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There are multiple genomic layers that can be measured

And
• DNA Methylation
• Nucleosome position 

(ATAC-seq)
• etc…
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1 genome

Remarkable 
Cellular Diversity

and Specialisation

Human body:
~ 100 trillion cells
~ 200 types of cells
complex 
tissue & organ 
functions

One genome gives rise to a multitude of different cell types with 
highly distinct morphologies & functions

blood fat immune

nerve

sperm

muscle

skin

anatomyandphysiology.com

One genome: diverse functional outputs

Tissues are generally heterogeneous
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Nagalakshmi et al, Science 2008

Bulk RNA-seq: estimate expression of transcripts in a sample

How to measure gene expression?
⇒ Bulk RNA-seq

Technique appeared in 2008

http://science.sciencemag.org/content/320/5881/1344.long
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Bulk RNA-seq was a major breakthrough in the late 00’s 
(replaced microarrays) 
=> Great advances were made through genomics, but …

Limitations: minimum starting material requirements
techniques applied on millions of cells

• rare cell types & states cannot be analyzed (e.g. transitions, circulating tumor cells, etc..) 
• insufficient for studying heterogeneous systems (e.g. complex tissues such as brain)

! each sample is an AVERAGE!
no idea of the underlying values in single cells
of the heterogeneity of the tissue

Limitations of bulk RNA-seq
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RARE CELL TYPES (e.g. early development, stem cells, circulating tumor cells)
HETEROGENEITY (e.g. tissue composition, cancer, temporal processes)
GENE REGULATORY NETWORKS (non-confounded correlations)
SINGLE-CELL PHENOMENA* (gene expression stochasticity, mono-allelic expression)

* see also review CoulonLarsonNatRevGenet2013 

Single-cell RNA-seq

Each black circle is a cell, each colored dot is a transcript, colors encode transcript of the same gene

Macaulay IC, Voet T (2014) PLoS Genet

http://www.ncbi.nlm.nih.gov/pubmed/23835438
http://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1004126
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Single-cell timeline

Hu, Y., An, et al (2018). Single cell multi-omics technology: methodology and application. Frontiers in cell and developmental biology, 6, 28

https://www.ncbi.nlm.nih.gov/pubmed/29732369
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Xue et al.  (2013) Nature

Analyzing transcriptome of cells in human and mouse early embryos

Single-cell transcriptomics (scRNA-seq) applications – Development 

⇒ Each developmental stage can be delineated concisely by a small number of functional modules of 
co-expressed genes

⇒ Temporal developmental pattern different mouse-human
⇒ Conserved key members of human & mouse networks

http://www.nature.com/nature/journal/v500/n7464/full/nature12364.html?WT.ec_id=NATURE-20130829
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Zeisel et al.  (2015) Science

Cell-type specific 
transcription factorsHigh cellular diversity in the brain but 

morphological similarity 
=> difficult to disentangle distinct cells

Mapping out cell types in the mouse cortex & hippocampus Neuronal cell types hierarchy

scRNA-seq applications – Tissue heterogeneity

Interneurons of similar type exist in dissimilar regions of the brain
Identification of oligodendrocytes subtypes 
Microglia associated with blood vessels distinguished from perivascular macrophages

http://science.sciencemag.org/content/347/6226/1138.long
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scRNA-seq applications – Creating XXX cell atlases
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Mouse Cell Atlas 
(Han, Guo et al., Cell, 2018)

⇒ More challenging because needs for reproducibility, 
data sharing, standardization of nomenclature, 
integration between techs

tabula-muris.ds.czbiohub.orgbis.zju.edu.cn/MCA/

(Quake, Darmanis et al., Nature, 2018)

In total

~50’000 cells from 20 organs and tissues (SMART-Seq2)
~50’000 cells from 10x

Amongst first atlases: Mus musculus

https://www.cell.com/cell/fulltext/S0092-8674(18)30116-8
http://tabula-muris.ds.czbiohub.org
http://bis.zju.edu.cn/MCA/
https://www.nature.com/articles/s41586-018-0590-4
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https://www.humancellatlas.org
/

