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ABSTRACT OF THE DISSERTATION 

 

Junction Adhesion Molecule Expression Influences  
Hematopoietic and Endothelial Commitment  

of Murine Embryonic Stem Cells  
 

 

by 

 

Basha Lorraine Stankovich 

 

Doctor of Philosophy in Quantitative Systems Biology 

 

University of California, Merced, 2009 

 

Assistant Professor Jennifer Manilay, Chair 

 

  

Mouse embryonic stem cells (ESC) collect information from their environment 

and make cell fate decisions based on intrinsic and extrinsic factors.  The 

decision of ESC to differentiate to multiple lineages in vitro occurs during the 

formation of embryoid bodies (EB).  EB formation and ESC fate decisions within 

EB are influenced by cell-environment interactions.  However, the molecular 
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mechanisms underlying cell-environmental modulation of ESC fate decisions are 

incompletely understood.  Since adhesion molecules (AM) influence proliferation 

and differentiation in developing and adult tissues, we hypothesized that specific 

AM interactions may guide ESC commitment toward hematopoietic and 

endothelial lineages.  To test this hypothesis, we established that AM in the 

adherens, tight and gap junction pathways are differentially expressed during 

early stages of hematopoietic commitment.  E-cadherin (E-cad), Claudin-4 

(Cldn4), Connexin-43 (Cx43), Zona Occludens-1 (ZO-1) and Zona Occludens-2 

(ZO-2) transcript levels were quantified during the commitment process leading 

to identification of novel markers delineating early hematopoietic and endothelial 

stages.  The functional and phenotypic consequences of modulating AM 

expression were assessed using hematopoietic colony forming assays, 

endothelial sprouting assays, and surface protein expression in stable ESC lines 

with constitutively reduced levels of E-cad, Cldn4, Cx43, ZO-1 and ZO-2.  

Reduced expression of E-cad, Cx43, Cldn4 and ZO-1 decreased hematopoietic 

commitment and increased endothelial differentiation approximately 2 fold.  

Reduction of ZO-1 decreased hematopoiesis approximately 2 fold with minimal 

influence on endothelial differentiation.  These data indicate that a subset of AM 

influence ESC decisions to commit to endothelial and hematopoietic lineages 

and suggest that modulation of AM interactions be considered in strategies to 

guide ESC differentiation for transplantation therapy. 
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Chapter 1:  Introduction 

1.1. Embryonic stem cells are potential candidates in regenerative 

medicine. 

Embryonic stem cells (ESC) have the potential to differentiate into multiple cell 

lineages in an organism providing intriguing opportunities for tissue regeneration 

and transplantation therapy.  Stem cells from multiple sources are used for 

transplantation therapy and tissue regeneration1, 2.  For example, endothelial 

progenitor cells (EPC) are used to treat tissue ischemia, repair blood vessels and 

relieve pulmonary hypertension in diabetes, vascular and kidney diseases3.  

Hematopoietic stem cells (HSC) have been used to treat blood disorders, 

leukemia and influence immunological tolerance in Graft Versus Host Disease4.  

Unfortunately, it is difficult to obtain sufficient quantities of EPC or HSC for 

therapy by in vitro expansion of these populations2, 3.  ESC are capable of 

indefinite self-renewal and under appropriate culture conditions may offer a 

potentially infinite supply of progenitors.  However, the ability to reliably guide 

ESC toward the hematopoietic or endothelial lineages is complicated by a lack of 

understanding of key regulatory signals/pathways involved in their proliferation 

and differentiation decisions.  Increased understanding of the factors that guide 

the early stages of ESC commitment decisions towards hematopoiesis and 

endothelial lineages is an important step in developing strategies to direct 

differentiation.   
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1.2. Hematopoietic and endothelial lineages can be derived from embryonic 

stem cells. 

Transitional stages of differentiation, driven by changes in gene expression, are 

characteristic of ESC commitment.  Hematopoietic and endothelial differentiation 

of ESC in vitro can be accomplished either by inducing embryoid body (EB) 

formation in liquid culture or methylcellulose5, 6 and/or by propagation of ESC in 

lineage-specific cytokine/growth factor-rich medium designed to promote 

differentiation7.  In the absence of lineage-specific cytokines, ESC differentiate to 

multiple lineages in an undirected manner.  As developing EB potentially give 

rise to multiple embryonic tissues, representing 3 germ layers8, elucidation of the 

mechanisms underlying generation of homogeneous populations of cells require 

knowledge of molecular markers, that could be used as subpopulation 

discriminants.  As ESC differentiate into hematopoietic and endothelial cells in 

EB, they undergo transitional stages which can be tracked using intracellular and 

extracellular markers9, 10 (Figure 1).  Endothelial and hematopoietic progenitors 

initially derive from mesoderm lineages11-13, expressing the transcription factor 

(TF), Brachyury (Bry).  During gastrulation, Bry is expressed in a population of 

cells destined to migrate away from the primitive streak to form axial and paraxial 

mesoderm, such as somites and the notochord14, or hematopoietic and 

endothelial progenitors destined for the yolk sac15.  Deficiency in Bry expression 

results in an inability to migrate or commit to mesoderm lineages in cells14, 16.  

Since endothelial and hematopoietic progenitors are mesoderm in origin, 

progression through a Bry+ stage is necessary for commitment to these lineages.  
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Genetically engineered ESC, expressing green fluorescent protein (GFP) under 

transcriptional control of the Bry promoter, permit enrichment of mesoderm cells 

from the remaining EB population for analysis of intracellular and extracellular 

events during mesoderm formation.   

 

As hematopoietic and endothelial differentiation progresses, a subset of 

mesoderm cells express Vascular Endothelial Growth Factor Receptor-2 

(VEGFR2; Flk-1), a receptor tyrosine kinase, expressed in many hematopoietic 

and endothelial progenitors17, 18.  Upon binding its ligand, Vascular Endothelial 

Growth Factor (VEGF), Flk-1 induces expression of genes associated with 

vasculogenesis, the initial formation of vasculature19.  Flk-1 is the earliest 

extracellular marker of endothelial cells and is expressed on progenitors prior to 

divergence between hematopoietic and endothelial lineages17-19.  Thus, Flk-1 

expression represents an early stage of ESC differentiation to progenitors that 

can differentiate to hematopoietic or endothelial lineages. 

 

Divergence of hematopoietic and endothelial differentiation in Flk-1+ 

subpopulations occurs in a subset of cells expressing the TF, Stem Cell 

Leukemia (Scl), which is required specifically for hematopoietic commitment15, 20-

22.  Scl expression represents increasing commitment of ESC derived progenitors 

to intermediate stages of hematopoiesis.  Scl is expressed downstream of Flk-1, 

as evidenced by rescue of hematopoiesis in Flk-/- mutants23, and interacts with 

hematopoietic proteins, GATA-1, -2 and -3, which regulate erythroid, mast and 
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megakaryocyte differentiation24.  Although Scl is expressed at low levels in 

endothelial cells, it is not necessary for their differentiation or survival25.  

Genetically engineered ESC expressing β-galactosidase (LacZ) under control of 

the Scl promoter26 can be used to isolate cells undergoing intermediate 

hematopoietic differentiation from developing EB. 

 

While TF drive gene expression that influences phenotype, extracellular signaling 

molecules present in the microenvironment, either as soluble ligands or 

molecules modulating cell-cell or cell-matrix interactions, are extrinsic factors that 

contribute to guiding cell fate decisions in complex tissue environments27, 28.  

Understanding the contributions of extracellular signaling molecules to ESC 

lineage specification is important to develop strategies to direct cells for 

regenerative therapies, as well as to understand what determines the decision to 

commit between the developmentally linked lineages, hematopoietic and 

endothelial. 

 

1.3. Junction adhesion molecules influence cell fate decisions. 

Junction proteins comprise one family of adhesion molecules (AM) that are 

known to be expressed in ESC, but there is limited information about their 

functional role in influencing cell fate decisions during EB development.  Junction 

proteins form cell-cell or cell-matrix junctions such as gap junctions, tight 

junctions and adherens junctions.  Binding of these junction proteins results in 
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activation of intracellular signaling pathways associated with cell proliferation and 

differentiation29-32. 

 

Gap junctions allow small molecules such as inorganic salts and metabolites (<1 

kDa) to pass between cells through the cytosol29, 33 (Figure 2).  They are 

channels composed of 6 membrane proteins (connexins) that form 

hemichannels, which interact with hemichannels on adjacent cells to form 

functional gap junctions.  To date, 21 different connexins have been identified 

whose presence is correlated with cell proliferation, differentiation and 

apoptosis29, 33, 34.  Recently, human and murine ESC have been reported to form 

functional gap junctions when ESC are maintained in an undifferentiated state. 

These gap junctions  are down-regulated as ESC differentiate29, 34.  Closure of 

gap junctions with an inhibitor increases apoptosis and results in human ESC 

differentiation29.  Additionally, a mutant form of Connexin-43 (Cx43) results in 

decreased cell proliferation in cell lines. These studies indicate a strong 

correlation between gap junction intercellular communication and proliferation 

and differentiation of multiple cell types, including ESC. 

 

Tight junctions are interactions between cells that not only contribute to a 

permeability barrier, but also activate intracellular signaling responses that 

suppress cellular proliferation35, 36.  Tight junctions are commonly found in 

epithelial and endothelial cells and are comprised of Claudins, Occludins or 

Junction Adhesion Molecules (JAMs).  Claudins are approximately 23 kDa 
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proteins that contain 4 transmembrane domains with both the amino and carboxy 

ends in the cytosol35.  The intracellular domain interacts with the adaptor 

proteins, Zona Occludens-1, and -2 (ZO-1 and -2) (Figure 2).  ZO proteins are 

believed to regulate expression of genes associated with proliferation36 and 

differentiation35 by isolation of transcription factors.  When ZO-1 and ZO-2 are 

free from binding of membrane proteins, they enter the nucleus of proliferating 

cells.  In the nucleus they bind with TF which regulate cell proliferation36.  

Interestingly, physical disruption of ZO-1 patterning in human ESC has been 

reported to increase vasculogenesis in EB37.  Although, the influence of tight 

junction molecule expression on murine ESC differentiation is not available, 

these proteins are known to affect cell proliferation in a density dependent 

manner.  Expression profiling data show that Claudin-4 (Cldn4), Claudin-6 

(Cldn6) and Claudin-7 (Cldn7) are up-regulated during EB development38 and 

Cldn6 expression is up-regulated specifically during early epithelial differentiation 

of murine ESC30.  However, in depth analysis of their role in hematopoietic and 

endothelial differentiation of ESC has not been performed.   

 

The role of adherens junction molecules, cadherins and β-catenin, has been 

analyzed in cell differentiation for multiple cell types28, 32, 39.  These molecules are 

involved in a cascade of events that impact cell proliferation and differentiation40.  

