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ABSTRACT OF THE DISSERTATION  

 

DIFFERENTIATION OF HUMAN AND MURINE EMBRYONIC STEM 

CELLS: STUDIES ON THE COMBINED ROLES OF ADHESION 

MOLECULES AND GROWTH FACTORS 

 

By REBECCA MOORE 

Dissertation Advisor: Prabhas V. Moghe 

 

The field of stem cell bioengineering can potentially revolutionize cell-

based therapies for functional replacement of complex systems like the liver and 

nervous system.  Despite significant challenges ahead, mouse and human 

embryonic stem (ES) cells can serve as a potential cell source for transplantation 

medicine, and efforts are being actively directed to guide ES cell development 

and maturation [1-3].  The murine ES cell model has been demonstrated to be 

highly organotypic based on its successful realization of specific lineages [4], but 

current efforts have been focused toward human ES differentiation. Despite the 

many research efforts, the molecular signals that can effectively promote the 

integration and specific differentiation of ES cells are not well characterized.   

In this dissertation, I examined the molecular and microscale 

parameters governing the differentiation of embryonic stem cells into hepatic 

 ii



 

 

and neural tissue.  The goals of this study are two-fold; first, we sought to 

identify the nature of and presentation approaches for molecular signals that 

promote the liver-specific maturation of mouse and human ES cells through cell-

cell adhesion molecule, E-cadherin, and growth factor stimulation.  Secondly, we 

investigated the effects of E-cadherin on neural differentiation of human ES cells.  

Overall, our hypothesis is that optimal combinations of molecular growth factors 

and the presentation of cell adhesion molecules can provide effective tools for 

regenerative and reparative medicine for cell-based therapy. 
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CHAPTER 1 

  
INTRODUCTION 

 

1.1 Embryonic Stem Cells 

 There are several sources of stem cells, including early embryos, certain 

adult tissues, and umbilical cord blood (Figure 1.10.1).  Embryonic stem (ES) cells 

are derived from the inner cell mass of a fertilized embryo in the blastocyst stage 

and are the most pluripotent of all stem cells [5, 6].  Under appropriate 

conditions, cultures of ES cells proliferate and self-renew indefinitely.  Various 

methods have been developed to induce appropriate signaling molecules to 

stimulate differentiation of a particular specialized cell type.  Mouse ES cells 

were derived more than 20 years ago, whereas human ES cells (hESCs) were 

isolated in 1998 [6].  Regardless of the source, researchers have investigated the 

molecular mechanisms that help maintain self-renewal and control 

differentiation in an effort to create cell-based regenerative therapies.   

This dissertation is focused on the use of human and murine ES cells for 

engineering of two primary cell types: liver, and neural tissues.  These areas are 

reviewed in brief in the following sections. 

 

1.2 Human Embryonic Stem Cell Isolation  
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Human embryonic stem cells (hESCs) (Figure 1.10.2) are derived, 

mechanically or immunosurgically, from the polarized inner cell mass of a 

preimplantation-stage blastocyst [5, 6].  Pluripotent and immortal hESCs are 

preserved under very strict lab practices, usually in culture with embryonic or 

adult, somatic cells that secrete products to maintain pluripotency. Additional 

feeder cells have been identified to maintain hESCs in an undifferentiated state 

that include murine and human cell types.  The Wnt signaling pathway and 

those associated with basic fibroblast growth factor (bFGF) and TGF-β have been 

identified to help maintain self-renewal [7].  Traditionally, hESCs are co-cultured 

with mitotically inactivated murine embryonic fibroblasts (MEFs) to form three-

dimensional colonies that must be mechanically or enzymatically passaged on a 

weekly basis. Feeder-free and serum-free cultures have been investigated more 

recently to completely humanize the culture and preparation of undifferentiated 

hESCs.  Systems that minimize human handling, increase quality control, and 

involve bioprocessing will address some of the key future challenges in hESC 

maintenance.  

 

1.3 Tissue Engineering of the Liver 

 

Reviews on the challenges facing functional replacement for liver cells 

highlight the need for identification of targeted molecular signals that induce the 

required hepatic phenotype from stem cells [8, 9].  The ability of healthy human 

liver to regenerate is steadily lost in chronic liver disease.   The standard 
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treatment for advanced liver disease, which is the eighth leading cause of adult 

deaths globally, has been orthotopic liver organ transplantation, but this therapy 

is limited by the availability of donor tissue [10, 11]).  Cell transplantation of liver 

parenchymal cells, hepatocytes, was shown to be an effective strategy in animal 

models of hepatic failure and metabolic liver diseases [12, 13]; hepatocyte 

transplantation has also shown to be a plausible treatment in human metabolic 

liver disease [14, 15].  Hepatocyte engineering continues to be an active field of 

investigation that has brought the key issues of cell sourcing and organoid 

definition to the forefront of the field of tissue engineering [16, 17].  In addition to 

hepatocyte-based therapies, hepatocyte cultures are widely considered as 

diagnostic in vitro models for pre-clinical functional and toxicogenomic 

screening of pharmaceutical drugs [18, 19].  However, the utility of hepatocytes 

in either clinical or pharmaceutical applications is limited by their availability, 

variability, as well as their limited proliferation and decline in hepatic functions 

upon extended in vitro cultures.   

 

1.4 Tissue Engineering of the Nervous System 

 Neural tissue engineering is a primary focus for many researchers in an 

effort to implant and promote nerve regeneration and repair damage caused by 

injury in the peripheral and central nervous systems.  Many have attempted to 

replicate the three types of neural tissue (brain, spinal cord and peripheral 

nerve), although most have agreed that the microenvironment is key to neural 
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tissue engineering.  It is widely accepted that extracellular matrix components 

influence neuronal cell function, attachment and differentiation encourage 

certain cell phenotypes [20].  Recent studies have utilized stem cells as a source 

for neural injury and repair.  They seek to minimize the progression of secondary 

injury, manipulate the inhibitory environment of the spinal cord, replace lost 

tissue with transplanted cells or nerve grafts and maximize the regenerative 

potential of endogenous progenitor cells [21].  Ultimately, there exists a need to 

understand the complex neurochemical and neuranatomical architecture needed 

to develop regenerative interventions. 

 

1.5 Stem Cells as a Source of Hepatic-Like Cells      

Embryonic stem (ES) cells afford a promising source of hepatocytes 

given their unlimited proliferative and pluripotent capacity [2, 22-24].  Recently, 

the expression of hepatocyte-associated genes has been described using in vitro 

differentiation of murine ES cells [25, 26], involving the formation of embryoid 

bodies. The major differentiating cue that has not yet been systematically 

exploited for ES cells arises from cell-cell interactions.  There are several instances 

of cell-cell contact-based signaling being important for the development, 

morphogenesis, and phenotypic stabilization of immature or embryonic cells.  For 

example, fetal liver cells acquired differentiated hepatic characteristics in response 

to soluble factors and through signals generated from cell-cell contacts [27].  

Pluripotent hematopoietic stem cells seem to require heterotypic signaling from 
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cell-cell contact with bone marrow stromal cells (BMSCs) in order to proliferate 

[28, 29].  Moreover, direct contact between hepatocytes and BMSCs was shown to 

promote the proliferation of BMSCs by an order of magnitude [30].  Cell-cell 

contacts are critical for the development of ES cells during the morphologic 

development that accompanies embryogenesis in vivo, as well as during culture 

in vitro.  During the culture of ES cells from aggregates called embryoid bodies 

(EBs), there is a loss of epithelial phenotype, called epithelial to mesenchymal 

transition (EMT), leading to morphologic flattening of cells and a decrease in 

lineage commitment.  This is accompanied by a downregulation of cell-cell 

contacts, most notably of adhesion-based cell-cell adhesion molecules such as 

epithelial (E)-cadherins.  Thus, the loss of E-cadherin serves as one of the driving 

force for epithelial cell sub-types to convert to mesenchymal cells.  

 

1.6 Cadherin as A Major Differentiating Signal for Stem Cells 

Cell-cell interactions are recognized to be of fundamental importance 

for embryonic development, tissue formation and differentiation [31-34].  

Cadherins constitute a family of calcium-dependent, transmembrane molecules, 

which can mediate a wide range of cell-cell interactions and control tissue 

organization during development and maturation [32, 35].  The predominant 

cadherin of most epithelia, including liver cells, is E-cadherin (Figure 1.10.3).  

Cadherins mediate cell-cell adhesion through progressive 

oligomerization (zippering) between cadherin dimers across two approaching 
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cell membrane surfaces. In mature mammalian cells, cadherin-binding causes 

intracellular signaling primarily via the Wnt pathway (Figure 1.10.4).  

Conversely, suppression of cadherin expression and binding promotes catenin-

based regulation of growth or proliferation genes such as c-myc and cyclin D1 

[36, 37].  Thus, the presentation of cell-based ectopic cadherin acts as a molecular 

switch from growth to tissue-specific differentiation pathways.  In 2001, the 

Moghe laboratory used a hepatocyte-L929 cell co-culture and showed that the 

presentation of E-cadherin from a mesenchymal cell can systematically induce 

the differentiation of rat hepatocytes [38].  Also, the Moghe lab examined the 

possibility of displaying acellular cadherin fragments from artificial substrates 

and showed that competitive display of cadherins reduces differentiation and 

increase cell growth potential [39, 40] while cooperative display increases 

differentiation [41].  Furthermore, the Wnt/β-catenin signaling pathway was 

reported to play a regulatory role in the hematopoietic differentiation of murine 

ES cells [42].  Recent transcriptome characterization in human embryonic stem 

cells (hESCs) showed that the ligands for Wnt-signaling were upregulated in 

differentiated hESCs and consistently downregulated in undifferentiated ES cells 

[43].  Thus, understanding the cross-talk of the Wnt signaling pathway with 

other hepatotrophic signaling pathways may be integral to target the 

agonists/antagonists ligands for the Wnt pathway to further engineer 

hepatospecific differentiation in ES cells, which is one of the goals of this 

dissertation. 
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1.7 Hepatotrophic Signals for Hepatospecific Maturation of ES Cells   

Largely inspired by the in vivo progression of hepatotrophic stimuli 

during development [44, 45], there have been extensive studies of molecular 

growth factors that can interact with developing liver cells, fetal liver cells, and 

more recently, embryonic stem cells [46-48].  A complex sequence of 

hepatotrophic factors were implicated in the process of murine liver 

development as the foregut endoderm commits to the hepatic lineage [49].  The 

interaction between the endoderm and cardiac-mesoderm is crucial for hepatic 

development [50].  This process results in the expression of two major liver-

specific markers, alpha-fetoprotein (AFP) and albumin (ALB), which can be 

detected as early as embryonic day 8-9 (E8-E9).  At this point, hepatic cells can 

differentiate into parenchymal hepatocytes or bile duct epithelial cells.  At E10-

11, hematopoietic stem cells originating from the extrahepatic organ colonize the 

fetal liver region and proliferate: hepatic progenitors participate in creating a 

conducive hematopoietic microenvironment [51]; in parallel, hematopoietic cells 

produce cytokines especially, oncostatin M (OSM) [52] while mesenchymal cells 

(non-parenchymal liver cells) produce the hepatocyte growth factor (HGF) [53].  

Cells isolated from embryoid bodies similarly express receptors for EGF, HGF, 

and many other growth factors [54], of which only HGF and NGF have been 

reported to be capable of differentiating ES cells into all three embryonic germ 

layers (meso, endo, ectoderm). As the molecular information about the 
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cooperative effects of cell-cell contact based (E-cadherin) signaling and 

differentiation-promoting hepatotrophic factors is now emerging, these 

interactions can be systematically exploited to accelerate ES cell differentiation 

toward hepatospecific phenotype.  The prevalent understanding of molecular 

interactions emanating from these pathways is reviewed in further detail next.   

 

1.8 Cooperative Effects of Cadherin Signaling Pathways and Hepatotrophic 

Growth Factors 

Hepatocyte growth factor (HGF), a mitogen and morphogen, is clearly 

one of the most established signals for liver development and regeneration [55].  

On a molecular level, the HGF/c-met signaling pathway supports development, 

proliferation, scattering, and branching morphogenesis [56-58].  HGF activates c-

Jun pathways in hepatocytes [59, 60], which are critical for hepatocytic 

development [61], and also activates SEK1 (member of the mitogen-activated 

protein kinase activator family) signaling pathways during hepatogenesis of the 

developing liver [62].   From the standpoint of its effect on differentiation, HGF 

was shown to induce early transition of albumin (ALB)-negative stem cells to 

ALB-positive hepatic precursors resembling hepatoblasts [63].  HGF-induced 

differentiation was terminated if the expression of CAAT/enhancer binding 

protein (C/EBP), a transcription factor, was inhibited, which provides insights 

into the mechanisms for hepatocytic specification of ES cells.  The cooperative 

nature of signals required for hepatic maturation is best exemplified by the 
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significant role played by growth factors secreted from hematopoietic cells.   

 The most significant of these includes Oncostatin M (OSM) [27, 52, 53, 

62].  Dexamathasone (DEX) is a synthetic glucocorticoid hormone promoting 

hepatic maturation.  Notably, the effects of these factors on terminal 

differentiation has been noted to require additional signal(s) generated through 

extracellular matrix (ECM) [64].  Both DEX and OSM are potent in modulating 

selective phases of the maturation cascade.  DEX is known to suppress AFP 

production (early hepatic marker) and DNA synthesis, while up-regulating 

albumin (mid-hepatic marker) and glucose-6-phosphatase (G6P) (late hepatic 

marker) production.  OSM, an interleukin (IL) 6 family cytokine, has been shown 

to up-regulate G6P, tyrosine-amino-transferase (TAT) and glycogen 

accumulation.  The synergistic action of DEX and OSM has found to specifically 

induce hepatic maturation in fetal liver E14.5 [52, 53] through induction of 

morphological changes, up-regulation of multiple liver-specific functions, 

glycogen synthesis and enhancement of homophilic cell adhesion [62, 65].  

Although there is significant promise in the potential use of these maturation 

factors for ES cell differentiation, the exclusive application of these factors leads 

to a differentiation process that is inefficient and uncontrolled.  Thus, an 

integrated application of the cross-functional signaling pathways is necessary.  

 

It is now beginning to be appreciated that growth factors that mediate 

maturation act coordinately with signaling pathways emanating from other 

growth factors and cell-cell adhesion signaling pathways.  Matsui et al [62, 65] 
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have shown that K-Ras regulates homophilic adhesion processes during DEX-

OSM-induced hepatic development.  DEX augmented the expression of E-

cadherins/β-catenins, while OSM altered the sub-localization of E-cadherins/β-

catenins at cell-cell contact sites.  K-Ras acts as a specific downstream mediator of 

OSM signaling in the regulation of E-cadherin localization (enhanced homophilic 

adhesion) of fetal hepatocytes.  This is critical since direct cell-cell contact is 

imperative during developmental stages in tissue organization.  Studies in the 

Moghe laboratory had previously demonstrated that the presentation of E-

cadherin significantly increased liver-specific function in adult hepatocytes 

through heterotypic contacts in co-culture [38] or through ectopic display of 

exogenous E-cadherin [41].  Further, a publication that I coauthored reported 

that E-cadherin expression in murine ES cells enhances and stabilizes a late 

maturation marker of hepatic differentiation [48].   Further work is necessary to 

harness the cross talk between the DEX/OSM/HGF and cadherin-based 

signaling pathways to more comprehensively promote ES hepatodifferentiation, 

a key goal for this study.  

 

1.9 Neural hESC Differentiation Strategies  

 

Spontaneous differentiation of hES colonies rapidly occurs in vitro when 

the system lacks preventative factors.  In two-dimensional systems, spontaneous 

differentiation occurs at the outer borders of the colonies, at fusing colonies, or at 

the center core where cells begin to pile up [66].  A three-dimensional culture 
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system, in the form of embryoid bodies, is another way to initiate differentiation 

of hESCs [67].  The appearance of all three germ layers is possible in the 

suspension culture system.  Selecting specific cell type populations can be 

achieved with cell-surface markers and separation techniques [68].       

The process of directed differentiation is defined by induction into a 

specific cell type.  Endogenous transcription factor activation, transcription factor 

transfection, growth factor supplements, or co-culture environments can 

accomplish this enhancement [69, 70].  The neural differentiation pathway 

extends from the ectodermal germ formation pathway [71], commonly 

considered the default development pathway for hESCs.  Many investigators 

have used directed differentiation to induce neural lineages in the form of hESC-

derived neurons [71], oligodendrocytes [72], dopaminergic neurons [73, 74], 

motor neurons [75], and neuroectoderm [76].  Furthermore, cardiomyocytes [77, 

78], respiratory alveolar phenotyes [79], keratinocytes [80], hematopoietic 

progenitors [81], insulin-producing β-like cells [82], and hepatocyte-like cells [83, 

84] have been developed.   

 

In traditional two-dimensional culture systems, the process of directed 

neural differentiation is accomplished by supplementing the media with primary 

inducing growth factors or their antagonists.  Within the ectoderm, various tissue 

types have been efficiently achieved by supplementing the media with growth 

factors that mimic the natural developmental pathways.  For example, Noggin 

supplementation achieves neuroectoderm [76]; FGF2-FGF8 and sonic hedgehog 
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(SHH) result in forebrain and midbrain neurons [74, 85]; and bFGF, EGF and RA 

produce oligodendrocytes [72].  Co-culturing mouse bone marrow mesenchymal 

cells with hESCs achieves directed differentiation into midbrain dopamine 

neurons [74], while media conditioned by HepG2 liver tumor cells and 

supplementing serum-free media with FGF2 produces tyrosine hydrolase 

positive (TH+) neurons [86].   

There has been evidence that E-cadherin is involved in neural induction 

during gastrulation [87].  Changing E-cadherin expression has been observed in 

differential adhesion and cell sorting to aggregate cells into distinct groups 

during early development [88].  Separation and integration into developing 

tissue has been examined in the neural tube, neural crest and neurectoderm [89-

93].  Choi et al. identified E-cadherin to be localized on the cell membrane of the 

ectoderm, which was further investigated by Angres et al. [94, 95].  These early 

experiments provided a basis for the design of E-cadherin-mediated neural 

induction that we further investigated in hESC differentiation.   

