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Abstract

Embryonic stem cell (ESC) cultures display a heterogeneous gene
expression profile, ranging from a pristine naive pluripotent state
to a primed epiblast state. Addition of inhibitors of GSK3f and MEK
(so-called 2i conditions) pushes ESC cultures toward a more homo-
geneous naive pluripotent state, but the molecular underpinnings
of this naive transition are not completely understood. Here, we
demonstrate that DAZL, an RNA-binding protein known to play a
key role in germ-cell development, marks a subpopulation of ESCs
that is actively transitioning toward naive pluripotency. Moreover,
DAZL plays an essential role in the active reprogramming of cyto-
sine methylation. We demonstrate that DAZL associates with mRNA
of Tetl, a catalyst of 5-hydroxylation of methyl-cytosine, and
enhances Tetl mRNA translation. Overexpression of DAZL in hetero-
geneous ESC cultures results in elevated TET1 protein levels as well
as increased global hydroxymethylation. Conversely, null mutation
of Dazl severely stunts 2i-mediated TET1 induction and hydroxyme-
thylation. Our results provide insight into the regulation of the
acquisition of naive pluripotency and demonstrate that DAZL
enhances TET1-mediated cytosine hydroxymethylation in ESCs that
are actively reprogramming to a pluripotent ground state.
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Introduction

Embryonic stem cells (ESCs) are derived from the inner cell mass
(ICM) of pre-implantation blastocyst embryos [1]. ESCs possess
broad developmental potential and are able to generate every cell
type in the developing embryo. Cells in the blastocyst ICM as well
as in ESCs at the single-cell level display a heterogeneous gene
expression profile, while in serum-cultured ESCs, heterogeneity
takes more extreme forms and stretches well outside the develop-
mental boundaries of the blastocyst embryo [2,3]. In fact, the
expression of genes naturally associated with germ-cell development
is a hallmark property of murine embryonic stem cells and sets
them apart from other pluripotent stem cell types such as the
epiblast stem cells (EpiSCs) derived from post-implantation epiblast
embryos [4,5]. To date, the significance of this germ-cell profile for
ESC biology remains elusive.

A so-called “2i inhibitor cocktail”, consisting of a MEK and
GSK3p inhibitor, facilitates ESC derivation and maintenance [6]. 2i
culture conditions enhance ESC homogeneity by suppressing lineage
differentiation [7] and induce genome-wide DNA demethylation
in murine ESCs [8-10]. Consequently, ESCs in 2i conditions are
epigenetically and transcriptionally more similar to naive cells in
the blastocyst ICM from which these cells have been derived.

We explored the molecular changes that accompany the transi-
tion to this naive pluripotent state. To this end, we used several ESC
lines expressing fluorescent reporter genes for naive pluripotency,
including Nanog, Stella, and Dazl. We demonstrate that DAZL, an
RNA-binding protein and a marker for late PGC development, is
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expressed in 5-10% of serum-cultured ESCs and induced to
approximately 80% during 2i culture. We explored the significance
of DAZL in ESC biology and observed that DAZL is also expressed
in vivo in a subpopulation of cells in the blastocyst ICM. Under
serum culture conditions, DAZL-positive ESCs are transcriptionally
more similar to ESCs cultured in 2i and also exhibit high levels of
S5-hydroxymethylation, whereas 5-hydroxymethylation is low in
DAZL-negative ESCs. 5-hydroxymethylation results from the
hydroxylation of methylated cytosine residues by TET1 or TET2
enzymes and is an important step in the opening of heterochromatic
regions [11]. We observed that, upon 2i induction, DAZL-positive
ESCs transition faster to a homogeneous naive pluripotent state than
their DAZL-negative counterparts. Finally, we observed that DAZL
is an essential component of TET1-dependent DNA demethylation
during reprogramming and in the absence of Dazl expression, the
induction of TET1 enzymes is impaired. We found that DAZL
functions as a translational enhancer of Tetl mRNA molecules,
which are complexed with Dazl protein in mESCs. Indeed, over-
expression of Dazl results in an increase in TET1 protein levels and
high 5-hydroxymethylation.

Our findings shed important light on the mechanism by which
ES cells transition to a naive pluripotent state, and demonstrate that
Dazl plays an essential role in active TET1-mediated global DNA
demethylation.

