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Esgi, expressed exclusively in preimplantation embryos,
germiine, and embryonic stem celis, is a putalive
RNA-binding protein with broad RNA targets

Tetsuya 5. Tanaka,' Isabel Lopez de Silanes,? Lioudmila V. Sharova,’
Hidenori Akutsu,' Toshiyuki Yoshikawa,! Hisayuki Amano,® Shinya Yamanaka,®

Myriam Gorospe® and Minoru 8. H. Ko™

*t aboratory of Genelics and “Laboratory of Geliviar and solecutar Blology, Natlonal insfilule on Aging, Natfons!
instilutes of Health, Battimeore, Marviand 21284, LISA; and *Deparirment of Slam Celf Biclogy, Instiule foy Frondier

Medical 3oiences, Kyolo Universily, Kyole 606-8507, Japan

inour earfier atternpt to identify genes Invoived in the maintenance of celiuiar pluripotency, we found that KH-
domazin protein Embryonal slem cell-speciic gene 1 {Esg 1) showed similar expression psitens o those of
26834 (Pousft;, whereas the forced repression of Ocidf in mouse embryonic stem celis immedisfely
dowrreguiatod the exprossion of £sgl Hem we luriber confinm this overlep by i sdu hybridization and
immunohistochemical analysaes. Both £sg7 transcript and protein exst in the egg and preimplaniation
eraryos. AL embryonic day 3.5, dlasiocyst stage. however, ESG1 protein was more atxuadant i the inner cell
mass {{CM] than in tophectoderm {TE), whereas Esg? franscript was detected in Doth the ICM and the TE,
particularly in the polar rophecinderm. The presence of an HMA-binding KH-domain in EBG 1 led us to ssarch
for and ideniily 902 targel wanscripis by microsrray snalysis of immunoprecipitated ESG1 complhe.
interaciion of 20 trget miRNA with ESGH, including CdedBa, Cdod?, Ezh?, Nive and NriaZ, wes further
valicaiad by revarse ranseriplase-polymerase chain sacton of the immmunopracipitation material, supporting
the notion that ESG1 is an RMA-binding proteln which associates with specific targst ranscripts.

Key words: callular pluripoiangy, Fsg i, mpunonreoipitation-microariay, RMNA-binding mrotain,

Introduction

Mouse embryonio stem (E5) cells (Evans & Kaufman
1981, Martin 1981) have been widely ussd to study
the biclogical funclions of genes by targeted muta-
gaenesis. Furthermore, the £S cell is a good mods!
sysiem o understand mechanisms of celkdar phaipe-
tency and differentiation, because ES cells can be
maintained in an undifferertiaied state indefinitely
in vitno by leukerria Inhibitory factor (LIF), but can
be induced 1o differentiate into a variety of cell types.
Constitutive activation of the banscription factor Sial3
{Matsuda of /. 1899}, a downstream elfecior of LiF
signafing, and the homeobox gene Nanog (Chambers
o af 2003; Mitsul et al 2003) have been demonstrated

“To vibom all correspondence should b addressed,
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Hecelved 27 March 2008, revised 9 May 2008; accepled
19 May 2006,
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to be sufficien! o mainials the undilierentialed
state of ES cells independently without LIE Ancther
transcription factor Oct3/d (FoubfT, Niwa 2001; Cavaleri
& Scholer 2003) has been demonstraied fo play a
central mole in the formation and maintenance of
phiripolent slem cells, including the ner cell mass
{0 of blasiooysts (Nichols ef g/ 1988; Baani ef &,
2002} and £5 celis {Niwa et al. 2000}, and germ line
{Kehler af al. 2004; for a review see Boiani & Scholer
2005). In addition, other franscription factors such as
SoxZ2 (Awilion ef al 2003} and Foxdd (Hanna ef &l
2002 are involved in these processes, but only Qi
4 {Pesce & Scholer 2001 Cavaleri & Scholy 2008
and Nancg {Chambers ef al 2003; Mitstd of &l 2003}
showed very restricted expression patterns in pre-
implaniation embryos, undifferentialed £8 cells, and
germikne cells

