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SUMMARY

Active DNA demethylation in mammals involves ten-
eleven translocation (TET) family protein-mediated
oxidation of 5-methylcytosine (5mC). However, base-
resolution landscapes of 5-formylcytosine (5fC) (an
oxidized derivative of 5mC) at the single-cell level
remain unexplored. Here, we present “CLEVER-
seq” (chemical-labeling-enabled C-to-T conversion
sequencing), whichis a single-cell, single-base resolu-
tion 5fC-sequencing technology, based on biocom-
patible, selective chemical labeling of 5fC and subse-
quent C-to-T conversion during amplification and
sequencing. CLEVER-seq shows intrinsic 5fC hetero-
geneity in mouse early embryos, Epi stem cells
(EpiSCs), and embryonic stem cells (ESCs). CLEVER-
seq of mouse early embryos also reveals the highly
patterned genomic distribution and parental-specific
dynamics of 5fC during mouse early pre-implantation
development. Integrated analysis demonstrates that
promoter 5fC production precedes the expression up-
regulation of a clear set of developmentally and meta-
bolically critical genes. Collectively, our work reveals
the dynamics of active DNA demethylation during
mouse pre-implantation development and provides
an important resource for further functional studies
of epigenetic reprogramming in single cells.

INTRODUCTION

5-methylcytosine (5mC) can be sequentially oxidized by TET
family proteins, producing 5-hydroxylmethylcytosine (5hmC),
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5-formylcytosine (5fC), and 5-carboxylcytosine (5caC); the latter
two are excised by thymine DNA glycosylase (TDG), collectively
defining the paradigm of active DNA demethylation in mammals
(He et al., 2011; Ito et al., 2010, 2011; Kriaucionis and Heintz,
2009; Maiti and Drohat, 2011; Pfaffeneder et al., 2011; Tahiliani
et al., 2009). During mammalian pre-implantation development,
active DNA demethylation is shown to play a role in the epige-
netic reprogramming in mouse early embryos (Hackett and Sur-
ani, 2013; Saitou et al., 2012). For instance, 5mC-oxidized deriv-
atives have been found to accumulate during the late zygotic
stage and are asymmetrically distributed between the paternal
and maternal genomes (Inoue et al., 2011; Inoue and Zhang,
2011). More recently, we and others have demonstrated that
both the paternal and maternal genomes undergo genome-
wide Tet3-dependent active DNA demethylation (Guo et al.,
2014; Shen et al., 2014). Furthermore, base-resolution maps of
5hmC and 5fC are generated for mouse two-cell embryos,
demonstrating the existence of 5mC-oxidized derivatives in the
parental genomes (Mooijman et al., 2016; Wang et al., 2014).

In recent years, single-cell epigenome sequencing technolo-
gies have revolutionized the study of DNA (hydroxyl-)methylation
(Farlik et al., 2015; Guo et al., 2013; Mooijman et al., 2016; Small-
wood et al., 2014), chromatin accessibility (Buenrostro et al.,
2015; Cusanovich et al., 2015; Jin et al., 2015), histone modifica-
tion (Rotem et al., 2015), and chromosome conformation and
structure (Kind et al., 2015; Nagano et al., 2013). However, sin-
gle-cell sequencing technologies for 5fC remain unexplored.
Although several methods have been developed for 5fC detec-
tion in bulk samples (Booth et al., 2014; Lu et al., 2015; Neri
et al., 2015; Raiber et al., 2012; Shen et al., 2013; Song et al.,
2013; Sun et al.,, 2015; Wu et al., 2014; Xia et al., 2015),
sequencing 5fC at the single-cell level is very challenging. First,
5fC is present at extremely low abundance: although it is stable
in adult brains and found in many cell types and all major organs,
it is present at a level of 20-200 ppm of cytosines, which is
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Figure 1. Concept and Validation of CLEVER-Seq for Single-Cell
Studies

(A) Scheme for malononitrile-mediated selective labeling of 5fC, based on the
principle of the Friedlander reaction. “5fC-M” stands for the adduct and is read
as a T in sequencing.

(B) General procedure of the single-cell CLEVER-seq technology. Briefly, in-
dividual single cells were picked into the lysis buffer using mouth pipette, and
malononitrile was added into the same test tube to selectively label 5fC sites.
After 20 hr of incubation, MALBACs were directly performed as one-tube re-
action to amplify the DNA for high-throughput sequencing. C-to-T conversions
were used to identify 5fC sites (see STAR Methods for details).

(C) Chemical-labeling-induced C-to-T conversion of 5fC in a double-stranded
5fC-containing spike-in sequence. Inthe untreated samples, alow rate of C-to-T

approximately 100-fold to 1,000-fold lower than that of 5mC
(Bachman et al., 2015; Ito et al., 2011; Pfaffeneder et al., 2011).
In addition, 5fC is indistinguishable from 5caC and regular Cs dur-
ing bisulfite treatment (Song et al., 2012); hence, the existing
bisulfite-based, single-cell sequencing technologies may not be
directly applicable to 5fC detection. Moreover, the multiple con-
version steps or purification procedures of the existing 5fC-
detection methods may lead to the degradation and severe loss
of genomic DNA from single cells, further complicating single-
cell-sequencing technologies. To date, genome-wide base-reso-
lution 5fC profiling is generally performed with tens of thousands
or even millions of cells as starting materials (Song et al., 2012).

Here, we developed a novel single-cell 5fC-sequencing
technique, termed “CLEVER-seq” (chemical-labeling-enabled
C-to-T conversion sequencing), to map the genome-wide
base-resolution 5fC landscapes in pluripotent stem cells and
mouse early embryos at single-cell level. CLEVER-seq is based
on a new biocompatible chemical-labeling reaction of 5fC
and subsequent C-to-T conversion during amplification and
sequencing. Our work reveals the dynamics of active DNA de-
methylation during early mouse pre-implantation development
and paves the way for future functional dissection of epigenetic
reprogramming at single-cell level.

RESULTS

Biocompatible and Selective Chemical Labeling of 5fC
Enables C-to-T Conversion during Sequencing

We have previously developed a bisulfite-free method for 5fC
detection in bulk samples (fC-CET), based on 1,3-indandione-
mediated Friedlander labeling of 5fC and subsequent C-to-T
conversion during sequencing (Figure S1A; Shen et al., 2011;
Xia et al., 2015). However, 1,3-indandione (and its azido deriva-
tive) has only limited solubility in water; hence, although fC-CET
is highly selective and robust for 5fC profiling in bulk samples, the
resulting aqueous suspension makes it difficult to reproducibly
label 5fC in a solution of very small amount (for instance,
2-5 ul) typical for single-cell analysis. In addition, the excess
1,3-indandione chemical needs to be removed before the
labeled genomic DNA is subjected to library preparation and
DNA amplification, in which several enzymes are involved. These
multiple purification steps of 1,3-indandione-mediated labeling
may also be unsuitable for 5fC profiling at the single-cell level.
Hence, a different chemical that has not only better solubility in
aqueous solution but also better biocompatibility is needed.

