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ABSTRACT
Molecular Characterization of Oct4-Expressing Yolk Sac Endoderm Sterhi@edl
(May 2008)
Bisrat Godefay Debeb, D.V.M., Addis Ababa University, Ethiopia;
M.S., Tuskegee University

Chair of Advisory Committee: Dr. Bert Binas

The extraembryonic endoderm (XEN) defines the yolk sac, a set of memtitanes
provide essential support for mammalian embryos. Recently, the committed XEN-
precursor was identified in the embryonic Inner Cell Mass (ICM) aswpgyf cells that
intermingles with the closely related, anatomically indistinguishepilelast (EPI)-
precursor that gives rise to the fetus. In vitro, the EPI-precursor eseyed by the
well-known embryonic stem (ES) cell lines, but cell lines representing e X
precursor are not known. Furthermore, since the XEN-precursor cells weosetied
only very recently, the unexpected fact that they express the key pluripotancgr
Oct4 has not been explored. Recently, however, our laboratory has isolated re¢lKEN
lines that express Oct4, leading to the following two questions: (i) Do these ndw XE
cell lines represent XEN-precursor cells? (ii) Is their Oct4 esprsegulated similarly
as previously known from ES cells? These two questions are addressed heragay line

marker and reporter gene analyses.



Whole culture analyses showed that rat XEN cell lines expressed markdrs of
XEN stages including XEN-precursor, primitive endoderm (PrE) and/or aiscer
endoderm (VE), and parietal endoderm (PE) but trophoectoderm and EPI-precursor
markers were missing. In line with this, immunocytochemistry demdedtra
heterogeneity and directly visualized the XEN-precursor, PrE/VE, and PE
subpopulations. Low-density plating and time-dependent immunocytochemistry on
resulting colonies strongly suggested that XEN-precursor celergee the other XEN
stages. Moreover, by analyzing single-cell derived clones, it was shawveulture
heterogeneity results from the self-renewal and differentiati@single cell. Reporter
gene analyses using the 5’ regulatory region of the mouse Oct4 geneddhaala
DNA fragment containing the previously described distal enhancer drove regpamnte
expression only in ES cells whereas inclusion of an upstream fragment led to high
expression in both mouse ES and rat XEN cells.

In conclusion, our rat XEN cell lines contain XEN-precursor cells that diffiate
extensively, providing for the first time an in vitro model that mimics the algpuocess
of early XEN differentiation. In addition, they regulate Oct4 gene trgstemmi
differently than ES cells suggesting heterogeneous Oct4 regulation vaghin t

mammalian ICM.



DEDICATION

To my wife, Makida, for her love, patience and support and to my son, Nolawi, for

providing me his lovely smiles while | was writing my dissertation.



Vi

ACKNOWLEDGEMENTS

| feel honored to thank my graduate advisor and mentor, Dr. Bert Binas, for his
tremendous support and guidance, creative insights, and friendly discussions throughout
my Ph.D. program. | would also like to thank my committee members, Dr. Ellen
Collisson, Dr. lan Tizard and Dr. Charles Long, for their support and instructiba in t
completion of this work.

Also, thanks to Dr. Galat and Dr. lannaccone (Northwestern University) for
performing the in vivo experiments. | am grateful to Jessica Epple-Féntaging a
wonderful and supportive friend and for deriving one of the cell lines used in this study.
| am grateful to Dr. D. Baltimore (Caltech, USA) for vector pFUGW and Dr. eany
(KRIBB, South Korea) for vector GOF-9.

| take special pride in expressing my deep gratitude to mynsaamd brothers
for their unconditional love and continued support. | am also indebted to tesssis
law for their encouragement and support.

Thanks also go to my Habesha friends for making my time atsT&saV
University a great experience with lots of memories.

Finally, I thank the Department of Veterinary Pathobiology for financial support

that helped me complete my study.



dpc
EC
EG
EPI
EPI-P
ES
ICM
LIF
PE
PrE
PGCs
PYS
RA
TE
TS
VE
VYS
XEN

XEN-P

NOMENCLATURE

days post coitum
Embryonic carcinoma cells
Embryonic germ cells
Epiblast
Epiblast-precursor
Embryonic stem cells
Inner cell mass
Leukemia inhibitory factor
Parietal endoderm
Primitive endoderm
Primordial germ cells
Parietal yolk sac
Retinoic acid
Trophectoderm
Trophoblast stem cells
Visceral endoderm
Visceral yolk sac

Extraembryonic endoderm

Extraembryonic endoderm-precursor

vii



viii

TABLE OF CONTENTS

Page
N = ST I ¥ ii
] 9 1 (@ AN I (@ ] N PP v
ACKNOWLEDGEMENTS ... e e e e e eaans Vi
NOMENCLATURE ... e et e et e e e et e e eaaeaaees Vii
TABLE OF CONTENT S ..o et e e e e eaaas Viii
LIST OF FIGURES. . ... oot e e e et e e e e e ees X
LIST OF TABLES ..ot e e e e e Xil
CHAPTER
I INTRODUCTION AND LITERATURE REVIEW.........ccovviiiiviis 1
Lineage specification in the blastocyst.............ooeviiiiiiiiiiiiieeeeeeen, 1
The first lineage choice (TE VS. ICM).......ccooeeeiiiiiiiiieeen 3
The second lineage choice (EPIVS. PIE) ........uuuviiiiiiiniiiieiieee, 5
Stem cells from the mammalian blastocyst lineages.............cc....... 8
THe OCHA QBNE ..eeiieeee s 12
EXPression Of OCH4 .........oevveeiiiiiiie e 13
Role of Oct4 in pluripotency and development.............cccccceeeeeennnn. 15
Role of OCt4 in tranSCriptioN .........uvvvvviiiiiiee e 16
Regulation of Oct4 gene expreSSion .............eeceeeiieeeeeeeeeeeeeeeeeiininens 20
RALIONAIE.......ieeei e 22
Il LINEAGE MARKER EXPRESSION IN RAT YOLK SAC
ENDODERM STEM CELL LINES ..., 24
OVEIVIBW ...ttt ettt e e e e e e e e e e e e e e e e e eaeeb s 24
INEFOAUCTION ..o 24
Materials and Methods ... 26
RESUILS ... 35
D Yo U3 o o PP 52



CHAPTER Page
I REGULATION OF OCT4 GENE EXPRESSION IN RAT YOLK
SAC ENDODERM STEM CELL LINES ..o, 58
OV BIVIEW .o et 58
INEFOAUCTION .. e 58
Materials and Methods .......oovveeiiee e 60
RESUILS ... 65
DS CUSSION ..ttt e 69
v SUMMARY AND CONCLUSIONS. ..o 71
REFERENCES ... oo e 76
VITA



LIST OF FIGURES

Figure 1  Stages of early embryonic development and cell lineagespres

IR Y o PRSP PPPPUTTTRTPTR 2
Figure 2 The new understanding of early embryogenesis..........cccccccvvvviinnnn. 6
Figure 3 Oct4 expression pattern in preimplantation and postimplantation

(0 123V 71 (o] o]0 0= o | AR 14
Figure 4 Genomic structure of the known Ogéhe regulatory elements...... 20
Figure 5 Loss and re-emergence of Oct4 expression in rat blastocyst

Lo TU 10 10111 1 0 1< TP 36
Figure 6 Cultured rat XEN cells express ICM and XEN markers................... 38
Figure 7 Cultured rat XEN cell lines express true Oct4 gene..........cccccceeeeennn.. 41
Figure 8 Heterogeneous expression of embryonic marker genes inNat XE

CIIS e ——————————— 43
Figure 9 Expression of Oct4 and SSEAL by other rat XEN cell lines............. 44
Figure 10 Colony-level analysis of rat XEN cell lines for setbtteeage

A Fo T (=] PSSR 46
Figure 11 Continued proliferation and preferential accumulation of

SSEA1-positive cells in old rat XEN cell colonies..............ccceeeeee a7
Figure 12 Lineage marker expressions in clonal rat XEN cell lines ................. 49
Figure 13 Contributions of cultured rat XEN cells to preimplantation and

postimplantation €mMbBIYOS ........coouuiiiiiiiiii e 50
Figure 14 Scheme of Oct4 gene depicting the main fragments analyzed in the

FEPOITEN JENE ASSAYS ..evvuriiirtneierineeeetiieeeetaeeeetneeeetaeaeenaeaernn e eeanaaeees 62

Figure 15 Cultured rat XEN cells express reporter genes driven by mouse
Oct4 regulatory region .........ooooeee e 66



Xi

Page

Figure 16 Previously known mouse ES cell enhancer is insufficient to drive
Oct4 expression in rat XEN CellS ........ooevvvuviiiiiiiiiiiieee e,

Figure 17 A novel transcriptional enhancer drives Oct4 expression in rat
XEN CeIIS .o e e e eeeaeeee



Table 1

Table 2

Table 3

Table 4

Table 5

Xii

LIST OF TABLES

Page
List of primers used in thiS StUAY ........cccoovviiiiiiiiiiiiiii e 30
List of antibodies used in this study .............cceeiiiiiiiiis 33
Quantitative RT-PCR for Oct4 expression in XEN cells........... 39
Incorporation of cultured rat XEN cells into blastocysts ................. 51

Incorporation of cultured rat XEN cells into postimplantation
CONCEPIUSES ...t ieeet ettt e et e ettt e et e et e e et e e e et e e e ea e e e e e e e ann s 51



CHAPTER |

INTRODUCTION AND LITERATURE REVIEW

Lineage specification in the blastocyst

It is important to understand the morphological changes that lead to formation of
the blastocyst in order to know the cellular origins of the first three lased&gllowing
fertilization of the oocyte, the zygote cleaves several times leading torthatfon of
the morula. During the morula stage, cells compact against each other by forming
intercellular junctions. The outer layer of the late morula are epithellsbtiecome
trophoectoderm (TE) while the inner cells generate the pluripotent inner cell mass
(ICM). During late blastocyst stages the ICM becomes organized into tilastgEPI)
and primitive endoderm (PrE) cells (Fig.Rossant, 2007). Thus, by the late blastocyst
stage, the mammalian embryo is composed of three distinct cell types:,t&® T&nd
Prg, which are committed to their different later lineages and are no lorigetednt.
The TE is exclusivelyestricted to form the fetal portion of the placenta and the
trophoblasgiant cells. The EPI gives rise to the entire fetus as well as exingpanic
mesoderm cells that line the visceral yolk sac and placental villi. Theubdequently
differentiates into visceral endoderm (VE) and parietal endoderm (PE).

The VEcells cover the epiblast and extraembryonic ectoderm (trophoblast) at the

This dissertation follows the style Dievel opment.



egg cylinder stage of development. VE cells in contact with the trophoblast are mor
columnarand cuboidal, while VE cells overlying the epiblast are flaitelr more

epithelial in shape (Bielinska et al., 1999; Rossant, 2007). The VE cells are
morphologically and functionally similar to gut endoderm. They have micronli a
phagocytic and pinocytic vesicles that allow efficient absorption and digestion of
maternal nutrients. VE cells also synthesize and secrete proteins involveddantnut
transport, such as transferrin and apolipoproteins (Bielinska et al., 1999). WhildsPE cel
are terminally differentiated, VE cells retain the ability to diffeieetinto PE (Gardner,
1983; Ninomiya et al., 2005) and can even trans-differentiate into somatic cells €5obi

al., 1993).
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Fig. 1. Stages of early embryonic development and the cell lineages presentivo.
The three fundamental cell lineages in a mammalian embryo are the TEREREH,
which give rise to the placenta, fetus and yolk sac, respectively, postintiplanEPI-P,
EPI-precursor; XEN-P, XEN-precursor.



The PE, a single layer of cells that develops in association with TE, syethesiz
copious amountsf basement membrane proteins (such as laminin, type IV collagen) to
form Reichert's membraneéonjunction with the trophoblast giant cell layer (Hogan et
al., 1980). The combination of PE cells, giant cells anthtkevening thick basement

membrane comprises the early functiontngnsient parietal yolk sac.

The first lineage choice (TE vs. ICM)

Early differentiation of the mammalian embryo leads to the development of two
distinct lineages, the TE and the ICM. These lineages can be distinguystined b
expression patterns of several lineage-specific transcription factors.

An important gene that promotes early TE development is the Caudal-like
transcription factor, Cdx2 which is expressed in the TE of the blastocyst (Bdck et a
1995; Strumpf et al., 2005). Cdx2 protein is first detectable in the nuclei of sédlgcitce
the eight-cell stage (Niwa et al., 2005) and becomes restricted to owsesfdbl late
morula (Niwa et al., 2005; Strumpf et al., 2005). Cdx2 mutant embryos form a normal-
appearing blastocyst, although ICM markers such as Oct4 and Nanog farbforéssed
in the TE (Strumpf et al., 2005), indicating a defect in restriction of the ICNMhERge.
Cdx2 mutant TE eventually collapses and undergoes apoptosis, leading to blastocyst
lethality before implantation. In addition to Cdx2, transcription factor giqes
Eomesodermin and Mash2 show a reciprocal pattern of expression to Oct4 in the early
embryo, becoming restricted to the TE by the blastocyst stage (CirunassaniR

1999; Russ et al., 2000; Guillemot et al., 1994; Niwa et al., 2005). Targeted mutation of



these genes reveals that they are required for trophoblast lineage development.
Eomesodermin mutants die shortly after implantation because the TE failsifierpi®|

and presumably fails to provide support for the embryonic lineages (Russ et al., 2000).
Mash2 mutants develop to E10.5 but die because of placental defects caused by loss of
spongiotrophoblast (Guillemot et al., 1994).

The POU (Pit-Oct-Unc) domain transcription factor Oct4 is essenti#Cidr
development. Oct4 is initially detectable in nuclei of all cells of the earlyrygo, but its
expression becomes restricted to the ICM upon blastocyst formation (P&hakyi
1994). Oct4 mutant mice die around the time of implantation, lack ICM derivatives such
as epiblast and yolk sac, and only TE-like cells can be recovered (Nicho|sL&08)).

In addition, no ES cells can be derived from Oct4 mutant blastocysts, and conditional
knock-down of Oct4 in ES cells results in their transformation into trophoblast-like cel
(Niwa et al., 2000). Thus, Oct4 is required for ICM specification and mainteramte,

for suppressing trophoblast cell fate, and the antagonism between Oct4 and Cdx2
reinforces the ICM/TE lineage fates. Another gene, Sox2 (SRY box contgemng, is

also believed to be important in ICM cell fate specification. Like Oct4, Sox2 is
expressed in all blastomeres of the cleavage stage embryo and beconcesdréstihe

ICM and epiblast at the blastocyst stage (Wood and Episkopou, 1999). Mutation of Sox2
results in early postimplantation lethality with failure of epiblastgho(Avilion et al.,

2003). Cultured Sox2-/- ICM cells show characteristics of differentiated tragtobl
(Avilion et al., 2003), and thus Sox2 seems to share a role with Oct4 in maintaining ICM

cell fate.