I our warlier atlempl ko ideniify genes pwoived in
the mairtenance of celiular pluripotency, we comparad
the glohal expression profiles helween mouse £8
cells and trophoblast stem (T8) cells by microarrays
{Tanaka etal 2002). We showed that Embryonal
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stem ceflspecific gene 7 {Esg?y s a candidate for
such a gene. Esgi was first identified as a gene whosa
exprassion was downregulated when emibryonic
carcinoma (EC) cells wers induced 1o differantiste
{Agtighano st al 1991). and as 8 gene expressed
differentially hetween undifferentiated £S5 celis and a
differentiated paristal yollt sac cell fine (Bierbaum
ot al. 19984}, The comparison of glchal gene expression
profiles singled out Feg? as having the greatest
measured axpression differsnce betwesn E5 and 1S
cells (Tanaka of & 2002}, Olher microarnrgy analyses
of stem cells (fvanova ef 2l 2002; Ramatho-Santos
ofal 2002) and analyses of GenBank expressed
sequsnce tag (871} requency fnamed Dppab, Borbin
etal 2003; Eoal? Milsul of a1 2003) aiso revealed
Esg? as specific o E8 cells. The forced reprassion of
Oct3%4 i mouse B8 vells immediately dowarsgulates
the expression of Esg7 {Tenaka ef al. 2002}, Westarn
et al. {2005} have recently reporied the spatictemporal
expression patiern of Esg? ranscript and protein in
embryos and germiine,

Here we report further axprassion profiles of Fegr
miRNA and proteln, the microaray-based identification
of ESGT target RNA molecules, and the expression
patterns of these target FNA in Fsgi™ £S5 ceils.

Materials and methods

A more detailed desoription is available from Tanaka
ef al {2008).

Collection of mouse embrvos

C57BL/6, and BeD2Fi/d {C57BL/E x DBA2 hyhrid),
and CD1 mice were purchased fom the Jackson
Laboratory (Bar Harbor, ME, USA), and from thg
Charles River Laboralory (Wilmington, MA, USA},
respaciively,. Collection of eggs, preimplantation
embryos, and i vitro lentifization were performed zs
described {Szorygiel ef al. 2002; Tanaka & ¥o 2D04%

Northem Inhridization

FirstChoice Mouse Blol | {Ambion, Austin, TA, UBA}
ard Mouse Embryo Stege Blol (Ssegene, Seoul,
South Korea) were hybridized with 2 rediclabeled
cDMA of Esg7 in an Ullrabyb (Ambion ino,, Austin,
TX} as previously described {Tanaka of 8l 2002).

In situ hybridization

Digoxigenin-labeled sense ar antisense RNA probes
tor Esgt and Oci3/d were processed essentialy as
described {Tanaka efal 2002). For preimplantaion

T. 8. Tanais of al.

embryos, hybridization was done on the Transwells
in 24-well plates {Coming Coster, Cambridge, MA,
153A) as previously described {Yoshikawa et al 2006).

Immnunofoegical detections

Affinity purified ant-ES5G1 polyclonal antibody raised
against ESG1 with GST fused in frame (wESGT Pab)
was used for immunoblot and immunocytochemistry
as desvribed aleady (Tanaka & kenishi 2002}, For
whole-mount staining, «ESG1 Pab or rabbil preim-
mune serum was used in combinatiors with sither
TROMA-1 {Hybridoma Bank, Universily of lowa, lowa
City, 1A, USA), anti-w-tubulin monoclonal antibody
{Sigma, 3t Lovis, MO, USA), or anil-B-actin monocional
antibody (Sigma). As sscondary antibodies, tetra-
methyirhodamine isothiooyanate {TRITC}-conjugated
antirabbit Igl {Sigrs} and either Muorescein isoihiocy-
anate (FTCrconjugated antiral 1gG (Bigma) or FITC-
conjugated antioise ol (Sigma) were used. Stained
embryos wewe shserved by the DeliaVision sysiem
{Applied Preoiston, Olympus, Tokyo, Japan).

Immunoprecipitafion array analysis

Putative protein-RNA complexes were pulled down
by either al:5G 1 Pab- o rabbil Iga-conjugated protein-
A beads (Sigmal bom mecleaned ES cell lysate
{Lopez de Silanes el al 2004). Radiclabeled cDNA
synthesized from pulled-down RMA were hybridized
onfo M17K atrays {(Mational Institute on Aging 2003;
Tanaka etal. 2000; VanBuren etal 2002). Data
exdracted by the Array Pro soliware (Media Gybermetios,
Sitver Spring, MD, USA} were normalized by Z score
transformation. Twenty of the identified ESGT targets
were lurther validated by guantitalive polymerase
chain reaction (G-PCRL The complele dataset and
& list of primer pairs used for validation are availabie
as supplemental matengls (Janska efal 2008).

Cuantitative polymerase chain reaction analysis

Totaf RNA extraction from intact £S cells, Esg7°* and
Esg ™ ES pells {Amano et &l 2008), cDNA synthesis
and (-PCR were performed as previously described
{Tanaka ot al, 2002} The list of primer pairs used is avail-
able as supplemental materials {Tanaka et af 2008}

Resiilts
Expression pmfite of Eagl franscrpt

To investigate the kicalization of Esg7 ranscripls, we
performed northern biot analysis and found Esg?