Cadherins are single pass transmembrane proteins that form adherens junctions, 

homophilic dimers which indirectly link the cytoskeletons of adjacent cells41 

(Figure 2).  Loss of cell adhesion, due to a decrease in cadherin binding, results 
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in release of β-catenin from the intracellular binding region of the cadherin 

protein.  Unbound β-catenin is usually quickly degraded in the cytoplasm of the 

cell.  When an excess of β-catenin is allowed to accumulate in the cytosol, it 

enters the nucleus and interacts with the TF LEF/TCF 31, 40, which regulates the 

expression of genes responsible for proliferation and differentiation.  Additionally, 

the type of cadherin expressed on a cell seems to have a developmental role, 

since they appear and disappear concisely with developmental events41.  Some 

cadherins are also capable of intracellular signaling, specifically VE-cadherin 

which acts as a co-receptor with Flk-1 for VEGF binding41.  The importance of 

Flk-1 and VEGF in early hematopoietic and endothelial events has been alluded 

to previously.  The activity of cadherins with Flk-1 and VEGF in the adherens 

junction pathway suggests a potential role of AM in embryonic development of 

hematopoietic and endothelial commitment.  Understanding the role of selected 

AM in hematopoietic and endothelial commitment decisions of ESC is the subject 

of this dissertation. 

 

Intracellular signaling components of AM simultaneously participate in the 

adherens, gap and tight junction pathways (Figure 2).  Junction associated 

protein, ZO-1, interacts with components of adherens, gap and tight junctions 

and is expressed in both murine ESC42 and endothelial cells.  ZO-1 binds 

claudins and ZO-243 (tight junctions) as well as connexins44 (gap junctions) and 

α-catenin43 (adherens junctions).  ZO-1 interacts directly with the transcription 

factor, ZO-1 associated Nucleic Acid Binding protein (ZONAB), which activates 
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cell proliferation43.  ZONAB is isolated at the plasma membrane43, 45 when ZO-1 

interacts with transmembrane proteins such as claudins and connexins.  This 

spatial segregation of transcription factors prevents initiation of transcription of 

genes associated with cell growth and differentiation.  Additionally, ZO-1 interacts 

with α-catenin, preventing association with β-catenin and allowing the 

accumulation of free β-catenin for translocation into the nucleus and activation of 

genes associated with cell differentiation, as alluded to previously.  The cross-

talk between multiple junction molecule pathways suggests extracellular 

interactions activate common intracellular responses.  These intracellular 

responses potentially regulate precise cell fate decisions.   

 

1.4. Objective of study. 

While junction proteins are expressed during EB development46, their role in 

hematopoietic and endothelial commitment decisions of ESC is not well 

established.  We hypothesized that AM, and/or their downstream effector 

molecules, that are differentially expressed prior to or during hematopoietic and 

endothelial specification will influence ESC commitment decisions.  AM for 

profiling were selected based on literature reports of their expression in murine 

ESC.  Six targets were shown to be expressed in undifferentiated murine ESC by 

microarray and RT-PCR47, seven AM were chosen from a proteomic analysis of 

ESC using mass-spectrometry42, and twenty-five AM were differentially 

expressed by microarray analysis between undifferentiated ESC and day 3 EB38. 
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In this study, we quantified AM expression during EB formation and lineage 

commitment in the absence of exogenous lineage-specific cytokines and 

assessed the phenotypic and functional consequences of modulating levels of 

selected AM.  Early hematopoietic and endothelial differentiation is accompanied 

by expression of Flk-1.  Divergence of hematopoietic and endothelial lineages, 

reflected in Scl expression in the hematopoietic lineage, represents intermediate 

commitment to one of these lineages (Figure 1).   Subpopulations that have 

committed to hematopoiesis are characterized by expression of Runx1, Gata1 

and Scl48-50, TF associated with adult hematopoiesis, while expression of 

receptors Tie1 and Tie2 are associated with endothelial commitment6.  

Phenotypic expression of CD45, an extracellular marker expressed on the 

surface of most hematopoietic cells8, and functional assays, myeloid colony 

forming7 and endothelial sprouting assays51,  indicate complete commitment to 

later hematopoietic or endothelial stages.  We compared transcript expression 

profiles of a panel of AM genes following LIF withdrawal with those differentially  

expressed during EB formation38, 42, 47.  During early hematopoietic and 

endothelial commitment, differentially expressed AM include E-Cadherin (E-cad), 

Cldn4, Cx43, ZO-1 and ZO-2.  These data are the first to demonstrate 

involvement of these junction pathways in early hematopoietic and endothelial 

differentiation of ESC. The extent to which these adhesion proteins modulate 

ESC fate commitment was analyzed using RNAi technology coupled with 

functional assays.  Our data are the first to demonstrate that modulation of AM 

expression in ESC perturbs hematopoietic and endothelial differentiation of ESC.  
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Furthermore, we show that differentially expressed AM may be useful to further 

discriminate phenotypes of transitional stages of early hematopoietic and 

endothelial differentiation. 
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Figure 1.  Early hematopoietic and endothelial stages of differentiation are 

identified using intracellular and extracellular markers. A) ESC undergoing 

mesoderm commitment express the transcription factor Bry.  As mesoderm cells 

become committed to early hematopoietic and endothelial progenitors, the cell 

surface receptor, Flk-1, is expressed.  Scl is a transcription factor expressed as 

cells commit specifically to the hematopoietic lineage.   
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Figure 2. Junction molecules interact across multiple pathways.  Cross-talk 

between gap, tight and adherens junction pathways occur through intracellular 

components, such as ZO-1.  Association of ZO-1 with claudins (tight junctions) 

isolate transcription factors, such as ZONAB, from translocation into the nucleus 

where regulation of genes associated with cell growth and differentiation occurs.  

ZO-1 has binding domains for ZO-2, Claudins (tight junctions), Connexins (gap 

junctions) and α-catenin (adherens junction).  Interaction with α-catenin prevents 

assembly of cadherin/catenin complex, allowing intracellular accumulation of β-

catenin, which translocates across the nuclear membrane to modulate 

expression of genes regulating cell growth and differentiation.

13 
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Chapter 2:  Materials and Methods 

ESC Maintenance and EB Formation 

Murine ESC lines D3-ESC52, Bry-GFP9 and Scl-LacZ26 were cultured as 

described53.  Briefly, ESC were maintained on 2.5 x 105 mitomycin C treated 

STO murine embryonic fibroblast cells per 35 mm dish (ATCC, Manassas, VA) 

with ESC medium: Dulbecco’s modified Eagle’s medium (DMEM; Mediatech, 

Herndon, VA) supplemented with 15% fetal bovine serum (FBS; Gemini 

BioProducts, West Sacramento, CA), 0.15 mM monothioglycerol (MTG; Sigma, 

St. Louis, MO) and 1000 U/mL Leukemia Inhibitory Factor (LIF; ESGRO, 

Chemicon, Temecula, CA).  ESC medium was exchanged daily during 

maintenance and pre-differentiation.  ESC were passaged every 2 days 

incubating with 0.25% Trypsin/2.21 mM EDTA (Mediatech, Herndon, VA) for 3 

minutes at room temperature and triturated to a single cell suspension.  ESC 

were maintained at a concentration of 5 x 105 - 1 x 106 cells/35mm dish and pre-

differentiated for 48 hours on gelatin coated dishes in Iscove’s modified 

Dulbecco’s medium (IMDM; HyClone, Logan, UT) supplemented with 15% FBS, 

0.15 mM MTG and 1000 U/mL LIF.  EB were induced by culturing pre-

differentiated ESCs (2000-8000 cells/mL) in 1% methylcellulose (Sigma, St. 

Louis, MO) in IMDM supplemented with 15% FBS, 2 mM L-glutamine 

(Mediatech, Herndon, VA), 450 μM MTG, 200 μg/mL transferrin (Sigma, St. 

Louis, MO) and 50 μM ascorbic acid (Sigma, St. Louis, MO) for 4 to 14 days at 

37οC, 5% CO2.  EB were supplemented with freshly prepared EB media at days 

4, 8 and 12 of differentiation.  
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RNA Extraction and cDNA Synthesis 

RNA was extracted from cells at times indicated using Tri Reagent (Molecular 

Research Center, Cincinnati, OH) according to manufacturer’s 

recommendations.  Briefly, cells were dissolved in Tri Reagent and stored at -

80οC.  Samples were incubated with chloroform (Sigma, St. Louis, MO) and 

centrifuged to separate organic and aqueous phases.  RNA, located in the 

aqueous phase, was precipitated with isopropanol (Sigma, St. Louis, MO) and 

centrifugation.  RNA pellet was washed with 75% ethanol (Fisher, Pittsburgh, PA) 

and resuspended in molecular biology grade water (Hyclone, Logan, UT).  cDNA 

was synthesized using M-MLV reverse transcriptase (Fisher, Pittsburgh, PA) and 

random hexamers (Fisher, Pittsburgh, PA) for priming.  Reverse transcription 

was completed by incubation at 25οC for 10 minutes followed by incubation at 

37οC for 60 minutes.  The enzyme was heat inactivated at 70οC for 10 minutes. 

 

Quantitative PCR 

Quantitative PCR (qPCR) was performed using Brilliant SYBR Green qPCR 

Master Mix (Stratagene, La Jolla, CA) on a MX3000P qPCR System (Stratagene, 

La Jolla, CA) under the following parameters:  95οC for 10 minutes; 45 cycles of 

95οC for 30 seconds, 55οC for 30 seconds and 72οC for 30 seconds.  The 

dissociation curve was analyzed at 95οC for 1 minute followed by 55οC for 30 

seconds and ramping to 95οC.  Relative quantification was determined with ∆∆Ct 
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analysis using GAPDH and untreated sample expression levels.  Primers were 

designed to encompass multiple exons when possible to prevent interference 

from genomic DNA (Table 1).  

 

shRNA Expression Vector Construction and Transfection 

Five siRNA sequences were designed for each target (E-cad, Cldn4, Cx43, ZO-1 

and ZO-2) using siDesign Center (Dharmacon; 

(http://www.dharmacon.com/sidesign/ default.aspx) (Table 3) based on GenBank 

mRNA sequences.  Sense and antisense siRNA sequences were converted to 

shRNA cassettes as reported54.  Briefly, sense and antisense oligos were 

annealed by incubating at 95οC for 5 minutes and immediately transferred to 

70οC water bath for 10 minutes.  Water bath heat was turned off and oligos 

annealed overnight in water bath.  The entry vector, pEN-mH1c (ATCC; 

Manassas, VA), was prepared by digestion with BamHI and XhoI overnight and 

gel purified with Qiaquick Gel extraction columns (Qiagen, Valencia, CA).  

shRNA cassettes were ligated to pEN-mH1c and transformed in One Shot Top10 

chemically competent cells (Qiagen, Valencia, CA).  shRNA clones were 

transfected into D3-ESC with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) 

according to manufacturer’s recommendations.  Briefly, 0.8 μg plasmid DNA was 

diluted in 50 μl OptiMEM (Invitrogen, Carlsbad, CA) and 2 μl Lipofectamine 2000 

was diluted in 50 μl OptiMEM.  Lipofectamine reagent was incubated at room 

temperature for 5 minutes before mixing with DNA dilution.  Lipofectamine:DNA 
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mixture was incubated for 20 minutes at room temperature to allow complexes to 

form.  Lipofectamine:DNA mixture was added to 2 x 105 D3-ESC plated on 0.1% 

gelatin coated plates in ESC medium.  Cells were incubated at 37οC, 5% CO2 

overnight before medium was exchanged with fresh ESC medium. 

