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m6A potentiates Sxl alternative pre-mRNA splicing 
for robust Drosophila sex determination
Irmgard U. Haussmann1,2, Zsuzsanna bodi3*, eugenio Sanchez-moran1*, Nigel P. mongan4*, Nathan Archer3, rupert G. Fray3 & 
matthias Soller1

N6-methyladenosine (m6A) is the most common internal 
modification of eukaryotic messenger RNA (mRNA) and is 
decoded by YTH domain proteins1–7. The mammalian mRNA m6A 
methylosome is a complex of nuclear proteins that includes METTL3 
(methyltransferase-like 3), METTL14, WTAP (Wilms tumour 
1-associated protein) and KIAA1429. Drosophila has corresponding 
homologues named Ime4 and KAR4 (Inducer of meiosis 4 and 
Karyogamy protein 4), and Female-lethal (2)d (Fl(2)d) and 
Virilizer (Vir)8–12. In Drosophila, fl(2)d and vir are required for sex-
dependent regulation of alternative splicing of the sex determination 
factor Sex lethal (Sxl)13. However, the functions of m6A in introns 
in the regulation of alternative splicing remain uncertain3. Here we 
show that m6A is absent in the mRNA of Drosophila lacking Ime4. 
In contrast to mouse and plant knockout models5,7,14, Drosophila 
Ime4-null mutants remain viable, though flightless, and show 
a sex bias towards maleness. This is because m6A is required for 
female-specific alternative splicing of Sxl, which determines female 
physiognomy, but also translationally represses male-specific lethal 
2 (msl-2) to prevent dosage compensation in females. We further 
show that the m6A reader protein YT521-B decodes m6A in the sex-
specifically spliced intron of Sxl, as its absence phenocopies Ime4 
mutants. Loss of m6A also affects alternative splicing of additional 
genes, predominantly in the 5′ untranslated region, and has global 
effects on the expression of metabolic genes. The requirement of 
m6A and its reader YT521-B for female-specific Sxl alternative 
splicing reveals that this hitherto enigmatic mRNA modification 
constitutes an ancient and specific mechanism to adjust levels of 
gene expression.

In mature mRNA the m6A modification is most prevalently found 
around the stop codon as well as in 5′  untranslated regions (UTRs) 
and in long exons in mammals, plants and yeast2,3,6,7,15. Since methy-
losome components predominantly localize to the nucleus, it has been 
 speculated that m6A localized in pre-mRNA introns could have a 
role in alternative splicing regulation in addition to such a role when 
 present in long exons9–12,16. This prompted us to investigate whether 
m6A is required for Sxl alternative splicing, which determines female 
sex and prevents dosage compensation in females13. We generated a 
null allele of the Drosophila METTL3 methyltransferase homologue 
Ime4 by imprecise excision of a P element inserted in the promoter 
region. The excision allele ∆22-3 deletes most of the protein-coding 
region, including the catalytic domain, and is thus referred to as Ime4null  
(Fig. 1a). These flies are viable and fertile, but both flightless and this phe-
notype can be rescued by a genomic construct restoring Ime4 (Fig. 1a, b).  
Ime4 shows increased expression in the brain and, as in mammals and 
plants17, localizes to the nucleus (Fig. 1c, d).

Following RNase T1 digestion and 32P end-labelling of RNA 
 fragments, we detected m6A after guanosine (G) in poly(A) mRNA 
of adult flies at relatively low levels compared to other eukaryotes  

(m6A/A ratio: 0.06%, Fig. 1g)2,3,5, but at higher levels in unfertilized 
eggs (0.18%, Extended Data Fig. 1). After enrichment with an anti-m6A 
antibody, m6A is readily detected in poly(A) mRNA, but absent from 
Ime4null flies (Fig. 1h–j).

As found in other systems, and consistent with a potential role in 
translational regulation18–21, m6A was detected in polysomal mRNA 
(0.1%, Fig. 1k), but not in the poly(A)-depleted rRNA fraction. This 
also confirmed that any m6A modification in rRNA is not after G in 
Drosophila (Fig. 1l).

Consistent with our hypothesis that m6A plays a role in sex determi-
nation and dosage compensation, the number of Ime4null females was 
reduced to 60% compared to the number of males (P <  0.0001), whereas 
in the control strain female viability was 89% (Fig. 2a). The key regulator  
of sex determination in Drosophila is the RNA-binding protein Sxl, 
which is specifically expressed in females. Sxl positively auto-regulates 
expression of itself and its target transformer (tra) through alternative 
splicing to direct female differentiation13. In addition, Sxl suppresses 
translation of msl-2 to prevent upregulation of transcription on the 
X chromosome for dosage compensation (Fig. 2b); full suppression 
also requires maternal factors22. Accordingly, female viability was 
reduced to 13% by removal of maternal m6A together with zygotic 
heterozygosity for Sxl and Ime4 (Ime4∆22-3 females crossed with Sxl7B0 
males, a Sxl null allele, P <  0.0001). Female viability of this genotype is 
completely rescued by a genomic construct (Fig. 2a) or by  preventing 
ectopic activation of dosage compensation by removal of msl-2  
(msl-2227/Df(2L)Exel7016, Fig. 2a). Hence, females are non-viable  
owing to insufficient suppression of msl-2 expression, resulting in  
upregulation of gene expression on the X chromosome from reduced 
Sxl levels. In the absence of msl-2, disruption of Sxl alternative 
 splicing resulted in females with sexual transformations (32%, n =  52)  
displaying male-specific features such as sex combs (Fig. 2c–e), which 
were mosaic to various degrees, indicating that Sxl threshold levels are 
affected early during establishment of sexual identities of cells and/
or their lineages13. In the presence of maternal Ime4, Sxl and Ime4 
do not genetically interact (Sxl7B0/FM7 females crossed with Ime4null 
males, 103% female viability, n =  118). In addition, Sxl is required for 
germline differentiation in females and its absence results in tumo-
rous  ovaries23. Consistent with this, we detected tumorous ovaries 
in Sxl7B0/+ ;Ime4null/+  daughters from Ime4null females (22%, n =  18, 
Extended Data Fig. 2), but not in homozygous Ime4null or heterozygous 
Sxl7B0 females (n =  20 each).

Furthermore, levels of the Sxl female-specific splice form were 
reduced to approximately 50%, consistent with a role for m6A in Sxl 
alternative splicing (Fig. 2f and Extended Data Fig. 3a). As a result, 
female-specific splice forms of tra and msl-2 were also significantly 
reduced in adult females (Fig. 2f and Extended Data Fig. 3b, c).

To obtain more comprehensive insights into Sxl alternative  splicing 
defects in Ime4null females, we examined splice junction reads from 
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RNA-seq. Besides the significant increase in inclusion of the male- 
specific Sxl exon in Ime4null females (Fig. 2f–h and Extended Data 
Fig. 3a), cryptic splice sites and increased numbers of intronic reads 
were detected in the regulated intron. Consistent with our reverse 

 transcription polymerase chain reaction (RT–PCR) analysis of tra, 
the reduction of female splicing in the RNA sequencing is modest, 
and as a consequence, alternative splicing differences of Tra targets 
dsx and fru were not detected in whole flies, suggesting that cell-type-
specific fine-tuning is required to generate splicing robustness rather 
than being an obligatory regulator (Extended Data Fig. 4a–c). In 
 agreement with dosage-compensation defects as a main consequence 
of Sxl  dysregulation in Ime4null mutants, X-linked, but not autosomal, 
genes are significantly upregulated in Ime4null females compared to 
controls (P <  0.0001, Extended Data Fig. 4d, e).

Furthermore, Sxl mRNA is enriched in pull-downs with an m6A 
 antibody compared to m6A-deficient yeast mRNA added for quantifi-
cation (Fig. 2i). This enrichment is comparable to what was observed 
for m6A-pull-down from yeast mRNA24.

To map m6A sites in the intron of Sxl, we employed an in vitro m6A 
methylation assay using Drosophila nuclear extracts and labelled sub-
strate RNA. m6A methylation activity was detected in the  vicinity 
of alternatively spliced exons (Fig. 2j, RNAs B, C, and E). Further 
fine-mapping localized m6A in RNAs C and E to the proximity of 
Sxl-binding sites (Extended Data Fig. 5). Likewise, the female-lethal  
single amino acid substitution alleles fl(2)d1 and vir2F interfere with Sxl 
recruitment, resulting in impaired Sxl auto-regulation and inclusion of 
the male-specific exon25. Female lethality of these alleles can be rescued 
by Ime4null heterozygosity (P <  0.0001, Fig. 2k), further demonstrating 
the involvement of the m6A methylosome in Sxl alternative splicing.

Next, we globally analysed alternative splicing changes in Ime4null 
females compared to the wild-type control strain. As described 
 earlier (Fig. 2h), a statistically significant reduction in female- specific 
 alternative splicing of Sxl (∆ PSI (difference in percentage spliced 
in) =  0.34, q =  9 ×  10−8) was observed. In addition, 243 alternative 
splicing events in 163 genes were significantly different in Ime4null 
females (q <  0.05, ∆ PSI >  0.2), equivalent to around 2% of  alternatively 
spliced genes in Drosophila (Supplementary Table 1). Six genes for 
which the alternative splicing products could be distinguished on  
agarose gels were confirmed by RT–PCR (Extended Data Fig. 6). 
Notably, lack of Ime4 did not affect global alternative splicing and 
no specific type of alternative splicing event was preferentially 
affected. However, alternative first exon (18% versus 33%) and 
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mutually exclusive exon (2% versus 15%) events were reduced in 
Ime4null  compared to a global breakdown of alternative splicing in wild-
type Drosophila, mostly to the extent of retained introns (16% versus 
6%), alternative donor (16% versus 9%) and unclassified events (14% 
versus 6%) (Extended Data Fig. 7a). Notably, the majority of affected 
alternative splicing events in Ime4null were located to the 5′  UTR, and 
these genes had a significantly higher number of AUG start codons 
in their 5′  UTR compared to the 5′  UTRs of all genes (Extended Data 
Fig. 7b, c). Such a feature has been shown to be relevant to translational 
control under stress conditions26.

The majority of the 163 differentially alternatively spliced genes in 
Ime4 females are broadly expressed (59%), while most of the  remainder 
are expressed in the nervous system (33%), consistent with higher 
expression of Ime4 in this tissue (Extended Data Fig. 7d). Accordingly, 
Gene Ontology analysis revealed a highly significant enrichment for 

genes involved synaptic transmission (P <  7 ×  107, Supplementary 
Table 1).

Since the absence of m6A affects alternative splicing, m6A marks are 
probably deposited co-transcriptionally before splicing. Co-staining 
of polytene chromosomes with antibodies against haemagglutinin 
(HA)-tagged Ime4 and RNA Pol II revealed broad co-localization of 
Ime4 with sites of transcription (Fig. 3a–e), but not with condensed 
chromatin—visualized with antibodies against histone H4 (Fig. 3f–i). 
Furthermore, localization of Ime4 to sites of transcription is RNA-
dependent, as staining for Ime4, but not for RNA Pol II, was reduced 
in an RNase-dependent manner (Fig. 3j, k).

