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system, Sardina et al. examined the
dynamics of DNA methylation and
hydroxymethylation. They found that
throughout the process several
transcription factors can recruit Tet2 to
specific sites, leading to demethylation.
Some of these sites became
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SUMMARY

Here, we report DNA methylation and hydroxyme-
thylation dynamics at nucleotide resolution using
C/EBPa-enhanced reprogramming of B cells into
induced pluripotent cells (iPSCs). We observed suc-
cessive waves of hydroxymethylation at enhancers,
concomitant with a decrease in DNA methylation,
suggesting active demethylation. Consistent with
this finding, ablation of the DNA demethylase
Tet2 almost completely abolishes reprogramming.
C/EBPa, Kif4, and Tfcp2l1 each interact with Tet2
and recruit the enzyme to specific DNA sites. During
reprogramming, some of these sites maintain high
levels of 5hmC, and enhancers and promoters of key
pluripotency factors become demethylated as early
as 1 day after Yamanaka factor induction. Surpris-
ingly, methylation changes precede chromatin open-
ing in distinct chromatin regions, including KIf4 bound
sites, revealing a pioneer factor activity associated
with alternation in DNA methylation. Rapid changes
in hydroxymethylation similar to those in B cells
were also observed during compound-accelerated
reprogramming of fibroblasts into iPSCs, highlighting
the generality of our observations.

INTRODUCTION

Cytosine methylation of CpGs is the major epigenetic modifica-
tion of mammalian DNA and plays important roles in develop-

ment and cancer (Bird, 2002; Hackett and Surani, 2014).
Although DNA methylation is generally assumed to be associ-
ated with transcriptional repression, its role in gene regulation
during differentiation remains poorly understood (Smith and
Meissner, 2013). DNA demethylation can be either passive, by
dilution of DNA methylation after each cell division, or active
when initiated by Tet dioxygenases (Wu and Zhang, 2017). Dur-
ing active demethylation, Tet enzymes first catalyze the iterative
oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcyto-
sine (5hmC) and subsequently to higher oxidized derivatives.
These oxidized forms of cytosine in turn can either be lost during
replication or enzymatically removed, restoring unmodified cyto-
sine (Wu and Zhang, 2017).

Cell-fate decisions are typically initiated by transcription fac-
tors (TFs) that regulate gene expression in concert with epige-
netic modifications (Apostolou and Hochedlinger, 2013). Recent
studies have shown that DNA methylation can modulate TFs
binding to DNA (Domcke et al., 2015; Yin et al.,, 2017) and
5hmC can recruit chromatin remodeling complexes (Yildirim
et al., 2011; Zhang et al., 2015). However, whether the dynamic
interplay between DNA modifications and chromatin-associated
proteins is a driving force of cell-fate decisions, including so-
matic cell reprogramming into induced pluripotent stem cells
(iPSCs) (Takahashi and Yamanaka, 2006), is unknown. This is
largely due to the low proportion of somatic cells that can be
reprogrammed, an obstacle that was recently overcome by the
development of highly efficient reprogramming protocols (Bar-
Nur et al., 2014; Di Stefano et al., 2014; Rais et al., 2013; Vidal
et al., 2014). In addition, it is now possible to measure not only
5mC but also 5hmC genome-wide at single-nucleotide resolu-
tion (Booth et al., 2012; Yu et al., 2012). The combination of
these methodologies, together with the transposase-based
ATAC assay to monitor chromatin accessibility (Buenrostro
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et al., 2013), now allows studies addressing the causal relation-
ship between DNA methylation and enhancer activity during
induced cell-fate changes.

Of the three Tet enzymes described, Tet2 seems to be the
family member most important for somatic cell reprogramming.
Ablation of Tet2 partially inhibits the upregulation of myeloid
genes during C/EBPa-induced B cell transdifferentiation into
macrophages (Kallin et al., 2012). Likewise, the knockdown or
knockout of Tet2 partially impairs the OSKM-induced reprog-
ramming of B cells or MEFs, respectively (Di Stefano et al.,
2016; Doege et al., 2012; Hu et al., 2014). Conversely, Tet2 over-
expression increases the reprogramming efficiency of B cells
(Di Stefano et al., 2014). As Tet2 lacks a DNA binding domain,
it needs to be recruited by TFs to gene regulatory elements
(GREs). A number of TFs interacting with Tet2 have been
described, including PU.1 (de la Rica et al., 2013), Wt1 (Wang
et al., 2015), Nanog (Costa et al., 2013), and Sall4 (Xiong et al.,
2016). However, the role of Tet2-mediated active demethylation
in cell reprogramming, and which TFs recruit the enzyme to DNA
during this process, is poorly understood.

Here, we have studied the dynamics of DNA methylation and
hydroxymethylation at single-nucleotide resolution during the
highly efficient C/EBPa-enhanced conversion of B cells toward
iPSCs (Di Stefano et al., 2016; Di Stefano et al., 2014). In parallel,
we have also assessed 5hmC distribution during the rapid
MEF to iPSC conversion facilitated by ascorbic acid and GSK3bi
(Bar-Nur et al., 2014). Our data show that Tet2-dependent deme-
thylation occurs throughout reprogramming and suggest that at
least three TFs can recruit Tet2 to GREs of relevant target genes.

RESULTS

Dramatic Redistribution of 5mC and 5hmC during
Somatic Cell Reprogramming

To study the dynamics of DNA methylation during the conversion
of B cells into iPSCs, we used our previously described two-step
system, consisting of pre-B cells from a reprogrammable mouse
containing a tetracycycline-inducible OSKM cassette, and trans-
duced with a B-estradiol-inducible form of C/EBPa. (Di Stefano
etal., 2016; Di Stefano et al., 2014). Cultured pre-B cells (B cells)
were first treated with B-estradiol for 18 hr, resulting in Bo! cells,
followed by doxycycline treatment for 1-4 days to initiate
reprogramming to pluripotency, resulting in day 1, day 2, and
day 4 cells. Embryonic stem cells (ESCs) cultured in 2i conditions
(Ying et al., 2008) were used as an end-stage control (Figure 1A).
We then generated genome-wide, nucleotide resolution maps
for 5mC and 5hmC using high coverage bisulfite and ox-bisulfite
sequencing (BS-seq/oxBS-seq) (Booth et al., 2012). In addition,
to study the crosstalk between DNA methylation and chromatin
accessibility we performed ATAC sequencing (ATAC-seq)
(Buenrostro et al., 2013) with the same samples. 5mC and
5hmC levels were determined by computing the values of
approximately 10 million CpG residues per sample at >10x
coverage.

We observed a genome-wide progressive loss of 5mC as early
as day 1, associated with a concomitant gain of 5hmC (Fig-
ure S1A). These changes were detectable across intergenic re-
gions, promoters, exons, and introns (Figure S1B). By day 4 of
reprogramming, ~27% of the 5mC signal and ~11% of the
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5hmC signal was redistributed compared to the starting B cells
(Figures 1B and 1C). In addition, principal-component analysis
(PCA) for 5mC levels in our samples revealed that day 4 cells
were largely similar to ESCs cultured in FBS+LIF conditions (Fig-
ure S1C). As expected, ESCs grown in 2i were almost completely
devoid of 5mC as previously described (Habibi et al., 2013).
These results demonstrate the high quality of our data and
reveal a dramatic redistribution of DNA methylation and hydrox-
ymethylation signals during reprogramming of B cells to iPSCs.

Transient and Sustained Gains in Hydroxymethylation

at GREs

Since the majority of ATAC peaks correspond to enhancers and
promoters, we used them as a proxy for GREs. To study the dy-
namics of hydroxymethylation, we therefore focused on 343,249
ATAC peaks that showed >2-fold changes between any of the
reprogramming time points. Next, we filtered those peaks that
exhibited >20% change of 5hmC and contained >3 CpGs, re-
sulting in 10,982 regions (Figures S1D and S1E). To explore the
role of active demethylation, we compared the dynamics of
5hmC with 5mC and observed an initial negative correlation
that progressively diminished during reprogramming (Figure 1D).
This suggested a predominantly active demethylation at the B,
Bo/, and day 1 cell stages, and an increase of passive demethy-
lation at the day 2 and day 4 stages. Unsupervised clustering of
the 10,982 5hmC regions resulted in 6 major groups, showing a
sequential and mostly transient increase in hydroxymethylation
(Figure 1E). The corresponding 5mC signal concomitantly
decreased, supporting the notion that these regions become
actively demethylated. Approximately half of the clusters gained
5hmC transiently, as exemplified for clusters 10, 2, and 15 (Fig-
ures 1F and S1F). Unexpectedly, in the remaining clusters 5hmC
was either partially maintained (e.g., cluster 13) or more fully
maintained during at least two consecutive time points (e.g., at
the day 2 to day 4 transition in cluster 19) (Figure 1F). The latter
dynamics is illustrated by —50-Kb enhancer of Jarid2 (Fig-
ure S1G), gene encoding a histone demethylase. Of note, this
family of proteins has been involved in the regulation of cell
fate and reprogramming (Chen et al., 2013). Regions within the
5 clusters analyzed (2, 10, 13, 15, 19) showed a differential
enrichment of motifs related to pluripotency factors (KIf and
Oct/Pou) and to factors involved in genome topology (Ctcf and
YY) (Figure STH).

Our data indicate that active demethylation occurs in waves
throughout reprogramming to pluripotency. In addition, unex-
pectedly, some regions exhibited sustained 5hmC marking dur-
ing specific cell-state transitions.

Tet2 Activity Is Required for iPSC Reprogramming
during Both the C/EBP« and OSKM Induction Steps

The sequential increase of the 5hmC mark observed during the
B cell to iPSC conversion is likely due to the enzymatic activity
of Tet proteins, known to convert 5mC into 5hmC (Pastor et al.,
2013). Of the three Tet family members, only Tet2 was found to
be upregulated at the RNA level (Figure 2A). Earlier work in B cells
with partial knockdown of Tet2 using shRNAs showed a modest
decrease of reprogramming efficiency (Di Stefano et al., 2016).
Likewise, ablation of Tet2 in mouse embryo fibroblasts (MEFs)
partially inhibited reprogramming into iPSCs, but ablation of all
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Figure 1. Active Demethylation throughout Reprogramming
(A) Schematic overview of samples and methodology used.

(B) Scatterplots representing the fraction of 5mC (red, top panels) and 5hmC (blue, bottom panels) in 1-kb bins genome-wide, in B cell (y axis) and for each
subsequent time point (x axis). The diagonal lines represent no change (center), a decrease of 5mC/5hmC of more than 10% (top line), or an increase of more
than 10% (bottom line). Top-left numbers: percentage of regions losing >10% 5mC/5hmC compared to B cell. Bottom-right numbers: percentage of regions
gaining >10% 5mC/5hmC compared to B cell. Note that the scale for the scatterplot of 5SmC in ESCs versus B cell is different (0-1 instead of 0.5-1) as the level of
5mC in ESCs is much lower than in the other conditions.

(C) Barplots displaying the number of regions changing in (B).

(D) Correlations between the step changes of 5mC and 5hmC at chromatin accessible regions (ATAC peaks), at each time point during reprogramming.

(E) Clustering of 5hmC dynamics at ATAC peaks showing at least 20% changes of 5hmC during reprogramming. Left: 5hmC signal. Right, 5mC signal.

(F) Scatterplots showing the relative dynamics of 5ShmC and 5mC at selected clusters from (E). Top: transient 5hmC (cluster 10). Middle: partially maintained 5hmC
(cluster 13); Bottom: maintained 5hmC (cluster 19).
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Figure 2. Tet2 Activity Is Required for Efficient B to iPSC Reprogramming

(A) Gene expression (QRT-PCR) of Tet enzymes during reprogramming. Values were normalized against Pgk expression. Error bars indicate SD (n = 3 biologically
independent samples).

