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The five types of regeneration in animals

B¥MIcEIF3 “B4E Regeneration”

CELLULAR REGENERATION TISSUE REGENERATION

Slack JMW. EMBO reports 18(9): 1497-1508 (2017) FR29F11A1H REF2
Originally from Bely AE & Nyberg Kg. Trends Ecol Evol (2010)
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1. Cellular Regeneration
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1. Cellular Regeneration
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1. Cellular Regeneration
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1. Cellular Regeneration
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EpiliBE  (Stem Cells)
o DHEMERMARE  (Pluripotent [totipotent] stem cells)
£TOMRBICEr el (AFERKRTES)

o ESHHBE Embryonic stem cells
o iPSHIEE Induced pluripotent stem cells

o ZEEMERHIRE (Multipotent stem cells)
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o EMEBHEE Hematopoietic stem cells
- MEXRRMEE (B8, FER5. FBHIM) Mesenchymal stem cells
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1. Cellular Regeneration
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(A) ASYMMETRIC DIVISION (B) INDEPENDENT CHOICE
localized
determinant POSSIBLE OUTCOMES POSSIBLE OUTCOMES
after first division cycle after first division cycle
of stem cell of stem cell
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1. Cellular Regeneration
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1. Cellular Regeneration
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1. Cellular Regeneration

Induced-Pluripotent Stem Cells — iPS#HIE

20064E8H

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

{sHfEh SN RMlREES e TE R
(ipS#fifa : AT ZREEERHERT)

ST—
sz Oct3/4 case i s i pressas Tokahash ol o nccton of Purpolent Stem Gels rom Adut Human Flrobiats by Defned
E Focors. Goll G007 10,1016/ 0o 200711070
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. Cell
C-Myc
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Induction of Pluripotent Stem Cells
from Adult Human Fibroblasts
by Defined Factors

Kazutoshi Takahashi, Koji Tanabe," Mari Ohnuki,' Megumi Narita, "2 Tomoko Ichisaka," Kiichiro Tomoda,*
and Shinya Yamanaka' 234
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— ES
Embryonic stem cells

2RearimA
Pluripotent stem cells

iPSifBa
induced pluripotent stem cells
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1. Cellular Regeneration

IPSHllEREE X TOER

(1) Somatic cell nuclear transfer {F#liFE1#%#54# (Cloning)
KEFEIICEMREDKREBIET 3 & BEFIIMBALEEINS

Differentiated cells retain the same genetic information as early embryonic cells

1975: cloned frogs <«+— Prof. J. B. Gurdon} I/l QR &l B IE
1996: cloned sheep “Dolly” <— Dr. |. Wilmut®ZLER A% HE

(2) Pluripotent stem cell lines such as ES cells DFFZEhEA T LV
(3) WELEEFIPRESThTWE

(4) EEERETF (transcription factors) HYHIRIDERMIRED "Master gene”

MyoD (1987):  Formation of myofibers in fibroblasts
C/EBPa. (2004): B & T lymphocytes to macrophages
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Multiple steps

Transcription Factors *
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Direct converslon

H Differentiation into specific cells H *

Multiple steps
Cytokines/Growth factors, etc *
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1. Cellular Regeneration

Direct Conversions — Transdifferentiation MEiE#E

S Ra Ascl1/Brn2/Mytdl H HIZHEINeurons ”
Fibroblasts / Vierbuchen T et al, Nature, 463, 1035-1041, 2010

Gata4/Mef2c/Thx5
:H DEF#IEE  Ccardiomyocytes H

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

Oct4 + bFGF/IGFIl/FIt-3/SCF
H & ME#EZHematopoietic progenitor cells H

Yamanaka factors
Oct3/4/Sox2/KIf4/cMyc

SCF/G-CSF/FLT3LG/IL-3/IL-6/BMP-4
IMER Multiple blood cells
zabo E et al, Nature, y S 3

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

| FFEED Hepatocytes |

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

ERHAT

Stem cells
1 (HH#) 2R

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

2. Tissue Regeneration

b MEFRROER RS - BE

- £IBREERIBRE (Physiologically renewal system)

KBFE - &£, /N&. MmER
- ZIEB4ERMBR  (Conditionally renewal system)
BFlE. #EoEE. MENE. FE6

- IEFAERMBI  (non-renewal system)

fRiEMRE. BEEL. D
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2. Tissue Regeneration

S$HENE4ERME@R Physiologically renewal system

- B2 : - 158
«M: - 0.1 mm/H BX930Ic3—64H
. B + 1.2cm/A (20~404%) 0.9 cm/A (601%)
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o M : - JRIIZR 120H

- FER3IR ~2:8[E

- TH#ilE 4~64sH B#lle HE~HsA
- I/Jvik 10H

o« INIB: - RIRERMEE 2~4H
- ¥l 3~5H
+ Paneth cells #I130H
- FENBE : - 28—30HEH
S = + ~64H
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FR29F11ATE B2

| > TissueRegeneration |
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(connective tissue)
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Hair follicle®B 4%