Chan Zuckerberg Biohub ($600 M Initiative)

The Human Cell Atlas

Cell States 
and Types

Lineages and 
transitions

Spatial 
location and 
architecture

Scope, Scale, Quality 
and Compatibility 

HCA plans to sequence 
~1-10 billion cells?
©Dana Pe’er talk at last 
HCA meeting

data.humancellatlas.org

https://www.humancellatlas.org/
https://www.humancellatlas.org/
http://data.humancellatlas.org/
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The Immune Cell Atlas 1.0

Bone Marrow Cord Blood

378,000 cells
~500Mb sparse count matrix

384,000 cells
~430Mb sparse count matrix

Online since April 2018 (1.3Tb w/ .fastq) preview.data.humancellatlas.org

The Human Cell Atlas PREVIEW: 2 pilot studies

http://preview.data.humancellatlas.org
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ATAC-se
q

Hi
C

DamID-se
q

Regulatory 
regions

RN
A

Nucleosome
(histones)

Transcription 
factor binding

BS-seq
5mC-se
q

Gene

DNA 
methylation

exome-seq
whole genome seq

Some can even be combined in the same cell (multiomics single-cell)
• DNA & RNA: DR-seq and G&T-seq
• Meth & RNA: scM&T-seq

scM&T-seq: Cheow et al., 2015
DR-seq: Dey et al., 2015

G&T-seq: Macaulay et al., 2015

Single-cell genomics can now assess most genomic layers

https://www.ncbi.nlm.nih.gov/pubmed/25811896
https://www.ncbi.nlm.nih.gov/pubmed/25599178
https://www.ncbi.nlm.nih.gov/pubmed/25915121
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Mapping out the “microbial dark matter”: species that cannot be cultivated

29 major mostly uncharted branches of the tree of life, so-called ‘microbial dark matter’
 resolved many intra- and inter-phylum-level relationships

novel, unexpected metabolic features (UGA stop codon recoded for Gly, purine synthesis, etc.)

Genome assembly from 201 uncultivated archaeal 
and bacterial cells from nine diverse habitats

Rinke, C. et al., Nature, (2013)

Single-cell genetics – Application to microbiology

http://www.nature.com/nature/journal/v499/n7459/full/nature12352.html
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Cusanovich, D.A.. et al., Cell, (2018)

Single-cell ATAC – and yet another Atlas?

⇒ 13 different 
tissues

⇒ 85 distincts chromatin patterns

https://www.sciencedirect.com/science/article/pii/S0092867418308559
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Cell capture

Cell lysis

Reverse transcription & second-strand synthesis

Amplification

Library preparation

Sequencing

Single-cell RNA-seq experimental workflow

(micromanipulation, laser-capture 
microdissection, FACS, 

microdroplets, microfluidics)

artificial
RNA spike-ins

Inclusion of:
• unique molecular identifiers (UMIs) for reducing technical noise
• cell-specific barcodes for multiplexing

(PCR or in vitro transcription)

adapted from Wikipedia

https://en.wikipedia.org/wiki/Single_cell_sequencing
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* Cell Capture: throughput, automation, cell stress

* Small quantities: obtain enough material for an accurate readout without introducing biases
⇒ Amplification requires many more cycles than bulk methods

* Data analysis & interpretation: sparseness, noise, high dimensionality, batch effect, doublets, …
⇒ Gene ‘dropouts’ in which a gene is observed at a moderate expression level in one cell but is not 

detected in another cell

Single-cell biology challenges

Kharchenko et al., Nature (2014)

https://doi.org/10.1038/nmeth.2967
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Dropout effect

Kharchenko et al., Nature (2014)

2 cells of same type: mouse embryonic fibroblast (MEF)

