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SUMMARY

Tet-mediated DNA oxidation is a recently identified
mammalian epigenetic modification, and its func-
tional role in cell-fate transitions remains poorly
understood. Here, we derive mouse embryonic fibro-
blasts (MEFs) deleted in all three Tet genes and
examine their capacity for reprogramming into
induced pluripotent stem cells (iPSCs). We show
that Tet-deficient MEFs cannot be reprogrammed
because of a block in the mesenchymal-to-epithelial
transition (MET) step. Reprogramming of MEFs defi-
cient in TDG is similarly impaired. The block in
reprogramming is caused at least in part by defec-
tive activation of key miRNAs, which depends on
oxidative demethylation promoted by Tet and TDG.
Reintroduction of either the affectedmiRNAs or cata-
lytically active Tet and TDG restores reprogramming
in the knockout MEFs. Thus, oxidative demethylation
to promote gene activation appears to be function-
ally required for reprogramming of fibroblasts to
pluripotency. These findings provide mechanistic
insight into the role of epigenetic barriers in cell-
lineage conversion.

INTRODUCTION

Pluripotent cells, such as those in early embryos, proliferate and

differentiate into distinctive cell lineages. Lineage commitment is

established and maintained in development by epigenetic pro-

gramming of gene-expression profiles, in which DNA methyl-

ation plays a prominent role (Goll and Bestor, 2005; Jaenisch

and Bird, 2003). DNA methylation patterns are faithfully propa-

gated in cells undergoing mitosis. Early embryonic genes, such

as the pluripotency genes Oct4 and Nanog, undergo silencing
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and de novo DNAmethylation in their promoter and enhancer re-

gions during cell differentiation and maintain their hypermethy-

lated states in differentiated somatic cells (Epsztejn-Litman

et al., 2008; Li et al., 2007). The developmental and cell-differen-

tiation processes therefore entail dynamic regulation of genomic

methylation accompanied by gene-expression changes.

Lineage commitment can be reversed in vivo and in vitro

through natural and experimental reprogramming such as

nuclear transfer of a somatic nucleus into an enucleated oocyte

and factor-induced conversion of somatic cells to inducedplurip-

otent stemcells (iPSCs). Because eachcell identity is supposedly

defined by a unique methylation profile that underpins its lineage

commitment and serves as a barrier between different cell types,

methylation reprogramming is amechanistically vital process un-

derlying cell-type switch. For example, demethylation of pluripo-

tency genes is a hallmark of somatic-cell reprogramming into a

pluripotent state (Gurdon and Melton, 2008; Takahashi and

Yamanaka, 2006). Transcriptional activation of epigenetically

silenced genes thus necessitates the demethylation of critical

regulatory elements in DNAduring experimental reprogramming.

The Tet family of DNA dioxygenases catalyzes oxidation of

methylcytosines to hydroxymethylcytosines (5hmC), formylcyto-

sines (5fC), and carboxylcytosines (5caC) (He et al., 2011; Ito

et al., 2011; Tahiliani et al., 2009). An active mode of DNA deme-

thylation has been proposed to encompass Tet-mediated oxida-

tion of methylcytosines and excision of the higher oxidation

products by DNA glycosylase TDG (He et al., 2011; Pastor

et al., 2013; Seisenberger et al., 2013). However, the possibility

of replication-associated passive dilution of 5-methylcytosine

(5mC) and its oxidation products (Inoue and Zhang, 2011) has

complicated the dissection of the role of Tet-initiated active de-

methylation in development and cell reprogramming. Whereas

overexpression of Tet1 and Tet2 has been shown to promote

iPSC formation through the reactivation of silenced pluripotency

genes (Bagci and Fisher, 2013; Costa et al., 2013; Doege et al.,

2012), the importance of and mechanism behind the Tet-

mediated oxidation in cell reprogramming have remained largely

undefined.
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Figure 1. Tet Triple Knockout Prevents Re-

programming of MEFs

(A) Alkaline phosphatase (AP) staining of cells

10 days after retroviral transduction of Oct4, Sox2,

and Klf4 (OSK). Wild-type (WT), Tet2 KO, Tet3 KO,

Tet1,Tet2 double knockout (DKO), Tet1,Tet3 DKO,

and Tet1,Tet2,Tet3 triple knockout (TKO) MEFs

were assayed for iPSC formation. AP-positive

colony numbers are shown on the right. Data

represent means ± SD of three independent ex-

periments.

(B) FACS analysis of SSEA1-positive cells at re-

programming day 10. WT, Tet1,Tet2 DKO, and

TKO MEFs were sorted from chimera embryos

injected with GFP-labeled ESCs. Other MEF types

were isolated from homozygous embryos gener-

ated by mating heterozygotes. SSEA1-positive

cells induced from each MEF type are those within

polygon gates.

(C) No AP-positive colonies were generated from

[Tet2-floxed, Tet1,Tet3 DKO] and [Tet3-floxed,

Tet1,Tet2 DKO] MEFs upon acute deletion of Tet2

or Tet3 by Cre expression.

See also Figures S1 and S2.
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In this study, we generated mouse embryonic fibroblasts

(MEFs) deleted of components of the putative active DNA deme-

thylation pathway and tested these MEFs for iPSC induction and

the reactivation of genes critical for cellular reprogramming. We

demonstrate here that demethylation promoted by Tet and TDG

is directly involved and essential in the reactivation of miRNAs

that enables a mesenchymal-to-epithelial transition to initiate

the reprogramming process.

