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1. Cellular Regeneration

2. Tissue Regeneration

3. Organ Regeneration

4. Structural Regeneration

5. Whole body Regeneration
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© EMBO

Five types of regeneration in animals
EPICHE TS “BHE Regeneration”

CELLULAR REGENERATION

TISSUE REGENERATION

ORGAN REGENERATION STRUCTURAL REGENERATION WHOLE BODY REGENERATION

Ll
s

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

Neurons
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Tang SK & Marshall WF. Science 2017
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1. Cellular Regeneration
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1. Cellular Regeneration
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Stem cells
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Pluripotent stem cells
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Multipotent stem cells
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Monopotent stem cells
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1. Cellular Regeneration
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1. Cellular Regeneration

i@ (Stem Cells)

« HEMEHAE  (Pluripotent [totipotent] stem cells)
ETOHEICHbrTgels il (BEZHRTZ 3)

ESHIE@ Embryonic stem cells
iPSHHBE Induced pluripotent stem cells

- ZEEMERHRE (Multipotent stem cells)
—REMOMHICH LT DEEN ZFF Ol

EMEEHAE  Hematopoietic stem cells
FIEREHAE ( . BERBA. BBS) Mesenchymal stem cells
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1. Cellular Regeneration
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Molecular Biology of the Cell 6" Ed
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1. Cellular Regeneration
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Allsopp R, et al. J Exp Med, 193:917 (2001)
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1. Cellular Regeneration
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Embryonic stem cells
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Pluripotent stem cells
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induced pluripotent stem cells
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1. Cellular Regeneration
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Pluripotent stem cells
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1. Cellular Regeneration ES?'ﬁH]ﬂﬂd)ESIT'T 5£
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1. Cellular Regeneration
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1. Cellular Regeneration

Induced-Pluripotent Stem Cells — iPSifiid

SReMEFFHIR
Pluripotent stem cells

iPSiHid
induced pluripotent stem cells
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1. Cellular Regeneration
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Induced-Pluripotent Stem Cells —

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
2CREST, Japan Science and Technology Agency, Kawaguchi 332-0012, Japan

*Contact: yamanaka@frontier.kyoto-u.ac.jp
DOI 10.1016/j.cell.2006.07.024

SUMMARY

Differentiated cells can be reprogrammed to an
embryonic-like state by transfer of nuclear con-
tents into oocytes 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 b
introducing four factors, Oct3/4, Sox2, c-

and Kif4, under ES cell culture col
Unexpectedly, Nanog was dispens

cells, which we designated iPS (i ed 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 indefinitely while maintaining pluripotency and
the ability 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 injurv. and diabetes (Thomson

ILIFP4FF
. Oct3/4
: Sox2
C-Myc
: Kif4

c-|

Q
[ J

[
[ J

c
[ ]

B-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 these factors could
induce pluripotency in somatic cells. By combining 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 pivotal roles in the
maintenance of ES cell identity (see Table S1 in the
Supplemental Data available with this article online). For

2022%F10H12H
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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/j.cell.2007.11.019
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Stem cells

2. Tissue Regeneration

_ ixE (Ei) EREA

Tissue-specific stem cells (Adult stem cells)
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2. Tissue Regeneration
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2. Tissue Regeneration
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Physiologically renewal system
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2. Tissue Regeneration
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Human body

sebaceous
gland

hair

stem cells in
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/ differentiating cell

connective tissue of dermis

dermal papilla

- connective tissue
Molecular Biology of the Cell 5t Ed  '5 51/ ( )
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2. Tissue Regeneration
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2. Tissue Regeneration

4 Cell
shedding

- Differentiation

" and migration
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Villus
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de Lau W et al. Genes Dev. 2014;28:305-316

Marked Lgr5* cells persist for the lifetime of a mouse
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2. Tissue Regeneration

EmE |

AQUEHA :  ATHE
(5737 3 =y

SEBAEREROSFE — MK

Y AEHARDEMEHADIERE : 200 ~1000 cells

(<0.1% of CD133* cells)

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

<L
E2 AR Actively cycling (primed)

JIIlEEITF* tranSIe;tIy
Er4AA2  proliferating

U o INERRe
sEE \ N\ =)

Bi%HE FRIIR
4 x 106 HHRa 2.4 x 108 #fifd Dl ©
o IL-2 B%EHH’PJ

2022F10A12H #wEF2 28



2. Tissue Regeneration

FFERBEBOBE — #HE

Homeostasis of Neurons in the brain
| BN, By - HBEICHZPEMREBFELAW |
BFHERISBAE R e

—ER DRI ITEET S

RIS & 1T % PR R O HE el 7 Ak

32T (Subventricular zone of the lateral ventricle (SVZ)

(Subgranular zone of the dentate gyrus within the hippocampus (SGZ2)

EEwERE e

ventricle

Neural stem cells (NSCs; GFAP-positive astrocytes)

Subgranular
stem cell
zone

(SG2)

Long-term self-renewal
Proliferative potential

The ability to differentiate into the 3 main CNS cell types:

Lateral

ventricle

I §

HEE
Hippocampus

o L
/ Glial fibrillary acidic protein (GFAP) *

© 2008, MediVisuas Inc.