(B) Alkaline phosphatase positive (AP*) iPSC colony counts after reprogramming of Tet2-inducible knockout (KO) B cells. Tet2 excision was induced by IFN-o.
treatment (250 U/mL). Counts were normalized against untreated cells. Error bars indicate SD (n = 3 biological independent experiments). Right: representative
alkaline phosphatase staining (AP*) of iPS colonies after reprogramming of Tet2-inducible KO B cells.

(C) AP* iPSC colony counts after reprogramming of Tet2-inducible KO B cells ectopically expressing different Tet proteins. Tet2 excision was induced by IFN-a.
treatment (250 U/mL). Counts were normalized against untreated cells for every experimental condition essayed. Bellow: representative AP staining of iPS
colonies after reprogramming of Tet2-inducible KO B cells at the different experimental conditions essayed.

(D) Expression (QRT-PCR) of B cell genes upon C/EBPa induction of Tet2-inducible KO B cells. Values were normalized against Pgk expression. Error bars
indicate SD (n = 3 biologically independent samples).

(E) Expression (QRT-PCR) of myeloid genes upon C/EBPq. induction of Tet2-inducible KO B cells. Values were normalized against Pgk expression. Error bars
indicate SD (n = 3 biologically independent samples).

(F) Expression (QRT-PCR) of epithelial gene Cdh1 upon C/EBPa induction of Tet2-inducible KO B cells. Values were normalized against Pgk expression. Error

bars indicate SD (n = 3 biologically independent samples).

three Tet genes completely abrogated reprogramming (Hu et al.,
2014), likely because redundancy between Tet enzymes. To test
the effect of a full Tet2 knockout in B cells, we generated a mouse
strain with two floxed Tet2 alleles, an interferon (IFN)-inducible
Mx1-Cre transgene, along with a doxycycline-inducible OSKM
cassette, a tetracycline transactivator (tTA), and the Oct4-GFP
reporter transgene (Figure S2A). B cells from these mice treated
with IFN-a showed negligible levels of Tet2 mRNA (Figure S2B)
without decrease of cell viability (Figure S2C). Deletion of Tet2
by IFN-a-treatment during reprogramming of B cells (B-estradiol
followed by doxycycline treatment) led to the almost complete
impairment of iPSC colony formation (Figure 2B). This phenotype
could be rescued by overexpression of Tet2 as well as by Tet1
and Tet3, but not by a catalytically dead version of Tet2 (HD; Ko
etal., 2010) (Figures 2C and S2D-S2F). Gene expression analyses
of the inducible Tet2 knockout B cells showed silencing of the
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B cell program in response to C/EBPa treatment (Figure 2D),
but only a partial upregulation of myeloid genes (Figure 2E). In
addition, the Tet2 knockout B cells failed to activate the epithelial
gene Cdhi (Figure 2F), which we showed to initiate the
C/EBPa-induced mesenchymal-to-epithelial transition (Di Ste-
fano et al., 2016). This is consistent with a major role of Tet
enzymes in the earliest stages of reprogramming, as described
for the conversion of MEFs to iPSCs (Hu et al., 2014).

To explore the effect on reprogramming of Tet inhibition at
different phases of induction, we used the broad dioxygenase in-
hibitor dimethyloxalylglycine (DMOG) (Amouroux et al., 2016).
Fluorescence-activated cell sorting (FACS) analysis of Oct4-
GFP expression in cells treated during either the C/EBPa pulse
or the OSKM induction phase showed a 30%-40% reduction
4 days after OSKM induction and complete inhibition when
applied during both phases (Figure S2G). When iPSC colonies
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Figure 3. C/EBPa Recruits Tet2 to Activate Highly Methylated Myeloid and Pluripotency Enhancers

(A) DNA methylation dynamics at C/EBPa binding sites. Upper panels: high methylated sites (HiM, 5mC >0.6). Middle panels: medium methylated sites (MeM).
Lower panels: low methylated sites (LoM, 5mC <0.1). Plots display the median (dot), inter-quartile range (box), and 95% confidence interval (vertical bar).
Statistical significance was determined using a two-tailed paired Wilcoxon’s test (**p < 0.001; *p < 0.05).

(B) Heatmaps of chromatin immunoprecipitation sequencing (ChIP-seq) signal for C/EBPa. (red) and Pu.1 (blue) in B and Ba cells at the summits of C/EBPa.
peaks, classified as in (A).

(C) Average plots of ATAC-seq and H3K27ac and H3K4me2 ChlIP-seq in B and B!’ cells around the summits of C/EBPa peaks.

(D) Gene ontology (GO) enrichment analysis for the genes associated to C/EBPa peaks. The intensity of the color represents the p value, determined by a
hypergeometric test.

(E) Genome browser snapshots showing signal for C/EBPa, H3K4me2 ChlIP-seq, 5mC, and 5hmC in B and Bo' cells, at KIf4 enhancer (—90 kb) and Chd7
intragenic enhancer (+150 kb). The bar plots on the right represent the average signal for 5mC and 5hmC at each region.

(legend continued on next page)
Cell Stem Cell 23, 1-15, November 1, 2018 5



Cell’ress

Cell (2018), https://doi.org/10.1016/j.stem.2018.08.016

Please cite this article in press as: Sardina et al., Transcription Factors Drive Tet2-Mediated Enhancer Demethylation to Reprogram Cell Fate, Cell Stem

were scored after 12 days, cells treated with DMOG during the
C/EBPa induction phase showed a 15-fold inhibition of iPSC
colony formation, nearly as dramatic as cells treated throughout
reprogramming (Figure S2H). DMOG did not have any detri-
mental effects on cell viability (Figure S2I).

Our data showed that ablation of Tet2 almost completely
inhibits B cell to iPSC reprogramming, and that this effect can
be rescued with both Tet1 and Tet3 but not with a catalytically
dead Tet2. Moreover, inhibitor experiments suggest that the
enzyme is required both during the C/EBPa and the OSKM
induction phase. Together, our data indicate that Tet2 drives
the observed hydroxymethylation waves during B cell to iPSC
reprogramming.

C/EBPu Binds Highly Methylated Enhancers to License
Their Demethylation

The observed requirement of Tet2 during the B to Bo/ transition
suggests a role for C/EBPa. in the active demethylation of GREs
involved in iPSC reprogramming. To study how C/EBPa induces
a re-shaping of the B cell methylome, we first grouped the
C/EBPo. target sites according to their methylation status in
B cells: high methylation (HiM); medium methylation (MeM);
and low methylation (LoM) (Figure S3A). In Bo/ cells, HiM and
MeM sites lost 5mC and gained 5hmC, suggesting active deme-
thylation (Figure 3A). We have previously shown that C/EBPa can
act as a pioneer factor by binding de novo to GREs, as well as a
secondary factor, by binding to PU.1-primed GREs (van Oevelen
et al., 2015). Accordingly, the de novo enhancers were found
to correlate with the HiM sites and the primed enhancers with
MeM and LoM sites (Figure 3B). Based on the presence or
absence of ATAC peaks and H3K4me2 and H3K27ac marks,
HiM sites correspond to closed and inactive chromatin, MeM
sites to partially accessible and poised chromatin, and LoM sites
to fully accessible and active chromatin (Figure 3C).

C/EBPo Recruits Tet2 to Myeloid and Pluripotency GREs

Our previous work showed that C/EBPa links the myeloid with
the pluripotency program by binding to the enhancers of Tet2
and Klf4 and activating the expression of these genes in Ba/ cells
(Di Stefano et al., 2016). To study the role of DNA methylation in
the activation of C/EBPa-bound HiM, MeM, and LoM enhancers,
we first performed a gene ontology (GO) analysis (Figure 3D).
Surprisingly, we found a small but significant enrichment for
stem cell-related terms, mostly for genes associated with HiM
and MeM sites (Figure 3D, bottom). The —90-Kb enhancer of

KiIf4 and the intragenic enhancer of Chd7, two stem cell
genes upregulated during myeloid differentiation, are examples
of GREs within the HiM category (Figure 3E). These highly meth-
ylated enhancers gain 5hmC, lose 5mC, and become activated
during the transition from B to Ba’ cells (Figure 3E). Demethyla-
tion of the Kif4 and Chd7 enhancers, as well as that of the
additional C/EBPa-bound regions Tet2, Smad3, Lefty2, Jun,
and Mapkapk3, was validated by MeDIP- and hMeDIP-gPCR
(Figure 3F). C/EBPa-induced active demethylation requires
DNA binding as the relevant regions remained methylated in cells
expressing a C/EBPa mutant (Brm2) defective for DNA binding
(Figure S3B).

The observed gain of 5hmC upon C/EBPa. binding raised the
possibility that this factor directly recruits Tet2. Indeed, we de-
tected Tet2 binding at selected C/EBPu. target sites in Ba' cells
(Figure 3G) and observed co-immunoprecipitation of the two
proteins (Figure 3H). Pull-down assays of His-tagged peptides
revealed a direct interaction between the DNA binding domain
of C/EBPa and the catalytic domain of Tet2 (Figures 3l
and S3C). To determine whether C/EBPa-induced demethyla-
tion is physiologically relevant, we examined the C/EBPa. driven
transition from hematopoietic stem-progenitor cells (HSPCs)
and common myeloid progenitors (CMPs) to granulocyte macro-
phage progenitors (GMPs) (Zhang et al., 1997). Reprogramming
partially mimics this transition, as Bo' cells resemble GMPs
both at the transcriptomic and chromatin level (Di Stefano
et al., 2016). Accordingly, we found a substantial increase of
5hmC at regions bound by C/EBPo during the transition of
HSPCs and CMPs to GMPs (Han et al., 2016) (Figure 3J), as
exemplified for the enhancers of Chd7, Jun, and Smad3 (Figures
3K and S3D).

Together, our data show that C/EBPa recruits Tet2 to myeloid
and pluripotency associated enhancers, inducing their demethy-
lation and activation (summarized in Figure 3L).

Identification of Regions Actively Demethylated before
Chromatin Opening

To explore in an unbiased and genome-wide manner the
interplay between TF binding and methylation, we first selected
all dynamic ATAC regions (described in Figure 1E) display-
ing >20% 5mC changes and found 130,236 such regions (Fig-
ure S4A), with most of the demethylation occurring after day 2
(Figure S4B). Assuming that chromatin opening always precedes
methylation changes, we expected to observe a negative corre-
lation between the two parameters but found no such correlation

(F) 5hmC and 5mC DIP-gPCR at selected C/EBPa. binding sites in B and Ba’ cells. Gapdh promoter is shown as a negative control region. Error bars indicate SD

(n = 3 technical replicates).

(G) Tet2 ChIP-gPCR at selected C/EBPu. binding sites in B and Ba!’ cells. Gapdh promoter is shown as a negative control region. Error bars indicate SD (n = 3
biological independent experiments). Statistical significance was determined using a two-tailed unpaired Student’s t test (**p < 0.01; *p < 0.05).

(H) C/EBPa-Tet2 co-immunoprecipitation. Interaction was assessed in Bo' cells using specific antibodies against C/EBPa« and Tet2.

() C/EBPa-Tet2 His tag pull-down assay. Top: sketch showing the domains of C/EBP« and Tet2 assayed in the pull-down. TD, transactivation domain; DBD, DNA
binding and dimerization domain; CD, catalytic domain. Bottom: protein-protein interaction was assessed by western blot using specific antibodies against Tet2

and C/EBPa

(J) Average plots of 5hmC signal from hMeDIP-seq during myeloid differentiation, around C/EBPa. peak summits in GMPs. HSPC, hematopoietic stem-progenitor
cell; CMP, common myeloid progenitor; GMP, granulo-monocyte progenitor. Data were taken from C/EBPa ChIP-seq (GEO: GSE43007) (Hasemann et al., 2014)

and hMeDIP-seq experiments (GEO: GSE77967) (Han et al., 2016).