 

Lentiviral Preparation and Transduction 

pEN-mH1c-shRNA constructs with greatest silencing ability were subcloned into 

pDSL-hpUG (ATCC, Manassas, VA) destination vector using Gateway® LR 

Clonase™ (Invitrogen, Carlsbad, CA) according to manufacturer’s 

recommendations.  Briefly, 150 ng pEN-mH1c-shRNA plasmid was incubated 

with 150 ng pDSL-hpUG and LR Clonase™ at room temperature for 1 hour 

before addition of Proteinase K to terminate the reaction.  Recombination 

reaction was transformed into One Shot Top10 chemically competent cells and 

purified using Qiagen Plasmid DNA Purification columns (Qiagen, Valencia, CA).  

293FT cells (Invitrogen, Carlsbad, CA) were transfected overnight using 

Lipofectamine 2000. 1 μg pDSL-hpUG-shRNA and 3 μg ViraPower Packaging 

Mix (Invitrogen, Carlsbad, CA) was incubated with 2 x 106 cells in a 60mm tissue 

culture dish.  Viral supernatant was collected after 48 hours and centrifuged to 

remove cell debris.  Supernatant was filtered through 0.45 μm filter and stored at 

-80οC.  ESC were transduced with viral particles overnight at 37οC, 5% CO2 in 

ESC media supplemented with 5μg/ml hexadimethrine bromide (Sigma, St. 

Louis, MO).  Transduced cells were selected by sorting GFP+ cells on the 
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FACSAria (Becton Dickinson, San Jose, CA).  Generation of ESC lines with 

increased knockdown of E-cad and ZO1 was achieved by double transduction of 

shRNA constructs (Kd-E-Cad-Hi and Kd-ZO1-Hi).  Second transduction was 

performed on Kd-E-Cad or Kd-ZO1 ESC lines after initial characterization was 

complete.  Target silencing was validated by RT-qPCR using SYBR Green 

reagents (Stratagene, La Jolla, CA).   

 

Western Blots 

ESC were harvested from gelatin coated dishes as single cell suspensions by 

incubating at 37οC with 0.25% Trypsin/2.21 mM EDTA (Mediatech, Herndon, 

VA).  Cells were manually counted with hemacytometer and resuspended in 

molecule biology grade water (Hyclone, Logan, UT) to a final concentration of 2 x 

105 cells/μl and frozen at -80οC.  Lysates were thawed on ice and centrifuged to 

pellet debris.  Supernatant was collected and diluted in equal volume of 2X 

Laemmli Buffer: 24 mM Tris-HCl, pH 6.8, 10% glycerol, 0.8% sodium dodecyl 

sulfate (SDS), 2% β-mercaptoethanol (Sigma, St. Louis, MO), 0.04% 

bromophenol blue (Sigma, St. Louis, MO) (all reagents Fisher, Pittsburgh, PA 

unless otherwise noted).  Samples were boiled at 100οC for 5 minutes and 

immediately placed on ice.  10 μl of sample (1 x 106 cells) were loaded into wells 

of 7.5% precast polyacrylamide gel with 4% stacking gel (BioRad, Hercules, CA) 

and electrophoresis was performed at 100 V for 1.5 hours in 1X SDS-PAGE 

Running Buffer at pH of 8.3:  25 mM Tris, 192 mM glycine and 0.1% SDS.  
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Proteins were transferred onto nitrocellulose membrane (BioRad, Hercules, CA) 

at 100 V for 1 hour in Western Transfer Buffer: 25 mM Tris, 192 mM glycine in 

20% methanol (Sigma, St. Louis, MO).  Transfer and quality of proteins was 

verified by incubating membrane at room temperature with 0.1% Ponceau S 

(Fisher, Pittsburgh, PA) in 1% acetic acid (Fisher, Pittsburgh, PA).  Membrane 

was washed with 5% acetic acid to remove unbound dye, followed by water, to 

remove acetic acid prior to blocking of membrane.  Blocking was performed by 

incubating membrane for a minimum of 30 minutes at room temperature in 

Blotto: 5% powdered milk (Fisher, Pittsburgh, PA) in 0.2% Tween (Fisher, 

Pittsburgh, PA) diluted in 1X PBS (PBS-T).  Membrane was incubated with 

mouse anti-chicken actin (1:10,000; BD Biosciences, San Jose, CA), mouse anti-

human E-cadherin (1:5,000; BD Biosciences, San Jose, CA), rat anti-mouse E-

cadherin (1:3,000, Abcam, Cambridge, MA), goat anti-human Claudin-4 (1:100; 

Santa Cruz Biotechnology, Santa Cruz, CA); mouse anti-rat Connexin-43 (1:250; 

BD Biosciences, San Jose, CA); rat anti-rat ZO-1 (1:50; Santa Cruz 

Biotechnology, Santa Cruz, CA), rabbit anti-human ZO-1 (1:50, Abcam, 

Cambridge, MA), rabbit anti-human ZO-2 (1:100; Santa Cruz Biotechnology, 

Santa Cruz, CA) or guinea pig anti-human ZO-2 (1:50, Abcam, Cambridge, MA) 

diluted in Blotto at 4οC overnight.  Membrane was washed twice in Blotto before 

incubating overnight with secondary antibody: goat anti-mouse IgG-HRP 

(1:5000), donkey anti-goat IgG-HRP (1:5000), goat anti-rat IgG-HRP (1:1000), 

goat anti-rabbit IgG-HRP (1:5000) and goat anti-guinea pig IgG-HRP (1:1000) (all 

secondary antibodies from Santa Cruz Biotechnologies, Santa Cruz, CA).  
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Membrane was washed twice in PBS-T followed by two washes in PBS prior to 

developing.  Signal was developed using SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Scientific, Waltham, MA) for 5 minutes 

and analyzed with Molecular Imager ChemiDoc (BioRad, Hercules, CA).  

Densitometry calculations were performed using Quantity One 1-D Analysis 

Software (BioRad, Hercules, CA). 

 

Colony Forming Cell Assay 

EB were collected from methylcellulose media by dilution with IMDM, 2% FBS 

and centrifugation.  Single cell suspensions were obtained by incubating cells at 

37οC with 0.25% Trypsin/2.21 mM EDTA (Mediatech, Herndon, VA).  EB cells 

were assayed for colony forming potential as described7.  Briefly, cells were 

cultured in 1% methylcellulose in IMDM supplemented with 15% FBS, 2 mM L-

glutamine (Mediatech, Herndon, VA), 150 μM MTG, 1% Bovine Serum Albumin 

(BSA; Sigma, St. Louis, MO), 10 μg/mL insulin, 200 μg/mL transferrin (Roche 

Diagnostics, Indianapolis, IN), 150 ng/mL Stem Cell Factor (SCF), 30 ng/mL 

interleukin-3 (IL-3), 30 ng/mL interleukin-6 (IL-6), and 3 ng/mL erythropoietin 

(Epo; all cytokines from Peprotech, Rocky Hill, NJ) and 50 Units/ml penicillin with 

50 μg/ml streptomycin (MP Biomedicals, Solon, OH) for 12 days before scoring 

for hematopoietic colony forming units (CFU)7 consisting of macrophages (CFU-

M), granulocytes (CFU-G), granulocytes and macrophages (CFU-GM), 

erythrocytes (BFU-e) or mixtures of erythrocytes with granulocytes and/or 

macrophages (CFU-mix). 
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Endothelial Sprouting Assay 

Endothelial sprouting assay was performed as described51.  Briefly, 1 x 104 ESC 

were seeded in 35 mm dishes in 1.2 mg/ml collagen, type I (BD Bioscience, San 

Jose, CA) neutralized with 0.1 N NaOH.  Collagen media contained 15 % FBS, 

450 μm MTG, 10 μg/ml insulin (Sigma, St. Louis, MO), 50 ng/ml human vascular 

endothelial growth factor (VEGF; Peprotech, Rocky Hill, NJ), 100 ng/ml human 

basic fibroblast growth factor (FGF-2; Peprotech, Rocky Hill, NJ) and 50 Units/ml 

penicillin with 50 μg/ml streptomycin (MP Biomedicals, Solon, OH) in IMDM.  

Cells were incubated at 37οC, 5% CO2.  At day 6, 200 μl media without collagen 

was added and EB were analyzed on day 11.  Image analysis was performed 

using AxioVision LE Software (Zeiss, Thornwood, NY). 

 

Flow Cytometry 

EB were collected by centrifugation and single cells were obtained by 

trypsinization or treated for 20 minutes at 37οC in 0.125% collagenase (Sigma, 

St. Louis, MO), 0.125% dispase (Worthington Biochemicals, Lakewood, NJ), 1% 

DNase (Thermo Scientific, Waltham, MA) in IMDM, 10% FBS followed by manual 

dissociation using pipet.  LacZ expression in Scl-LacZ cells was determined by 

flow cytometry with fluorescein di-β-D-galactopyranoside (FDG; Invitrogen, 

Carlsbad, CA) according to manufacturer’s recommendations.  Briefly, cells were 

exposed to 300 μM chloroquine diphosphate (Sigma, St. Louis, MO) in ESC 
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medium in 37οC water bath for 20 minutes. Cells were incubated on ice with 1 

mM FDG for 1 minute.  FDG loading was terminated with addition of 10 volumes 

ice cold ESC medium with 300 μM chloroquine diphosphate.  Detection of 

extracellular antigens was performed by exposing cells for 1 hour on ice in 2% 

BSA to the following antibodies:  phycoerythrin (PE)-conjugated antibody to 

SSEA-1 (Chemicon, Temecula, CA), PE-conjugated antibody to Flk-1 (BD 

Biosciences, San Jose, CA), and fluorescein isothiocyanate (FITC)-conjugated 

antibody to E-cadherin (BD Biosciences, San Jose, CA), PerCP-Cy5.5 

conjugated antibody to CD45 (BD Biosciences, San Jose, CA).  Dead cells were 

excluded using 2 μg/ml propidium iodide (Sigma, St. Louis, MO) or 0.5 μg/ml 

4',6-diamidino-2-phenylindole (DAPI; Sigma, St. Louis, MO).  Cells were 

analyzed or sorted by FACSAria and LSRII (BD Biosciences, San Jose, CA). 
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Chapter 3: Adhesion molecules are expressed in ESC during early 

hematopoietic and endothelial development. 

