Adult neural stem cells from the following brain regions have been well-

characterized:

A. Hippocampus
B. Retina
C. Hypothalamus

D. Subventricular zone

During embryonic development of the brain in mammals, which of the following is

(are) true ?

A. Radial glial cells appear first and then give rise to neuroepithelial cells

B. Neural stem cells make neurons, astrocytes and microglial cells

C. The last neuronal layer of the cerebral cortex that is formed is the one closest to
the ventricle

D. Neural stem cells from different brain regions not produce the exact same

progeny
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Tools in stem cell biology



What you will hear about today

1. How to investigate stem cell differentiation:

- |In vitro
- |n vivo

1. Pluripotent stem cells as a tool for:

- the study of early embryogenesis
- modeling human diseases



. Tools to investigate stem cell
differentiation



Tools to investigate stem cell differentiation

. Immunofluorescence

. RNAFluorescence In Situ Hybridisation (RNA FISH)

. Promoter-reporter constructs

. Reporter-based lineage tracing

. Sequencing-based lineage tracing



1. Immunofluorescence



Immunofluorescence - principle

Immunofluorescence uses antibodies to specifically stain proteins

Antibodies are glycoproteins produced naturally by our immune cells (B-cells) in
response to foreign proteins (for example from viruses, bacteria etc.)

Each antibody binds specifically to an antigen.

antigen
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How does immunofluorescence work?

Antibody binding is detected using fluorophores in a one or two step reaction

Direct Indirect
& Antigen
¢ - @@ /I\ Primary Antibody
/’\ /,\ - ‘ . Secondary Antibody

. Fluorophore



How does immunofluorescence work?

Antigen Present Antigen Present

Fixation and
permeabilization

UV Light

Treatment with Unbound antibody Treatment with
unlabelled primary washed away labelled secondary
antibody antibody

UV Light

Antigen Present Antigen Ahsent

Antigen Present

Unbound secondary
antibody washed
away

Fluorescence observed
wherever antigen is
located



Is it possible to image several fluorophores at the same time?

detector

ocular /emisswen filter

Spectra of the fluorophores and Alexa 594

100
8?5
? - Yes, if the spectra are not overlapping
g too much
25
. e == P |
200 400 500 600 700 800 900 . . .
Haenath (m L= == Excitation spectrum
— Emission spectrum
Spectra of the fluorophores Alexa 680 and Alexa 700
100 , x\l
8?5 ||II'. "u \‘I
%‘ P IllI I". Illll I|IH
z | ' . .
3 | [ \ - No if the spectra are overlapping too
2 | much
25 / AN
- - IIIII
0_ [T d=-_-'.:1:;:t"
00 400 500 &00

Wavelength inm



Immunofluorescence with several antibodies

It is possible to use multiple antibodies until all filters of the microscope are used

(often 4-5 channels)

Antigen Prezent

Unlabelled primary Treatment with
antibodies bind to labelled secondary
different targets antibodies

Lntigen Present
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How to stain the cell nucleus?

- By using a chemical, for example 4',6-diamidino-2-phenylindole (DAPI) that binds to DNA

—> It emits in the blue spectrum, and can be used in combination with green-emitting and red-emitting
dyes

Model showing DAPI (pink)
bound to DNA
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Multiplexing through cyclicimmunofluorescence

 Different cyclic immunofluorescence protocols have been published
» Antibodies are eluted/bleached after imaging to allow repeat staining

@Sample preparation @ Immunofluorescence
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Gut et al., Science 2018

Jia-Ren Lin et al., eLife 2018
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Application: in vitro differentiation towards neurons

Cell Lineage

Self renewing
stem cells

Early
progenitor cells

oligodendrocyte Astrocyte
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Application: in vitro differentiation of ESCs towards neurons

In vitro differentiation of embryonic stem cells towards neurons
Immunofluorescence against Nestin (expressed in neuronal progenitors) and 3-tubulin
(expressed in neurons) and DAPI staining

Nucleus:
DAPI stain

Neuronal
progenitors:
Nestin

David Suter, unpublished



2. RNA FISH



RNA fluorescence in situ hybridization (RNA FISH)

In RNA FISH, several small single stranded DNA molecules complementary to the same
MmRNA molecule and marked with fluorescent molecules (the probes) are hybridized (=
bound by base complementarity) to their target mMRNA

- Allows to localize and count mRNA molecules

Fluorescent dye

-~ 33

RNA in the cell
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RNA FISH - experimental setup