Although m6A levels after G are low in Drosophila compared to 
other eukaryotes, broad co-localization of Ime4 to sites of transcrip-
tion  suggests profound effects on the gene expression landscape. 
Indeed,  differential gene expression analysis revealed 408 differen-
tially expressed genes (≥ 2-fold change, q ≤  0.01) where 234 genes 
were significantly upregulated and 174 significantly downregulated in 
neuron-enriched head/thorax of adult Ime4null females (q <  0.01, at least 
twofold, Supplementary Table 2). Cataloguing these genes  according 
to function reveals prominent effects on gene networks involved in 
 metabolism, including reduced expression of 17 genes involved in 
 oxidative phosphorylation (P <  0.0001, Supplementary Table 2). 
Notably, overexpression of the m6A mRNA demethylase FTO in mice 
leads to an imbalance in energy metabolism resulting in obesity27.

Next, we tested whether either of the two substantially divergent 
YTH proteins, YT521-B and CG6422 (Fig. 4a), decodes m6A marks in 
Sxl mRNA. When transiently transfected into male S2 cells, YT521-B 
localizes to the nucleus, whereas CG6422 is cytoplasmic (Fig. 4b–d, 
Extended Data Fig. 8). Nuclear YT521-B can switch Sxl alternative 
splicing to the female mode and also binds to the Sxl intron in S2 cells 
(Fig. 4e, f). In vitro binding assays with the YTH domain of YT521-B 
demonstrate increased binding of m6A-containing RNA (Extended 
Data Fig. 9). In vivo, YT521-B also localizes to the sites of transcription 
(Extended Data Fig. 10).
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To further examine the role of YT521-B in decoding m6A we 
analysed Drosophila strain YT521-BMI02006, where a transposon in 
the first intron disrupts YT521-B. This allele is also viable (YT521-
BMI02006/Df(3L)Exel6094; Fig. 4g, h, j), and phenocopies the flightless 
phenotype and the female Sxl splicing defect of Ime4null flies (Fig. 4h, i).  
Likewise, removal of maternal YT521-B together with zygotic heterozy-
gosity for Sxl and YT521-B reduces female viability (P <  0.0001, Fig. 4j)  
and results in sexual transformations (57%, n =  32) such as male 
abdominal pigmentation (Fig. 4k–m). In addition, overexpression of 
YT521-B results in male lethality, which can be rescued by removal 
of Ime4, further reiterating the role of m6A in Sxl alternative splicing 
(P <  0.0001, Fig. 4n). Since YT521-B phenocopies Ime4 for Sxl splicing 
regulation, it is the main nuclear factor for decoding m6A present in 
the proximity of the Sxl-binding sites. YT521-B bound to m6A assists 
Sxl in repressing inclusion of the male-specific exon, thus providing 
robustness to this vital gene regulatory switch (Fig. 4o).

Nuclear localization of m6A methylosome components suggested 
a role for this “fifth” nucleotide in alternative splicing regulation. Our 
discovery of the requirement of m6A and its reader YT521-B for 
female-specific Sxl alternative splicing has important  implications 
for understanding the fundamental biological function of this 
 enigmatic mRNA modification. Its key role in providing robustness 
to Sxl  alternative splicing to prevent ectopic dosage compensation and 
female  lethality, together with localization of the core methylosome 
 component Ime4 to sites of transcription, indicates that the m6A 
 modification is part of an ancient, yet unexplored mechanism to adjust 
gene expression. Hence, the recently reported role of m6A methylosome 
components in human dosage compensation28,29 further support such 
a role and suggests that m6A-mediated adjustment of gene expression 
might be a key step to allow for the development of the diverse sex 
determination mechanisms found in nature.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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MethOdS
Data reporting. No statistical methods were used to predetermine sample size. 
The experiments were not randomized and the investigators were not blinded to 
allocation during experiments and outcome assessment.
Drosophila genetics, generation of constructs and transgenic lines. The 
deletion allele Ime4∆22-3 was obtained from imprecise excision of the trans-
poson P{SUPor-P}KrT95D and mapped by primers 5933 F1 (CTCGCTCTA 
TTTCTCTTCAGCACTCG) and 5933 R9 (CCTCCGCAACGATCACAT 
CGCAATCGAG). To obtain a viable line of Ime4null, the genetic background 
was cleaned by out-crossing to Df(3R)Exel6197. Flight ability was scored as the 
number of flies capable of flying out of a Petri dish within 30 s for groups of 
15–20 flies for indicated genotypes. Viability was calculated from the numbers 
of females  compared to males of the correct genotype and statistical significance 
was  determined by a χ2 test (GraphPad Prism). Unfertilized eggs were generated 
by expressing sex-peptide in virgin females as described30.

The genomic rescue construct was retrieved by recombineering (Genebridges) 
from BAC clone CH321-79E18 by first cloning homology arms with SpeI and Acc65I 
into pUC3GLA separated by an EcoRV site for l in ea ri za tion ( CT CC GC CG CC GG 
AA CC GC CG CC TC CT CC GC CA CT TT GC AG GT TG AG CG GA CC GC CT CC AG  
GG CC GC TG CC GC CG GT GC CG CT GA TA TC CC AG CA TG GT AG CT GC GG CC 
 AC TC CT AGTCCCGCCTTTAACCACAGCTTGGGGTCCTCCGTCATCAGG 
CCGAATTGCCTCGAG). An H A- tag w as t he n f us ed t o t he e nd o f t he ORF using 
two PCR amplicons and SacI and XhoI restriction sites. This construct was the 
inserted into PBac{y+-attB-3B}VK00002 at 76A as described31.

The Ime4 UAS construct was generated by cloning the ORF from fly cDNA 
into a modified pUAST with primers Adh dMT-A70 F1 EI (GCAGAATTCGAG 
ATCtAAAGAGCCTGCTAAAGCAAAAAAGAAGTCACCATGGCAGATGCGT 
GGGACATAAAATCAC) and dMT-A70 HA R1 Spe (GGTAACTAGTCTTTTG 
TATTCCATTGATCGACGCCGCATTGG) by adding a translation initiation site 
from the Adh gene and two copies of an HA tag to the end of the ORF. This con-
struct was then also inserted into PBac{y+-attB-3B}VK00002 at 76A.

For transient transfection in S2 cells, YT52B-1 and CG6422 ORFs were 
amplified from fly cDNA by a combination of nested and fusion PCR incor-
porating a translation initiation site from the Adh gene using primers CG6422 
Adh F1 (GCCTGCTAAAGCAAAAAAGAAGTCACCACATGTCAGGCGTG 
GATCAGATGAAAATACCAG), pACT Adh CG6422 F1 (CCAGAGACCCCGGA 
TCCAGATATCAAAGAGCCTGCTAAAGCAAAAAAGAAGTCACCAC), CG 
6422 Adh R1, (GATTCCTGCGAACAGGTCCCGTGGGCGAAAC) and CG6422 
3′  F1 (CCCACGGGACCTGTTCGCAGGAATCTAG), CG6422 3′  R 1 ( CA TT GC 
TT CG CA TT TT AT CC TT GT CC GT GT CC TT AA AG CG CACGCCGATTTTAAT 
TTG), p AC T CG6422 3× HA R1 ( GT GG AG AT CC AT GG TG GC GG AG CT CG A
G GA AT AT TC AT TG CTTCGCATTTTATCCTTGTC) for CG6422 and  primers 
YT521 A dh F1, ( AA GC AA AA AA GA AG TC AC AT GC CA AG AG CA GC CC GT A
A AC AAACGCTGCCGATGCGCGAG), p AC T Adh YT521 F1 ( CC AG AG AC C
C CG GA TC CA GA TA TC AA AG AG CC TG CT AA AG CAAAAAAGAAGTCACAT 
GCC), YT521 A dh R1 ( TG CC AT CC GG GC GA AT CC TG CA AA TT TA CC 
AC TC TC GT TG ACCGAGAAAATGAGCAGGAC) and YT521 3′  F1(GC 
AGGATTCGCCCGGATGGCAGCCCCCTCAC), pact YT521 R 1 ( GG TG GA G
A TC CA TG GT GG CG GA GC TC GA GC GC CT GT TGTCCCGATAGCTTCGCTG)  
for YT521-B, and cloned into a modified pACT using Gibson Assembly (NEB) 
also incorporating HA epitope tags at the C terminus. Constructs were verified by 
Sanger sequencing. The Sxl-HA expression vector was a gift from N. Perrimon32.

The YT521-B UAS construct was generated by sub-cloning the ORF from the 
pACT vector into a modified pUAST with primers YT521 Adh F1 (  A A  GC  A A  AA  
A A  GA  A G  TC  A C  AT  G C  CA  A G  AG  C A  GC  C C  GT  AA AC AAACGCTGCCGATGCG
CGAG), Y T5 21 Adh F2 ( TA GG GA AT TG GG AA TT CG AG AT CT AA AG AG CC T
G CT AA AG CAAAAAAGAAGTCACATGCC) and Y T5 21 3′  R1 ( GG GC AC GT 
CG TA GG GG TA CA GA CT AG TC TC GA GG CG CC TG TTGTCCCGATAGCTTC 
GCTG) by adding a translation initiation site from the Adh gene and two copies 
of an HA tag to the end of the ORF. This construct was then also inserted into 
PBac{y+-attB-3B}VK00002 at 76A.

Essential parts of all DNA constructs were sequence-verified.
Cell culture, transfections and immune-staining of S2 cells. S2 cells 
(ATCC) were cultured in Insect Express medium (Lonza) with 10% heat- 
inactivated FBS and 1% penicillin/streptomycin. The Drosophila S2 cell line 
was  verified t  o be m al e b y analysing Sxl alternative splicing using species- 
specific primers Sxl F2 (ATGTACGGCAACAATAATCCGGGTAG) and Sxl 
R2 (CATTGTAACCACGACGCGACGATG) to confirm species and gender 
(Extended Data Fig. 8). Transient transfections were done with Mirus Reagent 
(Bioline) according to the manufacturer’s instruction and cells were assayed 48 h 
after transfection for protein expression or RNA binding of expressed proteins. 
To adhere S2 cells to a solid support, Concanavalin A (Sigma) coated glass slides  

(in 0.5 mg ml−1) were added 1 day before transfection, and cells were stained 48 h 
after transfection with antibodies as described. Transfections and follow up exper-
iments were repeated at least once.
RNA extraction, RT–PCR, qPCR, immunoprecipitation and  western 
blots. Total RNA was extracted using Tri-reagent (SIGMA) and reverse trans-
cription was done with Superscript II (Invitrogen) according to the manu-
facturer’s instructions using an oligodT17V primer. PCR for Sxl, tra, msl2 and 
ewg was done for 30 cycles with 1 μ l of cDNA with primers Sxl F2, Sxl R2 or 
Sxl NP R3 (GAGAATGGGACATCCCAAATCCACG), Sxl M F1 (GCCCAGA 
AAGAAGCAGCCACCATTATCAC), Sxl M R1 (GCGTTTCGTTGGCGAG 
GAGACCATGGG), Tra FOR (GGATGCCGACAGCAGTGGAAC), Tra 
REV (GATCTGGAGCGAGTGCGTCTG), Msl-2 F1 (CACTGCGGTCA 
CACTGGCTTCGCTCAG), Msl-2 R1 (CTCCTGGGCTAGTTACCTGCAATTC 
CTC), Ewg 4F and Ewg 5R and quantified with ImageQuant (BioRad)22. 
Experiments included at least three biological replicates.

