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SUMMARY

Of the many problems still to be resolved in the quest to make clinical use of human ES
cells, perhaps the most fundamental is to isolate a specific cell type of clinical value in high
yield. Experience with mouse ES cells suggests that this is possible but we must directly
demonstrate this point in the human system. Transplantation into the blastocyst stage of
embryonic development shows that mouse ES cells are pluripotent, capable of differentiating
into all of the adult lineages including the germ line. For ethical reasons, the pluripotency of
human ES cells cannot be defined in this way but human ES cells do form teratomas
containing many different cell types. The vertebrate embryo contains three tissues ecto-,
endo- and meso-derm supported by cells that do not contribute to the embryo but play
critical roles, the extra-embryonic ecto- and endo-derm. In normal development these cell
types emerge in a series of steps, gastrulation, where the highly ordered organ structure of
the vertebrate fetus emerges. ES cells are regarded as equivalent to the inner cell mass, cells
of the blastula that give rise to the major cell types of the body through the process of
gastrulation. Therefore, the evaluation of capability for differentiating into all three
germ-layers could be 1) a criteria for the differentiating characteristics of real human ES
cells as well as 2) the first step for regulating differentiation of human ES cells.

Based on accumulated experiences and knowledges with mouse, monkey and human ES
cells, we analyzed the differentiation of human ES cells from the early cell types in embrioid
body (EB) to the somatic cell fates (neural, pancreatic, and hepatic) after further
differentiation, systematically and effectively. To develop effective differentiation protocols
for generating transplantable cells from human ES cells, culture conditions and growth
factors that promote differentiation of specific germ layers and somatic cell types were
investigated in specific time windows and the expression profile of genes involved in the
differentiation were also examined. In this project, we demonstrated that human ES can be
efficiently differentiated into dopamine neurons, pancreatic cells and hepatocytes using
developmental relevant factors and showed that these somatic cells derived from human ES
cells functions in animal models of diabetes and liver diseases.
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Primitive
Endoderm

Definitive
Endoderm

Ectoderm

Hestings

Mesoderm
4 || Brachany

Primordial
Germ Cells

Fig.1 In vitre gastrulation and comparative early differentiation of three human
embryonic stem cell (hESC) lines. hESC lines were differentiated into embryord
bodies for 8 davs in suspension culture without FGF2. Emryo:d badies were sectioned
after freezing in OCT compound and immunastainsd with artibodies specific for each
germ layers. extraermbryonic tissue and pnmordial germ cells

e 1x dReole QIiEjelErAEY HEeAHE EIH=F
HAA  Hristr]l st 3F9 wlelEIAIEE didez,
JAE TAHse EE AxXY 977 He u, ¢, Fug %
Bk 59  wjo}e]Z = (extraembryonic tissue, primitive
endoderm)©. 29 Eshsel AZH tiEol st A 5
A2 A Zel A7 YDA AAE  (primordial germ  cells) Z 2]
T3hs 7&%% A =32

o 3T AiMolETIAE EF AMIHAAME (endoderm,
Foxa2+&Soxl7+; ectoderm, Nestint+&Pax6+; Mesoderm,
Brachyury+), Hjo}e]Zz2 (AFP+&GATA4+) 18] AAAA A X
(SSEAI+&VASAHZ  ®3ld & de FEE &2R7¥e
3 A=

jan
N

o 3% <I7tHotET|ME dig 7 wigE EsFe Ha
A% Ay, ¥ MEFAA AALIXNEE AT AAMES
2717 HE 94 (Nestm+&Pax6+)° 21 A E T A
T el g

4 ARE 99 AgrRAEs W ge
Foxa2+&Sox17+)o.2 2] &3t E3epgoe] I HYowz
2% ARAMES GHE 2 ABAEY =

Aoz 428 olg 259 MEFE of

—~
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Fig. 3 Inhibition of mescderm in EBs differentiated in the presence of Activin. EBs wiere diferentiated in the presence
of serurn for 10 days, in serum-free medium containing activin for “0 days or in serum (10%) for 4 days with passaging to
either serum-free condition or the same condition with activn for the remaining 6 days. {a) RT-PCR analysis of EB of
differentiated in each condition shows that serum followed by activin treatment stimulates endoderm formation but decreases
mesoderm population. (b) Immunostaining demonsirates a sequential treatment of serum and activin induces endoderm
{GATA4+, Sox17+ cells) formation and inhibit ectoderm (Pax@+, Nestin+ cells) differentiation.

< dfoldl A V] 49z 8HY A HE Aol FEF
Hi Rl Aol #ste] ot UeidE FHEeRe  RIe
ZFEHAOY, TIFHA AFEFY AAEr] UngoeRe &%
F< B3E =57l Hsted, 839 AHY & FEH HiAE
o] &% 6UZte] F3tAA | activin AE AP E

« Activin A AAAHAd Ay wZAAIAE  (embyogenesis) ol A
Wl o ge] 27|l F83 98S st AR dHA s

2 Adde d72as ol AR T EHe Aol Aol
Activin  AX2] (S4SFactivin6)= MixI1-137} Brychyurye] =&E
AAstal Foxa2e} Sox179] #HHE A7 ALZ FAFHUL
(Fig. 3a).

