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The genome of extraembryonic tissue, such as the placenta, is
hypomethylated relative to that in somatic tissues. However, the
originandroleof thishypomethylation remainsunclear.TheDNA
methyltransferases DNMT1, -3A, and -3B are the primary media-
torsof theestablishmentandmaintenanceofDNAmethylation in
mammals. In this study, we investigated promotermethylation-
mediated epigenetic down-regulation of DNMT genes as a
potential regulator of global methylation levels in placental tis-
sue. AlthoughDNMT3A and -3B promoters lackmethylation in
all somatic and extraembryonic tissues tested, we found specific
hypermethylation of the maintenance DNA methyltransferase
(DNMT1) gene and found hypomethylation of the DNMT3L
gene in full term and first trimester placental tissues. Bisulfite
DNA sequencing revealed monoallelic methylation of DNMT1,
with no evidence of imprinting (parent of origin effect). In vitro
reporter experiments confirmed that DNMT1 promoter meth-
ylation attenuates transcriptional activity in trophoblast cells.
However, global hypomethylation in the absence of DNMT1
down-regulation is apparent in non-primate placentas and in
vitro derived human cytotrophoblast stem cells, suggesting that
DNMT1 down-regulation is not an absolute requirement for
genomic hypomethylation in all instances. These data represent
the first demonstration of methylation-mediated regulation of
theDNMT1 gene in any systemanddemonstrate that theunique
epigenome of the human placenta includes down-regulation of
DNMT1 with concomitant hypomethylation of the DNMT3L
gene. This strongly implicates epigenetic regulation of the
DNMT gene family in the establishment of the unique epige-
netic profile of extraembryonic tissue in humans.

DNA methylation is a major epigenetic modification reg-
ulating gene expression, silencing repetitive DNA elements,
and maintaining chromosomal structures (such as centro-
meres) in vertebrates. Occurring exclusively at cytosine
within CpG dinucleotides in mammals, DNA methylation is
coordinated by a family ofDNAmethyltransferases (DNMTs)5
comprising DNMT1, -3A, -3B, and -3L. DNMT1 is the “main-
tenance” methyltransferase that ensures faithful transmission
of methylation profile frommaternal to daughter cells during
cell division. In contrast, DNMT3A and -3B are de novo
methyltransferases that show a degree of specificity in both
target sequence and temporal activity (reviewed in Ref. 1).
DNMT3L (DNMT3-like) lacks catalytic activity and has a
very restricted gene expression profile (2). It associates
directly with both DNMT3A and -3B to potentiate methyl-
transferase activity (3).
Formation of extraembryonic tissues, in particular the pla-

centa, requires a coordinated series of epigenetic modifications
that precisely regulate gene expression at key developmental
time points (reviewed in Ref. 4). These tissues have a globally
lower level of genomic 5-methylcytosine (5MeC) than somatic
tissues (5–9). More recently, it has been demonstrated that the
placenta also has a different repertoire of imprinted gene
expression (expressed in a parent of origin specific manner)
than somatic tissues (reviewed in Ref. 10) and methylation-
induced silencing of tumor suppressor genes otherwise only
seen in human cancers (11–14).
Mounting evidence suggests that disruption of placental

development in the first trimester of pregnancy is involved in
the etiology of disorders such as pre-eclampsia and intrauterine
growth restriction (reviewed in Ref. 15). Despite the signifi-
cance of this for pregnancy outcome and the demonstrated link
between epigenetic modification and gene expression, little is
known about the processes underlying the establishment of the
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placental epigenetic profile during early development. Given
the link between DNMT enzyme activity, establishment and
maintenance of the epigenome, and the potential for methyla-
tion-based regulation of DNMT gene expression, we tested for
evidence of epigenetic regulation of DNMT genes (DNMT1,
-3A, -3B, and -3L) by promotermethylation in human extraem-
bryonic tissue.

EXPERIMENTAL PROCEDURES

Tissue Collection—Tissue collection for this study was ap-
proved by theHumanResearch Ethics Committees at the Royal
Women’s Hospital (03/51), Mercy Hospital for Women (R07/
15), andMonashMedical Centre (07084C). For human placen-
tal tissue sampling, a core of full thickness tissue was isolated
from two randomly chosen sites. Tissue sections from other
mammalian placentas were processed by maceration with a
scalpel blade prior to immediate DNA isolation.
First trimester cytotrophoblast cells were isolated as per Ref.

16, and purity of preparations was determined using antibodies
to the trophoblast-specific cytokeratin-7 (1:100 dilution, clone
OV-TL 12/30 (DakoCytomation, Glostrup, Denmark)) using
immunocytochemistry as described previously (17). HIPEC65
and chorionic villus samples (CVS) cells were cultured as
described previously (17).
Genomic DNA—Tissue samples were incubated overnight

at 50 °C with shaking in DNA extraction buffer (100 mM

NaCl, 10 mM Tris-HCl, pH 8, 25 mM EDTA, 0.5% SDS), con-
taining 200 �g/ml Proteinase K. DNA was isolated by two
rounds of phenol/chloroform extraction, followed by RNase
A treatment, precipitation in absolute ethanol containing
10% sodium acetate (3 M, pH 5.2), and resuspension in 100 �l
of nuclease-free water (Ambion, Austin, TX). DNA was
stored at �20 °C.
Methylation Analysis—SEQUENOMMassARRAY EpiTYPER