 

3.1. Adhesion molecules are differentially expressed in culture conditions 

supporting hematopoietic and endothelial commitment. 

Gene expression profiles of 38 AM (Table 1) were measured during EB formation 

under two different culture conditions, removal of LIF (-LIF) which results in an 

undirected differentiation or loss of pluripotency, and Differentiating Medium (DM) 

typically used to support hematopoietic and endothelial induction of EB without 

supplementation of cytokines/growth factors.   

 

AM expression was quantified by performing RT-qPCR on gene targets during 

early EB development in –LIF and DM to identify differentially expressed genes 

during early endothelial and hematopoietic commitment.  AM expression levels 

were analyzed at day 0, 2, 4 and 6 during EB development (Table 2) and profiles 

were compared between culture conditions.  Transcript levels of twelve AM were 

significantly up- or down-regulated in DM compared to –LIF (Figure 3).  AM 

down-regulated in DM include: CD9 (18 fold), CD37 (22 fold), CD44 (4 fold), 

Cldn4 (9 fold), Cldn6 (15 fold), Cldn7 (5 fold), Collagen 4 (30 fold), E-cad (11 

fold), Laminin A1 (43 fold) and ZO-2 (9 fold).  CD81 and Osteopontin were up-

regulated in DM by 8 and 35 fold, respectively.  Five AM with differential 

expression between culture conditions consisted of profiles with temporal 

expression differences.  Cx43 was up-regulated in DM in day 2 EB by 6 fold 
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followed by up to 3 fold down-regulation at day 6 of EB formation when 

compared to -LIF.  ZO-1 expression in DM was up-regulated by 5 fold after 2 

days of EB formation and down-regulated by 3 fold in day 4 EB.  After 6 days of 

EB differentiation, transcript levels of ZO-1 were similar under both culture 

conditions; Wnt3 was up-regulated by 75 fold in day 4 EB and down-regulated by 

5 fold after 6 days of EB formation.  Connexin-45 (Cx45) was down-regulated 

compared to -LIF in day 2 EB by 5 fold before reaching similar levels by day 6 of 

EB development.  DDR1 was up-regulated early in EB development (5 fold at 

day 2) before returning to similar levels with -LIF after 6 days of EB formation.  

Bin1, c-Kit, Connexin-31, ICAM, LIF receptor, Ly75, Nidogen and PPAP2A had 

similar levels of expression between culture conditions.  Overall, expression of 17 

of the 38 AM transcripts differed in EB propagated in DM compared with –LIF.   

 

Differentially expressed AM were classified according to GeneOntology (GO) 

annotation as junction pathways (47%), hematopoietic lineage markers (23%), 

extracellular matrix proteins (18%) and receptor-ligand (12%).  When compared 

to the entire population of AM analyzed, 89% of the screened AM associated with 

junction pathways was differentially expressed.  Similarly, 80% of hematopoietic 

lineage markers, 38% of extracellular matrix proteins and 22% of receptor-ligand 

molecules analyzed resulted in differential expression under conditions 

supporting hematopoietic and endothelial differentiation, DM, compared to loss of 

pluripotency, -LIF.  These data suggest that a subset of AM, a majority being 

categorized as junction molecules, is associated with ESC differentiation based 
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on the change of expression between -LIF and DM culture conditions.  Since 

these data represent expression profile changes associated with developing EB, 

which are comprised of multiple lineages, we used differentiation associated 

markers and multivariate flow cytometric analysis and sorting to isolate Bry, Flk-1 

and Scl expressing populations to quantify AM expression during hematopoietic 

and endothelial lineage commitment. 

 

3.2. Adhesion molecule expression is dependent on stage of hematopoietic 

and endothelial development. 

Discrete populations of cells at transitional stages of hematopoietic development 

were analyzed for differential expression of AM (Figure 1).  Bry, Flk-1 and Scl 

expression levels in EB varied temporally at day 4, 5 and 6, under our culture 

conditions (Figure 4).  GFP+ cells from EB formed with Bry-GFP ESC were 

sorted at day 4, a time interval when Bry-GFP ESC have committed to 

mesoderm.  Flk-1+ cells undergoing early hematopoietic and endothelial 

differentiation were sorted from day 5 EB generated from D3-ESC.  Scl-

expressing subpopulations, containing cells that are committed to hematopoiesis, 

but have not fully differentiated, were sorted from day 6 EB generated from Scl-

LacZ ESC.  Transcript levels of 38 cell adhesion-associated genes (Table 1) in 

the sorted populations were quantified.   The expression levels of the 12 AM 

targets which where differentially expressed in sorted populations of cells 

expressing Bry, Flk-1 and Scl relative to the populations of cells at each timepoint 

which do not express the respective marker are depicted in Figure 5.  Each of 
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these genes was also differentially expressed between DM and -LIF culture 

conditions.  58% of the differentiated genes at discrete stages of hematopoietic 

and endothelial differentiation belonged to the category of junction molecules.  

Similarly, 17% were associated with hematopoietic lineage, 17% associated with 

receptor-ligand interactions and 8% extracellular matrix proteins.  Table 3 depicts 

the transcript expression levels of junction proteins in sorted populations.  AM 

expression in Bry+, Flk-1+ and Scl+ subpopulations varied from a 20 fold 

decrease to a 9 fold increase in comparison to cells that did not express these 

discriminants.  For example, E-cad expression was 20 fold less in Flk-1+ 

progenitors compared with Flk-1- cells in day 5 EB.  E-cad was 9 fold higher in 

Scl+ cells compared with Scl- cells in day 6 EB.  The abundance of junction 

molecule transcripts differentially regulated during hematopoietic and endothelial 

commitment, both in whole EB and separate subpopulations, indicate a role in 

hematopoietic and endothelial commitment decisions of ESC. 

 

3.3. Junction molecules define discrete stages of early hematopoietic and 

endothelial commitment. 

Expression analysis of AM during early hematopoietic and endothelial 

development suggests new markers of differentiation associated with transitional 

stages of early hematopoietic and endothelial commitment (Figure 6).  

Undifferentiated ESC expressed E-cad, Cldn4, Cx43, ZO-1 and ZO-2.  As Bry 

transcription was up-regulated in mesoderm cells, E-cad, Cldn4 and ZO-2 

expression was down-regulated while Cx43 and ZO-1 levels remained consistent 
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with the Bry- population of cells.  Flk-1+ hematopoietic and endothelial 

progenitors, increased transcription of ZO-1 and ZO-2, retained similar levels of 

Cx43 compared with Bry+ subpopulation, and expressed reduced levels of E-cad 

and Cldn4.  Scl+ cells, which have committed to the hematopoietic lineage, 

expressed E-cad and ZO-1 in addition to an up-regulation of Cx43 and ZO-2, 

while continuing to express reduced levels of Cldn4.  These data not only 

suggest that E-cad, Cldn4, Cx43, ZO-1 and ZO-2  expression is associated with 

commitment, but also that these markers further discriminate subpopulations 

within the Bry+, Flk-1+ and Scl+ populations. 

 

3.4. Conclusions. 

We have shown that AM are expressed in ESC and developing EB and that 

transcription levels of AM vary with differentiation conditions.  Removal of LIF 

results in loss of pluripotency and undirected differentiation.  Thus, AM 

expression profile comparisons of ESC grown in the presence and absence of 

LIF reflect both loss of pluripotency and induction of undirected differentiation.  

Comparison of AM transcription levels in EB grown in –LIF versus DM, which is 

permissive for hematopoietic and endothelial differentiation of ESC, showed 

differential expression 17 AM, of which 47% belonged to junction molecule 

pathways, during hematopoietic and endothelial commitment.  Unfortunately, 

analysis of transcription expression in EB is difficult to evaluate due to 

heterogeneity of the populations.  We have shown that transcriptional analysis 

can be performed on enriched populations of cells undergoing discrete 

28 



transitional stages of early hematopoietic and endothelial commitment in EB.  

These data provide additional evidence that the expression levels of junction 

molecule genes, E-cad, Cldn4, Cx43, ZO-1 and ZO-2, are dependent on the 

development stage during early commitment decisions toward hematopoietic and 

endothelial lineages.  Additionally, we have identified expression of AM as novel 

markers of transitional stages of early hematopoietic and endothelial 

development.  E-cad, Cldn4, Cx43, ZO-1 and ZO-2 were chosen for further 

analysis based on their differential expression and categorization into junction 

molecule pathways, whose influence have not been explored in hematopoietic 

and endothelial differentiation of mouse ESC.   
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Table 1.  Adhesion molecules expressed in ESC and during EB 

development.  38 genes associated with membrane or adhesion were chosen 

from reports of differential expression between pluripotent ESC and differentiated 

cells.  Primers were designed between exons when possible for each gene.  

Pluripotency targets were chosen for characterization of ESC lines. 
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Table 2.  Adhesion molecules are differentially expressed during embryoid 

body formation.  EB formation of ESC was induced in the presence of 

differentiating media (DM) or DMEM-ESC without LIF (-LIF).  RT-qPCR was 

performed on EB collected at days 0, 2, 4 and 6 using SYBR Green reagents.  