To identify one chemical that can meet these criteria, we
expanded our scope of small-molecule screening for selective
chemical labeling of 5fC. One stable and commercially available
chemical, malononitrile, appeared very promising: it reacted
selectively with 5fC and is very soluble in water (Figures 1A

transition (primarily due to the mildly mutagenic nature of 5fC) was observed. In
contrast, in other malononitrile-treated samples, high C-to-T conversion was
repeatedly observed. It is worth mentioning that the remaining C read counts in
the treated samples, which are comparable to the T read counts, come from the
complementary strand of the spike-in control sequence. The G nucleotide
complementary to 5fC is not labeled and does not undergo conversion, hence
giving rise to the C signals during sequencing. For fair calculation of the
observed C-to-T rate, a factor of 2 was multiplied to the ratio of T/(T+C) reads.
See also Figure S1 and Table S1.
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Table 1. Summary of the Number of Uniquely Covered 5fCpG Sites in Each Single Cell and Merged 5fCpG Sites for Each

Developmental Stage, See also Table S2

Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
Stage No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No.7 No.8 No.9 No.10 No.11 No.12 Merged
Oocyte 3,100 1,402 1,542 1,042 1,364 773 1,866 826 904 1,676 1,474 - 15,131
Sperm 2,036 2,494 3,525 2,319 2,627 2,354 3,198 - - - - - 17,665
Female pronuclei 1,067 2,447 1,706 372 1,676 1,617 2,152 2,152 1,783 1,241 - - 15,041
Male pronuclei 1,088 2,262 1,505 2,256 2,837 1,672 4,799 1,673 - - - - 17,496
Two-cell 2,038 1,373 1,808 1,157 1,983 920 1,938 3,000 2,457 2,457 1,929 1,755 21,813
Four-cell 353 1,585 863 720 337 862 471 - - - - - 4,662
ICM 544 245 932 783 1,197 414 712 419 108 - - - 4,139
TE 942 882 739 693 647 - - - - - - - 3,216
mESC (2i) 7,082 5,895 3,527 5,031 5,839 5,018 6,037 5,030 5,699 5,523 3,814 4,038 36,477
mESC (serum) 3,330 3,963 2,487 4,426 2,429 3,921 3,921 5876 - - - - 12,265
mEpiSC 11,973 8,869 10,465 14,774 11,520 7,118 6,843 8,702 6,676 7,628 - - 31,345
hESC 8,796 10,123 10,575 12,948 12,848 11,146 7,779 7,714 9,689 9,094 - - 41,347

and S1B-S1D). Under a wide range of pH (pH 5-8), salt and
buffer conditions, malononitrile can be readily dissolved to close
to molar concentration, hence making it convenient and reliable
to perform labeling reactions in a solution of tiny volume (Table
S1). In addition, the labeling reaction causes no observable
DNA degradation, which is desirable for preserving the single-
cell genomic DNA during chemical treatment (Figures S1E and
S1F). More importantly, this new chemical labeling reaction is
highly biocompatible: even at several hundred millimolar con-
centration, malononitrile does not significantly inhibit the poly-
merase activity of several commonly used DNA polymerases
(Figure S1G; Table S1). Hence, we were able to perform the se-
lective labeling of 5fC and subsequent DNA amplification in one
single test tube, with no need of any purification procedures to
remove the chemical (Figure 1B). Furthermore, because the
4’ amino group of 5fC is no longer a competent proton donor
in the adduct (or “5fC-M,” where M denotes malononitrile) and
thus fails to base pair with dG, the labeled 5fC is read as a dT dur-
ing PCR (Figure S1H), similar to our previous 5fC-detection
method (Xia et al., 2015). We further demonstrated that such
C-to-T conversion is independent of the 5fC density and its
flanking sequences (Figure S1l). We proposed that this one-
tube labeling reaction, or CLEVER-seq, could be used to detect
single-cell 5fC landscape at single-base resolution.

Single-Cell 5fC Sequencing at Single-Base Resolution
with CLEVER-Seq

To identify whole-genome and base-resolution 5fC landscape at
the single-cell level, we combined CLEVER-seq with multiple
annealing- and looping-based amplification cycles (MALBACS)
(which have been proven to be a robust single-cell genome
amplification method; Zong et al., 2012). To test whether our
approach is suitable for single-cell analysis, we first performed
chemical labeling of 5fC on genomic DNA samples from individ-
ual mouse embryonic stem cells at naive state (MESCs) (grown in
2i medium). The chemical-labeling-induced C-to-T conversion of
5fC in the sequencing reads was used to obtain the genome-
wide 5fC sites at single-base resolution. To directly assess the
conversion rate in the context of genomic DNAs, we spiked in
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a synthesized DNA oligo containing one fully modified 5fC
base; we also spiked in unmodified lambda DNA to evaluate
the false positive rate of 5fC detection caused by undesired
base transition. Under our optimized labeling conditions, a
C-to-T conversion rate of ~86.4%, averaged from 12 CLEVER-
seq experiments in MESCs (2i), was observed for the 5fC site,
thus suggesting that more than four-fifths of the 5fC sites were
reproducibly detected (Figures 1C and S2A). Importantly,
although 5fC is known to be mildly mutagenic (Kamiya et al.,
2002; Munzel et al., 2011), the C-to-T conversion rate was
~18-fold higher after malononitrile treatment and the labeling re-
action did not cause undesired base mutation for regular cyto-
sines in the spiked-in lambda DNA control (Figure S2A). Thus,
our method shows both high sensitivity and high specificity.
With ~3 X% mean sequencing depth of a single-cell sample, we
consistently obtained ~11.3 and ~6.4 million unique CpG sites
at >1x and >3Xx coverage, respectively, which represents
27% and 15% CpG sites in the entire genome (Table S2). Control
single-cell samples without chemical labeling recovered similar
numbers of CpG sites, demonstrating that our one-tube chemi-
cal labeling strategy had a minimal effect on the MALBACs reac-
tions. To identify genome-wide, single-5fC sites for individual
single cells, we required the coverage of a given CpG site to
be >3x and a C-to-T conversion ratio to be >65%; we also
defined several metrics to remove SNPs and potential C-to-T
mutations caused by PCR errors (Figure S2B). Using such strin-
gent bioinformatics criteria, we achieved an overall signal-to-
noise ratio of ~12 between the treated and untreated samples
and identified ~3,500-7,000 5fCpG sites for each mESC (2i) (Ta-
bles 1 and S2). At the single-base level, 5fC exhibited substantial
heterogeneity among individual mESCs (2i) (Figure S2C); never-
theless, in terms of their genomic distribution, 5fC sites in all 12
single mESCs (2i) were found to be enriched at similar genomic
regions (Figure S2D). Moreover, the genomic pattern of the
merged 5fC sites from 12 single mESCs (2i) resembled that of
5fC sites from bulk mESCs (2i), which we obtained previously us-
ing a different 5fC-labeling chemical and a distinct amplification
and library preparation procedure (Xia et al., 2015). Furthermore,
our single-cell 5fC data strongly correlate with the existing 5fC
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data from bulk samples (Figure S2E; Wang et al., 2014; Wu et al.,
2014). These results demonstrate the reliability of CLEVER-seq
in single-cell 5fC profiling. Finally, our approach was able to
detect copy number variations (CNVs) in an individual mESC
(2i) at megabase resolution, in addition to its capability of identi-
fying genome-wide 5fC sites at single-base resolution for a sin-
gle cell (Figure S2F).