Joumat compiiation @ 2008 Japanese Society of Develnpmental Biologisis
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Piuripotent marker Esgt associates with ANA 383

Yranscripts {~0.7 kb) in adult ovary and o a lesser
extent, in festis, but not in other adull organs
{Fig. 1A} or in embryos at stages from embryonic day
4.5-18.5 {dala not showny. Iy sy hybridization
delecied L7 ranzoripts in the oytoplasm of growing

af adult ovary {Fg. 18), but not in those of newbom
avary {which containe no GV-stage nocyies), or testis
{data not shown). Because of the absence of the
deleclable signal in teslis by i sity hybridization,
8 larger, relatively abundant band (-2 Kb} dalzoted

germinal vesicle {GY)-stage oocytes in the sections in testis by northern blot may be a result from

A o B
=
2w
ok 3
o & oW @D
FETLEw D § b
6 P38 ~35.8¢ >
GO0
4 kb
2 -
3 -
g6 =
C 1-cell 2-cell 4-cell Bcell Maonsla Blastocyst

¢34 AS

Qrizd s

Esgt AS

Esgt s

Fig.1. Expression patierns and localization of Fsgf transcript. {A) Northem iybridization analysis showad a -0.7 kiy ransoagt of
Eagr 1 inmedull Cvary and 1o a Jossar extent, in lestis, (82} Jo oitu hybrickization on e sechion of acull ovary. Phase contrast inagss are
shiywn an the fop. AS, anfisense probe for £5g1 8, senee probe. Bars, 50 wm (O3 W ount 7 sify hybridizaiion (WiSH on
pravuplardation emiryos. WIBH vaas repealed fies imes and gave dimost identica resulls. Cnly representative embryos are shovw,
Stages of embryos examined are indicaied on $e top of the panel. In blastooysts. ihe expression of £507 was detecied boih in the
ey cell mass and he Fopheciodens fiaok snowhesds). whereas no expression of Ooid was delevled in e Fophecioderm
fyhite amcowheads?,

Jowrnal compiiation & 36 Japanese Society of Devalopmenial Binlogisis
Mo elain o onginal US government worie

35



384

cross-hybridization of a probe {Fig. 14). Whole-mount
in situ tybridization (WISH) analysis of preimplantation
mouse embryos detected Eeg? transcripis in the
cytoplasm of unlertifized eggs (data not shown) and
indhvidual blastomeres of 1-cell, 4-cell, Suell, monls,
and blastocyst stages {Fig. 10). Sense probes for
oither Esgt or Dot gave ne detectable signals
(Fig. 18.0}1 This expression pattern was similar o
thai of Opt34d, with the exception that atthough Esg?
Frarscripts were prasernt in both the ICM and roph-
entodern (TE), Oof3Y ransoripty were absent from
the TE {Fig. 1C). These resulls are consistent with
reverse transcriplase-polymerase chain reaction {RT-
PCR} analyzes on microdissected ICM and TE (Tanaka
etal 2002}, More mafure blasiocysis at BE4.5, howeaver,
showed pradorminant expression of fag7? in the 1CM
{dhata ot shown ses Western el gl 2008}

Exprassion profile of ESG protein

A polyclonal sntibody was raised against £ESG1 for
localization shudies (@ESGY Pab), whose speaificily
was confirmed by immunobloting with  purified
recambinant ESGT {data not shown}, or crude Iysate
of ES cells {Fig. 2A; see also Fg. 30} Immunciiuo-
rescent microscopy using the ob8Gt Pab detected
ESG1, like ds ranseripts, in the cytoplasm of GV-stage
vecyles in the seclion of adult avary {Fig. 2B, right).
This was confirmed independently by whole-mount
immuncfivorescant microscopy of isolated oncyvies
with the DeltaVision microscope (Fig. 2B, left). The
localization of ESG1 did not change significantly
duting the completion of the second meiosis {FHyg. 72C),
althsugh the signal was relatively reduced in the
area surrounding metaphase H chromosomes (anims!
hemisphere) compared o the opposite side of eggs
{vegstal hemisphere; see ancowheads in Figure 20}
I preimplantation embryos, the staining of ESG1 was
oanparable in the oytoplasm of all blastomerss up to
miorula stage {Fig. 2d), but was weaker in the outer cell-
fayer of late-morula and in the TE of blastocysts (cf.
the co-staining of TROMA-1 andibody recognizing the
EndoA cylokeradin specifically localized in the TE and
primitive endoderm (Brulet efal 1280) {Fig. 2D,
The discrepancy in the ESG1 localization in lhe &
between Western ef al. (2005} and our study may be
ascribed o the differences of fixation methods
utilized (4% paraformaidehyde vz methanol +
dimethylsulfoxide) and the dewlopmental stages
observed (4.5 vs BA.5),. W noled a speckled staining
pattern in the cyioptasm of unferiilized eggs and in
the individuat biastomeres of prelmplantation smbryes
{Fig. 205, Preimmune serum gave no signal at any
stage of praimplartation embryos. Thus, Fsg7?

