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ABSTRACT

Ten eleven translocation (Tet) family-mediated
DNA oxidation on 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (5hmC) represents a novel
epigenetic modification that regulates dynamic gene
expression during embryonic stem cells (ESCs) dif-
ferentiation. Through the role of Tet on 5hmC regu-
lation in stem cell development is relatively defined,
how the Tet family is regulated and impacts on ESCs
lineage development remains elusive. In this study,
we show non-coding RNA regulation on Tet family
may contribute to epigenetic regulation during ESCs
differentiation, which is suggested by microRNA-29b
(miR-29b) binding sites on the Tet1 3′ untranslated
region (3′ UTR). We demonstrate miR-29b increases
sharply after embyoid body (EB) formation, which
causes Tet1 repression and reduction of cellular
5hmC level during ESCs differentiation. Importantly,
we show this miR-29b/Tet1 regulatory axis promotes
the mesendoderm lineage formation both in vitro and
in vivo by inducing the Nodal signaling pathway and
repressing the key target of the active demethyla-
tion pathway, Tdg. Taken together, our findings un-
derscore the contribution of small non-coding RNA
mediated regulation on DNA demethylation dynam-
ics and the differential expressions of key mesendo-
derm regulators during ESCs lineage specification.
MiR-29b could potentially be applied to enrich pro-
duction of mesoderm and endoderm derivatives and

be further differentiated into desired organ-specific
cells.

INTRODUCTION

Understanding how embryonic stem cells (ESCs) differenti-
ate into different functional cellular lineage is a key issue in
ESCs biology (1). As an embryo develops, ESCs respond to
cellular signals and differentiate to different germ layers (ec-
toderm, mesoderm and endoderm) followed by differentia-
tion into various types of tissues and functional organs. This
unique pluripotent property makes ESCs an ideal source for
regenerative therapy. A similar process can be achieved in in
vitro by inducing ESCs differentiation to specific tissue lin-
eages through formation of embryoid bodies (EBs), which
are cell aggregates that resemble the embryo at the blasto-
cyst stage. However, a major challenge in this in vitro tissue
regeneration process is inefficient differentiation toward de-
sired therapeutic cell types due to the presence of unwanted
differentiated cells of other germ layers (2). Therefore, de-
lineating the key mechanisms in ESCs lineage development
will circumvent such bottleneck in regenerative medicine.

Other than dynamic transcriptional regulations, epige-
netic modifications are actively involved in ESCs develop-
ment. Epigenetic modifications in form of cytosine methy-
lation at the 5′ position (5mC) (3) in the genome have been
shown to contribute to self-renewal and differentiation of
ESCs (4). Recently, the novel cytosine modification known
as 5-hydroxymethylcytosine (5hmC), has emerged as an-
other significant epigenetic mark in mammalian develop-
ment. 5hmC was initially identified in the T-even bacte-
riophage around six decades ago. Due to the recent iden-
tification of Ten-eleven translocation (Tet) family respon-
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sible for conversion of 5mC to 5hmC by oxidation (5).
5hmC is now regarded as an important intermediate in pas-
sive and active DNA demethylation pathways. Dynamic
5hmC changes have been found in many developmental
processes (6). Studies document cellular 5hmC levels in-
creases during preimplantation development and are en-
riched in the inner cell mass (ICM) of the blastocyst (7,8),
but its level is gradually reduces during ESCs differentia-
tion (except neural differentiation) (9). Tet1 and Tet2 are the
key enzymes responsible for 5hmC maintenance in mouse
ESCs and induced pluripotent stem cells (iPSCs). Both en-
zymes are regulated by the pluripotent transcription fac-
tor Oct4 (9). Tet1-dependent 5hmC level is responsible for
loss of ESCs identity (10) and lineage differentiation poten-
tial (9). Through these studies provided solid cellular evi-
dence about the functions of Tet1 and Tet2 in ESCs devel-
opment, their molecular regulation and the regulatory net-
work of Tet1 and Tet2 mediated 5hmC regulation in ESC
development remain inconclusive. The study by Ito et al. (8)
showed Tet1 repression caused overt ESCs differentiation,
diminished ESCs proliferation and led to down-regulation
of pluripotency factors Oct4, Sox2 and Nanog, while an-
other report suggested that Tet1 could affect ESCs lineage
differentiation through the Nodal signaling pathway and
transcription factors involved in mesoderm/endoderm de-
velopment (9).

During the past decade, microRNAs have been docu-
mented to be actively involved in various developmental
and cellular processes, including organogenesis and dif-
ferentiation (11). They represent a group of highly con-
served short non-coding RNAs that suppress gene expres-
sion by binding to the 3′ untranslational region of pro-
tein coding genes (11). MicroRNAs have crucial roles in
the self-renewal and differentiation of ESCs. Various stud-
ies have demonstrated microRNAs regulate ESCs devel-
opment by acting on epigenetic, transcriptional and post-
transcriptional levels (12,13). Specifically, the miR-29 fam-
ily regulates various stem cell processes, including os-
teogenic stem cell differentiation (14) and induced pluripo-
tent stem cells reprogramming (15). Emerging evidence also
suggests that the miR-29 family contributes to epigenetic
regulation in cancer and primordial germ cells (PGCs) de-
velopment by targeting Dnmt3a/3b (16), leading to global
DNA hypomethylation. Taken together, these studies im-
plicate a possible role of miR-29 in epigenetic regulation
during stem cell development. However, how microRNAs
contribute to DNA demethylation and regulate ESC lin-
eage commitment remains unclear. Since our preliminary
bioinformatics analysis indicated the presence of multiple
miR-29 binding sites on the 3′ UTRs of Tet mRNAs, we
therefore sought to examine the regulatory role of miR-29
on demethylation pathways during ESC differentiation.

