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SCOTT ALLEN NOGGLE 
Regulation of Embryonic Stem Cell Pluripotency and Differentiation by Notch ~ignaling 
(Under the direction of BRIAN G. CONDIE) 

Mammalian development prior to implantation is involved with establishing the support tissues 

needed for.interaction with the maternal blood stream. Molecular studies of these processes are in early 

stages. Embryonic stem cells (ESCs) derived from the inner cell mass of preimplantation embryos offer a 

window into the molecular biology· of preimplantation development. While many studies have explored the 

potential for differentiation into germ layer derivatives, there are few examples that have explored the 

ability of ESCs to differentiate into extraembryonic lineages. I have used two ESC model systems to study 

the molecular basis of extraembryonic lineage development. Human ESC (HESC) lines derived from 

human blastocysts seem to require cell-cell interactions to be maintained in an undifferentiated state. 

However, the passaging techniques currently in use can result in heterogeneous cultures as assayed by 

pluripotency markers. Here I show that there is spontaneous differentiation of extraembryonic cell types 

resembling primitive endoderm in HESC cultures. The Notch signaling pathway has been shown to control 

many developmental processes. The Notch pathway is present and can be activated in undifferentiated 

HESCs. However, the pathway may not be activated in undifferentiated HESCs and may instead be 

involved in the differentiation of primitive endoderm. Notch expression is regulated upon differentiation 

but constitutive signaling could not induce differentiation. Notch is activated in the primitive endoderm 

population of HESC-derived embryoid bodies. Inhibition of y-secretase reduces the proportion of 

differentiating HESCs. Thus, inhibition of y-secretase mediated Notch signaling may improve the 

homogeneity of HESCs and suggests a molecular mechanism that controls early human development. In 

the mouse ESC system, primitive endoderm can be efficiently removed from mouse embryoid bodies by 

hypotonic lysis to isolate primitive ectoderm-like cells. Lysed embryoid bodies maintain a primitive 

ectoderm marker in a defined serum-free medium and under defined conditions may form neurectoderm. 

This technique may allow isolation of an alternate pluripotent cell type in vitro and has implications for 

homogeneous differentiation of embryonic cell types for cell therapy applications. 

IN£?EX WORDS: Embryonic Stem CelJ, Pluripotency, Notch, Primitive Endoderm, Primitive Ectoderm 
.•,'. - .· . 
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I. Introduction and literature review 

Mammalian development prior to implantation is primarily involved with 

establishing the support tissues needed for interaction with the mother's uterine tissue and 

blood stream as the uterine tissue prepares to receive the embryo. Development of the 

embryo proceeds slowly while initiating differentiation of the first cell lineages, 

trophectoderm and the primitive endoderm, that are necessary for interactions with the 

\ 

mother's uterine tissue. In mice, development from fertilization to the initiation of 

implantation of the blastocyst into the uterine wall takes about four and a half days (Fig. 

1) whereas this period in human development requires about 7 days. This is in contrast to 

the much-accelerated development, for example, of amphibian _species that produce 

embryos that develop in isolation of maternal support after fertilization. 

Experimental embryologists have studied the allocation of these initial tissues in 

mammals, such as mice, for some time. However, molecular studies of these processes 

are in early stages. Thus, there is much yet to be understood about the molecular 

mechanisms that govern the initial development of the mammalian embryo. For 

example, there is relatively little known about how molecular patterning of the early 

embryo specifies different cell types and arranges them in an appropriate three 

dimensional orientation. 
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Preimplantation development in mammals may also be described as the 

progressive loss of totipotency, the ability to give rise to all of the embryonic and 

extraembryonic tissues needed to generate a complete animal. In this view, the fertilized 

egg is the primary totipotent cell. Fertilization triggers the completion of the second 

meiotic division of the oocyte that had been arrested in metaphase and extrusion of the 

second polar body. The resulting 1-cell embryo contains a haploid set of paternal and 

maternal pronuclei in which DNA replication begins as each migrates toward the center 

of the egg. Shortly after, the pronuclear membranes break down, the chromosomes 

assemble on the spindle, and the first cleavage occurs,giving a 2-cell embryo (Fig. 1). 

In mice it is possible to move, reposition or recombine cells or groups of cells of 

the early embryo. Individual blastomeres of early cleavage embryos have the ability to 

generate a complete mouse on their own but lose this ability gradually until the eight-cell 

stage (Tarkowski and Wroblewska, 1967). Early two- and some four-cell blastomeres 

have this totipotent potential. However, as development proceeds, totipotency gives way 

to pluripotency as the compacting eight-cell morula differentiates (Fig. 1). Potency to 

generate the epiblast (the lineage that will generate the embryo) and primitive endoderm 

is maintained in the inner cell mass (ICM) that arises from the inside cells of the 

compacted 16-cell morula. Meanwhile, the outside cells of the compacted 16-cell morula 

begin to differentiate towards the tr?phecioderm cell lineage. 

At this stage, discrepancies between cell fate and specification begin to -~rise. 

Isolated late 4-cell and early eight-cell blastomeres will give rjse to mainly trophectoderm 

(Tarkowski and Wroblewska, 1967), indicating that most of these cells are specified to 



.3 

A
,--..... 
\ \ =division plane 

'-~ 
0 =embryonic fate O =abembryonic !i!iii =trophectoderm fate • =primitive endoderm fate 

Trophectodenn 

16-cell 
8-cell compacting 

morula 
zygote 2-cell 3-cell 

32-cell 
early 

blastocyst 

hatched 
implanting 
blastocyst 

Genome activation ------1►- Compaction/cell contact c:: 

0.5 1.5 2.5 3.5 4.5 ~ 
t ---111----1------1----+----1-------+----+1--....--+-1 .... s 

1 2 PM -> noon 1 2PM noon 12PM 

B 

Polarity established? * 
noon 12PM noon 1 2PM ~ 

(.!) 

Trophectoderm fate 
vs. 

____ IC_'M-!...._ . .,.Primitive endoderm fate 
vs. 

Primitive ectoderm 

Figure 1. Preimplantation development. (A) Development of a mouse embryo is shown 
from fertilization to just prior to implantation of the blastocyst. Models of polarity and 
cell fate acquisition are integrated into the diagram.~ The sperm entry site may predict the 
blastomere that will cleave.first (Gardner, 2001). The.first blastomere to cleave has a 
growth advantage and may be biased to give rise to the embryonic pole. The plane of 
division of the 8-cell blastomere influences whether the daughter blastomeres will be 
positioned inside or outside, and consequently may be biased to giving rise to the ICM or 
trophectoderm, respectively (Zernicka-Goetz, 2002 ). Primitive endoderm potential is 
hypothesized to be specified before the 32-cell early blastocyst stage in the outside cells 
of the compacting morula. This model would require migration of some of the progeny of 
the outside cells that are specified to the blastocel surface of the ICM in sorting 
movements (Rossant et al., 2003 ). (B) Flowchart of cell fate decisions and progression of 
the pluripotent fate. 



become trophectoderm and not maintain their pluripotency. A lack of differentiation 

capacity cannot explain this loss in potential as all 4-cell and at least some early eight

cell, sixteen-cell, and even some ICM-derived cells can give rise to both ICM and 

trophectoderm when placed in chimeras (Kelly, 1977; Kelly et al., 1978; Rossant, 1976; 

Rossant and Lis, 1979; Rossant and Vijh, 1980; Tarkowski et al., 2001). Thus, these 

experiments indicate that pluripotency may be a non-autonomous regulated state 

requiring cellular communication. 
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At the next stage of blastocyst development, pluripotency is passed to the 

primitive ectoderm, the lineage that will form the embryo (Fig. 1 ). Here, events of cell 

specification of the primitive ectoderm and primitive endoderm become more difficult to 

follow. Two lineage tracing experiments in which single cells in the ICM of 3.5D 

blastocysts are marked with a genetic tracer show that ICM cells at this stage are fated to 

give rise to either epiblast or primitive endoderm (Rossant et al., 2003; Weber et al., 

1999). When single ICM cells isolated from diploid blastocysts are transplanted into an 

8-cell diploid embryo, a morula or a blastocyst to make a chimera, the majority of clones 

are mostly restricted to either epiblast or primitive endoderm, rarely to both epiblast and 

primitive endoderm and only occasionally to the trophectoderm (Rossant et al., 2003; 

Tam and Rossant, 12003). Together, these studies indicate that although not absolutely 

restricted by day 3.5, cells of the ICM seem to be biased into forming either primitive 

endoderm or primitive ectoderm. Thus, the choice of primitive endoderm vs. primitive 

ectoderm may take place before the point of morphological evidence of primitive 

endoderm in blastocysts. 
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In vitro differentiation of the ICMs shows that primitive ectoderm may not have 

the capacity to form primitive endoderm (Hogan and Tilly, 1977). If the trophectoderm 

of a3.5 day blastocyst is removed by immunosurgery, which uses complement-mediated 

lysis to ablate trophectoderm, and the ICM cultured in vitro, it gives rise to epiblast and 

primitive endoderm as well as some trophoblast cell types (Hogan and Tilly, 1977; 

Hogan and Tilly, 1978a; Hogan and Tilly, 1978b). Two possible caveats are that the 

differentiation of a small population of trophoblasts in these experiments could come 

from contamination due to incomplete trophoblast ablation with immunosurgery or from 

a trophectoderm stem cell in the ICM. Indeed, trophectoderm stem cells can be isolated 

from blastocysts at this stage (Tanaka et al., 1998). However, if the ICM is 

immunosurgically isolated and cultured in suspension it develops an outer layer of 

primitive endoderm, surrounding an inner layer of primitive ectoderm(Hogan and Tilly, 

1977). If this primitive endoderm is removed by immunosurgery and the inner primitive 

ectoderm lay~r cultured it no longer makes a primitive endoderm layer. Instead, it 

degenerates unless cultured on a embryonic fibroblast feeder layer where it can 

differentiate into multiple embryonic cell types. This suggests that once the cell fate 

decision is made between the primitive endoderm and primitive ectoderm in the ICM, the 

choice to transdifferentiate may no loner be available to the primitive ectoderm. 

Mouse and Human Embryonic Stem Cells 

One experimental approach to begin to understand the molecular details of 

specification and differentiation of these early tissues is to study cell lines derived from 

these early embryos. Isolation of stem cell lines derived from early embryos and the 
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study of their subsequent differentiation can reveal the developmental potential of the 

part of the embryo from which they was derived. Mouse embryonic stem celJs were first 

derived from the inner cell mass of mouse blastocysts by culturing them on feeder layers 

of mouse embryonic fibroblasts (Evans and Kaufman, 1981; Martin, 1981 ). The origin of 

these lines seems to be the primitive ectoderm or epiblast (Brook and Gardner, 1997; 

Buehr and Smith, 2003). They have the essential properties of a stem ce11 in that clonally 

derived lines can self-renew while maintaining their ability to differentiate into all ce11 

types found in the tissues of the three embryonic germ layers and the germ line after 

transplantation into host blastocysts (Bradley et al., 1984; Robertson, 1987). If 

embryonic stem cells (ESCs) are instead transplanted into morula or b]astocyst stage 

embryos they give rise only to the embryonic tissues and some extra-embryonic tissues 

(including amnion, yolk sac mesoderm, a11antois, and embryo-derived blood vessels in 

the placenta) and do not contribute to trophectoderm or primitive endoderm (Beddington 

and Robertson, 1989). However, mouse ES cells can differentiate into primitive 

endoderm, but not trophectoderm, ih vitro indicating that these cells are specified to have 

the same broad potential as their primary ICM counterparts (Coucouvanis and Martin, 

1995; Coucouvanis and Martin, 1999; Doetschman et al., 1985). Thus, the in vivo 

environment seems to repress the potential of ES cells to fo~m primitive endoderm. 

Experiments similar to those described above for mouse embryos are difficult if 

not impossible to perform in human embryos for ethical reasons. For example, only one 

lineage tracing experiment in human preimplantation embryos is found in the literature 

(Mottla et al., 1995). Thus, human embryonic stem cell lines are the only system in 
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which studies of cell fate specification in early human development are feasible. Since 

the initial derivation of mouse ESCs, derivation of ESCs from other species has been 

reported, including from non-human primates (Suemori et al., 2001; Thomson et al., 

1995; Thomson et al., 1996). Recently, human embryonic st.em cells (HESCs) have been 

isolated from the inner cell mass of human blastocysts (Thomson et al., 1998). Though 

detailed characterization is only beginning to emerge on HESCs, initial characterizations 

seem to indicate that these lines have properties both similar to and different from mouse 

ESCs. 

One major difference between mouse and human ESC lines is in the method of 

their derivation. Mouse ESCs are derived on mouse embryonic fibroblast feeder layers 

(MEFs) with or without leukemia inhibitory factor (LIF). It was further shown that 

MESCs could be maintained in the absence of MEF feeders but required LIF (Smith et 

al., 1988; Smith and Hooper, 1987; Williams et al., 1988). The initial derivations of 

HESCs were also on MEFs (Thomson et al., 1998). However, this initial report indicated 

that LIF was found to be unnecessary and basic FGF was instead required. Others have 

shown that HESC lines can be derived under similar conditions (Amit and Itskovitz

Eldor, 2002; Cowan et al., 2004; Mitalipova et al., 2003; Reubinoff et al., 2000). In 

addition, clonal populations of HESCs have been derived from established cultures that 

maintain the broad potential of their non-clonal parent cultures (Amitet al., 2000). 

Feeder-free culture systems have also been developed that allow analysis in the absence 

of direct cell-cell communication (Amit et al., 2004; Xu et al., 2001 ). In these systems, 

feeder-conditioned medium is necessary to maintain the undffferentiated state. Some 



further characterization of surface marker expression and differentiation potential has 
I 

been reported (Carpenter et al., 2003; Draper et al., 2002; Drukker et al., 2002). 

Additionally, similarities and differences have been found between MESCs and HESCs 

(Ginis et al., 2004; Pera et al., 2004) particularly in marker expression for cell cycle 

regulation, control of apoptosis and cytokine expression. 
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Like mouse ESCs, HESCs have been shown to develop into a variety of cell types 

representative of the three embryonic germ layers. When transplanted in vivo into SCID 

mice they form teratomas that contain tissues and cell types representative of the three 

embryonic germ layers (Cowan et al., 2004; Thomson et al., 1998). When transplanted 

into chick embryos they differentiate into a variety of tissues appropriate to site of 

transplantation (Goldstein et al., 2002). Additionally, specific lineage differentiation 

representing all three embryonic germ layers has been analyzed in in vitro differentiation 

systems (Gerami-Naini et al., 2003; Gerecht-Nir et al., 2003; Mummery et al., 2002; Xu 

et al., 2002a; Zhang et al., 2001). These studies have shown that, like MESCs, HESCs 

can be differentiated into what appear to be functional cell types equivalent to those 

found in vivo. 

However, a major difference between established mouse and human ESC lines is 

the ability to develop into the trophectoderm lineage in vitro. While HESCs have the 

ability to develop trophectoderm (Mitalipova et al., 2003; Thomson et al., 1998; Xu et al., 

2002b) mouse ESCs cannot do so without genetic manipulation (Doetschman et al., 1985; 

Niwa et al., 2000). BMP signaling has been proposed to promote trophectoderm 

differentiation of HESCs (Xu et al., 2002b). However, this has· been disputed in another 



study (Pera et al., 2004) that implicates BMP signaling in primitive endoderm 

differentiation in HESCs. The difference in ability between mouse and human ESCs to 

generate trophectoderm may indicate a difference in the potency of ICM cells between 

these species. However, this difference has not been explored extensively. 

9 

Mouse ESCs will form embryoid bodies.(EBs) when aggregated in vitro 

(Doetschmari et al., l 985)(see Fig. 2). These structures morphologically resemble the 

egg cylinder of an implanted embryo anci mimic many key aspects of early post

implantation development (Coucouvanis and Martin, 1995; Coucouvanis and Martin, 

1999). EBs have an outer layer of primitive endoderm separated from an inner layer of 

primitive ectoderm-like cells by a basement membrane. In these studies, signaling 

between the descendants of the outer primitive .endoderm lineage to the inner primitive 

ectoderm-like cells was demonstrated to induce cavitation into a structure that resembles· 

the egg cylinder (day 3 and 4 in Fig. 2A). These studies indicate that the complicated 

cell-cell interactions initiated in these structures reproducibly generate the initial steps of 

development in implanting embryos. Furthermore, EBs allow one to study early 

development at the molecular level (Desbaillets et al., 2000; Leahy et al., 1999). Studies 

have shown that molecular markers as well as cell types appear with kinetics that mimic 

development in vivo (Abe et al., 1996; Leahy et al., 1999)(Fig. 2). 

Human ESCs also can form embryoid bodies (EBs) that differentiate in vitro and 

form cell types from all embryonic germ layers (ltskovitz-Eldor et al., 2000; Reubinoff et 

al., 2000; Schuldiner et al., 2000). HESC-derived EBs can also support trophoblast 

differentiation (Gerami-Naini et al., 2004). However, despite the success in generating 
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Figure 2. Embryoid body culture and development. (A) Generation of mouse embryoid 
bodies (EBs) begins with culturing MESCs on gelatin in the absence of feeders. ESCs on 
gelatin are transferred to suspension culture to allow aggregation. An endoderm layer 
begins to differentiate on the exterior of the EBs. The endoderm cell type is apparent by 
day3. Cavitation mediated by programmed cell death signals is under way by day4 and 
the inner layer of primitive ectoderm-like cells are surrounded by a layer of visceral and 
parietal endoderm. Development of the EBs proceeds to form cell types representing the 
three embryonic germ layers. ( B) Representative gene expression of a pluripotency 
marker, Oc-3/4, a primitive ectoderm marker, FGF5, and an endoderm marker, Gata-4/-
6 are shown/or the appropriate stages of EB development. (C) Examples of mouse ES 
cells on gelatin (left) and a mature EB (right). 
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human EBs in these studies, earlier studies suggested that generating EBs from human 

ESCs may be more difficult than from mouse ESCs. Whether this indicates further 

differences between mouse and human ESCs, culture conditions, or differences between 

human ESC lines is unclear at this point. 

Cell signaling in pluripotent cells 

Although a little has been learned about the signaling mechanisms used by mouse 

ESCs to maintain pluripotency, there are significant gaps in our understanding of the 

maintenance of pluripotency of the ICM and the first steps of differentiation in the 

preimplantation· embryo. Isolation of stem cell lines from early embryos and the study of 

their subsequent differentiation has the advantage of overcoming the limitation of 

· insufficient material from primary tissues needed for molecular studies. In the case of 

human development, ethical constraints also limit the availability of primary tissue. 

Leukemia inhibitory factor (LIF) is sufficient for the propagation of 

undifferentiated mouse ES cell lines in the absence of mouse embryonic fibroblast 

feeders (Smith et al., 1988; Smith and Hooper, 1987; Williams et al., 1988). LIF signals 

through LIFR and gp130 (Gearing and Bruce, 1992; Gearing et al., 1991) to maintain 

mouse ESC self renewal(Smith et al., 1988; Smith and Hooper, 1987; Williams et al., 

1988). However, gpl30 homodimers are sufficient for ES self renewal (Murakami et al., 

1993; Yoshida et al., 1994). The JAK/ST AT pathway is activated by LIF signaling in 

mouse ES cells to maintain self renewal (Burdon et al., 1999; Niwa et al., 1998). 

However, the relevance to the maintenance of the ICM in vivo by a LIF-mediated signal 

is unclear. Mouse mutants in this pathway do not show ICM defects (Li et al., 1995; 
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Ware et al., 1995; Yoshida et al., 1996). Additionally, mice deficient in LIF produce 

viable embryos but are unable to initiate implantation indicating that LIF is not required 

in the embryo for preimplantation development (Stewart et al., 1992). Therefore, other 

signaling pathways may be sufficient to maintain the pluripotent state of the ICM. 

Indeed, an unidentified signal that is not mediated by ST A T3 and is not LIF or a LIF

related cytokine can maintain mouse ESCs in a pluripotent state (Dani et al., 1998). 

A physiological explanation of the presence of the gp130 signaling pathway in 

mice has been suggested (Nichols et al., 2001). Gp130 signaling is required in the mous~ 

for diapause, the ability to accommodate delayed implantation_ of blastocysts. This is 

commonly required of wild rodents, as well as other species, to overcome nutritional and 

environmental stresses before pregnancy can continue (Mantalenakis and Ketchel, 1966; 

Renfree and Shaw, 2000). Gp130 mutants survive, but the epiblast in these embryos 

undergoes apoptosis, leaving only primitive endoderm derivatives in the blastocyst 

(Nichols et al., 2001). Undifferentiated HESCs and non-human primate ESCs are not 

responsive to LIF and express either low or no message for the receptors LIFR or gp130 

(Ginis et al., 2004; Sato et al., 2004; Thomson et al., 1998; Thomson ~t al., 1995; 

Thomson et al., 1996). The absence of a capacity for delayed implantation in human 

embryos suggests that mouse and human ES Cs may use different mechanisms to· promote 

the pluripotent state. The presence of STAT3, a downstream target of LIF signaling, has 

been reported in HESCs (Ginis et al., 2004). However, the activation state of ST AT3 has 

not been shown. Thus, it is still possible that ST AT3 signaling is functional in HESCs. 