RESULTS

Tet Dioxygenases Are Essential for Fibroblasts to
Undergo Reprogramming
Although Tet1 and Tet2 have been shown to facilitate cell reprog-

ramming (Costa et al., 2013; Doege et al., 2012), it remains un-

clear whether Tet-mediated DNA oxidation is essential for this

process. To assess the functional importance of Tet enzymes,

we generated mouse embryonic fibroblasts from embryonic

stems cells (ESCs) deficient in Tet genes for the generation of

iPSCs (see Supplemental Experimental Procedures available

online). ESCs lacking all three Tet genes seemed normal in

self-renewal and pluripotency (Figure S1). MEFs generated

from chimeric embryos with blastocyst injection of these ESCs

proliferated at a similar rate as wild-type control MEFs and those

isolated from homozygous embryos resulting from heterozygous

mating (Figure S2A). Considering the dynamic expression of

three Tet genes during iPSC generation (Figure S2B), we deter-
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mined and compared the reprogramming

efficiency among MEFs deficient in a sin-

gle Tet gene and in combinations, using

the three-factor (Oct4, Sox2, and Klf4) in-

duction system (Figure S2C). MEFs with

Tet1 deletion had slightly increased re-

programming efficiency as described

(Chen et al., 2013), and inactivation of
Tet3 had little effect, based on the comparison of alkaline phos-

phatase (AP)-positive colonynumbers (Figure 1A). Although inac-

tivation of Tet2 reduced the reprogramming by �70%, AP-posi-

tive colonies could still appear. In addition, MEFs from Tet1,Tet2

and Tet1,Tet3 double knockouts also generated numerous

colonies and SSEA1-positive cells. Strikingly, inactivation of all

three Tet genes completely abolished the reprogramming poten-

tial of MEFs as evidenced by the failure to obtain AP- (Figure 1A)

and SSEA1-positve cells (Figure 1B). The resistance of triple

knockout (TKO) MEFs to reprogramming was further validated

using high-performance engineered factors (Wang et al., 2011)

in the presence of c-Myc and improved medium (Chen et al.,

2011; Figure S2D). The reprogramming deficiency of TKO

MEFs could not be ascribed to inherent genomic or epigenomic

alterations potentially arisen from the constitutive Tet deletion,

because AP-positive colonies also did not appear upon the

acute deletion of Tet2 from the Tet1,Tet3 double knockout

(DKO) MEFs or the acute deletion of Tet3 from Tet1,Tet2 DKO

MEFs by the Cre recombinase expression (Figure 1C). Moreover,

Tet TKO MEFs could be rescued for reprogramming in latter ex-

periments. These observations indicate that the Tet enzymes are

indispensable for factor-driven reprogramming of somatic cells.

Tet TKO MEFs Fail to Undergo Mesenchymal-to-
Epithelial Transition during Reprogramming
Factor-driven reprogramming is a multistep process initiated by

mesenchymal-to-epithelial transition (MET) as an essential event
522, April 3, 2014 ª2014 Elsevier Inc. 513



Figure 2. Tet-Deficient MEFs Are Unable to

Initiate Mesenchymal-to-Epithelial Transi-

tion during Reprogramming

(A) Phase-contrast photographs of cells under

reprogramming (day 5) showing lack of the

morphologic shift characteristic of MET in Tet TKO

MEFs. The scale bar represents 100 mm.

(B) Rescue of MET in TKO MEFs by ectopic

expression of the Tet2 C-terminal catalytic domain

(Tet2C). The MEFs used were derived from TKO

ESCs labeled with lentiviral H2B-enhanced GFP

(EGFP). Tet2C-HD carries two point mutations in

the active site of the enzyme. The scale bar rep-

resents 100 mm.

(C) Failed downregulation of mesenchymal and

upregulation of epithelial markers in Tet TKOMEFs

as demonstrated by qRT-PCR. The expression

levels were normalized to Gapdh. Data represent

means ± SD of three independent experiments.

(D) AP staining of colonies fromWTMEFs, Tet TKO

MEFs, and TKO MEFs transduced with the indi-

cated Tet at reprogramming day 10. AP-positive

colony numbers are shown on the right. Data

represent means ± SD of three independent ex-

periments.
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for MEFs to be successfully reprogrammed into iPSCs (Li et al.,

2010; Samavarchi-Tehrani et al., 2010). The fact that AP and

SSEA1, markers of early reprogramming, were not induced in

TKO MEFs suggested an early reprogramming defect. Indeed,

Tet TKO MEFs showed no sign of epithelium-like morphological

shift, whereas wild-type, single, or double knockout MEFs ex-

hibited an obvious MET, starting from day 4 after transduction

of the Oct4, Sox2, and Klf4 (OSK) reprogramming factors (Fig-

ures 2A and S2C). The MET process in TKO MEFs could be

rescued by ectopic expression of the wild-type catalytic domain,

but not the inactive form of Tet2 (Figure 2B).