CLEVER-Seq Identifies Dynamic 5fC Landscapes at
Base Resolution in Mouse Gametes and Early Embryos
We next applied CLEVER-seq to mouse sperm, metaphase
Il oocytes, zygotes, two-cell embryos, four-cell embryos, inner
cell mass (ICM), and trophectoderm (TE) isolated from the blas-
tocysts. The male and female pronuclei within each individual
PN3-PN4 stage zygote were physically isolated by micromanip-
ulation; the individual blastomeres of two-cell and four-cell em-
bryos were also separated. In addition to mESCs (2i), we also
performed CLEVER-seq to mESCs (serum), mouse Epi stem
cells (mEpiSCs), and human embryonic stem cells (hESCs). In to-
tal, we sequenced more than 1,500 GB data for 139 single cells
and identified 3,216-41,347 5fCpG sites from these different
stages (Figures 2A, 2B, and S2G-S2I; see Tables 1 and S2 for
details). In these different stages, we observed both inherited
and newly generated 5fC sites during early pre-implantation
development; yet only 7.1%, 6.8%, 17.5%, and 23.2% of the
5fC sites were inherited from sperm, oocytes, zygotes, and
two-cell embryos, respectively, suggesting the highly dynamic
formylation landscape after fertilization (Figure 2C). We also esti-
mated the modification fraction for each 5fCpG based on the
digitized readout of 5fC from an average of ten single cells
from each developmental stage. For all developmental stages
analyzed, 5fC sites tended to have a modification fraction of
~20%-40% (Figure S2G), consistent with those measured in
bulk two-cell embryos and mESCs using different methods
(Booth et al., 2014; Wang et al., 2014).

We next characterized the genomic distribution pattern of 5fC
(Figures 2D-2F). Although approximately half of 5fC sites were
located in intergenic regions, the intragenic regions had higher
5fC levels than the intergenic regions (Figures 2D-2F). Of the
different genomic elements, 5fC exhibited clear enrichment in
exon, intron, 3 UTRs, and transcriptional termination sites
(TTS) for all the stem cells analyzed in this study (Figure 2F).
5fC in hESCs correlated with poised enhancer (Figure S2J),
similar to previous findings in mESCs (Shen et al., 2013; Song
et al., 2013), and 5fC in two-cell embryos correlated with both
proximal and distal H3K27ac (Figure S2K). For gametes and

mouse early embryos, we also observed a large fraction of 5fC
sites in repeat elements: 5fC is weakly enriched in long inter-
spersed nuclear element (LINE) and short interspersed nuclear
element (SINE) but is depleted from long terminal repeat (LTR)
region (Figure S2L). Within both LINE and SINE, 5fC tends to
be relatively more depleted in the evolutionarily older subfam-
ilies, such as L2 and MIR (Figure S2M).

Heterogeneity of 5fC at the Single-Cell Level

With the 5fC landscapes in these single-cell samples, we next
analyzed the potential heterogeneity of 5fC. We first performed
principal-component analysis (PCA) to compare the genome-
wide 5fC distribution. Sperm, oocytes, pronuclei, and two-cell
embryos cluster together, whereas four-cell embryos, ICM, and
TE cells cluster together and away from the earlier-stage em-
bryos (Figure 2G). Because mESCs (2i) form a distinct cluster,
we also applied this analysis to mESCs (serum) and mEpiSCs.
Notably, these two types of cells form different clusters and
show stronger heterogeneity than the mESCs (2i) (Figure 2G).
To further analyze the heterogeneity of these different samples,
we calculated their variance of 5fC abundance. For the pluripo-
tent stem cell samples, we found that 5fC landscapes of mESCs
(serum) and mEpiSCs are more heterogeneous than mESCs (2i);
among gametes and early embryos, we observed the smallest
5fC heterogeneity in sperm cells (Figure S2N). Lastly, we further
compared the 5fC variance (Smallwood et al., 2014) in different
genomic regions and found that the intergenic regions are always
more heterogeneous than the intragenic regions for all the single-
cell samples we analyzed (Figure S20). It is worth mentioning that
5fC distribution in promoters and exons appears to be the least
heterogeneous, hinting regulated active DNA demethylation to
these key functional genomic regions (Figure S20).

Single-Cell 5fC Profiles Provide Direct Evidence of
Active DNA Demethylation for Both Paternal and
Maternal Genomes

We next sought to quantify 5fC levels of mouse early embryos
using the 5fC profiles by CLEVER-seq (see STAR Methods).
We first showed that 5fC levels calculated using CLEVER-seq
data recapitulate the relative 5fC ratio between sperm and
mESCs (2i) obtained by quantitative mass spectrometry (Fig-
ure S3A); additionally, 5fC levels by CLEVER-seq are in excellent
agreement with that by sequencing bulk samples (Figure S3B).
Thus, the 5fC levels measured by CLEVER-seq could be used
to estimate the actual 5fC levels of the mouse early embryos
and stem cells (Figures 3A and S3C).

Figure 2. The Landscape of DNA Formylation in Mouse Pluripotent Stem Cells and Early Embryos

(A) Representative snapshots of base-resolution maps of 5fC sites along the single-copy gene loci in two-cell embryos.

(B) Representative snapshots showing the modification fraction of 5fC sites in each developmental stage.

(C) Stacked barplot showing the number of the 5fC sites in gametes and early embryos. In parental pronuclei and two-cell embryos, newly generated and inherited
5fC sites are indicated with different colors. A 5fC site was defined as being newly generated if it was identified as 5fC in one stage and as a regular C in the
previous stage; a 5fC site was defined as inherited if it was identified as 5fC in two consecutive developmental stages.

(D) Stacked barplot showing the distribution of 5fC in different non-overlapping genomic elements.

(E) Relative enrichment of 5fC in different genomic elements in each stage of mouse early embryos.

(F) Relative enrichment of 5fC in different genomic elements in human and mouse stem cells.

(G) PCA of the genome-wide 5fC distribution pattern (averaged in 10-kb bins) of mouse gametes, early embryos, EpiSCs, as well as naive (2i) and primed (serum)
ESCs. The yellow circle indicates the cluster of single cells from earlier stages, including gametes, zygotes, and two-cell embryos; the pink circle indicates the
cluster of single cells from later stages, including four-cell embryo cells isolated from ICM and TE.

See also Figure S2.
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Figure 3. Dynamics of DNA Formylation in Mouse Early Embryos

(A) 5fC levels quantified using CLEVER-seq data for different mouse developmental stages. The values represent the percentage of 5fCpG in total CpG sites. Data
are mean + SEM.

(B) Immunostaining of 5mC and 5fC in mouse oocytes, zygotes, and two-cell embryos. Triangles indicate the polar bodies of the zygote and two-cell embryo,
whereas male and female symbols indicate the male and female pronucleus, respectively. The bar represents 10 um. BF, bright field.