© FIX ¢ HYBRIDIZE € WASH O IMAGE Localize and detect
mRMNA in situ

Standard
Hucrascence

5 MICTCECORE

5 min setup, =4 hr incubation f.--' - —

10 min fixation, e 1 b v;a::_.qu “'“--._____
=1 haur per meabilization f-"' T “—h-__q_h_

M}x N/ NN N {%

Probes bind to target mRMNA in series

Stellaris® RNA FISH
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RNA FISH allows to localize and count mRNA molecules

Each dot represents a single mRNA molecule
—> Allows to count the number of each mRNA

Sox2 3'UTR

Buganim et al., Cell 2012
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Different signal amplification strategies exist

RNAscope® Signal Amplification - highly sensitive & specific
Sensiktivity Specificity
r \ \

Labeled probe
(Enzyme or Fluorophore)

Pre-amplifier binding site
\ Pre-amplifier Amplifier

| NN
Z ™

=

Target binding site

Target sequence

bietechne 16 AGD

a bietechne brand
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3. Promoter-reporter constructs



How to mark living cells: fluorescent proteins

GFP (Green Fluorescent Protein)

Aequorea victoria

2z



Fluorescent proteins have a low degree of toxicity

Mice can be engineered to express GFP




A colorful palette

New fluorescent proteins have been developed through mutations in the GFP gene

Different fluorescent proteins have different excitation and emission spectra

Excitation Emission
ECFP EGFP EYFP  DsRed ECFP  EGFF EYFP DsRed
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Wavelength (nm) Wavelength (nm)

24



The “evolution tree” of GFP
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- The fluorescent protein database (https://www.fpbase.org/): for info about spectra, properties,
microscope set-ups...
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Fluorescent proteins can be used as cell-specific reporters

Promoter active in neurons GFP

d N

Non-neuronal cell: no GFP expressed  Neuron: GFP expressed

26



Application: tracking cellular differentiation with fluorescent proteins

« ES cells carrying a neuronal promoter driving the expression of GFP are differentiated towards
neurons.
* In addition: immunofluorescence against 3-tubulin (expressed in neurons) and DAPI staining

Modified from Suter et al., Stem Cells 2006

27



Application: tracking cellular differentiation with fluorescent proteins

- Promoter active in a specific cell type allows to follow differentiation by fluorescence imaging

- In vitro differentiation of embryonic stem cells towards neurons

Early neuronal promoter -

Day 4

Day 7

Late neuronal promoter GFP
70- ,
e ¢
z ¢ Day 7/
q:, - Day 4
et RN
(D L]
‘_.’_. (LY EE
0 .
Red

Modified from Suter et al., Stem Cells 2006
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Application: tracking cell fate after transplantation

Tracking cell fate after transplantation: seminal experiment by Nicole le Douarin

‘3‘!.":%-‘- (’)&1- BEeld g e - oL
ha Mo \ Al Y R .

d! IIII g : ‘..' v .,'.. ';,’ “ ¢ :‘.?“.’ : ‘.“l" . " q"V'./‘
b f WY G Ty a2 et
ot A » A o 'xk Y
| ' P SN T s N & A bt
Il T T 5 Fvg gt en o M TS
g8l Neural i N e ey oL - il
R s Ry . i - R, . Y
e Tube & :J: wory g & o 9" 3
o 7 b e iy .:‘ " -
Neural Transverse section 't:' b IR LA ¥
Crast through chick host ‘? A e O R § T . | SV 8
containing quail
graft

Key concept: quail cells have a prominent nucleolus that serves as a permanent
marker

- Can be discriminated from chick cells
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Application: tracking cell fate after transplantation

Cells from a GFP mouse can be isolated and transplanted into a non-GFP mouse

- This allows to track the fate of the transplanted cells

Example: transplantation of vascular endothelial stem cells
- The resulting vessels can be directly seen by GFP
fluorescence in the recipient mouse
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Application: In vivo labeling of stem cells

Intestinal stem cells can be labeled in vivo by controlling GFP expression by an endogenous
gene (Lgrd) that is active specifically in these cells

Lgrd promoter GFP

Gehart &Clevers, Nature 2018

Barker et al., Natu}e 2007 i



4. Reporter-based lineage tracing



The Cre-Lox recombination system

Is it possible to stably label endogenous stem cells and follow their fate ?