Results and Discussion

DAZL is heterogeneously expressed in mESCs and induced by 2i
culture conditions

To study the role of DAZL in murine ESCs, we used Dazl-GFP
reporter ESC lines derived from Dazl-GFP transgenic mice [12]. This
DazIl-GFP reporter line faithfully recapitulates DAZL expression as
GFP levels correlate with the amount of mRNA molecules found in
individual cells (Appendix Fig S1A). DAZL was previously shown
to be expressed at the start of PGC migration toward the future
gonads and Dazl RNA expression has been used as a specific
marker of naive pluripotent stem cells in murine ESCs [2,4,5,13].
However, to date, its role in ESC biology remains unknown. The
Dazl-GFP transgene is heterogeneously expressed in 5-8% of
mESCs in LIF/MEF/serum and N2B27/LIF culture conditions
(Fig 1A). Upon FACS separation of Dazl-GFP-positive from the
Dazl-GFP-negative cells, the sorted cells re-establish the original
equilibrium within a few days (Appendix Fig S1B). A similar hetero-
geneous equilibrium has been reported for other ESC genes such as
Stella, Nanog, and Rex1 [2,3,14]. Suppression of ESC differentiation
by a combination of an ERK and a GSK3f inhibitor, so-called
2i conditions, promotes a more homogeneous state of ESC
self-renewal [15-17].

We analyzed the effect of 2i addition to the culture media on our
Dazl-GFP reporter cells as well as on Nanog-GFP and Stella-GFP
reporter ESCs [18,19]. As reported previously, Nanog is expressed
in 80-90% of ESCs in serum culture conditions [14], and while 2i
induction does not profoundly change the total percentage of
Nanog™® cells, we did observe the emergence of an additional
Nanog-bright population in accordance with a recent paper of Miya-
nari and Torres-Padilla (Fig 1B, middle panel, Appendix Fig S1C)
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[16]. During early 2i conversion, we also noticed an increase in the
percentage of Stella-GFP-positive cells, as reported previously [20],
but we observed that Stella expression wanes upon prolonged 2i
culture, and by day 10, the expression of this marker is almost
completely abrogated (Fig 1B, lower panel, Appendix Fig S1C).
Stella is known to be a specific marker of nascent PGCs around E7.5
of post-implantation development [21]. The expression of this
marker in serum-cultured ESCs demonstrates that the heterogeneous
gene expression profile observed in ESCs stretches beyond the
developmental boundaries of the blastocyst ICM from which these
cells are derived, and 2i culture appears to limit this promiscuous
gene expression. We were therefore surprised to find that 2i culture
conditions increased the expression of Dazl-GFP, a marker reported
to be expressed at even later stages of germ-cell development, to
approximately 80% after 10 days (Fig 1A and B, Appendix Fig S1C).

To further explore the temporal molecular changes that accom-
pany the transition of heterogeneous ESC cultures to 2i-induced
naive pluripotency, we analyzed mRNA and protein levels of Dazl-
GFP ESCs grown in conventional culture medium and subsequently
cultured for 3 and 12 days in 2i conditions by microarray and mass
spectrometry. In total, 4,368 genes were identified at both protein
and mRNA levels (Table EV1). We focused on genes that demon-
strated at least a twofold change in protein levels at one of the time
points. We identified 563 genes with corresponding changes in
mRNA and protein levels. GO analysis of these genes revealed a role
in broad cellular functions, including enrichment for metabolic
processes in 2i culture conditions, which is in agreement with a
recent publication analyzing RNA expression in 2i-induced cells
(Appendix Fig S1D) [15]. However, none of these processes point to
a clear role in stem cell pluripotency.

We subdivided the differentially expressed genes into six clusters
based on their expression pattern and identified corresponding
upstream transcription factors with X2K software (Fig 1C and D,
Tables EV2 and EV3) [22]. Interestingly, genes in cluster 3, which
contains genes that are sustainably upregulated in 2i culture
conditions, reveal a significant enrichment for key transcriptional
regulators of pluripotency, Oct4, Sox2, Nanog, and Klf4 (Fig 1D). As
such, these factors appear to reduce heterogeneity of genes that are
important for the maintenance of the naive pluripotent state,
thereby making the pluripotency network more robust. In contrast,
we find that a series of germ-cell-related genes, including Stella,
Leftyl, and Tcfap2c, are transiently expressed at day 3 of 2i induc-
tion, and almost absent upon sustained 2i culture. The hetero-
geneous expression of these in serum-cultured ESCs falls outside the
developmental boundary of the blastocyst ICM and therefore
appears to result from serum-mediated signals that drive differentia-
tion toward the post-implantation epiblast [23].