For qPCR, reverse transcription was carried out on input and pull-down sam-
ples spiked with yeast RNA using ProtoScript II reverse transcriptase and random 
nanomers (NEB). Quantitative PCR was carried out using 2×  SensiMix Plus SYBR 
Low ROX master mix (Quantace) using normalizer primers ACT1 F1 (TTAC 
GTCGCCTTGGACTTCG) and ACT1 R1 (TACCGGCAGATTCCAAACCC) and 
for Sxl, Sxl ZB F1 (CACCACAATGGCAGCAGTAG) and Sxl ZB R1 (GGGGTT 
GCTGTTTGTTGAGT). Samples were run in triplicate for technical repeats and 
duplicate for biological repeats. Relative enrichment levels were determined by 
comparison with yeast ACT1, using the −∆∆2 Ct method33.

For immunoprecipitations of Sxl RNA bound to Sxl or YTH proteins, S2 cells 
were fixed in PBS containing 1% formaldehyde for 15 min, quenched in 100 mM 
glycine and disrupted in IP-Buffer (150 mM NaCl, 50 mM Tris–HCL, pH 7.5, 1% 
NP-40, 5% glycerol). After IP with anti-HA beads (Sigma) for 2 h in the  presence 
of Complete Protein Inhibitor (Roche) and 40 U RNase inhibitors (Roche), IP 
precipitates were processed for Sxl RT–PCR using gene-specifc RT primer SP 
NP2 (CATTCCGGATGGCAGAGAATGGGAC) and PCR primers Sxl NP intF 
(GAGGGTCAGTCTAAGTTATATTCG) and Sxl NP R3 as described31. Western 
blots were done as described using rat anti-HA (1:50, clone 3F10, Roche) and HRP-
coupled secondary goat anti-rat antibodies (Molecular Probes)34. All experiments 
were repeated at least once from biological samples.
Analysis of m6A levels. Poly(A) mRNA from at least two rounds of oligo dT 
 selection was prepared according to the manufacturer (Promega). For each 
 sample, 10–50 ng of mRNA was digested with 1 μ l of Ribonuclease T1 (1,000 U μ l−1;  
Fermentas) in a final volume of 10 μ l in polynucleotide kinase buffer (PNK, NEB) 
for 1 h at 37 °C. The 5′  end of the T1-digested mRNA fragments were then labelled 
using 10 U T4 PNK (NEB) and 1 μ l [γ -32P]-ATP (6,000 Ci mmol−1; Perkin-Elmer). 
The labelled RNA was precipitated, resuspended in 10 μ l of 50 mM sodium acetate 
buffer (pH 5.5), and digested with P1 nuclease (Sigma-Aldrich) for 1 h at 37 °C. Two 
microlitres of each sample was loaded on cellulose TLC plates (20 ×  20 cm; Fluka) 
and run in a solvent system of isobutyric acid: 0.5 M NH4OH (5:3, v/v), as the first 
dimension, and isopropanol:HCl:water (70:15:15, v/v/v), as the second dimension. 
TLCs were repeated from biological replicates. The identification of the nucleotide 
spots was carried out using m6A-containing synthetic RNA. Quantification of 32P 
was done by scintillation counting (Packard Tri-Carb 2300TR). For the quantifi-
cation of spot intensities on TLCs or gels, a storage phosphor screen (K-Screen; 
Kodak) and Molecular Imager FX in combination with QuantityOne software 
(BioRad) were used.

For immunoprecipitation of m6A mRNA, poly(A) mRNA was digested with 
RNase T1 and 5′  labelled. The volume was then increased to 500 μ l with IP buffer 
(150 mM NaCl, 50 mM Tris–HCL, pH 7.5, 0.05% NP-40). IPs were then done with 
2 μ l of affinity-purified polyclonal rabbit m6A antibody (Synaptic Systems) and 
protein A/G beads (SantaCruz).
Polysome profiles. Whole-fly extracts were prepared from 20–30 adult Drosophila 
previously frozen in liquid N2 and ground into fine powder in liquid N2. Cells were 
then lysed in 0.5 ml lysis buffer (0.3 M NaCl, 15 mM MgCl2, 15 mM Tris-HCl pH 
7.5, cycloheximide 100 μ g ml−1, heparin (sodium salt) 1 mg ml−1, 1% Triton X-100). 
Lysates were loaded on 12 ml sucrose gradients and spun for 2 h at 38,000 r.p.m.  
at 4 °C. After the gradient centrifugation 1-ml fractions were collected and  
precipitated in equal volume of isopropanol. After several washes with 80% ethanol 
the samples were resuspended in water and processed. Experiments were done 
in duplicate.
Nuclear extract preparation and in vitro m6A methylation essays. Drosophila 
nuclear extracts were prepared from Kc cells as described35. Templates for in vitro 
transcripts were amplified from genomic DNA using the primers listed below 
and in vitro transcribed with T7 polymerase in the presence of [α -32P]-ATP. DNA 
templates and free nucleotides were removed by DNase I digestion and Probequant 
G-50 spin columns (GE Healthcare), respectively. Markers were generated by 

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LetterreSeArCH

using in vitro transcripts with or without m6ATP (Jena Bioscience), which were 
then digested with RNase T1, kinased with PNK in the presence of [γ -32P]-ATP. 
After phenol extraction and ethanol precipitation, transcripts were digested to 
single nucleotides with P1 nuclease as above. For in vitro  methylation,  transcripts 
(0.5–1 ×  106 c.p.m.) were incubated for 45 min at 27 °C in 10 μ l  containing 
20 mM potassium glutamate, 2 mM MgCl2, 1 mM DTT, 1 mM ATP, 0.5 mM 
S-adenosylmethionine disulfate tosylate (Abcam), 7.5% PEG 8000, 20 U RNase 
protector (Roche) and 40% nuclear extract. After phenol extraction and  ethanol 
precipitation, transcripts were digested to single nucleotides with P1 nuclease 
as above, and then separated on cellulose F TLC plates (Merck) in 70% ethanol, 
 previously soaked in 0.4 M MgSO4 and dried36. In vitro methylation assays were 
done from biological replicates at least in duplicates.

Primers to amplify parts of the Sxl alternatively spliced intron from 
genomic DNA for in vitro transcription with T7 polymerase were Sxl A T7 F  
(GGAGCTAATACGACTCACTATAGGGAGAGGATATGTACGGCAACAATAA 
TCCGGGTAG) and Sxl A R (CGCAGACGACGATCAGCTGATTCAAAGTGA 
AAG), Sxl B T7 F (GGAGCTAATACGACTCACTATAGGGAGAGCGCTCG 
CATTTATCCCACAGTCGCAC) and Sxl B R (GGGTGCCCTCTGTGGCTG 
CTCTGTTTAC), Sxl C T7 F (GGAGCTAATACGACTCACTATAGGGGTCGT 
ATAATTTATGGCACATTATTCAG) and Sxl C R (GGGAGTTTTGGTTC 
TTGTTTATGAGTTGGGTG), Sxl D T7 F (GGAGCTAATACGACTCACTA 
TAGGGAGAAAACTTCCAGCCCACACAACACACAC) and Sxl D R 
(GCATATCATATTCGGTTCATACATTTAGGTCTAAG), Sxl E T7 F (GGAG 
CTAATACGACTCACTATAGGGAGAGGGGAAGCAGCTCGTTGTAA 
AATAC) and Sxl E R (GATGTGACGATTTTGCAGTTTCTCGACG), Sxl  
F T7 F (GGAGCTAATACGACTCACTATAGGGAGAGGGGGATCGTT 
TTGAGGGTCAGTCTAAG) and Sxl NP2, Sxl C T7 F and Sxl C1 R (GTAG 
TTTTGCTCGGCATTTTATGACCTTGAGC), Sxl C2 F (GGAGCTAATACG 
ACTCACTATAGGGAGACTCTCATTCTCTATATCCCTGTGCTGACC) and  
Sxl C2 R (CTAATTTCGTGAGCTTGATTTCATTTTGCACAG), Sxl C3 F  
(GGAGCTAATACGACTCACTATAGGGAGACTGTGCAAAATGAAATCAAGC 
TCACGAAATTAG) and Sxl C R, Sxl E T7 F and Sxl E1 R (AAAAAAATCAAA 
AAAATAATCACTTTTGGCACTTTTTCATCAC), Sxl E2 F (GGAGCTAATAC 
GACTCACTATAGGGAGATGAAAAAGTGCCAAAAGTGATTATTTT 
TTTG), Sxl E2 R (AAAAGCATGATGTATTTTTTTTTTTTTGTACTTTCG 
AATCACCG), Sxl E3 F (GGAGCTAATACGACTCACTATAGGGAGAC 
GGTGAT TCGAAAGTACAAAAAAAAAAAAATAC) and Sxl  E R ,  
Sxl C4 F (GAGCTAATACGACTCACTATAGGGAGAAATACTAAAACATCA 
AACCGCAAGCAGAGCAGC) and Sxl C4 R (GAGTGCCACTTCAAAAT 
CTCAGATATGC), Sxl C5 F (CTAATACGACTCACTATAGGGAGACTCTTT 
TTTTTTTTCTTTTTTTTACTGTGCAAAATG) and Sxl C5 R (AAAAAAATAT 
GCAAAAAAAAAAAGGTAGGGCACAAAGTTCTCAATTAC), Sxl C6 F  
(GAGCTAATACGACTCACTATAGGGAGACTGTGCAAAATGAAATCAAGC 
TCACGAAATTAG) and Sxl C6 R (CAATTTCACTATATGTACGAAA 
ACAAAAGTGAG), Sxl E4 F (GGAGCTAATACGACTCACTATAGGGA 
GAACCAAAATTCGACGTGGGAAGAAAC) and Sxl E4 R (TAATCACT 
TTTGGCACTTTTTCATCACATTAAC), Sxl E5 F  ( GG CT AA TA CG AC TC AC TA T
A GG GA GA TT TT TT TG AT TT TT TTAAAGTGAAAATGTGCTCC) a                                                                                                                                                      n d S    x l E  5 R   
(CACCGAAAAAAAATAAAAAAAAATAATCATGGGACTATACTAG), Sxl E6 F  
(GGCTAATACGACTCACTATAGGGAGACTTAAGTGCCAATATTTAAAGT 
GAAACCAATTG) and Sxl E6 R (CCCCCAGTTATATTCAACCGTGAAAT 
TCTGC).
Illumina sequencing and analysis of differential gene expression and alternative 
splicing. Total RNA was extracted from 15 pulverized head/thoraces  previously 
flash-frozen in liquid nitrogen, using TRIzol reagent from white (w) control 
and w;Ime4∆22-3 females that have been outcrossed for several generations to w; 
Df(3R)Exel6197 to equilibrate genetic background. Total RNA was treated with 
DNase I (Ambion) and stranded libraries for Illumina sequencing were prepared 
after poly(A) selection from total RNA (1 μ g) with the TruSeq stranded mRNA 
kit (Illumina) using random primers for reverse transcription according to the 
 manufacturer’s instructions. Pooled indexed libraries were sequenced on an 
Illumina HiSeq2500 to yield 40–46 million paired-end 100 bp reads, and in a 
second experiment 14–19 million single-end 125-bp reads for three controls and 
mutants each. After demultiplexing, sequence reads were aligned to the Drosophila 
genome (dmel-r6.02) using Tophat2.0.6 (ref. 37). Differential gene expression was 
determined by Cufflinks-Cuffdiff and the FDR-correction for multiple tests to raw 
P values with q <  0.05 considered significant38. alternative splicing was analysed by 
SPANKI39 and validated for selected genes based on length  differences detectable 
on agarose gels. Illumina sequencing, differential gene expression and  alternative 
splicing analysis was done by Fasteris (Switzerland). For dosage compensation 
analysis, differential expression analysis of X-linked genes versus autosomal genes 
in Ime4null mutant was done by filtering Cuffdiff data by a P value  expression 
 difference significance of P <  0.05, which corresponds to a false  discovery 