* Neurons
e Astrocytes
* Oligodendrocytes

Barani 1J et al. Int J Radiat Oncol Biol Phys, 2007
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2. Tissue Regeneration Homeostasis of Neurons in the brain
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2. Tissue Regeneration
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2. Tissue Regeneration -

wF (niche)

gHfikaDIRTE - DML - T ICHELIRIT

—vF
(Niche)

Bl (Stem Cells)

:

Transient Amplifying Cells
(T AfHA)

HHEFT

YL D1 HEAEE

Ci=gilin)

Niche components

* Stromal support cells

Act through short-range signhals, which include
secretion of soluble factors or membrane adhesion

* Blood vessels

Provide nutritional support, convey long-range signals
from other sources, and allow cell trafficking from
and toward the niche

* Neural inputs

Integrate signals from different sources and often
contribute to stem cell mobilization

* Extracellular matrix
Provide mechanical support and biochemical signals

*  Organizing stem cell positioning
*  Governing chemical signals
* Creating gradients that guide stem cell fate
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2. Tissue Regeneration

Intestinal stem cell niche
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2. Tissue Regeneration

={lj =g
glff (Wound) : AREPHAMSREBOBERIGRIR

BlEaRE EESALTOHEEERAFICETIT SN (BE) . BE
Healing of wound (Scar)%Z5% U T1&1E (Repair) & 51885

_BE RIS, ElaEmicbkbhlc
Regeneration HigERFICETINBI L
RSB
Healing of wound
R RigHEEL AFEEE (BKRcollagen)
~ Scar RitlC K> TEBEhB I &

XiRHE . EFRNOBHICOWTIE TR HMEDNS

20224108120 JmEE2 34



2. Tissue Regeneration
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2. Tissue Regeneration .
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2. Tissue Regeneration

S EBE L AR  Granulation

B—HA ¢ REERITEA Zi5ik4, 58

\ Wound Platelet Fbrin . mﬁi&lﬁl iIc&b .IJ:JI[l L. JI[llJ \*&7’3\ '571'5(5::' hfct1 b
| / — L A vic&D, 7RIk, U /GR, EBIROEEDEE

Skin surface Red blood cell

—~ 2% e
.O ® O/ e PMN Epidermis .\\'u ‘l\" tt\ - : %
~ Segtde The A e . BigIRh'ERME (Y707 7—Y) K&D, BT
° 9o 3= e == YA M AL VIC K DIRMEFIRDEEZRET D
s - (HEOTE) RT3
a Injury —_— b Coagulation
| b
s SETHA BN (METAREE)  RGR~1. 28
e o g iy ~ o
*\/o “— Macrophage *\\._ . ﬁﬁ‘ﬁ%mﬂﬂ‘:; %%ﬁﬁ%ﬁ (: 7_7y) EE

- EfiMEDRE

d Late inflammation (48 h) ¢ Early inflammation (24 h)

| - PEFERRZAL

Fibroblast

B=H  REH
- AZ =7V DELE EFEHTFEIL

e Proliferation (72 h) —_— f Remodelling (weeks to months)

The phases of cutaneous wound healing

Expert Reviews in Molecular Medicine@ 2003 Cambridge University Press

- HHRER Y D

(Scar formation)

2022F10A12H #wEF2

=L |
Organization

37




2. Tissue Regeneration
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3. Organ Regeneration

FligOB4% Liver Regeneration
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3. Organ Regeneration

B4 Liver Regeneration

Zv bk 2/ 3872YER 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 restorea
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 Two weeks Three weeks
when the normal ratio of the weight of the liver to the weight of the
body is restored.
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3. Organ Regeneration
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3. Organ Regeneration
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3. Organ Regeneration
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3. Organ Regeneration

TEEEERMAE (Pluripotent stem cells) EHH¥EE b B fBi&

a Definitive endoderm Posterior foregut Organoid growth
| induction | spheroid formation | Antral specification | and differentiation |
[ Activin A I wnT+FGFa+Nog | RA+NOG + EGF | EGF |
+RA(1 da
Day 3 (e Day 6 Day 9 Day 34
S — S
R Eaea—a e —1
S
Pluripotent Definitive Posterior foregut Antral epithelium Gastric organoids
stem cells endoderm spheroids

Fundus€«————————————> Antrum

CTNNBH1
PDX1 DAPI

McCracken KW et al. Nature, 516: 400-404 (2014)
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3. Organ Regeneration
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Watson CL et al, Nature Med, 20: 1310-1314, 2014
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4. Structural Regeneration
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4. Structural Regeneration
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4. Structural Regeneration
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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
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Hyponychium

Hypoaychium (undemeath)
Nail Bed (underneath)
Lateral Nail Fold
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Lunula

Proximal Nail Fold

(Finger Bone)

Eponychium Dermis
Epidermis

Finger Surface Finger Section
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Lehoczky JA et al, Proc Nat Acad Sci USA 2011
Johnston AP et al, Cell Stem Cell 2016
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In rodents and humans, multi-tissue regeneration
occurs if the digit tip is removed distal to the nail bed

e: epithelium

bl: blastema
Undifferentiated cell mass
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4. Structural Regeneration
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Neonatal mice

4

A

Cardiac injury

\

Cardiac regeneration

Adult mice

A

§

Cardiac injury

\

No regeneration

Deshmukh v et al. Curr Opin Cell Biol 2019: 61; 79-85
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4. Structural Regeneration ARy L a)lt,\ﬂ;'ﬁzﬁi

Nishiyama C et al. Prolonged myocardial regenerative capacity in neonatal opossum. Circulation 2022; 146:125-139
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5. Whole body Regeneration
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5. Whole body regeneration
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5. Whole body regeneration
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