Expression level for each sample was normalized to GAPDH expression and 

relative expression reported as fold difference from day 0 EB for each gene. N/D 

= not determined. 
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-LIF     
Gene Day 0 Day 2 Day 4 Day 6 
Abcg2 1.0 +/- 0.2 1.1 +/- 0.2 1.8 +/- 0.7 3.2 +/- 0.3 
App 1.0 +/- 0.2 1.0 +/- 0.0 4.3 +/- 0.5 3.1 +/- 1.7 
BIN1 1.0 +/- 0.3 1.7 +/- 0.2 4.1 +/- 0.0 3.4 +/- 0.0 
CD37 1.0 +/- 0.0 1.1 +/- 0.1 0.9 +/- 0.1 0.4 +/- 0.0 
CD44 1.0 +/- 0.1 1.1 +/- 0.2 1.4 +/- 0.5 1.5 +/- 0.2 
CD81 1.0 +/- 0.0 0.5 +/- 0.1 5.5 +/- 0.3 6.9 +/- 0.1 
CD9 1.0 +/- 0.1 1.0 +/- 0.3 1.6 +/- 1.2 1.4 +/- 0.9 
c-Kit 1.0 +/- 0.1 0.4 +/- 0.1 0.2 +/- 0.0 0.5 +/- 0.1 
Cldn4 1.0 +/- 0.1 1.1 +/- 0.0 1.8 +/- 0.1 1.5 +/- 0.2 
Cldn6 1.0 +/- 0.1 9.6 +/- 0.3 55.2 +/- 4.2 56.3 +/- 7.3 
Cldn7 1.0 +/- 0.0 2.9 +/- 0.0 20.1 +/- 2.1 20.3 +/- 2.1 
Collagen 4a 1.0 +/- 0.0 1.2 +/- 0.1 8.9 +/- 0.1 19.9 +/- 0.5 
Cx31 1.0 +/- 0.1 0.3 +/- 0.1 0.1 +/- 0.0 0.2 +/- 0.1 
Cx43 1.0 +/- 0.1 0.9 +/- 0.0 2.2 +/- 0.1 6.3 +/- 0.3 
Cx45 1.0 +/- 0.1 1.5 +/- 0.3 0.8 +/- 0.1 0.3 +/- 0.3 
DDR 1.0 +/- 0.1 1.1 +/- 0.3 1.8 +/- 0.3 6.2 +/- 0.1 
E-Cad 1.0 +/- 0.1 1.2 +/- 0.1 4.6 +/- 0.3 2.2 +/- 0.1 
ICAM1 1.0 +/- 0.1 0.5 +/- 0.1 0.3 +/- 0.0 0.4 +/- 0.0 
Integrin, b4 1.0 +/- 0.2 0.4 +/- 0.1 0.3 +/- 0.0 0.5 +/- 0.0 
Laminin A1 1.0 +/- 0.1 0.6 +/- 0.0 0.9 +/- 0.1 1.0 +/- 0.3 
LIFR 1.1 +/- 0.6 0.5 +/- 0.1 0.8 +/- 0.2 0.5 +/- 0.2 
Ly75 1.0 +/- 0.1 0.4 +/- 0.0 0.2 +/- 0.1 0.1 +/- 0.1 
Nidogen1 1.0 +/- 0.1 0.4 +/- 0.0 0.1 +/- 0.0 0.2 +/- 0.0 
Osteopontin 1.2 +/- 0.0 4.2 +/- 0.6 2.6 +/- 0.1 9.3 +/- 4.6 
PPAP2A 1.0 +/- 0.1 0.7 +/- 0.2 0.5 +/- 0.1 0.1 +/- 0.0 
SSEA-1 N/D 1.1 +/- 0.5 0.2 +/- 0.2 0.0 +/- 0.0 
Thrombospondin 1 1.0 +/- 0.0 0.1 +/- 0.0 0.5 +/- 0.0 1.5 +/- 0.0 
VCAM1 1.0 +/- 0.1 2.2 +/- 0.4 1.1 +/- 0.2 2.4 +/- 0.1 
Wnt3 1.0 +/- 0.2 0.9 +/- 0.1 0.9 +/- 0.2 1.9 +/- 0.1 
ZO-1 1.0 +/- 0.1 0.3 +/- 0.1 1.0 +/- 0.2 6.0 +/- 0.3 
ZO-2 1.0 +/- 0.1 0.9 +/- 0.1 1.0 +/- 0.1 1.3 +/- 0.3 

 
DM     
Gene Day 0 Day 2 Day 4 Day 6 
BIN1 1.0 +/- 0.0 2.2 +/- 0.2 2.0 +/- 0.0 3.8 +/- 0.1 
CD37 1.0 +/- 0.1 0.1 +/- 0.0 0.0 +/- 0.0 0.0 +/- 0.0 
CD44 1.0 +/- 0.1 0.6 +/- 0.1 0.4 +/- 0.1 0.5 +/- 0.0 
CD81 0.9 +/- 0.1 2.1 +/- 0.0 5.0 +/- 0.3 55.9 +/- 5.2 
CD9 1.0 +/- 0.0 0.1 +/- 0.0 0.1 +/- 0.0 0.1 +/- 0.0 
E-Cad 1.0 +/- 0.1 2.3 +/- 0.1 0.7 +/- 0.0 0.2 +/- 0.0 
c-Kit 1.0 +/- 0.0 0.2 +/- 0.0 0.1 +/- 0.0 0.4 +/- 0.0 
Cldn4 1.0 +/- 0.1 0.3 +/- 0.0 0.2 +/- 0.1 0.3 +/- 0.0 
Cldn6 1.0 +/- 0.0 3.6 +/- 0.0 3.6 +/- 0.0 4.2 +/- 0.0 
Cldn7 1.0 +/- 0.2 5.7 +/- 0.8 9.2 +/- 0.9 3.8 +/- 0.3 
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Collagen 4a 1.0 +/- 0.1 0.4 +/- 0.1 0.3 +/- 0.1 1.5 +/- 0.1 
Cx31 1.0 +/- 0.0 0.0 +/- 0.0 0.0 +/- 0.0 0.1 +/- 0.0 
Cx43 1.0 +/- 0.0 5.7 +/- 0.1 3.1 +/- 0.0 2.1 +/- 0.1 
Cx45 1.0 +/- 0.0 0.3 +/- 0.0 0.2 +/- 0.0 0.2 +/- 0.0 
DDR 1.0 +/- 0.1 5.8 +/- 0.0 3.1 +/- 0.0 5.5 +/- 0.3 
E-Cad 1.0 +/- 0.1 2.3 +/- 0.1 0.7 +/- 0.0 0.2 +/- 0.0 
ICAM1 1.0 +/- 0.1 0.2 +/- 00 0.1 +/- 0.0 0.1 +/- 0.0 
Laminin A1 1.0 +/- 0.1 0.1 +/- 0.0 0.0 +/- 0.0 0.2 +/- 0.0 
LIFR 1.0 +/- 0.0 1.1 +/- 0.0 0.3 +/- 0.1 0.4 +/- 0.0 
Ly75 1.0 +/- 0.0 0.3 +/- 0.0 0.1 +/- 0.0 0.1 +/- 0.0 
Nidogen1 1.0 +/- 0.1 0.1 +/- 0.0 0.0 +/- 0.0 0.3 +/- 0.0 

Osteopontin 1.0 +/- 0.0 20.7 +/- 1.7 15.2 +/- 2.2 
329.9 +/- 

27.5 
PPAP2A 1.0 +/- 0.0 0.9 +/- 0.1 0.2 +/- 0.0 0.2 +/- 0.0 
Wnt3 1.0 +/- 0.1 8.6 +/- 0.0 70.1 +/- 0.3 9.4 +/- 0.1 
ZO-1 1.0 +/- 0.0 1.5 +/- 0.1 0.4 +/- 0.0 0.6 +/- 0.0 
ZO-2 1.0 +/- 0.1 0.9 +/- 0.0 0.3 +/- 0.0 0.1 +/- 0.0 
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Figure 3.  Adhesion molecules are transcriptionally regulated during EB 

development.  ESC were differentiated in liquid culture either in media lacking 

LIF (-LIF) or differentiation media (DM) supporting hematopoietic and endothelial 

differentiation to generate EB over 6 days.  RNA was extracted from whole EB 

and quantitative RT-PCR was performed using SYBR Green reagents to 

compare expression of AM temporally during EB development relative to 

expression in day 0 EB.   
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Figure 4.  Bry, Flk and Scl are temporally expressed during EB 

development.  A) Bry-GFP, D3-ESC and Scl-LacZ ESC were differentiated in 

EB media for 8 days and analyzed flow cytometrically for expression of Bry, Flk-1 

and Scl, respectively.  B) Non-viable cells were excluded based on propidium 

iodide (PI) or DAPI fluorescence and size parameters.  Positive gates were 

drawn with less than 1% of unstained population expressing fluorescence.  Scl+ 

population was gated on endogenous FDG fluorescence using undifferentiated 

ESC (dashed line). 
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Figure 5.  Adhesion molecules are differentially expressed during 

hematopoiesis.  Transcript expression profiles using RT-qPCR of AM 

differentially expressed in DM compared to –LIF were compared to expression 

levels generated from discrete transitional stages of hematopoiesis.  Expression 

levels in one or more subpopulations, Bry+, Flk-1+ and Scl+, were up-  or down-

regulated 2-fold (dashed line) relative to Bry-, Flk-1- and Scl- subpopulations, 

respectively.  AM are classified in following categories: 2 associated with 

hematopoietic lineage, 7 junction molecules, 1 extracellular matrix proteins (EM) 

and 2 associated with receptor-ligand interactions.
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Table 3.  Adhesion molecules are differentially expressed in 

subpopulations during hematopoietic commitment. Quantitative analysis of 

gene expression was performed on populations of ESC differentiated in EB.  

Cells were sorted by FACS based on expression of Bry for mesoderm 

commitment, Flk-1 for hematopoietic and endothelial precursors and Scl for early 

hematopoietic cells.  RNA was extracted and RT-qPCR was performed.  

Samples are normalized to GAPDH and expression level is reported as fold 

difference from sorted cell populations negative for expression of Bry, Flk-1 and 

Scl, respectively.  Junction molecules subdivided into categories of Tight, Gap 

and Adherens Junctions are differentially expressed during stages of 

hematopoietic transitions. 
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Figure 6.  Hematopoietic stages of differentiation can be identified using 

junction molecule expression.  ESC undergoing mesodermal commitment 

express Cx43 and ZO-1, but have down-regulated expression of E-cad, Cldn4 

and ZO-2 compared with undifferentiated ESC.  As mesoderm cells become 

committed to early Flk-1+ hematopoietic and endothelial progenitors, ZO-1 and 

ZO-2 transcription increases.  Hematopoietic cells, Scl+, up-regulate expression 

of E-cad, Cx43 and ZO-2 and decrease expression of ZO-1. 
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Chapter 4: Manipulation of junction molecule expression influences 

hematopoietic and endothelial commitment in ESC. 

 

4.1. ESC lines with reduced levels of junction molecules retain pluripotent 

phenotype in presence of LIF. 

The role of E-cad, Cldn4, Cx43, ZO-1 and ZO-2 in ESC commitment to 

hematopoiesis was investigated by modulating gene expression levels using 

RNAi technology and assessing the consequences of the modulated genes using 

functional assays.  This approach required generating ESC with modulated levels 

of AM and then establishing the consequences of the modified levels of AM using 

immunohistochemical phenotypic markers and functional colony forming assays. 