1.5 Tmnakg efal

transcript was detecied in the ovioplasm of almost
all blastomeres and both the {CM and ihe TE in early
blastocysts, whersas the ESG1T protein was rather
restricted o the central region of 2ggs and embryos,
and 1o the KoM of blasioeysts,

The expression of Esg? in primordisd germ cells
{PGLC), suggested earlier by the presence of EST in
PEC-spacific cNA libraries {Tanaka efal 2002), is
now shown uneguivocally in PGC in gonads and
in vitro derived embryonic germ (EG) cells (Wastern
af & 2008). It is thus established that the expression
of Esg? is westrictad {o cells in the pluripotent cycle,
where Oct3 and NManog had previously besn the
only genes that showed this idicgyncraic sxpression
pattern.

Identification of RNAs that bind o E8G1

Considering the fact that ESG1 has a KH-domain,
we hypothesized that ESGT was an HNADinding
profein and associated with g subsel of brgat BNA
molecudes. To tast this notion, we first nrranoprsaipl-
tated ESG1 from undifferentisied ES cells (ESG1-P}
ysing the arti-E5G 1 antihody desoribad ebove and em-
ploved methodologies thet praserved ribonuclecpiotein
cornpiaxes. RiAs present in he immunoprecipitation
meterial wers then kolated hom the complex and
usad for microatray hylyidizations, RNAs isolated from
the compliexes immuncprecipitaled using a non-
specific IgG fom rabbit serum were also hybridized
as & control (Fig. 3A; Lopez de Silanes ef al 2004).
Hybridization was done in friplicate with three separale
prepargtions of RMA for both ESGH-IP and conirol
lgG-iP Oul of 16 896 genes on the microarray (8418
unigue; Tanaka of af. 2000; YanBuren ef & 2002}, 802
transcripts were found to be enriched significantly
in the ESG P following the crileria described pre-
viewsly {Lopez de Silanes ef 8/, 2004} Among these,
207 genes corresponded 1o well-charagterized genes,
including genes related o cell cycle {Cond3, Conf,
Cdo25a, and Cdeds), chromatin remodsting (Ezh2,
Fancg, Mta3, Scal0, Sin3a, and Smarcady, iranscrip-
tion factors (Gatal and Sox13), and Lsgt. To validale
the resulis oblained by immupoprecipiation {(IP)-
micrparray analysis, we designed primer pairs by
24 genes of interest and performed RT-PCR on RMA
prepared in the same manper as for P-microarray
anzlysis. Afthough three primer pairs failed (o amplily
ary products, the abundance of the remaining tran-
seripls, including Fsg? mRNA isell, was enriched in
the FSG1-IP compared with the IgG-IP (Fig. 3B). The
afBG1 Paly detected only a single band (-12 kDa}
in the Immunoblot of the IP materials (Fig. 3C), further
establishing the specificly of the ¥ resulis. Taken
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ESC lysate

Fig. 2. Expression paiterns and localizaion of ESG 1 protein. £4) Srude lysate Fom embryonic siem {£5) osils was run on
sodmrn dodeny] sailale—polvacndamede gl followed by gither CBB slayung (OB},
pEeimmune serim (Prel. A single band wath a molecular weight of -2 kDa was recogiized by «ESG{ Pab. {B-D} Immunofi
micinscony o localize £5GY in oooyiss and preimolaniation embryos. I eanh pansl, DNA was eiained with 46-diamiding-2-
phenylindoie dihydeochlioride (DAPS, Dlue), and leftamsthyirhedamine iscihipoyanate {TRITChconjugated anirablit igG antibody
(red} was used 10 dolact e prasence of aESGT FPab of prempune serum. The experiment wag repeated af east iwice and
only rapresentakve resulls are shown, (B Locafizetion of ES8G in e oyiopiasm of germinal vesicis {GV)-slage oocyie. (B, Leil)
dicrodissectad GV-stage oooyles stained vith oither «ESGY Pab (EAGY) of prelmmune seram (Pred on whole-mount. Ooly single
optical sections of embryos are shown, Mole that cumuius colls surounding & GY-stage oocyte on a middie pansl have moe
condensed DNA than in 8V-stage oaoyte 50 that the sensitivity of the DAP} channs! was higher it the fsft and the right {Pre} nooytss
than in the middle cocyie, Bars, 20 pm. {B, Right) Seciians of aduit ovary siained with either «ESG1 Pak (ESIG1) or preimmire serum
(e}, Bare, 50 st () Localization Of E5G1 af stagss of fertiization (M + Sperm). the second anapimsse {Ana), and the zecond
telophase {Telo) as moicated above. Bogs ware co-sigined with oF8E1 Pab (EEGT md) and either anli-e-ubulin monoclongl
anhody {e-tubuling greend of angi-fi-actin monacional antibody (B-act green). 86 of the oplical sections wilh 1w 1hickness sach
{a0-50 sectionsfeqy) ware projecied togeiher on single planes to visealize g whole chiomosomal sbuchiae, Ar sgg stained with
prafmreng senim and anll-u-ubilin monocionat antibody @ the sscond anzphase stage is shown as a negative conkol Bars, 20
i {6 Locahzabon of E8G in prelraplantation emnnves al stages of urdsrtiiized egas (Und, 1-, 2+ 2-cell embryns, morulze o} ang
biasiooysts (B as indicgled above. Embryos stained with preimmimne serum ars shown on the bottom, TROMA-1 monocional
antiody was used in order o distnguish Sophectodery:, Yhile agowheads indicate the sreg where lese-inlense staring of £801
was detectad. Barn 20 um,