E-cadherin (Cdh1), EpCAM, and occludin (Ocln) are compo-

nents of epithelial cell junctions, and without their expression,

cells are unable to form colonies. Snail, Slug, Zeb1, and Zeb2

are transcription factors that promote the epithelial-mesen-

chymal transition (EMT) and maintain the mesenchymal pheno-

type by directly repressing epithelial gene expression (Thiery

et al., 2009). Quantitative RT-PCR (qRT-PCR) analysis confirmed

persistent expression of the mesenchymal markers Snail, Slug,

Zeb1, and Zeb2 and lack of activation of the epithelial markers

Cdh1, EpCAM, and Ocln in Tet-deficient MEFs (Figure 2C), indi-

cating a resistance to MET at the molecular level. The reprog-

ramming capacity of the TKOMEFs appeared to be fully restored

by ectopic expression of the catalytic domain from any of the Tet

proteins (Figure 2D). Our data suggest that Tet-deficient MEFs

fail to initiate the MET process due to their inability to downregu-

late the key mesenchymal regulators and that MET depends on

the catalytic function of Tet enzymes.
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Tet-Deficient MEFs Fail to
Reactivate MicroRNAs Critical
for MET
The miR-200 s, miR-200a, miR-200b,

miR-200c, miR-141, and miR-429 are
causatively involved in both cancer metastasis and experimental

cell reprogramming by modulating the expression of transcrip-

tion factors such as Zeb1 and Zeb2 that repress epithelial

markers including E-cadherin (Gregory et al., 2008; Sama-

varchi-Tehrani et al., 2010; Wang et al., 2013). We confirmed

that all five members of the miR-200 family were substantially

upregulated in MEFs undergoing reprogramming (Figure 3A).

Interestingly, the expression of miR-200 family was diminishing

in Tet-deficient MEFs, most severely in TKO cells (Figure 3B).

Remarkably, ectopic expression of miR-200c in the TKO MEFs

restored the MET process as evident in the cell morphology, for-

mation of colonies, and epithelial marker expression (Figures 3C

and 3D). In fact, each of the three miR-200 members tested, but

not the two independent miR-200c mutants containing base

changes in the miRNA seed region, enabled a marked rescue

in terms of AP-positive colony and SSEA-positive cell numbers

(Figures 3E and 3F). Combination of the five members led to a

rescue of up to 80% of the reprogramming efficiency of the

wild-type MEFs (Figure 3F). Importantly, iPSC lines could be

established from the TKO MEFs upon miR-200 rescue. These

iPSCs displayed the typical ESC morphology (Figures 3G and

3H) and expressed endogenous pluripotency genes at similar

levels as in ESCs (Figure 3I). When injected into mouse blasto-

cysts, they contributed to the generation of chimeric embryos

(Figure 3J) and to the germline in embryonic gonads (Figure 3K).

To investigate whether the failure in MET is indeed the major

reason for reprogramming deficiency of TKO MEFs, we derived

two types of epithelium-like cells, keratinocytes and neural



Figure 3. Impediment to Activation of

miRNAs Crucial for MET in Tet-Deficient

MEFs

(A) Activation of themiR-200 family miRNAs during

reprogramming. Expression levels normalized to

Rnu6 are relative to the value in untransduced

MEFs which is set to 1.

(B) Failed upregulation of the miR-200 family

miRNAs in Tet-deficient MEFs transduced with

OSK (day 5). Data represent means ± SD of two

independent experiments.

(C) Restoration of MET in Tet-deficient MEFs by

ectopic expression of miR-200c. Representative

photographs of cells under induction with OSK

alone and together with the ectopic expression

of miR-200c (day 5) are shown. Nuclear H2B-

GFP identifies Tet-deficient MEFs originally from

the labeled TKO ESCs. The scale bar repre-

sents 50 mm.

(D) Downregulation of mesenchymal genes and

upregulation of epithelial genes in TKO MEFs

undergoing OSK-driven reprogramming in the

presence of ectopic miR-200c. Data represent

means ± SD of two independent experiments.

(E) AP (upper) and SSEA1 (lower) staining of cells

from indicated MEFs rescued with miR-200b,

miR-200c, or miR-429 at reprogramming day 10.

Wild-type MEFs and TKO MEFs without ectopic

miRNA expression were used for comparison. AP-

positive colony numbers are shown on the right.

Data represent means ± SD of two independent

experiments.

(F) Rescue assay with five miRNAs in combina-

tion and miR-200c mutants. AP-positive colonies

emerged from WT and TKO MEFs without and

with the rescue by indicated miRNAs were

scored at reprogramming day 10. mut3n and

mut7n are two mutants of miR-200c, harboring

3- and 7-base change, respectively, in the seed

region.

(G) Formation of iPSC colonies from TKO MEFs

rescued for MET with ectopic miR-200c. GFP

expression confirms the cell origin from TKO

ESCs used to generate MEFs. The scale bar

represents 80 mm.

(H) Genotype confirmation of three independent TKO iPSC lines 1–3 (denoted as miR-iPSC). Genomic PCR of Tet3f/+ iPSCs, TKO ESCs, and wild-type iPSCs

provides controls for identifying the bands representing the WT and knockout (KO) alleles of the three Tet genes.

(I) Expression of pluripotency markers in Tet TKO miR-iPSCs.

(J) Chimera formation assay. Representative images of whole-mount embryos of E12.5 are shown. Note that green fluorescent cells were from GFP-labeled Tet

TKO miR-iPSCs. The scale bar represents 1 mm.

(K) Representative images of chimeric genital ridges isolated from an E12.5 embryo. GFP-positive cells (arrows) identify those originally from Tet TKO miR-

iPSCs. The scale bar represents 200 mm.

See also Figure S3.
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progenitor cells (NPCs), and examined their reprogramming in

the absence of Tets. As indicated in the AP colony-formation

assay, neonatal keratinocytes [Tet1�/� Tet2�/� Tet3 f/�] could

be reprogrammed efficiently upon conditional deletion of the

only functional Tet3 allele (Figures S3A–S3D). NPCs derived

from TKO ESCs also underwent efficient programming (Figures

S3E–S3H). Moreover, inactivation of floxed Tet2, in [Tet1�/�
Tet2 f/f Tet3�/�] MEFs at a stage (days 4–6) subsequent to

the MET did not seem to have any effect whereas earlier inacti-

vation led to no AP-positive colonies (Figures S3I–S3K). These

results demonstrate that the expression of the miR-200 family

that is critical for the MET relies on Tet enzymes and that the
inability of the Tet-deficient MEFs to be reprogrammed can be

primarily attributed to a failure to activate their expression and

initiate MET.

