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UeM coMmaTUyecKmne KneTkn
B3[DOCIIOr0 opraHmM3ama oTnm4yaroTcs
OT AMOPUOHAaNbHbIX CTBOJSIOBbIX
KINEeTOoK?

ComaTnyecKkue KIneTku OMBbpUoHanbHbIE CTBOSTOBLIE KNETKU
* BbInonHAT onpeaeneHHble » CnocobHbl agnddepeHUmMpoBaTbCS
JoyHKUMM B OpraHn3me (annutenum — B NOBYI0 KNETKy B3pOCNoro
bapbepHas PYHKUMA, MblLLEYHbIE opraHu3ama
KNEeTKN — OBUXXEHWNE, KOCTHbIE — * CnocoOHbI HEOrPaHUYEHHO OONTO
onopHas PyHKUMA n 1.4.) pacTu B KynbType
* /IMeloT pe3ko orpaHUYeHHbIN * CnocoBOHbI COXpaHATb
CNEKTP BO3MOXKHbIX HeandopepeHUnpoBaHHOE

ondopepeHUnpOoBOK COCTOAHME



UeM coMmaTUyecKmne KneTkn
B3[DOCIIOr0 opraHmM3ama oTnm4yaroTcs
OT AMOPUOHAaNbHbIX CTBOJSIOBbIX
KINEeTOoK?

Ha camom p[gene, €eOWHCTBEHHOE KIKYeEBOE OTNN4ne
3akno4vaeTca B AndpdepeHumanbHON akTUBHOCTU reHoB. To
eCTb BCE CBOWCTBA KMNETOK 3agatoTcsi HabopoM akKTMBHBLIX B
OAaHHbI MOMEHT NeHoB.

Comartunyeckne KneTku OMOpUOHarnbHbIE CTBOMOBLIE KNETKU
(dbnbpobnacThl)
* Octd
« KonnareH  Nanog
e Thyl  Sox2
* Fspl * Rasl
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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 by
introducing four factors, Oct3/4, 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 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 injury, and diabetes (Thomson
et al., 1998). However, there are ethical difficulties regard-
ing the use of human embryos, as well as the problem of
tissue rejection following transplantation in patients. One
way to circumvent these issues is the generation of plu-
ripotent cells directly from the patients’ own cells.
Somatic cells can be reprogrammed by transferring
their nuclear contents into oocytes (Wilmut et al., 1997)

or by fusion with ES cells (Cowan et al., 2005; Tada
etal., 2001), indicating that unfertilized eggs and ES cells
contain factors that can confer totipotency or pluripotency
to somatic cells. We hypothesized that the factors that
play important roles in the maintenance of ES cell identity
also play pivotal roles in the induction of pluripotency in
somatic cells.

Several transcription factors, including Oct3/4 (Nichols
et al., 1998; Niwa et al., 2000), Sox2 (Avilion et al., 2003),
and Nanog (Chambers et al., 2003; Mitsui et al., 2003),
function in the maintenance of pluripotency in both 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
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
B-catenin, c-Myc, and Stat3, we used active forms,
S33Y-B-catenin (Sadot et al., 2002), T58A-c-Myc (Chang
et al., 2000), and Stat3-C (Bromberg et al., 1999), respec-
tively. Because of the reported negative effect of Grb2
on pluripotency (Burdon et al., 1999; Cheng et al., 1998),
we included its dominant-negative mutant Grb2ASH2
(Miyamoto et al., 2004) as 1 of the 24 candidates.

Cell 126, 663-676, August 25, 2006 ©2006 Elsevier Inc. 663

[MepBas cTpanuua ctatbn LLUnHbN
AvanHakmn B KoToponm  Obina
nokasaHa npuUHUMNManbHasa
BO3MOXHOCTb NHAOYKUNK
NSIFOPUNOTEHTHOCTU B
COMATUYECKMX  KNeTkax  npu
NOMOLLM 3K30reHHOW 3Kcrpeccum
TPaHCKPUMLUUOHHBLIX paKTopOB.

OTa pabota Obina oTMeveHa
Hobenesckon npemuen B 2012

roagy.



Ecnn uenb nony4ynTb CTBOMNOBLIE
KINEeTKN N3 COMaTU4YeCcKnx, Kakme
dpakTopbl HY>XHO J0DaBUTL?

