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ABSTRACT

Mammalian genomes are replete with retrotransposable elements, including endogenous retroviruses. DNA methyltransferase
3-like (DNMT3L) is an epigenetic regulator expressed in prospermatogonia, growing oocytes, and embryonic stem (ES) cells.
Here, we demonstrate that DNMT3L enhances the interaction of repressive epigenetic modifiers, including histone deacetylase 1
(HDACI1), SET domain, bifurcated 1 (SETDB1), DNA methyltransferase 3A (DNMT3A), and tripartite motif-containing protein
28 (TRIM28; also known as TIF13 and KAP1) in ES cells and orchestrates retroviral silencing activity with TRIM28 through
mechanisms including, but not limited to, de novo DNA methylation. Ectopic expression of DNMT3L in somatic cells causes
methylation-independent retroviral silencing activity by recruitment of the TRIM28/HDAC1/SETDB1/DNMT3A/DNMT3L
complex to newly integrated Moloney murine leukemia virus (Mo-MuLV) proviral DNA. Concurrent with this recruitment, we
also observed the accumulation of histone H3 lysine 9 trimethylation (H3K9me3) and heterochromatin protein 1 gamma
(HP1v), as well as reduced H3K9 and H3K27 acetylation at Mo-MuLV proviral sequences. Ectopic expression of DNMT3L in
late-passage mouse embryonic fibroblasts (MEFs) recruited cytoplasmically localized HDACI to the nucleus. The formation of
this epigenetic modifying complex requires interaction of DNMT3L with DNMT?3A as well as with histone H3. In fetal testes at
embryonic day 17.5, endogenous DNMT3L also enhanced the binding among TRIM28, DNMT3A, SETDB1, and HDAC1. We
propose that DNMT3L may be involved in initiating a cascade of repressive epigenetic modifications by assisting in the prepara-
tion of a chromatin context that further attracts DNMT3A-DNMT3L binding and installs longer-term DNA methylation marks
at newly integrated retroviruses.

IMPORTANCE

Almost half of the mammalian genome is composed of endogenous retroviruses and other retrotransposable elements that
threaten genomic integrity. These elements are usually subject to epigenetic silencing. We discovered that two epigenetic regula-
tors that lack enzymatic activity, DNA methyltransferase 3-like (DNMT3L) and tripartite motif-containing protein 28 (TRIM28),
collaborate with each other to impose retroviral silencing. In addition to modulating de novo DNA methylation, we found that
by interacting with TRIM28, DNMT3L can attract various enzymes to form a DNMT3L-induced repressive complex to remove
active marks and add repressive marks to histone proteins. Collectively, these results reveal a novel and pivotal function of
DNMTS3L in shaping the chromatin modifications necessary for retroviral and retrotransposon silencing.

NA methylation is important for the long-term silencing of  tablishment of DNA methylation imprints in growing oocytes and
certain endogenous retroviruses (ERVs) and retrotrans-  retrotransposon silencing in prospermatogonia (8-10).

posons, including intracisternal A particles (IAPs) (1-3). DNA Germ line mutations in tripartite motif-containing protein 28

methyltransferase 3-like (DNMT3L), which is highly expressed in

germ and embryonic stem (ES) cells, is a known stimulator of de
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DNMT3B are required for methylation of endogenous repetitive Supplemental material for this article may be found at http://dx.doi.org/10.1128
elements (6) and to establish methylation marks on newly inte- /IVI01176-14.
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tor during germ cell development, with essential roles in the es-
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(TRIM28; also known as KAP1 or TIF1B) result in ERV activation
and early embryonic lethality (11, 12). Apart from DNA methylation
(13), ERVs are also silenced by enzymes that mediate posttransla-
tional modifications of histones (14, 15). In ES cells, endogenous
retrotransposon silencing requires epigenetic modifications, includ-
ing the methylation of histone H3K9 and the demethylation of H3K4
(12,14, 16-18). TRIM28 is a scaffold for epigenetic modifiers such as
the histone methyltransferase SET domain, bifurcated 1 (SETDBI;
also known as ESET) (19), heterochromatin protein 1 (HP1) (20),
and the NuRD histone deacetylase (HDAC) complex (21). All of
these are involved in transcriptional repression. TRIM28 is also es-
sential for silencing endogenous retroviruses and euchromatic genes
via the repressive histone modifier SETDB1 and HP1-mediated si-
lencing machinery (12, 22-24).

Mouse embryonic cells repress the expression of endogenous
retroelements as well as exogenous retroviruses. When respond-
ing to newly integrated Mo-MuLV proviral sequences in ES cells,
TRIM28 and its interacting epigenetic modifiers target the primer
binding site (PBS) sequence via zinc finger protein 809 (ZFP809)
(25, 26). The Mo-MuLV PBS sequence is complementary to 18
nucleotides at the 3" end of the host proline tRNA and is used as
the primer for reverse transcription DNA synthesis (27). The PBS
sequence is one of the retroviral repression targets (28-30). How-
ever, PBS-mediated repression can be abolished by a single G-to-A
base pair mutation within the PBS sequence (the B2/PBSQ muta-
tion) (28). Because TRIM28 interacts with various repressive
modifiers, it is likely that TRIM28 facilitates repressive chromatin
modifications by promoting the binding of its interacting proteins
(including SETDB1, HDACI, and HP1) and ZFP809 to the PBS
sequence encoded within the 5" end of the newly integrated Mo-
MuLV proviral sequences.

