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zygote
(1 cell type)

1013 cells with 1000s of 
different cell types

?

Our motivation: the central question of 
developmental biology

cell type diversity (= complexity) is created by 
a series of symmetry breaking events

P.W. Anderson, “More is 
different”, Science, 1972



Molecular profiling (aka omics)



Bulk RNA-sequencing aka “fruit smoothie”

complex tissue



The single-cell smoothie

weight of a strawberry  = 1 billlion x weight of a single cell



Single-cell RNA-seq

Zheng et al., Nature Comm., 2017



Generic preprocessing



Further, sample-dependent preprocessing

Luecken et al., Mol. Sys. Biol., 2019



Downstream analysis



Single-cell RNA-seq examples

Cao et al., Science, 2017 

Human pancreas

Baron et al., Cell Systems, 2016 

Complete C. Elegans worm



Single-cell RNA-seq examples

bioRxiv 2021.07.19.452956; doi: https://doi.org/10.1101/2021.07.19.452956 

Tabula Sapiens



Single-cell transcriptomics of the human fetal kidney

Mazène Hochane Patrick van den Berg



22 cell types could be distinguished



Clusters were merged based on interpretability



All clustering algorithms have tunable parameters

Kiselev et al, Nat. Rev. Genetics, 2019

k-means clustering

hierarchical clustering

Louvain / Leiden community detection



Phiclust: a clusterability measure for single-cell 
transcriptomics reveals phenotypic subpopulations

Maria Mircea Diego Garlaschelli



measurement = signal perturbed by noise



measurement = noise perturbed by signal



Random matrix theory predicts the singular value distribution

Marchenko-Pastur theorem 
predicts singular value 
distribution of covariance matrix 
for iid random processes with 
variance s2

T: number of cells
N: number of genes



Group1 Group2 Group3 Group4 Group5

Group1 Group2 Group3 Group4 Group5

Distance of significant singular values from bulk distribution 
reflects signal-to-noise ratio

high signal-to-noise

low signal-to-noise



A useful measure can be defined based on the significant 
singular values



signal 
eigenvectormeasured 

eigenvector

Clusterability measure =   cos2(angle) 

The distance between signal and measurement can be 
calculated from the singular values



Group1 Group2 Group3 Group4 Group5
Group1 Group2 Group3 Group4 Group5

Distance between signal and measurement can be 
calculated from the singular values
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The measure can be shown to relate to clusterability

Fclust (phiclust)



Rand index RI 
measure to assess the quality of a clustering; 
ground truth is required; between 0 and 1

RI =

number of pairs of cells correctly put in the same cluster
+ number of pairs of cells correctly put in different clusters

number of all possible pairs of cells

RI = 66/78 =0.85 RI = 36/78 = 0.46

good clustering bad clustering

Adjusted Rand index ARI
Rand index relative to random clustering

The adjusted Rand index (ARI) quantifies clustering quality



gene X

high noise

low noise

cell type A cell type B

cell can is assigned 
to A with low error rate

cell is assigned to A 
with higher error rate

The theoretically achievable ARI (tARI) is limited by the 
Bayesian error rate



ARI for simulated data



ARI for synthetic data



Fclust is a proxy of the achievable ARI
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Application to fetal human kidney data
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Application to fetal human kidney data



www.semraulab.com

Twitter:  @SemrauLab

semrau@physics.leidenuniv.n
l



Single-cell Netherlands

Single Cell Network Leiden

A platform to exchange experiences, to 

connect researchers with complementary 

expertise, and to strengthen the single cell 

community in Leiden

singlecell.nl@gmail.co

m

www.singlecell.nl

@scNL4

mailto:singlecell.nl@gmail.com
https://www.singlecell.nl/
https://twitter.com/scnl4


Thank you!
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Backup



1. Single cells have to be captured and barcoded
• microplates with pre-distributed barcodes
• microfluidic chip (Fluidigm C1) 
• nanoliter droplets with barcodes provided on 

beads or gel drop

2. Small amounts of mRNA have to be amplified without 
introducing a bias
• in vitro transcription  + PCR
• template switching RT + PCR

3. Quantification has to be accurate, sensitive and precise 
• whole transcript coverage
• 3’-end sequencing (digital gene expression, counting of 

unique molecular identifiers (UMIs))

Experimental challenges of single-cell RNA-seq



our home made PDMS device
(1000 libraries / 5 min )

Drop-seq microfluidics

primer coated 
bead

single cell

Macosko et al., Cell, 2015

dolomite microfluidics



Drop-seq setup



Single-cell RNA-seq principle (drop-seq)

3. droplet breakage 
(= pooling)

5. tagmentation (NEXTERA) 
& library amplification

1. cell co-encapsulation 
and lysis

2 . capture of transcripts 
on primer coated bead

4. template switch RT, 
single-primer PCR



Unique molecular identifiers (UMIs)

Kivioja et al., Nature Meth., 2011 

4 bp 6 bp 8 bp 10 bp

restriction in the number of 
transcripts M  for P < 0.05 to have 
multiply used UMIs