The second lineage choice (EPI vs. PrE)

At E4.5 in the mouse blastocyst, the second lineage decision leads to the
establishment of two morphologically distinct populations from the ICM: the HiR¢hw
is the embryonic lineage, and the PrE, which will give rise to an extraembtissue,
the yolk sac endoderm. The PrE forms as a monolayer on the surface of the ICM direct
facing the blastocoele, while the EPI lies between the PrE and the TE.

The establishment and segregation of the two lineages within the ICM have been
understood only recently. Traditionally, it has been thought that ICM cells o&tlye e
blastocyst are a homogenous population of bipotential cells each with the ability to
become both EPI and PrE. But recent findings indicate that the early ICM canfisists
heterogeneous population of cells (Fig. 2). Chazaud et al. (Chazaud et al., 2006) found
that lineage-specific markers for the EPI and the PrE are expressed in nepjokg
manner in the ICM of the early blastocyst before morphological segregatiorseftiie
lineages. In this study, Oct4 was expressed at equivalent levels in adld@yiwhile
Nanog and Gata6, the EPI and the PrE-specific transcription factors,xpeessed in a
mutually exclusive manner. Thus, ICM cells expressing Oct4 and Nanog are EPI
precursors while those expressing Oct4 and Gata6 are PrE-precutShirpiecursors).
Moreover, individual labeled ICM cells from the early blastocyst contribatedther
EPI or PrE lineages but rarely to both (Chazaud et al. 2006). The finding that the early
ICM is not homogenous was supported by another study that used single-cell mwycroarr
analysis (Kurimoto et al., 2006) and showed that individual ICM cells of the early

blastocyst have distinct EPI-like or PrE-like gene expression profieselfindings and



the segregation and dispersed localization of Nanog and Gata6 expressimgthells i
ICM suggests that allocation of cells to the EPI and PrE lineages is nohogtlby
any position-specific activity within the ICM, unlike previous thoughts thatfatsl

within the ICM is determined based on their position in the ICM cell cluster.

Old view New view
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Fig. 2. The new understanding of early embryogenesiBuring early blastocyst stage
(E3.5), the ICM is a mosaic of EPI-precursor and XEN-precursor cells thaekotess
Oct4 but later (E4.5), it segregates into the EPI and the PrE.

The identification of genes required for PrE formation has given insight into
mechanisms regulating the initiation and maintenance of EPI/PrE linestgetion. In
the late blastocyst, the homeobox transcription factor Nanog is expresseRi the

(Chambers et al., 2003; Mitsui et al., 2003), and the zinc finger transcription factor

Gatab is expressed in the PrE (Morrisey et al., 1998; Koutsourakis et al., 1999). The



knockout of Nanog in ES cells leads to differentiation to PrE-like cells and siprex

the PrE marker Gata6 (Mitsui et al., 2003). Similarly, overexpression of Gat& in E
cells leads to differentiation into a PrE-like cells and down-regulation ofRhen&rker

Oct4 (Fujikura et al., 2002; Shimosato et al., 2007). Likewise, Gata6 knockout mice are
embryonically lethal at E5.5 — 6.5 due to defects in VE differentiation and subsequent
XEN development (Morrisey et al., 1998; Koutsourakis et al., 1999) and Gata6-null ES
cells fail to undergo VE differentiation in vivo and in vitro (Morrisey et al., 1998% Thi
suggests that Gata6 is required for early XEN, including PrE, as well &&for t
development of both VE and PE. Thus, Nanog and Gata6 appear to be antagonistic, with
Nanog promoting the EPI formation and blocking the PrE formation while Gata6
promoting the PrE lineage and blocking EPI formation. This antagonism may reinforce
EPI and PrE cell fates to promote self-renewal and prevent switching daheseg

lineages.

Similar to Gata6 mutations, the mutations in the transcription factors Hnf4 and
Gata4 also lead to defective development of the VE (Chen et al., 1994; Watt et al.,
2004). Likewise, loss of Grb2 prevents the formation of PrE and expression of Gata6
during the late blastocyst stage because Grb2, which encodes an adaptor protein for
receptor tyrosine kinases, facilitates the sorting of the EPI/ReBdies in the blastocyst

(Cheng et al., 1998; Chazaud et al., 2006; Hamazaki et al., 2006).



Stem cells from mammalian blastocyst lineages

Stem cells from the blastocyst have provided a valuable tool for the genetic
analysis of lineage-promoting factors and have confirmed the central imgpod&
transcription factors in maintaining cell fates.

Permanent cell lines representing the EPI-precursor (called embryemicslls)
and TE (called trophoblast stem cells) have been derived from the mouse blastocyst
(Evans and Kaufmann, 1981; Martin, 1981; Tanaka et al., 1998). But so far, the third
stem cell type that represents all the derivatives of the XEN linedgédimg the ICM-
stage XEN (XEN-precursor) has not been published. In previously describedeXEN c
lines (Fowler et al., 1990; Wewer et al., 1982; Notarianni and Flechon, 2001; Kunath et
al., 2005; Ouhibi et al., 1995) the key XEN-precursor marker Oct4 was not studied or
not expressed. Moreover, insofar as studied, these cell lines contribute predigrtonant
the PE and not to the VE in vivo (Kunath et al., 2005). As will be described in detail in
the forthcoming chapters, our laboratory is the first to isolate the XEN-poe@als
lines as evidenced by their molecular signature (including Oct4 expression),
differentiation potential and repopulation of the PE and VE in chimeras.

The known mouse blastocyst-derived stem cell types use different signaling
pathways to maintain stem cell proliferation, require different trangamifdctor
expression for specifying the stem cell state, and contribute to their cageatgel in
chimeric embryos (Beddington and Robertson, 1989; Tanaka et al., 1998; Kunath et al.,
2005). The properties of the existing stem cell types from the blastoclybewil

described below.



Embryonic stem (ES) cells

ES cells can be derived from the epiblast lineage of the blastocyst (Evans and
Kaufmann, 1981; Martin, 1981). They can be obtained in vitro by culture of ICM cells
of the blastocyst in the presence of the cytokine, leukemia inhibitory factgr(@ukith
et al. 1988) and are often grown on a layer of mouse embryonic fibroblast ‘feetter’ cel
In LIF-supplemented medium, ES cells grow as smooth colonies of rounded cells and
can grow indefinitely as undifferentiated cells that express mdrker®ct4. Upon
removal of LIF, however, they downregulate Oct4, rapidly lose self-ren@apatity
and spontaneously differentiate into a variety of cell types of the body (Cleaanizkr
Smith, 2004). Generation of chimeras by aggregation of ES cells with eigetydatyos
or injection of ES cells into blastocysts revealed that ES cells are panigmit not
totipotent. Although they contribute to all tissues of the fetus including the germline
they fail to contribute efficiently to the TE or XEN lineages (Beddington and rikaing

1989).

Maintaining pluripotency of EScells

Pluripotency refers to the ability of a cell to differentiate into variousstygpe
cells that belongs to all definitive tissues: ectoderm, mesoderm and endoderm.
Understanding the molecular basis of pluripotency and the conditions required to
maintain this state in the early embryo is vital for an understanding of tnéemeance

of pluripotent ES cells in culture (Smith, 2001; Niwa, 2007).
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Maintaining cells in an undifferentiated state requires fine tuning of anateri
network of cellular factors that prevents the cell from entering any of tregehtfation
lineages. As will be discussed later in detail, Oct4 is a crucial deterhaha
pluripotency in ES cells as knockout of this gene leads to the formation of TE-li&ke cell
that are non-pluripotent (Nichols et al., 1998). Besides Oct4, the transcription factors
Nanog and Sox2 have been identified to contribute to the pluripotency of ES cells
(Niwa, 2007; Chambers et al., 2003; Mitsui et al., 2003; Avilion et al., 2003). The
knockout of Nanog leads to conversion of all ICM cells to a PrE phenotype (Mitsui et
al., 2003) and causes loss of pluripotency in ES cells (Chambers et al., 2003; Mitsui et
al., 2003). Sox2 shows an expression pattern similar to Oct4 during early embry®genesi
and its mutation results in early postimplantation lethality with failurgiifi@st growth

(Avilion et al., 2003).

Trophoblast stem (TS) cells

TS cells can be derived from blastocysts or early postimplantation trophioplas
culture in the presence of fibroblast growth factor 4 (Fgf4) plus heparin andyrima
embryo fibroblast-conditioned medium (Tanaka et al., 1998). Under these conditions, TS
cells grow as epithelial colonies. It has also been shown that members of the
transforming growth factor b (TGF-b) family Activin (Erlebacherlgt2004) can
replace the need for conditioned medium in maintaining the undifferentiated &S stat
TS cells can be passaged for many generations without differentiatiampdiut

withdrawal of Fgf4, they will assume more differentiated morphologies agid be
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expressing markers of the differentiated trophoblast (Tanaka et al., 1998[ES ik&lls,
TS cells also retain the capacity to contribute to normal tissues when reietlodte
the early embryo. However, TS cells only contribute to the trophoblast linetthes
placenta and not to the fetus itself (Tanaka et al., 1998).

Permanent cell lines from rat blastocysts (called “rat ES &ell-tells) have
been isolated, which like mouse ES cells show compact morphology, and express
alkaline phosphatase and SSEA1 (Fandrich et al., 2002; Vassilieva et al., 2000).
Although initially thought to be ES-like, further analysis of these cell loyethe Austin
Smith group (Buehr et al., 2003) and in our laboratory (Debeb and Binas, unpublished
results) confirmed that they express the TS cell markers Cdx2 and Eomeisololer
lack Oct4 and other ES cell markers. We now call these cell lines “TE-hkkive have
used them as positive controls when analyzing TS cell genes by RT-P@RB@0nn

Figs. 6B, 12B).

Extraembryonic endoderm (XEN) cells

XEN cells are the third stem cell type that can be derived from the blastocy
(Fowler et al., 1990; Wewer et al., 1982; Notarianni and Flechon, 2001; Kunath et al.,
2005), but appear to represent a stage later than the PrE. XEN cells requredeede
feeder-conditioned medium for growth and exhibit round-epithelial interchangeable
morphologies. Chimeras generated by injection of XEN cells into blasscstystved

exclusive contributions to the extraembryonic yolk sac, although predominantly
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restricted to the parietal and not visceral yolk sac (Kunath et al., 2005; Shintasato e
2007).

Our laboratory has, for the first time, isolated XEN cell lines that have the
features of all XEN derivatives including the XEN-precursor of the ICMs& loell

lines are the basis of these projects and will be discussed in Chapterslll and

The Oct4 gene

Oct4 (also termed Oct3, pou5fl) is a member of the POU transcription factor
family that are able to activate the transcription of genes bearingtoigralements
containing an octameric sequence (ATGCAAAT) called the octamer mdatifnwheir
promoter or enhancer region. The POU domain is a bipartite DNA binding domain
containing the POU homeodomain and the POU specific domain (Herr and Cleary,
1995; Ryan and Rosenfeld, 1997). It encodes a protein of 352 amino acids.

Oct4 was first identified in the extracts of undifferentiated ES and embryonal
carcinoma (EC) cells (Okamoto et al., 1990; Rosner et al., 1990; Scholer et al., 1990a).
This suggests an association of Oct4 with the early stages of mouse embsy@goct4
has also been identified in other mammalian species including human, bovine, and rat
(van Eijk et al., 1999; Takeda et al., 1992; Hurt et al., 2004). There is a strong
conservation in gene sequence and structure in the mammalian Oct4 geeaantue,
sequence comparisons of the promoter/enhancer regions of human and cow Oct4 genes
with that of the mouse ortholog revealed 87% and 82% overall protein sequence identity

and alignment of upstream sequences of human, bovine and mouse promoters revealed
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four conserved regions (CR1 through CR4) (Nordhoff et al., 2001). Moreover, the
mammalian Oct4 gene is organized into five exons and is located in the region of the
major histocompatibility complex (MHC). The Oct4 gene is mapped to chromosome 6 in
humans (Takeda et al., 1992), to chromosome 17 in mouse (Scholer et al., 1990b; Yeom
et al., 1991), to chromosome 20 in rat (Hurt et al., 2004) and to chromosome 23 in

bovine (van Eijk et al., 1999).

Expression of Oct4

Oct4 is expressed in early mouse embryogenesis and in cells with a tdtgote
pluripotent differentiation ability (Rosner et al., 1990; Scholer et al., 1990b; Yeaim e
1996) (Fig. 3). Oct4 mRNA and protein are present in unfertilized oocytes and the
protein is localized to the pronuclei following fertilization (Palmieriletl®94; Rosner
et al., 1990). Embryonic expression of Oct4 gene is activated around the eight-cell stage
when levels of both mRNA and protein increase significantly in the nucleus (Hadtnie
al., 1994; Yeom et al., 1991). There is a high and uniform expression of Oct4 mRNA
and protein in all cells of the embryo through the morula stage (32-64 cells), but the
levels decrease in the outer cells of the morula when they differentiateramthe TE.
In contrast, Oct4 expression is maintained in the ICM of the blastocyst (Okatrat,
1990; Rosner et al., 1990). Following implantation, Oct4 expression is restricted to the
epiblast (also called primitive ectoderm) although it is transierplyessed at high
levels in cells of the primitive endoderm (also called hypoblast) (Palniaki 4994).

Oct4 expression is maintained in the epiblast but, as the primitive endoderm
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differentiates into visceral and parietal endoderm, Oct4 protein levelgetrdns

increase and then decrease to undetectable levels. During gastrulation,fDes4ier
becomes downregulated in the epiblast and by 7.5 dpc is confined exclusively to newly
established primordial germ cells (PGCs), precursors of the garifeta® et al., 1996).
PGCs continue to express Oct4 as they proliferate and migrate to the formitad) ge

ridges of the developing fetus.