Further work is needed to clarify this issue. 
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More recently ~ctivation of the Wnt path"".ay (Fig. 5B) has been shown to be 

necessary and sufficient to maintain the pluripotency of mouse and human ESCs (Sato et 

al., 2004). In this study a potent inhibitor of GSK3--, BIO, was used to show that 

activation of the canonical Wnt pathway is able to maintain both mouse and human ESCs 

in an undiffer_entiated state. Therefore, this is the first pluripotency promoting pathway 

common to both mouse and human ESCs. 

In contrast, activation of the BMP signaling pathway seems to have different 

effects on mouse and human ESCs. BMP signaling seems to function with STAT3 to 

promote embryonic stem cell self-renewal in mouse ESCs (Ying et al., 2003). However, 

in HESCs BMP signaling promotes either trophectoderm differentiation in a feeder-free 

system (Li et al., 2001) or primitive endoderm differentiation from HESCs on MEF 

feeders (Pera et al., 2004). However, since BMP signaling has also been shown to 

promote primitive endoderm differentiation in the context of mouse embryoid bodies 

(Coucouvanis and Martin, 1999), culture conditions or the context of cell-cell 

communication may defi_ne the response of ESCs to BMP signaling. 

The transcription factor Oct3/4 (also called POU5Fl) is also required for 

manitenance of the pluripotent state (Niwa et al., 2000). Oct-3/4 expression does not 

seem to be mediated by the ST AT3 pathway (Niwa et al., 2000). However, the level of 

expression of Oct3/4 is important for the cell fate choice decision (Niwa et al., 2000). 

Complete genetic elimination of Oct3/4 results in differentiation of mouse ES cells to a 

trophectoderm fate. Conversly, increasing Oct3/4 levels 1.5 to 2-fold over the normal 

levels needed to maintain the pluripotent state results in differentiation into a primitive 



endoderm fate (Niwa et al., 2000). Levels of expression from 0.5 to 1.5-fold of the 

endogenous expression allowed maiintenance of the pluripotent state. Since in situ 

hybridization has failed to detect differences in Oct-3/4 mRNA level, post-translational 

mechanisms may control Oct-3/4 protein levels. 
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The protein expression profile of Oct-3/4 in mouse blastocysts is consistent with 

these data. Prior to compaction, all blastomeres in the morula express Oct-3/4. As 

mouse blastocysts develop, protein expression of Oct3/4 is lost quickly in the 

trophectoderm and is increased in early differ~ntiation of the primitive endoderm 

(Palmieri et al., 1994). Oct-3/4 expression is maintained in the primitive ectoderm and is 

shut off during gastrulation. Primordial germ cells (PGCs) maintain expression leading 

to the suggestion that Oct-3/4 is the carrier of totipotency (Pesce et al., 1998; Pesce and 

Scholer, 2000; Pesce and Scholer, 2001). 

Other studies indicate that a transient upregulation of Oct-3/4 in the primitive 

ectoderm functions in the differentiation of primitive endoderm. Retinoic acid treatment 

of F9 embryonic carcinoma cells has been traditionally used as a model of primitive 

endoderm differentiation. When F9 EC cells are treated with retinoic acid, they 

transiently upregulate protein expression of Oct-3/4 (Botquin et al., 1998). This is 

associated with activation of the Osteopontin gene (OPN), which is an extracellular 

matrix gene that functions in cellular migration and is a marker of primitive endoderm. 

Dimerization of Oct-3/4 seemed to be necessary to activate OPN expression. This 

indicates an possible explaination for the effects of varying levels of Oct-3/4 on 



differentiation. Thus, the level of Oct-3/4 protein expression may control both 

pluripotency and differentiation in the ICM. 
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Rhesus monkey embryos show a similar expression pattern of Oct-3/4, though in 

this study the level of expression in the primitive endoderm was not determined 

(Mitalipov et al., 2003). There are limited expression data_ for human embryos. , 

However, Oct-3/4 expression in human embryos has been shown to be increased in the 

ICM relative to the trophectoderm by RT-PCR (Hansis et al., 2000). In addition, gene 

knock-down of Oct-3/4 by RNAi produces similar effects in mouse and human ESCs 

resulting in trophectoderm differentiation (Hay et al., 2004). Not all species show this 

restriction in expression of Oct-3/4. For instance, expression of Oct-3/4 in the 

trophectoderm of bovine and porcine embryos is prolonged in preimplantation embryos 

(Kirchhof et al., 2000). These studies highlight the importance of Oct3/4 in pluripotency 

and early differentiation events. Additionally, they suggest that Oct-3/4 function may be 

conserved between mouse and primates. They also suggest that Oct-3/4 levels alone may 

not be sufficient to control the choice between pluripotency and differentiation. 

Recently, another transcription factor, Nanog, has been shown to be sufficient for 

the mainienance of the pluripotent state of mouse ESCs (Chambers et al., 2003; Mitsui et 

al., 2003). In contrast to Oct-3/4 expression, elevated expression of Nanog bypasses 

LIF/ST AT3 function and maintains Oct3/4 expression and pluripotency of mouse ESCs 

(Chambers et al., 2003). In addition, Nanog is required to maintain the undifferentiated 

state and its deletion induces primitive endoderm differentiation instead of trophectoderm 

differentiation (Mitsui et al., 2003). This suggests that Nanog may suppress Oct-3/4's 
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function in primitive endoderm differentiation. Nanog is expressed in HESCs as well 

(Bhattacharya et al., 2004; Chambers et al., 2003; Clark et al., 2004; Sato et al., 2004). 

However, very little is known about the mechanism that Nanog uses to direct 

pluripotency and differentiation decisions. Thus, the question of how decisions are made 

between maintenance of pluripotency and the initiation or differentiation is still open. 

Notch signaling 

Recent global gene expression profiling of mouse preimplantation embryos from 

time points ranging from unfertilized oocytes to late blastocyst stages has revealed the 

possibility of a preimplantation function for signaling pathways previously identified in 

other developmental contexts (Hamatani et al., 2004; Wang et al., 2004). In addition to 

the Wnt pathway mentioned above, these studies also highlight the Notch pathway's 

possi~le involvement in early development. 

The Notch pathway was discovered by Thomas Hunt Morgan in 1917 in 

Drosophila mutants that exhibit a "notch" in the tip of wing (Morgan, 1917), which 

indicated a possible function in outgrowth of the wing. The Drosophila gene was cloned 

by the Artavanis-Tsakonas group (Wharton et al., 1985) and the Young group (Kidd et 

al., 1986) and was found to encode a receptor with a single transmembrane domain (Fig. 

3A). The human homologue of Notch was discovered as a translocation into the TCRb 

gene (Ellisen et al., 1991) and was identified as a potential cause of T-cell acute 

lymphoblastic leukaemia (T-ALL). This also identified Notch as an oncogene. In 

addition to its role in oncogenic transformation, Notch signaling has been shown to be 

crucial for patterning and cell fate decis1ons in a great number of developmental contexts. 
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It has also been implicated in suppression and activation of apoptotic pathways (Miele 

and Osborne, 1999) and has recently been identified as a tumor suppressor (Nicolas et al., 

2003) in mouse skin .. Thus,the accumulating roles-of Notch,signaling serve as an 

example of a signaling cascade th<;1t has been used repeatedly in evolution to regulate 

div_erse processes. The result of No_~c~ sign~ling depends greatly on the inter- and 

iritracellular context in which Notch :is ·acting. 

There are at least t\vo general devel~pmental mech_anisms through which Notch 

functions (see Fig. 4). Notch signaling:c~n indu~e ~ new cell type at the boundary 

between two cell populations by inducing new gene expression (Fig. 4B). Examples of 

this inductive form of Notch signaling come from studies of induction of the wing margin 

-during Drosophila w·ing development.. In this case Notch signaling between adjacent cell 

types with different developmental potential results in the direct activation of the gene 

Vestigial in margin cells (Kim et al., 1996). Vestigal gene expression can ce11 

autonomously direct the outgrowth of wing tissue in areas that would otherwise not do 

so. In vertebrate somitogenesis Notch may control a segmentation "clock" by a similar 

mechanism. However, the mechanism of how the induced gene expression directs 

somitogenesis is less clear (Bessho and Kageyama, 2003). 

In the most thoroughly described mechanism, inhibitory Notch signaling inhibits 

cell fate acquisition in a group of cells with similar potential in a pro~ess termed lateral 

inhibition (Fig. 4A). In this situation, cells of similar potential that express equivalent 

proportions of Notch ligand and receptor come under the influence of an intrinsic or 

extrinsic bias that initiates a new pattern of gene expression and influences the relative 



19 

A B 

I Similar potential I 

G8 
I Different potential I 

GO 
D 

~ 
Intrinsic bi~ 

~ 
~trinsic bias 

GO 
D N~a 0--tl G 

J} 

0 
Figure 4. General mechanisms of Notch signaling. (A) Inhibitory Notch signaling 
inhibits cell fate acquisition in a group of cells with similar potential in a process termed 
lateral inhibition. Cells of similar potential that express equivalent proportions of Notch 
ligand and receptor come under the influence of an intrinsic or extrinsic bias (yellow) 
that pushes the balance of expression. Feedback mechanisms solidify the change in 
balance of signaling between a Notch signal receiving and a sending cell. The cell that 
receives the signal, or the one that expresses more Notch, is inhibited in the acquisition 
of the cell fate ( green). The signal-sending cell that expresses more ligand differentiates. 
(B) Notch signaling can produce a new cell type between two cell populations with 
different potentials by inducing new gene expression that directs acquisition ofa new 
fate. 
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level of Notch expression within the group of cells. Once asymmetries in Notch 

expression within the cells are initiated, feedback mechanisms solidify the differential 

Notch expression among the cells resulting in Notch signal receiving and sending cells. 

Generally, the cell that receives the signal, or the one that expresses more Notch, is 

inhibited in the acquisition of the cell fate assumed by the other cells. The signal-sending 

cell that expresses more ligand assumes the specified fate. Close inspection reveals that 

in the majority of cases, the inhibited cell's fate is not to maintain an undifferentiated 

state, as is commonly assumed. Instead, it generally assumes an alternate fate, regardless 

of the state of differentiation. For instance, in mammalian epidermal cell differentiation, 

stem cells asymmetrically generate a transit amplifying cell that differentiates and 

another stem cell. In this case, it is the more differentiated transit amplifying cell that 

receives the Notch signal (Lowell et al., 2000). Thus, Notch signaling does not always 

maintain the undifferentiated state. 

A series of proteolytic events are involved in the maturation of the Notch receptor 

(Fig. SA). The first cleavage, termed S 1, takes place in the Golgi complex and is 

mediated by a furin convertase (Logeat et al., 1998)(not shown in the diagram). This 

constitutive activity of furin seems to be required for Notch activity in mammals (Logeat 

et al., 1998) but not in Drosophila (Kidd and Lieber, 2002). The two fragments resulting 

from this cleavage, the extra-cellular domain (NEx;T) and the transmembrane fragment 

(NTM), form a heterodimer via interactions in the Linl2-Notch (LN) domain repeats that 

are based on calcium-dependent interactions (Rand et al., 2000)(Fig. 3A). This 

heterodimer is the form presented on the cell surface. NEXT contains a series of 36 EGF 
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Figure 5. ( A) ligand-mediated activation of Notch begins with ligand binding to the 
Notch receptor. When ligand binds, conformational changes or endocytosis (mimicked 
by EDT A-mediated Ca++ depletion) triggers ADAM/TAC£/ Kuzbanian-mediated Site 2 
cleavage. This results in the generation of NEXT that is constitutively cleaved by the Site 
3 r-secretase. This releases NICD into the cytosol where it migrates to the nucleus to 
activate target gene expression by turning CSL from a repressor to an activator complex. 
( B) The "two-state" signaling model of Wnt signaling. In the presence of ligand, /3-
catenin is targeted for degradation by phosphorylation by GSK3-f3. When a Wnt ligand 
binds the receptor, GSKJ-{3 is inhibited and {3-catenin is stabilized. Stabilization of {3-
catenin allows for nuclear entry and activation of target genes ( adapted from "The Wnt 
gene homepage" maintained by Roel Nusse, 
http://www.stanford.edul~rnusselwntwindow.html). 
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repeats. _EGF repeats 11 and 12 are both necessary and sufficient for activation by Delta 

or Serrate ligands in Drosophila (Fleming, 1998). In addition, Wingless has been shown 

to directly bind EGFrepeats 17 and 26{Wesley, 1999), the functional significance of 

which is unknown and will be further discussed below. 

Activation by ligand renders the second S2 site sensitive to cleavage by 

extracellular proteases of the ADAM/T ACE/Kuzbanian family (Brou et aJ., 2000; Lieber 

et aJ., 2002; Mumm et aJ., 2000)(Fig. 5A). The S2 cleavage generates a membrane

bound fragment caJled NEXT. NEXT is constitutively processed in the next cleavage, 

S3, which cleaves a site within the transmembrane domain of Notch releasing NICD from 

the membrane. 

Recent studies have shown that the S3 cleavage event that releases NICD is 

mediated by the "----secretase" proteolytic complex that is composed of four principal 

components (De Strooper, 2003). Genetic studies linking mutations in the two presenilin 

genes to early-onset Alzheimers disease provided the first clue to the identity of the 

active component of ----secretase (Selkoe, 1998; Sisodia and St George-Hyslop, 2002). 

These mutations reduce generation of the processed neurotoxic form of Amyloid 

precursor protein (APP) (Selkoe, 1999; Sisodia and St George-Hyslop, 2002). The link 

to Notch signaling came with the realization that presenilins were homologous to the Sel-

12 gene in C.elegans that is required for Notch signaling (Levitan and Greenwald, 1995). 

Mice that lack both presenilin-1 and presenilin-2 exhibit phenotypes similar to Notch 

mutants and indicate that these genes are essential for Notch signaling (Donoviel et al., 
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1999). Further, presenilin, nicastrin, aph-1 and pen-2 seem to be sufficient for 

---secretase cleavage activity in reconstitution experiments (De Strooper, 2003; Edbauer 

et al., 2003; Kimberly et al., 2003). 

The number of known substrates for --secretase is growing. Evidence for a 

signaling pathway based on regulated intramembrane proteolysis of type I integral 

membrane proteins that can relay extracellular signals by the generation of 

transcriptionally active intracellular fragments is emerging (reviewed in Medina and 

Dotti, 2003). In addition to the well-described actions on Notch (De Strooper et al., 

1999) and the amyloid beta precursor protein (De ;;trooper et al., 1998), substrates 

include the Notch ligands Delta and Jagged (Ikeuchi and Sisodia, 2003; LaVoie and 

Selkoe, 2003), ErbB-4 (Lee et al., 2002; Ni et al., 2001), CD44 (Lammich et al., 2002), 

LDL receptor-related protein (May et al., 2002), E/N-cadherin (Marambaud et al., 2002), 

Nectin-1. (Kim et al., 2002), and amyloid precursor-like protein (Scheinfeld et al., 2002). 

However, of the possible released fragments only the Notch ICD has been shown to 

regulate gene expression. In addition, ---secretase cleavage may regulate other biological 

functions. For example, ---secretase cleavage of E-cadherin may regulate adherens 

junction disassembly (Marambaud et al., 2002). This cleavage may also have an indirect 

effect on gene expression by regulating the transcriptional signaling pool of --catenin, an 

effector of the wingless signaling pathway (Soriano et al., 2001). However, this function 

has been uncoupled from ---secretase cleavage of Notch (Saura et al., 2000; Soriano et 

al., 2001). 
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is essential for Notch function (Artavanis-Tsakonas et al., 1999; Greenwald, 1994). 

NICO translocates to the nucleus where it displaces·a CSL repressor complex (Hsieh et 

al., 1996; Jarriault et al., 1995). The RAM domain, along with contribution of the ANK 

repeats, in NICO is responsible for binding CSL (Jarriault et al., 1995; Kato et al.·, 1997; 

Matsuno et al., 1997; Tani et al., 2001). This new complex then acts as a transcriptional 

activator (Mumm and Kopan, 2000; Schroeter et al., 1998; Struhl and Adachi, 1998)(Fig. 

4C). The canonical target genes include the basic helix-loop-helix transcription factor 

family of the Enhancer of Split complex (HES genes in mammals)(Jarriault et al., 1998). 

' In SOP development, for example, these transcription factors in turn repress the 

expression of proneural bHLH transcription factors such as Achaete-Scute in Drosophila 

(Parks et al., 1997). Thus, neural fate is inhibited in cells receiving the Notch signal and 

the cell expressing the OSL ligand is singled out to become the sensory organ precursor 

cell. This historically lead to the idea that Notch signaling maintains the 

"undifferentiated" state. However, it is now understood that the Notch signal-receiving 

cell assumes the initially specified epidermal fate. 

The Wnt and Notch pathways interact 

The Notch signaling pathway_ has been shown to interact with other pathways. 

Wnt and Notch pathway interactions are corrimon in both Drosophila and vertebrate 

developmental systems. For instance, antagonistic interactions haye been found in 

human epidermal differentiation (Lowell et al., 2000; Zhu and Watt, 1999) and in 

mammary epithelial cell branching morphogenesis (Uyttendaele et al., 1998). Notch/Wnt 

inhibitory foteractions occur at several levels and are described below. 
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As mentioned previously, the extracellular domain of Notch binds to Wnt 

(Wesley, 1999). In the Drosophila eye and wing, where antagonism of Wnt and Notch 

pathways is observed (Klein and Arias, 1998; Strutt et al., 2002), addition of secreted 

forms of Delta and Serrate block endogenous Notch activity (Hukriede et al., 1997; Sun 

and Artavanis-Tsakonas, 1997). It has recently been shown that a soluble Delta ligand 

requires clustering to bind and activate Notch (Hicks et al., 2002), and unclustered forms 

act as dominant negative inhibitors. As Wot is known to bind to the EGF-like repeats in 

regions that overlap with some of the Delta and Serrate binding sites (Wesley, l 999)(Fig. 

3A), Wnt binding at these sites has been proposed to play a similar dominant negative 

role in disrupting Notch ~jgnaling (Martinez Arias et al., 2002). 

There are also several possible interactions within the cell. It has recently been 

shown that Notch signals may function in Drosophila SOP development prior to CSL 

mediated signaling. This was suggested by a new class of Notch alleles (Med) that can 

result in a gain of function phenotype (Ramain et al., 2001). These mutations also predict 

an intracellular link to Wot signaling. The Med mutations implicate important regions C

terminal to the intracellular ankyrin repeats that are known to bind Dishevelled, a 

regulator of Wnt signaling whose function is unknown but may mediate inactivation of 

GSK3- (Fig. 3A) (Axelrod et al., 1996; Ramain et al., 2001). Consequently, Dishevelled 

is unable to rescue the Med mutations as these Notch proteins lack the Dishevelled 

binding domain. However, the Med domains are different from those required for the 

CSL-dependent pathway. The M_cd phenotype cannot be suppressed by a loss of CSL 

(Suppressor of hairless) function and suggests a Notch function that is independent of the 
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canonical CSL-mediated pathway (Ramain et al.; 2001). Deltex is required for signaling 

via this non-canonical pathway as lateral signaling occurs normally in flies double mutant. 

for Deltex and the Med Notch alleles. Thus, the signal mediated by the Med alleles 

requires the function of Deltex .. Dishevelled is linked to this pathway as. it contains 

binding sites for Suppressor._of Deltex, an ubiquitin ligase tha~ has been postulate~ to play 

a role in regulating Deltex and possibly NICO degredation (Ramain et al., 2001). Thus, 

Dishevelled's function may be to block the Deltex-mediated function. 

Notch has also been shown to interact with another member of the Wnt pathway, 

GSK3- (Fig. 3A) (Espinosa et al., 2003; Foltz et al., 2002; Ramain et al., 2001; Ruel et 

al., 1993). Studies in Drosophila point to an interaction of Notch with Shaggy, the 

homologue of GSK3- (Ramain et al., 2001; Ruel et al., 1993). As Shaggy mutants 

rescue the Notch Med mutations, Shaggy may act positively in the Notch pathway • 

(Ramain et al., 2001). 

However, these studies did not show a direct interaction between Notch and 

Shaggy/GSK3-. Two recent studies in mammalian systems have demonstrated that 

Notch binds GSK3- and that GSK3- is responsible for phosphorylation of NICO 

(Espinosa et al., 2003; Foltz et al., 2002). In one case, reduced Notch signaling in 

GSK3- null fibroblasts has suggested a positive effect on Notch signaling (Foltz et al., 

2002). However, in another study, GSK3- inhibited the activation of Notch target genes 

(Espinosa.et al., 2003). Thus, the functional consequences of interaction between GSK3-

and Notch are still not clear, but may depend on cellular context. 
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Together, these studies suggest that Notch acting through Deltex maintains an 

undifferentiated state and implicate a Wnt signal in disrupting this pathway. This, in 

tum, may lead to upregulation of proteins that mediate the CSL-dependent pathway. For 

instance, it has been shown that Deltex and Notch can inhibit E47, a bHLH transcription 

factor (Ordentlich et al., 1998). The inhibition of E47 proceeds via inhibition of Ras that 

normally activates JNK. Consistent with a CSL-ihd~pendeQt role, JNK activity is high in 

Drosophila embryos lacking Suppressor of Hairless-independent Notch function 

(Zecchini et al., 1999). Further, it has also been shown that in the presence of activated 

Notch, oncogenic Ras can upregulate comp·onents of the lateral signaling pathway 

including Notch-1, Delta and presinillin~i (Weijzen et_ al., 2002). Therefore, these two 

Notch pathways may'be linked in a eye.le th.at regulates the acquisition of new fates. 