In this study, we show that miR-29b promotes in vitro
ESC differentiation through the Tet1-mediated demethyla-
tion pathway. We show miR-29b reduces cellular 5hmC lev-
els during mESCs differentiation via Tet1 repression, and
regulates mesendoderm-specific differentiation of mESCs
both in vitro and in vivo. Furthermore, we show that the
miR-29b-Tet1 axis promotes mesendoderm lineage for-
mation by inducing the Nodal signaling pathway and
mesendoderm-related gene expression. We also find miR-

29b represses the key target of the active demethylation
pathway, Tdg and leads to alteration of active demethyla-
tion marks 5fC and 5caC. The findings could potentially
be applied to enrich production of mesoderm and endo-
derm derivatives and their further differentiation into de-
sired organ-specific cells.

MATERIALS AND METHODS

Cell culture and differentiation

Mouse E14Tg2A ES cells were maintained on 0.1%
gelatin-coated culture plates in Dulbecco’s Modified Eagle’s
Medium (DMEM, GIBCO), supplemented with 15% ES-
qualified fetal bovine serum (ES-FBS, GIBCO), 55 mM �-
mercaptoethanol (GIBCO), 2 mM L-glutamax (GIBCO),
0.1 mM non-essential amino acid (NEAA, GIBCO), gen-
tamycin (GIBCO) and 1000 U/ml LIF (ESGRO, Mil-
lipore) under feeder-free condition. For regular mainte-
nance of cell line the glycogen synthase kinase 3� in-
hibitor (CHIR99021) and MAPK/ERK kinase inhibitor
(PD0325901) were added to a final concentration of 3 �M
and 0.2 �M, respectively. Cells were passaged every 2-3 days
by dissociation with recombinant trypsin (Sigma).

SiRNA transfection and miRNA overexpression

RNA interference (RNAi) experiments were performed us-
ing siRNA (GenePharm) against mouse Tet1 and Tet2. E14
cells were seeded in gelatin-coated 12-well at a density of 1 ×
105 cells per well and transfected the day after (day 0) with
50 nM siRNA using Lipofectamine 2000 reagent (Invitro-
gen) according to the manufacturer’s instructions. MiRNA
mimics of miR-29b also were ordered from GenePharm,
and the transfection procedure of mimics was similar to
siRNA transfection. To generate miRNA stable express-
ing mESCs, miRNA fragment with ∼200 bp flank regions
was inserted into the pcDNA3.1 (pcDNA-pre-miR-29b) for
transfection in mESCs. G418 selection (1 mg/ml, Sigma)
was conducted for 2 weeks to select the miR-29b stable over-
expressing mESCs.

Embryoid Bodies (EBs) formation and specific induced dif-
ferentiation

For LIF withdrawal and differentiation assays, cells were
cultured by the hanging drop method in 10 cm petri dish
and LIF was removed the day after (day 0). After 2d EB for-
mation by the hanging drop method, EBs were transferred
to petri plates for suspension cultures up to 8 days. Samples
were collected at day 2, day 4, day 6 and day 8. The mor-
phology and number of EBs were also noted. Retinoic acid
(RA) or Activin A (Act A) was used to induce specific germ
layer differentiation. Ectoderm was induced by Retinoic
acid (10−9M, Sigma), mesendoderm was induced by differ-
ent concentrations of Activin A (2.5 ng/ml for mesoderm
and 50 ng/ml for endoderm inductions, R&D Systems).

RNA Extraction, cDNA synthesis and quantitative real-time
polymerase chain reaction (PCR)

Total RNA was extracted by Trizol reagent (Invitrogen) ac-
cording to standard protocol. The concentration and qual-
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ity of all RNA samples were evaluated by Nanodrop 2000
(Thermo), and the 260/280 and 260/230 values of all sam-
ples were above 1.8 and 1.9 respectively. Reverse transcrip-
tion was performed with MasterMix kit (Takara) following
the standard manual. Quantitative PCR was performed us-
ing Universal SYBR Green Master mix (Applied Biosys-
tems) on a StepOnePlus real-time PCR system (Applied
Biosystems). Gene expression was normalized to Gapdh
unless otherwise stated. The complete primer list is included
in the supplementary information.

Fluorescence-activated cell sorting (FACS) analysis

Gata4 FACS analysis was performed according to the gen-
eral protocol. mESCs were prepared at a concentration of
1 × 106cells/500 uL in rinse buffer and analyzed by Flow
cytometer (BD LCSRFortessa Cell Analyzer). Both Gata4
FACS antibody and isotype control (IgG) were from Ab-
cam.

Teratoma formation

mESCs were trypsinized and resuspended at a concentra-
tion of 1 × 106 cells/100 �l and injected into nude mice
subcutaneously. After ∼5–8 weeks, teratomas were har-
vested for qRT-PCR and histologic analysis when tumors
exceeded 2.0 cm in diameter and were fixed overnight in
4% paraformaldehyde. Paraffin sections and H&E staining
were performed according general protocol. Animal han-
dling and maintenance were performed in accordance with
institutional guidelines.

Western blot

Cells were lysed in sodium dodecyl sulphate buffer. The
protein concentration was measured by BCA assay kit
(Thermo). Equal amounts of cell lysates were loaded, blot-
ted onto a PVDF membrane and probed with the follow-
ing primary antibodies: anti-Tet1 (1:500, Abcam), anti-Tet2
(1:1000, Millipore), anti-Gapdh (1:4000, Abcam) anti-Lefty
1/2 (1:1000, Abcam). Gapdh was used as loading controls.
After incubation with the appropriate secondary antibod-
ies, signals were visualized by enhanced chemiluminescence
(GE systems).