The only PGC-specific gene that was continuously upregulated
in 2i conditions was Dazl, thought to be a marker for late PGC
development [21], which is expressed in approximately 80% of
the ESCs after 2i induction. While the importance of Dazl PGC
development is known, its expression appeared out of context in
ESCs.

DAZL is expressed in late blastocyst embryos

To further examine the role of DAZL in ESC biology, we explored
the expression of DAZL during pre-implantation development.

© 2015 The Authors
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Figure 1. DAZL is upregulated in 2i culture conditions.

FACS analysis showing Dazl-GFP expression in serum- or N2B27-cultured ESCs in LIF (upper panel) and 10 days in 2i + LIF (lower panel).

Expression profiles of germ-cell reporter ESCs Dazl-GFP, Nanog-GFP, and Stella-GFP at day 0, 3, and 10 after 2i induction analyzed by fluorescent microscopy.

mESCs were profiled for mRNA (RNA) and protein (PRO) expression at day 3 and 12 after addition of 2i inhibitors to the culture media. We focused on those genes
that demonstrated a minimum twofold change in protein levels at one of the time points (day 3 and/or day 12). mRNA and protein expression profiles were clustered
based on the expression pattern of the genes and their corresponding proteins. n = 2 biological replicates/time point.

Gene members of each cluster were analyzed with the X2K analysis tool. Heat map output demonstrates 2i-induced genes are highly enriched for downstream

A
B
@

targets of the pluripotency network.
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Dazl-GFP embryos were isolated at the morula stage and cultured in
KSOM for 96 h. While we did not observe Dazl-GFP expression at
the morula and early blastocyst stages, late blastocyst cultures
revealed a subpopulation of Dazl-GFP-positive cells in the ICM
(Fig 2A). Late blastocyst Dazl-GFP embryos flushed at E4.5 demon-
strated a similar GFP expression in the ICM confirming that the
Dazl-GFP expression was not the result of the in vitro maturation of
the embryos (Appendix Fig S2A). To validate that the observed
Dazl-GFP expression was not the result of aberrant expression of
the transgenic reporter, we performed single-molecule RNA FISH on

DazIGFP embryos

A

o

ES to 2i - upregulated genes
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wild-type blastocyst embryos to visualize the expression of Dazl and
Oct4 mRNA [24]. As shown in Fig 2B, Dazl mRNA is co-expressed
with Oct4 in a subpopulation of cells in the blastocyst ICM, demon-
strating that Dazl expression is restricted to pluripotent cells in the
early embryo. We therefore conclude that DAZL expression in
cultured ESCs reflects the expression of this gene in the late pre-
implantation blastocyst.

Embryos grown to the blastocyst stage in the presence of 2i
inhibitors express high uniform levels of OCT4 and NANOG in the
ICM, while the hypoblast is absent [25]. To explore how 2i culture
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Figure 2. DAZL is expressed in late blastocyst embryos.

A DazIGFP embryo cultured in vitro in KSOM from E2.5 morula stage to late blastocyst stage. Scale bar, 100 pum.
B Single-molecule FISH experiment showing single Dazl and Oct4 mRNA molecules in E3.5 blastocyst embryos. Right panel, artificial visualization of single mRNA

molecules. Scale bar, 50 pm.

C The top panel of this GSEA plot shows a rank-sum-based score, which is calculated depending on the correlation of the differentially expressed genes in DazIGFP ESCs
in 2i conditions with its expression in embryos cultured in 2i conditions vs. control embryos. The enrichment score reflects the degree to which the examined gene set
is over-represented at the extremes. The middle panel shows vertical lines corresponding to the rank of the genes in the examined gene set. Here, most of the black
lines are clustered to the left meaning that the genes in DazIGFP 2i dataset are among the most upregulated in the embryo 2i measurements. The bottom panel
shows the actual expression difference scores from the embryos cultured in 2i conditions vs. control embryos. The overall P-value (shown on the top) is determined
based on the value of the rank-sum statistics (top-plot) at its extreme point (marked by a vertical red line).
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conditions affect gene expression in developing blastocysts just prior
to ESC derivation, morula-stage embryos were cultured with or
without 2i inhibitors until the late blastocyst stage. mRNA sequenc-
ing was performed on single blastocyst embryos. At the single gene
level, we observed similar changes to those we observed when ESCs
are cultured in 2i conditions, including an increase in the expression
of Dazl, KlIf8, and Id3 (Appendix Fig S2B), suggesting that the
transcriptional changes observed upon 2i culture of ESCs are similar
to those observed during 2i expansion of the naive pluripotent cell
population in the blastocyst ICM.

