regulation of 

chromatin structure is a critical step for transcriptional control. An important mechanism 

for epigenetic regulation of chromatin structure is the post-translational modification of 

histones. Covalent modifications, predominantly of N-terminal histone tails, including 

methylation [99], phosphorylation [100], acetylation [101, 102], ubiquitylation [103] and 

sumoylation [100], promote changes in chromatin state, affecting maintenance of 

genomic integrity and regulation of transcription [104].  

Lysine methylation involves the deposition of one (me1), two (me2) or three 

(me3) methyl groups on the ε-amino group of lysine residues [105]. Lysine methylation 

marks are found at multiple positions on the histone tail, including at H3K4, H3K9, 

H3K27, K3K36, H3K79 and H4K20, which are thought to promote different 

transcriptional states (Illustration 5).  
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Illustration 5. Methylation of lysine residues on histone tails can confer different 
transcriptional states. In mouse, methylation of histone H3K4, H3K36 and H3K79 by 
Ash2l/Wdr5, Ezh2 and Dot1l respectively is correlated with transcriptional activation. 
Contrastingly, methylation of H3K9, H3K27 and H4K20 by Suv39h1/h2, Nsd1 and 
Suv420h1/h2 respectively is correlated with transcriptional repression. Enzymes other 
than the ones indicated above may catalyze covalent histone modifications on the same 
residue.   

 

The focus of my thesis work is on H3K9 methylation, which is generally regarded 

as a mark of transcriptional silencing or heterochromatic regions. Many studies have 

established the enrichment of H3K9me2 and/or H3K9me3 at specific genomic regions, 

including telomeres, satellite repeats, ERVs and imprinted genes [106, 107]. For 

example, Peg13, an imprinted gene, is marked by H3K9me3 on the silent allele and by 

H3K4me3, a modification associated with activation, on the expressed allele, consistent 

with mono-allelic expression pattern [108]. H3K9 methylation is thought to exert a 

repressive effect by creating binding sites for other proteins including members of the 

heterochromatin protein 1 (Hp1) family of repressors. In mammals, there are three Hp1 

isoforms: Hp1α, Hp1β and Hp1γ. They contain chromo domains, which bind to 
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methylated H3K9 and play an important role in H3K9me3-mediated silencing [109-111]. 

Interestingly, a recent study conducted by Dr. Irina Maksakova from the Lorincz lab 

found that in mouse, the transcriptional silencing conferred by H3K9 methylation can 

also occur independently of Hp1 proteins [112]. Thus, it is particularly important to 

identify and understand the enzymes responsible for deposition of these histone marks. 

 

1.3.2 Histone H3K9 methyltransferases 

In mammals, there are six H3K9 specific lysine methyltransferases (KMTases) belonging 

to the Suv39 subfamily of SET domain-containing proteins. Five of these, including: 

Suv39h1/KMT1A, Suv39h2/KMT1B, G9a/KMT1C, Glp/KMT1D and 

Setdb1/KMT1E/ESET are bona fide KMTases. Setdb2/KMT1F, the sixth family 

member, shares sequence homology with Setdb1 but little is known about the activity and 

function of this protein. Members of this subfamily share similarities in protein sequence 

and function. Unlike other KMTases, such as Ezh2 [113] or Suv420h1/h2 [114], which 

deposit H3K27me3 and H4K20me3 respectively, the H3K9 KMTases preferentially 

methylate histone octamers over nucleosomal histones [115-118]. All members contain 

the catalytic SET domain, pre- and post-SET domains, which function to stabilize the 

SET domain in order for efficient deposition of H3K9 methylation (Illustration 6) [104, 

119].  
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Illustration 6. Structure of the Suv39 sub-family of SET domain containing 
KMTases. All members of this sub-family contain the pre-SET, the post-SET and the 
catalytic SET domains. In addition, Suv39h1 and Suv39h2 both contain chromo domains. 
G9a and Glp also contain the 7X and 8X ankryin repeats, respectively. Setdb1 contains 2 
tudor domains, a methyl binding domain (MBD) and a signature bifurcated SET domain, 
containing a large insertion within the catalytic domain (indicated by the black box). 
Setdb2 sequence is highly homologous to Setdb1 and also contains the MBD, the pre-set, 
the post-set and the bifurcated SET domains.    
 

The first H3K9-specific KMTase characterized was identified in a modifier screen 

for the position effect variegation phenotype in Drosophila melanogaster [120]. The 

enzyme was named Suv3-9 and is essential in repression of heterochromatic sequences. 

Its ortholog in fission yeast, Clr4, is necessary for silencing centromeres and mating type 

loci [121], showing an evolutionarily conserved function for this KMTase. The mouse 

orthologs, Suv39h1 and Suv39h2, show high degrees of sequence similarity to one 

another, and are required for the deposition of H3K9me3 at pericentromeric regions, 

including major satellite repeats [122, 123]. Suv39h1 is ubiquitously expressed, whereas 

Suv39h2 is specific to germ line cells and early embryonic cells [122, 123]. KO of both 
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genes leads to dramatically reduced viability [124] and loss of H3K9me3 and DNA 

methylation at pericentric heterochromatin [124-126]. However, DNA methylation 

patterns in euchromatic regions are unaffected, indicating that other Suv39 subfamily 

members may function in other genomic compartments [127]. 

G9a, another H3K9 KMTase, was originally discovered as a gene mapping to the 

human major histocompatibility complex locus [128] and was later characterized as a 

KMTase based on its conserved SET domain sequence [129]. G9a and the closely related 

G9a-like protein (Glp), form a heterodimeric complex and together mono- and di- 

methylate H3K9 [118]. The activity of each protein is dependent upon the presence of the 

other. The G9a/Glp complex is dispersed across euchromatic regions but excluded from 

heterochromatin [130, 131]. In G9a depleted mESCs, H3K9me2 is only found in 

heterochromatic regions, further showing that G9a and Glp are the KMTases that di-

methylate euchromatic regions of the genome [130]. Interestingly, the G9a/Glp complex 

interacts with both maintenance and de novo DNA methyltransferases, suggesting that it 

may act in concert with DNA methylation [132, 133]. G9a and Glp stability also depends 

on their interaction with Wiz, a zinc finger protein [134]. Wiz acts as a bridge between 

G9a/Glp and other proteins such as CtBP, which in turn interacts with Hdac1, Hdac2 and 

Lsd1/Kdm1a among other proteins [134]. Wiz also appears to have DNA binding activity 

and is responsible for recruiting G9a/Glp to particular loci [134]. G9a null mice show 

severe growth and developmental defects, in addition to lethality between day E8.5 and 

E12.5 [130] and G9a-/- mESCs exhibit substantial change in DNA methylation patterns 

coupled with deregulation of many genes [135]. Interestingly, G9a appears to have an 

important role in silencing pluripotency associated genes, as indicated by a reversal of 
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differentiated G9a-/- cells to a pluripotent state [133, 136]. Consistent with this 

observation, MEFs are induced to become pluripotent by treatment with BIX01294, a 

G9a-specific methyltransferase inhibitor [137, 138]. Genome-wide survey of G9a-

mediated H3K9me2 has revealed large domains of this mark across thousands of loci in 

the genome [139]. Taken together, G9a/Glp plays vital roles in epigenetic regulation in 

development. 

Setdb1/ESET, another euchromatic KMTase, contains a bifurcated SET domain, 

capable of depositing one, two or three methyl groups on histone H3K9 [140]. The 

Setdb1 gene was first mapped to human chromosome 1q21, a region commonly 

duplicated in cancers [141]. Previous studies have reported interactions between Setdb1 

and other repressor proteins, including Hp1, Dnmt3a and Kap-1 in various cell types to 

establish H3K9me3-mediated silencing [142, 143]. Kap-1 is a co-repressor protein 

required for transcriptional repression in early embryos [144] and is a member of a 

silencing complex including the KRAB-ZFP protein ZFP809, necessary for silencing of 

MLV retroelements [145]. Co-immunoprecipitation and immunofluorescence 

experiments found that Kap-1 also functions to recruit Setdb1 to specific loci in both 

heterochromatic and euchromatic regions [142, 146, 147]. Setdb1 can also be recruited 

by Mbd1 to form a complex with chromatin assembly factor 1 (Caf1) and is required for 

silencing by H3K9me3 deposition at gene promoter regions [148], indicating the 

presence of multiple mechanisms for recruiting this KMTase to target sequences.  

Setdb1 plays a vital role in early development, as Setdb1 KO mice show 

embryonic lethality between days E3.5 to E5 [149]. Maternal Setdb1 transcripts are 

abundant in oocytes and expression of the zygotic gene is high in blastocysts [149], 
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suggesting that this KMTase may be important in transcriptional regulation during early 

developmental stages. Intriguingly, Drosophila harboring mutations in dSetdb1 show a 

reduction of H3K9me2 and Hp1 binding on chromosome 4, which is particularly 

enriched for heterochromatic sequences, concomitant with chromosome-wide 

transcriptional derepression [150]. These heterozygous mutants (homozygous mutants are 

not viable) also have severe defects in ovarian development in females [151], indicating 

that dSetdb1 is necessary for proper germ cell development [152]. Additionally, met2, the 

ortholog of Setdb1 in Caenorhabditis elegans has been reported to act with Hp1 and the 

NuRD complex for silencing genes essential for proper development [153], suggesting 

that Setdb1 possesses important evolutionarily conserved roles. Taken together, the above 

studies indicate that Setdb1 is an important transcriptional silencer, which is required 

during early embryonic development across species. However, until recently, little was 

known about the role of Setdb1 in ERV silencing. 
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1.4 Interplay between epigenetic mechanisms 

Histone modifications and DNA methylation can act in concert to confer transcriptional 

silencing. This interplay can be found across diverse eukaryotic species.  In Arabidopsis 

thaliana, DNA methylation and H3K9 methylation are tightly coupled for silencing of 

specific genes and repetitive elements. Jackson et al. first identified the H3K9 KMTase 

KRYPTONITE (KYP), later shown to primarily deposit H3K9me2 [78, 154, 155]. 

Intriguingly, KYP mutants phenocopy mutants of the DNMT CHROMOMETHYLASE 3 

(CMT3), which shows a loss of CpNpG trinucleotide methylation, a DNA methylation 

mark found in plants, concomitant with reactivation of endogenous retrotransposons [78]. 

CMT3 interacts directly with the Arabidopsis homolog of Hp1, which binds H3K9me 

marked histones [78]. Thus H3K9me regulates DNA methylation via directing Hp1 

proteins that in turn interact with CMT3. In another study, genome-wide analysis 

confirmed that CMT3 and KYP-mediated DNA methylation and H3K9me mainly target 

transposable elements, which are dispersed through out the genome [156]. Interestingly, 

DNA methylation at constitutive heterochromatin, which is concentrated at 

chromocenters and pericentromeric repeats, is maintained in a distinct fashion, as it 

precedes the deposition of H3K9me [154] and requires DDM1 and MET1, homologs of 

the mammalian LSH and DNMT1, respectively. This indicates that different sequences 

employ distinct combinations of epigenetic pathways and in particular hierarchical orders 

to regulate chromatin structure and in turn transcriptional state. Further supporting this 

idea, another study found that two other KMTases related to KYP, SUV5 and SUV6, 

function with KYP in different combinations to establish DNA methylation and silencing 

at specific loci [157].  
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Another example of histone modifications acting in concert with DNA 

methylation can be found in Neurospora crassa, where the enzyme DIM-5, an H3K9-

specific KMTase, is required for the DNA methylation, normal growth and full fertility 

[77, 158]. DNA methylation in Neurospora crassa is catalyzed by the DNMT DIM-2, 

which requires the catalytic activity of DIM-5 to be maintained, as indicated by the DNA 

methylation defect observed in the DIM-5 mutant strain [77]. The H3K9me3 deposited 

by DIM-5 is recognized and bound by the Neurospora homolog of the HP1 proteins 

[159]. As in Arabidopsis, the HP1 protein in Neurospora is required for DNA 

methylation and is enriched at heterochromatic sequences [159]. HP1 functions as an 

adaptor molecule between the H3K9me3 mark and the DNMT, providing a link between 

the two pathways [159]. The evolutionary conservation of the interplay between these 

epigenetic pathways for repetitive elements silencing demonstrates the general 

importance of protecting the host genome against expansion of these intracellular 

parasites.   
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1.5 Role of epigenetics in proviral silencing in mESCs 

As previously mentioned, DNA methylation has been reported to play essential roles in 

proviral silencing in differentiated cell types and tissues [75]; however, strikingly, during 

stages of development when DNA methylation is reprogrammed, proviral silencing 

functions independently of this epigenetic mark, as a recent study has found that DNA 

methylation is dispensable for proviral silencing in mESCs [76]. Hutnick et al. showed 

that in differentiated cells, DNA methylation plays a vital role in silencing of IAP ERVs, 

the same is not true in mESCs. The authors found no increase in IAP mRNA and protein 

levels in Dnmt1 null, OCT4 positive mESCs. However, a subtle derepression was 

detected in OCT4 and Dnmt1 double negative cells, suggesting that previous studies 

reporting derepression of ERVs in DNA hypomethylated mESCs [160] may have been 

confounded by a sub-population of cells undergoing differentiation. Consistently, Dnmt1 

null mESCs induced to differentiate by withdrawal of leukemia inhibitory factor showed 

a >100-fold upregulation of IAP expression [76]. Also, Dnmt1 conditional knockout 

(CKO) MEFs, neuronal cells and epiblast-derived stem cells all showed de-repression of 

IAP upon Dnmt1 depletion [76]. The authors also eliminated RNA interference-based 

silencing pathway as a candidate mechanism of repressing IAP elements in mESCs by 

demonstrating wildtype levels of IAP in Dnmt1 and Dicer double KO mESCs [76]. These 

findings are consistent with previously reported DNA methylation independent 

mechanism for silencing of introduced exogenous retroviral constructs [161]. Taken 

together, this suggests that during the stage in early embryonic development, from which 

mESCs are derived, proviral silencing is maintained by a DNA methylation independent 
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mechanism; however, until recently, this alternate ERV silencing pathway remained 

elusive.  

Genome-wide studies, including ChIP-seq-based approaches, have revealed the 

enrichment levels of multiple histone modifications across the genome in mESCs [108]. 

