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Pluripotent /multipotent stem cells
(Embryonic, Adult, Induced,…?)

Promise for 
biomedicine

•Replacement therapy
•Drug development
•Disease modeling

•Toxicity testing

Food for thought
•Mechanism(s) of self-renewal ?
•Mechanism(s) of differentiation

•Symmetric/asymmetric division ?
?
?
?



Where can we find the origins
of stem cell research?

Tumours were at the beginning
(teratomas/teratocarcinomas)

1954 – mouse strain 129, spontaneous 
development of testicular teratocarcinomas

(Stevens & Little)

Key finding

1964- teratocarcinomas contain individual 
cells that have the capacity to 

differentiate into many different cell types
(Kleinsmith & Pierce)
PLURIPOTENCY



Cells of teratocarcinomas bring
another important finding.

Growth without a loss 
of pluripotency

1974 – cells of teratocarcinomas maintain 
their pluripotency when propagated in vitro 

(Gail Martin & Martin Evans)
SELF-RENEWAL

Another example 
of pluripotency

1974 – chimaeras are produced upon 
injection of cells of teratocarcinomas 

into blastocyst-stage embryo 
(Martin & Evans)

Gail
Martin

Martin
Evans



1981
Lines of pluripotent cells were established for the first time

from mouse embryo – Embryonic Stem Cells
(Martin & Evans)

Embryonic Stem Cells (ESC) – step from cancerous pluripotent
cells of teratocarcinomas to „normal“ pluripotent cells

Early embryo at blastocyst stage 

Isolated embryoblast (ICM - Inner Cell Mass)

Isolated embryoblast after placing to 
in vitro conditions (+ feeder cells + LIF)

Propagation in culture by enzymatic disaggregation
(repeated passaging)



The Nobel Prize in Physiology and Medicine 2007

Development of techniques to make knockout mice using ES cells that offered
an opportunity to generate live animals with a desired mutation in every cells!

Sir Martin Evans

Mario R. Capecchi

Oliver Smithies

over 35 000 papers



• The establishment of mouse embryonal carcinoma (EC) cells Martin, 1975

• The establishment of mouse embryonic stem (ES) cells Martin, 1981

• The isolation of totipotent (?) bovine embryonic stem cells Sins, 1993
• The culture of pig ICM-derived cells Strojek, 1990

Wheeler, 1994
• The culture of sheep ICM-derived cells Galli, 1991

Moor, 1992
• The culture of rabbit ICM-derived cells Giles, 1993

Dvorak, 1997

• The isolation of primate embryonic stem cells Thomson, 1995

• The isolation of human embryonic stem cells Thomson, 1998
Reubinoff, 1998

The history of embryonic stem (ES) cells. 



Human Embryonic Stem (hES) Cells.
(Thompson et al, 1998)

Early embryo at blastocyst stage 

Isolated embryoblast (ICM - Inner Cell Mass)

Isolated embryoblast after placing to 
in vitro conditions (+ feeder cells + FGF2)

Propagation in culture by enzymatic 
disaggregation (repeated passaging)



Technology to obtain human ES cell line.

Blastocyst +ZP

ICM 24hrs

-ZP

Early embryo – blastocyst 
(human 4-5 days, mouse 3.5 days)

• Removal of zona pellucida (pronase treatment)

• Isolation of ICM by immunosurgery
• Placing ICM onto feeder layer of MEFs (CF-1)

• Culture in appropriate media
(DMEM/F-12 with KO-SR and FGF-2)

• Hoping for a attachment of ICM

•donated for research purposes – written consent
•no monetary compensation

Blastocyst = trophectoderm + ICM (embryoblast)



10 morulas
100%

88 blastocysts
100%

83 isolated ICMs (?)
94%

57 attached ICMs
69%

14 hES cell lines 
24.6%

1 attached morula
10%

No hES cell line
0%

Derivation of hESC is not a 100% success process



Quality of embryo matters

1 hatching (qual. 1)

5 expanded (qual. 1)

1 early (qual. 2)

7 
blastocysts

7 
hES cell lines

Behavior of embryoblast in culture varies

CCTL1                                8 
CCTL2                                9
CCTL3                                4
CCTL4                                5
CCTL5                                8
CCTL6                                3
CCTL7                                8

hESC line              the first outgrowth at day

…as well as many other parameters



What can we use to evaluate
embryonic stem cells?

Oct4

CCTL9 MEFs

TRA-1-60

TRA-1-81

TRA-2-54

AP

SSEA-1

SSEA-3

SSEA-4

Thy-1

Molecular markers of pluripotency

8 days 

CCTL12

15 days 

5 + 10 days 

Capability to
differentiate



Wide variety of stem cells.