‘ Differentiated cells: ZAgHR. /8 ‘
ﬂ SEL. EOMAILSETS

Transit amplifying cells (TA cells; short-lived)

ﬂ SRU. TA cellsfiia

Lgr6* Intermediate stem cell population

Eplmn«[r ﬂ
.(-’ H Stem cells (Label-retaining cells; long-lived) H

[ emamsan

BB ctom ol ene Lgr5* Intermediate stem cell population

Outer root:
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® gﬂ’;’(‘;;j‘;:n“k‘_ Transit amplifying cells (TA cells; short-lived)
..... Lort exprossion domein
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Differentiated cells : &

Barker N & Clevers H, Gastroenterology 138:1681-1696 (2010) FRi29F1181H RE¥2
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2. Tissue Regeneration
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2. Tissue Regeneration
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Location of putative intestinal stem/progenitor cells Transit-amplifying (TA) cellsD%§#

Progenitor cell, active
(CK19)

LRC (label retaining cell) Musashi-1 RIS 7R b= 2

Myofibroblast
(aSMA)
Progenitor cell, active
(Villin, MSI1)
LRC+4 cell, quiescent
+4 (BMI1, DCLK1, MSI1)
+3 CBC, active diViSion/day
/’ (LGRS, OLFM4, MSI1)
42 (Crypt base columnar cells) ﬂ]ﬂﬂ%ﬁ
41— T Paneth cell RN ERZHRD : 2~4H
= (Niche cells) #(Goblet)#lfa : 3~5H
= Paneth cells : #¥30H
MBEcryptic & |7 2 B liBE DTFTERRL Paneth cellsid. niche& LTEWTW3
Quante M & Wang TC, Nat Rev Gastroenterol Hepatol, 6, 724 (2009) FR20E11A1E FES2
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Intestine Stomach Esophagus
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Keratinocytes
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(proliferating)
Base
Active stem cell

Transit-amplifying (TA) cells

)—»

Enteroendocrine =
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Quante M & Wang TC, Nat Rev Gastroenterol Hepatol, 6, 724 (2009) ERH29FE11A1H RE¥2
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Small Intestine

Cell Differentiated cells
L ‘shedding
3 Golﬂle( Egtevo- A%s?rpltive"
cells endocrine epithelial cells . .
9 Crypt-villus Cols Differentiated cells
Villus 3 junction
=0 ’ ’ 15 TAs x 16~32 = 240~480 cells/day
e’ 1 «
L L TA cells
iz 7 Generate 16~32 cells/TA cell/day
9 @ -~
LY # Proliferative
0] 9 progenitors
X7 Lgr5*-CBC cells
& ~15 cells at a crypt bottom
o @«
MMCI @® stemcell
renewal
24-36 hr <80 ) Paneth cell Lgr5* cells
& Multipotent stem cells at crypt bottom
. o
Faming propis o ‘\ Lgr5 stem cell ‘

Lgr5* cells
Quiescent, rarely dividing

Il Marked Lgr5* cells persist for the lifetime of a mouse ]I

de Lau W et al. Genes Dev. 2014;28:305-316 ER29%E11H1H wmEE2



2. Tissue Regeneration

1day 5 days 60 days
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Lineage Tracing %

stem-cell-specific
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GFP CreERT2 ¥
inactive 44
GFP marks recombinase 3 i
stem cell 2
tamoxifen o, S e
. —
added T00pm
activated recombinase
P ® cmoves blocking 6 Day PostInduction 37 Day Postinduction
i £ -
o
\ LacZ ' E / ;/ ’
blocking ‘ 3 *{ 4 - S #
sequence [ ] oS o & &
LacZ now expressed in b B .

this cell and all its progeny 4 Day Postnduction 56 Day Post-Induction
.. ) y

Lgré Tracing
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2. Tissue Regeneration

ERERIBROBE — WE

PR FE R O #RiEE AT

< BREIALD
- BRERAE (RIR=E)
o IRER

CD133/prominin1*
ependymal cell

Nakafuku M et al. PNAS, 2008

Barani lJ et al. Int J radiat Oncol biol Phys, 2007
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2. Tissue Regeneration
EPO
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BaiRH :  BTi@
15747 3 =
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MERF  transiently
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Key Point 2
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Healing of wound
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Regeneration L AFICETINDI L
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Healing of wound
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2. Tissue Regeneration

AARBEEAFEMR Granulation

2. Tissue Regeneration

B4 LBE (Regeneration and Healing)

2d 7d

1d

6h

BE9388 |

PR (FHED)  coma

| BELBWSS |

F—H : RIERIGEA SE%4, 50
A A o /\4 - MEREICEL D LML, MIMRH SHHE RIS k
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TS gy LEme z3
o S ® o0 | BEmeRRER (IY077—Y) RO, KET
R ~ BYA A1 VI & DB HROEEERET S
— . (HEOME) S
= P = 5 _ " . .
T, ECH N (AFEE)  Be~1, 28
7
T e . BEEERC L ZBRRE (A5—7Y) BE
d Late inflammation (48 h) R * %mmg@%ﬁ
o 4 ron - PSR
/
=1 REH
-
e Proliteration (72 h) _— 1 Remodelling (weeks to months) . ;.! Eaﬂ 5—2 2; v % %E DR ﬂ‘SFﬂﬂ 4
The phases of cutaneous wound healin, ° o‘) I/\ %EE{K
E,,,.,,.p., Moecut, g’ y - #ER1b(Scar formation) Organization
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FEEEm@oLUE Wound Healing Center Homepage & D
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2. Tissue Regeneration