Oct4 Upregulation

ICM .
Oocyte=Y 7ygotcl=< 4-Cell 8-Cell =S Morula Epiblast =Y PGCs|
= Morula (EPI-P, XEN-P) e =" | PGCs

l Endoderm
PrE Mesodern
Ectodern

Fig. 3. Oct4 expression pattern in preimplantation and postimplantation
development.Oct4 is expressed at low levels until the 8-cell stage, when the
endogenous oct4 is turned on. Black boxes indicate stages that express Oct4 while white
boxes show little or no Oct4. EPI-P, EPI-precursor; XEN-P, XEN-precurs@spPG
Primordial germ cells; ICM, inner cell mass; TE, trophoectoderm; Pnijtpe
endoderm.

Oct4 is also expressed in undifferentiated ES and EC cell lines that arelderive
from the ICM and epiblast, respectively. Differentiation of ES and EC cdlfsretinoic
acid (RA) or other differentiating agents results in rapid @ownregulation (Scholer et
al. 1990a, 1990b; Minucci et al., 1996). Oct4 gene expression has also been detected at
low or undefined levels in adult-derived somatic stem cells (Jiang et al., 200BaMt

al., 2006) and in tumors (Palumbo et al., 2002; Ezeh et al., 2005; Monk and Holding,

2001; Suo et al., 2005).
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Role of Oct4 in pluripotency and development

The remarkable expression patterns of Oct4 during early embryonic development
and in undifferentiated ES and EC cell lines suggest an important role of Oct4 in
maintaining stem cell pluripotency. This importance has been demonstratedeby g
targeting experiments where Oct4-deficient knock-out embryos developed to the
blastocyst stage, but failed to make the ICM and were comprised solely of the
trophoectoderm (Nichols et al., 1998). Moreover, the experimental reduction of Oct4
levels in ES cells causes the cells to lose pluripotency, and they diffexentca
trophectoderm in culture (Hay et al., 2004; Niwa et al., 2000; Kim et al., 2002). The
Oct4 gene controls the pluripotency of stem cells in a quantitative or dosage-dependent
manner. This was elegantly demonstrated in ES cells by Niwa et al. @ilala 2000)
using an inducible Oct4 expression coupled to homologous recombination of the
endogenous Oct4 gene. In this study, a 50% decrease in expression of the endogenous
Oct4 levels triggered trophoectodermal differentiation, whereas a 50% maneesged
upregulation of primitive endoderm and mesoderm markers. This confirms the findings
of Palmieri et al. (Palmieri et al., 1994) who described Oct4 protein expression & appe
higher in the newly forming primitive endoderm than that seen in the ICM population of
murine blastocysts. In accord with this, a recent finding showed that a transrease
of Oct4 is involved in cardiac specification of the epiblast (Zeineddine et al., 2006).

The dose dependent effect of Oct4 was also observed to dictate the oncogenic
potential of ES cells (Gidekel et al., 2003); high levels increase the malignantiglot

of ES cell-derived tumors while Oct4 inactivation induced regression of thgrmaati
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component (Gidekel et al., 2003). This suggests that Oct4 plays a significanttrae i
malignant behavior of ES cells. Moreover, ectopic expression of Oct4 resulted in
dysplastic growths in epithelial tissues by inhibiting cellular déifiation in a manner
similar to that in ES cells (Hochedlinger et al., 2005).

In addition to its role in the maintenance of pluripotency of stem cells, Oct4 was
also found to be important in keeping the viability of the mammalian germline (kethle
al., 2004). Using conditional gene targeting, primordial germ cells lacking Oct4
expression have been shown to undergo apoptosis rather than differentiation to TE.
Moreover, Oct4 was found to be crucial in inducing pluripotency in a recent outstanding
study by Yamanaka and Takahashi (Yamanaka and Takahashi, 2006) who engineered
ES-like cells from normal mouse skin cells. In this study, the researcheduiced four
gene-transcription factors (Oct4, Sox2, Klf4 and c-myc) into fibroblast cédjsating
from mouse skin, and specifically selected those cells that, in response tfathess
expressed genes indicative of a pluripotent state. If this method can be tdaitslate
humans, patient-specific stem cells could be made without the use of donated eggs or
embryos (Yamanaka and Takahashi, 2006; Yamanaka, 2007). This remarkable work was

validated by other teams (Okita et al., 2007; Maherali et al., 2007; Wernig et al., 2007).

Role of Oct4 in transcription
Oct4 activates and represses transcription of different target. gdreegenes
encoding fibroblast growth factor 4 (Fgf4), the Osteopontin adhesion molecule,(OPN)

and the acidic zinc finger gene Rex1 provide models of Oct4-dependent positive
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regulation while the repression of Cdx2 and HCG a and b genes are examples of a
negative regulation.

Fgf4 is expressed in the ICM and is essential for the survival of postimplantation
mouse embryos (Feldman et al., 1995). Fgf4 is a stem cell-specific growth &actor
has an enhancer element located within the 3'-untranslated region (UTR) afi¢he ge
which is responsible for its stem cell-specific expression (Curatola asitid®, 1990).

This enhancer contains an octamer motif adjacent to a binding site to which Oct4 and
Sox2 bind cooperatively to activate transcription synergistically (aah, 1995). In

the absence of Sox2, Oct4 is not sufficient for Fgf4 enhancer activity. Targeting of the
Oct4 gene demonstrated that Oct4-null embryos either do not express or have a reduced
expression of Fgf4 (Nichols et al., 1998). Stimulation by Fgf4 increases the famroéti
diploid trophoblastic cells from outgrowths of Oct4-null embryos in culture. Thistresul
confirms the notion that Fgf4 acts as a paracrine factor, sustaining theratiolifef
trophoblast cells (Tanaka et al., 1998). Addition of Fgf4 to the culture medium, however,
does not rescue the lethality of the Oct4 deficient embryos suggesting themesquir

for expression of other genes (like Sox2) transactivated by Oct4.

The OPN gene, which encodes an extracellular matrix component involved in
cellular migration, is weakly expressed in the ICM and ES cells and is upesurat
primitive endodermal cells prior to their differentiation to parietal or vedaardodermal
cells (Botquin et al., 1998; Palmieri et al., 1994). Botquin et al. (Botquin et al., 1998)
found that retinoic acid treatment of F9 EC cells, which are usually used as ldanode

differentiation of the primitive endoderm, results in a transient increaSetdf



18

paralleled by an increased expression of OPN. A search for Oct4 potential lsielsng
within the cis-regulatory sequences of the OPN gene identified a novel paliadr
sequence named palindromic-oct-regulatory-element (PORE) within shenfnon of
OPN. This sequence contains an ATGCAAAT octamer motif and an invertedtbalf-si
CAAAT, separated by two nucleotides to which Oct4 binds in vivo as a monomer and a
homodimer (Botquin et al., 1998).

The Rex1 gene is a developmentally regulated acidic zinc finger genrdZyfp
and a well recognized marker for the pluripotent state of both ES cells andI€C cel
(Rogers et al., 1991). Both EC and ES cells can be induced to differentiate into primitive
endoderm-like cells by treatment with retinoic acid with the downregulation of
pluripotency markers such as Rex1 (Rogers et al., 1991; Ben-Shushan et al., 1998). The
Rex1 promoter contains an octamer motif (ATTTGCAT) at position -220 that is réquire
for its activity in undifferentiated F9 cells and is involved in RA-mediated
downregulation (Hosler et al., 1993; Rogers et al., 1991). This octamer motif is a binding
site for octamer transcription factor members of the POU domain faniiNéf
binding proteins such as Oct4. Subsequent analysis has demonstrated that Oct4 can
regulate the activity of Rex1 promoter through this octamer motif in a dose dependent
manner (Ben-Shushan et al., 1998). In addition to the octamer motif, a positive
regulatory element, which is located immediately 5’ of the octamer mets icentified
in the Rex1 promoter. Mutations in this element severely compromised the adftivity
the Rex1 promoter in F9 cells suggesting that this element plays a key role in the

activation of Rex1 gene transcription (Ben-Shushan et al., 1998). Recently, Nanog (a
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homeodomain protein known for its role in maintaining pluripotency) was found to be a
transcription activator for the Rex1 promoter (Shi et al., 2006). The knockdown of
Nanog in ES cells resulted in a reduction of Rex1 expression, whereas forcesiexpre
of Nanog in P19 EC cells stimulated Rex1 expression. Serial deletion studiesimappe
the Nanog-responsive element between -187 and -286 of the Rex1 promoter.
Furthermore, Sox2, not Oct4, appeared to cooperate with Nanog in upregulating Rex1
although both Oct4 and Sox2 can tranactivate Rex1 promoter (Shi et al., 2006).

Oct4 also functions as a repressor of some specific target genes. ipiegxa
Oct4 represses the caudal-related homeobox transcription factor Cdx2, which is
expressed in the TE lineage in the early stage embryos (Niwa et al., 2000pfSit al.,
2005). Cdx2 becomes expressed when Oct4 expression is suppressed (Niwa et al., 2000),
and Oct4 expression becomes suppressed when Cdx2 is force-expressed (Niwa et al.,
2005) in ES cells. In both cases, the result is a phenotypic change towards the TE
lineage. Conversely, genetic lack of Cdx2 prevents downregulation of Oct4, and the TE
lineage can not form (Strumpf et al., 2005; Niwa et al., 2005). Likewise, the murine Oct4
has been found to silence transcription of both human HCG a and b genes required for
implantation and the maintenance of pregnancy (Liu and Roberts, 1996; Liu et al.,
1997). Both HCG subunits are first expressed as trophectoderm begins to difierentiat
when the Oct4 gene is normally downregulated. This suggests that their expressi

normally repressed by Oct4, and become activated as Oct4 is downregulated.
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Regulation of Oct4 gene expression

The regulatory control of the Oct4 expression has been studied extensively in
stem cells and in developing embryos because the specific expression of Qw4 duri
early mouse development is required for the maintenance of pluripotent cells.
Transgenic analysis of Oct4 expression in the developing mouse embryo wex @airi
using a LacZ reporter gene linked to various regions of Oct4 upstream seqiawas (
et al., 1996). An 18-kb genomic fragment was found to correctly reproduce the
endogenous pattern of Oct4 expression in both preimplantation and postimplantation
embryos. Deletion analysis demonstrated that Oct4 gene expression is deperadent
least three upstream cis-regulatory regions: the minimal/proximal peontiod
proximal enhancer and the distal enhancer, based on their position with respect to the

transcription initiation site (Fig. 4) (Yeom et al., 1996).

Distal Proximal Proximal
enhancer enhancer promoter OCT4 R
A A
(] (] ~——Jl H—E-
Site 2A 1A 1B 1 2 3 4 5

Fig. 4. Genomic structure of the Oct4ene known regulatory elementsThe gene is
divided into five exons, depicted as black boxes. The identified upstream regulatory
regions include the proximal promoter, proximal enhancer and distal enhancer.

The Oct4 proximal promoter, located within the first 250 bp of the transcription
initiation sites, is a TATA-less promoter containing a cluster of ovemgppinding sites

recognized by specific DNA binding proteins. Among these is a GC box represgnting

high-affinity site for Sp1/Sp3 transcription factors that mediate Octdmairpromoter
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activity (Sylvester and Scholer, 1994; Okazawa et al., 1991). Mutation of the GC box in
the Oct4 promoter abolishes expression in both ES and EC cells (Minucci et al., 1996).

The proximal enhancer, located 1.2 kb upstream of the transcription start site, is
known to mediate P19 EC cell-specific expression and RA-induced Oct4
downregulation (Okazawa et al., 1991). In the developing embryo, the activity of this
enhancer is limited to the epiblast (Yeom et al., 1996). In undifferentiatedtCeiks
preimplantation embryo, in ES cells and in F9 EC cells, the activity of the pabxim
enhancer is very low (Yeom et al., 1996; Minucci et al., 1996). The enhancer contains a
cis-acting element which responds to RA repression, although it does not encompass a
recognizable RA receptor binding site (Okazawa et al., 1991). This eleamebéc
subdivided into two sites (1A and 1B) (Fig. 4). Both sites bind distinct factors in vitro
(Okazawa et al., 1991), but only site 1A is occupied in vivo in undifferentiated ES and
EC cells (Minucci et al., 1996). This site is GC-rich and related to the consgrisus S
binding site in the promoter (Minucci et al., 1996).

The distal enhancer, located ~2 kb upstream of transcription start sites, is active
in undifferentiated cells of the preimplantation embryo and, later in developisiafgo
responsible for the specific expression of Oct4 in PGCs (Yeom et al., 1996). ES and EG
cells also require the distal enhancer for Oct4 expression. Thus, the acttity of
enhancer is restricted to totipotent and pluripotent cell types. Within the distaiaer
is a site 2A, which is similar to, but in the opposite orientation of site 1A of the prioxima
enhancer (Fig. 4). In vivo, genomic foot-printing demonstrated that site 2Ais als

occupied in undifferentiated ES and EC cells (Minucci et al., 1996).
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Rationale

By the late blastocyst stage, the mammalian conceptus consists of three
fundamental tissue lineages: the placental trophoblast that is derived from the TE, t
fetus proper that is derived from the EPI, and the yolk sac endoderm that is derived from
the PrE. During the first embryonic lineage choice, the outer cells of thenaléan
morula become committed towards the TE lineage. The remaining cells, ballkziM,
give rise to the EPI and PrE cells (the second embryonic lineage choice)l&tgthe
blastocyst stage. It has previously been thought that the ICM cells of hélaatocyst
are homogenous population of bipotential cells each with the ability to become both EPI
and PrE. But, recently it was discovered that the ICM is heterogeneous and @nsists
two closely related, anatomically indistinguishable groups of cellcdhenitted EPI-
precursor and the committed XEN-precursor cells (Chazaud et al., 2006; Kurirabto et
2006). The committed EPI-precursor gives rise to the embryo proper while the
committed XEN-precursor gives rise to the yolk sac endoderm, a tissue {fsaapla
major role in thewutritive support of the embryo and is required for sevedaictive
events, such as anterior patterning and blood istanthtion (Jollie, 1990; Baron, 2003;
Rossant, 2007).

Cell lines from early embryonic lineage precursors are powerful tootedor
study and manipulation of development and differentiation (Rossant, 2007). These
resulting insights, as well as the stem cell lines themselves, plaasiegly important
roles in regenerative medicine, reproduction, and cancer research. Peroedirigms

that represent the EPI-precursor (called ES cells) and the TE lineligé (¢ cells)
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have been established and characterized (Evans and Kaufman, 1981; Martin, 1981,
Tanaka et al., 1998). However, cell lines from the third stem cell type thatesps the
ICM-stage XEN (XEN-precursor) lineage has not been described. Mouse XHNes
published recently (Kunath et al., 2005) do not express Oct4 and are biased towards the
PE in vivo, and thus do not represent the XEN-precursor. Our laboratory has isolated
cell lines from rat blastocysts that have XEN morphology, and preliminsuitse
showed these lines stably express Oct4, a key ICM marker.