analysis was carried out as described previously (13) using
primers 5�-aggaagagagGGAGAGAGGYGATATTTTGTGT
(F) and 5�-cagtaatacgactcactatagggagaaggctCAAAAACTCTC-
ACAAACCCTTAAAA (R) for DNMT1 and 5�-aggaagagagG-
AATGAGTTGGAAGGATTTAGGTTT (F) and 5�-cagtaatac-
gactcactatagggagaaggctCTAAACCCCACTCCCCACTA-
AAAT (R) for DNMT3L (lowercase denotes sequence tags
added to facilitate downstream EpiTYPER analysis). Bisulfite
DNA sequencing was performed as described previously (13).
DNA samples were processed using the MethylEasy bisulfite
modification kit (HumanGenetic Signatures, North Ryde, Aus-
tralia) according to themanufacturer’s instructions. Amplifica-
tion was performed on converted genomic DNA using primers
directed to modified DNA. Primers for sequencing of human
DNMT1 assay 1 were 5�-TAAAGTTTGTTGTATTTGGGG-
ATTAA (F) and 5�-CAAAAACTCTCACAAACCCTTAAAA
(R). For DNMT1 assay 4, primers 5�-TTTATTAGTAAGATT-
TTTTTGATGTTTA (F) and 5�-CCCAAATACAACAAACT-
TTAAATTC (R) were used. Amplification of the baboon
DNMT1 promoter was carried out using human primer
sequences that show 100% homology with the corresponding
baboon genomic region. Marmoset amplification primers were
5�-TTAGTTTGGTTGTATAGGAAGTGGG (forward) and
5�-ACATACTTAAAATTCCTACCAAAACAC (reverse).

Mouse primers were 5�-TTTTTTAAGTTTTTAGTTAATG-
GGTTTGT (forward) and 5�-ACAACACTACCTACTCTCA-
AATACC (reverse). The human DNMT3L promoter region
was amplified using the same primers used for EpiTYPER anal-
ysis. Amplification conditions were as follows: 95 °C for 5 min,
56 °C for 1min 30 s, and 72 °C for 1min 30 s for 40 cycles, 72 °C
for 7 min. Resulting amplicons were cloned into TOPO TA
Cloning Vector (Invitrogen) for automated fluorescent se-
quencing as described (18). Data were analyzed using BiQAna-
lyzer software (19), and clones showing less than 80% conver-
sion or 90% homology to the reference sequence were not
included in subsequent analyses.
HPLC Measurement of 5MeC Levels—Global DNA methyl-

ation was calculated by denaturing DNA to single nucleo-
tides and measuring the level of 5MeC relative to total cyto-
sine levels (as described in Refs. 5 and 20). Five �g of
genomic DNA was digested with an RNase mixture
(Ambion/Applied Biosystems, Austin, TX), which was then
removed with phenol-chloroform extraction. Genomic DNA
was then precipitated in 100% ethanol and one-tenth volume
of 3 M sodium acetate (pH 5.2) and washed with 70% ethanol,
dried, and resuspended in 30 �l of Tris-EDTA. Between 500
ng and 3 �g of genomic DNA in 10 �l of nuclease-free water
was then transferred to each of three wells of a 96-well plate.
Ten �l of sodium acetate (15 mM, pH 5.3) and 0.5 �l ZnSO4
(10 mM) were then added to each well, and DNA was dena-
tured at 100 °C for 5 min, prior to cooling to 4 °C. One �l of
nuclease P1 (Sigma) and 1 �l of calf intestinal alkaline phos-
phatase (1 unit/�l; Invitrogen) were added to the denatured
DNA, and the digestion reaction was incubated at 37 °C for a
minimum of 2 h. Following digestion, 2 �l of Tris (0.8 mM,
pH 7.5) was added, and the plate was incubated at 37 °C
overnight. HPLC analysis was performed using the Varian
Helix denaturing HPLC system (Varian Inc., Palo Alto, CA)
and a Varian Pursuit 5 PFP 150 � 4.6-mm column (Varian
Inc., Palo Alto, CA), with 0.1% formic acid (v/v) in water as a
solute carrier and 20% (v/v) acetonitrile as the organic sol-
vent. A detection wavelength of 260 nm was used to identify
specific spectra peaks for 5MeC and cytosine, and 5MeC
percentage was calculated using the equation, 5MeC per-
centage � 5MeC/(5MeC � C) � 100.
RNA Extraction and Real-time Reverse Transcription-PCR—

Total RNA extraction was performed using the TRIzol reagent
(Invitrogen), according to the manufacturer’s instructions.
Cells or tissue was homogenized in TRIzol, and RNA was pre-
cipitated in 100% isopropyl alcohol and resuspended in nucle-
ase-free water (Ambion/Applied Biosystems, Austin, TX).
RNAwas stored at�80 °C until needed. cDNAwas synthesized
using the Superscript III kit (Invitrogen) as per themanufactur-
er’s protocol.DNMT1 expression levels were analyzed by quan-
titative real-time PCR using the ABi 7300 sequence detection
system (Applied Biosystems). DNMT1 cDNA was amplified
using primers that target the exon-intron boundary at exons 25
and 26: 5�-GTGGGGGACTGTGTCTCTGT-3� (forward) and
5�-TGAAAGCTGCATGTCCTCAC-3� (reverse).GAPDHwas
used as the endogenous control and amplified using the follow-
ing primers: 5�-TTCGACAGTCAGCCGCATCTT-3� (F) and
5�-CCCAATACGACCAAATCCGTT-3� (R). PCR was set up
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in 30-�l reactions (15 �l of Platinum SYBRGreenmix (Invitro-
gen), 1 �l of each primer (300 nM final concentration), 8 �l of
nuclease-free water, and 5 �l of cDNA template). DNMT1
expression levels in different samples were determined using
the �Ctmethod, with GAPDH as the control gene.
BeWo Syncytialization Experiment—The protocol for the