 

Attempts to differentiate hESCs into any lineage have been plagued by a 

limited understanding of the microenvironmental cues that can effectively 

compensate for the addition of soluble growth and differentiation factors.  

Providing the hESCs with the microscale cues to promote proliferation and 

differentiation will allow for a more defined engineering approach to culture and 

scale-up of hESCs.  We hypothesize that optimally defined molecular and 

microscale cues will compensate for the costly, time-consuming, poorly 
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understood hESC culture system.  Regardless of the method of differentiation, 

the microenvironment will influence the direction and rate of specialization.  The 

design and identification of a spatially configured and molecularly defined 

microenvironment can be valuable as a tool for cell-based therapies in 

regenerative and reparative medicine.  

 This thesis involves approaches for accelerated differentiation of mouse 

and human ESCs toward hepatic and neural lineages within optimal 

microenvironments that employ growth factor stimulation, paracrine and 

juxtacrine interactions, and a key cell adhesion molecule, E-cadherin (Figure 

1.10.5).  The first study uses E-cadherin and growth factor supplementation to 

induce hepatospecific differentiation of mouse ES cells.  The second and third 

sets of experiments implement human ES cells and decouple the effects of E-

cadherin and growth factors on differentiation.  Growth factor supplementation 

was optimized in the third chapter to induce hepatic specification while E-

cadherin was exploited in the fourth chapter to induce neural differentiation of 

hESCs.    
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1.10 Figures and Captions 

 

 
 

Figure 1.10.1: Hierarchy of Stem Cells  

Undifferentiated stem cells have the ability to replicate indefinitely in an 

undifferentiated state or become specialized, under certain physiologic or 

experimental conditions, into a multitude of lineages [96].     
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Figure 1.10.2: Derivation of hESCs 

Human embryonic stem cells (hESCs) are the most pluripotent of all stem cells 

and are derived from embryos generated by in vitro fertilization.  The fertilized 

egg divides and multiplies to become a blastocyst.  This is composed of the outer 

layer, or trophoblast, that becomes the placenta and the inner cluster, or inner 

cell mass that becomes the embryo.  The inner cell mass is mechanically isolated 

and transferred to a Petri dish for culture and expansion of undifferentiated 

hESCs. 
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Figure 1.10.3: E-cadherin: Differentiating Signal  

Epithelial (E-) cadherin is a calcium dependent transmembrane glycoprotein that 

mediates cell-cell adhesion through oligomerization.  It controls tissue 

organization during development and maturation and causes intracellular 

signaling via the canonical Wnt signaling pathway. [97] 
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Figure 1.10.4: Diagram of Wnt Signaling Pathway  

Effective cadherin engagement can cause the sequestration of a cytoplasmic 

protein, beta-catenin, toward the cell membrane and prevent its binding to the 

nuclear transcription factor, lymphocyte enhancer factor-1, LEF-1 [98, 99].  The 

degradation of cytosolic catenin, effected by regulatory proteins GSK-3 and Axin, 

is thus prevented by cadherin [100, 101]. 
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Figure 1.10.5: Schematic of Overall Research Design 

The overall scope of my research incorporates the molecular and microscale cues 

to induce differentiation of mouse and human ES cells. Each aim probes to 

determine the optimal microenvironments that employ growth factor 

stimulation, paracrine and juxtacrine interactions, and a key cell adhesion 

molecule, E-cadherin. 
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CHAPTER 2 

  

ENHANCED DIFFERENTIATION OF EMBRYONIC STEM CELLS USIMG 

CO-CULTIVATION WITH HEPATOCYTES 

 

2.1 Abstract 

We examined the effects of co-cultivated hepatocytes on the hepatospecific 

differentiation of murine embryonic stem (ES) cells.  Utilizing an established 

mouse ES cell line expressing high or low levels of E-cadherin, that we have 

previously shown to be responsive to hepatotrophic growth factor stimulation 

[102], we compared co-cultures of cadherin-expressing ES (CE-ES) cells with 

cultured rat hepatocytes, allowing for either paracrine interactions (indirect co-

cultures) or both juxtacrine and paracrine interactions (direct co-cultures, random 

and patterned).  Hepatospecific differentiation of ES cells was evaluated in terms 

of hepatic-like cuboidal morphology, heightened gene expression of late 

maturation marker, glucose-6-phosphatase in relation to early marker, alpha-

fetoprotein (AFP), and the intracellular localization of albumin.  Hepatocytes co-

cultured with growth factor primed CE-ES cells markedly enhanced ES cell 

differentiation toward the hepatic lineage, an effect that was reversed through E-

cadherin blockage and inhibited in control ES cells with reduced cadherin 

expression.  Comparison of single ES cell cultures versus co-cultures show that 

direct contact co-cultures of hepatocytes and CE-ES cells maximally promoted ES 
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cell commitment towards hepatodifferentiation, suggesting cooperative effects of 

cadherin-based juxtacrine and paracrine interactions.  In contrast, E-cadherin 

deficient mouse ES  (CD-ES) cells co-cultured with hepatocytes failed to show 

increased G6P expression, confirming the role of E-cadherin expression.  To 

establish whether albumin expression in CE-ES cells was spatially regulated by co-

cultured hepatocytes, we co-cultivated colonies of CE-ES cells around 

micropatterned, pre-differentiated rat hepatocytes.  Albumin localization was 

enhanced "globally" within CE-ES cell colonies and was inhibited through E-

cadherin antibody blockage in all but an interfacial band of ES cells.  Thus, stem 

cell based cadherin presentation may be an effective tool to induce hepatotrophic 

differentiation by leveraging both distal/paracrine and contact/juxtacrine 

interactions with primary cells of the liver. 
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2.2 Introduction 

 Embryonic stem (ES) cells afford a promising source of hepatocytes given 

their unlimited proliferative and pluripotent differentiative capacity [103-106].  

However, this is a highly inefficient and difficult process to control, and the 

resulting differentiated cells represent heterogeneous populations.  Thus, there is 

a significant motivation to identify organotypic molecular cues that can rapidly 

differentiate ES cells into hepatic-like cells with phenotypic markers seen in adult 

hepatocytes.  A major source of differentiating cues that remains to be 

systematically exploited for ES cellular engineering arises from cell-cell 

interactions [34, 38, 107-110].  

There are several instances of cell-cell contact based signaling providing 

important cues for the development, morphogenesis, and phenotypic 

stabilization of immature or embryonic cells [111-114].  Fetal liver cells acquire 

differentiated hepatic characteristics in response to soluble factors in conjunction 

with signals generated from cell-cell contacts. Pluripotent hematopoietic stem 

cells (HSCs) seem to require heterotypic signaling due to cell-cell contacts with 

bone marrow stromal cells (BMSCs) in order to proliferate [115].  Moreover, 

direct contact between hepatocytes and BMSCs was shown to promote the 

proliferation of BMSCs by an order of magnitude [116].  The growth of HSCs 

exposed to BMSCs was suggested to result from direct cell-cell and cell-matrix 

interactions [117] and cytokine-mediated signaling [118, 119].  Mitaka and 

colleagues cultured small hepatocytes (Shs) with BMSCs and reported 
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hepatocyte proliferation was not regulated in a paracrine manner, but that direct 

contact was needed to enhance proliferation and differentiation [120].  This 

highlights the importance of direct cell-cell contact and cell-matrix interaction 

required for successful differentiation of ES cells into hepatic-like cells in 

addition to induction of hepatocyte function in vitro [121].  Cell-cell contacts are 

critical for the development of ES cells during the morphologic events that 

accompany embryogenesis in vivo, as well as during culture in vitro.  

Additionally, cell-cell interactions have been shown to play a critical role in 

tissue generation in vitro [122]. 

A high degree of cell-cell interactions are crucial for the ES cell 

differentiation process.  Furthermore, stage-dependent tissues play an important 

role in the ES cell differentiation process [123].  Numerous studies have revealed 

that co-cultured ES cells have shown enhanced cell lineage differentiation.  

Specifically, Buttery et al (2001) observed enhanced differentiation of ES cells 

toward the osteoblast lineage through supplementing media with growth factors 

(ascorbic acid, beta-glycerophosphate, dexamethasone (DEX)/retinoic acid (RA)) 

or through co-culture with fetal murine osteoblasts [124].  Fetal osteoblasts 

provided a potent stimulus for osteogenic differentiation inducing a 5-fold 

increase in nodule number relative to ES cells cultured alone [124].  

 

Studies comparing fetal liver-derived hematopoietic ES cells cultured 

using conditioned media (from adult astrocytes) to ES cells grown in direct co-

culture have shown that direct cell-cell contact/interactions were necessary to 
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efficiently drive and induce cell differentiation [125].  Additionally, adrenal 

medullary chromaffin cells provided a supportive microenvironment for neural 

progenitor cells.  Growth and differentiation of neural progenitor cells were 

compared to standard neural growth media, neural growth media with FGF-2, or 

co-cultured with bovine chromaffin cells.  Survival was poor in the absence of 

FGF-2 whereas the chromaffin cell co-culture systems promoted robust 

neurospheres with enhanced mature phenotype.  Consequently, the chromaffin 

cells provided a conducive environment for the survival and neuronal 

differentiation of neural progenitor cells; they provide a useful, sustained source 

of trophic support to improve the outcome of neural stem cell transplantation 

[126].  Furthermore, Schwann cell co-cultures were shown to promote the 

differentiation of rat embryonic neural stem cells highlighting that importance of 

the factors secreted by Schwann cells and more importantly, that direct cell 

contact needed to enhance differentiation [127].   

In hepatic systems, Fair et al (2003) have shown hepatic differentiation 

induction in ES cells by co-culture with embryonic cardiac mesoderm [128].  

They suggested that embryonic cardiac mesoderm activated crucial transcription 

factors (Sox 17alpha, HNF3beta and GATA 4) required for hepatic development 

and notably critical cell-cell interactions were necessary to enhance hepatic 

differentiation [128]. 

 

Cell-cell interactions have been reported to be important, however the key 

adhesion mediator, E-cadherin, involved in these interactions has not been 
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systematically examined.  Our previous work have highlighted that E-cadherin 

engineered ES cells exhibited hepatospecific maturation responsiveness to 

hepatotrophic stimulation [102]. Furthermore, Brieva & Moghe (2001) have 

shown that paracrine and juxtacrine signals are important for inducing 

functional behavior in hepatocytes [38].  This current study aims to examine the 

role of E-cadherins in the differentiation of ES cells using a simple organotypic 

co-culture model.  Our major hypothesis is that primary adult hepatocytes can 

induce hepatospecific maturation of primed ES cells through two signaling 

mechanisms related to cadherins: juxtacrine signaling (initiated through 

cadherin-cadherin contacts between CE-ES and hepatocytes) and paracrine 

signaling (distally initiated by hepatocytes; mediated by cadherin-growth factor 

signaling pathways).  To identify the optimal co-culture configurations that 

maximally promote hepatodifferentiation of ES cells, we established co-cultures 

of rat adult hepatocytes and hepatotrophically stimulated CE-ES cells using two 

different co-cultures configurations: (a) indirect co-culture through insert wells to 

assess effects of paracrine interactions; (b) direct co-cultures to assess combined 

paracrine and juxtracrine interactions.  Additionally, we employed 

micropatterned co-cultures to determine whether ES cell differentiation varies 

with distance from spatially organized hepatocyte cultures. 
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2.3 Materials and Methods 

  

2.3.1 ES Cell Culture Conditions 

Mouse embryonic stem cell lines (D3) were utilized [129]: wildtype 

homozygous cadherin-expressing embryonic stem (CE-ES) cells, which express 

high levels of E-cadherin and cadherin-deficient embryonic stem (CD-ES) cells, 

which are genetically modified by two rounds of homologous recombination to 

yield null E-cadherin ES cells.   A full characterization of the CD-ES and CE-ES 

cells can be found in our previous publication [102].  ES cells were cultured on 

0.1% (w/v) gelatin (Sigma, St. Louis, MO) coated tissue culture polystyrene 

plates (TCPS).  Undifferentiated cells were maintained on knockout Dulbecco’s 

modified Eagle’s medium (KDMEM, Invitrogen Corp, Carlsbard, CA) with high 

glucose (Invitrogen Corp., Carlsbard, CA), 10% heat-inactivated fetal bovine 

serum (Invitrogen Corp., Carlsbard, CA), 100 U/mL penicillin/streptomycin 

(Cambrex, Walkersville, MD), 2mM glutamine (Biowhitaker, Walkersville, MD), 

1000 U/mL leukemia inhibiting factor (LIF) ESGRO (Chemicon, USA) and 

2,beta-mercaptoethanol (Invitrogen Corp., Carlsbard, CA).  Cells were split every 

6-7 days with 0.25% Trypsin/0.02% EDTA solution (Sigma, St. Louis, MO) and 

media were exchanged every other day [129].    

 

2.3.2 Initiation of ES Cell Differentiation  
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The Hanging Drop method was utilized to initiate embryoid body (EB) 

formation [130, 131]. The EBs were allowed to form over 18 days, which elicited 

the outgrowth of cells of the hepatocytic lineage from the EB [102].  Briefly, hang-

drop culture media consisted of Dulbecco’s minimal essential medium (DMEM) 

(Cellgro, Herndon, VA), 20% fetal bovine serum (FBS) (Invitrogen Corp., 

Carlsbard, CA), 4 mM L-glutamine (Biowhitaker), and 100 U/mL 

Penicillin/Streptomycin (Biowhitaker).  Cells were diluted to 9.9X104 cells/mL; 

30 μL drops were placed on the inside of a polystyrene petri dish lid spaced at 

least 1cm apart.  To ensure gas exchange, 5 mL of basal media was placed on the 

bottom petri dish lid and the cells were incubated (37°C, 5% CO2, 2 days).  On 

day 2, the EBs were transferred to a new 100 mm petri dish and incubated for 

two more days.  At day 4, single EBs were transferred to TCPS plates and 

incubated for 7 days.  Media were exchanged and cultures incubated for 6 more 

days.  At day 18 (E18), differentiating cells emanating from the EB were 

harvested [132] by trypsinization and plated onto adsorbed collagen 

(0.26mg/mL, BD Biosciences, San Diego, CA) plates.  The sub-population of ES 

cells were cultured for 1 week either under no cocktail growth medium: basal 

C+H media or under DOH cocktail growth medium: DEX-OSM-HGF 

(dexamethasone (DEX): 10-7M, oncostatin M (OSM): 10 ng/mL, hepatocyte 

growth factor (HGF): 20 ng/mL)  (Sigma, St. Louis, MO) [133-135].  C+H culture 

medium is composed of DMEM containing 200 U/mL Penicillin/Streptomycin, 2 
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mM L-glutamine, 10% heat-inactivated fetal bovine serum (Invitrogen Corp., 

Carlsbard, CA), 0.5 U/mL insulin, 7 ng/mL glucagon, 7.5 μg/mL hydrocortisone 

and 20 ng/mL epidermal growth factor (Sigma, St. Louis, MO).  In medium 

containing DEX, no glucagon was added as they compete for the same receptor.  

ES cells were grown for 1 week to prime the cells, harvested and replated under 

co-culture conditions in C+H media (ES cells alone, indirect or direct contact) for 

an additional week to mimic organotypic environments. Subsequent 

morphogenesis and hepatogenesis were examined. 

 

2.3.3 Primary Adult Cell Isolation and Culture 

 Hepatocytes were freshly isolated from Fisher male rats (75-250g) 

anesthetized with a ketamine/xylazine cocktail.  A modified EDTA and 

collagenase perfusion protocol [136, 137] was utilized.  Cell suspensions were 

filtered through nylon meshes with 350 and 62 μm openings (Small Parts Inc., 

Miami Lakes, FL).  Finally hepatocytes were separated via a Percoll (Sigma, St. 

Louis, MO) density centrifugation.  All animals were maintained and handled in 

accordance with the Rutgers Institutional Review Board Guidelines for the Use 

and Care on Animals (Protocol Review Number 97-001).  Cell yield and viability 

(typically 85-92%) were determined via trypan blue exclusion and 

hemocytometry.  Cells were resuspended into DMEM (Cellgro, Herndon, VA) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Invitrogen 

Corp., Carlsbard, CA), epidermal growth factor (EGF, 20 ng/mL: Sigma), insulin 
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(18.5 µg/mL: Sigma), hydrocortisone (7.5  µg/mL: Sigma), glucagon (7 ng/mL: 

Sigma), 2mM L-glutamine (Cambrex BioScience, Walkersville, MD), 200 U/mL 

penicillin-streptomycin (Cambrex BioScience, Walkersville, MD) and gentamycin 

(50 µg/mL, Cambrex BioScience, Walkersville, MD); (C+H medium).  Isolated 

hepatocytes were seeded at 2.66 X 104 cells/cm2 onto adsorbed collagen (0.26 

mg/mL, BD Biosciences, San Diego, CA) plates.  

 

2.3.4 Co-cultures of Cadherin-Engineered ES Cells and Hepatocytes  

 Co-cultures of primary adult hepatocytes with expanded ES cells were 

conducted to investigate the effect of indirect (paracrine signaling) and direct 

(paracrine and juxtacrine signaling) contact driven cues to promote 

hepatodifferentiation.  To conduct indirect co-culture experiments, hepatocytes 

were seeded on the insert wells (BD Biosciences, San Diego, CA) with 0.22 µm 

filters on collagen-coated membranes with the ES cells seeded below on the 

culture plates, identical in size and surface to the direct co-culture conditions.  