& 125%
3 monunnbitling with b8 Pab k86 0 or

together, hese resulls support that £8G1 s associated {ax yei unknown} inieracting factors present in £S

with BMNA thal sncode protelins with & broad range salls {data nob shown). Thersfore, i remains o be

of funchons. irvestigeted whether E5(G1 binds to BNA directly,
To further study the RNA-binding properties of

ESG1, we perdonmed pull-down analyses using biotin- . ) ey o T

labieled target RMNA transeribed i;;} e, Foilowing Altered F'T‘NA fovels ,"?'*é: G1 farget i Bag

o e ) . ) . senbryonio stern cells

mcubaton wilh recombinant ESG1, the complexwas

affinity-puriied using streptavidin-coated beads and in order o ascertain whether ESG1 influenced the

ESG1 was detected by western blotting, However, steady-state iovels of its larget ranscripts, we quarnii-

the binding ebility of recombinamt ESG1 {o its targets fiad the abundance of ESG1 targat ANA in Esgf

appesred o e weak i the absence of other possible and Feg ™ ES celis by O-PCR (Fig. 30). This analysis
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wE3G1 Pab or
Normal Rabbit inG
A
ES enli lysate Proteln A-Bepharose
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Nutipt (RNA binding)

Fancg (DNA repain)

Neddd (Protein binding)

s Seatl0 {Apoplosis)

Smarcad {Chromatin
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Reguiation of franscription

Positive reguiation  Negativeregulation

cDNA microarray a.naiys;s
fnorribion oSGt
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1.0 -

Halative exprassion
{evel o Kug? +/+ ESCs

SEFS
{; 0‘33' .(#"-’y {:,25“’

Flg. 3. immum;}:ec:igzé;aiém—mir:roarray analysle wondfisd binding largels of E5G1 {A) Schomalic meproseniafion of
fmmunoprecipitation () ollowed by mwicrogrray analysie. See tend for detadls {B) Validaton of P-aray res shove i {A) Helaber
o the coolial (IgG), sntdohment of ANA that were fmmuncorasipietad as protein-BMA compleses by «ESGY Pab {oESG 1] wim
copinned by reverse anscriptise-pobanonmss chaim reant o (HE-PCRY for 20 ganes with the P matznals prepsied znde;,e%eﬁ'ly
70 penes, 15 wers sinnsfisg info thres growuns ancording to thair putative functions {lefth. Pulative funclions of the rest of the ganes
werE aleo md:'" ted {nghth tereshngly, BSE1 bound o Esp? BNA llsell, GAPDH [GBapd; was ussd as 2 loading conbrad, Mo PG ‘h
proiuct for B 1 was detectad from RT-negative reaction {RT-). {C) The P matss iah{ a3 ang aB5G1) separated by sodium dadecyt
sulfste-polyacrylrmide gal elestrophoresis wers proeessed for fnynunoblolfing with the amti-ESG T ankbody, (0 Quantifabve PCR
analysis revealed that expression levels of some of the birding targsts of ESG1 were gliared in Fsg? ¢ E5 calls, Relative expression
levels W tha njact BS celis [E5 4] lor sach gene are shown, ARbough same sebs of genies shown in {8) were examingd, he resulis
of only meprosenistive genes are shown. The mst of the genes did not show any deteciable altaration of thelr expression iovels (dala
not shoe), Exprassion levels of marker geres sush as Cdhi, 2042, Octdy, were alap exarvined. For imdaet Esg 1 65 celis, rasuils
0# ﬁrep biolgical replications were aecmgnd For Esg 1’ tesults of three hinioginal reghications from two independent !énms clones
=33y were averaged and lor Esgi?, rasults of [?x'geboogzmi seghcations from thres independent lines {clones #2, 87, #8275 ware
v":uged Asterisks (") indficale atat ;vilcaﬁy signifiant diffes {mpowe, F v 208} of gene exprossions betwesn m‘act E\g? # and
g3 B8 celis and Detwesn inlaot Exgr?® and Esgt EQ celis.
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revegled that many ESG1 torget genes showed
altered expression levels it these ES ceils. We noled
three groups of genes: genes showing more than
twolold downregulation {(Cde2Ba, Cdod?, Gohi/
E-cadherin, and £202), genes showing more than
twofold upregulation {Nfire, Maph6, Sox13, and
Nr5aZ), and genes showing small or no changes {Con,
fdbz, Mizi, Mia3, and Dct3a/Foudtt). Athough the
expression levels of Fancg and Zfpd2/Rex] showed
tess than twofold changes, they may also be affected
by the loss of Esg? expression. The downreguiation of
Ezh2, a ranscriptional repressor, and the upregulation
of Niye and NrSaZ, wranscriptional activators, might
suggest an indirect role for EBG1 in transcriptional
suppresgion, Because Cdefb5a degradation by actopic
Chi2 expression caused the appearance of &1 phase,
which is normally absent in BS cells (Burdon efal.
2002; Hong & Stambrock 2004), the downregulation
of Cde2ba seems 1o be consistent with the prolonged
doubling fime of Esg1™ £ celis compared to that
of infact 5 cells {Table 1), aithough the vadations of
the doubling tine Detwesn two Fsg ™ ES clones snd
between two Esg 1% ES clones were refatively lwrge.