Luciferase reporter assay

HEK293T cells grown in 24-well plates were transfected
with 50 nM miR-29b mimics (GenePharma), 100ng of
pmirGLO vector (Promega) tagged with Tet1, Tet2 and
Tdg 3′ UTRs that includes miR-29b binding sites or empty
pmirGLO plasmid by using Lipofectamine 2000 (Invitro-
gen). The Firefly and Renilla luciferase activities in the cell
lysates were assayed with a Dual-Luciferase Reporter As-
say System (Promega) at 48h post-transfection. To generate
the mutant variants, point mutations in the binding sites of
miR-29b in 3′ UTRs of Tet1, Tet2 and Tdg were introduced
by PCR according to in vitro mutagenesis protocol from
Cold Spring Harbor (17).

5hmC Dot blot

Genomic DNA samples were prepared with 2-fold serial di-
lutions in TE buffer and then denatured in 0.4 M NaOH
at 72◦C for 10 min. Denatured DNA samples were spot-
ted on a PVDF membrane. The membrane was baked at
80◦C for 10 min and crosslinked by UV for 10 min. Then
the membrane was blocked with 5% blocking buffer for 1
h, incubated with 5-hmC primary antibody (1:5000, Active
Motif) 1h and after incubation with the HRP-conjugated
rabbit secondary antibodies (1:10000, GE systems), signals
were visualized by enhanced chemiluminescence.

Immunofluorescence

1 × 105 cells were cultured on a cover glass in a 12-well
plate with 700 ul of medium. The cells were allowed to
grow to desired morphology and density before staining
procedure. To stain the cells, cells were first washed once
with phosphate buffered saline (PBS) and fixed by 4%
paraformaldehyde/4%sucrose in PBS at room temp, fol-
lowed by permeabilization and DNA denaturation by 0.2%
TritonX-100 in 4M HCl. After that, the cells were washed
with PBS and blocked in 80 �l BSA (3%). The cells were
incubated with rabbit anti-5hmC antibody (1:500, Active
Motif) in BSA (3%) at 4◦C overnight, and then conjugated
with RED-X-conjugated mouse anti-rabbit monoclonal an-
tibody (1:500, Santa Cruz) and DAPI (1:1000, Santa Cruz).
The glass slides were mounted with a cover slip before imag-
ing.

DNA extraction and GLIB-PCR

Genomic DNA was extracted using a genomic DNA extrac-
tion kit (Invitrogen). The concentration and quality of ge-
nomic DNA were evaluated by Nanodrop 2000 (Thermo),
all samples fit the criteria for following assay. GLIB (Glu-
cosylation, periodate oxidation and biotinylation) was pre-
cipitated using a Hydroxymethyl Collector (Active Motif)
according to the manufacturers’ protocol. PCR primers for
regional 5hmC level see supplementary information.

Generation of stable knockdown ES cell lines

Tet1 and Tet2 shRNA constructs were designed using
the on-line design program from MIT (http://sirna.wi.mit.
edu/home.php). The 19-nucleotide hairpin-type shRNAs
with a 9-nucleotide loop were cloned into pSUPER-
puromycin (OligoEngine) according to manufacturers’ pro-
tocol. mESCs were transfected by lipofectamine 2000 with
pSuper-puro shRNA constructs and selected for 14 days in
media containing 1 �g/ml puromycin. Clones were picked
and screened by qRT-PCR for knockdown of target RNA
expression. Established stable clones were subsequently
maintained in the absence of puromycin without loss of
knockdown assessed after up to 10 serial passages. shRNA
oligo sequences see supplementary information.

Alkaline phosphatase (ALP), CCK-8 and propidium iodide
(PI) staining assays

ALP activity detection was carried out using the Blue-color
AP staining Kit (SBI) according to the manufacturer’s pro-
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tocol. Cell proliferation rate was measured using cell count-
ing kit-8 (DOJINDO) according to the manufacturer’s pro-
tocol. Cell cycle regulation was determined by PI (Sigma)
staining assay that according to general protocol.

Statistical analyses

The error bars represent the Standard Error of Mean (SEM)
of three independent experiments. *, ** and *** indicate P
< 0.05, P < 0.01 and P < 0.0001, respectively (Student’s
t-test).

RESULTS

MiR-29b is significantly up-regulated during mESCs dif-
ferentiation and is negatively associated with stemness of
mESCs

The mouse miR-29 family contains three members, miR-
29a, miR-29b and miR-29c, which are encoded from two
intragenic clusters on chromosome 1 (miR-29a and miR-
29b-1) and chromosome 6 (miR-29b-2 and miR-29c) re-
spectively. Mature miR-29b sequence is derived from both
pre-miR-29b-1/b-2 sequences. To examine the role of miR-
29 in mESCs differentiation, we first examined the expres-
sion profiles of miR-29 precursors (pre-miR-29a, pre-miR-
29b-1, pre-miR-29b-2 and pre-miR-29c) in mESCs (Fig-
ure 1A). Pre-miR29b-1/2 expression contributed major-
ity of miR-29 cluster expression in mESCs (Figure 1A),
suggesting miR-29b is the key miR-29 family member in
mESCs. MiR-29b showed association with differentiation
state as supported by higher expression in somatic cells,
mouse embryonic fibroblasts (MEF) (Figure 1B). Using es-
tablished mESCs differentiation model, mature miR-29b
showed robust up-regulation (>20-fold) during embryonic
bodies (EB) formation from day 2 to day 8 (Figure 1C), sug-
gesting miR-29b’s may play a role in mESCs differentiation.