 

ESC lines with reduced expression of E-cad, Cldn4, Cx43, ZO-1 and ZO-2 (Kd-

E-cad, Kd-Cldn4, Kd-Cx43, Kd-ZO1 and Kd-ZO2, respectively) were engineered 

using lentiviral constructs generated with shRNA sequences specific to junction 

molecule targets (Table 4).  Lentiviral constructs were generated using a 

Gateway® platform; shRNA sequences were initially introduced into an entry 

vector, pEN-mH1c (Figure 7), in which they were ubiquitously expressed under 

the control of the mouse H1 promoter, an RNA Polymerase III promoter which 

efficiently transcribes small RNAs.  Recombination of pEN-mH1c-shRNA with a 

destination vector, pDSL-hpUG, resulted in transfer of mH1-shRNA cassette into 

the lentiviral vector constitutively expressing GFP to fluorescently label cells 

infected with lentiviral particles.  Engineered ESC lines were characterized at the 

50 



transcript and protein levels.  Five shRNA sequences specific to each target, E-

cad, Cx43 and ZO-1, were introduced into pEN-mH1c and transfected into D3-

ESC.  RNA from entire ESC population at 1, 3, and 5 days after transfection was 

quantified using RT-qPCR to determine efficiency of transcript expression 

reduction for each sequence (Figure 8A-C).  shRNA sequences #3, #5 and #3 

were chosen for E-cad, Cx43 and ZO1, respectively, for continued investigation 

due to lowest levels of transcript expression for target genes.  Five shRNA 

sequences specific to each AM target, Cldn4 and ZO-2, were sub-cloned into 

pDSL-hpUG and transduced into D3-ESC to determine most efficient sequence 

for reducing expression of target genes.  RT-qPCR was performed on sorted 

populations of GFP+ and GFP- cells 4-6 days after transduction (Figure 8D-E).  

shRNA sequences #4 and #3 for Cldn4 and ZO2, respectively, were chosen for 

continued investigation due to lowest levels of transcript expression in GFP+ 

population of ESC.  Transduced GFP+ cells in Kd-E-cad, Kd-Cldn4, Kd-Cx43, 

Kd-ZO1 and Kd-ZO2 ESC lines represented greater than 95% of the viable cell 

populations following transduction for multiple generations in the presence of LIF 

(Figure 9).  A second transduction of E-cad and ZO-1 shRNA into Kd-E-cad and 

Kd-ZO1 ESC, respectively, increased mean fluorescent intensity (MFI) of GFP 4 

and 9 fold, respectively, indicating incorporation of additional lentiviral constructs 

into ESC genome of Kd-E-cad-Hi and Kd-ZO1-Hi, respectively (Figure 9).  AM 

transcript expression levels were quantified in knockdown ESC lines using RT-

qPCR (Figure 10A).  The expression of E-cad, Cldn4, Cx43, ZO-1 and ZO-2 was 

reduced in GFP+ ESC populations compared to untransduced D3-ESC by 
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approximately 2-4 fold.  Double transduced Kd-E-Cad-Hi and Kd-ZO1-Hi ESC 

showed a 5-9 fold reduction compared to untransduced D3-ESC.  Semi-

quantitative analysis of protein levels by western blots confirmed decreased 

expression of E-cad, Cldn4, Cx43 and ZO-2 in knockdown ESC lines (Figure 11).  

Confirmation of the ZO-1 protein knockdown was complicated due to insensitivity 

of assay for the low expression levels of ZO-1 in D3-ESC (Figure 10B).  Relative 

transcript levels measured by RT-qPCR correlated linearly with MFI of GFP 

(Figure 12).  These data link GFP expression with knockdown of junction 

molecule proteins through RNAi. 

 

To confirm that modulation of these AM did not affect pluripotency of ESC, 

phenotypic and transcriptional analysis was quantified in Kd-E-cad, Kd-E-cad-Hi, 

Kd-Cldn4, Kd-Cx43, Kd-ZO1, Kd-ZO1-Hi and Kd-ZO2 ESC lines.  The 

morphology of ESC transduced with lentiviral constructs which reduce the 

transcript expression of E-cad, Cldn4, Cx43, ZO-1 and ZO-2 remained consistent 

with control D3-ESC: ESC grew in tightly packed colonies on the surface of 

mitomycin C treated murine embryonic fibroblast cell line, STO (Figure 13).  

Additional markers associated with murine ESC pluripotency, SSEA-1 and Oct-4, 

were quantified flow cytometrically.  SSEA-1 and Oct-4 were expressed at similar 

levels in parent D3-ESC and in engineered ESC lines propagated in ESC 

medium (Figure 14).   
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4.2. Generation of early hematopoietic and endothelial progenitors from 

ESC does not depend on expression of E-cad, Cldn4, Cx43, ZO-1 and ZO-2.  

We next examined the effects of modulating E-cad, Cldn4, Cx43, ZO-1 and ZO-2 

levels in ESC on differentiation toward early hematopoietic and endothelial 

lineages, particularly through quantification of Flk-1+ hematopoietic and 

endothelial progenitors using multivariate flow cytometry.   

 

Perturbations in early hematopoietic and endothelial differentiation were 

assessed by quantifying the frequency of cells committing to the 

hematopoietic/endothelial progenitor cell, the Flk-1+ progenitor.  The frequency 

of Flk-1+ progenitors in engineered ESC with reduced expression of E-cad, 

Cldn4, Cx43 and ZO-1 in day 5 EB was similar to controls (Figure 15A).  

Furthermore, the temporal profile of Flk-1 expression in Kd-E-cad, Kd-Cx43 and 

Kd-ZO1 ESC over a 6 day period (Figure 15B) was comparable to control D3-

ESC cells.  In contrast, reduced ZO-2 expression in Kd-ZO2 ESC resulted in 

approximately a 2 fold decrease in the Flk-1+ progenitor population in day 5 EB 

compared to the parental D3-ESC.  These data suggest that while E-cad, Cldn4, 

Cx43 and ZO-1 levels have minimal effects on the frequency of Flk-1+ 

progenitors, ZO-2 levels are likely to be involved in either the generation or 

regulation of Flk-1+ progenitors.   

 

4.3. Reduced expression of junction molecules reduces hematopoietic 

commitment. 
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Evidence that modulation of AM expression influences hematopoietic 

commitment was investigated using 3 endpoints: expression of hematopoietic 

TF, Runx1, Gata1 and Scl, phenotypic identification of CD45+ hematopoietic 

cells, and myeloid colony forming assays.   

 

The expression of Runx1, Gata1 and Scl was quantified in the developing EB 

(Figure 16).   Reduction in E-cad expression resulted in a 3 fold reduction in 

hematopoietic TF expression.  Reduced levels of Cldn4 and Cx43 resulted in 2-5 

fold and 2-8 fold reduction of these TF, respectively.  Knockdown of ZO-1 and 

ZO-2 reduced hematopoietic TF expression 3-7 fold and 4-9 fold, respectively.  

Hematopoietic TF expression was reduced further (10-24 fold) in Kd-E-cad-Hi 

ESC, whereas Kd-ZO1-Hi ESC expressed similar levels of hematopoietic TF 

relative to D3-ESC.  Although Scl expression was reduced greater than 2 fold in 

engineered ESC lines, this reduction was statistically significant in Kd-E-cad-Hi 

ESC alone.  These data indicate that reduced levels of transcription factors 

associated with early stages of hematopoietic commitment are down-regulated 

when E-cad, Cldn4, Cx43, ZO-1 and ZO-2 are reduced. 

 

The frequency of cells expressing CD45, an extracellular marker expressed on 

the surface of most hematopoietic cells, is an indication of differentiation 

commitment.  Although the frequency of CD45+ cells in day 11 EB is not linearly 

correlated with expression levels of hematopoietic TF, reduced expression of E-

cad, Cldn4, Cx43, ZO-1 and ZO-2 levels was associated with an approximately 2 
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fold reduction the frequency of CD45+ cells (Figure 17).  The frequency of 

CD45+ cells in Kd-ZO1-Hi ESC was similar to controls.   

 

The ability to form myeloid colonies is another indicator of hematopoietic 

commitment.  The number of colony forming units (CFU) was decreased 

approximately 2 fold in ESC lines with reduced expression of E-cad, Cx43 and 

ZO-2 in comparison to parental D3-ESC (Figure 18).  2-way ANOVA comparison 

indicates significant variation due to reduced expression of junction molecules 

(p<0.05).  The decrease was most pronounced in cells undergoing macrophage 

commitment (CFU-M).  The frequency of CFU-M colonies was decreased in Kd-

E-cad and Kd-Cx43 by approximately 2 fold and in Kd-ZO2 by greater than 3 

fold.  These data suggest hematopoietic colony forming ability is influenced by 

expression of these junction AM. 

 

4.4. Reduced expression of junction adhesion molecules increases 

endothelial commitment. 

Quantitative measurements of two endothelial associated receptors (Tie1 and 

Tie2), as well as endothelial sprouting assays, were used to assess effects of AM 

manipulation on endothelial development.  Tie1 expression was decreased 

approximately 2-3 fold in Kd-ZO2 and Kd-E-cad-Hi and similar to control D3-ESC 

in the other knockdown ESC lines (Figure 19), indicating increased endothelial 

commitment.  Another indication of endothelial commitment is up-regulation in 

Tie2 expression.  Tie2 expression increased 2 fold in Kd-Cldn4 and remained at 
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levels comparable to control D3-ESC for Kd-E-cad, Kd-E-cad-Hi, Kd-Cx43, Kd-

ZO1, Kd-ZO1-Hi and Kd-ZO2 ESC lines.  

 

An endothelial sprouting assay was used to further investigate AM effects on 

endothelial lineage commitment.  Differentiation of ESC in the presence of 

endothelial lineage specific cytokines resulted in formation of EB with endothelial 

sprouting structures (Figure 20).  Reduction of E-cad, Cldn4, Cx43 and ZO-1 

expression increased the frequency of EB with endothelial sprouting by 

approximately 2 fold (Figure 21A), as well as the number of sprouts on each EB 

by approximately 2 fold (Figure 21B).  Knockdown of ZO-2 did not significantly 

influence the frequency of EB generating endothelial sprouts; however, there was 

an approximately 2 fold increase in the number of sprouts on each EB.  Reduced 

expression of AM had minimal influence on length of endothelial sprouts (Figure 

21C).  The Tie1/2 and sprouting assays suggest that E-cad, Cldn4, Cx43 and 

ZO-1 expression increase endothelial cell differentiation from ESC derived 

progenitors.   

 

4.5. Conclusions. 

We have shown that reduced expression of E-cad, Cldn4, Cx43, ZO-1 and ZO-2 

has minimal influence on maintenance of pluripotency as evidenced by 

morphology and transcriptional analysis of SSEA-1 and Oct-4, respectively.  

Commitment to Flk-1+ progenitors of hematopoietic and endothelial lineages 

does not depend on a 2-9 fold reduced expression of E-cad, Cldn4, Cx43 and 
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ZO-1; whereas a 2 fold reduced expression of ZO-2 resulted in decreased 

frequency of Flk-1+ progenitors.  We have shown that modulation of junction 

molecule expression regulates commitment decisions during ESC differentiation 

between hematopoietic and endothelial lineages.   

 

Endothelial commitment was preferentially increased at the expense of a 

decrease in hematopoietic commitment when E-cad, Cldn4, Cx43 and ZO-1 were 

decreased, as evidenced by phenotypic analysis (CD45 expression), 

transcriptional regulation (Runx1, Gata1 and Scl) and functional assays (myeloid 

colony and endothelial sprouting assays).  Reduced expression of ZO-2 resulted 

in a decrease in hematopoietic differentiation with no significant change in 

endothelial commitment, as indicated by the relative percentage of EB containing 

endothelial sprouts and relative number of endothelial sprouts per EB.   

