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Dnmt3al and Dnmt3a2 are two de novo DNA methyltransferases expressed in mouse embryonic stem cells
(mESC:s). They differ in that a 219-amino-acid (aa) amino (N)-terminal noncatalytic domain is present only in
Dnmt3al. Here, we examined the unique functions of Dnmt3al in mESCs by targeting the coding sequence of
the Dnmt3al N-terminal domain tagged with enhanced green fluorescent protein (GFP) for insertion into the
mouse Rosa26 locus. Using these targeted cells (GFP-3alNter), we showed that Dnmt3al was efficiently
recruited to the silenced Oct3/4 and activated Vin (vitronectin) gene promoters via its unique N-terminal
domain. This recruitment affected the two genes in contrasting ways, compromising Oct3/4 gene promoter DNA
methylation to prevent consolidation of the silent state while significantly reducing V¢n transcription. We used
this negative effect of the Dnmt3al N-terminal domain to investigate the extent of transcriptional regulation
by Dnmt3al in mESCs by using microarrays. A small group of all-trans retinoic acid (fRA)-inducible genes had
lower transcript levels in GFP-3alNter cells than in wild-type mESCs. Intriguingly, this group included genes
that are important for fetal nutrition, placenta development, and metabolic functions and is enriched for a
distinct set of imprinted genes. We also identified a larger group of genes that showed higher transcript levels
in the GFP-3alNter-expressing cells than in wild-type mESCs, including pluripotency factors and key regu-
lators of primordial germ cell differentiation. Thus, Dnmt3al in mESCs functions primarily as a negative and
to a lesser extent as a positive regulator of transcription. Our findings suggest that Dnmt3al positively affects
transcription of specific genes at the promoter level and targets chromosomal domains to epigenetically silence

gene clusters in mESCs.

Mammalian cells are characterized by cell type-specific
DNA methylation patterns consisting of both intra- and inter-
genic genomic methylation, forming a molecular fingerprint
(5). Ample evidence exists for an inverse correlation between
transcription initiation and DNA methylation in promoter re-
gions, and a mandatory DNA demethylation step is normally
required before the onset of transcription (4).

The mammalian DNA methylation machinery consists of
the maintenance DNA methyltransferase Dnmtl and “de novo”
DNA methyltransferases of the Dnmt3 family. Dnmt1 main-
tains semiconservative DNA methylation during DNA replica-
tion. In contrast, the de novo Dnmts introduce new DNA
methylation marks in targeted genomic regions and are key
enzymes in the deployment of developmental programs (6,
31, 48).

The two active de novo Dnmts, Dnmt3a and Dnmt3b, are
homologous proteins with similar linear arrangements of pro-
tein domains. They are encoded from different genomic loci
that produce active and inactive proteins through differently or
alternatively spliced transcripts. This complex mix of tran-
scripts, combined with the high antigenic similarity of the pro-
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teins, makes it difficult to assess the unique and redundant
functions of the various Dnmt3 proteins produced in vivo.

The Dnmt3a genomic locus produces two transcripts giv-
ing rise to two proteins, the long Dnmt3al and the shorter
Dnmt3a2, that differ in that a 219-amino-acid (aa) amino (N)-
terminal tail is present only in Dnmt3al (11, 50). Dnmt3al is
expressed in both embryonic and adult tissues, and Dnmt3al
and Dnmt3a2 (here collectively referred to as Dnmt3a) are
coexpressed in mouse embryonic stem cells (mESCs). The
Dnmt3a locus is responsible for the establishment of genomic
imprinting (27) that takes place during primordial germ cell
(PGC) formation at a time when the maternal and paternal
genomes are physically separated. Genomic imprints include
differential DNA methylation marks in specific chromosome
regions (differentially methylated regions [DMRs]). These im-
prints differ between the maternal and paternal chromosomes
and survive the wave of DNA demethylation and epigenetic
reprogramming that occurs during the first stages of embryonic
development (36, 46). Imprinting marks are thought to be
preserved by the concerted actions of Dnmt1 and the de novo
Dnmts, and they function in part to silence antisense transcrip-
tion, effectively contributing to monoallelic gene expression
(26, 36).

The transcription factors Oct3/4 and Nanog are integral
components of the regulatory network sustaining the pluripo-
tency of mESCs and are established Dnmt3 targets during
somatic cell differentiation in early embryogenesis (9). The
genes encoding these factors undergo differentiation-induced
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silencing in the epiblast. Treatment of mESCs with all-trans
retinoic acid (tfRA) also results in stepwise silencing of the
Oct3/4 gene promoter, by termination of transcription (18) and
by heterochromatinization of the locus involving characteristic
histone modifications and de novo DNA methylation (2, 17,
33). Heterochromatinization provides an additional safeguard
against reexpression of the Oct3/4 gene and the resulting ded-
ifferentiation of somatic cells. The Oct3/4 gene promoter is
methylated by de novo Dnmt3s that are recruited by G9a his-
tone methyltransferase (HMTase) (16, 17). A complex of G9a
and glycolipoprotein (GLP) HMTase also recruits Dnmt3s to
repetitive DNA sequences that are then methylated and kept
in the transcriptionally silent, heterochromatic state, thus se-
curing the integrity and homeostasis of the genome (15, 49).

New roles for de novo Dnmts suggest that these proteins
also participate in active transcription. De novo Dnmts are
recruited to activated gene promoters along with components
of DNA repair machinery (28, 35). For example, in P19 cells,
nuclear receptor (COUP-TFI)-dependent transcriptional acti-
vation of the vitronectin (}tn) gene involves the recruitment of
Dnmt3a along with base excision repair (BER) components of
the promoter (19), resulting in strand-specific DNA demethyl-
ation of the promoter.

The specific roles for either Dnmt3al or Dnmt3a2 in mESCs
are not yet known. In fact, the functions and genomic targets of
Dnmt3a can be obscured in knockout cells upon reintroduction
of separate genes, because this strategy does not necessarily
result in restoration and rescue of the wild-type (wt) situation
in the ES cells. For example, such a “rescue” experiment would
fail to restore the damaged imprinting marks, because once
lost, these marks cannot be regenerated in ESCs (12). Thus,
which of the two Dnmt3a forms is responsible for maintaining
the Imprints in ESCs is not known.

In an attempt to identify a unique role(s) for Dnmt3al in
mESCs, we focus on the Dnmt3al N-terminal domain, for which
no specific function has yet been attributed. Here, we follow an
alternative strategy to isolate and study the Dnmt3al functional
role in mESCs by making use of this unique Dnmt3alN-terminal
domain. We introduced single-copy transgenes encoding the
tagged N-terminal domain of Dnmt3al, resulting in a moderate
overexpression of the respective protein that did not overly in-
crease levels of endogenous Dnmt3al. Our expressed transgenes
efficiently competed with endogenous protein for its genomic
target sites, without grossly altering the ESC epigenome. Our
data confirmed previous suggestions (26, 38) that endogenous
Dnmts were not “free” in the nucleus but instead were engaged
within the chromatin compartment at all times. Based on our
findings, we suggest that Dnmt3al upregulates transcription of
specific genes at the promoter level, while epigenetically silencing
chromosomal gene clusters in mESCs.

MATERIALS AND METHODS

Cell lines and transfections. Wild-type mouse embryonic stem cells (mESCs-
129/3), green fluorescent protein [GFP]-3a2 cells, and GFP-3alNter cells were
maintained in medium for ES cells (here designated ES medium) containing
Dulbecco’s modified Eagle medium (DMEM; Gibco) supplemented with 15%
fetal bovine serum (FBS; pretested with ES cells; Pan Biotech), 50 U/ml peni-
cillin/streptomycin, 2 mM r-glutamine, 0.1 mM B-mercaptoethanol (3-Me), and
1,000 U/ml mouse leukemia inhibitory factor (LIF; Esgro; Chemicon). The cells
were grown on a monolayer of mitotically compromised mouse embryonic fibro-
blasts (MEFs) in gelatin-coated tissue culture dishes. Growth medium was re-
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placed daily. Transfections were performed (i) by the CaCl, method, (ii) using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions,
and (iii) by electroporation. For electroporation, 1.2 X 107 to 1.5 X 107 cells were
resuspended in 800 wl of phosphate-buffered saline (PBS) and mixed with 20 g
of plasmid that had been linearized by restriction enzyme digestion and extracted
with phenol, followed by electroporation in a 0.4-mm cuvette (Bio-Rad) at 230
V and 500 pF. Cells were layered over a monolayer of MEFs to recover for 24 h
without selection in ES medium. After the recovery period, G418 and ganciclovir
was added to the medium at final concentrations of 250 pg/ml and 2 pM,
respectively. Resistant ESC colonies were picked after 6 to 7 days, trypsinized,
and grown individually in 48-well plates.

For all-trans retinoic acid (fRA) treatment, mESCs-129/3 or clonal cell lines
were trypsinized and plated at a density of 10° cells/ml in petri dishes with
DMEM-15% FBS-LIF medium for 24 h. Cells were then transferred to new
petri dishes in DMEM-15% FBS-1 mM rRA medium that was replaced every
second day and kept for 72, 96, or 120 h. Mock-infected cells were also kept in
petri dishes in DMEM-15% FBS-LIF medium that was replaced daily.

Short hairpin RNA (shRNA) inhibition of Dnmt3al expression in mESCs.
The design of the sh oligonucleotide sequences (scrambled and Dnmt3al spe-
cific) was performed with the GeneLink online tool. (http://www.genelink.com
/sirna/shRNAi.asp). For knockdowns (KDs), two oligonucleotides (64-mers)
bearing the coding sequences for the RNA “hairpins” (one scrambled and one
targeting specifically the Dnmt3al mRNA) were purchased from Invitrogen, and
they were phosphorylated, annealed, and cloned into a standard pSUPER vector
(Oligoengine).

Twenty micrograms of each of the pSUPER recombinant plasmids bearing the
coding sequences for the two RNA hairpins (shRNA) were mixed with 15 pg of
a pBL construct bearing the PGK-neo™ selection marker. Both plasmids were
linearized with restriction enzyme Notl and were used to electroporate mESCs-
129/3. Cells were layered over MEFs to recover for 24 h without selection in ES
medium. After recovery, G418 was added to the medium at final concentrations
of 250 pg/ml. Resistant ESC colonies were picked after 7 days, trypsinized, and
grown individually in 48-well plates.