(K) Representative genome browser snapshot at Chd7 intragenic enhancer showing signal for C/EBPa. ChIP-seq in GMPs and for 5hmC by hMeDIP-seq in

HSPCs, CMPs, and GMPs.

(L) Model of C/EBPa-Tet2 interaction and induced hydroxymethylation at enhancers of myeloid and pluripotency genes.

6 Cell Stem Cell 23, 1-15, November 1, 2018



Please cite this article in press as: Sardina et al., Transcription Factors Drive Tet2-Mediated Enhancer Demethylation to Reprogram Cell Fate, Cell Stem

Cell (2018), https://doi.org/10.1016/j.stem.2018.08.016

CellPress

N O
‘bdz}%é K 99@%

L.
S8 9
e“q} &> § &S

A B > 4 o .
32 N Y b X H o A D0 N DR 004 SIS
. Bo' - Beell R — — - — — m— M MUNity
E——— in Bo! o interleukin &
3 :i— ] 0SS in B etk 5
leukocyte aggregation
0 hemopolesis
. B cell receptor pathway
-3 I t d1 pValue (Tog0) o
LT = 0.03 0ss a I Cell cycle
B - cell cycle checkpoint
10 05 00 05 Ll [ ] mitotic cell cycle
G1-s
6 d1-Bo | | negativeregulation of G1-S
LB [ somatic stem cell division
3
—N loss at d2 I 2545 Chromatin
g 0 9 heterochromatin organization
% _3 i 10 histone modification
= DNA methylation
'8 N 0.23 1 | | chromatin modification
Q. -1.0 -0.5 0.0 0.5 chromosome organization
% d2 - d1 ? 2t MET
O 6 h 13 loss at d4 cell-cell adhesion
>4 L TGFb
= 3 mesenchymal development
< 0 14 EMT
L BMP
-3 15 255 7510
cor= 0.06 o Development
-6 post-embryonic dev.
-1.0 -0.5 0.0 0.5 H N [ |in utero embryonic dev
16 loss in ESC [ ] mesoderm morphogenesis
d4 - d2 | ] body morphogenesis
6 - L epithelial tube formation
17 3579
3 Stem cells
stem cell development
i o E— e
_ PR stem cell proliferation
5l eor= 015 sim— e | nighinsc
% : 2 I——— stem cell
-1.0 -0.5 0.0 0.5 fraction of 5mC (mean centered) 25 7515
5mC Step Change -05-0.25 0 0.25 0.5
D 1) Chromatin opening first E 2) Simultaneous F 3) demethylation first
&
& KSR
SR ) 0\»‘2 OQQ b§ & oo
PO Lir RPN O o
< RSO N . S N ~2 N j
Lo o ~ur 1) ol ]
& 30 Lo El B ,..A,L,_,m.u 40 u £l seel —— 30 L | S “.. wel
= L X ) " 3 \ L I 3 WA M D
§ 20 [ 21 escla -:rs- ) 30 21 esc blh 20 A 21 esc WA
; L “ ‘ 20 n vl
S() 10 i Beel 1 0 " B cell L 10 /o Beell 1 L |
= (] : N oy " Bo ! :
< o o g B - 1 0 i gl “ . 0 [ o B 1 L
o 0 T o a aboal A 020 ] | n\ 020 I $ a1 A |
g A 8] " 8} 1 o &
£ 015 1 g hae 015 Y A 015 B g @ Jn "
© WAl < o i < i | <
S o010 o L e 010 W 010 A\ P2y A
é 005 ) :: ESC | o " :: ! Esc d
o
g o ('] B cell l| B cell
T T
o Lo - -
£ ]
5 075 \ i 9 @ o @
S oso g 5 @ L 5| @
2 | li.d
5 025 [ d4 ‘Im\lhl L “
o (]
=0 ESC o Esc

@(9)\ ‘b& N bu@%o

Figure 4. 5mC Dynamics at Regulatory Regions of the Genome (ATAC-seq)

(A) Correlations between the step changes of 5mC and ATAC at chromatin accessible regions (ATAC peaks), at each time point during reprogramming.

(B) Clustering of 5mC dynamics at ATAC peaks showing at least 20% changes of 5mC during reprogramming.

(C) Gene ontology (GO) enrichment analysis for the genes associated to clusters in (B). The intensity of the color represents the p value, determined by a hy-

pergeometric test.

(D) Dynamics of ATAC, 5mC, and 5hmC at a selected cluster exhibiting chromatin opening before demethylation (cluster 9). Left: quantification of ATAC (purple),
5hmC (blue), and 5mC (red). Plots represent the mean (color line) and the inter-quartile range (shaded region). Dashed lines indicate the step of change for ATAC,
5mC, and 5hmC. Right: genome browser snapshot at a locus representative of these dynamics, showing signal for H3K4me2 ChlP-seq (B cells and ESCs), ATAC,
5mC, and 5hmC (whole reprogramming). Region following the specific dynamics is contained into the gray-shaded rectangle. Arrowheads point the step change

for ATAC, 5mC, and 5hmC.

(E) Dynamics at a selected cluster exhibiting synchronous chromatin opening and methylation changes (cluster 6). Panels are similar as (D).
(F) Dynamics at a selected cluster exhibiting methylation changes preceding chromatin opening (cluster 14). Panels are similar as (D).

(Figure 4A). We next performed unsupervised clustering of
the 130,236 regions, resulting in five major clusters that reflect
the timing of the onset of DNA demethylation, and an additional
group with high levels of 5mC in ESCs (Figure 4B). The enriched
GO terms of these clusters broadly reflect their progres-
sion during reprogramming, starting with “immune-related

processes,” followed by “cell cycle,” “chromatin,” “mesen-
chymal-to-epithelial transition,” and ending with “development
and stem cells” (Figure 4C).

The 5 major clusters revealed three main scenarios between
chromatin opening and active demethylation: (1) chromatin
opening preceding demethylation (cluster 9), as exemplified by
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the intragenic enhancer of Lif (Figure 4D); (2) simultaneous chro-
matin opening and demethylation (cluster 6), as exemplified by
two GREs of Krt8 (Figure 4E); and (3) demethylation precedes
chromatin opening (cluster 14), which was quite unexpected.
This is exemplified by the —15kb enhancer of Tcf7, which shows
changes in 5hmC and 5mC at day 4, but an ATAC peak only in
ESCs (Figure 4F).

In conclusion, comparing the kinetics of 5mC and ATAC-seq
peaks, we identified genomic regions that are actively demethy-
lated before displaying detectable chromatin accessibility.
These will hereafter be designated DbAs (demethylation before
accessibility).

KIf4 Induces Active Demethylation of Closed Chromatin
Regions through Tet2 Recruitment

The discovery of DbAs raises the possibility that certain pioneer
factors are able to target Tet2 to these regions. To test this hy-
pothesis, we selected genomic regions that exhibited a >10%
gain of 5hmC and a >10% loss of 5mC before becoming trans-
posase accessible, resulting in 7,002 DbAs. These regions
were grouped into 4 clusters (a—d) depending on the time point
at which 5hmC and 5mC changes could first be detected (Fig-
ures 5A and 5B). To correlate the observed methylation changes
with enhancer activity, we intersected the regions that show
ATAC signals at day 4 and in ESCs, respectively, with the
enhancer mark H3K4me2. Strikingly, a H3K4me2 gain at these
regions was observed to occur concomitantly with active
demethylation, before the emergence of chromatin accessibility
(Figure 5C).

GO analysis of the 7,002 DbAs showed an enrichment for
terms related to stem cells and development as well as for the
Wnt, BMP, and transforming growth factor (TGF)-f signaling
pathways (Figure S5A). TF motif analysis revealed a highly signif-
icant over-representation of Ap1, KIf, Oct/Pou, Esrr, and Snai
motifs (Figure 5D). The KIf motif enrichment is of particular
interest, as Kif4 has been shown to serve as a bridge between
myeloid and pluripotent cells (Di Stefano et al., 2016). In addition,
a recent report by the Plath laboratory described the binding of
pluripotency factors during reprogramming of MEFs into iPSCs,
in MEFs exposed for 48 hr to KlIf4, Oct4, and Sox2 individually
and in ESCs used as controls (Chronis et al., 2017). Analyzing
this dataset in relationship with our DbAs in B cell reprogram-
ming, we observed that KiIf4, Oct4, and Sox2 bind to many
regions in the absence of detectable ATAC-seq signals (Fig-
ure S5B). Moreover, Kif4 binds these DbAs even when individu-
ally expressed in MEFs. This is exemplified by Kif4 bound to a
100Kb GRE of the chromatin-related gene Rybp (Figure S5C).
In contrast, no binding of chromatin inaccessible regions was
observed for Oct4 and Sox2 in cells individually expressing these
factors (Figure S5B).

The above data suggested that KIf4 can recruit Tet2 in the
absence of nucleosome repositioning. To further explore this
possibility, we intersected the KIf4 and Tet2 binding sites in
ESCs and found that 51% of the Tet2 binding sites are also
bound by Kif4, while 31% of the Kif4 sites overlap with Tet2
(Figure 5E). We next performed immunoprecipitation experi-
ments and observed that precipitates obtained with an anti-
body against Tet2 contained readily detectable Klf4 protein.
Conversely, precipitates prepared with an antibody to Kif4
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were enriched for Tet2 (Figures 5F and S5D). In contrast,
such an interaction was not observed between Tet2 and Esrrb
(Figure S5E).

In conclusion, our data show that among the pluripotency fac-
tors KiIf4, Oct4, and Sox2, described to have pioneer activity
(Soufi et al., 2015), KIf4 is unique in its ability to bind transposase
inaccessible chromatin that becomes demethylated and deco-
rated with the enhancer mark H3K4me2. This property is medi-
ated by recruitment of Tet2, endowing KIif4 with a novel type of
pioneer activity.

A Subset of DbAs Identified during B Cell
Reprogramming Can Also Be Detected during MEF to
iPSC Reprogramming
To determine whether DbAs can also be observed with other
reprogramming systems, we tested MEFs in a compound-
enhanced reprogramming protocol (Bar-Nur et al., 2014) (Fig-
ure S5F). For this purpose, we established cultures of MEFs
from reprogrammable mice grown in the presence of ascorbic
acid and GSK3bi (hereafter referred as MEF%) and performed
ATAC-seq as well as hMeDIP-seq at 0, 2, and 4 days after
OSKM induction. Focusing on ATAC positive regions, we
observed a sequential gain of 5hmC after OSKM induction (Fig-
ure S5@G), similar to B to iPSC reprogramming (Figure 1E). These
major changes in 5hmC are consistent with the rapid upregula-
tion of Tet2 observed in this system (Figure S5H). We next deter-
mined (Figure S5l) whether there is an overlap between the 3,827
dynamic 5hmC DbA regions detected during MEFA% reprogram-
ming (Figure 5H) and the 7,002 DbAs identified during B cell re-
programming (Figure 5A). As shown in Figure S5J, 463 regions
are shared between the two datasets (Figure S5J), as exempli-
fied by the intragenic regulatory element of the chromatin-
related factor Arid1b (Figure 5G). To determine whether the
DbAs identified during MEF*® reprogramming contain regions
bound by Kif4 before chromatin accessibility, we intersected
the 5hmC data with the above-described conventional MEF to
iPSC data from the Plath laboratory (Chronis et al., 2017). Briefly,
during MEFA®! reprogramming we identified 3,827 regions that
exhibited a >2-fold gain of 5hmC before becoming transposase
accessible (1,957 at day 2 and 1,870 at day 4; Figure 5H). These
regions were enriched for the binding of Kif4, Oct4, and Sox2 in
the absence of ATAC signals after OSKM induction, using Plath’s
MEF to iPSC dataset. Interestingly, again Kif4 but not Oct4 ex-
hibited pioneer activity when expressed individually (Figure 5I).
Examples of MEFA%-specific DbAs are shown for regulatory
regions of Smarcd2, Ebf3, Sall4, or Tet2 (Figure S5K).