Hepatocytes were seeded with a volume of 400 µl/well at the same seeding 

densities (2.66 X 104 cells/cm2) for both indirect and direct co-culture 

experiments.  Hepatocytes were allowed to attach for 10 hrs and cell medium 

exchanged, after which the expanded ES cells (subjected to cocktail or no cocktail 

medium) were harvested and plated into the co-culture systems at a seeding 

density of 9.4 X 104 cells/cm2.  
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2.3.5 Real-Time Reverse-transcriptase polymerase chain reaction (RT-PCR) 

analysis  

Total RNA was extracted by using an RNEasy kit (Qiagen, Valencia, CA).  

cDNA was synthesized from 5μL total RNA by using Superscript II first-strand 

synthesis with oligo dT (Promega) (48°C, 45 min, first strand synthesis; 94°C, 2 

min, RT inactivation/denaturation). PCR was performed using SYBR green PCR 

master mix (Qiagen).  Primers were synthesized for the following mouse genes 

as per [130].  The forward and reverse primers were located at different exons to 

discriminate the product from the targeted mRNA or its genomic DNA.  Mouse 

oligonucleotide sequences are given in brackets in the order of antisense, sense 

primers followed by annealing temperature, cycles used for PCR and length of 

amplified fragment: (i) α-fetoprotein (AFP) (5’TCGTATTCCAACAGGAGG, 5’ 

AGGCTTTTGCTTCACCAG; 55°C, 25 cycles, 173 bp); (ii) glucose-6-phosphatase 

(G6P) (5’ CAGGACTGGTTCATCCTT, 5’ GTTGCTGTAGTAGTCGGT, 55°C, 30 

cycles, 206 bp); (iii) Endogenous housekeeping gene, β-actin (5’ 

TTCCTTCTTGGGTATGGAAT, 5’ GAGCAATCATCTTGATCTTC, 55°C, 20 

cycles, 200 bp). The gene expression of the intermediate differentiation marker, 

albumin, was not included in the analysis as, similar to our previous studies, it 

was not consistently detectable during the onset of hepatospecific differentiation 

(Dasgupta et al., 2005).  The localization of the gene protein product, albumin, 

however, does vary more consistently and was quantified (described later).  
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Statistical analysis was completed by single variable ANOVA followed by 

multiple comparison testing. 

 

2.3.6 E-cadherin Antibody Blocking   

 

Since CD-ES cells are inherently different from CE-ES cells even prior to 

co-culture, alternate control conditions were employed based on antibody 

blockage to determine the extent of E-cadherin mediated hepatic differentiation.  

Expanded CE-ES cells were pretreated with antibodies against E-cadherin prior 

to introduction with adult hepatocytes in co-culture to confirm that E-cadherins 

mediate the functional enhancement seen in direct co-culture.  Primed CE-ES 

cells were trypsinized after 1 week of DOH treatment post EB development and 

exposed to rat anti-E-Cadherin (mouse) ECCD-1 IgG2b monoclonal antibody 

(Zymed, South San Francisco, CA).  A rat IgG2b isotype control antibody (R&D 

Systems, Minneapolis, MN) was used to confirm functionality of antibody 

blockage.  Both antibodies were prepared without preservatives and used at a 

concentration of 200 μg/ml.  The ECCD-1 E-cadherin antibody was chosen 

because it recognizes E-cadherin on the surface of mouse ES cells to inhibit E-

cadherin-dependent cell-cell contacts.  CE-ES cell populations were incubated 

with the E-cadherin or control antibodies for 1 hour at 4°C.  The cells were 

washed to remove excess antibody and reconstituted in C+H media.  The 

antibody blocked CE-ES cells were subsequently plated with freshly isolated 

hepatocytes in identical concentrations to the direct co-culture, as described 
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above.  Additionally, a non-antibody treated direct co-culture was included for 

direct comparison.  Media was changed on day 3 and re-supplemented with 

antibodies to functionally block proliferating mouse ES cells.  At one week in 

random co-culture, cells were prepared for RT-PCR, as described above.  

Statistical analysis was completed by ANOVA with Post-hoc Tukey’s HSD 

method. 

 

2.3.7 Micropatterned Co-cultures of ES cells and Hepatocytes 

 

The fabrication of silicon wafers was carried out as per Folch (2000) [138].  

Elastomeric PDMS solution (vacuum treated to remove air bubbles) was placed 

on the silicon wafer and cured overnight at 56ºC.  The following day, the cured 

PDMS was carefully peeled off creating elastomeric stamp to pattern cells.  The 

resulting elastomeric stamp provides a robust and reproducible method to 

micropattern freshly isolated hepatocytes.  This novel application uses an 

elastomeric stamp to preserve cells within the channel microenvironment to 

pattern hepatocytes.  The ability to physically entrap the cells within the feature 

channel (110 μm height) microenvironment allows for the cells to remain healthy 

and confined for subsequent cell seeding.  Briefly, the stamp is soaked in ethanol 

for 30 minutes and allowed to dry, then soaked in bovine serum albumin (BSA) 

for 10 minutes to reduce cellular attachment.  Hepatocytes were incubated (1 

hour, 37°C) with 1 μM Cell Tracker Red (Invitrogen, Carlsbad, CA) and washed 

twice with C+H media to later visibly distinguish the ES cells from hepatocytes 
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on co-culture.  Hepatocytes in media (1 mL) were seeded (4.5 X 106 cells/mL) 

onto a collagen adsorbed (0.26 mg/mL) glass bottom chamber (area = 4 cm2).  

The elastomeric stamp was quickly placed atop the hepatocytes and weighed 

with a 50 g metal cylinder.  The system was incubated at 37°C, 5% CO2 for 48 

hours.  The weight and stencil were carefully removed without disturbing the 

patterned cells.  Wells were washed 3 times with sterile PBS to remove 

unattached cells.  (The metabolic activity of patterned hepatocytes was 

independently verified.  Stamp-overlaid hepatocytes exhibited slightly elevated 

albumin secretion rate (0.6 pg/cell/d) in relation to unpatterned hepatocytes (0.4 

pg/cell/d), and normal urea secretion rates (7 pg/cell/d) in relation to 

unpatterned hepatocytes (4.5 pg/cell/d).  The mouse ES cells, primed and 

isolated post-DOH treatment, were then directly seeded into the chambers to 

allow for complementary cell attachment.  ES cells were subsequently seeded at 

9.4 X 104 cells/cm2 around the attached hepatocytes in C+H media.  Similar to 

the direct random co-culture, functional E-cadherin antibody blocking was 

conducted on the micropatterned co-cultures.  Media was exchanged every day 

and cells were co-cultured for one week. 

 

2.3.8 Visualization of Intracellular Albumin   

ES cells were stained for the presence of intracellular protein, albumin 

(hepatic specific marker) to visually confirm that the cells were in fact hepatic-

like.  For the indirect co-culture conditions, the hepatocyte-containing insert 
 

 



33 

 

wells were removed immediately prior to analysis.  ES cells and hepatocyte co-

cultures were fixed with 4% paraformaldehyde in DPBS with Ca2+ and Mg2+ for 

15 minutes at room temperature.  Cells were then rapidly washed three times 

with DPBS and permeabilized with 0.1% Saponin (SAP, Sigma, St. Louis, MO) 

for 5 minutes at room temperature.  After washing once with DPBS, cells were 

blocked with 3% (w/v) bovine serum albumin (BSA) and 1% (v/v) normal goat 

serum (NGS) for 30 minutes at room temperature to reduce nonspecific antibody 

binding [139].  Subsequently, albumin staining was attained by using FITC-

conjugated mouse anti-albumin antibody (BioLegend, San Diego, CA) in SAP 

buffer (0.5% Saponin, 1% BSA, 0.1% Sodium Azide) for 1 hour, rocking at room 

temperature, at a dilution of 1:50.  Finally, the cells were washed four times in 

DPBS and visualized using the Leica TCS.SP2 confocal microscope system (Leica 

Microscope, Exton, PA) at 10X (zoom 2) for random direct and indirect co-

cultures and 10x for micropatterned co-cultures.  Albumin staining was 

quantified by image process analysis (ImagePro 5.0) to quantify the mean green 

intensity, minus background fluorescence, for an area of interest representing 

only mouse ES cells, devoid of hepatocytes.  
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2.4 Results 

2.4.1 Co-culture Treatment Altered ES Cell Morphology   

The effect of media priming and co-cultivation with hepatocyes on ES cell 

morphogenesis was evaluated.  As shown in Figure 2.8.1, beyond day 8 (post EB 

development and 1 week following ES cell priming), ES cells were basally 

cultured in C+H growth media or primed in DOH media for a week (day 15).  

DOH priming was investigated based on our previous work that optimized the 

growth factor cocktail to induce hepatocyte-like differentiation of mouse ES cells 

[102].  CE-ES cells appear cuboidal and cobblestone in appearance, taking on 

early hepatic cell morphology (Fig. 2.8.1A).  In contrast, CD-ES cells exhibit very 

different phenotypic responses.  They were elongated, well spread and displayed 

a fibroblast-like appearance (Fig. 2.8.1E). Priming the CE-ES cells resulted in 

significantly more cuboidal and cobblestone-like appearance under DOH 

treatment (Fig. 2.8.1B-D).  In the presence of direct co-cultures, there is an 

enhanced degree of cobblestone appearance in CE-ES cells (Fig. 2.8.1D).  

Compact polyhedral cells with round nuclei are visible with well-demarcated 

cell-cell borders.  With indirect co-cultures, the level of cobblestone appearance 

was not as enhanced compared to direct co-cultures (Fig. 2.8.1C).  In contrast, as 

shown in Figure 2.8.1F-H, priming ES cells with DOH growth medium did not 

alter CD-ES cell morphology.  This may suggest that priming CE-ES cells affects 

their morphology either with or without direct contact cues.  However, 
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heterotypic cell-cell contacts seem to be important in mediating cellular response, 

which may be further facilitated through the presence of E-cadherins.  

 

2.4.2 Elevated Presence of Hepatic Maturation Marker through Direct Contact 

Co-cultures 

Expression of hepatic specific markers in the varying ES cell treatments 

was assessed to reveal the level of hepatic maturation.  Specifically, mRNA 

expression of alpha-fetoprotein  (AFP; early hepatic marker), glucose-6-

phosphatase (G6P; late hepatic marker) and beta-actin (house-keeping gene) was 

examined by RT-PCR; each condition was normalized to the level of beta-actin 

mRNA expression. Hepatocyte-only conditions were also examined to ensure 

there is no cross-reactivity between rat and mouse genes (data not shown).  As 

shown in Figure 2.8.2, normalized AFP was observed in all conditions indicating 

the presence of immature fetal liver cells, although these levels are not 

statistically significant when compared to the ES cells alone.  The effect of 

indirect and direct co-culture in CE-ES cells was significant (P<0.05) for the 

expression of the late hepatic marker, G6P, compared to CE-ES cells cultured 

alone in C+H medium (no cocktail) (Fig. 2.8.2A).  Interestingly, when CE-ES cells 

were primed in DOH medium (cocktail medium), the effect of indirect co-culture 

treatment appeared to be insignificant compared to CE-ES cultured alone in 

DOH medium.  This implies that DOH priming can reach gene expression levels 

similar to those from hepatocyte-conditioned media from insert wells in 
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conjunction with results from Figure 2.8.1 showing the enhanced degree of 

cobblestone appearance associated with DOH priming.  Further, there was 

enhanced expression of G6P in the direct co-culture compared to the other 

conditions in CE-ES cells.  In contrast, there was no significant effect observable 

for CD-ES cells, either cultured singly or within a co-culture (Fig. 2.8.2B).  

 

2.4.3 E-cadherin Blocking Inhibits G6P Based Hepatic Maturation in Direct 

Co-culture 

CE-ES cells were subjected to E-cadherin antibody blocking to determine 

the effect of E-cadherin mediated hepatic differentiation in random co-cultures.  

Results from Figure 2.8.2A showed a marked increase in G6P when CE-ES cells 

were co-cultured with adult hepatocytes.  In order to determine if E-cadherin 

mediated contacts were the cause of this hepatic maturation, we probed for G6P 

levels in E-cadherin blocked cultures.  Real time RT-PCR results (Fig. 2.8.3) from 

the blocking experiments showed that G6P, a late hepatic marker, had 

statistically significant differences (P<0.05) when comparing the untreated, direct 

co-culture to the ECCD-1 E-cadherin antibody blocked co-culture.  This data 

confirms that in random co-cultures, G6P based hepatic maturation is mediated 

through E-cadherin pathways.  The isotype control antibody showed no 

statistical significance when compared to the direct random co-culture.       
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2.4.4 Co-cultured Hepatocytes Promoted ES Cell Morphology and Albumin 

Expression 

To further characterize the hepatic maturation of DOH primed cultures, 

CD-ES and CE-ES cells were stained at day 15 (post EB 18, plus 1 week ES cell 

priming by DOH, plus 1 week in co-culture treatment) for intracellular albumin 

(liver-specific marker) to evaluate whether they were exhibiting hepatic-like 

behavior. The mouse intracellular albumin antibody has cross-reactivity to rat 

hepatocytes in our hepatocyte only controls, which is why we chose to pre-stain 

the hepatocytes with cell-tracker red to allow the ES cells to be distinguished 

from hepatocytes in all co-culture experiments.  Because of this antibody cross-

reactivity issue, we did not seek to detect global albumin secretion levels but 

instead, used immunolocalization to evaluate the relative levels of albumin 

protein in areas devoid of hepatocytes.  In Figure 2.8.4C and 2.8.4F co-

localization of intracellular albumin with cell tracker red in hepatocytes was 

observed.  CD-ES cells showed a slight increase in intracellular albumin staining 

(Figure 2.8.4A-C) when introducing paracrine signaling (indirect co-culture) and 

the combination of paracrine and juxtacrine (direct co-culture) signaling.  As 

shown in Figure 2.8.4D-F, intracellular albumin staining was observed in CE-ES 

cells alone and in indirect and direct treatments for randomly seeded hepatocyte 

co-cultures involving CE-ES cells.  CE-ES cells alone exhibited detectable, but not 

prominent albumin staining.  Albumin staining became more pronounced within 

co-cultures with more prominent and clearly visible staining in direct co-
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cultures.  Results show that combined juxtacrine and paracrine signaling in 

direct co-cultures, mediated through E-cadherin engagement, significantly 

increases hepatospecific differentiation.  

 

The randomly mixed co-cultures of ES cells and hepatocytes do not allow 

controlled examination of albumin localization across the heterotypic interface 

between the two cell types. Therefore, cadherin-variant ES cells were separately 

seeded onto and co-cultured with primary adult hepatocytes, which were first 

micropatterned.  Cell patterning was successfully established through utilization 

of elastomeric stamps (Fig. 2.8.5A-B) with red cell-tracked hepatocytes initially 

seeded onto the surface.  The following day, the stamp was peeled off, carefully 

leaving patterned hepatocytes (Fig. 2.8.5C), and washed to remove unattached 

cells.  Subsequently, cadherin-variant ES cells were seeded in co-culture.  At day 

2 of co-culture, hepatocytes spread out readily while ES cells proliferated.  As 

shown in Figure 2.8.5G-I, there was an increased level of albumin staining 

(quantified on a confocal microscope using densitometry after subtracting 

background; mean green intensity = 87.62) in the cultures directly supporting E-

cadherin engagement.  In contrast, the cadherin deficient co-cultures show lack 

of albumin staining (mean green intensity = 5.81) in the ES cells (Fig. 2.8.5D-F).  

These results are similar to the cadherin-expressing co-cultures supplemented 

with an antibody used to functionally block E-cadherin engagement (mean green 

intensity = 8.99) (Fig. 2.8.5J-L).  The images provide a direct comparison of the 

levels of albumin associated with cadherin-variant ES cells in micropatterned co-
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cultures compared to the ES cells cultured alone or random co-culture (mean 

green intensity = 60.15).  The micropatterning showed observable levels of 

albumin present in cultures with CE-ES cells and lacking in cultures with CD-ES 

cells.  It is also worth noting that while we did not detect appreciable spatial 

variations in albumin expression in the CE-ES cultures away from the hepatocyte 

interface, the cadherin blockage elicited a heterogeneous albumin expression 

(44.2 intensity units in the nearly 50 mm region near the interface versus 8.99 

units distal to the interface). 

 

Results from RT-PCR and intracellular albumin staining for the key 

culture conditions (except micropatterned co-cultures) are summarized in Table 

2.8.1.  Briefly, growth factor stimulation (DOH) alone is not adequate to promote 

significant hepatic differentiation in ES cells cultured singly, but does induce 

morphological differences in terms of a cobblestone appearance.  Therefore, 

DOH treatment was utilized in all subsequent cultures to prime the ES cells.  

Paracrine stimulation via indirect co-culture supports hepatic differentiation in 

co-cultures expressing E-cadherins, whereas cadherin-deficient co-cultures do 

not or minimally increase differentiation, confirmed by albumin protein 

expression.  Direct co-cultures, capturing juxtacrine and paracrine signaling, 

moderately increase differentiation through albumin protein expression in 

cadherin-deficient cultures and significantly increase differentiation measured in 

terms of G6P gene expression and albumin protein expression in E-cadherin-

expressing environments.  Combined, these results show that E-cadherin 
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engagement is sufficient to promote hepatic differentiation when ES cells are 

optimally primed and co-cultured with differentiated hepatocytes. 
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2.5 Discussion 

 The goal of this study was to examine whether hepatocytes can promote 

hepatospecific differentiation in ES cells and identify the regulatory factors 

underlying these interactions (ES cell cadherin expression; mode of 

hepatotrophic interactions in terms of indirect vs. contact stimulation). Our 

results indicate that enhanced hepatic differentiation of ES cells requires (a) 

elevated E-cadherin expression, and (b) co-cultures that enable a combination of 

intimate hepatocyte-ES cell contacts and stimulation from metabolically active 

hepatocytes. 

In culturing the ES cells, a modified hanging-drop protocol [130, 140] was 

utilized to mimic embryogenesis and expand cell growth [102].  After sub-culture 

at day 18 post EB (E18), ES cells were grown for one week under growth factor 

cocktail treatment (DEX/OSM/HGF) to help prime the cells for organotypic co-

culture or in the absence of the cocktail treatment (just C+H medium).  After one 

week of DOH treatment, ES cells were harvested and re-plated in co-culture 

environments and monitored for a subsequent week (2 weeks E18).  CE-ES cell 

morphology maintained a cuboidal, cobblestone appearance which was 

indicative of fetal hepatic phenotype [141-143]; however, in the presence of co-

culture systems, the degree of hepatic morphology was enhanced: cobblestone, 

compact polyhedral cells with round nuclei, well demarcated cell-cell borders 

and the appearance of bile canalicular networks [34].  The effect of priming the 

cells with DOH and C+H media did not significantly affect cell morphology in 
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CE-ES cells.  In CD-ES cells, cell morphology was also not affected by different 

media treatment or by co-culture presence.  CD-ES cells maintained a spread, 

elongated fibroblast-like appearance, which persisted throughout conditioning 

(cocktail/no cocktail) and co-culture condition (indirect/direct).  