Indeed, this was confirmed when we compared the changes in
gene expression induced by 2i culture in ESCs and blastocysts at the
global level by Gene Set Enrichment Analysis (GSEA) [26].
Figure 2C demonstrates that the majority of gene expression
changes observed in ESCs cultured in 2i conditions show similar
changes in expression levels in the 2i embryos compared to controls
(Fig 2C, Appendix Fig S2B). These data demonstrate that blastocyst
embryos in 2i conditions, as well as in ESCs cultured in 2i
conditions, reflect similar biological states.

DAZL marks actively reprogramming ESCs

The experiments above demonstrate that DAZL is expressed in the
ICM of late, pre-implantation blastocyst embryos, as well as in ESCs.
Furthermore, 2i-induced expansion of the pluripotent epiblast
enhances DAZL expression in pre-implantation embryos and
induces the percentage of Dazl-positive cells in ESC cultures.
Together, these data suggest that Dazl marks unique naive cells
within the heterogeneous ESC population akin to the cells in the
naive ICM. Indeed, comparison of DAZL-negative and DAZL-
positive cells cultured in serum with DAZL-positive cells cultured in
2i by proteomic analysis shows that Dazl-positive cells in serum
cluster together with DAZL-positive cells in 2i (Fig 3A). ESCs
cultured in 2i conditions represent homogeneous cell populations,
and indeed, we find that Dazl-GFP-positive and Dazl-GFP-negative
cells cultured in 2i are transcriptionally similar (Appendix Fig S3A)
[10,27,28]. This means that DAZL-positive cells in serum already
display a gene expression pattern that is more related to ESCs in 2i
conditions than to the 90-95% Dazl-negative cells in conventional
serum culture.

One of the hallmark events that occur during pre-implantation
embryonic development is genome-wide demethylation. DNA
methylation of CpG dinucleotides (5mC) in mammalian cells is
associated with gene silencing. The maintenance methyltransfer-
ase DNMTT1 is responsible for copying these patterns during DNA
replication and DNMT3a and DNMT3b set up de novo DNA methy-
lation during development (reviewed by Bagci and Fisher [29]).
DNA demethylation can occur via active and passive mechanisms.
Passive replication-dependent loss of DNA methylation is achieved
by downregulation of DNMT1 or NP95 or their exclusion from the
nucleus resulting in the dilution of global DNA methylation during
subsequent cell proliferation [30]. Active DNA demethylation is
regulated by TET (Tetl-3) enzymes that catalyze the conversion of
S-methylcytosine to 5-hydroxymethylcytosine (ShmC). 5hmC can
subsequently be actively demethylated by its oxidation into
S-formylcytosine (5fC) and 5-carboxymethylcytosine (5caC) or
passively by replication-dependent passive demethylation since
ShmC is not recognized by DNMT1 and NP95 [31-33].

© 2015 The Authors
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Genome-wide DNA demethylation occurs in early embryos up to
the blastocyst stage and during primordial germ-cell development
and is associated with pluripotency [34,35]. However, ESCs are
highly methylated compared to the ICM of blastocyst embryos [35].
In accordance with our microarray and proteomics data, it was
demonstrated that DNMT3s are downregulated in ESCs in 2i condi-
tions, resulting in DNA demethylation making them more remini-
scent of the ICM [8,35,36].

Since our observed changes in DAZL expression in ESCs
switched to 2i conditions coincided with the timing of changes in
global DNA methylation, we explored the methylation state of
DAZL-positive cells in serum-cultured ESCs. To investigate the DNA
methylation status of Dazl-GFP-positive and Dazl-GFP-negative cells
in serum and 2i conditions, we performed dot-blot analysis as well
as mass spectrometric measurement of global 5SmC and ShmC levels
on genomic DNA isolated from these cells. As expected based on
previous reports, 5SmeC levels are globally decreased in 2i-cultured
cells, while no clear difference is observed between DAZL-positive
and DAZL-negative ESCs in these conditions (Fig 3B and C) [9,37].
Interestingly, DAZL-positive ESCs in serum are highly hydroxy-
methylated compared to DAZL-negative ESCs in serum and they
also express Tetl and Tet2 genes at significantly higher levels
(4- and 2-fold difference respectively) (Fig 3B and C, Appendix
Fig S3A). TET-mediated conversion of SmeC to ShmeC can result in
both active and passive loss of DNA methylation [32,33]. While
mice deficient in both Tetl and Tet2 can develop postnatally, they
display many epigenetic abnormalities and increased 5meC levels
highlighting the importance of TET proteins in regulating cytosine
methylation [38].