5" -ATAACTTCGTATAA

GCATACAT+TATACGAAGTTAT-3"

37’ -TATTGAAGCATAT+

MEATAT GCTTCAATA-5"

Marintcheva 2018

Inversion

— - Gene X —

Deletion/Insertion

- — Gene X —

Translocation

M1

Cre recombinase

Cassette exchange

— — e =
<
<
M1 MI M2
R o
«—
M2 MI
R
<«
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Cre-Lox system can be used to label progeny of specific cells

e Cell-specific promoter —-—

w—  Rosa26 STOP

LoxP LoxP

XOEE:

|
L) o e ——

LoxP
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Cre-Lox system can be used to label progeny of specific cells
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Inducible Cre-Lox recombination

Tamoxifen (Tam) - mediated:

- Cre fused to a modified estrogen
receptor (CreER) cannot enter the
nucleus

- Tamoxifen binding to the ER induces
nuclear translocation of Cre

Doxycycline (Dox) - mediated:

- Cre expression is driven by a tetO
promoter

- (B) In presence of Dox, rtTA induces Cre
expression

- (C) In absence of Dox, tTA induces Cre
expression

- (C) In presence of Dox, Cre expression
is inhibited

Kim et al., 2018
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Multicolor lineage tracing: the brainbow mouse

A DNA sequence coding for several fluorescent proteins is inserted into the mouse genome.

These proteins can only be expressed in the brain (neuron specific promoter)

Upon induction, the Cre recombinase randomly permutes parts of this sequence so that only one of the
fluorescent proteins is expressed

Construct 1 2
lox2272 loxP

----
- .
- -
- =
aaaa
bl
=
-
-
.

FRT
F’AM@’ oA

Thyl promoter

Modified from Livet et al., Nature 2007 https://www.nature.com/articles/nature06293 37
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Multicolor lineage tracing: the brainbow mouse
Each permutation results in expression of a single fluorescent protein

a Brainbow-1.0

Construct 1 2

lox22 72 loxP

Thyl promoter _ . .
Cre-mediated recombination

Outcomes
| | y
1) Ly vep onpicERA o> | @
or

3| ety G i @

Modified from Livet et al., Nature 2007



Multicolor lineage tracing: the brainbow mouse

If the DNA sequence is present in 3 copies:

- 3 different fluorescent proteins are expressed in each cell!

Construct m Construct

on22 72 onP

FAT

W?M)- WEGFP> ks

)

¥//

Modified from Livet et al., Nature 2007

Promoter

Promoter

o [

on22 72 onP

W?M)- WEGFP> ok

——

(/YFP\

4

"

Construct

FRT

Promoter

o [

on22 72 onP

FAT

W?M)- MECFP> ohn

)
[ YFP )

/
A 4

a XFP combinations

Outcome for Resulting
each copy colour
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Neurons of the brainbow mouse




Neurons of the brainbow mouse

3D-tracing of neurons in the brain and

precise imaging of cell-to-cell contacts

41
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Multicolor lineage tracing: the confetti mouse
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Modified from Snippert et al., Cell 2010 https://www.cell.com/fulltext/S0092-8674(10)01064-0 2



https://www.cell.com/fulltext/S0092-8674(10)01064-0
https://www.cell.com/fulltext/S0092-8674(10)01064-0
https://www.cell.com/fulltext/S0092-8674(10)01064-0
https://www.cell.com/fulltext/S0092-8674(10)01064-0
https://www.cell.com/fulltext/S0092-8674(10)01064-0

5. Sequencing-based lineage tracing



The principle of cellular barcoding

Labelling cells with nucleic acid sequences

—l—
FP Barcod lyA
: - b ??y Cell population of interest
T T
GGG "GGaGYINGGRGNVGGGGNIGGEAGY |GeoGGlIYGGGG Lentiviral ||brary
\ Weinreb et al., Nature 2019 ’ >
|
i R oraaes bl
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The unique / \

<
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cell is transmitted m Differentiation
to its progeny / \
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Single cell analysis (scRNA-Seq)
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Inferring cell lineages
and differentiation
trajectories

t-SNE2

t-SNE1
Characterizing
complex cell
populations

Cell type 1
Cell type 2
Cell type 3
Cell type N

~—

High-throughput
sequencing

Expression profile

¢ coi HENE EEESNE

o coi2 JEN WHEN

PN | |
Cell N |

Transcriptome
of each cell
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Application: Cellular barcoding to trace HSC differentiation

Lineage and RNA recovery (LARRY)

Lineage tracing + single-cell RNA seq

i
GFP | Barcode | polyA | Clonal barcoding experiment
T e Barcode
oo Vogac¥lgacal¥ggag HBGGG Goacl¥gGog - progenitors

Q< Transplant .
P 57) or replate Map of progenitor fate
T half the cells
Sister 1
Profile half the l (early) Of\
progenitors : ®
; Sister 2
Profile (late)
mature cells