To analyze the effect of miR-29b on pluripotency of
mESCs, the endogenous alkaline phosphatase (ALP) activ-
ity (indicator of ESCs stemness) was examined in miR-29b
overexpressing mESCs (MiRNA mimics overexpression ef-
ficiency sees Supplementary Figure S1). mESCs transfected
with miR-29b mimics showed weaker ALP staining (Fig-
ure 1D), indicating that miR-29b could repress mESCs
pluripotency. Cell proliferation of mESCs was not affected
by miR-29b overexpression (Figure 1E), which excluded the
possibility that the repression of ALP activity was due to the
anti-proliferative effect of miR-29b overexpression. In addi-
tion, cell cycle analysis showed that no difference between
miR-29b mimics and control group in mESCs (Figure 1F).
To our surprise, miR-29b did not affect the expression of the
essential pluripotency markers, Oct4 and Sox2 (Figure 1G).
These results suggested that miR-29b is a negative regula-
tor of mESCs pluripotency, which may involve in alternative
molecular pathways independent of Oct4 or Sox2.

mESCs overexpressing miR-29b exhibit increased mesendo-
dermal and decreased ectodermal propensities

To better understand the role of miR-29b in mESCs devel-
opment, we generated an ES cell line stably over-expressing
(OE) miR-29b by cloning pre-miR-29b sequence and its

flank regions in an expression plasmid, followed by G418
selection. Interestingly, as early as day 5 of selection, we
observed the first alteration of morphological differentia-
tion where the cells started to flatten-out. Subsequently,
most colonies lost their typical undifferentiated mESCs ap-
pearance (homogeneous morphology, round and mono-
layer colony) and aggregated to form three-dimensional
colonies (Figure 2A).

To identify the properties of colonies, we examined the
expression of the different germ layer markers. We ob-
served mesendoderm makers, including Nodal, T, Gata6
and Foxa2 were strongly up-regulated in miR-29b OE
mESCs compared to the control (Figure 2B), while ecto-
dermal markers, such as Nestin and Pax6, were consider-
ably suppressed. Notably, miR-29b precusor was highly ex-
pressed in the inner organs (most of all differentiated from
mesoderm and endoderm), moderately expressed in the
ectoderm-derivative tissues, such as brain and spinal cord
(Figure 2C). Taken together, constitutive miR-29b expres-
sion predisposes undifferentiated mESCs to express lower
levels of ectoderm genes and higher mesendoderm markers,
combined with expression level of miR-29b precursor in dif-
ferentiated organs, suggesting its possible role in contribut-
ing a differentiation propensity on subsequent lineages.

MiR-29b promotes differentiation of embryoid bodies toward
mesendoderm lineage

To evaluate whether miR-29b is involved in promoting the
differentiation propensity of mESCs, we studied embry-
oid bodies (EBs) formation by removing mLIF. The sizes
of miR-29b overexpressed embryonic bodies were signifi-
cantly larger than the ones in control group (Figure 3A).
All mesendoderm markers were significantly up-regulated
in miR-29b OE EBs, whereas ectoderm markers showed
lower expression (Figure 3B). The gradually increased lev-
els of miR-29b also suggest progressive involvement of this
miRNA in the transition from pluripotency toward acqui-
sition of lineage-specific fates. To sum, the results indicate
miR-29b may preferentially drive mesendoderm, but not ec-
toderm, differentiation in EBs.

To test our hypothesis, we further examined how miR-
29b would act on defined lineage differentiation condi-
tions by inducing mesendoderm and ectoderm formation
through administration of Activin A (Act A) and retinoic
acid (RA) respectively. As expected, Act A treatment re-
pressed pluripotent markers expression and induced ex-
pression for all selected mesendoderm markers, but not ec-
toderm markers in mESCs (Figure 3C). Transfection of
miR-29b mimics further promoted mesendoderm maker
expression in the presence of Act A. Similarly, miR-29b
rescued mesendoderm marker expression in the cultural
environment permissive for ectoderm differentiation (in
the presence of RA), no significant expression was ob-
served for ectoderm markers (Figure 3D). Flow cytome-
try was performed to evaluate the differentiation efficiency
of mesendoderm lineage in miR-29b OE mESCs by calcu-
lating the Gata4-positve cell population. MiR-29b overex-
pressing mESCs led to the emergence of subpopulations
expressing Gata4 as early as day 5, while control mESCs
remained Gata4 negative during the same condition (Fig-
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Figure 1. Expression pattern of miR-29 cluster and role of miR-29b in mESCs. (A) MiR-29 cluster precursors (pre-miR-29a, pre-miR-29b and pre-
miRNA29c) expression in mESCs by quantitative real-time PCR. (B) MiR-29b expression pattern in the presence and absence of mLIF during EB for-
mation. Shown here are 0-day, 2-day, 4-day and 8-day interval by quantitative real-time PCR. (C) Comparison of miR-29b expression in mESCs to MEF
control by quantitative real-time PCR. (D) The effect of miR-29b on alkaline phosphotase activity of mESCs, which was carried out using the Blue-color
AP staining Kit (SBI). (E) The effect of miR-29b on proliferation of mESCs. (F) The effect of miR-29b on cell-cycle of mESCs. (G) The effect of miR-29b
on two pluripotent transcriptional factors (Sox2 and Oct4) by western blot in mESCs. Each bar in the figure represents the mean ± SEM of triplicates. *P
< 0.05, **P < 0.01 and ***P < 0.0001.
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Figure 2. The effect of miR-29b on mESCs differentiation. (A) Scheme of the constructs used to express miRNA of interest. Representative bright-field
images from pcDNA-pre-miR-29b mESCs after five or eight days of G418 induction. Scale bars: 50 �m. (B) The effect of miR-29b on pluripotent,
ectoderm and mesendoderm markers expression in mESCs by qPCR. (C) Expression of miR-29b precusor in 15 mouse tissues was measured by qRT-PCR
and normalized to Gapdh mRNA levels. Each bar in the figure represents the mean ± SEM of triplicates.
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Figure 3. The effect of miR-29b on EB formation and differentiation by in vitro and in vivo assyas. (A) Representative bright-field images of EB formation
induced by miR-29b at day 3. Scale bars: 100 �m. (B) The effects of miR-29b on different lineage markers expression in EB by qPCR. (C and D) The effects
of miR-29b on different lineage markers expression of RA or Act A-induced mESCs differentiation model by qPCR. (E) Flow cytometry analysis of Gata4-
postive cells in miR-29b OE mESCs. (F) Expression of differentiation markers in mIR-29b OE mESCs-formed teratoma tissues. (G) Hematoxylin/eosin
(H&E) staining results of miR-29b OE-teratoma and control tissues. Each bar in the figure represents the mean ± SEM of triplicates. *P < 0.05, **P <

