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Single Cell Epigenomics



Learning Objectives of this week

General strategies of single cell isolation 

Getting to know technologies to study gene regulation in single cells  

Possibilities to read out different layers of chromatin organisation 

Reading out multiple modalities at once 

Open questions in chromatin biology and how to address them 
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The dream of single-cell multiomics

Zhu Ren (2020) Nature Methods



Many different technologies cover chromatin 
organization and nuclear processes 

The dream of single-cell multiomics

Van den Berg, Zeller (2025) Current Opinion in Cell Biology



Basic differences between single cell technologies

Muto, Humphreys (2022) Innovations in Nephrology 

e.g. 10x Genomics

e.g. Fluidigm (usually low throughput)

e.g. Parse, Scale Biosciences



Workflow of single cell  genomics experiments

Optional: Imaging of cell 

Optional: Imaging of cell 

Optional: Disaggregation of complex tissue 
(mostly enzymatic digestion) 

Challenge: 
Very low input: 
2 copies of DNA 
à Contamination 
à Bias due to amplification 
à Noise (technical & biological)

Generation of single cell suspension 
(Removing aggregates/debris by filtering) 

Isolation of single cell 

Amplification and Enrichment of cellular material (DNA)

Computational analyses 

High-throughput 
sequencing 

Preparation of sequencing libraries 
(multiplexing of cells)

Lysis of cell 



Single-cell genome sequencing 

DNA



What can we learn from single-cell DNA sequencing?

Bizzotto and Welsh Nat. Neuro 2022

Tracing developmental lineages 
Mutation rates during development and ageing 
Understanding somatic mosaicism 
Human diseases - cortical malformations, cancer 
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What can we learn from single-cell DNA sequencing?

Bizzotto Frontiers in Neuroscience 2023

To study cell-type-specific effects (e.g. in 
postmitotic cells), single-cell RNA sequencing is 
needed 

Technically challenging, require very deep 
sequencing



What can we learn from single-cell DNA sequencing?

Hindbrain and forebrain form distinct clusters based 
on DNA sequence

Annotated mutations can be recovered from 
scRNA and scATAC-Seq (6% vs. 12%, 
respectively)



What can we learn from single-cell DNA sequencing?

Bizzotto Frontiers in Neuroscience 2023

Non-dividing cells accumulate mutations at transcriptionally active sites 
Dividing cell accumulate mutations in inactive genomic regions



Whole genome amplification can introduce technical errors

https://doi.org/10.1101/443754



• Pyrophage polymerase 
• MALBAC primer: GTGAGTGATGGTTGAGGTAGTGTGGAGNNNNNGGG

MALBAC - Multiple annealing & looping-based amplification 

Zong et al., 
Science 

Looping prevents exponential amplification 

Random priming allows to almost linearly 
ampliy the whole genome

Methods for single-cell whole genome amplification



Applications scDNA-seq: Genome analyses of single human oocytes

Polar Bodies 1&2 
not required for 
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Polar Bodies 1&2 
not required for 
embryogenesis

Sequencing genome of PB1 & PB2: 
Information on aneuploidy and SNPs in disease-associated alleles 

➡Accurate and cost-effective method to screen fertilized eggs prior 
to implantation in IVF

Crossover distribution map for PB2

Deduction of FPN Haplotype through Genomes of PB1 

FPN - female 
pronucleus



Applications scDNA-seq: Genome analyses of single human oocytes
Sequencing genome of PB1 & PB2: 

Information on aneuploidy and SNPs in disease-associated alleles 

➡Accurate and cost-effective method to screen fertilized eggs prior 
to implantation in IVF

Deduction of Aneuploidy for IVF



Applications scDNA-seq: Recombination and mutation in sperm
Spermatogenesis

• Meiotic recombination: shuffling of two haploid somatic 
genomes 

• Point mutations due to replication errors 

➡ Enormous variety of new genomes created in gametes

MDA

➡Whole genome sequencing of single sperm cells



Applications scDNA-seq: Recombination and mutation in sperm
Single sperm mutation rate: 2-4 x 10-8 

