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Learning Goals for This Lecture 

- To recognize that embryonic cells with different potency can be 
cultured in vitro and retain the ability to generate other cell types. 

- To appreciate both the promises and the challenges of using 
embryonic and adult stem cells for regenerative medicine.

- To recognize that cellular differentiation can be reversed using 
multiple experimental approaches.

- To appreciate that knowledge gained from studying development 
can guide stem cell differentiation for tissue repair.

?

Looking for the Fountain of Youth
(stem cells give us hope)

Solter. (2006)
Nat. Rev. Genet. 7:319-327

Planaria

Some Animals Have Amazing Abilities to Regenerate
(many of our tissues can repair normal wear and tear)

Regenerative medicine seeks to 
repair damages that go beyond 
the  normal  wear  and  tear  to 
regenerate  in  ways  we cannot 
normally do!
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Stem Cells

1. Embryonic Stem (ES) Cells
2. Adult (Somatic) Stem Cells

          (including germ line stem cells)

The ability to produce more of themselves (self-renewal) & 
also cells different from themselves (differentiation)!

2-cell

8-cell

Blastocyst

E12.5 (~80x)
Inner Cell Mass

(ICM; pluripotent)

Trophectoderm (TE)
(extraembryonic tissues)

Establishing Embryonic Stem Cells: Source

ES Cells
(in culture)

totipotent

Teratoma Formation & Stem Cells
(early embryonic cells form tumors when transplanted to certain adult tissues)

Solter et al. (1970) Nature 227:503-504

Establishing Embryonic Stem Cells
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Establishing Embryonic Stem Cells

A feeder layer of fibroblasts
•  promote self-renewal (proliferation)
•  inhibit differentiation

Establishing Human Embryonic Stem Cells
(it took nearly another 20 years after the success in mice)

Thomson et al. (1998) Science 282:1145-1147

hESCs

differentiation

Embryonic Carcinoma (EC) Cells
& Embryonic Stem (ES) Cells

EC Cells ES Cells

Mouse

Human

Establishing Embryonic Stem Cells:
The Key Technical Issues

•  The exact  stage at  which pluripotent  cells  capable  of  growth in  tissue 
culture exist in the embryo

•  Explantation of sufficiently large number of these cells from each embryo
•  Tissue culture in conditions most conductive to proliferation rather than 

differentiation

Not to use enzymes to dissociate cells during early passages, but to 
do so mechanically, turned out to the key for establishing hESCs!
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1. Maintaining the pluripotency
2. Differentiation into distinct cell types
3. How reversible is differentiation

The Biology of
Embryonic Stem Cells

Individually tailored cells for tissue repair:
- Therapeutic cloning (somatic nuclear transfer)

- Induced pluripotent stem (iPS) cells

Genes Maintain ES Cell Pluripotency
Oct4

Nichols et al., Cell 95:379-391, 1998

Mitsui et al. (2003) Cell 113:631-642

Nanog

Sox2

Avilion et al. (2003) Genes Dev 17:126-140

Chromatin Immunoprecipitation Analyzed by 
Microarray Hybridization (ChIP-chip)

Identifying transcription factor-DNA interactions
(Hudson & Snyder. BioTechniques 41:673-689, 2006)

Identifying the Regulatory Circuitry for
Maintaining ES Cell Pluripotency

Identifying the target genes of Sox2, Oct4 and Nanog
(Boyer et al., Cell 122:947-956, 2005)
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Genes for Maintaining ES Cell Pluripotency

Target genes of Sox2, Oct4 and Nanog
(Boyer et al. Cell 122:947-956, 2005)

Establishing Embryonic Stem Cells:
Inhibition of Differentiation

Self-renewal is the ground state!
(2i: inhibition of two kinases, MEK and GSK3)

A feeder layer of fibroblasts
(subsequently LIF + serum)

    Self-renewal?    Differentiation?Wray et al. (2010) Biochem. Soc. Trans. 38:1027–1032

Keller. Genes Dev. (2005) 19:1129-1155

Differentiation of ES Cells into Distinct Cell Types
(follow development or trial-and-error?)

Witchterle et al. (2002) Cell 110:385-397

Differentiation of ES Cells into Motor Neurons
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Cells Lose Flexibility during Development
(become more and more specialized as development proceeds)

Is Differentiation Reversible?
(Waddington’s Valleys or Captain Cook’s Islands)

Different views of epigenetic landscape change during development
(relative importance of intrinsic changes v. environmental changes)

Sieweke. (2015) Cell Stem Cell 16:7-8 

Cloning: Somatic Nuclear Transfer
(reversible or irreversible change of genetic materials  during embryogenesis?)