Plasmids and constructs. Dnmt3al full-length and N-terminal domain cDNAs
were obtained by reverse transcription (RT)-PCR from total RNA of 1929 cells,
and Dnmt3a2 cDNA was similarly obtained from mESCs-129/3. Primer se-
quences are available upon request. Superscript III reverse transcriptase (Invit-
rogen) was used for reverse transcription, and Go Tag polymerase (Promega)
was used for PCR. For long cDNAs, an Expand Long Template kit (Roche) was
used. The cDNAs were cloned into TOPO (Invitrogen) or pPGEM T-Easy (Pro-
mega) vectors and then subcloned into pGEX (GE), pRSET (Invitrogen), and
pEGFPCI1 (Clontech) to acquire glutathione S-transferase (GST), His, and en-
hanced GFP (EGFP) tags, respectively. For knockdowns, the two double-
stranded 64-mers bearing the coding sequences for the RNA hairpins were
cloned into pSUPER vector (Oligoengine) using BgIIT and HindIII cloning sites.
The G9a expression plasmid and antibody were kind gifts from I. Talianidis. The
Rosa26 targeting cassette was provided by the Soriano Laboratory and was
engineered to replace the phosphoglycerate kinase (PGK)-Dta negative selec-
tion marker with PGK-Tk and to include the bovine growth hormone polyade-
nylation signal (BGHpA) sequence downstream of the cDNA cloning site.

Immunoprecipitations and Western blots. We used a modified protocol to
assess the subcellular distribution of endogenous and transgenic proteins. Briefly,
~10% ESCs were trypsinized and plated on gelatinized plates for 3 to 4 h to
minimize MEF contamination. The cells were then harvested and washed twice
with phosphate-buffered saline (PBS). The cells were placed in hypotonic buffer
A (10 mM HEPES-KOH [pH 7.5], 1.5 mM MgCl,, 10 mM KCI, 1 mM phenyl-
methylsulfonyl fluoride [PMSF]) to swell for 10 min on ice and were subse-
quently homogenized with 10 gentle strokes of a Dounce homogenizer with a B
pestle. The samples were centrifuged at 2,500 rpm for 5 min at 4°C. The super-
natant was the cytoplasmic extract, and the cell nuclei formed the pellet. The
pellet was resuspended, washed twice with buffer A, and centrifuged at 2,500 rpm
for 5 min at 4°C. The nuclei were resuspended in buffer C (20 mM HEPES-KOH
[pH 7.5], 25% glycerol, 0.5 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 1 mM
PMSF) and left to rotate for 45 min at 4°C. The samples were then centrifuged
at 14,000 rpm for 5 min at 4°C. The soluble supernatant was the nuclear extract,
and the pellet was the insoluble chromatin. The pellet was washed three times
with buffer C and resuspended with 50 harsh strokes of a Dounce homogenizer
with pestle B in HSB buffer (20 mM HEPES-KOH [pH 7.5], 0.34 M sucrose, 0.65
M NaCl, 1 mM EDTA, 1 mM B-Me, 1 mM PMSF). These samples were then
dialyzed against 20 mM HEPES-KOH (pH 7.5), 0.1 M NaCl, 1 mM EDTA, 1
mM B-Me, and 1 mM PMSF, and after the addition of CaCl, to a final concen-
tration of 3 mM, the samples were treated with 10 U/ml of micrococcal nuclease
for 10 min at 37°C and centrifuged at 14,000 rpm at 4°C for 5 min. The salt
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concentration was subsequently increased to 0.65 M NaCl, and the samples were
centrifuged at 14,000 rpm for 5 min at 4°C. The supernatant was the soluble
chromatin extract, and the pellet was the insoluble nuclear matrix. All extracts
were dialyzed extensively against either PBS or buffer D (20 mM HEPES-KOH
[pH 7.5], 20% glycerol, 0.1 M NaCl, 0.2 mM EDTA, 1 mM PMSF), and their
protein concentrations were determined by Bradford assays.

For immunoprecipitations, 10 g of each antibody was incubated with Dynal
protein G beads according to the manufacturer’s recommendations in 0.1 M
sodium citrate buffer, pH 5, for 40 min on ice. The beads were washed with
PBS-0.01% Tween and left to interact with 100 pg nuclear extract with contin-
uous rotation at 4°C for 4 h in PBS-0.01% Tween buffer. The supernatant was
removed (as flowthrough [FT]), and the beads were washed twice with PBS-
0.01% Tween and twice with PBS-0.01% Tween supplemented with 0.3 M NaCl.
The beads were boiled for 5 min in SDS electrophoresis buffer and analyzed by
Western blotting.

GST pulldowns. GST fusion proteins were expressed in bacteria and purified
from bacterial extracts with Sepharose-GST beads (Sigma) using standard pro-
tocols. Sepharose-GST beads loaded with GST fusion proteins and controls were
incubated with equal amounts of in vitro-translated [*>S]methionine-labeled G9a
(prepared with a TNT SP6/T7 high-yield protein kit (Promega) with continuous
rotation at 4°C for 4 h in PBS-0.01% Tween buffer supplemented with protease
inhibitors. The supernatant was removed, and the beads were washed twice with
PBS-0.01% Tween and five times with PBS-0.01% Tween supplemented with
0.3 M NaCl. The beads were boiled for 5 min in SDS electrophoresis buffer and
analyzed by SDS-PAGE and autoradiography.

Chromatin immunoprecipitations (ChIPs). ESCs (~ 108) mock or fRA treated
for the indicated amounts of time (see the Fig. 3 legend) were harvested and
washed twice with PBS. Cells were resuspended in PBS, and formaldehyde was
added to a final concentration of 11%. The samples were incubated at 37°C for
12 to 15 min before the addition of quenching buffer (125 mM glycine). The cells
were centrifuged at 2,000 rpm, washed with PBS, and resuspended in hypotonic
buffer A to swell for 10 min on ice. The samples were then Dounce homogenized
by five gentle strokes (pestle B) and centrifuged at 2,500 rpm at 4°C for 5 min.
The pellet of nuclei was washed once in buffer C and resuspended in sonication
buffer (10 mM Tris [pH 8.0], 1 mM EDTA, 0.5 mM EGTA, 1 mM PMSF). The
nuclear preparations were sonicated 15 to 20 times for 20 s each at 80% of the
maximum power of a VibraCell sonicator (Sonics) with a microtip. Samples were
centrifuged at 4,000 rpm, and the supernatant was adjusted to 0.5% sarcosyl and
0.568 g/ml CsCl,. Ultracentrifugation was carried out at 40,000 rpm for 36 h. The
resultant fractions were analyzed on agarose gels. For each sample, fractions
containing DNA were pooled and extensively dialyzed against 2 liters of dialysis
buffer (10 mM Tris [pH 8.0], 1 mM EDTA, 0.5 mM EGTA, 5% glycerol, 1 mM
PMSF). The DNA content of the samples was determined, and it was concen-
trated if required.

For immunoprecipitations, 10 pug of each antibody was incubated with Dynal
protein G beads according to the manufacturer’s recommendations in 0.1 M
sodium citrate buffer (pH 5) for 40 min on ice. The beads were washed with PBS
to remove unbound antibody and left to interact with 10- to 20-pg chromatin
samples with continuous rotation at 4°C overnight in radioimmunoprecipitation
assay (RIPA) buffer (10 mM Tris [pH 8.0], 1% Triton, 140 mM NaCl, 0.1%
sodium deoxycholate, 1 mM PMSF). The next day, the supernatant was removed
and the beads were washed twice with RIPA buffer, twice with RIPA500 buffer
(10 mM Tris [pH 8.0], 1% Triton, 500 mM NaCl, 0.1% sodium deoxycholate, 1
mM PMSF), once with LiCl buffer (10 mM Tris [pH 8.0], 1 mM EDTA, 250 mM
LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, 1 mM PMSF), and once with TE
buffer (10 mM Tris [pH 8.0], 1 mM EDTA). The beads were eluted twice in 150
pl elution buffer (50 mM Tris [pH 8.0], 0.1 mM EDTA, 50 mM NaHCO;, 1 mM
PMSF) at 65°C for 10 min.

The sample volume was increased to 400 wl with water, and NaCl was adjusted
to a final concentration of 0.1 M. EDTA and proteinase K were added to final
concentrations of 5 mM and 0.4 mg/ml, respectively, and the samples were placed
at 42°C for 2 h. The samples were incubated overnight at 65°C to reverse the
cross-links. The samples were then phenol-chloroform extracted, and glycogen
and 800 pl ethanol were added. The samples were placed at —20°C for more than
5 h and then precipitated by centrifugation at 10,000 X g at 4°C for 30 min. The
pellets were washed with 70% ethanol and resuspended in 100 wl TE buffer.
Aliquots of 5 ul of each sample were used for quantitative PCR (q-PCR)
amplification.

Microarray hybridization and analysis. Three independent RNA preparations
were used for cRNA synthesis and labeling (Enzo) for each condition tested,
according to Affymetrix instructions. Labeled samples were used to hybridize
mouse Gene 1.0 ST arrays (Affymetrix). The raw data obtained from these
experiments were analyzed using the Partek Genomic Suite (Partek). Normal-
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ization of the data included gene content robust multiarray average (GCRMA)
background correction and probe summarization by the median polish method.

Reverse transcription and q-PCR. Total RNA was isolated from cell pellets
with Trizol reagent (Invitrogen). The RNA samples were DNase treated and
further purified with an RNeasy purification system (Qiagen). RNA (5 pg) was
used in reverse transcription reactions for 1 h at 37°C using Superscript III
reverse transcriptase (Invitrogen). q-PCR was performed for diluted RT samples
with the designated primer sets using Evagreen master mix (Bio-Rad). q-PCRs
were performed using an miniOpticon real-time PCR detection system (Bio-
Rad). All the primers were designed to produce a product 100 to 150 bp long in
order to perform all reactions with the following simple two-step program: 95°C
for 2 min followed by 40 cycles of 95°C for 30 s, 60°C for 45s, and 70°C for 20 s.
The Gapdh mRNA levels were monitored and used as the internal control for
quantification in RT-coupled q-PCR experiments. ChIP samples were normal-
ized against input chromatin samples and subjected to proteinase K treatment
and reverse cross-linking, as described above.

The results were obtained from duplicates of three independent experiments,
and the data were extracted by either MJ Opticon Monitor analysis (v. 3.1) or
Bio-Rad CFX manager (v. 1.5.534) and further analyzed in a spreadsheet by the
method described in reference 45.

Antibodies. The following antibodies were purchased: anti-GFP (s5c¢-9996;
Santa Cruz), anti-p68 (05-850; Upstate), anti-tetra-acetylated histone H4 (06-
598; Upstate), anti-G9a (ab3939-100 from Abcam and 07-551 from Upstate),
anti-Dnmt3a (sc-20703 from Santacruz and ab23565 and ab13888 from Abcam),
and anti-FLAG (F3165; Sigma-Aldrich). Anti-COUP-TF antibody was kindly
provided by I. Talianidis.