* TpaHCKpUNUNOHHbIE haKTopbl cneunguyHblie ans aMOpUoHanbHbIX
CTBOJIOBbIX KIETOK

* [‘eHbl, 3KCnpeccua KOTopbIX NOBbLILLIAETCA Npyv opMUPOBaAHNK ONyXosen
(Tak Kak npegnonaranochk , YTO B NPOLIECC OMyXOneBoro nepepoXxaeHns
MOXET UMETb ObLLNE YEePThbI C MPOLIECCOM PENnpPorpaMmmMmmnpoBaHus)

 [eHbl Ans KOTopbIX Oblfla NokasaHa porb B NogaepKaHum
NSIFOPUNOTEHTHOCTU AMOPUOHANBHbLIX CTBOMNOBBIX KINETOK

[eHbl-KaHOMOaTbl B uccrnegoBaHnm AMaHaku:
Ecatl, Dppa5, Fbxol5, Nanog, ERas, Dnmt3l, Ecat8, Gdf3, Sox15, Dppa4, Dppa2,
Fthil7, Sall4 , Oct4, Sox2 , Rex1, Utfl, Tcll, Dppa3, KIf4 , B-catenin, c-Myc, Stat3, Grb2



BaxxHas getans! [1ns BBeaeHUst TpaHCreHoB B pabote AmaHakm ncnonb3oBanm
PETPOBUPYCHbLIE BEKTOPLI. PETPOBUPYCHBIE BEKTOPLI 06ecnevnBatoT CTabunbHyro
9KCNPECCUIO TPaHCreHa B KneTkax Ha NPOoTSXXKeHUU ONTNTENbLHOIO BPEMEHWN,
HeobxoanumMoro Anga penporpaMmmMmMpoBaHUS.

* peTpoBUpPYCHbIe BEKTOPbI cCO34aHbl HA OCHOBE Moloney murine leukemia virus
(Mo-MLV). OTOT BUPYC 3apakaeT U MbILLUNHbIE N YENTOBEYECKUE KITETKM.

e [ONs co3naHunsl BEKTOpa BUPYCHLIE reHbl, gag, pol and env, 3aMEHSIOT reHHOo-
NHXXEHEPHOM KOHCTPYKLIMEN, KOTOPYHO SKCNPECCUPYIOT B cneumanbHON KIeTOYHOW
NVHUU - YNaKOBLLVKE.

* B BUPUOHbI YNaKOBbIBAE€TCA TOJIbKO MHTEpEeCYyrLWand KOHCTPYKLUUA, T.K. OHa
coaepXKUT CUrHas1 YNnakoOBKW.

* [ns TOoro Ytobbl NPeaoTBPaTUTh NOSABMEHNE NOTEHLMANbHO ONACHOIO
NCKYCCTBEHHOIO BMpYyca U3 BEKTOPA yAansitoT BCe BO3MOXHbIE Y4aCTKM rOMOMorm
C NPUPOAHbLIMN PETPOBUPYCAMM.



Virus vs. retrovirus
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Crparerusi oT00pa reHoOB - KAHAN/AATOB

Fbx15 locus Fbx15 locus

Bgeo Bgeo ]

i O
cbmnbpobnacT Nrc

bl NHpEKLNA PETPOBUPYCHLIMU BeKTAéaMM N cenekuus

‘ penporpamMmmmpoBaBLLMXCS KINETOK NO YCTONYMBOCTU K G418

dbunbpobnacTbl HECYT TPAHCreHYO
KacceTy [Branakro3ngasa+reH
YCTOMYNBOCTU K aHTUOMOTUKY G418]
No4 KOHTPOfiEM NPOMOTOpa reHa

\V}
m— cDNA 3'LTR Fbx15. Fbx15 HeaKTVUBEH B
dunbpobnactax, Ho akTneeH B ICK, B

KOKTeNnNb 13 24 peTpoBUpPYCOB, Cliy4ae ycneLuHoro
KaXabli U3 KOTopbIx koampyeT kKAHK penporpaMMmMpoBaHns TpaHcreHHas
O[HOrO reHa-kaHauaarta KacceTa akTUBMPYETCA U KMETKM

OO DeTaoTVeTOMSBOCTE K-G418—



ObpaboTka ndpobrnacTtoB KOKTEUSIEM N3 24 PETPOBUPYCOB
NPUBOAUT K NOSABIEHUIO KONOHUN KNETOK C Mopdronormen

nogooHon mopdoosriornn SCK. 3Tn KONOHMKN TaKKe YCTONYMBLI K
G418.

NIMCK, nony4eHHble

BBEOEHEM dundbpobnact

Takahashi, Yamanaka, 2006



24 reHa-KaHaunaaTta, Bce N OHU
BaXXHbl?

[nsa Toro, 4ToObl U3 24 aKTOPOB BbISABUTbL HEOOXOAUMbIE AN
penporpaMmmMmmpoBaHus, 3apaxanu dondpobnacTtbl 24 KoMbuHauusamMm Tuna [24-1].