It has been recently shown that DNMT3L and TRIM28 are
required for de novo DNA methylation of proviral sequences in ES
cells (23, 31). However, whether DNMT3L can interact with
TRIM28 (or TRIM28-interacting epigenetic modifiers) and si-
lence newly integrated proviral sequences by mechanisms other
than de novo DNA methylation has not been clarified. To gain
further insight into the various levels of epigenetic retroviral si-
lencing activities mediated by DNMT3L and TRIM28, we per-
formed functional analyses of the role of DNMT3L in different cell
types with or without endogenous DNMT3L expression in silenc-
ing PBSpro-restricted or PBS-independent Mo-MuLV viruses as
summarized in Table S1 in the supplemental material. Using a
loss-of-function assay, we found that ES cells deficient for
DNMTS3L exhibit decreased retroviral silencing activity and re-
duced de novo methylation of newly integrated proviral sequences.
DNMT3L and TRIM28 have synergistic effects on proviral silenc-
ing in ES cells, which can be partly explained by our immunopre-
cipitation results demonstrating that DNMT3L facilitated an in-
teraction between TRIM28 and DNMT3A, SETDB1, and HDAC1
in ES cells. To further demonstrate the potential ability of
DNMT3Lin facilitating the binding between TRIM28 and various
repressive epigenetic modifiers, we performed a gain-of-function
experiment by ectopically expressing wild-type and mutant
DNMTS3L in somatic cells that normally lack expression of this
protein. We confirmed the accumulation of a DNMT3L-depen-
dent DNMT3A/TRIM28/HDAC1/SETDB1 complex on Mo-
MuLV proviral sequences and the ability of this complex to install
repressive chromatin modifications without triggering de novo
DNA methylation in DNMT3L-overexpressing somatic cells. We
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discuss potential explanations for the differences between endog-
enous DNMT3L-mediated enhancement of retroviral silencing
efficiency via both repressive histone modifications and de novo
DNA methylation in ES cells and ectopic DNMT3L-induced re-
pressive chromatin modification-mediated moderate retroviral
silencing activity that lacks de novo DNA methylation in somatic
cells.

MATERIALS AND METHODS

Ethics statement. All animals used in this study were maintained in the
Animal Center at the Institute of Biotechnology, National Taiwan Uni-
versity. Mice were kept under standard conditions. The animal use pro-
tocol has been reviewed and approved by the Institutional Animal Care
and Use Committee. All efforts were made to minimize suffering.

Cell culture and sample preparation. Dnmt3l-deficient ES cells of
C57BL/6 and 129S4/Sv]Jae genetic backgrounds were prepared as de-
scribed previously (4, 10). The cells were maintained in high-glucose Dul-
becco’s modified Eagle medium (DMEM; Gibco-Invitrogen, Carlsbad,
CA) supplemented with 15% fetal bovine serum (FBS), 2 mmol/liter of
L-glutamine, MEM nonessential amino acids, 100 IU/ml of penicillin, 100
mg/ml of streptomycin, 0.12 mmol/liter of B-mercaptoethanol, and leu-
kemia inhibitory factor (LIF). The medium for ES cells was changed daily,
and the cultures were passaged every second day using a 1:3 ratio. Mouse
embryonic fibroblasts (MEFs), 3T3 cells, and RAT2 cells were cultured in
DMEM containing 10% FBS, 100 IU/ml of penicillin, and 100 mg/ml of
streptomycin. The MEFs were passaged when the cells were approxi-
mately 70 to 80% confluent. Later-passage MEFs are defined as having
been subjected to more than 5 passages.

Construction of expression vectors containing wild-type and mu-
tant Dnmt3l. cDNA from the mouse ES cell line D3 was used as the
template for PCR amplification of wild-type Dnmt3l. The following PCR
primers were used in these experiments: Dnmt31-112F (CGATTACATC
AATGGCTTCC) and Dnmt3]l-1462R (GTGGAGGGAAGAGACCTT
AG). We cloned the 1.35-kb PCR product into the TA vector (Invitrogen),
and the sequence was verified with M13F and M13R primers. The Dnmt
31-TA vector was digested with EcoRI and then cloned into the EcoRI site
of pIRES2-AcGFP1 (Clontech). The Dnmt3l-IRES-AcGFP fragments
were digested by Xhol and NotI (NEB). The fragments were cloned into
the Sall and NotI sites of preexcised pCAG-EGFP1 vector, eliminating the
original enhanced green fluorescent protein (EGFP) fragment. To det
ermine whether DNMT3L-mediated retroviral silencing activity requires
interactions with histone tails and/or DNMT3A, we prepared 4 Dnmt3l
mutant constructs abolishing these binding activities. The pCAG-Dnmt
3]-IRES-AcGFP plasmid was used as the template for site-directed mutag
enesis using the following primers: D124A F (TCCCTCTTCCTGTATGA
TGATGCTGGACACCAGAGTTACTGCACC), D124A R (CTGGTGTC
CAGCATCATCATACAGGAAGAGGGACTC), 1I141W F
(TGTTCCGGGGGTACCCTGTTCTGGTGTGAGAGCCCCGACTGTA
CC), 1141W R (GCTCTCACACCAGAACAGGGTACCCCCGGAACA
GC), F297A F (CGCTGTCCCGGCTGGTACATGGCCCAGTTCCACC
GGATCCTGCAG), and F297A R (GTGGAACTGGGCCATGTACCAGC
CGGGACAGCGAT). The C-terminal DNMT3L expression vector was
generated by digesting pCAG-Dnmt31-IRES-AcGFP with Scal (NEB).
The digested fragments were ligated using T4 DNA ligase (Promega).

Cell transfection. A total of 1 X 10° cells were plated in a 10-cm dish
the day before transfection. DNMT3L expression plasmid and Lipo-
fectamine 2000 (Invitrogen) were mixed in the appropriate proportions
according to the manufacturer’s protocol. Twenty-four hours after trans-
fection, transfected cells were selected with G418. The final concentra-
tions of G418 used for selection were 350 pg/ml for MEFs and 800 pg/ml
for 3T3 cells. Untransfected cells did not survive G418 selection.