Impaired Oxidative Demethylation of miRNA Genes in
Tet-Deficient MEFs
Having revealed the lack of miRNA reactivation as a major

cause for blocking MET in Tet-deficient MEFs, we reasoned

that persistent epigenetic silencing might have rendered these

somatic cells unresponsive to reprogramming. The miR-200

family has two clusters in the mouse genome, with miR-200b,

miR-200a, and miR-429 sharing one transcript and miR-200c
Cell Stem Cell 14, 512–522, April 3, 2014 ª2014 Elsevier Inc. 515



Figure 4. Tet-Dependent Oxidative Deme-

thylation and Activation of MET-Related

miRNA Genes

(A) Schematic illustration of the miR-200 family

gene clusters. Hexagons denote the C(C)GG sites

analyzed in the glucosylated hydroxymethyl-sen-

sitive qPCR (GlucMS-qPCR) assay in (B), (E), and

(G). TSS denotes putative transcription start sites.

(B) Dynamic regulation of methylation and hy-

droxylation at miR-200b and miR-200c 50 region
(putative promoter region) during reprogramming

as reflected by the changes of the 5mC and 5hmC

levels determined by GlucMS-qPCR assay. The y

axis shows % of modification (5mC or 5hmC) in

the C(C)GG site analyzed. The cells of days 3–9

were FACS-sorted SSEA1-positive cells.

(C) Profiles of 5mC + 5hmC in the putative pro-

moter regions of miR-200b and miR-200c in cells

before (MEF) and during reprogramming (OSK

days 3, 5, and 7) revealed by bisulfite sequencing.

The cells of days 3–7 were FACS-sorted SSEA1-

positive cells.

(D) Profiles of 5hmC revealed by Tet-assisted

bisulfite (TAB) sequencing. The cells of days 3–7

were FACS-sorted SSEA1-positive cells.

(E) Impaired 5mC hydroxylation in Tet-deficient

MEFs. The y axis shows% of 5hmC in the C(C)GG

site determined by GlucMS-qPCR assay. Data

represent means ± SD of two independent ex-

periments.

(F) Impaired demethylation in the 50 region of miR-

200c in TKO MEFs during reprogramming. MEFs

or total cells under reprogramming at day 10 were

analyzed by bisulfite sequencing.

(G) Restoration of 5mC hydroxylation in Tet-defi-

cient MEFs by ectopic Tet2C. The 5hmC levels at

the indicated miR loci in MEFs under reprogram-

ming at day 5 were determined by GlucMS-qPCR

assay.

(H) Partial rescue of miRNA activation in Tet-defi-

cient MEFs under reprogramming by ectopic

expression of the Tet2C. Data represent means ±

SD of two independent experiments.

See also Figure S4.
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and miR-141 sharing another (Figure 4A). In order to analyze the

dynamics of DNA methylation during reprogramming, we sorted

SSEA1-positive cells (1%–10%of the total population) at reprog-

ramming days 3–9, which are considered a population poised to

become iPSCs (Polo et al., 2012). In wild-type MEFs under re-

programming, the putative promoter loci (or 50 region) of miR-

200b and miR-200c and other examined loci within the gene

body registered a dynamic reprogramming of DNAmodifications

as reflected in the results of the GlucMS-qPCR assay that quan-

tifies 5mCand 5hmCat selectedCCGGsites (Figure 4B; data not

shown). The hypermethylation state decreases gradually, in par-

allel with the appearance of 5hmC, which peaked around day 5.

Detailed bisulfite sequencing analysis in the 50 regions of both

clusters revealed hypermethylation in MEFs at the start (day 0),

hypomethylation in iPSCs, and intermediate levels at days 3–7
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(Figure 4C). Because conventional bisul-

fite sequencing cannot distinguish 5hmC

from 5mC, we applied Tet-assisted bisul-
fite sequencing (Yu et al., 2012b) to analyze the occurrence of

5hmC. Strikingly, the 5hmC levels in day 5 MEFs undergoing

reprogramming reached 18.7% and 9.7%, respectively, in the

50 regions (Figure 4D). Most importantly, Tet triple knockout

abolished 5hmC formation with Tet2 knockout (KO) having the

greatest effect among the three individual knockouts (Figure 4E).

As a consequence of failed hydroxylation, hypermethylation as

exemplified by the 50 region of miR-200c was still retained in

TKO cells by day 10 (Figure 4F).

In order to gain a global view of the dynamics of methylcyto-

sine and hydroxymethylcytosine during reprogramming, we per-

formed reduced representation bisulfite sequencing (RRBS) and

Tet-assisted-RRBS (TA-RRBS) of cellular DNA at reprogram-

ming days 0 and 5. A marked increase in 5hmC was noticed in

various genomic regions in the initial days, accompanying the



Figure 5. TDG Knockout Prevents Reprog-

ramming of MEFs (see also Figure S5)

(A) AP staining of cells 10 days after transduction.

Quantification of AP-positive colonies is shown at

the right. MEFs with two Tdg genotypes (f/+ and

f/�) were transduced with retroviral Oct4, Sox2,

and Klf4 (OSK) reprogramming factors and the

Cre-EGFP fusion. TDG-depleted MEFs (Tdg f/� +

Cre) were also cotransduced with the wild-type

(WT) or the mutant form (mut; N151A) of TDG to

test for rescue. Data represent means ± SD of two

independent experiments.