Interestingly, class I and II ERV LTR sequences are enriched with H3K9me2 and/or 

H3K9me3 in mESCs [108]. However, the specific KMTases targeting these elements had 

not been identified. As H3K9 methylation is an important silencing mechanism of 

repetitive elements in other organisms including yeast [162], plants [78], filamentous 

fungi [77] and animals [127], we decided to investigate its role on proviral silencing in 

mESCs. Previous studies revealed that deletion of Suv39h1 and Suv39h2 had no effect on 

H3K9 methylation, DNA methylation or expression of MLV and IAP elements [125, 

163]. As the majority of ERVs integrate into euchromatin, we initially focused our 

studies on G9a and its partner Glp, which are widely dispersed in the euchromatic 

compartment [130, 131]. Shinkai and colleagues reported a dramatic decrease of 

H3K9me1 and H3K9me2 coupled with change in expression of ~300-400 genes in 

mESCs when either gene is deleted [135]. However, experiments, which aim to address 

the role of G9a in ERV repression and DNA methylation, had not been conducted.  

We utilized G9a-/- mESCs to investigate the role played by this KMTase in 

deposition of H3K9me2 at proviral elements and on proviral silencing per se. We found 

that G9a is required for the deposition of H3K9me2 and DNA methylation on class I and 

II ERVs (Figure 1A and C) [164]. Surprisingly, although proviruses show substantial 

loss of both of these repressive epigenetic marks, no increase in transcription was 

observed in G9a-/- mESCs (Figure 1B) [164].  
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Dong et al. 2008 
Figure 1. ERVs remain silent despite reduction of DNA methylation and H3K9me2 
in G9a-/- mESCs. (A) Bisulfite sequencing revealed a reduction of DNA methylation at 
MLV and IAP LTR regions in G9a-/- mESCs. (B) Quantitative RT-PCR (qRT-PCR) 
found no change in mRNA levels of these elements in G9a-/- mESCs. The modest 
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increase in IAP expression detected in Dnmt1-/- mESCs may be due to differentiation of 
a subpopulation of cell in culture. Error bars indicate standard deviation between three 
technical replicates of one sample. C) H3K9me2 levels at ERVs were reduced in G9a-/- 
mESCs, while H3K9me3 and Hp1α enrichments were retained at wildtype levels, 
implicating a potential role in proviral silencing. Error bars indicate standard deviation 
between three technical replicates of one sample. 

 

Intriguingly, consistent with a previous genome-wide analysis, we found 

significant enrichment of H3K9me3 at the LTRs of class I and II ERVs [108]. 

Importantly, no decrease in H3K9me3 was detected in G9a KO cells [164], leaving open 

the possibility that this mark, rather than H3K9me2, is required for proviral silencing in 

mESCs (Figure 1C). Interestingly, H3K9me3 at these LTRs is absent in differentiated 

cells such as MEFs and neuroprogenitor cells, in which DNA methylation has been re-

established [108]. Taken together, histone modifications, such as H3K9me3, may be 

essential to proviral silencing in cell types where DNA methylation is being re-

programmed or is not acting as a robust silencing mechanism, thus necessitating the 

employment of alternate repression pathways. Therefore, we next set out to identify the 

KMTase depositing this mark and to determine the role if any that it plays in ERV 

silencing.  

 

1.6 Thesis objectives  

Given the potentially deleterious effects of ERV activation, multiple parallel pathways 

have evolved to transcriptionally silence these elements. While proviral silencing in 

differentiated cells requires DNA methylation, alternative mechanisms may be utilized in 

cells undergoing DNA methylation reprogramming, such as mESCs. The main objective 
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of my thesis is to dissect the relationship between histone H3K9 methylation and DNA 

methylation in the context of proviral silencing. Our previous work demonstrated that 

despite a loss of H3K9me2 and DNA methylation, mESCs lacking G9a do not show 

reactivation of class I and II ERVs. Interestingly, enrichment of H3K9me3 was retained 

at wildtype levels in these cells, suggesting that this mark may function in the 

maintenance of silencing.  

 In Chapter 3 of this thesis, I performed an in-depth study to identify the enzyme 

depositing H3K9me3 at these retroelements and determine its role in maintaining ERVs 

in a silent state. I also performed analysis of the DNA methylation state of such elements, 

to delineate the relationship between these epigenetic regulatory pathways in 

transcriptional repression of ERVs. This work sheds light on a previously unknown 

process, whereby host cells employ alternative mechanisms for maintaining these 

parasitic sequences in a silent state during stages of embryonic development when DNA 

methylation-mediated silencing is not sufficient. 

 In chapter 4 of this thesis, I further investigate the role of H3K9 methylation in 

the establishment of silencing of newly integrated proviral elements. By utilizing MLV-

based retroviral constructs, I was able to elucidate the epigenetic mechanisms necessary 

to initiate the repression of invading retroelements in mESCs. The findings further our 

knowledge of how mESCs defend against XRVs and provide insight into how histone 

modifications function in concert with de novo DNA methylation to direct transcriptional 

repression of specific sequences.  
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2. Materials and methods 
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2.1 Cell lines and culturing conditions 

J1 wildtype (129S4/SvJae), Dnmt1-/- [65], Dnmt3a-/- (clone 6aa), Dnmt3b-/- (clone 8bb) 

Dnmt3a and Dnmt3b DKO (Dnmt3a/b-/-) [67], Dnmt TKO (Dnmt1-/-,3a/b-/-) [160], TT2 

wildtype (C57BL/6xCBA), G9a-/- (clones 2-3 and 22-10), G9a-/- with a wildtype (G9a-/-

Tg) [130] and a catalytic inactive transgene (G9a-/-Tg C1168A) [130], G9a CKO [165], 

R1 wildtype (129X1/SvJ x 129S1) and Suv39h1 and Suv39h2 DKO (Suv39h1/2-/-) [124], 

Setdb1 CKO and Setdb1 CKO with a wildtype transgene (Setdb1CKO Tg) [130, 166] 

mESCs were maintained in Dulbecco’s modified Eagle’s Medium (DMEM) 

supplemented with 15% fetal bovine serum (HyClone), 20mM HEPES, 0.1mM 

nonessential amino acids, 0.1mM 2-mercaptoethanol, 0.05mM penicillin, 0.05mM 

streptomycin, leukemia inhibitory factor (LIF) and 2mM glutamine on gelatinized plates. 

Cells were passaged every 48-72 hours. For treatment with 4-hydroxytamoxifen (4-

OHT), cells were cultured in media for 4 days with 800nM of 4-OHT and further cultured 

without the drug for an additional 2 days. 

 

2.2 Generation of cell lines  

For this project, Setdb1 CKO mESCs were established by the Shinkai lab via standard 

gene targeting procedures, as summarized in Matsui and Leung et al.[166]. To generate 

the Setdb1 CKO mESC line, Cre recombinase and oestrogen receptor (Cre-ER) fusion 

gene was introduced into a clone containing targeted Setdb1 CKO and KO alleles.  
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2.3 Viral infections and flow cytometry 

For retroviral infections, approximately 1.5×106 Phoenix A packaging cells were 

transfected with plasmid DNA via calcium phosphate-mediated transfection, as 

previously described [166]. 9µg of retroviral construct plasmid DNA, 250ng of vesicular 

stomatitis virus glycoprotein plasmid DNA and 61µl of 2M CaCl2 was mixed with 2X 

HEPES buffered saline (50mM HEPES pH 7.05, 10mM KCl, 12mM Dextrose, 280mM 

NaCl and 1.5mM Na2HPO4) pH 7 ± 0.05 and applied to the media of Phoenix A cells. 

Cells were incubated at 370C for 9hrs before washing. 48hrs post-transfection, 500µl-

1100µl of viral supernatant was added to target cells supplemented with 4µg/ml of 

polybrene. Viral particles were concentrated by centrifugation for 45minutes at 3000rpm 

in a Heraeus Labofuge 400 centrifuge and cultured at 37oC. Infected cells were cultured 

for an additional 72 hours and subsequently analyzed by flow cytometry. Proviral copy 

number was determined by quantitative real-time PCR (qPCR) using genomic DNA 

isolated from infected pools and primers specific for the GFP region of the provirus (All 

primer sequences included in Table 1), in parallel with a control cell line harboring a 

single provirus (as determined by Southern blotting). All samples were normalized to the 

endogenous β-major globin gene.  

 Trypsinized cells were resuspended in 500µl of PBS supplemented with 2% 

bovine calf serum and 1ug/ml propidium iodide and analyzed by flow cytometry using a 

BD LSRII flow cytometer. Data on at least 10,000 viable cells (as determined by 

electronic gating in the forward and side scatter channels) were collected for each sample 

and analyzed using FlowJo software (Treestar).  
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2.4 Generation of mESCs harbouring silent XRV 

To generate a population of mESCs harboring a silent XRV construct, cells were infected 

with the Mouse Stem Cell Virus (MSCV) - GFP retrovirus as described above. Infected 

cells were analyzed by flow cytometry at day 4 post-infection (PI) for confirmation of 

efficient transduction as determined by percentage of viable cells expressing the GFP 

reporter gene. Cells were further cultured to allow silencing of the construct. At day 14 

PI, GFP negative cells were isolated by fluorescent activated cell sorting (FACS). The 

sorted pool of cells was enriched with cells harbouring a silent copy of the XRV. The 

copy number of the construct was determined by qPCR as described above.  

 

2.5 Sequencing of reactivated MusD elements 

RNA was isolated as mentioned below from wildtype and Setdb1 CKO mESCs 6 days 

post-4-OHT treatment. RNA was then converted to cDNA using Superscript II according 

to manufacturers protocol (Fermentas). PCR was conducted on cDNA samples with 

primers specific for the MusD 5'LTR and 3'proximal region. The PCR product was 

resolved on an agarose gel and subsequently extracted with the Qiagen gel extraction kit. 

The purified product was TA cloned into pGEM-T vector (Promega) and sequenced. 

Sequences were aligned and phylogenetic trees constructed using MEGA4 software [167] 
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2.6 siRNA-mediated knockdown 

For knockdown experiments, mESCs were trypsinized, diluted in antibiotic free mESC 

media, seeded on a 6-well-plate (2x105 per well) and cultured overnight at 370C. On the 

day of the transfection, stock solutions (20µM) of siRNAs targeting Setdb1, Kap1, Mbd1, 

HDac1, Suv39h1, Suv39h2 and/or Glp (Dharmacon siGENOME SMARTpool or 

siGENOME siRNAs) were diluted to 2µM with siRNA buffer (Dharmacon). In two 

separate tubes, 50µl of 2µM siRNA was mixed with 50µl of OPTI-MEM (tube 1) and 4µl 

of DharmaFECT transfection reagent 1 was mixed with 96µl of OPTI-MEM (tube 2). 

Both tubes were incubated for 5 minutes at room temperature. Tube 1 and 2 were then 

mixed and incubated at room temperature for 20 minutes to allow for the lipid-siRNA 

complex to form. Fresh Antibiotic free media (1.8ml) was then mixed with the 

transfection reagent-siRNA solution and added to the well following removal of growth 

medium. Transfected cells were passaged 24 hours post-transfection. A second 

transfection was conducted with the same reagents on the following day. 

The efficiency of siRNA-mediated knockdown was analyzed on day 5 post-initial 

transfection by qRT-PCR with primers specific to the siRNA-targeted gene. The effects 

on reactivation of XRV and ERVs were analyzed on day 5 post-transfection via flow 

cytometry and qRT-PCR respectively. 
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2.7 Genomic DNA isolation and DNA methylation analysis 

Genomic DNA was isolated with the Bradley’s protocol [164]. Trypsinized cells were 

washed twice in PBS and resuspended in 500µl of PBS, 500µl of 2X Bradley’s solution 

and 5 units of Proteinase K and incubated overnight at 550C for cell lysis. The genomic 

DNA was subsequently precipitated by ethanol precipitation and pelleted by 

centrifugation. The DNA pellets were resuspended in TE with RNase A.  

To analyze the DNA methylation status, 200µg of genomic DNA was subjected to 

sodium bisulfite conversion using the EZ DNA Methylation-Gold kit (Zymo Research). 

Specific primers were employed in nested or semi-nested PCR reactions. PCR products 

were cloned via T/A cloning using the pGEM-T easy kit (Promega) and individual inserts 

were sequenced using the Big Dye® Terminator v3.1 Cycle Sequencing kit. Sequencing 

data was analyzed using Sequencher software (Gene Codes). The mean number of 

methylated CpGs (mCpGs)/molecule sequenced is presented for each set of samples. 

 

2.8 Combined-bisulfite-restriction-analysis (COBRA) 

Genomic DNA was harvested from mESCs by the Bradley’s genomic DNA isolation 

method, as mentioned above. DNA was subjected to bisulfite conversion with the EZ 

DNA Methylation-Gold kit (Zymo Research). Specific primers targeting the MSCV 

5’LTR were used to amplify the region of interest, which contains five restriction sites 

for TaqI endonuclease. The PCR product was digested with TaqI (restriction site: 

TCGA). Due to protection of methylated cytosine from bisulfite conversion to thymine, 

the enzyme would only cut methylated sites, as unmethylated sites no longer contained 
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cytosines in the sequence. The digested products were resolved on a 0.8-2% agarose gel. 

gDNA isolated from infected mESCs, with heavily methylated MSCV LTRs (as 

determined by bisulfite sequencing) is included as a positive control for the TaqI digest. 

 

2.9 Nuclear and whole-cell extractions and western blotting analysis 

Nuclear extracts were prepared as previously described [168]. Cells were trypsinized and 

resuspended in 1.5ml of cold PBS. The cells were then pelleted for 10 seconds and 

resuspended in 400µl of cold Buffer A (10mM HEPES-KOH, 1.5mM MgCl2, 10mM 

KC1, 0.5mM dithiothreitol and 0.2mM PMSF (pH 7.8)). The cells were allowed to swell 

on ice for 10 minutes, and subsequently vortexed for 10 seconds. Samples were 

centrifuged for 10 seconds at ~16000 g, and the supernatant fraction was discarded. The 

pellet was resuspended in 20-100µl of cold Buffer C (20mM HEPES-KOH, 25% 

glycerol, 420mM NaCl, 1.5mM MgCl2, 0.2mM EDTA, 0.5mM dithiothreitol and 0.2mM 

PMSF (pH 7.8)) and incubated on ice for 20 min for high-salt extraction. Cellular debris 

was removed by centrifugation for 2 minutes at 40C and the supernatant fraction 

containing the DNA binding proteins, was stored at -800C.  