syncytialization of BeWo cells was based on Ref. 21. BeWo
cells were seeded in a 6-well plate, at a concentration of 1 �
105 cells/ml in 1.5 ml of Ham’s F-12 culture medium. Epider-

mal growth factor was added 4 h
postseeding, at a final concentra-
tion of 10 ng/ml. Twenty-four h
after epidermal growth factor treat-
ment, medium containing EGF was
removed, and new medium con-
taining Forskolin (100 �M final con-
centration) was added. Cells were
collected 48 h after forskolin treat-
ment. Ethanol (95%) was added to
the non-treated cells, as a carrier
control.
DNMT1 Gene Reporter Assays—

A 910-bp region of the promoter/
exon 1/intron 1 of the human
DNMT1 gene was amplified using
primers 5�-CTCTCTCTCGAGCT-
GTATTTGGGGATCAAAAGA-
GAA (F1) and 5�-CTCTCTGTCG-
ACTGGGCCTCTATACACTGT-
GAGAT (R1) with Phusion Hi-Fi-
delity DNA polymerase (Finnzymes,
Espoo, Finland). The SalI/XhoI-di-
gested amplicon was cloned into a
promoterless luciferase expression
vector pGL3:basic (Promega, Madi-
son, WI) to produce the plasmid
pGL3:�318/�592. Reverse orienta-
tion cloning was also carried out to
produce pGL:�592/�318. Following
sequence verification, DNA was in
vitro methylated using either SssI,
HpaII, or HhaI methylase (New
England Biolabs, Ipswich, MA) ac-
cording to the manufacturer’s in-
structions. Complete methylation
was confirmed by comparative re-
striction enzyme digestion with
BstUI, HpaII, and/or HhaI restric-
tion (data not shown). 100 ng of
pGL3:control vector (SV40 consti-
tutive promoter), pGL3:basic (pro-
moterless), and unmethylated or
methylated DNMT1 promoter con-
structs were then transfected into
JAR choriocarcinoma cells. Co-
transfection with 10 ng of pRn
(HSV-TK promoter linked to
Renilla luciferase gene) was carried

out in all cases to normalize for transfection efficiency.
For transfection experiments, a total of 8 � 103 JAR cells

were plated 24 h prior to transfection in each well of a
96-well plate (96F Nunclon Delta white microwell). Trans-
fection was carried out using Lipofectamine LTX reagent
(Invitrogen). Luciferase and Renilla activity was measured 24 h
post-transfection using the DualGLO assay system (Promega)
on a FluorSTAR Optima microplate reader (BMG Labtech,
Offenburg, Germany).

FIGURE 1. SEQUENOM MassARRAY EpiTYPER analysis of DNMT1 and DNMT3L genes in human placenta
and somatic tissues. A, placenta-specific methylation of the DNMT1 promoter assessed using the DNMT1_5
assay, spanning 230 bp from �133 to �97 relative to the transcription start site. Mean methylation in somatic
tissues was 4.4% (across eight different tissues), whereas full term placental tissue shows a mean methylation
level of 36.6% (n � 8 placentas). B, placenta-specific hypomethylation of the DNMT3L gene assessed using the
DNMT3L_1 assay spanning 371 bp, �18/�353 relative to the transcription start site. Mean methylation in term
placenta and purified cytotrophoblasts was 14 and 13%, respectively, whereas the mean for other tissues was
53% (n � 8) across three analyzable CpG units.
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RESULTS

DNMT Family Genes Show Distinct Methylation Profiles in
Human Placental Tissue—In order to examine themethylation
status of DNMT genes in human placental tissue, we designed
locus-specific methylation assays for DNMT1, DNMT3A,
DNMT3B, and DNMT3L gene regulatory regions. Mass spec-
trometry-based DNA methylation profiling (SEQUENOM
MassARRAY EPITYPER) revealed an absence of methylation
of DNMT3A or -3B genes in all human tissues, including
placenta and purified cytotrophoblasts (supplemental
Fig. 1). This was confirmed by bisulfite DNA sequencing
(data not shown). In contrast, theDNMT1 gene promoter was
found to be methylated in full term placental tissue (mean
methylation of 36.6 � 5.9%; n � 7) relative to all somatic tis-
sues (mean methylation of 4.4 � 1.2% in eight tissues tested)