 

We have shown that manipulation of multiple transcript expression levels using 

double transduction of E-cad and ZO-1 result in similar levels of decreased 

hematopoietic commitment and loss of hematopoietic block, respectively, as 

indicated by quantification of CD45 expression and transcriptional regulation of 

Runx1, Gata1 and Scl.  Additionally, endothelial commitment was similar in 

double transduced Kd-E-cad-Hi and Kd-ZO1-Hi ESC, as evidenced by relative 

percentage of sprouting EB and relative number of sprouts per EB. 
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Table 4.  Sequences used to generate shRNA constructs.  5 sequences were 

generated for each junction molecule target using Dharmacon siDesign Center. 

Capital letters correlate to siRNA sequence specific to target in sense and 

antisense orientation, respectively.  Lower case letters correlate with 5’ end, loop 

and 3’ end of shRNA molecules, respectively.  *Sequences with greatest 

efficiency of knockdown were used to generate stable knockdown lines. 
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Figure 7.  shRNA sequences were cloned into Gateway® Entry and 

Destination vectors.  Lentiviral constructs constitutively expressing shRNA 

sequences were generated by cloning shRNA sequences into BamHI and XhoI 

sites of A) pEN-mH1c vector containing recombination sites (attL1 and attL2) 

flanking ubiquitously expressed mouse H1 promoter (mH1).  Recombination 

between attL1/attL2 and attR1/attR2 on B) pDSL-hpUG lentiviral destination 

vector results in C) mH1 and shRNA incorporation into lentiviral plasmid with 

fluorescent reporter, GFP, constitutively expressed under Ubi-c promoter. 
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Figure 8.  shRNA sequences reduced expression of target transcripts at 

varying levels.  D3-ESC were transfected with shRNA sequences specific to A) 

E-cad, B) Cx43 and C) ZO-1 in pEN-mH1c entry vector.  RT-qPCR was 

performed at days 1, 3 and 5 or days 2, 4 and 6 to determine expression level of 

target gene relative to non-transfected ESC (dashed line).  D3-ESC were 

transfected with shRNA sequences specific to D) Cldn4 and E) ZO-2 in pDSL-

hpUG destination vector.   RT-qPCR was performed on sorted GFP+ cells 4-6 

days after transfection to determine relative expression level of target gene 

compared with GFP- cells. 
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Figure 9.  ESC lines constitutively silencing junction molecules are 

generated.  shRNA constructs in pDSL-hpUG were transduced into murine D3-

ESC, Kd-E-cad or Kd-ZO-1 to generate knockdown and double transduced ESC 

lines (dashed lines).  Flow cytometric evaluation of knockdown ESC lines results 

in >95% purity of GFP expressing cells compared with untransduced D3-ESC 

(green). 
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 Figure 10.  Constitutive expression of shRNA specific to junction 

molecules results in reduced expression of transcript expression levels.  A) 

shRNA constructs efficiently silence endogenous mRNA in mESC. RT-qPCR 

was performed on GFP expressing cells generated with lentiviral constructs 

containing shRNA specific to E-Cad, Cldn-4, Cx43, ZO-1 and ZO-2 to analyze 

transcript expression level.  Samples were normalized to GAPDH and expressed 

relative to transcript levels in untransduced D3-ESC (dashed line).  B) Transcript 

expression levels of E-cad, Cldn4, Cx43, ZO-1 and ZO-2 in D3-ESC relative to 

GAPDH expression. 
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Figure 11.  Protein levels of adhesion molecules are reduced in engineered 

ESC.  A) Western blot analysis was performed on knockdown ESC lines with 

antibodies specific to E-cad, Cldn4, Cx43, ZO-1 and Actin to determine B) ratio of 

protein expression to Actin compared with control D3-ESC (dashed line).  
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Figure 12. Transcript knockdown level correlates with mean fluorescent 

intensity of GFP.  ESC lines Kd-E-cad, Kd-E-cad-Hi, Kd-Cldn4, Kd-Cx43, Kd-

ZO1, Kd-ZO1-Hi and Kd-ZO2 were characterized by multivariate flow cytometry 

to quantify mean fluorescent intensity (MFI) of GFP and RT-qPCR to quantify 

knockdown efficiency of shRNA.  Knockdown efficiency is expressed as fold 

reduction of transcript expression level in control D3-ESC.  The correlation of MFI 

with fold reduction is linear with a coefficient of determination of 0.80.
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Figure 13.  Morphology is unchanged in ESC with constitutive down-

regulation of junction molecules.  Knockdown ESC lines generated through 

lentiviral transduction with shRNA were maintained on mitomycin C treated STO 

cells for multiple passages in ESC media.  Morphology of Kd-E-cad, Kd-Cldn4, 

Kd-Cx43, Kd-ZO1, Kd-ZO2, Kd-E-cad-Hi and Kd-ZO1-Hi is similar to control D3-

ESC.  Microscope images are magnified 10X. 
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Figure 14.  Pluripotency is maintained in engineered ESC lines.  A) D3-ESC 

transduced with lentiviral constructs constitutively expressing GFP and shRNA 

specific to E-cadherin (Kd-E-Cad and Kd-E-Cad-Hi), Cldn4 (Kd-Cldn4), Cx43 

(Kd-Cx43), ZO1 (Kd-ZO1 and Kd-ZO1-Hi) and ZO2 (Kd-ZO2) were stained with 

SSEA-1 as a marker of pluripotency.  Non-viable cells were excluded using 

DAPI.  B) RNA extraction and RT-qPCR was performed on GFP expressing cells 

for Oct4 expression and normalized to GAPDH.  Expression levels reported 

relative to control D3-ESC.   
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Figure 15.  ESC with reduced expression of junction molecules by shRNA 

maintain ability to differentiate to Flk-1+ cells.  Flk-1 expression does not 

significantly differ in knockdown ESC lines.  A) Kd-E-cad, Kd-E-cad-Hi, Kd-Cldn4, 

Kd-Cx43, Kd-ZO1, Kd-ZO1-Hi and Kd-ZO2 were differentiated in EB for 5 days 

or B) Kd-E-cad, Kd-Cx43 and Kd-ZO1 ESC were differentiated in EB for 3-6 days 

and frequency of Flk-1+ cells was compared with D3-ESC flow cytometrically 

using anti-Flk-1 antibody conjugated to PE.  Non-viable cells were excluded 

based on fluorescence of DAPI.  * p < 0.05; *** p < 0.0005.   
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Figure 16.  Expression of hematopoietic transcription factors in EB is 

decreased when adhesion molecules are reduced in expression.  

Knockdown ESC lines were differentiated in EB for 9 days.  RNA was extracted 

from GFP+ cells and quantitative RT-PCR was performed using SYBR Green 

and primers for hematopoietic transcription factors Gata1, Runx1 and Scl.  

Difference in expression of Gata1 was statistically significant compared to D3-

ESC for Kd-E-cad, Kd-E-cad-Hi, Kd-Cldn4, Kd-Cx43, Kd-ZO1 and Kd-ZO2 

(p<0.001).  Difference in expression of Runx1 was statistically significant 

compared to D3-ESC for Kd-E-cad (p<0.01), Kd-E-cad-Hi, Kd-Cldn4, Kd-Cx43, 

Kd-ZO1, Kd-ZO1-Hi and Kd-ZO2 (p<0.001 unless otherwise noted).  Difference 

in Scl expression was statistically significant compared to D3-ESC for Kd-E-cad-

Hi (p<0.05). 
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Figure 17.  Frequency of CD45 expressing population is decreased in 

engineered ESC lines.  ESC lines stably expressing shRNA sequences specific 

to E-cad, Cldn4, Cx43, ZO-1 and ZO-2 were differentiated in EB for 11 days.  

CD45 expression was analyzed flow cytometrically using anti-CD45 antibody 

conjugated to PerCP-Cy5.5 and compared to D3-ESC (dashed line).  Non-viable 

cells were excluded based on DAPI fluorescence.  (* p < 0.05; ** p < 0.005)   
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Figure 18.  Hematopoietic potential decreases in ESC with down-regulation 

of junction molecules.  Day 5 EB with reduced expression of E-cad, Cx43, ZO-

1 and ZO-2 were dissociated and replated as single cells to determine colony 

forming potential.  Hematopoietic colonies were scored for presence of 

granulocyte colony forming units (CFU-G), macrophage colony forming units 

(CFU-M), erythroid burst forming units (BFU-e), bipotent progenitors of 

granulocyte and macrophages (CFU-GM) and multipotent progenitors of these 

myeloid lineages (CFU-mix).    
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Figure 19.   Intermediate stages of endothelial differentiation are not 

significantly influenced by reduced expression of junction molecules.  

Knockdown ESC lines were differentiated in EB for 9 days.  RNA was extracted 

from GFP+ cells and RT-qPCR was performed using SYBR Green reagents and 

primers for markers of endothelial differentiation Tie1 and Tie2. (* p < 0.05) 
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Figure 20.  ESC lines with reduced levels of junction adhesion molecules 

form EB with endothelial sprouts.  ESC lines stably expressing shRNA 

sequences specific to E-cad, Cldn-4, Cx-43, ZO-1 and ZO-2 were differentiated 

in Collagen I with 100 ng/ml bFGF and 50 ng/ml VEGF for 11 days.  EB with 

endothelial sprouts were analyzed at 4X magnification. 
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Figure 21.  Endothelial commitment is increased in ESC knockdown lines.  

Number of EB with endothelial sprouts was quantified and reported relative to 

total number of EB as A) percentage of sprouting EB.  B) Number of sprouts per 

sprouting EB and C) length of sprouts were manually measured on 

photomicrographs in ESC reduced in expression of junction molecules and 

compared to D3-ESC control (dashed lines). *** p-value < 0.0005, ** p-value < 

0.005; * p-value < 0.05.   
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Chapter 5: Discussion 

Cell-cell interactions are known to regulate transcriptional machinery necessary 

for proliferation and development in multiple systems31, 36, 43, 44.  However, the 

contributions of cell surface mediated protein signaling in ESC fate decisions are 

incompletely understood.  AM expression has been documented in 

undifferentiated ESC and during EB formation using microarray and proteomic 

analysis38, 42, 47.  We describe expression of 38 reported genes associated with 

cell adhesion molecules (CAM), extracellular matrix proteins, hematopoietic 

lineage markers, junction molecules, receptor and other membrane associated 

proteins in ESC proliferation/differentiation and the functional consequences of 

manipulating AM expression levels on hematopoietic and endothelial 

commitment.  Our experimental design enabled us to identify AM that are 

modulated during loss of pluripotency (-LIF) with those differentially expressed in 

Differentiating Medium (DM) supporting hematopoietic and endothelial 

differentiation.   