The hypothesis of our investigation was that these rat XEN cells egptase
XEN-precursor of the ICM. In the first chapter, we offer compelling evidénat our
rat XEN cells stably and reproducibly maintain the molecular signatuhe ¢€CtM-stage
XEN-precursor (Oct4+ Gata6+ SSEA1+Nanog- Cdx2- Sox2-), incorporateheniCM
and show the full XEN-precursor differentiation potential in vitro and in vivo. In the
second chapter, we investigated the regulation of Oct4 gene expression in BN rat X
cells and compared it to the regulation in ES cells. We present data demugsiata
novel enhancer drives Oct4 gene expression in rat XEN cells and that théferestial

regulation in these cells and mouse ES cells.
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CHAPTER Il

LINEAGE MARKER EXPRESSION IN RAT YOLK SAC ENDODERM STEM

CELL LINES

Overview

The ICM of mammalian embryos consists of two intermingled, short livéd cel
types: epiblast (EPI)-precursor and extraembryonic endoderm (XEN)-poeclnr vitro
the EPI-precursor cells are represented by the well-studied E®uedsll lines
representing the XEN-precursor stage remain elusive. Our laboratory éasyrec
isolated rat XEN cell lines that we hypothesize represent the XEN-pog@iage since
they express Oct4. The data presented here provide strong evidence for our lsypsthes
our rat XEN cell lines exhibited the molecular signature (Oct4+Gata6+Nadrg-)
and differentiation potential (primitive/visceral and parietal XEN) etquefrom the
XEN-precursor cells. These findings establish the XEN-precursoredsraisewable

entity and provide a model of early XEN differentiation.

Introduction

Cell lines isolated from mammalian preimplantation-stage embryos playplesy
in the study of embryogenesis, differentiation, and cellular reprogrammanly tiaat is
considered important for regenerative medicine, reproduction, cancer hesedrc

species conservation. Known blastocyst-derived stem cell lines include & fsglhs
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and Kaufmann, 1981; Martin, 1981), TS cells (Tanaka et al., 1998), XEN stem cells
(Kunath et al., 2005), and some less-defined rat blastocyst stem cellethabdee
extraembryonic (Buehr et al., 2003; Fandrich et al., 2002). Transplantation and
expression profiling experiments revealed that the ICM of early mouse/@sribmot
homogeneous as previously thought, but consists of two closely related, anatomically
indistinguishable groups of cells (Chazaud et al., 2006; Kurimoto et al., 2006): (i) the
committed epiblast precursor (EPI-precursor) that gives rise to traeeiryonic
mesoderm and the embryo proper; (i) the committed extraembryonic endoderm
precursor (XEN-precursor) that gives rise to the yolk sac endoderm. Tkhsayol
provides essential roles in nutrition, axial patterning, and hematopoiesis, (J8&
Baron, 2003; Rossant, 2007).

The well-known mouse ES cell lines (Evans and Kauffman, 1981; Martin, 1981) are
now thought to be the in vitro correlate of the EPI-precursor (Chazaud et al., 2006). By
contrast, cell lines analogously representing the XEN-precursor havet heteye
described, and therefore the nature of the XEN-precursor and its relationship to EPI
P/ES cells are poorly understood. The presently known XEN cell lines (Kunath et al
2005) cannot efficiently contribute to the visceral yolk sac lineage and seetmliat e
none of the features that collectively define the ICM stage (i.e. botpreBursor and
XEN-precursor), most noticeably expression of the pluripotency marker Octdaihaz
et al., 2006; Kurimoto et al., 2006). It has, however, been observed that mouse ES cells
carrying a null mutation of the Nanog gene become committed to the XEN liwbége

maintaining the ability to proliferate and express the gene encoding Odstii(ktial.,
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2003), a key transcription factor whose mRNA and protein is expressed in all ¢abs of
ICM (Chazaud et al., 2006; Kurimoto et al., 2006). This suggests that just like their EPI-
precursor siblings, XEN-precursor cells can exist as a distinct,esedfming entity in

vitro. Here, we present wild-type rat blastocyst-derived cell lines that steolnéeage

marker profile and differentiation potential expected from the XEN-precuedsr ¢

Materials and methods
Derivation and maintenance of XEN cell lines

Derivation of cell lines was performed by Dr. B.Binas (except for CX5- that w
isolated by J.Epple-Farmer). Primary mouse and rat embryo fibroblastd=g~ané
PREFs) were derived by standard methods (Nagy et al., 2002). D3 mouse ES cells
(Doetschman et al., 1985) were maintained on mitomycin-treated PMEFs in thegeres
of 1000 u/ml LIF. For the derivation of rat XEN cell lines, 4.5 days-post-coitum (dpc)
blastocysts were plated into Nunc 4-well dishes onto mitomycipgitl)-treated
embryo feeders in DMEM (with glutamine and sodium pyruvate) containing 15% fetal
calf serum (ES-qualified) and 1,000 u/ml LIF af@and 5% C@ Lines CX1 (rat strain
WKY), CX2 (strain BDIX), and CX5 (WKY) were derived, respectively, on PREF,
PMEF, and Lil, a permanent rat fibroblast feeder cell line that was obtained by
spontaneous immortalization of PREFs from a day-11 rat embryo (strain SByuinZa
weeks after plating, the blastocyst outgrowths had completely convertedaito X
which was mechanically transferred into a new well. The rat XEN cell \iees

maintained in the same medium used for derivation, and transferred every 2-3 days by
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trypsinization (0.25% trypsin-EDTA) onto mitomycin-treated Lil cells (~50]000
cells/cnf). After derivation, the cells have been growing permanently without slowing
down for >50 passages and the experiments described here were mostly performed
between passages 30 and 40. For the derivation of mouse XEN cell lines, 3.5 dpc
blastocysts from NMRI strain (CX3, CX4) and strain BalbcxB6 F1 (CX6) wextegbl

onto mitomycin-treated PMEFs in DMEM containing 15% serum. The mouse XEN cell
lines were then routinely maintained on PMEFs by trypsinization. In alliexpeats

mouse ES cells (line D3) were used for comparison because rat ES cells hgate not

been derived.

RNA extraction, reverse transcription and RT-PCR

Total RNA was extracted from whole culture cells using TRIZOL (Ingién)
following the manufactureriastructions and the concentration was measured using a
NanoDrop spectrophotometer (NanoDrop Technolo@igsnington, DE). The RNA
was then subjected DNasel treatment using a DNA-free kit (Ambion, Austin, TX) at
37°C for 30 minutes to remoamy contaminating genomic DNA. 2 ug of total RNA
was used for reverse transcription (RT) reaction. To extract RNA framsamples,
the RNeasy microkit (Qiagen, Valencia, CA) that included DNase treataasnised.
From these samples, half of the eluted RNA (~6ul) was used for th&HeTRT
reaction was performed with random hexamers using the first strand cDN#esignt
Superscript Il kit (Invitrogenin a total volume of 20 ul according to the procedure

provided by the manufacturer. After the RT reaction, the enmyasealenatured at 70°C
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for 15 minutes. "No- RT" control (RNA) was also made from each sample to cohérm t
absencef contaminating genomic DNA.

Equal amounts of the cDNA samples were subjected to PCR amplification in a
25 ul reaction volume using 2.5 units of Tag DNA polymerase, 10x PCR buffer, 2.5 mM
MgCl,, 200 uM dNTP, 0.2 uM gene-specific forward, and 0.2 uM reverse PCR primers.
Primers were designed using the Primer3 software of the Whiteheadténstit
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). In order to afgghe
genes with equal efficiency from the rat and mouse cell lines, we dlibresequences
for each gene and designed dual-specific primers from the homologous regions. Hprt
was used as an internal control. By using species-specific Hprt primedsstiraguish
mouse and rat, we excluded cross contaminations between the rat and mouse lines. The
sequences of each specific primer set, including their product size andatcess
numbers are listed in Table 1. Cycle conditions for the PCR were as follows: 94°C for
minute; 25-35 cycles of 94°C for 30 secoreds,C for 30 seconds and 72°C for 1
minute; 72°C for 5 minutes. The PCR products were visualized on a 1.5% agarose gel

containing ethidium bromide.
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Real-time PCR was performed in duplicate in a volume of 25 pl (containing 5 pl of
10x-diluted cDNA template, 1 pl (10 um) of each primer, 0.5 pl Rox dye and 12.5 pl of
SYBR Green PCR supermix (Invitrogen). The products were detected witlBthe A
Prism 7700 sequence detection system (Applied Biosystems). Fluorescence was
guantified as a Ct value with Oct4 gene expression levels calibrated usirasHor
internal control. The differences between the mean Ct values of the gene of interest
(Oct4) and the housekeeping gene (Hprt) were denoted (delta-Ct) and thendéfer
between delta-Ct and the Ct value of the calibrator sample (ES cellsglveted delta-
delta-Ct. The log(delta-delta-Ct) gave the relative quantitation value of the Oct4 gene
expression with ES cell expression designated as one. The gyahdigjons were as
follows: 50°C for 2 min; 95°C for 10 min; 40 cycles at 94°C for 15 sec, 60°C for 30 sec ,
and 72°C for 30 seconds. Control wells containing SYBR Green PCR master mix and

primers without sample cDNA emitted no fluorescence after 40 cycles.



Table 1. List of primers used in this study

Primers (523’) Product Gene Bank Accession No.
Gene Forward Reverse size Mouse Rat
Oct4 NM_013633 XM_228354
Mouse-specific ggcgttctctttggaaaggtgttc  actcgaaccacdbtctt 314
Rat-specific ggtggaggaagctgacaacaac ggcaatgctagtgatctgctgc 172
Dual-specific gagggatggcatactgtggac  ggtgtaccccaaggtgatcc 272
Nanog tatcccagcatccattgcag gtcctccccgaagttatggag 252 AB126939 AB162852
Sox2 ccaagacgctcatgaagaagg  ctgatcatgtcccggaggtc 478 NM_011443  XM_574919
Fgfd tctactgcaacgtgggcatc tggtccgceccgttcttac 285 NM_010202 NM_053809
Rex1 tggagtacatgacaaaggggagcagccatcaaaaggacacac 509 NM_009556  XM_224882
Gata6 gccgggagcaccagtaca gtgacagttggcacaggacag 419 AF179425 NM_019185
Hnfdo gtgctgctcctaggcaatgac cttgacgatggtggtgatgg 651 NM_008261 NM_022180
FoxA2 agccccaacaagatgctgac tggttgaaggcgtaatggtg 602 NM_010446  NM_012743
Ihh cctgtcagctgtaaagccagg ggagcataggacccaaggg 336 NM_010544 AF175209
LamininB actacaccacgggccacaac gcccaggtaattgcagacacac 440 NM_008482  XM_216679
Dab2 ccacaggacaacctgcagtc gccacagatgtggtaggacac 325 BC016887 NM_024159
Sparc attgcaaacatggcaaggtg gccagtggacagggaagatg 474 NM_009242  NM_012656
Cdx2 gcgaggactggaatggctac tccttggctctgeggtte 499 NM_007673  NM_023963
Eomesodermin cggcaaagcggacaataac gttgtcccggaagcctttg 361 NM_010136 AY457971
Placental lactogen  ctgcttccatccatactccaga gacaactcorEagat 410 XM_225307 NM_172156
Hprt NM_013556 NM_012583
Mouse-specific  gcttgctggtgaaaaggacctct ggaaatcgagagctogigact 584
Rat-specific gcttgctggtgaaaaggacctct  ccacaggactagamtgtttc 251
Dual-specific cagtcccagcgtcgtgattag atccagcaggtcagcaaagaac 229

o€
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Northern blot

Northern blotting was performed using established procedures without significant
modifications (Sambrook and Russell, 2001). Total RNA was isolated with TRIZOL
(Invitrogen), and 5ug per lane were electrophoresed. The gels were blotted onto Hybond
(Amersham) membranes, and hybridizations were performed using probesithat
produced by RT-PCR and labeled witR-dCTP by the random priming procedure.
The sources of the probe cDNAs were ES cells (Nanog) or rat XEN celb65(&ad
Oct4), using the primers indicated in Table 1 for Nanog and Gata6 or primer pair
ggagggatggcatactgtgg and accagggtctccgatttge for Oct4. rRNA was used ¢oegpusur

loading of RNA samples.

Western blot

Protein extraction and western blotting were carried odéssribed in
Sambrook and Russel (2001). Cells were trypsinized, centrifuged, suspended in PBS and
pelleted by centrifugation. Pellets were then resuspended in 10% SDS, and boiled at
95°C for 10 min. Protein concentration was determined using the BCA kit (Pierce) and
equal amounts of protein samples (50ug/lane) were separated through 10%
polyacrylamide by SDS-polyacrylamide gel electrophoresis. The @kquilibrated in
transfer buffer and electroblotted onto nitrocellulose filters (Biorad) farat 850mA or
overnight at 90mA. The membranes were then blocked with TBS/Tween/5% milk
powder for 1 hr at room temperature. They were then incubated for 2 hrs at room

temperature with a monoclonal anti-oct4 antibody (Santa Cruz) at a dilution of 1:200.
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After washing the membranes 3x (each 5min) with TBST, they were incubatethfor
with alkaline phosphatase-conjugated goat anti-mouse secondary antiboadyG&emt
diluted at 1:1000. After 3x washing with TBST, the blots were developed using the

Western Blue substrate (Promega).