0.01 and ***P < 0.0001.
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ure 3E). In addition, teratoma formation was used to ex-
plore miR-29b in modulating germ layer differentiation of
mESCs in vivo. MiR-29b OE mESCs and control mESCs
were injected into nude mice. After ∼ 5–8 weeks, miR-29b
OE mESCs formed large aggressive tumors while control
mESCs formed smaller benign teratoma (Figure 3G). Con-
sistent with in vitro results, mesendoderm markers were in-
duced and ectoderm markers were repressed in miR-29b
OE mESCs-formed teratoma tissues (Figure 3F). By His-
tological analysis, all three primary germ layer lineages
could be shown in control mESCs-fomed teratoma; while
miR-29b OE teratoma showed many mature mesoderm
and endoderm tissues and highly proliferative state (Fig-
ure 3G). These results further support that miR-29b in-
creases mesendodermal commitment in vivo.

MiR-29b targets Tet1 and Tet2 during mESC differentiation

As the Tet family was associated with mESCs differentia-
tion, we examined the how Tet family contributed to the
dynamics of 5hmC regulation during differentiation. We
first examined all three Tet family members (Tet1, Tet2 and
Tet3) expression patterns during EB formation (Figure 4A).
Tet1 and Tet2 were maintained at relatively high expression
levels similar to other critical pluripotency factors (Oct4,
Sox2 Klf4 and Nanog) in the presence of mLIF (Supple-
mentary Figure S3B). The expression of Tet1 and Tet2 was
also more abundant in MEF compared to undifferentiated
mESCs (Figure 4B). Intriguingly, the responses of Tet1 and
Tet2 to mLIF were very similar. In contrast to miR-29b ex-
pression profile, Tet1 and Tet2 expression decreased pro-
gressively after mLIF withdrawal (Figure 4A), suggesting
both could be involved in similar mode of regulation (data
not shown). Tet3, on the other hand, demonstrated a totally
opposite response when compared to Tet1/2, implicating a
different mode of regulation.

As suggested by the inverse expression pattern of Tet1/2
and miR-29b during EB differentiation, and the bioinfor-
matic prediction that Tet1 and Tet2 are potential targets
of miR-29b (Figure 5A), we hypothesized that miR-29b
could repress Tet1 and Tet2 and subsequently affect active
demethylation processes through alteration of global 5hmC
level. This was first validated by transfection of miR-29b
mimics in mESCs, which caused significant repression of
Tet1 and Tet2 in mESCs at both transcriptional and post-
transcriptional levels (Figure 5B and C). To show the direct
interaction of miR-29b and Tet1/2, we cloned mouse Tet1
and Tet2 3′ UTRs that contains predicted miR-29 bind-
ing sites to a luciferase gene reporter (pmirGLO-Tet1/2-3′
UTRs) and determined luciferase activity in HEK293T cells
transfected with miR-29b mimics. MiR-29b significantly re-
pressed the luciferase activity, confirming both Tet1/2 are
the direct binding targets of miR-29b (Figure 5D). Notably,
miR-29b failed to alter luciferase reporter plasmid activity
when we mutated the binding sites of miR-29 at the 3′ UTRs
of Tet1/2 (2 or 3 nucleotides in ‘seed sequence’ of miR-29b
in 3′ UTRs of Tet1 and Tet2 were mutated), which further
proved the direct interactions of miR-29b and Tet1/2.

MiR-29b represses cellular 5hmC level during mesendoderm
differentiation through Tet1 inhibition

Recent studies have shown global 5hmC decreases when
Tet1 and Tet2 are repressed in mESCs. We next checked
whether miR-29b could lead to the similar effect. As ex-
pected, repression of Tet1 and Tet2 by siRNAs led to 5hmC
reduction (Figure 6A and Supplementary Figure S2). Ec-
topic expression of miR-29b caused reduction of cellular
5hmC level as shown by dot blot and immunofluorescence
analyses (Figure 6B and C). To further examine the ef-
fect of miR-29b on induced mesendoderm differentiation,
we selected SMA and Gata4 as the representative markers
of mesoderm and endoderm. Immunofluorescence staining
confirmed that miR-29b could induce expression of these
two markers with different concentrations of Act A (Fig-
ure 6G and H), indicating that miR-29b could promote the
differentiations of specific mesoderm and endoderm. Im-
portantly, the expression of both markers inversely corre-
lated with cellular 5hmC level (Figure 6G and H), which
suggested that miR-29b also played a role in the late stage
differentiation from mesendoderm further to mesoderm
and endoderm.