The observation that protein expression levels of DAZL-positive
cells in serum cluster with those in 2i conditions, together with high
basal level of 5ShmeC in DAZL-positive ESCs, suggests they would
convert more quickly to a fully naive pluripotent state than DAZL-
negative cells. To investigate this, we FACS-sorted Dazl-GFP-positive
and Dazl-GFP-negative ESCs and analyzed 5hmeC levels over time
during transition to a naive state in 2i conditions (Fig 3D). As shown
in Fig 3E, Dazl-GFP-positive cells already show a loss of SmeC after
3 days in 2i comparable to levels of ESCs that were cultured in 2i
conditions for several passages (Fig 3E, Appendix Fig S3B). In
contrast, Dazl-GFP-negative cells show higher methylation and
hydroxymethylation levels at this time point in a similar time frame
as has been reported for other ESC lines converted to 2i culture
conditions (Fig 3E, Appendix Fig S3B) [8,9]. However, while
Dazl-GFP-positive ESCs in serum display higher global expression
levels of naive genes, during their transition to a naive state in
2i conditions, gene expression changes follow similar patterns in
Dazl-GFP-positive and Dazl-GFP-negative starting populations
(Appendix Fig S3C).

While global expression levels of the core pluripotency factors
Oct4 and Sox2 are unchanged in serum vs. 2i culture conditions, a
more homogeneous gene expression pattern is induced in the latter
[15,17,39]. To test whether mRNA transcripts are more equally
distributed among the cells in DAZL-positive cells cultured in 2i for
3 days than in DAZL-negative cells at day 3 in 2i, we performed
single-molecule RNA FISH for Oct4 and Sox2 in these cells (Appendix
Fig S3D). As shown in Fig 3F, the distribution of Oct4 as well as Sox2
mRNA transcripts is smaller in the DAZL-positive cells at day 3 in 2i
conditions meaning that they are more homogeneously expressed

EMBO reports Vol 16 | No 7 | 2015
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Figure 3. DAZL-positive cells are highly hydroxymethylated and reprogram efficiently to a naive pluripotent state.

A Proteomic analysis of genes expressed in Dazl-negative ESCs, Dazl-positive ESCs, and Dazl-positive ESCs cultured for 12 days in 2i conditions.
B Dot-blot analysis for 5meC and ShmeC in Dazl-positive and Dazl-negative ESCs FACS-sorted from serum-cultured cells or sorted from ESCs cultured in 2i + LIF for

12 days.

C Mass spectrometric measurement of global 5mC and 5hmC levels in DazIGFP* and DazIGFP~ ESCs in serum as well as in 2i conditions. P-values were calculated using

paired t-test. *P < 0.05. Error bars indicate s.e.m. values of > 3 biological replicates.

D Schematic overview of experimental setup: DazIGFP* ESCs and DazIGFP~ ESCs are FACS-sorted from serum-cultured ESCs followed by culture of each population in 2i
conditions. Different time points during the transition to a naive pluripotent state were analyzed for gene expression and DNA methylation.

E Dot-blot analysis for 5meC and ShmecC in Dazl-positive and Dazl-negative cells FACS-sorted at day O followed by culture in 2i + LIF conditions for several days.

F  The upper panel shows a boxplot with the distribution of single Oct4 and Sox2 mRNA molecules per cell area in > 50 individual ESCs that were sorted for DazI-GFP*
and Dazl-GFP~ followed by 3 days of culture in 2i conditions. The lower panel shows the coefficient of variation (or normalized variance) of the single Oct4 and Sox2
transcripts within each cell population. *P < 0.05, **P < 0.001. Error bars indicate s.d. values of 100,000 times in silico random sampling of 50 cells per condition.

among the cells. Indeed, the coefficients of variation (cv) in
DAZL-negative cells for Oct4 as well as Sox2 are significantly different
from the cv in Dazl-positive cells cultured for 3 days in 2i conditions
(Fig 3F, lower panel). Thus, DAZL marks a subpopulation of ESCs
that is more akin to 2i-induced naive pluripotent stem cells, as
measured by their global gene expression level, their more homo-
geneous expression of core pluripotency factors, and their enhanced
levels of TET hydroxylases and 5-hydroxymethylation, resulting in
more rapid genome demethylation upon 2i induction.

