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1. Cellular Regeneration 1 #H A=
2. Tissue Regeneration %R
3. Organ Regeneration CrA=Rd
4. Structural Regeneration E{ED—ER

5. Whole body Regeneration (RPN
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The five types of regeneration in animals

EMIcBlTFSd “BE Regeneration”

CELLULAR REGENERATION

TISSUE REGENERATION

1 C
—_4 ¢ - \ (o 2 &
\,‘ ‘\ = Xn —® \ 7
W ; — ) =
/7 \\/‘ ,\( | / ) 1 "d
%f \\‘; \E\T zl\ = VAS } "-\ ‘ = ‘
P
ORGAN REGENERATION STRUCTURAL REGENERATION WHOLE BODY REGENERATION / - \
N (/')
7 //’ \\ [ \
= |

© EMBO

Slack JMW. EMBO reports 18(9): 1497-1508 (2017) ERK30F10A30H mEE2
Originally from Bely AE & Nyberg Kg. Trends Ecol Evol (2010)
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1. Cellular Regeneration

PI7IAYAAII AFIrYLY
Xenopus oocyte Neurons Chlamydomonas

Puncture

Q Flagellum

Stress
Loss of pH shock
.. cytoplasm

Damaged i
neuron ‘-

Restored
plasma
membrane

Cardiac myocytes

ELS5DMRBIBIETE L
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__ FEMEERiHAE
Embryonic stem cells (ES cells)
grifiRd
Stem cells
iR (B EWRE
EEE — Tissue-specific stem cells (Adult stem cells)
XL

Somatic cells
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Multipotent stem cells *Bipotent stem cell
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1. Cellular Regeneration =0 (Stem Cells)

. LHEHEHIAE  (Pluripotent [totipotent] stem cells)
ETOHICHMERTEL R (BEZHRTES)

o ESHIEE Embryonic stem cells
o iPSHHAEE Induced pluripotent stem cells

- ZEEMERHIRE (Multipotent stem cells)
= REMDHIC LT DEEN Z DA

o EMEHEE Hematopoietic stem cells
- MERIHME (B8, BRh. FEFII) Mesenchymal stem cells
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1. Cellular Regeneration

(A) ASYMMETRIC DIVISION
localized
determinant POSSIBLE OUTCOMES
/ after first division cycle
of stem cell

|

OL)
/ N\

~(®

=3 g4

terminally

=0

(o7&
|

after second division cycle
of stem cell

(o &

\

etc.

differentiated
cell

choice determined by asymmetry in dividing stem cell

BUBRHERE (Progenitor cells) :

SHfRA D 7 2RI

P

(£7)
/[ \

\@/ @

environmental factors help

determine cell fate

y  RiEoMtHRa

terminally

differentiated

cell

INDEPENDENT CHOICE

POSSIBLE OUTCOMES

after first division cycle
of stem cell

& =
‘\!/' '\!/ 2l I'\’)@ o ﬁ@@
after second division cycle
of stem cell

Peee ®e® ®®
o @008 o (0@
o (00 @@ e
(@18 @®
oo e

:

etc.

choice determined stochastically and/or by environment
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(kt) ERHHRE D A= EHE

EMEFHRDSE

BHHE (Stem cells)
4

DA

Transit-amplifying (TA) cells

U

BiBE#ARE (Progenitor cells)

U

MtilRa (Differentiated cells)

srlEEA (GO—-G 1) K85

S, G2, MEAOD#RE : B %LLF
GO®Hj : 75%

Allsopp R, et al. J Exp Med, 193:917 (2001)
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ESiiAd

Embryonic stem cells

SHEMEFHHHAD

Pluripotent stem cells
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1. Cellular Regeneration

ZH550 (Zygotes)
(FH R 1E)

v

Z3RME (Morula)

v

BERE (Blastosphere)

v

JEEERE (Blastocyst)