Stem cells generate and 
regenerate our body

1. Undifferentiated growth

2. Differentiation

Capability to differentite
into specialized

cell types

Pluripotency

Capability to produce
identical copies of itself

Self-renewal

Different properties

Fetal
Organ
Tissue

Embryonic
stem cells

Adult stem
cells

Induced pluripotent
stem cells

Cancer stem 
cells



Pluripotent /multipotent stem cells
(Embryonic, Adult, Induced,…?)

Promise for 
biomedicine

•Replacement therapy
•Drug development
•Disease modeling

•Toxicity testing

Food for thought
•Mechanism(s) of self-renewal ?
•Mechanism(s) of differentiation

•Symmetric/asymmetric division ?
?
?
?



Permissive legislature
Handle on self-renewal 

and differentiation

Immunological
compatibility

Safety
(genetic stability, …)

Many others…

Reaching biomedical promises 

Stem cells from 
different sources



What is the legal status of experimenting with 
human ES cells in the Czech Republic?

Permissive

Act on research on human embryonic stem cells 
and related activities and on amendment to some related acts

Passed by Parliament of the Czech Republic on April 26, 2006 

In effect since June 1, 2006 as Act no. 227/2006 Coll.

Permisssion for work with human embryonic stem cells
Czech registry of human embryonic stem cells



Permissive legislature
Handle on self-renewal 

and differentiation

Immunological
compatibility

Safety
(genetic stability, …)

Many others…

Reaching biomedical promises 

Stem cells from 
different sources



How many lines of human ES cells 
do we really need ?

Potential use 
of HESC 

in regenerative medicine

Two aspects

USA
Federal funds – only lines that were derived before August 9, 2001, 9:00 a.m.

78 lines complied with this criteria - only 22 lines were in fact available 

Experimenting 
on hESC

„Normal“ lines
Genetically 

abnormal lines

Manipulation without 
xenogenic substances

Imunological compatibility 
between ESC and patient

(about 1500 aleles in 12 HLA loci)



Are all the lines af human embryonic 
stem cells „the same“ ?

NO

Differences
• growth properties in vitro
• differentiation properties

Sources of differences

The way of manipulation 
with hES cells

(derivation, propagation,…)

Biology of indiviual 
human embryos !

Osafune et al. Marked 
differences in differentiation 
propensity among hESC lines. 
Nature Biotech, 2008



CCTL9, CCTL12, CCTL14

International Stem Cell Initiative
(International Stem Cell Forum – Prof. Peter Andrews)

Centre for Stem Cell Biology & UK Stem Cell Bank

1. Antigen expression – FACS (nondif + dif)

2. Antigen expression – IIF (nondif)

3. Gene expression – QRT-PCR (nondif + dif)

4. Gene imprinting (nondif)

5. Teratoma formation

6. Microbiological analysis (viruses, mycoplasmas,…)

• 63 hESC lines
• 17 laboratories
• 11 countries

Published 
Nature Biotechnology

2007



Permissive legislature
Handle on self-renewal 

and differentiation

Immunological
compatibility

Safety
(genetic stability, …)

Many others…

Reaching biomedical promises 

Stem cells from 
different sources



Human ES cells (line CCTL14) 
growing on feeder layer of 
human foreskin fibroblasts 

(line SCRC-1041)



Culturing of human  ES cells  on corpuscular microcarriers 
in suspension – way of effective propagation ?

Cytodex3 CultispherG Cytopore

apoptosis

Oliver Brustle, 2007



Culturing of human  ES cells  on corpuscular microcarriers
does not affect the expression of markers of pluripotency
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50 m

• Institute of macromolecular chemistry ASCR

• VUT Brno, Prof. Jančář

Hydrogels may function as carriers for human ES cells



A

A

cytokeratin desmin AFP

cytokeratin desmin AFP

m
ES

C
hE

SC

Oliver Brustle, 2007

University of Bonn

Cellhost system makes all the key steps 
in culturing of human ES cells automated



Permissive legislature
Handle on self-renewal 

and differentiation

Immunological
compatibility

Safety
(genetic stability, …)

Many others…

Reaching biomedical promises 

Stem cells from 
different sources



ectoderm mezoderm endoderm

liver
pancreas
lungs 
intestine

brain
spinal cord
skin

blood
muscles
kidney

GFAP

MAP2Diferentiation
in vitro

Nondifferentiated mES cells Differentiated mES cells 
with the glial markers

Pluripotency of PS cells



How to achieve differentiation of ES cells
into proper lineage?