40 -
(] 4MCIno KONOHMM Ha 10 AeHB

[l 4vCcno KonoHWn Ha 16 aeHk

IMIII!I L) LM

12345678 910111213141516 17 1 8192021222324, & S,

~

YNCI10
KOJTOHIAA

KOMBUHAaLMK 13 23 haKTopoB %ﬁf%@?
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Takahashi, Yamanaka, 2006 ¢
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24 reHa-KaHaunaaTta, Bce N OHU
BaXXHbl?

 be3 Octd4 nnu KIf4: KONnoHNUN HET

* be3 Sox2: KONoOHUY POPMUPYIOTCA, HO
doeHOoTUN OTNNYaeTcH

* be3 c-Myc: o4eHb HU3Kas
9(PPEKTUBHOCTL -

Takum obpaszom Obinn oBHapyXeHbl 4 :
TPAHCKPUMLMOHHbIX dakTopa Q
9KCMPECCUsi KOTOpbIX Heobxoauma U BOE=I 556
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NIIOPUNOTEHTHOCTM B pubpobnactax | = Sy l
“VIBTLIVT. 4 N < v O
B, s %, O
(5 N (P %

(@) @) o)
,OQ zOQ 'OG %%
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[TntopunoteHTHOCTb ATTCK

NIMCK nony4eHHble B paboTe AmaHaku (Tak HasbiBaeMble VIMNCK nepBoro
MOKOJSIEHUA) YCMeLHO NPOoLUIN YacTb TECTOB Ha NIPUNOTEHTHOCTL. Hanpumep,
TepaTOMHbIN TECT.

! x ‘M"J ﬂ
e T

agunounTel A & anuTenuin

Takahashi, Yamanaka, 2006 ¢



[TntopunoteHTHOCTb ATTCK

[Mpun BBeaeHun UMNMCK nepBoro nokoneHus B peuunmneHTHyo brnactoumcty
dopmMmpoBanncb xmmepHble aMopunoHbl. OgHako Bknaa BBeaeHHbIX UIMCK He
npocnexueancsa nodxe 13,5 AHS pasBUTUS U HE yaanock NOAYy4YNTb HA OQHOro
B3POCII0ro XMMepHoro XnBoTHoro. Beieoa: NCK nepBoro nokoneHnsa nmenu
orpaHMYeHHbIN NoTEHUManN pa3BuUTUS (TO €CTb UX NOTeHUMan He 6bin paBeH

noteHumany SCK).

IPS-TTFgfp
4-3

IPS-TTFgfp
4-3

Ha doTtorpadunm am6punoHbl 13,5 AHS pa3BuUTUS 3eneHble Knetkn — notomkn AMCK
BBEOEHHbIX B 9MOPUOH Ha cTagun 6r1acToLUCTbI

Takahashi, Yamanaka, 2006
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In vitro reprogramming of fibroblasts into a
pluripotent ES-cell-like state

Marius Wernig'*, Alexander Meissner'*, Ruth F_oreman“z*, Tobias Brambrink'*, Manching K
Konrad Hochedlinger't, Bradley E. Bernstein®*® & Rudolf Jaenisch'?

Nuclear transplantation can reprogramme a somatic genome back into an embryonic epigenetic state, and the
reprogrammed nucleus can create a cloned animal or produce pluripotent embryonic stem cells. One potential use of the
nuclear cloning approach is the derivation of ‘customized’ embryonic stem (ES) cells for patient-specific cell treatment, but
technical and ethical considerations impede the therapeutic application of this technology. Reprogramming of fibroblasts to
apluripotent state can be induced in vitro through ectopic expression of the four transcription factors Oct4 (also called Oct3/
4 or Pou5f1), Sox2, c-Myc and KIf4. Here we show that DNA methylation, gene expression and chromatin state of such
induced reprogrammed stem cells are similar to those of ES cells. Notably, the cells—derived from mouse fibroblasts—can
form viable chimaeras, can contribute to the germ line and can generate live late-term embryos when injected into tetraploid
blastocysts. Our results show that the biological potency and epigenetic state of in-vitro-reprogrammed induced pluripotent

stem cells are indistinguishable from those of ES cells.