Our results thus show that a subset of DbA regions identified in
B cell to iPSC reprogramming can also be detected during accel-
erated reprogramming of MEFA% cells to iPSCs, suggesting that
DbAs are a general feature of diverse somatic cell types reprog-
rammed into iPSCs. In addition, they support the proposal that
KIf4 has a unique pioneer factor activity.

Demethylation of Core Pluripotency Factor Enhancers
Occurs within 24 hr and Coincides with Their Activation
The demethylation of GREs controlling the expression of key
pluripotency TFs, including Oct4 and Nanog, is a hallmark of
successful iPSC reprogramming. We therefore examined deme-
thylation in our accelerated reprogramming system, where key
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Figure 5. Kif4 Induces Active Demethylation of ATAC-Insensitive Regions

(A) Heatmaps of 5hmC, 5mC, and ATAC at regions exhibiting active demethylation before chromatin accessibility (DbAs). Regions are classified by the time point
when they lose methylation (a) from B cells to Bo/'; (b) from Bo' to day 1 (d1); (c) from d1 to d2, and (d) from d2 to d4. Dashed rectangles indicate the step change for
5hmC and 5mC.

(B) Quantification of ATAC (purple), 5hmC (blue), and 5mC (red) signals at each groups of regions in (A). Plots represent the mean (color line) and inter-quartile
range (shaded region). Dashed lines indicate the step change for 5mC and 5hmC at each cluster.

(C) H3K4me?2 signal at clusters c (top) and d (bottom) from (A). Left: heatmaps of 5hmC, ATAC, and H3K4me2. Right: average plots of H3K4me2 ChlIP-seq signal
around ATAC peak summits at the time points before, during, and after the change of 5hmC.

(D) Heatmap displaying enrichment for transcription factors’ motifs (maxNWD score, see STAR Methods) at selected clusters from (A).

(E) Venn diagram showing the overlap between Kif4 (GEO: GSE90895) (Chronis et al., 2017) and Tet2 (GEO: GSM2065691) (Xiong et al., 2016) ChlP-seq peaks in ESCs.
(F) KIf4-Tet2 co-immunoprecipitation. Interaction was assessed in ESCs using specific antibodies against KIf4 and Tet2.

(G) Shared DbA region at an intragenic regulatory element of Arid1b (shaded area). Snapshot showing signal for H3K4me2, ATAC-seq, 5hmC, and 5mC during
reprogramming of B cells (tracks 1-14); signal for for ATAC-seq and 5hmC during accelerated reprogramming of MEF to iPSCs (tracks 15-21) and ChlIP-seq
signal for KIf4 in ESCs and in MEFs after ectopic expression of Klf4 alone during 48 hr (tracks 22-23). Right: quantification of ATAC, 5hmC, and 5mC at this region
during reprogramming of B cells. Plots represent the mean (color line) and the inter-quartile range for 5mC/5hmC (shaded region).

(H) Heatmaps showing signal of 5hmC (blue) and ATAC (purple) at regions exhibiting active demethylation before chromatin accessibility (DbAs) during accel-
erated MEF reprogramming (OSKM+AGi). Regions are classified by the time point when they gain 5hmC: (I) from MEFs to D2 and (Il) from D2 to D4. Dashed
rectangles indicate the step change for 5hmC.

(I) Heatmaps showing signal for ATAC-seq (purple), KIf4 ChlP-seq (green), and Oct4 ChlP-seq (orange) during conventional MEF to iPSC reprogramming (GEO:
GSE90895) (Chronis et al., 2017), at the clusters from (H). First panel: ATAC, Kif4, and Oct4 signals in MEFs OSKM 48 hr. Second panel: ATAC and Kif4 signals in
MEFs overexpressing Klf4 during 48 hr. Third panel: ATAC and Oct4 signals in MEFs overexpressing Oct4 during 48 hr. Forth panel: ATAC, Klf4, and Oct4 signals
in pre-iPSCs.
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Figure 6. 5hmC-Mediated Early Demethylation of Regulatory Regions of Pluripotency Genes during Accelerated Reprogramming Systems
(A) CpG-methylation levels at regulatory regions of pluripotency genes during B cell reprogramming. Top: 5mC. Bottom: 5hmC. Plots display the median (bar),
inter-quartile range (box), and 95% confidence interval (vertical bar). Statistical significance was determined using a two-tailed paired Wilcoxon’s test
(**p < 0.001; **p < 0.01; *p < 0.05).

(B) 5mC and 5hmC heatmaps at ESC-related regulatory regions during B cell reprogramming. Heatmaps display regions showing >10% 5mC loss by d1
compared to B cells. Selected GREs and their associated genes are indicated on the left.

(C) 5hmC heatmap at ESC-related regulatory regions during accelerated MEF reprogramming. Heatmap displays regions showing >2-fold 5hmC gain at day 2
(D2) compared to B cells. Selected GREs and their associated genes are indicated on the left.

(D) Examples of regulatory regions of Cdh1, Gdf3, and Kif4 showing early gain of 5hmC during accelerated MEF to iPS reprogramming. Snapshots showing ChiP-
seq signal for H3K4me2 and H3K27ac in MEFs and ESCs and ATAC-seq and 5hmC signal during reprogramming. Shaded regions indicate the ESC-related
regulatory elements identified in (C).

(E) Snapshot showing early demethylation at the GREs of Nanog (gray areas) during B to iPS reprogramming. Top: ATAC-seq and H3K27ac ChIP-seq signal in
B cells and ESCs. Bottom: zoom showing 5mC dynamics at Nanog distal enhancer (left) proximal enhancer (middle) and promoter (right). Plots on the right of 5mC
tracks represent the mean (color line) and inter-quartile range (shaded region) for 5mC and 5hmC.

(F) Dynamics of chromatin accessibility and enhancer activation at Nanog’s GREs during B to iPS reprogramming. Left: snapshot showing ATAC-seq, H3K4me2
and H3K27ac ChlP-seq signals. Right: quantification of the ATAC-seq and ChIP-seq signals at Nanog’s GREs.

pluripotency genes are activated 1-4 days after OSKM activation  increase of 5hmC (Figure 6A), suggesting active demethylation.

(Figure SB6A and (Di Stefano et al., 2016)). For this purpose, we
first identified regulatory regions of core pluripotency TFs and
divided them into promoters and enhancers. Interestingly, en-
hancers displayed more pronounced changes than promoters
(15% versus 25% at day 4) and exhibited an incipient 5mC
decrease at day 1 (Figure 6A). Concomitantly, we observed an
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Next, to identify all pluripotency-related GREs that become
demethylated early, we compiled H3K27ac-marked regions
in ESCs that show >10% loss in 5mC by day 1, resulting
in 2,700 sites. These included enhancers of the key pluripo-
tency genes Oct4, Nanog, Gdf3, Kif4, Tet2, and Lefty1/2
(Figure 6B). Similar results were obtained for MEFA%' to iPSC
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reprogramming, where 1,830 pluripotency-related GREs showed
a ssignificant gain of 5hmC by day 2 (Figure 6C), including GREs of
the pluripotency genes Kif4, Nanog, Gdf3, Oct4, Lefty1, Tet2, and
Cdh1 (Figures 6D and S6B). At the GREs of Oct4, Nanog, Tet2,
and Lefty1 the most rapid changes during B cell reprogramming
occurred at the proximal enhancers (Figures 6E and S6C-S6E).
Of note, we observed a remarkable correlation between the hy-
droxymethylation kinetics of the Nanog GREs on the one hand
with that of chromatin accessibility and H3K4me2 decoration
on the other, in the order of proximal enhancer, distal enhancer,
and promoter (Figures 6E and 6F).

Together, our data show that the GREs of key pluripotency TF
genes exhibit rapid changes during iPSC reprogramming, with
activation of enhancers preceding that of promoters.

Tfcp2l1 Binds to Early Demethylated GREs of
Pluripotency Factors and Interacts with Tet2

In an attempt to identify the TF that binds to the most rapidly de-
methylated pluripotency factors’ GREs, we looked for TFs pre-
dicted to target the proximal enhancer of Nanog, revealing a
strong enrichment of the motif for the naive pluripotency factor
Tfcp2l1 (Martello et al., 2013) (Figure 7A). To validate this predic-
tion, we intersected the genomic distribution of Tfcp2I1 in ESCs
(Chen et al., 2008) with the dynamic 5mC regions (Figure 4B).
Surprisingly, we found that Tfcp2l1 was enriched not only at re-
gions that get demethylated late (5mC loss in ESCs), but also
at regions demethylated early (5mC loss at day 1) (Figure 7B).
A reverse pattern was observed for the B cell factor Ebf1 at the
same clusters, confirming the specificity of Tfcp2I1 enrichment
(Figure S7A). Supporting this finding, 666 of the 2,700 pluripo-
tency-related GREs that lose methylation by day 1 (Figure 6B)
are bound by Tfcp2l1 in ESCs showing a highly significant
enrichment over random regions (permutation test, p value =
9 x 107°). Similarly, Tfpc2I1 is enriched at GREs showing gain
of 5hmC at day 2 during MEF*¥' reprogramming (Figure 7C),
suggesting a possible role in both systems.

Consistent with the possibility that Tfcp2I1 recruits Tet2 to
these regions, the GREs of Nanog bound by Tfcp2I1 (Figure 7D)
largely overlapped with Tet2; similar findings were made for Oct4
GREs (Figure S7B). This is also supported by a substantial
genome-wide overlap between the binding sites in ESCs of the
two factors (Figure 7E). Finally, we performed immunoprecipita-
tion experiments and detected Tet2 in ESC extracts precipitated
with a Tfcp2l1 antibody and Tfcp2l1 in extracts precipitated
with a Tet2 antibody (Figures 7F and S7C), showing that the
two proteins interact. Finally, chromatin immunoprecipitation
(ChIP)-gPCR experiments confirmed that Tfcp2l1 is bound to
the enhancers of Oct4, Nanog, and Tet2 already in Ba' cells
and even further bound in ESCs (Figure 7G). In line with this
finding, we detected Tfcp2/1 to be expressed at low levels in
preB cells, not expressed in MEFs and highly expressed in
ESCs (Figure 7H). However, in MEFA® cells, the gene is activated
as early as 2 days upon OSKM induction (Figures S7D and S7E).
This could explain, in part, the higher reprogramming efficiency
of MEFA® cells compared to MEFs without the inhibitors,
predicting that overexpression of Tfcp2l1 should enhance
MEF reprogramming efficiency. Indeed, expression of Tfcp2I1
in MEFs significantly increased the cells’ reprogramming effi-
ciency (Figures 71, 7J, and S7F).

Together, our data suggest that Tfcp2l1 drives the rapid
demethylation and activation of GREs of pluripotency TF
genes. In addition, the observed partial overlap between
the binding sites of Tfcp2l1 and Tet2 on the one hand and
the interaction between the two proteins on the other indi-
cates that Tfcp2l1 can recruit Tet2 to these pluripotency-
related GREs.

DISCUSSION

Here, we report the genome-wide dynamics of 5hmC and 5mC
at single-nucleotide resolution during TF-induced cell reprog-
ramming. Our high-resolution data allowed us to dissect the
temporal relationships between DNA methylation, hydroxyme-
thylation, and TF binding at key regulatory regions that govern
cell identity. Selective temporal ablation of the Tet2 dioxyge-
nase in B cells indicates that active demethylation is required
both early and late during the cell reprogramming process.
This can be explained by the finding that at least three
different TFs, namely, C/EBPa, Klif4, and Tfcp2l1, recruit the
enzyme to DNA where it facilitates regulation of enhancer activ-
ity throughout reprogramming (summarized in Figures 3L
and 7K). In addition, our dynamic analyses permitted us to
uncover enhancers exhibiting active demethylation before
detectable chromatin accessibility, mediated in part by a unique
pioneering activity of Kif4.