- wEl, B A¥Ags 4717} EHE mesendoderme]
AEE B *E‘Pﬂr}\] A SHEE /‘ég st Wuldo.2e E3E
2N 7= (MixI1-2 mesendoderm, brachyury<=
mesendoderm3} mesodermof| A &)

s WAYFANELS AN A} A  Activin®

A2 &

wotAlell M, F2H wiAA B Wl R AAsHA 748
Wel A AlE (GATA4+ & Sox17+) Eo] #EHUCH, ojHs

Hee

o el EAd (Pax6+ & Nestint)
Axge va

3
2 anHos AAske AL UYL (Fig 3b).
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Fig. 4 Effects of culture
condition for induction
of pancreatic endoderm
cells. (a) EBs were
differentiated with serum
and activin for 10 days
either in  suspension
culture dishes or on
tissue culture dishes for
the adherent culture. RT-
PCR analysis shows that
3D culture ({suspension
culture) increases the
expression of Pdx-1, a
key marker of pancreatic
progenitor cells. (b) High
concentration of glucose
in medium also facilitates
endoderm formation and
Pdx-1  expression, but
inhibits mesoderm
differentiation.

c Boh 3E5FA #3UIHS ML) A8t wlokA g AU
WYEEr wAs 9%e ZARE Ay, djokxl FAAIE  (EB
formation day 0)¢] 70-80 ym ZF 7ol n|&E3 QlztujolE= A £
(human ES cell clumps)E 350~400 A|¥3¥]/2827 mm’ (60 mm
culture dish)®] W= & 1087t wjkste] oF 300 ~ 400 ym 279
Mol e YSse Aol AAxAYL FAH

¢ o] ¢ste FE{ujd (suspension culture, 3D culture)
F2Z4j<F (adherent culture, 2D culture)S 10947+ E3713F %
Hlog A3, vE FugAd SRR megd ddo] HEHZ
stod, B Ad#AY EAHQ HAAELY AFMEANAN HHI}E=
pdx-1°] 3D culture®] wjgZ AT FHHE 2oz EXHJYT
(Fig. 4a).

S UHiEEA 2 AZAE Ego JFHE e o=
A7 A glucosed] FEE W3 Ay, AFEe glucose
(6.5 mM) Rt} 31F5%=9] glucose (17.7 mM)E X &st= i
pdx-1¢] wralo] 274 Bt 1w glucosert AR
oo Bot g A4S SHs AT (Fig. 4b).

« webd, FFeo AYPqME Serum/Activine] el A 3D
culture2 1F T 9 glucoseE EFs= v oA HAATHAEZY

E3E Frdch

e
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Fig. 5 Comparative analysis for the generation of mesendoderm cells
expressing genes related with endoderm formation.

9] glucose”} fg}%% Bl Ao A EFulek (3D culture)<]
2 10¢z Ei}A H A2 Esld #HE AT
o] HyS WAFFPAMr|Ho 2 ZAEIY T

e 2 HA9 HIZEFAE =¥ UulE H AZAE EIFE
71 tzT ‘ﬂh—llo}oq el 4o ddd duZdE (Foxa2,
Sox17)9] ¥ 2 A Wul4y (gut endoderm)d A TA Lo A
Z+zt BPEE cdx 2 o} pdx-1 @ AL WPst= AHEE9 E3E
FASHA F7HAE & 91%% ZIsH A

e HAFY FAHL F (guh)e FAHE F uElg  (gut
endoderm)e. 22 H FAHDZ, B AHZAIE= serumF} activind]
o FAE F Uugoeziy AZAEZE EIU JAHZ
A= AlAFSHTH
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Fig. 7 Enhanced neural induction by FGF4. (a)
EB, control (b) EB after treatment of FGF4 for §
days, Nestin (green) in both a and b. (c)
formation of multiple neural rosettes after plating
EEs on tissue culture dish. The rosettes express
nestin {d). (e) expansion of neural progenitor by
FGF2. (f) neural progenitor express nestin and
paxb

o QA& ETY AAHoR A%t
A Au| o = 9 default
AA e ke, wigAdTg F AAEQdE
FGR4E b4 AEz2o 2smga djobd 3433
Aejste] AR Fo e FES AT
e FGF49 A (Fig. 7b)x= Wz 834
2173 2w 4 A3 A E (nestin+) 2 2] n3=s aHHo
S7MNZA LY, oA E wiFAH Ao FEEte o2 EsAZ A5
A SRR BAHE AABY T FAG Pxe
neural rosetteo] T #AZF ¢t} (Fig. 7c and d).

e rosetted trypsin 7 F Ho]& FGF29] HTo| 23
ARRAFAE] FHE JFF5Hol 7t (Fig. 7e and f
green pax6; red, nestin)

nodal o]

pathway & A&

(Fig. 7a)
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Fig. 8 Differentiation
§ into dopaminergic
neurons. {a-c)
neuronal differentiation,
nestin, green; Tuldt,
red; dapi, blue. (a) day
. 2. (byday4, (c)day 6.

- (d) neuroglial
differentiation,  Tud1,
¢ green,  GFAP, red,
dapi, blue. (e f)

§ dopaminergic
b differentiation. {e) TH,
red; TuJ1, green. {f)
. TH., green; Tud1, red;
| dapi, blue. (9}
expression profile of
genes characteristic of
undifferentiated ES
- cells. (h) Percentage
of hES cells-derived
ik TH neurons in the
d absence and presence
of Shh/FGFS.

e 6~8YU7F FGF29
FGF2 g9 =23 AtejoA
st o

AZAATAE  (nestint)E
8UF ABMEZ EIfFE

 FGFR2e] FAE Aoz 3t ARZATFHE (nestint)<]
b Zastal, ABAZ (Tul)e] £7F ARAH R 7 st
(Fig. 8a-c; a, 3} day 2; b, ¥3} day 4; ¢, ¥3} day 6; nestin,
green; TuJl, red)

e FGF29] AHgE £83 5 8¥4ZF N2 mediumolix E3}=
T 23, e ABFAXE 5 & ANeH (Fig. 8e;
TuJl, green; TH red), & 60%° Zdlv =¥ AAAE
(TH+) 29 R3F&S JeUTt (Fig. 8e & Fig 8f; TH,

green; TuJl, red; dapi, blue).
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Fig. 8 Expression profiles of gene specific
for undifferentiated ES cells and induction
rate of dopamine neurons during neural
expansion and differentiation

o 1E3 AHjolEIIME Wig EAAER] Octd+ MEE=
HAgAdgady Belgs & wAFHA @ggon, RIUARE
HH Y-S RT-PCR B4 7jHez A ZAy, wEs
EAJAARN Oct4, Nanog, Rex1¢] &L neural expansion
AN FAZ HAastd HEEIFAZ]  (neural diff)dl=
AR FATH (Fig. 9a). ofo wWhely oWl AAME

(TH+)E FGF29] A
(exp8) olF F7taty] AlFsted ¥t 29 (diff2) o]& 7
Z7}38t9 et (Fig. 9b).