EiEs#IEa - Pluripotent stem cells

ETOMRELEENEEET S

Embryonic & extraembryonic
tissues (totipotent)

>€

‘@rwﬁ@ﬁ%ﬁﬁ&ﬁjé

Embryonic tissues (pluripotent)

v

=REME —>

— RENIEZE (trophectoderm) =—> BRBETZ RY
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Early human embryos
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1. Cellular Regeneration ES,"ﬁHﬂﬂ (Embryonic Stem Cells)
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1. Cellular Regeneration Induced-Pluripotent Stem Cells — iPS#liid

S HEIE A
Pluripotent stem cells

iPSiAd
induced pluripotent stem cells
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1. Cellular Regeneration

iPSTHAE

2006E8H

Induced-Pluripotent Stem Cells —

hSEEEEFHAZES I ENTEL

. ]
ca (iPSHiEa : A T Zaetdatupa)

Induction of Pluripotent Stem Cells
from Mouse Embryonic and Adult
Fibroblast Cultures by Defined Factors

Kazutoshi Takahashi® and Shinya Yamanaka*

" Department of Stem Cell Biology, Institute for Frontier Medical Sciences, Kyoto University, Kyoto 606-8507, Japan
*CREST, Japan Science and Technology Agency, Kawaguchi 332-0012, Japan

“Contact: yamanaka@frontier.kyoto-u.ac.jp
DOl 10.1016f.cell. 2006.07.024

SUMMARY

Differentiated cells can be reprogrammed to an
embryonic-like state by transfer of nuclear con-
tents into cocytes or by fusion with embryonic
stem (ES) cells. Little is known about factors
that induce this reprogramming. Here, we dem-
onstrate induction of pluripotent stem cells
from mouse embryonic or adult fibroblasts
introducing four factors, Octd/4, Sox2, c-Myc,
and Kif4, under ES cell culture conditions.
Unexpectedly, Nanog was dispensable. These
cells, which we designated iPS (induced plurip-
otent stem) cells, exhibit the morphology and
growth properties of ES cells and express ES
cell marker genes, Subcutaneous transplanta-
tion of iPS cells into nude mice resulted in
tumors containing a variety of tissues from all
three germ layers. Following injection into blas-
tocysts, iPS cells contributed to mouse embry-
onic development. These data demonstrate
that pluripotent stem cells can be directly gen-
erated from fibroblast cultures by the addition
of only a few defined factors.

INTRODUCTION

Embryonic stem (ES) cells, which are derived from the in-
ner cell mass of mammalian blastocysts, have the ability
to grow indefinitaly while maintaining pluripotency and
the ahility to differentiate into cells of all three germ layers
(Evans and Kaufman, 1981; Martin, 1981). Human ES cells
might be used to treat a host of diseases, such as Parkin-
son's disease. spinal cord iniurv. and diabetes (Thomson

05; Tada

SOX2 [meo

to som tors that

M bl identity
C_ c jotency in
y {Nichols
Klf 4 hi., 2003),

1., 2003),

th early

embryos and ES cells. Several genes that are frequently
upregulated in tumors, such as Stat3 (Matsuda et al,
1999; Niwa et al., 1998), E-Ras (Takahashi et al., 2003),
c-myc (Cartwright et al., 2005), Kif4 (Li et al., 2005), and
p-catenin (Kielman et al., 2002; Sato et al., 2004), have
been shown to contribute to the long-term maintenance
of the ES cell phenotype and the rapid proliferation of
ES cells in culture. In addition, we have identified several
other genes that are specifically expressed in ES cells
(Maruyama et al., 2005; Mitsui et al., 2003).

In this study, we examined whether thesa factors could
induce pluri in cells. By ing four
selected factors, we were able to generate pluripotent
cells, which we call induced pluripotent stem (iPS) cells,
directly from mouse embryonic or adult fibroblast cul-
tures.