(B) Representative FACS plots of MEFs stained for

SSEA1.

See also Figure S5.
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decrease in 5mC (Figures S4A and S4B). An inverse correlation

between 5hmC and 5mC was also seen among promoters

(Figure S4C). Gene Ontology analysis indicated that the most-

enriched promoters were associated with cell adhesion (Fig-

ure S4D), consistent with the idea that MET-related genes are

a group of targets for Tet-catalyzed hydroxylation during the

early phase of reprogramming. Among the enriched targets sub-

ject to methylation reprogramming were the miR-200 clusters

(Figure S4E). Despite the fact that the Oct4 locus also gained

5hmC (Figure S4E), the combined level of 5mC and 5hmC did

not seem to decline and its expression was lacking in the early

phase of reprogramming as shown in latter experiments.

A further functional validation of Tet enzymes in the epigenetic

regulation of miRNAs was provided by the observation that

ectopic expression of the Tet2 catalytic domain restored the

5hmC level in the 50 regions of the two clusters in the TKO

MEFs (Figure 4G) and resulted in upregulation of the miRNAs,

albeit to a lesser degree than in the wild-type MEFs (Figure 4H).

Taken together, these data demonstrate that Tet-dependent

5mC hydroxylation demethylates and reactivates MET-promot-

ing miRNAs in reprogramming MEFs.

TDG Is Essential for MET and Reprogramming MEFs to
iPSCs
DNA hydroxylation in reprogramming MEFs can have several

ramifications for epigenetic regulation. Apart from the possibility

of 5hmC serving as a stable mark, which is unlikely the major

function of 5hmC predicated on its transitory occurrence, DNA

demethylation may happen in part by hydroxylation, followed

by passive dilution or further conversion to 5fC and5caC (He

et al., 2011; Ito et al., 2011) and subsequent removal by an active

mechanism. TDG is implicated in DNA demethylation initiated by

Tet enzymes due to its ability to recognize and excise the higher

oxidation products 5fC and 5caC (He et al., 2011; Maiti and Dro-

hat, 2011), although the biological significance of the Tet-TDG

functional connection has not been fully evaluated. We further

extended our findings of the coupling between Tet and TDG by

demonstrating their interdependency in the activation of a meth-

ylated reporter gene (Figure S5A). In order to explore the potential

involvement of Tet-catalyzed higher oxidation in cell reprogram-
Cell Stem Cell 14, 512–
ming, we established inducible Tdg

knockout MEFs from embryos carrying a

floxed and a null allele and tested them
for iPSC induction. The Cre-mediated deletion of Tdg did not

affect the proliferation of MEFs (Figure S5B). Upon transduction

with Oct4, Sox2, Klf4, and Cre recombinase, the control MEFs

with a wild-type Tdg allele in addition to a floxed allele showed

a normal reprogramming capacity. However, MEFs carrying a

null allele together with a floxed allele did not result in any iPSCs

positive for AP and SSEA1 (Figures 5A and 5B). Re-expression of

wild-type TDG, but not the catalytic mutant (N151A; Figure S5C),

restored full reprogramming capacity (Figure 5).

Similar to the Tet TKO MEFs, TDG-null MEFs did not initiate

the MET as judged by morphology and mesenchymal/epithelial

marker expression (Figures 6A and 6B). Likewise, the blockage

of MET initiation in Tdg-deficient MEFs could be ascribed to

the failed activation of regulatory miRNAs (Figure 6C), and the

MET resumed upon forced expression of miR-200c, but not

Tet2C (Figure 6D). As evidenced by the formation of AP-positive

colonies, robust reprogramming proceeded in the absence of

TDG upon rescue with miR-200c or other two miRNAs, miR-

200b and miR-429, with an efficiency of above 30% of the

Tdg-proficient wild-type cells (Figure 6E). iPSC lines could be

established from rescued Tdg KO MEFs (Figure 6F), and they

were pluripotent as demonstrated by the generation of high-

grade chimeric mice (Figure 6G). Contrary to the drastic effect

on MEFs, Tdg deletion did not prevent keratinocyte and NPCs

from reprogramming (Figures S6A–S6D). Cre-mediated late

deletion from Tdg-floxed MEFs did not seem to impair the gen-

eration of AP-positive colonies whereas early deletion prior to

MET led to no single colony (Figures S6E and S6F).

The data above led us to conclude that the TDG is required for

MET by contributing to the reactivation of the critical miRNA

genes in the early phase of reprogramming. Because the epige-

netic regulation, MET, and iPSC formation in TDG-null MEFs all

depend on the catalytic activity of TDG, we infer that the forma-

tion and excision of 5fC and 5caC are likely a critical step that at

least partially contributes to the demethylation process.

Coordinated Action of Tet and TDG in Oxidative DNA
Demethylation
In order to dissect the demethylation pathway underlying miRNA

reactivation, we attempted to detect the higher oxidation
522, April 3, 2014 ª2014 Elsevier Inc. 517



Figure 6. TDG Deficiency Blocks MET

(A) Lack of MET inMEFs depleted of TDG and rescue ofMET upon re-expression of a functional TDG. Representative phase-contrast photographs of transduced

MEFs (day 5) are shown. The scale bar represents 100 mm.

(B) Effect of TDG on the expression of mesenchymal and epithelial markers in MEFs under reprogramming at day 5. Expression levels were normalized toGapdh.

Data represent means ± SD of three independent experiments.

(C) Effect of TDG on the expression of the miR-200 family miRNAs in MEFs under reprogramming at day 5. The expression levels were normalized to Rnu6. Data

represent means ± SD of three independent experiments.