£ 5% A]H<Q neural expansion 8¢

3
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Fig. 11 Differentiation of Endoderm into hepatocytes
in adherent monolayer cultures. LiCltreated EBs were
differentiated in the presence of HGF or OSM for 15
days and analyzed for properties characteristics for
hepatocytes

e LiClol o3 #3} " WuIMEEERE HAE (liver cell,
hepatocyte)2.¢] £31E FHA717] 43 HGF (hepatocyte growth
factor) -2 Oncostatin M (OSM)& A 2] slo] H-2uj ek st

e HGF¢ &4 3lolA 3" HEEL oval & polygonal &)<l
hepatocyte®} fAF 2SS BHIJO A& <A  hepatocytes}
vz 7kA 2 albumin  (ALB)#%} cytokeratm 18 (CK18)& HAst=
TEE 2fstAnh W] OsMel A dl s EitE ATE
CK18& Tdsou, ALBS FA4stA Z3e dFsdoh

e 3% hepatocyte-like cells2 A4 ZHAE7L AHF3te EAQ
4 AEW #5824 (ICG uptake) F Z7]E3177 9
AE7 ERHo2 A HF3E gamma glutamyltranspeptidase (GGT)

P o
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Fig. 12 Hepatocyte-specific gene expression in different culture
conditions. (A) RT-PCR analysis of LiCl-treated EBs differentiated in
the presence of HGF or OSM. (B) Treatment of different
concentrations of LiCl during EB formation was followed by adherent
monolayer cultures. {C) Expression profiles of AFP and ALE during
hepatocytic differentiation for 4 weeks

e AEBY RIE AZFEr] Yo @wr Eo

@J} OSMJJr HGF Z%E] 25 fetal hepatocyteQ]— FrAgH
dEdS BRI a8y OsMe] A, 4 WY
A9} FU3sHA albumin (ABL)9) o] XA B
AP em, HGFY Hae ALBS E3s RE ¥A &
fetal heptocyte9} frAlehA LHB S st (Fig. 12A).

o EBEAFAAY ZF Ase LiCY F=Ee HF B3I F
DX EAFFARIA LR 9FE e AL UEReH
(Fig. 12B), ol AHYsxd we} 27] Wlgoze EH=rt

Zpol7t ol wrE Adeba AYzhE o

o rAEo] FARIAR] AFPS} ALBY| 2HE 209 BE9 £3
AAa A Z218S RYT (Fig. 120). 7] AFPQ d¥rgo)
2 olfE ulolA Ao zU|GANAN FAHEHE #jote x4
#29] Primitive endodermd|x] L HIF = AFPY <JdFolzgtn
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Fig. 13 Effects of NP and OP on the cell viability and cytotoxicity of the human ES cells. A, Phase contrastimages of
the human ES cells exposed with Act-D, NP, or OP for 48hrs. B, Fluorescence images of dead and live cells stained with
calcein AM and PI. C. Representative dot plots of the calcein AM and Pl staining.

e TYT IFEY H49E AT AbolEr|MES
g&7tAE s 3 EEA FeAHEFAR @9 =dis
(Nonylphenol; NP)3} SHiH= (Octylphenol; OP)o}
AzhufelE7|ME Y AEEH AEEA v s FUsAE.

e NP& OPE HE Al & EFHOZ wlol&7A X W3
AEEGo] Yehgds JAREAnZAdA 4A a8 F ddeH
(Fig. 13A), Calcein AM¥} PI @2& %3+ Dead and Live cells9]
populationg Flow cytometryE o]&3te] AHF EX4g Zi, NP
OP Az & FT g&EFHo g Holle Axe F7} HAsta vHg,

AZAL FsHE Ae BARGE (Fig 13B and C).
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Fig. 14 Effects of NP and OP on the DNA fragmentation and Caspase-3 activation of human ES cells. A,
Detection of fragmented DNA in the apoptotic human ES cells by TUNEL staining. B, The fragmented DNA content
detected by flow cytometry. C, immunofiuorescence of active Caspase-3 in the apoptotic human ES cells

e NP} OPel Zo] o3l Jehde  QljolEv|Axe
o 7}

AZE=Agol HANAHoZ Z7}E MEAAA (apoptosis)ell <&
A= i situ TUNEL 8& Fsto] #elstls (Fig. 14A).

¥ 4% A3, NP9} OP= G2/Mitosis A]7]19] population?]
29 7 Fragmented DNA content7} 715 oS
A3 A+ (Fig. 14B).

e A3l H Caspase-39] Eo]ZQl FAE o]gsle] AIGHBINE

Ao s NP} OPel ok zhujolzr| Aol A ZAAALS

%7} Caspase-39] &49 /1= Futste AL #2092 (Fig
140).
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Fig. 1. Developmental poientials of diflierent hESC Ines owards
newoecibdennal lineages, (&) A phase-contrest image of
differentiated cellz that migrated out of hESC#1~derived EBs,
(B-D) Immunofluorescence imeges of hESCH#1-derived
differentiated cells stained for the markers of motoneurons and
interneurons (B, Tud1/lslet1), dopaminergic neurons {C,
TuJ1/TH), and GABAergic neurons (D, TuJ1/GABA), (E) Relative
expressions of neuronal {Tud1, MAP2, and TH) and glial (PLP
and GFAP} genes in three different hESC lines, The expression
level of each gene was normalized to its comesponding GAPDH
level, Bars: 100 pm (A-B), 50 pm (C-D),