RESULTS

We selected 24 genes as candidates for factors that
induce pluripotency in somatic cells, based on our
hypothesis that such factors also play pivolal roles in the
maintenance of ES cell identity (see Table 51 in the
Suoolemental Data available with this article onlinel. For

Please cite this article in press as: Takahashi et al., Induction of Pluripotent Stem Cells from Adult Human Fibroblasts by Defined
Factors, Cell (2007), doi:10.1016/.cel.2007.11.019
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Human ES cells Human iPS cells
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1. Cellular Regeneration |Psmﬂﬂ§ﬁ$ %x T@%%

(1) Somatic cell nuclear transfer {&$lifE1#%#4E& (Cloning)
KRERIVICHHRDOZZRIET 5 LEEFIE>IMELEENS

Differentiated cells retain the same genetic information as early embryonic cells

1975: cloned frogs <«— Prof. J. B. Gurdon#1 /LD EHER%IEE
1996: cloned sheep “Dolly” <«— Dr. I. Wilmut® 3L #iE

(2) Pluripotent stem cell lines such as ES cells DfFFHEA TULNT:
(3) WHEEEFHIRIESNTLWE

(4) EREREF (transcription factors) HHIEADERRED "Master gene”

MyoD (1987): Formation of myofibers in fibroblasts
C/EBPa (2004): B & T lymphocytes to macrophages
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1. Cellular Regeneration BYAEEICHERMBOIREE

BE R

Progenitor cells

” Reprogramming “

Multiple steps
Transcription Factors

Stem cells

iPSHHRE - E S i@ BESE

Direct reprogramming

e

KEDMIRNOHMLHE | |
Multiple steps *
Cytokines/Growth factors, etc *

vapldiilin
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1. Cellular Regeneration  Direct Reprogramming — Transdifferentiation 43{LExiA

4 gt ey Ascll/Bm2/Mytll || #EMEINeurons |

Fibroblasts Vierbuchen T et al, Nature, 463, 1035-1041, 2010

Gatad/Mef2c/Tbx5

>|| IDEGHIRE  Cardiomyocytes ||

leda M et al, Cell, 142, 375-386, 2010

Oct4 + bFGF/IGFII/Flt-3/SCF
| EmEMEIHematopoietic progenitor cells |

Yamanaka factors
Oct3/4/Sox2/KIf4/cMyc

SCF/G-CSF/FLT3LG/IL-3/IL-6/BMP-4

MR Multiple blood cells |
Szabo E et al, Nature, 468, 521-526, 2010

Hnf4o + Faxal/2/3
Foxa3/Gata4/Hnflo

|| FFfHBE Hepatocytes ||

Sekiya S & Suzuki A, Nature, 475, 390-393, 2011
Huang P et al, Nature, 475, 386-389, 2011
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LHEMEEMAE  Pluripotent stem cells
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2. Tissue Regeneration

FHifikE —

Stem cells

&% (AR FiHEE

Tissue-specific stem cells (Adult stem cells)
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2. Tissue Regeneration EMNEEHEBOESEEHEES - BE

- £IEME 4 RIBEE (Physiologically renewal system)

KBRFE - &, /MNB. MK

- ZEBERBM (Conditionally renewal system)

AtBE. o, MEANR. Fiaih

- IEEERIBM  (non-renewal system)

fiEHiE,. B8, (O
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Physiologically renewal system

. RIFE: - ¥17A
- M : - 0.1 mm/B BE£930Ic3—6458
- EE: « 1.2cm/A (20~401%) 0.9 cm/A (601X)

- #¥10/8%F 50—100#/HHEE 2~7FMK

. M : - JRIMER 1208
- FEAR ~2:BE
- THIl@ 4~645H Bi#fila #BE~#~sA
- MMk 10H
« INB - LR 2~4H
- i@ 3~5H
- Paneth cells #330H