Bisulfite sequencing. Bisulfite primers were designed with Methyl Primer
Express v. 1.0 software, and bisulfite DNA conversion was performed with an EZ
methylation DNA Gold kit (Zymo Research) according to the manufacturer’s
instructions.

Primers and oligonucleotides are available upon request.

Microarray data accession number. The set of supporting microarray data
have been deposited in the ArrayExpress public database, and the assigned
accession number is E-MEXP-3012.

RESULTS

Targeting of the Dnmt3al N-terminal domain and Dnmt3a2
c¢DNAs into the Rosa26 locus of mESCs. Dnmt3al and Dnmt3a2
are both expressed in mESCs. To discriminate between them
in vivo, we engineered stable mESC clones bearing coding
sequences of (i) the enhanced green fluorescent protein
(EGFP)-tagged 219-aa Dnmt3al N-terminal domain (GFP-
3alNter cells), (ii) the FLAG and EGFP double-tagged 219-aa
Dnmt3al N-terminal domain (FLAG-3alNter cells), and (iii)
the EGFP-tagged Dnmt3a2 (GFP-3a2 cells), with targeted in-
sertion into the mouse Rosa26 locus (Fig. 1A). Genomic tar-
geting was verified by Southern blotting (not shown), and
transgene transcription was driven by the Rosa26 promoter in
all cases. To rule out the possibility that expression from single-
copy Rosa26 loads the cell with large amounts of transgene
mRNA, leading to excessive overexpression, we performed
g-PCR for RT total RNA samples from either mock- or 96-h
tRA-treated wt mESCs, GFP-3alNter cells, and FLAG-3alNter
cells, using primers specifically amplifying Dnmt3al sequences;
the primers also amplify the sequences of the tagged 219-aa
Dnmt3al N-terminal domain in the stable cell lines. Untreated
GFP-3alNter and FLAG-3alNter cells exhibit ~1.5- to 2-fold-
increased Dnmt3al levels compared to levels for untreated
wt mESCs (see supplementary Fig. 1 at http:/www.fleming.gr
/files/Agalioti_supplemental_document.pdf, white bars). In
contrast, fRA-treated GFP-3alNter and FLAG-3alNter cells
contain levels of Dnmt3al similar to those for fRA-treated wt
cells, because Dnmt3al mRNA is induced by tRA 5- to 6-fold
(supplementary Fig. 1 at http://www.fleming.gr/files/Agalioti
_supplemental_document.pdf, compare black and white bars).



MoL. CELL. BIOL.

1580 KOTINI ET AL.

B
180KDa
BSHpovA EGFP-Dnmt3a2 115KDa
. | Dnmt3a1Nter Dnmt3a2 82KDa
BGH polyA
6' Rosa Onmt3aiNter | | neo+ 3' Rosa PGK-Tk %Km
polyA 37KDa
5' Rosa gl Dnmt3a2 neo+ 3’ Rosa PGK-Tk 26KDa
""""""""""" X:  Xoal
____________ 19KDa
RV ~,__ x __.~ RV :V' ::::V 15KDa
' Rosa ' Rosa tag
PROBE I EGFPtag 1 2 3 4
HEK 293 cells E
& & ' 1
ca LLE 6,99 Cyto. Nucl. Chrom.
lines: & & éq éq Extract Extract Extract
T _ LR r L ¥ 1
| “CFP  EGFP.Onmtsm v - opp  Drmiat» -
aDdxs EGFP-Dnmt3a2» pa— — - a + | a-Dnmt3a
S — a-Ddx6 EGFP- »  w bl
a-acH4 el ! o
-~ w cacHd  gopp [ o GFP
Nucl.  Chrom. 1 2 3 4 6 6 3a1Nter >
Extract Extract Nucl. Chrom. 1 2 3 4 5 6
Extract Extract

FIG. 1. Targeting of the tagged Dnmt3al-N-terminal domain and Dnmt3a2 coding sequences into the mouse Rosa26 locus. (A) Top, schematic
representation of Dnmt3al and Dnmt3a2 proteins. Bottom, schematic representation of the targeting strategy to introduce the EGFP- or
FLAG/EGFP-tagged Dnmt3al-N-terminal domain or EGFP-tagged Dnmt3a2 cDNAs into the nonessential Rosa26 mouse genomic locus.
(B) Western blot of whole-cell protein extracts from wild-type mESCs (lanes 1 and 3) and GFP-3a2 cells (lanes 2 and 4). Lanes 1 and 2, a
monoclonal anti-GFP (a-GFP) antibody was used for detection; lanes 3 and 4, an antibody against the C-terminal part of Dnmt3a (epitope between
aa 750 and 908) was used. A double band marked by asterisks corresponds to two different forms of Dnmt3al. The blue and the red arrowheads
indicate EGFP-Dnmt3a2 and endogenous Dnmt3a2, respectively. (C) Western blot of fractionated protein extracts from wild-type mESCs and
GFP-3a2 cells. Lanes 1 and 2, nuclear (Nucl.) extracts. Lanes 3 and 4, chromatin (Chrom.) extracts. Upper panel, a monoclonal anti-GFP antibody
was used to detect EGFP-Dnmt3a2. Efficient subcellular fractionation was verified by immunoblotting with Pab 204 antibody (Upstate) (28a)
recognizing the nuclear Ddx5/p68 DEAD-box RNA helicase (middle panel), and with an antibody against the chromatin-associated tetra-
acetylated histone H4 N-terminal tail (lower panel) (Upstate). (D) Western blot of nuclear (lanes 1 to 3) and chromatin (lanes 4 to 6) extracts from
HEK-293T cells transiently transfected with constructs encoding EGFP-Dnmt3al (lanes 1 and 4) or EGFP-Dnmt3a2 (lanes 2 and 5) or with empty
EGFP-encoding vector (lanes 3 and 6). Antibody detection was as in panel C. (E) Western blot of cytoplasmic (lanes 1 and 2), nuclear (lanes 3
and 4), and chromatin (lanes 5 and 6) extracts from wild-type mESCs (lanes 1, 3, and 5) and GFP-3alNter cells (lanes 2, 4, and 6). Upper panel,
the H-295 antibody (Santa Cruz) against the N-terminal Dnmt3al/3a2 domain (aa 1 to 295) was used for detection. Lower panel, detection was
performed with a monoclonal anti-GFP antibody. The black arrowhead indicates endogenous Dnmt3al protein. Gray arrowheads indicate

EGFP-3alNter protein.

We conclude that the single-copy Rosa-26 EGFP-3alNter-in-
serted transgenes increase merely 2-fold the overall Dnmt3al
mRNA in uninduced GFP-3alNter and FLAG-3alNter cells.
The 2-fold increase in Dnmt3al mRNA levels cannot account
for an excessive overexpression of the transgene proteins in the
stable cell lines. These findings suggest that the expressed
EGFP-3alNter and FLAG-3alNter proteins are exerting their
effects on the mESC epigenome, acting as dominant-negative
Dnmt3al mutants (see also Discussion).

Endogenous Dnmt3al and Dnmt3a2 are chromatin-associ-
ated proteins. Their solubilization requires chromatin degra-
dation and high salt extraction. We used Western blotting to
detect endogenous Dnmt3al and Dnmt3a2 as well as trans-
gene protein products in protein extracts (Fig. 1) before and
after subcellular fractionation (see supplementary Fig. 2 at
http://www.fleming.gr/files/Agalioti_supplemental_document
.pdf). EGFP-3alNter was soluble and present in the nucleo-
plasm and chromatin and to a lesser extent in the cytoplasm
(Fig. 1E, lanes 2, 4, and 6). This protein, however, appeared at

a higher molecular mass than anticipated (~82 kDa instead of
an estimated 51 kDa) (see supplementary Fig. 3A at http:
/www.fleming.gr/files/Agalioti_supplemental _document.pdf).
This apparent discrepancy in mass can be caused either by
posttranslational modifications imposed specifically by the eu-
karyotic cell to the transgene protein or by factors inherent to
the particular protein sequence, causing the anomalous pro-
tein migration in SDS-PAGE. To discriminate between the two
possibilities, we compared the migration of the GST-3alNter
protein produced in bacteria and the EGFP-3alNter protein
from the GFP-3alNter cell extract. Both GST-3alNter and
EGFP-3alNter proteins have anticipated molecular masses of
~51 kDa, and both migrate anomalously above 64 kDa in the
Western blot shown in supplementary Fig. 3A (http://www
fleming.gr/files/Agalioti_supplemental_document.pdf). Addi-
tionally, we compared the elution profile of the double-tagged
FLAG/EGFP-3alNter protein from FLAG-3alNter cell nu-
clear extracts with the elution profiles of protein standards
which were analyzed with a Superose 12 gel filtration column



Vor. 31, 2011

(GE Healthcare). The FLAG/EGFP-3alNter protein is eluted
at 12.5 to 13 ml (corresponding to fractions 15 to 16), and the
44-kDa peak for the protein standards is detected at 13.72 ml
of the Superose 12 column elution volume (see supplementary
Fig. 3B at http://www.fleming.gr/files/Agalioti_supplemental
_document.pdf). Despite the anomalous migration, the EGFP-
3alNter protein is eluted from gel filtration according to its
anticipated molecular weight. From the above findings, we
conclude that the EGFP-3alNter protein migration pattern is
probably due to its anomalous migration in SDS-PAGE and
not attributed to eukaryotic cell-specific posttranslational mod-
ifications.

The 97-kDa EGFP-Dnmt3a2 protein was detected by anti-
GFP antibody in GFP-3a2 cells (Fig. 1B, lane 2) and was also
chromatin bound (Fig. 1C, compare lane 2 with lane 4). Sur-
prisingly, EGFP-Dnmt3al and -Dnmt3a2 proteins were de-
tected in both nuclear extracts and chromatin of transiently
transfected HEK-293T cells (Fig. 1D, lanes 1 and 2 and lanes
4 and 5), presumably because they were being expressed at
amounts exceeding the saturation levels of their genomic tar-
get sites. In contrast, GFP-3a2 cells only moderately overex-
pressed EGFP-Dnmt3a2 protein, at net Dnmt3a2 levels below
saturation of genomic target sites.

EGFP-3alNter expression compromised silencing of the
Oct3/4 and Nanog genes and transcriptional activation of the
Vin gene. tRA treatment of mESCs results in methylation of
the Oct3/4 and Nanog promoters through G9a-dependent re-
cruitment of de novo Dnmts (Dnmt3a and Dnmt3b) (16, 17).
Promoter DNA methylation consolidates the transcriptionally
silent state of the Oct3/4 and Nanog genes. However, Dnmt3a
is also recruited to the promoter of the inducible Vzn gene in
P19 cells (19).