(Fig. 1A). Interestingly, the
DNMT3L gene promoter showed
a reciprocal pattern of promoter
methylation, with higher methyla-
tion in somatic tissues (55.5%; n �
9) than in full term placental tissue
(10.42%; n � 4) (Fig. 1B). This
was confirmed by bisulfite DNA
sequencing (supplemental Fig. 2).
The same DNMT1 and DNMT3L
methylation patterns were found in
first trimester placental tissue, sug-
gesting that this level ofmethylation
is present throughout the majority
of pregnancy (supplemental Fig. 3).
DNMT1IsMonoallelicallyMethyl-

ated in Human Placental Tissue
and Cytotrophoblasts—Bisulfite
sequencing analysis using two
independent assays spanning the
entire DNMT1-associated CpG
island demonstrated a pattern con-
sistent with monoallelic methyla-
tion for the entire region spanning
the promoter, exon 1, and part of
intron 1 (Fig. 2) in full term human
placental tissue. In each instance, all
alleles show nearly complete meth-
ylation or a nearly complete lack of
methylation.
Because one of the assays used in

this analysis (DNMT1_4) spans a
polymorphic region of relatively
high heterozygosity (rs8112895; Fig.
2), we were able to test for a parent-
of-origin effect (i.e. imprinting). If
this region were imprinted, paternal
and maternal alleles would show
distinct, reciprocalmethylation pat-
terns. This was not the case, with
examples of both methylated and
unmethylated maternal and pater-
nal alleles detected in several het-

erozygous placental samples (Fig. 2). Therefore, the DNMT1
gene promoter shows random, monoallelic methylation in the
placenta.
Examination of first trimester purified cytotrophoblasts or

CVS (uncultured and cultured) tissue/cells confirmed monoal-
lelicmethylation in both early and late pregnancy, even inCVS-
derived cells that adapt to in vitro culturing (i.e. not tropho-
blasts) (Fig. 3, A–C). A complete lack of DNMT1 methylation
was seen in somatic (whole blood) and germ line (sperm) tissues
using this approach (Fig. 3, D–E), consistent with data (see
above) obtained using SEQUENOMMassARRAY EpiTYPER.
Monoallelic DNMT1Methylation Is Primate-specific—Using

bisulfite DNA sequencing, we found evidence for monoallelic
DNMT1 gene methylation in baboon (full term (Fig. 4A) and
first trimester (not shown)) and marmoset (full term) placental

FIGURE 2. Monoallelic methylation of the human DNMT1 gene. A, location of the DNMT1 CpG island/pro-
moter DNA methylation assays used for bisulfite sequencing. Genomic coordinates on chromosome 19 are
shown, along with location of individual CpG dinucleotides (dashes) and CpG island location (gray bar) in
relation to the DNMT 1 gene (exon 1 shown as a blue box, intron shown as an arrowed line) according to the
University of California Santa Cruz genome browser (hg_18 assembly). The arrows denote transcriptional
direction. The location of rs8112895 SNP in the DNMT1_assay_4 is also shown. B, representative DNA methyl-
ation of a single full term human placental sample for assay_1 (i) and assay_4 (ii) showing a monoallelic pattern
of methylation within the human placenta. Between eight and 12 individual clones were sequenced for each
sample. The circles correspond to CpG sites denoted by black dashes in A. Closed circles, methylation; open
circles, lack of methylation. Mean methylation levels seen at each CpG site in multiple placental samples for
each assay are shown as shaded bars between 0 and 100% (n � 4). Missing circles indicate CpG sites for which
no information was obtained. C, DNMT1_4 methylation assay spanning SNP rs8112895 was used for bisulfite
sequencing methylation analysis in purified first trimester cytotrophoblast cells. i, reference genomic DNA
sequence surrounding rs8112895 SNP (R) and CpG dinucleotides (boxed). ii, individual clone sequences show-
ing the presence of bisulfite-converted CG sites (TG) and unconverted CG sites (CG) in both maternal and
paternal alleles from this heterozygous sample. This confirms a lack of parent of origin of the observed DNMT1
promoter methylation.
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tissue (Fig. 4B) but no evidence forDNMT1 genemethylation in
mouse (Fig. 4C), cow, or guinea pig placental tissue (data not
shown). Therefore, placental methylation of the DNMT1 gene
in mammals appears to be primate-specific.
DNMT1 Methylation Is Reduced in All Choriocarcinoma

(CCA)-derived Cell Lines—We have previously demon-
strated hypermethylation of several tumor suppressor and
vitamin D regulatory genes in CCA cell lines and speculated
that this plays a role in the generation of related gestational
tumors (12, 13, 17). Interestingly, when DNMT1 methyla-
tion was examined in JAR, BeWo, and JEG-3 CCA cell lines,
we found an almost complete loss of methylation
(supplemental Fig. 4); however, this was not associated with
an increase in gene expression (Fig. 5A). In contrast,
DNMT3Lmethylation was increased in JEG-3 cells (mean of
33 and 40% for MassARRAY and bisulfite sequencing,

respectively) and decreased in JAR cells (mean 6.5%) relative
to first trimester cytotrophoblasts (mean 13.1% using Mas-
sARRAY analysis) (supplemental Figs. 2 and 5). The differ-
ential changes in DNMT3L methylation in CCA cell lines
relative to purified cytotrophoblasts reveals a previously
uncharacterized level of epigenetic variation within these
cell lines.
DNMT1 Promoter Methylation Directly Attenuates Gene

Transcription—Previous studies have examined regulation of
theDNMT1 gene promoter, but to date, none has examined the
effect of DNA methylation on the currently annotated major
promoter of this gene (22–24). In order to gain insight into the
likely consequences of placenta-specific methylation, we car-
ried out in vitro reporter analysis using a 910-bp amplified
region of the human DNMT1 promoter (containing 56 CpG
sites) that spans several highly conserved sequence regions in

FIGURE 3. Distribution of monoallelic methylation of the DNMT1 promoter in first trimester placental tissue and trophoblasts. Bisulfite sequencing data
obtained using the DNMT1_1 assay in the following tissues: purified cytotrophoblasts (A) and uncultured (B) and cultured (C) (n � 10 passages) CVS biopsies.
i, examples of data from individual samples; ii, mean methylation level for biological replicates (cytotrophoblasts, n � 2; uncultured and cultured CVS, n � 6).
Shown are both sperm (D) and whole blood (E) lack of DNMT1 methylation as assessed by this methodology.
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vertebrates known to confer constitutive promoter activity (22)
(Fig. 6). The amplified region also includes the most proximal
repetitive SINE element upstream of the start site of transcrip-
tion. Such sequences occupy the majority of DNA within the 5
kb upstream of the DNMT1 transcription start site.