. PERE . 28—30EE4A

N i ol - ~64H

tHERHRE (Stem cells) i@z &EAHHLTWS
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2. Tissue Regeneration

b~ DR ER: y

i
Human body

sebaceous

hair gland

shaft

stem cells in
the bulge

connective
tissue

differentiating cell

/

connective tissue of dermis

dermal papilla
(connective tissue)
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Differentiated cells: RIEIR. K&
ﬁ HHL. EOMBUMET S

Transit amplifying cells (TA cells; short-lived)

ﬂ DU, TA cellsfitig

A fiber Lgr6* Intermediate stem cell population
Epidarmis~|: ﬁ
Tayer I |\ Stem cells (Label-retaining cells; long-lived) ||
| Bulge ﬂ R D
| o stem call iche Lgr5* Intermediate stem cell population
Outer root—L
sheath _l'_ 3 @ Lgre™ ;ﬁ:“ng sebacenus ﬂ ﬁ% LI\ TA Ce"Sﬁjéﬁa
Inner root glandfepidermal stem cells
heath ! Lgrs/s (label-
e & "g;f;?l%‘:f:;‘ﬂ,'fm..m, Transit amplifying cells (TA cells; short-lived)
----- Lgrd expression domain

ﬂ SEL. EOMBICHMET S

Differentiated cells :

Barker N & Clevers H, Gastroenterology 138:1681-1696 (2010) FR30E10830H FEY?2
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Stomach Esophagus

k!

-

ﬁq}qﬁﬂﬂ Gastric pit
-
.'-‘- e
E_ = Pit cells
.:'.
-
R Keratinocytes
(G Parietal cell
s Basement membrane
g —— Stroma/submucosa
‘ﬁ Neck
E T Neck cells
¢ o d ] Differentiated
E‘J G G} tissue cells
S H&“«.
i C -~ Zymogenic
.- cells Progenitor cells
i {proliferating)
= Base

@ Active stem cell

Goblet cell Transit-amplifying (TA) cells

::-_-H

ﬁ Enteroendocrine -

T cell Q{_j;.  Quiescent stem cell
=il

Quante M & Wang TC, Nat Rev Gastroenterol Hepatol, 6, 724 (2009) FH30£E10H30H mEF2



INBG Small Intestine

2. Tissue Regeneration

B A Differentiated cells
~ shedding — A — 1
), Goblet Entero- Absorptive || Differentiated cells ||
cells endocrine epithelial cells |
Crypt-villus cells
Villus junction < 15 TAs x 16~32 = 240~480 cells/H
Dif;e rentiation e
and migration - B,
24-48 hr ) ) y o) ar
- | t t
% & " , - Bk 16 3? c?I"sTA W=
: ~32 cells, ce
0 N7 7 / /
| /] | % @ @ f
Ay ol Ji LY 7 Proliferattive
4 ) rogenitors
p % " ’ ®» @ P9 Lgr5*-CBC cells
-4 : | >/ & A 7 < ~15 cells at a crypt bottom
t _,(- L
L | 4
@ # "i Q t 3 - @
Mitotic :.f,,,'. .:'-.p.. ) tem ce
renewal @ 2950%" Lgr5* cells
24-36 hr *gy vos%% “‘a%  Paneth cell Multipotent stem cells at crypt bottom
Lamina propria ® \ Lgr5 stem cell

Lgr5* cells
Quiescent, rarely dividing

Marked Lgr5* cells persist for the lifetime of a mouse

de Lau W et al. Genes Dev. 2014;28:305-316
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stem-cell-specific
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: GFP CreERT2
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GEP marks recombinase
stem cell
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’ I T» I
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2. Tissue Regeneration

[ s ADEm IR (FF EEEE)

BEMLE, REROBMEMERR Y ik~
CHEERMCEB IR LY, BHBORTEYE
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100%

e S B

Bone marrow

Platelets

Promegakaryocyte

Lymphoid
~ stem cell .