e A 1x dxe IHjolEIIMEY AFAHE EIFEF
BFAA  Hrbskrl At 3% wolEIIAEE UFo=,
AE TAHst= ZE A=z A7 He W, 9, 89 ¥
BiRt 59  wjo}le]ZZF  (extraembryonic tissue, primitive
endoderm)e.2°] E3%5& v EA3¥Y. 21 A, 19
AMEF7F ARABANEE AT ABAEY Q717 He 9gulg
(Nestint&Pax6+)2.2, 2¥H MEF7}F 9xd X58&F 3
AZGAEMETY 477 HeE el (Foxa2+&Sox17+) 0.2 9
d&3 F3lddel &2 4wk gtk
o 1x dx9 27|83 vnd dste, 24 dxde °oE
AZFES AT 784 AAZE BEIdAA AR
3ldE HIUEA stgen, 1adxe] A@AFANA o4d
uhel o] 13 3 A EF7L 2% A EFo) Hwste], neurond]
FAARJ] Tulzt MAP2, TRFAAAEZY EolfHAZF
Q) TH, 281 glial cells®] #5179 PLP$} GFAP d@
Bd wvAe wdste HESC AAGA we Sa=
2531 ee G
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A48

747) ge

Qo =714

ESCH#1 EEhESC#2 [JhESCH3

MLC2a MLIC2y

chHC RUNX1

Fg. 2. Developmenial polenfials of different hESC lines fowands
mesodermal lineages, (A) A phese-contrast image of sprouting
tube-like structures differentiated from hESC#2-derived EBs, (B-
D) Immuno fluorescence images of hESC#2-derived
differentiated cells stained for VE-cad (B), CD45 (C), and CD34
(D), all of which are markers of hematopoietic or endothelial cells,
{E) Relative expressions of genes associated with cerdingenesis
{GMHC, MLC2s, and MLC2v) and hematopoiesis {(RUNX1) in the
thrze different hESC lines, The expression level of each gene was
normalized 1o its corresponding GAPDH level, Bars: 50 pm,

e Fig. 1o] yebd npel o] Auid Fefje] AZMER
Biree B 14 3 AxFo Fe, FaigelA 23}
dHNAAE Y FAME 2 Rghgo] 29 AMEFo| A
AABH F2 AT AFHAS.

o WA AAMERS e B35ES B 2% AEF (Figl)d
HE 332 J»]- t}42]  vascular networks (Fig. ZA)Q]— 3},

ol jﬂ i
& frrle

P A Ee] HEAAA  VE-cad (Fig. 2B), leukocytes
progenitors®] F X QIZ} CD45 (Fig. 2C) ¥ hematopoietic &2
endothelial cells®] FA<x}¢l CD34 (Fig, 2D)E 2dH3}=
AEE]l 183 39 AMEFAM Ho dAA L& FEE
3 A

o I3 AZAES B3l #BAE= 4% (aMHC, MLQC2a,
MLC2v) 2 selag o] podslz Saxl (RUNXD)S wad o)

2 A FoA] 1
(Fig. 2E).

, 3 AR Hste EA debdo] #EHAUS
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Fig. 3. Developmental polentials of different hESC ines jowards
endodermal lineages, (A-D) Immunofluorescence images of
hESC#2-derived differentiated cells stained for markers of
endodermal cells {A, ECD/GATA4 B, ECD/FoxaZ), pancreatic
progenitors {C, Pdx1), and early hepatocytes (D, AFP/albumin},
Arows in (D) indicate binucleate cells, {E) hESC#2-derived
hepatocytes show  yglutamyl-transpeptidase activity, (F)
Relative expressions of hepatic {albumin, AFP, gAT, and TTR)
and pancrestic {Pdx1) genes in te three hESC lines, The
expression level of each gene was normalized fo its
corresponding GAPDH level, Bars: 50 ym,

Fgs Walgel A F
gAe mael meh, WHlGe)A

e Fig. 13 29 At A,

LT VEE LRSTE HE

THEE Ry U8 AR e FAHstE AEEY
FEE vasiE ZAx, 1% 39 AEF Hlmete] 29
HEZF A ECD9 GATA4, 13]1 Foxa2E '‘Hd3te (Fig. 3A,
B) Wl 4d Ax g AZAFAE EXAAR]I PDX1 (Fig. 3C),
AFP¢} albuming L3 ZFHEERY E3l5E0] A3 &/
BEHeH, dRAZAME BANE Fold AL GGT &4
(Fig. 3E)o] A=HU=

o IEF ZHME Eo]x {Ax<l albumin, AFP, o AT, TTR %
WAL Sold {FHAAQ PDX1e 2d GA] 1, 38 AXF
Hlmste] 20 MEZFAA AASHA F7iEo] dgo] BIHUS
(Fig. 3F)
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Fig. 4. Effectz of serum, activin and RA on endodermal differentiation of hESCs. a
hEBs were grown in serum-free conditions for 10 days (SF10), serum-containing medium
for the first 4 days followed by an additional 6 days in serum-free condttions (S4/SFE), or in
serum foxr the entire 10 days (510). hEBs differentisted in each condition were analysed for
mesendodermal gene expressions by RT-PCR. b Percentage and representstive images
of T+ cells in hEBs differentisted either in SF10 or S4/SFE culture conditions. ¢ RT-PCR
analysis of POX? expression in hEBs. hEBs were differentisted in serum-contsining
medium for the first 4 days followed by another 6 days in ditferent concentrations of activin
A without serum. d RT-PCR analyzis of the gene expressiors sssocisted with
neuroectoderm, mesendoderm and pencrestic  endoderm development in hEBs
differentisted under different culture condtions. Relative expression levels of target genes
were normalised based on the signal of GAFDH snd expressed 8s means S0 of triplicate
experimerts. *, p<0.05 compared with the control cutture (5F10). Scale bars: 50 pm.
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Loci%]