Retroviral preparation and infection. The retroviral Mo-MuLV con-
struct used in all of the studies contains a luciferase gene and a 42-bp insert
within the U3 region of the Mo-MuLV long terminal repeat (LTR). The
42-bp insertion sequence is TTATACTCCTCCACACACCATCACTCAC
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FIG 1 DNMTS3L and the ZFP809-TRIM28 pathway are both required for epigenetic silencing of Mo-MuLV in ES cells. (A) Retroviral Mo-MuLV construct used
in all studies containing a luciferase gene and a 42-bp insert within the U3 region of the Mo-MuLV long terminal repeat (LTR). This insert provides specific
detection against preexisting and endogenous Mo-MuLV elements. The proviral DNA CpG sites for bisulfite sequencing are indicated. (B) ES cells lacking
DNMTS3L cannot add methylation marks to the LTR of proviral Mo-MuLV at 2 days postinfection. The PBSpro sequence from Mo-MulLV is also required for
efficient de novo DNA methylation. DNA from wild-type (WT) or Dnmt3L KO ES cells was isolated at 2 days after Mo-MuLV*Y“ or Mo-MuLV*Y“"*55Qinfection
and analyzed by bisulfite sequencing using primers specific for the 42-bp insertion that were added to the LTRs of the Mo-MuLV constructs. The presence of a
methylated or nonmethylated CpG within each sequence is indicated using a black or white circle, respectively. B6, C57BL/6 mice; 129, 12954/Sv]Jae mice. (C)
Control and Dnmt3l expression vectors containing a neomycin resistance gene and IRES-GFP driven by a pCAG promoter. (D) Transfection of a Dnmt3I-
expression vector rescues the methylation level in Dnmt31 KO ES cells. The bisulfite PCR product sequencing results are presented. The gray circles indicate the
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TCTTTCTCAATCCA. The luciferase reporter of Mo-MuLV*YC was used
in place of the GFP of Mo-MuLVS™ that was constructed as described
previously (31). 293T cells were transiently transfected with the retroviral
packaging plasmids CMV-Intron, pMDG, and Mo-MuLV*Y“ using
FuGene 6 (Roche) to produce replication-incompetent retroviruses Mo-
MuLV'V€ with PBS or Mo-MuLV U <PESQ with the B2 mutation (PBSQ).
The viral medium was harvested at 48 and 72 h after transfection and
filtered through a 0.45-pm filter. To correct for variations in titers be-
tween virus preparations, we used as a standard RAT2 cells, which lack
TRIM28-mediated repression activity (32). RAT2 cells infected with Mo-
MuLV*Y® and Mo-MuLV"V“/PBSQ had similar viral activities 2 days
postinfection. The same batch of virus-containing medium was used for
all experiments; the cells were supplemented with Polybrene (8 mg/ml)
and incubated at 37°C for 6 h, after which the medium was replaced with
fresh culture medium.

Luciferase activity assay. A total of 2 X 10° cells were harvested after
Mo-MuLV"V€ or Mo-MuLV*V“*BSQinfection for the desired number of
days. A luciferase assay was performed using a ONE-GLO luciferase assay
system (Promega) and a Centro XS® LB 960 microplate luminometer
(Berthold) according to the manufacturer’s protocol. The Mo-MuLV lu-
ciferase activities were normalized to the total protein concentration
quantified using a bicinchoninic acid (BCA) protein assay kit (Pierce),
and the infected viral copy number was further determined through
quantitative PCR (qPCR). The primer sequences for viral copy number
determination were as follows: PBS forward, TGAGTGATTGACTACCC
GTCAGC; PBS reverse, GTTCCGAACTCGTCAGTTCCAC; GAPDH
forward, AGTGCCAGCCTCGTCCCGTAGACAAAATG; and GAPDH
reverse, AAGTGGGCCCCGGCCTTCTCCAT.

DNA methylation analysis. The DNA methylation mark mentioned
in this work refers to methylation of carbon 5 of cytosine, in a CpG dinu-
cleotide context. Experimentally, DNA methylation was examined by
bisulfite conversion followed by Sanger sequencing. Bisulfite converts un-
modified cytosine residues to uracil while keeping 5-methylcytosine un-
converted. After PCR amplification, the uracil will be amplified as thy-
mine and therefore differentiate unmethylated CG and methylated CG
dinucleotide as TG and CG, respectively.

The ES cells, MEFs, and 3T3 cells transfected with control or DNMT3L
expression vectors after various durations of Mo-MuLV infection were
subjected to DNA extraction. The cells were harvested on different days
postinfection. Cellular DNA was purified using a commercial kit (High
Pure PCR template preparation kit; Roche). Genomic DNA (500 ng) was
bisulfite converted using a commercial kit (EZ DNA Methylation Gold
kit; Zymo Research) according to the manufacturer’s protocol. Nested
PCR was used to amplify the Mo-MuLV long terminal repeats. The PCR
products were extracted from 1.5% agarose gels and purified using a gel
extraction kit (Qiagen). The purified PCR fragments were cloned into
PGEM-T vector systems and transferred into Escherichia coli for DNA
sequencing. The analysis and statistical comparison of bisulfite data were
performed using QUMA software (http://quma.cdb.riken.jp/) (33).

Oligonucleotides for PCR amplification of bisulfite-treated DNA.
Oligonucleotides used for PCR amplification of bisulfite-treated DNA
consisted of LUCF1 (TTTTTTTATATATTATTATTTATTTTTTTT),
LUCRI (ATCAATCACTCAAAAAAAACCCTC), LUCF2 (TAGGGTTA
AGAATAGATGGAATAGTTGA), and LUCR2 (AATAATCAATCACTC
AAAAAAAACCC).

DNMT3L-Induced Chromatin Level Retroviral Silencing

Antibodies. For Western blotting, the following antibodies were used:
anti-DNMT3L (13451; Cell Signaling), anti-DNMT3L polyclonal and
anti-DNMT3A polyclonal antibodies (obtained from X. Cheng), anti-
TRIM28 polyclonal (ab10484; Abcam), anti-HDACI polyclonal (ab7028;
Abcam), anti-SETDBI1 (ab12317; Abcam), anti-HP1+y (ab10480; Abcam),
and anti-EZH2 (17-662; Millipore). For immunofluorescence staining, an
anti-HDACI polyclonal (ab7028; Abcam) antibody was used.

Immunoprecipitation. Protein from DNMT3L-expressing MEFs
were extracted at 2 days posttransfection using NP-40. The same amounts
(4 pg for each) of the anti-TRIM28 polyclonal antibody (ab10484; Ab-
cam) or anti-HDACI1 (ab7028; Abcam) antibodies were used for immu-
noprecipitation by conjugating with Dynabeads protein G kit (Invitro-
gen). The anti-DNMT3L, anti-DNMT3A, anti-TRIM28, anti-HDACI,
anti-SETDBI, and anti-EZH2 antibodies described above were used for
Western blot analysis of the immunoprecipitates. The cell lysates and
antibodies were incubated overnight at 4°C. Other reagents were used
according to the manufacturers’ protocols.