(C) Relative 5fC enrichment in different annotated regions. Maternal- and paternal-genome-specific 5fC-marked regions are shown in pink and blue, respectively;
the shared 5fC-marked regions are shown in red. The upper and bottom panels are results for gametes and pronuclei of zygotes, respectively.

(D and E) The DNA formylation dynamics in the whole genome, intergenic, exon and intron regions (D), and promoter regions (E) of the paternal (blue) and maternal
(pink) genomes of each individual zygote taken at different zygotic timing within the PN3-PN4 stage. The 5fC levels for the gametes are also shown as the first
points of each curve. The values represent the percentage of 5fCpG in total CpG sites.

See also Figure S3.
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We found that 5fC level is nearly doubled in the paternal
genome after fertilization, demonstrating dramatic active DNA
demethylation of the paternal genome (Figure 3A). We also
observed a mild increase of 5fC level for the maternal genome af-
ter fertilization (Figure 3A); notably, the genomic DNAs in the
PN3-PN4 female pronuclei were at least partially replicated, indi-
cating that active DNA demethylation occurs to the maternal
genome as well. Additionally, the 5fC level in the two-cell em-
bryos was approximately equal to the average abundance of
the male and female pronuclei (Figure 3A), although only
17.5% of the 5fC sites observed in two-cell embryos were in-
herited from PN3-PN4 zygotes (Figure 2C). Finally, we per-
formed immunostaining experiments using 5mC and 5fC anti-
bodies and verified the presence of 5mC and 5fC in the
embryos after fertilization (Figure 3B).

Synergistic Production of 5fC in Paternal and Maternal
Genome after Fertilization

To compare the 5fC profiles between the paternal and maternal
genomes, we binned the genome into consecutive 1-kb tiles
and classified the tiles into either 5fC-marked or unmarked re-
gions. 5fC-marked regions can be both specific and shared be-
tween the paternal and maternal genome in the gametes and
zygotes (Figures 3C and S3D). In the gametes, whereas the
sperm- and oocyte-specific 5fC-marked regions were both en-
riched in promoter, 3' UTR, and TTS, the shared 5fC-marked re-
gions were depleted in these elements, thus suggesting that
5fC modification may be present within similar genomic ele-
ments but at different genes (Figure 3C). Interestingly, after
fertilization, the shared 5fC-marked regions were enriched in
very similar genomic elements to those in both the paternal-
and maternal-specific 5fC-marked regions in zygotes. This
observation demonstrated that production of 5fC, and hence
active DNA demethylation, are synergistic in the paternal and
maternal genome after fertilization. Moreover, we performed
gene ontology (GO) analysis to characterize genes with syner-
gistic production of promoter 5fC in both parental genomes
and found that these genes are enriched in the GO terms of tro-
phectodermal cell differentiation (p = 1.6 x 10™%), blastocyst
formation (p = 5.3 x 1074, and others, among which are key
transcription factors, such as Tfap2c and Foxd2. Such synergis-
tic production of 5fC implies coordinated regulation of active
DNA demethylation in both the maternal and paternal genomes
after fertilization.

5fC Levels of Paired Pronuclei and Two-Cell Embryos

Out of the 18 single pronuclei used in this study, 12 (six pairs)
were successively obtained from six zygotes at the PN3-PN4
stage; out of the 12 single blastomeres of the two-cell embryos,
ten were paired blastomeres from five embryos. We next
compared the 5fC levels among these paired single-cell sam-
ples. For the zygotes, the 5fC levels of the male pronuclei were
always higher than those in the corresponding female pronuclei
(Figure 3D). Moreover, a substantial increase of the whole-
genome 5fC level was observed for the male pronuclei succes-
sively obtained at the PN3-PN4 stage, but no significant in-
crease in 5fC level was observed for the female pronuclei.
Notably, when we divided the whole genome into separate func-
tional elements, a similar trend was observed for these elements,
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except for the promoter of the female pronuclei, which also
showed a substantial increase of 5fC level (Figures 3D, 3E, and
S3E). Therefore, active DNA demethylation tends to be genome
wide for the paternal genome and is more restricted to particular
functional elements, such as promoters, for the PN3-PN4
maternal genome. Different from that of pronuclei, no significant
difference of 5fC levels was observed for the paired two-cell
blastomeres (Figure S3F). Yet, a comparison of 5fC data in the
two-cell embryos with bulk two-cell 5hmC profile (Wang et al.,
2014) indicates that active DNA demethylation preferentially
occurs to functional elements in the two-cell embryos as well
(Figure S3G).

5fC Production Correlates with 5mC Demethylation

We next analyzed the loss of 5mC (by integrating published
methylome data; Smith et al., 2012; see STAR Methods) for the
5fC-marked regions. 5fC-marked regions in both parental pronu-
clei exhibit high level of 5mC loss, suggesting positive correlation
between 5fC production and 5mC demethylation during fertiliza-
tion (Figure 4A). This is consistent with the knowledge that the zy-
gotic-stage embryos undergo the most dramatic active DNA de-
methylation. Starting from the two-cell stage, the correlation
between 5fC production and 5mC demethylation becomes
less prominent (Figure 4A). We next compared 5fC production
and 5mC demethylation in different genomic regions. For both
intragenic and intergenic regions, the evident production of 5fC
in zygotes is accompanied by dramatic loss of 5mC. From the
two-cell to the four-cell stage, generation of 5fC is limited, coin-
ciding with few sizeable 5mC changes. Interestingly, although
the genome-wide loss of 5mC is less prominent in the intragenic
regions, the production of 5fC is comparable between intragenic
and intergenic regions in zygotes (Figure 4B). The enrichment of
5fC is most pronounced in promoters, which also have the
lowest level of DNA methylation, suggesting that active DNA de-
methylation preferentially occurs at key regulatory elements
during epigenetic reprogramming in the mouse early embryos
(Figures 4B and S4).

Production of Promoter 5fC Precedes the Upregulation
of Gene Expression

To investigate the temporal relationship between 5fC production
and gene expression, we integrated our single-cell 5fC profiles
with existing single-cell RNA sequencing (RNA-seq) data of
mouse early embryos (Deng et al., 2014). We selected genes
with promoter 5fC sites that were pre-existed in gametes or
newly generated in the parental pronuclei and two-cell and
four-cell embryos, respectively. We then calculated the normal-
ized fold changes in the expression levels of these genes across
consecutive developmental stages (Figure 5A). We found that
the expression level of genes with promoter 5fC sites in oocyte
and sperm were upregulated from both the mid-two-cell stage
and to the eight-cell stage (oocyte) or to the four-cell stage
(sperm), respectively. For genes with promoter 5fC sites newly
generated in the male pronuclei, female pronuclei, and two-cell
embryos, upregulation of gene expression only emerges from
the mid-two-cell stage (for both parental pronuclei) or from the
four-cell stage (two-cell embryos), and all lasts to the eight-cell
stage. Therefore, both the promoter 5fC sites pre-existed in
gametes and gained after fertilization precedes the upregulation
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A Figure 4. DNA Formylation Is Coupled with DNA Demethylation
5fC Regions