123 Az AAE Zbr] g2 AzkejolE A EFe] 27
, 9, FHlg) PlaRd 9 23 dx 74 434
S B3 (AAAMAE, AAE, 3t 2 HAAE)(Fig. 1-3)
wEA  ZAAE EYR2 std, UegdNEzEe  d8s
E354E Hole 28 MEFE o =Z Il FY AISE
T A AZEA TR THEEIFE A=A

o HiolA A F AFAEA FHAE (wlokA 4 1098 F
7] 49 AE: S4SFO)E AP AS, FEAu|A (SF10)
A& A (S10)e] wlmEtd el =2 SuUHlE
(mesendoderm) W&o #HAH HAA (Foxa2, Sox17, MixL1,
T)o] wdo] FdJA F7F AR+ (Fig. 4ab).

o AT FHAT (4¥Y) F UHA 64 T activing o
TEEZ AYSPE A%, 30 ng/mle] EFEAAA  HAAE
Eol#<l PDX1¢] #&do] 7bF EA Jetds 1R (Fig
4c)

o AFHA FAHAZY 30 ng/mlY activin Hz] T do]&
retinoic acid®] 2] (2Y)d 25ty AFNFAEZSY E3}o
#AE e PAX69} SOX19l fAAEd 2 FHjgl e
Fa% 4TS F@Fste HFHA MIXLL, T)o #do] prAghy
A0l Wl g (FOXA, sOX17) & #H4del 97]&3 (PDX],
HLXBY9)el| #ojsl= FAAEY ddo] Meldoz {oi A
F7HE S &l H S (Fig. 4d).
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Control 1 SerumibctivindRa Fig. 5. |Induction of
{Seramdres tutture) § {Sequentisl treatment} endodermal  differentiation
o during EB formation. &, b
. Phase-contrast morphologies
| of EBs differentiated etther in
. control (serum-free congition,
- &) or by sequential treatment
with serum, activin, and RA
-~ (b). Note that cortrol EBs
show distinguishable outer
layers &t the periphery of the
EBs (a, arrowheads). c-h
Represertative
immunoflucrescence images
demonstrating the production
of proteins associated with
primitive and  definttive
endoderm (AFP/GATA4 and
SOX1TFOXA2), anc
neuroectoderm (PAXEMNES).
. Note that immunoreactivity to
"""""" both AFP and GATA4 ae
evident at the periphery of
the control hEB (c), whereas
many AFP-GATA4+ cells are
visible inside of the
serumfactivinRA-treated hEB
(d). Few cells producing both
SOX17 and FOXA2 are seen
in the cortrol EB (), but a
large  tube.ike  structure
producing SOX17 and
FOXA2 is noted in the
serumfactivinfRALrested EB
m. Serumsactivin RA
treatment decreases
formation  of  PAXB+NES+
neurcectoderm (g h). Scsle
bars: 50 ym.
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e Fig. 49 HAA EAZAE ngo= Hjopxved IAHH
AZES] BEXE EAYS
e EjubE Aol 7)ol wjole]Zz & (Fig. 5a, arrowheads)S
Xgsle FEAAANA E3tE  djolAle] ®uste, ¥
activin, 18]31 RAS &3 Agd st #3d HiolA =
Hjol A o] wjole]ZAZE (AFP+GATA4+ cells)& XT3t QUA
S o] BARHYS (Fig 5a-d)
. 19_]_—?];, Flg 4_,] Z‘]X]» -1?-417;_3—‘4’9']' E%]_é_]’}” ﬁiq/aCtiVin/RA-o’]
W wolx] o] GATA4+AFP- cells¥} SOX17+FOXA2+
cells& EF3tE UulFAME7 FEAHMA NN B3 hET
AA3] A FEIF}A USS 447‘10}9510‘11 (Fig. Sef), o<}t
T2 2o AARATAETE Xggstn Jde tiRTol Hlste ul¢-
3kt o] A AL FAAME  (PAX6+Nestint cells)S E 33
NS YAHES (Fig 5gh).
o WElX, FFHo2 FAGT uwf, YA activin, T8I RAY
& Ao ojste] wjopfxA 2 ANAFYuIPEE TAAFIAL
2

&7
14e 9719 Wude MEze A9y 2Hs anses
FEQ F 980 338
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Fig. 6. Differentistion of PDX1+ pancrestic endoderm from hESCs. a
Guantitative immunostsining analysis demonstrating the effectiveness of
different conditions on mesendoderm  and  pancrestic  endoderm
differertiation. Quantification of cells expressing each marker is expressed s=
a percentage of total cells courted on DAPI. Values are expressed
meantSD (n=30). *, #<0.05, compared with serum-tee condtions; **
p=0.05, compared between serum/factivin and serum/factivin/RA conditions. b
Immunostaining of a frozen section of human pancreas for PDX1. ¢
Production of PDX1/NES (upper panels) and FOXAZ2PDX1 (lower panels) in
hEBs differentisted in the indicated condtions. d Colocslization of COX2 and
PDX1 in serumisctivinfRA-rested EBs. Scele bars: 50 pm (b, €) and 30 pgn

(d).
e Fig. 59 Welssda Ane AFHoz MY A oA
WG AMES R Balagol FYANMA, I ¥AY

.. o
activin%h-g-

gl osy

gt wjolAl Rt} A3 activin 2|31 RAZ]
F4 QA 2HES MelFn AL (Fig 6a)

« 53, FHgosy 23 (e AASEL PDXIFH Fuu g9
@]

FAAl CDX2E W33 MxEzo B3y =AHoH,
ol  PDXI+ HAAFMEsL FOXA28t @A, H2
AZAFAEANM HHo] =Fo] H UE nesting LTHI

0l o o
AT =

Z939e (Fig. 6¢, d).
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Fig. 7. Production of NES in PDX1+ pancrestic endoderm derived from SIAR-
trested hEBs. a Immunostaining for PDX1 &t day 1 of differentiation after EB
plating. b-d Immunostsining of cells that migrated from hEBs for PDX1 and NES at
day 4 (b, ©) and day & (d) of differentistion sfter EB plating. Arrosvheads in (b,
inset) indicate cells positive for PDX1 and negetive for NES. Arromheads in (¢,
inset) show cells positive for NES and negetive for PDX1. The dotted circle in (d)
showes cell clusters that produce both PDX1 and MES after 8 days of EB plsting. e
Formation of spheroids producing PDX1. f Immunostsining of cell clusters
detached from culture plates for PDX1 and NES. g RT-PCR analysis showing the
expression of genes associated with early and late phases of islet differentiation in
cell clusters. (NWEUR OG3, neurogenin 3; (SL1, lslett; INS, insulin; GGG, glucagon,
S5S87, somstostatin). Scale bars: 25 im (a, ¢, d) andd 50 1M (b, e, 1).