In probing subsequent genetic expression of ES cells, the effect of no-co-

culture versus co-culture (indirect and direct) was compared between both CE-

ES and CD-ES cells.  Interestingly, priming CE-ES cells with DEX/OSM/HGF 

(DOH) was able to compensate for the effect arising from indirect co-culture 

treatment.  There was no significant difference in gene expression (AFP/G6P) 

between these two conditions; however, expression of the late hepatic marker 

(G6P) was significantly (P<0.05) different when comparing indirect co-culture to 

the no priming condition (C+H media that primary hepatocytes are normally 

cultured in).  Possibly the lack of priming makes the CE-ES cells less responsive, 

while priming ES cells compensates, to some extent, for the cues that hepatocytes 

secrete.  Furthermore, CE-ES cells in direct co-cultures exhibited elevated 

expression of G6P (P<0.05) compared to ES cells alone (no-co-cultures).  This 

phenomenon was further proved with the addition of E-cadherin blocking 

antibodies in random co-culture conditions.  

 

To confirm that E-cadherin specifically enhanced ES cells in direct co-

culture with hepatocytes, we examined the effects of blocking E-cadherin 

antibody on ES function through RT-PCR.  The addition of a monoclonal 

antibody against ECCD-1 functionally blocked E-cadherin based adhesion 
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between ES cells and hepatocytes, resulting in diminished levels of G6P when 

compared to untreated random co-culture.  The addition of an isotype control 

antibody did not have any effect on the functional enhancement.  Hence, there 

seems to be some contact-driven cues at the heterotypic interface level that 

enhances hepatic differentiation/maturation.  However, CD-ES cells showed no 

significant effect from growth factor priming or in co-culture conditions.  

Previous studies have all highlighted the importance of direct cell-cell contact in 

driving differentiated phenotype and functional cell abilities [38, 108, 144-147].  

 

In particular, Bhatia et al (1998) [144] observed through spatially patterned 

co-cultures of hepatocyte and fibroblasts that a) the heterotypic interface between 

hepatocyte and mesenchymal cells correlates with high levels of differentiation; 

and b) for equivalent extent of heterotypic interfaces, differentiation increases 

with the number of fibroblasts, suggesting that fibroblast homotypic signaling 

may have a feedback on the hepatocyte environment.  Furthermore, with the 

presence of heterotypic cell-cell contacts being established through E-cadherin 

engagement, other functional junction contacts may be ameliorated and/or 

stabilized.  Studies have shown that E-cadherin is not only necessary for 

adherens junction formation but its adhesive activity is also critical for the 

assembly of other junctional complexes such as desmosomes, gap junctions and 

tight junctions [148, 149].  In particular, tight junction [150, 151] and gap junction 

[152]  interactions may be augmented through the successful cell-cell E-cadherin 

engagement and stabilization.  Tight junction (ZO-1) and gap junction 
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(connexins) assembly ensues with the correct establishment of cell polarity and 

with proper enrichment of several protein complexes at these cell junctions 

essential for polarity.  This indicates there is an intimate relationship between 

junction formation and polarity [150, 153] that can effectively occur through 

suitable cell-cell engagement, which is mediated through E-cadherins.  

The intracellular albumin localization trends of micropatterned 

hepatocytes and ES cells may shed some light into how the heterotypic interface 

may be essential in transmitting important cellular cues.  The heterotypic contact 

may potentially be up-regulating intracellular albumin localization with CE-ES 

cells in direct contact with hepatocytes.  Random co-cultures with hepatocytes 

showed moderate albumin staining, but the microstamped hepatocytes in 

particular increased intracellular albumin localization in CE-ES cells.  Further, 

random co-cultures of hepatocytes with cadherin-expressing ES cells resulted in 

higher hepatic differentiation of ES cells compared to indirect co-cultures 

through paracrine-conditioned media, pointing to the role of direct cell-cell 

contacts between ES cells and hepatocytes.    

 

Most of our ES cell co-cultures micropatterned with hepatocytes showed 

no perceptible variations in albumin localization as a function of spatial distance 

from the hepatocyte-ES cell interface.  This indicates a more global, paracrine 

regulation of ES cells by hepatocytes.  The microstamp-overlaid hepatocytes in 

our micropatterned co-cultures are metabolically somewhat more functional than 

monolayer cultured hepatocytes such as those we utilized in our random co-
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cultures (for example, urea secretion rates; see Materials and Methods) 

(Berthiaume et al., 1996; Dunn et al., 1989).  We believe this factor (increased 

paracrine and juxtacrine stimulation) may explain why the ES cells in our 

micropatterned co-cultures expressed greater levels of albumin (86.72 intensity 

units) than in random co-cultures (60.15 intensity units).  It is likely that the 

combined paracrine and juxtacrine ES cell stimulation by such metabolically 

active hepatocytes may be masking the role of contact-regulation and reinforcing 

the global regulation of ES cell differentiation.  Indeed in one condition where 

cadherin antibodies were incorporated into the micropatterned co-cultures, we 

observed the first instance of spatial heterogeneity of differentiation 

responsiveness.  Following cadherin blockage, albumin localization in ES cells 

distal to the hepatocyte interface was inhibited significantly but not that in ES 

cells immediately adjacent to the hepatocytes, reminiscent of heterotypic spatial 

variation within co-cultures [34].  This points to the role of cadherin blockage on 

the inhibition of primarily the homotypic juxtacrine signaling among the mouse 

ES cells, and secondarily, cadherin-mediated juxtacrine heterotypic contacts 

between hepatocytes and ES cells.  The antibody blockage experiments do not 

directly block cadherin-triggered paracrine signaling from the rat hepatocytes (as 

well as cadherin-mediated homotypic signaling in hepatocytes).  The unblocked 

co-culture controls allows for E-cadherin-mediated heterotypic interactions and 

paracrine signaling emanating from the hepatocytes coupled with the homotypic 

E-cadherin-mediated interaction between mouse ES cells.  
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In conclusion, we report that hepatocyte co-cultures with murine 

embryonic stem cells promote the hepatospecific differentiation of stem cells.   

Three key factors promote this effect:  hepatotrophic priming of stem cells; 

cadherin expression on stem cells; and microscale contact/proximity to 

hepatocytes.  Identification of the molecular nature of hepatocyte-derived 

priming of ES cells remains a subject for future investigation.  Insights from this 

study could be relevant to design improved hepatotrophic culture models to 

differentiate ES cells and yield strategies for integration of transplanted ES cells 

within the liver milieu for in situ stem cell based tissue engineering.  
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2.7 Figures and Captions 

  

 
Figure 2.8.1: Morphology of Differential Cadherin Variant ES Cells in Basal 

and DOH Supplemented Media: Effect of Co-Culture Configuration 

ES cells are cultured alone and within co-culture environments (indirect and 

direct) with primary adult hepatocytes at day 15.  A-D) CE-ES cells, E-H) CD-ES 

cells.  Scale bar = 100 μm.  Magnification 10X (zoom 2), i.e. 2x magnification of 

the original image.  CE-ES cells appear distinctly cuboidal, cobblestone 

phenotypically, whereas CD-ES cells exhibit elongated, fibrotic appearances even 

under co-culture conditions. CE-ES cells exhibit a greater degree of cobblestone 
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appearance under DOH priming.  CD-ES cells continue to exhibit elongated and 

fibrotic phenotypes.  

 

 
Figure 2.8.2:  Expression of Hepatospecific Differentiation Markers in ES Cells: 

Effect of Cadherin Expression and Culture Configuration 

Effect of co-culture (indirect and direct) condition on CE-ES and CD-ES cells at 

day 15 (post EB development plus 1 week ES priming plus 1 week in co-culture 

 
 



50 

 

C+H media).  All cell conditions express some level of AFP indicating the 

presence of immature fetal liver cells.  The effect of indirect and direct co-culture 

is significant (P<0.05) for G6P expression (late hepatic marker) compared to the 

control of CE-ES cells alone in C+H medium (no cocktail).  Greater levels of G6P 

are present in the direct co-culture compared to the other conditions in CE-ES 

cells.  In CD-ES cells, there seems to be no significant effect with or without the 

presence of co-culture.  NOTE: the asterisk denotes significance (P<0.05) compared to 

no co-culture (C+H), while # denote significance (P<0.05) compared to no co-culture 

DOH condition. 
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Figure 2.8.3: G6P Expression Following Antibody Blockage of E-cadherin  

Effect of E-cadherin blocking in direct co-culture on CE-ES cells at day 15 (post 

EB development plus 1 week DOH priming plus 1 week C+H treatment with 

hepatocytes). The effect of ECCD-1 E-cadherin antibody blocking is significant 

(P<0.05) for G6P expression (late hepatic marker) compared to the control 

untreated direct co-culture. The isotype control antibody blocking is not 

statistically significant when compared to the random direct co-culture. NOTE: 

the asterisk denotes significance (P<0.05) compared to random co-culture. 
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Figure 2.8.4: Intracellular Albumin Staining in Cadherin-Variant ES Cells in 

Single ES Cultures or Random Co-cultures with Hepatocytes 

 Intracellular albumin staining in cadherin-variant ES cells at day 15 (post EB 

development with 1 week DOH priming plus 1 week in co-culture C+H media) 

revealed that the degree of albumin staining increased under co-culture 

conditions (B-C, E-F) compared to ES cells grown alone (A, D).  Furthermore, the 

intensity of albumin staining was most prominent under direct co-culture 

treatment (F) suggesting that the heterotypic interface is important in mediating 

cell signaling.  Yellow cells in images C and F indicate hepatocytes pre-stained 

with cell tracker red, co-localized with albumin staining.  Images were acquired 

under 20x, scale bar indicates 75μm.   
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Figure 2.8.5: Micropatterned Co-cultures of ES cells with Primary Hepatocytes 

Micropatterned co-cultures were established using elastomeric stamps, where ES 

cells (indicated with arrows) are stained with FITC-conjugated intracellular 

albumin and hepatocytes were pre-stained with Cell Tracker Red.  A-B) 
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Transmitted and SEM images of elastomeric stamp.  C) Image of micropatterned 

hepatocytes.  D-L) Images of intracellular albumin staining overlayed with cell 

tracker red hepatocytes at day 2 of co-culture in C+H media (post EB 

development with 1 week DOH priming).  Yellow color in merged images 

indicates hepatocytes, while green alone indicates mouse ES-specific albumin 

staining.    Numbers on the images indicate mean, background-subtracted green 

intensity corresponding to albumin expression.  Intracellular albumin staining is 

prominent in the co-cultures of CE-ES cells and primary rat hepatocytes (G-I).  In 

contrast, the CD-ES cells (D-F) uniformly lack intracellular albumin staining 

while the E-cadherin blocked CE-ES cells (J-L) lack intracellular albumin in all 

regions except those near the hepatocyte interface. 
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Table 2.8.1:  Summary of Hepatotrophic Stimulation of ES Cell Differentiation 

The table shows a graded level of differentiation based on significance for the 

morphology, RT-PCR results and qualitative levels of albumin expression for 

immunocytochemistry.  Results show that growth factor stimulation is sufficient 

to produce detectable levels of differentiation in cadherin expressing (CE-ES) 

cells.  Indirect co-culture through paracrine signaling generates intermediate 

levels of differentiation with G6P expression and albumin protein expression in 

co-cultures with cadherin-expressing cells and low levels of albumin protein 

expression in cadherin-deficient (CD-ES) cells.  The most significant levels of 

hepatospecific markers are seen with CE-ES cells in direct co-culture with 

primary hepatocytes.   
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CHAPTER 3 

  

EXPEDITED GROWTH FACTOR-MEDIATED HEPATIC LINEAGE 

SPECIFICATION OF HUMAN EMBRYONIC STEM CELLS  

 

3.1 Abstract 

 Human embryonic stem cells (hESCs) afford the potential to be a 

promising source of liver cells, hepatocytes, for regenerative medicine given their 

unlimited proliferative and pluripotent differentiative capacity.  However, the 

inefficient embryoid body process and limited understanding of molecular 

signals potentiating cell-specific differentiation plague the use of hESCs as a 

hepatic source.  In this study, we describe an efficient growth factor based 

process for directed differentiation of hESCs that bypasses embryoid body 

generation.  The system involves adherent hESC culture exposure to Activin A 

treatment followed by incorporation of various growth factor combinations 

composed of dexamethasone, oncostatin M, hepatocyte growth factor, and 

Wnt3A.  The hESC-derived hepatocyte-like cells resulting from optimal growth 

factor combinations exhibit characteristic hepatocyte morphology, express 

hepatocyte markers and possess hepatospecific functional activity.  The 

differentiated cultures express hepatic-related genes shown by reverse 

transcription-polymerase chain reaction and immunofluorescence analysis 

revealed the co-expression of albumin/cytokeratin 18.  Furthermore, the hESC-
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derived hepatocyte-like cells exhibit functional hepatic characteristics, such as 

indocyanine green uptake and release, albumin secretion, and have inducible 

cytochrome P450 activity.  This directed differentiation of adherent hESCs offers 

an efficient process to produce hepatocyte-like cells in vitro for hepatocyte 

differentiation studies and organotypic cultures for diagnostic and therapeutic 

applications.   
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3.2 Introduction 

 The field of stem cell bioengineering can potentially revolutionize cell-

based therapies for functional replacement of metabolically complex tissues like 

that of the liver [25, 105, 154-156].  Significant challenges notwithstanding, 

human embryonic stem cells (hESCs) offer a promising cell source for 

transplantation medicine, particularly with the active efforts underway to guide 

embryonic stem (ES) cell development and maturation [1-3].  The ES cell model 

was recently demonstrated to be highly organotypic based on its successful 

realization of specific lineages [4], however, molecular signals that can effectively 

promote the integration and hepatospecific differentiation of ESCs are only now 

beginning to be clarified [8, 9].   

The ability of healthy human liver to regenerate is steadily lost in chronic 

liver disease.  The standard treatment for advanced liver disease, which is the 

eighth leading cause of adult deaths globally, has been orthotopic liver organ 

transplantation, but this therapy is limited by the availability of donor tissue [10, 

11].  Cell transplantation of liver parenchymal cells, hepatocytes, was shown to 

be an effective strategy in animal models of hepatic failure and metabolic liver 

diseases [12, 13]; hepatocyte transplantation has also shown to be a plausible 

treatment in human metabolic liver disease [14, 15].  Hepatocyte engineering 

continues to be an active field of investigation that has brought the key issues of 

cell sourcing and organoid definition to the forefront of the field of tissue 

engineering [16, 17].  In addition to hepatocyte-based therapies, hepatocyte 
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cultures are widely considered as diagnostic in vitro models for pre-clinical 

functional and toxicogenomic screening of pharmaceutical drugs [18, 19].   

However, the utility of hepatocytes in either clinical or pharmaceutical 

applications is limited by their availability, variability, as well as their limited 

proliferation and decline in hepatic functions upon extended in vitro cultures.   

Embryonic stem (ES) cells afford a promising source of hepatocytes given 

their unlimited proliferative and pluripotent differentiative capacity [2, 22-24].  

Human embryonic stem cells are derived, mechanically or immunosurgically, 

from the polarized inner cell mass of a preimplantation-stage blastocyst [5, 6].  

Spontaneous differentiation of hES colonies rapidly occurs in vitro when the 

system lacks preventative factors, such as basic fibroblast growth factor (bFGF).  

In two-dimensional systems, spontaneous differentiation occurs at the outer 

borders of the colonies, at fusing colonies, or at the center core where cells begin 

to pile up [66].  A three-dimensional culture system, in the form of embryoid 

bodies, is another way to initiate differentiation of hES cells [67].  The appearance 

of all three germ layers is possible in this suspension culture system.  Selecting 

specific cell type populations can be achieved with cell-surface markers and 

separation techniques, although these procedures remain difficult to scale-up 

and are inefficient [68].  The process of directed differentiation is defined by 

induction into a specific cell type, without the presence of all three germ layers 

and can be enhanced by endogenous transcription factor activation, transcription 
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factor transfection, growth factor supplements, or co-culture environments [69, 

70]. 

Endodermal differentiation from hESCs remains a challenge due to an 

incomplete understanding of the differentiation process; therefore several 

investigators have utilized complex processes to induce hepatic-like 

differentiation of hESCs in both two- and three-dimension culture systems in 

vitro.  A few successful approaches have supplemented traditional embryoid 

body development by growth factor treatment and the use of collagen scaffold 

systems [157] or were enriched by reporter gene purification by a hepatocyte-

specific promoter to differentiate hESCs [83].  Treatments incorporating dimethyl 

sulfoxide and sodium butyrate have induced hepatocyte markers in two-

dimensional cultures of hESCs [84].  Bharvand et al have proposed an interesting 

28-day method that utilizes a multi-step protocol of growth factors to mediate 

hepatocyte-like differentiation without the use of embryoid bodies or serum 

[158].  Similarly, Cai et al created hepatic cells from undifferentiated hESCs 

through a 18-day three-stage method in serum free medium [159].  Activin A, 

sodium butyrate, dimethyl sulfoxide and oncostatin M were utilized to induce a 

differentiation process that takes up to three weeks to differentiate hESCs into 

hepatocyte-like cells [160].   Various groups have used a plethora of growth 

factors and extracellular matrixes to induce hESC hepatic differentiation [161, 

162].  Each of these systems takes several days or weeks to differentiate the 
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hESCs, but the challenge still remains to create a direct and efficient process for 

directed hepatic differentiation. 