To test the effect of EGFP-3alNter protein expression on
silencing of the Oct3/4 and Nanog genes and transcriptional
activation of the Vin gene, we performed q-PCR using specific
primers and RT total RNA samples from either mock- or 120-h
tRA-treated wt mESCs, GFP-3alNter cells, or GFP-3a2 cells.
EGFP-Dnmt3a2 expression affected neither Oct3/4 or Nanog
gene mRNA levels in untreated GFP-3a2 cells (Fig. 2A) nor
transcriptional downregulation after 96 h of tfRA treatment. In
contrast, higher levels of both Oct3/4 and Nanog mRNAs per-
sisted in GFP-3alNter cells compared to wt cells after tRA
treatment (Fig. 2A, gray bars; comparisons are indicated by
single and double asterisks), suggesting that expression of the
EGFP-3alNter protein compromised permanent silencing of
the Oct3/4 and Nanog genes in GFP-3alNter cells.

To verify that silencing was compromised, we assessed all
three cell lines for their ability to reactivate Oct3/4 and Nanog
gene transcription upon readdition of LIF to the cell culture
medium after 120 h of /RA treatment. LIF treatment resulted
in partial transcriptional reactivation of the Oct3/4 gene but
not the Nanog gene in GFP-3alNter cells, but not in wt mESCs
(Fig. 2B, single and double asterisks). We performed bisulfite
sequencing of 375 bp around the transcription start site (TSS;
+1) of the Oct3/4 gene promoter in 96-h tRA-treated GFP-
3alNter cells and wt mESCs to monitor the methylation status
of the 13 CpGs of this region (Fig. 2C). This region was found
to be 14% methylated in GFP-3alNter cells, compared to 30%
methylation in wt cells. We concluded that methylation of the
Oct3/4 gene promoter was inefficient in GFP-3alNter cells,
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presumably due to competition of EGFP-3alNter with endog-
enous Dnmts (Fig. 2C). The tRA-inducible Vin gene was silent
in both wt mESCs and GFP-3a2 cells. Strikingly, GFP-3alNter
cells exhibited suboptimal fRA-induced Vin transcription com-
pared to that for wt mESCs (Fig. 2A, triple asterisks).

In P19 cells, induction of Vn gene transcription is associated
with strand-specific promoter demethylation (19). We there-
fore examined the methylation status of a 279-bp region
containing 11 CpGs (arbitrarily numbered 6 to 16) corre-
sponding to the noncoding strand (from —370 to —90 rela-
tive to the TSS) of the Vin promoter (Fig. 2D) by bisulfite
sequencing. This region is heavily methylated in untreated
wt mESCs, and the methylation percentage calculated with
bisulfite sequencing was 75%. This methylation percentage
dropped to 44% in tRA-treated wt mESCs (Fig. 2D). Strik-
ingly, the methylation percentage is calculated to be 75% in
untreated GFP-3alNter cells, as is the case in wt mESCs, and
remains high (77%) after 96 h of fRA treatment of these cells.
These data show that the Vin promoter is not demethylated
upon tRA treatment of GFP-3alNter cells and that the subopti-
mal Vin tRA-dependent transcriptional induction in GFP-
3alNter cells correlated with high levels of strand-specific
methylation of the Vin promoter. This result is in agreement
with data provided by Gallais et al. (19), suggesting that
Dnmt3a plays a role in the demethylation of Vtn promoter in
P19 cells, presumably acting as a deaminase instead of a DNA
methyltransferase.

Collectively, our data showed that Dnmt3al in mESCs pos-
itively affects Vtn gene transcription and simultaneously con-
tributes to the silencing of the Oct3/4 and Nanog genes.

Dnmt3al is recruited to Oct3/4 and Vin gene promoters via
its N-terminal domain. To test whether EGFP-tagged proteins
were recruited to Oct3/4 and Vin promoters upon tRA treat-
ment, we performed chromatin immunoprecipitation (ChIP)
analysis of these elements using wild-type mESC, GFP-3alNter
cell, and GFP-3a2 cell chromatin preparations and specific
antibodies. We used anti-GFP antibody in addition to anti-G9a
and anti-COUP-TF antibodies, since G9a and COUP-TF are
thought to tether Dnmts to the Oct3/4 and Vin gene promoters,
respectively, upon fRA stimulation (1, 16, 17).

As expected, Oct3/4 but not Vin promoter sequences were
enriched in all ChIP samples from 120-h tRA-treated cells using
the anti-G9a antibody (Fig. 3A). In addition, the Vtn promoter
was enriched in anti-COUP-TF immunoprecipitated samples
from all chromatin preparations from tRA-treated cells (Fig.
3A, wt, GFP-3a2, and GFP-3alNter). Interestingly, Oct3/4
gene promoter sequences were also enriched in COUP-TF
ChIP samples (Fig. 3A), suggesting that COUP-TFI was re-
cruited to both the silenced Oct3/4 promoter and the activated
Vin promoter. This is consistent with the previously suggested
role of COUP-TFI in Oct3/4 gene transcriptional repression
observed in embryonal carcinoma (EC) cells (3). Oct3/4 and
Vin promoter sequences from tRA-treated wt mESC, GFP-3a2
cell, and GFP-3alNter cell chromatin preparations were en-
riched in ChIP reactions performed with a polyclonal antibody
recognizing both Dnmt3al and Dnmt3a2 (H-295; Santa Cruz)
(Fig. 3A).

Anti-GFP antibody immunoprecipitated Oct3/4 and Vin pro-
moter sequences from GFP-3alNter but not from GFP-3a2
tRA-treated cells (Fig. 3A). The same antibody failed to pre-
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FIG. 2. EGFP-Dnmt3alNter expression compromised Oct3/4 and Nanog gene silencing and Vtn gene transcription. (A) q-PCR using reverse-
transcribed total RNA samples from untreated or 120-h rRA-treated wt mESCs, GFP-3alNter cells, or GFP-3a2 cells. Amplification was
performed with primers specific for Oct3/4, Nanog, or Vin gene mRNAs. Rel., relative. (B) q-PCR using reverse-transcribed total RNA samples
from wild-type mESCs, GFP-3alNter cells, and GFP-3a2 cells. Cells were untreated or tRA treated for 120 h. After 120 h of fRA treatment, the
cells were incubated with LIF for 8 more days. Amplification was carried out with primers specific for Oct3/4, Nanog, and Vin gene mRNAs.
(C) Bisulfite sequencing of the 375-bp region around the transcription start site (TSS; +1) of the Oct3/4 gene promoter. The region contains 13
CpGs (arbitrarily numbered from 1 to 13). PCR was performed with specific primers using bisulfite-converted DNA from 96-h tRA-treated wt
mESCs and GFP-3alNter cells. Six and seven individual PCR products derived from wild-type mESCs and GFP-3alNter cells, respectively, were
cloned into the TOPO II PCR vector (Invitrogen) and sequenced with Sp6 and T7 primers. Methylation was calculated to be 30% for this genomic
area in wt mESCs and 14% in GFP-3alNter-derived clones. (D) Bisulfite sequencing of the 279-bp region (—370 to —90) upstream of the
transcription start site (noncoding strand) of the Vtn gene promoter. The region contains 11 CpGs arbitrarily numbered 6 to 16 (top). PCR was
performed with specific primers using bisulfite-converted genomic DNA from untreated and 96-h tRA-treated wt mESCs and GFP-3alNter cells.
Individual PCR products were cloned into the TOPO II PCR vector (Invitrogen) and sequenced with Sp6 and T7 primers. Methylation was
calculated to be 75% in this genomic area for untreated wt mESCs and GFP-3alNter cells, 44% for tRA-treated wt mESCs, and 77% for

tRA-treated GFP-3alNter cells.

cipitate either Oct3/4 or Vin promoter sequences from wild-
type mESC chromatin preparations (Fig. 3A and B, respec-
tively), confirming the specificity of the ChIP reactions.

It is known that Dnmt3a is targeted to the mouse major
pericentromeric repeats via its PWWP domain (13). We
tested our ChIP reactions by performing ChIPs monitoring
the mouse major repeats.

In line with the above evidence, we show that PCR from
ChIP samples with a monoclonal antibody against the C-ter-

minal (Cter) part of Dnmt3a protein (ab13888; Abcam) (Fig.
1B, lanes 3 and 4) recognizing both Dnmt3a isoforms, results in
detecting major repeat sequences from untreated and 120-h
tRA-treated wt ESCs (see supplementary Fig. 4 at http://www
fleming. gr/files/Agalioti_supplemental_document.pdf, lanes
15 and 16). Major repeats from GFP-3a2 chromatin prepara-
tions from untreated and tRA-treated samples were also en-
riched in ChIP reactions performed with anti-GFP antibody
(see supplementary Fig. 4, lanes 11 and 12). In contrast, anti-
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FIG. 3. Dnmt3al is recruited to silent Oct3/4 gene and activated Vin gene promoters via its N-terminal domain. (A) q-PCR with chromatin-
immunoprecipitated (ChIP) samples prepared from untreated and 120-h rRA-treated wt mESCs, GFP-3a2 cells, and GFP-3alNter cells. ChIPs
were performed with selected antibodies against GFP, 1 to 295 aa of Dnm3al/3a2, COUP-TF, G9a HMTase, p68/Ddx5 DEAD-box helicase, and
tetra-acetylated histone H4 N-terminal tail. Amplification was performed with primers specific for the Oct3/4 gene promoter. (B) g-PCR with ChIP
samples prepared from untreated and 120-h fRA-treated wt mESCs, GFP-3a2 cells, and GFP-3alNter cells. ChIPs were performed with selected
antibodies as in panel A. Amplification was performed with primers specific for Vin promoter sequences. (C) q-PCR with ChIP samples prepared
from untreated and 72-h tRA-treated wt mESCs and GFP-3alNter cells. ChIPs were performed with antibodies against GFP and the Dnmt3a C

terminus. Amplification was performed with primers specific for promoter sequences of the Nanog and Vin genes.

GFP antibody failed to immunoprecipitate the mouse major
repeat sequences in wt mESCs and GFP-3alNter chromatin
preparations from untreated and tRA-treated samples (see
supplementary Fig. 4, lanes 3 and 4 and lanes 7 and 8). Our
results are in line with evidence indicating that the mouse
major repeats are targeted by Dnmt3a via its PWWP domain
and that the EGFP-3al Nter protein is not recruited to this
genomic region. Moreover, our experiments indicate that our
anti-GFP chromatin immunoprecipitations are highly specific.