We also noticed that there were considerable
variations of each gene expression level among 3
ceft ines of 2ach genetic background (intact Zsg ™,
EsgT™ or Esg?®; Table 2, Fig. 3D). The variations iy
expression of prospective Esg! targets among Fsgf-
manipulated fines were 4-20-fold higher than the
variations among the biological replications of Esgr
ES cells. These results geem i hint some differences
in the gene ewpression patlerns among Fsgi-
manipuiated 5 cells, which may be gonsgisient with
the variations of the cell doubling time between
wo Esg7™ ES clones and hetween two Ssgi™ ES
clones,

Discussion

It is now firmly established that the expression of
E=gt, both BNA and protein, is restricted to celis in

Table 1. Profiferalion mles of Esg?™ and Esgr+ cells

dvgrage doubling Poalue
irne {mean £ SE) {compared to
{f1= 63 1083}
1283 inlact Esg v 7204
E8q 17 clome #3 1908 0.001
Eggrf* clone #33 95410 <000
Esgt* clors #2 18213 0.474
Eggre clone #27 102441 0004

Pediungs were calculalag by e Tlest paired for single
maans.

the phuipotent cycle {this work; see aiso Western
et al, 2008}, where Oci3/4 and Nanog had previously
been the only genes that show this idiosyncratic
exprassion patlern, Fsg? seems 10 be a downstream
of Oil3/4, because the {omed repression of Ooldd
in mouse ES celis immediately downregulates the
exprassion of Esg? (Tanske etal 2002 Therstors,
Esg?will be an excellent marker for celis n pluripotent
oycle and undiffererdiated ES cells.

it has been seggested that ESGT is an BNAbinding
protein, because # containg 118 amine acids with a
putafive heterogenecus nuciear RNFP K-homology
{KH)-domain, which is conserved among the RiA-
binding proteins such as the Fragile X menial
retardation gene FMA!, Movat, Samés, gld-1, and
guakinguiable protein {Ok) (Slomi & Dreyluss 1997,
Adinclfi ef al 1999; Perrone-Bizzozero & Bolognani
2002}, We now provide mote evidence to support
this notion. Like other RNA-binding proteins, ESGH
seems o form a complex with a broad range of
FNA targets {(~1000) in &S celis. The mBNA targels
of £5G1 include those encoding protsins that regu-
late the cell division cycle, chromatin remodeling,
and gene transcription. Because the KH-molf was
often found In mulliple copies and ioliowed by
other conserved molifs in the most of the proteins
it the family {Adinolli of 1 1998), ESGT containing
ony ong KHauoll might recrult offey proteing fo be
funclional, so that the fungtional prolein complex{es)
would regulate the metsholism of s BNA targets.
It is very interesling o nole that Esg? mENA itself
is Imncluded in this s, indicating thal E56G1 hinds
fo s own miNA and possibly regulales ds own
axpression.