1) presence of „proper“ growth factors (FGF2, EGF, IGF, RA, Noggin, …)…2) presence of proteins of extracellular matrix (colagen, laminin, fibronectin, …)t3) presence of interacting cell surface molecules (integrins, NCAM, ….)
4) structure / elasticity / size of the cell culture substrate
5) timing of all the treatments

•Neurons, astrocytes, oligodendrocytes
•Pigmented epithelia of retina
•Cardiomyocytes
•Endotelial cells
•Insulin-producing cells
•Hematopoietic cells
•Immunocompetent cells
•Trophoblast cells
•Cells of respiratory epithelia
•Osteoblasts
•Hepatocytes
•Melanocytes
•Prostate cells

Embryoid bodies
(16 days)

+ retinoic acidEKB

Desintegration of 
EBs into single cells

Culture on gelatin NP

Terminal differentiation



Initiation of differentiation into certain 
cell lineage – „commitment“

ES cell
Cell of 
neural
lineage



Expansion of progenitors

ES cell
Cell of
neural
lineage



Specification and terminal differentiation into
functional cell types

Oligodendrocyte
Cell of
neural
lineage

ES cell

Astrocyte

Neuron



Major obstacle – less satisfactory homogeneity / purity of terminally differentiated cell types
(improved differentiation protocols, cell sorting, … ???) 



In vitro culture can turn ESCs into female gametes 

Oct-4-GFP reporter line

„FACS sorting“
C-kit
VASA
SCP3

D22-26

Oct-4

~D43



In vitro culture can turn hESCs into male and female gametes

2009
•Shef1
•Shef3
•Shef4
•Shef5
•Shef6
•H7

+/-
• RA
• BMP
• Medium conditioned by

neonatal mouse testes

Structures reminiscent to oocyte-granulosa 
cells complexes (ZP nondeveloped)

B)  C-KIT
C)  I-97 antigen
D)  Cells with kondenzed chromatin 

and sperm-like morphology

Last sentence: „Speculation on clinical applications 
for hESC-derived gametes is premature.“



Stem cells can repair adult tisues/organs

Reparative behavior

- Constitutive high rate
- Defined hierarchy of

stem/progenitor cells

Epidermis

Intestine

Blood

- Low steady-state turnover
- Robust repair after damage

Lung

Liver

Pancreas

- Inefficient
- Scaring instead of repair

Brain

Heart



Ciliated cells
Goblet cells
Serous cells
Neuroendocrine cells
Basal cells

Clara cells
Club cells
Ciliated cells
Basal cells

Pneumoctes type II

Pneumocytes type I

Lung structure

More than 40 cell lineages identified in lungs !!!

Anterior ventral foregut endoderm +         Mesoderm

Vascular smoth muscle
Airway smooth muscle
Cartilage
Myofibroblasts
Pericytesproximal

distal



Lung diseases potentially treatable by cell therapies.

Lung disease Affected components Therapeutic target

Respiratory distress syndrome Alveolar epithelium
Capillary endothelium

Epithelia and endothelia
regeneration

Asthma
Epithelium

Myofibroblast
Airway smooth muscle

Inhibition of inflamation
Inhibition of airway remodeling, 
Inhibition of muscle heperplasia

Bronchopulmonary
dysplasia

Alveolar epithelium
Capillary endothelium

Interstitial fibroblasts

Inhbition of inflamation
Regeneration of alveolar septa 

and epithelium

Cystic fibrosis Airway epithelium Delivery of CFTR
(cystic fibrosis conductance regulator)

Chronic obstructive pulmonary
diseases (emphysema)

Alveolar epithelium
Capillary endothelium

Interstitial fibroblasts
Generate 3D alveolar structure

Bronchiolitis obliterans Airway epithelium Regeneration of epithelia

Cancer All components Complete replacement of 3D 
structure

and others

Respiratory diseases are the third leading cause of death in the industrialized world.
Lung replacement is often the only solution. 



Therapeutic strategies

Acute alveolar damage
• inhalation injury
• blast injury

Activation of healing
potential of resident 

progenitors

Chronic lung damage
• Chronic obstructive pulm. disease
• Fibrosis
• Bronchopulmonary displasia
• and others

Cellular therapy Lung engineering



What cell sources we may consider?