Epigenetic reprogramming of somatic cells into ES cells has attracted
much attention because of the potential for customized transplanta-
tion therapy, as cellular derivatives of reprogrammed cells will not be
rejected by the donor'?. Thus far, somatic cell nuclear transfer and
fusion of fibroblasts with ES cells have been shown to promote the
epigenetic reprogramming of the donor genome to an embryonic
state®”. However, the therapeutic application of either approach has
been hindered by technical complications as well as ethical objec-
tions®. Recently, a major breakthrough was reported whereby expres-
sion of the transcription factors Oct4, Sox2, c-Myc and Klf4 was
shown to induce fibroblasts to become pluripotent stem cells (desig-
nated as induced pluripotent stem (iPS) cells), although with a low
efficiency”. The iPS cells were isolated by selection for activation of
Fbx15 (also called Fbxo15), which is a downstream gene of Oct4. This
important study left a number of questions unresolved: (1) although
iPS cells were pluripotent they were not identical to ES cells (for
example, iPS cells injected into blastocysts generated abnormal chi-
maeric embryos that did not survive to term); (2) gene expression
profiling revealed major differences between iPS cells and ES cells; (3)
because the four transcription factors were transduced by constitu-
tively expressed retroviral vectors it was unclear why the cells could be
induced to differentiate and whether continuous vector expression
was required for the maintenance of the pluripotent state; and (4)
the epigenetic state of the endogenous pluripotency genes Oct4 and
Nanog was incompletely reprogrammed, raising questions about the
stability of the pluripotent state.

Here we used activation of the endogenous Oct4 or Narnog genes as
amore stringent selection strategy for the isolation of reprogrammed
cells. We infected fibroblasts with retroviral vectors transducing the
four factors, and selected for the activation of the endogenous Oct4 or
Nanog genes. Positive colonies resembled ES cells and assumed an
epigenetic state characteristic of ES cells. When injected into blasto-
cysts the reprogrammed cells generated viable chimaeras and

contributed to the germ line. Our results establish that somatic cells
can be reprogrammed to a pluripotent state that is similar, if not
identical, to that of normal ES cells.

Selection of fibroblasts for Oct4 or Nanog activation

Using homologous recombination in ES cells we generated mouse
embryonic fibroblasts (MEFs) and tail-tip fibroblasts (TTFs) that
carried a neomycin-resistance marker inserted into either the endo-
genous Oct4 (Oct4-neo) or Nanoglocus (Nanog-neo) (Fig. 1a). These
cultures were sensitive to G418, indicating that the Oct4 and Nanog
loci were, as expected, silenced in somatic cells. These MEFs or TTFs
were infected with Oct4-, Sox2-, c-Myc- and Klf4-expressing retro-
viral vectors and G418 was added to the cultures 3, 6 or 9 days later.
The number of drug-resistant colonies increased substantially when
analysed at day 20 (Fig. 1i). Most colonies had a flat morphology
(Fig. 1h, right) and between 11% and 25% of the colonies were ‘ES-
like’ (Fig. 1h, left) when selection was applied early (Fig. 1k), a per-
centage that increased at later time points. At day 20, ES-like colonies
were picked, dissociated and propagated in G418-containing media.
They gave rise to ES-like cell lines (designated as Oct4 iPS or Nanog
iPS cells, respectively) that could be propagated without drug selec-
tion, displayed homogenous Nanog, SSEAI and alkaline phosphatase
expression (Fig. 1b—g and Supplementary Figs 1 and 5), and formed
undifferentiated colonies when seeded at clonal density on gelatin-
coated dishes (see inset in Fig. 1b). Four out of five analysed lines had a
normal karyotype (Supplementary Table 1).

Although the timing and appearance of colonies were similar
between the Oct4 and Nanog selection, we noticed pronounced
quantitative differences between the two selection strategies: whereas
Oct4-selected MEF cultures had 3- to 10-fold fewer colonies, the
fraction of ES-like colonies was 2- to 3-fold higher than in Nanog-
selected cultures. Accordingly, approximately four times more Oct4-
selected ES-like colonies gave rise to stable and homogenous iPS cell

"Whitehead Institute for Biomedical Research and 2Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02142, USA. *Molecular Pathology Unit
and Center for Cancer Research, Massachusetts General Hospital, Charlestown, Massachusetts 02129, USA. “Broad Institute of Harvard and MIT, Cambridge, Massachusetts 02142,
USA. *Department of Pathology, Harvard Medical School, Boston, Massachusetts 02115, USA. {Present address: Center for Regenerative Medicine and Cancer Center, Massachusetts
General Hospital, Harvard Medical School and Harvard Stem Cell Institute, Boston, Massachusetts 02414, USA.

*These authors contributed equally to this work.
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CnycTta 11 mecsiueB BbilLa cTaTbs
B Nature noarBepanBLLasn
pesynbstaTtbl paboTbl AMaHaku.
BTopoe nokoneHune UMCK.