 

Largely inspired by the in vivo progression of hepatotrophic stimuli 

during development [44, 45], there have been extensive studies of molecular 

growth factors that can interact with developing liver cells, fetal liver cells, and 

more recently, embryonic stem cells [3, 46-48, 84, 163, 164].  A complex sequence 

of hepatotrophic factors has been implicated in the process of liver development 

[49].  The interaction between the endoderm and cardiac-mesoderm is crucial for 

hepatic development [50].  This process results in the expression of two major 

liver-specific markers alpha-fetoprotein (AFP) and albumin (ALB), which can be 

detected as early as embryonic day 8-9 (E8-E9).  Hepatic cells at this point can 

differentiate into parenchymal hepatocytes or bile duct epithelial cells.  At E10-

11, hematopoietic stem cells originating from the extrahepatic organ colonize the 

fetal liver region and proliferate: hepatic progenitors participate in creating a 

conducive hematopoietic microenvironment [51]; in parallel, hematopoietic cells 

produce cytokines, especially oncostatin M (OSM), [52] while mesenchymal cells 

(non-parenchymal liver cells) produce the hepatocyte growth factor (HGF) [53], a 

mitogen and morphogen, one of the key signals for liver development and 

regeneration [55].  The cooperative nature of signals required for hepatic 

maturation is best exemplified by the role played by growth factors secreted 

from hematopoietic cells.  The most significant of these include Dexamethasone 

(DEX) and Oncostatin M (OSM) [27, 52, 53, 62].  DEX is known to suppress AFP 
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production (early hepatic marker) and DNA synthesis, while up-regulating 

albumin (mid-hepatic marker) and alpha-1-antitrypsin, AAT (late hepatic 

marker) production.  OSM, an interleukin (IL) 6 family cytokine, has been shown 

to up-regulate AAT and HNF-4.  The synergistic action of DEX and OSM has 

found to specifically induce hepatic maturation in fetal liver E14.5 [52, 53] 

through induction of morphological changes and up-regulation of multiple liver-

specific functions [62, 65].  Activin A reacts through the activin/nodal signaling 

pathway and has been shown to induce definite endoderm differentiation [165].  

The Wnt/beta-catenin signaling cascade is involved in the hepatic differentiation 

pathway and has been shown to induce hepatic endoderm by Wnt3A treatment 

[166].  

Although there is significant promise in the potential use of the above 

maturation factors for ES cell differentiation, the exclusive application of these 

factors leads to a differentiation process that is inefficient and uncontrolled, thus, 

an integrated and phased application of these factors based on the complex 

cross-functional signaling pathways may be necessary.  The central premise of 

this study is that optimal exogenous growth factor presentation to the adherent 

hESCs during development can be used to controllably expedite the process of 

directed differentiation into the hepatic lineage, bypassing the use of poorly 

defined embryoid body development (see Figure 1).   
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3.3 Materials and Methods 

3.3.1 Propagation of Undifferentiated hESCs  

Human embryonic stem cells (H1) were obtained from WiCell Research 

Institute (Madison, WI) and maintained following WiCell protocols.  Briefly, cells 

were cultivated in gelatin-coated, six-well plates in complete media consisting of 

DMEM-F12 supplemented with 20% KnockOut Serum Replacer, 200 mM L-

glutamine, beta-mercaptoethanol, non-essential amino acids, 4 ng/ml basic 

fibroblast growth factor (bFGF) and 0.12 ng/ml transforming growth factor-beta  

1 (TGF-β1).  Medium was changed daily.  After collagenase IV treatment for 5-10 

min at 37°C followed by mechanical dissociation, colonies were passaged weekly 

at a ratio of 1:6 on mitotically inactivated (x-irradiated, 6500 rad) mouse 

embryonic fibroblasts (MEFs).   

 

3.3.2 Initiation of hESC Differentiation  

Directed differentiation was accomplished by culturing the hESCs on 

MEFs in the presence of various growth factors over a two-week period.  Human 

ES cells in complete media were allowed to attach overnight on the MEFs and 

subsequently cultured in basal media with various growth factor treatments (see 

Figure 1).  Basal media consists of complete media without the addition of b-FGF 

and TGF-β.  Growth factor combinations consisted of permutations of up to five 

components added to the basal media: dexamathasone, DEX (10-7 M); oncostatin 

M, OSM (10 ng/ml); hepatocyte growth factor, HGF (20 ng/mL); (Sigma, 
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Atlanta, GA), Activin A (50 ng/mL), Wnt3A (100 ng/mL) (R&D Systems, 

Minneapolis, MN).  Colonies were allowed to grow for 1 or 2 weeks in culture 

with media changed daily.  As a comparison culture condition (control), 

embryoid bodies were formed by placing dissociated colonies in an ultra-low 

attachment plate in the presence of basal media for 2 weeks with media changed 

every 2 days.  Figure 1 provides an illustration of the differentiation process. 

 

3.3.3 Immunocytochemistry of Hepatocyte-like Cells 

After 1 and 2 weeks in culture with various growth factor combinations, 

hESCs were stained for hepatospecific markers to determine the extent of 

differentiation. Culture conditions were fixed with 4% paraformaldehyde in 

Dulbecco’s phosphate buffered saline (DPBS) with Ca2+ and Mg2+ for 15 minutes 

at room temperature.  Cells were then rapidly washed three times with DPBS 

and permeabilized with SAP buffer (0.5% Saponin, 1% BSA, 0.1% Sodium Azide) 

(Sigma, St. Louis, MO) for 30 minutes at room temperature.  After washing once 

with DPBS, cells were blocked with 3% (w/v) bovine albumin serum (BSA) for 

30 minutes at room temperature to reduce nonspecific antibody binding.  

Subsequently, primary antibodies for hepatic identification were incubated 

overnight at 4°C with the addition of stage-specific embryonic antigen-4 (SSEA-

4) as a counter-stain for pluripotency.  The primary antibodies, diluted in SAP 

buffer are as follows: alpha-fetoprotein (AFP) IgG1, 1:200 dilution (Abcam, 

Cambridge, MA); albumin (ALB) IgG2b, 2.5 μg/mL (Abcam); cytokeratin 18 
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(CK18) IgG1, 1:800 dilution (Abcam); SSEA-4 IgG3, 1:200 dilution (Millipore, 

Chicago, IL).  Cells were washed three times with DPBS and incubated with 

isotype matched secondary antibodies, 1:1000 dilution in SAP buffer for 1 hour at 

room temperature. The secondary antibodies are as follows: AlexaFluor 488 

IgG1, AlexaFluor 488 IgG2b, AlexaFluor 594 IgG3 (Invitrogen, Carlsbad, CA).  

Finally, the cells were washed four times in DPBS and visualized using the Leica 

TCS.SP2 confocal microscope system (Leica Microscope, Exton, PA). 

 

3.3.4 RNA Extraction and Reverse Transcriptase-Polymerase Chain Reaction 

(RT-PCR) Analysis 

Total RNA was extracted from the cell pellets using the RNEasy kit 

(Qiagen, Valencia, CA) according to the manufacturer's instructions. The high 

capacity cDNA reverse transcription kit and random primers (Applied 

Biosystems, Foster City, CA) were used to reverse transcribe total RNA to single 

stranded cDNA for real-time PCR.  Various genes were analyzed to determine 

hepatospecific markers including alpha-fetoprotein (AFP), albumin (ALB), 

forkhead box A2 (FOXA2), transthyretin (TTR), hepatocyte nuclear factor-4 

(HNF-4), alpha-1-antitrypsin (AAT), cytokeratin 18 (CK18), and beta-actin 

(SuperArray, Frederick, MD).  Quantitative real-time PCR was performed using 

the SYBR Green PCR Master Mix (Qiagen) and the LightCycler System (Roche, 

Indianapolis, IN).  cDNA samples, 1 μL in a 10 μL volume reaction, were 

analyzed for the gene of interest and for the housekeeping gene, beta-actin.  Each 
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sample was run in duplicate.  Statistical analysis was completed by single 

variable ANOVA followed by multiple comparison testing. 

 

3.3.5 Human Albumin Secretion by Differentiated hESCs 

An ELISA Quantitation kit (Bethyl Laboratories, Montgomery, TX) was 

used to measure human albumin levels secreted in culture medium.  Samples 

from three separate cultures were analyzed in duplicate for each condition.  

ELISA plates were read at 450 nm and the resulting data analyzed with a four-

parameter curve fitting computer program (KaleidaGraph).  The absorbance of 

the basal medium was subtracted from each sample absorbance, and albumin 

concentration was determined from the standard curve.  The final absorbance of 

the test samples was obtained after subtracting the zero absorbance and used to 

determine albumin concentrations secreted into the media.  Statistical analysis 

was completed by ANOVA single factor analysis. 

 

3.3.6 EROD Assay 

 To determine the metabolic activity of the hESC-derived hepatic-like cells, 

an ethoxyresorufin O-de-ethylase (EROD) assay was performed.  Cytochrome 

P450 enzymes metabolize xenobiotic compounds with which they come in 

contact.  After culturing the hESCs in high performance medias for 2 weeks, the 

EROD assay assessed the CYP1A2 activity.  Briefly, cells were induced with 5 μM 

methylchloranthrene (Sigma) in respective medias and cultured for 24 hours.  
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Cells were washed with PBS and cultured with 5 μM ethoxyresorufin (Sigma) for 

2 hours to initiate the EROD assay.  The reaction was stopped with 20 mM 

NaOH and the supernatant was collected and measured on a fluorescence plate 

reader at 355 nm excitation and 581 nm emission.   A standard curve of pure 

resorufin was used to calculate the activity of CYP1A2 in picomoles of resorufin 

formed per minute per million cells. 

 

3.3.7 Cellular Uptake and Release of Indocyanine Green 

 Indocyanine green (ICG) is an inorganic anion that is used to evaluate 

liver function because it is non-toxic and eliminated exclusively by hepatocytes 

[167]. Briefly, hESC-derived hepatic-like cells were cultured for 2 weeks in high 

performance medias and incubated with diluted ICG (Sigma) in media (1 

mg/mL) for 30 minutes at 37°C.  Cultures were washed and imaged with 

transmitted light to determine the amount of ICG uptake, indicated by green 

stain.  Cells were cultured for an additional 6 hours in culture media, washed 

and imaged again to document release of cellular ICG stain.  

 

3.3.8 Fluorescence Activated Cell Sorting Analysis 

 To determine the percent population positive for albumin and CK18, cells 

were processed and analyzed by fluorescent-activated cell sorting (FACS) 

(Becton Dickinson, Franklin Lakes, NJ).  The highest performance media 

(A4DOH) was grown for up to 4 weeks and analyzed every other week for 
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albumin and CK18 expression.  Briefly, single cell suspensions were used with 

fluorescent conjugated antibodies against human albumin and cytokeratin 18.  

Cells were fixed with 1% paraformaldehyde (15 min, on ice), washed twice, 

permeabilized with SAP buffer (30 min, on ice), washed twice, blocked with 3% 

BSA (30 min, on ice) and washed again twice.  Cell identification was confirmed 

by staining with primary antibodies against human albumin (R&D Systems), 0.5 

μg/ml, and human cytokeratin 18 (Millipore), dilution 1:100, for 1 hour on ice.  

Cells were washed twice and labeled with AlexaFluor goat anti mouse IgG 

(H+L) 488 (Invitrogen) for 1 hour on ice, 1:1000 dilution.  Finally, cells were 

washed three times with PBS and analyzed with CellQuest software (BD 

Biosciences).  MEFs alone were run with each experiment as a negative control. 
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3.4 Results  

 3.4.1 Early Hepatic-like Differentiation in Growth Factor Supplemented 

Cocktail 

 Previous studies in our laboratory have shown that the optimal growth 

factor cocktail for mouse ES hepatocyte-like differentiation is composed of the 

combination of DEX, OSM and HGF (DOH) [48].  Therefore, we examined the 

effects of DOH on the differentiative ability in adherent hESCs.  As shown in 

Figure 3.7.2, there was pronounced AFP expression after one week in culture on 

MEFs in the presence of DOH media, whereas the H1 colony in complete media 

lacking DOH supplementation only had SSEA-4 staining, indicating proliferative 

abilities.  After two weeks in culture, AFP was still present, though not as 

prominent, and had achieved cells with a larger cytoplasm to nuclear ratio.  Our 

data indicates that early hepatic-like differentiation is achieved when the 

adherent cultures are presented with DOH supplementation.  This suggests that 

DOH is an effective growth factor treatment for early differentiation of hESCs.   

 

3.4.2 Time course of Genetic Expression of Hepatospecific Maturation Markers 

in hESCs 

 Additional media supplementations were added to the DOH treatment in 

an effort to further differentiate the hESCs in adherent cultures.  Activin A and 

Wnt3A were added in various combinations to DOH treatment and evaluated for 

hepatic differentiation over a 2 week time course.  An A (Activin A, ActA) placed 
 

 



70 

 

after DOH indicated presence of Activin A throughout culture while an A placed 

before DOH denotes a priori Activin A treatment for 4 days, removal, followed 

by culture in the presence of the remaining growth factors.  Real time RT-PCR for 

an early (AFP) and mid (ALB) hepatic marker was normalized to beta-actin 

mRNA levels and evaluated for levels compared to basal media (Figure 3.7.3).  

AFP levels were higher after 1 week compared to 2 weeks indicating an increase 

in differentiation associated with AFP levels diminishing.  Albumin levels were 

enhanced after 2 weeks in culture compared to 1 week indicating increased 

differentiation in all growth factor combinations.  For each data set, the 

treatments that started with Activin A treatment (Ad0-4DOH and Ad0-4DOHW) 

showed high levels of differentiation compared to basal media.   

 

3.4.3 hESC-Derived Hepatic Cells Exhibit Hepatocyte-Like Functions 

Each growth factor combination from Figure 3.7.3 was evaluated for 

functional activity by albumin secretion for up to 2 weeks in adherent culture 

(Figure 3.7.4A).  Albumin production continuously increased and reached 

maximal values at day 14 with the exogenous growth factor supplementation, 

Ad0-4DOH, resulting in the highest level of albumin secretion.  Statistically 

significant albumin production, compared to basal media for the same day, was 

achieved by high performance medias, DOH, Ad0-4DOHW and Ad0-4DOH, and 

was further investigated for late hepatic markers.  These levels are on the same 
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order of magnitude as fetal human hepatocytes [168], indicating that efficient 

hepatic differentiation is being achieved after only 14 days in adherent culture.   

Hepatic metabolism was evaluated using an ethoxyresorufin O-de-

ethylase (EROD) assay (Figure 3.7.4B).  The hESC-derived hepatocyte-like cells 

were evaluated for inducible CYP1A2 activity since cytochrome P450 isoenzymes 

expression is indicative of hepatocellular function [169].  The data illustrates that 

CYP1A2 activity was elevated in all high performance medias (DOH, Ad0-4DOH 

and Ad0-4DOHW) and barely detectable in the control, complete media indicating 

that hESC-derived cells have the functional features of hepatocytes.   

To confirm liver-like metabolic function, ICG uptake and release was 

evaluated for basal and high performance medias after 2 weeks in culture (Figure 

3.7.4C).  Uptake and release of ICG may me used to identify hepatocytes in ES 

cell differentiation models [167].  The images show ICG uptake and release 6 

hours later in DOH, Ad0-4DOH and Ad0-4DOHW cultures.  In contrast, the basal 

media did not have the capacity to take up ICG and release it later.  The most 

pronounced uptake was achieved by DOH and Ad0-4DOH cultures indicating 

that hESC-derived hepatic cells have the metabolic function to rapidly uptake 

and excrete ICG. 

 

3.4.4 Expression of Hepatocyte Markers in hESC-differentiated Cells 

 To evaluate the hepatic differentiation of hESCs in the high performance 

medias, hESC-differentiated cells were co-stained for hepatic markers, albumin 
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and cytokeratin 18, for differentiation (Figure 3.7.5A).  The control, complete and 

basal medias, resulted in negative ALB/CK18 staining, but DOH, Ad0-4DOH and 

Ad0-4DOHW resulted in elevated levels of ALB/CK18.  The highest level of 

ALB/CK18 was achieved in Ad0-4DOH media supplementation and displayed 

distinctively differentiated morphology, such as the emergence of binucleated 

cells and characteristic cuboidal phenotype.  

 To determine the percent of cells expressing albumin and cytokeratin 18 

throughout 4 weeks of culture, flow cytometry was utilized (Figure 3.7.5B).  

Undifferentiated cells expressed no albumin and CK18 expression.  At week 2, 

albumin (7.02%) begins to rise while CK18 (48.38%) is significantly upregulated.  

For long-term, terminal differentiation culture, at 4 weeks, 72.8% of cells are 

albumin positive and 72.9% are cytokeratin 18 positive.  Therefore, Ad0-4DOH 

media supplementation is an efficient protocol to induce hepatic expression on a 

large population of cells. 

 

3.4.5 Endoderm and Hepatic Specific Gene Expression of High Performers 

 The mRNA expression of endodermal and hepatocyte-specific genes, such 

as forkhead box A2 (FOXA2), transthyretin (TTR), alpha-1-antitrypsin (AAT), 

hepatocyte nuclear factor-4 (HNF-4) and cytokeratin 18 (CK18) was observed in 

the DOH, Ad0-4DOH and Ad0-4DOHW cultures during differentiation (Figure 

3.7.6).  Complete media showed down-regulation of each marker, indicating 

suppression of hepatic differentiation.  Additionally, as a comparison for 
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traditional differentiation methods, the basal endodermal differentiation during 

the formation of embryoid bodies (EB) was evaluated for expression of each 

hepatic marker.  FOXA2 and TTR were up-regulated, indicating endodermal 

differentiation, but were down-regulated for the hepatocyte-specific genes, AAT, 

HNF-4 and CK18.  These results indicate that the high performance medias 

induce hepatic differentiation of hESCs in comparison to basal EB development, 

which produces limited endoderm differentiation in the absence of 

supplementation with exogenous growth factors.   
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3.5 Discussion 

 Methods to differentiate hESCs into hepatocytes must be direct, rapid and 

offer high yields, in order to be widely useful for basic research and therapeutic 

applications.  Here we describe an efficient protocol for exogenous growth factor 

stimulation to induce hepatocyte-like cells from hESCs without the use of 

embryoid bodies.  Priming hESCs with Activin A to induce endodermal 

differentiation, followed by treatment with select growth factors that recapitulate 

hepatogenesis in vivo result in cells with characteristic hepatocyte morphology, 

express hepatocyte markers and possess hepatospecific functional activity. 