ChIP. Two million MEF cells were seeded in a 10-cm dish 24 h before
transfection with plasmid DNA. The transfected MEFs were infected with
the virus collected from 293T packaging cells, 2 days posttransfection.
Two days after virus infection, 1 X 10° cells were harvested for one chro-
matin immunoprecipitation (ChIP) reaction using the LowCell# ChIP kit
protein G (Diagenode). The following antibodies were used: normal
mouse IgG (12-371B; Millipore); anti-TRIM28 (ab22553; Abcam), anti-
HDACI (ab7028; Abcam), anti-SETDB1 (ab12317; Abcam), anti-histone
H3K9ac (ab10812), anti-histone H3K27ac (ab4729; Abcam), and anti-
HP1vy (ab10480; Abcam). All procedures were performed according to the
manufacturers’ protocols, and the molecular size of the sheared chroma-
tin DNA was determined to be below 500 bp (data not shown). ChIP
primer sets used for qPCR have been previously described (25). The rel-
ative recovery was quantified by gPCR and normalized to the input. The
primer sequences for ERV qPCR are as follows: GAPDH F, ACC TTT
AGC CTT GCC CTT T; GAPDH R, ACA TCA CCC CCA TCA CTC AT;
ERV1 U3 F, CCC CAA ATG ACC GAG AAA TA; ERV1 U3 R, GCG GTT
ACA GAA GCG AGA AG; MLV PBS CHIP F, GTA AAA ACT CCA CAC
TCG GC; MLV PBS CHIP R, ACG ATT CGG ATG CAA ACA GC; IAP
PBS CHIP F, CGT GAG AAC GCG TCG AAT AA; IAP PBS CHIP R, TTC
TGG TTC TGG AAT GAG GG; MMERVK-10C_3854 F, CAA ATA GCC
CTA CCA TAT GTC AG; MMERVK R, GTA TAC TTT CTT CTT CAG
GTC CAC; MERVL-F, ATC TCC TGG CAC CTG GTA TG; MERVL-R,
AGA AGA AGG CAT TTG CCA GA; MTA ChIP F, ATG TCT TGG GGA
GGA CTG TG; and MTA ChIP R, AGC CCC AGC TAA CCA GAA CT.

Dnmt3l KO fetal testis preparation. Mice heterozygous for the
Dnmt31" P mutant allele (10) were intercrossed to generate Dnmt3l
knockout (KO) embryos and littermate controls. Fetal testes from embry-
onic day 17.5 (E17.5) Dnmt31 KO and wild-type littermates were collected
for protein extraction and immunoprecipitation as described above.

RESULTS

DNMT3L and TRIM28 are required for efficient de novo DNA
methylation of newly integrated Mo-MuLV proviral sequences
in ES cells. We infected wild-type and DNMT3L-deficient ES cells
with Mo-MuLV*V¢ (PBSpro restricted; Fig. 1A), which can in-
duce ZFP809-TRIM28-mediated retroviral silencing, and Mo-

partially methylated CpG sites of mixed PCR fragments. (E) Protein expression levels of DNMT3L, TRIM28, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) in wild-type and Dnmt31 KO ES cells. (F) DNMT3L and ZFP809-TRIM28 have a synergistic effect on the silencing of the proviral reporter and the
methylation of the Mo-MuLV LTR DNAs. Wild-type (b1, b2, d1, and d2) and Dnmt31 KO (al, a2, c1, and c2) 129S4/Sv]ae-derived ES cells were infected with
either Mo-MuLV*Y® (+PBS) (cl, ¢2, d1, and d2) or PBS-independent Mo-MuLV*Y“/*5SQ (+PBSQ) (al, a2, b1, and b2) viruses. We normalized the proviral
luciferase activity to the relative virus copy numbers determined through quantitative PCR using primers specific to the PBS region of the exogenous Mo-MuLV
as described previously (25) (Fig. 2D). The cells were cultured for the indicated periods, and luciferase activities were analyzed and normalized to the virus copy
numbers revealed in panel F (left side). Data points are averages of three biological repeats; bars indicate SEMs. ¥, P < 0.05; **, P < 0.01. DNA methylation of the
proviral LTRs 20 days postinfection is shown on the right side. DNA methylation percentage indicates the total number of black circles/total CpG sites. All P

values were obtained by the nonparametric two-tailed Mann-Whitney test.
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FIG 2 DNMTS3L- and ZFP809-TRIM28-mediated Mo-MuLV silencing in C57BL/6 background ES cells. (A) Wild-type and Dnmt3I KO ES cells in the C57BL/6
genetic background were sorted 3 days after Mo-MuLV /%55 or Mo-MuLV<**"*#5Q infection, and the GFP percentage was monitored. Wild-type (b and d) and
Dnmt31 KO (a and ¢) C57BL/6-derived ES cells were infected with either Mo-MuLV“** (c and d) or Mo-MuLV<*/*55Q (3 and b) viruses for 3 days and then
analyzed at the indicated time points by fluorescence-activated cell sorting (FACS) for GFP-positive ES cells. (B) DNA extracted and prepared for bisulfite
analysis 17 days postinfection in the C57BL/6 genetic background. (C) Bisulfite sequencing of wild-type and Dnmt3l KO ES cells in the C57BL/6 genetic
background after 20 days of Mo-MuLV"V infection. DNA methylation percentage indicates the total number of black circles/total CpG sites. All P values were
obtained by the nonparametric two-tailed Mann-Whitney test. **, P < 0.01. (D) qRT-PCR performed using primers specific to the PBS region of Mo-MuLV or
internal control GAPDH after 2 days of Mo-MuLV*Y or Mo-MuLV*Y“/*55Q infection. Noninfected ES cells were used as a negative control. The values are

averages of three biological repeats + SEMs.