Amplification/ Sequencing error: 2.7 × 10−4

Personal sperm recombination map



Single-cell genotyping in IVF

A cell is plucked from a human embryo created using in vitro fertilization so that it can be screened 
for genetic disorders. (This is done at the cleavage stage 6-8 cell embryo or blastocyst stage)



Enzymatic whole genome amplification to detect CNV

Xing et al. (2021) PNAS (Sunney Xie lab)

This method allows to discriminate true mutations from 
preparation induced sequencing errors



Long-read sequencing helps in genome sequencing
Long-read sequencing is Nature Method of the 
year 2023 

Long reads can help to quantify indels and 
repetitive regions 

Long reads are needed for genome assembly 

Two main methods from PacBio and Oxford 
Nanopore 

Logsdon et al. (2020) Nature Rev. Gen.
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Profiling the epigenome in single cells

DNA methylation



Paro (2021) Introduction to Epigenetics

Cytosin bases can be methylated
Dnmt1 is important for maintenance of DNA-methylation

In mammalian genomes CG methylation is the most common type of DNA-methylation

70-80% of CpGs are methylated 

Mammalian promoters and regulatory elements 
often contain CpG islands - which are not 
methylated 

Promoter methylation is usually associated with 
silencing 

Transposons are often methylated



DNA methylation suppresses retroelements

Paro (2021) Introduction to EpigeneticsDolinoy et al. (2006) Environ. Health Perspect (Randy Jirtle lab)

Genetically identical mice fed with 5 different 
diets during pregnancy

The diet differs in availability of 
folic acid and vitamin B12 causing 
a change in the availability of SAM

IAP is a retroelement that is silenced by DNA methylationAgouti viable yellow is a very specific example!



DNA methylation controls imprinting - parent of origin expresion

Typical imprinted gene cluster with constitutive genes and non-coding RNA

Paro (2021) Introduction to Epigenetics



DNA methylation controls imprinting - parent of origin expresion

Typical imprinted gene cluster with constitutive genes and non-coding RNA

Imprints are reset during germline 
development 

Global DNA-methylation is erased and 
reestablished 
during early embryonic development

imprinted genes 
maternal genome 
paternal genome

Paro (2021) Introduction to Epigenetics



DNA methylation controls imprinting - parent of origin expresion

unmethylated Cytosine is converted 
to Uracil (read as Thymine)

Karemaker (2018) Trends in Biotechnology

Bisulfite treatment



DNA methylation analyses in single cells

Smallwood et al., Nature Methods 2014

Single-cell genome-wide bisulfite sequencing for assessing epigenetic 
heterogeneity 

BS treatment: 

DNA fragmentation & 

conversion of unmethylated 

cytosine to thymine 

•2 steps of random priming & 

extension to introduce 

sequencing adapters 

•PCR amplification



CpG methylation percentage quantified over 2-kb 
windows in mouse oocytes

DNA methylation heterogeneity 
in mESCs
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Smallwood et al., Nature Methods 2014

DNA methylation analyses in single cells



Sen et al., Nature Comm. 2021

DNA methylation analyses in single cells - bisulfite independent approach



DNA-methylation distribution between DNA strands is 
heterogeneous 

suggesting loss of maintenance DNA-methylation in some cells

Sen et al., Nature Comm. 2021

DNA methylation analyses in single cells - bisulfite independent approach



Is DNA-methylation passively lost in early 
embryos, because of inactive DNMT1?

Sen et al., Nature Comm. 2021

DNA methylation analyses in single cells - bisulfite independent approach

In early embryos DNA-methylation is not strand specific (indicating maintenance of methylation) 
After the 16-cell stage strand biased methylation starts to appear.

332 cells from 42 embryos
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Profiling the epigenome in single cells

Nucleosome

Chromatin accessibility



How do chromatin remodelers act?