 

Pluripotent hESCs are preserved under very strict lab practices, usually in 

culture with embryonic or adult, somatic cells that secrete products to maintain 

pluripotency.  Traditionally, hESCs are co-cultured with mitotically inactivated 

murine embryonic fibroblasts (MEFs) to form two-dimensional colonies that 

must be maintained on a weekly basis and supplemented with basic fibroblast 

growth factor (bFGF) and TGF-β to help maintain self-renewal [7].  When these 

factors are removed from the culture and maintained under appropriate 

conditions, hESCs can differentiate into the three embryonic germ layers.   To 

induce differentiation, researchers have taken advantage of embryoid body 

development to mimic the environment of the peri-implantation embryo to force 

lineage restriction [170].  Traditional hepatic terminal differentiation results from 

progenitor cells isolated from the endoderm followed by exposure to the proper 

molecular cues.  This entire process may take up to 28 days to derive EBs, 
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subculture the endoderm and culture with growth factors [157].  If the complex 

embryoid body process is bypassed, suitable growth factors will be necessary to 

recapitulate cues for differentiation into hepatocyte-like cells.  

In our study, growth factor components for media supplementation were 

selected based on their published abilities to induce hepatic differentiation in 

embryonic stem cells.  The initial growth factor selection for hepatic 

differentiation of hESCs stemmed from our previous work with mouse ES cells, 

concluding that the synergistic effects of dexamethasone, oncostatin M and 

hepatocyte growth factor (DOH) were optimal conditions for differentiation [48].  

Dexamethasone is a synthetic glucocorticoid involved in liver gluconeogenesis 

[171], oncostatin M induces fetal hepatocyte maturation through the gp130 signal 

transducer [172], and hepatocyte growth factor supports hepatogenesis by 

activating the c-Jun pathways [173].  Our data suggests that the DOH 

combination is sufficient to induce a hepatic response from hESCs within a very 

short period of time.  We then chose to investigate the addition of additional 

growth factors, Activin A and Wnt3A, to further direct differentiation associated 

with DOH stimulation. 

 

Activin A has been previously shown to restrict visceral endoderm [174], 

induce definitive endoderm differentiation from hESCs [175-178], and was 

therefore assessed for incorporation with DOH treatments.  Pre-treatment with 

Activin A for 4 days (Ad0-4DOH, Ad0-4DOHW) was compared to constant Activin 

A throughout the experiment (DOHA, DOHAW).  Molecular analysis showed 
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that the effects of basal DOH treatment could be improved upon with the 

addition of Activin A pre-treatment, indicating that the hESCs are differentiating 

through a loss in AFP expression and that Activin A induces the highest levels of 

early hepatic differentiation.  This result is consistent with previous observations 

of hESC liver development in which the initial Activin A treatment is an efficient 

signal to induce definitive endoderm differentiation.  Additionally, Wnt3a was 

investigated for incorporation with DOH because of its known ability to induce 

hepatic endoderm [166].  The synergistic effect of priming the hESCs with 

Activin A and supplementing with DOH or DOHW induced significant hepatic 

differentiation compared to any single component alone (data not shown) or 

basal media controls.  The addition of Wnt3a to DOH or ADOH provides a 

system that lacks preventative factors, such as bFGF, TGF-β, to support 

differentiation [179].   

 

To further determine the highest inducing growth factor combinations, 

functional activity (albumin secretion, cellular uptake and release of indocyanine 

green, and inducible cytochrome P450 activity) of the hESCs was analyzed.  

Consistent data from several approaches to quantify hepatic differentiation 

concluded that DOH, Ad0-4DOH and Ad0-4DOHW treatments were deemed the 

highest performing combinations and were therefore further evaluated for their 

ability to induce differentiation.  The high performance cocktails (DOH, Ad0-

4DOH and Ad0-4DOHW) were characterized for their albumin (ALB) and 

cytokeratin 18 (CK18) staining and expresion profiles.  Albumin is a classic 
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hepatic marker and often used in conjunction with CK18 to confirm co-

expression.  CK18 is perhaps the most commonly found members of the 

intermediate filament gene family and is indicative of hepatocyte morphology.  

All high performance medias showed ALB/CK18 staining, but the most striking 

staining associated with characteristic cuboidal morphology and the presence of 

double nuclei was found in the Ad0-4DOH condition, indicative of hepatic 

differentiation.  Flow cytometric analysis of undifferentiated and Ad0-4DOH 

derived hESCs showed that in the presence of high performance growth factors, 

over 70% of the cell population is ALB and CK18 positive after 4 weeks in 

terminal differentiation culture.  This data reveals that the directed 

differentiation process largely yields cells that are hepatic in nature. 

 

To determine whether most differentiated cells with morphological and 

functional characteristics also have genetic profiles of hepatocyte-like cells, the 

hESC-derived cells were evaluated for the gene expression profiles for 

hepatocyte-associated markers.  These hepatocyte nuclear factors are 

transcriptional activators for liver-specific transcripts such as albumin and 

transthyretin.  All high performance groups and EBs have higher expression of 

the transcription factor, FOXA2, found in the earliest stages of definitive 

endoderm, compared to complete media illustrating that the EB process can 

induce endoderm differentiation similar to DOH, Ad0-4DOH and Ad0-4DOHW.  

Similar to FOXA2, transthyretin (TTR), or prealbumin, was found to be 

upregulated in all high performance medias and the EB condition.  Further 
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analysis of mid-late hepatic markers provides evidence that EB development 

alone cannot achieve hepatic differentiation on the levels associated with the 

high performance medias.  Mid and late hepatic markers were evaluated and 

showed that alpha-1-antitrypsin (AAT) was highly upregulated in the Activin A 

pre-treatment conditions while hepatocyte nuclear factor-4 (HNF-4) and 

cytokeratin 18 (CK18) were upregulated in all high performance medias, 

indicating that definitive endoderm restricted cells can achieve hepatocyte-like 

gene expression profiles with the selected growth factor regime.  The insights 

gained from the gene expression profiles demonstrate that the high performance 

medias are able to up-regulate mid and late hepatic markers, whereas embryoid 

body differentiation is only able to induce endoderm-associated genes, 

supporting the idea that EB lineage restriction is an unregulated and indirect 

differentiation process.  For this reason, growth factor supplementation is 

essential if attempting to direct hepatic differentiation from cells isolated from 

EBs [3, 83, 84, 157, 164]. 

 

In conclusion, our findings provide a simple system for further 

investigation into the differentiation pathways associated with hepatic lineage 

restriction.  Here we describe an efficient process for directed differentiation of 

hESCs without the use of embryoid body development combined with the 

addition of select exogenous growth factors.  Based on the emerging molecular 

biology of hESCs, the use of molecular growth factors in conjunction with gene-

targeting approaches (for example, siRNA) may be other avenues to further 
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differentiate hESCs.  Future studies to expand three-dimensional hESCs may also 

incorporate the use of three-dimensional scaffolds that can combine selected 

growth factor supplementation within a controlled microenvironment for scaling 

up cell numbers for clinical research applications. 
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3.7 Figures and Captions 

 

 

Figure 3.7.1: Schematic illustrating human embryonic stem cell (hESC) 

culturing and the steps initiating differentiation   

Undifferentiated hESCs were cultured on mitotically inactivated mouse 

embryonic fibroblasts.  Following weekly passaging, differentiation is initiated 

by the traditional method of embryoid body development or the expedited 

process of growth factor supplementation in adherent culture.   

 
 



82 

 

 

Figure 3.7.2: Early hepatic differentiation of hESCs grown on MEFs in the 

presence of DOH  

Immunocytochemistry shows a prominent expression of AFP in the adherent 

culture system supplemented with dexamethasone, oncostatin M and hepatocyte 

growth factor (DOH) after 1 week in culture.  AFP expression is down regulated 

after 2 weeks in culture and cells are enlarged.  Cultures grown in complete and 

basal media show no AFP staining and pluripotency by SSEA-4 staining.  

Abbreviations: AFP, alpha-fetoprotein; SSEA-4, stage-specific embryonic 

antigen-4. 
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Figure 3.7.3: Progressive alteration of hESC hepatic differentiation in growth 

factor combinations by RT-PCR  

Levels of mRNA expression were normalized to beta-actin and fold change was 

determined from basal media. EB and MEF conditions were grown in basal 

media.  (* denotes p<0.05 compared to EB mRNA levels.)  Abbreviations: AFP, 

alpha-fetoprotein; ALB, albumin; D, dexamethasone; O, oncostatin M; H, 

hepatocyte growth factor; A, Activin A; Ad0-4, Activin A treatment only on days 

0-4; W, Wnt3a; MEF, mouse embryonic fibroblast. 
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Figure 3.7.4: Functional activity of hESC-derived hepatic-like cells  

(A) Human albumin ELISA analysis of growth factor combinations.  All albumin 

concentrations were increased during differentiation with three growth factor 

combinations resulting in significantly more albumin when compared to basal 

media for the same day. These results indicated that DOH, Ad0-4DOHW and Ad0-

4DOH result in the greatest level of differentiation.  (* denotes p<0.05 compared 

to day 14 basal media.)  (B) CYP1A2 activity in hESC-derived hepatic cells grown 

for 2 weeks in high performance medias, measured by EROD activity.  Basal 

media showed minimal activity, whereas, the high performance medias had 
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significant activity. (* denotes p<0.05 compared to complete media, § denotes 

p<0.01 compared to complete media.) (C) ICG uptake and release.  hESCs were 

grown for 2 weeks in culture in high performance medias and qualitatively 

evaluated for their ability to take up ICG (left column) and release it 6 hours later 

(right column).  Abbreviations: ICG, indocyanine green; CYP, cytochrome P450; 

EROD, ethoxyresorufin O-de-ethylase. 
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Figure 3.7.5: Representative immunofluorescent staining and flow cytometry 

for ALB/CK18 in hESC-derived cells  

(A) Adherent cultures were grown for 2 weeks and stained with classic hepatic 

markers. ALB/CK18 co-expression is prominent in DOH, Ad0-4DOHW and Ad0-

4DOH cultures.  Undifferentiated cells in complete and basal media were 

negative for ALB/CK18.  The ALB/CK18 positive cells in the A0-4DOH condition 

had distinct cuboidal morphology and appear to be bi-nucleated, indicative of 

hepatocyte-like cells.  (B) Raw and quantitative depiction of flow cytometric 

analysis for ALB and CK18 expression on undifferentiated hESCs, 2 weeks, and 4 

weeks in Ad0-4DOH media. Abbreviations: ALB, albumin; CK18, cytokeratin-18. 

 
 



87 

 

 

Figure 3.7.6: Real-time RT-PCR analysis of liver-specific gene expression by 

hESC-derived cells after 2 weeks in culture in the high performance medias   

The mRNA expression of FOXA-2 (A), TTR (B), AAT (C), HNF-4 (D), and CK 18 (E) 

show elevated hepatic markers in DOH, ADOH and ADOHW cocktails and down-

regulation in complete media.  Embryoid bodies (EB) show elevated expression in the 

endodermal markers, FOXA-2 and TTR, but down-regulations in the late hepatic 

markers, AAT, HNF-4 and CK 18.  Levels of mRNA expression were normalized to 

beta-actin and fold change was determined from basal media. (* denotes p<0.05 

compared to EB, § denotes p<0.01 compared to EB.)  Abbreviations: FOXA2, forkhead 

box A2; TTR, transthryretin; AAT, alpha-1-antitrypsin; HNF-4 hepatocyte nuclear 

factor-4; CK18, cytokeratin 18. 
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CHAPTER 4 

  

E-CADHERIN-PRESENTING FEEDER CELLS PROMOTE NEURAL LINEAGE 

RESTRICTION OF HUMAN EMBRYONIC STEM CELLS 

 

4.1 Abstract 

Human embryonic stem cells (hESCs) represent a promising source of 

tissues of different cell lineages because of their high degree of self-renewal and 

their unique ability to give rise to most somatic cell lineages. In this study, we 

report on a new approach to differentiate hESCs into neural stem cells that can 

be further differentiated in neuronal restricted cells.  We have rapidly and 

efficiently differentiated hESCs into neural stem cells by presenting the cell 

adhesion molecule, E-cadherin, to undifferentiated hESCs via E-cadherin 

transfected fibroblast monolayers.  The neural restricted progenitor cells rapidly 

express nestin and beta-III-tubulin, but not GFAP during the one-week E-

cadherin induction phase, suggesting that E-cadherin promotes rapid neuronal 

differentiation.  Further, these cells are able to achieve enhanced neuronal 

differentiation with the addition of exogenous growth factors.  Cadherin-induced 

hESCs show a loss in Oct4 and nestin expression associated with positive 

staining for vimentin, neurofilament and neural cell adhesion molecule.  

Moreover, blocking by functional E-cadherin antibody and failure of paracrine 

stimulation suggested that direct E-cadherin engagement is necessary to induce 
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neural restriction.  By providing the hESCs with molecular cues to promote 

differentiation, we are able to utilize a specific cell-cell adhesion molecule, E-

cadherin, to influence the nature and degree of neural specialization.   
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4.2 Introduction 

 Human embryonic stem cells are derived, mechanically or 

immunosurgically, from the polarized inner cell mass of preimplantation-stage 

blastocysts [5, 6]. Under appropriate conditions, cultures of ES cells proliferate 

and self-renew indefinitely, although various methods have been developed to 

induce appropriate signaling molecules to stimulate differentiation of particular 

specialized cell types.  hESCs have often been co-cultured with mitotically 

inactivated murine embryonic fibroblasts (MEFs) to support the growth of two-

dimensional colonies that must be mechanically or enzymatically passaged on a 

weekly basis.  Additional feeder cells have been identified to maintain hESCs in 

an undifferentiated state that include murine and human cell types [180]. 

Spontaneous differentiation of hES colonies rapidly occurs in vitro when 

the system lacks preventative factors.  In two-dimensional systems, spontaneous 

differentiation occurs at the outer borders of the colonies, where colonies fuse, or 

at the center core where cells begin to pile up [66].  A three-dimensional culture 

system, in the form of embryoid bodies, is another way to initiate differentiation 

of hESCs [67].  The appearance of all three germ layers is possible in the 

suspension culture system.  Specific cell type populations can be selected with 

cell-surface markers and separation techniques [68].  The process of directed 

differentiation is defined by induction into a specific cell type.  Endogenous 

transcription factor activation, transcription factor transfection, growth factor 
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supplements, or co-culture environments can promote cell differentiation [69, 

70]. 

Cell-cell interactions are recognized to be of fundamental importance for 

embryonic development, tissue formation and differentiation [31-34].  Cadherins 

constitute a family of calcium-dependent, transmembrane proteins, which can 

mediate a wide range of cell-cell interactions and control tissue organization 

during development and maturation [32, 35].  The predominant cadherin of most 

epithelia is E-cadherin. Embryonic stem cells are genetically programmed to do 

one of two things.  They can either differentiate to form the ectoderm, mesoderm 

and endoderm, or remain undifferentiated in a state that mimics the inner cell 

mass.  Because of this, researchers have taken advantage of embryoid body 

development to force neural lineage restriction through neurospheres.  

Traditional neural terminal differentiation will result from progenitor cells 

isolated from the ectoderm followed by exposure to certain molecular cues.  

 

The use of chemically defined adherent cultures has also been established 

for neural induction of hESCs with the goal to gain tighter control over 

differentiation while characterizing the effects of different molecules.  Nat et al. 

made use of a neural induction protocol in which hESCs are cultured on poly-

ornithine/laminin coated substrates or in suspension and cultured for 4 days in a 

neural induction media supplemented with B27 and N2, followed by 3-38 days 

of culture in neural proliferation media supplemented with B27, N2, and bFGF 

[181].  While the presence of nestin was high in the suspension and adherent 
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cultures (85.8% and 80.6% respectively), the expression of vimentin (1.6% and 

3.5%), and beta-III-tubulin (7.4% and 9.3%) was fairly low.  However, the 

expression of vimentin and beta-III-tubulin increases significantly by day 14.  We 

chose to compare differentiation induced by E-cadherin with a known neural 

induction protocol [181] to determine the extent of neural and neuronal 

specification with E-cadherin-transfected fibroblasts.  

The use of the cell adhesion molecule, E-cadherin, could be advantageous 

for neural induction of hESCs.  Because E-cadherin is important for 

differentiation and tissue formation and is expressed very early during neural 

development [181], E-cadherin could play a role in neural differentiation of stem 

cells.  Currently there are no studies that have shown the ability of E-cadherin to 

induce neural differentiation of hESCs.  However, E-cadherin has been shown to 

inhibit precursor proliferation, induce premature neuronal differentiation and 

inhibit beta-catenin dependent signaling [182].     

Our hypothesis is that E-cadherin presentation to the hESCs during 

development will expedite the process of directed differentiation into the neural 

lineage.  We have examined this hypothesis by presenting to hESCs a fibroblastic 

feeder layer with differential levels of E-cadherin.  We demonstrated that 

interactions of hESCs with E-cadherin-transfected cultures exhibited faster and 

more extensive neural induction in comparison to cultures with control feeders 

expressing much lower levels of E-cadherin. 

 
 

 



93 

 
4.3 Materials and Methods 

 
4.3.1 Propagation of Undifferentiated hESCs 

Human embryonic stem cells (H1 and H9) were obtained from WiCell 

Research Institute (Madison, WI) and maintained following WiCell protocols.  