DAZL is required for TET1-mediated hydroxymethylation

Finally, we explored whether DAZL, aside from being a marker for
more naive ESCs within the culture, also had a functional role in
the establishment of the naive pluripotent state. To this end, we
established an ESC line in which DAZL can be induced by doxy-
cycline (Dox). We tested whether the overexpression of Dazl was
sufficient to induce naive pluripotency in ESCs cultured in serum
conditions at different time points. Indeed, not only Dazl transcript
levels increased following Dazl overexpression with doxycycline,
but also other genes associated with naive pluripotency such as
Prdm14, Rexl, and Tfcp2 11 (Fig 4A). While Tetl and Tet2 tran-
script levels remain unchanged, Dazl overexpression does induce
significant higher levels of hydroxymethylation (Fig 4A and B).
Global DNA methylation does not decrease, which is in accordance
with the observation that de novo methyltransferases are not
downregulated (Fig 4A, Appendix Fig S4A). Similar results have
been published recently for the induction of hydroxymethylation
by vitamin C, which leads to DNA demethylation at germline
genes, but global DNA methylation remains unchanged [40].
Vitamin C activates TET proteins to oxidize 5-methylcytosine to
5-hydroxymethylcytosine. Since DAZL does not have an antioxidant
role like vitamin C, we wondered by which mechanism DAZL can
induce hydroxymethylation. In the adult testis, DAZL has been
shown to stabilize associated mRNA targets thereby functioning as
an enhancer of mRNA translation [41,42]. We hypothesized that
DAZL could have a role in stabilization of Tet genes causing the
observed increase in hydroxymethylation. To investigate whether
Tetl and Tet2 are mRNA targets of DAZL, we performed RNA
immunoprecipitation experiments followed by qRT-PCR. We found
that mRNAs associated with Dazl-GFP-V5 are enriched for Tetl
transcripts compared to IgG control RNA-IP in UV-cross-linked IP
experiments as well as in native IPs, but not for Tet2 (Fig 4C,
Appendix Fig S4B). These results suggest that DAZL could have a
direct effect on the stabilization or promotion of translation of Tetl
genes. Indeed, while the expression of Tetl and Tet2 genes does not

© 2015 The Authors

change upon Dazl overexpression (Appendix Fig S4E), elevated
TET1 protein levels are observed in ESCs from 2 days onwards after
the induction of Dazl with doxycycline, indicating that DAZL
supports more efficient translation (Fig 4D).

The transition of serum-cultured ESCs to a naive pluripotent
state in 2i conditions is accompanied by a transient increase in
hydroxymethylation and Tet gene expression during the first 3 days
after switching culture conditions [8]. To test whether DAZL is
essential for the acquisition of a naive pluripotent state, we exam-
ined the effect of loss of Dazl expression on DNA methylation and
hydroxymethylation levels upon 2i-induced transition to a naive
pluripotent state. We cultured Dazl™/~ ESCs, Dazl™/~ ESCs, and
Dazl*/* ESCs in 2i conditions for several days and investigated
DNA methylation and gene expression levels at different time points
[43]. Interestingly, 5-hydroxymethylation does not increase after
24 h in two different Dazl knockout ESC lines that we studied,
whereas wild-type ESCs from the same genetic background do show
this increase in accordance with previous reports (Appendix Fig
S4C) [8,36]. DNA dot-blot analysis also shows that global 5-hydrox-
ymethylation is detected at lower levels in Dazl knockout ESCs as
compared to Dazl heterozygous ESCs in 2i culture (Appendix Fig
S4D). However, no significant difference is observed in the tran-
scription of Tetl and Tet2 genes during the first days upon conver-
sion to 2i culture conditions between Dazl™/~, Dazl*/~, and Dazl*/*
ESCs (Appendix Fig S4E). To investigate whether DAZL is necessary
for enhancing Tetl translation during the transition to a naive
pluripotent state, we performed Western blot to analyze the
changes in TET1 protein levels in Dazl™~ and Dazl*/* ESCs
during the first 3 days in 2i conditions. As a matter of fact, Fig 4E
shows that TET1 protein is expressed at high levels after 24 h and
3 days in 2i medium in Dazl*/* ESCs, while TET1 induction is
slower and at lower levels in Dazl™~ ESCs explaining the delayed
hydroxymethylation as observed in Appendix Fig S4C (Fig 4E,
Appendix Fig S4C).