Weinreb et al., Nature 2019 46



1. Using stem cells to model early
embryogenesis



How can we study early embryogenesis?

polar body
./ pronuclei v,

\zona (GL tight m]‘:nncr = ‘b

blastomere junction

Day 1: Fertilisation Day 2: Cleavage Day 3: Compaction

=D L 1\
)

Day 4: Differentiation

uterine

Day 12: Bilaminar Day 9: cell mass
( ! disc formation differentiation

primitive
streak

S

Day 7: Implantation

ectoderm

mesoderm endoderm /

Day 12: Mesoderm formation

Day 5: Cavitation

Day 6: Zona hatching

Very difficult to
study in vivo !
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How can we study early embryogenesis?

“ z “ Embryonic Stem Cell (ESC)
e¥e

o~ \ '\

Mesoderm Endoderm Ectoderm

(Mddle Layer) (Internal Layer) (Externs lnyq-r)
v v v 2
- ' 6:‘ 00 == & . g
4,
g D e = U ‘w/
|
Cardiac Muscle Tubule Cell Smoo!h Muscie ?« Pano'eaﬂ( Skin C¢Ils Psgmm
of the Kidney (In Gut} (A\'eo Cell) of Epidermis Call
Skeletal Red Blood Thyroid Nuuron
Muscie Cells Cells Cell Call
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Timing of embryogenesis..




..parallels ES differentiation timing

5 days

Mouse ES cell-derived neurons

WWW.CcSC. mrc.ac.uk

3 weeks

Human ES cell-derived neurons

Suter et al., unpublished
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How can we study early embryogenesis?

Layers Markers Birthdate
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Subplate E10.5-13.5 Days of differentiation

raelin

Gaspard et al., Nature 2008



1. Using stem cells to model
disease



Using pluripotent stem cells to model diseases

Steps of disease modeling

I. Design and verify Target cell type

> >

Differentiation Induce disease-
protocol relevant phenotype

9

S

Patient-specificinduced ¢
pluripotent stem (iPS) cells ’\%

Patient-specific iPS cells
with genetic correction

Il. Employ

Study mechanisms of
disease phenotype

=\
@’ \

High-throughput drug screens 3
to reduce disease phenotype

Cherry & Daley, Annual Reviews in Medicine 2013
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Issues with patient-derived cells

—> Patients differ from each other not only in their diseases but at
millions of genomic loci

- Each iPS cell line from the same patient behaves differently
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Genome editing to create disease-specific in vitro models

- Starting from a given pluripotent cell line that is modified specifically at the
disease locus allows a much cleaner model

- How to introduce specific mutations in the genome of pluripotent cells ?
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Current genome editing technologies

Principle: cleavage of a specific genomic sequence by nucleases
- The break will be repaired either by non-homologous end-joining (NHEJ) or by homology-directed

recombination (HDR)

a Aﬂeﬁi@

i Cleavage by nucleases

DSB
HDR NHE)
Donor DNA Donor DNA
Or
GGATAGAA:
ssODN

g e

ESGGTACACTGCOATEGRON |/ | | BGCACCTATCTTACCAGTC| °GCG BGeA AGTC- ATCTTAC! -
Gene correction or point mutagenesis Small indels

Gene or tag insertion

Kim et al., Nat Rev Gen. 2014



Three different generations of nucleases

a Zinc-finger motif consensus
CX,,CXFLXGHXH

Right ZFP
. .. AJLDE
1. Zinc-finger nucleases: specific aa Y . Saxtzessasudll
s [T[c[c[c[c[r]c]c[T[T[c[c[ciT G ¢ G ¢ clelalelTlclelclT|c/alTle]c] 3

motifs recognize specific triplets of v CIeICICIC R RICICE NI A clcle A G TAICTS] ¢

HEBE ;;? IS EEE kI (-
base pairs EEE-

Left ZFP
Nature Reviews | Genetics
a RVD

LTPEQVVAIASEBIGGKQALETVQRLLPVLCQAHG

Left TALE
- . . LR R0 (R
2. Transcription activator-like effector LodddddsistbbbbtisP
nucleases (TALEN) s [le[z/clalalc/T|c/cla/alT/c/T/alT/calca[T/c A A T T A'TIT/a[T/alc/alT]c[c/clalc[c/cIcT/[c/clala/aa 3
3 ACAGTTICAGGTTAGATACTG T‘.AQGET TAATAATATGTAGCCIT/C/c/clc/alc/clg/T|T/TH =