Surprisingly, among the regions robustly marked by 5hmC a
substantial proportion maintained the 5hmC mark for 2 or
more consecutive days, suggesting that here Tet2 activity is
stalled or delayed. It is possible that at these regions 5hmC
acts as an epigenetic mark, such as by recruiting Mbd3, a mem-
ber of the repressive NURD chromatin remodeling complex,
known to be involved in reprogramming (dos Santos et al.,
2014; Rais et al., 2013). In line with this idea, chromatin regions
of low Tet2 processivity have been shown to correspond to
less accessible, repressed chromatin (Wu et al., 2014). The
regions semi-stably marked by 5hmC in turn might represent
transiently compacted chromatin areas.

Our data using two rapid and highly efficient iPSC reprogram-
ming systems showed that GREs of key pluripotency factors
such as Oct4 and Nanog become actively demethylated as early
as 1-2 days after induction of the Yamanaka factors, compared
to around 21 days, the first time point previously described
(Lee et al., 2014; Milagre et al., 2017; Polo et al., 2012). We
also found an excellent correlation between DNA demethylation,
chromatin opening, and enhancer activation at the Nanog GREs.
However, Nanog only becomes expressed 2—4 days after OSKM
induction, while Oct4 becomes upregulated immediately. These
differences could be explained by the finding that the activation
of Nanog, but not Oct4, is preceded by topological chromatin
changes of the locus (Stadhouders et al., 2018), suggesting
that these are rate limiting. Our observations therefore show
that active DNA demethylation is required—but not always
sufficient—for gene activation, and that this depends on the
chromatin context.

Based on the premise that Tet2 needs to be recruited by
TFs to specific sites, we expected chromatin accessibility
to emerge at enhancers either before or concomitantly with
changes in 5hmC and 5mC. Although this was often the
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Figure 7. Tfcp2I1 Interacts with Tet2 to Induce Active Early Demethylation at Oct4 and Nanog Proximal Enhancers

(A) Putative TFs binding to Nanog proximal enhancer based on predicted affinity (TRAP using JASPAR database) (Thomas-Chollier et al., 2011). Tfcp2I1 motif
(JASPAR MA0145.2) is shown as an inset in the graph and highlighted in blue in the plot.

(B) Average plot of Tfcp2l1 ChIP-seq signal in ESCs (GEO: GSM288350) (Chen et al., 2008), at regions losing methylation during B to iPS reprogramming at d1
(orange), in ESC (gray) or showing high methylation in ESC (black) based on the clustering in Figure 4B. Average signal is centered at ATAC peak summits.
(C) Average plot of Tfcp2I1 ChIP-seq signal in ESCs (GEO: GSM288350) (Chen et al., 2008), at regions gaining 5hmC at D2 (purple) or losing 5hmC at D2 (gray)
during accelerated MEF to iPSC reprogramming based on the clustering in Figure S5D. Average signal is centered at ATAC peak summits.

(D) Representative snapshot showing Tfcp2I1-Tet2 co-binding at Nanog’s GREs in ESCs. Regions analyzed are as in Figure 6E.

(E) Venn diagram showing the overlap between Tfcp2|1 (GEO: GSM288350) (Chen et al., 2008) and Tet2 (GEO: GSM2065691) (Xiong et al., 2016) ChlP-seq peaks in ESCs.
(F) Tfcp2I1-Tet2 co-immunoprecipitation. Interaction was assessed in ESCs using specific antibodies against Tet2 and Tfcp2I1.

(G) Tfep2I1 ChIP-gPCR at selected enhancers of pluripotency genes in B, Be/, and ESCs. Intergenic region (gene desert) is shown as a negative control region.
Error bars indicate SD (n = 3 biological independent experiments). Statistical significance was determined using a two-tailed unpaired Student’s t test (*p < 0.05).
(H) Tfcp2l1 levels (QRT-PCR) in MEF, B, and ESCs. Values are expressed as the percentage of Pgk expression. Error bars indicate SD (n = 3 biologically
independent samples).

() Tfep2I1 levels (QRT-PCR) in MEFs infected with a Tfcp2/7-Cherry construct. Values were normalized against Pgk expression. Error bars indicate SD (n = 3
biologically independent samples).

(J) Alkaline phosphatase positive (AP*) iPSC colony counts after reprogramming MEFs ectopically expressing Tfcp2/1. Error bars indicate SD (n = 3 biological
independent experiments). Statistical significance was determined using a two-tailed unpaired Student’s t test (**p < 0.01).

(K) Model of Tet2 interaction with Tfcp2I1 (left) and KIf4 (right) and induced hydroxymethylation at pluripotency enhancers

case, we detected many regions in which methylation changes
and decoration of histones with active enhancer marks pre-
ceded chromatin opening. Further analyses revealed that
Klf4 is capable of binding to such “demethylation-before-
chromatin-accessibility” regions, or DbAs, in line with its known
ability to bind to nucleosome dense regions (Soufi et al., 2015).
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That it can also do so without inducing nucleosome displace-
ment suggests that it exhibits a novel type of pioneer factor ac-
tivity. The detection of DbAs in the context of both B cell and
fibroblast reprogramming raises the possibility that they repre-
sent a novel feature of cell-fate decisions during development
and cancer.
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Antibodies

Biotin Anti-mouse CD19 (1D3)

APC Anti-human CD4 (RPA-T4)

Biotin anti-human CD4 (RPA-T4)
Purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fc Block)
Anti-H3K4me2 antibody

Anti-5hmC

Anti-5mC

Anti-Tet2 antibody

C/EBPa (14AA) antibody

KIf4 antibody

B-Tubulin (SAP.4G5) antibody

Tfcp2I1 antibody

Esrrb antibody

Mouse IgG - Isotype Control antibody
Rabbit IgG, polyclonal - Isotype Control
Goat IgG, polyclonal - Isotype Control
Anti-Flag M2 antibody

GAPDH (6C5) antibody

BD Biosciences

BD Biosciences
eBioscience

BD Biosciences

Abcam

Active Motif

Diagenode

Abcam

Santa Cruz Biotechnology
R&D systems
Sigma-Aldrich

R&D systems

R&D systems

Abcam

Abcam

Abcam

Sigma-Aldrich

Santa Cruz Biotechnology

Cat# 553784; RRID: AB_395048
Cat# 555349; RRID: AB_398593
Cat# 13-0049; RRID:AB_466337
Cat# 553142; RRID: AB_394654
Cat# ab7766; RRID: AB_2560996
Cat# 39769; RRID: AB_10013602
Cat# C15200081; RRID: AB_2572207
Cat# ab124297; RRID: AB_2722695
Cat# sc-61; RRID: AB_631233

Cat# AF3158; RRID: AB_2130245
Cat# T7816; RRID: AB_261770

Cat# AF5726; RRID: AB_2202564
Cat# PP-H6705-00; RRID: AB_2100412
Cat# ab37355; RRID: AB_2665484
Cat# ab171870; RRID: AB_2687657
Cat# ab37373

Cat# F1804; RRID: AB_262044

Cat# sc-32233; RRID: AB_627679

Bacterial and Virus Strains

E. coli: Subcloning Efficiency DH5x Competent Cells Invitrogen Cat# 18265017
E. coli: BL21(DE3) Competent New England Biolabs Cat# C25271
Chemicals, Peptides, and Recombinant Proteins

Recombinant murine IL-7 Peprotech Cat# 217-17
Recombinant murine IL-4 Peprotech Cat# 214-14
Recombinant murine IL-15 Peprotech Cat# 210-15
ESGRO Recombinant mouse LIF protein Merk Millipore Cat# ESG1106
Human Interferon-Alphai Pbl Assay Science Cat# 11175-1
DMEM Medium GIBCO Cat# 12491015
RPMI 1640 Medium GIBCO Cat# 12633012
Knockout-DMEM GIBCO Cat# 10829018
Neurobasal Medium GIBCO Cat# 21103049
DMEM-F12 Medium GIBCO Cat# 12634010
Fetal Bovine Serum, E.U.-approved, South America origin GIBCO Cat# 10270-106
Embryonic stem-cell FBS, qualified, US origin GIBCO Cat# 10270-106
KnockOut Serum Replacement GIBCO Cat# A3181502
Pen Strep GIBCO Cat# 15140122
L-Glutamine (200mM) GIBCO Cat# 25030081
Sodium Pyruvate (100mM) GIBCO Cat# 11360070
MEM Non-Essential Amino Acids Solution (100X) GIBCO Cat# 11140068
2-Mercaptoethanol Invitrogen Cat# 31350010
N-2 Supplement (100X) GIBCO Cat# 17502048
B-27 Serum-Free Supplement (50X) GIBCO Cat# 17504044
MEK inhibitor (PD0325901) Selleckchem Cat# S1036
GSK3b inhibitor (CHIR-99021) Selleckchem Cat# S1263
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L-Ascorbic Acid Sigma-Aldrich Cat# A92902
17B-estradiol Merck Millipore Cat# 3301
Doxycycline hyclate Sigma-Aldrich Cat# D9891
Dimethyloxalylglycine (DMOG) Sigma-Aldrich Cat# D3695
TrypLE Express Enzyme (1X) GIBCO Cat# 12605010
Accutase cell detachment solution Merck Millipore Cat# SCR005
Trypsin-EDTA (0.05%) GIBCO Cat# 25300054
Phusion High-Fidelity DNA polymerase Thermo Scientific Cat# F530L
Gibson Cloning Master Mix Produced in-house N/A

MACS Streptavidin MicroBeads

MACS LS magnetic columns

Dynabeads Protein A for Immunoprecipitation
Dynabeads Protein G for Immunoprecipitation
Proteinase K

Complete mini protease inhibitors
Unmethylated bacteriophage A DNA
3C-protease

Sf-900 II SFM

HisTrap FF 5ml columns

Protino® 96 Ni-IDA

Miltenyi Biotec
Miltenyi Biotec
Life Technologies
Life Technologies
New England Biolabs
Roche

Promega
Produced in-house
Thermo Scientific
GE Healthcare
Macherey-Nagel

Cat# 130-048-101
Cat# 130-042-401
Cat# 10002D
Cat# 10009D
Cat# P8107S
Cat# 11836153001
Cat# D1521

N/A

Cat# 10902096
Cat# 17525501
Cat# 745300

Critical Commercial Assays

Alkaline Phosphatase Staining Kit Il

Pacific Blue Annexin V/SYTOX AADvanced Apoptosis Kit
Blood & Cell Culture DNA Mini kit

TrueMethyl® Whole Genome kit

KAPA Library Quantification Kit for lllumina Platforms, v1.14
TruSeq SBS Kit v3-HS

miRNeasy mini kit

High Capacity RNA-to-cDNA kit

SYBR Green QPCR Master Mix

Nextera DNA sample preparation kit (ATAC-transposase
and buffer)

NEBNext High-Fidelity 2X PCR Master Mix (ATAC-library
amplification)

Stemgent

Thermo Scientific
QIAGEN

Cambridge Epigenetix
Kapa Biosystems
lllumina

QIAGEN

Applied Biosystems
Applied Biosystems
lllumina

New England BioLabs

Cat# 00-0055
Cat# A35136

Cat# 13323

Cat# OP-06-001
Cat# KR0405
Cat# FC-401-3001
Cat# 217004

Cati# 4387406
Cat# 4309155
Cat# FC-121-1030

Cat# M0541S

MinElute PCR Purification Kit QIAGEN Cat# 28004
QIAquick Gel Extraction Kit QIAGEN Cat# 28704
Agencourt AMPure XP-PCR purification kit Beckman Coulter Cat# A63882