o HAF} activin, 283 RAY &£x13 Ao o] uulg ¥
AZMeEA T AFHAE2 37t FXE vlolAE d=d
ol 7154 WEAERZ o8 237171 Sisted, wjolAE
ZA F<& F fibronectine] T EO] e wiFHAAAN F7}
238t Ao

o F7} B3l 1dRHE PDX1 cluster7} #AZH oW (Fig. 7a),
PDX1+NES+, PDX1+NES-, PDX1-NES+¢] 3%¢] HAAFAME7}
#2E S (Fig. 7b, o).

kA

un e ot

olg Ax F AF FAZF2AA FAIR clusterS
A ¥ & PDX1+NES+ cells®)-S ##Estg o (Fig. 7d, e
mmﬂ%-ﬂi 28t FARENE AAE 2
7] B F7pded #Y3te fHAEC] EIEIHX
< %Y (Fig 7g)

ol
2,
ol
-

N
s

o 2
ﬂlO o};i
o,

34




Aajok= 71 A
2 =l
AAolzl ol
Mol E71el o)
=34 g
olg AFHE
o is =4
A (5

N

N
ofr
o
Ae yo 2

i
2,
gt
o,

AT A D FAPNE BIHHE)
a 55 S :— et St & wgieton
lemetion » Fluvsetn
b ¥ R
' i ' o e MO 3

DR o
FTE
Tk
b ol TR
344 e B -
. “: Ta:!f\’sp‘«?rﬁg&im
E . :
274 f e
3 sl
/ .
I’ ~
i >
Mﬁ
u&lz i i £ kY k] k. & i
& 2 04 8 WOW OB OMN BB
Days sior ransgiantation
c 3%
F2 3 o
s v e
N il =
iy ¥ ?

| Branwotanteien, N

g sieatt
g ot
¥ i

$ ¥

=

! .
& § 4 £ 2 ¥ B M B o
Days sfier transplamation

BE GOG AP

Fig. 8. Transplartation of hESC-derived Pdx1+ clusters into diabetic mice. a Schematic
procedures of difterentistion. b, ¢ Changes of blood glucase levels (b) and body weight
(¢} in STZ-induced diabetic mice transplarted with cells derived under SF (n=3, red
lines), SiA (n=3, yellow lines), S/AR condition (n=8, green lines), or in sham-opersted
mice (n=5, biue lines). d, e Hemstoxylinfeosin staining showing gut tube- (d) and islet-
like structures fe) in histological sections of grafts. T Expression of proinsulin in the gratt.
Brawn colours are positive. Cells were counterstained with hematoxylin, g
Immunostaining of the grafts for insulin (INS) (@), insulin (INSYhuman nuclei (hNuc) (h),
insulin (INS)Aroinsulin (ProlNS) (i), and insulin (INS)C-peptide (C-pep) (). Insets in (i, J)
are enlarged images of the cells producing insulin and proinsulin (i), and insulin and C-
peptide (). Merged double-staining (red + green) appesrs yellowe. kan inmunostaining
for insulin (INS) (k), glucagon (GCG) (1), and a merged image of insulin and glucagon
(m). n Immunostaining of grafts for insulin (INS) and PDX1. Scale bars: 50 (m.

e Fig. 74,

(STZ)=

mice®] kidney capsuleso]
EYHY shilE.

edl A RAR
FdFo =z

PDX1+ clusters& streptozotocin
AZHetAEsE d3d FxHED nude
ojdste YT} FFAE A

o STZo F9 & Z7t" dvo] dAH3} activing 18] RAE]
A2 (Fig. 8a)oll 93] FA ™ PDX1+ clustersE o]2]gto g <l3f,
ol ¥ 28Y zto| AX AHAAA e FELE FAES
S RoH, ot A Fwide] o5 FAHJWE AT
BRAToR slEPe BAINGS (Fig. 8, o). EF ol

AEE AASE DA o] 2713 ZHHHL (Fig. 8b, o).

o o498 24 AASY BEAHGRAL & AT Tl
A#Y F4 BAZ % WEAI wBAGRAL wdse
HEZo] BEAYL (Fig. 8dn)
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Fig. 9. Effects of LiCl on
the subcellular
localization of B-catenin
during EB formation. (&)
LiCi treatment during day 2
— 4 of EB formstion
induced extensive cell
desth. (B) The surviving
cells sfter LiCl trestmenrt
continued to proliferate and
showed typical morphology
of EBs after an additional 2
days of differentistion
without LiCl. (C)
Immunostaining snd
confocal analyses showing
the membrane or
cytoplssmic localization of
B-catenin in control EBs
(LiCl). (D) LiCl (10 mbd)
treatment  during EB
formation (LICH) resulted
in an overall enhanced
staining and predominant
nuciesr localization of B
catenin. Insets in € and D
shaowy higher magnifications
of immunostaining for &
catenin. (E, F)
Immunostaining of the
control EB (E) and LiCl-
trested EB (F) with anti-
phospho-serine3-GSK-34.
(G) Stebilizetion of #&
cetenin  protein by LiCl-
induced GSK-3B
inactivation was confirmed
by Western blot analysis
showing accumulstion of B
cetenin after treatment with
LiCl. Scale bars, 50 pm.