2
Stem / progenitor cells
residing in lung tissues

1
Adult stem cells isolated

from non-lung compartmets

3 
Lung stem / progenitor

cells differentiated from
pluripotent stem cells



Anas Rabatta

BASCs

variant Clara cells 

Clara cells 

Stem / progenitor cells residing in lung tissues

Zuzana Koledová



Direct differentiation of pluripotent SC 
into airway epithelia

+ Activin
+ FBS

- Activin
- FBS

+ FBS 
+ FGF2 
+ KGF
+ EGF  

D0 D6 D15 D28

Endoderm induction Anterior-posterior
patterning

Tissue specification

Vitronectin

hESC

3D Organotypic cultureAir-Liquid interface culture



From individual cells to 3D organ-resembling structures



ESC can give rise to highly organized
organ-like structures.

April 2011
3D culture (EB)

+ integrins
+ laminin
+ entactin
+ Nodal

Internal nuclear layer

External nuclear layer

Ganglion cells

D24



Even induced pluriptent SC go to the clinic.



Genetic changes develop in self-renewing hESC. 

2007

2010

October 2011



…. and also in adult stem cells. 



Why do they occur?

Biological significance ?

Mechanisms ?

Part of hESC definition ?
Unfavourable culture conditions ?

?

Tumorigenicity ?
Differentiation capabilities ?

Self renewal ?
?

Failure of checkpoint controls ?
?

Alterations to the genome of hESC
Questions to be answered
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G1 delay associated with inhibited CDK2 
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Barta et al., Stem Cells, 2011
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Barta et al., 
Stem Cells, 2011



Members of miR-302 family
regulate p21 in hESC.

hESC

-/+UVC

+ Short-hairpin RNAs against
Dicer 1 and Argonaut 2

~50% reversal

+ microRNA mimics of four 
members of miR-3O2 family

Dolezalova et al., Stem Cells, 2011



Chk1 and Chk2 mediate response to UVC in hESC.

ATM/ATR

Chk1/2

Cdc25A
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Conclusions 1

microRNAs that are responsible for inability to fruitfully activate p53-p21 
DNA damage axis are among those that are specific for stem cell phenotype 
of hESCs.      

At least in hESCs, microRNAs seem to provide an interconection among 
differentiation status, cell cycle prgression and DNA damage response.

hESCs have limited capability to execute cell cycle chcekpoints upon damage 
to their DNA.



Cell cycle progression is unusual in hESCs.

cyclin A2

cyclin E1

cyclin B1

p27

p21

0

10

20

30

40

Doubling time t (h)

hESC
NP P<10
NP P>25

High activities of
CDK1 & CDK2

CDK2 kinase
activity



Centrosome cycle is driven by CDK2.

Duplication of centrosome is:

• driven by the activity of CDKs
• linked to cell polarity
• linked to cell anchorage
• linked to symmetric/asymmetric 

division
• linked to the activity of FGFR1
• checked by p53-dependent 

mechanism
• dependent on fuctional Rb protein

Chromosome missegregation       Chr. gain + loss   

G1

G2

SM

c

d

f e

a b

g



INTERPHASE METAPHASE ANAPHASE

NORMAL

ABNORMAL

Cultured hESCs display centrosomal overamplification 
that produce abberant mitoses.

DAPI (chromatin)
pericentrine (centrosome)
-tubuline (microtubules)



In hESC supernumerary centrosomes
develop with very high frequency !

Undifferentiated hESC

Brno

Stockholm

Boston

Holubcova et al., Stem Cells, 2010
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Holubcova et al., Stem Cells, 2010
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Holubcova et al., Stem Cells, 2010



cell
line

passage
number

mitoses
multicentrosomal / total

multicentrosomal mitoses
percentage

B10/CBA_11.1 P8 5 / 120 4,17 %

B10/CBA_11.2 P5 3 / 122 2,45 %

B10/CBA_11.3 P8 3 / 96 3,13 %

B10/CBA_11.4 P5 0 / 104 0,00 %

B10/CBA_11.5 P7 1 / 111 0,90 %

B10/CBA_11.6 P7 0 / 47 0,00 %

B10/CBA_11.7 P3 1 / 125 0,80 %

B10/CBA_11.8 P4 3 / 109 2,75 %

cell
line

passage
number

mitoses
multicentrosomal / total

multicentrosomal mitoses
percentage

B10/CBA_11.1 P8 5 / 120 4,17 %

B10/CBA_11.2 P5 3 / 122 2,45 %

B10/CBA_11.3 P8 3 / 96 3,13 %

B10/CBA_11.4 P5 0 / 104 0,00 %

B10/CBA_11.5 P7 1 / 111 0,90 %

B10/CBA_11.6 P7 0 / 47 0,00 %

B10/CBA_11.7 P3 1 / 125 0,80 %

B10/CBA_11.8 P4 3 / 109 2,75 %

In mESC the frequency of multicentrosomal 
mitoses is low !