Whole cell extracts were prepared as described previously [169]. Trypsinized 

cells were resuspended in 2X Laemmli buffer and incubated at 100 °C for 10 min. Cells 

were then homogenized through a 25-gauge needle syringe for 10-15 repetitions. Extracts 

were stored at -800C. 

50-100µg of extracts were loaded and run on 8-10%SDS-PAGE gels (Bio-Rad 

Mini Gels) at 80 to 120V then transferred to polyvinylidene fluoride (PVDF) membranes. 
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Blots were incubated facedown on primary antibodies at 40C overnight without agitation. 

Blots were subsequently incubated with secondary antibodies conjugated with 

fluorophores and analyzed with the Odyssey Infrared Imaging System (LI-COR 

Biosciences), according to the manufacturer’s protocol. Antibodies used include: G9a 

(1:2000; PPMX, A8620A), TFII-I (1:1000; kind gift of Ivan Sadowski), Dnmt1 (1:500; 

Imgenex, IMG-261A), β-actin (1:2000; MP Biomedical), H3K9me2 (1:200 Upstate, 07-

441) and H3K9me3 (1:200 Active Motif, 39161).  

 

2.10 RNA extraction and RT-PCR 

RNA was isolated using RNeasy kit (Qiagen) according to the manufacturer’s protocol. 

DNaseI treated RNA was subject to first-strand cDNA synthesis using RevertAid H 

Minus kit (Fermentas) in the presence or absence of reverse transcriptase. qRT-PCR 

using primers of interest, or β-actin specific primers as an internal control were 

conducted with EvaGreen dye (Biotium) on an Opticon 2 thermal cycler (Bio-Rad). 

Relative expression levels were determined by normalizing to the β-actin gene.  

 

2.11 Native chromatin immunoprecipitation  

Native ChIP was conducted as previously described [166]. This method is optimized for 

investigating the enrichments of histone proteins and shows lower false positive rates 

relative to cross-linked ChIP. To generate chromatin, 1x107 cells were harvested and 

washed in PBS. Cells were resuspended in 250µl of douncing buffer (10mM Tris-HCl 
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(pH7.5) 4mM MgCl2, 1mM CaCl2, 1X Protease inhibitory cocktail (PIC)) and 

homogenized through a 25-gauge needle syringe for 25 repetitions. Subsequently, 1.25µl 

of 50U/ml of MNase was added to the nuclei and incubated at 370C for 7 minutes. The 

reaction was quenched by 0.5M EDTA and incubated on ice for 5 minutes. Hypotonic 

lysis buffer (1ml) (0.2mM EDTA (pH8.0), 0.m1M benzamidine, 0.1mM 

phenylmethylsulfonyl fluoride, 1.5mM dithiothreitol, 1X PIC) was added and incubated 

for 1 hour on ice. Cellular debris was pelleted and the supernatant was recovered.   

To generate pre-blocked beads for purification of immunoprecipitated material, 

300µl of protein A and protein G Sepharose beads were mixed and washed twice with 

1ml of IP buffer (10mM Tris-HCl (pH8.0), 1% Triton X-100, 0.1% Deoxycholate, 0.1% 

SDS, 90mM NaCl, 2mM EDTA, 1X PIC). Beads were blocked with 300µg of sonicated 

salmon sperm DNA and 750µg of BSA and rotated at 40C for 3 hours. Beads were then 

washed once more with IP buffer and finally resuspended in 1X volume of IP buffer. To 

pre-clear chromatin, 100µl of the blocked protein A/G beads were added to the digested 

chromatin fractions and rotated at 4oC for 2 hours. 100µl of the pre-cleared chromatin 

was purified by phenol-chloroform extraction and DNA fragment sizes were analyzed on 

a 1.5% agarose gel.  

 Digested chromatin was divided into 1x106 cells equivalents per IP tube and the 

volume adjusted to 325µl with IP buffer. Antibodies specific for: H3K4me2 (3µg; 

Abcam, ab7766), H3K9ac (5µg; Upstate, 06-599), H3K9me2 (5µg; Abcam, ab1220), 

H3K9me3 (5µg; Active Motif, 39161), H4K20me3 (5µl; Active Motif, 39180) and 

H2A.Z (10µl, gift from Dr. Luc Gaudreau) were added to each tube and rotated at 4oC for 
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1 hour. The antibody-protein-DNA complex is precipitated by adding 20µl of the blocked 

protein A/G beads and rotated at 4oC overnight. The immunoprecipitated complex was 

washed twice with 400µl of ChIP Wash buffer (20mM Tris-HCl (pH 8.0), 0.1% SDS, 1% 

Triton X-100, 2mM EDTA, 150mM NaCl, 1X PIC), followed by a single wash with 

ChIP Final Wash Buffer (20mM Tris-HCl (pH 8.0), 0.1% SDS, 1% Triton X-100, 2mM 

EDTA, 500mM NaCl, 1X PIC). The protein-DNA complex was eluted by incubating the 

beads in 200µl of elution buffer (100mM NaHCO3, 1% SDS) at 68oC for 2 hours. IPed 

material was purified using the QIAquick PCR Purification Kit in 50 µl of elution buffer, 

according to the manufacturers protocol. Purified DNA was diluted 1:4 and analyzed by 

qPCR with EvaGreen dye and hot-start Taq polymerase (Fermentas) using 2 µl of 

template.  

 

2.12 Cross-linked chromatin immunoprecipitation  

A cross-linked ChIP protocol was used to determine the enrichment of Setdb1. This 

method is optimized for investigating the enrichments of non-histone proteins, which 

bind to chromatin at lower affinity as compared to histone proteins. 1X107 mESCs 

suspended in 1ml of PBS with 10% fetal calf serum were fixed with in 1% formaldehyde 

at 370C for 5 minutes. The reaction was quenched by the addition of 100µl of 2.5M 

glycine and incubated on ice for 1 minute. Cells were then collected by centrifugation 

and washed twice in lysis buffer (10mM NaCl, 10mM Tris-HCl, 0.5% NP-40 and 1X 

PIC). The cell pellets were resuspended in SDS lysis buffer (50mM Tris-HCl, 10mM 

EDTA, 1%SDS and 1X PIC). After 10 minutes of incubation on ice, 400µl of dilution 
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buffer (150mM NaCl, 15mM Tris-HCl, 1mM EDTA, 1% Triton X-100 and 1X PIC) was 

added before the chromatin, contained in the lysate, was sonicated to fragment sizes of 

300-1000bp using the Bioruptor sonicator (Diagenode). After insoluble materials were 

removed by centrifugation, chromatin was divided into equal volumes and the antibodies 

of interest were added. Anti-Setdb1 antibody (5µl Upstate 07-378) was used along with 

IgG antibody (Sigma) as a negative control. Samples were incubated overnight at 40C. 

Antibodies were subsequently collected with Dynabeads (Invitrogen). The beads are 

removed by using a magnetic bar, which attracts them to the side of the tube allowing for 

washing in 500µl of low salt buffer (150mM NaCl, 20mM Tris-HCl, 2mM EDTA, 0.1% 

SDS and 1% Triton X-100), high salt buffer (500mM NaCl, 20mM Tris-HCl, 2mM 

EDTA, 0.1% SDS and 1% Triton X-100) and then with LiCl buffer, a denaturing agent 

(250mM LiCl, 10mM Tris-HCl, 1mM EDTA, 1% sodium deoxycholate and 1% NP-40). 

Final washes were conducted with Tris-EDTA before elution buffer was added. The 

eluted Ab-DNA complex was incubated at 650C for reversal of crosslinks before 

treatment with RNase and Proteinase K. Remaining DNA is extracted by phenol-

chloroform and purified by ethanol precipitation. The resulting DNA was analyzed by 

qPCR with specific primers. 
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Table 1. Primers list 

Primer Target Primer Sequence 
RT-PCR 
β-actin  CTGGCTCCTAGCACCATGAAGATC 

TGCTGATCCACATCTGCTGG 

MusD                                                      
 

GTGGTATCTCAGGA(G/A)GAGTGCC 
GGGCAGCTCCTCTATCTGAGTG  

IAP                                                
 

AAGCAGCAATCACCCACTTTGG 
CAATCATTAGATGTGGCTGCCAAG 

MTA  
 

ATGTTTTGGGGAGGACTGTG 
AGCCCCAGCTAACCAGAA 

MLV                                        
 

CTCGACCTCACCACCGATTACT 
AGCAGGGCCAGAGTTAATGA 

Dazl                                                        
 

TACAAAATGCCCGCAGAAATAG 
CCGGACTCAACCTTCTCAATG 

Dnmt1                                                    
 

TCGGCTGAACAACCCCGGCACCAC 
CTTCAGCACCATGGAGCGTCTGTAGG 

Dnmt3a                                                  GTCCGCAGCGTCACACAGAAGC 
TCTTTGGCGTCAATCATCACGG 

Dnmt3b                                                  
 

AGGTTTATATGAGGGCACAGGAAGGC 
CATGTTGGACACGTCCGTGTAGTGAGC 

Gfp 
 

GGCGGATCTTGAAGTTCACC 
ACTACAACAGCCACAACGTCTATATCA 

Setdb1 CAGCTCGCAGAGCTGGAGAC 
CTGTGAGTCTTTGGTGAAGGATTTC 
 

Kap1 CGGAAATGTGAGCGTGTTCTC 
CGGTAGCCAGCTGATGCAA 

Mbd1 GGATCCTTCTCATGGGTCCAC 
CCAGGACTCAGCCATAGATGCT 

Hdac1 GTGGCCCTGGACACAGAGAT 
GCTTGAAATCCGGTCCAAAGT 

Mage-a2 AAGGGAGGTCTCCATGCTGT 
TCTCCCATCTCAGGCTTCTC 
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Primer Target Primer Sequence 
Bisulfite analysis  (Y= C or T,  R= A or G) 
MLV 5’LTR               1st round:                  
                                  

                              2nd round:                  
                                                      

TATTTTGTAAGGTATGAAAAAGTATTAGAGT 
AAATCRATAATCCCTAAACAAAAATCTCCA 
TAAATTTGTGTGTTTGTTAATGTTTTGATT 
AAATCRATAATCCCTAAACAAAAATCTCCA 

IAP 5’LTR                 1st round:                  
                

                              2nd round:                  
                                                              

GGYGTTGATAGTTGTGTTTTAAGTGGTAAAT 
ATTCTAATTCTAAAATAAAAAATCTTCCTTA 
GATAGTTGTGTTTTAAGTGGTAAATAAATA 
ATTCTAATTCTAAAATAAAAAATCTTCCTTA 

MusD 5’LTR              1st round:                  
                

                                2nd round:  

AAATTTGAGTTTTGATTAGTATGAAATTGT 
AATCTAATATTTCTTCTTCCTTAAACCATA 
AAATTTGAGTTTTGATTAGTATGAAATTGT 
AACTTTAAACCCTTTCTTCTTCCACCTAAA 

MSCV 5’LTR            1st round:                  
                

                                   2nd round: 

TCTCRTCTCCTACCAAAACCACATATCCTA 
TAGGTTTGGTAAGTTAGTTTAAGTAAYGTT 
TTTGTAAGGTATGGAAAATATATAATTG 
TAGGTTTGGCAAGTTAAGTAAYGTT 

Dazl                            1st round:                  
                

                             2nd round:                                                                                

GGTTYGAGTTTTATTGATAGATAGATGGAT 
AACACCCTACAACTCAACTCTACTATAA 
GATTTTTGTTATTTTTTAGTTTTTTTAGGAT 
AAAATTCTCTCAACTAACCTAACTTATTTCT 

ChIP analysis 
MSCV  
 

AACCATCAGATGTTTCCAGGGTG 
TTCGGATGCAAACAGCAAGAGGC 

IAP  
 

CTCCATGTGCTCTGCCTTCC 
CCCCGTCCCTTTTTTAGGAGA 

MTA  
 

ATGTTTTGGGGAGGACTGTG 
AGCCCCAGCTAACCAGAAC 

MLV                                               
 

ATAAAGCCTCTTGCTGTTTGCATC 
TGGGCAGGGGTCTCCAAATCT 

Major satellite                                       
 

GACGACTTGAAAAATGACGAAATC  
CATATTCCAGGTCCTTCAGTGTGC 

β-Major globin                                                
 

CTGCTCACACAGGATAGAGAGGG 
GCAAATGTGAGGAGCAACTGATC 

Gapdh                                                     
 

ATCCTGTAGGCCAGGTGATG 
AGGCTCAAGGGCTTTTAAGG 

MusD  CCCTTCCTTCATAACTGGTGTCGCA 
TAGCATCTCTCTGCCATTCTTCAGG 

Mage-a2                                                 
 

TTGGTGGACAGGGAAGCTAGGGGA 
CGCTCCAGAACAAAATGGCGCAGA 
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3. Role of H3K9 methylation in maintenance of proviral silencing# 
 

 

 

 

 

 

 

 

#- The results in this chapter were published in: 

Toshiyuki Matsui*, Danny Leung*, Hiroki Miyashita, Hitoshi Miyachi, Hiroshi Kimura, 
Makoto Tachibana, Matthew C. Lorincz**, Yoichi Shinkai** (2010) Proviral silencing in 
embryonic stem cells require the histone methyltransferase ESET. Nature 464, 927-931 
*-indicates co-first authorship; **-indicates co-corresponding authors 
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3.1 Introduction 

As discussed in detail in the introduction, the transcriptional silencing of ERVs is vital 

for maintaining the integrity of the host genome and transcriptome and therefore, host 

fitness. DNA methylation is essential for silencing of such elements in differentiated cell 

types [75, 76]. Interestingly however, proviral silencing in mESCs may involve alterative 

pathways [75, 76] such as covalent histone modifications. In distantly related eukaryotes, 

H3K9 methylation plays a critical role in transcriptional repression of retrotransposons 

[75, 76]. Taken together with studies in mESCs that reveal enrichment of H3K9me2 

and/or me3 at class I and II ERV LTRs [108], these chromatin marks may function in 

maintaining silencing of such retroelements. In mammals, there are six H3K9-specific 

KMTases: Suv39h1, Suv39h2, G9a, Glp, Setdb1 and Setdb2. Other than Suv39h1/h2, 

which are dispensable for maintaining silencing and DNA methylation of IAP elements 

[125], the role that other H3K9-specific KMTases play has not been investigated.   