04 K (Keloid)
BUSERBETBER (A7—7Y) BRENIBRICESNZZLILL>THTZS
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3. Organ Regeneration

FFiEOEE Liver Regeneration

F U7 HEDRR

Prometheus

XU 7

ABICAZEEZ -2 ET, ZeusDBD EH L,
J—NYADOLDEICEHTEI N, KEICKEICH
EESWEEhBRICREhT,
Prometheus|3FRFED & T > 7= D THhE I 25
IKRTTIKR>TULF S,

EHTEHHRT, BH. KEILELD,

s Bound, Peter Paul Rubens
iladelphia E1iTEER)
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3. Organ Regeneration

3. Organ Regeneration

B4 Liver Regeneration

| Svh2/3WAMFK 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 *

, the question
performs the usnal hep:

YR 7 HE

ERRPBARANEHRE HP LD

Two weeks Three weeks Four weeks
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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

EBRTLRLE  Organ Complementation
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Kobayashi T et al. Cell. 2010 Sep 3;142(5):787-99.

1) BERRMAETEEZFAL I SEEERERN 5 OMERFL

Pdx1 KO moueDAEBERT (Blastocyst)ICEGFPEIGFZEA L zESHIR (iPS
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RICREBYMICE T2+ X SHREERRDT 278, SRR (E
SHIIEE LI i P SHHE) ZAWEYIR—3 v MEOREEYFX
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1T, BICEGF PEMLICT v M SHENRMRE Y Y RORBMISEAL
k&l 3, YVABL UF v FOSHEEREIRIEEVOREREILTSL.
HERSEFRECREBHYMFX 5 OERICHIN LT,

3) REMEREHETEEEAWVWT. YYRBRICT v hOEREEESD
SvhiPSHIEPd x 1 KOYYROERMICIATZZET, Rill
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3. Organ Regeneration
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3. Organ Regeneration

2BEMEEHIIT (Pluripotent stem cells) Ea3E/Mig#HE:
Human ES#iRZHI3RE Human iPS #ifa B3k
b .

Watson CL et al, Nature Med, 20: 1310-1314, 2014 FR29F11R1H REF2

3. Organ Regeneration

LEEMEERHIBE (Pluripotent stem cells) EH¥EE b BiE#
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induction |_spheroid formation | Antral | and |
I Activin A I wntarcrasnoa | RA+NOG+EGF | EGF 1
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Day 0 pays MO paye Day 9 Day 34
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Pluripotent initive Posterior foregut Antral epithelium Gastric organoids
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McCracken KW et al. Nature, 516: 400-404 (2014) ER29FE11A1H REE2
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4. Structural Regeneration
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AP1/AP2

70 days following amputation

Germ-layer and lIneage-restricted stem/progenltors 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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Han M et al. Dev Biol 315(1): 125-135 (2008)
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4. Structural Regeneration

In rodents and humans, multi-tissue regeneration
accurs If the diglt tip Is removed distal to the nall bed

bl: blastema
Undifferentiated cell mass

e: epithelium
ct: connective tissue

- mE
e~
Blastema | RROREE  mesmmonmamszotne mp | KA
4 - BaEe
Schwann cell precursors ‘
Lehoczky JA et al, Proc Nat Acad Sci USA 2011 FR29E11A1H &mEF2

Johnston AP et al, Cell Stem Cell 2016



4. Structural Regeneration
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Essentlal for regeneration of DIglt Tip b9l
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: SD:: Dedifferentiated Schwann cells
+ FGF1/5/9
OSM and PDGF-AA
Bone BMP4 -
Cartllage
Nerve < || p of hymal p cells ||
Vessel
Regrown axons — ssjy l 1
Differentlation of SCPs Regeneration of Epithelium, Nails
Mature Schwann cells OSM and PDGF-AA
+ Dermal cells OSMRb
Diverse mesenchymal cells « Osteoprogenltor cells express Gp130
« Endothellal cells PDGFRa
HBEROESH M
Johnston AP et al, Cell Stem Cell 2016 TR20fF11A1H REF2

5. Whole body regeneration
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5. Whole body Regeneration
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5. Whole body regeneration
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Regenerative medicine

BEE?

BRERIDFN DREE

Cell Theraypy  (HER2:E%)
Tissue Engineering  ({8#&T %)

Improvement of the regenerative
capacity of endogenous organs

(BCB4LsENDME L)

Scaling up production of progenitors

Acquisition of mature (adult ) human
phenotypes in terminally differentiated cells

Development of complex tissues
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Key Point 5
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