Notch signaling in preimplantation mammalian development 

To date there are no mouse mutants in the Notch pathway that affect 

preimplantation development. As there are four Notch homologues in mice, the 

possibility of functional redundancy has been difficult to eliminate. Mice mutant for the 

CSL family member, recombination signal-binding protein or RBP-Jk, indicate that this 

Notch pathway member is not required for maiintenance of ES or ICM cells, but is 

required for growth and differentiation of the germlayers. Germlayers are specified 

properly, but fail to grow. Additionally, the placental tissues (trophectoderm?) are 

specified properly, but fail to support development due to their failure to differentiate 

properly (Oka et al., 1995). However, mutants for the mediators of CSL-independent 



Notch signaling have not been reported. Thus, a functional role for Notch in 

preimplantation development is still possible. 
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In a recent microarray anaiysis, several Notch family genes were found to be 

expressed and co-regulated in two waves during early stages of mouse preimplantation 

development while several others were expressed at constant levels (Wang et al., 2004). 

The first wave of ex·pression occurs from the germinal vesicle stage of the oocyte to the 

4-cell stage and includes Deltex, Jagged-2, Presenilin-1, Kuzbanian, Heyl and Numb. A 

second wave is expressed from the 4-cell to early blastocyst stage and includes 

Suppressor of Deltex, Fringe, Notch-3, and Atonal. This implies that Deltex-tnediated. 

Notch signaling plays role in differentiation of the ICM and trophectoderm lineages. A 

second microarray study of preimplantation development supports this work (Hamatani et 

al., 2004). Expression data becomes less clear after ri-iorula stages as gene expression and 

cellular complexity increase in the blastocyst. Thus, other components of the Notch 

path_way that may function at later stages· may be unchanged or below detection limits in 

these assays. 

Total inacti.vation of -secretase in mouse ES cells is co111:patible with their 

maintenance of function (Berreman et al., 2000), indicating a lack of requirement for 

Notch cleavage in the mainte)).ance of the undifferentiated state in mouse ES cells. In 

addition, mouse ES cells mutant for the mammalian CSL family member RBP-Jk can 

generate. primitive neural stem cells, but show decreased (but not absent) ability to 

generate secondary and tertiary neural stem cell colonies (Hitoshi et al., 2002). Thus, 

neural stem cells can be specified, but do not self renew we11 and differentiate 
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prematurely. In addition, Hesl transcription does not require RBP-Jk in undifferentiated 

ES cells or primary spheres. However, Hes5 may be decreased in RBP-Jk -/

undifferentiated ES cells (Hitoshi et al., 2002; Schroeder et al., 2003). These studies 

indicate that Notch may not have a function in mouse ES cells but are consistent with a 

function in downstream differentiation. 

Notch signaling in HESCs has not been reported. However, there are some 

indications of Notch expression in both HESCs and human embryonic carcinoma (EC) 

cells (Andrews, 1998). However, the functional significance of Notch expression and the 

role of Notch signaling in these early embryonic cell types have not been reported. 



II. Materials and Methods 

Human Embryonic stem cell culture. 

Manual transfer without EDT A or Trypsin was used to minimize cell damage, 

disturbance or cell fate changes, which might be produced by EDT A or enzymatic or 

chemical treatments (Rand et al., 2000). This method was used to maintain master stocks 

of hES cells. 

Mouse Embryonic Fibroblast (MEF) feeder cells from two different sources were 

used: MEFs prepared from E13 ICR embryos (strain CD-1 from Charles River 

Laboratory) and inactivated using Mitomycin-C or gamma irradiation or commercially 

available Mitomycin-C treated MEFs carrying the gene for Hygromycin resistance and of 

the C57B1/6 strain (Specialty Media cat#PMEH-H). Primary MEFs were used between 1 

to 3 passages. 

MEFS were thawed into DMEM containing lX Lglutamine, lX pen-strep, and 

55mM 2-Mercaptoethanol (all from Gibco). MEFs were plated at a density that allowed 

for complete coverage of the plastic dish surface. Dishes were pre-coated with 0.1 % 

gelatin made with cell culture grade water for 20-30min in the incubator. The pre-coated 

dishes were washed with medium before plating MEFs. A density .of lX 105/cm2 is a 

good starting density for MEF plating. This value was titrated to give optimal coverage 

without being too dense, as increased MEFs in the culture will deplete culture media 

components. Conversely, too few MEFs will not provide adequate conditioning of the 
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media. Inactivated MEF feeder cells.were plated a day or two before addition of HESCs 

to allow for attachment and spre~ding o! :the ME~Jayer.to._completely cover the surface 

of the dish. To pre~entprerhature differe-ntiati~n It is i~po~~nit 'tha~ the HESCs not come 

in contact with tissue culture pla~tic :before the MEFs have laid down sufficient ECM. 

35mm Tissue culture-treated dishes: (BD Falcon) a~e most convenient; however larger 
' .:J - ~ ·, • • ' 

dishes also .work well. MEFS .were fed. every other day until used. "ly[EF feeder layers 

were not used after 4 days._:_ 
. ' . ( ~ -

Glass tools were used for micro-dissection of hES colonies. For glass tools, 

several Pasteur pipets are pulled hair thin. Fine gla_ss needles with hooked ends are 

forged in two steps over a microbumer assembled as described in Manipulating the 

Mouse Embyro (Hogan, 1994) as follows. While holding the two ends of a long Pasteur 

pi pet, the thin end of the pi pet is placed at a dist~nce of about half to two-thirds of the 

distance away from the tip into the orange part of the flame until the glass melts into a 

solid constriction. In a single motion upon removing the pi pet from the flame, each end 

of the pipet is gently pu1Jed and quickly to draw out a thin filament before the glass 

hardens. This was done without breaking the connection between the two ends of the 

pipet. Second, beginning several inches abov~ the flame and slowly moving the thin 

drawn part of the filament down towards the flame, a very fine filament is pulled as 

previously described. The two ends of the pi pet should separate this time forming a fine 

needle end on the tip of the pi pet. If the tip remains s_traight after the second pull, the fine 

end is passed a few inches quickly over the top of the flame. The force of the rising heat 



33 

Figure 6. Manual passaging tools and techniques. (A) Glass hook shown next to the end 
of a Pasteur pipette for comparison. The extra length on the hook can be trimmed with 
watchmakers forceps. ( B) Still photograph of manual microdissection. ( C) Resulting 
HESC chunks floating in medium above feeder layer. ( D) Remnants of a microdissected 
colony showing the hole remaining in the MEF feeder layer from the HESCs burrowing 
into the feeder layer to attach to the tissue culture plastic. All images are from a 
stereomicroscope. Cell chunks are between 50-I00µm square and colonies are between 
300µm and 700µm in diameter. 
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will curl the tip of the needle into a hook. The hooked end should be thin enough for the 

micro-dissection of the HESC colonies but thick enough to withstand some pressure 

during the dissection. Examples of the final product are shown in Figure 6A. 

Growth medium was serum free and made in D-MEM/F12 (cat#l 1330-032), 20% 

Knockout SR (KSR), lX pen-strep, lX L-glutamine, IX NEAA, 55mM 2-

mercaptoethanol (aJl from Gibco). KSR was thawed at 4°C, aliquoted into 50ml co_nical 

tubes and frozen at-20°C. Aliquots were also thawed at 4°C before making complete 

medium. A stock of growth medium was stored at 4°C for no more than one week. Only 

as much medium as needed was preheated for about 20 to 40 min at 37°C. To prepare 

complete growth medium, bFGF was added just before feeding to a concentration of 

.8ng/ml. Stocks of bFGF (Sigma cat F-0291) were made to 25mg/ml in growth medium. 

Prior to micro-dissection, medium was changed in the weJl to be passaged and on 

the feeders. The feeders were washed once and 2ml of fresh complete growth medium 
. ' 

. . . ·: 

was placed on the new feeders on 35mrri dishes. Care was taken to maintain temperature, 

pH and osmolarity of the media by working quickly. The feeders were kept in the 

incubator during the dissection. Alternatively, a humidified CO2 gas·source and a warm 

plate were.used to maintain an optimal environment while the cul_t~res-~ere out of the 

·" . . ,: ' 

incubator. This was·especially helpful" after the colonies were transferred to the new 

feeders, as it is important to minimize handling of the dish. If the dishes are handled too 

much before the colonies have attached to the feeders, the chunks of HESCs will migrate· 

to the center of the dish and attach too dose together. 
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Before passaging, colonies were examined under the microscope and colonies that 

were undifferentiated chosen. I avoided colonies or parts of colonies that were showing 

signs of differentiation. Several types of differentiation can be morphologically 

identified in spontaneously differentiating cultures (Figs.7C, 10, 15D). I avoided the 

center of colonies that show a depression or "crater" appearance (Fig. l0A). Areas of 

colonies that had begu·n forming cystic structures were also avoided (Fig. 15D). I also 

avoided the edges of colonies that did not have a tight border between the feeder layer 

and the colony (Fig. 7C). In these areas, the HESCs have started to flatten, polarize and 

migrate into the feeder layer. Some differentiation on the borders of the colonies can be 

tolerat~d, as these cells can be left behind with the micro-dissection technique. In some 

cases, it was necessary to dissect a colony that had begun to differentiate. The region of 

differentiation was avoided selecting only the undifferentiated parts of the colony to 

dissect. Ideal colonies were comprised of small, round, and randomly organized cells 

with a high nuclear to cytoplasmic ratio that had not begun forming structures within the 

colony (examples are shown in Fig. 7A-C). 

Ideal colonies or parts of colonies were micro-dissected into chunks of about 50--

100 cells using the glass hooks (Fig. 6C-D). The hook was used to gently pull apart 

pieces of the colony. This was accomplished by cutting a grid into the colony with the 

back of the hook and pulling the pieces away f~om· the colony one at a time. It was easier 

to pu11 out one piec~ at a time, as large pieces are more difficult to cut into smaller pieces. 

The size of the pieces was large enough to survive the cutting and adhere to the feeder 

layer~ A piece too large will tend to form ar:i embryoid body-like structure on the feeder 
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Figure 7. Examples of ideal and differentiating colonies. (A) HESC colony from the 
BGNJ cell line surrounded by a low density feeder layer showing no signs of 
differentiation. (BJ BGNJ HESC colonies on high density feeders showing ideal 
morphology. (C) BGN2 HESC colony on optimal density feeder layer also showing ideal 
morphology. ( D) BGN 1 HESC colony showing differentiation of HESCs flattening and 
migrating out from the edge of the colony and some differentiation across the top layer of 
the colony under low density feeder conditions. Scale bars are JOOµm. 



layer as it takes too long for the entirety of a large colony to come into contact with the 

feeders. The resulting colony will have an area of differentiation in the center arising 

from the embryoid body-like structure (see Fig. 15D for an example). 

After micro-dissection, the cell chunks were swirled into the center of the dish 
. . . . . . 

. . . '. 

and 20 to 50 chunks were transferred to the new feeder wells using 1ml micro-pipets. 
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The micro-pipet tip was pre-coated with the medium so that the cells did not stick (a 

regular sterile pipet or Pasteur pi pet was also used). No more than 500ul of medium was 

transferred to the ne~ dish. In some cases, it was necessary to !ransfer the entire well 

volume to the new feeder well ·or wells. If possible, the &shes were left untouched on a 

warmed surface (preferably under CO2 gas) for 15-30min to allow the chunks to begin 

attaching to the dish before moving to an incubator. Excessive handling of the newly 

plated dish will cause the chunks to migrate to the center of the dish rather than 

remaining evenly distributed across the dish. Good spacing between the colonies allows 

proper growth of the colonies. 

Complete medium was exchanged on the growing colonies every day as the 

feeder layer can use up nutrients quickly. In the example graphs and movie, BGNl cells 

were used. The cell cycle for this line is about 24-36 hours. The lines were cultured for 

no more than 6 days to a week. The timing of passage was dependent upon the 

appearance of differentiation within the colonies-mainly from the center or edges of the 

colony (see Fig. 6 for examples of differentiation). 

For cryopreservation the final concentration freezing medium contains 10% (final 

concentration) DMSO as a cryoprotector (v/v) and 25% FBS in growth medium prepared 
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fresh daily. Stocks were made as follows: A) 50% FBS in growth medium (5ml FBS + 5 

ml growth medium). B) 20% DMSO (Sigma cat. D-2650) in growth medium (2ml 

DMSO + 8 ml growth medium). The colonies were micro-dissected as described above. 

HESC chunks were transferred into a 15 ml centrifuge tube, and centrifuged at 1000 rpm 

for 5 min and the supernatant was discarded. As much of the supernatant as possible 

was removed from the tube using a pipette. The pellet was gently resuspended with 1 

volume (half of the final volume) of stock A. Very slowly, over a total of 2 min, 1 

volume of stock B was added drop-wise while gently mixing the tube. The DMSO 

concentration was brought to the final concentration of 10% gradually. Aliquots of the 

cell suspension were dispensed into cryovials (0.5-1.0 ml per vial) and transferred into a 

controlled cooling rate freezing contain.er. The container was placed into -80°C freezer 

for overnight freezing. On the next morning, the cryovials were vented, reclosed tightly 

and transfered into liquid nitrogen. 

HESCs were thawed as follows: a vial was rem~ved from the liquid nitrogen 

storage tank. The vf~l was vented and reclosed tightly before placing it into the 37°C H20 

bath. Care was taken not to submerge the lip of t~e via] in the water bath. The vial was 

twirled during thawing until all ice crystals disappeared. It was sprayed with 70% 

alcohol, and the cell suspension transferred into 15 ml centrifuge tube. Very slowly, over 

a total of 2 min, ES growth medium was added dropwise while gently mixing the tube, 

bringing the total volume to 10 ml. The DMSO concentration was decreased at a 

controlled rate over 2 min. The cells were spun at 1000 rpm(250xg) for 5 min, the 

supernatant removed and the pellet resuspended in 3 ml of growth medium. The cell 
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suspension was plated onto a 35mm dish containing the feeder layer prepared as above 

and placed into the incubator. Colonies were recovered within a few days depending on 

viability. 

In some cases BGNI hES cells were passaged with a combination of collagenase 

treatment and trypsinization for purposes of expansion. In this case, colonies were 

treated with lmg/ml collagenase (Gibco) in growth medium consisting of 20%KSR/l % 

MEM nonessential amino acids/I mM L-glutamine/penicillin (0.5U/ml) and streptomycin 

(0.SU/ml)/0.lmM 2-mercaptoethanol for 3-Smin on a warm stage. The collagenase was 

removed and 0.05% trypsin/EDT A(Gibco) was added. The colonies were immediately 

flushed off of the MEF feeder layer and triterated to a single cell suspension. The cells 

were not in the trypsin solution for more than 45 seconds. The trypsin was neutralized 

with 10%FBS/10%KSR human ES medium. The cells were washed in growth medium, 

counted, and plated at a density of 20,000 cells/cm2 on MEFs. 

Embryoid bodies were formed from cultures that had been growing on Matrigel 

I 

and exposed !O the different treatm_ents. Matrigel was dilu~ed 1: 15 in cold DMEM/Fl2. 

This was used to coat plates overnight at 4°C. The plates were placed in the incubator 

and the Matrigel allowed to gel for 20-30min. The plates were washed once with 

DMEM/Fl2 before plating cells. Cultures were exposed to collagenase type IV or 

dispase (Gibco) for lOmin at 37°C until a monolayer of cells lifted off the dish. The 

monolayer was passed through a·pipette tip until it was broken into small clumps of 500-

1000 cells. These clumps were washed in 15%FBS/1 % MEM nonessential amino 

acids/lmM L-glutamine/pe~icillin (0.5U/ml) and streptomycin (0.5U/ml) twice by 
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allowing them to settle by gravity, removing the supernatant, and resuspending the loose 

pellet. They were plated onto agarose-coated Petri dishes in the same medium used for 

washing and allowed to grow for up to 10 days. 

Magnetic sorting 

Collagenase/trypsin-passaged HESCs were enriched for SSEA4-expressing cells 

with the MACS magnetic cell sorting system (Miltenyi Biotec, Inc.) Manually passaged 

hES cells were harvested by treating with lmg/ml collagenase (Gibco) for 5 min, 

followed by 0.05% trypsin/EDT A for 30 seconds: Colonies were then flushed off the top 

of the feeder layer and dissociat~d to a single cell suspension, leaving the feeders behind. 

The trypsin was neutralized with 10%FBS/10%KSR human ES medium and the cells 

passed through a cell strainer (Becton, Dickinson). For blocking, cells were pelleted and 

resuspended in cold staining buffer [5% FBS, lmM EDTA, penicillin (0.5U/ml) and 

streptomycin (0.5U/ml), in Ca/Mg-free PBS, or in some cases without EDT A]. The cells 

were pelleted and resuspended in 1 ml primary antibody (anti-SSEA4, Developmental 

Studies Hybridoma Bank) diluted 1: 10 ( or in some cases 1 :50) in staining buffer, at 4°C 

for 15 mins. 9 ml. staining buffer was then added and the cells were pelleted, washed 

with 10 ml staining buffer and repelleted. Ix 107 cells were resuspended in 80ml staining 

buffer and magnetic goat anti-mouse IgG MicroBeads (Miltenyi Biotec, Inc) were added, 

mixed and incubated at 4°C for 10 mins. The volume was then brought to 2 ml with 

staining buffer and 1 ul of a fluorescent conjugated secondary antibody (Alexa-488 

conjugated goat anti-mouse.lgG; Molecular Probes) was added to enable analysis of the 

success of the separation. The sample was incubated for 5 min at 4°C, then the volume 
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was brought to 10 ml with staining buffer, and the cells were peileted and washed in 10 

ml staining buffer and repelleted: The cells were resuspended in 500ml staining buffer 

and applied to a separation column tMt ~ad been prepared by washing three times with 

500 ml staining buffer. The column was positioned on the selection magnet prior to 

application of the celis, and the ffow-th'rough and three washes with 500 ml staining 

buffer were collected (presumed SSEA4 negative population). The column was removed 

from the magnet, 500 ml staining -buffer was added, forced through with a plunger and 

the presumed SSEA-4 positive cell population collected in a 15 ml tube. 20%KSR 

human ES growth medium was added to 10ml, and the cells were pelleted and 

resuspended in 1 ml of the same medium. 105 SSEA-4 selected HESC were plated on 

35mm MEF dishes and maintained and passaged in 20%KSR growth medium. To 

examine the effectiveness of the selection, aliquots of the flow/wash sample and SSEA-4 

selected sample were analyzed by fluorescence microscopy. Approximately 75-95% of 

the cells from the retained fraction were SSEA-4 positive, indicating effective 

enrichment. 

Flow Cytometry 

Trypsinized cells were washed once in PBS and fixed in 2% paraformaldehyde 

for 20min at room temperature, washed in PBS/0.05% sodium azide, and stored at 4oC. 

In some cases cells were fixed by dropwise addition of 100% EtOH to a final 

concentration of 70%. The cells were fixed on ice for 30 min. or at -20oC overnight. 

Cells were stored at -20oC in 70%EtOH. For staining, the cells were spun at 3000rpm 

and washed in PBS. For surface stains, the cells were blocked in 3%goat serum in PBS 
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for 30min. followed by addition of 1 ° antibody. 1 ° Antibodies were incubated overnight 

at 4oC or 1hr at room temperature. The cells were washed 3 times in PBS and 2° 

Antibodies were added. 2° Antibodies were incµbated I hr at room temperature followed 

by three washes in PBS. In some cases strepavidin-conjugated fluorophores were added 

and incubated for 30min at room temperature followed by three washes in PBS. In some 

cases cells w_~repostfixed in 0:5% PFA and washed-~n PBS/0.05% azide. 
,• - r,,, ' k 

Cells were analyzed on a Cytomation Cy An Flow Cytometer equipped with UV, 

488nm, and 633nm laser excitatkm sources. Fluorophores used were: Alexa 350 for 
·' 

FL 7/ Alexa 488 for FLl, PE for.-FL2, PI or PE-Alexa610 for FL3, PE-Aiexa647 for FL4, 
~ . ' . . 

PE-Alexa750 for FL5, APC for F~8, a~d APC-Alexa750 fot'FL9. 

Single sta_in_s, isotype controls· for-directly ~onjugated primary antibodies, and 

controls in which primary antibody was omitted in indirect staining protocols were all 

used for analogue and post-acquisition compensation. In most cases, 10,000 to 50,000 

events were collected. Analysis was performed on Summit (Cytomation) analysis_ 

software or Flow Jo _software (TreeStar, Inc). Statistical analysis was performed with 

Prism software v3.0 (GraphPad). 