Briefly, H1 cells were cultivated in gelatin-coated, six-well plates in DMEM-F12 

with L-glutamine (Invitrogen, Carlsbad, CA) supplemented with 20% KnockOut 

Serum Replacer (Gibco, Grand Island, NY), beta-mercaptoethanol (Gibco, Grand 

Island, NY), non-essential amino acids (Invitrogen, Carlsbad, CA), 4 ng/ml basic 

fibroblast growth factor (b-FGF) (Invitrogen, Carlsbad, CA), and 0.12 ng/ml 

transforming growth factor-beta (TGF-β1) (Peprotech, Rocky Hill, NJ).  Medium 

was changed every day and differentiated regions were mechanically removed 

as needed.  After collagenase IV (Gibco, Grand Island, NY) treatment for 5-10 

min at 37°C followed by mechanical dissociation, colonies were passaged weekly 

at a ratio of 1:6 on mitotically inactivated (x-irradiated, 6500 rad) mouse 

embryonic fibroblasts (MEFs).  For comparison, H9 colonies were grown in 

feeder-free conditions on Matrigel (BD Biosciences, Franklin Lakes, NJ) coated 

plates in mTeSR media (Stem Cell Technologies, Vancouver, BC, Canada), 

changed daily.  Cells were mechanically passaged every 5-7 days with 1x dispase 

(BD Biosciences, Franklin Lakes, NJ) in DMEM-F12 at a ratio of 1:12.  

 

4.3.2 Initiation of hESC Differentiation  
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 Directed differentiation was accomplished by culturing the H1 hESCs on 

an alternative feeder cell type that presents different levels of E-cadherin.  

Clonally derived L929 mouse fibroblasts were originally established by calcium 

phosphate coprecipitation transfection (pBATEM2 plasmid) into L cells, which 

normally have little cadherin [183].  L929+ fibroblasts have stable expression of 

mouse E-cadherin while L929- fibroblasts are untransfected.  L929 fibroblasts 

were expanded in DMEM (Gibco, Grand Island, NY), containing 10% fetal 

bovine serum (FBS) (Gibco, Grand Island, NY), penicillin, streptomycin (Lonza, 

Basal, Switzerland), and gentamicin (Sigma, St. Louis, MO).   L929 fibroblasts 

transfected with E-cadherin were supplemented with G418 sulfate (Mediatech, 

Hemdon, VA) to help maintain the E-cadherin expression.  Medium was 

changed every other day and passaged weekly. 

 

 In preparation for hESCs, E-cadherin-transfected L929+ or control, non-

transfected L929- fibroblasts were mitotically inactivated with mitomycin C (10 

μg/ml) (Sigma, St. Louis, MO), dissociated with 0.1% trypsin (Sigma, St. Louis, 

MO), and seeded onto gelatin coated plates at a density of 1.95 x 104 cells/cm2.  

L929 fibroblasts were allowed to attach for 24 hours and washed with DMEM to 

remove residual serum from the feeder layer.  Undifferentiated H1 hESC 

colonies, devoid of MEFs, were mechanically isolated and plated onto the L929s.  

H1 complete media was changed daily and grown for 7 days.  L929 fibroblast 

induced H1 colonies were subcultured onto gelatin coated plates and grown in 

defined medias to further expand and differentiate the cells.  Subculture 
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experiments with monolayers were conducted to determine the priming effects 

of L929s on the H1 cells and grown in neural proliferation media (NPM) and 

neural differentiation media (NDM) for 1 week each, consecutively.  NPM is 

composed of 50% DMEM-F12 with Glutamax (Invitrogen, Carlsbad, CA), 50% 

neuralbasal media and supplemented with 0.5x N2, 0.5x B27 without vitamin A, 

and 20 ng/mL bFGF (Invitrogen, Carlsbad, CA) [181].  NDM is composed of 

neuralbasal media supplemented with 1x B27 without vitamin A and 10 ng/mL 

brain derived neurotrophic factor (R&D Systems, Minneapolis, MN) [181].   

 As a comparison to L929 fibroblast induced H1 cells, neural restricted 

progenitor cells were generated with a protocol that uses adherent differentiation 

and media supplementation [181].  Briefly, undifferentiated H9 hESCs were 

changed to neural induction media (NIM) on day 0.  NIM is composed of 50% 

DMEM-F12 with Glutamax (Invitrogen, Carlsbad, CA), 50% neuralbasal media 

and supplemented with 1x N2, 1x B27 without vitamin A (Invitrogen, Carlsbad, 

CA) [181].  On day 1, clusters were passaged to polyornithine (15 μg/mL) 

(Sigma, St. Louis, MO)/laminin (20 μg/mL) (Invitrogen, Carlsbad, CA) coated 

plates in NIM at a density of 10-15 clusters/cm2.  On day 4, media was changed 

to neural proliferation media (NPM) and grown for 7 days in culture, changing 

media every other day.  On day 24, media was changed to NDM, changing 

media every other day.    

 

4.3.3 Quantification of Extracellular E-cadherin   
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 L929 fibroblasts were stained for cell surface E-cadherin to visually 

confirm and quantify the levels of E-cadherin being expressed on the L929 cells 

and compared to MEFs.  The fibroblasts were fixed with 4% paraformaldehyde 

in DPBS with Ca2+ and Mg2+ for 15 minutes at room temperature.  Cells were 

then rapidly washed three times with DPBS.  After washing, cells were blocked 

with 3% (w/v) bovine albumin serum (BSA) for 30 minutes at room temperature 

to reduce nonspecific antibody binding.  Subsequently, E-cadherin staining was 

attained by using monoclonal rat anti-mouse E-cadherin primary antibody (R&D 

Systems, Minneapolis, MN) in PBS for 1 hour, rocking at room temperature, at a 

concentration of 10 μg/ml.  Cells were washed twice with PBS and the goat anti-

rat FITC secondary antibody (Jackson ImmunoResearch, West Grove, PA) was 

incubated overnight, rocking at 4°C.  Finally, the cells were washed four times in 

DPBS and visualized using the Leica TCS.SP2 confocal microscope system (Leica 

Microscope, Exton, PA).   

 To determine quantitatively the amount of E-cadherin on the L929 

fibroblasts, cells were processed and analyzed by fluorescent-activated cell 

sorting (FACS) (Becton Dickinson, Franklin Lakes, NJ).  Briefly, cells were 

washed twice with HBSS with 1mM CaCl2 and treated with trypsin/calcium 

(0.05%/2mM) and washed twice again with HBSS/CaCl2.  Cell identification was 

confirmed by staining with ECCD-1 rat anti-mouse E-cadherin (Zymed, San 

Fransisco, CA), 10 μg/ml, for 30 minutes on ice.  Cells were washed twice and 
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labeled with AlexaFluor goat anti rat IgG (H+L) 488 (Invitrogen, Carlsbad, CA) 

for 30 minutes on ice, 1:1000 dilution.  Finally, cells were washed three times 

with HBSS/CaCl2 and analyzed with CellQuest software (Becton Dickinson, 

Franklin Lakes, NJ). 

 

4.3.4 Molecular Characterization of Neural Stem Cells 

After a weeklong induction by co-culturing with L929 fibroblasts, hESCs 

were subcultured in NPM for 1 week and switched to NDM for 1 week, and then 

the cells were stained for neural family markers to determine the extent of 

differentiation.  Cultures were fixed with 4% paraformaldehyde in DPBS with 

Ca2+ and Mg2+ for 15 minutes at room temperature.  Cells were then rapidly 

washed three times with DPBS and permeabilized with SAP buffer (0.5% 

Saponin, 1% BSA, 0.1% Sodium Azide) (Sigma, St. Louis, MO) for 30 minutes at 

room temperature.  After washing once with DPBS, cells were blocked with 3% 

(w/v) bovine albumin serum (BSA) for 30 minutes at room temperature to 

reduce nonspecific antibody binding.  Subsequently, primary antibodies for 

neural identification were incubated overnight at 4°C.  The primary antibodies, 

diluted in SAP buffer are as follows: Nestin IgG1, 1:200 dilution (Millipore, 

Temecula, CA); beta-III-tubulin clone TUJ1 IgG2a, 1:500 dilution (Covance, 

Berkeley, CA); GFAP IgG2b, 1:100 dilution (Abcam, Cambridge, MA); O4 IgM, 

10 μg/mL (Millipore, Temecula, CA); Neurofilament IgG1, 1:200 dilution (Sigma, 

St. Louis, MO); NCAM IgG1, 1:50 dilution (Santa Cruz, Santa Cruz, CA); 
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Vimentin IgG1, 1:20 dilution (Abcam, Cambridge, MA); Oct4 IgG1, 0.01 mg/mL 

(Millipore, Temecula, CA); SSEA-4 IgG3, 1:200 dilution (Millipore, Temecula, 

CA).  Cells were washed three times with PBS and incubated with isotype 

matched secondary antibodies, 1:1000 dilution in SAP buffer for 1 hour at room 

temperature. The secondary antibodies are as follows: AlexaFluor 488 IgG1, 

AlexaFluor 488 IgG2a, AlexaFluor 594 IgG3, AlexaFluor 594 IgG2b, AlexaFluor 

594 IgM (Invitrogen, Carlsbad, CA).  Finally, the cells were washed four times in 

DPBS and visualized using the Leica TCS.SP2 confocal microscope system (Leica 

Microscope, Exton, PA). 

 

4.3.5 Confirmation of E-cadherin-Mediated Differentiation 

 L929 fibroblast induced H1 cells were functionally blocked with an E-

cadherin antibody to investigate whether E-cadherin mediates neural 

differentiation.  Briefly, L929 fibroblasts were seeded on gelatin coated plates and 

pre-blocked with 200 μg/mL rat anti-E-cadherin (mouse) ECCD-1 antibody 

(Invitrogen, Carlsbad, CA) or rat IgG2b isotype control antibody (R&D Systems, 

Minneapolis, MN) for 24 hours.  Cells were washed with DMEM-F12 to remove 

residual serum and undifferentiated H1 cells were mechanically passaged onto 

the E-cadherin blocked L929s in complete media.  Media was exchanged daily 

and E-cadherin blocking was supplemented on day 3.  Cells were fixed, stained 

and analyzed for neural differentiation on day 4.   
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 To analyze whether L929 conditioned media was sufficient to induce 

differentiation, transwell inserts were used to physically separate the L929s from 

the hESCs.  Briefly, L929 fibroblasts were seeded in 0.4 μm membrane transwell 

inserts (Costar, Corning, NY) at the same density as direct co-culture.  One day 

later, undifferentiated H1 colonies were mechanically passaged onto gelatin 

coated plates in complete H1 media.  L929 insert wells were introduced to the H1 

culture and allowed to grow for 1 week, with media exchanged daily.  The insert 

well was removed and H1s were fixed and stained or lysed for RT-PCR to 

evaluate the extent of differentiation. 
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4.4 Results  

4.4.1 Extracellular E-cadherin Expression of Variant Feeder Cells 

 L929 fibroblasts were evaluated for their E-cadherin expression and ability 

to support hESC growth compared to MEFs (Figure 4.7.1A).  Cell surface E-

cadherin staining shows that MEFs and L929- fibroblasts have very little 

cadherin while L929 fibroblasts have high surface levels of E-cadherin.  To 

confirm and quantify the visual E-cadherin expression, flow cytometry was 

utilized (Figure 4.7.1B).  E-cadherin-transfected L929+ fibroblasts had a high 

expression of E-cadherin compared to the control, L929- fibroblasts when 

comparing peak channel fluorescence.  Taken together, the E-cadherin 

transfected L929 fibroblast cell line expressed higher levels of E-cadherin than 

the non-transfected cultures. 

  

4.4.2 E-cadherin Rapidly Induces Differentiation of hESCs into Neural Stem 

Cells 

 H1 colonies were cultured on monolayers of L929 fibroblasts and allowed 

to differentiate for 1 week.  Cadherin-mediated neural induction (H1/L929+) 

begins as early as day 1 and is throughout the entire colony as early as day 4 

(Figure 4.7.2A).  Early differentiation markers were evaluated to determine the 
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lineage and level of specification (Figure 4.7.2B).  E-cadherin-transfected co-

cultures (H1/L929+) were positively stained with nestin and beta-III-tubulin, 

with little or no SSEA-4 present.  The control, non-cadherin co-cultures 

(H1/L929-) were negative for all neural markers, but remained positive for 

SSEA-4. The nestin and beta-III-tubulin positive cells in E-cadherin-transfected 

cultures also begin to attain an elongated morphology as they begin to 

neuronally differentiate.  Furthermore, the TUJ1-positive cells were 

counterstained with GFAP or O4 to determine that the hESCs were directed 

toward the neuronal lineage and not toward the glial or oligodendrocytic lineage 

(Figure 2C) at the one week induction phase.   

 

 To confirm that E-cadherin mediated neural induction, we evaluated a 

functional E-cadherin blocking antibody and physical separation of the co-

culture were evaluated (Figure 4.7.3).  Treatment of H1 cells grown on E-

cadherin-transfected and non-transfected fibroblast monolayers with anti-E-

cadherin, but not with isotype control antibodies, inhibited expression of nestin, 

an early neural stem cell marker, and TUJ1, a neuronal restricted marker, after 4 

days in culture.  The E-cadherin blocking antibody had no detectable effect on 

the H1 cells in co-culture with the L929 non-transfected cultures.  Additionally, 

to rule out a paracrine-inducing effect from the L929 fibroblasts, the L929s were 

sequestered from hESCs via an insert well culture.  Nestin and TUJ1 expression 

were evaluated and shown to be negative in the insert well cultures for both E-

cadherin-transfected and non-transfected fibroblasts.  Quantitative RT-PCR 
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analysis revealed that physical separation, via transwell inserts, reduced the 

amount of nestin and beta-III-tubulin in the E-cadherin-transfected cultures 

(Figure 4.7.3B).  Levels of neural and neuronal expression were comparable to 

those of non-transfected cultures, indicating that E-cadherin engagement is 

required for neural stem cell differentiation. 

 

4.4.3 hES-Derived Cells Express Neural and Neuronal Markers 

 Beyond using E-cadherin to promote the induction of neurally restricted 

precursors, we further differentiated the L929 induced hESCs with growth 

factors and then evaluated the cells for the expression of neural-specific markers 

using immunocytochemistry, qRT-PCR and morphology.  Cultures that had 

undergone L929 fibroblast induction were subcultured in NPM and then 

switched to NDM with each treatment extending for one week.   

 Quantitative RT-PCR analysis confirmed the expression of nestin and 

beta-III-tubulin genes throughout induction, expansion and differentiation 

phases (Figure 4.7.4).  All data represents fold changes from undifferentiated 

hESCs and are normalized to the housekeeping gene, beta-actin.  The E-cadherin 

induced cultures show a greater than 4-fold increase in nestin expression 

compared to non-transfected co-cultures at week 1 induction.  The nestin 

expression was further pronounced expansion phase (in NPM), but was down-

regulated during the differentiation phase (in NDM).  When compared to the 

neural progenitor cells (NPC), the E-cadherin-transfected co-cultures attained 
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levels of nestin and beta-III-tubulin that are equal or higher than the NPC.  In 

contrast, nestin expression did not vary in the non-transfected co-cultures, 

further confirming an important role of E-cadherin in neural stem cell induction.  

Beta-III-tubulin expression steadily increased during each phase in the cadherin-

induced cultures, indicating a progressive enhancement in neuronal 

differentiation.  In contrast, non-transfected cultures were unaltered in terms of 

beta-III-tubulin expression throughout differentiation.  Additionally, GFAP 

expression was evaluated throughout the E-cadherin inducing phases and 

remained unchanged, suggesting that E-cadherin promotes neuronal 

differentiation and not glial restriction (data not shown).  Furthermore, the 

morphology of each subculture was evaluated following the differentiation 

phase (Figure 4.7.5).  Cells subcultured from the E-cadherin-transfected 

fibroblasts attained an elongated, dendritic morphology, whereas the control 

subculture cells remained compact in morphology.  

 

Immunocytochemical analysis of neural and neuronal associated markers 

revealed that the E-cadherin-transfected hESC derived cultures had an 

expression profile that varied throughout the 3 week culture (Figure 4.7.6).  

Consistent with increasing differentiation, expression of the ESC marker, Oct4 

was not detected and expression of neural stem cell marker, nestin decreased 

over time.  Remarkably, Oct4 was already undetectable one week after induction 

and nestin expression persisted longer but was most lost after the differentiation 

stage. Cadherin induced hESCs were positive for vimentin, neurofilament and 
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NCAM.  The non-transfected fibroblast co-cultures were positive for Oct4, but 

negative for any neural family markers, indicating that the cells are not neurally 

restricted.  During the differentiation phase, the Oct4 expression did begin to 

decrease, but this was not associated with an increase any of the neural family 

markers.  
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4.5 Discussion  

In this study, we investigated the role of an alternative feeder cell type 

that rapidly induces neural differentiation based on E-cadherin presentation with 

no embryoid body formation or additional growth factor supplementation.  

Several protocols have employed EB formation as a way to induce neural 

differentiation of hESCs in the presence of serum, retinoic acid, and bFGF [71, 75, 

85, 184-186].  Typically, hESCs are mechanically or enzymatically removed from 

the mouse embryonic feeder layer and grown in suspension for 4-21 days with 

bFGF or retinoic acid to further encourage neural differentiation [71, 75, 85, 184-

186].  The use of enzymatic digestion via dispase has been proposed to yield a 

more pure population as cells that are not committed to the neural lineage do not 

respond very well to dispase treatment [75, 186].  Additionally, the use of retinoic 

acid may promote caudalization and or motoneuron generation, thus limiting the 

differentiation ability of the neural progenitors [75].  After the EB culture period, 

the EBs are plated onto adherent substrates and cultured with various growth 

factors to promote specific neural differentiation into neurons or glial cells [71, 

75, 85, 184-186].  In total, this process can take up to 21 days in order to generate 

neural precursors, neural progenitors, or terminally differentiated cells [71, 75, 

85, 184-186].  Besides the time-intensive process necessary to generate neural 

differentiation using this method, EB formation is uncontrolled and is based on 

spontaneous differentiation, which leads to a mixture of various cells from the 
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other germ layers that have been observed even after neuroectodermal isolation 

[187].  

The EB process yields a very heterogeneous population of cells that must 

be purified.  In order to reduce the contamination of cells from the mesodermal 

and endodermal lineages during culture of hESCs in suspension, a few protocols 

have employed defined neural induction media versus hESC growth media.  