rate of 0.167 to detect subtle differences in expression consistent with dosage 
 compensation. Visualization of sequence reads on gene models and splice junctions 
reads in Sashimi plots was done using Integrated Genome Viewer40. For validation 
of alternative splicing by RT–PCR as described above, the following primers were 
used: Gprk2 F1 (CCAACCAGCCGAAACTCACAGTGAAGC) and Gprk2 R1  
(CAGGGTCTCGGTTTCAGACACAGGCGTC), fl(2)d F1 (GCAGCAAACGA 
GAAATCAGCTCGCAGCGCAG) and fl(2)d R1 (CACATAGTCCTGGAATTCTT 
GCTCCTTG), A2bp1 F3 (CTGTGGGGCTCAGGGGCATTTTTCCTTCCTC) 
and A2bp1 R1 (CTCCTCTCCCGTGTGTCTTGCCACTCAAC), cv.-c F1 (GGGTT 
TCCACCTCGACCGGGAAAAGTCG) and cv.-c R1 (GCGTTTGCGG 
TTGCTGCTCGCGAAGAGAG), CG8312 F1 (GCGCGTGGCCTCCTTCTT 
ATCGGCAGTC) and CG8312 R1 (GCGTGGCCACTATAAAGTCCACCTCATC), 
Chas F2 (CCGATTCGATTCGATTCGATCCTCTCTTC) and Chas R1 
(GTCGGTGTCCTCGGTGGTGTTGGTGGAG). GO enrichment analysis was 
done with FlyMine. For the analysis of uATGs, an R script was used to count the 
uATGs in 5′  UTRs in all ENSEMBL isoforms of those genes which are differentially 
spliced in Ime4 mutants, that were then compared to the mean number of ATGs 
in all Drosophila ENSEMBL 5′  UTRs using a t-test. Gene expression data were 
obtained from flybase.
R script.
library(seqinr)
library(Biostrings)
> fasta_file < -read.fasta(“Soller_UTRs.fa”, as.string =  T)# read fasta file
> pattern < -”atg” # the pattern to look for
> dict < -PDict(pattern, max.mismatch =  0)#make a dictionary of the pattern 

to look for
> seq < - DNAStringSet(unlist(fasta_file)[1:638])#make the DNAstringset from 

the DNAsequences that is, all 638 UTRs related to the 156 genes identified in 
spanki
> result < -vcountPDict(dict,seq)#count the pattern in each of the sequences
> write.csv2(result, “result.csv”)
> fasta_file < -read.fasta(“dmel-all-five_prime_UTR-r6.07.fa”, as.string =  T)# 

read fasta file
> pattern < -”atg” # the pattern to look for
> dict < -PDict(pattern, max.mismatch =  0)#make a dictionary of the pattern 

to look for
> seq < - DNAStringSet(unlist(fasta_file)[1:29822])#make the DNAstringset 

from the DNAsequences that is, all UTRs
> result < -vcountPDict(dict,seq)#count the pattern in each of the sequences
> write.csv2(result, “result_allutrs.csv”)

Polytene chromosome preparations and stainings. Ime4 or YT521-B were 
expressed in salivary glands with C155-GAL4 from a UAS transgene. Larvae were 
grown at 18 °C under non-crowded conditions. Salivary glands were dissected in 
PBS containing 4% formaldehyde and 1% Triton X-100, and fixed for 5 min, and 
then for another 2 min in 50% acetic acid containing 4% formaldehyde, before 
placing them in lactoacetic acid (lactic acid:water:acetic acid, 1:2:3). Chromosomes 
were then spread under a siliconized cover slip and the cover slip removed after 
freezing. Chromosome were blocked in PBT containing 0.2% BSA and 5% goat 
serum and sequentially incubated with primary antibodies (mouse anti-PolII H5, 
1:1000, Abcam, or rabbit anti-histone H4, 1:200, Santa-Cruz, and rat anti-HA 
 monoclonal antibody 3F10, 1:50, Roche) followed by incubation with Alexa488- 
and/or Alexa647-coupled secondary antibodies (Molecular Probes) including 
DAPI (1 μ g ml−1, Sigma). RNase A treatment (4 and 200 μ g ml−1) was done before 
fixation for 5 min. Ovaries were analysed as previously described41.
RNA binding assays. The YTH domain (amino acids 207–423) was PCR-amplified 
with oligos YTHdom F1 (CAGGGGCCCCTGTCGACTAGTCCCGGGAA 
TGGTGGCGGCAACGGCCG) and R1 (CACGATGAATTGCGGCCGCTCTAGA 
TTACTTGTAGATCACGTGTATACCTTTTTCTCGC) and cloned with Gibson 
assembly (NEB) into a modified pGEX expression vector to express a GST-
tagged fusion protein. The YTH domain was cleaved while GST was bound to 
beads using Precession  protease. Electrophoretic mobility shift assays and UV 
cross-linking assays were performed as described35,42. Quantification was done 
using ImageQuant (BioRad) by measuring free RNA substrate to calculate bound 
RNA from input. All binding assays were done at least in triplicates.
Data availability statement. RNA-seq data that support the findings of this study 
have been deposited at GEO under the accession number GSE79000, combining 
the single-end (GSE78999) and paired-end (GSE78992) experiments. All other 
data generated or analysed during this study are included in this published article 
and its Supplementary Information.
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Extended Data Figure 1 | m6A levels in unfertilized eggs. a, b, Thin-layer 
chromatography from maternal total RNA (a) and mRNA (b) present in 
unfertilized eggs. The arrow indicates m6A.
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Extended Data Figure 2 | Ime4 supports Sxl in directing germline differentiation. a–c, Representative ovarioles of wild-type (a), Ime4null/Ime4null  
(b) and Sxl/+;Ime4null/+  females (c), and a tumerous ovary of a Sxl/+;Ime4null/+  female (d). The tumorous ovary consisting mostly of undifferentiated 
germ cells in d is indicated with a bracket and the oviduct with an asterisk. Scale bar, 100 μ m (applies to all panels).

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 3 | Ime4 is required for female-specific splicing 
of Sxl, tra and msl-2. a–c, RT–PCR of Sxl (a), tra (b) and msl-2 (c) sex-
specific splicing in wild-type males and females, and Ime4null males and 
females. 100-bp markers are shown on the left. AS, alternative splicing.
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Extended Data Figure 4 | Alternative splicing of sex-determination 
genes and differential expression of X-linked genes in Ime4null females. 
a–c, Sashimi plot depicting Tophat-mapped RNA sequencing reads and 
exon junction reads below the annotated gene model for sex-specific 
alternative splicing of tra, fru and dsx. The thickness of lines connecting 
splice junctions corresponds to the number of junction reads also shown. 
ss, splice site. d, Significantly (P <  0.05, q <  0.166853) differentially 
expressed gene expression values expressed as reads per kb of transcript 
per million mapped reads (RPKM) were log[x +  1]-transformed and 

Spearman r correlation values determined for X-linked and autosomal 
genes in wild-type and Ime4null Drosophila. e, The proportion of autosomal 
and X-linked genes that were significantly either up- or downregulated in 
Ime4null as compared to wild-type Drosophila were statistically compared 
using χ2 with Yates’ continuity correction. GraphPad Prism was used 
for statistical comparisons. Similar results as for the single-read RNA-
seq experiment were obtained for the paired-end RNA sequencing 
experiment.
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Extended Data Figure 5 | m6A methylation sites map to the vicinity 
of Sxl binding sites. a, Schematic of the Sxl alternatively spliced intron 
around the male-specific exon depicting substrate RNAs used for in 
vitro m6A methylation. Solid lines depict fragments containing m6A 
methylation and dashed lines indicate fragments where m6A was 

absent. b, c, 1D-TLC of in vitro methylated [32P]-ATP-labelled substrate 
RNAs shown in a. Markers are in vitro transcripts in the absence (M1) 
or presence (M2) of m6A 32P-labelled after RNase T1 digestion. The 
right panels in b and c show an overexposure of the same thin-layer 
chromatography.
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Extended Data Figure 6 | RT–PCR validation of differential alternative 
splicing in Ime4null flies. a–f, Sashimi plots depicting Tophat-mapped 
RNA sequencing reads and exon junction reads below the annotated gene 
model of indicated genes on the left, and RT–PCR of alternative splicing 

shown on the right using primers depicted on top. The thickness of lines 
connecting splice junctions corresponds to the number of junction reads 
also shown.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 7 | Ime4 affects alternative splicing 
predominantly in 5′ UTRs in genes with a higher than average number 
of upstream start codons. a, b, Classification of differential alternative 
splicing in Ime4null according to splicing event (a) and location of the event 
in the mRNA (b). c, Quantification of upstream start codons (AUGs) in 
all annotated 5′  UTRs (white) or in alternative isoforms differentially 
spliced between wild-type and Ime4null insects. All Drosophila UTRs were 
accessed in fasta format from Flybase (version r6.07), (ftp://ftp.flybase.net/

genomes/Drosophila_melanogaster/current/fasta/). An R script was  
used to count the number of ATG sequences in all Drosophila 5′  UTRs  
and from the genes identified by the Spanki analysis comprising 638  
5′  UTRs. A t-test was then used to statistically compare the number 
of ATGs present in the 638 5′  UTRs of the differentially spliced genes 
as compared to all 29,822 Drosophila 5′  UTRs. d, e, Classification of 
differentially alternatively spliced genes in Ime4null according to expression 
pattern (d) or function (e).

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 8 | Drosophila S2 cells are male. RT–PCR of Sxl 
alternative splicing in females, males and S2 cells. 100-bp markers are 
shown on the left.
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Extended Data Figure 9 | Preferential binding of the YTH domain of 
YT521-B to m6A-containing RNA. a, Coomassie-stained gel depicting 
the recombinant YTH domain (amino acids 207–423) of YT521-B.  
b, c, Electrophoretic mobility shift assay of YTH domain binding to Sxl 
RNA fragment C with or without m6A (50% of adenosine in the transcript 
methylated) and quantification of RNA bound to the YTH domain shown 

as mean ±  s.e.m. (n =  3). Note that the YTH domain does not form a stable 
complex with RNA (asterisk) and that this complex falls apart during 
the run or forms aggregates in the well. d, UV cross-linking of the YTH 
domain to Sxl RNA fragment C at 0.25 μ M, 1 μ M, 4 μ M and 16 μ M  
(lanes 1–4).