Western Blotting 

Western analysis was performed using standard procedures. In brief, the protein 

content of samples was determined with a BCA micro protein assay (Pierce, Rockford, 

IL), and equal amounts of protein were loaded.onto precast polyacrylamide mini-gels 

(Gradipore, Australia). Proteins were transferred to nylon membranes which were then 

incubated for 30 minutes in blocking buffer (Tris-buffered saline/ 0.1 % Tween 20/ 
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5%powered milk). Primary antibodies were. diluted in blocking buffer as follows. 1: 10 

bT AN20 and C651.6bHN; 1: 100 anti-Oct4; 1: 1000 anti-presenilin, nicastrin, cleaved 

NOTCHl and 0.5 µg/ml anti-Histone deacetylase. Membranes were incubated with 

primary antibodies overnight at 4°. Membranes were washed 3X (2X 5 mins, lX 15 

mins.) in tris-buffered saline/0.1 % tween 20. Secondary antibodies were diluted in 

blocking buffer and incubated with the membranes for 45 minutes at room temperature. 

Washes were repeated as above and a final 15 minute wash was done with tris-buffered 

saline. Enhanced chemiluminescence (Amersham, Buckinghamshire, England) was 

performed and autoradiographs made. 

Antibodies 

SSEAl, SSEA3, SSEA4, and bTAN20 were all from Developmental Studies 
. . . 

Hybridoma Bank or were purchased from Chemicon. Notch-l(H-131),"Notch-2 and Oct4 

(monoclonal or rabbit polyclonal) Were from Santa Cruz Technologies. TRA-1-60 and 

TRA-1-81 were a gift from Peter Andrews or_·were purchased from Cp.emicon. The 

cleaved Notch-I antibody was from Cell 'Signaling, Inc. The bT AN20 antibody was from 

Developmental Studies Hybridoma Bank. Alexa-488 and -594 conjugated secondary 

antibodies were purchased from Molecular Probes._ 

lmmunohistochemistry 

Cells on chamber slides were rinsed once with IX PBS and fixed for 30min.in 

4%PFA/4%sucrose in PBS pH7.4 at room temperature for surface staining, or in ice cold 

100% Methanol for 5min at-20oC followed by 4%PFA/4%sucrose in PBS for 10 min at 

room temperature for intracellular staining using the bTAN20 antibody. Slides were 
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rinsed 3X in IXP~S aild blocked in 3%goat serum/1 %PVP with or without 0.3%Triton

X 100 in PBS for 30min at 4oC. Primary antibodies were diluted in blocking solution, 

and this solution was applied overnight at 4oC toJhe cells. Cells were rinsed in lXPBS 

and washed overnight with 3 changes of IXPBS. Secondary antibodies were applied in 

blocking solution for 2hr at 4oC. Slides were rinsed in IXPBS, then washed overnight 

with 3 changes of 1 XPBS. Cell nuclei were stained wi~h DAPI at 1 ug/ml in the first rinse 

for 1 0min. The chambers ·were removed and slides were mounted in VectaShield 

mounting medium. 

RNA Preparation and RT-PCR 

Total RNA was extracted from cell samples with Trizol reagent (lnvitrogen, 

Carlsbad, CA). Reverse transcription (RT) reactions were performed with oligo-dT using 

a kit (Cat.# 11904-018, Invitrogen). PCR reactions of 50µ1 contained 2µ1 of cDNA, lx 

PCR buffer, 1.5 mM MgC12 , lmM dNTP mix, 0.5 µM of each specific primer and 2 

units of TAQ. Primers for Deltex (accession# AF053700) were selected to span an 

intron using Biology Workbench 3.2, forward 5' -gtgccctacatcatcgacct-3', reverse 5' -

ctgcgacatgctgttgaagt-3'. Other specific primers were obtained from the published 

literature: 

Notchl forward 5' -gatgccaacatccaggacaacatggg-3'; reverse 5'

ggcaggcggtccatatgatccgtgat-3' 

. . . ' 

Notch2 forward 5 '-acatcat.cacagacttggtc-3'; reverse 5 '-cattattgacagcagc~gcc-3' 

(Karanu et al.,:,2000};. 



Jagged 1 forward 5 '-acacacctgaaggggtgcggtata-3'; reverse 5 ' -

agggctgcagtcattggtattctga-3' 

Jagged2 forward 5 '-cagtggctttactggcacctactgc-3', reverse 5' -

gggttgcagtcgttggtattgtgag-3' 

Delta forward 5 '-tgctgggcgtcgactccttcagt-3', reverse 5 ' -

gcctggatagcggatacactcgtcaca-3' (Ignatova et al., 2002). 

Forty cycles of amplification were done for Deltex and 30 cycles for the other 

genes. Each three-step cycle was 94° for 4~ sec., 60° for 45 sec and 72° for 30 sec. 

Real-time RT-PCR 

Hesl induction by EDT A treatment was monitored by real-time RT-PCR. 

Cultures of hES cells on Matrigel coated 24 well plates were treated with either 0.5% 

DMSO or 50mM DAPT in feeder-conditioned medium for 4hrs to overnight before 

induction by EDT A exposure. The wells were exposed to 2mM EDT A in CM (with 
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. DMSO or DAPT) for 15 min at 37oC. EDT A was neutralized by addition of 4.9mM 

CaC12 and incubated for a further 1.5 hr. The cells were harvested with Trizol and RNA 

was extracted as described above. Real-time PCR was performed using TaqMan primers 

and probes (Applied Biosystems, Inc.) for Hesl (primer sequences: Hes 1-F: 5 ' -

ctaccccagccagtgtcaac-3'; Hes 1-R: 5 '-tcagctggctcagactttca-3'; probe Hes 1-P: 6FAM

cgacaccggataaaccaaagacagc-T AMARA) and normalized to GAPDH (kit from Applied 

Biosystems, Inc; cat. no. ). Reactions were run and monitored on an ABI7700 Sequence 

Detection System (Applied Bioysytems, Inc). Data were analyzed as described in Pfaffl 

et al (Pfaffl et al., 2002). REST-XL (version 2) software was used to determine relative 
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quantification of Hesl gene expression. The data were expressed as the ratio of GAPDH 

normalized Hesl expression _of Ef?T A~treated to EDT ~-untreated samples. DAPT

treated cultures were .. compared to DMSO-treated cult~res. Statistical analysis was 

performed with the REST-EL software to determine significant differences in expression 

bet"';een treatments using pairwise fixed reallocation randimization tests with 2000 

randimizations. 

For normalization of Hl samples for real-time RT-PCR, the geNorm VBA applet 

for Microsoft Excel (software version 3.2) was used to compare the expression of a panel 

of 5 housekeeping genes in several untreated samples and samples treated with DMSO, 

DAPT, and EDTA using primer sequences as described in (Vandesompele et al., 2002). 

The three most stable housekeeping genes, UBC, beta-2-microglobulin, and HPRT, were 

selected for normalization of target gene expression values as described (Vandesompele 

et al., 2002). 

MESC culture and Endoderm lysis 

Mouse ES media was made up as stocks that contained everything except BME 

and LIF. Growth medium consisted of 15% KSR or ES chartacterized FCS, 2mM L

glutamine, lX Pen-Strep, lX Non essential Amino Acids. in KO-DMEM. LIF and 2-

mercaptoethanol were added as needed. (LIF at 1 0E6 units is 1 000X and 2-

mercaptoethanol (BME) was used at 1 00ug/ml). Stocks of LIF and BME were not kept 

for longer than a week. Mouse ES lines Tel and ESD3 were used. They were thawed 

and plated at a density of 2Xl05 ES cells on 5Xl05 MEF feeders in 35mm dishes. These 

were grown 15% KSR media with LIF and 2-mercaptoethanol for two to three days and 
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fed every day. The cells were passaged by plating 2Xl05 ES cells onto a 2Xl05 M.EF 

feeder plate to begin a differentiation experiment, or passaged onto fresh feeders at 2X 105 

to maintain the ES cells. Plates were coated in 0.1 % gelatin in tissue culture grade water 

for 20IJ?.in to ovemig_ht at RT or in the incubator then rinsed with PBS. Mouse feeders 

were used at densities from 0.2Xl06 to 0.5Xl06
• To trypsinize an ES cell plate, a 35mm 

plate was rinsed with 3ml Ca/Mg-free PBS for 2-3rnin, aspirated and 1 ml of 0.25% 

trypsin-EDT A solution added. This culture was incubated at RT for 4 min and triturated 

lightly at 2min- during"~his incubation. The ceBs w~re also tritu~ated at the end of 

incubation to break them up. Then add 2ml of media was added and the cell suspension 

checked under the microscope to comfi~m it was a single-cell suspension. The cells were 

. ' . . 

pelleted and resuspended in 5ml .of media. The cells were counted and plated at dilutions 

of 1X106, 2Xl06 ,.3Xl06 ES ceJls per_35mm gelatin-coated pfate i~ 2-3ml of media. 
. . 

This is about 3X hjg_her than the cell density use~ o,n feeders due to the reduced plating 

efficiency. 

The cells were fed the next day with 2-3ml of fresh media and on the second day 

trypsinized as above. The cells were pelleted and resuspended in 5ml of media. The cells 

were counted and plated at dilutions of 1X106, 2Xl06
, 3Xl06 ES cells per 35mm gelatin

coated plate in 2-3ml of media. The cells were fed the following day with 2-3ml of 

media. 

To generate embryoid bodies (EBs), on the second or third day after passage, the 

cells were rinsed with PBS, 1ml of 0.25% trypsin-EDT A added and incubated for 1-2min 

at room temperatureThe plates were quickly shaken back and forth to completely detach_ 
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the colonies and form various sized cell aggregates. 2ml of ES 10 media (10%FBS in 

DMEM) were quickly added to neutralize the trypsin. Using a I 0ml pi pet the EBs were 

gently transferred to a 15ml conical tube. The EBs were allowed to settle to the bottom 

of the tube. The medium was removed and replaced with IO- l 2ml ES IO media. The EBs 

were gently pipeted up and down once or twice with a I 0ml pi pet to rinse the EBs. They 

were allowed to settle, the media was removed and fresh media was added. For each 

35mm plate of ES cells, the EBs were split onto 1-2 bacterial petri dishes (depending on 

the number of aggregates formed) with I 0ml ES IO media in each dish. The EBs were 

fed on the second day. To avoid losing them while the old media was aspirated the plate 

was tilted to allow them to settle to one side of the plate while the media was drawn off 

from the shallow end .. As the medium is draw off, the plate is tilted gradually back to 

horizontal. Ebs were fed in this manner every other day. 

Endoderm lysis by hypotonic shock 

For hypotonic· lysis experiments, EBs were used that had developed an outer layer 

of primitive endoderm separated from an inner layer of primitive ectoderm by a basement 

membrane (see Fig. 8). EBs were harvested by gravity, and washed once in PBS. EBS 

were pelleted at low_ speed for four minutes in a table-top centrifuge. To determine the 

optimal amourit of time needed to lyse the endoderm layer, EBs were resuspended in 

tissue culture-grade water for increasing amounts of time starting at 15 seconds and 

increasing to 2 minutes. At IS-second intervals, lysis was stopped with the addition of 

I OX PBS to bring the solution to isotonic conditions. To determine the extent of 

removal of the endoderm layer, EBs were stained with DAPI: washed in PBS and 
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Figure 8. Endoderm lysis procedure and culture outcomes. EBs are generatedfrom 
MESCs and allowed to develop an outer layer of primitive endoderm separated from the 
inner layer by a basement membrane, usually by day3 of suspension culture. Hypotonic 
shock is used to lyse the endoderm layer while ihe i~ne~ layer is protected by th~ -
basement membrane during the brief exposure to hypotonic conditions. Isotonic 
conditions are returned with the addition of JOxPBS. The endoderm layer is lysed and 
remnants ·can be removed from· the inner layer with pipetting~- The inner layers are 
further cultured in either serum-containing medium to promote differentiation into germ 
layers or in serum-fre.e defined medium ( CDM) to promote maintainance of primitive 
endoderm. 
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analyzed for the proportion of stained to unstained cells in the outer layer of the EB 

compared to the inner layer (Fig. 21 E-F). Optimal time points were chosen that resulted 

in staining or removal of the outer layer with .minimal_stai.ning of the inner layer. This 

analysis was done i.mmediately after lysis and fhr after lysis. Alternatively, lysed EBs 

were plated on tissue culture plastic in EB medium and allowed to adhere to the dish 

overnight. The attached EBs were then analyzed for the presence of endoderm by 

morphological criteria (see Fig 21A-D). Generally after lysis, if the EBs had developed 

an adequate basement membrane between the cell layers in the EB, lysed endoderm cell 

debris could be removed efficiently by pipetting the lysed EBs through a 1 ml pi petter tip 

several times. 

After lysis EBs were further cultured in EB medium or a serum-free defined 

-medium (Johansson and Wiles, 1995; Wiles and Johansson, 1999) for the designated time 

period. This medium (CDM) consisted of: 5mg/ml BSA or 0.1 % w/v polyvinyl alcohol, 

lX chemically defined synthetic lipids (Gibco), 1 U/ml LIF, 150ug/ml transferrin, 450uM 

monothioglycerol, and 7ug/ml insulin in DMEM/F12. 

In Situ hybridization for FGF5. 

EBs were processed for FGF5 (Rathjen et al., 1999) in situ hybridization in small 

glass vials. EBs were washed twice in cold PBS and fixed in fresh 4% paraformaldehyde 

for 20 min. at 4°C. The EBs were washed once in PBS and dehydrated in steps to 100% 

methanol and stored at -20°C until further processed. In situ hybridization was 

performed as described (Rosen and Beddington, 1993). 



III. Results: Differentiation and Notch Signaling in HESCs 

Introduction 

Recently, human embryonic stem cells (HESCs) have been·isolated from the inner 

cell mass of human blastocysts (Thomson et al., 1998). Others have shown that HESC 

lines can.be derived under similar conditions in which the HESC colonies grow on top of 

a mouse embryonic fibroblast (MEF) feeder layer (Amit and Itskovitz-Eldor, 2002; 

Cowan et al., 2004; Mitalipova et al., 2003; Reubinoff et al., 2000). Feeder-free culture 

systems have been developed that allow analysis in the absence of direct HESC-feeder 

cell communication (Amit et al., 2004; Xu et al., 2001) but require feeder conditioned 

medium to maintain the undifferentiated state. In both systems HESCs express surface 

markers consistent with their ICM origin, with expression of the marker SSEA4, for 

example (Carpenter et al., 2003; Draper et al., 2002; Drukker et al., 2002). And, like 

mouse ESCs, HESCs have been shown to develop into a variety of cell types 

representative of the three embryonic germ layers in vivo (Cowan et al., 2004; Thomson 

et al., 1998) and in vitro (Gerami-Naini et al., 2003; Gerecht-Nir et al., 2003; Mummery 

et al., 2002; Xu et al., 2002a; Zhang et al., 2001). Though more difficult to generate than 

with mouse ESCs, HESCs can also form embryoid bodies (EBs) that in addition to 

differentiating into embryonic germ layer cell types (ltskovitz-Eldor et al., 2000; 

Reubinoff et al., 2000; Schuldiner et al., 2000) can also support primitive or visceral 
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endoderm (Conley et al., 2004) and trophoblast differentiation (Gerami-Naini et al., 

2004). Thus, HESCs have the ability to differentiate into both early forming 

extraembryonic tissues. However, with the exception of the finding that activation of the 

Wnt pathway is sufficient to maintain the pluripotency of mouse and human ESCs (Sato 

et al., 2004), very little is known about the mechanisms that HESCs use to maintain the 

pluripotent state. The finding that LIF is unable to maintain the pluripotent state of 

HESCs suggests fundamental differences with mouse ~SCs (Ginis et al., 2004; Sato et 

al., 2004; Thomson et al., 1998; Thomson et al., 1995; Thomson et al., 1996). All of 

these observations suggest that while some of the lessons learned in mouse ESC culture 

can be applied to HESC culture, there are fundamental differences that highlight a current 

lack of understanding of the mechanisms of HESC maintenance and differentiation. My 

work had the goal of understanding the behavior and biology of this new system. 

. . . 

We have begun looking at developmental signaling pathways that may be active 

in HESC maintenance and differentiation. The Notch signaling pathway acts through 

local cell-cell interactions between Notch receptors and DSL-family ligands to regulate 

functions including cell fate specification, boundary formation, segmentation and 

apoptosis. Upon ligand binding, the Notch receptor is processed by a sequence of 

cleavage events that releases the intracellular portion to act as a transcription factor in the 

nucleus. Notch activation converts the CSL repressor complex into an activator complex 

that directs target gene activation. Though this canonical pathway has been best 

described, Notch. may also function through other mediators that are less well understood 

(Berechid et al., 2002; Ramain et al., 2001). We have begun exploring the function of the 
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Notch pathway in the HESC lines, BGNl, BGN2 (Mitalipova et al., 2003), and Hl 

(Thomson et al., 1998). We find that the Notch signaling pathway may be important for 

the differentiation of HESCs. 

Results 

Characterization of differentiation of HESCs 

HESC lines seem to require cell-cell interactions to be maintained in an 

undifferentiated state. The first successful passaging techniques reported for the 

propagation of HESC lines maintain cell-cell contact by passaging clumps of HESCs. 

The maiintenance of cell-cell contact in HESC colonies may be important for retaining 

normal karyotype as well as HESC pluripotency (Buzzard et al., 2004). We have.used 

both enzymatic and non-enzymatic passaging techniques to passage HESCs. We find 

that trypsinization of HESCs to single cells results in differentiation of many of the 

HESCs when cultured on MEFs or on Matrigel. This is illustrated by time-lapse analysis 

of HESC passaged with the two techniques (Fig. 9). The non-enzymatic techniques 

employ fine glass needles and pipettes to manually dissect and transfer small clumps of 

HESCs (Fig. 6). Trypsin/EDT A or a combination of collagenase type IV and 

trypsin/EDT A is used in the enzymatic techniques to break HESCs down to a single cell 

suspension for transfer to fresh dishes. To ensure a single cell suspension, the cells were 

passed through a 40µm mesh filter. In one experiment, BON 1 HES Cs that were 

passaged in clumps consistently survived and generated new colonies of proliferating 

cells. When parallel cultures were isolated manually and then broken down into a single 

cell suspension with Trypsin/EDT A, they survived when plated on MEFs. However, the 
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Figure 9. Time lapse analysis of trypsin/EDT A-passaged HESCs and manually passaged 
HESCs. (A) A single cell suspensionwas plated on MEF feeders and time-lapse video 
microscopy performed with images taken at 1 min intervals. Shown are still images of 
the Ohr, 2hr, 4hr, 12hr, and 24hr time points after plating. Notice that most cells 
integrate into the MEF feeder layer. No HESC division was seen in the region shown in 
A. (B)for comparison, a single colony resulting from a single HESC chunkfrom manual 
passaging is shown after 12hr and 24hr. Several cells were seen to divide within this 
colony during the 24hr time period. Scale bars are JOOµm. 
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vast majority of cells integrated into the MEF feeder layer and did not generate growing 

colonies (Fig. 9A). Some HESCs do proliferate and generate colonies. However, only 

five colonies were discovered following trypsinization after five days of culture. 

Conversly, a similar number of cells passaged in clumps consistently formed colonies 

(Fig'. 9B). In other· experiri?ents, filtratjon of the single cell suspension was not used and 

these cultures generated a higher proportion of growing colonies. Similar results were 

achieved with a non-enzymatic cell dissociation buffer or EDTA alone (data not shown). 

The HESC lines BGN 1, BGN2, and H 1 all show similar effects. Therefore, HES Cs may 

require cell-cell contact to remain undifferentiated. 

Colonies that were passaged as chimps also spontaneously differentiated under 

certain conditions. During early passaging, as colonies reached a large size, depressions 

that were lined at the lip with an organized layer of polarized cells appeared in the center 

of the colonies (Fig. lOA and B). These depressions, or "craters", seemed to be 

associated with the HESCs finding a hole in the MEF feeder layer allowing them to 

attach to the tissue culture plastic (Fig. 6D). I examined the expression of the 

pluripotency markers SSEA1 and Oct-3/4 in the colonies undergoing spontaneous 

differentiation. Differentiation within this depressed region showed a staining pattern in 

which SSEA4 was down regulated in a "patchwork" pattern such that adjacent cells were 

SSEA4+ or SSEA4- (Fig 1 0C and D). Regions within the depression also down 

regulated expression of Oct-3/4 as shown by HRP staining of these colonies (Fig 1 OE). 