High Sensitivity DNA Analysis Kits Agilent Cat# 5067-4626
NEBNext Ultra library prep kit New England Biolabs Cat# E7370

HiSeq SBS Kit v4 lllumina Cat# FC-401-4002
X-tremeGENE HP DNA Transfection Reagent Sigma-Aldrich Cat# 06366244001
Deposited Data

BS-seq/oxBS-seq data during B to iPS reprogramming This paper GEO:GSE103469
hMeDIP-seq data during MEFAC reprogramming This paper GEO: GSE117919
ATAC-seq data during MEFA%' reprogramming This paper GEO: GSE117920

ATAC-seq and H3K4me2 ChIP-seq data during B to
iPS reprogramming

ChlP-seq data in Bcell and Bo’cell for: C/EBPa, PU.1
and H3K27ac

This paper and
(Stadhouders et al., 2018)

(Di Stefano et al., 2016)

GEO: GSE103470

GEO: GSE71218
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C/EBPa ChIP-seq data in GMPs
hMeDIP-seq data in hematopoietic progenitors
Tet2 ChlIP-seq data in ESCs

ATAC-seq and ChIP-seq data for TFs during MEF to
iPS reprogramming
Tfcp2l1 ChlP-seq data in ESCs

(Hasemann et al., 2014)
(Han et al., 2016)
(Xiong et al., 2016)
(Chronis et al., 2017)

(Chen et al., 2008)

GEO: GSE43007
GEO: GSE77967
GEO: GSM2065691
GEO: GSE90895

GEO: GSM288350

Experimental Models: Cell Lines

ESCs (E14TG2a)
Platinum-E retroviral packaging cells
S17 stromal cell line

C10 pre-B cell line

Mouse Embryonic Fibroblasts, Irradiated
Sf21 insect cell line

ATCC
Cell Biolabs, INC
From Dr. Dorshkind, UCLA.

(Collins and Dorshkind, 1987)

Produced in-house
(Bussmann et al., 2009)

MTI-GlobalStem
Thermo Scientific

Cat# CRL-1821; RRID: CVCL_9108
Cat# RV-101; RRID: CVCL_B488
RRID: CVCL_E226

N/A

Cat# GSC-6001G
Cat# 11497013

Experimental Models: Organisms/Strains

Mouse: Oct4-GFP OSKM-reprogrammable
Mouse: Tet2" B6;129S-Tet2tm1.1laai/J
Mouse: Mx-Cre. B6; Cg-Tg(Mx1-cre)1Cgn/J

(Di Stefano et al., 2014)
The Jackson Laboratory
The Jackson Laboratory

N/A

Cat# JAX:017573; RRID:IMSR_JAX:017573
Cat# JAX:003556, RRID:IMSR_JAX:003556

Mouse: Tet2 /Mx-Cre This paper N/A

Mouse: Tet2! /Mx-Cre Oct4-GFP OSKM-reprogrammable This paper N/A

Mouse: OKSM-reprogrammable (Stadtfeld et al., 2010) N/A

Oligonucleotides

See Table S1 N/A N/A

Recombinant DNA

pMMLV-Tfcp2l1-IRES-mCherry Vector Builder N/A

pPMSCV-Cebpa-IRES-hCD4 Produced in-house, N/A
(Bussmann et al., 2009)

pMX-Flag-Tet1CD From Dr. Guo-Liang Xu, N/A
(Hu et al., 2014)

pMX-Flag-Tet2CD From Dr. Guo-Liang Xu, N/A
(Hu et al., 2014)

pMX-Flag-Tet2HD From Dr. Guo-Liang Xu, N/A
(Hu et al., 2014)

pMX-Flag-Tet3CD From Dr. Guo-Liang Xu, N/A
(Hu et al., 2014)

pMMLV-Flag-Tet1CD-IRES-mCherry This paper N/A

PMMLV-Flag-Tet2CD-IRES-mCherry This paper N/A

pPMMLV-Flag-Tet2HD-IRES-mCherry This paper N/A

pMMLV-Flag-Tet3CD-IRES-mCherry This paper N/A

C/EBPaDBD-pCoofy1 (his Tag) This paper N/A

C/EBPaTD-pCoofy2 (trx-histag) This paper N/A

pcoofy27-His-Tet2CD This paper N/A

Software and Algorithms

Rv3.1.0 N/A https://www.r-project.org/

Bioconductor v3.0
GEM aligner (v3)
GEMBS pipeline
STAR

Huber et al., 2015)
Marco-Sola et al., 2012)

Dobin et al., 2013)

https://bioconductor.org/

https://biocore.crg.eu/wiki/GEM_Mapper

N/A
https://github.com/alexdobin/STAR

(
(
(Merkel et al., 2017)
(
( https://github.com/deeptools/deepTools/

DeepTools 1.5.9.1 Ramirez et al., 2016)

(Continued on next page)
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MACS2 v2.1.0.20140616 (Zhang et al., 2008) https://github.com/taoliu/MACS

Bedops (Neph et al., 2012) https://bedops.readthedocs.io/en/latest/

RSAT suite (Medina-Rivera et al., 2015) http://rsat.eu

TRAP (Thomas-Chollier et al., 2011) http://trap.molgen.mpg.de/cgi-bin/home.cgi

Rpackage mFuzz v2.26.0 (Kumar and E Futschik, 2007) https://bioconductor.org/packages/
release/bioc/html/Mfuzz.html

Rpackage ReactomePA v1.10.1 (Croft et al., 2011) https://bioconductor.riken.jp/packages/
3.0/bioc/html/ReactomePA.html

Rpackage DESeg2 v1.6.3 (Love et al., 2014) https://bioconductor.org/packages/

release/bioc/html/DESeqg2.html

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Thomas
Graf (thomas.graf@crg.eu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

As a source for the B cells used in our experiments we crossed “OSKM-reprogrammable mice” containing a doxycycline-inducible
OSKM cassette and the tetracycline transactivator (Carey et al., 2010) with an Oct4-GFP reporter strain (Boiani et al., 2002), as pre-
viously described (Di Stefano et al., 2016; Di Stefano et al., 2014). In addition, we also used as a source of B cells a newly established
line with an interferon inducible Tet2 knockout by crossing “Oct4-GFP/OSKM-reprogrammable mice” with Tet2" mice and MxCre
mice (Figure S2B) that were obtained from The Jackson Laboratories. Reprogrammable MEFs were isolated at E13.5 from embryos
containing a Oct4, Kif4, Sox2 and c-Myc (OKSM) polycistronic cassette in the Col7a? locus and harboring homozygous Rosa26-
M2rtTA alleles (Stadtfeld et al., 2010) “OKSM-reprogrammable mice.” During experiments the number of female and male mice
was balanced. Mice were housed in standard cages under 12h light-dark cycles and fed ad libitum with a standard chow diet. All
experiments were approved by the Ethics Committee of the Barcelona Biomedical Research Park (PRBB) and performed according
to Spanish and European legislation.

Cells and cell cultures

ESCs (E14TG2) were cultured on gelatinized plates and grown either in FBS+LIF conditions [Knockout-DMEM (GIBCO
Cat#10829018) containing 15% ES-FBS (GIBCO Cat# 10270-106), Pen Strep (100X) (GIBCO Cat#15140122), L-Glutamine (100X)
(GIBCO Cat#25030081), MEM Non-Essential Amino Acids Solution (100X) (GIBCO Cat#11140068), Sodium Pyruvate (100X), 2-Mer-
captoethanol (Invitrogen, Cat#31350010) and 1000U/ml Leukemia Inhibitory Factor (LIF) (Merk Millipore Cat# ESG1106)] or in
2i-serum free conditions [50% DMEM-F12 (GIBCO Cat#12634010), 50% Neurobasal (GIBCO Cat#21103049) medium containing
N2 supplement (100X) (GIBCO Cat#17502048), B27 supplement (50X) (GIBCO Cat#17504044), Pen Strep (100X) (GIBCO
Cat#15140122), L-Glutamine (100X) (GIBCO Cat#25030081), MEM Non-Essential Amino Acids Solution (100X) (GIBCO
Cat#11140068), Sodium Pyruvate (100X), 2-Mercaptoethanol (Invitrogen, Cat#31350010) 1 uM PD0325901 (Selleckchem
Cat#S1036), 3 uM CHIR99021 (Selleckchem Cat#S1263) and 1000U/ml Leukemia Inhibitory Factor (LIF) (Merk Millipore Cat#
ESG1106)]. CD19* B cells were isolated from the bone marrow with a monoclonal antibody to CD19 (BD Biosciences
Cat#553784), using MACS sorting technology (Miltenyi Biotech) as previously described (Di Stefano et al., 2016). The purity of the
sorted cell fractions was assessed by FACS (using an LSR2 machine from BD Biosciences) and was found to be typically > 98%.
B cells were grown in 20%FBS-RPMI medium [RPMI 1640 medium (GIBCO Cat#12633012) supplemented with 20% Fetal Bovine
Serum (GIBCO Cat# 10270-106), Pen Strep (100X) (GIBCO Cat#15140122), L-Glutamine (100X) (GIBCO Cat#25030081), 2-Mercap-
toethanol (1000X) (Invitrogen, Cat#31350010) and 10ng/ml IL-7 (Peprotech Cat# 217-17)].

METHOD DETAILS

B cell to iPSC reprogramming experiments

B cells isolated from 8-16 weeks Oct4-GFP/OSKM-reprogrammable mice were infected with C/EBPaER-hCD4 retrovirus, plated at
500 cells/cm? in gelatinized plates (12 wells) on irradiated MEF feeders (MTI-GlobalStem Cat# GSC-6001G) in 20%FBS-RPMI me-
dium. To activate C/EBPua, cultures were treated for 18h with 100nM B-Estradiol (E2) (Merck Millipore Cat# 3301), resulting in Ba’
cells. After E2 washout, the cultures were switched to serum-free N2B27 medium [50% DMEM-F12 (GIBCO Cat#12634010),
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50% Neurobasal (GIBCO Cat#21103049) medium containing N2 supplement (100X) (GIBCO Cat#17502048), B27 supplement (50X)
(GIBCO Cat#17504044), Pen Strep (100X) (GIBCO Cat#15140122), L-Glutamine (100X) (GIBCO Cat#25030081), MEM Non-Essential
Amino Acids Solution (100X) (GIBCO Cat#11140068), Sodium Pyruvate (100X), 2-Mercaptoethanol (Invitrogen, Cat#31350010) and
1000U/ml Leukemia Inhibitory Factor (LIF) (Merk Millipore Cat# ESG1106)] supplemented with IL-4 10ng/ml (Peprotech Cat#214-14),
IL-7 10ng/ml (Peprotech Cat#217-17) and 2ng/ml IL-15 (Peprotech Cat#210-15). To activate OSKM the cultures were treated with
2 pg/ml of doxycycline (Sigma-Aldrich Cat#D9891). From day 2 onward the serum-free N2B27 medium was supplemented with
20% KnockOut™ Serum Replacement (KSR) (GIBCO Cat#A3181502).