We also evaluated the effect of Tet1 and Tet2 on the
pluripotent state of mESCs by alkaline phosphatase (ALP)
assay. Tet1 stable KD mESCs (Supplementary Figure S4)
showed decreased ALP level in mESCs (Figure 7A) but was
negative for Tet2 KD mESCs (Supplementary Figure S5A).
Besides, three important pluripotent transcriptional factors
(Sox2, Oct4 and Nanog) were not affected in Tet1 KD
mESCs at both mRNA and protein levels (Figure 7B and
C), which is consistent with the effects of miR-29b on these
transcriptional factors. Then we focused the role of Tet1
in mESCs differentiation. As expected, knockdown Tet1 in
mESCs also induced mesendoderm marker and repressed
ectoderm marker expression (Figure 7D), indicating that
miR-29b/Tet1 axis could induce specific lineage differentia-
tion of mESCs. Immunostaining results of SMA and Gata4
further confirmed the role of Tet1 in mESCs differentiation
in vitro. Importantly, the differentiation phenotype associ-
ated with Tet1 depletion positively correlated with cellular
5hmC content (Figure 7E and F). While knockdown Tet2 in
mESCs did not show any obvious differentiation phenotype
of mESCs (data not shown), suggesting that other regula-
tory mechanisms may involve in the regulation of Tet2 in
mESCs.

MiR-29b may associate with active DNA demethylation by
repressing Tdg

Other than passive demethylation, 5hmC can also be con-
verted to unmodified cytosine through active demethylation
pathway by thymine DNA glycosylase (TDG)-mediated
base excision repair (BER) of 5fC and 5caC. These mod-
ified bases are generated by iterative oxidation of 5hmC by
Tet enzymes. Interestingly, in addition to Tet family, the
bioinformatic prediction suggested Tdg was also a poten-
tial target of miR-29b, and the target sites were relatively
conserved in human and mouse (Figure 6D). The finding
implicated the possible association of miR-29b in the ac-
tive demethylation pathway. Both RNA and protein expres-
sion assays confirmed miR-29b mimics could lead to down-
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Figure 4. Expression pattern of Tet family in undifferentiated mESCs, differentiating EB and differentiated MEF. (A) The expression pattern of Tet family
during EB formation. (B) The expression level of Tet family in mESCs and MEF. Each bar in the figure represents the mean ± SEM of triplicates. *P <

0.05, **P < 0.01 and ***P < 0.0001.

regulation of Tdg (Figure 6E) by around half compared to
the controls. The results were also supported by luciferase
reporter assay, where miR-29b direct binds to Tdg 3′ UTR.
However, only 5fC appeared to be significantly affected by
miR-29b, only moderate differences in global 5caC levels
were observed (Figure 6F), suggesting that regional level of
5fC/5caC at specific gene maybe more important than over-
all level change.

MiR-29b/Tet1 regulatory axis involves in epigenetic inhibi-
tion of Nodal signaling antagonist Lefy1/2

To further delineate the downstream targets regulated by
miR-29b/Tet1 regulatory axis, we searched for established
pathways required for directing mesendoderm specification.
Enlighten by the results that miR-29b could further pro-
mote Act A-induced mesendoderm differentiation, we fo-
cused on Actvin/Nodal signaling pathways. The link be-
tween miR-29b/Tet1 regulatory axis and Nodal signaling
has been indicated by a remarkable up-regulation of Nodal
expression in response to miR-29b mimics (>2.6-fold), Ac-
tivin A plus miR-29b treatment (>2.4-fold) and Tet1 KD
condition (>3-fold) (Figures 2B, 3C and 7D). To further
delineate the molecular mechanisms, we examined the reg-
ulatory role of Lefty1 and Lefty2. Both are the known
antagonists of Nodal signaling, and lead to inhibition
of mesendoderm differentiation through Activin/TGF-
beta/Nodal pathway (18). They are among the earliest
genes to be repressed upon ESCs differentiation, and stud-
ies have shown both gene promoters are relatively hy-
pomethylated in stem cells and hypermethylated in differen-
tiated cells (9). Therefore, we hypothesized that decreased
active demethylation activity (i.e 5hmC levels) of the pro-
moter regions may also contribute to down-regulation of

both targets. To examine the 5hmC level on the promot-
ers, we scanned the promoter regions rich in CG con-
tents, four potential 5hmC sites were predicted on Lefty1
and Lefty2 promoters respectively (Figure 8A). The corre-
sponding 5hmC level at these sites was examined in Tet1
KD and miR-29b overexpressing mESCs by GLIB-qPCR
approach. The results showed 5hmC level were decreased
at all predicted sites on Lefty1 and Lefty2 promoters (Fig-
ure 8B), and were concordant with decreased expression
profiles (Figure 8C and D). These confirmed that miR-29b-
Tet1 axis could affect Lefty1/2 expression through epige-
netic repression of 5hmC level on the promoter region.