These depressions were surrounded by cells arranged in multiple layers and with no 
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Figure JO. Spontaneous differentiation in HESC cultures. (A) Low magnification 
stereomicroscopic pseudo-DIC image of an HESC colony with a depression in the center 
of the colony. Also evident is an outer rim of differentiation and migration into the 
feeder layer. (B) F-actin stained with Alexa594-phalloidin showing the beginning of 
formation of the depression in the center of the colony. The lip of the depression is lined 
with a polarized cell layer and is surrounded by small non-polarized cells. (C and D) 
Low and high magnification, respectively, of a similar colony and depression stained 
with antibody to SSEA4. This shows the rough but homogeneous staining found on 
undifferentiated cells outside of the depression, as well as the "patchwork" staining of 
cells within and lining the depression where cells are downregulating SSEA4 expression. 
As the depression grows, SSEA4 expression will be shut off (E) Depression in center of a 
colony stained for Oct-3/4 and detected with HRP chromogenic amplification. Cells in 
the center of the depression seem to upregulate expression as they differentiate before 
finally downregulating expression. ( F) Upregulation of Oct-3/4 expression ( green) as 
detected by immunojluoresence and double staining with antibody to TROMA-1 (red). 
Areas with the colony that stain positive for TR OMA-I appear to have higher levels of 
Oct-3/4 expression. Scale bars are J00µm. 



apparent polarization as shown by F-actin staining (Fig. 10B). The cells in this region 

stained uniformly for SSEA4 and Oct-3/4, further indicating !heir undifferentiated state 

(Fig. l0C-F). 
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A second region of differentiation was identified in early cultures maintained on 

MEF feeder layers. Cells at the border of the colonies often lost their non-polarized 

morpholqgy and migrated into the feeder layer (Fig. 1 0A and Fig.7D). Staining for Oct-

3/4 confirmed that these cells were differentiating (Fig. 1 OF). The cells at the borders 

appeared to upregulate levels of Oct-3/4 as revealed with fluorescent antibody staining 

(Fig. 1 OF, green). Spontaneous differentiation of HESCs seems to follow a defined 

pattern consistent with extraembryonic lineage differentiation (Niwa et al., 2000; 

Palmieri et aL, 1994) with a progression of differentiation from an Oct-3/4low/Troma

Ineg population to an Ocf-3/4hi/Troma+ population to an Oct-3/4neg/troma-I+ staining 

progression at the borders of the colonies. The TROMA-1 antibody, which recognizes 

the endo-A intermediate filament epitope and is a marker for both trophectoderm and 

primitive endoderm in the mouse, also stained the differentiating cells and overlapped 

with the upregulated Oct-3/4 expression before Oct-3/4 expression was downregulated 

(Fig. lOF, red). TROMA-1 staining could also be seen in the edges of the colonies in 

more advanced states of spontaneous differentiation (Fig. 1 lA and B). 

Areas within some colonies showed differentiation that was different from the 

depressions described above. Occasionally, when clumps of HESC passaged by 

microdissecting colonies (_manually passaged) were transferred to new MEF feeders, they 

delayed attaching to the feeder layer and formed embryoid body structures in suspension. 
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Figure 11. Differentiation of primitive endoderm in HESCs. (A-D) Troma-1 staining of a 
crater colony showing expression in the outer edges of the colony in HESCs that are 
migrating into the feeder layer. (B) Troma-1 staining of an HESC-derived EB showing 
expression in the outer layer of the EB structure. (C) La,minin-1 staining of EB-derived 
cells. ( D) Phase contrast image of an EB-derived HESC colony. Note the phase-dark 
cells on top of the colony and cystic structures underneath these cells within the colony. 
Undifferentiated cells can be seen in the outer edges of this colony as well. Scale bars are 
JOOµm. 



After these attached to the feeder layer, a region of differentiation in the center of the 

resulting colony was generated. Within this region of differentiation, cells resembling 

primitive endoderm could be found and often produced cystic areas within the colony 

(Fig. 11 D). The outer layer of these EB-like structures also expressed TROMA-1 (Fig. 
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1 lB) while the cells that developed from these structures expressed Laminin (Fig. 11 C), a 

marker of endoderm. Together these data indicate the presence of a possible primitive 

endoderm population that spontaneously develops in HESC colonies either at the edges 

of the colonies or from EB-like structures that attach to the feeder layer during passaging. 

These observations indicate that, even under conditions reported to maintain the 

undifferentiated state of HESCs, there is a significant amount of spontaneoµs 

differentiation of extraembryonic cell types resembling primitive endoderm in these 

cultures. 

Notch pathway signaling is present and can be activated in 

undifferentiated HESCs 

I have explored the activity of the Notch pathway in HESCs and find that it may 

be one of the factors controlling differentiation of these cells. By immunohistochemistry 

Notch-I is expressed on morphologically undifferentiated BGNl HESCs (Fig. 12A) at an 

early passage. These cells also express the SSEA4 epitope, further indicating the 

undifferentiated state (Fig. 12B). This staining pattern was also detectable on the BGN2 

cell line at an early passage (data not shown). Protein for Notch-I and -2 has also been 

detected by western blotting using three different antibodies specific for Notch-I and one 

antibody specific for Notch-2 in both BGNl and BGN2 cell lines. Figure 12D shows an 
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Figure 12. Notch expression in HESC colonies. (A) lmmunofluorescent detection of 
Notch-/ on early passage BGNJ HESC colony. Notch-] immunostaining is present on 
the small, non-polarized undifferentiated cells. Undifferentiated cells are detected with 
SSEA4 antibody ( B ). The hole in staining on the bottom right side of the colony is from 
damage during staining. Scale bars are J00µm. (C) RT-PCR detection of Notch-], -2, -
3. Notch-4 is weakly detected in undifferentiated BGN2 cells. (-T, no template control). 
(D) Western blot with bTAN20 antibody that detects Notch-} intracellular domain (left). 
Staining reveals two bands at 120 and J J0kD, representing NTM and NICD, 
respectively. An antibody for Notch-2 (right) detects a similar pattern in BGN 1 cells. 
Neither antibody recognizes a band in the MEFs (not shown for Notch-2). (E) Protein 
expression of Nicastrin (left) is detected and indicates that the majority of the protein is 
glycosylated into its mature form that migrated at 150-JS0kD. The mature cleaved form 
of Presenilin-1 is also detected by an antibody that recognizes the C-terminal fragment 
(CTF). 
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example of two of these blots. The western for Notch-] shown in Figure 12D used an 

antibody that recognizes an epitope on the cytosolic domain. Two bands. are indicated .. 

The larger~120kd band is the post-translationally processed transmembrane and 

extracellular form of Notch-I, NTM (Fig. 3A). The bottom, ~ 11 0kd band detects the 

fragment of Notch 1 released by aa,ecretase cleavage of the transmembrane form of 

Notch-I, NICD. The NICD mediates Notch signaling by modifying transcriptional 

programs within the cell~ The blot shown for _No~ch-2 also shows a similar double band 

staining pattern resulting from aa,ecretase cleavage. Figure ·12c shows RT-PCR analysis 

indicating strong expression of Notch-I, -2, and-3. Notch-4 is only weakly detected. In a 

separate set of experiments, Notch-4 was not detected. Lack of expression of Notch-4 

was also verified using an independent set of PCR primers (data not shown). 

In addition to the RT-PCR analysis I also examined the raw data from a 

previously published microarray study comparing gene expression in differentiated vs. 

undifferentiated Hl HESCs from Sato et. al. (Sato et al., 2003) for the expression of 

Notch pathway related genes. The results of this analysis is presented in Table I. This 

showed that many of the identified members of the Notch pathway are present in 

undifferentiated HESCs. These were considered present if at least one probe set showed 

present expression calls in the Microarray Suite v5.0 software in at least two of the three 

replicate samples. This list includes Notch-I, -2, and -4, but not Notch-3. The cause of 

this discrepancy is not clear. Three ligands are detected, including F3/contactin, a newly 

identified Notch ligand (Hu et al., 2003). Deltex-2 and -3 are present as well as RPB-Jk 

(the human homologue of CBF-1/Su(H)). All components of the aa,ecretase complex 
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were also present. Other Notch-associated genes, like Numb, which antagonizes the 

Notch signal, were present. Of the known target genes, only Hesl and Hey2 were 

Table I. Microarray data for Notch pathway associated genes. 

Undifferentiated H ls Differentiated H ls 

Gene ProbeID Signal Detection* p-value Signal Detection* ~-value 

Notch! 218902_at 156 p 0.00415 175.6 p 0.000244 
218902_at 83.6 p 0.00415 161.3 p 0.001221 
218902_at 95.9 p 0.001953 159.7 p 0.00293 

Notch2 212377 _s_at 345 p 0.000244 623.8 p 0.000244 
212377 _s_at 296.1 p 0.000244 783.9 p 0.000244 
212377 _s_at 324.7 p 0.000244 728.3 p 0.000244 
210756_s_at 105 A 0.27417 40.5 A 0.567627 
210756_s_at 127.9 A 0.19458 351.2 p 0.037598 
210756_s_at 93.3 A 0.246094 370.6 p 0.046143 
202443_x_at 567 ·P 0.000244 962.5 p 0.000244 
202443_x_at 423.6 p 0.000244 921.3 p 0.000244 
202443_x_at 558.5 p 0.000732 891.6 p 0.000244 

Notch3 203237 _s_at 25 A 0.665527 12.5 A 0.904785 
203237 _s_at 16.7 A 0.780518 16.4 A 0.601074 
203237 _s_at 72 A 0.5 30.5 A 0.601074 

Notch4 205247_at 79 p 0.037598 99 M 0.056152 
205247_at 49.3 p 0.00415 14.3 p 0.037598 
205247_at 69.2. p 0.018555 71.1 p 0.037598 

Hesl 203395:_s_at 199 p 0.001221 192.7 p 0.001221 
203395_s~at 74.9 p 0.001221 231.9 p 0.000244 
203395_s_at 113.3 p 0.000732 249.7 p 0.000732 

Hes2 216674_at 3. A 0.870361 1.2 A 0.953857 
216674_at 5.9 A 0.780518 2.2 A·· 0.828613 
216o74_at 7.1 A 0.633789 4.9 A 0.850342 
214521_at 40 A 0.246094 28.S. A 0.111572 
214521_at 8.6 A 0.466064 · 30.5 A 0.067627 
214.5.2l_at 22.4 A 0.246094 38.6 A 0.067627 

Hess 239230_at '24.2. A 0.12-9639 
Hes6 226446_at 22.5 A 0.303711 
Hes7 224548_at 32.6 A 0.219482 
Heyl ·218839'--at 190 A 0.366211 140.8 A 0.466064 

218839_at 314.1 A 0.19458 207.5 A 0.27417 
218839_at 283.6 A 0.149658 161.2 A 0.432373 

Hey2 219743_at 146 p 0.000732 51.6 A 0.111572 
219743_at 432.2 p 0.000732 . 70.2 p 0.005859 
219743_at 517.1 p 0.000244 31.4 p 0.010742 

Deltex 1 227336 at 21.8 A 0.366211 
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Deltex 2 215732_s_at 74.8 p 0.01416 35.3 A 0.149658 
215732_s_at 104.3 p 0.010742 74.4 p 0.01416 
215732_s_at 65 A 0.129639 80.4 p 0.046143 

Deltex3 235721_at 291.9 p 0.030273 
Itch/Su( dx) 209743_s_at 129.2 p 0.01416 112.8 A 0.067627 

209743_s_at 158.4 A 0.067627 181.5 p 0.008057 
209743_s_at 117.3 p 0.018555 158.9 p 0.023926 
209744_x~at 206.1 p 0.030273 175.1 p 0.00415 
209744_x_at 168.7 p 0.00415 231.5 p 0.001953 
209744_x_at 174.5 p 0.00415 258.8 p 0.001953 
217094_s_at 110.6 p 0.046143 103.4 p 0.01416 
217094_s_at 112.6 p 0.030273 · 185.2 p 0.00415 
217094_s_at 139.1 p 0.018555 160.1 p 0.008057 

RPB-Jk 211974_x_at 1588 p 0.0002441337 .2 p 0.000244 
211974_x_at 2075.3 p 0.000244 919.3 p 0.001953 
211974_x_at 2317.8 p 0.000244 873.9 p 0.001953 

Numb 209073_s_at 238 p 0.018555 161.5 p 0.037598 
209073_s_at 204.7 p 0.005859 230.4 p 0.008057 

20907~_s_at 17i.3 p 0.010742 211.4 p 0.00293 
Mastermind 202360_at 614 p 0.001221 799.7 p 0.000732 

202360_at 573 p 0.001221 470.2 p 0.001221 
202360_at 543.1 p 0.000732 483.6 p 0.001221 

F3/Contactin 211203_s_at 150 M 0.056152 53.7 A 0.303711 
211203_s_at 108.8 p 0.005859 74:1 A 0.171387 
211203~s_at 113.8 p 0.018555 76.4 A 0.246094 
227209_at 33 p 0.000732 

Furin 201945_at 114 A 0.129639 284.9 p 0.000244 
201945_at 81.6 p 0.018555 279.5 p 0.001953 
201945_at 122.3 p 0.023926 291.9 p 0.001953 

Jaggedl 216268_s_at 375 p 0.000244 872.1 p 0.000244 
216268_s....:.at 521.1 p 0.0002441093.7 p 0.000244 
216268_s_at 479.6 p 0.000244 937.1 p 0.000244 
209097 _s_at 10 A 0.466064 13.1 A 0.633789 
209097 _s_at 80.9 A 0.149658 7.4 A 0.567627 
209097 _s_at 33.3 A -0.246094 46.9 A 0.334473 
209098_s_at 137 p 0.'005859 '164.5 p 0.00415 
209098_s_at 231.1 p 0.001221 298.9 p 0.000244 
209098_s_at 194.8 p 0.001953 470.9 p 0.000732 
209099_x_at .359 p 0.0002441390.2 - p 0.000244 
209099_x_at 677.6 p 0.000244 1283 p 0.000244 
209099_x_at 592.6 p Q.0002441423.6 - p 0.000244 

Jagged2 209784_s_at 36 A 0.432373 89.8 ,p o.0·1415 
209784_s_at 63.6 A 0.19458 109.7 A 0.067627 
209784 s at 102.2 A 0.095215 106.4 A 0.149658 
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32137 _at 167 p 0.009985 201 p •, 0.001354 
32137_at 150.5 P· 0.007543 180.8 p 0.006532 
32137 _at 162.9 p 0.005643 201.6" ·p 0.005643 

Presenilin 1 203460_s_at 283 p 0.000244 506.3 p 0.000244 
203460_s_at 349.4 p 0.000244 ·6.2L1 p 0.000244 
203460_s_at 385.4 .p 0.000244 · 587.7 p 0.000244 

Aph2 208759_at 235 p ,. 0.01416 507.4 p 0.008057 
208759_at 360.9 p . 0.01416 362.7 p 0.00415 
208759_at 305.2 p 0.01416 412.5 p 0.010742 

Pen2 218302_at 417 p 0.001221 379.3 p 0.001221 
218302_at 553.5 p 0.000732 518 p 0.000732 
218302_at 574.2 p 0.000732 432 p 0.001221 

Nodal 230916 at 519.1 p 0.000244 
* signal detection ca11s and p values generated by Affymetrix Microarray Suite v5.0, P = present and A = 
absent. 

identified as present. Additionally, Hey2 was identified as. significantly upregulated (by 

7-fold) in undifferentiated HESCs compared to differentiated cells in the analysis of Sato 

et. al. (Sato et al., 2003). This analysis indicates that all genes currently known to be 

necessary for a functional Notch pathway are present at the mRNA level. 

We examined undifferentiated HESCs for members of the aa;ecretase complex at 

the protein level. Figure 12E shows that Nicastrin is predominantly detected in its mature 

glycosylated form (Kimberly et al., 2002), "indicated by the band migrating at~ l 50kD. 

Presenilin-1, which forms the proposed active site for acsecretase, is also found 

predominantly in its processed mature form (Fig. 12E) (Thinakaran et al., 1996). 

Presenilin-1 and 2 are each processed into C-terminal fragments (CTF) and N-terminal 

fragments (NTF) that reassociate with each other and may form the active site of 

aa;ecretase (Thinakaran et al., 1996). Blots for Presinilin-1 using an antibody that 

recognizes the loop of the CTF shows that this processed fragment (PSI hetero, Fig. 12E) 

is also more abundant than the uncleaved form (PS 1-holo, Fig. l 2E). This is indicated by 
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a ~20kD CTF (C-terminal fragment) shown in Figure I2E. We have not assayed for 

protein expression of the other two members of the complex, AphI and Pen-2. When 

taken together with the microarray data we find that key proteins known to be 

components necessary. for a functional Notch pathway may be present in undifferentiated 

HESCs. 

Notch expression is regulated upon differentiation of HESCs 

The passaging techniques that we have used to date to maintain human embryonic 

stem cells (hES cells) result in heterogeneous cuhures as assayed by pluripotency 

markers .and cellular morphology. An example is shown in Fig. I3A-B. Areas of a 

manually passaged colony shown below the dashed line are morphologically unpolarized 

and express SSEA4 (Fig. I 3B) indicating their undifferentiated state. However, as shown 

in areas above the dashed line, cells in the same colony are beginning to differentiate. 

This is indicated by an elongated or polarized morphology. In addition, cells in this area 

are down-regulating SSEA4 expression, first recognized as the SSEA4 epitope being 

gathered into endocytic vesicles (Fig. 13E). Also shown is NotchI staining for the same 

area that was stained for SSEA4 (Fig. 13A). Undifferentiated cells (below dashed line) 

express high levels of Notch-I. Notch-I expression is downregulated in differentiating 

areas in an overlapping but not identical pattern to SSEA4. SSEA4 positive cells in this 

area seem to be a subset of the Notch-I expressing cells. This differentiation pattern can 

also be seen in HESC cultures adapted to grow on Matrigel in MEF feeder-conditioned 

medium. An example is shown in Figure 13C. SSEA4 positive cells are as subset of 

Notch-I-expressing cells. These populations can also be visualized by flow cytometry. 
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Figure 13. Notch expression is regulated with differentiation. (A) Notch is 
downregulated in regions of colonies that are differentiating. (B) lmmunofluorescent 
detection of SSEA4 in the same region as in A. The area below the dashed line is 
undifferentiated and the area above the line contains differentiating cells as indicated by 
polarization of the cells and downregulation of SSEA4. Notch expression is down
regulated after SSEA4 is down-regulated in some of the cells (arrow). (C) This staining 
pattern is also detected in feeder-free Matrigel culture in - CM differentiating conditions 
as shown by double staining for Notch (red) and SSEA4 (green). Scale bars are JOOµm. 
( D) Three populations of cells are defined by Notch and SSEA4 double labeling and flow 
cytometric analysis in differentiating cultures: SSEA4high/Notchlhigh (Fr.A); 
SSEA410wtne8/Notchr ( Fr. B ); and SSEA410 wtne8/Notchl0 wtneg ( Fr. C). Double staining for 
Notch ( red) and SSEA4 ( green) shows two types of removal of Notch and SSEA4 from the 
surface of HESCs: (E) together in endocytic vesicles and (F) asymmetrically with one 
cell retaining Notch only next to a double positive cell. The other SSEA4-labeled cells 
also stain positive for Notch but are out of the focal plane. Scale bars for E and Fare 

SOµm . 
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Manually passaged cultures were passaged onto untreated tissue culture flasks in non

conditioned medium to allow for random differentiation. They were harvested, stained 

for SSEA4 and Notch-I, and analyzed by flow cytometry. Figure 13D shows an example 

of this analysis. HESCs that are differentiating can be divided into three general fractions 

by this analysis: SSEA4high/Notchihigh (Fr. A); SSEA4low/neg/Notchl+ (Fr. B); and 

SSEA41ow/neg/Notchllow/neg (Fr. C). Quadrant settings dividing low and negative 

populations were set based on controls stained with secondary antibody alone. The 

SSEA4 staining pattern is consistent with previous reports· that identify the SSEA4high 

population as the undifferentiated HESC population (Carpenter et al., 2004; Rosler et al., 

2004). Similar patterns of expression were obtained when the cell were plated on tissue 

culture plastic or Matrigel in the absence of feeder-conditioned medium. These 

experiments show a progression of Notch expression upon differentiation and point out 

that these culture systems are heterogeneous. 

To further explore N.otch pathway genes in differentiation, real-time RT-PCR was 

performed on RNA isolated from HI HESCs in feeder-free Matrigel culture maintained 

in MEF conditioned medium. Samples were also taken from cultures in which 

conditioned medium had been withdrawn. Differentiating samples were collected at 6h, 

I2h, 24h, 36h, 48h, 72h, I w~ek and 3 weeks. These samples. were analyzed by real-time 

RT-PCR for expression of Notch related genes,-and Oct-4 and Nanog as controls. The 

relative expression of these genes is plotted over time in Figure 14. This analysis shows 

an increase in the ligand Jagged-I and the target Hesl. This result also showed that the 

recently identified Notch ligand, F3/contactin is down-regulated along with Hey2. To 
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--F3 Contactin 

--Jagged-1 

--Hey2 
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0.01 

Figure 14. Real-time RT-PCR assay.for Notch pathway gene expression in HESCs upon 
differentiation. The four most highly regulated Notch pathway genes tested are shown. 
The relative expression levels of the target genes are normalized to the geometric mean 
of expression of three stable housekeeping genes, and graphed vs. length of withdrawal 
of conditioned medium. PCR products were analyzed by melting point analysis.for 
generation of the correct band. An example timecourse is shown. The experiment was 
repeated on a BGN I HESC timecourse with essentially identicle results. 
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evaluate the significance of the expression changes, relative expression values from the 

first two time points (Ohr+ 6hr) were compared to values from the last two time points (1 

week+ 3 weeks). This analysis, shown in Table II, indicates that the pluripotency 

markers Oct-3/4 and Nanog were s_ignificantly down regulated by 8.9 fold and 8.5 fold 

respectively. In parallel F3/contactin, Hey-2, Deltex-1, and -2, which may function in a 

·non-canonical Notch pathway, were significantly down regulated. Nodal was also 

significantly down regulated. The Node specific enhancer of Nodal has regulatory sites 

for Notch signaling (Raya et al., 2003). On the other hand, Jagged-I and Hes-1, which 

are confirmed to act in the canonical Notch· pathway, were significantly up regulated with 

differentiation. This suggests that Notch signaling may be activated with differentiation. 