MuLViUe/PBSQ (PBS-independent B2 mutation), which is insen-
sitive to ZFP809-TRIM28-mediated silencing. At 2 days
postinfection, DNA methylation at LTR sequences was present at
very lowlevels (8.0 to 11.2%) in C57BL/6 and 129S4/Sv]Jae Dnmt3I
KO ES cell lines, compared with approximately 50% methylation
of the same sequences in wild-type ES cells (Fig. 1B, left side).
However, when we used PBS-independent Mo-MuLV*V</*#5Q o
infect wild-type and Dnmt31 KO ES cells of both the 12954/Sv]ae
and C57BL/6 genetic backgrounds, we did not detect any DNA
methylation marks (Fig. 1B, right side). Transfecting Dnmt31 KO
ES cells with wild-type Dnmt3l restored the efficiency of de novo
methylation of proviral sequences (Fig. 1C and D). Wild-type and
Dnmt3I KO ES cells expressed equal amounts of TRIM28 protein
(Fig. 1E). These data indicate that both the DNMT3L and the
ZFP809-TRIM28 pathways are important for initiating the de
novo DNA methylation of newly introduced retroviral sequences.

Analysis of proviral activity and DNA methylation status of
Mo-MuLV"Y® and Mo-MuLV"V“"®5Q in wild-type and Dnmt3l
KO ES cells 17 to 20 days after infection further revealed the in-
tensity of DNMT3L-dependent and PBSpro-restricted retroviral
silencing activity at the level of DNA methylation and beyond.
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Both DNMT3L and TRIM28 contributed to silencing of retrovi-
rus (Fig. 1F and 2A). The luciferase activity measured among dif-
ferent samples (Fig. 1F) was normalized by copy number of pro-
viral sequences (Fig. 2D). DNA methylation at Mo-MuLV*"“ and
Mo-MuLV®* proviral sequences was significantly reduced in in-
fected ES cells deficient for Dnmt3l (compare items c2 and d2 in
Fig. 1F and items c and d in Fig. 2B and C). This decrease was
associated with higher retroviral activity based on luciferase (Fig.
1F, items c1 and d1) and GFP reporter activity (Fig. 2A, items ¢
and d). The mutant Mo-MuLV"Y“PBSQ and Mo-MuLVEFP/PBSQ
proviral sequences, which cannot attract TRIM28 via ZFP809, ac-
cumulated significantly fewer DNA methylation marks than the
ZFP809-TRIM28-accessible Mo-MuLV"Y“ and Mo-MuLV“*®
sequences (Fig. 1F, items b2 and d2; Fig. 2B, items b and d; and Fig.
2C, items b and d). The PBS-independent Mo-MuLV*®*? also
retained approximately 10-fold-higher retroviral activity based on
the luciferase (Fig. 1F, items b1 and d1) and GFP reporters used
(Fig. 2A, items b and d), suggesting that TRIM28 is critical for
retroviral silencing activity.

ZFP809-TRIM28-induced proviral silencing was dramatically
greater than the silencing effect induced by DNMT3L (Fig. 1F and
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2A). The strong ZFP809-TRIM28-induced silencing effect sug-
gests that TRIM28 may have recruited substantially more silencers
that masked the modest silencing effect induced by DNMT3L in
ES cells. Indeed, DNMT3L-induced modest retroviral silencing
activity (Fig. 1F, items al and b1, P < 0.01) was not completely
dependent on DNA methylation (Fig. 1F, items a2 and b2, P =
0.0464 in the 129S4/Sv]Jae genetic background; Fig. 2B, items a and
b, P = 0.22; and Fig. 2C, items a and b, P = 0.08 in the C57BL/6
genetic background). These results suggest that DNMT3L may
trigger proviral silencing activities beyond its ability to facilitate de
novo DNA methylation activity by DNMT3A. To clarify whether
DNMTS3L can induce the interaction between enzymes capable of
mediating posttranslational modifications of histone proteins in
ES cells, we performed immunoprecipitation experiments. These
revealed that DNMT3L is associated in a complex with HDACI,
TRIM28, DNMT3A, and SETDB1 (Fig. 3). Interestingly, we ob-
served reduced association of DNMT3A and SETDBI in the ab-
sence of DNMTS3L. The polycomb repressor complex component
EZH2, a reputed DNMT3L-interacting modifier which is also in-
volved in HIV silencing (34, 35), was absent from the TRIM28
complex (Fig. 3A). These results indicate that TRIM28 can syner-
gistically act with DNMT3L to affect DNA methylation-depen-
dent and -independent pathways that are responsible for repress-
ing Mo-MulLV retroviral activity.

Ectopic Dnmt3L induces modest retroviral silencing activity
in later-passage MEFs. We observed that DNMT3L and TRIM28
may cooperate in retroviral silencing activity through other ma-
chineries beyond de novo DNA methylation in ES cells. To further
clarify the involvement of DNMT3L in DNA methylation and
chromatin modification in retroviral silencing, we transfected
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control and DNMT3L overexpression vectors (Fig. 1C) into MEFs
and then infected the cells with Mo-MuLV"Y“. Dnmt3] mRNA
and protein expression levels in the Dnmt3I-transfected MEFs
were confirmed through quantitative reverse transcription-PCR
(qRT-PCR) and immunoblotting for DNMT3L, respectively (Fig.
4A and B). DNMT3A expression was upregulated approximately
2-fold after DNMT3L overexpression or 5-fold after DNMT3L
overexpression following Mo-MuLV infection (Fig. 4C and D).
However, we did not detect DNMT3L-induced methylation on
the LTR regions of Mo-MuLV proviral DNA within 20 days
postinfection (Fig. 4E and F). Surprisingly, DNMT3L-expressing
MEFs repressed Mo-MuL V"V retroviral activities compared with
MEFs transfected with control vectors (Fig. 4G, left side), al-
though ectopic DNMT3L did not silence the PBS-independent
viral construct Mo-MuLV*V<PBSQ in MEFs (Fig. 4G, right side),
suggesting that the modest silencing induced by DNMT3L is
PBSpro sequence dependent. To examine the generality of this
repression mechanism, we repeated these experiments with 3T3
cells. Again, even with high Dnmt3I RNA expression (Fig. 5A), we
did not detect DNMT3L-induced methylation on the LTR regions
of Mo-MuLV proviruses 30 days after infection of 3T3 cells (Fig.
5B). However, a modest decrease in retroviral activity was ob-
served in DNMT3L-expressing 3T3 cells infected with Mo-
MuLV"Y® compared with cells transfected with control vectors
(Fig. 5C, left side). These results demonstrate that DNMT3L can
exert retroviral silencing activity viaa DNA methylation-indepen-
dent mechanism.