MEFs to iPSCs reprogramming experiments

Reprogrammable MEFs were isolated from “OKSM-reprogrammable mice” (Stadtfeld et al., 2010). During expansion, cells were
grown in 10%FBS-DMEM medium [DMEM Medium (GIBCO Cat#12633012) supplemented with 10% Fetal Bovine Serum (GIBCO
Cat# 10270-106), Pen Strep (100X) (GIBCO Cat#15140122), L-Glutamine (100X) (GIBCO Cat#25030081), MEM Non-Essential Amino
Acids Solution (100X) (GIBCO Cat#11140068) and 2-Mercaptoethanol (Invitrogen, Cat#31350010)]. To induce reprogramming, cells
were seeded onto 0.1% gelatin-coated plates at a density of 3000 cells/cm? in reprogramming medium [Knockout-DMEM (GIBCO
Cat#10829018) containing 15% ES-FBS (GIBCO Cat# 10270-106), Pen Strep (100X) (GIBCO Cat#15140122), L-Glutamine (100X)
(GIBCO Cat#25030081), MEM Non-Essential Amino Acids Solution (100X) (GIBCO Cat#11140068), 2-Mercaptoethanol (Invitrogen,
Cat#31350010), 1000U/ml Leukemia Inhibitory Factor (LIF) (Merk Millipore Cat# ESG1106) and 2 pg/ml doxycycline (Sigma-Aldrich
Cat#D9891)]. Where indicated, 50 ng/ml ascorbic acid (Sigma-Aldrich Cat#A92902) and 3 uM GSKS inhibitor CHIR-99021 (Selleck-
chem Cat#S1263) were added to the culture medium.

Vectors and virus production and infection
The C/EBPoER-hCD4 retroviral vector was generated as described before (Bussmann et al., 2009). The pMMLV-Tfcp2l1-mCherry
retroviral vector was purchased from Vector Builder.

pMX plasmids coding for Flag-tagged Tet1CD, Tet2CD, Tet3CD and Tet2CD (HD) were kindly provided by Dr. Xu Guoliang. These
plasmids were used to generate coding sequences for the Flag-tagged Tet1, Tet2, Tet3 or Tet2 mutant(HD) catalytic domains(CD),
then sub-cloned into a retroviral backbone expressing mCherry by Gibson cloning (Gibson et al., 2009). Briefly, linearized recipient
pMMLYV plasmid and Flag-tagged Tet1CD, Tet2CD, Tet3CD and Tet2CD (HD) constructs were amplified by polymerase chain reac-
tion (PCR) using Phusion High-Fidelity DNA polymerase (Thermo Scientific, Cat#F530L) according to manufacturer’s instructions
with primers listed in Table S1. The PCR fragments with expected size were excised from agarose gel and purified using QIAquick
Gel Extraction Kit (QIAGEN Cat#28704) following manufacturer’s instructions. Gibson assembly reactions were performed using an
in-house produced Gibson Cloning Master Mix at 50°C for 1 hour and then transformed into DH50. competent cells (Invitrogen
Cat#18265017). Positive colonies were selected and verified by Sanger sequencing. Production of the different Flag-Tet fusion pro-
teins was assessed by western blot using a specific antibody against Flag (Sigma-Aldrich Cat# F1804).

Viral production with platinum E cells (Cell Biolabs, INC Cat# RV-101) and infection of B cells and MEFs were performed as
described previously (Di Stefano et al., 2014).

Inhibition of Tet activity by DMOG

Dimethyloxalylglycine (DMOG) (Sigma-Aldrich Cat#D3695) was used to inhibit Tet activity as previously described (Amouroux et al.,
2016). Briefly, B cells isolated from “Oct4-GFP reprogrammable mice” were incubated with 1mM of DMOG during different times
(Figure S2G) preceding C/EBPo. and OSKM induction.

FACS analyses
Oct4-GFP expression was monitored with an LSR Il flow cytometer (BD Biosciences) using Diva v6.1.2 (BD Biosciences) and FlowJo
software v10 (TreeStar).

Colony counting
Reprogramming efficiency at day12 was determined using the Alkaline Phosphatase Staining Kit Il (Stemgent Cat#00-0055) following
the instructions provided by the manufacturer.

Cell viability

Cell viability was assessed using the Pacific Blue Annexin V/SYTOX® AADvanced Apoptosis Kit for flow cytometry (Thermo Fisher
Cat#A35136).

Whole genome oxidative-bisulfite and bisulfite sequencing (oxBS-seq/BS-seq)

DNA was extracted using the Blood & Cell Culture DNA Mini kit (QIAGEN Cat#13323). The preparation of the sequencing libraries for
oxBS and BS followed the workflow of CEGX TrueMethyl® Whole Genome kit, v3.1 (Cambridge Epigenetix Cat# OP-06-001) in
HydroxyMethyl mode, with minor modifications. Each sample was prepared in duplicate to improve the diversity and the evenness
of the sequencing library coverage. Briefly, HMW DNA (400ng) was spiked with unmethylated bacteriophage A DNA (5 ng of X DNA
per microgram of genomic DNA; Promega Cat#D1521), with methylated T7 phage DNA (5 ng of T7 DNA per microgram of genomic
DNA) and also with the manufacturer’s digestion and sequencing control (20 ng per each microgram of genomic DNA).
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Genomic DNA with the spike-in controls was sheared using Covaris LE220 focused-ultrasonicator to a mean fragment size of
800bp, purified, denatured and the sample was evenly split for the oxidation reaction and the mock-oxidation reaction where the
oxidant solution was replaced by water. Both aliquots were then processed in parallel for all stages of the protocol. After the oxidation
reaction where 5-hydroxymethylcytosine is oxidized to 5-formylcytosine (5fC) and 5-methylcytosine (5mC) stays unchanged, the
bisulfite treatment converts 5fC and all non-methylated cytosines to uracil, while 5mC is not altered.

lllumina compatible adapters and library specific indexes were incorporated through ten PCR cycles. The quality control of the
library was monitored using the Agilent 2100 Bioanalyzer DNA 7500 assay, and the concentration was estimated using the KAPA
Library Quantification Kit for lllumina® Platforms, v1.14 (Kapa Biosystems Cat#KR0405).

Paired-end DNA sequencing (2 x 101 bp) of the oxBS and BS libraries was performed using the HiSeq2000 (lllumina) with TruSeq
SBS Kit v3-HS (lllumina Cat#FC-401-3001) following the manufacturer’s protocol with HiSeq Control Software (HCS) v1.5.15.1.
Image analysis, base calling and quality scoring of the run were processed using the manufacturer’s software Real Time Analysis
(RTA 1.13.48) and followed by generation of FASTQ sequence files by bcl2fastq v1.8.4.

RNA extraction

Cells were trypsinized and pre-plated for 30min on new dishes to remove the feeders, the floating cells harvested and RNA isolation
performed with the miRNeasy mini kit (QIAGEN Cat#217004). RNA was eluted from the columns using RNase-free water and quan-
tified by Nanodrop. cDNA was produced with the High Capacity RNA-to-cDNA kit (Applied Biosystems Cat#4387406).

qRT-PCR analyses
gRT-PCR reactions were set up in triplicate with the SYBR Green QPCR Master Mix (Applied Biosystems Cat#4309155) and primers
as listed in Table S1. Reactions were run on an AB7900HT PCR machine with 40 cycles of 30 s at 95°C, 30 s at 60°C and 30 s at 72°C.

ATAC seq

ATAC-seq was performed as previously described (Buenrostro et al., 2013). The standard protocol was used with the following
modifications. 100.000 cells were washed once with 100ul PBS and resuspended in 50ul lysis buffer (10mM Tris-HCI pH 7.4,
10mM NacCl, 3mM MgCl,, 0.2% IGEPAL CA-630). The suspension of nuclei was then centrifuged for 10min at 500 g at 4°C, followed
by the addition of 50ul transposition reaction mix (25ul TD buffer, 2.5ul Tn5 Transposase and 22.5ul Nuclease Free H,0) (lllumina
Cat#FC-121-1030) and incubation at 37°C for 45min. DNA was isolated using MinElute Kit (QIAGEN Cat#28004). Library amplifica-
tion was done by two sequential PCR reactions (8 and 5 cycles, respectively) using NEBNext High-Fidelity 2X PCR Master Mix
(New England BioLabs Cat#M0541S). Library quality was checked on a Bioanalyzer using High Sensitivity DNA Analysis Kits (Agilent
Cat# 5067-4626), followed by paired-end sequencing (2x50bp) on an lllumina HiSeq2500.

ChlP-seq

ChIP-Seq using tagmentation (ChIPm-Seq) was performed as previously described (Schmidl et al., 2015) with 100,000 crosslinked
cells using 1 pL of H3K4me2 antibody (Abcam, Cat#ab7766) per IP. Tagmentation of immobilized H3K4me2-enriched chromatin was
performed for 2 min at 37°C in 25 pL transposition reaction mix (12.5 uL TD buffer, 1.0 uL Tn5 transposase and 11.5 puL nuclease free
water) (Illumina Cat#FC-121-1030). Library amplification was performed as described for ATAC-Seq. Library quality was checked on
a Bioanalyzer using High Sensitivity DNA Analysis Kits (Agilent Cat# 5067-4626), followed by sequencing (1x75bp) on an lllumina
NextSeqg500.

Chromatin immunoprecipitation followed by quantitative PCR (ChIP-qPCR)

ChIP-gPCR experiments were performed as described previously (Kallin et al., 2012). Briefly, cells were crosslinked with 1% para-
formaldehyde and sonicated. Solubilized chromatin was immunoprecipitated with antibodies against Tet2 (Abcam Cat# ab124297)
or rabbit IgG (Abcam Cat#ab171870) as a negative control. Antibody-chromatin complexes were pulled down using a 1:1 mixture of
BSA-blocked Protein A and Protein G magnetic beads (Life Technologies Cat#10002D and Cat#10009D respectively), washed, and
then eluted. After crosslink reversal and proteinase K treatment (New England Biolabs Cat#P8107S), immunoprecipitated DNA was
extracted with phenol-chloroform and ethanol precipitated. The DNA fragments were further analyzed by gPCR.

MeDIP/hMeDIP-gPCR

DNA extraction and immunoprecipitation was carried out by a previously published protocol (http://www.epigenome-noe.net/,
PROT33) modified by (Di Stefano et al., 2014). Briefly, 1 ug of genomic DNA was sonicated and incubated with 5 pg of either anti-
5hmC antibody (Active Motif Cat#39769) or anti-5mC antibody (Diagenode Cat#C15200081) at 4C for 2hr. Antibody-DNA complexes
were pulled down using a 1:1 mixture of BSA-blocked Protein A and Protein G magnetic beads (Life Technologies Cat#10002D and
Cat#10009D respectively), washed, and then eluted. DNA was extracted with phenol-chloroform and ethanol precipitated. 5mC and
5hmC content of the samples was assessed by gPCR.

hMeDIP-Seq

DNA was extracted from MEF reprogramming samples using the Blood & Cell Culture DNA Mini kit (QIAGEN Cat#13323). Purified
genomic DNA was sonicated using Covaris to obtain fragments of 200-600 bp. Library preparation was performed using the
NEBNext Ultra library prep kit (New England Biolabs Cat#E7370) substituting the NEB hairpin adaptors by full-length barcoded
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TruSeq adaptors from lllumina (Cat# FC-401-3001). Fragmented DNA with compatible adaptors were pooled together. Pooled DNA
was heated for 10 minutes at 99°C, cold down on ice, and incubated overnight with 5ShmC (1 ng Ab/ug DNA; Active Motif Cat#39769)
antibody in IP buffer (10 mM Sodium Phosphate buffer, 140 mM NaCl, 0.05% Triton X-100). Inmunocomplexes were recovered using
pre-equilibrated Protein G/A Dynabeads (Life Technologies Cat#10002D and Cat#10009D respectively) for 2 hr at 4°C. After washing
with IP buffer, immunocomplexes were eluted from columns by heating at 55°C for 30 minutes in proteinase digestion buffer [50 mM
Tris-HCI pH = 8, 10 mM EDTA, 0.5% SDS, 35 mg Proteinase K (New England Biolabs Cat#P8107S)] and the DNA purified using
MinElute PCR Purification kit (QIAGEN Cat#28004). Recovered DNA was amplified by PCR and sequenced in lllumina HiSeq2500
using 125-bp paired-end reads with HiSeq v4 chemistry (lllumina Cat#FC-401-4002).