We have previously demonstrated that while mESCs lacking G9a or Glp show 

decreased H3K9me2 and DNA methylation at class I and class II ERVs. These elements 

retain wildtype levels of H3K9me3 and remain transcriptionally silent [164], indicating 

that deposition of the H3K9me3 mark by an alternative H3K9 KMTase may play a role 

in the silencing of ERVs in mESCs. However, mESCs lacking Suv39h1 and Suv39h2 

(Suv39h1/h2 DKO) [125], which are responsible for H3K9me3 of pericentromeric 

heterochromatin, also show no reduction of H3K9me3 at IAP elements [127], implicating 

an alternative KMTase in this process. Therefore, my first focus was to identify the 

KMTase responsible for deposition of H3K9me3 at class I and II ERVs and subsequently 

to determine its role in proviral silencing.   
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3.2 Results 

3.2.1 Identification of the H3K9 KMTase maintaining proviral silencing 

To identify the enzyme maintaining proviral silencing in mESCs, I first infected wildtype 

mESCs with MSCV-GFP (a Mouse Stem Cell Virus (MSCV) LTR/promoter driving 

expression of a Gfp reporter gene) and generated a pool of cells in which this exogenous 

retrovirus (XRV) was silenced by sorting GFP- cells. Subsequently, I conducted a 

siRNA-mediated knockdown (KD) screen. GFP- cells were treated with siRNAs 

targeting the known H3K9 KMTases: Setdb1, Setdb2, Glp, Suv39h1 and Suv39h2 (G9a 

was excluded as our previous findings revealed that this KMTase is not required for 

maintaining proviral silencing) [108]. Reactivation of Gfp was detected by flow 

cytometry 5 days post-siRNA treatment. The results revealed an upregulation of the silent 

XRV only upon Setdb1 KD, indicating that Setdb1 is required for maintaining XRV 

silencing (Figure 2A). The efficiencies of individual knockdowns were validated by 

qRT-PCR (Figure 2B).  
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Figure 2. Setdb1 is required for XRV silencing. (A) siRNA-mediated KD screen 
revealed that Setdb1 is the only H3K9 KMTase required for maintaining XRV 
transcriptionally silent. (B) Efficient KDs of all targeted KMTases were confirmed by 
qRT-PCR. Expression of all genes are normalized to β-actin levels and compared to the 
mean expression of the other non-targeted KMTase genes. Error bars indicate standard 
deviation between three technical replicates of one sample. 

 

3.2.2 Setdb1 is required for maintenance of class I and II ERV silencing  

To determine whether Setdb1 is indeed the KMTase responsible for the silencing of class 

I and II ERVs, I utilized a conditional knockout (CKO) mESC line generated by our 

collaborators in Dr. Yoichi Shinkai’s laboratory [166]. Setdb1 CKO cells show a growth 

defect upon treatment with 4-hydroxytamoxifen (4-OHT), which induces Cre-ER 

recombinase-mediated deletion of Setdb1. Consistent with previous reports, Setdb1 CKO 

cells exhibit a lethality phenotype by 9 days post-4-OHT treatment [166].  Strikingly, 

qRT-PCR analysis of Setdb1 depleted cells at day 6 and 7 post-4-OHT treatment, in 

parallel with Suv39h/h2 DKO [125] or Dnmt1, Dnmt 3a and Dnmt 3b triple knockout 

(Dnmt TKO) [160] mESCs, revealed that transcription of class I (MLV) and Class II 

(IAP and MusD) ERVs were significantly induced upon Setdb1 deletion, while 

transcription levels of the class III ERV MTA (previously shown not to be marked by 
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H3K9me3) remained unchanged (Figure 3).  

Proviral reactivation following Setdb1 deletion was validated by northern analysis 

of this and additional Setdb1 CKO mESC clones derived from Setdb1 CKO embryos by 

Dr. Toshiyuki Matsui in Dr. Shinkai’s Lab [166]. In contrast, consistent with our 

observations, no increase in ERV expression was observed in the Suv39h1/h2 DKO line 

(Figure 3) [164]. Interestingly, only a weak induction of the analyzed ERVs was detected 

in Dnmt TKO cells, indicating that rather than employing DNA methylation-mediated 

repression, maintenance of proviral silencing in mESCs depend predominantly on Setdb1 

(Figure 3).  
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Figure 3. Class I and II ERVs are reactivated upon Setdb1 depletion. Upregulation of 
MLV, IAP and MusD ERVs were detected by qRT-PCR in Setdb1 CKO mESCs 6 days 
and 7 days post-4-OHT treatment (grey bars). No reactivation of these elements was 
observed in Suv39h1/h2 DKO cells and only a subtle increase was seen in Dnmt1-/- and 
Dnmt TKO cells. MTA expression was not substantially induced in any of the lines 
analyzed. Error bars indicate standard deviation between three technical replicates of one 
sample. 

 

3.2.3 Decreased levels of H3K9me3 and Setdb1 at class I and II ERVs upon Setdb1 

deletion 

To determine whether Setdb1 is directly targeting class I and II ERVs and whether it is 
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the KMTase responsible for deposition of H3K9me3 at such elements, I conducted 

chromatin immunoprecipitation (ChIP) in Setdb1 CKO cells.  Following 4-OHT 

treatment, I found a reduction of H3K9me3 at the LTRs of MLV, IAP and MusD 

elements, as well as at the downstream retroviral genes, which is rescued to wildtype 

levels with the introduction of a full-length wildtype Setdb1 transgene (Setdb1 CKOTG). 

Gapdh, a transcriptionally active gene, was used as a negative control amplicon, as it is 

not marked by H3K9me3 in these cells (Figure 4). 
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Figure 4. Reduction of H3K9me3 at class I and II ERVs upon Setdb1 depletion. 
ChIP experiments analyzed by qPCR showed that mESCs lacking Setdb1 show a 
reduction in H3K9me3 at 5’LTR and downstream regions of MLV, IAP and MusD. 
Gapdh functioned as a negative control amplicon, showing no enrichment of H3K9me3 
at the promoter region of this expressed gene. Error bars indicate standard deviation 
between three technical replicates of one sample. 
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Figure 5. Suv39h1/h2 DKO cells show reduction of H3K9me3 at major satellites but 
not at IAP LTRs. Error bars indicate standard deviation between three technical 
replicates of one sample. 

 

Suv39h1/h2 DKO mESCs were also analyzed by ChIP and showed no reduction of 

H3K9me3 at ERVs, indicating that Setdb1 is the only bona fide H3K9 tri-methylase 

depositing H3K9me3 at these elements (Figure 5). Consistent with our previous 

observations, H3K9me2 at these ERVs is either unchanged or slightly increased in the 

absence of Setdb1, revealing that Setdb1 is not responsible for deposition of H3K9me2 in 

vivo (Figure 6) [164]. Along with the loss of H3K9me3, I also found an increase in 

H2A.Z levels, a histone variant associated with transcriptional activation, at these 

elements (Figure 6).  Furthermore, I confirmed that the LTRs of class I and II ERVs are 

direct targets of Setdb1, as KD resulted in a loss of enrichment of this KMTase (Figure 

7). The enrichment levels of IgGs are indicative of background non-specific binding and 

minor changes of the low levels are often observed between different samples.  
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Figure 6. H3K9me2 is not deposited by Setdb1 in vivo. In mESCs lacking Setdb1, no 
change or increased levels of H3K9me2 was observed at MLV, IAP and MusD 5’LTR 
regions, indicating that this mark is deposited in a Setdb1-independent manner. The 
reactivation of these elements is concomitant with an increase in H2A.Z enrichment 
levels.   Error bars indicate standard deviation between three technical replicates of one 
sample. 

 
 

 

Figure 7. Setdb1 directly targets ERV 5’LTRs in mESCs. ChIP experiments 
demonstrated enrichment of Setdb1 at the 5’LTR regions of MLV and IAP elements, 
which was reduced to background levels upon depletion of Setdb1 by siRNA KD. Gapdh 
functioned as a negative control amplicon, which showed no enrichment of Setdb1 above 
background levels. Error bars indicate standard deviation between three technical 
replicates of one sample. 

 

3.2.4 H4K20me3 is reduced at class I and II ERVs upon Setdb1 depletion 

Consistent with previous reports [108, 127], ERVs marked by H3K9me3 were also 
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enriched for H4K20me3 in mESCs. Strikingly, I found that this mark was significantly 

reduced after Setdb1 deletion, indicating that Setdb1 acts upstream of the KMTases 

Suv420h1 and Suv420h2, which are responsible for deposition of the H4K20me3 mark 

[117] (Figure 8). H3K9me3 may generally be required for H4K20me3 deposition, as 

Suv39h1/2 act upstream of Suv420h1/h2 at major satellite repeats [117, 170]. In contrast, 

while enrichment of H4K20me3 was lost at ERVs in Suv420h1/h2 DKO cells, H3K9me3 

levels remained unperturbed and no increase in ERV expression was detected, indicating 

that Setdb1-mediated proviral silencing does not depend upon Suv420h1/h2 or 

H4K20me3.  

 

 

Figure 8. Reduction of H4K20me3 at MLV and IAP LTRs in Setdb1 deleted mESCs. 
Error bars indicate standard deviation between three technical replicates of one sample. 

 

3.2.5 No dramatic change in DNA methylation at ERVs upon Setdb1 deletion 

As mentioned above, surprisingly, ERVs are derepressed to a far lesser extent in Dnmt 

TKO than Setdb1 CKO mESCs. Furthermore, H3K9me3 enrichment at these elements is 

maintained in Dnmt TKO cells, suggesting that Setdb1 functions independently of DNA 



 57 

methylation in this context. To determine if Setdb1 is required for DNA methylation of 

ERVs, I analyzed the DNA methylation states of the ERV LTR regions via bisulfite 

sequencing. The percentage of methylated CpGs was unchanged for IAP elements (100% 

versus 98.2%) and moderately decreased for MLV elements (100% versus 76.8%) 

following Setdb1 deletion (Figure 9). Thus, Setdb1 is not essential for DNA methylation 

of ERVs per se. However, as only a subset of these elements, of which there are ~2500 

and ~70 copies in the mouse genome respectively, are potentially active (a relatively high 

GC->AT transition rate [171] reduces the transcription efficiency of “older” elements 

[172]), it remained a formal possibility that the DNA demethylation observed occurs 

specifically at “young” ERVs that are derepressed upon Setdb1 depletion. However, 

determining the DNA methylation states solely of the proviruses that are derepressed is 

technically challenging.  
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Figure 9. Modest to no change in DNA methylation patterns at ERV LTRs in Setdb1 
CKO cells. Bisulfite sequencing analysis of the 5’LTR regions revealed a subtle or no 
change in DNA methylation levels for MLV and IAP elements respectively, in Setdb1 
depleted relative to wildtype mESCs.   
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3.2.6 XRV reactivation concomitant with DNA demethylation in Setdb1 CKO cells 

To address whether proviral reactivation leads to change of DNA methylation status, I 

employed the MSCV-GFP construct described above, an MLV-based XRV with a strong 

enhancer/promoter that nevertheless is frequently silenced in mESCs early after infection 

via a DNA methylation-independent pathway [173]. The use of this XRV vector 

circumvented the problem encountered in studying ERVs by controlling the proviral load 

to an average of one copy of the XRV per cell. ChIP analysis of J1 wildtype and Dnmt 

TKO mESCs revealed significant enrichment of H3K9me3 at the MSCV provirus in both 

lines at day 4 PI, demonstrating that this mark is deposited at newly integrated XRVs in a 

DNA methylation-independent manner (Figure 10A). Furthermore, the provirus shows 

minimal de novo DNA methylation in WT J1 cells at this time point, as determined by 

COBRA analysis (Figure 10B) [174].  
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Figure 10. H3K9me3 on proviruses is deposited independently of DNA methylation. 
(A) XRV (Day 4 PI) and IAP LTRs are enriched for H3K9me3 at similar levels between 
J1 wildtype and Dnmt TKO mESCs. Error bars indicate standard deviation between three 
technical replicates of one sample. (B) COBRA analysis found that XRV LTRs (Day 4 
PI) are DNA hypomethylated. Genomic DNA from pre-deletion Setdb1 CKO cells with 
heavily methylated MSCV LTR regions (as determined by bisulfite sequencing) was 
included as a positive control for TaqI restriction digestion.  

 

 To determine whether Setdb1 is required for silencing of the MSCV provirus, I 

infected Setdb1 CKO and Setdb1 CKOTG cells with the MSCV-GFP XRV, and isolated 

GFP negative cells at day 14 PI. This population of mESCs, which includes both 

uninfected cells and cells harbouring a silent provirus (with a mean proviral copy number 

of 0.86 copies per cell (Figure 11B)) was expanded for further analyses. Following 

Setdb1 deletion in this pool, the percentage of viable GFP+ Setdb1 CKO cells increased 

dramatically, as did the level of proviral RNA (Figure 11A, C-D). Consistent with the 

observed changes in ERVs, H3K9me3 and H4K20me3 enrichment across the MSCV 

provirus was concomitantly reduced with Setdb1 deletion, while H3K9me2 remained 

unchanged and H2A.Z levels were increased (Figure 12).  
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Figure 11. Maintenance of XRV silencing requires Setdb1. (A) Setdb1 CKO mESCs 
harbouring a silent XRV, showed proviral reactivation upon 4-OHT treatment, which 
resulted in a gradual increase in the percentage of GFP positive cells. No reactivation was 
observed in untreated Setdb1 CKO cells and Setdb1 CKOTG cells ± 4-OHT. (B) Copy 
number qPCR determined that the Setdb1 CKO cells harbour an average of 0.86 copy of 
the XRV per cell. Error bars indicate standard deviation between three technical 
replicates of one sample. (C) Contour plots of flow cytometry analyses showing 
reactivation of XRV in Setdb1 depleted cells. (D) qRT-PCR validating the observations 
by flow cytometry. An increase in Gfp mRNA was detected in Setdb1 CKO cells 7 days 
post-4-OHT treatment. Error bars indicate standard deviation between three technical 
replicates of one sample. 
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Figure 12. Reduction of H3K9me3 and H4K20me3 at MSCV LTR in Setdb1 deleted 
mESCs. Consistent with observations in ERVs, ChIP analysis revealed a reduction of 
H3K9me3 and H4K20me3 at the MSCV LTR and downstream Gfp gene in Setdb1 
deleted cells along with a slight increase of H3K9me2 and H2A.Z enrichment. Gapdh 
was analyzed as a negative control amplicon. Error bars indicate standard deviation 
between three technical replicates of one sample. 