Choriocarcinoma-derived JAR cells were transfected with
two differentDNMT1 reporter constructs ((�)- and (�)-orien-
tation), with or without in vitromethylation with SssI, HhaI, or
HpaII methylases. SssI methylase acts at all CpGs, HpaII meth-
ylase methylates only the CpG within the sequence 5�-CCGG,
and HhaI methylates CpG within 5�-GCGC. Transfection of
the (�)-orientation reporter construct confirmed the basal
activity of the 910-bp cloned fragment with a greater than
15-fold increase in promoter activity relative to the promoter-
less control vector (n � 16) (Fig. 6). This is consistent with
previous data from a colorectal cancer-derived cell line (25).
Promoter activity was negligible in the (�)-orientation, dem-
onstrating a directionality ofDNMT1 promoter activity (Fig. 6).
In vitromethylation of the reporter construct with SssI, HpaII,
or HhaI methylases prior to transfection abolished promoter
activity (p � 0.0001), suggesting that only limited methylation
of this region is required to abolish transcription.

Widely Variable DNMT1 Expres-
sion Levels in Human Placenta and
Derived Cells—In order to ascertain
the effects of the observed DNMT1
promoter methylation level in pla-
cental tissue and derived cells, we
carried out quantitative reverse
transcription-PCR using primers
designed to interrogate all anno-
tated transcripts arising from the
most distal DNMT1 transcription
start site associated with the methy-
lated promoter in the placenta. We
found clear evidence for DNMT1
expression in full term placenta
(with monoallelic methylation) at
lower levels than that detected in
fetal brain (46%) but higher than
that in fetal liver and (127%) and
several adult tissues (data not
shown). Widely divergent levels of
expression were found in primary
first trimester CVS tissue (mean
14-fold decrease relative to mean
of full term tissue) and purified
cytotrophoblasts (mean 2-fold in-
crease), both of which show similar
levels of DNMT1 promoter methyl-
ation. We also found lower levels of
expression in three independent
CCA cell lines (mean 2.7-fold
decrease) and placental fibroblasts
(mean 3.2-fold decrease), each of
which lack promoter methylation,
whereas the SV40-transformed tro-
phoblast line HIPEC65 (26) (also

unmethylated) showed amajor increase in expression (106-fold
relative to full-term placenta) (Fig. 5A).
This complicated pattern of expression prompted us to exam-

ine the effects of DNMT1 expression and methylation in two cell
culture systems under controlled conditions, with assessment of
both DNAmethylation and gene expression status pre- and post-
culturing. Primary CVS tissue cultured for 10 passages showed a
clear decrease in DNMT1 expression relative to primary tissue
(4.2-fold reduction) (Fig. 5B) concomitantwith an increase in pro-
motermethylation (meanmethylation 0.26 in P0 versus 0.4 at P10).
This occurred in the absence of any decrease in proliferative
capacity. Correlation between methylation and expression level
was �0.797 (Fig. 5C), supporting a direct relationship between
DNMT1 methylation and expression in this system. Conversely,
differentiation of BeWo trophoblast cells to syncitia (associated
with a decrease in proliferation) was also associated with a
decrease in DNMT1 expression in the absence of any change in
promotermethylationstatus (Fig. 5B). In this case, expression level
appears to be directly linked to proliferative status.
Global Hypomethylation of Extraembryonic Tissue in the

Absence of DNMT1 Promoter Methylation—Although all pla-
centas share a basic common function in modulating exchange

FIGURE 4. DNMT1 promoter methylation is restricted to primates. Bisulfite DNA sequencing confirmed
promoter methylation of the DNMT1 gene in full term baboon (A) and marmoset (B) placental tissue, with no
evidence for methylation in mouse (C), bovine, or guinea pig placental tissue (data not shown).
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between maternal and fetal circulations, the human placenta is
unique in structure and function (27). In order to determine the
extent to which DNMT1 promoter methylation predicts or is
associated with global methylation levels across species, we
measured 5MeC content by HPLC in a range of different
human and animal placental tissues. We also included in vitro-
derived trophoblast stem cells obtained following differentia-
tion and selection of hCG secreting cells from human embry-
onic stem cells in culture (28).
Human cord blood (lacking DNMT1methylation) showed a

mean global 5MeC content of 3.82%, consistent with previous
reports for peripheral blood (5). Mean global 5MeC levels for
full term and first trimester human placental tissue (with
DNMT1 methylation) combined were variable (ranging from
2.63 to 3.62%)with amean level of 2.93% (95% confidence inter-
val, 2.54–3.32%), also in accord with previously published data
(5). No significant change in global methylation was seen in
placentas obtained from pre-eclamptic pregnancies (Fig. 7).
Full term marmoset tissue (with DNMT1 promoter methyla-
tion) showed global methylation levels similar to that seen in
human placental tissue (range 2.64–2.93%). However, despite
lacking DNMT1 methylation, bovine and guinea pig full term
placental tissue has a similar mean global 5MeC level (2.77 and
3.1% methylated cytosine, respectively), demonstrating that

global hypomethylation can occur
in the absence ofDNMT1 promoter
methylation. This is further sup-
ported by our demonstration that
human embryonic stem cells with
a mean global 5MeC level of 4.33%
undergo substantial global demeth-
ylation associated with differentia-
tion into hCG-secreting cytotropho-
blast stem cells (meanmethylation of
3.59%) (Fig. 7), despite the absence
of concomitant DNMT1 promoter
methylation in either cell popula-
tion (data not shown).