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 10 | YT521-B co-localizes to sites of 
transcription. a–d, Polytene chromosomes from salivary glands 
expressing YT521-B::HA stained with anti-Pol II (red, b), anti-HA  
(green, c) and DNA (DAPI, blue, d), or merged (yellow, a). Scale bars,  
5 μ m.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Quantitative Sequencing of
5-Methylcytosine and
5-Hydroxymethylcytosine at
Single-Base Resolution
Michael J. Booth,1* Miguel R. Branco,2,3* Gabriella Ficz,2 David Oxley,4 Felix Krueger,5

Wolf Reik,2,3† Shankar Balasubramanian1,6,7†

5-Methylcytosine can be converted to 5-hydroxymethylcytosine (5hmC) in mammalian DNA by the
ten-eleven translocation (TET) enzymes. We introduce oxidative bisulfite sequencing (oxBS-Seq),
the first method for quantitative mapping of 5hmC in genomic DNA at single-nucleotide resolution.
Selective chemical oxidation of 5hmC to 5-formylcytosine (5fC) enables bisulfite conversion of
5fC to uracil. We demonstrate the utility of oxBS-Seq to map and quantify 5hmC at CpG islands
(CGIs) in mouse embryonic stem (ES) cells and identify 800 5hmC-containing CGIs that have
on average 3.3% hydroxymethylation. High levels of 5hmC were found in CGIs associated with
transcriptional regulators and in long interspersed nuclear elements, suggesting that these
regions might undergo epigenetic reprogramming in ES cells. Our results open new questions
on 5hmC dynamics and sequence-specific targeting by TETs.

5-Methylcytosine (5mC) is an epigenetic DNA
mark that plays important roles in gene
silencing and genome stability and is found

enriched at CpG dinucleotides (1). In metazoa,
5mC can be oxidized to 5-hydroxymethylcytosine
(5hmC) by the ten-eleven translocation (TET) en-
zyme family (2, 3). 5hmCmay be an intermediate
in active DNA demethylation but could also con-
stitute an epigenetic mark per se (4). Levels of
5hmC in genomic DNA can be quantified with
analytical methods (2, 5, 6) and mapped through
the enrichment of 5hmC-containing DNA frag-

ments that are then sequenced (7–13). Such ap-
proaches have relatively poor resolution and give
only relative quantitative information. Single-
nucleotide sequencing of 5mC has been per-
formed by using bisulfite sequencing (BS-Seq),
but this method cannot discriminate 5mC from
5hmC (14, 15). Single-molecule real-time se-
quencing (SMRT) can detect derivatized 5hmC
in genomic DNA (16). However, enrichment of
5hmC-containing DNA fragments is required,
which causes loss of quantitative information
(16). Furthermore, SMRT has a relatively high
rate of sequencing errors (17), and the peak call-
ing of modifications is imprecise (16). Protein
and solid-state nanopores can resolve 5mC from
5hmC and have the potential to sequence unam-
plified DNA (18, 19).

We observed the decarbonylation and deami-
nation of 5-formylcytosine (5fC) to uracil (U)
under bisulfite conditions that would leave 5mC
unchanged (Fig. 1A and supplementary text).
Thus, 5hmC sequencing would be possible if
5hmC could be selectively oxidized to 5fC and
then converted to U in a two-step procedure (Fig.

1B). Whereas BS-Seq leads to both 5mC and
5hmC being detected as Cs, this “oxidative
bisulfite” sequencing (oxBS-Seq) approach would
yield Cs only at 5mC sites and therefore allow
us to determine the amount of 5hmC at a partic-
ular nucleotide position by subtraction of this
readout from a BS-Seq one (Fig. 1C).

Specific oxidation of 5hmC to 5fC (table S1)
was achieved with potassium perruthenate (KRuO4).
In our reactivity studies on a synthetic 15-nucleotide
oligomer single-stranded DNA (ssDNA) contain-
ing 5hmC, we established conditions under which
KRuO4 reacted specifically with the primary al-
cohol of 5hmC (Fig. 2A). Fifteen-nucleotide oligo-
mer ssDNA that contained C or 5mC did not
show any base-specific reactions with KRuO4 (fig.
S1, A and B). For 5hmC in DNA, we only ob-
served the aldehyde (5fC) and not the carboxylic
acid (20), even with a moderate excess of oxidant.
The KRuO4 oxidation can oxidize 5hmC in sam-
ples presented as double-stranded DNA (dsDNA),
with an initial denaturing step before addition of
the oxidant; this results in a quantitative conver-
sion of 5hmC to 5fC (Fig. 2B).

To test the efficiency and selectivity of the oxi-
dative bisulfite method, three synthetic dsDNAs
containing either C, 5mC, or 5hmC were each
oxidized with KRuO4 and then subjected to a
conventional bisulfite conversion protocol. Sanger
sequencing revealed that 5mC residues did not
convert to U, whereas both C and 5hmC resi-
dues did convert to U (fig. S2). Because Sanger
sequencing is not quantitative, to gain a more
accurate measure of the efficiency of transforming
5hmC to U, Illumina (San Diego, California) se-
quencing was carried out on the synthetic DNA
containing 5hmC (122-nucleotide oligomer) after
oxidative bisulfite treatment. An overall 5hmC-
to-U conversion level of 94.5% was observed (Fig.
2C and fig. S14). The oxidative bisulfite proto-
col was also applied to a synthetic dsDNA that
contained multiple 5hmC residues (135-nucleotide
oligomer) in a range of different contexts that
showed a similarly high conversion efficiency
(94.7%) of 5hmC to U (Fig. 2C and fig. S14).
Last, the KRuO4 oxidation was carried out on
genomic DNA and showed through mass spec-
trometry a quantitative conversion of 5hmC to
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5fC (Fig. 2D), with no detectable degradation of
C (fig. S1C). Thus, the oxidative bisulfite protocol
specifically converts 5hmC to U in DNA, leaving
C and 5mC unchanged, enabling quantitative,
single-nucleotide-resolution sequencing on wide-
ly available platforms.

We then used oxBS-Seq to quantitatively map
5hmC at high resolution in the genomic DNA
of mouse embryonic stem (ES) cells. We chose
to combine oxidative bisulfite with reduced rep-
resentation bisulfite sequencing (RRBS) (21),
which allows deep, selective sequencing of a
fraction of the genome that is highly enriched
for CpG islands (CGIs). We generated RRBS
and oxidative RRBS (oxRRBS) data sets, achiev-
ing an average sequencing depth of ~120 reads
per CpG, which when pooled yielded an aver-
age of ~3300 methylation calls per CGI (fig.
S3). After applying depth and breadth cutoffs
(supplementary materials, materials and meth-
ods), 55% (12,660) of all CGIs (22) were cov-
ered in our data sets.

To identify 5hmC-containing CGIs, we tested
for differences between the RRBS and oxRRBS
data sets using stringent criteria, yielding a false
discovery rate of 3.7% (supplementary materials,
materials and methods). We identified 800 5hmC-
containing CGIs, which had an average of 3.3%
(range of 0.2 to 18.5%) CpG hydroxymethylation
(Fig. 3, A and B). We also identified 4577 5mC-
containing CGIs averaging 8.1% CpG methyla-
tion (Fig. 3B). We carried out sequencing on an
independent biological duplicate sample of
the same ES cell line but at a different passage
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number, which according to mass spectrometry
had reduced levels of 5hmC (0.10 versus 0.16% of
all Cs), and consistently we found fewer 5hmC-
containing CGIs (supplementary text). 5hmC-
containing CGIs present in both samples showed
good quantitative reproducibility (fig. S5). In
non-CpG contexts, we found very few CGIs (71)
with levels of 5mC above the bisulfite conversion
error (0.2%) (fig. S9) and no CGIs with detect-
able levels of 5hmC.

Genes associated with 5mC-containing CGIs
included Dazl, which is known to be methylated
in ES cells (fig. S7) (23). Similarly, we found
that Zfp64 and Ecat1 had significant levels of
5hmC (7). Genes with >5% 5hmC at transcrip-
tion start site (TSS) CGIs were associated with
gene ontology terms related to transcription fac-
tor activity—and in particular were enriched in
developmentally relevant genes encoding for
Homeobox-containing proteins (such as Irx4,
Gbx1, and Hoxc4). To validate our method, we
quantified 5hmC and 5mC levels at 21 CGIs
containing MspI restriction sites by means of
glucosylation-coupled methylation-sensitive quan-
titative polymerase chain reaction (glucMS-qPCR)
(Fig. 3D) (24). We found a good correlation
between the quantification with oxRRBS and
glucMS-qPCR [correlation coefficient (r) = 0.86,

Fig. 3. Quantification of 5mC and 5hmC levels at CGIs by means of oxRRBS.
(A) Fraction of unconverted cytosines per CGI; 5hmC-containing CGIs (red)
have a statistically significant lower fraction in the oxRRBS data set; a false
discovery rate of 3.7% was estimated from the CGIs with the opposite
pattern (black). (B) 5mC and 5hmC levels within CGIs with significant levels
of the respective modification. (C) Examples of genomic RRBS and oxRRBS

profiles overlapped with (h)MeDIP-Seq profiles (7). Green bars represent
CGIs; data outside CGIs were masked (gray areas). Each bar in the oxRRBS
tracks represents a single CpG (in either DNA strand). (D) 5mC and 5hmC
levels at selected MspI sites were validated through glucMS-qPCR. OxRRBS
data are percentage T 95% confidence interval. Mean glucMS-qPCR values
are shown, with the black dots representing individual replicates.
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Fig. 4.Genomic distribution of 5mC
and 5hmC across CGIs. (A) CGIs
were classified as low-CpG (<10%),
medium-CpG (10 to 13%), or high-
CpG (>13%) density. The levels of
both 5mC and 5hmC show an in-
verse correlation with CpG densi-
ty. (B) Percentages of 5mC and
5hmC in TSS, intragenic, and inter-
genic CGI. (C) Levels of 5hmC in
CGIs compared with 5mC levels.
5hmC is more abundant in CGIs
with intermediate levels (25 to
75%) of 5mC, which are perhaps

more epigenetically plastic. For all boxplots, the width of the box is proportional to the amount of data
within that group.
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P = 5 × 10–7 and r = 0.52, P = 0.01 for 5mC
and 5hmC, respectively], showing that oxRRBS
reliably measures 5hmC at individual CpGs. We
also found a good correlation between oxRRBS and
our previously published (hydroxy)methylated
DNA immunoprecipitation sequencing [(h)MeDIP-
Seq] data sets (fig. S8) (7).

Across CGIs, both 5mC and 5hmC levels are
inversely correlated with CpG density, and in-
tragenic and intergenic CGIs contain higher lev-
els of either modification than those overlapping
TSSs (Fig. 4, A and B, and fig. S6) (13, 22). TET1
is enriched at TSSs, and thus, a high turnover of
5mC and 5hmC that would keep the steady-
state levels low at these sites has been suggested
(9). Non-TSS CGIs, however, appear to accumu-
late substantial amounts of both marks, suggest-
ing reduced turnover in these regions. We find
that the highest levels of 5hmC are found at
CGIs with intermediate levels (25 to 75%) of
5mC (Fig. 4C and fig. S6). Although low-5mC
CGIs have reduced potential for 5hmC genera-
tion and/or are subjected to a high turnover,
high-5mC CGIs are perhaps protected from ex-
tensive TET-mediated oxidation, thus stabiliz-
ing methylation. Intermediate-5mC CGIs are
therefore potentially more epigenetically plastic,
given the relatively high abundance of both
marks.