In 1952, Robert Briggs and Thomas King, working on a frog, Rana pipiens, became the 
first to successfully transplant living nuclei in multicellular organisms by transplanting 
undifferentiated blastula nuclei into enucleated eggs that developed into normal embryos. 

In the late 1950s and early 1960s, John Gurdon transplanted intestinal epithelium-cell 
nuclei,  which are  differentiated,  from Xenopus  tadpoles  into  enucleated frog eggs  and 
managed to produce 10 normal tadpoles. He later produced normal fertile adult animals 
from eggs with genetically marked nuclei transplanted from differentiated tadpole cells.

John Gurdon’s Molly
& her fellow clones

Gurdon’s school report from Eton, when he was 16 years old.
http://www.thetimes.co.uk/tto/science/article3561800.ece
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Cloning: Somatic Nuclear Transfer
Dolly the Sheep

(July 5, 1996 – February 14, 2003) 

Cloning is extremely inefficient

Cloning: Somatic Nuclear Transfer

The broader legacy of cloning research:
•  differentiation of a cell is not irreversible

•   nuclei can be reprogrammed

Therapeutic cloning only seeks to establish ES cell lines – 
not to make a human being – that can be manipulated 

and used for tissue repair or replacement! 

Induced Pluripotent (iPS) Cells

Using a defined set of factors to directly reprogram 
a differentiated somatic cell back to the pluripotent state

Welstead et al. (2008) Curr. Opin. Genet. Dev. 28:1-7, 2008)
Takahashi & Yamanaka. (2006) 

Cell 126:663-676

Shinya Yamanaka
(2012 Nobel Prize with John Gurdon)

How Were the First iPS Cells Made?
(a tour de force but also through “educated” guess)

<http://stemcells.nih.gov/info/Regenerative_Medicine/pages/2006chapter10.aspx>

•  The Fbx15 gene is active in 
ESCs but not in non-ESCs. 

•  Expression of a genetically 
engineered Fbx15-reporter 
results in resistance to the 
drug G418 (for cells to live).

•  Selected 24 different 
candidate genes and tested 
various combinations.  
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… 20% of the offspring developed tumors …

•  First iPSCs were able to 
contribute to all germ layers 
during embryogenesis but 
unable to produce offspring.

•  Improvements in technology 
quickly overcame this hurdle.

Okita et al. (2007) Nature 448:313-3187

Human Induced Pluripotent (iPS) Cells

A set of transcription factors can directly reprogram 
a differentiated human somatic cell back to the pluripotent state
(Takahashi et al. Cell 131:861-972, 2007; Yu et al. Science 318:1917-1920, 2007)

Research on Human ESCs and iPSCs

- Creating individually tailored cells/tissues for 
repairing or replacing damaged organs

(personalized medicine)
- Modeling human development to understand 

developmental and disease mechanisms
- Screening drugs to develop new therapeutic reagents 

(and many more …) 

Whether ESCs and iPSCs are the same remain to be determined
(so therapeutic cloning may still be necessary)

Modeling Human Development & Disease
Using ESCs and iPSCs

Pax6
Nestin

Map2
Tbr1
DNA

•  Expression pattern
•  Loss-of-function (necessary)
•  Gain-of-function (sufficient)

How to take advantage
of RNAi?
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1.  Can generate a particular tissue or are 
derived from this tissue

2.  Have some capacity of self-renewal 
(multipotent)

3.  Can generate cells other than themselves
4.  Self-renewal capacity lasts a lifetime 

(more strict definition) 

The Definition of
Adult (Somatic) Stem Cells

Name a few tissues with stem cells that continuously 
replenish differentiated cells  

Some of Our Tissues Have Amazing 
Regenerative Capacity

Donate your bone marrow!
(hematopoietic stem cells)

 hair, skin, blood, gut, muscle, liver, female breast, etc. 

1.  Tissues can be maintained without 
turnover (the central nervous system - 
neocortex?)

2.  Tissue turnover may NOT need stem cells
3.  Stem cells may only play a limited role

Is There A Need for Adult Stem Cells
to Maintain Tissue Function?

•  Regenerative medicine seeks to repair tissue damages that go 
well beyond the normal wear and tear.

•  Thus we need to start with fundamental questions.