We next probed which DNMT3L interactions are important
for silencing activity. DNMT3L has previously been shown to in-
teract with histone H3 via the N-terminal ADD domain. Interac-
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tion with DNMT3A is mediated by the C-terminal methyltrans-
ferase folds. To disrupt histone H3 binding, we engineered 3
mutant proteins: two with D124A and 1141W mutations and a
C-terminus-only protein (4). To disrupt DNMT3A-DNMT3L
heterodimer formation, we engineered a mutation at F261A (36).
None of these four mutant forms were capable of inducing retro-
viral silencing when ectopically expressed in MEFs (Fig. 4H and I)
or 3T3 cells (Fig. 5C and D).

RAT2 cells have previously been reported to lack TRIM28-
mediated retroviral repression. Using this cell line as a negative
control, we found that there were indeed no differences in lucif-
erase activity between RAT2 cells with or without the expression
of wild-type or mutant DNMT3L (Fig. 6A and B). Furthermore,
despite the ectopic presence of Dnmt3L protein, there was no de
novo DNA methylation of the proviral LTR in DNMT3L-express-
ing RAT2 cells 20 days postinfection (Fig. 6C). Collectively, these
results indicate that DNMT3L-induced, PBSpro-restricted retro-
viral silencing requires interactions between DNMT3L, histone
H3, and DNMT3A.

Ectopic DNMT3L induces the formation of a repressive
chromatin modifier complex to introduce repressive histone
modifications at Mo-MuLV proviral DNA and ERVs in
DNMT3L-expressing MEFs. We next sought to determine
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whether DNMT3L-induced retroviral silencing correlated with a
change in the chromatin state of the newly integrated proviral
DNA. Chromatin immunoprecipitation (ChIP) was performed
on DNMT3L-expressing MEFs following infection with Mo-
MuLV*YC or Mo-MuLV*"Y<*®SQ We observed that ectopic
DNMT3L induced the enrichment of TRIM28, HDACI,
DNMT?3A, and SETDBI (with modest amounts of HP1vy) at the
Mo-MuLV LTR (Fig. 7A) and triggered H3K9me3 accumulation.
This enrichment of DNMT3L-associated modifiers was not ob-
served in cells transfected with control plasmid. Our results indi-
cate that DNMT3L can induce retroviral silencing via recruitment
of TRIM28, SETDB1, H3K9me3, and HDACI to the Mo-MuLV
LTR. The opposite effect was observed for H3K9ac and H3K27ac
modifications that are typically associated with transcriptionally
active chromatin (Fig. 7B). The presence of more modifications
was associated with transcriptional silencing, and fewer marks as-
sociated with transcriptional activity were observed after MEFs
were transfected with Dnmt3l. We then asked whether DNMT3L-
mediated enrichment of these chromatin modifiers could also oc-
cur at preexisting ERVs. ChIP analysis showed significant enrich-
ment of TRIM28, SETDB1, and HDACI1 mainly for the class I and
class II ERVs (Fig. 7C). Our data are consistent with previous
observations showing that IAP elements (a class II ERV) are up-
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MEFs in each ERV primer set. Student’s 7 tests were used for statistical analysis. *, P < 0.05; **, P < 0.01.

regulated by deletion of Trim28 in mouse ES cells and in early fication was dependent on the formation of a repressive modifier
embryos (12). Thus, ectopic DNMT3L may rescue some of the ES  complex. We performed immunoprecipitation assays using an
cell-specific TRIM28-mediated ERV silencing in MEFs. anti-TRIM28 antibody and an anti-HDACI antibody to investi-

We next tested whether DNMT3L-induced chromatin modi-  gate the protein complex in MEFs after transfection for one pas-
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FIG 8 Ectopic DNMT3L induces the formation of a repressive chromatin modifier complex in DNMT3L-expressing MEFs. (A) Western blot analysis of
HDACI, TRIM28, DNMT3A, DNMT3L, and SETDBI in a MEF lysate input fraction used for immunoprecipitation. (B) DNMT3L induces formation of a
HDAC1/DNMTA/SETDB1/TRIM28-containing complex in MEFs. MEFs were transfected with a control vector (+C) or a wild-type Dnmt3lvector (+Dnmt3I)
or the indicated mutant expression construct for one passage. The same amounts of control IgG and anti-HDAC1 immunoprecipitates from MEF extracts were
analyzed by Western blot assays using the antibodies indicated. (C) Western blot using antibodies indicated on material enriched following immunoprecipitation

using anti-TRIM28 antibody.

sage. The total inputs of HDAC1, TRIM28, DNMT3A, DNMT3L,
and SETDBI are shown in Fig. 8A. Only MEFs transfected with
wild-type DNMTS3L induced the formation of a complex contain-
ing HDACI, TRIM28, DNMT3A, DNMT3L, and SETDBI, which
immunoprecipitated with HDACI (Fig. 8B). Similar results were
obtained using an anti-TRIM28 antibody as an alternative means
of purifying this complex (Fig. 8C). The point mutations D124A,
1141W, and F297A and the truncated DNMT3L abolished the
formation of this protein complex (Fig. 8B and C), indicating that
the interaction between DNMT3L and histone tails and the bind-
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ing between DNMT3A and DNMT3L are both required for
DNMT3L-induced epigenetic modifier complex formation.
DNMT3L induces HDACI1 translocation into the nucleus. It
has previously been reported that DNMT3L interacts with and
increases the deacetylase activity of HDAC1 in vitro (37). TRIM28
mediates gene silencing (20, 26) by recruiting the NuRD histone
deacetylase complex to target promoters (21). Our data showed
that DNMT3L induced the formation of a repressive protein com-
plex (Fig. 8). Additionally, our chromatin immunoprecipitation
data revealed that ectopic expression of full-length DNMT3L re-
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sults in the recruitment of HDACI to newly integrated proviral
LTRs and some endogenous retroviruses (Fig. 7A and C). Based
on these findings, we investigated whether DNMT3L can recruit
HDACI into the nucleus. Expression of DNMT3L in later-passage
(beyond passage 5 [P5]) MEFs resulted in the translocation of
HDACI from the cytosol to the nucleus; this was abolished if
Dnmt3L was unable to interact with either histone H3 or Dnmt3A
(Fig. 9A and B). These data indicate that the interactions between
DNMT3L and histone tails and DNMT3A are necessary for re-
cruiting HDACI to the nucleus. The translocation of HDACI to
the nucleus was further confirmed by examining its distribution in
the cytosolic and nuclear fractions. An immunoblot of HDAC1
protein expression (Fig. 9C) and the accompanying quantification
(Fig. 9D) revealed that significantly increased HDACI transloca-
tion to the nucleus happened only when the fully functional wild-
type DNMT3L was ectopically expressed in MEFs. Similarly, sig-
nificantly increased HDACI translocation to the nucleus was
found in DNMT3L-expressing 3T3 cells compared with mutant
DNMT3L-transfected 3T3 cells (data not shown).