I mmunocytochemistry

Cells were seeded into Nunc 4-well plates at regular passaging densitgver a
density (100 cells/well). At the time point of interest, immunocytochemgis/
performed at room temperature. The wells were washed twice with PB&irfiXéo
paraformaldehyde (10-15 minutes) and rinsed 3x with PBS. For intracellulgerati
(Oct4, Gatab), the cells were then permeabilized with 0.2% Triton X-100 in PBS (15-20
minutes) and rinsed 3x with PBS. Cells were blocked with 5% goat serum (Santa Cruz
in PBS (1 hr), incubated with primary antibodies overnight, rinsed 3x with 1% goat
serum, and incubated with the secondary antibody conjugated to either FITC, TR or
TRITC for 1 hr in the dark. For dual-color immunofluorescence, species-specific
secondary antibodies conjugated with FITC or TR was used. After secondapdgnti
incubation, the cells were washed 3x with 1% goat serum, incubated mgfimiof
Hoechst dye in PBS, and photographed under epifluorescence. The antibodies and their

dilutions are listed in Table 2.
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Table 2. List of antibodies used in this study

Antigen Primary antibody Secondary antibody and dilution*

and dilution*
Oct4 SC-5279; 1:100 Goat anti-mouse IgG-FITC, 1:200, SC-3699
Oct4 SC-9081, 1:200 Goat anti-rabbit IgG-TR, 1:300, SC-3842
Gata6 SC- 9055, 1:200 Goat anti-rabbit IgG-TR, 1:300, SC-3842
SSEA-1 DSHB MC-480, 1:500 Goat anti-mouse IgG-FITC, 1:200, SC-3699
SSEA-3 DSHB MC-631, 1:100 Goat anti-mouse 1gG-TRITC, 1:100, Invitrogen
Laminin B2 DSHB D18, 1:400 81GEcsfaéilnti-mouse IgG-FITC, 1:200, SC-3699
Collagen IV DSHB M3F7, 1:200 Goat anti-mouse IgG-FITC, 1:200, SC-3699

* SC, Santa Cruz Biotechnology; DHSB, DevelopmeBtaldies Hybridoma Bank, University of lowa.

Alkaline phosphatase stain

Alkaline phosphatase staining was performed as described (Nagy et al., 2002).
Briefly, cells were grown overnight in 4-well plates, were fixed in 4%/foamaldehyde
for 15 min and then were washed three times with PBS. About 300ul of alkaline
phosphatase staining solution, consisting final concentrations of 25mM Tristenglea
9.0), 0.4mg/mb-naphtyl phosphate, 1mg/ml Fast-Red TR salt, and 8mM Mg@is
added to each well and incubated for 30 min to 1 hr at room temperature. After removing

the solution the cells were washed with PBS and photographed with IPX70 microscopy

Vector production and GFP labeling of rat XEN lines

Recombinant lentivirus vector and packaging constructs were generously
provided from Dr. David Baltimore (Caltech). The vector construct consistauwhan
immunodeficiency virus (HIV)-based self-inactivating (SIN) replicatdefective

lentivirus transfer vector, pFUGW, expressing a green fluorescent prGtei) feporter
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gene driven by the human ubiquitin-C promoter (Lois et al., 2002). The helper plasmid
constructs are the packaging plasmid, pCiR8.91, and the envelope plasmid, pMD.G
encoding VSV-G. For virus production, 293T cells were seeded at 20etl per 100-

mm dish the day before transfection, and each dish was co-transfected with 10 pg of
pFUGW, 10 pug of pCMX¥XR8.91 and 6ug VSV-G plasmid using lipofectamine 2000
(Invitrogen) following manufacturer’s instructions. After 24 hrs of incubations eadire
gently washed 2x with serum-free media. The cells were then incubated wlith me
containing serum. The culture supernatants containing virus particles wesstbdr24

hrs later, centrifuged at 500 g for 5 min to remove cell debris and filtered through a
0.45uM pore-size filter. The supernatant was concentrated using Centric@0Plus-
ultrafiltration device (Millipore, Bedford, MA) according to the manufaatsre
instructions. The concentrated virus was stored at -80°C. The titers of vector stoeks w
determined by serial dilutions on 293T cells.

For transduction, rat XEN cells were seeded in 4-well plates (Nunc) atitydens
of 5 x1 cells per well and incubated overnight. The media was changed 2 hrs before
transduction. Transductions were carried out in the presence of 8 ug of Polybrene
(Sigma) per ml of media at MOI of 1. After incubation at 37°C for 24 hrs, the
transduction medium was replaced with fresh DMEM containing serum. The pegentag
of cells exhibiting GFP fluorescence was quantified using fluorescencescope. The

cells were then expanded and sorted for GFP before injections.
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Microinjection experiments

These experiments were done in the laboratory of our collaborators, Drs.
lannaccone and Galat, at Northwestern University, Chicago. All cetts mvanipulated
in cell culture media mixed with an equal volume of M2 and kept on ice before injection.
Micromanipulations were performed with a Leica system essentiatlgssibed
(Stewart, 1993; lannaccone and Galat, 2002). For the in vitro experiments, 1-3 rat XEN
cells were injected into rat or mouse blastocysts or morulae, or the cedlaggregated
with, or sandwiched between, rat morulae freed from the zona pellucida by acid Tyrode
solution (Sigma). Groups of 3-10 embryos were then cultured jut-8fbps of KSOM
(Specialty Media) under pre-equilibrated mineral oil (Sigma) for 24-4at8% C in
5% CO2. For the in vivo experiments, 3-5 rat XEN cells were injected per blsistocy
followed by transfer into the uteri of pseudo-pregnant females, and the conseptuse
recovered and dissected at 6.5-10.5 dpc. After in vitro culture or in vivo development,
the injected GFP-labeled rat XEN cells or their offspring were locatdéididrescence
microscopy and confocal images acquired using a Zeiss LSM 510 META Lase

Scanning Microscope System (Thornmood, NY).

Results

Cultured rat XEN cells express Oct4. When rat blastocysts were explanted on
mitotically inactivated primary embryo fibroblast feeders, smooth, conguagtowths
grew rapidly and morphologically resembled ES cell colonies. The expressbmtdof

MRNA was followed in the resulting outgrowths by RT-PCR. Oct4 mRNA wasnost i
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the outgrowths within 6 days, but after ~10 days, the outgrowths stopped enladjing a
abruptly converted into cells with the characteristic XEN morphology and
simultaneously started re-expressing Oct4 mRNA at a level comparabléito tha

blastocysts (Fig. 5).

Days after blastocyst explantation

0 4 53 1 8 1113w

HPRT, .7~ Y —1 ghr—
Oct4*_'ﬂmw-‘-'¢‘--- - e ..

Fig. 5. Loss and re-emergence of Oct4 expression in rat blastocyst outgrowths.
Individual outgrowths were analyzed at the indicated culture days by RT-PCRtibr
(rat-specific primer pair) and hprt (housekeeping gene). Day 0= blastdbgst.
outgrowths showed compact, ICM-like morphology before day 10, but XEN
morphology thereafter. W, water control. (Contributed by Dr. B. Binas)

Intrigued by the expression of the ICM marker Oct4 which was not studied in
previously isolated rat XEN cell lines (Notarianni and Flechon, 2001; Oubhibi et al.,
1995) and is absent from mouse XEN cell lines (Kunath et al., 2005), three rat XEN cell
lines were established (CX1, CX5 - strain WKY; CX2 —strain BDIX). For coisqa,
three mouse XEN lines (CX3, CX4 - strain NMRI; CX6 — strain BalbcxB6 F1) were
isolated; all strains were randomly selected.

All rat XEN lines and the mouse ES cells, but neither the mouse XEN lines nor
rat TE-like cells expressed Oct4 mRNA. Despite this, all XEN cell khesved the
characteristic XEN morphology (Fig. 6A) and expressed the parietal endotsekmars,

laminin B and Sparc (Fig. 6B). However, the rat XEN cells expressed higherdévels

the pan-XEN marker Gata6 and of the VE markers, Dab2 and Foxa2. Also, rat XEN and
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mouse ES cells, but not mouse XEN cells, expressed the TE marker Eomesodermin and
ICM/ES marker Rex1. However, the TE markers Cdx2 and placental lactogeheand t
ES markers Nanog, Fgf4, and Sox2 were absent from the rat XEN cells (Fig. 6B)

Since Oct4 gene expression in XEN cells has not been reported before and is the
central finding underlying our study, we validated this result with severgdemdient
methods. Using dual-specific (rat=mouse) primers, we compared the Oct4 teRN
of whole cultures and arbitrarily picked microsamples (<500 cells) with nt68s=lls
(=100%) by gRT-PCR. Normalized to HPRT mRNA, the Oct4 mRNA contents ranged
from 30-84% in whole cultures and from 19-210% in microsamples (Table 3).
Importantly, Table 3 also shows that high oct4 mRNA expression is not limited to one
XEN cell line or rat strain, since independently derived XEN cell lines froraahnee
strain (CX5, strain WKY) and another arbitrarily chosen rat strain (CX2XB&lko

expressed oct4 mRNA at significant levels.
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Fig. 6. Cultured rat XEN cells express ICM and XEN markers(A) Phase contrast
photo showing characteristic morphology of rat XEN cells growing on rat embryo
fibroblast feeder. Colonies obtained by low-density plating typically coediaiound,
refractile cells at their fringes and epithelial cells insi@¢.RT-PCR analysis showing
that cultured rat XEN cells exhibit a mixed embryonic lineage markerdgr&fat XEN

cells (lines CX1, CX2, CX5) were compared with mouse XEN cells (lines CX8)GX
mouse ES cell line (D3), a TE-like rat cell line (B10), a rat embryo fibrob&dkline

(Lil) used as feeder for rat XEN cells, and primary mouse embryo fibteljMEF)

used as feeders for mouse XEN and ES cells. Note that line B10 was previously
suspected to be ES-like (Fandrich et al., 2002) but is in fact rather TE-like, as shown i
this figure and in line with findings by Buehr et al. (2003). For Gata6, Foxa2, and Dab2,
two dilutions of the RT reaction were subjected to PCR for semi-quantitative
comparison. See Table 1 for primer sequences.
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Table 3. Quantitative RT-PCR for Oct4 expression in XEN cells

Cells Species  Strain Line Oct4 mRNA enrichment

XEN Rat WKY CX1 A 2.10+0.4% (7)
B0.19+0.05 (3)
0.84/0.30 (2)
©0.62/0.67 (2)

CX5 0.47 (2)
BDIX CX2 0.22+0.£ (4)
Mouse NMRI CX4 0.003+0.001(4)
B6xBalb/c CX6 0.0003(2)
ES Mouse 129 D3 1.0@reference)

(®)Microsamples, ) whole culture samples. Samples (numbers in brackets) were RNA-
extracted, RNA preparations were DNAse-treated and quantified in dugdicatel-

time RT-PCR using dual-specific (mouse=rat) primers; controls withwatge
transcriptase did not yield a product. Data (MeanstSEM) were normalized to hprt
mRNA and expressed as fold of the level in ES cells, i.e. ES cell level islsét 8s

two groups of microsamples with high and moderate oct4 mRNA expression,
respectively. Two experiments labefedrere corrected for feeder RNA; the other
measurements are underestimates.

We then chose the rat XEN cell line CX1 for closer examination of Oct4 gene
expression. Northern blotting showed that the Oct4 mRNAs in rat XEN and mouse ES
cells were of the same length; in agreement with the qRT-PCR, the averAgd&rat
Oct4 mRNA level was somewhat lower than in ES cells (Fig. 7A). The figswe al
confirms that along with Oct4, rat XEN cells express Gata6 and lack Nanaipave
the hallmark expression pattern of the XEN-precursor (Chazaud et al., 2006). lroorder t
examine whether the Oct4 mRNA is translated into a protein, we performestiwest
blotting. Indeed, we found that the rat XEN Oct4 mRNA is translated into a protein of

the same length as in mouse ES cells (Fig. 7B). However, with a dilutios GEES
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cells, we estimated the Oct4 content in the rat XEN cells as ~5% of thdl Eyale

(Fig. 7C), which is lower than one would expect from their average Oct4 mRNA level
(30-80% of ES cells on a whole culture level, Table 3). Because of this discrepancy, w
wondered whether in addition to the regular Oct4 mRNA, a pseudogene-encoded RNA
is expressed by rat XEN cells, as recently seen in human tumors and pluriptiéent c

(Suo et al., 2005; Pain et al., 2005). A BLAST search of the rat genome database
revealed two retrotransposons, one highly homologous and full-length (chromosome 13)
and one moderately homologous and truncated (chromosome X), in addition to the Oct4
gene (chromosome 20). We verified that the oct4 mRNA is not pseudogene-encoded by
using aPstl restriction-length polymorphism (Fig. 7D). Since according to the known rat
genome sequence, the oct4 cDNA and the chromosome 13 pseudogene amplicon differ
by aPstl restriction site, we digested the cDNA product (obtained from a DNAsedrea
RNA sample) in parallel with the putative pseudogene product. As shown in Fig. 7D, the
cDNA and genomic products produced differeaf digestion patterns, exactly as

expected from the Oct4 gene and the chromosome 13 pseudogene, respectively. That is,
digestion of the cDNA product yielded 3 bands consistent with the expectea pédtter

141, 70, and 61 bp, while the genomic product yielded 2 bands consistent with the
expected pattern of 211 and 61 bp. This result established conclusively that the XEN

oct4 mRNA is not encoded by a retrotransposon.
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Fig. 7. Cultured rat XEN cell lines express true Oct4 gen€A) Northern blot analysis

of rat XEN (CX1, different passages), mouse XEN (CX4), mouse ES (D3) cells, MEF
(mouse embryonic fibroblast feeder) and Lil (rat feeder cell line) (ibated by

S.Adhikari). 8) Western blot for Oct4 in rat XEN (CX1), mouse XEN (CX4), mouse

ES (D3) cells, and rat feeder cell line (Li1) using a monoclonal anti-odtzbdgt 50ug

of protein loaded.) Estimate of Oct4 protein content in two independent rat XEN cell
cultures; the indicated amounts of cell protein were loadeyIPgI restriction length
polymorphism showing that the XEN oct4 cDNA amplified by RT-PCR corresponds to
the predicted gene rather than the pseudogene. Dual-specific (rat=nrouses were

used for PCR with cDNA from DNAse-treated rat XEN cell RNA (lane 2, 3) and
genomic XEN cell DNA (lane 4, 5). The amplicons were digestedRgih(cDNA

digest, lane 3; genomic DNA digest, lane 5). Lane 1, molecular weight markepg100-
ladder). The detected bands correspond to the patterns expected from the digdstion of t
oct4 gene (chromosome 20)-derived cDNA product (141, 70, and 61 bp on lane 3) and a
pseudogene (chromosome 13)-derived genomic product (211 and 61 bp on lane 5),
respectively. pgDNA, pseudogene DNA.