Right TALE

X
\; Target DNA

z:lIIHIIIIIIIIIIIIIIIIIII PAM lIIIIlIlI||1IIII|I1I|I1|IIZ:
3. CRISPR-Cas9 nucleases ,"-J
(NRRARAN RN
' Cas9
Guide RNA

Kim et al., Nat Rev in Gen. 2014 58



CRISPR-Cas9 nuclease system

Scaffold

gRNA
-

Spacer

¢ Complex formation

&

Cas9:gRNA complex

Target binding

—

Target+PAM

¢ Target cleavage (DSB)

LRI LY
NHEJ repair / \ HDR repair
wT

IFEITERET T TTI AT
LU U U A
AL LA Insertion IFUNIRNNTRNARRNNNINT]
Repair template with homology arms,
TN TAniq ] Deletion desired genomic edit and PAM mutation
LTI Frameshift l
T Precise edit

https://www.addgene.org/guides/crispr/
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CRISPR-Cas9 based gene therapy for sickle cell anemia

Sickle-Cell Anemia

CAC CTG GAC TGA GGA CTC CTC Mormal red blood cell 1ectio
EEE BN EE 5 EEE NEN ool ;;:cb;'“d coll e 2 e

HBB GUG GAC CUG ACU CCU GAG GAG
u AN BN NEE EEE BN m
(Val)(His (Leu)(Thr )(Pro Glu)Glu)

CAC CTG GAC TGA GGA CTC CTC
EEN BN’ ENE N H N EEN EEN

HBB GUG GAC CUG ACU CCU GAG GAG
H SN NN EEE EEE H =

(Val)(His J(Leu)Thr )(Pro (Glu )(Glu)

Marmal
hamaoglobin

Abnormal sickle red blood cell sechion
RECs fMow freely within blood weisel

CAC CTG GAC TGA GGA CAC CTC
ps allele EEE BN EE N E N NN EEE

GUG GAC CUG ACU CCU GUG GAG
u SN BN NEE EEE B a
(Val)(His (Leu)(Thr )(Pro ¥al)(Glu)

CAC CTG GAC TGA GGA CAC CTC

BSallele WHE NE" “Em 5 EEE EEN Abnormal
G G S Acp ccp Gy G hemcglebs

(Val)(His Y(Leu)(Thr)(Pro)(Val)Glu) Sickle cells blocking blood flow it skrinil
Shicky sickle calls sickle shape

Ortizetal., 2018

Kato et al., Nat. Rev. Dis. Primers 2018
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CRISPR-Cas9 based gene therapy for sickle cell anemia

Sickle cell disease
pahient

Reinfusion of edited cells
and engraffment
in bone marrow

Hematopoietic
Stem/Progenitor Cells {HSPCs)
removed from patient

.

,_‘.‘ f_'.-

e

UL

s
@
-
.

8

CRISPR-Cas9 repair of mutant B-globin
gene (replacement of T with A) or
reactivation of fetal hemoglobin

Sickle cells Normal red blood cells

https://www.synthego.com/
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Genome editing model of Parkinson’s disease

Patient Patient-derived Neurons
fibroblasts hiPSCs {

T — ) —
ZFN-mediated

mutation repair i
O

Human embryonic
stem cells

=

ajuabos)

ZFN-mediated @
insertion of S
disease §
mutation e

Soldner et al., Cell 2011
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Genome editing model of Parkinson’s disease

Point mutation causing Parkinson’s
disease

Corrected point mutation

TH+ neurons
DAPI

Ryan et al., Cell 2013
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Limitations of in vitro differentiation of ES cells to model diseases

ES cell differentiation in a dish is “messy”

7 Neuronal djfferentiation of ES cells

3

\T\'Ieurqns

David Suter, unpublished

- Stem cells can be differentiated as 3D structures to form organ-like
structures (“organoids”)
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“Minibrains” generated from human ES cells

| hES media, low bFGF | Neural induction media |Differentiation media| Differentiation media +RA|
| Suspension | Suspension | Matrigel droplet Spinning bioreactor
Day 0 Day 6 Day 11 Day 15
Embryoid Expanded
bodies Neuroectoderm neuroepithelium Cerebral tissue

T

Lancaster et al., Nature 2013
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“Minibrains” generated from human ES cells

Human ES cell-derived minibrain Human fetal brain

Red: neuronal progenitors
Green: mature neurons
Blue: cell nuclei

Lancaster et al., Nature 2013
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“Minibrains” to model human disease

Human iPS cells generated from a patient with a mutation in the CDSRAP2 protein

A3842
A3842

Control
Control

Lancaster et al., Nature 2013
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In vitro intestine from intestinal stem cells

Sato et al., Nature 2009
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