Most TSS CGIs (98%) have less than 10%
5mC, as well as low 5hmC, and these are asso-
ciated with higher transcription levels than av-
erage (fig. S10). Within this narrow window,
we find a mild negative correlation between
transcription and both 5mC and 5hmC levels
(fig. S10). At higher 5mC levels, there are in-
sufficient CGIs to obtain a statistically signifi-
cant result, and it remains possible that here the
epigenetic balance between 5mC and 5hmC plays

an important transcriptional role, as we previ-
ously suggested (7).

Last, we quantified 5mC and 5hmC levels at
two classes of retrotransposons [long interspersed
nuclear element–1 (LINE1) and intracisternal
A-particle (IAP)] using two approaches: aligning
the oxRRBS reads to the respective consensus
sequences and combining oxidative bisulfite
with MassARRAY technology (Sequenom, San
Diego, California) (fig. S11). We find that LINE1
elements display a considerable amount of 5hmC
(approximately 5%), as previously suggested
through (h)MeDIP-Seq (7). IAPs, on the other
hand, have low or no 5hmC. Because LINE1
elements are reprogrammed during preimplan-
tation development whereas IAPs are resistant
to this process (25), this suggests a possible in-
volvement of 5hmC in the demethylation of spe-
cific repeat classes.

The oxBS-Seq method reliably maps and
quantifies both 5mC and 5hmC at the single-
nucleotide level. Owing to the fundamentalmech-
anism of oxBS-Seq, the approach is compatible
with any sequencing platform. In ES cells, we
found that in CGIs 5hmC is exclusive to CpG
dinucleotides and that it accumulates at intra-
genic, low-CpG-density CGIs, which tend to have
intermediate levels of 5mC and may be particu-
larly epigenetically plastic.
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REVIEW

Single-cell epigenomics: Recording
the past and predicting the future
Gavin Kelsey,1,2*† Oliver Stegle,3,4*† Wolf Reik1,2,5†

Single-cell multi-omics has recently emerged as a powerful technology by which different
layers of genomic output—and hence cell identity and function—can be recorded
simultaneously. Integrating various components of the epigenome into multi-omics
measurements allows for studying cellular heterogeneity at different time scales
and for discovering new layers of molecular connectivity between the genome and its
functional output. Measurements that are increasingly available range from those
that identify transcription factor occupancy and initiation of transcription to long-lasting
and heritable epigenetic marks such as DNA methylation. Together with techniques in
which cell lineage is recorded, this multilayered information will provide insights into a
cell’s past history and its future potential. This will allow new levels of understanding of cell
fate decisions, identity, and function in normal development, physiology, and disease.

T
he discovery and description of individual
cells in the body has fascinated biologists
andpathologists since the cellwasdiscovered
(1).With the advent ofmolecular cell biology,
methods have been developed formeasuring

properties and functions of single cells at increas-
ing resolution. This includes, among others, fluo-
rescent protein reporters and single-molecule
detection of RNA or DNA. Only recently how-
ever, have high-throughput sequencing methods
allowed us more comprehensive access to genomic
information in single cells. Hence, single-cell RNA
sequencing has revealed how heterogeneous the
transcriptome of individual cells can be within
a seemingly homogeneous cell population or
tissue, providing insights into cell identity, fate,
and function in the context of both normal
biology and pathology [Stubbington et al. (2)
and Lein et al. (3)]. A few years from now, we
likely will have access to total RNA, small and
long noncoding RNA, and transcriptional initia-
tion output of the transcriptome (in addition to
the stable cytoplasmic component). The develop-
ment of single-cell RNA sequencing was followed
by single-cell genome sequencing, which has
provided new insights into genomic stability
and genomic variations that occur in physiology
and in disease—for example, in cancer, repro-
ductive medicine, or microbial genetics (4).
Epigenetics connects the genome with its func-

tional output (Fig. 1). Various epigenetic marks
have been described, ranging from DNA (such as
DNAmethylation) to histonemodifications, which
can affect the way the cell reads its genome and
hence its transcriptional output. Transcription

factors that bind to DNA can create or alter
epigenetic states (e.g., open or closed chromatin
and higher-order chromatin conformation), or
their binding can be sensitive to preexisting epi-
genetic states. Some epigenetic marks can also be
heritable from one cell generation to the next (dur-
ing mitosis) or from one organism generation to
the next [intergenerational or transgenerational
epigenetic inheritance (5)]. However, there are
key questions in epigenetics
that canonlybeaddressedby
determining the epigenome
in single cells. For example,
how is transcriptional het-
erogeneity between cells
connected with epigenetic
heterogeneity (if it is), do
changes in transcriptionpre-
cede or follow epigenetic
marks when cells change
their fate or function, and are epigenetic states
better or worse identifiers of rare cell populations
and transitional states than the transcriptome?
The recent development of single-cell epigenomics
methods is beginning to allow us to address these
fundamental questions.
Single-cell epigenome methods can identify

open or closed chromatin, including nucleosome
positioning (6–11). From these, one can infer the
likelihood of certain transcription factors to bind
or not bind to specific DNA sequences within in-
dividual cells, and methods are being devel-
oped that allow for assaying transcription factor
binding directly—for example, single-cell chro-
matin immunoprecipitation sequencing (ChIP-
seq). Thus, one can currently measure (albeit
imperfectly) the heterogeneity in a cell population
of key histone marks associated with transcrip-
tional states, such as H3K4me3, which indicates
active transcription, or H3K27me3, which is found
on geneswith a repressed transcriptional state (12).
Functional states (such as transcriptional output)
of the genome are also guided by the way the DNA
in each cell is organized into higher-order chroma-
tin, which can be determined by single-cell high-

throughput chromosome conformation capture
(Hi-C) (13). Finally, various DNAmodifications—
such as methylation (5mC), hydroxymethylation
(5hmC), and formylcytosine (5fC)—can be located
at the single-cell level by sequencing inmost areas
of the genome, including at single-nucleotide
resolution (14–18). These modifications are part
of the biological turnover of DNA methylation
and are associated, for example, with transcrip-
tional repression (5mC) or enhancers, includ-
ing active ones (5hmC and 5fC). Hence, today we
can probe the majority of epigenetic dimensions
with single-cell resolution.
The techniques described above have been

combined into single-cellmulti-omics (19), which
can reveal new connections between regulatory
principles that operate in the individual layers
(Figs. 1 and 2).Hence, genome sequencing together
with transcriptome sequencing can reveal how
genetic variation is related to transcriptional vari-
ation (20, 21). Furthermore, genome-scale methyl-
ome sequencing coupled with the transcriptome
(22, 23) has identified widespread associations
between epigenetic marks and transcriptional het-
erogeneity. The latest incarnation, triple-omics,
combines genome, methylome, and transcriptome
(24) assays and can reveal methylome, chromatin
accessibility, and the transcriptome (11). Together
with the development of multidimensional com-
putational methods (22, 25), these techniques
are beginning to tease out intricate and unique

cell- and locus-specific relation-
ships between, say,methylation
and nucleosome accessibility
of a gene promoter and the
transcriptional output of the
gene (11).

Single-cell profiling of
DNA modifications

Because epigenetic informa-
tion comes inmultiple forms—

covalentmodifications onDNA, posttranslational
modifications of histones, chromatin accessibil-
ity and compaction, and higher-order conforma-
tion of chromosome domains—each layer of
information requires a different biochemical
approach to profile it. This has implications for
the nature and quality of the information gen-
erated from single cells and for the ability to
combine multiple measures from the same sin-
gle cell in multi-omic applications. Depend-
ing on the type of question, it will be necessary
to determine whether depth or breadth (many,
many cells) is required for any specific study
(Fig. 2).
Technically, DNA methylation has been the

easiest to assay, building on well-established
bisulphite chemistry (26). However, bisulphite
treatment degrades DNA, preventing full-genome
coverage and requiring an adaptation of bisulphite
sequencing (BS-seq) to the single-cell level (14–16).
BS-seq, by which unmodified cytosine is converted
to thymine but 5mC remains unconverted (26),
yields single-base precision in principle, with the
advantage that both modified and unmodified
sites are identified (26). Therefore, sites without
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information are not falsely assigned as unme-
thylated and, because of the general congruence
of methylation over consecutive CpGs in many
genomic contexts, missing sites can be imputed
from relatively sparse data.
Current single-cell BS-seq (scBS-seq) protocols

achieve a coverage up to ~40% (15), whichmeans
that for most loci the observed sequence reads
will originate from only one chromosomal copy.
Recent advances in performing single-cell meth-
ylation profiling with combinatorial indexing
(27, 28) may mitigate some of these limitations
while simultaneously offering scalability to thou-
sands of cells in a single experiment (Fig. 2).
Alternatively, because methylation state can de-
termine whether particular restriction enzymes
cleave their recognition sites, methods that use
methylation-sensitive or dependent restriction
enzymes could present an alternative to bisulphite-
based methods (29).
Mapping the derivatives of 5mC in single cells

has been particularly useful in preimplantation
embryos, in which oxidation of 5mC contributes
to the active demethylation of the paternal chro-
mosomes (30). The pronounced strand bias
in distribution between sister cells of these
modifications along the same chromosome
has provided high-resolution analysis of sister-
chromatin exchange (31) and has been used as
a lineage reconstruction tool (17), as well as
mapping active demethylation in advance of
expression at the promoters of developmen-
tally important genes (18). Such advances have

required alternative approaches, because 5mC
cannot be discriminated from the less abun-
dant 5hmC after bisulphite treatment, and the
rarer derivatives 5fC and 5-carboxycytosine
(5caC) are indistinguishable from unmodified
cytosine.
Treatment with the CpG methylase M.SssI

[methylase-assisted bisulphite sequencing, (MAB-
seq)] (31) allows indirect detection of 5fC, to-
gether with 5caC, due to their retention as the
only sites remaining susceptible to C to T conver-
sion after bisulphite treatment. Careful control of
themethylation reaction is needed to minimize
false-positive calls, particularly for a rare modi-
fication such as 5fC, which is present at most at
tens of thousands of CpG sites, compared with
millions of CpGsmodified by 5mC. 5hmC can be
profiled in single cells by glucosylating 5hmC
positions to generate recognition sites for the
restriction endonuclease AbaS1 (scAba-seq) (17).
This provides a positive readout of 5hmC, but,
with the inclusion of multiple enzymatic reac-
tions, there is an unknown false-negative rate,
which might contribute to a range in the num-
ber of 5hmC positions recorded in single cells.
5fC can be detected in single cells by direct
chemical labeling with the specific reactivity of
malononitrile [chemical-labeling-enabled C-to-T
conversion sequencing (CLEVER-seq)] (18). The
adduct produced prevents normal pairing with
G, such that labeled 5fC sites are read as T during
polymerase chain reaction (PCR) amplification.
In theory, this approach may allow for robust de-

tection of modified bases on single-molecule se-
quencing platforms.