Rat XEN cdll lines are heterogeneous. In order to know whether the low Oct4 protein
level resulted from a generally low expression or from heterogeneigy ¥EN cells,

we performed immunocytochemistry. We used line CX1 and found that Oct4 was

expressed at high, ES-like levels in 5-15% of rat XEN cells while the memgaiat XEN
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cells exhibited very low but detectable amounts of Oct4. Mouse ES cells were
homogeneously positive whereas mouse XEN cells were free of Oct4 (Fidn8A
addition, immunocytochemistry for Gata6 confirmed that mouse ES cells wereffr
Gata6 while both mouse XEN cells and rat XEN cells expressed it (Fig. 8B)
Interestingly, many rat XEN cells showed a higher Gata6 level than HA&il¢eells, in
line with the results of the northern blot and RT-PCR. We extended the analysis of
heterogeneity by studying the ICM/ES cell marker SSEA1 (Satigikaowles, 1978),
and the PrE/VE marker SSEA3 (Shevinsky et al., 1982). As expected, a minority
fraction of rat but not mouse XEN cells expressed SSEAL at a proportion comparable
with the Oct4-positive fraction (Fig. 8C). SSEA3 was expressed in the majbray

XEN cells but was missing from the mouse XEN and ES cells (Fig. 8D); tmdinei

with the RT-PCR results that had shown a greater abundance of VE marketbam rat
mouse XEN cells. Similar to Oct4 and SSEAL1, alkaline phosphatase, anothelSCM/E
marker (Hahnel et al., 1990; Strickland and Mahdavi, 1978), was expressed by many
round cells in the rat XEN cultures while it was absent from mouse XEN crgjIS),
confirming heterogeneity. To see whether Oct4 and SSEA1 are reprodugbdgsed

in all rat XEN cell lines, we examined line CX2 for expression of Oct4 and SS&A1 a
line CX5 for SSEAL expression. As shown in Figth@se cell lines also expressed Oct4

and SSEA1 but at lower levels than line CX1.
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Fig. 8. Heterogeneous expression of embryonic marker genes in rat XEN seRat

XEN (line CX1), mouse XEN (line CX4), and mouse ES (line D3) cell lines were
analyzed by indirect immunofluorescence with antibodies specificalbgnezing Oct4

(A), Gata6 B), SSEAL C), or SSEA3D), or they were stained for alkaline phosphatase
activity (E). Controls in which primary antibodies were omitted were negative and are
not shown. Upper rows show immunofluorescence, lower rows show bright field
images.
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Fig. 9. Expression of Oct4 and SSEAL by other rat XEN cell line¢A) Line CX2
expressed Oct4 when analyzed by immunocytochemi8\6s$EAL expression in

Lines CX2 and CX5. Expression in both lines was lower than line CX1 (Compare Fig.

8A, B) Upper row, immunofluorescence; lower row, bright field (original nfagtion
20x).

Heterogeneity of rat XEN cellsisintrinsic. In view of the heterogeneity, we wondered
whether our cultures contain cells that individually express several of themnh#nat

define the ICM-stage XEN-precursor; and whether the culture heterpgessilts from
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differentiation of such cells or is a result of the parallel proliferationroixeof lines
representing different stages. We therefore performed two types ofemalys

In the first approach, we plated the cells at clonal density and studied the
resulting colonies over time by immunocytochemistry for expression o€Citie |
markers Oct4 and SSEA1, the pan-XEN marker Gata6, the PrE/VE marker SSEA3, and
the PE markers laminin B and collagen IV (Strickland et al., 1980; Gardner, 1983).
Strikingly, nearly all colonies consisted initially (2-3 days afteripigtentirely or
almost entirely of round cells that highly co-expressed Oct4, Gata6, andLBigA10
A,B) while lacking the PrE/VE marker SSEABIg. 10C) as well as the basement
membrane components laminin(lBig. 10D) and collagen IV (Fig. 10E) that are
characteristically produced by differentiated XEN cells and espg€&l&ll The young
colonies were poorly adherent and very easily lost during washing steps. Bygiontra
older, larger colonies (4-7 days after seeding), the inner cells becaaiahiand
many round as well as the epithelial cells were negative for SSEA1 anldwery
Oct4. Rather, many of the round cells now expressed SSEAS3 (Fig. 10C), and the
epithelial areas contained abundant extracellular lamirfifidd 10D) and collagen IV
(Fig. 10E). Notably, however, Oct4/SSEA1-positive cells always persisted eolony
fringes and showed also higher Gata6 levels than the rest of the {Bigny0 A,B).
With further evolution of the colony (7-14 days after seeding), the round fringe cel
kept proliferating and piled up on top of the colonies (Fig.nEfyre eventually (10-20
days after seeding) converting into bridge-like ductal structures #dratnot

investigated.
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Fig. 10.Colony-level analysis of rat XEN cell lines for selected lineage markerRat

XEN cells (line CX1) were plated at low density. At different time poittits resulting
colonies were stained with the indicated antibodies and counterstained with Hyechst d
(A) Double staining for Oct4 (green) and Gata6 (r&j)double staining for Oct4 (red)
and SSEAL1 (green)C)j Staining for SSEA3.¥) Staining for laminin B.K) Staining

for collagen IV. BF, bright field.
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Fig. 11. Continued proliferation and preferential accumulation of SSEA1-posive
cells in old rat XEN cell colonies Two magnifications of a representative 16-days old
colony (line CX1) are shown. Control omitting primary antibody was negative anad is
shown. BF, bright field.

In the second approach, we transfected the rat XEN cells stably with agieomy
resistance marker, a method that ensures single-cell origin despitensdblaypsinize
the XEN cells to homogeneous single cell suspensions. We obtained and expanded these
single-cell derived colonies and randomly selected three of them for isnalys
immunocytochemistry and RT-PCR using known markers of the different stages of
XEN. All the resulting clones showed identical heterogeneous morphology (round-
epithelial), the same heterogeneous expression patterns of Oct4, Gata6, SSEAL, and

SSEA3 (Fig. 12A) as well as the same mixed ICM/PrE/VE/PE marker gepression

(Fig. 12B) as the parent line.
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Rat XEN cells repopulate both visceral and parietal yolk sacs. In order to test the
developmental potential of rat XEN cells, we transduced rat XEN cell@i¥dsand

CX5 with the GFP-expressing lentiviral vector FUGW (Lois et al., 2002) andhsant t

to our collaborators at Northwestern University, Chicago. There the dabelle were
plated at low density to enrich for the XEN-precursor cells and then wectethjato

rat and mouse morulae and blastocysts, followed by culture or uterine trahsdar.
injection into rat and mouse morulae and blastocysts, labeled cells moved into the ICM
(9%), onto the ICM (22%), and to the remaining inner surface of the blastocygt cavit
(20%), positions that are compatible with XEN-precursor, PrE/VE, and PE iegntit
respectively. Unexpectedly, we also observed incorporations into the tropmecibde
layer (50%), more often in mouse than rat embryos (Fig. 13A, Tabidtd)

implantation, the labeled cells proliferated and contributed to the PE (79%) and VE
(18%) layers of rat and mouse yolk sacs (Fig. 13B, Table 5). Thus, the cultured\rat XE
cells contributed more than sporadically to the VE, although they did more often

contribute to the PE (Table 5). No integration into fetal tissue was observed.
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Fig. 12. Lineage marker expression in clonal rat XEN cell lineS hree arbitrarily
picked subclones of line CX1 were analyzed Ayiadirect immunofluorescence for
Oct4, Gata6, SSEAland SSEA3 (Compare to Fig. 83 pR{[-PCR for expression of
selected lineage markers. Cells used: rat XEN (CX1), mouse XEN (CXdyenkES
(D3) cells and rat TE-like cells (B10). (Compare to Fig. 6B).
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Fig. 13. Contributions of cultured rat XEN cells to preimplantation and
postimplantation embryos. (A) Representative photographs showing in vitro
incorporation of microinjected rat XEN cells into blastocyst regions tha¢smond to

(a) ICM (mouse morula injected)b) PrE/VE on top of ICM (rat blastocyst injected);

(c) PE (arrowhead) and mural TE (asterisk) (mouse blastocyst inje@egplar TE

(rat morula injected) B) Representative fluorescence (a-d) and bright field (a’-d’)
photographs demonstrating in vivo contributions of microinjected rat XEN cebs to (
a’) parietal yolk sac of a 9.5 dpc rat conceptus (inset showing magnificdtjdn) (
visceral endoderm of a 7.5 dpc rat concepttis;’)f visceral endoderm (arrowheads; one
patch magnified in inset) and parietal endoderm (asterisk) of a 6.5 dpc mouse conceptus
and @, d’) visceral endoderm of a 7.5 mouse conceptus. (Contributed by Dr. V.Galat)
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Table 4. Incorporation of cultured rat XEN cells into blastocysts

No. of Cell Host Injected Developed Pre/

Expts* line species embryos Stage to blast. ICM  VE PE TE
1 CX1 Rat 12 Blast. n.a. 1 2 2 2
2 CX5 12 Morula 11 1 4 2 2
1 CX1 Mouse 11 Morula 10 1 8
2 Blast. n.a. 1 2 8
1 CX5 8 Morula 6 1

2 24 Blast. n.a. 1 3 3 2
Total 4 10 9 23
(%) (8.7) (21.7) (19.6) (50)

* A total of 66 rat and 57 mouse embryos were injected in 7 experiments each.
Included in the table are only those experiments in which after in vitro cultbeteda
cells could be traced to blastocyst structures, which include inner cell 1G85 (I
primitive or visceral endoderm (PrE/VE), parietal endoderm (PE), and titoplleea
(TE). (Contributed by Dr. V.Galat)

Table 5. Incorporation of cultured rat XEN cells into postimplantation conc@tuses

No. of Caell Host Injected Implantat Regressed Recovery VYS PYS Unclear
Expts* line species embryos -ion sites embryos  day

3 CX1 Rat 30 24 5 8.0-9.0 2 1

4 CX5 Rat 59 39 9 8.5-9.5 7

3 CX1 Mouse 34 25 15 7.0-8.0 3 6 1
4 CX5 Mouse 59 37 20 7.5-8.5 7

Total 5 21 1
(%) (19) (78) (3.7)

* A total of 145 rat and 168 mouse embryos were injected and transferred in 13 and
15 experiments, respectively. Included in the table are only those experiments i
which labeled cells could be recovered in a structure of the intact conceptudingcl
visceral yolk sac (VYS) endoderm and parietal yolk sac (PYS) endodemtrifited

by Dr. V.Galat).
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Discussion

We present here rat XEN cell lines that exhibited the molecular signatcire+(O
Gata6+ SSEA1+ Nanog-Cdx2- Sox2-) expected from the XEN-precursor andsgive ri
to its expected products, namely PrE/VE and PE in vitro and the respective yolk sac
membranes in vivo. Our results show that cultured rat XEN cells highly exprdssythe
pluripotency marker Oct4 while mouse XEN cells did not contain significant Oct4
MRNA levels, as known before (Kunath et al., 2005). The expression of Oct4 is
associated with cells having totipotent or pluripotent differentiation abiibg er et al.,
1990; Scholer et al., 1990b; Yeom et al., 1996). However, Oct4 mRNA has previously
been detected in the PrE layer of blastocysts (Rosner et al., 1990) and in the PrE/VE
layer of embryoid bodies (Hamazaki et al., 2004). Although the average Oct4 mRNA
levels in the rat XEN cells were fairly variable and somewhat lowerith&S cells,
peak Oct4 mRNA levels in rat XEN cell colonies were even higher than those af mous
ES cells using qRT-PCR (Table 3). This is in line with the observation that over-
expression of Oct4 in undifferentiated ES cells leads to endodermal diffacantiat
(Niwa et al., 2000) and that a transient surge of Oct4 mRNA level accompanies the RA
differentiation of F9 EC cells into endoderm (Botquin et al., 1998). However, Nanog,
Sox2, and Fgf4, which are known Oct4 target genes and commonly used EPI markers,
were not expressed in the rat XEN cells excluding the presence of ESHkeBy
contrast, the Rex1 gene, which is also an EPI marker and Oct4 target geee ¢Halks)
1993; Ben-Shushan et al., 1998; Shi et al., 2006), was expressed in rat but not mouse

XEN cells suggesting that Oct4 in the rat XEN cells is functional. Thidtrparallels
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the co-expression of Oct4 and Rex1 in Nanog-deficient mouse ES cells, which are XEN
like (Mitsui et al., 2003). Moreover, our results revealed that the rat XEN, but not mouse
XEN, cells expressed the ICM/ES cell markers SSEA1 and alkaline phasphrata
significant minority of the cells similar to Oct4 expression.

The findings that cultured rat XEN cells show a cluster of features tradlgiona
considered as characteristic of mouse ES cells and ICM, in addition to @xgpoeEd
markers strongly suggest that cultured rat XEN cells represent theti&jd XEN
precursor (Chazaud et al., 2006; Kurimoto et al., 2006). More precisely, ~5-15% of the
rat XEN cells (those with high Oct4 protein levels) are XEN-precursts wélle a
larger fraction appears to represent the PrE stage, which is also missiogsie XEN
cell cultures. Indeed, we observed that there is a higher Oct4 mRNA lelelrizt XEN
cell cultures than reflected by the amount of protein, implying that some @HttKEN
cells that are low in Oct4 protein still express the mRNA, similar to Wasipreviously
been observed in the XEN layer on the surface of mouse ES cell-derived embryoid
bodies (Hamazaki et al., 2004). In line with this, the majority of cultured rat c&HBl
express SSEA-3, which is considered a PrE marker (Shevisnky et al., 1982) while mouse
XEN cells that are PE-like (Kunath et al., 2005) lack SSEA3. Interestinglpalso
noted that our rat XEN cell cultures showed higher levels of the pan-XEN ntzakat
and of the VE/PrE markers Foxa2 and Dab2 than mouse XEN cells. Further, rat but not
mouse XEN cells also expressed Eomesodermin, which marks the TE and tloe anteri
visceral endoderm (Ciruna and Rossant, 1999) while Cdx2 and placental lactogen were

not expressed in all XEN cell lines excluding TS-like cells in the cultureudmmary,
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while the mouse XEN cell lines were largely PE-like as expected (Kunath 20@b6),
the rat XEN cell lines expressed markers of all stages of the Xiebde (XEN-
precursor, PrE/VE, and PE).

The analysis of cells at low density showed that young/small colonies co-
expressed Oct4, Gata6 and SSEAL (Fig. 10A,B). Thus, young colonies show the key
marker pattern of the XEN-precursor (Chazaud et al., 2006; Kurimoto et al., 2006).
These colonies were poorly adherent and very easily lost during washingrsteyes, i
with lack of expression of the basement membranes laminin B and collagen IV. This
might explain why the young colonies that survived washings tended to have one or two
differentiating cells that anchored them, and implies that the immunocytathemi
experiments with whole cultures (Fig. 8) underestimated the true percentadirioc
SSEAL positive cells. By contrast, the majority of cells in older/largenced expressed
no or low Oct4, and lower Gata6 levels but additionally expressed differentiated XEN
markers SSEA3 (PrE/VE)(Shevinsky et al., 1982) and laminin and collagerk)V (P
(Strickland et al., 1980; Gardner, 1983). In line with the high deposition of the basement
membranes (Fig. 10D, E), older colonies became firmly adherent and contained a large
fraction of epithelial cells. In further experiments, single-celivéer clones expanded to
a whole culture level were able to give rise to the heterogeneous culture knowaf
XEN cells providing formal evidence that one XEN-precursor cell can gerteet
whole culture heterogeneity.