 

To determine whether derepression of the MSCV provirus was accompanied by 

DNA demethylation, “wildtype” untreated and GFP+ cells sorted at day 6 post-4-OHT 

treatment were analyzed by bisulfite sequencing. While the LTR was densely methylated 

before 4-OHT treatment, the sorted/GFP+ population showed a significantly lower level 

of DNA methylation in this region, indicating that reactivation of proviral expression 

following Setdb1 depletion is accompanied by loss of DNA methylation (Figure 13).  
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Figure 13. Reactivation of XRV is coupled with DNA demethylation. Bisulfite 
sequencing analyses found that GFP+ sorted mESCs, reflecting XRV reactivation, 
revealed a reduction of DNA methylation (100% versus 34.2%) at the MSCV 5’LTR 
region.  

 

3.2.7 Younger ERVs are more prevalently derepressed in Setdb1 CKO mESCs 

ERVs exist in high copy numbers in the mouse genome, yet not all elements of a sub-

family are identical. Older elements may acquire more mutations and lose their capacity 

for transcriptional activation.  Sequence analysis of the MusD elements expressed in 

Setdb1 CKO cells before and after Setdb1 depletion revealed a higher degree of sequence 

diversity in the latter, indicating that additional MusD ERVs were reactivated upon 

Setdb1 deletion (Figure 14A). However, comparison to the genomic sequences of all 

MusD elements reveals that in both cases, the expressed MusD elements show highest 

sequence similarity to relatively recent insertions, consistent with the observation that 
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mutations in the LTR region of older retroelements reduces their transcription potential 

(Figure 14B) [172].   

 

 

Figure 14. Setdb1 deleted cells express a greater diversity of MusD elements than 
wildtype cells. (A) A phylogenetic tree of MusD cDNA expressed in wildtype and 
Setdb1 deleted cells is shown, with the addition of coding-competent MusD elements [10] 

as well as two recently retrotransposed MusD elements (Dac1J and Dac2J) [175] as 
reference sequences. 86 percent of the MusD sequences originating from wildtype are 
highly similar in sequence (boxed) and cluster with the recently transposed copies. While 
the cDNA clones expressed in Setdb1 KO cells show greater sequence diversity, most are 
relatively closely related to one or the other of the coding competent elements. (B) A 
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MusD phylogenetic tree was constructed for the region amplified using the neighbour-
joining algorithm. The coding-competent MusD elements are also shown (stars). The 
subset of MusD copies expressed in wildtype and to a lesser extent in Setdb1 KO cells is 
clearly biased towards relatively “young” genomic elements. (Construction of 
phylogenetic trees was assisted by Dr. Irina Maksakova)   

 

3.2.8 Depletion of Kap-1 phenocopies Setdb1  

Setdb1 is a member of a large co-repressor complex that includes Kap-1 [146], Hp1 

proteins [147] and subunits of a NuRD-like complex [176]. To determine whether Kap-1 

or Mbd1, both of which have been reported to recruit Setdb1 to genes in other cell types, 

are required for proviral silencing in mESCs, I utilized siRNAs-mediated KD of Setdb1, 

Kap-1, Mbd1 or Hdac1, a subunit of the NuRD-like complex, to determine whether these 

proteins are required for proviral repression. Strikingly, as observed for Setdb1 KD, Kap-

1 KD yielded a dramatic increase in expression of class I and II ERVs and the XRV 

elements (Figure 15A-B). Concomitant with transcriptional induction, a decrease in 

Setdb1 binding and H3K9me3 was detected at these elements (Figure 16). In contrast, 

depletion of Mbd1 or Hdac1 yielded no increase in proviral reactivation, despite efficient 

KD (Figure 15B-C). Taken together, these results indicate that Kap-1 functions to recruit 

Setdb1 to the retroviral LTR targets.  
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Figure 15. Depletion of Kap-1 phenocopies depletion of Setdb1. (A) mESCs harboring 
silent MSCV-GFP proviruses were transfected with siRNAs specific for Setdb1, Kap-1, 
Mbd1 and Hdac1 and analyzed by flow cytometry, which revealed XRV reactivation in 
Setdb1 and Kap-1 KD. Scrambled siRNA was used as a negative control.  (B) RNA was 
isolated from transfected cells and analyzed by qRT-PCR with primers specific for the 
MSCV, MLV and MusD 5’LTRs. A significant increase in proviral expression was 
detected in the Setdb1 and Kap-1 KD samples only. Primers specific for the endogenous 
Dazl gene were used as a negative control. No proviral reactivation was observed in 
Mbd1 and Hdac1 KD. Error bars indicate standard deviation between three technical 
replicates of one sample. (C) Efficient KDs were confirmed by qRT-PCR. Error bars 
indicate standard deviation between three technical replicates of one sample. 

 

 

Figure 16. Setdb1 recruitment to proviral 5’LTR is dependent on Kap-1. (A) Native-
ChIP showed a reduction of H3K9me3 enrichment at MSCV, MLV, MusD and IAP LTR 
regions upon siRNA KD of Kap-1. No reduction of H3K9me3 was detected at major 
satellite repeats, which are deposited in a Setdb1-independent manner. Gapdh served as a 
negative control amplicon. (B) Setdb1 enrichment levels, as determined by cross-linked 
ChIP, at both ERV and XRV LTR regions were reduced after depletion of Kap-1.  
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3.3 Discussion 

As our previous experiments revealed, the lost of H3K9me2 and DNA methylation in 

G9a-/- mESCs did not lead to transcriptional reactivation of class I and II ERVs. Here, I 

conducted a siRNA-mediated KD screen targeting the remaining possible KMTase 

candidates and discovered that only Setdb1/Eset is necessary for maintaining silencing of 

introduced retroviral constructs. Further analysis was carried out using Setdb1 CKO 

mESCs (generated by our collaborator Dr. Yoichi Shinkai), which confirmed that Setdb1 

is indeed the KMTase depositing H3K9me3 at class I and II ERVs.  Interestingly, the loss 

of H3K9me3 at ERVs in Setdb1 depleted cells was coupled with a reduction of 

H4K20me3, another histone modification correlated with transcriptional repression. This 

observation suggests that this chromatin mark, deposited by Suv420h1/h2, functions in 

the same silencing pathway as Setdb1. However, analysis of Suv420h1/h2 DKO cells 

reveals that this mark is dispensable for proviral silencing. 

 Surprisingly, proviral silencing occurs independently of DNA methylation, as 

indicated by the high levels of ERV expression in Setdb1 CKO mESCs versus the subtle 

derepression in Dnmt TKO cells [166]. Also, bisulfite analysis revealed no apparent 

change in DNA methylation at ERV LTRs between wildtype and Setdb1 CKO cells 

[166].  However, due to technical challenges of surveying only reactivated ERVs, the 

lack of DNA methylation defect could be explained by the number of copies of individual 

ERV types present in the genome. To overcome this issue, I utilized the MSCV-GFP 

retroviral vector to generate Setdb1 CKO cells harbouring a silent XRV. By only 

analyzing cells that become GFP positive upon Setdb1 deletion, indicative of XRV 
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reactivation, I discovered that the upregulation of the MSCV provirus occurs concomitant 

with a reduction in DNA methylation.  Taken together these results indicate that Setdb1-

deposited H3K9me3 functions independently of DNA methylation for maintenance of 

proviral silencing.  

To address the mechanism of recruitment of Setdb1 to ERV LTRs, I treated 

mESCs with siRNA targeting Kap-1. Kap-1, which interacts directly with Setdb1 and 

KRAB Zinc-finger proteins in various cell types [142] represses genes in early mouse 

embryos [144] and is a member of a complex necessary for silencing of MLV 

retroelements [145] in mESCs. Depletion of Kap-1 resulted in derepression of ERVs and 

XRVs, phenocopying depletion of Setdb1. This increase in proviral expression is coupled 

with a reduction in Setdb1 and H3K9me3 enrichment at target LTRs, therefore showing 

the involvement of Kap-1 in recruitment of Setdb1 and proviral silencing in mESCs.  

This observation is consistent with that reported by Rowe et al. [177]. 

Consistent with previous studies, we found that the mechanism of ERV repression 

in mESCs was strikingly different in differentiated cells. Setdb1-deficient MEFs isolated 

from Setdb1 CKO embryos by our collaborator Dr. Toshiyuki Matsui, demonstrated no 

significant increase in ERV transcription [166]. This finding was not unexpected, given 

that Mikklesen et al. had found that both class I and II ERVs were devoid of H3K9me3 in 

differentiated cells such as MEFs and neuronal progenitor cells [108].  Interestingly, 

studies have found that DNA methylation is essential for proviral silencing in mESC-

differentiated cells, MEFs and in later stages of embryogenesis [76]. Taken together, 

these data indicate that mESCs employ Setdb1 to maintain proviral silencing, which is 

then superseded by other pathways upon cellular differentiation. 



 70 

In summary, these findings reveal that Setdb1 is a critical downstream effector of 

a Kap-1-dependent silencing pathway that acts on ERVs as well as XRVs in mESCs. The 

reason why Setdb1 is required for proviral silencing specifically in mESCs remains a 

mystery, particularly in light of the fact that ERVs are generally densely DNA methylated 

in these cells. DNA methylation may not efficiently mediate silencing of retroelements in 

mESCs as a result of high turnover, or the absence of co-repressors, such as Mbd 

proteins.   

Regardless, ERVs are variably demethylated early in embryogenesis and in 

primordial germ cells, in conjunction with the genome-wide demethylation that occur at 

these stages [178, 179]. Given that Setdb1 is highly expressed in oocytes and pre-

implantation embryos [149] and is required for deposition of the H3K9me3 mark at class 

I and II ERVs, I propose that this KMTase plays a critical role in silencing of ERVs 

specifically during those stages in development when DNA methylation is 

reprogrammed. 
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4. Role of H3K9 methylation in establishment of exogenous retroviral silencing# 
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4.1 Introduction 

MLV-based retroviral vectors have been widely used in both the laboratory and the 

clinical settings, primarily due to their ability to efficiently infect target cells and in turn 

to effectively deliver their genetic payload. Many versions of these vectors have been 

engineered to optimize expression, including the MSCV vector, which harbours 

mutations that allow for improved expression in mESCs [180]. However, despite such 

sequence modifications, this vector is readily silenced [181]. Therefore, understanding 

the mechanism for silencing of newly integrated proviruses may have implications across 

multiple disciplines. In addition to transcriptional repression, XRVs are frequently de 

novo DNA methylated and bound by Mbd protein [174, 182], which indicates the 

involvement of the de novo Dnmts in establishing silencing of these elements. However, 

other epigenetic pathways may also function in concert with DNA methylation.   

As mentioned previously, we have shown that in mESCs lacking the 

“euchromatic” KMTase G9a [164], ERVs show reduced H3K9me2 and DNA 

methylation. Although these epigenetic marks are neither necessary nor sufficient for 

maintaining transcriptional repression of class I and II ERVs, little is known about the 

role of H3K9me2 or de novo DNA methylation in the establishment of silencing of newly 

integrated proviruses in mESCs. Taken together with previously reported interactions 

between G9a and de novo Dnmts [133], the two epigenetic silencing pathways may 

function together to repress these invading retroviral sequences. In this study, I delineated 

the role played by G9a in the establishment of proviral silencing and de novo DNA 

methylation, utilizing the MSCV retroviral vector as a model. 
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4.2 Results 

4.2.1 G9a is required for the establishment of silencing of an MLV-based vector  

To determine whether G9a plays a role in repressing the expression of newly integrated 

proviral elements, wildtype (TT2) and G9a-/- mESCs [130] were transduced with the 

MLV-based retroviral vector MSCV-GFP and passaged for further analysis.  This vector 

harbors mutations in the LTR as well as a tRNAGln in place of the tRNApro PBS, the latter 

of which ablates binding of the stem cell-specific repressor complex [18, 183] to the 

overlapping silencer element and thus is “optimized” for expression (Figure 17A). The 

absence of G9a expression in the G9a-/- line was confirmed by western blotting [184]. 

Following infection, the percentage of cells expressing GFP was analyzed on a weekly 

basis by flow cytometry (Figure 17B).  
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Figure 17. Retroviral vector and infection schema. (A) Map of the 5’ region of the 
MSCV-GFP retroviral vectors. The stem cell-specific silencer binds to the MLV/wildtype 
PBS but not the MSCV PBSs (sequence differences are underlined). (B) mESCs were 
infected with MSCV-GFP retrovirus and passaged for further analyses.  

 

While the MSCV vector was expressed in a significant number of cells early after 

infection, a dramatic decrease in the percentage of GFP+ cells was observed over time in 

culture in wildtype cells, as expected (Figure 18A-B). Interestingly, the MSCV vector 

was not efficiently silenced over time in G9a-/- cells (Figure 18A-B). Consistent with the 

flow cytometry analyses, qRT-PCR analysis at day 15 PI reveals a significantly higher 
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level of GFP expression in G9a-/- cells than in the wildtype parent line (Figure 18C).  

Both pools of infected cells harbor a mean of ~1 proviral copy per cell, ruling out the 

possibility that the observed difference in expression was the result of a difference in 

proviral content (Figure 18D). 

 

 

Figure 18. G9a-/- mESCs show a defect in silencing of XRV. (A) TT2 and G9a-/- 
mESCs were infected with MSCV-GFP and analyzed by flow cytometry at multiple time 
points PI. Uninfected cells were also analyzed as a negative control. The histograms 
shown are of TT2 and G9a-/- cells at days 4 and 24 PI. (B) Analysis of GFP expression 
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by flow cytometry at successive time points PI. More than 50% of GFP+ wildtype cells at 
day 4 PI become GFP- by day ~15 PI, indicating silencing of the XRV provirus. 
Contrastingly, the percentage of GFP+ G9a-/- cells remain generally unchanged at all 
analyzed time points PI. (C) Proviral expression was independently determined at day 15 
PI by qRT-PCR in the presence or absence of reverse transcriptase (+/-RT). Error bars 
indicate standard deviation between three technical replicates of one sample. (D) Proviral 
copy number was determined by qPCR using primers specific for the GFP gene or the 
endogenous β-major globin gene and normalizing to a control cell line harboring a 
single copy GFP transgene. Error bars indicate standard deviation between three 
technical replicates of one sample. 