Table II. Notch gene expression with differentiation 

Gene 

Oct4 

Nanog 

Notch-1 

Notch-2 

F3/contactin 

Jagged-1 

Jagged-2 

Hes1 

Hes2 

Hess 

Hey2 

Heyl 

Fold change 

8.9 down 

8.5 down 

1.2 up 

1.2 down 

7.7 down 

2.1 up 

Not detected 

2.6 up 

Not detected 

Not detected 

10.5 down 

3.1 up 

P value(n=3) 

0.001 

0.001 

0.8305 

0.67 

0.174* 

0.001 

0.001 

0.001 

0.3445 
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Deltex-1 2.9 down 0.001 

Deltex-2 1.1 down 0.001 

Deltex-3 1.1 down 0.162 

Presenilin-1 1.1 down 0.489 

Nodal 79.2 down** 0.001 

*Significant at 72h+ 1 week 
**Undetectable by 48hr 

To identify cells that are activating Notch signaling, an antibody that detects 

cleaved activated Notch (NICD)"was used with HRP-mediated chromogenic 

amplification to stain cultures of differentiating BGN 1 HESCs on feeders. This:·antibody 

has been verified in·. western blots _to detect a single band· o~iginating from the HES Cs. 

However, it also detects a faster migrating band-in MEF cultures that is not detected in 

BGN HESCs cultured in the absence of MEFs under differentiating conditions (data not 

shown). The cleaved Notch antibody detects expression in the outer endoderm layer of 

the EB-like structures in colonies derived from BGNl HESCs delayed in attaching to the 

MEF feeder layer (Fig. 15D). Iri addition, some staining above backgroud can be seen at 

the edges of larger colonies in areas where HESCs are differentiating and migrating into 

.the feeder layer (Fig. 15C). Control stains with the secondary HRP-conjugated antibody 

alone are shown for comparison (Fig. 15A). This suggests that the activated form of 

Notch is expressed in differentiating HESCs and may be localized to the primitive 

endoderm population. 
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Figure 15. Detection of Notch cleavage in primitive endoderm. ( A-D) The cleaved 
Notch antibody detects expression in the outer endoderm layer of the EB-like structures 
(D) in colonies derived from BGNJ HESCs delayed in attaching to the MEF feeder layer. 
In addition, some staining above backgroud can be seen at the edges of larger colonies in 
areas where HESCs are differentiating and migrating into the feeder layer (C). Control 
stains with the secondary HRP-conjugated antibody alone are shown for comparison (A). 
This suggests that expression of the activated form of Notch is found in differentiating 
HESCs and may be localized to the primitive endoderm population. Scale bars are 
JOOµm. 



Notch pathway can be activated in HESCs but may not be active in 
undifferentiated cells 
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Notch cleavage and target gene activation can be induced by treatment of a 

variety of Notch and acsecretase-expressing cell lines with Ca++ chelators (Rand et al., 

2000; Susini et al., 2001). EDTAtreatment disrupts the calcium dependent association of 

NEXT with NTM. This makes NTM available to the aa,ecretase complex to generate 

constitutively active Notch. I took advantage of this to test whether the aa,ecretase 

complex can also be activated in HESCs to cleave Notch upon EDT A exposure. Figure 

16A (left panel) shows the results of two different HESC passaging techniques that 

differentially expose the cells to EDT A. Lanes 1 and 2 derive from cultures that were 

harvested by exposure to Trypsin/EDT A. Lane 3 was harvested by exposure to 

collagenase IV only. Only in the cultures exposed to EDT A is the~ 11 0kD Notch 1 band 

corresponding to NICO detected (Fig. 16A, top panel). An independent antibody that 

recognizes the aa,ecretase cleavage site only after it has been specifically cleaved also 

only detects a band in the Trypsin/EDT A exposed samples and not in the collagenase IV 

only exposed lane (cleaved Notch, top panel of Fig. 16A). Oct4 is expressed in all 

samples, indfoating the undifferentiated state of the cultures. Activation of Notch 

cleavage by EDT A in U937 cells was used as a control in these experiments (right panel, 

Fig. 16A). 

It was still possible that the trypsin exposure non-specifically generated the 

fragment. To address this possibility, a potent and specific acsecretase inhibitor, DAPT, 

was used to treat the hES cells before harvesting (Dovey et al., 2001; Geling et al., 2002). 
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Figue 16. Notch cleavage and pathway 
activation status in undifferentiated HESCs. 
(A) Notch is cleaved with exposure to 
trypsin/EDTA during passaging, but not with 
collagenase (without EDTA). An antibody 
that recognizes the cleaved end on Notch 
detects a band only when HESCs are exposed 
to Trypsin/EDTA (replicate lanes I and 2). 
EDTA was used to induce Notch cleavage in 
U937 myeloid cells as a control (right). The 
bTAN20 antibody confirms that cleavage is 
only detected with EDTA exposure as the 
I I 0kD fragment is not detected in 
collagenase harvested cells. Oct-3/4 
expression indicates the undifferentiated state 
of the HESCs and HDAC is shown as a 
loading control. (B) Cells werefirst 
incubated for 3 days in a potent y-secretase 
inhibitor, DAPT or the DMSO carrier, then 
harvested with trypsin/EDTA, and stained in 
a similar manner as in A. DAPT treatment 
eliminated the cleaved Notch band and the 
I J0kD band in the bTAN20 blot. The asterisk 
indicates a band.found in the MEF feeders, 
but not in differentiated or undifferentiated 
HESCs. (C) luciferase assay in 
undifferentiated (+CM) or differentiated (
CM) BGN 1 HESCs grown on Matrigel 
without feeders using wt4xCBF-l -luc or 
mt4xCBF-l -luc to detect Notch signaling. 
Constitutively active Notch (NIC) was co
tramfected as a control. No activity was 
detected in undifferentiated cells or 
differentiated cells, whereas robust activation 
was seen with the control NIC co-

transfection, indicating a Lack of CSL-mediated Notch activity in undifferentiated or 
differentiated cells. NIC did not activate the mutant reporter in mESCs or C2C 12 cells 
(not shown). However, this control was not done in HESCs. 
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The cells were grown in 50mM DAPT or the equivalent amount of DMSO (0.5%) for 3 

days and harvested for protein using Trypsin/ED)' A.. TheNICDfragmeri.t was not 

·~· . 
generated in BGNl cultures grown in DAPT dissolved in DMSO (Fig: 16B) but was 

generated when treated with an equivalent amount of DMSO alone. The asterisk in Fig. 

16C is a non-specific band found in protein from MEF feeders cells alone butnot in 

protein from HESCs alone treated in the same manner (data not shown). Histone 

deacetylase (HDAq is also ~hown as a loading control. Thus, an active aa;ecretase 
,' . ' , 

complex is present in the human ES cells and can generate NICD upon treatment with 

EDTA. 

To show that functional Notch signaling can be activated in HESCs, we assayed 

for the induction of a target gene of Notch signaling, Hesl, upon EDT A activation (data 

not shown). Real-time RT-PCR analysis showed that Hes 1 espression was induced by 

EDTA exposure but could be blocked by the addition of a aa;ecretase inhibitor, DAPT. 

EDTA exposure resulted in up to 10-fold induction of Hesl in three independent 

experiments (p=0.032). This induction could be reduced by half by the addition of 

DAPT in these experiments (p=0.001, n=3). However, aa;ecretase inhibition did not 

affect the expression levels of endogenous HES 1 without EDT A treatment ( 1.38 fold 

difference, p=0.813, n=3). Thus, blocking aa;ecretase blocks a target of a Notch

mediated signal. This showed that the Notch signaling pathway can be activated in 

HESCs. 

To further show that canonical Notch signaling is not active in undifferentiated 

BGNl HESCs, Luciferase assays with wt and mt CBFl reporters were used. BON I 
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HES Cs growing on Matrigel in the preserice or absence of MEF-conditioned medium 

(CM) were transfected with a r~porter with four copies of the CBFl binding site (Hsieh et 

al., 1996) that is activated in the presence of a CLS-mediated Notch signal. A mutated 

binding site reporter was transfected in parallel. No difference was detected between 

wild type and mutant reporters in the presence or absence of conditioned medium (Fig. 

16C). However, transfection of constitutively active Notch, NICD, resulted in robust 

activation of the repqrter. These experiments show that the c~rionical Notch pathway is 

(within detection limits) not active in HESCs. However, the pathway can be activated to 

induce Notch-specific gene expression .. 

Inhibition of ax.secretase -reduces the proportion of differentiating 

HESCs 

In the next set of experiments we show that inhibition of acsecretase maintains 

the pluripotent phenotype of HESCs. These experiments are diagrammed in Figure 17. 

HESC master cultures were maintained with the manual passaging technique. A 

combination of collagenase type IV treatment and trypsin/EDT A exposure was used to 

passage the HESCs for no more than 10-12 passages before SSEA4 selection. The 

cultures were selected for SSEA4 epitope expression using magnetic selection of SSEA4 

antibody-stained cells. The retained fraction from the sort was plated and subjected to 

the treatment conditions. In some instances, SSEA4-selected cells were expanded for one 

or two passages. Treatment conditions were 50mM DAPT in 0.5% DMSO, or 0.5% 

DMSO as carrier control. The treated cultures were counted and analyzed for the 
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___ Trypsin Expand and freeze MEFs 
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·Figure 17. Experimental design of y-secretase inhibition experiments. Manual 
passaging was used to maintain stock cultures. These were trypsin-passaged on feeders 
or on Matrigel in MEF-conditioned medium for fewer thatn 10 passages to expand and 
freeze working stocks of HESCs, which were magnetically sorted for SSEA4 expression. 
Some cultures were further expanded no more than two times after SSEA4 sorting before 
treatment. Treatment was for three to four days in 5-50µM DAPT or the equivalent 
amount of DMSO as carrier control. Cells were harvested with trypsin/EDT A and either 
counted using Guava ViaCount live/dead counting or stained for SSEA4 and Notch-I and 
analyzed by flow cytometry. 
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expression of the pluripotency market, SSEA4, and Notch expression by flow cytometry 

and immunohistochemistry. Cell counting of treated cultures showed a reduction in the 

total number of cells in the culture by about 27%. This was significantly different from 

carrier treated cultures (p=0.0078, n=8, Wilcoxon signed rank test). 

To determine the distribution of SSEA4 and Notch expression within the 

arnecretase inhibitor treated cultures and controls we used flow cytometry for a 

pluripotency marker, SSEA4 as well as Notch-1. Figure I 8A shows an example of flow 

cytometric analysis of SSEA4 expression vs. Notch-I expression .. Figure 18A (left panel) 

shows the parent culture of the treated cultures shown in Figure I 8A (right panels). The 

majority of cells (67.8%) express high levels of SSEA4 and Notch-I (Fr.A) in the parent 

culture indicative of the undifferentiated state of HESCs. A small portion (28%) 

expresses low levels of SSEA4 while expressing moderate levels of Notch-I (Fr.B). 

With DAPT treatment the proportion of cells in the culture expressing low levels-of 

SSEA4 is decreased and the proportion expressing high levels of SSEA4 is maintained or 

slightly increased compared to parent cultures and DMSO-treated or untreated cultures. 

In addition, when compared to the parent culture, both DAPT and DMSO treatments 

decreased the proportion of SSEA4high/Notch- l + cells. Summary data for four 

experiments with two cell lines (BGNl and BGN2) are.shown as graphs in Fig. 18B. An 

average of 30% of cells were in Fr.Bin the DMSO-treated cultures this was reduced to 

15% with inhibitor treatment (p=0.0286; n=4, Mann Whitney testr Therefore, inhibition 

of atGecretase seemed to reduce the number and proportion of differentiating cells in 

HESC cultures leading to an increase in homogeneity" of the cultures. This is further 
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Figure /8. y-secretase inhibition reduces differentiation of HESC cultures. (A) An 
example experiment is shown. The parent culture (left) could be divided into two 
fractions, Fr A and FrB as shown in Fig. 13D. Parallel samples treated with DAPT in 
triplicate were Jreated and compared to untreated or DMSO treated samples. These data 
showed that the proportion of cells in FrB was reduced in DAPT treated cultures. ( B) 
The results from 4 independent experiments on two cell lines are shown. The differences 
were tested for significant using Mann Whitney tests. This shows that differentiation is 
reduced with DAPT treatment. 
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Figure 19. y-secretase inhibition reduces heterogeneity of HESC cultures. (A) Matrigel 
cultures maintained in conditioned medium in DMSO show some signs of differentiation 
as assayed by immunoflorescent double staining for Notch (red) and SSEA4 (green) while 
( B) DAPT-treated cultures are homogeneously double positive. Scale bars are I00µm . 
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shown in immunohistochemical stains of DAPT ~ and DMSO-treated parallel cultures. 

Fig. 19 shows SSEA4/Notch douple staining of the cultures. It can be seen that the 

DAPT-treated cultures (Fig. 19B) are more homogenous in their expression of SSE~4. 

Further, the number of differentiated SSEA4 low or negative.cells is very low compared 

to the DMSO-treated cultures (Fig. 19A). 

To further demonstrate that the proportion of differentiating cells in HESC 

cultures was reduced with aa,ecretase inhibitor treatment of HESC culture another, 

pluripotency marker was analyzeµ. Manually passaged BGNl HESCs were maintained 

for three passages (or 11 days) in 5mM DAPT or the equivalent amount of DMSO. 

During this cultllre period, ·sp~ntarieously differentiatin.g c~fonies were observed in all 
; ' ~. ' . 

cultures with each passage and all coloni~s in each condition were passaged regardless of 

morphological appearance. Therefore, wit~ the exception of differentiatedHESCs that 

had mig_rated into the feeder layer and C(?.Uld·hot be p~ssaged, this analysis Sh(?uid reflect 

accumulati6n_.qf all ,populations in the cllltufe~.during thi_s tre~tinent period. Oct-3/4 

negative cells will _b,e underrepresented~ The cells were harvested manually from the 

feeders, trypsinized to single cells, stained for Oct-3/4, and analyzed_ by flow cytometry. 

DAPT treatment reduced the proportion of Oct-3/4-high cell population by 10% 

compared to DMSO-treated cells (Fig. 20 compare C, 43.5% in DAPT-treated to B, 

54.4% in DMSO-treated). With DAPT treatment, there was an increase in an bct-3/41ow 

population that was positive compared to controls (Fig. 20C). This is consistent with 

Oct-3/4 protein levels in the ICM and priinit~ve endoderm of preimplantation blastocysts 

(Niwa et al., 2000; Palmieri et al., 1994) a°:d with the staining pattern seen in HESC 
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. Figure 20. r-secretase inhibition reduces differentiation of HESC cultures~ Manually 
passaged BGN 1 HESCs were maintained for three passages ( or 11 days) in 5 µM DAPT 
or the equivalent.amount of DMSO and analyzed for Oct-3/4 protein expression. 
During this culture period, spontaneously differentiating colonies were observed in all 
cultures with each passage and all colonies in each condition were passaged regardless 
of morphological appearance. Therefore, with the exception of differentiated HESCs that 
had migrated into the feeder layer and could not be passaged, this analysis should reflect 
accumulation of all populations in the cultures during this treatment period. DAPT 
treatment reduced the proportion of Oct-314-high cells ( C, 43.5% in DAPT-treated verses · 
B, 54.4% in DMSO-treated). With DAPT treatment, there was also an increase in an 
Oct-3/4low population that was positive compared to controls (A). This indicates that the 
inhibitor enriches for the undifferentiated Oct-3/4low population as the Oct-3/4high 
population are most likely represent differentiating cells (see Fig. J0F). 
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cultures (Fig. lOE-F). Therefore, acsecretas~ inhibition may block spontaneous primitive · 

endoderm differentiation in HESC colonies. 

Notch signaling may not be sufficient to induce HESC .differentiation 

To test the ability of Notch activation to cause differentiation of the HESCs a 

luciferase reporter that is sensitive to the pluripotent state was used in co-transfection 

experiments with constitutively active Notch (NICD). LeftyA has been shown to be 

enriched in undifferentiated cultures of HESCs by microarray analysis of multiple HESC 

lines (Bhattacharya et al., 2004; Sato et al., 2003). Lefty A is also enriched in mouse ES 

cells compared to mouse trophectoderm stem cells (Hamatani et al., 2004). I used a 

leftyA-luciferase reporter construct in the co-transfection experiments to detect . 

differentiation of the HESCs. This construct contains 4.5kb of the human Lefty A 

promoter sequence and is expressed in undifferentiated HESCs but is down regulated in 

differentiating HESCs with the .sam.e kinetics as the endogenous Lefty A expression (D. 

Besser, personal communication). When this construct was transfected into HESCs on 

Matrigel, and MEF-conditioned medium withdrawn for 72hrs, LeftyA-luciferase activity 

was reduced by about 50% compared to cultures maintained in conditioned medium (Fig. 

21). When this construct was co-transfected with constitutively active Notch (NIC), no 

difference was seen in LeftyA-luciferase activity. Constitutively active Notch was able 

to activate a CBF-1 reporter construct.in undifferentiated HESC in parallel experiments 

(see Fig. l 6C)_. These. ·experiments were repea~ed with similar results. Therefore, 

activated Notch may not be sufficient to induce differentiation of HESCs. 



83 

100 

C: 
0 75 · . .:;; 
V') 
Cl) 
~ 

:Q. 
x· 
w 510 
Cl) 

.. 2::: ...., 
co 

Q) 
25 0: 

0 
CM + + 
NIC + + 

\ 

LeftyA-luc + + + + 
Figure 21. Notch activation is not sufficient to induce differentiation. A leftyA promoter
luciferase reporter that is _sensitive to the pluripotent state was used in Co-transfection 
experiments with constitutiyely a.ctive Notch (NICI)). After 72hrs in. non..:conditioned 
medium, which induces differ~ntiation, leftyA-luciferase q,ctivity was reduced by about 
50% compared to cultures maintained in conditioned medium. When this construct was 
co-transfected with constitutively active Notch (NIC), no difference was seen in LeftyA
luciferase activity. Constitutively active Notch was able to activate a CBF-1 reporter 
construct in undifferentiated HESC in parallel· experiments. These experimen:fs were 
repeated with similar results. Therefore, activated Notch may not be sufficient to induce 
differentiation of HES Cs. · · · 



Conclusions 

• HESCs may require cell-cell contact to remain undifferentiated. 

• There is a significant amount of spontaneous differentiation of extraembryonic 

cell typ~s resembling primitive endoderm in HESC cultures. 

• Notch pathway signaling is present and can be activated in undifferentiated 

HESCs. 
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• Notch expression is ·regulated upon differentfatfori of HESCs but Notch signaling 

appears to not be sufficiy11t to induce. differentiation. 

-• Notch is activated in the primitive endoderm population of HESC-derived 

embryoid bodies. 

• The Notch pathwa~ ~an-be activated inHESCs butmay.not be active in 

undifferentiated HESCs 

• Inhibition of acsecretase, which blocks Notch signaling, reduces the proportion of 

differentiating HESCs 



IV. Results: Endoderm Lysis 

Introduction _ 

The primitive ectoderm is a difficult cell type to study as it is a transient 

population in vitro. Although a primitive ectoderm-like cell population has been derived 

from mouse ESCs using a conditioned medium secreted by hepatocellular carcinoma 

cells (Rathjen -et al., 1999), alternate methods 9f deriving a stable primitive ectoderm 

population that recapitulates endogenous signaling events has not been reported. 

If the mouse ICM isimI?unosurgically isolated and cultured in suspension it 

develops an outer layer of primitive endoderm, surrounding an inner layer of primitive 

ectoderm(Hogan and Tilly, 1977). If this primitive endoderm is removed by 

immunosurgery and the inner primitive ectoderm layer is cultured it cannot generate a 

primitive endoderm layer. Instead, it degenerates unless cultur~d on a embryonic 

fibroblast feeder layer where it can differentiate into multiple embryonic cell types. Thi.s 

suggests that once the cell fate.decision is made between the primitive endoderm and 

primitjve ectoderm in the ICM, further the choice may not be available to the primitive 

ectoderm. Thus, a significant application of this technique includes the direct derivation 

of a pluripotent primitive ectoderm-like cell population from human (or other species). 

Cell types developed from this pluripotent population could be used in tell replacement 

therapies. 
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Mouse ESCs will form embryoid bodies (EBs) when aggregated in vitro 

(Doetschman et al_., 1985)(see Fig. 2). EBs have an outer layer of primitive endoderm 

separated from an inner layer of primitive ectoderm-like cells by a basement membrane. 