Ria-binding proteins play imperiant roles in germ
cell development. For exaraple, in Caenorhabditis
glegans, two RNABinding proteins with KH-molifs,
CHI-T angd MEX-Z, are lowalized i the gennling
delerninact P-granules and play important roles in
germ cell establishment (Drapsr af 28 1888; Schisa
et al, 2001). It is thus templing o speculate that ESGH
also plays a criical rle v phripolent smbryonic
cells and genm cells. However, Egg 7t ES cells and
Esgi® mice did not shaw any obwious abnormality
i embryonic development, fertily, the derivation of £S
geils from blasiocysts, the growth and diflereniiation
of ES cells {Amano ef & in press), although it syl
remzing unclear that results obtained by uiilizing
Eszgit ES cells were unique dus 10 the selaeclion of
cells adopted o the microenvirorment missing
functional ESG1. In fact, a prolonged doubling tme
of Esgi™ ES clones was observed, atthough the
clone-to-clone variation was oo large io make this
argument conclusive. Such ciona-lo-clone variations
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Table 2. Cional wvanalions of

Gene Gentlyps e £if2 b5 & Pyalue gene epression levels within
Cdc2sa 4 i <] 3,45 887 (5G4 two Esgr ES clanes and within
- 3 g 0.04 2,49 <0001 thrae Esg ¥t B8 ciones
Credz + 1 B 0.31 5.3t 087
- & G a.02 835 8.008"
Cenf o 1 ad .05 2FA853 <6 061"
- Z 43 .05 184.45 <0001
Cdht + - H 8@ 3.5% 2354 G477
= 2 2 000 583206 <0661
Ezhz >- H & Q.15 1468 0.27%
- a o 0.06 140,70 <0G
Fanci ¥ - 1 6 004 7.09 o037
~f~ 3 g 017 2.94 0,164
Myc - H g 003 303 0132
~f 2 2 05D 532 0,030
Mr3a 4= 3 g o000 1.44 0.275
e 2 9 001 D74.54 <0001
Zipaz = 1 & a.02 9595 <0017
oo 2 9 12 2468.60 <001
Ot/ = 4 & 3.02 14658 <00
2 9 A2 WoA2 1.004°
CenDa = 1 G .00 WE5 0057
e 2 2] .00 g4 008?
b2 4 4 & 398 1426562 <0
e 4 8 244 37850 <5 001
Mapks 4o 1 8 800 2174 8.0087
rfee 2 k] 4,2 10ES 2000 <5001
Mizi - i ] Q63148 21508 <001
' oo 2 2] 201088 43715 <3001
Mtag + = 1 & SE-05 .15 0.708
ofem 2 ] 030438 #4048, 26 <(LOUT
Sinda 4 - 1 & RREDS 1250 G011
ofe 2 G raeny 13 4888.48 <301
Sexid g H I aeELs 748.23 <0001
wfrs ¢ U 1.8E-05 4088.88 <001

Slatistical significance of the differance in exprassion levels of each gens indicated on the
left among clones with the same genotype (see Figure 3D% were caleulated by the singis-
facior snove, “Statislically significant, df, degraes of reedom; E8, embryonic stean M8, mean

scriare arror; F, Fisher stalistics.

can be explained by the inlrinsically stochastic
mature of gene expression regulalion (Ko 1992
Kasm ef af. 2005; Rassr & 'Shea 20053,

The subtie phenctype of Eeg 1™ ES cels and Esgt®
mice were nof erfirely unexpecied, considering the
similar subtle phenotypes observed in the fargeted
multagenesis of cther RMA-binding proteins. For
grample, KH-molif proleins VeraYo 1-binding prolein
in Xenopus, and s homoloque Zipcode-binding
profein 1 {ZBP1) in chick translocale their target
mBNA, Vg7 and f-actin, to specilic siies in the
ovioplasm (DBeshler et 8l 1998). The mouse homo-
logue of Z8P7, Insulindike growth factor 2 binding
profsin § {mpT) has been reported 1o be expregsed
widely in nocytes, Zygotes, and E12.5 embryos, but
gene-irap milagenesis of the gene showed postnatal
lethality only in 50% of homozygous mufant mice
(Mansen ef &l 2004) Similarly, homozygous mutant

mice of another KH-motif proteln, Samés8, showsd
detects onty In age-relaled bone metabaolism Richard
s 8, POLR), sven though Samég prolein was widely
ioalized In £14.5 and 16.5 embryos. These RNA-
binding proteins may thus function, not as a detenmi-
nant, but as g modulator of cellular functions thecugh
iheir hinding to 2 large number of target mBNA
apecies ffor example, Lopez de Silanes ef ol 2004).
it remaing to be formally investigaled wheiher Esg?
irflusnces the stability of target RbA, their subcellidar
jocalization, andior their transiation rale.