Megakaryocyte

N ‘
/ Erythrocyte
Proerythroblast

\ /Macrophage
Myeloid
stem cell \
Promonocyte Monocyte ; g
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2. Tissue Regeneration

N AEHPOEMEFHARDIRRE

200 ~1000 cells
(<0.1% of CD133" cells)

Long-term quiescent (reserved: backup)
HSCs: 1 division/145 days

=

N ABHE

* 99% of long-term HSCs divide on average every 2 months

Cheshier SH et a. PNAS 96:3120, 1999

* The apex of the hematopoietic hierarchy that divides
about 5 times during the lifetime of a mouse

1= [MEEHARE Actively cycling (primed)

A&l IRINER
4 x 10° #iEa 2.4 x 108 #iEa

BW 60 kg

5x106 cells/dI 60x0.08=4.8L=48dl

2IMFHADRBCEL : 5x10x48 =2.4x108 cells
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115 CLL B> e XEDEI SH -T2 &

Holstege H et al. Somatic mutations found in the healthy blood compartment of a 115-yr-old woman demonstrate
oligoclonal hematopoiesis. Genome Res. 2014 May;24(5):733-42.

o KM oamERIE. oo fc2EDEmEHIEEETH - I

- HINEKDtelomereRld. M FHIRICLLEL T17E8E > I

Most hematopoietic stem cells may have died from 'stem cell exhaustion’,
reaching the upper limit of stem cell divisions."

-

Stem cell exhaustion is a likely cause of death at very old ages?
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. Tissue Regeneration
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Nakafuku M et al. PNAS, 2008
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2. Tissue Regeneration Key Point 2
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2. Tissue Regeneration ﬁ“{%fﬁ%

AlE (Wound) : fREEFEA RS EBDIREX T RIE
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2. Tissue Regeneration B4 & (B8 eneration and Healing)
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2. Tissue Regeneration EU{%}E‘%EZ:T:C
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2. Tissue Regeneration
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2. Tissue Regeneration a1 RN (Keloid
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Key Point 2
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3. Organ Regeneration gD B4%£ Liver Regeneration

¥ P HEDRM
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Prometheus Bound, Peter Paul Rubens
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3. Organ Regeneration FFB4£ Liver Regeneration

Zv k2 /38R Partial Hepatectomy (PH)

Higgins & Anderson
Arch Pathol (1931)

EXPERIMENTAL PATHOLOGY OF THE LIVER

I. RESTORATION OF THE LIVER OF THE WHITE RAT FOLLOWING
PARTIAL SURGICAL REMOVAL *

GEORGE M. HIGGINS, Pu.D.
AND

REUBEN M. ANDERSON, M.D.
Fellow in Surgery

ROCHESTER, MINN.

Since on the surgical removal of from 65 to 75 per cent of the hepatic
parenchyma compensatory hyperplasia of the remaining lobes follows
so rapidly, the questions arise (1) whether a liver so quickly restored
performs the usual hepatic functions in a manner to make it comparable
to a normal liver, (2) whether the glycogenic function and the
bile-secreting function are as effective in the new parenchyma and
(3) whether the defense mechanism, or its detoxifying activity, is any
less effective in a recently restored liver than in a normal one. These
questions, as well as many others, must be answered before knowledge
of the liver is complete. Before physiologic or pathologic studies of
this sort are possible, complete data must be available concerning such
pertinent facts as: (1) when restoration begins following partial
removal, (2) when it is most active, and (3) when it is complete, or
when the normal ratio of the weight of the liver to the weight of the
body is restored.

tIER& 7 BB

BRKFBARABAERRE HP LD

Two weeks

Three weeks

Four weeks
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3. Organ Regeneration E N4 EE

FHAE KF— (&%) LYETVR
% R FF oMU, o 'w/\ wi' T 1 g
j AT : ‘ - -
EwSN  mOFAY  FEX
K+— (5%) LYETVE
i ) /_\ ) ‘ , ' p
2HFO60-70%  2FD30-40% 2 020% g § W § W
- -
- = AESE  mOFAY  FREE
Donor DB 4 S EHBEDOSE
BEAEARHP &b