Despite low 5hmC levels, Dazl knockout ESCs do reach a deme-
thylated state upon prolonged 2i culture (Appendix Fig S4D). We
hypothesized that, in the absence of Dazl, mESCs mainly undergo
passive replication-dependent demethylation through downregula-
tion of DNMTs [31,32]. Indeed, qRT-PCR analysis of the expression
of DNA methyltransferases demonstrates a significant downregula-
tion of Dnmt3a and Dnmt3b upon conversion to 2i culture condi-
tions in Dazl™~, Dazl*/~, and Dazl™/* ESCs. However, the
downregulation of Dnmt3b is greater in Dazl /= and Dazl*/~ ESCs
compared to wild-type cells, and additionally, they also show a
significant downregulation of the maintenance methyltransferase
Dnmtl (Appendix Fig S4F). Thus, while cytosine demethylation
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Figure 4. DAZL acts as a translational enhancer of Tetl.

Dazl -/-

A gRT-PCR results for genes involved in DNA methylation (Dnmt3b) and hydroxymethylation (Tetl and Tet2), primed pluripotency (Gata6) and naive pluripotency (Rex1,
Prdm14, Tfcp2 I1 and Dazl) upon Dazl overexpression at d1 and d6 after treatment of ESCs with doxycycline.

B Mass spectrometric quantification of global ShmC levels upon overexpression of Dazl in ESCs at dO0, d1, d2, and d6.
gRT-PCR results for Tetl in both native as well as UV-cross-linked RNA-IP experiments in Dazl-GFP mESCs. Antibodies against GFP and V5 were used to

immunoprecipitate Dazl, and normal mouse IgG was used as a negative control.

D Western blot for TET1 protein levels upon overexpression of Dazl in ESCs at d0, d1, d2, and dé. Relative enrichment of TET1 in different samples was quantified using

Image] on Western blots of 3 biological replicates.

E  Western blot for TET1 protein levels in DazI*/* and Dazl™/~ ESCs upon conversion to 2i culture conditions. Relative enrichment of TET1 in different samples was

quantified using Image).

Data information: P-values were calculated using Student’s t-test. *P < 0.05, **P < 0.001. Error bars indicate s.d. values of > 3 biological replicates.

occurs mainly through a different route in 2i-cultured Dazl™/~ ESCs,
the cells ultimately reach a demethylated state as well.

Together, our results demonstrate that DAZL marks actively
reprogramming cells in ESC cultures. Furthermore, DAZL plays an
active role in this process by associating with Tet] mRNA and regu-
lating its translation, thereby controlling the oxidization of 5mC to
ShmC (Fig 5). Overexpression of DAZL is sufficient for inducing

EMBO reports Vol 16 | No 7| 2015

continuously higher levels of ShmC and TET protein expression.
Previous studies have reported that TET1 binding is enriched near
the transcriptional start site of germline- and naive pluripotency
genes [40]. Indeed, these genes are upregulated upon sustained
ectopic expression of Dazl in ESCs [40,44]. DAZL may therefore
facilitate rapid and active transition of ESCs to a more naive state, by
enhancing TET1 protein levels and promoting hydroxymethylation of

© 2015 The Authors
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Figure 5. DAZL is required for TET1-mediated hydroxymethylation to a more naive pluripotent state.

Model showing the mechanisms by which DAZL can induce hydroxymethylation in serum-cultured ESCs. DAZL associates with Tetl mRNA and enhances its translation.
Increased Tetl levels oxidize 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5ShmC). This can be followed by both active and passive demethylation resulting in the
expression of germline and naive pluripotency genes since TET1 is enriched at the promoters of these genes. DNMTs can subsequently induce DNA methylation again.

promoters of the pluripotent network. Indeed, in the absence of Dazl
expression, TET1 protein expression and 5-hydroxymethylation are
aberrantly regulated upon 2i induction. Our findings highlight the
essential role of DAZL in the regulation of hydroxymethylation. Since
Dazl is known to play an essential role in germ-cell differentiation, it
would be interesting to further investigate the role of DAZL in DNA
demethylation during primordial germ-cell development.