in Mouse Early Embryos
(A) Stacked barplot showing the fraction of 5fC-marked regions with
different degrees of DNA demethylation.
(B) 5fC generation in different genomic regions is coupled with 5mC
demethylation in mouse early embryos. The dynamics of active deme-
thylation in male and female genomes is also distinct. Red and blue lines
= >40% Demethylation indicate the DNA formylation and methylation levels in maternal (red) and
paternal (blue) genomes, and the purple line represents that of the mixed
diploid genome. Regions include the intergenic region, intragenic region,
exon, intron, promoter, and transcription termination site (TTS).
Data are mean + SEM. See also Figure S4.
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Figure 5. Generation of Promoter 5fC Precedes the Upregulation of Gene Expression in Mouse Early Embryos
(A) The normalized fold changes of gene expression levels between consecutive stages for genes with promoter 5fC in mouse early embryos. The color key,
ranging from blue to red, indicates the normalized fold changes from low to high, respectively. The sizes of the circles represent the p values of normalized fold
changes (between genes with promoter 5fC and total genes) of gene expression between consecutive stages (Wilcoxon test); to allow visualization, statistically
significant and insignificant changes are represented with solid and dashed lines, respectively. The RNA-seq dataset is referred from Deng et al. (2014).

(B) GO analysis of genes whose promoters are enriched with 5fC sites in oocytes (top left panel), male pronuclei (top right panel), two-cell embryos (bottom left

panel), and TE (bottom right panel), respectively.
See also Figure S5.

of gene expression. Importantly, this temporal relationship was
observed only for the promoter 5fC; no temporal regulation

pattern was found when intragenic 5fC sites
gene expression analyses (Figure S5A).
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To predict the potential biological functions that involve 5fC
modification, we identified the GO terms that are enriched for
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Figure 6. Models of the DNA Formylation Landscapes in Mouse
Early Embryos

(A) Schematics of relative level of DNA formylation in parental genomes in
mouse early embryos. The DNA methylation level is also plotted, showing the
drastic DNA demethylation process in mouse preimplantation development.
(B) A model demonstrates that the production of promoter 5fC precedes the
upregulation of gene expression in mouse early embryos.

the genes with 5fC sites in their promoter regions (Figures 5B and
S5B). Genes with promoter 5fC were enriched in GO terms,
including regulation of anatomical structure morphogenesis
(p = 2.7 x 1074 and blastocyst development (p = 1.9 x 1079)
for oocytes and negative regulation of necroptotic process (p =
5.9 x 1079), cell cycle process (p = 5.8 x 107, and cellular re-
sponses to DNA damage stimulus (p = 3.1 x 10~%) for paternal
pronuclei. For the two-cell embryos, genes with promoter 5fC
were enriched in GO terms, including RNA metabolic process
(p = 1.7 x 1079), regulation of gene expression (p = 2.4 X
107%), and cell fate commitment (p = 4.5 x 10~°). In agreement
with our observations, previous single-cell RNA-seq of mouse
pre-implantation embryos has identified stage-specific gene
expression modules, which include the regulation of transcrip-
tion for the four-cell and eight-cell embryos (Xue et al., 2013).
Collectively, these observations suggested active DNA deme-
thylation as a regulatory mechanism of gene expression during
mouse early pre-implantation development.

DISCUSSION

In this work, we developed the CLEVER-seq method and identi-
fied the base-resolution 5fC landscapes for mouse gametes,
pre-implantation embryos, and pluripotent stem cells at single-
cell level. A key feature that enabled CLEVER-seq to be used
for single-cell analyses is its excellent biocompatibility.
Comparing to our previous 5fC detection method for bulk

samples, CLEVER-seq is based on a new chemical-labeling re-
action that is compatible with enzymes needed for DNA amplifi-
cation and sequencing. Such biocompatibility of CLEVER-seq
allowed us to perform 5fC labeling and DNA amplification in a
one-tube reaction fashion and is valuable for single-cell analysis.
For instance, in this work, we combined CLEVER-seq with
MALBACs and were consequently able to not only sequence
the single-cell 5fC profiles at single-base resolution but also
obtain information about the copy number variation in the
same cells (Figure S2F). Moreover, if this biocompatible labeling
approach is combined with available single-cell techniques for
genome, transcriptome, and/or epigenome sequencing (Dey
et al., 2015; Hou et al., 2016; Macaulay et al., 2015), CLEVER-
seq could have wider application in multi-dimensional omics
profiling of the same individual cell.

CLEVER-seq revealed dynamic DNA formylation during
mouse early pre-implantation development (Figure 6A). Because
the majority of 5fC sites appeared to be stage specific, it is
tempting to speculate the regulatory mechanism for the dynamic
5fC profiles. Previous evidences, including ours, have shown
that the production of 5fC depends on Tet3, but the removal of
5fC is not dependent on the Tdg DNA glycosylase (Guo et al.,
2014; Shen et al., 2011, 2014). One possibility is that 5fC may
be further oxidized by Tet3 to 5caC, which cannot be detected
by CLEVER-seq. Moreover, 5fC and 5caC have been suggested
to undergo deformylation and decarboxylation reaction
(Schiesser et al., 2013), although to what extent such reactions
can occur in a biological system remains unclear. Of course, it
is possible that the passive dilution of 5fC may also contribute
to the rapid removal of 5fC after fertilization (Inoue et al., 2011).

CLEVER-seq revealed that active DNA demethylation is syner-
gistic after fertilization. The observation that 5fC is present in
similar genomic regions of different genes between sperm and
oocytes suggested that the 5fC profiles of gametes are
gender-specifically established during gametogenesis. Remark-
ably, synergistic active DNA demethylation in the zygote pro-
duced 5fC at key functional genomic elements for the same
set of genes in the parental genomes, suggesting a regulated
process of active DNA demethylation after fertilization. Thus, a
potential regulatory mechanism that enables the synergistic
active demethylation may be of interests for future studies.

Our integrated analysis shows that the production of promoter
5fC, but not 5fC sites from other genomic regions, precedes the
upregulation of gene expression (Figures 5 and 6B). It has been
shown that 5fC recruits transcription regulators as well as DNA
repair proteins in mMESCs (lurlaro et al., 2013; Spruijt et al.,
2013). Although it remains to be determined whether 5fC recruits
transcription activators in mouse early embryos, the removal of
promoter 5fC via DNA repair machinery might require consider-
able time. Alternatively, the passive removal of 5fC via DNA repli-
cation would dilute the 5fC level to half after one round of cell di-
vision. In fact, on the basis of the temporal relationship shown in
Figure 5, the duration of each round of cell division appears to be
the minimal interval between the production of promoter 5fC and
the upregulation of gene expression. Additionally, it is also
possible that other time-consuming regulatory mechanism might
be involved in the delayed gene expression.