DISCUSSION

In this study, we show the mesendoderm lineage specifi-
cation of mESCs can be promoted by miR-29b (Supple-
mentary Figure S6). Recent genome-wide studies have sug-
gested dynamic DNA methylation is required in various
key developmental processes, including embryonic stem dif-
ferentiation, induced pluripotent cell reprogramming, germ
cell and zygote development (19). The maintenance of ES
cell depends on precise transcriptional control of pluripo-
tency and lineage-specification factors, which is associated
with a distinct methylation pattern. Though TETs and
TDG represent the key players in DNA demethylation path-
ways of the pluripotency regulatory circuit, the underlying
molecular mechanism on TET and TDG regulation, the
associated gene targets and how to modulation of differ-
entiation remains largely elusive. Here we demonstrate a
novel miR-29b/Tet1 axis epigenetically modulates mESCs
pluripotency and mesendoderm differentiation. Ectopic ex-
pression of miR-29b in mESCs significantly enhanced their
potential to commit mesendoderm lineage through induc-
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Figure 5. MiR-29b directly targets Tet1/2 in mESCs. (A) No. of miR-29b binding sites at 3′ UTRs of Tet family by bioinformatics prediction software.
(B and C) Tet1/2 expression was repressed by miR-29b on both RNA and protein level in mESCs by real-time qPCR and western blot analysis. (D) The
structure of pmirGLO dual luciferase vector and detection of direct binding between miR-29b and Tet1/2 3′ UTRs by luciferase reporter assay. Shown
here are the site locations for the Tet1/2 inserts on pmirGLO Dual-Luciferase miRNA Target Expression Vector. Decrease in luciferase activity indicates
positive binding. MiR-29 mimics and the luciferases reporter were co-transfected by transient transfection using HEK293T cells. A combination of controls
were employed, including mutant vector and negative control of miR-29 mimics. Each bar in the figure represents the mean ± SEM of triplicates. *P <

0.05, **P < 0.01 and ***P < 0.0001.
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Figure 6. The effects of MiR-29b on global 5hmC, 5caC, 5fC levels and Tdg in mESCs. (A) The effects of Tet1/2 on 5hmC in mESCs by dot blot. Serial
2-fold dilution was applied. (B) The effects of miR-29b on global 5hmC by dot blot. Serial 2-fold dilution was applied in vertical order on mESC transfected
with miR-29b mimics and control. (C) The effects of miR-29b on global 5hmC by immunofluorescence. The scale bar is 40 �M. (D) The effects of miR-29b
on Tdg and global 5caC and 5fC levels in mESCs. Online prediction software was used to predict potential No. of miR-29b binding sites at Tdg 3′ UTR
region. Tdg expression level was repressed via qPCR and western-blot assays. The direct binding between miR-29b and Tdg 3′ UTR was proved by dual
luciferase reporter assay. (E and F) The immunostaining results of mesoderm and endoderm markers (SMA and Gata4) in miR-29b overexpressed mESCs
and control group. The scale bar is 10 �M. Each bar in the figure represents the mean ± SEM of triplicates. *P < 0.05, **P < 0.01 and ***P < 0.0001.
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Figure 7. Tet1 KD mESCs inclines to mesendoderm differentiation. (A) The construct of Tet1 shRNA and the effects of Tet1 on ALP activity of mESCs
by Blue-color AP staining kit from SBI. (B and C) The expression levels of pluripotent transcriptional factors (Oct4, Sox2 and Nanog) in Tet1 KD mESCs
by western blot analysis. (D) The effect of Tet1 on different lineage markers expression of mESCs by qPCR. (E and F) The immunostaining results of
mesoderm and endoderm markers, SMA and Gata4 in Tet1 KD mESCs. The scale bar is 10 �M. Each bar in the figure represents the mean ± SEM of
triplicates.
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Figure 8. MiR-29b-Tet1 axis epigenetically regulates two key inhibitors of mesendoderm markers. (A) The selected promoter regions of Lefty1/2, the
predicted. (B) Real time quantitative PCR showing 5hmC in Lefty1/2 promoters were decreased in both miR-29b OE and Tet1 KD mESCs. (C and D)
Western blot showing Lefty1/2 was repressed in miR-29b OE and Tet1 KD mESCs.
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tion of Nodal signaling pathway. Notably, miR-29b mod-
ulates its action through demethylation pathways by tar-
geting Tet1 and Tdg, leading to decreased 5hmC levels
and up-regulation of Nodal signaling antagonists Lefty1/2
and mesoderm/endoderm transcription factors SMA and
Gata4. To our knowledge, this is the first report on the
modulation of DNA demethylation intermediates by mi-
croRNA in ESCs development.

It is now known that microRNA is actively involved in
gene regulation of ESCs (11), and miR-29 is no excep-
tion. Despite sharing similar seed sequences and that it
is conserved in mammalians, miR-29 family members are
expressed differently predominantly in various subcellular
locations. Expression of miR-29a is cytoplasmic, whereas
miR-29b and miR-29c are mainly in the nucleus (20,21).
Such difference implies the diverse biological functions
among miR-29 members.