BMP4 is part of the top DE genes between 10 mouse embryonic 
fibroblast (MEF) vs 10 mouse embryonic stem cells (ES) 

https://doi.org/10.1038/nmeth.2967
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Unique Molecular Identifier (UMI) for dealing with amplification bias

UMIs are random barcodes that are attached to the fragments prior amplification

Individual transcripts can thus be detected in the final output by removing the duplicated barcodes/UMIs
⇒ Reduce the technical noise
⇒ Simpler statistical models (vs read counts)
⇒ Better approximation of duplicates as compared to standard Picard/Samtools tools (e.g. for variant calling)

© ecSeq Bioinformatics

6 identical sequences
3 unique input fragments

https://www.ecseq.com/support/ngs/how-can-unique-molecular-identifiers-help-to-reduce-quantitative-biases
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Single-cell genomics, available protocols

Svensson …Teichman, Nature protocols, 2018

scRNA-seq method development paving the way for other genomics 
techniques
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- making biology more quantitative: development of MICROFLUIDICS* techniques with 
applications in structural biology, drug discovery, molecular affinity, diagnostics

*reviewed in SackmanBeebeNature2014

C1 Single-Cell Auto-prep 
system www.fluidigm.com

First commercially available, fully automated scRNA-seq workflow
Cells are captured using integrated fluidic circuits (up to 800 cells/experiment)

https://www.youtube.com/watch?v=TF4NJRE4Xg4

Microfluidics

http://www.nature.com/nature/journal/v507/n7491/abs/nature13118.html
https://www.youtube.com/watch?v=TF4NJRE4Xg4
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Macosko … McCaroll Cell 
2015Now commercialised by Dolomite 

Microfluidics

DROP-s
eq

Highly Parallel Genome-wide Expression Profiling of Individual cells

alternative similar tech Klein .. Kischner Cell 
2015

— cell capture rate (currently 
~5-10%)
— no cell selection

https://www.youtube.com/watch?v=YCup_5njeS4

Droplet-based microfluidics

http://www.dolomite-microfluidics.com/
http://www.dolomite-microfluidics.com/
http://www.cell.com/cell/references/S0092-8674(15)00500-0
http://www.cell.com/cell/references/S0092-8674(15)00500-0
https://www.youtube.com/watch?v=YCup_5njeS4
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10X Genomics (Commercial Solution)
• Hydrogel bead dissolves in droplet 
🡪 uniform distribution of oligo’s

• RT in drop
• Overall, higher data quality 

compared to DROP-seq

10X Genomics
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Which protocol to use?

Ziegenhain et al., Molecular Cell (2017)

https://doi.org/10.1016/j.molcel.2017.01.023
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Which protocol to use?

Svensson et al., Nature Methods (2017)

10x Chromium

https://doi.org/10.1038/nmeth.4220
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⇒ Currently, the decision is a trade-off between accuracy and number of cells
⇒ Smart-seq2 (Smart-seq3) is the most sensitive / 10x is more accessible & can process more cells

Macosko … McCarroll Cell 
2015

⇒ The more cells you study, the better you are able to find and characterize 
sub populations (rare cell types, here amacrine cells)

Which protocol to use?

e.g. DROP-seq maps out retinal cell types
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SCRB-seq
MARS-seq
Drop-seq
SC3-seq

Different methods cover distinct parts of the transcript

UMI & high multiplex capacity

Full-length techniques enable study of alternative splicing and allele-specific expression 
3’ or 5’ techniques enable multiplexing of a large number of cells => easy handling, low cost
UMI incorporation allows reduction of PCR-introduced biases in amplification

Cyto-se
q

adapted from Macaulay .. Voet PLoS Genetics 2014 

In contrast to population RNA-seq, scRNA-seq much more samples + amplification biases 
=> early multiplexing & molecular counting very important 

Single-cell RNA-seq coverage over gene body

http://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1004126
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High rate (~ 40% of total) of duplicate cells in Fluidigm C1 experiments (medium 
chip)

Cell doublets can be assessed by species-mixing experiments

sequences from both 
mouse and human genome 
in same “cell”

Macosko … McCarroll Cell 
2015

Single-cell RNA-seq – really single-cell?
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Community needs: « I want to do single-cell ! »

I finally got good
 

single-cell data!!
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Community needs: « But how do I analyze single-cell data? »

?
?