(D) Restoration of MET in TDG-depleted MEFs upon ectopic expression of miR-200c. Note that the retroviral Cre-EGFP fusion gene is still weakly expressed at

day 5 in intermediate MEFs rescued for MET by ectopic miR-200c expression. The scale bar represents 100 mm.

(E) AP staining of day 10 colonies arising from Tdg f/+, Tdg f/�, and Tdg f/� MEFs transduced with OSKCre with or without rescue by the indicated miRNA.

AP-positive colony numbers are shown on the right. Data represent means ± SD of two independent experiments.

(F) Representative photographs of colonies induced from TDG-depleted MEFs rescued with the ectopic expression of miR-200c (days 12 and 14). Note the

silencing of the retroviral CreEGFP fusion gene. The scale bar represents 100 mm.

(G) Photographs of chimeras generated from miR-200c-rescued Tdg�/� iPSCs. Rescued Tdg�/� iPSCs on a B6 genetic background were injected into ICR

blastocysts.

See also Figure S6.
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Figure 7. Dynamic Methylation Reprogram-

ming through Coupled Action of Tet and

TDG during Reprogramming

(A) GlucMS-qPCR analysis of cytosine modifica-

tions at the miR-200 family loci in intermediate

cells from wild-type (+) and Tdg-deficient (�)

MEFs rescued with (+) and without (�) ectopic

miR-200c at reprogramming day 5. The level of

combined 5fC and 5caC at a selected C(C)GG site

was derived from the amount of DNA resistant to

MspI cleavage (MspI uncut).

(B) Profiles of 5mC and 5hmC in the 50 region of

miR-429 during iPSC induction. Note that a sig-

nificant proportion of the black circles ought to be

5hmC (compare to C), as 5hmC and 5mC are

indistinguishable in this bisulfite-sequencing (BS-

seq) analysis. Day 5 cells were unsorted popula-

tion undergoing reprogramming.

(C) Profiles of 5hmC revealed by TAB-seq. Day 5

cells were unsorted population.

(D) MAB sequencing detection of 5fC and 5caC

(red) in a 50 region of miR-429 at reprogramming

day 5 in indicated MEFs transduced with Cre (C)

and with Cre-miR-200c (CmiR), respectively. BS-

seq profiles are shown on the top for comparison.

Untransduced Tdg f/� MEFs served as a control.

In MAB-seq, 5fC and 5caC, which are resistant to

M.SssI methylation in vitro but sensitive to the

subsequent bisulfite conversion, are read as ‘‘C’’

whereas all other forms (5mC, 5hmC, and C) are

read as ‘‘5mC’’. Arrowheads indicate the selected

C(C)GG site analyzed in (A).

(E) Proposed role of oxidativedemethylationduring

somatic cell reprogramming. Tet- and TDG-medi-

ated demethylation is required for the reactivation

of miR-200 family genes known to be critical for

MET at the initiation phase of reprogramming.

See also Figure S7.
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derivatives of 5mC in reprogramming MEFs. We took advantage

of the observation that 5fC/5caCmodifications, but not 5mC and

5hmC, block MspI (CCGG) restriction digestion (He et al., 2011;

Ito et al., 2011) to estimate the frequency of 5fC/5caC at the spe-

cific MspI sites located in the miR-200 loci (Figure 4A). Whereas

TDG-proficient intermediate cells and unrescued TDG-deficient

cells lacked detectable 5fC/5caC, these modified species were

readily detected in TDG-deficient cells rescued for reprogram-

ming with ectopic miR-200c (Figure 7A). The abundance of

5fC/5caC varied among different loci, with the highest level

detected in the 50 region of miR-429. Like those of miR-200b

and miR-200c (Figures 4C and 4D), the 50 region of miR-429

also exhibited hypermethylation in starting MEFs (Figure 7B)

andmethylation reduction while gaining 5hmC in reprogramming

intermediates and iPSCs (Figure 7C).

In order to provide independent validation for 5fC/5caC depo-

sition, we used a method for base-resolution profiling, termed

methylation-assisted bisulfite sequencing (MAB-seq). The miR-

429 region was selected due to the relative abundance of 5fC/

5caC found at a CpG site in Tdg-null reprogramming cells (Fig-

ure 7A). MAB sequencing revealed a considerable amount

(�19%) of 5fC and 5caC in TDG-null cells undergoing reprog-

ramming upon miRNA rescue (Figure 7D). No 5fC/5caC was de-

tected in corresponding TDG-proficient intermediate cells or

control MEFs harboring an intact wild-type or a floxed Tdg allele.
As the total level of 5fC, 5caC, and unmodified cytosines (C) in

this region determined by conventional bisulfite profiling was

64.6%, C could be inferred to account for 45.9%. Compared

to the high levels of combined 5mC and 5hmC in MEFs (around

80%; Figures 7B–7D), Tet-promoted 5mC oxidation in the

rescued reprogramming Tdg-deficient cells had not only gener-

ated 5fC and 5caC accumulation but had also led to more

unmodified cytosines, presumably by replication-dependent

passive dilution of the resultant oxidation products.

In summary, the higher oxidation derivatives appeared dy-

namic in intermediate reprogramming stages primarily due to

constant removal by TDG as well as passive dilution. They accu-

mulated to a certain degree in TDG-knockout cells rescued for

reprogramming by ectopic miR-200c. Tet-mediated oxidation

of 5mC coupled with TDG-initiated base excision occurs in

intermediate cells undergoing reprogramming, leading to the

demethylation and reactivation of miRNA genes critical for

MET (Figure 7E).