Based on recent miRNA studies (22–24), we postulate
the expression difference of miR-29b in cytoplasmic and
nuclear compartment could attribute to the storage effect
or nuclear activities. The nucleolus may serve as a site of
storage for miRNAs, which remain inactive until released
by cell stress, and/or (ii) that nuclear miRNAs function in
a manner distinct from the canonical cytoplasmic RISC
paradigm. Given that the nucleolus is the site of riboso-
mal gene transcription, ribosomal RNA maturation and
RNA editing, it is possible that nuclear miRNAs partici-
pate in the regulation of these processes, or are themselves
subject to RNA editing. Another possibility is interacting
with transcriptional factors or other nucleus factors in the
nucleus, such as Klf4 (25), Mycn (26), Yy1 (27) and Sp1
(28). Previous studies have also suggested the pivot role of
miR-29b during late stage of cellular differentiation in nor-
mal and pathological conditions, including skeletal myoge-
nesis (14,27), osteoblast differentiation (29), osteoclastoge-
nesis (30), muscle differentiation (31–33), renal and cardio-
vascular injury (34,35), pulmonary fibrosis (36), myoblast
differentiation (37) and acute myeloid leukemia (38). An
interesting phenomenon is that all of these somatic cell lin-
eages are differentiated from mesendoderm, which indicates
that miR-29b may play a key role in the late differentiation
stage for mesendoderm as was confirmed by our teratoma
formation assay (Figure 3). However, the role of miR-29b
in the early differentiation from undifferentiated ESCs to
mesendoderm is still not completely understood. Similar
to other differentiation-related microRNAs in ESCs (11),
miR-29b expression increases sharply during mESCs dif-
ferentiation. Interestingly, such differentiation promotion is
not related to repression of pluripotent factors Oct4 and
Sox2, which suggests the presence of alternative regula-
tory pathways in ESCs differentiation. To make the picture
even more complicated, we found a subset of microRNAs
(miR-22, miR-290) that act on Oct4/Sox2 based on our
bioinformatics prediction may also target the Tet gene fam-
ily based on our bioinformatics prediction (Supplementary
Figure S3A). Whether these Oct4/Sox2 related microRNAs
also target Tet family members awaits further investigation.
We also evaluated some other miRNAs (potential miR-
NAs that may target Tet family), including miR-26, miR-
93, miR-291 and miR-302, during mESCs differentiation
and only miR-26b showed increased trend (Supplementary

Figure S3C). The bioinformatics prediction and opposite
expression trend of miR-26b and Tet1/Tet2 in mESCs dif-
ferentiation suggested that miR-26b may also play a role
in mESCs, just like miR-29b. Therefore miRNAs, Tet fam-
ily and downstream target/pathway formed a network in
ESCs, which connects genetics and epigenetics, coding and
non-coding RNAs. More investigation is needed to further
illuminate this complicated network.

The potential involvement of miR-29b in epigenetic reg-
ulation in development has been largely reflected in DNA
methylation, including modulation of Dnmt3a/b expres-
sion in primordial germ cells of female mouse embryos (39)
and epigenetic modification of MMP-2/9 in cardiovascular
diseases (40). Our data clearly demonstrate miR-29 involves
in DNA demethylation pathways through Tet and Tdg. In
contrast to the recent reports focusing on biochemical vali-
dation on miR-29/Tet interactions using fibroblast or can-
cer lines (31,34), our study demonstrates the functional re-
lationship between miR-29 and Tet using a dynamic devel-
opmental model approach that is supported by phenotypic
and molecular evidence. Consistent with previous findings
(9), we show that Tet1, as well as Tet2, are the key en-
zymes responsible for the cellular of 5hmC level in mESCs
and that their activity correlates closely with the pluripo-
tent state. Although Tet1 and Tet2 demonstrate similar ex-
pression profiles in response to mLIF and get repressed by
miR-29b, Tet2 fails to affect mESCs differentiation. Our ob-
servation is consistent with recent ChIP-seq data (41). Such
downstream target specificity may be attributed to the struc-
tural difference between Tet1 and Tet2, where Tet1 contains
an additional CXXC motif for binding to CpG island (42).
The bindings are enriched at the promoter region regardless
of modified or unmodified cytosine.

The formation of mesoderm or endoderm from mesendo-
derm lineage is a critical step in the establishment of subse-
quent derivatives (43). Modulation by miR-495 in mesendo-
derm lineage specification of ESCs has also been reported
recently (12), but in an opposite way compared to miR-
29b. MiR-495 acts as a negative regulator of mesendo-
derm differentiation through targeting Dnmt3a in mESCs.
Both miR-495 and miR-29b demonstrate a sharp change
on expression in the first 4 days of EB formation, suggest-
ing they are the essential regulators for early epigenome
and transcriptome dynamics. Interestingly, miR-495 ap-
pears to regulate DNA methylation only as no targets are
predicted on Tet and Tdg. Coupled with miR-29b that acts
on DNA demethylation pathway. A ‘yin-yang’ microRNA
regulation may exist in mesendoderm lineage development.
Delineating how this yin-yang event is regulated would
lead to identification of key regulators in mesendoderm
lineage development. It is therefore imperative to charac-
terize the genome-wide pattern of 5hmC and other cyto-
sine derivatives, including 5-carboxylcytosine (5caC) and
5-formylcytosine (5fC) in miR-29 induced mESCs differ-
entiation to have a robust understanding of the epigenetic
hotspots during mESCs differentiation.

Although we show miR-29b may be involved in the active
demethylation pathway by repressing Tdg, the dot blot data
on the 5caC and 5fC are inconclusive. We expect miR-29b
would cause similar effects in Tdg-deficient cell knock out
cells, leading to accumulation of 5caC and 5fC (44). A plau-
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sible explanation is that miR-29b targets not only Tdg, but
also Tet. Since both enzyme families are involved in conver-
sion of 5fC and 5caC by oxidation and BER respectively,
the cellular level of 5fC and 5caC will be affected. There-
fore, it is possible that both passive and active demethyla-
tion mechanisms are affected by miR-29b.

In summary, we demonstrate miR-29b directly regulates
Tet and Tdg in mESCs. Ectopic miR-29 expression ac-
tivates mesendoderm lineage development through epige-
netic modulation of mesendoderm and ectoderm targets,
and corresponding signature pathways like Nodal path-
way (Supplementary Figure S6). The findings provide a
better understanding of the role of microRNA in mESCs
lineage specification, which will be helpful in efficient dif-
ferentiation of ESCs into specific therapeutic cell types of
choice without contamination of unwanted differentiated
cells from other germ layers. We believe miR-29 induced
mesendoderm progenitors will be of great value in regener-
ative medicine. It can also serve as an experimental platform
for studying the molecular regulations of mesodermal and
endodermal specification.
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