Combining methylation profiling into
multi-omics approaches

scBS-seq can be combinedwith scRNA-seq through
separation of nuclei from cell cytoplasm, separa-
tion of RNA and DNA for separate downstream
reactions, or preamplification of RNA and DNA
in the same cell lysate before splitting and parallel
processing for genomic DNA amplification and
cDNA library preparation (22–24). BS-seq cover-
age is sufficiently uniform to permit identification
of chromosome aneuploidies or large CNVs from
regional variations in read depth (24). Of note,
similar to scRNA-seq protocols that use plate-
basedmethods, scBS-seq can inprinciple be coupled
with profiling of up to tens of cell-surfacemarkers
that can be assayed using fluorescence-activated
cell sorting, an approach that has been applied in
immunology [see Stubbington et al., (2)].
Bisulphite sequencing also underlies the nu-

cleosome occupancy and methylome (NOME)
sequencing method, which enables information
on nucleosome positioning and accessible chro-
matin to be inferred simultaneously with DNA
methylation (9–11). Individual lysed cells are
treatedwithM.CviPI, whichmethylates GpC sites
in accessible DNA; then, following bisulphite
treatment, methylated cytosines in a GpC con-
text demarcate accessible DNA (linker regions
and nucleosome-free DNA), while methylation
is read from conversion events of CpGs. Because
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Fig. 1. Single-cell methods and heterogeneity of different molecular
layers. (Left) Overview of different molecular layers that can be assayed
using single-cell protocols. (Right) A cell with different layers of multi-

omics measurements, as defined on the left. Concordance or heterogeneity
respectively may exist between the different layers, and this can be
recorded by single-cell sequencing and computationally evaluated.
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both accessible and nonaccessible states are re-
ported,missing information is not falsely assigned,
which provides an advantage over other meth-
ods for chromatin accessibility. On the other
hand, as a method that sequences the genome
with no selectivity for open chromatin, high lev-
els of sequencing may be needed to guarantee
coverage of elements of interest.
Another potential limitation is the need to filter

out C-C-G and G-C-G positions from the methyl-
ation data, which reduces the number of genome-
wide cytosines that can be assayed comparedwith
scBS-seq by ~50%. However, despite this filter, a
large proportion of the loci in genomic regions
with important regulatory roles, such as promoters
and enhancers, can still be profiled using scNOME-
seq–based methods (11). scNOME-seq has identi-
fied chromatin remodeling dynamics on the two
parental alleles during preimplantation develop-
ment, discriminating cis-regulatory elements open
inall cells andpromoters thatdiverge inaccessibility
between individual blastomeres, these being rela-
tively enriched in gene ontology (GO) terms related
to developmental processes and cell differentiation
(9). Further enhancements of these data can be
provided by incorporating transcriptome informa-
tion from the same cell (Fig. 2) (11) to query the
strength of coupling between DNA methylation,
open chromatin, and transcriptional output.

Mapping functional chromatin states in
single cells

A variety of assays have been adapted to profile
chromatin states in single cells; these are pred-
icated on enrichment-based strategies; thus, in
principle, they have a lower sequencing overhead
than scNOME-seq. Open chromatin can be iden-
tified by deoxyribonuclease I (DNase I) sensitiv-
ity, which was first adapted to the single-cell level
in a low-throughput application able to detect an
average of ~40,000 DNase I hypersensitive sites
(DHSs) per cell (6). However, due to nonspecific
signals throughout the genome, the false-discovery
rate is high. Thus, previous knowledge of DHSs
from bulk experiments is required to identify gen-
uine DHSs, with the confidence of detection of
proximal regulatory elements scaling with expres-
sion level of associated genes.
Higher-throughput applications have been de-

veloped for the assay for transposase-accessible
chromatin sequencing (ATAC-seq), in which DNA
accessibility is probed by the ability of the pro-
karyotic Tn5 transposase to insert sequencing
adapters into accessible regions of the genome,
in contrast to regions that are inaccessible, such
as those interacting with a nucleosome. These
approaches have used microfluidics to process
single cells and introduce cell-identifying bar-
codes as part of the tagging process (7) or by
combinatorial-cell barcoding (8) (Fig. 2), allow-
ing parallel processing of a large number of sam-
ples (>10,000).
Throughput levels face a cost of reduced depth,

as typically <10% of known promoters are rep-
resented in an individual scATAC-seq library.
Sparseness of data limits analysis of cellular
variation at individual regulatory elements. This

may preclude ab initio identification of open
chromatin sites, and the absence of open chro-
matin at a locus of interest in a single cell may
reflect missing data. As well as reporting active
regulatory elements governing hematopoietic
differentiation, scATAC-seq has identified the
evolution of regulatory elements during disease
progression in acute myeloid leukemia (32). In
addition, the ability of scATAC-seq to delineate
the cis-regulatory landscapes of constituent cell
types from a complex solid tissue has been dem-
onstrated by isolating single nuclei from frozen
samples of mouse forebrain (33).

Posttranslationalmodifications of histones that
correlate with chromatin activity states are con-
ventionallymapped by ChIP-seq. Adapting ChIP-
seq to extract this information from single cells
presents additional problems of specificity and
sensitivity, because it is dependent on antibody
binding to pull down modified histones with
associated DNA. Droplet approaches and cellular
barcoding to label nuclei individually at the stage
of micrococcal nuclease digestion (which frag-
ments chromatin intonucleosomes)with immuno-
precipitation on pools of cells and subsequent
deconvolution of single-cell data after multiplex
library sequencing allow thousands of single
cells to be processed in single experiments (12)
(Fig. 2). Yet, although ~50% of sequencing reads
may fall within known peaks of H3K4me3 en-
richment (the archetypal mark of active pro-
moters), only ~5% of known peaks are detected
per cell, with data too sparse for productive de
novo peak calling.
We shall inevitably see technical improvements

in each of these chromatin profiling methods, as
well as incorporating them into multi-omic ap-
proaches. A challenge is to extract RNA from cell
lysates in a way that preserves both chromatin
state and RNA integrity, but with the sparsity of
data from current scATAC-seq, scDNase-seq, or
scChIP-seq methods, attainment of parallel data
on gene expression and chromatin state at specific
loci is challenging, and processing increasing num-
bers of cells may be necessary to obtain sufficient
convergent information. Any of the above meth-
ods in theory could be combined with bisulphite
sequencing to investigate DNAmethylation state,
which is not to underestimate the technical chal-
lenges thatmay need to be overcome in adding the
chemical steps involved in bisulphite treatment.

Readouts of gross chromatin
organization in single cells
Higher orders of chromosome organization in
interphase nuclei are represented by a number of
configurations: topologically associated domains
(TADs) divide the genome into structurally sep-
arate segments contained in loops and constrained
by boundary elements, and lamin-associated do-
mains (LADs) occupy the nuclear periphery. LADs
have been probed at the single-cell level by Dam-ID,
in which the Dam adenosine methyltransferase
is fused with lamin B1 (a constituent of the nuclear
lamina) and expressed in cells so that sites of in-
teraction are mapped from sequence tags after
DpnI digestion (34). Because LADs are megabase-
scale chromosome domains, with 1100 to 1400
domains present in a typical cell, only a low rate
of false negatives is expected. The extent of het-
erogeneity between cells thus allows a good
measure of the numbers of constitutive and
facultative LADs, as well as cooperativity be-
tween LADs; such data are not accessible from
population-based approaches. Dam-ID method-
ology could be applied to any other protein in-
teractingwithDNA, such as chromatin remodelers
and transcription factors. One caveat is that the
false-negative rate will increase as the domain of
interaction diminishes, or for proteins with very
transient interactions.
Hi-C data measures the proximity of DNA se-

quences in three-dimensional (3D) space on the
basis of ligation events in fixed nuclei. A variety of
optimizations have been introduced to increase
resolution of the data (35), as well as throughput
(36, 37), since the first report of a single-cell Hi-C
method (13). Using haploid cells, single-cell Hi-C
has allowed modeling of the 3D organization of
all chromosomes in individual cells (38) and
revealed how bulk-cell data obscures the dynam-
ic reorganization of chromosome compartments
during the cell cycle (36). Despite recent advances,
the resolution of scHi-C methods remains insuf-
ficient to interrogate contacts between specific
promoters and their enhancers, which awaits
progress inminiaturizing approaches to promoter-
capture Hi-C or complementation with functional
experiments, such as epigenome editing (39).

Scalability and limitation of
current methods

There are common challenges and limitations
that apply to several single-cell epigenomemeth-
ods. An important bottleneck is the currently
limited capture rate (e.g., up to ~40% for scBS-seq),
whichmeans that even if libraries are sequenced to
saturation, missing values are unavoidable (Fig. 3).
Other potential drawbacks are low mappability
rates (~20 to 30%) and high levels of PCR du-
plicates (15), in particular for deeply sequenced
libraries (16), which need to be considered when
analyzing the resulting data.
So far, epigenome-basedmethods tend to offer

lower throughput than scRNA-seq, which can al-
ready be scaled to tens or hundreds of thousands
of cells. Recent advances to perform single-cell
methylation profiling, ATAC-seq, and Hi-C using
combinatorial indexing (8, 28, 37) have narrowed
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this gap. However, in particular, multi-omics
methods that require a physical separation step
of the RNA andDNA remain limited tomedium-
throughput analyses of hundreds of cells (Fig. 2).
Another current challenge is to estimate and con-

trol for technical sources of variation. In single-
cell transcriptomics, the level of technical noise
can be estimated with spike-in standards, but
such normalization strategies are not established
for epigenome sequencing. A general strategy that

can be useful are negative and positive controls—
e.g., diluted bulk material used to create “pseudo
cells” or control wells that combine one cell
each from different species (16), which can be
processed alongside each batch of single cells.

Computational analysis to account for
missing information using pooling
strategies and imputation

Technological advances for assaying epigenetic
diversity at the single-cell level have gone hand-
in-hand with computational methods for inter-
preting the data generated (Fig. 3). A first critical
step in the computational analysis is the appro-
priate normalization of the sequencing data while
accounting for the typically high levels of noise
observed. The sparse coverage of processed single-
cell epigenome data sets requires careful consid-
eration in downstream analyses.
Protocols vary in their coverage and whether

missing data can be identified directly. Formeth-
ods that use a bisulphite conversion step, the
read coverage is independent of variation in DNA
methylation, and hence missing data can be
readily identified. For other methods, such as
single-cell ATAC-seq, this can be more difficult
because the absence or presence of sequence
reads is the primary readout of the assay. Dif-
ferent strategies to address the low coverage in
these data, such as aggregating read information
within regions, by combining reads in consecu-
tive sequence windows (15, 16, 40) or in annotated
genomic contexts, such as promoter regions, en-
hancers and the like have been proposed. How-
ever, there are trade-offs between spatial resolution
and coverage, parameters that may greatly affect
downstream analyses.
Depending on the question, it may be advan-

tageous to adjust for differences in global meth-
ylation, either at the whole-cell level or stratified
by genomic context (16). A second strategy is to
pool cells with similar epigenetic profiles, such as
with an initial clustering step to then aggregate
read information across cells within each cluster
(27). These average profiles can offer high spatial
resolution, however, at the cost that epigenetic
diversity can only be studied at the level of the
identified cell clusters (24). A third strategy com-
prisesmodel-based approaches to imputemissing
information with predictive models. Such strat-
egies have been proposed in the context of bulk
epigenome profiles (41, 42) and most recently
have been generalised for imputing single-cell
DNA methylation data (25). Additionally, we
note that parallel data from multi-omics exper-
iments will be associated with different patterns
of missing data. Because of cost and experimental
limitations, not all molecular layers will be as-
sayed in each cell, and hence new computational
methods need to handle heterogeneous designs
to impute entire molecular layers.