CLEVER-seq has provided, to the best of our knowledge, the
first single-cell, single-base resolution 5fC landscape during
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mouse pre-implantation development. Our work demonstrates
the highly dynamic and synergistic nature of active DNA deme-
thylation after fertilization, reveals the temporal and potentially
causal relationship between epigenetic formylation and upregu-
lation of gene expression, and provides an important resource
for further functional studies of epigenetic reprogramming in sin-
gle cells.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-5-Methylcytosine Antibody Eurogentec Cat#BI-MECY-1000; RRID: AB_11232874
5-Formylcytosine (5-fC) antibody (pAb) Active Motif Cat#61223

Goat anti-Rabbit I9G (H+L) Secondary Antibody, Alexa Invitrogen Cat#A-11012; RRID: AB_141359
Fluor 594

Goat anti-Mouse IgG (H+L) Secondary Antibody, Cy5 Invitrogen Cat#A10524; RRID: AB_2534033
Chemicals, Peptides, and Recombinant Proteins

Malononitrile J&K Cat#261700
Hoechst 33342 Invitrogen Cat#H3570
Trypsin-EDTA (0.05%) GIBCO Cat#25300-062
HTF medium Millipore Cat#MR-070-D
PD0325901 Selleckchem Cat# S1036
CHIR99021 Selleckchem Cat#S2924

LIF Millipore Cat#ESG1107
PMSG Sigma Cat#G4877
HCG Sigma Cat#1297001
fetal bovine serum (FBS) GIBCO Cat#16141079
Tyrode’s solution, Acidic Sigma-Aldrich Cat#T1788
KSOM medium Millipore Cat#MR-121-D
M2 medium Sigma Cat#m7167
Acidic Tyrode’s solution Sigma Cat#T1788
hESC-Qualified Matrix Corning Cat#354277
TeSR-E8 culture medium Stemcell technologies Cat#05940
DeepVent (exo-) DNA polymerase NEB Cat#M0259L
Proteinase QIAGEN Cat#19157
Glycogen Roche Cat#10901393001
Nuclease P1 Sigma-Aldrich Cat#N8630
Alkaline Phosphatase Sigma-Aldrich Cat#P5931
Klenow Fragment (3’ — 5’ exo-) NEB Cat#M0212M
T4 DNA Ligase, HC (30 U/pL) Thermo Scientific Cat#EL0013
MightyAmp DNA Polymerase Takara Cat#R071A
Cobuddy DNA Polymerase CWBIO Cat#CW2396S
Taqg DNA Polymerase Transgen Cat#AP111-01
Q5 DNA Polymerase NEB Cat#M0493L
DNA Degradase Plus Zymo Cat#E2020
Dpnll NEB Cat#R0543L
Critical Commercial Assays

MALBAC Yikon Genomics Cat#YK001B
NEBNext Ultra DNA Library Prep Kit for lllumina NEB Cat#E7370L
QIAquick PCR Purification kit QIAGEN Cat#28106
Deposited Data

CLEVER-seq sequencing data NCBI GEO GEO: GSE84833

Experimental Models: Cell Lines

Mouse: naive mESC
Mouse: prime mESC

el Cell Stem Cell 20, 720-731.e1-e5, May 4, 2017

(Guo et al., 2013)
(Ying et al., 2008)

N/A
N/A
(Continued on next page)



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: epiblast stem cell (Bao et al., 2009) N/A

Human: hESC (Ludwig et al., 2006) H9

Experimental Models: Organisms/Strains

Mouse: C57BL/6 Beijing Vital River Laboratory N/A

Sequence-Based Reagents

Spike-in DNA oligos see Table S3 This paper N/A

Software and Algorithms

trim galore (version: 0.3.3) N/A http://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/

Bismark tool (version: 0.13) (Krueger and Andrews, 2011) http://www.bioinformatics.bbsrc.ac.uk/
projects/bismark/

samtools (version: 0.1.18) (Li et al., 2009) http://samtools.sourceforge.net/

HOMER (Heinz et al., 2010). http://homer.salk.edu/homer/

Liftover (Kent et al., 2003) http://genome.ucsc.edu/cgi-bin/hgLiftOver

Other

SNPs (database, version: VCFv4.1)

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents should be directed to and will be fulfilled by the Lead Contact, Chenqi Yi (chenggqi.yi@
pku.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All the animal experiments were carried out in compliance with the ethical guidelines of the Peking University Institutional Animal
Care and Use Committee (IACUC). The experimental animals in this study were kept at SPF-class Laboratory Animal Room. The
C57BL/6-strain mice purchased from Beijing Vital River Laborartory were SPF-class wild-type. The female mice were 6-8 weeks
and the male ones were 12 weeks, which were both in good healthy condition. The mice were raised in constant temperature
(~22°C) and the relative humidity of 50% to 60%. The sunlight condition is 12 hr in the light followed by 12 hr in the dark. They
were feed in sterile conditions, with full-nutrient forage and adequate water. The animal experiment manipulators got the specialized
training and had the certification of experimental animal practice qualification. Before mating, the female mice were superovulated by
injecting 5 IU PMSG (Sigma) followed by 5 IU HCG (Sigma) after 45 hr, while the male ones were without previous procedures. Super-
ovulated female mice were either sacrificed to collect the metaphase Il (MIl) oocytes or mated with the males to isolate embryos. After
daily vaginal plug check, E0.5 embryos (zygotes) and E1.5 embryos (2-cell embryos) were collected from the oviducts. The MII
oocytes, zygotes and 2-cell embryos were further treated with acidic Tyrode’s solution (Sigma) to remove the zona pellucida. Polar
bodies were also removed carefully by repeated pipetting. Pronuclei were biopsied using a piezo assisted micromanipulator after
stained with Hoechst 33342 (Invitrogen), and male and female pronuclei were further discriminated on the basis of their sizes and
the relative distances to the polar bodies. 2-cell embryos were further cultured in KSOM medium (Millipore) to the next progressive
cleavage stage to obtain the 4-cell embryos. While E3.5 blastocysts (cavitated) were collected from the uteri of the mated mice
into the M2 medium (sigma), and followed by several rounds of washing. ICM and TE cells were further physically separated using
the microneedles, and washed with PBS to remove the contaminants. Naked 2-cell, 4-cell embryos, ICM and TE cells were further
dissociated into single cells by using Trypsin solution (GIBCO) and gentle pipetting.The spermatozoa were obtained from the caudal
epididymides of adult male mice. After being incubated with HTF medium (Millipore), sperm cells with vigorous activity were chosen for
further library preparation. All the oocytes, sperm cells, pronuclei of zygotes and blastomeres of 2-cell and 4-cell embryos, ICM and TE
cells were washed extensively with PBS and confirmed to be free of any somatic contamination by viewing under a microscope.

mESC culture

Naive mouse Embryonic Stem Cells (MESCs) were regularly maintained on the pre-gelatinized dishes without feeders, supplemented
with two inhibitors (2i): 1 uM PD0325901 (Selleckchem), 3 uM CHIR99021 (Selleckchem) in the presence of 1,000 U/ml leukemia
inhibitory factor (LIF, Millipore) and 20% fetal bovine serum (FBS, GIBCO) in Dulbecco’s modified eagle’s medium (DMEM/F-12,
GIBCO) (Ying et al., 2008). Primed mouse Embryonic Stem Cells (MESCs) were cultured with DMEM F12 (GIBCO) with 20% FBS
(GIBCO) and also 1,000 U/ml LIF (Millopore). Mouse Epiblast Stem Cells (mEpiSCs) were cultured with DMEM F12 (GIBCO) supple-
mented with N2B27 and Activin A and bFGF (Bao et al., 2009).
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hESC culture
Feeder-free human Embryonic Stem Cells (hESCs) (H9) were cultured on the hESC-Qualified Matrix (Corning) in complete TeSR-E8
culture medium (Stemcell technologies) with regular passaging (Ludwig et al., 2006).