Tissue Turnover May NOT Need Stem Cells
(differentiated cells in liver and pancreas can divide and replenish themselves) 

Dor et al. (2004) Nature 429:41-46
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Do Pancreatic Stem Cells Exist?

under physiological or pathological conditions

The Dogma until 1980s: No New Neurons in the 
Adult Central Nervous System (CNS) of Mammals

    Fish: sustained growth of the CNS
    Song birds: replacement of neurons
    Mammals: no or very limited in the brain
        rodents

primates 
    old world - rhesus monkey (Africa & Asia)
    new world - marmoset (Central & South America)
    humans

Song Birds: Adult Canary & Zebra Finch
(replacement of neurons in the song learning system)

Goldman & Nottebohm. (1983) PNAS 80:2390-2394

Male canaries develop complex, learned song repertoires 
Females sing very little, and the song is relatively simple, 
    but after testosterone treatment
    - can sing like males
    - the song nuclei (such as HVC) expand

HVC is involved in song acquisition and production
The HVC of adult male canaries shows strong seasonal oscillations in volume

    (larger in spring and smaller after the end of mating season)

Joseph Altman: Adult Neurogenesis in Mammals
(a classical example of discovery made ahead of time)

Are new neurons formed in the brains of adult mammals?
(Altman, Science 135:1127, 1962)

“Contrary to older views, … undifferentiated cells multiply at a high rate
after birth in various germinal regions of the growing brain, and a large
proportion of these cells become differentiated short axoned neurons …”

(Altman, 1967)

The standard of proof is proportional to the importance and novelty of a claim, 
and others raised legitimate concerns regarding the interpretation of his data 

because of technological limitations at the time

“… the addition of these cells does not have a growth but a renewal function
(replacement of dying cells in the olfactory bulb?)”

(Altman, 1969)
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Temple & Alvarez-Buylla. (1999)
    Curr. Opin. Neurobiol. 9:135-141
Zhao et al. (2008) Cell 132:645-650

Neurogenesis in the Adult Olfactory Bulb

Stem  cells  and  lineage-determined 
progenitor  cells  reside  in  the  SVZ 
(subventricular zone) of the lateral 
ventricles.

Neuronal  precursor  cells  migrate 
through the RMS (rostral migratory 
stream) like a chain to the olfactory 
bulb  to  become  certain  types  of 
neurons.

Adult Neurogenesis in the Hippocampus

Gage. (2000) Science 287:1433-1438

Stem cells and lineage-determined 
progenitor cells reside in the SGZ 
(subgranular zone)

Adult Neurogenesis in the Hippocampus:
Enriched Envrionment and Learning

increase in neurogenesis v. survival promoting
enrichment v. novelty

Kempermann et al. (1997) Nature 386:493-495

Maintaining Stem Cells: The Niche Hypothesis �
(adult stem cells reside in the specialized region of a tissue)

Ohlstein et al. (2004) Curr. Opin. Cell Biol. 16:693-699
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Maintaining Stem Cells: The Niche Hypothesis �
(intestinal stem cells reside in the crypt region of our gut)

Sato & Clevers (2013) Science 340:1190-1194

Generating Organs in A Dish �
(growing self-organizing mini-guts from a single intestinal stem cell)

Sato & Clevers (2013) Science 340:1190-1194

Plasticity of Mammalian Stem Cell Hierarchies �
(for your information only; no details in exam)

Tetteh et al. (2014) TICB. doi: 10.1016/j.tcb.2014.09.003

Creating Individually Tailored Stem Cells
(a bright future for regenerative medicine & personalized medicine) 

Yamanaka. (2008) Phil. Trans. R. Soc. B 2008

Inducing Pluripotency
in Somatic Cells

Differentiation

Self-renewal

Manipulating
Adult Stem Cells

Trans-differentiation of Adult Cells
(directly converting one cell type to another)
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The History of 
Embryonic 
Stem Cell 
Research

Solter. (2006) Nat. Rev. Genet. 7:319-327

Key Concepts from This Lecture
1.  Stem cells are defined by their ability to renew themselves (self-

renewal) and also generate other cell types (differentiation).  
2.  Embryonic stem (ES) cells are derived from embryonic cells 

before they generate the 3 germ layers (are pluripotent).
3.  Differentiated cells can be reverted to a pluripotent state using 

defined factors or through somatic nuclear transfer (cloning).
4.  Induced pluripotent stem (iPS) cells generated by defined 

factors have virtually the same characteristics as ES cells.
5.  Many (but not all) tissues contain adult (somatic) stem cells 

that can repair damages caused by normal wear and tear.
6.  Human iPS cells will facilitate studies of human disease and 

developmental mechanism and revolutionize medicine.