 

4.2.2 Introduction of a catalytically active G9a transgene rescues the silencing 

defect, while Suv39h1/h2 are not required for silencing of newly integrated 

proviruses  

To verify whether the deletion of G9a per se or its catalytic activity is responsible for the 

observed phenotype, I infected G9a-/- lines stably expressing a wildtype (G9a-/-Tg) or a 

catalytically inactive G9a transgene (G4) [130] with MSCV-GFP virus, as described 

above. Importantly, expression of exogenous G9a “rescues” the silencing defect observed 

in G9a-/- mESCs, confirming that this KMTase is indeed required for the establishment 

of proviral silencing (Figure 19A). Whereas, the catalytic mutant behaves similarly to the 

G9a-/- mESCs, thus indicating that the catalytic activity of G9a is required for this 

process (Figure 19A). To determine whether mESCs deficient in the “heterochromatic” 

H3K9 KMTases, Suv39h1 and Suv39h2, show a similar silencing defect, Suv39h1/2 

DKO mESCs were infected with MSCV-GFP, as above, and analyzed at successive days 

PI. In contrast to the G9a-/- line, and consistent with a previous report showing no 

decrease in DNA methylation of endogenous MLV [163], Suv39h1/2 DKO cells show no 

defect in silencing of introduced MLV provirus, relative to the wildtype R1 parent line 

(Figure 19B). In fact, proviral silencing is somewhat more efficient in the Suv39h1/2 
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DKO than the wildtype line, perhaps due to the re-localization of Hp1 proteins [185] and 

Dnmt3b [163] away from the pericentromeric compartment in these cells. Regardless, 

taken together, these data reveal that G9a plays a role in silencing of MLV-based 

proviruses, while Suv39h1/h2 are not required for silencing of such XRVs in mESCs.  

 

 

Figure 19. Introduction of wildtype but not catalytically inactive G9a transgene 
rescues silencing defect. (A) TT2 (G9a+/+) and G9a-/- cells expressing a G9a wildtype 
(G9a-/- Tg) or catalytically inactive (G9a-/- Tg C1168) transgene were infected in 
parallel with MSCV-GFP and analyzed for GFP expression by flow cytometry at 
successive time points PI. The silencing defect is rescued only in the G9a-/- Tg line. 
Mean proviral copy number/cell for each infected population was determined by qPCR as 
above. (B) R1 (Suv39h1/2+/+) and Suv39h1/2-/- mESCs were infected in parallel with 
MSCV-GFP and GFP expression was analyzed by flow cytometry at successive time 
points PI. No silencing defect was detected in cells lacking these KMTases. Mean 
proviral copy number/cell for each infected population was determined as above.  
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4.2.3 The silencing defect in G9a-/- mESCs phenocopies that observed in de novo 

DNA methyltransferase mutants  

In wildtype mESCs, DNA methylation of MLV-based vectors increases with prolonged 

passage in culture [186] and dense DNA methylation is sufficient for proviral silencing in 

somatic and EC cells [182, 186, 187]. To determine whether mESCs deficient in Dnmt3a 

and Dnmt3b have a silencing defect similar to that observed in the G9a-/- line, wildtype 

(J1) mESCs were infected with VSV-G pseudotyped MSCV-GFP virus in parallel with 

Dnmt3a and Dnmt3b DKO (Dnmt3a/b-/-) cells. Consistent with the observations in 

wildtype TT2 mESCs, proviral expression in J1 mESCs decreased substantially in the 

first two weeks post-infection (Figure 20A). In contrast, Dnmt3a/b DKO cells 

demonstrated a silencing defect similar to that observed in G9a-/- mESCs (Figure 20A). 

To determine which of the de novo Dnmt is required for silencing, I infected Dnmt3a-/- 

(6aa) and Dnmt3b-/- (8bb) mESCs and analyzed them by flow cytometry at successive 

days PI, as above. Intriguingly, whereas Dnmt3a-/- cells demonstrated a similar silencing 

defect to that observed in G9a-/- cells, Dnmt3b-/- cells showed a relatively modest 

silencing defect (Figure 20B). qPCR analysis of the relative proviral copy number 

showed that the differences in the percentages of GFP+ cells in each line cannot be 

explained by differences in proviral load (Figure 20B). Taken together with the 

observation that Dnmt1-deficient cells have only a modest defect in de novo DNA 

methylation of newly integrated proviruses [65], these results indicate that both G9a and 

Dnmt3a2 (the predominant isoform of Dnmt3a in mESCs (34)) are required for the 

establishment of proviral silencing in mESCs. 
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Figure 20. Dnmt3a/3b-/- mESCs phenocopy silencing defect of G9a null cells. A) J1 
(Dnmt3a/3b+/+) and Dnmt3a/3b-/- mESCs were infected in parallel with MSCV-GFP 
and GFP expression was analyzed by flow cytometry at successive time points PI. 
Silencing defect similar to that of G9a-/- cells was detected. Mean proviral copy 
number/cell for each infected population was determined as above. B) J1, Dnmt3a-/- and 
Dnmt3b-/- mESCs were infected in parallel with MSCV-GFP and GFP expression was 
analyzed by flow cytometry at successive time points PI. Dnmt3a-/- cells show a 
silencing defect as seen in the DKO cells, whereas Dnmt3b-/- shows a modest phenotype. 
Mean proviral copy number/cell for each infected population was determined as above.  
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4.2.4 H3K9me2 is decreased in the 5’LTR/promoter region of the MSCV-GFP 

provirus in G9a-/- mESCs  

In G9a-/- cells bulk levels of H3K9me2, as measured by western blotting analyses, were 

reduced as expected, while Suv39h1/2-/- cells showed no decrease in this epigenetic mark 

(Figure 21A) [125]. To determine whether the silencing defect observed in G9a-/- cells 

is associated with a reduction in proviral H3K9 methylation, native ChIP experiments 

were conducted on chromatin isolated from wildtype TT2 and G9a-/- cells at day 22 PI, 

using antibodies raised against H3K9me2 or H3K9me3.  The specificity of these 

antibodies for ChIP studies was confirmed using primers specific for the Mage-a2 gene 

promoter and major satellite repeats, respectively. Consistent with previous observations 

[130, 164], the Mage-a2 gene shows a high level of G9a-dependent H3K9me2 

enrichment relative to the IgG control, but very low H3K9me3 enrichment (Figure 21B). 

In contrast, major satellite repeats, previously found to be marked by H3K9me3 

independent of G9a [125, 164], show a high level of H3K9me3 in wildtype and G9a-/- 

cells (Figure 21D). 

Strikingly, analysis of the MSCV LTR in the same chromatin isolates reveals a 

>3-fold decrease in H3K9me2 enrichment in the G9a-/- line at day 22 PI (Figure 21E). 

In contrast, the level of H3K9me3 enrichment in the same region, while greater than that 

observed with control IgG, is not significantly different between the two lines, indicating 

that an alternative KMTase is responsible for H3K9me3 of proviral elements (Figure 

21E). This observation is consistent with my previous findings that Setdb1 is responsible 

for deposition of H3K9me3 at proviruses in mESCs [166]. In contrast, analysis of the 

GFP region of the provirus reveals high levels of both H3K9me2 and H3K9me3 in both 
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cells lines, indicating that the transcribed region of the provirus is marked by H3K9me2/3 

independent of G9a catalytic activity (Figure 21E). The presence of H3K9me2 and/or 

H3K9me3 in gene bodies has been reported previously [188, 189].  

ChIP analysis using antibodies specific for H3K4me2 and H3K9ac, marks 

typically associated with transcriptionally active genes, revealed the opposite pattern, 

with a higher levels of enrichment in the Mage-a2 and proviral 5’LTR promoter regions 

in the G9a-/- line than the wildtype (Figure 21F). The presence of these active marks in 

the proviral LTR in the wildtype line at levels significantly above background 

presumably reflects the presence of constitutively expressing proviral integrants in this 

pool of infected cells. Taken together, these results indicate that G9a contributes to 

proviral silencing in mESCs by acting directly on the proviral promoter region. 
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Figure 21. H3K9me2 at the MSCV LTR is reduced in G9a-/- mESCs. (A) Depletion 
of H3K9me2 in the G9a-/- line was confirmed by western blotting using extract isolated 
from TT2 and G9a-/- cells. In contrast, depletion of H3K9me2 was not observed in 
Suv39h1/2-/- mESCs relative to the wildtype R1 parent line. (B) Chromatin isolated from 
MSCV-GFP infected TT2 and G9a-/- mESCs was subject to ChIP using H3K9me2- and 
H3K9me3-specific antibodies. Non-specific IgG was used as a control. qPCR analyses 
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showed a loss of H3K9me2 in cells lacking G9a and low enrichment of H3K9me3 at the 
Mage-a2 locus. Error bars indicate standard deviation between three technical replicates 
of one sample. (C) The same samples were amplified with primers specific for the Gapdh 
gene, which functioned as a negative control amplicon and (D) major satellite repeats, 
which showed a reduction of H3K9me2 but not H3K9me3 enrichment in G9a-/- cells. 
Error bars indicate standard deviation between three technical replicates of one sample. 
(E) The same samples were amplified with primers specific for MSCV 5’LTR and GFP 
regions of the introduced proviruses, revealing a decrease in H3K9me2 at the 5’LTR in 
the G9a-/- line. Error bars indicate standard deviation between three technical replicates 
of one sample. (F) ChIP was also conducted with H3K4me2- and H3K9ac-specific 
antibodies and analyzed by qPCR with primers specific for the MSCV 5’LTR and Mage-
a2 gene. An increase of both active marks was observed in G9a-/- mESCs. Error bars 
indicate standard deviation between three technical replicates of one sample. 

 

4.2.5 G9a is required for efficient DNA methylation of MLV-based XRV 

Previously, we showed by bisulfite sequencing that the 5’LTR/PBS region of the class I 

and II ERVs are hypomethylated in G9a-/- relative to wildtype cells [164]. To determine 

whether DNA methylation of the MSCV vector is also dependent upon G9a, genomic 

DNA was isolated from MSCV-GFP infected TT2 and G9a-/- cells at days 4 and 18 PI. 

Bisulfite sequencing analysis was conducted using primers specific for the MSCV 

5’LTR/PBS region. While an increase in proviral DNA methylation was detected in both 

TT2 and G9a-/- cells with passage in culture, a significantly lower level of DNA 

methylation, ~3-fold, was detected in the G9a-/- cells compared to the wildtype cells at 

both time points (Figure 22A). Strikingly, the level of proviral DNA methylation in the 

G9a-/- cells at day 18 PI is similar to that of the wildtype cells at day 4 PI, indicating that 

DNA methylation accumulates at a much slower rate in the absence of G9a (Figure 

22A). To determine whether, this defect in efficient DNA methylation is dependent on 

the catalytic activity of G9a, the MSCV 5’LTR region was analyzed by bisulfite 

sequencing in the G9a-/-Tg cells and the G4 catalytically inactive mutant line at days 4 
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and 18 PI. The methylation patterns reveal a similar defect in DNA methylation 

efficiency in the G4 line as seen in the G9a-/- mESCs, indicating that the de novo DNA 

methylation of newly integrated provirus requires the catalytic activity of G9a (Figure 

22B). Taken together, these results reveal that G9a is required for H3K9me2 and efficient 

de novo DNA methylation of MLV-based proviral elements in mESCs. 
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Figure 22. The rate of proviral de novo DNA methylation is reduced in G9a-/- 
mESCs. A) Genomic DNA was isolated from TT2 and G9a-/- mESCs infected with 
MSCV-GFP virus at day 4 and day 18 PI and analyzed by bisulfite sequencing. The 
results showed that cells lacking G9a were incapable of efficiently de novo DNA 
methylate XRV LTRs  (B) Bisulfite analysis was conducted in parallel on genomic DNA 
isolated from MSCV-GFP infected G9a-/- mESCs with a wildtype (G9a-/-Tg) or 
catalytically inactive (G9a-/-TgC1668A) transgene at day 4 and 18 PI.  Similar to G9a-/- 
cells, DNA hypomethylation of LTRs was observed in only G9a-/-TgC1668A cells, 
indicating that the catalytic activity of G9a is required for efficient DNA methylation of 
proviruses.  The mean percentage of mCpGs/molecule sequenced is shown for each data 
set. 
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4.2.6 Maintenance of proviral silencing in mESCs is not dependent upon G9a  

Having shown that G9a is required for the establishment of proviral silencing, we next 

wished to determine whether this KMTase also plays a role in the maintenance of XRV 

silencing in mESCs. Towards this end, I infected G9a CKO mESCs [165] with MSCV-

GFP and isolated cells harbouring silenced provirus (GFP- cells) (Figure 23A). As a 

positive control, Setdb1 CKO cells, shown above to be necessary for maintenance of 

proviral silencing, [166] were infected in parallel with the same viral supernatant (Figure 

23A-B). Treatment with 4-hydroxytamoxifen (4-OHT) induces Cre-ER recombinase-

mediated deletion of G9a and Setdb1, respectively. Deletion of G9a yielded no increase 

in the percentage of GFP+ cells (Figure 23C). In contrast, deletion of Setdb1 resulted in 

a 5-fold increase in the percentage of GFP+ cells, consistent with my previous findings 

(Figure 23C) [166]. Depletion of G9a and Setdb1 RNA in the 4-OHT treated CKO lines 

was confirmed by qRT-PCR with primers specific for the deleted exons (Figure 23D). A 

modest decrease of Setdb1 RNA was observed in the G9a CKO but not to the extent 

observed in the Setdb1 CKO (Figure 23D). While expression of the Mage-a2 gene, 

shown previously to be induced in G9a-/- mESCs [130], was clearly induced following 

deletion of G9a, no change in proviral GFP expression was observed in these cells 

(Figure 23D). In contrast, a 12-fold increase in proviral GFP expression was observed in 

the Setdb1 CKO line (Figure 23D). Taken together, these results reveal that while Setdb1 

plays a critical role in the maintenance of proviral silencing in mESCs, G9a is 

dispensable for this process.  
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Figure 23. G9a is not required for the maintenance of proviral silencing in mESCs. 
(A) A schematic representing the generation of cells harboring silent XRVs is shown. 
G9a and Setdb1 CKO cells were infected with MSCV-GFP and GFP- cells were isolated 
by FACS. (B) FACS analysis of the percentage of GFP+ G9a and Setdb1 CKO cells day 
4 PI showed similar proportion of XRV infected cells between the two lines. (C) Cells 
harbouring silent XRVs were treated with 4-OHT to induce G9a or Setdb1 deletion. 
Treated cells were analyzed by flow cytometry 7 days post-treatment. Reactivation of 
MSCV-GFP was detected by flow cytometry in only Setdb1 depleted cells (D) RNA was 
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isolated from untreated and 4-OHT treated G9a and Setdb1 CKO cells and the mean fold-
enrichment in expression of G9a, Setdb1, Mage-a2 and the MSCV-GFP provirus 
(normalized to β-actin) relative to the untreated WT parent lines were determined by 
qRT-PCR. Reduction of G9a and Setdb1 mRNA levels were detected in the G9a and 
Setdb1 depleted cells respectively. Whereas Mage-a2 reactivation was only detected in 4-
OHT treated G9a CKO cells and consistent with the flow cytometry analyses, MSCV-
GFP expression was only induced in 4-OHT treated Setdb1 CKO cells. Error bars 
indicate standard deviation between three technical replicates of one sample. 