Same as bulk data 
pipelines?
Which tools to use?

⇒ Typical bottleneck
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Study-specific downstream analyses
to generate new biological insight

Demultiplexing & QC

Normalization, noise removal

Quality control & filtering (II)

Mapping to reference genome

Cell type identification
Cell type characterization
Gene network analysis
Kinetics of transcription

Read/transcript matrix
(raw counts/UMI or normalized data) 

P
R

EP
R

O
C

ESSIN
G

D
O

W
N

STR
EA

M
 A

N
A

LYSIS

scRNA-seq analysis pipeline

Single-cell specific:
• Barcode demultiplexing
• UMI counting
• Filtering of cell

Single-cell specific:
• Drop-out handling
• Cell-cycle removal
• Etc.
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Study-specific downstream analyses
to generate new biological insight

Quality control & filtering (I)

Normalization, noise removal

Quality control & filtering (II)

Mapping to reference genome
"Black box" fixed pipeline?
e.g. 10x cell Ranger pipeline
 + Loupe Visualization

scRNA-seq analysis pipeline
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scRNA-seq pipeline may not be applicable to all datasets

“The tools aren’t perfect for every situation”
⇒ “A pipeline that excels at identifying cell types, for instance, might stumble with 

pseudo-time analysis”

“Appropriate methods are ‘very data-set dependent’”, says Sandrine Dudoit, (biostatistician at 
the University of California, Berkeley). 
⇒ “The methods and tuning parameters may need to be adjusted to account for variables 

such as sequencing length”
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scRNA-seq pipeline may not be applicable to all datasets

Solutions

• Standardized but parametrizable pipelines (e.g. Seurat)
⇒ Probably best for bioinformaticians

• User-friendly automated analysis portals (e.g. ASAP, Scope, FastGenomics, …)
=> Good first glance at results for bioinformaticians. Sufficient for non-bioinformaticians.
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asap.epfl.ch

Web portal for the interactive analysis of single-cell RNA-seq data

Gardeux et al., Bioinformatics, (2017

Web-tool for the interactive analysis of single-cell 
RNA-seq data
⇒ Provide HCA with a common interface for reproducible and 

interactive analysis of data
⇒ Centralized computational resources: Ruby-on-rails server + 

R/Python/Java code
⇒ Job queuing management: delayed-jobs gem
⇒ Currently 1430 projects & 400 registered users

asap-beta.epfl.ch

https://asap.epfl.ch/
https://academic.oup.com/bioinformatics/article/33/19/3123/3852081
https://asap.epfl.ch/
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Uniformization: how to handle/store a single-cell experiment…

Many different file formats exist to store all the information of single-cell RNA-seq 
project:

• CSV / TSV text file (dense Matrix)

• MTX text file (sparse Matrix)

• SingleCellExperiment R object (sparse Matrix)

• Seurat R object (sparse Matrix)

• Loom file (dense Matrix)

• …
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Example:

Loom Files?
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• Uniform storage / representation of a single-cell dataset

• Manifold alignment: Define novel methods for integration of multiomics/multiplatform datasets (e.g. batch 
effect)

• Scaling: HCA plans to generate datasets of > 10 billions cells. How to t-SNE that??
⇒ Cloud computing, scalable methods (scanpy, Seurat?), out-of-RAM computations

• Compression
⇒ Standardized data format for .fastq/BAM files (MPEG-G)
⇒ Lossless compression or not

• Imputation
⇒ Solving the dropout issue by replacing the 0s?

• Trajectory analysis 
⇒ Find scalable methods

Current methodological challenges for single-cell analysis…
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