Paro (2021) Introduction to Epigenetics

Remodelers can alter the nucleosome positioning 
at a givenlocus or change the histone 
composition 

In general opening of chromatin is mostly 



Profiling the epigenome in single cells

Nucleosome

Chromatin accessibility

Open chromatin regions can be digested/extracted more easily than closed regions 
DNaseI Hypersensitivity 
MNase-Seq 
Formaldehyde assisted isolation of regulatory elements (FAIRE)



Profiling the epigenome in single cells

Nucleosome

Chromatin accessibility

Tn5 (tagmentase) binds open chromatin and inserts sequencing adapters  

We have already looked in detail into scATAC-seq - there are a few other methods

Tn5 Tn5



•Hyperactive mutant Tn5 Transposase 
•Tagmentation: Cleave and tag dsDNA with 
sequencing adapters

Nucleosome positioning and open chromatin profiling

Buenrostro et al. (2012) Nature Methods



Nucleosome positioning and open chromatin profiling

MNase(micrococcal nuclease) 
cuts in between nucleosomes 

Zhang, Jiang (2015) Plant Physiology

TSS is most of the times nucleosome-free 

Highly expressed genes have a well positioned +1 nucleosome 

Active genes show homogenous distribution of nucleosome 

Inactive genes do not have uniform distribution of nucleosome (are 
they still regularly spaced?)

Highly expressed genes

Lowly expressed genes



For active genes nucleosomes are positioned but not 
regularly spaced 

For silent gene nucleosomes are highly regularly spaced

Nucleosome positioning
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Profiling the epigenome in single cells

Nucleosome
Histone modifications

Protein binding



Histone modifications are differentially enriched in the genome

Jenuwein & Allis Epigenetics (2009)



Requires crosslinking 

Requires a lot of material 

Not easily feasible in single cells

Classical analysis in bulk through ChIP sequencing



Classical analysis in bulk through ChIP sequencing

Barcoding of single nucleosomes 
followed by bulk ChIP

Problem scaling down ChIP-seq to single cells: 
•High background 
•Epitope masking due to cross-linking 
•Low yields/signal -> requires large number of 
cells



Cleavage under target (CUT&X technologies)
2004: ChIC–chromatin immunocleavage

2017: CUT & RUN –Cleavage Under Target and Release Using Nuclease  

•Permeabilized cells without cross-linking 

•Protein A/ Micrococcal Nuclease (pA-MNase) fusion 
protein binds to AB 

•MNase activation by calcium 

•DNA fragments released to supernatant



Cleavage under target (CUT&X technologies)
2019: CUT & RUN –in single cells - scChIC •Recruitment of MNase-AB conjugate to histone 

modification 
•DNA cleavage induced by Ca2+

2023: CUT & RUN –in single cells - scChIC 

Use CUT&Run in larger scale to 
adress a biological question

Journal Club!

Bottlenecks: plate-based, adapter ligation



Cleavage under target (CUT&X technologies)
2019: CUT&Tag –in single cells

Cut&Tag for H3K4me2 on K562 cells

single cell profiling SMARTer ICELL8 systemTAKARA 

Chromatin is cleaved by Tn5 
coupled to protein A (the 
same enzyme used for ATAC) 

Libraries are just PCR 
amplified from DNA 
fragments



Publications on CUT&Tag and Tn5
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Cleavage under target (CUT&X technologies)

H3K4me3 (active) and H3K27me3 (inactive) are anticorrelated

Antibody-directed tagmentationfollowed by microfluidics to 
isolate single nuclei



Cleavage under target (CUT&X technologies)



Integrating RNA expression and histone modifications

Zenk & Fleck et al. 2024, Nature Neuroscience



Integrating RNA expression and histone modifications



Building a model of gene regulation during brain development

Zenk & Fleck et al. 2024, Nature Neuroscience



Spatially resolved CUT&Tag

Mouse brain slides on microfluidic device for barcoding

No nuclei resolution but spatially resolved RNA 
and histone modification profiles
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Packaging of Chromatin inside the Nucleus



Packaging of Chromatin inside the Nucleus

A-compartment

B-compartment



Studying chromatin structure using in situ HiC



A-compartment

B-compartment

Packaging of Chromatin inside the Nucleus



Changes in genome topology are small between cell types

Mouse ES cells

Are TADs features of single cells or is it a population effect?

Spatially positioned DNA/RNA

Mouse neural progenitors Cortical neurons



Chromatin 3D interactions

Single oocyte HiC

TAD present in 
every cell

Single cell HiC

Population TAD 
boundaries

Contact clusters that 
match TADs only as 

average feature



Chromatin 3D interactions



Chromatin 3D interactions



Microscopy based technologies

Journal Club!



Microscopy based technologies

Journal Club!