METHOD DETAILS

Oligonucleotide and model synthesis

Oligonucleotides containing site-specific 5fC, 5mC, 5hmC, 5caC and 5fU were synthesized using the Expedite 8909 nucleic
acid synthesizer using commercially available phosphoramidites (Glen Research). Deprotection and purification of oligonucleo-
tides were carried out with Glen-Pak cartridges (Glen Reasearch) according to the manufacturer’s instructions. Purified oligonu-
cleotides were characterized by matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF, ABI 7500). Regular
oligonucleotides were purchased from Sangon Biotech (Shanghai). 139bp Model1_spike_in DNA was generated by primer exten-
sion using 1:1 ratio of single-stranded Model1 and Model1_Reverse sequences and subsequently purified by QIAquick PCR
purification kit (QIAGEN).

Malononitrile-based selective labeling of 5fC

For malononitrile-mediated selective labeling of 5fC, 9-mer chemically synthesized model sequences containing 5fC, C, 5mC, 5hmC
and 5fU respectively were used (Table S3, MS_5fC, MS_C, MS_5mC, MS_5hmC and MS_5fU). 4 ug oligonucleotide was incubated
with 150 mM of malononitrile in 100 pL at 37°C for 20 hr in an Eppendorf tube in a thermomixer (Eppendorf, 850 rpm). After the re-
action, we used ethanol precipitation to purify the DNAs with the help of glycogen (Invitrogen). Reaction were monitored by
MALDI-TOF (ABI 7500).

For HPLC analysis of 9-mer model DNAs, 1 ng MS_5fC oligonucleotide was digested by nuclease P1 (Sigma, #N8630) and alkaline
phosphatase (Sigma, #P5931) in 100 uL reaction solution at 37°C overnight. 10 ulL of filtered reaction solution was injected into Agi-
lent 1260 HPLC and separated by C-18 reverse phase column in 5%-50% acetonitrile (50 mM NH4Ac, pH 7.0); digested nucleosides
were detected by UV A260 and A230.

Sanger sequencing of the labeled model DNA

For Sanger sequencing of model DNA, 20 pg of 76-mer model DNA (Table S3, Model1) was incubated with 150 mM of malononitrile
with varying pH and buffers (Table S1) at 5 uL at 37°C for 20 hr in a thermomixer (Eppendorf, 850 rpm). After the reaction, we amplified
the model DNA used MightyAmp (Takara, #R071A) with and/or without purification. The PCR reactions were carried out in 20 plL re-
actions containing primers Model1_Forward and Model1_Reverse. Model1_sequencing is used for Sanger sequencing of Model1.
C-to-T conversion rate was measured by comparing the peak height of C and T at the corresponding sites of Sanger sequencing
chromatography. For high-throughput sequencing of model DNA, 100 ng of model DNA (Table S3, NNfCNN, fCNfCN and fCNXgfCN,
“N” represents A, C, G or T and “Xg” is a defined sequence that is of 9 nucleotide) was incubated with 150 mM of malononitrile with
varying pH and buffers (Table S1) at 50 uL at 37°C for 20 hr in a thermomixer (Eppendorf, 850 rpm). After reaction, model was purified
by ethanol precipitation and mixed with unlabeled probes in in varying ratios (0, 20%, 40%, 60%, 80%, 100%). The mixed probes
were then amplified using MightyAmp (Takara, #R071A), DeepVent (exo-) DNA polymerase (NEB, #M0259L), Q5 DNA Polymerase
(NEB, #M0493L), Cobuddy DNA Polymerase (CWBIO, #CW2396S) and Taq DNA Polymerase (Transgen, #AP111-01).

LC-MS/MS quantification of 5fC in genomic DNA

4 ng of genomic DNA was digested by 20 U of DNA Degradase Plus (Zymo, #E2020) at 37°C overnight. After a brief desalting step with
Bio-Spin P-6 Gel Columns (Bio-Rad, #7326227) and filtration, 10 uL (out of 40 ul) recovered solution was injected into LC-MS/MS
(Agilent UPLC 1290 - MS/MS 6495). The nucleosides were separated by ultra-performance liquid chromatography on a C18 reverse
phase column and detected by mass spectrometer set to multiple reactions monitoring (MRM) in the positive electrospray ionization
mode. The nucleosides were quantified using the nucleoside to base ion mass transitions of 256 to 140 (5fC) and 228 to 112 (C) as
previous reported (Song et al., 2013). Quantification and detection limits were determined by comparison with the standard curves
obtained from nucleoside standards detected at the same time.

Single-cell CLEVER-seq

Single mouse embryonic stem cells, gametes and early embryos were picked into the lysis buffer (20 mM Tris, 2 mM EDTA, 20 mM
KCl, and 0.3% Triton X-100) using a mouth pipette. Genomic DNAs were released after treatment with proteinase (QIAGEN) at 50°C
for 3 hr. The single cell lysate was used to proceed to the next step or was freezen at —80°C for temporary storage. Trace amount of
unmethylated lambda DNA and 5fC-containing model oligos (see Table S3 for details) were spiked into the lysis buffer. To label the
5fC adequately, 150 mM malononitrile (J&K) was added directly to the single cell lysate, which was allowed to react at 37°C for 20 hr
with continuously shaking in a thermomixer (Eppendorf, 850 rpm).

To obtain the whole genome 5fC profiles from the single cells, MALBAC technique was applied to amplify the malononitrile-labeled
genomic DNAs with minor modifications (Zong et al., 2012). Briefly, 11 rounds of quasi-linear pre-amplification and 15 cycles of expo-
nential amplification were performed to obtain sufficient DNA for library construction. Sequencing libraries were constructed under
the instruction of NEBNext Ultra DNA Library Prep Kit for lllumina (NEB), and the final libraries were amplified using the DeepVent DNA
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polymerase (3'-5' exo-, NEB). All of the quality-ensured libraries were sequenced on the HiSeq 2500 platform in 150 bp paired-end
mode (sequenced by Novogene).

CLEVER-seq (reduced representative)

To demonstrate that 5fC level calculated using CLEVER-seq is consistent with the 5fC level obtained by sequencing bulk samples,
we also combined CLEVER-seq with reduced representative sequencing. The labeled DNA was first digested with 9 U Dpnll (NEB) at
37°C for 3h, and end polished and 3’adenylated with 5 U klenow polymerase (3'-5’ exo-, Fermentas). After heat inactivation, DNA
fragments were ligated with sequencing adapters (NEB), supplemented with 30 U of highly concentrated T4 DNA ligase (Fermentas)
and PCR enriched with 1.6 U Deep Vent DNA polymerase (3'-5' exo-, NEB).