DNMT3L-repressive chromatin modifier complex is present
in fetal gonads. DNMT3L is normally expressed in male gonads
from E14 onwards (38). We examined whether the DNMT3L-
associated repressor complex observed in our gain-of-function
model is also present in the gonads. We performed immunopre-
cipitation using anti-TRIM28 or anti-HDACI antibody to analyze
associated proteins in E17.5 gonads. Both proteins were observed
in complex with DNMT3A, DNMT3L, and SETDBI. In the ab-
sence of DNMT3L, we observed a decrease in the interaction
among SETDBI, DNMT3A, HDACI, and TRIM28 compared
with that in gonads from wild-type littermates (Fig. 10). Similar to
the results from other cell types, we also did not observe any en-
richment for Ezh2 when immunoprecipitating for TRIM28. These
data support the existence of this corepressor complex in cells that
normally express DNMT3L and suggest that it is of biological
relevance during gametogenesis.

DISCUSSION

Methylation-independent retroviral silencing by ectopic
DNMT3L in somatic cells. Using a combination of various cells
types that normally or ectopically express DNMT3L, we have fur-
ther defined the different levels of epigenetic mechanisms by
which DNMT3L functions to repress retroviral activity (summa-
rized in Table S2 in the supplemental material). Ectopic expres-
sion of DNMT3L triggered the formation of a repressive epige-
netic modifying complex consisting of DNMT3L, DNMT3A,
TRIM28, HDACI, and SETDBI that targets newly integrated Mo-
MuLV proviral sequences and introduces repressive chromatin
modifications in somatic cells without triggering de novo DNA
methylation activity.

Although several studies have shown that DNA methylation
and histone modifications coordinately silence retroviral se-
quences (15, 23, 39-43), the importance of DNMT3L in coordi-
nating histone modifications for proviral silencing has not been
previously described. DNMT3L-induced retroviral silencing ac-
tivity in somatic cells depends on the TRIM28-associated silencing
pathway. Our observation that formation of a DNMT3L-induced
DNMT3L/DNMT3A/TRIM28/HDACI/SETDB1  complex in
MEFs is abrogated by expression of mutant DNMT3L proteins
unable to interact with histone H3 tails highlights the importance
of the chromatin targeting. We propose that the entire DNMT3L-
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induced epigenetic silencing complex is built upon the Mo-MuLV
proviral DNA. Although MEFs and 3T3 cells do not have detect-
able ZFP809 protein expression, in the presence of DNMT3L,
TRIM28 may still be recruited to Mo-MuLV sequences through
another ZFP protein. In addition, as the binding between
DNMT3L and histone proteins is essential for the formation of
TRIM28-included epigenetic modification complex formation,
DNMTS3L may also help TRIM28 to anchor to the chromatin with
Mo-MuLV sequences.

Expression of a DNMT3L mutant unable to interact with
DNMT3A also failed to trigger DNMT3L-induced assembly of the
repressive chromatin-modifying complex. Both DNMT3A and
DNMT3L interact with TRIM28 and HDACI1 (37, 44-46); the for-
mer attracts SETDBI to introduce H3K9 methylation and further
recruits HP1y (24, 47). In addition, DNMT3A may also interact with
SETDBI directly and mediate gene silencing (23, 48). We propose
that Dnmt3L serves as a platform to amplify recruitment of this si-
lencing complex at newly integrated proviral sequences.

Among the chromatin modifiers that DNMT3L recruits to the
Mo-MuLV sequences in MEFs, HDACI is the most significantly
enriched. Previous studies indicate that DNMT3L can directly in-
teract with HDACI1 (37). Our immunofluorescence and nucleus/
cytosol immunoblot analyses demonstrated that DNMT3L over-
expression can change the subcellular localization of HDAC1
from the cytosol to the nucleus in late-passage MEFs, in which a
significant amount of HDACI is located in the cytoplasm. A sim-
ilar DNMT3L-induced HDACI1 translocation from the cytoplasm
to the nucleus is found in 3T3 cells. This effect may partly explain
how DNMTS3L increases the recruitment of HDACI to the
TRIM28 silencing complex. In contrast, in ES cells (Fig. 9E) or
MEFs at lower passages, when HDACI is predominantly localized
to the nucleus, DNMT3L does not further influence the subcellu-
lar localization of HDAC1 significantly. The fact that HDACI is
already localized to the nucleus in ES cells may account for their
inherent ability to suppress retroviral activity (49, 50).

DNMT3L and TRIM28 synergistically silence proviral se-
quences in ES cells through multiple mechanisms. Although our
initial observations were made by overexpressing DNMT3L in
somatic and transformed cell lines, the associated repressive chro-
matin-modifying complex also exists in more physiologically rel-
evant cell types. In mutant ES cells and fetal testes, the absence of
DNMTS3L reduces the interaction between TRIM28 and repres-
sive epigenetic modifiers, including DNMT3A, HDACI, and
SETDB1. DNMT3L may therefore help to initiate a repressive
epigenetic silencing cascade by adding repressive histone marks to
attract more repressive epigenetic modifiers and eventually lead to
the de novo DNA methylation of newly infected retroviral se-
quences in ES cells.