Western blots (WBs) and immunoprecipitation

For WB analyses, proteins were extracted using NET-2 buffer [50mM Tris pH 7.4, 200mM NaCl, 0,1% triton and protease inhibitors
(Roche Cat#11836153001)] loaded on SDS-PAGE and transferred onto PVDF membranes as previously described (Sardina
et al., 2010).

For endogenous Co-IP experiments, lysates were prepared using lysis buffer [50mM Tris pH 7.5, 150mM NaCl, 1imM EDTA, 1TmM
EGTA, 5mM MgCl,, 0,5% triton and protease inhibitors (Roche Cat#11836153001)] and centrifuged to eliminate insoluble material.
The extract was pre-cleared by incubation with magnetic beads for 2h on a rotating wheel at 4°C. To crosslink the antibodies to
Dynabeads® A or G (Life Technologies Cat#10002D and Cat#10009D respectively), 50 pL of beads were incubated with 3ug of
the specific antibody or with 3ug the corresponding isotype control-IgG during 2 hr at room temperature on a rotating wheel. The
mix was then washed once with PBS and twice with triethanolamine (pH8,2, 0,2M) and then incubated during 20min at room tem-
perature with dimethyl pimelimidate (DMP, 20 m). To stop the reaction two 5 min washes with Tris-HCI (pH8, 50mM) were performed
followed by 3 washes with PBS. Then beads were incubated with citric acid (0,1M, pH3) for 2 min. Finally, the mix was washed twice
with lysis buffer before incubating it with the precleared protein extracts overnight at 4°C on a wheel. Afterward 1/20th of the mixture
was kept as the unbound fraction and the rest washed six times with lysis buffer. To elute, the last wash was removed and the beads
resuspended in 1X Laemmli buffer without 3-mercaptoethanol and heated for 20 min at 60°C. Magnetic beads were then separated,
the supernatant taken, complemented with 5% B-mercaptoethanol and boiled before loading on an SDS-PAGE acrylamide gel to
analyze proteins by WB.

Production of recombinant forms of C/EBP« and Tet2
C/EBPa fragments were generated in the E. coli strain BL21(DE3) (New England Biolabs Cat#C25271) by transforming them with
C/EBPo. DBD (DNA Binding and Dimerization Domain)-pCoofy1 (his tag) or C/EBPa TD (Transactivation Domain)-pCoofy2 (trx-his-
tag). Cells growing in 1 | of 0.5mM IPTG induced-2XTY medium at OD = 0.6 were harvested at 4,000 g during 30min. Pellets were
resuspended in a lysis buffer containing: 50 mM Tris-HCI (pH 7.5), 500 mM NaCl, 0.5% Triton X-100, 2 mM DTT 20 mM Imidazole,
and protease inhibitors. Cells were then broken using a French Press and ultracentrifuge at 30,000 g during 30 min. The cell extract
was loaded into a HisTrap FF 5ml column (GE Healtchare Cat#17525501) at 4°C. The column was washed with wash buffer [50 mM
Tris-HCI (pH 7.5), 500 mM NaCl, 2mM DTT, 20mM imidazole, and 10% glycerol)] and then eluted with 50 mM Tris-HCI (pH 7.5),
500 mM NaCl, 2mM DTT, 500 mM imidazole. The eluate was pooled and buffer exchanged [ 50 mM Tris-HCI (pH 7.5), 500 mM
NaCl, 2mM DTT, 20mM imidazole, and 10% glycerol]. His-tags removal from recombinant C/EBPo peptides was performed
using 3C protease (produced in-house) O/N at 4°C. The mixture was loaded again into HisTrap FF 5ml column (GE Healthcare
Cat#17525501) in order to bind de 3C and the His-tag. The flow-through of the column was collected and buffer exchanged using
an exchange column into 50mM Tris HCI pH = 7,4, 300mM NaCl, 10% glycerol, 2 mM DTT and flash frozen.

6His-Tet2CD (Catalytic Domain) peptide was generated in baculoviruses by transfecting Sf21 insect cells (Thermo Scientific Cat#
11497013) with pcoofy27-His-Tet2CD by X-tremeGENE HP DNA Transfection Reagent (Sigma Aldrich Cat# 06366244001) for
60 hours and amplified twice to get the P3 stock. Sf21 cells were cultured in Sf-900 I SFM (Thermo Scientific Cat# 10902096) at
27°C and infected with P3 stock of 6His-Tet2CD baculovirus for 72 hours; cells were harvested and centrifuged for 15 min at
3,000 g and 4°C. Cells were then lysed in a Triton lysis buffer [50 mM Tris-HCI (pH 7.5), 500 mM NaCl, 1% Triton X-100, 2 mM
DTT, 20 mM Imidazole, and protease inhibitors (Roche Cat#11836153001)] and broken using a French Press. Recombinant proteins
were affinity-purified using HisTrap FF 5ml columns (GE Healthcare Cat#17525501) at 4°C. The column was then washed with wash
buffer [50 mM Tris-HCI (pH 7.5), 500 mM NaCl, 2mM DTT, 20mM imidazole, and 10% glycerol], eluted [50 mM Tris-HCI (pH 7.5),
500 mM NaCl, 2mM DTT, 500mM imidazole and 10% glycerol] and then stored at —80°C.

C/EBPu-Tet2 pulldown assay
Prior to the pulldown assay, recombinant peptides for C/EBPa and Tet2 were buffer exchanged to 50mM Tris HCI (pH 7.4),
150mM NacCl.

For the pulldown assay, the same amount of purified recombinant 6His-Tet2CD and C/EBP«-DBD or 6HisTet2CD and C/EBPa-TD
were mixed and incubated for 30 min at RT, the mixture was loaded into a Protino® Ni_IDA 96 Ni-IDA (Macherey-Nagel Cat#745300).
Each column of the Protino® was washed using the buffer mentioned above and the elution was performed in a buffer containing
50mM Tris HCI (pH 7.4) 150mM NaCl, 500mM Imidazole. Protein-protein interaction was examined by WB using specific antibodies
against Tet2 (Abcam Cat#ab124297) and C/EBPa (Santa Cruz Biotechnology Cat#sc-61).
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QUANTIFICATION AND STATISTICAL ANALYSIS

All sequencing data obtained were mapped onto the mouse genome assembly mm10 (Ensembl GRCm38.78) and analyzed
with R (3.1.0) using packages from the bioconductor suite (v3.0) (Huber et al., 2015). For peak calling, regions overlapping the
‘Encode blacklist’ regions were removed (ENCODE Project Consortium, 2012). All the clusterings were performed using the Rpack-
age Mfuzz (2.26.0) (Kumar and E Futschik, 2007) on standardized data. All GO enrichment analyses were performed using the Rpack-
age ReactomePA (1.10.1)(Croft et al., 2011). The Principal Component Analysis (PCA) was performed using the prcomp function in
the stats (v3.3.2) R package.

Bisulfite and ox-bisulfite sequencing data processing

Read mapping was carried out using the GEM aligner (v3) (Marco-Sola et al., 2012) against a composite reference containing two
copies of the mouse mm10 Ensembl GRCm38.78 genome and two copies of the NCBI viral genome database (v35). For both the
mouse and viral references, one copy had all cytosine bases replaced by thymine bases and the other had all guanine bases replaced
by adenine bases. Before mapping was performed, the original sequence for each read was stored. The first read from each pair then
had all cytosine bases replaced by thymine bases, and the second read had all guanine bases replaced by adenine bases. Read
mapping with GEM was performed, allowing up to four mismatches per read with respect to the reference. After read mapping,
the original sequence for each read was restored.

Estimation of cytosine levels was carried out on read pairs where both members of the pair mapped to the same contig with consis-
tent orientation and there was no other such configuration at the same or a smaller edit distance from the reference. After mapping,
we restored the original read data in preparation for the inference of genotype and methylation status. We estimated genotype and
DNA methylation status simultaneously using the GEMBS pipeline (Merkel et al., 2017), taking into account the observed bases, base
quality scores and the strand origin of each read pair. For each genome position, we produced estimates of the most likely genotype
and the methylation proportion (for genotypes containing a cytosine base on either strand). After the initial calling step, the data were
combined across samples and the genotypes were recalled assuming no sequence variability between samples. This increased the
power to call genotypes and therefore also increased the number of sites that could be used for downstream analyses. Sites were
selected where the combined genotype call across samples was for a homozygous CC followed by GG with a Phred score of
at least 20, corresponding to an estimated genotype error level of < 1%. Sites with > 500-coverage depth were excluded to avoid
centromeric or telomeric repetitive regions. All subsequent analyses used this selected set.

ATAC-seq analyses

For the ATAC-seq analyses, reads were mapped using STAR (Dobin et al., 2013) (parameters: -outFilterMultimapNmax 1 -outFilter-
MismatchNmax 999 -outFilterMismatchNoverLmax 0.06 -alignintronMax 1 -alignEndsType EndToEnd -alignMatesGapMax 2000).
Duplicates reads were removed using Picard (http://broadinstitute.github.io/picard/) (function MarkDuplicates, parameter
REMOVE_DUPLICATES = true). Bigwig tracks were made using DeepTools BamCoverage (1.5.9.1) (Ramirez et al., 2016)
(parameters: -binSize 1 -normalizeUsingRPKM).

Peak calling was performed using macs2 (2.1.0.20140616) (Zhang et al., 2008) (parameters: -f BAMPE -g mm -bw 300 -p 0.001
-nolambda -keep-dup auto —call-summits). For quantitative analyses, peaks for all time points were merged as one set of non-over-
lapping regions using Bedops (Neph et al., 2012) and selecting from each individual peak calling the overlapping summit with the
highest pValue (python script). Reads were counted on merged regions for each time point, using the Rpackage csaw (1.0.7) (function
regionCounts, parameter: max.frag = 2000, pet = ‘both’). DESeq2 (Love et al., 2014) was then used to perform quantitative analyses.
Counts were scaled on genome wide fragments rather than on merged regions; to do so we counted reads in 10kb bins across the
genome (using csaw function WindowCounts), used DESeq?2 to calculate the size factors for each sample and applied this to the
counts on merged regions.

For the analysis of methylation at ATAC peaks, 500bp were selected around the peaks summits and only peaks with at least
3 CpG covered > 10x were kept. The fraction of 5mC/5hmC of all overlapping CpGs used to calculated 5mC/5hmC average score
and inter-quartile range.

ChIP-seq and hMeDIP-seq analyses
ChIP-seq and hMeDIP-seq data were analyzed in the same way as ATAC-seq. Quantification of ChIPseq and hMeDIP-seq at ATAC
peaks was performed the same way as for ATAC but fragments were quantified in a 2kb window around the summit of the peak.

Transcription factor binding motif analyses

Motif analyses were performed using the RSAT suite softwares (Medina-Rivera et al., 2015). Sequences were retrieved using the
fetch-sequencing program, and repeats were masked to avoid artifactual motifs enrichment, using bedtool maskfasta and the
mm10 Ensembl repeat annotation (GRCm38.75). Motif discovery was performed using peaks-motifs. Motif enrichment was per-
formed with matrixQuality, using as background a Markov model of order 1 made on the purged sequences outputted by peak-motifs
(i.e., overlapping regions appear only once and duplicates are masked, to avoid artifact motif enrichment), merged from all the
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clusters. The Maximum-normalized-Weight-Difference Score (MNWD) was used as a motif enrichment score (Medina-Rivera
et al., 2011). TFs binding prediction at enhancers of pluripotency genes was performed using TRAP (Thomas-Chollier et al., 2011)
with JASPAR database.

DATA AND SOFTWARE AVAILABILITY

The accession number for all the sequencing data reported in this paper is NCBI GEO: GSE103470
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