B-catenin DAPI
1dYQ Uiuses-3

p-Ser” GSKAE DAPI
14V SO MBS Jog-d

G LiC

U s

actin

o HAFESAA NLE AT activin, 28] RAS A 7Y
olglel T t& AdeAe WulgAd HAE BEFESIE 29
AEZE 4o 2 Wnt/B-catenin signaling pathwayE 19 Ho 2
FEFLZAN AE3A S

e LiCIE HjolA] FATA = 297 XHIgozAx 2L AIZY
Atgol F=EU wjold] A 6de] HWE AHA wlolAe HeE

AFsh (Fig. 9A, B), ©lE LiClz7b A28 oAy
Hoslstg A3, Wnt signaling?] AMEW  AlEAGxQl
B-catenino] LiCle] Agle] o8] HEH & NEANAN o

oz §YBL WAL (Fig. 9C, D).

o LiCle] Ao <3 B-catenin®] 3 )
signalingll 4] vl7}x]2  GSK-389] phosphorylationl]
Z2AAA o3ty F=HASS YIRS (Fig. 9E F).
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Fig. 10. Effects of LiCl on the embryonic germ layer formation in EBs. (2) RT-PCR
analysis of genes involved in mesendodermal differentiation [Foxa2, Sox17, Mix1 and
Brachyury (Bry)], early specification of liver (Prox1, Hex and Hnf4) and neuroectodermal
development (Sox1 and PaxB). (B-) Immunostaining analyziz of dey 6 EBs for the
expression of proteins associsted with endoderm (GATA4, Sox17 and Foxa2),
neuroectoderm (Mestin and PaxB) and primitive endoderm (AFP and GATA4). Note that
primitive endodermal cells expressing both AFP and GATAS are locsted at the periphery
surrounciing the EBs. Each of these micrographs wes chosen as representative from &t
least three independent experiments. Scale bars, 50 pm.

e LiCl9] A& HjolA| A FWulg (Foxa2, Sox17, Mixll,
Bry) ¥ ZAEHTAE (Proxl, Hex, Hnf4)e] ¥3zle} #&Hd
FRAAEES F7MA7Ia, wdlE A7ZE9eE (Soxl, Pax6)9
shel #dEd

e ddEs AaARS BEINAS  (Fig
10A).
o njold] HFAAA =9 LiCl A7} GATA4+Soxl7+ Z-&
Foxa2+Sox17+¢] WwldMxEzZe] RI4+E&S S7HAZR  (Fig
10B-E)3} FA]ol] NestintPax6+ A7 9jujde] E3l= A (Fig.
10F, G)& F%atAs (HlotdzZe ddde HI/l glds,

Fig. 10H, 1)
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Fig. 11. Developmertal competence of LiCl-treated EBg after long-term differentiation. (8)
Expression analysis of genes specific for various germ layer derivetives after a prolonged
period (total 34 days in suspension) of differentistion. For abbreviations of the various genes,
see Materials and Methods. Note that endodermal differentistion and CD34 expression wes
markedly promoted in EBs treated with LiCl, compared to control EBs. (B-G) Histological and
immunostaining analysis of the LiCltrested 34-day old EBs for intestinal [Ccx2 and
cytokerstinB (CK8)] and hepatic [slbumin (ALB), cytokeratin 8 (CKB) and cytokeratin 18 (CK18)]
differertistion. Scale bars, 50 pm.

o LiCIZ AHgg wjolAS 3447 FA7|17F 25471

9, FADAN FASe AT Az B
R

o LICIE A2)5}x] e 2T o} S 3497 B3A2 2%,
brain¥} adrenal tissue 5 SWiFA XA FHHA FAAEY
Tde] F7h Hon, whde LiCE A g wlolAdMe #3
5 Zulgd4 %3l bone, blood, kidney, heart L jul]g4
liver, pancreas, intestine 59 #3}9} #FHH {FAAE9
Az Hlste F7tEE d2IAS (Fig 11A).
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Fig. 12. Differentiation of LiCltreated EBs into hepatocyte-like cells. (A) Schematic
procedures of hepatic differentigtion of hESCs. (B) Morphology of hepstocyielike cells
ditferentisted in the presence of HGF. (C) High magrification of the hoxed area in B. Arrowheads
indicate binucleste cells. (D-G) kmmunostaining of hepatocyte-ike cells for albumin (ALB) and
cytokeratin & (CK8) (D), CKB and GATA4 (E), albumin (ALB) and cytokeratin 18 (CK18) (F), albumin
(ALE) and g-fetoprotein (AFP) (G). (H) Expression of liver-specific genes before and after
differertiation. LiCl-treated EBs were differentisted in the absence of growth factors (Control), in the
presence of OSM (OSM) or in the presence of HGF (HGF). (1) RT-PCR analysis of hepatic genes in
fetal and adult liver. (J) Proportions of hepatocyte-like celis expressing both albumin (ALB) and
cytokeratin 18 (CK18), or both albumin (ALB) and cytokeratin 8 (CK8) sfter the differertiation of
LiCl-trested EBs in the shsence (control) or presence of either OSM or HGF {n =5, *p<0.01 versus
the control). Scale bars, 50 pm.

A3%lo, LiCIE A& 3k
laminino] =X oA+
iAol A 14Y37F HGFE AHE3tdA F7F 238tss (Fig
124).

o HGF= AHstdA 71 38 §#=28 243, ALY 7AR
AR EF] AEEol g BEHNSH (Fig. 12B), o}
ZHAE A JERIE binucleated cellsE % #&H A2 (Fig. 12C,
arrowheads).

o W38l Az ALB+CKS, CK8+GATA4+, ALB+CK18+,
AFP+ALB+ % A HolAMEAA 2LaHE UHAES
Fashe o] AEEse] AFHIYS (Fig. 12D-G).