<RREXHP&D>

Fr30F10A30H mIEF2



3. Organ Regeneration
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3. Organ Regeneration  [igafizhkiE Organ Complementation
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3. Organ Regeneration  [gggfioAkiE Organ Complementation
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3. Organ Regeneration  £RE4ERHAME (Pluripotent stem cells) Ei3E b - BB

a Definitive endoderm Posterior foregut Organoid growth
| induction | spheroid formation | Antral specification | and differentiation |
| Activin A [ wNT+FGFa+nNoG | RA+NOG + EGF | EGF |
+RA(1da
Day 3 s Day 6 Day 9
f—————— S
S R
<
Pluripotent Definitive Posterior foregut Antral epithelium Gastric organoids
stem cells endoderm spheroids

Fundus «——————————— > Antrum

CTNNB1
PDX1 DAPI

E18.5 stomach ' D34 hGO

McCracken KW et al. Nature, 516: 400-404 (2014) FHE304108308 KEZE?2



3. Organ Regeneration  EEEERHHBE (Pluripotent stem cells) EH3¥/\iE#H T
Human ESHARZE3E Human iPS #lif@ F13E

Watson CL et al, Nature Med, 20: 1310-1314, 2014 FErRE30F£10A30H JREF2
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4. Structural Regeneration

Fr30F10A30H mIEF2



4. Structural Regeneration (FEEEDIETEDEBELE
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Han M et al. Dev Biol 315(1): 125-135 (2008)
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4. Structural Regeneration NI ADIBHEODEBLE

201 1&EDNaturelc, YU ADIEFEHBET S EZAT 5. WXH T

C AP1/AP2

70 days following amputation

Germ-layer and lineage-restricted stem/progenitors regenerate the mouse digit tip
Rinkevich Y, Lindau P, Ueno H, Longaker MT, Weisman IL. Nature 476: 409-414 (2011)
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4. Structural Regeneration

Direction Nail Root — Nail Body
of Hyponychium
\(\\' T l— In rodents and humans, multi-tissue regeneration

NGty occurs if the digit tip is removed distal to the nail bed

Nail Bed (underneath)
Lateral Nail Fold

S
\ Lateral Nail Groove ‘ 3 ,
Lunula {1 : SR . Phalan
1375 v S e AN (Finger Bone)
PRTL A NS ST [

Proximal Nail Fold

Eponychium
Epidermis

Finger Surface Finger Section

RSt oy
o e,
“?’ airy, =
st L - = -
ant .

-
o Ao
Lo e . -
Tenannnstt

bl: blastema
Undifferentiated cell mass

e: epithelium
ct: connective tissue

FERMARDOESHE . e < .
Blastema Mesenchymal c:|||s BABEGOFEHIELEE-oTVWS

% .

Schwann cell precursors

Lehoczky JA et al, Proc Nat Acad Sci USA 2011 304 10A30H HEF2
Johnston AP et al, Cell Stem Cell 2016



4. Structural Regeneration

Essential for regeneration of Digit Tip 9]
* WntbA 9
. g:fr\‘ ‘ Dedifferentiated Schwann cells
 FGF1/5/9 et

OSM and PDGF-AA .

. Bone BMP4
* Cartilage .

« Nerve e || Expansion of blastema mesenchymal precursor cells ||
* Vessel
Regrown axons - ' l
Differentiation of SCPs Regeneration of Epithelium, Nails

J V

Mature Schwann cells OSM and PDGF-AA

g

* Dermal cells OSMRb
Blastema Diverse mesenchymal cells « Osteoprogenitor cells express | Gp130
e * Endothelial cells PDGFRa

AIBEHIBDES K

Johnston AP et al, Cell Stem Cell 2016 ERX30FE10BA30H JHEE2



5. Whole body Regeneration
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5. Whole body regeneration
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