DISCUSSION

The physiological significance of DNA oxidation in epigenetic

regulation has remained poorly understood, especially with

regard to its importance in lineage commitment and cell re-

programming. Whereas previous reports have suggested the
Cell Stem Cell 14, 512–522, April 3, 2014 ª2014 Elsevier Inc. 519
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involvement of Tet-mediated hydroxylation in somatic cell re-

programming (Costa et al., 2013; Doege et al., 2012; Gao

et al., 2013), our work indicates that none of the individual Tet

knockouts abolish the capacity of MEFs to be reprogrammed.

The requirement for DNA oxidation can only be demonstrated

by eliminating all three Tet genes simultaneously. Deletion of

the glycosylase TDG also rendersMEFs incapable of reprogram-

ming due to an impediment to epigenetic activation of miRNAs

crucial to mesenchymal-to-epithelial transition, as found in Tet-

deficient MEFs.

DNA demethylation can proceed either by active removal or

the passive dilution of methylcytosines and its derivatives, as a

result of DNA replication. Recent studies document a prominent

role of replication-coupled passive demethylation in cell-fusion-

based reprogramming (Tsubouchi et al., 2013), early embryonic

development (Inoue and Zhang, 2011), as well as primordial

germ cell development (Hackett et al., 2012; Kagiwada et al.,

2013; Seisenberger et al., 2012; Vincent et al., 2013). Contrary

to these observations, we demonstrate that both Tet and TDG

are essential for miRNA gene demethylation and factor-induced

cell reprogramming, in support of an active mode of DNA deme-

thylation. TDG, initially identified as a thymine DNA glycosylase,

is not required for DNA repair but rather plays an important role in

epigenetic regulation (Cortázar et al., 2011; Cortellino et al.,

2011). A role in active demethylation has been proposed for

TDG, based on its capability to specifically recognize and excise

the Tet-generated higher oxidation products 5fC and5caC (He

et al., 2011; Maiti and Drohat, 2011). While still lacking evidence

in a physiological reprogramming setting, we suppose that Tet

and TDG-mediated demethylation is likely to play a locus-spe-

cific role whereas replication-mediated passive demethylation

is more prevalent in settings where genome-wide erasure has

to occur efficiently.

In both experimental and natural reprogrammingmodels, DNA

demethylation has been intimately linked to the activation of

pluripotency loci. In particular, cell fusion and iPSC induction ex-

periments have implicated Tet-mediated hydroxylation in the

epigenetic reactivation of silent pluripotency genes, a perceived

bottleneck in the path toward the establishment of pluripotency

(Doege et al., 2012; Piccolo et al., 2013). Oocyte Tet3 provides a

reprogramming activity for pluripotency gene reactivation during

the early embryonic development after nuclear transfer and

natural fertilization (Gu et al., 2011). In this work, we also detect

Tet-mediated 5hmC deposition at pluripotency loci in addition to

other genes, including those related to cell adhesion, during

iPSC induction of mouse fibroblasts (Figures S4 and S7). Inter-

estingly, our genetic ablation studies indicate that Tet function

is not essential for the demethylation and reactivation of pluripo-

tency genes, as iPSCs can still be generated from Tet-deficient

MEFs upon the rescue of MET by a single miRNA. Rather, Tet

enzymes have an indispensable role in promoting demethylation

and reactivation of miRNAs critical for the fibroblasts to be

converted into epithelia at the onset of reprogramming, thus

breaking down an epigenetic barrier imposed on the regulatory

miRNA genes (Figure 7E). As Tet- or TDG-deficient cells ex-

pressing ectopic miRNAs are amenable to reprogramming, the

activation of pluripotency genes presumably encompasses pas-

sive demethylation involving DNA replication. It is likely that both

active (Tet-mediated) and passive (replication-dependent) de-
520 Cell Stem Cell 14, 512–522, April 3, 2014 ª2014 Elsevier Inc.
methylation mechanisms contribute to pluripotency gene deme-

thylation for the reprogramming of wild-type cells.

Deletion of individual Tet genes, or Tet1 and Tet2 in combina-

tion, in mouse is compatible with embryonic development (Daw-

laty et al., 2011, 2013; Gu et al., 2011). In light of the functional

redundancy of the Tet genes as revealed in this experimental re-

programming system, the assessment of the biological signifi-

cance of DNA oxidation in development awaits the generation

and examination of triple knockout animals. Interestingly, a

report by Song et al. (2013) published during the revision of

this manuscript implicates the downregulation of Tet activity in

the epigenetic inactivation of miR-200, which supposedly con-

tributes to EMT in the process of mammary tumorigenesis and

metastasis. It remains to be addressed whether and to what

extent Tet- and TDG-mediated DNA demethylation control

MET-related miRNAs and other important developmental regu-

lators in physiological and disease processes.

EXPERIMENTAL PROCEDURES

Animal Use and Care

Animal procedures were carried out according to the ethical guidelines of the

Institute of Biochemistry and Cell Biology.

Derivation of Tet-Deficient MEFs

To prepare Tet1,Tet2,Tet3 triple knockout (TKO) MEFs, Tet TKO ESCs were

labeledwithconstitutivelyexpressing lentiviralGFPand then injected intomouse

blastocysts to obtain chimeric E12.5 embryos. MEFs were isolated, and the

GFP-positive cells were sorted by fluorescence-activated cell sorting (FACS).

More information is available in Supplemental Experimental Procedures.