Itsykson et al. cultured hESCs as aggregates in suspension with a defined neural 

induction media supplemented with bFGF [184].  However, in order to eliminate 

the cystic structure observed in EBs and to generate a more homogenous 

population of cells grown in suspension, cells aggregates were treated with 

noggin for 3-6 weeks.  The expression of mesodermal (muscle actin and smooth 

muscle actin) and endodermal (cytokeratin-8, CK-8) markers was essentially 

eliminated after 3 weeks and completely eliminated after 6 weeks in culture 

compared to traditionally cultured EBs and cell aggregates grown in their neural 

precursor media without noggin. Additionally, beta-III tubulin-positive cells 

only made up 37.3% of the population.  While this culture method did yield a 

more homogenous population of neural cells, the time it takes to yield such a 

population is time-consuming.  Also, in order to see the aforementioned effects 

of noggin, a high concentration (700 ng/ml) had to be used.  

 

Co-culture of hESCs with stormal (PA6, MS5 and S2) and embryonic 

astrocytes is another commonly used technique to induce neural differentiation 

of hESCs [74, 188-192].  The co-culture of hESCs and stromal cells has been 
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coupled with overexpression of Wnt1 or SHH in the stromal cells [74, 189], a 

cocktail of growth factors such as SHH, FGF8, and BDNF [74], GDNF [188], and 

noggin [191] to enhance or obtain better control on terminal differentiation of the 

derived neural precursors.  A shortcoming of stromal cell-induced neural 

differentiation is that typically co-culture requires anywhere from 3-4 weeks 

before significant neural induction is observed.  In addition to the lengthy neural 

induction time, the neural inducing affect of stromal cells, known as stromal-

derived inducing activity (SDIA), is still not very characterized.  One group 

narrowed the possible candidates to hepatocyte growth factor, vascular 

endothelial growth factor, and fibroblast growth factor 7 by using microarray 

analysis.  These growth factors had a higher fold expression in PA6 stromal cells 

compared to MEFs, with hepatocyte growth factor having the highest expression 

difference [192].  However, the growth factors alone or in combination were not 

able to induce dopaminergic differentiation.  Stromal cell co-culture appears to 

be restrictive in the type of cells the neural precursors terminally differentiate 

into as most of the aforementioned protocols yield dopaminergic neurons [74, 

188, 189, 191, 192].  Although there has been a report on the ability of hESC-PA6 

co-culture to yield peripheral sensory neurons and neural crest cells [190].   

 

Joannides et al. developed a scaleable and defined system for generating 

neural stem cells in a culture medium that only consisted of recombinant or 

human-derived products [193].  In this culture system, 16 days of culture were 

required for high levels of expression of nestin and Pax6 coupled with a loss of 
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Oct4 and SSEA-4.  Following 16 days in culture, the authors found a correlation 

between EB size and the degree of neurogenesis; the small EBs had uniform, 

compact structures and where highly neurogenic, whereas larger EBs were 

homogenous and were not very neurogenic.  While they were able to yield 

neural stem cells and culture them for long periods of time, the culture system is 

size dependent, which could be the case with all methods that make use of EBs, 

and makes use of expensive equipment and expensive culturing reagents.  

Another humanized culture system for neural differentiation of hESCs has also 

been reported, where the culture matrix is composed of various human-derived 

extracellular matrix proteins and with humanized TESR1 culture medium [194].  

The protocol yielded regional specific neural precursors following treatment 

with retinoic acid or bFGF after 7 days in culture as shown by nestin positive and 

Pax6 positive cells.  However, only 20% of the cells were positive for TUJ1 (beta-

III-tubulin clone) after 21 days in culture indicating more time was required to 

yield a large population of neuronal cells.    

Great efforts and successes have been achieved in developing protocols 

and determining and understanding how to manipulate hESCs to yield cells 

committed to the neural lineage.  However, a method that is quick, simple and 

defined is still lacking for the derivation of neural stem cells or neural 

progenitors from hESCs. 

 

Several studies have examined the effects of E-cadherin on the 

differentiated function of embryonic stem cells [102, 195, 196].  In our lab, we 
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have investigated how over-expressing E-cadherin in murine embryonic cells 

would affect hepatic differentiation in the presence of hepatotrophic growth 

factor stimulation [102], as well as co-culture with primary rat hepatocytes [196].  

These studies demonstrated the importance of cell-cell contact on differentiation 

of embryonic stem cells and confirmed that there is a cooperative affect of E-

cadherin based juxtacrine and paracrine interactions in hepatic differentiation 

[196].  The aforementioned studies suggest that E-cadherin can play an important 

role in the differentiation of embryonic stem cells. 

There has been evidence that E-cadherin is involved in neural induction 

during gastrulation [87].  Changing E-cadherin expression has been observed in 

differential adhesion and cell sorting to aggregate cells into distinct groups 

during early development [88].  Separation and integration into developing 

tissue has been examined in the neural tube, neural crest and neurectoderm [89-

93].  Choi et al. identified E-cadherin to be localized on the cell membrane of the 

ectoderm, which was further investigated by Angres et al. [94, 95].  These early 

experiments provided a basis for the design of E-cadherin-mediated neural 

induction that we further investigated in hESC differentiation.   

 

The mechanism of cadherin-mediated differentiation is likely responsible 

for the non-linear response we found in our experiments.  Low levels of cadherin 

elicited undetectable neural differentiation, whereas cadherin-transfected 

fibroblasts caused neural and neuronal differentiation.  We hypothesize that 

there is a threshold for activation by cadherins on the differentiation of hESCs.  
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The formation of cadherin complexes has been studied to determine the 

mechanism of cadherin signaling [32, 197, 198] that may be directly related to 

cellular responsiveness [38, 199].  Based on the modulation hypothesis [200], 

local surface levels of cell adhesion molecules, as presented by L929 fibroblasts in 

our system, may play a role in nervous system development [201].  Changes in E-

cadherin concentration presented to the hESCs cause large changes in 

differentiation, supporting the idea that cell adhesion molecules separate and 

integrated during development.  

Cadherins mediate cell-cell adhesion through progressive oligomerization 

between cadherin dimers across two approaching cell membrane surfaces.  In 

mature mammalian cells, cadherin binding causes intracellular signaling 

primarily via the Wnt pathway.  Conversely, suppression of cadherin expression 

and binding promotes catenin-based regulation of growth or proliferation genes 

such as c-myc and cyclin D1 [36, 37].  Thus, the presentation of cell-based 

cadherin acts as a molecular switch from growth to tissue-specific differentiation 

pathways.  Furthermore, by using E-cadherin to rapidly induce neural stem cell 

differentiation, we are able to make strides in completely humanizing hESC 

culture systems.  Future experiments will examine the possibility of displaying 

acellular cadherin fragments from artificial three-dimension substrates to trigger 

the same effect. [202].  

 

In conclusion, this research provides a strategy for rapid neural 

differentiation of hESCs using the presentation of a cell adhesion ligand, E-
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cadherin.  Culture conditions are identical to the traditional hES cultures with the 

exception of exchanging E-cadherin-transfected cells (L929 fibroblasts) in lieu of 

mouse embryonic fibroblasts.  The novelty of the research lies in the presentation 

of E-cadherin to the hESC cultures via an alternative feeder cell type. The genetic, 

morphological, and expression profiles confirm that E-cadherin induces 

neuronally restricted cells.  Specifically, through the incorporation of E-cadherin, 

we are able to induce neuronal restricted precursor differentiation, determined 

by nestin-, NCAM-, vimentin-, neurofilament-, and beta-III-tubulin-positive cells.  

Insights gleaned from this study could be potentially useful for priming 

strategies of transplantable hESCs such that cues within a spinal cord injury can 

augment neuronal differentiation in situ.   
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4.7 Figures and Captions 

 

 

Figure 4.7.1: Characterization of E-cadherin variant L929 fibroblasts 

L929 fibroblasts were evaluated for their E-cadherin expression and compared to 

traditional MEFs.  A) Immunofluorescence for extracellular E-cadherin 

expression revealed that L929- fibroblasts had very little E-cadherin on the 

surface, similar to MEFs.  L929+ fibroblasts had high expression of E-cadherin.  

B) Flow cytometry of the L929 fibroblasts confirm that cadherin-deficient, L929- 

fibroblasts (green) lack E-cadherin expression and that cadherin-presenting, 

L929+ fibroblasts (purple) have high levels of E-cadherin.  Abbreviation: MEF, 

mouse embryonic fibroblast. 
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Figure 4.7.2: E-cadherin rapidly induces neural and neuronal differentiation 

hESCs were evaluated for A) neural (nestin) and neuronal (beta-III-tubulin), B) 

glial (GFAP) and oligodendrocyte (O4) expression after 1 week in culture with 

cadherin-presenting (L929+) or cadherin deficient (L929-) fibroblasts.  Nestin 

(green) and beta-III-tubulin (green) expression was evident on the H1/L929+ 

cultures and negative in the H1/L929- cultures.  SSEA-4 (red) expression was 

only detected on the cadherin-deficient cultures.  Furthermore, cells stained 

positive for beta-III-tubulin TUJ1 clone (green) were negative for glial GFAP 

(red) and oligodendrocyte O4 (red) expression indicating that E-cadherin rapidly 

induces neuronally restricted progenitor cells.  Abbreviations: GFAP, glial 
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fibrillary acidic protein; O4, oligodendrocyte marker; SSEA-4, stage-specific 

embryonic antigen-4. 
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Figure 4.7.3: E-cadherin engagement required for neural differentiation 

hESCS were evaluated for neural differentiation when E-cadherin engagement 

was disrupted.  A) H1s were stained with nestin (green) and TUJ1 (red) to 

determine the extent of neural differentiation when cells were physically 

removed from the fibroblasts via insert wells (first column), functionally blocked 

with E-cadherin antibody (second column), blocked with isotype control 

antibody (third column), or left untreated (forth column).  Cultures that impeded 

direct E-cadherin cell-cell contact were negative for nestin/TUJ1.  B) Insert well 

cultures were quantitatively evaluated with RT-PCR to further confirm that 

interrupting E-cadherin engagement results in nestin and beta-III-tubulin levels 

similar to cadherin-deficient cultures.  Levels of mRNA expression were 

 
 



117 

 

normalized to beta-actin and fold change was determined from undifferentiated 

H1 cells (* denotes p<0.05.) 
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Figure 4.7.4: Progressive alteration of hESC neural differentiation in three 

phases 

Cadherin-presenting (L929+) and cadherin deficient (L929-) induced H1 cells 

were compared to neural restricted progenitor cells (NPC) [181].  Each phase 
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(induction, expansion and differentiation) was evaluated for nestin and beta-III-

tubulin expression.  Levels of mRNA expression were normalized to beta-actin 

and fold change was determined from undifferentiated cells.  In all phases, 

L929+ cultures achieved greater levels of differentiation compared to NPCs 

while L929- cultures were unaffected.  (* denotes p<0.05, § denotes p<0.01.) 

 
 



120 

 

  

 

Figure 4.7.5: Morphology of neuronally derived hESCs following growth 

factor stimulation 

Morphology of cultures was evaluated following L929 induction, NPM 

expansion and NDM differentiation phases.  Cells that were subcultured from 

cadherin deficient fibroblasts retained a compact, densely packed morphology, 

whereas cells from cadherin-presenting fibroblasts resulted in elongated, 

dendritic morphology, indicative of neurons. 
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Figure 4.7.6: Immunocytostaining of neural family markers 

Various markers to evaluate the extent of neural differentiation were evaluated 

during all three phases.  Oct4 expression was not detected in L929+ cultures, but 

L929- cultures showed Oct4 expression detectable in the first 2 phases, but 

waning in the differentiation phase.  Nestin expression declines over time in the 

L929+ cultures and is associated with positive vimentin, neurofilament and 

neural cell adhesion molecule (NCAM) expression throughout differentiation 

indicating that E-cadherin induction results in neural differentiation of hESCs.  

All neural markers are negative in the L929- cultures regardless of the phase.   
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CHAPTER 5  

RESEARCH SUMMARY AND FUTURE DIRECTIONS 

 

5.1 Research Summary 

This thesis focused on studies of molecular and microscale cues to 

differentiate embryonic stem cells.  The molecular cues involved in the directed 

differentiation of human and mouse embryonic cells into different lineages 

remains to be elucidated, though interactions between cells are critical to the 

maintenance of cell function in culture [202].  As a result, innovative culture 

systems have become more widely employed to explore the effects of spatial 

growth, spatial contact inhibition, transport phenomena, and cell–cell 

communication.  Here, we examined three approaches to induce directed 

differentiation of ES cells.  First, we investigated the effects of co-cultured 

hepatocytes to induce hepatospecific differentiation of mouse ES cells that were 

genetically engineered to present E-cadherin.  Secondly, we created an efficient 

growth factor process to directly differentiate hESCs into hepatic-like cells that 

bypasses embryoid body development.  Lastly, we discovered a novel strategy to 

differentiate hESCs into neural stem cells that can be further differentiated into 

neuronal restricted cells by presenting E-cadherin to the surface. 

A primary conclusion of this work is that E-cadherin can be used as a 

basis to engineer cellular differentiation into hepatic and neural lineages, when 
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combined with growth factor stimulation.  The role of E-cadherin expression was 

shown to be an effective tool to induce hepatotrophic differentiation when 

combining paracrine and juxtacrine interactions with primary hepatocytes.  

Direct cell-cell contact, mediated through E-cadherin engagement, drives 

differentiated cell phenotype and functional cell abilities.  The factors that 

promote directed differentiation are growth factor priming of stem cells, 

cadherin presentation and microscale cues.   

We chose to switch from the mouse ES system to human ES system and 

decouple the E-cadherin/growth factor stimulation effects.  First, we determined 

the optimal growth factor stimulation needed to induce hepatotrophic 

differentiation of hESCs.  We were able to bypass the EB process and 

incorporated identical mouse ES growth factor stimulation (DOH) with the 

addition of activin A pre-treatment. The hESC-derived hepatocyte-like cells 

resulting from optimal growth factor combinations (A0-4DOH) exhibit 

characteristic hepatocyte morphology, express hepatocyte markers and possess 

hepatospecific functional activity.  Secondly, we investigated the effect of E-

cadherin on hESC differentiation.  To our surprise, we were able to rapidly and 

efficiently differentiate hESCs into neural stem cells by presenting 

undifferentiated hESCs with E-cadherin via E-cadherin expressing fibroblasts.  

Furthermore, these cells are able to achieve neuronal differentiation with the 

addition of exogenous growth factors.   
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5.2 Future Directions 

5.2.1 Three-dimensional systems  

The future of stem cell engineering will lie in multi-dimensional systems 

that can present all of the necessary cues to induce differentiation.  There has 

been recent evidence of the success of three-dimensional systems for ES cell 

proliferation and differentiation.  Studies using mouse ES cells have 

demonstrated an up-regulation of gene expression involved in hematopoietic 

differentiation in a three-dimensional culture system compared to a traditional 

two-dimensional culture system.  Furthermore, cells grown in a three-

dimensional system displayed increased cell adhesion and ECM production 

[203].  Other groups have also been able to optimize conditions for neuronal 

differentiation using embryoid bodies embedded in a fibrin scaffold [204].  

While mouse models have been employed for investigating differentiation 

into numerous lineages including adipocytes [205], neurons and astrocytes [204], 

and hepatocytes [206], few attempts have been made to create three-dimensional 

culture systems for hESCs, indicating a need to draw parallels between the two 

systems. Numerous scaffolds have been characterized to find a potential 

biocompatible scaffold that would support hESC survival, proliferation and 

differentiation.  Various chemical compositions have been explored to optimize a 

polymer scaffold surface chemistry that would allow for effective integration and 

survival of hESCs [207].  Additionally, protein-derived meshes or scaffolds have 
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been developed to support mesenchymal stem cell (MSC) adhesion, growth, and 

differentiation [208].  

5.2.2 External Cues 

In order to control and regulate the differentiation of ES cells, several 

external cues are required such as growth factors, transcription factors, as well as 

cell adhesion molecules [209-212].  Additionally, the mechanical properties of the 

growth substrate will also have an impact on cellular behavior [213].  The control 

and regulation of cellular adhesion, growth and cellular function can be 

modulated significantly by presenting and controlling the biological signals at 

the nanoscale level [214-216].  Building upon the result that E-cadherin can 

induce neural differentiation of hESCs, it would be necessary to present acellular 

E-cadherin to the surface of feeder free H9 hESCs, either through conjugation to 

nanoparticles or microbeads.  It is unlikely that E-cadherin alone would be 

sufficient to induce neuronal differentiation; therefore, it is necessary to 

determine the exact components the L929 fibroblasts contribute to the 

microenvironment.  Also, cadherin clustering may be a way to further augment 

the differentiation process associated with cell signaling pathways.   

Exogenous growth factor supplementation was heavily used in this work, 

but the list is not exhausted.  We chose to use growth factors that were optimal 

for mouse hepatic differentiation to determine if there were parallels to the hESC 

system.  We only chose to investigate the addition of 2 growth factors, but other 

signals associated with the Wnt/beta-catenin pathway, such as Activin/Nodal 
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and BMP, will likely play a role in differentiation.  These signals should be 

exploited with pulsing techniques to determine the optimal growth factor regime 

to induce differentiation. 

The degree of cell-substrate interactions and cell-cell contact establishment 

may cooperatively influence the differentiation of progressive cell generations in 

ES cultures.  The combined techniques that allow cooperative interactions 

between ECM molecules, growth factor stimulation, cell-cell and cell-surface 

interactions in a three dimensional culture system will create a system where the 

selection of particular ECM molecules and growth factors can trigger a given 

differentiation pathway.  This will be dependent on the cell type desired and in 

system that resembles a three dimensional native ECM more so than a 2D culture 

system.  Finally, this system could provide a flexible platform that can be used in 

the differentiation of multiple cell lineages using temporal and spatial 

matrix/growth factor interactions.  The hESCs, once differentiated and 

integrated within the microscale scaffolds, may be used as a differentiated tissue-

equivalent for future implantation or pharmacologic analysis.   
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