 

4.3 Discussion 

Methylation of H3K9 acts upstream of DNA methylation in plants and filamentous fungi 

and plays a critical role in transcriptional silencing of transposable elements and their 

relics in these distantly related eukaryotes [190, 191]. Recently, we reported that G9a is 

required for DNA methylation of ERVs in mESCs, indicating that a similar pathway 

exists in mammalian cells [164].  Indeed, genome-wide studies reveal that ERVs are 

marked by H3K9me2 and/or H3K9me3 in murine cells [108, 125, 127]. However, the 

role that specific H3K9 KMTases play in DNA methylation and silencing of introduced 

retroviral elements had not been addressed. My results reveal that G9a is required for 

efficient DNA methylation and establishment of silencing of MLV-based vectors in 

mESCs, suggesting that this KMTase acts upstream of the de novo DNA methylation 

machinery in a proviral-silencing pathway. Here, establishment of proviral silencing 

refers to the initial repression of newly integrated elements, which upon entering the 

germ line or becoming “endogenized” is maintained by alternative mechanisms, such as 

Setdb1-mediated silencing. 

 Previously, we showed that in mESCs lacking G9a, Dnmt3a recruitment to these 

ERVs is perturbed [164]. Consistent with these observations, Epsztejn-Litman et al. 
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reported that G9a interacts directly with Dnmt3a and Dnmt3b in mESCs [133], and 

suggested that G9a promotes de novo DNA methylation by these enzymes [133]. 

Intriguingly, Dnmt1 was also reported to interact directly with G9a, albeit in a 

differentiated cell type [132, 192]. In a recent publication, Dnmt3l, a cofactor required for 

de novo DNA methylation, was shown to be necessary for the establishment of silencing 

of MSCV in mESCs [193]. However, how the Dnmts are directed to the proviruses 

remained unknown. Here, I show that G9a is required for efficient de novo DNA 

methylation of introduced retroviruses in mESCs and taken together with previous 

findings, indicate that G9a indeed directs the de novo Dnmts to proviral sequences. 

Furthermore, using mESCs bearing a conditional knock out allele of G9a, I found that 

G9a is dispensable for the maintenance of proviral DNA methylation in mESCs, which is 

carried out by Setdb1 and Dnmt1. Similarly, our collaborators have shown that in MEFs, 

where DNA methylation of IAP elements is dependent upon Dnmt1 and Dnmt3b, but not 

Dnmt3a [194, 195], G9a is not required to maintain these elements in a densely 

methylated state. Taken together, these results indicate that G9a plays a more important 

role in the establishment than the maintenance of DNA methylation. Based on the 

evidence provided, G9a appears to function primarily in the establishment of proviral 

silencing, by depositing the repressive dimethyl mark on lysine 9 and by promoting 

recruitment of de novo DNMT activity to the newly integrated proviruses. Alternatively, 

G9a or the mark it deposits may inhibit the binding of an as yet unidentified DNA 

demethylase to repetitive elements, and may in turn protect these regions against DNA 

demethylation. Interestingly, it was recently shown that the chromatin remodeler LSH 

interacts with G9a to establish silencing of many genes in mESCs [196]. Since LSH has 
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been implicated in proviral silencing in germ line cells [197], it is possible that G9a 

establishes proviral silencing in a pathway that also involves LSH.  

Once established, silencing of XRVs is sustained by DNA methylation and/or 

H3K9me3, which are maintained in a G9a-independent manner by Dnmt1 and Setdb1, 

respectively. This model is consistent with the observation that knockout of Setdb1 leads 

to reactivation of a proviral reporter, while knockout of G9a does not. As ERVs are also 

marked by H3K9me3 in mESCs, it is not surprising that deletion of G9a does not induce 

expression of these elements.  

As discussed in the previous chapter, we have found that Setdb1 is responsible for 

maintaining the transcriptionally silent state of proviruses in mESCs, independent of G9a 

[166]. Given the importance of maintaining such parasitic elements in a silent state, it is 

not surprising that multiple proviral silencing mechanisms that act at the transcriptional 

level, including DNA methylation and covalent histone modification-based pathways, 

have evolved in metazoans specifically for this purpose. We have shown that H3K9 

methylation of proviral elements is mediated by two KMTases, G9a and Setdb1, which 

play distinct roles in the establishment and maintenance of proviral silencing, 

respectively. 
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5. Discussion and concluding remarks# 
 

 

 

 

 

 

 

 

#- The illustrations, figures and segments of the discussion in this chapter can be found in 

a submitted manuscript: 

Danny Leung and Matthew Lorincz (2011) Proviral silencing - why histone marks take 
center stage? (Submitted) 
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Retrotransposons, including LTR and non-LTR classes, are found in the genomes of all 

higher eukaryotes. LTR retrotransposons, including ERVs, account for approximately 

10% of the mouse genome and are divided into class I (~0.7%), class II (~3%) and class 

III (~5.4%) based on the sequence of the reverse transcriptase genes [1]. 

Retrotransposition of a subset of class I and II ERVs is responsible for up to 10% of all 

spontaneous mutations in mice [4]. To minimize their impact on host fitness, numerous 

pathways have evolved to restrict each step of the retroviral life cycle, including at the 

transcriptional level. DNA methylation, the best characterized transcriptional silencing 

mechanism, involves the catalytic addition of a methyl group to the 5th carbon of the 

cytosine base (5mC) by the de novo Dnmts, Dnmt3a and Dnmt3b and the maintenance 

Dnmt, Dnmt1. This epigenetic mark is essential during embryogenesis, as Dnmt1 and 

Dnmt3b KO mice are embryonic lethal [67, 75]. DNA methylation is required for 

repression of IAP ERVs in late stage embryos [75], MEFs, neuronal cells and epiblast-

derived stem cells [76]. Intriguingly however, during early embryonic development, 

when DNA methylation is reprogrammed, silencing of introduced retroviral vectors 

occurs independent of DNA methylation [161]. 

  

5.1 DNA methylation-independent proviral silencing 

Consistent with previous observations, recent reports reveal that DNA methylation is 

dispensable for silencing of ERVs in mESCs [76, 164, 166], pluripotent cells derived 

from the inner cell mass of blastocysts. Although OCT4+ Dnmt1 null mESCs show no 

increase in IAP expression relative to the wildtype parent line, a >100-fold increase in 

expression of this class II ERV is observed following differentiation induced by leukemia 
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inhibitory factor withdrawal [76]. Taken together, these results indicate that in mESCs, in 

contrast to somatic cells, proviral silencing is maintained by a DNA methylation 

independent mechanism.   

Interestingly, interdependence between DNA methylation and H3K9 methylation 

has been documented in distantly related eukaryotes. In Neurospora crassa, the H3K9 

KMTase DIM5 is required for CpG methylation [77], while in Arabidopsis thaliana, the 

KMTase KRYPTONITE is required for CpNpG methylation [78].  Similarly, in mice, the 

related H3K9 KMTases Suv39h1 and Suv39h2 are required for DNA methylation of 

pericentromeric repeats [163]. In contrast, DNA methylation is not required for H3K9me 

of this heterochromatic region. Thus, while H3K9me generally acts upstream of DNA 

methylation, the role of this covalent histone mark in silencing of ERVs, which 

frequently integrate into euchromatin in mammalian cells [198], had until recently not 

been addressed.  

H3K9me in the mouse is catalyzed by KMTases belonging to the Suv3-9 family 

of SET domain containing proteins, of which there are five members with bona fide 

catalytic activity towards H3K9, including Suv39h1, Suv39h2, G9a, Glp and Setdb1. To 

determine whether H3K9me is required for proviral silencing in mESCs, we initially 

investigated the role of G9a, which localizes to the “euchromatic” compartment [130, 

131], and is highly expressed in these cells. Surprisingly, while we found that this 

KMTase is required for the deposition of H3K9me2 and DNA methylation on class I and 

II ERVs, no increase in transcription of these elements was observed in G9a-/- mESCs 

[164]. Intriguingly, we found significant enrichment of H3K9me3 at the LTRs of many 

class I and II ERVs, consistent with a previous genome-wide analysis [108]. Importantly, 
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no decrease of this mark was detected in G9a KO mESCs [164, 184], leaving open the 

possibility that this mark, rather than H3K9me2, is required for maintaining proviral 

silencing in mESCs. 

 

5.2 Setdb1/H3K9me3 is required for silencing of class I and II ERVs  

To determine which KMTase deposits H3K9me3 and whether the enzyme is responsible 

for maintaining proviral silencing, I conducted a siRNA screen targeting the remaining 

possible KMTase candidates. I found that only Setdb1, a KMTase that catalyzes the 

addition of one, two or three methyl groups to H3K9 and also localizes in the 

euchromatic compartment, was necessary for maintaining XRV silencing. As the data 

presented in chapter 3 demonstrates, further analysis with Setdb1 CKO mESCs revealed 

dramatic up-regulation of class I and II ERVs, and a concomitant decrease in H3K9me3 

at these elements [166]. Consistent with this observation, depletion of the Setdb1-

interacting protein Kap-1, previously shown to be required for silencing of MLV-based 

XRVs in both mESCs and EC cells [145], also led to dramatic up-regulation of the same 

elements in mESCs [166, 177]. Importantly, another independent study echoed these 

findings in ex vivo cultured blastocysts [166, 177], indicating this pathway described in 

mESCs indeed functions during the developmental stage from which the cells are 

derived. Upon Kap-1 KD, proviral derepression was coupled with a reduction in Setdb1 

enrichment and H3K9me3 at target LTRs, indicating that Setdb1 recruitment to proviral 

sequences in mESCs required Kap-1. Taken together, these data indicate that a 

Setdb1/Kap-1 complex plays an essential role in ERV repression. Interestingly, the loss 

of H3K9me3 at ERVs in Setdb1 depleted mESCs was accompanied by a reduction in 
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H4K20me3[166], a histone modification previously associated with transcriptional 

repression. However, no increase in proviral expression was observed in 

Suv420h1/KMT5B and Suv420h2/KMT5C DKO cells, indicating that although deposition 

of this mark at ERVs is dependent upon Setdb1, it is not necessary for proviral repression 

[166].  

The observation that H3K9me3 is required for proviral silencing in mESCs raised 

the question of the role of DNA methylation in this process. Strikingly, bisulfite 

sequencing analysis revealed only a subtle or no change in DNA methylation at the LTRs 

of several reactivated ERV families in Setdb1 CKO mESCs [166]. Consistent with this 

observation, deletion of all three Dnmts generally does not perturb proviral silencing 

[76], indicating that DNA methylation is neither necessary nor sufficient for proviral 

silencing in mESCs. Interestingly, the IAPEz family of ERVs appears to be an exception. 

Using siRNA-mediated knockdown (KD) of Setdb1 and Dnmt1 alone or in combination, 

Dr. Irina Maksakova, a postdoctoral fellow in the Lorincz lab, found that Setdb1 acts 

synergistically with DNA methylation to silence this particular family of repeats [199]. 

Similarly, Rowe et al. also observed a synergistic effect on proviral derepression in Kap-

1 KO mESCs treated with 5-azacytidine [166, 177]. Although the influence of 5-

azacytidine treatment on epigenetic marks is more complex than originally believed 

[200], these observations indicate that unlike many of the other ERV subfamilies, robust 

silencing of IAPEz ERVs is dependent upon both H3K9me3 and DNA methylation.  

Consistent with the aforementioned studies, the mechanism of ERV repression in 

mESCs is strikingly different in differentiated cells. Setdb1-deficient MEFs isolated from 

Setdb1 CKO embryos demonstrated no significant increase in ERV transcription [166]. 
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Similarly, Kap-1 null MEFs exhibit no proviral silencing defect [177]. Indeed, class I and 

II ERVs are devoid of H3K9me3 in differentiated cells such as MEFs and neuronal 

progenitor cells [108].  In contrast, IAP elements are highly upregulated in Dnmt1 null 

embryos at E9.5 and Dnmt1 depleted MEFs [75, 76].  The culmination of these data 

indicate that while mESCs predominantly employ Setdb1 to maintain class I and II ERV 

silencing, this function is superseded by DNA methylation following cellular 

differentiation. 

 

5.3 Role of H3K9me2 in establishment of proviral silencing 

Upon discovering the mechanism employed by mESCs to maintain ERV repression, I 

next focused on addressing the mechanism for establishing transcriptional silencing of 

newly integrated proviruses. MLV-based retroviral vectors have been used extensively in 

the laboratory setting for gene transfer studies and in the clinic to deliver genes for 

therapeutic purposes [201]. Despite the fact that MLV preferentially integrates within or 

near the promoter regions of genes [202], DNA methylation and associated 

transcriptional silencing of such vectors are frequently observed [203], explaining in part 

why they have shown limited efficacy in clinical applications. Here, I show that in 

addition to DNA methylation, G9a plays a role in the establishment of proviral silencing 

in mESCs.  

As described in chapter 4, by analyzing the kinetics of XRV silencing, I found 

that mESCs devoid of G9a demonstrate a pronounced silencing defect, concomitant with 

a dramatic reduction in H3K9me2 enrichment on the XRV LTR region. Strikingly, G9a 
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null mESCs also fail to efficiently de novo DNA methylate the newly integrated provirus 

and the failure to silence phenocopies that of Dnmt3a/3b DKO mESCs. This suggests that 

G9a interacts with and/or recruits the de novo Dnmts to the XRVs, which agree with 

previously published reports [133, 164]. Also consistent with aforementioned studies, I 

found that G9a is not required for maintaining XRV silencing.  