In ES cells, both DNMT3L and TRIM28 are important for
facilitating efficient de novo DNA methylation. Our gain-of-func-
tion study with MEFs indicated that DNMT3L enhances the re-
cruitment of a repressive chromatin-modifying complex to Mo-
MuLV proviral sequences to administer repressive histone
modifications (summarized in Table S2 in the supplemental ma-
terial). The decreased SETDB1/HDAC1/TRIM28 complex forma-
tion in Dnmt3l-deficient ES cells may significantly reduce the
speed and strength of the retroviral silencing activity at the chro-
matin level. DNMT3L is a crucial regulator of DNA methylation
establishment and is thought to specifically enhance DNMT3A-
mediated methylation by a number of mechanisms. DNMT3L
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FIG 9 DNMT3L induces HDACI translocation to the nucleus in later-passage MEFs. The subcellular localization of HDACI in wild-type and Dnmt3I-
transfected MEFs at passage 8 is shown. (A) Control and Dnmt3L-, Dnmt3LP"?*A- Dnmt3L"*""-, and Dnmt3L"?*”*-transfected MEFs were immunostained with
an anti-HDACI antibody and Hoechst 33342 and analyzed by confocal microscopy. Red, HDACI; blue, Hoechst 33342. Scale bar, 2.5 pm. (B) Cell counts of
HDACI subcellular localization. Random microscopic fields of cells from three biological repeats were used for counting the cells with nucleus-enriched or
cytoplasm-enriched HDACI distribution. Blue bars, percentage of cells with predominantly nuclear localized HDACI; yellow bars, percentage of cells with
predominantly cytoplasmic localized HDACI. Total cell counts for each group are 111 for +C, 132 for +Dnmt3l, 120 for +Dnmt31 (D124A), 106 for +Dnmt3l
(I141W), and 108 for +Dnmt3l (F297A). The values reflect the average cell count percentages from three biological repeats = SEMs. Student’s ¢ test was used for
statistical analysis. **, P < 0.01. (C) Western blot analysis of protein expression in the cytosol or nucleus using anti-HDACI, anti-TRIM28, anti-DNMT3L,
anti-alpha-tubulin (control for cytoplasmic signal), and lamin A (control for nuclear signal) antibodies. (D) Quantification of immunoblotting results using
Image]J software. The mean nuclear HDACI signal = SEM from three biological repeats was normalized to the total HDACI signal. Student’s ¢ test was used for
statistical analysis. **, P < 0.01. (E) Wild-type and Dnmt3]1 KO ES cells were immunostained with an anti-HDACI antibody and Hoechst 33342 and analyzed by
confocal microscopy. Red, HDACI; blue, Hoechst 33342.
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has been shown to form heterotetramers with DNMT3A, which
can halt the homo-oligomerization of DNMT3A and release
DNMT3A from heterochromatin regions (51).

Under the histone recognition hypothesis (31) and from the
data described herein, we propose that in the absence of
DNMT3L, fewer repressive histone modifiers are recruited to
chromatin-containing newly integrated proviral sequences. The
relative open chromatin signature, in turn, further reduces
DNMT3A binding and hinders the acquisition of DNA methyl-
ation. This may explain how DNMT3L facilitates effective de novo
DNA methylation on Mo-MuLV proviral sequences in ES cells. In
addition, our observation that TRIM28 is found in complex with
DNMT3A and DNMT3L may explain the necessity of TRIM28 for
efficient and effective de novo methylation and repression of newly
integrated Mo-MuLVs. The DNMT3L-induced PBSpro-re-
stricted epigenetic silencing activity at both the DNA methylation
and chromatin modification levels may also account for the ob-
servation that endogenous retrotransposons are hypomethylated
in Dnmt3l-deficient ES cells (31).

DNMT3L-induced retroviral silencing does not rely on DNA
methylation of proviruses in somatic cells. While endogenous
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DNMTS3L can enhance the efficiency of retroviral silencing activ-
ity by facilitating the recruitment of repressive histone modifiers
and accelerating de novo DNA methylation in ES cells, ectopic
expression of DNMT3L in somatic cells is only sufficient to initi-
ate moderate retroviral silencing activity via repressive histone
modifications. Although DNMT3A is also involved in the
DNMT3L-induced repressive epigenetic modification complex,
we did not detect de novo methylation on the Mo-MuLV se-
quences 20 days after infection in MEFs or 30 days after infection
in 3T3 cells. There are at least two possible reasons why ectopic
DNMT3L was not sufficient to trigger de novo methylation on
Mo-MuLV sequences in somatic cells. First, compared with ES cells,
the MEFs and 3T3 cells may still lack components that are critical for
facilitating the de novo methylation of newly infected Mo-MuLV se-
quences, despite the ectopic expression of DNMT3L. Second, as was
suggested recently for ES cells, DNMT3L may serve as a dominant
negative inhibitor of DNMT3A by competing for the same binding
sites on the H3K27 methyltransferase EZH2 (35); ectopic DNMT3L
may therefore protect certain promoters from DNMT3A-dependent
de novo DNA methylation in differentiated cells. One could speculate
whether DNMT3L also inhibits DNMT3A from binding to a repres-
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sive chromatin modifier(s) on Mo-MuLV sequences through a sim-
ilar mechanism. However, this situation is unlikely because the inter-
action between DNMT3A and DNMT3L is necessary for the
formation of the repressive epigenetic modifier complex, and the
ectopically expressed DNMT3L in fact attracted more DNMT3A to
Mo-MuLV LTR regions. We therefore favor the first hypothesis, that
a critical accessory component for methylating the Mo-MuLV DNA
sequences in ES cells is still missing in DNMT3L-expressing somatic
cells. Further experiments contrasting DNMT3L-interacting pro-
teins and potential regulatory RNAs between ES cells and the
DNMT3L-overexpressing somatic cells may reveal the missing com-
ponents necessary for introducing DNA methylation marks on newly
infected Mo-MuLV proviral sequences.
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