Azl E A AEAM FAhE o
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Fig. 13. Functional characterization of hESCs-derived hepatocyte-like cells.
Hepatocyte-like cells differertisted with HGF uptake indocyanine green (ICG) (A) and
show yglutamyltranspeptidase sctivity (B). (C) Glycogenspecific PAS staining confims
the presence of intracellular glycogen. (D) Levels of urea secretion measuwed at various
time paints throughout the differentiation period (n = 4, *p=<0.05, *p=<0.01 versus day 0,
undifferentisted hESCs). Scale bars, 50 pm.

o AzhjolE IMEZZRY EHE GHEs Y M
& &% e FHE] 5t Y AAx AFeE
Kol

e B TARES mpEsEAE AwjolErIAZAA fE
M EZ = indocyanine green (ICG)& A®ldo 2 F43) fﬂ (Fig.
13A), gamma-glutamyl transpeptidase (GGT)/] g4 ] 1
(Fig. 13B), M EZZ Wl glycogens =ZH3= 54 il
dee 2939e (Fig 130).

_llm

o o]} BEo] ureaE FHIslE 4 3 dAEE A
23 LiCIE g wlolxdE HGFe x=ZA7)& A 79
O FHE uread] EHIZAo] FA3I FrigE #ASRAS (Fig
13D).
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Fig. 20. Effects of HP and QP
on the phripotent status of
hES cells. (A) Semi-
quartitative RT-PCR analysis
1 8 8 7 of markers for the
s wiy e wew wat ww ww een |ogndifferentisted  state. The
Sy A R W T A expressions of the Octd, Rex?

3 and Narogwere normalized to

it | il
T SRS RBEES

a housekesping gene GAPDH.
Hanog | e mme- e fmben W3TkO2 % p = 005 compared with

vehicle-expased corfrol (CV).
Pactin | N 3308 (B e bt analysis for
c ; : sansgipaps  the protein expressions of Octd
. ? and Nanog. Two isofarms of
Qctd  (Octdd  and OctdB)
generated by alternstive
splicing were detected. The
molecular weight (kDa) of each
protein is indicated to the right
of the image. (C) Phase-
cortrast images anc
immunofluorescence for Octd
and Nsnog in the hES cells
after exposure to 10 pM of Act-
D or 100 phd of NP or OP for 24
h. The inset in the top left panel
shows the hES cells with
§ prominent nucleoli and & high
nuclesr cytoplasmic ratio. The
dotted circles in the flucrescent
images indicate the cells which
# are negstive for both Octd and
Manog. Arrows indicate
apoptotic cells showing
fragmented nuclei,
Magnification, X200.

o

At

KNP 1

ORI

o 1% dEe] B BAT B ¥ ALEY VEAE
syl sskd U8 EAEE olgd  HgEe
S4RNVE wo PARS] Astel, BA4H
AgrefolE7 AT 2 12HH PHY ARATHAIE ol §3tol
A5G L

e Nonylphenol (NP) &-& Octylphenol (OP)9] =
dojue AZMolE AT ATENS B
FeEe ko st EVMAEe ASAHS =
FAFAA (Oct4, Nanog, Rex1)e] Ld& F94 v I&FE
X x) %5 B2 R-S (Fig. 20A).

Nanog <] il =z g o] FAFaN-1y Western blot¥}
Was g 8oz B89 (Fig 208, O)
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Fig. 21 Gene expressions and actvation of Caspase-3 and Caspase-8
in KES cells after NP or OP exposure, {A) Semi-quantitatve FT-PCR
analysis for the expression of Cagpase-3 in hES cells exposed to
different doses of NP ar OP. {B) Westem blot analvsis of the active form
of Cazpase-3 in hES cells exposed to 100 phd of NP or OP, Cells =0
exposed to 10 pM of DEVD-CHO, & Caspase-3 {CPP32) inhibitor for 1 h
prior to WP exposure, (C) Detection of the actve Caspase—8 and -3 in
hES cells exposed o 5 uM of actnomycin-D (4zt-D3, or 100 p of NP aor
QP for 24 b using fluorescence microscopy, Inzets in lower panels show
the colocalizaton of the active forms of Caspase-8 and -3 in some of
the spoptotic cells, Magnification, X200,

e NP} OP2) <17
(apoptosis) %) 2T A drm:_z Y

e NP Z& OP9 =% 93] ] Caspase-39]
24337t SUtE e AL Wl en (Fig. 21A, total caspase-3
expression; Fig. 21B, cleaved active caspase-3), ©]#{3g} active
caspase-3¢] Z7}& inhibitore] YE<¢l DEVD9| ¢]sle oAE S
HE3 A5 (Act: actinomycin D, positive control for apoptosis).

MEA

o Caspase-3¢] cleavage® f'&ete Caspase-838] AW

=43 23, NP 52 OPE A3 tae HjolE7A A
cleaved Caspase-39} Caspase-82] &AJo] FAldl Yehd&
ZHgogr NP F& 0P Aol od AEXEA0]

AEADNG] el Dode FReAS (Fig. 210)
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Fig. 22. Expressions of Fas and Fas ligand (Fasl) in hES cells after NP
or OP exposure. (&) Western blot analysis of Fas snd FasL in hES cells
exposed to different doses of NP or OP. The molecular weight (kDa) of
each pratein is indicated to the right of the image. (B) Measurements of
signal intensities from Western blot analysis. Values are expressed as

percertages of the comesponding Bactin expression. *, P <0.05
compared with the comesponding vehicle-exposed  corfrol.  (C)
immunofluorescence of Fas and FasL in hES cells exposed to 5w of
actinomycin-D (Act-D) or 100 pM of NP or OP for 24 h. Insets in lower
panels are representstive fluorescent images for the cells that express
koth Fas and FasL. Magnification, X200.

o MEAAALY M EZW 2z ALAFA  Caspase-39} Caspase-8
BT} upstreamo]] E£A3E Az A @wlAS THEY] 95,
O|F caspaseEd] EAIFE HEdte= HACZ LHA  death
receptor familys  Fas9} Fas ligand (FasL)®] W& SdE NP
&2 OPE A3 AujorE 7| A E A A S

) Zw (CV, control vehicle)d] ®lasted NP £ OPE
A RS 73T Fas$} FasLe] W3o] Fx-o&Hog Zrlste
AE #ENG S (Fig. 224, B).

° ]ﬂ—}oﬂ/‘n @J'} Cd"], iz HlEte) NP 22 OPe

(Fig. 22C).
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