In conclusion, pluripotent oycle-specific Esg? is
most Lkely an BNA-binding protein with broad
gpectrum of target RMNA, Althaugh Esg? is dispensabls
in ES cells and mice according to gene distuption
studies, whether Esg7 has an important fonclion in cells
under stress, during aging, or in other pathological
condiiions ramains o be nvestigated.
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i3] Human Embrvonic Stem Cells

By HipeNort Axurst. Caan A, Cowan. and DoucLas MeEvmon

Abstract

Human embryonic stem cells hold great promise in furthering our
treatment of discase and increasing our understanding of early develop-
ment. This chapter deseribes protocols for the derivation and maintenanee
of human embryonic stern cells. In addition, it summarizes briefly several
altermative methods for the colture of human embryonic stem cells. Thus,
this chapter provides a good starting point for researchers interested in
harnessing the potential of haman embryonic stem cells.

Introduction

In 1981, two groups succeeded in cultivating pluripotent cell lines from
muouse blastoeysts {Exvans and Kaufman, 1981 Martin, 1981), These cell
fines, termed embryonic stem {E8) cells, originate from the inner cell mass
(ICM} or epiblast and could be maintained in vitre without an apparent loss
of developmental poteptial. The ability of these cells o contribute to all cell
lincages has been demonstrated repeatedly both in vitro and in vivo (re-
viewed by Wobus and Bolicler, 20083, Once established, ES cellsdisplay an
almost unlimited proliferative capacity while retaining thelr developmental
potential {reviewed by Smith, 2001}, The first successful dervation of hu-
man BS (hES) cell lines was reported in 1998 (Thomson ef of,, 19981, The
establishment of hES cell lines provides a unique new research tool with
widespread potential clinical applications.

Under specific in vitre culture condifions, hES cells also proliferate
indefinitely without sencscence and are able to differentiate into almost
all tissue-speeific cell lineages. These properties make hES cells an altrac-
tive candidate for cell replacement therapy and open exciling new oppottu-
nities to model human cmbryonic development in vitre {reviewed by
Keller, 20053 In addition to developmental biology and cell-based the-
rapy, the ES cell model has widespread applications in the argas of
drug discovery and drug development (reviewed by Gorba and Allsopp.
20033,

Derivation of hES cell Hoes hax not had a common pniform procedure
amonyg laboratories. Moreover, the culure and manipulation of hES cells
ditfer considerably between laboratories and pose several unique challenges.

METHODS BN ENAYMOLOGY, VOL. 418 WG AR06 SEEH0
Copyright 2069, Ebscvier fnc, AF rights reserved. DOE 1018 1680076687 Dhy ITHIS-2

43



5 HES orixs 7G

Tor hedp facilitate research with hES cells we deseribe in detail the pro-
tocols used in our laboratory for the derivation and maintenance of
hES cell lines (Cowan er of., 2004 Klimanskaya and McMahon, 2004;
httpdimeh harvardedu/melionfhines ). In addition. we briefly discuss alter-
native approaches to the maintenzuce of hES cells, Thus, this chapter
provides a starting point for rescarchers interested in establishing and
working with hES cell linex.

Drerivation of hES Cell Lines

Since the initial deddvation of human ES cell lines by Thomson e al
{19984, several addifional hES cell lings have been established and char-
acterized (Table I www stemeells.nih goviregistry/index.asp). We reported
previowsly the derivation and maintenance of 17 pew hES cell lines
that can be maintained in culture by enzymatic dissociation with frypsin
{Cowan, 2004}, Our complete protocol has been deseribed previously in
detail (Klimanskaya and MoeMahon, 2004). The general utility and success
of our approach have been validated by the transfer of this technigue to
several researchers and their subsequent derivation of new hES cell lines
{(Melion and Eggan, unpublished data). This chapler presents our most

Planning and Considerations

In our experience, hES cell derivation can be rather time-consuming
and demanding, Until the isolated cells are frozen and thawed, they must
be cotinnally passaged and maintained. On average, one can expect 3106
weeks of uninterrupted culture from the point of initialing an attempt {0
isolate hES cells from blastocyst embryos. Before deriving any new hES
cell lines, we recommend that all of the reagents necessary for culture and
derivation of the cells be obtained and. if possible, tested by routine cultare
of preexisting hES cell ines, Qur standard derivation protocol makes use
of mouse embryonic fibroblast cells as a feeder layer, and we also recom-
mend the isolation and testing of these wells before attempting to isolate
new hES cell lines, Finally, our protocol is designed to derive hlES cells
from blastocyst stage cmbryos, and while we have derived several cell lines
from embryos frozen at early cleavage stages, they are always first cultured
until they mature into blastocysts. In the following sections we will attempt
to walk the reader through a stepwise protocel for deriving hES cell lines
and, when necessary, to provide specifics details as to the suppliers of
gertain essential reagents.
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