These structures morphologically resemble the egg cylinder of an implanted embryo and 

mimic many key aspects of early post-implantation development (Coucouvanis and 

Martin, 1995; Coucouvanis and Martin, 1999). In these studies, signaling between the 

-descendants of the outer primitive endoderm lineage to the inner primitive ectoderm-like 

cells was demonstrated to induce cavitation into a structure that resembles the egg 

cylinder (day 3 and 4 in Fig. 2A). These studies indicate that the complicated cell-cell' 

interactions initiated in these structures reproducibly generate the initial steps of 

development in implanting embryos. Furthermore, EBs allow the study of early 

development at the molecular level (Desbajllets et al., 2000; Leahy et al., 1999). Studies 

have shown that molecular markers as well as cell types appear with kinetics that mimic 

development in vivo (Abe et al., 1996; Leahy et al., 1999)(Fig. 2). 

I hypothesized that removing primitive endoderm from embryoid bodies that 

develop in vitro from mouse ESCs might be a way of isolating a primitive ectoderm 

population that could, b~ maintained as an altern~te ste~ cell_ pop~lation. Primitive 

ectoderm can be ·distingu1shelfrom ICM or ESCs by the e~piession of FGF5 and its 

inability to generate primitive endoderm (Lake et al., 2000; Rathjen et al., 1999). 

However, this population still maint~ins the ability to form all germ layers of th~ embryo. 

I have· developed a t~chnique that has the ability to provi~e a cell ·culture equivalent of 



primitive ectoderm and may be useful in' molecular studies of this pluripotent cell 

population. 

Results 

Primitive endoderm can be efficiently removed from EBs by 

hypotonic lysis · 
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The method I developed uses hypotonic lysis to remove the primitive endoderm

like cell layer of embryoid bodies derived from ES cell or ICM, leaving the basement 

membrane and primitive ectodenri-like cell layer intact (Fig. 8). To determine the extent 

of removal of the endoderm layer with this procedure, lysed EBs were stained with DAPI 

and analyzed for the proportion of living cells in the outer layer of the EB compared to 

the inner layer (Fig. 22E-F). Optimal time points were chosen that resulted in staining or 

removal of the outer layer with minimal staining of the inner layer. Generally, this 

analysis showed that if the EBs had developed an adequate basement membrane between 

the primitive endoderm and primitive ectoderm, lysed primitive endoderm cell debris 

could be removed efficiently by pipetting the Iysed EBs several times. The resulting EBs 

could be distinguished morphologically from EBs that retained a primitive endoderm cell 

layer (compare the EB in Fig. 22G to the EB in 22E). To confhm the removal of 

primitive endoderm, lysed EBs were plated on tissue culture plastic in EB medium and 

allowed to adhere to the dish overnight. The attached EBs were then analyzed for the 

presence of endoder~ by morphological criteria (s~e Fig 22A-D)_. Endoderm could be 
' ' . . 

morphologically distinguished from primitive ectoderm by presence of a cell type with a 

cobblestone appearance that formed a border at the edge of the attached-colony (Fig. 
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Figure 22. Efficiency of endoderm lysis. To confirm the removal of endoderm, lysed EBs 
were plated on tissue culture plastic in EB medium and allowed to adhere to the dish 
overnight. The attached EBs were then analyzed for the presence of endoderm by 
morphological criteria ( A-D ). Endoderm could be morphologically distinguished from 
primitive ectoderm by the presence of a cell type with a cobblestone appearance that 
formed a border at the edge of the attached colony ( B ). EBs that had been efficiently 
lysed contained a significantly lower proportion of this cell type (C). To determine the 
extent of removal of the endoderm layer with this procedure, lysed EBs were stained with 
DAPI and analyzed for the proportion of living cells in the outer layer of the EB 
compared to the inner layer (E-H). Non-lysed (E), and EBs exposed to hypotonic 
conditions for 30s (F), 45s (G), and 60s (H) are shown. Note that the inner layer of the 
EB in (G) is not marked by DAPI, indicating an undamaged cell layer, where as the EB 
in (H) is positively stained for DAPI, indicating damage to the inner layer of the EB. 
Optimal time points were chosen that resulted in staining or removal of the outer layer 
with minimal staining of the inner layer. Scale bars are IO0µm . 
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22B). EBs that had been efficiently lysed did not contain this cell type (Fig. 22C). Thus, 

using these assays, lysis could be quickly monitored in living cultures. 

The EB-derived primitive ectoderm population can be maintained in a 

defined medium 

After lysis, the primitive endoderm-free embryoid bodies were cultured in a 

defined minimal me_dium that maintains the pri_mitive ectod€rm in a homogeneous and 

stable state. To monitor primitive ectoderm, embryoid bodies were assayed for 

expression of FGF5 by in-situ hybridization before lysis and three days afte_r removal of 

the endoderm layer. Before removal of endoderm from EBs, expression'··of FGF5 was up 

regulated and highest in the inner primitive ectoderm-lik~ layer at d~y three of 
. . 

differentiation of the embryoid bodies _(Fig. 23B). Most EBs not lysed and maintained in 

the serum-containing medium maintain a lower level of expression of FGF5 at day 6 

(Fig. 23C). By day 6, the non-lysed EBs in the defined medium (COM) maintained 

moderate levels of FGF5 expression (Fig. 230). When lysed EBs were cultured in 

serum-containing medium, the EBs generated new cell types and only small regions of 

FGF5 expression could be identified (Fig. 23E). These EBs also showed more 

proliferation and did not maintain a central ca~ity. However, lysed EBs cultured in COM 

maintained strong FGF5 expression equivalent to the levels seen in day 3 EBs before 

lysis. This indicates that the primitive ectoderm-like state may be maintained in the 

defined medium after lysis of endoderm. However, these EBs did not show the same 

level of proliferation as the lysed EBs maintained in serum-containing conditions. Thus, 

~ulture conditions that allow for the proliferation of this cell type remain to be defined. 
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Figure 23. Endoderm lysis and culture in defined medium maintains a primitive 
ectoderm-like population. EBs were assayed/or expression of FGF5 by in-situ 
hybridization before lysis (B) and three days after removal of the endoderm layer (C-F). 
Before removal of endodermfrom EBs, expression of FGF5 was up regulated and highest 
in the inner primitive ectoderm-like layer at day three of differentiation of the embryoid 
bodies (B). Most EBs not lysed and maintained in the serum-containing medium 
maintain a lower level of expression of FGF5 at day 6 (C). By day 6, the non-lysed EBs 
in the defined medium maintained moderate levels of FGF5 expression ( D ). When lysed 
EBs were cultured in serum containing medium, the EBs generated new cell types and 
only small regions of FGF5 expression could be identified ( E). However, lysed EBs 
cultured in CDM maintained strong FGF5 expression equivalent to the levels seen in day 
3 EBs before lysis. This indicates that the primitive ectoderm-like state may be 
maintained in the defined medium after lysis of endoderm. Scale bars are 1 00µm. 
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However, my experminents suggest that primitive ectoderm can be maintained for at least 

a short while in culture. 

EB-derived primitive ectoderm differentiates into neurectoderm 

After culture in a serum-free medium containing bFGF and fibronectin, 

endoderm-free embryoid bodies formed colonies of a homogeneous cell population 

morphologically resembling neuroepithelial cells (Fig. 24). Thus, this isolated primitive 

ectoderm cell population can form a cell type from at least one germ layer. 

These experiments highlight the importance of endoderm as a source of signals 

that drive further differentiation of the primitive ectoderm. This technique is also 

presented as a method for deriving an alternate pluripotent cell type. 
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Figure 24. Neurectoderm differentiation of endoderm-free EBs. After culture in a serum
free medium containing bFGF andfibronectin, on non-coated (A) or laminin coated (B) 
dishes, endoderm-free embryoid bodies formed colonies of a homogeneous cell 
population morphologically resembling neuroepithelial cells. Scale bars are 1 00µm. 



Conclusions: 

• Primitive endoderm can be efficiently removed by hypotonic lysis of embryoid 

bodies ~o isolate primitive ectoderm-like cells 
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• Lysed embryoid bodies maintain a primitive ectoderm marker in a defined serum

free medium · 

. • The isolated primitive ectoderm-like population forms heurectoderm 

• Thi's technique may allow isolation of an alternate pluripotent cell type in vitro 



V. Discussion 

HESC culture-developing a model system 

Several groups have now isolated and characterized HESC lines (Amit and 

Itskovitz-Eldor, 2002; Cowan ·et al., 2004; Mitalipova et al., 2003; Reubinoff et al., 2000; 

Thomson et al., 1998). These studies have shown that HESCs have a broad potential to 
) 

develop into many tissue types including extraembryonic cell types. While the 

developmental potential of MESCs anq HESCs overlap, these studies also show that in 
. . 

culture HESC have different· requirements than MESCs for maintaining the pluripotent 

state. Since factors that can promote pluripotency of HESC in a manner similar to LIFs 

function in maintaining MESCs are only just beginning to be described (Sato et al., 

2004), culture_ofHESCs can currently be best described as a balance between seiecting 

undifferentiated cell~ for expansion out of the ·midst of spontaneously differentiating 

cells. 

With the exception of one group (Cowan et al., 2004), most of the available 

HESC lines have been derived and maintained by similar techniques in which the cells 

are transferred as clumps. The technique used to derive our BGN cells lines relied on 

microdissection (manual passaging) of colonies into cl umps of cells that were then -

transferred to new dishes as described in the HESC Methods section of Chapter 2. This 

technique was also used to passage and maintain stocks of cells. This was the state of the 
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art when I began working with the BGN cell lines in Feburary of 2002. At that time, 

various groups were using techniques similar to ours for passaging HE~C lines 

(Reubinoff et al., 2000) while other groups were using bulk passaging techniques that 

made use _of a combination of non-trypsin based· enzymatic digestion of colonies followed 

by physical disruption of the colony into cell chunks (Thomson et al., 1998). While these 

techniques were reported to be successful, initial attempts to transfer them to the BGN 

cell lines were unsuccessful. These attempts resulted in much more differentiation than 

with the manual passaging technique. However, due to the labor involved with manual 

passaging, it was evident that it would be difficult to expand the cultures to the point 

needed for molecular and biochemical studies. Therefore, I initiated attempts to apply 

traditional trypsin-based passaging techniques to expand the cultures. 

In initial attempts, trypsin/EDT A passaging seemed promising. In one attempt, a 

BGNl sub-line was isolated that expressed similar markers t<:> th~ original cell lines, but 

the cells were later found to have karyotypic abnormalities. This line, and further lines 

showed that with multiple passages using trypsin/EDT A, there was an increase in the 

incidence of aneuploidy, with recurrent gain of chromosomes 12 and 17. This has been 

noted by others (Draper et al., 2004) and has been suggested to result from either 

passaging technique (Buzzard et al., 2004) or m~tabolic stress (see rebuttal in Buzzard et 

al., 2004). This gradual increase in aneuploidy in the cultures paralleled a decrease in the 

ability to generate embryoid bodies that differentiated properly. Embryoid bodies 

generated from these lines predominantly differentiate into an inner layer of 

extraembryonic endoderm resembling that described for primitive endoderm in human 



96 

and non-human primate peri-implantation embryos (Enders and King, 1988; Enders et al., 

1986; Luckett, 1978), surrounded by a polarized epitheloid layer resembling goblet cells 

and described by Sathananthan et. al. (Sathananthan et al., 2002). They also express 

markers consistent with extraembryonic lineages such as eHAND, Mix, GA T A6, AFP 

and hCGa ( data not shown). Interestingly, this line differentiated into neural lineages 

efficiently (S. Noggle and T. Schultz, unpublished observations). In contrast to the 

manually passaged parent lines, these lines failed to differentiate into cardiac cell types, 

suggesting a possible restriction in pluripotency. Thus, my initial observations indicated 

that passaging cells by traditional enzymatic means may increase the rate of 

differentiation or occurence of karyotypic abnormalities in HESC cultures. 

However, derivation of sevent~en new kayrotypically normal HESC lines that 

were selected for the ability to withstand trypsin passaging as single cells has recently 

been reported (Cowan et al., 2004) and suggests that trypsin passaging under some 

conditions is possible. Consequently, while the BGNl and BGN2 lines have both shown 

signs of selection for aneuploid sub-lines with prolonged trypsin passaging, we have been 

able to use short term trypsin passaging to expand these cultures. However, due to 

incomplete dissociation and replating at high density, our protocol does not routinely 

result in plating single cells. Thus, cell-cell contact may still be maintained with these 

limited trypsin/EDT A passaging techniques. 

The bulk passaging techniques did allow for some optimization of culture 

conditions. For example, clonal plating assays demon~trated that FBS, in comparison to 

serum replacer (KSR), had a detrimental effect on the ability to maintain undifferentiated 
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cultures and indicated that different lots of FBS had differing abilities to maintain the 

cultures. This is also true of mouse ESC cultures for which serum lots must be ·screened 

for the ability to maintain the undifferentiated state. This suggests that in addition to the 

importance of cell-cell contact in maintaining the undifferentiated state, soluble factors in 

the serum can influence the cultures. Thus, it is possible that further optimization of the 

culture conditions inay allow for single cell passaging. Indeed, one recent report suggests 

that combinations of soluble factors can maintain the undifferentiated state of HESCs in a 

feeder-free system (Amit et al., 2004). However, these authors reported these conditions 

to be inferior to MEF feeder plating conditions. This suggests that further optimization 

will be important for routine clonal derivation and passaging of the HESC lines. Also 

additional work with the GSK inibitor published by Sato et. al. (2004) may delineate 

defined culture conditions that support cultures of undifferentiated and karyotypically 

normal HESCs. 

While the manual passaging protocol can be used to maintain the cultures in an 

undifferentiated state, these cultures easily and spontaneously differentiate even under 

conditions that others have shown to maintain pluripotency. As shown in this study, 

primitive endoderm spontaneously develops in our HESC cultures. These cells have an 

epithelial morphology described for primitive endoderm in human and non-human 

primate peri-implantation embryos (Enders and King, 1988; Enders et al., 1986; Luckett, 

1978). These cells also express two markers of primitive endoderm, laminin and 

TROMA-1. Initial attempts to find immunohistochemical reagents to detect human 

homologues of more specific markers, like GAT A-4 or -6 have proven unsuccessful. 
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However, we also find that the increase in expression of Oct-3/4 in these colonies follows 

a progression that is consistent with that described for the development of primitive 

endoderm in the mouse (Palmieri et al., 1994). It has been found that a transient 

upregulation of Oct-3/4 in the primitive ectoderm may function in the differentiation of 

this tissue. When F9 embryonic carcinoma cells, which ha,ve been traditionally used as a 

model of primitive endoderm differentiation, are treated with retinoic acid, they 

transiently upregulate protein expression of Oct-3/4 (Botquin et al., 1998). This is 

associated with activation of the Osteopontin gene (OPN), which is an extracellular 

matrix gene that functions in cellular migration and is also a marker of primitive 

endoderm. Dimeriz~tion of Oct-3/4 seemed to be necessary to activate OPN expression. 

Thus, the level of Oct-3/4 protein expression may control pluripotency and differentiation 

in HESCs as it does in MESCs and ICM (Niwa et al., 2000). Studies of Oct-3/4 

expression in human and monkey blastocysts have not examined stages in which 

primitive endoderm differentiation is taking place (Hansis et al., 2000; Mitalipov et al., 

2003). Thus, this pattern of expression has not been definitively demonstrated in vivo. 

However, taken together, the marker expression profile and morphology point to the 

presence of primitive endoderm in our HESC cultures. 

However, this cell type has proven difficult to reliably generate in culture. 

Despite some success in generating human EBs (Conley et al., 2004; ltskovitz-Eldor et 

al., 2000), others have noted the difficulty in forming EB.s (Thomson et al., 1995). In 

human EBs that do develop, some inconsistency in generating primitive endoderm in an 

EB has been noted if it is allowed to over extended culture periods (Conley et al., 2004). 
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This indicates that human primitive endoderm may be difficult to keep alive in current 

culture conditions used to generate EBs from HESCs. We have also found that clumps 

derived from the BGN cell lines often do not survive when plated in conditions normally 

used for EB culture. Though it has been possible to derive EBs from these lines, there 

seems to be a minimum aggregate size necessary for survival of the EBs under these 

conditions. However, we have noted an endoderm layer develops in cell chunks that 

have delayed attachment to the MEF feeder layer after manual passaging. This can be 

seen in reports from other groups as well (for example see Fig I in Richards et al., 2002). 

After attachment to the feeder layer, a region of differentiation resembling primitive 

endoderm and staining positive for _endoderm markers develops in the center of the 

resulting colony. Within this region of differentiation, primitive endoderm cells can be 

found and often produce cystic areas within the colony (Fig. 15). Therefore,it is possible 

that MEFs may produce factors that -support endoderm survival. Alternatively, FGF 

signaling may provide support for primitive. endoderm development. FGF2 is 

traditionally not add~d to EB c·ultures, but is added to MEF culture. Interestingly, the 

FGF receptor is expressed on the SSEA4low subpopulation of HESC cultures (Carpenter 

et al., 2004), indicating that FGF signaling may be important in supporting the 

proliferation or survival of differentiating cell types in these cultures. 

The molecular mechanisms of primitive endoderm cell fate choice and 

differentiation are not well understood. Another group has recently published 

observations of primitive endoderm differentiation in the HES-2 and HES-3 human ESC 

lines similar to ours with the BGN cell lines (Pera et al., 2004). This group shows that 
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BMP signaling may induce primitive endoderm differentiation from HES~s. Inhibition 

of differentiation at the edges of the colonies seemed to be dependent on MEF density 

and was associated with a BMP antagonist factor that correlated with expression of the 

known BMP-antagonist Gremlin produced by the feeders. In contrast, Xu et. al. (Xu et 

al., 2002b) show, using the Hl,_H7, H7, and H14 cell lines in the feeder-free system, that 

BMP signaling induces trophectoderm differentiation at the edges of colonies on 

Matrigel. In addition, another group demonstrated that HESCs have the potential to 

produce trophectoderm in an EB system that also depended on the presence of Matrigel 

extracellular matrix (Gerami-Naini et al., 2004). While this demonstrates that HESCs 

have wider potential than MESCs, which seem to have little potential to form 

trophectoderm (Doetschman et al., 1985; Niwa et al., 2000), it also suggests that cell 

contact with the feeder layers may have effects on HESCs that are not appreciated in the 

Matrigel system. Thus, cell culture conditions mediating cell-cell contact or cell-ECM 

contact may play a crucial role in determining which cell type differentiate~ in response 

to BMP signals generated within the HESC colony (Pera et al., 2004). These 

observations also highlight the possibility of crosstalk between signaling pathways that 

underlie the choice of cell fate in HESC differentiation. 

Alternatively, this observed difference in potential might reflect cell line 

differences. Very little ha_s been published that systematically associates the quality of 

the human blastocysts used to derive lines and the potential of the resulting lines. The 

BGN cell Hnes were derived from low quality blastocysts that were to be discarded due to 

their low probability to generate a pregnancy (Mitalipova et al., 2003). Other groups 
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have used higher quality blastocysts produced in excess of clinical need for derivation 

(Cowan et al., 2004; Thomson et al., 1998). Lines derived from human blastocysts of 

varying quality may have different magnitudes of developmental potential despite also 

having very similar marker expression. Further study will be necessary to distinguish 

between the influences of culture conditions and origin on the developmental potential of 

HESC lines. 

Notch signaling in primitive endoderm development in HESC culture 

While there are many studies that look at the poten'tial of embryonic stem cells to 

· differentiate into germ layer derivatives, there are relatively few examples that explore 

the ability of embryonic stem cells to differentiate into extraembryonic lineages. The 

studies described in this work were primarily aimed at exploring the function of Notch 

signaling in pluripotent cells in an effort to determine its role in differentiation of the first 

cell types that are specified in preimplantation development. In the present study, we 

suggest that the Notch pathway is a candidate for mediating some of the cell-cell contact 

dependent effects on differentiation of HESCs. We find that all pathway members 

needed for a functional Notch pathway may be expressed by HESCs and that the pathway 

can be activated. Further, we find that cell signaling mediated by canonical members of 

the Notch pathway may play a role in differentiation of the primitive endoderm from 

HESCs. 

An analysis of microarray data from a previous study of HESC pluripotency and 

differentiation ~Sato ~t al., 2003) found that all mRNAs needed for a functional Notch 

signaling pathway are present in undifferentiated HESCs (Table I). We confirmed the 
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presence of many of these mRNAs with RT-PCR analysis and the corresponding protein 

by western blotting. These studies showed ~hat at least three of the mammalian Notch 

receptor gene~ are present in undifferentiated HESCs (Fig. fl C): Western blotting 

confirmed this and showed that the mature forms of these proteins were expressed in 

HESCs. For example, Notch-I and ~2 are both present in their furin-processed forms, 

indicated by the presence of NEXT /NTM (Fig. 11 D). Further, the mature forms of two 

of the acsecretase components, Nic;astrin and Presenilin-1,. are found in their processed 

forms (Fig. 11 E) (Kimberly et al., 2002; Thinakaran et al., 1996). These data indicate 

that the Notch pathway is present and suggest that it may be fuctional. 