Intriguingly, ChIP experiments revealed that newly integrated proviruses are also 

marked by H3K9me3, albeit at low enrichment levels. This chromatin mark may also 

have a role in establishing silencing, as elements enriched for H3K9me3 at day 4 PI are 

likely to already be silenced. However, the technical difficulties posed by the cell 

lethality of Setdb1 KO cells precluded further analysis of this H3K9 tri-methylase. 

Nevertheless, I found that a potentially distinct proportion of the proviruses are silenced 

over a longer period of time (~day 4 to day 15 PI). These elements show a much higher 

enrichment level of H3K9me2 versus H3K9me3 in wildtype cells and remain 

transcriptionally active and DNA hypomethylated in G9a deficient mESCs. Interestingly, 

a third distinct population of proviruses, namely those that are constitutively expressed, 

was also detected. Even in wildtype cells, about 50% of GFP+ cells at day 4 PI remain so 

by day 35 PI, indicating that certain proviruses escape silencing all together. This 

phenomenon is most likely a function of the proviral integration site in the host genome, 

where repressive complexes and proteins, including G9a and Setdb1 may be excluded. I 

propose that upon integration, proviruses are either silenced quickly, possibly by Setdb1-

mediated H3K9me3, gradually, by G9a-deposited H3K9me2 and DNA methylation or 

avoid transcriptional repression altogether. Based on these results, G9a-mediated 
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H3K9me2 may function to protect against DNA demethylation of proviruses in mESCs 

to establish transcriptional repression, which is maintained by Setdb1 and/or Dnmt1.   

 

5.4 Role of other histone marks in proviral silencing 

Several other histone modifications play roles in proviral silencing in mESCs 

(summarized in Table 2). Employing whole transcriptome analyses, Macfarlan et al. 

observed significant upregulation of class III ERVs, in particular MERV-L elements, in 

mESCs deficient in the H3K4 demethylase Kdm1a/Lsd1. The increase in MERV-L 

expression was accompanied by increased H3K4me3 and H3K27Ac and reduced 

H3K9me2 at these elements [204]. Further analysis revealed that Kdm1a-mediated 

repression is dependent upon the catalytic activity of this demethylase. Interestingly, 

DNA methylation analyses of MERV-L elements revealed that Kdm1a KO mESCs retain 

levels of DNA methylation similar to wildtype, a result resembling the modest DNA 

methylation changes observed at upregulated class I and II ERVs in Setdb1 KO mESCs. 

Importantly, MERV-L elements are not derepressed upon Setdb1 depletion in mESCs 

[199] and are not marked by H3K9me3 in these cells [108], indicating that different ERV 

classes are regulated by distinct histone modifying activities. Interestingly, the authors 

also discovered an interaction between Kdm1a and Kap-1. Taken together with the 

previously reported upregulation of MERV-L elements in Kap-1 KO mESCs [177], these 

observations indicate that Kap-1 interacts with both Setdb1 and Kdm1a and may function 

through both enzymes to mediate proviral silencing. Intriguingly, a relatively small 

number of ERV families appear to be repressed by both pathways (Figure 24). Although 
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the focus of their study was on class III ERVs, analysis of the RNA-seq data generated by 

Macfarlan et al. [204] and our own study of Setdb1 KO cells [199] revealed that 

GLN/RLTR1B, MLV/RLTR4 and in particular ETn ERVs are upregulated in both 

Kdm1a KO and Setdb1 KO cells. While we cannot rule out the possibility that distinct 

elements within each family are upregulated in Kdm1a KO and Setdb1 KO mESCs, these 

observations suggest that these epigenetic pathways may cooperate to silence a subset of 

ERVs.  

 

Figure 24. ERVs derepressed in Setdb1 KO versus Kdm1a KO mESCs. For all 
Repbase [205] annotated ERV sub-families (413 in total), reads per kilobase per million 
mapped reads (RPKM) [199] were generated from previously published data for Setdb1 
KO [199], Kdm1a KO[204] and their corresponding wildtype parent mESC lines. To 
calculate RPKM values, the sum of unique and multi-matched reads aligned to all copies 
of an annotated ERV subfamily was normalized to the total number of exonic reads and 
the agglomerated length of all copies of each subfamily. Subsequently, Z-scores, which 
reflect changes in expression of each ERV subfamily in the mutant lines, were calculated 
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using the RPKM of KO versus wildtype for each pair, as previously described [199]. 
Black data points- ERVs families with highest increase in expression in Setdb1 KO cells. 
Red data points- ERVs families with highest increase in expression in Kdm1a KO cells. 
Green data points - ERVs families with increased expression in both cell lines. The 
results indicate that while a number of proviruses are reactivated exclusively in one or the 
other KO line, others are clearly derepressed in both KO lines. (Bioinformatic analysis 
was conducted by Dr. Mohammad Karimi) 

 

In another study, Leeb et al. found that polycomb repressive complex 2, which 

deposits H3K27me3, is involved in the silencing of IAP elements in mESCs [206]. 

However, as these elements are not marked by H3K27me3 [108], the role that polycomb-

group proteins play in proviral silencing is likely indirect. Interestingly, H3K64me, a 

modification within the globular domain of histone H3, was recently discovered by mass 

spectrometry [207]. In an independent study, H3K64me3 was shown to be enriched at 

heterochromatin and at IAP elements in mESCs [208], as is H3K9me3. Also similar to 

H3K9me3, this modification appears to mark these elements at specific developmental 

stages, as it is lost in MEFs. However, the KMTase responsible for deposition of 

H3K64me3 and the role of this mark in proviral silencing remain to be determined. 

Regardless, taken together, these experiments reveal that histone modification-mediated 

transcriptional regulation may be particularly important for silencing of ERVs in mESCs 

and in the blastocysts from which they are derived.  
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KMTase 

Involved in silencing of ERV class:   
 
Reference I II III 

Setdb1 ++ ++ - Matsui et al. 2010 
[166],  
Karimi et al. 2011 
[199]  

G9a - - ? Dong et al. 2008 [164] 
Glp - - ? Dong et al. 2008 [164] 

Suv39h1/h2 
- - - Matsui et al. 2010 

[166] 
Kdm1a + + ++ Macfarlan et al. 2011 

[204] 
Ezh2 - + - Leeb et al. 2010 [206] 

H3K64me3 
KMTasea 

? ? ? Daujat et al. 2009 [208] 

Kap-1b + + + Matsui et al. 2010 
[166],  
Rowe et al. 2010 [177] 

a The KMTase responsible for H3K64me3 has not yet been identified. b Kap-1, a co-
repressor that interacts with Setdb1 and Kdm1a and is required for proviral silencing, is 
also shown.  
 
Table 2. KMTases involved in silencing of class I-III ERVs. The role of different 
KMTase in silencing of individual ERV classes and corresponding references are 
summarized. 
 

5.5 A model explaining the requirement for DNA methylation-independent proviral 

silencing pathways in mESCs 

The studies described above reveal that factors which either add repressive covalent 

histone marks or remove active covalent histone marks, such as G9a, Setdb1 and Kdm1a, 

are particularly important for proviral silencing during at least one of the developmental 

stages when DNA methylation is reprogrammed (the roles of these enzymes in the germ 

line remain to be explored). Although the kinetics of DNA methylation reprogramming 
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are well described, the mechanism responsible for DNA demethylation remains 

enigmatic [82]. Recent discovery and characterization of the Tet family of proteins have 

provided intriguing insights into this process [86]. Tet family consists of Tet1, Tet2 and 

Tet3 proteins, which all catalyze oxidation of 5mC to 5hmC [89]. Tet1 and Tet2 are 

highly expressed in mESCs and blastocysts [90-92], and play an important role in the 

maintenance of the pluripotent state [90, 209]. Conversion of 5mC to 5hmC may be the 

initial step to DNA demethylation [89, 94] as suggested by a recent study showing that 

Tet2 is capable of further oxidizing 5hmC to 5caC, a modification readily excised by 

Thymine-DNA glycosylase (Tdg) and ultimately may lead to replacement of the original 

modified base with unmodified C, perhaps via the BER pathway [210]. Regardless, 

unlike 5mC, 5hmC appears to be non-repressive, as Mbd proteins are incapable of 

interacting with this mark [95, 96]. Also, enrichment of Tet1 is found at unmethylated 

promoter regions of transcribed genes [90, 98]. Interestingly, the expression levels of 

both Tet1 and Tet2 are dramatically reduced upon cellular differentiation. Therefore, it is 

likely that Tet1 and Tet2 proteins function to negate the repressive effect of 5mC at 

specific developmental stages, effectively rendering DNA methylation non-repressive at 

specific genomic sites, or removing this mark altogether (Illustration 7) [98].  
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Illustration 7. The stages of early mouse embryonic development, Tet protein 
expression and DNA methylation dynamics. Relevant stages of early mouse embryonic 
development are shown, along with the time points for derivation of mESCs, epiblast 
derived stem cells, embryonic germ cells and MEFs. The kinetics of Tet genes expression 
are also shown, along with the dynamics of DNA methylation reprogramming, illustrated 
by a gradient where higher levels of methylation are indicated by darker shading. High 
levels of 5hmC [211-213] and expression of all three Tet proteins [214] have also been 
detected in various brain tissues. Chromatin-based proviral silencing may be of particular 
importance in each of the cell types where one or more of the Tet proteins are expressed. 
(Figure modified from Wu and Zhang [82]). 

 

Curiously, as discussed above, although proviral elements are not repressed by 

DNA methylation in mESCs, they appear to be heavily DNA methylated in their 5’LTR 

regions when analyzed by bisulfite sequencing or Southern analysis with methylation 

sensitive restriction enzyme digestion [164, 166, 204]. However, as neither bisulfite 

sequencing nor methyl-sensitive digestion can discriminate between 5mC and 5hmC 

[215], results previously obtained with these techniques in mESCs must be interpreted 

with caution. The revelation that 5mC may be converted to 5hmC in these cells suggests 

an intriguing alternative model, namely, that the “DNA methylation” detected at specific 
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genomic loci using these methods may predominantly be the non-repressive 5hmC, a 

potential intermediate in the pathway to DNA demethylation. The presence of 5hmC in 

these regions would explain the necessity of alternative silencing mechanisms, such as 

those based on altering histone modifications, specifically in cells expressing relatively 

high levels of one or more of the TET proteins, such as mESCs. 

 I propose that at a subset of ERVs, a fraction of “DNA methylation” detected by 

bisulfite sequencing and/or Southern blotting in mESCs is actually 5hmC. As 5hmC, 

unlike 5mC, apparently does not promote transcriptional repression, any ERVs capable of 

promoting deposition of this mark in their promoter regions, via recruitment of one or 

more of the Tet proteins, could effectively evade silencing by DNA methylation. ERVs 

that exploit deposition of 5hmC in germ cells or early in embryonic development to 

maximize their expression would likely retrotranspose at a higher rate than those 

elements that are maintained in a silent state by DNA methylation during these stages. 

Conversely, given the deleterious effects associated with retrotransposition, at these 

developmental stages, the establishment of alternative proviral silencing pathways would 

confer a selective advantage to the host. Chromatin-based silencing pathways may have 

evolved to serve this purpose (Illustration 8). While hmeDIP-seq analysis of an 

agglomeration of all ERVs [98] and hmeDIP analysis of a specific IAP element [216] 

have shown only low levels of 5hmC enrichment in mESCs, systematic analyses of the 

distribution of this mark at specific ERV subfamilies, particularly those that are 

constitutively expressed or maintained in a silent state by Setdb1 in these cells, such as 

ETn and MusD elements, have yet to be conducted. 
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Illustration 8. Chromatin modifying enzymes involved in establishment and 
maintenance of proviral silencing and a hypothetical pathway for turnover of DNA 
methylation at these elements in mESCs. The H3K4 demethylase Kdm1a and the 
H3K9 KMTase Setdb1, which act either alone or in combination (depending upon the 
ERV subfamily) to maintain these elements in a silent state in mESCs, are shown [199, 
204]. Also, G9a functions independently to establish H3K9me2/de novo DNA 
methylation-mediated silencing for newly integrated proviruses, which potentially 
protects against DNA “demethylation” by the Tet proteins. A hypothetical DNA 
methylation-demethylation cycle at these elements is also shown. I propose that a subset 
of elements recruit Tet proteins and in turn, promote catalysis of 5mC to 5hmC or 5caC 
as intermediates in a pathway to DNA demethylation via Tdg-initiated BER, thus evading 
repression by DNA methylation. In response, DNA methylation-independent, chromatin-
based silencing pathways, such as those involving Kdm1a or Setdb1 and Kap-1 have 
evolved in the host to maintain these parasitic elements in a silent state. Newly integrated 
proviruses are unable to recruit Tet proteins, as G9a/H3K9me2 perturbs this process and 
in turn renders such elements silent.  
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A prediction of my model is that the silencing pathways that affect covalent 

modifications on histones independent of DNA methylation would not be employed in 

cell types in which the expression of Tet proteins is either low or absent. Indeed, this is 

precisely what is observed for H3K9me3, which is lost at ERVs in differentiated cells 

[108, 166]. Conversely, this model also predicts that other cell types in which DNA 

methylation levels are “insufficient” for ERV repression would employ such alternative 

silencing pathways. Primordial germ cells (PGCs) for example, undergo dramatic DNA 

methylation reprogramming at ~E11.5-13.5, in preparation for germ line development, 

including establishment of gender-specific DNA methylation patterns (Illustration 7) 

[81]. Similar to mESCs, these cells also express Tet1 and Tet2 proteins at high levels 

[85]. Intriguingly, IAP elements, which show a significant decrease in DNA methylation 

levels at this stage in development [75, 85, 179, 217], are apparently maintained in a 

silent state via DNA methylation independent mechanisms, as indicated by the lack of 

IAP derepression in PGCs isolated from Dnmt1 null E9.5 embryos [75]. Clearly, 

establishing whether the histone modifications discussed above play a role in proviral 

silencing in PGCs would shed light on this question. Furthermore, determining 5hmC and 

5mC levels at such ERVs in mESCs as well as in primary tissues where DNA 

methylation is reprogrammed, such as in the early embryo and in PGCs, will further our 

understanding of the ongoing arms race between the host and this highly successful class 

of intracellular parasites. 
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