M < 91   (4-base barcode)
M < 1455 (6-base barcode)
M < 23289 (8-base barcode)
M < 372326 (10-base barcode)



Chronic kidney disease is a prevalent disease worldwide



Regenerative medicine approaches for treating kidney disease 

not the generation of new nephrons (5). However, whereas the

resection of an adult kidney does not lead to the regeneration

achieved in the liver, the mammalian kidney shares with the

majority of organs the ability to repopulate and repair struc-

tures that have sustained some degree of injury. This process,

termed cellular repair , can be achieved by reentry into mitosis

and proliferation of neighboring cells. As a result, the kidney

can undergo significant remodeling in response to acute dam-

age. For example, obstruction of the ureter can result in the near

destruction of the kidney medulla, but once the obstruction is

removed, there is a rapid process of reconstruction and repair

that will regenerate the tubules of the medulla without forming

new nephrons (6). It has been proposed that the cells that elicit

such repair come from interstitial cell transdifferentiation (7),

tubular cell dedifferentiation and migration into the areas of

damage before redifferentiation (8,9), the recruitment of stem

cells from the bone marrow (10–14), or the generation of new

tubular cells from an endogenous renal stem cell population

(reviewed in reference [15]). Which of these is primarily respon-

sible for the cellular repair that is observed after acute damage

has not been proved definitively using lineage tracing. How-

ever, the mammalian kidney seems to have a very limited

potential for structural repair or true regeneration. While

nephrogenesis is occurring in the fetus, there is evidence that a

systemic humoral response to nephrectomy allows the en-

hanced nephrogenesis of the remaining organ (16). However,

nephrogenesis in mammals ceases just before or shortly after

birth (3), and the birth of new nephrons has never been re-

ported after this point in time. Chronic injury of the kidney,

which is responsible for the majority of cases of end-stage renal

failure, results in irreversible glomerular and tubular damage

and resultant loss of renal function. Hence, mammalian kid-

neys respond to chronic damage by fibrosis, scarring, and

irreversible functional loss.

Recruitment of Bone M arrow to the Kidney
Can we improve the capacity of the kidney for cellular re-

pair? The ability of cells that originate from bone marrow to

move into distant sites within the body, including the kidney, is

now well recognized. Reports have suggested that these cells

can transdifferentiate into tubular epithelial cells (12), mesan-

gial cells (11,13,14), glomerular endothelial cells (17,18), and

even podocytes (12). As in most organs, bone marrow–derived

cells (BMDC) appear in the kidney in response to damage. The

lineage of these cells is unclear, and their ability to elicit trans-

differentiation is controversial because the possibility of cell

fusion has not always been eliminated (19) (Figure 2). The use

of lineage tracing has been critical to differentiating these two

possibilities. In the case of the muscle, there is evidence from

studies in which bone marrow was derived from LysM-Cre

mice that it is the monocytic lineage that is recruited and fuses

with cells in the target organ (20). This lineage gives rise to the

macrophages, which express proteins that are involved in fu-

sion processes. This does not answer the question of the relative

value of this fusion process. In the brain, BMDC can fuse with

Purkinje cells (21), a cell type that is presumed to be unable to

divide, possibly leading to a “rejuvenation” of such terminally

differentiated cell types. Certainly, the functional outcome of

BMDC recruitment must always be assessed.

In the context of the kidney, several studies have examined

the recruitment of BMDC to kidney in response to damage

signals and their transdifferentiative and reparative capacity.

The injury models used include ischemia-reperfusion injury

Figure1. Potential therapeutic options for the treatment of renal
disease. The options are presented as predominantly pharma-
ceutical to predominantly biotechnological from left to right.
Illustration by Josh Gramling—Gramling Medical Illustration.

Figure 2. Stem cells, whether recruited to the kidney from
distant organs or delivered to the kidney after ex vivoexpansion
of an isolated stem cell population, may contribute to repair via

the production of specific cyto/ chemokines or growth factors
(humoral response), transdifferentiation into specific renal cell
types, or cell fusion. It is not always clear which of these events
occurred or which event was of the greatest functional signifi-
cance. Although it has been shown to occur, the regulation of
stem cell recruitment to the kidney has not been elucidated.
There is increasing evidence for a humoral reparative role being
provided by introduced stem cells, but the nature of this re-
sponse also remains to be investigated. Illustration by Josh Gram-
ling—Gramling Medical Illustration.

J Am Soc Nephrol 17: 2390–2401, 2006 Potential Regenerative Therapies for the Kidney 2391

Detailed knowledge of in vivo 
kidney development required!

Little, JASN, 2006



Transcriptomics of individual cell in the kidney (TRICK)

validation by 
imaging

single-cell 
RNA-seq

(10x  genomics)

human fetal 
kidneys



Embryonic kidney development

McMahon, Essays on Developmental Biology, 2016

nephron – functional unit of the kidney



22 cell types could be distinguished



Trajectory inference with monocle 2 confirms 
developmental flow



Heterogeneity in the nephrogenic niche



Gene expression and Monocle 2 suggest temporal order of NPCs



Data can be explored with an interactive web app 

www.semraulab.com/kidney