To show that competition between EGFP-3alNter and
endogenous Dnmt3al protein took place specifically on the
promoters of the affected genes, we employed ChIP using
antibodies recognizing either EGFP-3alNter protein or en-
dogenous Dnmt3al. Anti-GFP antibody immunoprecipitated
both Nanog and Vin promoter sequences specifically from 72-h
tRA-treated GFP-3alNter cells (Fig. 3C, a-GFP antibody),
indicating that EGFP-3alNter protein was efficiently recruited
to both these sites. We subjected the same chromatin samples
to ChIP using the antibody against the C-terminal (Cter) part
of Dnmt3a protein (Fig. 1B, lanes 3 and 4). This anti-Dnmt3a-
Cter antibody precipitated Nanog and Vin gene sequences
from tRA-treated wild-type mESCs with a 5-fold higher effi-
ciency than that for uninduced cells (Fig. 3C, a-Dnmt3a-Cter
antibody). In contrast, anti-Dnmt3a-Cter antibody failed to
specifically precipitate Nanog and Vin gene promoter se-
quences in tRA-treated GFP-3alNter chromatin samples (Fig.
3C, comparisons indicated by single and double asterisks),

suggesting that fRA-induced recruitment of EGFP-3alNter to
the Nanog and Vin promoters efficiently outcompeted the re-
cruitment of endogenous Dnmt3al, thus depriving the anti-
Dnmt3a-Cter antibody from encountering its epitope at these
genomic sites.

Taken together, these results showed that EGFP-3alNter but
not EGFP-Dnmt3a2 protein was efficiently recruited to Oct3/4,
Nanog, and Vin gene promoters, where it outcompeted endoge-
nous Dnmt3al. DNA methylation of the Oct3/4 and Nanog gene
promoters was compromised, and these genes were not perma-
nently silenced.

EGFP-3alNter protein interacts in vivo and in vitro with G9a
HMTase. G92 HMTase tethers Dnmt3a to the Oct3/4 gene
promoter upon tRA-induced gene silencing in mESCs (17).
G9a interacts with the carboxy-terminal domain of Dnmt3al in
vitro (16). We reasoned that EGFP-3alNter protein must con-
tain an interaction site, since it is efficiently recruited to the
Oct3/4 gene promoter in GFP-3alNter cells in vivo. We there-
fore performed protein coimmunoprecipitation assays (co-IPs)
using anti-GYa and anti-FLAG antibodies in GFP-3alNter and
FLAG-3alNter cell nuclear extracts. FLAG-3alNter cells ex-
press a fusion protein of the 219-aa Dnmt3al N terminus with
both an N-terminal FLAG tag and a C-terminal EGFP tag
from a single-copy insertion at the Rosa26 locus (Fig. 1A).

EGFP-3alNter protein was detected with anti-GFP anti-
body in co-IPs using anti-G9a and GFP-3alNter nuclear ex-
tracts (Fig. 4A, lane 6). In the complementary reaction, G9a
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FIG. 4. Dnmt3al N-terminal domain coimmunoprecipitates with G9a in mESCs. (A) Western blot of input (lanes 1 and 2), flowthrough (lanes
3 and 4), and immunoprecipitation (lanes 5 and 6; beads) samples from wt mESC (lanes 1, 3, and 5) and GFP-3alNter cell (lanes 2, 4, and 6)
nuclear extracts. Immunoprecipitation reactions were performed with anti-G9a antibody (07-551; Upstate). Upper panel, detection was performed
with a monoclonal anti-GFP antibody (Santa Cruz). Lower panel, detection was performed with anti-G9a antibody (Abcam). (B) Western blot of
input (lanes 4 and 6), flowthrough (lanes 1, 3, and 7), and immunoprecipitation (lanes 2, 5, and 8) samples from FLAG-3alNter cell cytoplasmic,
nuclear, and chromatin extracts. FLAG-3alNter cells express a double-tagged FLAG-3alNter-EGFP protein which can be detected with
anti-FLAG and anti-GFP antibodies. Immunoprecipitation reactions were performed with anti-FLAG polyclonal antibody (Sigma). Upper panel,
detection was performed with a monoclonal anti-GFP antibody. Lower panel, detection was performed with anti-G9a antibody (Abcam).
(C) Schematic representation showing Dnmt3al domains and deletion proteins fused to GST. Numbers indicate amino acid positions. The GST
pull-down experiment was performed using bacterially produced and purified corresponding GST-Dnmt3al domains and in vitro-translated G9a
protein labeled with [**S]methionine. The results of this experiment are summarized in the table on the left. Frg, fragment number.

was detected with anti-G9a antibody in co-IPs using anti-
FLAG and nuclear and chromatin FLAG-3alNter cell extracts
(Fig. 4B, lanes 5 and 8). We therefore concluded that Dnmt3al
N-terminal domain coprecipitated with G9a in vivo in mESCs.
Next, we used a series of deletion constructs of Dnmt3al
fused to glutathione S-transferase (GST) to investigate direct
interactions with G9a (Fig. 3C). High-stringency GST pull-
down experiments with these deletion proteins and in vitro-
translated radioactively labeled G9a revealed multiple contacts
between Dnmt3a and G9a. We observed strong interactions
between G9a and either the Dnmt3al N-terminal domain (aa
1to 219) or sequences spanning the PWWP domain of Dnmt3a
(aa 242 to 467) (Fig. 4C, fragments 4 to 6). An interaction
between the PWWP domain of Dnmt3a and GYa is suggested
by Dong et al. (15). Neither the extreme C-terminal sequences
(aa 567 to 903) nor the middle part of the C-rich region of
Dnmt3a (aa 487 to 542), showed detectable interactions with
GYa. However, the region between aa 487 and 903 did interact
strongly (Fig. 4C, fragment 7). We propose that an additional
G9a interaction region may require aa 542 to 567 of Dnmt3al/
3a2, contributing either to direct contacts to G9a or to the
correct folding of the corresponding deletion protein.
Quantitative differences in the positive and negative tran-
scriptional effects of Dnmt3al. Dnmt3a positively affects tran-

scription when participating in demethylation cycles at active
promoters (28, 35) and Dnmt3a-mediated demethylation has
been shown to exert a positive effect on fRA-activated transcrip-
tion of the Vin gene (19). Moreover, Dnmt3a has a well-estab-
lished role in permanent transcriptional silencing, for example, in
the case of the Oct3/4 and Nanog genes. An interesting question
is to what extent ESCs make use of Dnmt3a’s positive versus
negative activities and what the target genes are in each case.
To gain insight into this question, we compared the transcrip-
tion profiles of wt mESCs and GFP-3alNter cells, under either
untreated or 120-h fRA-treated conditions (Fig. 5A). Expres-
sion of the N-terminal domain of Dnmt3al is expected to
compromise wt Dnmt3al function, thus revealing positive and
negative transcriptional targets in the differential comparison.
Labeled cRNAs corresponding to each condition were used to
hybridize mouse Gene 1.0 ST Arrays (Affymetrix). The raw data
were subjected to normalization and background correction.

To identify specific genes that were affected by Dnmt3al,
one-way analysis of variance (ANOVA) comparisons were per-
formed between wt mESC and GFP-3alNter samples that
were either untreated or /RA treated (P values, =0.05; expres-
sion change, *1.5-fold across conditions). We identified 155
probe sets (PS) that were differentially expressed between un-
treated wt mESCs and GFP-3alNter cells, and 376 PS that
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FIG. 5. mESCs utilize Dnmt3al positive and negative effects in transcription to different extents. (A) Schematic representation of the pairwise
transcription profile (microarray) comparisons between untreated wt mESC and GFP-3alNter cell samples (green) and between tRA-treated wt
mESC and GFP-3alNter cell samples (blue). The numbers correspond to one-way ANOVA-selected probe sets (p.s) that are differentially
expressed between conditions and fulfill the selection criteria (P values, =0.05; expression change, +1.5-fold across conditions). (B) Venn diagram
comparison between differentially expressed probe sets (p.s) for untreated (green) and tRA-treated (blue) wt mESC versus GFP-3alNter cells.
There were 12 probe sets that changed between the two cell lines under both untreated and tRA-treated conditions, 143 differentially expressed
probe sets fulfilling the selection criteria (A) exclusively in untreated cells, and 364 probe sets differentially expressed in tRA-treated cells. In sum,
519 probe sets changed across conditions. (C) The 519 probe sets that changed between mESCs and GFP-3alNter cells were divided according
to their upregulation (green) or downregulation (pink) in GFP-3alNter cells. A comparison of these categories under undifferentiated (LIF) or
tRA-treated conditions revealed differences in both the ratio and the extent of up- and downregulation after fRA treatment differentiation.

were differentially expressed between tRA-treated wt mESCs
and GFP-3alNter cells (Fig. 5A). The Venn diagram in Fig. 5B
illustrates that there were 12 PS in common between these two
categories of PS, in addition to 143 PS unique to untreated
cells and 364 PS unique to fRA-treated cells.

Further analysis of these 519 PS revealed a balance of
Dnmt3al-positive and -negative functions in transcription in
undifferentiated mESCs (Fig. 5C, LIF), because the 155 af-
fected PS in the GFP-3alNter samples were divided nearly
equally into two groups of 78 and 77 PS, exhibiting higher and
lower transcript levels, respectively, than those for the wt
mESC samples. In contrast, upon fRA induction, the amount
of affected PS in the GFP-3alNter samples doubled (Fig. 5C,
tRA). In addition, a much larger group of PS (279) exhibited
higher levels of transcription than those for the wt samples,
with only 97 PS representing Dnmt3al-positive targets (PS
with lower levels than the wt ESC samples) (Fig. 5C, RA,
green versus pink).

In summary, our data present a quantitative picture of the
positive and negative effects of Dnmt3al in untreated and
tRA-stimulated mESC transcription. We find that across the
519 PS identified as differentially expressed as a result of
Dnmt3al-compromised function in GFP-3alNter cells, the
majority, 347 PS, representing 1% of the total number of the
inquired PS, are upregulated, whereas 172 PS, representing
0.47% of the inquired PS, are repressed (Fig. 5C). Based on
our data, we suggest that Dnmt3al plays a major role in in-
duced differentiation of mESCs by exerting its negative func-
tions to consolidate transcriptional silencing. Dnmt3al also
assumes a minor role in gene expression in the undifferentiated
mESC transcriptome.