Interrogating single-cell
epigenome variation

Depending on the biological question at hand,
several downstream analyses can be considered.
Caution is required to consider the biological
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technical approaches are shown. (Top) Single-cell nucleosome,methylation, and transcription sequencing
(scNMT-seq) (11) by which nucleosome accessibility, DNA methylation, and the transcriptome are read
simultaneously at considerable depth in each cell; however, with individual cells processed in parallel
but separately, cell numbers that can be currently analyzed in this way are limited to hundreds or
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sources of variation that onemay expect in a given
study. For example, the cell cycle is a dominant
driver of gene expression variation in single cells
(43) but also manifests at other molecular layers,
including copy-number states and DNA methyla-
tion (9). Also, DNA replication dynamics need to
be taken into consideration during experimental
design and data analysis.
A starting point for many analyses can be tests

for differential epigenetic profiles between dif-
ferent cell clusters—for example, to identify dif-
ferentially methylated regions between cell types
or states (16). In cell populations without strong
substructure, it may be advantageous to quantify
the epigenetic diversity of individual loci with
the pairwise distance of globalmethylome (16) or
estimates of epigenetic variability between cells
at individual loci (15).
As multi-omics protocols become more widely

accessible, there are also exciting opportunities
to interrogate associations between different epi-
genetic layers and to examine associations with
the transcriptome. This allows the strength of
coupling between different regulatory layers to
be probed in great detail. Variation in coupling
strength—for example, between DNA methyla-
tion and transcription—is known from bulk
analyses, comparing pluripotent to somatic cell
types (44).
However, the variation in coupling strength

can be investigated with single-cell techniques
for classes of loci or individual loci between cells
or between different loci within the same cell.
Such variation has already been identified at
different levels, including individual loci such as
gene promoters and enhancers with epigenetic
variation associated with expression levels of in-
dividual genes, as well as global genome-wide cou-
plings between different layers (22). If multi-omics
methods are applied to hybrids or outbred indi-
viduals, it may be possible to assess allele-specific
methylation and expression, thereby aligning reg-
ulatory differences across molecular layers (23).
For other analyses, it remains an open question
how to best integrate data across different molec-
ular layers. Tying together different data modal-
ities will improve cell clustering, and the use of
epigenetic information in tandem with transcrip-
tional data will aid in reconstructing pseudotem-
poral orderings of cells (Fig. 4).

Adding a temporal dimension in
single-cell studies

Putting multidimensional information together
for each single cell gives insights not only into
cell identity and function but also, through the
use of different layers of the epigenome, into past
history and future potential (Fig. 4A). Imagine
that an otherwise stable DNA methylation mark
(for example, in an imprinted gene) has changed at
a specific developmental time point, which can be
recorded through lineage tracing by CRISPR
scarring (45–49) (Fig. 4B). This is an example in
which past history is recorded. Conversely, char-
acteristic DNA methylation patterns in induced
pluripotent stem cells (iPSCs) can be predictive
of the differentiation potential of these iPSCs

(50), an example of an epigenetic state revealing
future potential.
Different epigenetic marks have different sta-

bilities in time, providing the potential to record
various biological time scales. An extracellular
signal acting via intracellular signaling pathways
will affect transcription factor binding and thus
transcription. Because transcription factor binding
can be highly dynamic and nonprocessed tran-
scripts are usually short-lived, such signals may
reflect the shortest possible biological response
time scale. Conversely, though, some transcrip-
tion factors may bind throughout cell division
(51) and transmit epigenetic information to the
next cell generation. Different binding time scales
and their functional consequencesmay be revealed
by coupling the analysis to cell cycle state through
the transcriptome (43). Similarly, nucleosome ac-
cessibility in promoters (or other regulatory se-
quences) may occur before the chromatin opening
up (as may be the case with pioneer factors) or,
more conventionally, allow access to transcription
factors. Within one cell cycle, therefore, we can
reconstruct a signaling response at its cognate
promoter, giving rise to transcriptional initiation
followed by the processed transcript in the cyto-
plasm. We can discover multiple genomic dimen-
sions in which this signaling response plays out
within this single cell. It is currently possible to
reconstruct such multidimensional responses in
highly synchronized tissue culture systems but
not in the natural setting in vivo, let alone in
complex disease situations.

The applications with the most fundamental
potential for breakthroughs will also consider
epigenetic memory in the system. Some epige-
netic marks are heritable across cell divisions
(more so in somatic cells than in early embryos),
including 5mC DNA methylation, where the in-
heritance is very stable with a well-understood
mechanism. Others, such as H3K27me3 and
H3K9me2/me3, may also be inherited, although
perhapswith less stability and less fidelity.Wheth-
er histone marks associated with transcriptional
activation could also be heritable is an open ques-
tion. A key question here is to what extent epige-
netic marks are instructive (e.g., imprinting) or
follow transcriptional activation or repression to
lock in stabilization of cell fate decisions.
Lineage marking via single-cell sequencing

methods will allow us to follow the timing of
particular epigenetic changes with regard to the
states before the initiation of, during, and post
transcription. Furthermore, hairpin bisulphite se-
quencing (52, 53) (in which methylation infor-
mation is obtained from both DNA strands) in
single cells will identify how heritable methyla-
tion is at individual loci and how heterogeneous
or homogeneous such heritability is within a cell
population. Measurements of 5hmC, 5fC, and 5caC
across cell populations, together withmechanistic
modeling approaches (54, 55), will allow insights
into the generation of epigenetic heterogeneity
versus stable inheritance in early development,
aging, and disease. The exciting prospect of single-
cell epigenome editing (39) suggests that detailed
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functional testing of epigenetic marks in their
various roles may soon become a reality too.
Epigenetic information may also be used to

measure cell lineages (Fig. 4B). Lineage-tracing
methods using CRISPR scarring have been devised

(45–49), but it is not clear how accurately and
reliably they work in different biological settings.
Thus, DNA modifications may allow us to trace
lineages by marking a particular chromosome or
DNA strand, which is segregated into a particu-

lar cell type (17). This will be especially useful for
DNAmodifications that are not normally herita-
ble (such as 5hmC, 5fC, or 5caC).
Some heritable epigenetic marks may be func-

tionally neutral—i.e., set up in early development
but simply mechanically copied at each cell di-
vision. Because themaintenancemethylationma-
chinery has a finite error rate [1 in 25 cell divisions
per CpG, although this has only beenmeasured in
certain contexts (56)], every cell may harbor a
unique code of methylation sites that would al-
low tracking of its developmental trajectory. This
acts as if lineage weremarked by DNAmutations
(either natural ones or induced) (Fig. 4B). This
may allow noninvasive lineaging in the future
without genetic manipulation, which might be
particularly useful in human studies.
We have highlighted the different time scales

of variation of these different layers of the epi-
genome, as well as their interdependencies. It
is important to recognize that most of these are
from indirect measurements or inferences. In
due course, we may connect epigenome dimen-
sions by pseudotime measurements, allowing
us to formulate temporal connections and de-
pendencies. However, what is yet to materialize
are real-time in vivo recording systems of epi-
genetic states, ideally at a single-locus level. Hence
the single-cell epigenomics revolution has addi-
tional challenges to overcome. Our existing meth-
ods are already allowing us to zoom in on new
concepts of “cell fate”—for example, in develop-
mental systemswhere cell history can be recorded
in epigenetic marks. Yet their actions at key deci-
sion points require yet unknown mechanisms
(57, 58). This presumably requires new epige-
nomic codes for cell plasticity and future poten-
tial. Deeper insights into these rules will provide
not only a better understanding of living biolog-
ical systems but also new tools and new ways of
thinking about changing cell fate experimentally.
At the other end of the spectrum, we antic-

ipate information regarding the presumed de-
gradation of cell fate during aging. Models
involve either clonal competition or exhaustion
and hence a potential loss of cell heterogene-
ity in an aging tissue. Conversely, an increase
in heterogeneity may occur with a concomitant
loss of coherence of transcriptional networks
(59). Interestingly, programmed changes of the
epigenome during aging, particularly of the DNA
methylome, accurately record chronological age.
However, this “methylation aging clock” can be
accelerated or decelerated by biological interven-
tions that shorten or lengthen life span, respec-
tively (60–62). It remains to be seen how this
methylation clock plays out at the single-cell
level. As many human adult diseases, including
cancer, are associated with altered epigenome
patterns, individual cells may gradually and in a
potentially programmed way acquire disease risk
via changes in epigenetic marks during aging.
Conversely, single-cell multi-omics methods may
identify hidden cell states with potential for tis-
sue repair or rejuvenation.
As large-scale efforts are mapping all human

cells transcriptionally and spatially [e.g., the
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Fig. 4. Time scales of epigenetic heterogeneity at different layers and lineage tracing. (A) Shown
are different layers of information that can be recorded at least in principle by single-cell multi-omics,
from transcription factor binding and transcriptional responses to long-term epigenetic memory such as
is possible with DNA methylation. Rough time scales are indicated by colored bars—with shading indicating
transitions in information—and may range from seconds to years. With aging, fidelity of epigenetic
information such as DNA methylation may degrade, leading to increased cell-to-cell heterogeneity.
(B) Lineage tracing using genetic or epigenetic memory. Cell lineage can be traced by CRISPR scarring
approaches in which each cell and its descendants within a lineage are linked by unique mutations or
barcodes. DNAmodificationsmay also be used to track lineage based on their inheritance and on errors in their
maintenance at DNA replication. Nonheritable modifications (5hmC, 5fC, and 5caC) have a short-term
lineaging potential, whereas heritable modifications (5mC) have long-term noninvasive lineaging potential.
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Human Cell Atlas (63)], there is the prospect in
the future that epigenomics measurements, in
particular, will add unprecedented layers of in-
formation about memory of past experiences and
about future potential of cells in the human body.

Outlook

Imagine that we had at our disposal the tech-
niques for single-cell multi-omics, including the
ability to identify all key epigenetic modalities,
robustly and at an affordable cost. Imagine sim-
ilarly that we had the computational tools to
unravel and visualize connections between the
different molecular layers within and between
cells. Fromsuch advances,we anticipate answering
many questions in embryonic development (includ-
ing comparisons of various organisms).Wewould
like to know any epigenetic determinants of cell
fate and lineage decisions and their timing and/or
memory of such decisions.
Travelling back in time (i.e., generating iPSCs)

or across tissues (via transdifferentiation), we will
be able to see how each cell responds in terms of
erasing epigenetic memory and acquiring new
cell fate trajectories, especially those not part of
the normal developmental repertoire. We also an-
ticipate unraveling tissue-level heterogeneity.
Highly multiplexed methylome sequencing can
already identify cell types in a complex tissue such
as the brainwith similar accuracy as transcriptome
sequencing (27).
Finally, we aim to discover links between

epigenetic and genetic heterogeneity, showing
to what extent epigenetic change (particularly
in disease) is driven by underlying changes in
DNA sequence such as copy-number variation,
mutations, and rearrangements in cancer, or
themobility of selfishDNA elements. Conversely,
primary epimutations may underlie the initia-
tion of some diseases butmay subsequently elicit
more permanent genetic change that stabilizes
the disease phenotype.
These advances have implications for diagnos-

ing and understanding disease progression. We
envision that precancerous cell states may be

detected at an early stage in tissues by their single-
cell epigenome signatures, and other chronic
diseases may also reveal unique signatures of
progression. Single-cell epigenomic analyses might
allow for a biopsy of only a few cells or by capturing
small amounts of cell-freeDNA in circulation. Such
tools may also reveal cell populations in tissues
with the greatest potential for regeneration and
tissue repair.
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