QUANTIFICATION AND STATISTICAL ANALYSIS

Immunofluorescence of 5mC and 5fC

Immunostaining was performed according to the protocol described previously (Guo et al., 2013) . Briefly, mouse early embryos were
first fixed with 4% paraformaldehyde for 30 min at room temperature. After washed with PBST buffer, these cells were further per-
meabilized with 0.2% Triton X-100 (Sigma), and DNAs were denatured after 4N HCI treatment for 30 min at room temperature. After
blocking with 0.1% PBS-BSA (Sigma) overnight at 4°C, cells were incubated with anti-5mC (1:500 dilution, Eurogentec) and anti-5fC
(1:1000 dilution, active motif) antibodies overnight at 4°C. Alexa 594 goat anti-rabbit IgG (1:500 dilution, Invitrogen) or Cy5 640 goat
anti-mouse IgG (1:500 dilution, Invitrogen) were used as the second antibodies. All images were acquired and analyzed using
UltraVIEW VoX Spinning Disk Confocal Microscope (PerkinElmer).

Data processing

Sequencing Read Quality Control

All the de-multiplexed fastq reads were stripped to remove the low-quality bases and artificial sequences, including MALBAC primer
and illumina adaptor sequences using trim galore (version: 0.3.3) (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/)
and customized scripts.

Alignment

The remaining cleaned reads were then aligned to the mm9 mouse and hg19 human reference genome (downloaded from the UCSC
Genome Browser) using the Bismark tool (version: 0.13) (http://www.bioinformatics.bbsrc.ac.uk/projects/bismark/) with the default
parameters (Krueger and Andrews, 2011). Duplicated reads were removed using samtools (version: 0.1.18) (http://samtools.
sourceforge.net/) (Li et al., 2009). The 137-bp spike-in DNA was used as an internal reference to calculate the C-to-T conversion
rate for each CLEVER-seq experiment. When we estimated the CpG coverage in the merged groups of single cells, we used the high-
est coverage among the cells that captured the particular CpG site.

5fC site identification and filtering

To identify 5fC sites at single-cell level, we restricted our research space at CpG sites. For these sites, we counted the number of
“C” bases as N¢ and the number of “T” reads as Nr. Then, we used the binomial distribution having parameters N as the sequencing
depth (Nc+N7) and p as the C-to-T conversion rate from spike-in lambda DNA, to assess the probability of observing N+ by chance
(Yu et al., 2012). CpG sites with p-value < 0.005 was selected and used for subsequent analysis. CpG sites with known SNPs (data-
base, version: VCFv4.1) were discarded. To avoid potential C-to-T mutation caused by PCR errors, all CpG sites with > 65% C-to-T
conversion rate in at least two treated single cell samples were grouped as the candidate pool. To reduce the background noise, all
CpG sites with > 65% C-to-T conversion rate in at least 2 untreated control single cell samples were grouped as the background
pool. For each labeled single cell sample, all CpG sites with at least 3 sequencing reads and a conversion rate of > 65% were first
intersected with the candidate pool, and then subtracted by the background pool, so as to give the 5fC sites for this single cell; all
CpG sites with at least 3 reads and a mutation rate of < 25% were identified as regular C. The 5{CpG/CpG ratio was calculated by
dividing the number of 5fC sites by the number of regular Cs. The variance of 5fC distribution was calculated based on previous re-
ported method (Smallwood et al., 2014) with minor revisions, we calculated the 5fC abundance averaged from 1-kb bins.

To evaluate false-negative detection rate (FDR), all CpG sites in untreated control cells with at least 3 reads and a mutation rate of
> 65% were intersected with the background pool and subtracted by the candidate pool, giving the false detected 5fC; all CpG sites
with at least 3 reads and a mutation rate of < 25% were identified as C sites. The false detection level was calculated by dividing the
false detected 5fCs by regular Cs. The FDR was calculated by (False detected 5fCpGcontro/ CPGcontrol)/(5fCPCrreated/ CPGreated)-
The average FDR for all samples under the same C-to-T cutoff (65%) is 8.6%.

Genomic Annotations and External Datasets

Genomic element annotations were carried out using HOMER software (http://homer.salk.edu/homer/) (Heinz et al., 2010). High-den-
sity CpG promoter (HCP), intermediate-density CpG promoter (ICP), and low-density CpG promoter (LCP) annotations were all taken
from the reference by (Mikkelsen et al., 2007) without any modifications. The methylation sequencing data of mouse early embryos
were acquired from GSE34864 (Mikkelsen et al., 2007). RNA-seq data of mouse pre-implantation embryos were downloaded from
GSE45719 (Deng et al., 2014). MAB-seq data of mMESC were downloaded from (Wu et al., 2014). 5hmC and 5fC dataset of 2-cell em-
bryo were downloaded from GSE56697 (Wang et al., 2014). H3K27ac of 2-cell embryo data were downloaded from GSE6639 (Wu
et al., 2016). Human ES sequencing data is lifted over using (http://genome.ucsc.edu/cgi-bin/hgLiftOver) (Kent et al., 2003)
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DATA AND SOFTWARE AVAILABILITY

Software
All software is freely or commercially available and is listed in the STAR Methods description and Key Resources Table.

Data Resources
The accession number for the CLEVER-seq sequencing data reported in this study is GEO: GSE84833.

e5 Cell Stem Cell 20, 720-731.e1-e5, May 4, 2017



	Single-Cell 5-Formylcytosine Landscapes of Mammalian Early Embryos and ESCs at Single-Base Resolution
	Introduction
	Results
	Biocompatible and Selective Chemical Labeling of 5fC Enables C-to-T Conversion during Sequencing
	Single-Cell 5fC Sequencing at Single-Base Resolution with CLEVER-Seq
	CLEVER-Seq Identifies Dynamic 5fC Landscapes at Base Resolution in Mouse Gametes and Early Embryos
	Heterogeneity of 5fC at the Single-Cell Level
	Single-Cell 5fC Profiles Provide Direct Evidence of Active DNA Demethylation for Both Paternal and Maternal Genomes
	Synergistic Production of 5fC in Paternal and Maternal Genome after Fertilization
	5fC Levels of Paired Pronuclei and Two-Cell Embryos
	5fC Production Correlates with 5mC Demethylation
	Production of Promoter 5fC Precedes the Upregulation of Gene Expression
	Promoter 5fC Occurs Preferentially to Genes Important for Pre-implantation Development

	Discussion
	Supplemental Information
	Author Contributions
	Acknowledgments
	References
	STAR★Methods
	Key Resources Table
	Contact for Reagent and Resource Sharing
	Experimental Model and Subject Details
	Animals
	mESC culture
	hESC culture

	Method Details
	Oligonucleotide and model synthesis
	Malononitrile-based selective labeling of 5fC
	Sanger sequencing of the labeled model DNA
	LC-MS/MS quantification of 5fC in genomic DNA
	Single-cell CLEVER-seq
	CLEVER-seq (reduced representative)

	Quantification and Statistical Analysis
	Immunofluorescence of 5mC and 5fC
	Data processing
	Sequencing Read Quality Control
	Alignment
	5fC site identification and filtering
	Genomic Annotations and External Datasets


	Data and Software Availability
	Software
	Data Resources