A small but distinct set of genes requires Dnmt3al for
optimal tRA-dependent transcription induction. The up- and
downregulated probe sets identified as differentially expressed
between wt mESCs and GFP-3alNter cells were further ana-
lyzed as to the cell functions affected by the expression of the
tagged Dnmt3al N-terminal domain in mESCs. Among the
downregulated probe sets in untreated and fRA-treated GFP-
3alNter cells, there were 46 annotated genes that shared some
remarkable features (Table 1). These genes are all related to
trophectodermal lineage functions influencing the overall fit-
ness of the embryo during gestation. These genes are scattered
throughout the genome in terms of chromosomal position and
are sometimes associated with various types of imprinting (Ta-
ble 1). Five of these genes are known to be imprinted (Grb10,
Igf2r, Cdknlc, Ziml, HI3), and others have well-documented
functions in the placenta (Htral, Ppap2b, Ihh, Gpr50, Cited,
Dusp9). The placenta-specific expression of a subgroup of
genes in this category (Gpr50, Cited, and Dusp9) is also im-
printed due to X inactivation. Several other genes function in
insulin signaling, adipose tissue, and liver development (Dkkl1,
Kib, Dgat2).

We verified our microarray results by performing reverse
transcription (RT)-coupled q-PCR to compare the mRNA lev-
els for selected genes of Table 1 between wt mESCs and
GFP-3alNter cells under untreated or fRA-treated conditions
(Fig. 6A). The tested genes, the Grb10, Gpr50, Ihh, Dkk1, Igf2r,
and Cdknlc genes, are tRA inducible in mESCs, and their
mRNA levels were significantly reduced in fRA-treated GFP-
3alNter cells compared to levels for fRA-treated wt mESCs
(Fig. 6A).

Imprinted genes are regulated by differentially methylated
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TABLE 1. Annotated genes among the downregulated probe sets”

Name Function CHR
Grbl0 Maternally expressed in all tissues, paternally expressed in the brain; insulin receptor signaling component 11A1
Gpr50 Orphan receptor resembling melatonin receptors; involved in energy metabolism XA7.2
Cited1 Encodes a transcriptional cofactor interacting with Smad4, ER, TFAP2, and CBP/p300; functions in the XD
placenta, where due to X inactivation its expression is imprinted

Htral Encodes serine protease; inhibitor of TGF-p signaling with a function in ovulation and placenta 7F3
development

Kib Encodes single-pass transmembrane protein expressed in adipocytes, interacting with the FGF21 receptor; 5C3.1
controls FGF-stimulated glucose uptake in adipocytes

Myo7a Deafness gene having to do with inner-ear development; in humans, causes Usher syndrome; mice 712
bearing its mutation are called waltzer mice

Runx1 Transcription factor; null mice lack hemopoietic cells 16C3.3

Dkk1 Encodes a secreted protein which binds to Kremen receptors and antagonizes canonical Wnt signaling via 19C1
swift sweeping out of Lpr6 receptors; functions in bone marrow and adipocyte differentiation

Folrl Receptor; controls folate metabolism; important for hemopoiesis 713

Foxql Encodes “satin hair” mouse mutant protein with a role in regulating gastric epithelium acid secretion and 13A3.2
hair shaft development

1110032E23Rik Unknown gene downregulated by FGF signaling with embryonic expression in the gastrointestinal tract

Gas6 Negative regulator of chondrogenesis through ERK signaling; also functions in endothelial cells in 8A1.1
enhancing the interactions between endothelial cells, platelets, and leukocytes during inflammation

BC026682 Predicted to encode a membrane protein 4C7

Amn Encodes a single-pass transmembrane protein indispensable for gastrulation in mice; nullizygous mice lack 12F1
the mesoderm that forms the “trunk”; its N terminus is required for absorption of vitamin B,

Wfikknl Encodes a serine protease activity inhibitor 17A3

Metrn Neurotropic factor involved in gliogenesis 17A3.3

Rbmx Hepatic transcriptional regulator of the SREBP-1c gene in response to a high-fructose diet, which induces XAS
what resembles metabolic syndrome in mice

Wntll Antagonist of the canonical Wnt pathway and a known positive factor in heart development; indirect

evidence shows that it causes abortions when ectopically expressed (by dicer knockout) in the glandular
epithelium of the uterus

Ziml Transcription factor; maternally expressed imprinted gene 7A1

Hoxd8 Expression is increased in midgestational wounds compared with that for healthy control groups and late 2C3
gestational wounds, suggesting that it may play a role in scarless wound repair

Dgat2 Encodes an enzyme catalyzing the final step in mammalian triglyceride synthesis; has something to do 712
with obesity and adipocyte hypertrophy

4930444G20Rik No information; gene product has homology to a peptidase 10A3

Punc Encodes a novel NCAM,; dispensable for normal embryogenesis but expressed in the inner ear and in 9B
brain regions controlling balance

Vstm2b Encodes a membrane protein; no other information 7B3

Ascll Encodes a very famous protein; proneural gene; bHLH transcription factor functioning in the context of 10C1
the Notch pathway

Igf2r Paternally imprinted gene, maternally expressed 17A1

Cpm Encodes a GPI-anchored protein; angiotensin-converting enzyme may have something to do with its 10D2
release by attacking GPI

Dusp9 Encodes a phosphatase with a protective effect against insulin resistance; during embryonic development, XA73
functions in the placenta where due to X inactivation its expression is imprinted

Gbgtl Encodes a Forssman antigen of the ABO blood group-determining antigens; membranic in topology and 2A3

a transferase with unknown substrate; the murine gene might confer protection against Shiga toxin and
participate in carbohydrate metabolism

F630110N24Rik No information; encodes a transmembrane protein and possibly functions in transport 10C1

Serpinf2 Also known as the alpha 2-antiplasmin gene; TGF-B-signaling agonist in inducing fibrosis 11B5

HI13 Imprinted gene; gene product is an aspartyl peptidase, also called Spp; member of the presenilin family; 275
confers histocompatibility-based rejection of allografts

Mex3d Based on its homology, this gene is involved in destabilization of RNA and RNA binding 10C1

Ihh Functions in ossification along with the Wnt pathway; also has roles in epithelial-mesenchymal transition, 1C3

in the intestine crypt-epithelium developmental axis in an Rb-regulated manner, and in implantation
due to its critical expression in the uterine epithelium
Ppap2b Gene product is also called Lpp3; mice lacking its lipid phosphate phosphatase 3 fail to form 4C6
chorioallantoic placenta and yolk sac vasculature; also shows some characteristic canonical Wnt
signaling impairment

Ctsz Gene product is also called cathepsin Z or cathepsin S; encodes a cysteine-type endopeptidase that
functions in lysosomes; may have a role in antigen recognition
AA986860 Encodes an androgen-regulated protein 1T4
XM_001479553 No information; homology with HMG14 and HMG17 molecules
Plxncl Encodes plexins, which, comprising plexin A, B, C, and D subfamilies, are receptors for semaphorins 10C2
governing cell adhesion, migration, and axon guidance
Rnf182 No information; targeted knockout exists 13A4
Freml Fraser syndrome mutants; important for epithelial adhesion 4C3
Cdknlc Also called p57Kip; imprinted; the mutant mouse is the model of preeclampsia leading to miscarriages, 7F2

symptoms of which appear not only when mothers bear the p57 deletion but also when the fetuses are
nullizygous; gene also has a role in ossification

Serpinb9f Serine peptidase activity inhibitor 13A2

Atoh8 bHLH transcription factor which is embryonic lethal; may function in kidney and pancreas; also called 6C1
Matho; also expressed in the brain

Otfr566 Encodes a G-protein olfactory receptor; no other information 713

Plekhhl No information 12C3

“ These genes are all related to trophectodermal lineage functions influencing the overall fitness of the embryo during gestation and are scattered throughout the
genome. CHR, chromosome; ER, estrogen receptor; TGF-B, transforming growth factor 3; FGF, fibroblast growth factor; ERK, extracellular signal-regulated kinase;
NCAM, neural cell adhesion molecule; bHLH, basic helix-loop-helix protein; GPI, glycosylphosphatidylinositol.
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FIG. 6. Genes with compromised tRA-dependent transcriptional activation in GFP-3alNter cells require Dnmt3al at the promoter level.
(A) g-PCR from reverse-transcribed total RNA samples from untreated and 120-h tRA-treated wt mESC and GFP-3alNter cells. Amplification
was performed with primers specific for Dkk1, Grb10, Igf2r, Cdknlc, Ihh, and Gpr50 gene mRNAs. (B) Bisulfite sequencing of the Grb10 imprinting
genomic domain residing between the first and second exons. Sequenced clones were PCR derived using specific primers from bisulfite-treated
wild-type mESCs and GFP-3alNter cells. Methylated clones presumably correspond to the active (maternal) allele of the Grb10 gene, while
unmethylated sequences correspond to the inactive (paternal) allele. (C) Dnmt3al positively affects the transcriptional activation of Gpr50, Vin,
and Grbl10 genes at the promoter level. PCR with “up” and “down” sets of primers mapping near the promoter and the last exon of the genes,
respectively (position shown on the upper scheme) indicated that the same amount of mRNA was produced irrespective of the primer position.

CGe-rich regions (DMRs) existing within their loci. These CpG
islands, when unmethylated, serve as antisense transcripts
(Air) and as neural specific gene promoters in the cases of the
Igf2r and Grb10 genes, respectively.

We tested the integrity of the methylated imprint present in
the first intron of the GrbI0 gene by bisulfite sequencing.
Bisulfite-converted genomic DNA was subjected to PCR using
specific primers which amplify a region of 282 bp within the
Grb10 gene DMR, containing 25 CpGs.

In wt mESCs, this genomic region appeared either totally
unmethylated (0% methylation, with the unmethylated sequences
presumably corresponding to the silent paternal allele) or fully
methylated (95.2% methylation, with the methylated sequences
presumably corresponding to the active maternal allele) (Fig.
6B). For GFP-3alNter cells, we found either fully unmethyl-
ated clones (0% methylation) or severely hypomethylated
clones (16.8% methylation). Thus, the methylation of this
DMR is compromised in GFP-3alNter cells compared to that
in wt mESCs. These results suggest that endogenous Dnmt3al
may be retaining the methylation pattern of the GrbI0 locus
imprint by tethering to this sequence via its N-terminal do-
main.

We tested whether transcription of the Dnmt3al positively
regulated genes was compromised at the initiation step or at
elongation through methylated areas, such as DMRs. We rea-
soned that if preservation of the GrbI10 gene imprint depended

on transcriptional read-through of the area, then it could affect
transcriptional elongation in GFP-3alNter cells. In the case of
compromised mRNA elongation, the RT-coupled q-PCR of
GFP-3alNter cells should reveal different transcript levels, de-
pending on whether the mRNA region monitored is near the
promoter or further downstream near the last exon of the
gene.