DISCUSSION

DNMT Enzymes in Early Mam-
malian Development—The primary
aim of this study was to investigate
the potential role of promoter
methylation of the DNMT family of
genes in the establishment of the
unique epigenetic profile of the
placenta, including global DNA
hypomethylation. We found no evi-
dence for methylation-associated
down-regulation of the DNMT3A
or -3B genes in the placenta or any
human tissue but found clear evi-
dence for placenta-specific monoal-
lelic methylation of the DNMT1
gene and hypomethylation of the
DNMT3L gene. This supports re-
cent data obtained bywhole genome

profilingofDNAmethylation in full termplacental tissue (29). In
vitro reporter analysis demonstrated the sensitivity of this
region to silencing by methylation, with similar attenuation of
transcriptional activity by SssI (all CpG sites), HpaII (9 of 56
CpG sites), and HhaI (13 of 56 CpG sites) methylases.
DNMT1 acts as a “maintenance” methyltransferase, play-

ing an essential role in the faithful propagation of the
genomic methylation profile from mother to daughter cells
following cell division (30). Elegant work by Kato et al. (31)
has demonstrated the specificity of other members of the
DNMT family in thede novo establishment ofmethylation, par-
ticularly at imprinting-associated differentially methylated
regions, interspersed repeats (including LINE1 elements), and
satellite repeats in mice. Although Dnmt3a mainly methylates
imprinted regions and short interspersed (SINEB1) elements,
both Dnmt3a and Dnmt3b are involved in establishing gene-
specific (non-imprinted) and long interspersed repeat (IAP and
LINE) methylation. Interestingly, DNMT3L appears to be the
onlymember of this family universally required for appropriate
levels of de novomethylation at all sequence families, highlight-
ing the general importance of this protein in de novomethyla-
tion establishment (31).
DNMTs and the Placental Epigenome—Genome-wide hy-

pomethylation, coupled with gene-specific hypermethyla-

FIGURE 5. Widely variable DNMT1 expression in placental tissue and derived cells. A, DNMT1 expression
levels in methylated samples (orange bars) versus non-methylated (yellow bars) relative to the mean full term
placenta DNMT1 expression level. Data are shown for full term placenta (Plac; n � 4), uncultured first trimester
CVS tissue (uCVS; n � 2), purified first trimester cytotrophoblasts (CT; n � 2), choriocarcinoma cell lines (CCA;
n � 3), SV40-immortalized trophoblast cell line HIPEC65, and placental fibroblasts (pFIB; n � 1). No obvious
correlation between gene expression and promoter methylation was apparent. B, decreasing DNMT1 expres-
sion was seen in following culturing of CVS tissue for 10 passages (cCVS; n � 2) and with syncitialization of BeWo
cell lines (BeWo-post; n � 2). Expression level is relative to the mean of uncultured CVS tissue. The colored bars
denote methylation status as per A. C, correlation between DNMT1 expression level and methylation status in
CVS tissue (pre- and post-culturing). Culturing for 10 passages results in a decrease in DNMT1 expression,
whereas promoter methylation is increased. The correlation co-efficient is �0.797, suggesting an inverse
relationship between methylation and expression levels in this system.
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tion of tumor suppressor genes, is a common feature of
human cancers. Hypomethylation appears to be an early fea-
ture of the tumorigenic process and is present in benign
lesions (32, 33–35). Interestingly, the placenta parallels
human cancers in both the overall decreased level of
genomic DNA methylation and the specific hypermethyla-
tion of several tumor suppressor genes (5, 6, 11–14). In this
regard, it is unique among non-malignant human tissues. In
quantitative terms, human full term placenta shows a reduc-
tion in global DNA methylation of 	20% relative to the
brain, liver, and peripheral blood lymphocytes (5, 6). This is
largely due to reductions in methylation levels at specific
repetitive DNA elements that comprise the majority of
mammalian genomic DNA (9, 36, 37). Despite this general
global hypomethylation, it is clear that some DNA methyla-
tion (locus-specific and/or repeat-based) is important for
correct placental development. Inhibition of DNA methyla-
tion by 5-azacytidine treatment disrupts trophoblast inva-
sive and migratory potential in vitro (38) and proper placen-
tal development in vivo (39).

Monoallelic Methylation of Genes
in the Absence of Imprinting—In the
current study, we utilized a poly-
morphic sequence downstream of
the transcription start site of the
DNMT1 gene in combination with
bisulfite sequencing methylation
analysis to show conclusively the
presence of monoallelic methyla-
tion of the DNMT1 gene in the
absence of a parent-of-origin
effect. Although we cannot
exclude the possibility of a mixed
cell population consisting of a
combination of cells with full
methylation of both alleles and
another population lacking DNMT1
methylation, the demonstration of
monoallelic methylation in puri-
fied cell populations (e.g. CK7�

cytotrophoblasts) does not sup-
port a “mixed cell population”
model of DNMT1 methylation in
the placenta.
Monoallelic gene expression, in

the absence of classical parent-of-
origin imprinting has, has recently
been described for several genes in
different human tissues (40). A sim-
ilar phenomenon has been de-
scribed for several tumor suppres-
sor genes in placenta, although
conflicting data related to a parent-
of-origin effect (i.e. imprinting)
have been reported (11, 13, 14, 17).
This is probably due to the differing
methodologies used to test for a par-
ent-of-origin effect.