BTOpOE nokoneHune UINC knetok

* OCHOBHOE€ oTnn4ymne — Nanog- nnum Oct4-
aKTUBUPYEMbBIN FeH YCTOUYNBOCTU A4
cenekuumn penporpamMmmMmnpoBaHHbIX KNETOK

* Te XXe 4 reHa (Oct4, Sox2, Klf4 n c-myc)

* ropa3no bornbLie MoxXoXxun Ha OC KNeTKN, Yem
nepBoe NOKOSIEHNE



NIMC kneTkn cnocobHbl AaBaTb XMMEP

B3pocnasa xumepHasi MbiLUb,
nony4vyeHHas seegeHnem UMNCK B
onactouncty. CBeTnble y4acTKu
LLKYPbI pasBuUnmcb n3 BBEeAEHHbIX
KIMETOK, TEMHble — N3 KNEeTOK
peunnmMeHTHoOn bnacTouncTshl.

HoBopoXxaeHHbIE MblLLaTa.
[Mockonbky UIMNCK 6binn
MapKupoBaHbl GFP, yyacTku
LLUKYpPbl pa3BmBLUNECS U3
BBEOEHHBIX KIETOK
dontoopecumpytoT 3eneHbIM Npu
obny4eHnn ynetpadgpuoneom.

Wernig et al., 2007



MbiwaTa nony4veHHble n3 NIMNC kneTok

- -

- 4

Y xumepHbIX XnBOTHbIX NTMCK cnocobHbl anddepeHLnpoBaThCa B MOMNOBbLIE KNETKU
N Takum obpas3om NpoxXoauTb B crneaytowee nokoneHme. Nometr ogHOro XMMepHoOro

XXMBOTHOrO, CBETIIblE MblLLIATa NOMYYMUINCL MPY ONNog0TBOPEHUM NOMOBbLIX KIETOK
passusLumxca ns UMCK. _
Okita et al., 2007



NIMCK moryT 6bITb He Be3onacHbl

Y 10% «TNC-mblen» (cBeTnble
MbllLaTa Ha npeabiayuem crnange)
BO3HMKanNM Onyxonuv Bcneacrene
aKTUBaLUMN OHKOreHa c-myc

Okita et al., 2007



Treatment of Sickle Cell Anemia
Mouse Model with IPS Cells
Generated from Autologous SKin

Jacob Hanna,* Marius Wernig,* Styliani Markoulaki,* Chiaco-Wang Sun,”
Alexander Meissner,! John P. Cassady,™ Caroline Beard,! Tobias Brambrink,?
Li-Chen W, Tim M. Townes,™ Rudolf Jaenisch™

It has recently been demonstrated that mouse and human fibroblasts can be reprogrammed into an
embryomic stem @l-lke state by intreducing combinations of four transaription factors. However, the
therapeutic potential of such induced plunpotent stem (iPS celk remained undefined. By using a
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NI'C kneTkn yenoBseka

e Ta ke TexHonorus, Yto n ansa AMNC
KNEeTOK MbILUW

* Yapanocb nony4yntb AINC knetkn ns
dnbpobrnacTos B3pocnoro goHopa (36
neT)

* B uenowm, npouecc nony4vyeHua AMNC
KIMETOK YenoBeKa Aosblue KOTOHUN
doopMupyroTca TONbKO Ha 25 AeHb (Y
MbILLW HA 12 AeHb)



[TntopunoTteHTHOCTL NTTCK yenoBeka

[10 NOHATHBLIM NPUYMHAM, CaMbll CTPOrMI TECT Ha NIOPUNOTEHTHOCTb — TECT Ha
Xmepusm, He BoO3MoXXHO npoeecTu ana NINCK 4yenoseka. Noatomy
NSIFOPUNOTEHTHOCTL MPOBEPSIOT in vitro Npn AndpdepeHUMPOBKE B KyNbTYPE KITETOK

VIMERTIM

DESKAIR

[HN-TUBLILIN

MMYHOLIMTOXMMUYECKOE BbIABIIEHME
PasnNUYHbLIX TUMOB KIETOoK
BO3HMKaKOLWMX Npy andpdepeHunpoBke
NIMCK 4yenoBeka in vitro

F — ne4yeHouYHble KNeTkun (anda-
doeTONPOTENH +)

G — ME3eHXUMHbIE KINETKN (BUMEHTUH +)
H — rnagKoMblLLEeYHble KNeTkn (a-SMA
+)

| — MbILLIEYHbIE KITEeTKN (4ECMUH +)

J — HenpoHsbl (BII-TYOYNUH +)

K — rmnanbHble KneTkn (GFAP +)

Takahashi et al., 2007



[TntopunoteHTHOCTL UTMNCK yernoBeka: TepaToOMHbIN TECT

HepBHas TkaHb (NPpOM3BOAHOE 3KTO4EPMBI)

XpsL (nponsBoaHoe Me3oaepmbl)

KuiieyHbIn snutenui (Npon3BogHOE 3HTO4EPMbI)

Yu et al., 2007
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Establishment of Induced Pluripotent Stem Cells from
Centenarians for Neurodegenerative Disease Research