The genes depicted in Fig. 6C were selected for this test. The
active (maternal) copy of the GrbI0 gene contains the meth-
ylated DMR within its first intron (52). The Gpr50 gene also
contains a CpG island within its first intron, and the Vin gene
has a methylated promoter, although no CpG islands are found
within its coding sequences (reference 19 and data presented
here). To test for mRNA elongation efficiency, we designed
two sets of primers for each of these genes, an “up” set mapped
near the TSS (5" untranslated region [UTR]) and a “down” set
at the 3" UTR (Fig. 6C).

The relative mRNA levels obtained by the “up” and “down”
primer sets of the Gpr50, Vin, and Grb10 genes were within the
same range in wild-type mESCs and GFP-3alNter cells and
failed to detect different mRNA levels with respect to relative
mRNA positions in either wt or GFP-3alNter cells. In all three
cases, the mRNA levels monitored with the “up” set of primers
mapping near the gene promoter were significantly lower in
tRA-treated GFP-3alNter cells than in wild-type mESCs, as
was also found for all of the other primer sets used in the
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TABLE 2. Annotated genes among the upregulated probe sets”

Name CHR Name CHR Name CHR
Fndcl .... 17A1 Tdrd12 7B1
.17A3.3 Hsd17b14 7B4
....... .17C C330019L16RIK........coveueuereeeranrnenn . TBA
18A1 ENSMUSG00000071952............u...... 7B4
.18B3 BC066028 7F5
........... .19B Ifitm1 7F5
.19C1 Nilp14 7T3
............ 1A2 C330021F23Rik .....ccovveerevereererneenen . SA 1L
...... 1A3 Taccl 8A2
.1A3 Win 8A3
1AS Acsll 8B1.1
1B Zfp42 8B1.1
AC11 Gpmoba 8B1.3
AC11 Neil3 8B1.3
1D Gbp6 8B2
....... AH2.2 Galnt7 8B2
.1HS5 Cbrd 8B3.1
1HS5 2700029MOIRIK <.....oveeveeeeereeeerrrranns 8B3.1
1T4 KIf2 8B3.3
2A3 Lpl 8B3.3
2C1.1 Psd3 8B3.3
2C1.3 ENSMUSG000 8B3.3
2H2 Isx 8C1
Tcfap2c . .2H3 Slc10a7 8Cl1
...... 2T5 Zfp330 8C2
Chmp4c. 3A1 Chd9 8C5
Lrrc34.... 3A3 ME2 e 8C5
Mndl. .3F1/3E3 Polr2c 8C5
Adhl .. 3G3 Slc6a2 8C5
Bche... 3T3 Ngol 8D3
4AS Cdyl2 8T1
4C4 Plcg2 8T1
4C6 Slc35f2 9A5.3
.4Co6 2410076121Rik 9B
4C6 Rab27a 9D
4C7 Cdv3 9F1
4D3 Lrrc2 9F2
.4D3 Tdgf1 9F3
A4T1 Pcolce2 9T3.3
AT1 Efhc2 XAl1.2
OTTMUSG00000010694 .. A4T1 Maob XA1.2
OTTMUSG00000011061 .. AT1 Gm9 XA3.3
OTTMUSG00000011070.. A4T1 Rhox4b XA3.3
OTTMUSG00000010681 .. AT1 1700013H16Ri XAS
OTTMUSG00000011097 .. A4T1 Xlr5a XA7.3
Kit e 5C3.2 Slc7a3 XC3
....... STS Dmirtclc XD
.6A1 Taf9b XD
.6D1 AV3Z20801 ... XE3
......... .6D1 EG331529 XF1
.6F2 INXSS et XF1
....... .6F2 Pramel3 XF1
.6F2 Acot9 XF3
.6F2 Ot XF3
...... .6T1 Seml2 XF4
AU018091 . A1 Zfyl YA1
EG627821. TA1 Ubelyl YAl
NITDAC oo 7A1

“ In the vast majority of cases, two or more of these genes are clustered together. See the text for discussions of entries shown in boldface type. CHR, chromosome.

experiments depicted in Fig. 6A and C. We conclude that the
transcriptional defect measured for Gpr50, Vin, and Grb10
genes cannot be attributed to compromised elongation but
may be due to suboptimal transcriptional initiation of these
three genes in tfRA-treated GFP-3alNter cells.

Dnmt3al targets whole chromosomal regions, including
gene clusters for epigenetic silencing in mESCs. Among the
upregulated probe sets in GFP-3alNter cells compared to
wild-type mESCs, there are 179 annotated genes that are pre-
sented in Table 2. Remarkably, upon examining the chromo-



Vor. 31, 2011

A Gdf3 Apobec
e D e
o it '
e —n <“H+H
Nanog Dppa3
iL131L4 Kif3a
i
Chr11 || "'”l |I| ' [ TR
it
Rad50
B2s
s WTmESCs
2 N O GFP3aiNter
. -
$15 N
5 B
“L R L &
\ . "\ N

o'w

+

-t -4 - -+ - -+

Dppa3 Rad50 Gdf3 Kif3a Dazit Plaglt

FIG. 7. Genes with higher mRNA levels in GFP-3alNter cells com-
pared to wild-type mESCs cluster together in large chromosomal do-
mains. (A) Schematic representation (not to scale) of two chromosome
domains containing Nanog, Dppa3, Gdf3, and Apobec genes on chro-
mosome 6 and Rad50, IL-13, IL-4, and Kif3a genes on chromosome 11.
Black vertical lines indicate the presence of CpG islands within these
domains. (B) gq-PCR from reverse-transcribed total RNA samples
from untreated and 120-h tRA-treated wt mESCs and GFP-3alNter
cells. Amplification was performed with primers specific for mRNAs of
Dppa3, Rad50, Gdf3, Kif3a, Apobec, Dazl, and Plagll genes.

somal locations of these genes, we noticed that in the vast
majority of cases, two or more of them cluster together. The
most interesting gene cluster is on chromosome 6 and involves
the important ES cell pluripotency-determining Nanog, Dppa3
(also known as Stella), and Gdf3 genes (Fig. 7A, schematic
representation). In addition, the Kif3a and Rad50 genes, which
show transcriptional upregulation in GFP-3alNter cells, map
to chromosome 11 and constitute the boundaries of a genomic
region containing interleukin-4 (IL-4) and IL-13 cytokine
genes, which are important for T-cell differentiation and mat-
uration. Importantly, the Kif3a, IL-4, IL-13, and Rad50 genes
are distributed over an ~100-kb region also containing a locus
control region (LCR) located at the 3’ end of the Rad50 gene
(29). The region (schematically depicted in Fig. 7A) exhibits
different chromatin structures in different T-cell lineages, and
our results may implicate Dnmt3a as having an as-yet-uniden-
tified role in the proper “archiving” or “bookmarking” of this
region at a very early developmental stage, such as that of
mESCs.

We verified our microarray results for a selected list of the
upregulated genes by performing RT-coupled q-PCR (Fig.
7B). Although not all the genes tested were affected by tRA, all
mRNA levels were elevated in the GFP-3alNter cells com-
pared to levels for wild-type mESCs. Our data suggest that
Dnmt3al targets specific chromosomal regions that contain
ESC pluripotency genes and primordial germ cell (PGC) de-
terminants for methylation-dependent permanent silencing
during somatic ESC differentiation. Future high-definition
mapping of these areas should reveal the specific sequences
which are targeted by Dnmt3al in these cells.
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Dnmt3al protein KD affects silencing and fRA transcrip-
tion induction of selected microarray-identified Dnmt3al
gene targets. The above-described experiments indicate that
the expression of the catalytically inactive Dnmt3al N-terminal
domain in mESCs interferes with the functions of the endog-
enous Dnmt3al protein. By using the GFP-3alNter cells, we
were able to identify developmentally significant genes and
genes important for mESC differentiation, respectively, for
which Dnmt3al exerts positive and negative effects to their
transcription. To corroborate these data, we proceeded to re-
duce the protein levels of the endogenous Dnmt3al in mESCs
and to test the effect of this reduction in selected identified
Dnmt3al gene targets. To this end, stable mESC cell lines which
express either a scrambled or a Dnmt3al-specific mRNA target-
ing hairpin (shRNA) were obtained. These stable clones were
tested for the expression of Dnmt3al and Dnmt3a2 by West-
ern blotting. Dnmt3al knockdown (KD) clones 10 and 11 show
80%-reduced Dnm3al mRNA levels upon fRA treatment
(data not shown) and minimized expression of endogenous
Dnmt3al (Fig. 8A, upper panel), while Dnmt3a2 levels remain
intact (Fig. 8A, middle panel). RNA samples from untreated
or 96-h tRA-treated KD clone 11, along with those from con-
trol clone 50 expressing the scrambled shRNA, were analyzed
by RT-coupled q-PCR with primers specific for the Oct3/4,
Nanog, Dppa3, and Gdf3 genes. We found that the mRNA
levels for all four genes were elevated in tRA-treated KD clone
11 compared to levels for fRA-treated control clone 50 cells
(Fig. 8B). We conclude that in the cells with reduced Dnmt3al
protein levels, none of the four genes tested are optimally
silenced upon fRA treatment. Furthermore, we tested the
tRA-dependent transcription induction of the Dkk1, Vin, Igf2r,
Grb10, Ihh, and Gpr50 genes for KD clone 11 and control
clone 50. We found that none of the tested genes was optimally
induced in 96-h tRA-treated KD clone 11 cells (Fig. 8C). We
therefore conclude that Dnmt3al protein level reduction com-
promises the transcriptional induction of the microarray-iden-
tified genes representing Dnmt3al-specific targets.

DISCUSSION

How is the epigenome created during cell differentiation?
One unresolved question involves understanding the interre-
lationship among and the order of the various epigenetic mod-
ifications relative to transcriptional silencing. Another is how
the de novo Dnmts, enzymes binding DNA with no apparent
sequence specificity, are recruited to their target genomic sites
to create the DNA methylation patterns that form a cell type-
specific molecular fingerprint within the organism.