Indeed, the Notch pathway can be activated in undifferentiated HESCs. This was 

shown by the ability of EDT A to generate the cleaved activated form of Notch in a 

acsecretase dependent manner (Fig. 12A and B). EDTA activation of the Notch pathway 

has been demonstrated in other studies and has been proposed to result from Ca++ 

chelation causing dissociation of the extracellular domain away from NEXT (Rand et al., 

2000; Susini et al., 2001). As NEXT is constitutively processed by aaecretase, EDTA 

would be expected to activate the Notch pathway. EDT A activation can also produce 

target gene expression in a manner dependent on aaecretase. Hesl was induced with 

EDT A aotivation and this activation could be suppressed by a specific acsecretase 

inhibitor. Therefore, the Notch pathway could be activated to generate specific target 

gene expression. 

However, Notch does not seem to be activated in undifferentiated HESCs. Until 

recently, it has been difficult to detect activation of endogenous Notch by 
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immunohistochemistry. This is due to the relatively small amount of cleaved Notch 

needed in the nucleus to activate target gene expression (Schroeter et al., 1998; Struhl and 

Adachi, 1998). The exact time and place of activation of Notch has been difficult to 

determine in vivo due to this inability to detect active Notch molecules 

iminunohistochemically (Ye and Fortini, 2000). However, a commercially available 

antibody has recently .become available that recognizes the aa,ecretase cleaved end of 

Notch. This Val 1744 antibody detects endogenous active Notch and has been used to 

detect Notch activation in mouse skin and nail primordium (Lin and Kopan, 2003). We 

used this antibody to detect endogenous notch by western blot and 

immunohistochemisfry in HESCs. The westerns using this antibody show that Notch 

signaling can be activated by EDTA but is not normally detectable in undifferentiated 

HESCs. This was confirmed with a second antibody that recognizes a domain on the 

intracellular portion of Notch-I. In support of this, we also find that canonical CBF-1 

mediated sign·aling is not active in undifferentiated cultures based on luciferase assays 

using wild type and mutant CBF-1 binding site reporters in undifferentiated HESCs. This 

is also supported by lack of suppression of an expressed Notch target gene, Hesl, with a 

aa;ecretase inhibitor as assayed by real-time RT-PCR (data not shown). Although these 

are negative results, together they suggest that, although capable of being activated, the 

canonical Notch pathway may not be active in undifferentiated HESCs. 

Wnt signaling has been shown to antagonize Notch signaling in several contexts 

(Klein and A~ias, 1998; Lowell et al., 2000; Martinez Arias et al., 2002; Strutt et al., 

2002; Uyttendaele et al., 1998; Zhu and Watt, 1999). As Wnt signaling has been shown 
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to be sufficient to maintain the undifferentiated state of both HESCs and MESCs (Sato et 

al., 2004), a lack of Notch signalng in undifferentiated HESCs might be expected. 

Accordingly, Notch was co-expressed in undifferentiated HESCs. Using an antibody that 

recognizes an extracellular epitope of Notch-1 we detected expression on 

morphologically undifferentiated HESCs. As shown in figure 1 lA, Notch is brightly 

expressed on undifferentiated cells as indicated by their non-polarized morphology. 

Notch co-labels with SSEA4 in these cells as shown in Figure 11 B. Analysis by flow 

cytometry confirmed that Notch co-labeled SSEA4bright cells (Fig. 13D). The SSEA4 

bright population has been suggested to be the undifferentiated population by others 

(Carpenter et al., 2004; Rosier et al., 2004). Thus, Notch was expressed on 

undifferentiated HESCs. It is possible that Wnt signaling in undifferentiated HESCs may 

suppress Notch signaling. Further study is needed to establish a direct link between the 

Notch and Wnt pathways in this system. 

Hey2, a _notch target gene, was expressed in unaiffere:rit,iated HESCs, indicating 

possible activation of Notch signaling in undifferentiated HESCs. Althoug_h, Hey2 has 

been shown to be a direct target of Notch signaling (Maier and Gessler, 2000), the 

expression pattern of Hey2 does not always overlap with Notch expression. In·mice, for 

example, Hey2 expression in thecaudal.presomitic mesoderm ·is maintained in Delta-like 

and Notch-1 mutants (Leiineister et al., 2000). It may also be a target of BMP signaling 

(Korchynskyi et al.,.2003). Thus, although Hey2 was identified in the microarray study 

of Sato et. al (Sato et al., 2003) as being seven-fold enriched in undifferentiated HESCs, 
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the significance of its expression is not clear and in HESCs it may be a target of signaling 

pathways not related to Notch. 

Notch expression is regulated with differentiation, and expression is down 

regulated in two different patterns. We detect Notch expression in presumptive endocytic 

vesicles (Fig. 13E). In this situation, Notch is removed along with SSEA4 from the 

surface as cells differentiate. This type of staining pattern in HESC cultures is 

predominantly detected in depression or "crater" areas, but can also be seen in Matrigel 

cultures. Notch activity has been suggested to be either positively or negatively regulated 

by endocytosis of the extracellular domain (Schweisguth, 2004). Thus, this antibody, 

which detects the extracellular epitope of Notch, might be expected to stain endocytic 

vesicles. This staining pattern is suppressed in HESCs on matrigel treated with a 

aa;ecretase inhibitor suggesting cleavage may be important to this differentiation 

pathway. A second staining pattern was also detected in differentiating cells and seemed 

to show an asymmetric staining pattern (Fig. 13F). The permeabilization step needed to 

detect Oct-3/4 resulted in loss of the Notch and SSEA4 reactivity making colocalization 

with a second pluripotency marker difficult. However, in parallel cultures these staining 

patterns were evident before Oct-3/4 was downregulated, indicating that this is an early 

event in differentiation (data not shown). This was evident in areas of differentiation in 

manually passaged HESC colonies as well. While the functional significance of these 

staini_ng patterns is not clear, it may suggest a·sorting mechanism that distinguishes two 

differentiation pathways. The first staining pattern may control the cells competence to 

activate the Notch pathway by removing receptor from the surface by endocytosis, while 
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the second staining pattern may represent cells that have chosen to be capable of Notch 

signaling that further influences differentiation. However, as aa,ecretase inhibition 

reduced the proportion of cells that were SSEA4negative or low and Notch positive, 

inhibition of Notch activation with a aa,ecretase inhibitor reduced differentiation in 

HESC cultures. 

Additionally, two lines of evidence indicante that Notch is activated with 

differentiation. As shown by RT-PCR, the Notch ligand Jagged-1 is significantly 

upregulated with differentiation as is the canonical Notch target gene, Hesl. This 

suggests that Notch signaling may be activated with differentiation of HESCs. Our 

analysis of Notch expression in differentiating HESC cultures suggests that Notch is 

cleaved, and thus activated, during early differentiation into primitive endoderm. 

Occasionally, when clumps of HESCs are transferred to new MEF feeders, they delay 

attaching to the feeder layer and form EB structures in suspension. Primitive endoderm 

differentiates in these EB-like structures as a layer covering the inner ESCs. As 

described above, when the layer attaches, the endodermal cells can be identified by 

morphology, marker expression, and the functional ability to generate cystic structures in 

the colony. Immunohistochemistry using the Val1744 antibody that recognizes cleaved 

activated Notch detects cleavage in this outer endoderm layer, consistent with Notch 

activation in early primitive endoderm development. In addition, cleaved Notch can be 

detected in some cells at the edges of spontaneously differentiating colonies. In these 

areas, Oct-3/4 staining is increased relative to cells within the colony that are 

undifferentiated. As the cells with increased Oct-3/4 expression stain positive for · 
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TROMA-1, it is possible that these cells are beginning early differentiation into primitive 

endoderm. This is cons_istent with in vivo mouse data showing upregulation of Oct-3/4 

with primitive endoderm differentiation (Palmieri et al., 1994). In support of Notch 

having a role in primitive endoderm differentiation, the proportion of cells staining 

brightly for Oct3-/4 is much reduced in differentiating cultures treated with a aa;ecretase 

inhibitor. Ins~ead, a population of cells that stain dimly, but positive compared to 

controls, is enriched with treatment. Thus·, inhibition of Notch activation with a 

acsecretase inhibitor reduces differentiation in a manner consistent with the elimination 

of primitive endoderm. Together, these data indicate that Notch is possibly involved in 

primitive endoderm differentiation in HESC cultures. 

However thy CBF-1 reporter was not activated during differentiation in the 

Matrigel culture system. In this system differentiation is induced by withdrawal of MEF

conditioned medium and FGF2, while primitive endoderm was observed in the c~mtinual 

in the presence of MEFs and FGF2. The most likely explanation for the lack of induction 

of the CBF-1-luciferase reporter for Notch activity when conditioned medium was 

withdrawn is that the cell type that activates this signal may not appear in this culture 

context. This is consistent with literature suggesting that endoderm forms in HESC 

cultures on feeders in response to BMP induction (Pera et al., 2004) but that 

trophectoderm is induced when plated on Matrigel in MEF conditioned medium (Xu et 

al., 2002b) or without BMP induction in Matrigel islands (Gerami-Naini et al., 2004). 

Thus, differentiation of HESCs may be biased to form trophectoderm on Matrigel. 



Therefore, Notch may be active in the generation of a cell type that is not easily 

supported by differentiation in this culture condition. 
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It is also possible that Notch signaling in HESCs does not use the CBF-1 binding 

site. F3/Contactin has been shown in a recent study to elicit a Notch signal that seems to 

be mediated by Deltex rather than the canonical co-activator RPB-Jk (CBF-1 )(Hu et al., 

2003). Activation of the Notch pathway by F3/contactin led to activation of 

oligodendrocyte maturation and myelination genes whereas activation of the Notch 

pathway by Jagged prevented differentiation of oligodendrocyte progenitors via an RPB

Jk dependent pathway by targeting the canonical Notch target gene, Hes 1. In addition to 

the previously studied Notch ligand Jagged- r, the newly discovered ligand F3/contactin 

' - ·~ 

(Hu et al., 2003) was also identified as expressed in HESCs by both real-time RT-PCR 

analysis and microarray analysis. The significance of the presence of this ligand is not 

yet clear. However, Deltex-1, while not reliably detected by microarr~y was detected by 

real-time RT-PCR an? was significantly downregulated with differentiation along with 

F3/contactin. Thus, it is possible that endoderm differentiation may proceed through a 

non-canonical CSL-independent pathway. 

Taken together, these experiments suggest that Notch is present on HESC, but 

may be activated with differentiation. They also suggest a possible role for Notch in 

primitive endoderm development. 
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Relation to other models of Notch signaling 

I have demonstrated that-inhibition of the Notch pathway blocks differentiation of 

HESCs and likely blocks primitive ·endoderm differentiation. What is the role of Notch 

signaling in primitive endoderm differentiation? 

Notch has been implicated in many developmental processes. These include, but 

are not limited to, cell fate decisions, and boundary formation between developmental 

tissue compartments. Notch signaling has been shown to act through inhibitory signals to 

restrict cell fates or inductive signals to induce cell fates (Fig. 4). Notch-mediated lateral 

inhibition ha_s been defined, for example, in neural-epidermal fate choice of sensory 

organ precursor (SOP) ce1ls of the PNS in Drosophila (Brook and Gardner, 1997). Notch 

signaling in this case inhibits the acquisition of the neural SOP fate to a single cell and 

allows the inhibited cells to assume the epidermal fate. This mechanism has also been 

found in vertebrate neural epithelium (Chitnis, 1995) in which Notch signaling maintains 

a proliferating progenitor pool for-later neurogenesis: Lateral inhibitory signaling 

predicts that, if blocked, the lack of Notch signaling will result in loss of maiintenance of 

the undifferentiated state or increased differentiation into the cell type that is being 

repressed. We do not see this. Treatment of HESCs with a.aa,ecretase inhibitor blocks 

differentiation as measured by the maiintenance of the pluripotency marker SSEA4. 

Lateral inhibitory Notch signaling also predicts· that, if activated, a Notch signal will 

result in maiintenance of the undifferentiated-like state or alternate ce1l fate. A 

preliminary overexpression assay seems to indicate that Notch signaling may not be 

sufficient to induce differentiation, however neither is it sufficient to maintain the 
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pluripotency of HESCs in the absence of conditioned medium (Fig. 20). · In this 

experiment, the Lefty A promoter was used to monitor the pluripotent state. Lefty A is 

enriched in undifferentiated HESCs (Sato et al., 2003). This marker was chosen b~cause 

it is one of the earliest markers to be down-regulated upon withdrawal of conditioned 

medium (D. Besser, personal communication). Co-transfection of NICO expression 

plasmids with this reporter was not sufficient to maintain activity in the absence of 

conditioned medium. This is inconsistent with lateral inhibition. 

Notch inductive signals function in the establishment of new cell types. The best 

example of this is found in the development of the dorsal-ventral boundary cells of the 

Drosophila wii_-ig (de Celis and Garcia-Bellido, 1994; Diaz-Benjumea and Cohen, 1995; 

Kim et al., 1996; Rulifson and Blair, 1995). Here, Apterous, a compartment-specifying 

gene, activates expression of Serrate and fringe in the dorsal compartment. Delta is. 

expressed in the ventral compartment. Fringe inhibits Notch activation by Serrate and 

promotes activation by Delta. Notch is activated in each compartment only at the border 

of fringe expression. Thus, the expression domain of fringe determines where tbe dorsal

ventral boundary will form. Notch activation at the border targets Wnt expression, which 

acts as a long range morphogen to organize further cell fates in the wing. Thus; Notch 

signaling induces a new cell fate. The overexpression assay (Fig?) seems to indicate that 

Notch signaling may not be sufficient to induce ~ifferentiation in undifferentiated 

HESCs. Thus, these results are not consistent with inductive Notch signaling which 

predicts that activating the pathway »'ill result in.~ore differentiation of the new cell 

type. However, since the co-transfections were performed in the Matrigel system, it is 
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possible that this marker might respond differently in an EB differentiation assay. Other 

signals may be necessary to maintain the primitive endoderm _cell type~. ·These--results are 

consistent with boundary formation in vertebrate systems wh_ere Notch activation is not 
. ' ' ' , 

sufficient to specify boundary cells and may_ require other factors (Cheng et al., 2004). 

However, Notch may have other functions in boundary formation. Notch 

expression may be involved in the sorting of similar cell types. In zebrafish development 

Notch activation drives cell sorting to hindbrain boundaries (Cheng et al., 2004). 

Additionally, Lun·atic Fringe (lfng), one of the three vertebrate Ii.omologues of 

Drosophila fringe, can cell-autonomously direct cell sorting of cells out the zona limitans 

intrathalamica of the vertebrate forebrain into the dorsal or ventral thalamus (Zeltser et 

al., 2001), presumably by positively regulating Notch. Thus, an important role of Notch 

signaling may be to sort cells into compartments. A recent model for primitive endoderm 

specification in mouse preimplantation embryos suggests that some ICM cells that are 

specified to become primitive endoderm may need to be sorted to the proper location in 

the ICM (Rossant et al., 2003)(Figure IA). As several Notch genes, including fringe and 

Notch-3, ·are expressed from the 4-cell to early blastocyst stage of preimplantation 

embryos (Wang et al.~ 2004), Notch signaling may be important for this process. 

Alternatively, Notch signaling may function in sorting the primitive endoderm population 

from the trophectoderm as these cell fates have been proposed to have similar origins 

(Rossant.et al., 2003). Thus, Notch signaling may have a function in early 

extraembryonic tissue development in mouse preimplantation embryos. Future studies of 



the Notch signaling pathway in mouse preimplantation _embryos are needed to address 

these possibilities. 

Endoderm lysis 
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In this study, we described cultures of primitive ectoderm-like cells and a method 

for their isolation from embryoid bodies. When the outer layer of primitive endoderm is 

lysed by hypotonic shock, an inner layer of primitive ectoderm-like cells surrounded by a 

basement membrane remains and can be maintained as primitive ectoderm in a defined 

medium. This was shown by the maiintenance of high levels of FGFS expression after 

removal of endoderm and culture in a serum-free defined medium for several days. In 

contrast, lysed EBs maintained in serum containing medium cont_inued to differentiate as 

evidenced by the lack of expression or only localized ex-pression of FGFS. 

Primitive ectoderm is a pluripotent cell type because it can generate all of the 

embryonic cell types. Mouse ESCs share this pluripotency but also have the capability to 

produce extraembryonic cell types as well. For example, if the mouse ICM is 

immunosurgically isolated and cultured in suspension it develops an outer layer of 

primitive endoderm, surrounding an inner layer of primitive ectoderm (Hogan and Tilly, 

1977). If this primitive endoderm is removed by immunosurgery and the inner primitive 

ectoderm layer is cultured it no longer makes a primitive endoderm layer. Instead, it 
\ 

degenerates unless cultured on a embryonic fibroblast feeder layer where it can 

differentiate into multiple embryonic cell types. Thus, an important difference between 

primitive ectoderm and mouse ESCs is the ability to generate primitive endoderm. The 

visceral endoderm, which does not contribute to the embryonic tissues, is derived from 
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the primitive endoderm and serves as an ~mportant source of signals that direct 

differentiation (Beddington and Robertson, 1999). Therefore, removal of the primitive 

endoderm derivatives offers the possibility of more control of differentiation of the 

primitive ectoderm. 

An important difference between the work by Hogan and Tilly ( 1977) and this 

study is that in their study the isolated primitive ectoderm degenerated in suspension 

culture. We were able to maintain primitive ectoderm in a defined medium for at least 6 

days, indicating that our culture conditions promoted the survival of the aggregates while 

those of Hogan and Tilly (1977) did not. The defined medium in this study has been 

previously described, by Wiles and Johansson (1999r This group derived EBs without 

removal of the endoderm layer in the defined medium and found that the neural markers 

pax-6 and fyn were expressed in the aggregates without the expression of mesoderm or 

endoderm markers. In contrast to our study, they did not detect FGF5 after 5 days in 

culture in the defin~d medium. We find that removal of the visceral endoderm layer from 

embryoid bodies resultes in the maintained expression of FGF5 in the resulting cell 

aggregates, indicating maiintenance of primitive ectoderm-like cells. 

An important aspect of this study is the possibility of deriving primitive ectoderm 

like cells directly from preimplantation embryos (Fig. 8). Previously, primitive ectoderm 

has been isolated directly from post-implantation embryos by microdissection (Hogan, 

1994). Thus, the technique developed in this study allows improved control and easier 

access to this cell population. In addition, as primitive ectoderm isolated in vivo may be 

patterned to begin gastrulation at a particular location in the primitive ectoderm 
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(Beddington and Robertson, 1999; Brennan et al., 2001), this may not be a homogeneous 

populati<?n of cells. Therefore, isolation and culture of primitive ectoderm from an earlier 

stage allows investigation of this cell type without any pre-patterning. This technique 

could be used in comparative studies of these two populations to isolate and study 

polarity-promoting fa~tors. 

In addition to the ability to address basic biological questions, this technique 

allows for the possibility to isolate a more easily controlled pluripotent population of 

stem cells from human preimplantation embryos for purposes of cell therapy. Cell 

therapy targets, such as Parkinsons disease and diabetes, aim to replace damaged cells in 

effected embryonic derived tissues. Bypassjng the ability to make extraembryonic tissues 

is an important aspect of any desired cell therapy application that targets embryonic

derived tissues. Due to the variability of human EB culture in generating an outer 

endoderm layer, I was not able to apply this technique to HESC cultures. Further work 

will be necessary to improve the reliability of endoderm generation in human EBs. 

However, this technique presents the possibility of bypassing extraembryonic endoderm 

formation and thus allows controlled differentiation of primitive ectoderm into human 

embryonic cell types. 



VI. Summary 

While there are many studies that look at the potential of embryonic stem cells to 

differentiate into germ layer derivatives, there are relatively few examples that explore 

the ability of embryonic stem cells to differentiate into extraembryonic lineages. The 

study of extraembryonic lineage development in HESC cultures is important to the 

understanding of how these cells might behave in cell therapy protocols. The studies 

described in this work are primarily aimed at exploring the function of Notch signaling in 

pluripotent cells in an effort to determine the role of this pathway in differentiation of the 

first cell types that are specified in preimplantation development. This study finds that 

Notch signaling may be an important factor in the early events of differentiation of 

primitive endoderm. 
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1. ADAM 
2. ANK 
3. APH-1 
4. APLP 
5. CSL 
6 .. CTF 
7. ESC 
8. HESC 
9. LDL 
10. MEF. 
11. MESC 
12. mRNA 
13. NEXT 
14. NICD 
15. NLS 
16. NTF 
17. NTM 
18. PEN-2 
19. PNS 
20. PS 
21. PS-1 
22. PS-2 
23. RAM 
24. RBP-Jk 
25. RNAi 
26. SOP 
27. TACE 
28. TAD 
29. TM 

Appendix 

A disintegrin and metalloprotease domain 
ankarin repeat domain 
anterior pharynx defective 
amyloid precursor-like protein 
C promoter binding factor/Suppressor of Hairless/Lag- I 
carboxy terminal fragment 
. embryonic stem cell 
human embryonic stem cell 
low-density lipoprotein 
mouse embryonic fibroblast 
mouse embryonic stem cell 
messenger RNA 
Notch extracellular domain 
Notch intracellular domain 
muclear localization sequence 
amino terminal fragment 
Notch transmembrane domain 
presenilin enhancer-2 
peripheral nervous system 
presenilin 
presenilin-1 
presenilin-2 
CSL-binding domain 
recombination sigrial_.binding protein 
RNA interference 
sensory organ precursor 
TNFa converting enzyme 
transactivation domain 
trans membrane 
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