Materials and Methods

Cell culture

Mouse embryonic stem cells were cultured on y-irradiated feeder
MEFs in DMEM containing 15% FBS or serum-free B27N2 medium

both supplemented with leukemia inhibitory factor (LIF) [6]. For the
2i experiments, 1 uM MEK inhibitor PD0325901 (Axon Medchem)

© 2015 The Authors

and 5 pM GSK3f inhibitor Kenpaullone (Tocris) were used. Dazl-GFP
ESCs were generated as described [12]. Dazl ™/~ and Dazl*/~ ESCs
were isolated from blastocysts from Dazl heterozygous matings [43].

Inducible Dazl ESCs were generating by cloning Dazl cDNA into
the p2Lox-V5 vector as described previously [45].

Microarray analysis, immunofluorescence microscopy,
qRT-PCR gene expression analysis, Western blotting, and
RNA immunoprecipitation

Microarray analysis, immunofluorescence microscopy, qRT-
PCR gene expression analysis, Western blotting, and RNA immuno-
precipitation were performed as described [12]. Full experimental
procedures are found in the Appendix Supplementary Methods. The
NCBI Gene Expression Omnibus accession numbers for the micro-
array analysis data in this paper are: GSE69055, GSE69356 and
GSE69357.
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Mass spectrometry-based proteomics analysis
Mass spectrometry data can be found in Tables EV1 and EV2.
LC/MS analysis of mC and hmcC in the genomic DNA

All oligonucleotides, nucleosides (dC, 5mdC), ammonium acetate,
and LC/MS-grade acetonitrile were from Sigma-Aldrich. ShmdC was
purchased from Berry & Associates, Inc. (Dexter, MD.ISNg'dCTP and
15N3—dC were from Silantes, GmbH (Munich, Germany). 2H3—5de
was from TRC, Inc (Toronto, Canada). 1°N5-5hmdC was self-synthesized
by a series of in vitro reactions using ngTetl. In brief, the PCR-
synthesized oligonucleotide with the incorporated '°N;-dC was
MSP1-digested and PAGE-purified to remove the non-labeled primer
regions, then incubated with M.Sss1 methyl transferase to convert
all "*N5-dC into '*N;-mdC, and then incubated with ngTet1 to further
oxidize it to *N3-hmdC. Finally, the oligonucleotide was digested to
nucleosides and '°N3-hmdC was HPLC-purified. The ngTetl plasmid
DNA was a kind donation of Dr. Cheng. [46]. All solutions were
prepared using Millipore quality water (Barnstead GenPure xCAD Plus,
Thermo Scientific). Genomic DNA was isolated after RNase A
(Fermentas) treatment of lysed cells by DNeasy blood & tissue kit
(Qiagen) according to the manufacturer’s instructions followed by
ethanol precipitation using ammonium acetate as salt or using phenol—-
chloroform DNA isolation followed by ethanol precipitation using
ammonium acetate. About 1 ug of DNA was degraded to nucleosides
with 0.003 U nuclease P1 (Roche), 0.01 U snake venom phosphodies-
terase (Worthington), and 0.1 U alkaline phosphatase (Fermentas)
[47]. Separation of the nucleosides from the digested DNA samples
was performed with an Agilent 1290 UHPLC system equipped with
ReproSil 100 C18 column (3 um, 4.6 x 150 mm, Jasco GmbH,
Grof-Umstadt, Germany) with a gradient of 5 mM ammonium acetate
(pH 7) and acetonitrile. Quantitative MS/MS analysis was done with
an Agilent 6490 triple quadruple mass spectrometer coupled with
stable isotope dilution, as described [48-50]. For specific experimental
instrument setting, see Tables EVS and EV6.

Single-molecule FISH

Single-molecule FISH on E3.5 embryos and ESCs was performed
and analyzed as previously described [51].

RNA sequencing of blastocyst embryos

This procedure is based on the protocol of Tang et al [52]. Differen-
tial expression was analyzed using the Bayesian method according
to the protocol of Kharchenko and colleagues [53].

More detailed Materials and Methods are provided in the Appendix
Supplementary Methods.

Expanded View for this article is available online:
http://embor.embopress.org
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