Taken together, the gene expression studies in combination with colony and clonal

analyses demonstrate that (i) Our rat XEN cell lines contain XEN-preaet® (Oct4+
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Gata6+ SSEA1+ Nanog- Cdx2-Sox2-); (ii) The XEN-precursor cellsharprincipal
self-renewing entity under our current culture conditions, since they gevéormost, if
not all, colonies; (iii) Culture heterogeneity is intrinsic and results frorN-}¥Eecursor

cell differentiation into PrE/VE (SSEA3+) and PE (laminin+, collagen I\ )addition,
these data suggest that XEN-precursor cells can be enriched by SSHiA]. $be:
findings that our rat XEN cultures contain XEN-precursor cells that undergo both self
renewal and differentiation to the next XEN stages resembles cellulardhies

recently discovered within human ES cell cultures that involve heteroganeity
posttranscriptional downregulation of Oct4 (Stewart et al., 2006).

Investigation of the developmental potential of rat XEN cells showed that they
retain the capacity to contribute to visceral and parietal endoderm in vivo in akjmer
confirming to their XEN lineage origin. Although the overall contribution wasebias
towards the PE, line CX1 that showed a higher percentage of SSEAl-posititharells
CX5 (Figs. 8B, 9Bxontributed at a relatively high frequency to the VE. This
observation is in line with the previous findings that freshly isolated ICM cells
contribute well to both VE and PE while freshly isolated PrE and VE cells mairity g
the PE (Gardner, 1982; Gardner, 1984). The predominant incorporation to the PE could
also be a result of the blastocyst injection procedure used to generateschehenay
have provided an environment that promotes PE and hinders VE differentiation. In post-
implantation embryos, no contribution into fetal or trophoblast tissue was detected.
However, integrations into the TE layer of the blastocysts were observed (F@). 13A

This TE-integration was unlikely due to contamination with TE-committed cells,
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because our rat XEN cells lack Cdx2 that is required for TE commitment andsegbre
in the early TE as well as in rat and mouse TE-like and TS cell lines (Tahaka
1998; Buehr et al., 2003; Strumpf et al., 2005; Niwa et al., 2005). Besides, TS cell
expression pattern was not seen in single-cell derived clones. It is imgortant
emphasize here that given all cell types in the XEN cultures origimatedrsingle cell
in vitro (Fig. 12B), all phenotypes seen in vivo derive at least indirectly frotared|
XEN precursor cells. In line with the molecular analyses described anovine
capacity to differentiate in vitro, the comparable ability of cultured rat X&li$ to
integrate into rat and mouse embryos indicates that these cultures celsatinat are
not principally different from primary XEN-precursor cells known from the mouse
(Chazaud et al., 2006).

The availability of the XEN-precursor cell lines, which can differentiatie
XEN subtypes in vitro and contribute to normal developnmechimeras in vivo,
provide a unique model for an early mammalian lineage that will complement the
established ES and TS cell lines. In vitro combinations of ES, TS and XEN-precursor
cells may help model the in vivo interactions between embryonic and extraembryonic
lineages important for embryonic patterning (Kunath et al., 2005; Rossant, 2007). Using
these cell lines, insights will be gained about the nature of the XEN¢poecils
differentiation and potential plasticity, and the developmental roles of the ME&bE.
It will also be interesting to compare the XEN-precursor with their bettdresl ES cell

siblings for specific molecular features, such as overall epigenetic-ahdo¥hosome
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status, role and regulation of Oct4, and the signaling pathways involved in selfirenewa

(Niwa, 2007; Surani et al., 2007; Yeom et al., 1996; Chambers and smith, 2004).
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CHAPTER IlI

REGULATION OF OCT4 GENE EXPRESSION IN RAT YOLK SAC

ENDODERM STEM CELL LINES

Overview

The transcription factor Oct4 is a key regulator of pluripotency that isdedas
a hallmark of ES cells. It has been shown that the Oct4 gene contains a distatenhanc
that drives specific expression in preimplantation embryos and ES cells amdragbr
enhancer that activates expression in the epiblast and EC cells. But satfar Oct
regulation has not been described in the XEN lineage. We used the Oct4-expressing
XEN-precursor cell lines, which were isolated in our laboratory, to idemgylatory
elements responsible for Oct4 expression in the XEN cells. We divided the 5’ flank of
the mouse Oct4 gene into Region | (~2.7 kb) that contains the known enhancers and
Region Il (~1.9 kb) that is unexplored before and is upstream of Region I. We found that
the rat XEN cells express reporter genes driven by Region (I+11) but do nessxar
reporter gene driven only by Region I. Our findings show the existence of diiéére
Oct4 regulation between mouse ES and rat XEN cells and that a novel enhaneser drive

high-level gene expression in the rat XEN cells.

Introduction
Oct4 is a crucial determinant of pluripotency in ES cells (Nichols et al., 1998;

Niwa, 2007) and is one of only four factors required to induce ES-like pluripotency in
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fibroblasts (Yamanaka and Takahashi, 2006; Okita et al., 2007; Wernig et al., 2007).
Oct4 is also essential for the differentiation of ES cells (Niwa et al., 280g)tical

level of Oct4 is required to maintain stem cell renewal in ES cells, anevileof Oct4
expression need to be tightly regulated in order to determine pluripotency andesell fa
in preimplantation development (Niwa et al., 2000; Niwa, 2007). Therefore,
investigation of the mechanisms that regulate Oct4 levels is important fostaming
early embryonic development, pluripotency and differentiation.

Previous studies have defined three regulatory regions that are important for
driving Oct4 expression in stem cells and in developing embryos (Okazawa et al., 1991;
Sylvester and Scholer, 1994; Yeom et al., 1996). These regulatory regions include the
TATA-less proximal/minimal promoter that mediates Oct4 basal promatiertya
(Okazawa et al., 1991; Sylvester and Scholer, 1994) and two enhancer elements (distal
enhancer and proximal enhancer) located in a 3-kb region upstream of the proximal
promoter. These regulatory elements have been discussed in detail in chagesrthe
subtitle ‘regulation of Oct4 gene expression’.

The observation that the distal enhancer is the principal Oct4 enhancer in the
ICM and ES cells (Yeom et al., 1996) was made before it became apparent t6ad the
is a heterogeneous population consisting of the EPI-precursor and XEN-preellssor
that both express Oct4 (Chazaud et al., 2006; Kurimoto et al., 2006). ES cells are now
thought to be the in vitro equivalents of the EPI-precursor (Chazaud et al., 2006;
Yamanaka et al., 2006) while our laboratory has isolated and characteridedesell

representing the XEN-precursor cells. Unlike in ES cells where tluategy elements
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that drive Oct4 expression are well characterized, it is unknown whether sonantde
exist in the rat, and which one of the known enhancers would be active in the Oct4-
expressing rat XEN cells. In this study we show that the 5’ region of the roatée
gene is active in the rat XEN cells. Further examination of this regiealed a
previously unknown enhancer that drives Oct4 expression in rat XEN cells and that

mediates differential regulation in mouse ES and rat XEN cells.

Materials and methods
Cell linesand cell culture

Mouse ES (line D3), mouse XEN (lines CX4, CX6) and rat XEN (lines
CX1,CX2, CX5) cells were grown in DMEM containing glutamine and sodium
pyruvate, 15% (v/v) ES-qualified serum (Invitrogen), 0.1 fidhercaptoethanol, 100
U/ml of Penicillin and 100 ug/ml streptomycin, and 1000 u/ml of LIF. Cells were seeded
by trypsinization (0.25% trypsin-EDTA) at 37 &0d 5% CQ. Passaging was performed
every other day. Rat feeder cell line (Li1) and primary mouse embryonic fistebl
were grown in DMEM with glutamine and sodium pyruvate, 100 U/ml of penicillin and
100ug/ml streptomycin and 10% fetal calf serum. The feeders were passaged at 1:4 t
1:6 split (as needed) in a 10-cm plate. Both mouse and rat feeders were inactingted us
mitomycin (10pg/ml) i.e., by adding 10ul of mitomycin per 10ml of media in a 10-cm
tissue culture plate and incubating it overnight &3Following mitomycin treatment,

the plates were washed 2X with PBS and were either trypsinized and seedeedinst
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the incubator until use. A 10-cm feeder dish was commonly seeded into 4x6-cm plates

(about 1,000,000 cells per 6-cm plate).

Reporter gene constructions

The schematic description of the reporter constructs used in this study s show
in Fig. 14. In order to generate a fragment containing the two known Oct4 gene
enhancers (distal and proximal enhancers), we used a bacterial artifror@losome
(BAC) clone (RP23-75C13 - obtained from CHORI BACPAC resource center, Oakland,
CA) that contains the mouse Oct4 locus. We amplitiagment 1 (-2695/+1; the
numbering of nucleotides in this study is according to Nordhoff et al. (Nordhoff et al
2001), i.e. the position relative to the translational start site) using the pamesrges:
5’-cacccggcccaaagtgactc-3’ and 5’-aggtgggcaccccgage-3’ and a higty-thelyme
Accuprime Pfx (Invitrogen) by 7 PCR cycles (94 °C, 30 sec; 65 °C, 30 sec; 68 °C,
3:30 min).Fragment 1 was then cloned into the Smal site of the pGL3-Basic vector
upstream of the firefly luciferase gene (Promega). The resubimgtreict (called Region
) was verified by sequence analysis. Region | was then used to fudbestreict
another luciferase reporter gene which contains only the minimal Oct4 prqeaited
here Proximal promoter). This construct was made by replacing the Nhefrxtpaent
of pGL3-Basic vector with the Xbal/Xbal fragment from Region | construat. T
proximal promoter served as a background control. In order to determine if Oct4 in the
rat XEN cells is regulated independently of mouse ES cell enhancers, anagnesrit
(-4614/-2641, called heffeagment 2) was amplified using Sahara DNA polymerase

(Bioline, MA, USA) from plasmid GOF-9 (kindly provided by Dr. Yeom; Yeom et al.,



62

1996) that contains the mouse Oct4 gene plus a LacZ reporter “knocked in” the
endogenous start codon. For this amplification, we used primers which contained the
Mlul restriction site (bold) (5’-a#tcgcgtcctagcggggagac-3’ and 5'-
calacgcgatatgtgccactctgece-3’) and 15 total PCR cycles (5 cycles of 94 °C, 30 sec; 53°C,
30 sec; 72 °C, 3 min; and 10 cycles of 94 °C, 30 sec; 66°C, 30 sec; 72 °C, 3 min).
Fragment 2 was then cloned into the Mlul site of the Proximal promoter and we
designated this construct Regior{ffig. 14). The last construct (called Region (I+11))

was generated by cloning the P@Bgment 2 into the Mlul site of Region I. For all

constructs the right orientation was confirmed by PCR and restriction erdigastion.

~4.6 Kkt
Oct4 [ i : T 1N

— Region!
r Proximal promoter

[ . Region I

S Region (+)

Fig. 14. Scheme of Oct4 gene depicting the main fragments analyzed in the repor
gene assayd0ct4 gene exons are symbolized with black boxes and the transcription
start site with a bent arrow.
Lacz assay with histochemical stain

We seeded mouse ES, Mouse XEN, rat XEN cells as well as rat feedan dells

well plates overnight and transfected them with 1pg/well of plasmid GOFeir(ée

al., 1996) using lipofectamine 2000 reagent (Invitrogen, CA). Non-transfected controls
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were included for each cell type. After 48 hrs, fhgalacosidase activity was visualized
in situ by the histochemical stain method described (Sambrook and Russell, 2001).
Briefly, media was removed and cells rinsed twice with PBS. Cells wardidael with
cell fixative (2% formaldehyde, 0.2% glutaraldehyde, 1x PBS) for 5min at room
temperature. After washing with PBS three times, cells were stainea wit
histochemical stain (5mM potassium ferricyanide, 5mM potassium ferroeydnuvi
MgCl,, 1mg/ml X-gal, 1x PBS), incubated for 24 hrs at@#insed with PBS and

photographed under a bright field microscope.

Quantification of p-galactosidase activity

We used th@-galactosidase Enzyme Assay System (Promega) for quantification
of thep-galactosidase activity in transfected mouse ES, mouse XEN, rat XEN and rat
feeder cell lines. Cells were seeded overnight in 6-well plates and waanstected
with a mix (2pg/well, molar ratio 200:1) of GOF-9 construct and an SV40-drivenpGL3
control vector (Promega)-to normalize transfection efficiency. After 48the cells
were washed twice with PBS and lysed with the reporter lysis buffebfori at room
temperature. The cells were then collected with a scraper and cemtitifuganove cell
debris. The cell lysate was split and assaye@-galactosidase and luciferase assay
systems. Th@-galactosidase activity was assayed (in duplicate) by mixing 50ul of the
cell lysate in a 96-well plate with an equal volume of 2x assay buffer and wastettuba
at 37C for 2-3 hrs, followed by measurement of the absorbance (415 nm) with a plate

reader. The luciferase activity was measured (in triplicate) usenlytiferse assay
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system (Promega) in a 96-well Luminocount luminometer (Packard Instrsiménép-
galactosidase activity was then divided by luciferase activity in oodsortect for

differences in transfection efficiency.

Luciferase assays

Mouse ES (2.0 x ), mouse XEN (4.0 x 9, rat XEN (4.0 x 1f) and rat
feeder (4.0 x 19 cells were seeded in 96-well bottom-clear tissue culture plates
(PerkinElmer, MA, USA) for 24 hrs. 100 ng of the firefly luciferase constalotsy
with 2 ng of the Renilla luciferase (pRL/TK, Promega) was transfestied Fugene HD
(Roche). The pRL/TK plasmid served as an internal control for normalizing the
transfection efficiency. The cells were lysed 48 hrs after transfectmfirafly and
Renilla luciferase activities were measured with the Dual-Gloférase Assay System
(Promega). Because of problems with lysis when following the manufacturer’s
procedure, we modified it by removing the medium, freezing the plates @ {80
min, equilibrating to room temperature, adding the media back and then an equal volume
of the dual-glo luciferase assay reagent. Plates were read in a Luminocouwslt 96-w
luminometer from Packard Instruments. The luciferase activity of eadtraohwas
calculated relative to the pGL3-Basic vector, which lacks a promoter and enhanc
region. All transfection experiments were repeated in triplicate and proaubiéties
are reported as means + SEM. In order to correct for variations in tramsfefficiency,
readouts of firefly luciferase-encoding Oct4 reporter plasmids were ditigléhe

values determined for the Renilla luciferase-encoding plasmid pRL-Tkhwiaid been
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co-transfected at a ratio of 1 molecule pRL-TK per 50 molecules of Oct4 generepor

construct.