Placental Pathologies and DNA Methylation—In this
study, we showed consistent hypomethylation of the
DNMT1 gene in three independent CCA cell lines, relative to
first trimester cytotrophoblasts or placental tissue. It is spec-
ulated that higher DNMT1 expression is involved in the eti-
ology of these tumors. No consistent changes were detected
at the DNMT3L promoter with increasing methylation in
JEG-3 cells and decreasing levels in JAR cells. These data are
in marked contrast to the increasing levels of methylation we
have previously reported for several tumor suppressor genes
in CCA cell lines, highlighting the complexity of locus-spe-
cific methylation changes that accompany choriocarcinoma
development.
Increasing DNMT gene activity, such as that predicted to

occur in CCA-derived trophoblast cells, independent of pro-
moter methylation, has been described in several human can-
cers (e.g. see Refs. 41–47). We speculate that increasing
DNMT1 activity facilitates the aberrant tumor suppressor
methylation associated with cancer development. The efficacy
of DNMT1 inhibition in restoring tumor suppressor activity,

FIGURE 6. Methylation of the DNMT1 promoter directly attenuates gene transcriptional level. A, position
of the cloned DNMT1 promoter region (pale blue bar; �536/�374 relative to the transcription start site). Shown
are genome coordinates, GC percentage, location of individual CpG dinucleotides, CpG island (green bar), and
DNMT1 gene (exons shown as blue boxes, intron as an arrowed line) according to the University of California
Santa Cruz genome browser (hg_18 assembly). The arrows denote transcriptional direction. B, luciferase
reporter constructs were transfected into human JAR cells with or without prior in vitro methylation with SssI,
HpaII, or HhaI methylases (n � 8 for each). A 15-fold increase in promoter activity was detected for the
unmethylated promoter region relative to the promoterless vector. This activity was abolished with in vitro
methylation prior to transfection (SssI, HpaII, and HhaI methylases). Luminescence values were normalized to
Renilla luciferase to correct for transfection efficiency, and all data are displayed relative to the mean basal
promoter activity of the pGL3:basic vector. The error bars denote 95% confidence intervals. Statistical analysis
for comparing between transfected groups was carried out using a two-tailed Student’s t test with unequal
variance.
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promoting cell cycle arrest, and inhibiting tumor growth
(reviewed in Ref. 48) supports this hypothesis.
DNMT1 Expression Is Regulated by Multiple Mechanisms in

Extraembryonic Tissue—Expression analysis revealed a com-
plex pattern of DNMT1 regulation in placental tissue and
derived cells, likely to involve promoter methylation and other
additional levels of regulation. No evidence was found for a
direct association of DNMT1 methylation with overall gene
expression level, with widely variable expression in different
populations of cells (e.g. cytotrophoblasts and CVS tissues),
even where similar overall levels of promoter methylation were
apparent. Similarly, no direct evidence for a clear association
of expression levels with proliferative status was found, sup-
porting previously reported data (49, 50). However, under
controlled conditions in culture, we observed both a clear neg-
ative correlation of DNMT1 promoter methylation with gene
expression level in CVS-derived tissue and a correlation
between expression and proliferation in a model of trophoblast
differentiation.
These data support a complex interplay of regulatory ele-

ments inDNMT1 expression in the placenta that encompasses
a “basal” promoter activity associated with the maintenance of
DNA methylation during cell division in addition to cell cycle-
independent regulation of gene activity that may play an as yet
uncharacterized, functional role. This is further supported by
previous data demonstrating a link betweenDNMT1 transcrip-
tional activity and specific cell signaling pathways. For example,
DNMT1 has been shown to respond to both proto-oncogene

and tumor suppressor pathways
(22). The APC tumor suppressor
protein inhibitsDNMT1 expression
in HT-29 colorectal cancer cells
(25), and it has been postulated that
the observed up-regulation of
DNMT1 seen in several cancersmay
be related to tumor suppressor
silencing (including the APC gene).
We have previously reported meth-
ylation-mediated APC down-regu-
lation in human placenta (13) and
have identified placenta-specific
silencing of several tumor suppres-
sor genes, raising the intriguing
possibility of a link between these
two systems in placental develop-
ment and function. The placenta is
also a known endocrine organ, pro-
ducing several hormones, including
estrogen, previously shown to pro-
mote expression of another DNA
methyltransferase,DNMT3B, in hu-
man endometrial cells (51).
An alternative explanation for the

observed complexity of DNMT1
regulation in the placenta may lie in
the propensity for the placenta to
utilize cryptic promoter sequences
as alternative regulatory elements

for gene expression. This is a common feature of placenta-spe-
cific gene expression, often associated with the changed epige-
netic state of repetitive elements (52, 53). Thus, methylation of
theDNMT1 promoter may be associated with a switch to other
regulatory elements in this tissue, possibly in response to spe-
cific environmental cues during pregnancy. The upstream
region of DNMT1 is highly enriched for repetitive DNAs;
however, these are primarily short and long interspersed
nuclear elements (SINEs and LINEs), neither of which have
yet been shown to function as cryptic promoters in this
tissue.
Future examination of placenta-specific profiles of DNMT