Takuya Yagi', Arifumi Kosakai', Daisuke Ito'*, Yohei Okada®*?, Wado Akamatsu?, Yoshihiro Nihei’,
Akira Nabetani®, Fuyuki Ishikawa® Yasumichi Arai’>, Nobuyoshi Hirose®, Hideyuki Okano?,
Norihiro Suzuki’

1 Department of Neurology, School of Medicine, Keio University, Tokyo, Japan, 2 Department of Physiology, School of Medicine, Keio University, Tokyo, Japan,
3 Kanrinmaru Project, School of Medicine, Keio University, Tokyo, Japan, 4 Laboratory of Cell Cycle Regulation, Department of Gene Mechanisms, Graduate School of
Biostudies, Kyoto University, Kyoto, Japan, 5Division of Geriatric Medicine, Department of Internal Medicine, School of Medicine, Keio University, Tokyo, Japan

Abstract

Induced pluripotent stem cell (iPSC) technology can be used to model human disorders, create cell-based models of human
diseases, including neurodegenerative diseases, and in establishing therapeutic strategies. To detect subtle cellular
abnormalities associated with common late-onset disease in iPSCs, valid control iPSCs derived from healthy donors free of
serious late-onset diseases are necessary. Here, we report the generation of iPSCs from fibroblasts obtained immediately
postmortem from centenarian donors (106- and 109-years-old) who were extremely healthy until an advanced age. The
iPSCs were generated using a conventional method involving OCT4, SOX2, KLF4, and ¢-MYC, and then differentiated into
neuronal cells using a neurosphere method. The expression of molecules that play critical roles in late-onset
neurodegenerative diseases by neurons differentiated from the centenarian-iPSCs was compared to that of neurons
differentiated from iPSCs derived from familial Alzheimer’s disease and familial Parkinson’s disease (PARK4: triplication of the
o synuclein gene) patients. The results indicated that our series of iPSCs would be useful in neurodegeneration research. The
iPSCs we describe, which were derived from donors with exceptional longevity who were presumed to have no serious
disease risk factors, would be useful in longevity research and as valid super-controls for use in studies of various late-onset
diseases.
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Kak CpaBHNTb NEPCNEKTUBHOCTb Pa3HbIX MNOAXO0O0B

penporpaMmmmnpoBaHnNa?

KonuyecTBo onybnukoBaHHbIX cTaTen (K mapTy 2013 roaa)
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Taknm obpasom, nonydeHne UMNCK o4veHb

NepcrnekTUBHbLIN NOAX04 penporpaMmMmmUpoBaHnS

reHoma, ogHaKko, UMeeT pAa cepbe3HbIX He4OCTaTKOB

* IPUMEHEHNE PETPOBUPYCOB Npun
penporpaMmmMmmnpoBaHnUn NPMBOAUT K BCTaBKe
4y>XepOoaHOro reHeTU4YeCckoro marepuana B
clyYavHble canTbl reHoMa (MHCEePLUUOHHLIN
MyTareHes)

* B penporpaMmMmnpyroLLLEM KOKTENNE NPUCYTCTBYIOT
OHKOreHbl (c-myc u Klf4), nx aktonn4yeckas
9KCMNpeccusa MOXET NMPMBOAUTL K OMyX0orieBoMy
nepepoXXgeHuto KrneTok

* KpanHe H13Kas adpPeKTUBHOCTb
penporpaMmmmpoBaHug. [TonHOCTLIO
penporpamMmmMmunpyroTca nuilb 0,001-1% KNeTok



CpaBHeHMe pa3Hbix cnocoboB nonyveHust UMC
KNETOK
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[Tony4yeHnne UINCK - npouecc
MeareHHbIN N He 3QEKTUBHbLIN

PenporpammMmmnpoBaHue B cucteMe rmopuaHbIX KNeETOK 3aHMMaeT NPUMEpPHO
1-2 CYTOK

PenporpamMmmmpoBaHue npu KIOHMPOBaHUN — Yachbl

PenporpammmposaHue npu nonyyvyeHmn AMNMCK mbilwn MUHMMYM 7-10 OHen



Lentiviral infection
RN\ K o

Blast injection
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Bce KneTkn aTnx mblLue
HecyT nHayunbenbHble
penpopaMmmMupytoLime
doakTopsl



A MOXXHO N penporpaMmMmMpoBaTh BCe KNETKN?