Retroviral Production and iPSC Induction

Retroviral production and infection followed the previously published protocol

(Takahashi and Yamanaka, 2006). For retroviral production, Plat-E cells were

seeded at 73 106 cells per 100mmdish 1 day before transfection. Ninemicro-

grams of pMXs-based retroviral constructs were transfected into Plat-E cells

using Lipofectamine 2000 reagents (Invitrogen) according to the manufac-

turer’s recommendations. Eight to ten hours later, the medium was replaced.

Another 48 hr later, virus-containing supernatants were collected and filtered

through a 0.45 mm polyvinylidene fluoride filter (Millipore) and supplemented

with 4 mg/ml polybrene (Sigma). MEFs (seeded at 5 3 104 cells per each well

in a 6-well plate 1 day before infection) were incubated with virus-containing

supernatants for 12 hr. After two rounds of infection, cells were replated

onto mitomycin-C-treated MEF feeder layers and the medium was changed

into optimized medium (Chen et al., 2011). GFP-positive or alkaline-phospha-

tase-positive colonies were scored. Alkaline phosphatase staining was per-

formed with NBT/BCIP (Roche).

In the Tet TKOMEFs rescue experiments using Tet1C, Tet2C, or Tet3C, cells

were cultured with optimized medium without vitamin C.

For the establishment of miR-200c-rescued Tet TKO and Tdg KO iPSC

lines, Tet TKO and Tdg f/� MEFs were transduced with OSK/miR-200c and

OSKCre/miR-200c retroviruses, respectively. Cells under induction were

cultured in optimized medium. iPSC colonies were picked, transferred onto

feeder layers, and cultured in ESCmedium supplemented with 2i and leukemia

inhibitory factor.

Bisulfite Sequencing and TAB-Seq

For bisulfite sequencing, 100 ng of genomic DNAwere treatedwith the EZDNA

Methylation-Direct Kit (Zymo Research). For Tet-assisted bisulfite sequencing

(TAB-seq), genomic DNA was treated according to the protocol published

recently (Yu et al., 2012a). Briefly, 1 mg of genomic DNA was sonicated into

fragments of 300 bp to 1 kb in size. The fragments were then glucosylated,

oxidized with recombinant mouse Tet1C, and treated with bisulfite sequen-

tially. Specific genomic regions were PCR amplified and cloned into pMD-

19T (Takara) for sequencing.
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GlucMS-qPCR

Genomic DNA was extracted with the DNeasy Blood and Tissue kit (QIAGEN).

Glucosylated hydroxymethyl-sensitive quantitative PCR (GlucMS-qPCR) was

performed using the EpiMark 5-hmC and 5-mC Analysis Kit (New England

Biolabs).

MAB-Seq

One microgram of genomic DNA was methylated by M.SssI (NEB) following

the NEB’s instruction. Complete methylation of the DNA was confirmed by re-

striction analysis. Themethylated DNAwas then purified by phenol-chloroform

extraction and bisulfite sequencing performed as described above. The

methodology will be described elsewhere.

Flow Cytometry

Single-cell suspensions were obtained by repetitive pipetting and filtered

through a 40 mm cell strainer. Cells were incubated with anti-mouse SSEA-1

PE (eBioscience) and analyzed on a FACS Aria (BD Biosciences). Data were

analyzed with FlowJo software (Tree Star).

RNA Extraction, Reverse Transcription, and qPCR

Total RNA was extracted from cells with Trizol reagent (Life Technologies) and

reverse-transcribed using the PrimeScript RT Reagent Kit with a gDNA Eraser

according to manufacturer’s instructions (Takara). Quantitative real-time PCR

was performed using SYBR Premix EX Taq (Takara) on Bio-Rad CFX96. For

the quantification of miRNA expression, total RNA was reverse-transcribed

with the PrimeScript miRNA qPCR Starter Kit (Takara), and qPCR was per-

formed following the vendor’s instructions.

ACCESSION NUMBERS

TheGene ExpressionOmnibus accession number for the RRBS and TA-RRBS

data reported in this paper is GSE52741.

SUPPLEMENTAL INFORMATION

Supplemental Information for this article includes Supplemental Experimental

Procedures and seven figures and can be foundwith this article online at http://

dx.doi.org/10.1016/j.stem.2014.01.001.

ACKNOWLEDGMENTS

We thank JieminWong, Pentao Liu, and ColumWalsh for critical reading of the

manuscript. This work was supported by grants from the Ministry of Sciences

and Technology of China (2012CB966903 and 2014CB964802), the National

Science Foundation of China (31230039 and 31221001), the ‘‘Strategic Priority

Research Program’’ of the Chinese Academy of Sciences (XDA01010301), and

the National Science and Technology Major Project ‘‘Key New Drug Creation

and Manufacturing Program’’ of China (grant number 2014ZX09507-002)

to G.-L.X.

Received: April 22, 2013

Revised: November 25, 2013

Accepted: December 26, 2013

Published: February 13, 2014

REFERENCES

Bagci, H., and Fisher, A.G. (2013). DNA demethylation in pluripotency and re-

programming: the role of tet proteins and cell division. Cell Stem Cell 13,

265–269.

Chen, J., Liu, J., Chen, Y., Yang, J., Chen, J., Liu, H., Zhao, X.,Mo, K., Song, H.,

Guo, L., et al. (2011). Rational optimization of reprogramming culture condi-

tions for the generation of induced pluripotent stem cells with ultra-high effi-

ciency and fast kinetics. Cell Res. 21, 884–894.

Chen, J., Guo, L., Zhang, L., Wu, H., Yang, J., Liu, H., Wang, X., Hu, X., Gu, T.,

Zhou, Z., et al. (2013). Vitamin C modulates TET1 function during somatic cell

reprogramming. Nat. Genet. 45, 1504–1509.
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