unpublished



Somatic cells hiPSC

fibroblast source multicentrosomal 
/ total mitoses

multicentrosomal 
mitoses 

percentage

clone ID (passage 
number)

multicentrosomal / 
total  mitoses

multicentrosomal 
mitoses 

percentage

Human foreskin 
fibroblasts 0/96 0,0% HFF_L1 (P20) 10 / 110 9,09%

HFF_L2 (P20) 5 / 125 4,0%
Normal human 

dermal 
fibroblasts

(Lonza)

6/60 10,0% NHDF (P26+7) 14 / 202 6,9%

Adult dermal 
human 

fibroblasts
2 / 267 0,74% AHDF_#1 (P36 25/249 10,07%

AHDF_#4 (P35) 29/217 13,36%
Ligase IV 
mutated 

(patient derived)
0 / 60 0,0% FO7/614 (P18+10) 5 / 110 4,5%

4 / 111 3,6% FO7/614_shRNAp53 
(P20+11) 29 / 174 16,6%

0 / 52 0,0% GM16088 (P19+9) 1 / 77 1,29%

0 / 56 0,0% GM17523 (P18+6) 20 / 160 12,5%

In hiPSC the frequency of multicentrosomal
mitoses varies depending on cell line !

unpublished
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Supernumerary centrosomes are structurally normal.

bipolar multipolar

pericentrin
a-tubulin
DNA

Figure S3

Holubcova et al., Stem Cells, 2010



S
G1

G2
M

CDK2ON

CDK2OFF

cyclins E/ACDK2 – driver of centrosome duplication.

0

5

10

15

20

%
 o

f 
m
ul
tic

en
tr

os
om

al
 m

ito
se

s

Roscovitin      Olomoucin II

0M0M 1M 1M

CHEMICAL INHIBITION

CELL CYCLE

-tubulin

Cyc E

Cyc A

CDK2

QUANTITIES

IP: CDK2

Histone H1

KINASE ACTIVITY



Quality of cell adhesion impacts on the 
frequency of supernumerary centrosomes.

hESC  CCTL14 P44
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Both endoreduplication and mitotic failure contribute
to overamplification of centrosomes in hESC.

kinetochores

Holubcova et al., Stem Cells, 2010



During prolonged culture hESC seem to acquire „mutations“ that provide growth advantage
by suppressing centrosomal abnormalities, which are antagonistic to cell viability.       

Functional supernumerary centrosomes in hESC generate conditions that lead to 
formation of multipolar spindles, which may produce suboptimal chromosomal 
segregation and aneuploidy.

Centrosomal overamplification is typical for undifferentiated state and early passage
hESC and to some extent also to hiPSC. 

Conclusions 2 

They are ways how to influence „metabolism“ of stem cells to lower the possible
risks associated with stem cell specific behaviors.

Unravelling and understanding these stem cell specific phenomena is 
instrumental for elimination of the risks.

Dr. Rao: Road-block „Limited expertise in scale-up 
manufacturing“



FLIP Caspase 8

Non apopoptotic 
signalling

procaspase 3 cleavage

active
caspase 8

+
Bid

+ Bax
Cytochrome c 
release

+Bcl2 anti 
apoptotic
(Bcl2, Mcl‐1, 
Bcl‐xL)

tBid

APOPTOSIS

procaspase 7
cleavage

mitochondria

FADD

TRAIL DR4, DR5

DR4, DR5

DcR1 DcR2

Functioning of extrinsic cell death pathway in hESC ?



hESC and hiPSC do not undergo apoptosis upon 
TRAIL induction.

hiPSChESC

DMSO 

TRAIL
200 ng/ml

unpublished



hESC and hiPSC express proapoptotic TRAIL receptors.
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hESC and hiPSC possess components of the DISC.
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hESC and hiPSC possess members of Bcl family.
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Homoharringtonine (HTT) sensitizes hESC
TRAIL-induced apoptosis.
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Mechanisms underlying HTT sensitisation
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Down-regulation of FLIP predisposes hESC 
to TRAIL-induced apoptosis.
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Conclusions 3

hESC and hiPSC can be primed for TRAIL-induced cell death by chemical 
sensitisation, for example by inhibitor of proteosynthesis – Homoharringtonine.      

Downstream regulators, such as FLIP and Mcl-1, and not TRAIL receptors, 
are responsible for TRAIL resistance of hESC and hiPSC. 

Although they are molecularly equipped to receive and transmit TRAIL-
delivered death signals, both hESC and hiPSC are inacapable of executing 
TRAIL-induced cell death.
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