JTnHMA Mbiwen Hecywasa Dox-MHayundenbHble
Oct4, Sox2, KIf4 n c-myc

+ Gfp nog npomoTopom Nanog (T.e.

penporpaMmmMmnpoBaHHbIE KITETKN CTAHOBATCA
«3efeHbIMnN»)
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MoxxHO penporpammmpoBaTb 100% KNETOK, HO HY>KHO BpeMS
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Cumulative percentage
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PenporpammupoBaHue nyylle BCero onnucbiBaeTcs
CTOXacCTUYECKOWN He 3fTIMTapHOU MO4ENbIO
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Deterministic versus stochastic
model of reprogramming: new
evidence from cellular barcoding
technique

Anastasia Yunusova, Veniamin Fishman, Gennady
Vasiliev, Nariman Battulin

1. INFECTION. Infection of MEFs by DOX-inducible
lentiviruses encoding reprogramming factors and
barcode-bearing lentiviruses. At this step, barcode

is integrated into genomic DNA; the reprogramming
factors are also integrated but not expressed yet.

2. POPULATION DOUBLING. Infected cells were
cultivated until they achieved one population
doubling. We used live imaging to accurately count
the fraction of cells that undergo cell division or cell
death.

3. SPLITTING. All cells were split into four equal
parts and plated on a feeder layer. At this step,
daughter cells were distributed into four culture
dishes with defined probability.

4. STARTING OF REPROGRAMMING. Expression
of reprogramming factors was initiated by adding
DOX to the medium. Then cells were cultured in the
presence of DOX for one week.

5. SORTING. Successfully reprogrammed cells were
sorted for GFP expression using fluorescence-
activated cell sorting (FACS).

6. CALIBRATION. A defined number of control cells
containing known barcodes was added to each
sample.

7. AMPLIFICATION. Genomic DNA was extracted
and barcodes were amplified using PCR with
different index primers (specific for each of the four
samples).

8. SEQUENCING AND ANALYSIS. The polled
samples were sequenced and analysed for the
presence of shared barcodes.

For details, see text and the Material and methods.

MEFs of OG2 mouse

DOX

TR

lentiviral constructs

DOX (4 .
addition - one week

(x4)

v (8

—M2rTA[BARCODE}—

deep sequencing using Ion Torrent platform

|

v

apply filters and background thresholds

| identify the barcode library of origin by signature sequence

|

compare barcodes shared between libraries



TPAHCKPUNLIMOHHEIN CTupaHue anMreHeTn4ecKomn

npocunb
noao6HbIN ACK \’\(\O\{\ " ~/OSNCO/;” il
HEe3aBNUCUMOCTb OT ‘ ‘(\\)‘\'\ , J‘ sof%'_"’ed
9K30reHHOM 3Kcrpeccuu oOF Qa . /’{.' ’%,,éo?sse ! |/I I_I C K
penporpaMMmpyHLLNX ¢Q o ES-like ¢ Q /7;;,9 &
bakTopoB 99 Feprogry fanscription, ’bo,}
% . 7 Ming f3

< i cto
o \\%\(_ﬂ,ﬁf '"deendenqe ¥
» T,
. 5 aPoptos;s
J — anonTos/cTapeHu
- somfe ES-markers START e
(S A1I 7":
Alkalirle PRospbatase + Oct4,50x2, NPOTUBOAECTBY
} Kif4, c-Myc — anonTtosy/cTapet
B
4 A7 Ct
54‘@0@3;09 /
G/;Ce
- proliferation
MosiBneHne mapkepos ; cell size y
OCK (SSE1, wenoyHas -somatic genes (Thy1) ¥ ponucepaums u

o 2 yMEHbLUEeHNe
docep ) (Snajf ‘LE{:Z; P ‘ pa3sMepoB KNeTokK
% eriM) e =

X nogasrneHne aktTuBHOCTHU
Me3eHXUMallbHO-3MUTEeNnnmanbHbIN reHoB

nepexop (nogaBreHne akTMBHOCTU COMAaTUYECKUX KNETOK
Snail, Papp, Plath 2011 c




[lepBble aTanbl penporpamMmMmnpoBaHns

B nepsble 1-2 gHA:

-YKopaumBaeTCcsl KNEeTOUHbIN LUUKIT (pnbdpobnactel AenaTcs pas B 22
yaca, 9C kneTku pa3 B 11-12 yacos)

-Pa3Mepr KNEeTOK YMEHbLLUAOTCAH

JTVLLIb HEMHOTME KINETKM NpuobpeTatoT 9T CBOMCTBA, YaCcTo KIETKU
yXOOAT B anonTos.

BrnokupoBka anonToTU4eCcKoro NyTu yBeNnnMYNBaeT BbIXo[,
penporpaMmmMmmpoBaHHbIX KNETOK.



[lepBble aTanbl penporpamMmMmnpoBaHns

Uepes 4-8 aHeun:

-HekoTopble 13 BbICTPO AENALWMXCA ManeHbKNX KNETOK DOPMUPYIOT
NAOTHbIE KOSTOHMW. JTOT 3Tan Ha3blBaeTCsA Me3eHXMaribHO-
anuTenuanbHbIN Nepexoa.