transcription and enzyme activity in response to specific envi-
ronmental cues should provide valuable insights into the role of
the DNMT1 promoter methylation that we have identified in
human placental tissue.
DNMT1Methylation Is Not Essential for GlobalMethylation

in Extraembryonic Tissue—Analysis of global DNA methyla-
tion levels by HPLC has revealed consistently lower levels of
methylation, albeit with some individual variability, in full term
placental and CVS tissue (5, 9, 36, 54). Using the same
approach, we found similar levels of global methylation at
between 2.73 and 3.1% in human, marmoset, guinea pig, and
bovine full term placental tissue.
Previous studies in mice have suggested that the inner cell

mass of the blastocyst undergoes more extensive de novo
methylation than the trophectoderm (prior to implantation),
leading to an overall hypomethylation in extraembryonic

FIGURE 7. Methylation status of DNMT1 does not predict global 5MeC levels in extraembryonic tissue.
Global 5MeC content was measured in a variety of placental and umbilical cord blood cells. Human full term
(FT), first trimester, full term pre-eclamptic (PE), and full term marmoset tissue (with DNMT1 promoter methyl-
ation) show mean global 5MeC levels of �3% (range 2.64 –2.93%). Despite lacking methylation of the equiva-
lent DNMT1 gene promoter, bovine and guinea pig FT placental tissues show a similar mean global 5MeC level
(2.77 and 3.1% methylation, respectively), indicating that DNMT1 promoter methylation is not an absolute
prerequisite for reduced genomic methylation in extraembryonic tissue. Human cord blood (also lacking
DNMT1 promoter methylation) shows a mean global 5MeC content of 3.82%, consistent with previous reports
in peripheral blood (5). Human embryonic stem cells showed the highest global 5MeC level of all tissues/cells
examined with a mean of 4.33%. Differentiation of these cells into cytotrophoblast stem cells was associated
with a reduction in global methylation levels (mean 3.59%) in the absence of concomitant DNMT1 promoter
methylation (data not shown). However, the small sample numbers resulted in a lack of significance when
tested using a paired Student’s t test. The dark bars correspond to samples with DNMT1 promoter methylation,
whereas light bars identify samples lacking DNMT1 promoter methylation.
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lineages (8, 55, 56). At present, it is unclear whether this
reduced level of de novo methylation results from lower
DNMT gene activity. Our data showing a lack of Dnmt1 pro-
moter methylation in non-primates and a reduction in global
methylation levels in hESC-derived cytotrophoblast stem
cells in the absence of DNMT1 methylation support a
DNMT1-independent mechanism for reduced global DNA
methylation in the early stages of extraembryonic tissue
development. This would suggest an as yet unidentified role
for DNMT1 promoter methylation in primate placental
development. Alternatively, our data could equally be
explained by the existence of distinct mechanisms leading to
decreasing global methylation in different systems.
Interestingly, recent data have implicated a role for silencing

(or down-regulation) of DNMT1 in the invasive and migratory
potential of some cancer cell lines. Specifically, inhibition of
DNMT1 activity in prostate cancer-derived PC3 cells causes
growth retardation while enhancing invasiveness and migra-
tory capacity (57). This is also supported by data demonstrating
a similar effect on proliferation and invasion in some pancreatic
and gastric cancer cell lines following 5-azacytidine (a DNMT1
inhibitor) treatment (58, 59). It is tempting to speculate that the
methylation-associated DNMT1 down-regulation described in
this study may play an important role in the migratory and
invasive properties of primate placentation. Future experi-
ments, examining the effect of overexpression of DNMT1 in
primary trophoblast cells, will enable this to be examined
directly.
A Role for DNMT3L in Human Placental Function?—In

mice, Dnmt3L is expressed at high levels in the chorion,
containing a multipotent trophoblast stem cell population.
Disruption of Dnmt3L results in multiple defects in the
developing placenta, including poor formation of the laby-
rinth and spongiotrophoblast layer, excess trophoblast giant
cells, and insufficient attachment of the chorion to the ecto-
placental cone. This is associated with an arrest of prolifer-
ation of the extraembryonic tissue (60, 61), suggesting that
Dnmt3L-mediated de novo methylation is critical for proper
placental development in mice. Our demonstration of pla-
centa-specific hypomethylation of the DNMT3L gene sup-
ports a role in human placental development, although this
will require further examination.
Conclusions—It is generally believed that the majority of

CpG island-containing genes remain unmethylated through-
out development. However, the reason for this is unclear, given
the obvious potential for methylation of such sequences to play
a significant role in regulation of gene expression. The unique
profile of placental promoter methylation observed in this and
other studies suggests that many such genes are in fact methy-
lated in a highly tissue-specific manner. Large scale epigenome
projects currently under way will provide valuable insights into
the extent of such methylation in highly specialized cell types
during development.
The continuing identification of examples of placenta-

specific promoter methylation provides valuable insights
into pathways likely to be epigenetically regulated during
development of this enigmatic tissue. Uncovering the mech-
anisms leading to the establishment of such markings, their

timing, and sensitivity to environmental and genetic disrup-
tion has the potential to reveal insights into the evolution of
different placental functions and may reveal novel risk path-
ways associated with adverse pregnancy outcomes and
tumor development.
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