Results

A mouse Oct4 reporter geneisactivein rat XEN cells. In order to test whether the

mouse Oct4 gene confers reporter gene expression in the rat XEN cetnsiently
transfected the GOF-9 reporter gene construct that includes the Octdngead¢acZ

cDNA cloned into the start codon (Yeom et al., 1996). The cells were stained using a
histochemical stain 48 hrs after transfection. As shown in Figs0%;-9 stained

positively for beta galactosidaset only in mouse ES cells but also in rat XEN cells
while mouse XEN cells that do not express Oct4 (Fig. 6B; Kunath et al., 2005) and rat
fibroblasts were negative.

We then quantified the beta galactosidase activity ysigglactosidase Enzyme
Assay System after transfecting the cells with GOF-9. Similar tqubbtative
histochemical stain, GOF-9 was active in mouse ES cells and rat XEN cetig but
activity was seen in mouse XEN cells and in rat fibroblasts (Fig. T9®)average
relative level of GOF-9 expression in the rat XEN cells was ~30% of theitekz&
cells. This was comparable with the average relative level of endogenous O¢&l mR
The lower average beta galactosidase activity in the rat XEN vs. the la8usells
could be partly attributed to the heterogeneity observed in rat XEN with reésgect4

MRNA levels; Not only are the differentiated cells lowly expres€not# but the
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construct that corrects for transfection efficiency will also be incotpdrato such cells

which likely underestimates the Oct4 reporter gene activity.

Mouse ES Mouse XEN Rat XEN
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Fig. 15. Cultured rat XEN cells express reporter genes driven by mouse t4c
regulatory region. Cells used: D3 mouse ES cells, CX4 mouse XEN cells, CX1 rat
XEN cells and Lil rat embryo fibroblasf ) Histochemical staining for B-galactosidase
activity after transient transfection with GOF-9 (Yeom et al., 198j)Quantification
of the reporter gene activity normalized to SV-40 driven luciferase. Norfacaed
cells did not show LacZ staining.

The Oct4 enhancer sequence that is active in cultured rat XEN cells waslderive
from the mouse Oct4 gene construct GOF-9 (Yeom et al., 1996). Although GOF-9
contains an upstream and downstream region separated by a LacZ repoettapthe

start codon, in this study we generated the Oct4-Luc fragments only frongtlenses

of the upstream region because in previous experiment (Yeom et al., 1996), a reporter
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transgene containing the downstream sequences plus the Proximal promoteciinges |

in the ICM, whereas the upstream regions lead to expression.

A novel enhancer drives Oct4 expression in rat XEN cells. Having known that the

mouse Oct4 reporter gene is active in rat XEN cells, we sought to deterhetieewthe
known regulatory elements (the distal and proximal enhancers) that have pseviousl
been shown to restrict reporter gene expression to Oct4-expressingeel(Ygom et

al., 1996) are also responsible for driving Oct4 expression in rat XEN cellsrave fi

tested Region | (see Fig. 14 for scheme), an Oct4-Luc reporter consimtainag both

distal and proximal enhancers, for reporter gene expression in the rat KEMse

shown in Fig 16, Region | drove robust luciferase expression in mouse ES cells but only
background expression in rat XEN, mouse XEN and rat fibroblast cells. Thus, Region |
is insufficient for Oct4 expression in XEN cells. We then tested the othérl@ct

reporter constructs including Region II, Region (I +II) and the Proximal gienmWe

found that Region (I+Il) construct was active in mouse ES and rat XEN cells bat not
mouse XEN and rat fibroblast cells while Region Il and the Proximal promoter
constructs did not confer reporter gene expression in any of the cells (Fighas). T
Region | is necessary and sufficient for Oct4 expression in ES cells. Bwmieegion |

nor Region Il is sufficient, and both regions are necessary for expressioiXENa

cells. This shows that a novel or previously unknown transcriptional enhancer isdequire
for Oct4 expression in rat XEN cells and that there is differential regalagtween

mouse ES and rat XEN cells.
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Fig. 16. Previously known mouse ES cell enhancer is insufficient to de Oct4
expression in rat XEN cellsBars show expression levels of Region | luciferase
reporter construct, normalized for transfection efficiency Cells used: D3enisisells,
CX4 mouse XEN cells, CX1 rat XEN cells and Lil rat embryo fibroblast.
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Fig. 17.A novel transcriptional enhancer drives Oct4 expression in rat XEN cedl
Cells used: D3 mouse ES cells, CX4 mouse XEN cells, CX1 rat XEN cells amdtLi
embryo fibroblast. While Region I is sufficient in ES cells, Region (Islbequired for
Oct4 expression in rat XEN cells. Bars show luciferase expression levbés of
luciferase reporter constructs, normalized for transfection efficiestbypRL-TK.
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Discussion

Two enhancers, both located within 3-kb upstream of the transcription start site,
have previously been shown to confer tissue-specific Oct4 gene expressiontathe dis
enhancer is active in the ICM and germline in vivo and in ES cells and EG cells in vitro,
while the proximal enhancer is active in the epiblast in vivo and in EC cells in vitro
(Yeom et al., 1996). Here we discovered that the 5’ region of the mouse Oct4 gene
contains previously unknown cis-acting elements that appear to mediate déferent
regulation of Oct4 in mouse ES cells and rat XEN cells. In support of our findings, ther
were indications that Oct4 might be regulated differently in the XEN egllgacreased
dosage of Oct4 can convert ES cells into XEN cells (Niwa et al., 2000) and the
differentiation of murine EC cells into XEN cells involves a transient asgef Oct4
gene transcription (Botquin et al., 1998). Moreover, one report claims that cells of the
newly forming primitive endoderm expressed Oct4 protein at a level that appdr
higher than that seen in the ICM population (Palmieri et al., 1994) although this finding
was not confirmed by others (Strumpf et al., 2005). Differential Oct4 regulation in
mouse ES and rat XEN cells might suggest that a significant epigenetieddé is
established during, if not before, the second embryonic lineage choice when the ICM
converts to EPI and XEN lineages.

The reason that previous reporter gene constructs (Yeom et al., 1996; Buehr et
al., 2003) did not reveal Oct4 gene expression in the XEN-precursor cells in vivo might
be because the activity of the XEN-enhancer was obscured by the activiéylkoiown

ICM-enhancer (i.e. the distal enhancer). But with the discovery of the hetertygen
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the ICM (Chazaud et al., 2006) and our finding of a novel XEN-enhancer in the Oct4-
expressing rat XEN cells, the view that the distal enhancer is the only Octitenha
used in the ICM may have to be re-interpreted such that both XEN enhancer and ES
enhancer contributed to the reporter gene expression in the different subpopulations of
the ICM.

A systematic dissection and precise identification of the cis-actingeakgs)
driving Oct4 expression in the XEN cells as was done in ES cells (Okumuraiblaka
et al., 2005; Chew et al., 2005; Yeom et al., 1996) might allow the selective inactivation
of the Oct4 gene enhancer in XEN-precursor cells without affectinghiei EPI-
precursor cells. This will enable us to study the lineage-specificdmsodf Oct4,
identify trans-acting factors and optimize the derivation, maintenance aeckdtfétion

of pluripotent ES cells for therapeutic purposes.
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CHAPTER IV

SUMMARY AND CONCLUSIONS

During the first embryonic lineage choice, the outer cells of the mammalian
morula become committed towards the TE lineage while the remaining inrser cell
become the ICM. It has previously been thought that the ICM is composed of a
homogenous population of cells, and ES cells were usually portrayed as repgebentin
ICM. However, we have learned only very recently (Chazaud et al., 2006; Kurimoto et
al., 2006) that the ICM, during the early blastocyst (E3.5 in the mouse) stage, is
composed of two intermingled, morphologically indistinguishable populations of cells:
the EPI-precursor that founds all fetal lineages and the XEN-prechedsdotinds the
yolk sac endoderm.

The EPI-precursor has been well characterized because it is represeitted in v
by the well known ES cell lines that have been available since1981 (Evans and
Kaufman, 1981; Martin, 1981). By contrast, cell lines representing the XEN-precursor
cells are missing. Mouse XEN cell lines described recently (Kunath 2085) do not
express Oct4 (the hallmark of ICM cells) and do not contribute efficiently &l
cell types in vivo, and thus they do not represent the XEN-precursor. Our laboratory has
derived XEN cell lines from rat blastocysts that express the key ICM angdgiency
marker Oct4 and we hypothesized that these cell lines represent the XdispreThe

goals of the work presented here were i) to define the molecular identitysaf ©ct4-
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expressing rat XEN cells using molecular and differentiation markers, a@ndsti)dy
the regulation of Oct4 expression in the rat XEN cells and compare it with thaugem
ES cells.

To achieve our first goal, we used known molecular markers that define the three
fundamental tissue lineages of the early developing embryo (TE, EPI, and XEN) and
compared our rat XEN cell lines with mouse XEN, mouse ES and rat TE-like cells. W
easily detected Oct4 mRNA in cultured rat XEN cells but not in mouse XHEhNnes,
confirming Kunath et al. (Kunath et al., 2005). In addition to expressing known XEN
markers and Oct4, rat XEN cells also expressed Rex1, an ICM marker aget@j¢me
of Oct4 but they lacked other ES cell markers and TE markers, excluding their
contamination with ES/TS cells. In colony samples, the Oct4 mRNA in rat caisl
reached levels >2 fold of those in mouse ES cells, reminiscent of the 2.5 foldenufeas
Oct4 mRNA in murine EC cells differentiating into XEN cells (Botquin gt198).

But the average Oct4 mRNA from a whole culture ranged from 30-84% indicating
heterogeneity in the culture. In line with this, we found that only a minorittidras-
15%) of Oct4 mRNA-containing rat XEN cells express Oct4 protein at comparabl
levels with that in mouse ES cells.

We studied colonies over time in order to understand the identity of the Oct4-
expressing XEN cells and examine whether heterogeneity in rat XlIEENscarising
from differentiation of each XEN cell to the next developmental stage (s).ydeng
colonies showed expression patterns expected from the XEN-precursor. Thates-the

expressed Oct4/SSEAL and Gata6 while the PrE/VE marker SSEA3 and the PE marker
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laminin and collagen IV were absent. As colonies get older, however, most ofishe ce
were negative for SSEA1 and Oct4 but rather expressed SSEA3, laminin and collagen
IV. Yet, the older colonies always retained high Oct4/SSEAL and Gata6-ergresis

at their fringes. By expanding single-cell derived clones into a wholeredével and
analyzing three of them with immunocytochemistry and RT-PCR, we found a
heterogeneous morphology, heterogeneous Oct4/SSEA1/SSEAS staining, and mixed
XEN-precursor/PrE/VE/PE marker expression. The in vivo developmental potential of
the rat XEN cells was studied by injecting GFP-labeled cells intoxcabreuse

blastocysts. The injected rat XEN cells showed exclusive contribution to theeXIEN
types, including both the visceral and parietal endoderm.

In summary, our results show that rat XEN cells contain the ICM-stage XEN-
precursor, and only XEN-precursor cells gave rise to colonies under our culture
conditions. These cells can be maintained in vitro as a self-renewablgesttiilge the
ICM-stage EPI-precursor of other species can be maintained in the fornceflE ©ur
results also demonstrate that culture heterogeneity results from #rewlifhtion of
XEN-precursor cells into PrE/VE and PE and thus, provide a superb in vitro model of
early differentiation along the XEN pathway.

The second goal, which is on identifying regulatory elements responsible for
Oct4 expression in the XEN cells, was accomplished by dissecting the 5’ fltr of
mouse Oct4 gene sequences (~5 kb) into Proximal promoter, Region | that consists of
previously known ES cell and epiblast enhancers, Region Il that is unexploregl befor

and is upstream of Region I, and Region (I+1l). We found that Region (I+II) drove
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luciferase gene expression while neither Region | nor Region Il isisuffifor reporter
gene expression in rat XEN cells. Thus, a previously unknown transcriptional enhancer
drives Oct4 expression in rat XEN cells and differential Oct4 regulatiotsexisnouse
ES vs. rat XEN cells.

In summary, we here present for the first time cell lines that based on their
molecular signature and differentiation potential represent the XEdNHm@ as known
from mouse ICM. These cell lines offer new possibilities for examining tlheeya
differentiation, and plasticity of the XEN-precursor and the biologicas roléhe XEN.
In particular, determining the role and regulation of Oct4 in XEN-preceedts will
help to understand their nature and relationship with the EPI-precursor (Chaziaud et a
2006) and provide knowledge useful for methods to induce pluripotency (Takahashi and
Yamanaka, 2006); this is because Oct4 can both protect the identity of ES cells and
induce their differentiation, including differentiation into XEN (Niwa et al., 2000)
Likewise, it will be instructive to compare ES and XEN-precursor cetls r@spect to
their epigenetic status (Niwa, 2007; Surani et al., 2007) and the signaling pathways
involved in self-renewal (Chambers and Smith, 2004). Furthermore, our rat XEN cell
lines offer the first in vitro differentiation model in which XEN cells araagated from
XEN-precursor cells. This mimics the natural process but contrasts wittadtenal in
vitro model in which XEN cells are generated from ES cells (Doetschtvadn £985),
which likely involves trans-differentiation (Chazaud et al., 2006). This work has also
uncovered new facets on the regulation of Oct4 gene expression at a stage of embryonic

development that is poorly accessible. Future studies on the new Oct4 gene enhancer
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will benefit from answering questions such as where exactly is this enhacatd
(promoter bashing)? Where and when this enhancer is active in vivo? Does the
differential regulation observed in vitro between XEN-precursor and ERlHzs@ (ES
cells) cells also exist in vivo? Would inactivation of this enhancer in the Xdslltave
developmental consequences?

In conclusion, this work provides XEN-precursor cell lines and the newly
identified enhancer as new tools that will advance understanding of the molesidar ba
of early embryogenesis, and improve the derivation and directed differentiation of

pluripotent and therapeutic stem cells.
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