De novo Dnmts are recruited to specific genomic sites via
different protein regions. For example, the de novo Dnmt
PWWP domain directs Dnmt3a and Dnmt3b to the pericen-
tromeric major repeats (13). On the other hand, the Dnmt3L
ATRX domain-plant homology domain (PHD) binds specifi-
cally to the extreme N terminus of the histone H3 tail when
lysine 4 of this tail is unmethylated (H3K4°™) (24, 40, 42).
Crystallographic and biochemical data suggest that Dnmt3a
enzymatic activity is stimulated by Dnmt3L and that Dnmt3a
contacts the H3K4°™¢ tail associated with the Dnmt3L PHD
(21, 25, 40). In addition, the PHD of Dnmt3a binds preferen-
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FIG. 8. Dnmt3al knockdown compromises the fRA-mediated activation and silencing of specific genes. (A) Western blot of chromatin protein
samples from stable clones expressing Scrambled (Scrambled KD; clones 26 and 50) or Dnmt3al-specific ShRNA (Dnmt3al KD; clones 10, 11,
and 20). Upper panel, detection was performed with the H-295 antibody (Santa Cruz) against the N-terminal Dnmt3al/3a2 domain (aa 1 to 295).
Lower panel, detection was performed with an antibody against the chromatin-associated tetra-acetylated histone H4 N-terminal tail (Upstate).
(B) g-PCR from reverse-transcribed total RNA samples from untreated and 96-h tRA-treated stable mESC clones expressing Scrambled (clone
50) and Dnmt3al-specific shRNA (clone11). Amplification was performed with primers specific for mRNAs of the Oct3/4, Nanog, Dppa3, and Gdf3
genes. (C) g-PCR from reverse-transcribed total RNA samples from untreated and 96-h tRA-treated stable mESC clones expressing Scrambled
(clone 50) and Dnmt3al-specific sSiRNA (clone 11). Amplification was performed with primers specific for Dkk1, Vin, Igf2r, Grb10, Ihh, and Gpr50

gene mRNAs.

tially to arginine 3 on the histone H4 tail when it has been
dimethylated (H4R3™?) by PRMTS (53).

The N-terminal domain of Dnmt3a is called a “regulatory”
domain because it does not possess enzymatic DNA methyl-
transferase activity. This domain does not share significant
homology with any other known protein. Here, we explore
some of the unique functions of Dnmt3al in ESCs by using this
N-terminal domain to demarcate some of its specific functions
in vivo. Specific target genes for Dnmt3al have not been iden-
tified for mESCs, and although the Dnmt3a genomic locus is
responsible for the establishment of genomic imprinting in
PGQs, it is not clear which one of the two proteins (Dnmt3al
or Dnmt3a2) mediates this function (27, 30, 47).

EGFP-3alNter is a soluble nuclear protein, unlike endoge-
nous Dnmts. Dnmt3al is known to be SUMOylated at its
N-terminal domain (32); however, the appearance of EGFP-
3alNter at a higher-than-anticipated molecular weight in this
study is probably due to the protein’s anomalous migration in
SDS-PAGE rather than being the result of eukaryotic cell-
specific posttranslational modifications.

We showed that expression of the catalytically inactive
EGFP-3alNter protein from a single-copy allele of the Rosa26
locus efficiently compromised Dnmt3al functions in mESCs by
exerting a dominant-negative effect. An alternative explana-
tion for our observations could be the case of a neomorphic
effect (a newly acquired property) of the EGFP-3alNter pro-
tein. If there were a neomorphic effect of this protein, the
results obtained with the GFP-3alNter cells should signifi-

cantly deviate from those obtained from Dnmt3al knockdown
cells. For the Oct3/4, Nanog, Dppa3, Gdf3, Dkkl, Vin, Igf2r,
Grbl10, Ihh, and Gpr50 genes tested in this study, this is not the
case. Specifically, we find that the transcription of these genes
is affected similarly by EGFP-3alNter transgene expression
and by the Dnmt3al-specific knockdown in the corresponding
cells.

EGFP-3alNter is recruited to the Oct3/4 gene promoter
where it outcompetes endogenous Dnmt3al, resulting in hy-
pomethylation of this genomic region. The remaining DNA
methylation we observe at this promoter for fRA-treated GFP-
3alNter cells could be due to DNA methylation attributed to
Dnmt3b (2). Dnmt3a and Dnmt3b are both recruited to the
Oct3/4 and Nanog gene promoters (33); however, in the ab-
sence of Dnmt3a, the Oct3/4 gene promoter methylation is
unstable (2). Since GFP-Dnmt3a2 on the Oct3/4 gene pro-
moter is not detected, we suggest that the recruitment of
Dnmt3a on this promoter is mediated by tethering the N-ter-
minal part of Dnmt3al to these sites.

GY9a HMTase recruits Dnmt3a to the Oct3/4 promoter (16,
17). The Dnmt3a C-terminal domain is known to bind to G9a
in vitro (16). We discovered an additional in vitro interaction
between G9a and the unique N-terminal domain of Dnmt3al.
Our data suggest that this newly identified interaction is teth-
ering Dnmt3al protein to the Oct3/4 gene promoter.

Dnmt-mediated DNA methylation is associated largely with
transcriptional silencing and heterochromatinization, but ex-
perimental evidence suggests that de novo Dnmt3 enzymatic
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activity can be modified in vivo. More specifically, Dnmts can
exploit the ability of nuclear receptor-dependent promoters to
bind 5-methylcytosine (*™°C) and deaminate it toward thy-
mine. This triggers the base excision repair (BER) pathway,
which ultimately results in cytosine demethylation (28, 35, 54).
Although the details of when and how deamination is favored
over the methyltransferase reaction are not understood, this
mechanism is associated with transcriptional activation rather
than silencing (6, 20). It is unclear if either Dnmt3al or
Dnmt3a2 or both of them function as deaminases (20, 41), and
the positive effect of Dnmt on transcription is limited to a
number of nuclear receptor target genes, such as the vitronec-
tin (Vtn) gene. Upon transcription induction, the demethyla-
tion of the Vin promoter is impaired in GFP-3alNter cells, as
is the case in P19 cells (19). Our data suggest that Dnmt3al
functions as a deaminase in the case of the Vin gene.

Dnmt3al is a central player exerting both negative and pos-
itive functions in mESC transcription. An interesting question
is to what extent Dnmt3al affects transcription in mESCs,
either positively or negatively. Here, we compared the tran-
scription profiles of wt mESCs and the GFP-3alNter cells to
identify gene targets requiring Dnmt3al for their efficient tran-
scriptional activation or silencing upon tRA induction. We find
that the expression of the EGFP-3alNter transgene affects the
transcription of 1.4% of the probe sets investigated in this
study. More specifically, 1% of these PS requires Dnmt3al for
silencing, whereas 0.4% of these PS depends on Dnmt3al for
efficient transcription. Thus, Dnmt3al functions principally as
a negative and to a lesser extent as a positive regulator of
transcription in mESCs, as is the case in postnatal neural stem
cells (NSCs) (51).

Our results suggest that the transcription of a large group of
genes is negatively regulated by Dnmt3al in mESCs. Impor-
tantly, we find many examples of clustering of these genes on
specific chromosomes. This is an interesting finding, since
Dnmt3al is suggested to target whole chromosomal domains
by an as-yet-unidentified mechanism. It is possible that these
chromosomal territories contain Dnmt3al target genes which
are responsive to signals other than fRA.

Interestingly, among the Dnmt3al negatively regulated genes,
we identified the Apobecl (AID family) and Dppa3 (also called
Stella) genes. These two genes have enzymatic functions asso-
ciated with the undifferentiated phenotype of mESCs and play
important roles in genomic DNA demethylation (7, 37, 43).
This result suggests that Dnmt3al, besides being a dual meth-
yltransferase/deaminase enzyme, could also affect global DNA
demethylation by regulating the expression of these genes.

Dnmt3al positively affects the transcription of an interesting
set of genes. This set includes some well-studied imprinted
genes, important to the organism for acquiring resources in the
womb for early postnatal development and for adult life (14).
Dnmt3a and Dnmt3L are known to be responsible for estab-
lishing the imprints at specific chromosomal regions (DMRs)
during PGC differentiation (10, 22, 27). For the Igf2r and
GrbI0 imprinted genes, one allele is transcribed. The tran-
scribed alleles of the Igf2r and Grb10 genes contain methylated
CpG islands (DMRs) within their coding sequences (8, 23).
The Igf2r DMR is one of the few known Dnmt3a genomic
targets (12, 39). Here, we find that GrbI0 gene transcription

ROLE OF Dnmt3al IN MOUSE EMBRYONIC STEM CELLS 1591

and Grb10 gene DMR methylation are severely compromised
in GFP-3alNter cells.

In Dnmt3L "'~ ES cells, the Grb10 imprint is demethylated,
and this demethylation abolishes the GrbI0 gene expression
(10, 22, 23, 44, 51), as is the case for GFP-3alNter cells.
Additionally, our data suggest that Dnmt3al targets Grbl0
DMR via its N-terminal domain. The current notion is that
Dnmt3a proteins, by interacting with Dnmt3L via their C-ter-
minal domain, are tethered to their target sequences (25). On
the other hand, Nimura et al. (38) show that Dnmt3L is not
responsible for tethering Dnmt3a2 in the mESC genome. The
data presented in the present study suggest essentially the
same for Dnmt3al. The targeting of Dnmt3al to the GrbI0
gene DMR may be mediated not by the C-terminal domain
interaction with Dnmt3L but rather through a novel interac-
tion of Dnmt3al N-terminal domain with an unidentified mol-
ecule. We propose that Dnmt3al targets and maintains the
Grb10 gene DMR methylation either directly or indirectly by
recruiting another Dnmt.

We note that in addition to the GrbI0 gene, the Cdknlic
imprinted gene could fall in the same category. Besides our
finding that Dnmt3al positively regulates the transcription of
the Grb10 and Cdknlc genes, both these genes also share
common regulation by the Eed Polycomb group protein (34).

The transcription of the Gpr50 gene and that of the Ihh gene
share some common mechanistic details (data not shown), and
we show here that Dnmt3al likely exerts a positive effect at the
promoter level. The mechanistic details for the Gpr50 and IThh
genes will be revealed in future experiments.

Finally, we note that the qualitative analysis of our data does
not discriminate between Dnmt3al direct or indirect effects in
the mESC transcriptome. However, this analysis suggests that
the gene targets and the functions of Dnmt3al in mESCs are
markedly different from Dnmt3al target genes in postnatal
NSCs (51).

We conclude that by generating a cell line bearing the unique
Dnmt3al-specific functional mutation, we identified some of the
unique functions and the genes targeted by Dnmt3al in mESCs.
Strikingly, our experiments reveal that Dnmt3al targets whole
chromosomal regions for epigenetic silencing at a very early de-
velopmental stage. Moreover, Dnmt3al is responsible for the
optimal transcriptional activation of a distinct set of unique genes,
many of which are imprinted. Our data implicate Dnmt3al in
imprint maintenance in mESCs, a finding which is expected to
shape our view on how the mouse embryonic stem cell targets and
uses the de novo DNA methylation apparatus.
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