-MopaBnsieTcsa akTMBHOCTb FEHOB, XapakTepHbIX Ans dnbpobnacTos
(Thy1, Snail)

-IMosBnsaecsa E-cadherin

AkTnBauns bema-kameHuH - E-cadherin CArHanNbLHOIo NyTU
yBENMUYNBAET BbIX0 penporpaMmMmnpoBaHHbIX KIETOK.



[lo3gHWe aTanbl penporpaMmMmMpoBaHUS

B HebonbLon gone KNeTok 4obpaBLUMXCS A0 3TOro atana:
- MOSABNSAOTCA NOBEPXHOCTHbIE @HTUIEHbl, CBOMCTBEHHbIE OQC KneTkam

(SSEA1)
- NOABNAETCA aKTUBHOCTL LLENoYHON doocdaTtasbl, eLle 0gHOro

Mapkepa 3C KneTok

Bce onncaHHble aTanbl penporpaMmmMmmupoBaHnUga NPOUCXOAAT NoAa
OEeNUCTBUEM penporpaMmmMmupytoLmx daktopos. [NpekpalueHue
9KTOMMYECKOM aKcnpeccun dpakTopos, Ha 3TOM cTaaun, NPUBOAUT K
BO3BpaTy B MICXOAHOE COCTOSIHME.



[lo3gHWe aTanbl penporpaMmMmMpoBaHUS

B HebonbLon gone KNeTok 4obpaBLUMXCS A0 3TOro atana:
- 3aKpennsaTCca CBOUCTBA, XapakTepHble ansa 3C KneTok
- [1NtopnNOTEHTHOE COCTOAHME NOAAEPXKNBAETCHA BHE 3@aBUCUMOCTU OT
9K30reHHOM 3KCNpeccunmn penporpamMmmmpyrowmx daktopos

PUHUL!
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Barcoded primer bead

TTT(T27) Synthesis of UMI (8 bases)

+ Cr « 8 rounds
’ AG 7 of synthesis

e Millions of the same cell
barcode per bead

PCR Cell UMI
handle barcode

e 48 different molecular
barcodes (UMIs) per bead
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Optimal-Transport Analysis of Single-Cell Gene Expression Identifies Developmental
Trajectories in Reprogramming
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Modeling Developmental Processes with Optimal Transport
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A Single-Cell RNA-Seqg Time Course of iPSC Reprogramming
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In Initial Stages of Reprogramming, Cells Progress toward Stromal or MET Fates
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iPSCs Emerge from Cells in the MET Region
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Ancestor trajectory of day 18 iPSCs in 2i (left) and serum (right) (color shows day, intensity shows probability).



Trends in X-inactivation, X-reactivation, and pluripotency
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Extra-Embryonic Cells Emerge during Reprogramming
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Neural-like Cells Emerge during Reprogramming
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Cellular Source and Mechanisms of High Transcriptome Complexity in the Mammalian Testis

Protein-coding genes Predicted IncRNA genes Intergenic elements
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Comatnyeckasd namaTb

a Reprogramming Differentiation
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Cneumndudeckme ans otaenbHbIX TMHUK OTKITOHEHUs1 oT OCK

KOHTDON4Y

Hackonbko NINCK noxoxun Ha SCK?
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4 cpefHee no BCEM NUHUAM
X GgiiHee nNo BCeM NTMHNAM
e DMERbHaa NNHUA

TAPRS 22T 7

NIMNMCK cneundonyeckme otknoHeHusi ot ICK

KOHTPONA Bock et al., 2011 c
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JUVIIMUULDI N pYAvLUlly,

MHOYLUMPOBAHHbIE
NITIOPUNOTEHTHLIE CTBONOBBLIE

UTo Takoe MHnyuﬁ&%IMm NIMOPUNOTEHTHLIE
CTBOJ10OBbIE KJITIeTKU?

Kakne nepcnektnebl npumeHeHns WINCK B
MeaUUMHE Bbl MOXETE NMPeanoXuTb?

Kakme cBouctBa WIICK orpaHnymBalor unx
NPUroaHOCTb AN NPUMEHEHUA B MeAULMHE?

Kakme  cyllecTtBylOT  Crnocobbl  OOCTaBKM
penporpaMmmMunpytoLLmx doakTopoB B KNETKU?

[lpeonoXxute  cxemy  JNiedeHus nauneHTa
cTpajarLllero oT reHeTundeckoro 3aboneBaHuUs
(Hanpumep remoUIINMKM) C MUCNONb30BaHUEM
NTIMCK?