 

We describe multiple gene expression changes in developing EB following LIF 

removal (Table 2 and Figure 3).  For example, App, c-Kit, Cx31, Ly75, ICAM, 

Laminin, Nidogen, PPAP2A and Thrombospondin-1 expression were down-

regulated; whereas, Bin1, Cldn4, Cldn6, Cldn7, Collagen-4 and DDR1 were up-

regulated at approximately day 3 of EB formation, consistent with data reported 

by Palmqvist, et al 38.  Other expression profiles, such as CD44, CD9, 

Osteopontin and VCAM, differed from those reported by Palmqvist, et al38.  
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Expression of SSEA-1 and E-cadherin were consistent with data reported by 

Ling, et al8 and Dang, et al55, respectively.  Expression profiling of ESC cells in   

–LIF also revealed changes in levels of several surface markers not reported 

previously.  CD37, Integrin-β4 and LIF receptor were down-regulated, while 

ABCG2, CD81, Cx43 and ZO-1 were up-regulated in –LIF.  LIF maintains 

pluripotency of ESC through STAT3 activation and regulation of c-Myc56, whose 

expression is also regulated through Wnt and TGF-β signaling pathways, 

regulators of differentiation in hematopoietic and endothelial lineages57, 58.   

 

Expression of AM, such as claudins, cadherins and ZO proteins, activate the Wnt 

pathway through interactions with β-catenin and activation of the transcription 

factor TCF/LEF, which induces expression of multiple genes involved in 

proliferation and differentiation59.  When LIF is removed, ESC lose pluripotency 

and begin to differentiate.  It’s unclear whether changes in AM expression 

following LIF removal are associated with loss of pluripotency and/or induction of 

differentiation.  To distinguish gene expression changes associated primarily with 

loss of pluripotency from those associated with hematopoietic/endothelial 

commitment, AM expression in cells cultured in DM was measured and 

compared with AM expression in –LIF.  ESC culture post LIF removal in DM 

supports hematopoietic and endothelial commitment without supplemental 

lineage-specific cytokines9, 13.  Differentiation of ESC in DM facilitates 

identification of cell-environment interactions that induce hematopoietic and 

91 



endothelial differentiation without specifically forcing commitment with exogenous 

cytokines. 

 

Junction molecules, including E-cad, Cldn4, Cx43, ZO-1 and ZO-2 represented 5 

of 17 AM whose levels changed preferentially upon culture in DM (Figure 3).  E-

cad is present in adherens junctions, which indirectly link the cytoskeletons of 

adjacent cells41; Cldn4, ZO-1 and ZO-2 are associated with tight junction 

complexes, which generate a permeability barrier and activate intracellular 

signaling responses that suppress cellular proliferation35, 36; Cx43 forms gap 

junctions, which allow second messengers, such as inorganic salts and 

metabolites, to pass between cells through the cytosol29, 33.  The temporal and 

quantitative variation of E-cad, Cldn4, Cx43, ZO-1 and ZO-2 expression during 

EB formation in culture conditions that support hematopoietic and endothelial 

commitment suggest a role for these proteins in ESC differentiation. 

 

EB differentiated in DM are comprised of multiple transitional stages and 

lineages8, thus reduction of heterogeneity by subpopulation isolation facilitates 

exploration of AM contributions to lineage commitment.  Early hematopoietic and 

endothelial differentiation proceeds through defined stages of commitment.  ESC 

undergoing commitment to the mesoderm lineage express the TF Bry9, 60.  

Subsequently, a VEGF receptor, Flk-1, is expressed in a subpopulation of Bry+ 

cells which are progenitors to early endothelial and hematopoietic cells17, 18 and 

Flk-1+ cells that express Scl expression are committed to hematopoiesis22.  We 
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used Bry, Flk-1 and Scl expression to discriminate subpopulations in developing 

EB.  We showed that temporal oscillations in Bry, Flk-1 and Scl expression 

during EB development are consistent with those reported previously9, 15, 61 

(Figure 4).  Quantification of AM expression in Bry, Flk-1 and Scl expressing 

populations, compared to expression levels in Bry-, Flk-1- and Scl- 

subpopulations, respectively, identifies AM expressed in discrete transitional 

stages of early hematopoietic and endothelial development.  Comparison of AM 

with greater than 2 fold increase or decrease in expression in Bry+, Flk-1+ or 

Scl+ populations with AM differentially expressed between –LIF and DM culture 

conditions resulted in identification of 12 AM genes.  Our data indicate that 58% 

of these 12 genes are junction proteins, consisting of adherens, gap and tight 

junction families: E-cad, Cldn4, Cldn6, Cx43, Cx45, ZO-1 and ZO-2.  One 

extracellular molecule from each junction family: E-cad (adherens junction), 

Cldn4 (tight junction) and Cx43 (gap junction) was chosen to evaluate the effects 

of modulated expression levels on hematopoietic and endothelial differentiation.  

Cx45 expression was less than 2 fold different in Bry+ and Scl+ subpopulations 

and not determined in Flk-1 expressing cells; whereas, Cx43 expression was 

approximately 5 fold up-regulated in Scl+ subpopulations.  Similarly, Cldn6 

expression was less than 2 fold different in Scl+ cells and not determined in Flk-

1+ cells, while Cldn4 was greater than 2 fold down-regulated in Bry+, Flk-1+ and 

Scl+ subpopulations.  Therefore, Cx45 and Cldn6 were identified as being less 

differentially expressed during early hematopoietic and endothelial commitment 

compared with Cx43 and Cldn4 and were reserved as replacements in the event 
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Cx43 and Cldn4 shRNA sequences did not efficiently silence gene targets.  ZO-1 

and ZO-2 were chosen for further analysis in hematopoietic and endothelial 

development due to their differential expression in –LIF and DM and Bry+, Flk-1+ 

and Scl+ subpopulations.  Additionally, they are intracellular molecules which 

interact with components of adherens, gap and tight junction pathways (Figure 

2).  

 

The effects of modulating E-cad, Cldn4, Cx43, ZO-1 and ZO-2 expression on 

hematopoietic and endothelial commitment potential of manipulated ESC were 

investigated to establish genotype-phenotype relationships of these AM.  ESC 

lines were engineered with lentiviral transduction of shRNA sequences to 

constitutively decrease expression of E-cad, Cldn4, Cx43, ZO-1 and ZO-2 and 

GFP as a marker of shRNA incorporation.  Reduced expression of AM was 

verified on transcript and protein levels in GFP+ cells using RT-qPCR and 

western blots, respectively (Figure 10, 11).  Western blots confirm semi-

quantitatively the decrease in transcript expression in engineered ESC lines; 

although this decrease does not correlate with transcript expression levels.  

Previous studies have shown that correlation between mRNA and protein is 

weak for proteins that are not abundant62-64.   RT-qPCR analysis is a better-

quality indicator of quantification of expression levels compared with western 

blots due to the sensitivity of the fluorescent reporter, SYBR Green which can 

detect on the level of transcripts per cell (Brilliant SYBR Green qPCR Manual, 

Stratagene, La Jolla, CA).  In comparison, the decreased sensitivity in 
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chemiluminescent substrates for western blots requires levels of protein in 

picograms or greater quantities for detection (Supersignal West Pico 

Chemiluminescent Substrate Manual, Thermo Scientific, Rockford, IL).  We 

evaluated the protein expression levels in 1 x 106 cells using chemiluminescent 

detection methods (Figure 11A).  Protein levels were normalized for semi-

quantitative comparison between samples by quantification of the density ratio of 

target protein to Actin (Figure 11B).  E-cad and ZO-2 expression levels in ESC 

were abundant (Figure 10B, 11A) allowing for confirmation of greater than 2 fold 

decreases in protein expression as a result of shRNA interference in transcript 

translation.  Unfortunately, lower expression levels of Cldn4 and Cx43 in ESC 

(Figure 10B, 11A) prevented accurate quantification of protein knockdown in 

respective engineered ESC lines due to the limit of sensitivity in 

chemiluminescent detection.  Protein half-lives for E-cad, Cldn4, Cx43, ZO-1 and 

ZO-2 are approximately 2-5 hours65-69.  Since the protein half-lives are similar, 

the inconsistency with transcript data is not due to protein turn-over.  Therefore, 

the RT-qPCR is a better indicator of reduced expression than the western blots.  

Western blots were able to confirm the reduced expression of Cldn4 and Cx43 

levels.  ZO-1 protein was not detected in ESC lines confirming transcriptional 

analysis of very low levels in undifferentiated ESC (Figure 10B) and preventing 

validation of reduced transcript expression correlating with protein levels in 

engineered ESC. 
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Using engineered ESC lines, we demonstrated that reduced levels of E-cad, 

Cldn4, Cx43, ZO-1 and ZO-2 had minimal influence on the frequency of SSEA-

1+ cells  and level of Oct-4 expression (Figure 14), markers associated with ESC 

pluripotency, suggesting that pluripotency was unaffected by manipulation of 

these AM.  If AM modulations affect the decision of ESC to commit to a Flk-1+ 

progenitor, then the number and/or timing of Flk-1 expressing engineered ESC 

during EB development would be altered.  A reduction in Cldn4 and Cx43 

expression did not appear to affect the frequency of Flk-1+ progenitor cells.  

However, these same AM appeared to have a more prominent role in 

intermediate and later stages of hematopoietic commitment because Kd-Cldn4 

and Kd-Cx43 showed reduced expression of hematopoietic TF, as well as a 

lower frequency of cells expressing CD45, an extracellular marker present on 

cells committed to hematopoiesis8.   

 

Hematopoietic genes are temporally expressed during early stages of 

hematopoietic development (Figure 22).  Expression of Flk-1 in hematopoietic 

and endothelial progenitors is followed by expression of Scl, which is necessary 

for hematopoietic development and is expressed in some endothelial cells22, 70.  

Scl expression is followed temporally by expression of TF Runx1, expressed in 

hematopoietic and endothelial lineages71, and Gata1, exclusively expressed in 

hematopoietic cells72.  Additional genes have been reported to be expressed 

exclusively during hematopoietic development, such as CD4173 and Gata374.  We 

chose Scl, Runx1 and Gata1 expression as indicators of hematopoietic 
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development due to their expression during early stages of hematopoiesis as 

well as frequent incidence of use in the literature in gauging hematopoietic 

commitment.  Runx1 and Gata1 expression levels are reduced in engineered 

ESC lines with minimal reduction in Scl expression.  Reduced expression of 

Runx1 and Gata1 in Kd-Cldn4 and Kd-Cx43 ESC suggest that TF associated 

with intermediate stages of hematopoietic commitment are regulated by Cldn4 

and Cx43 expression, or signals downstream of these molecules.  Temporal 

evaluation of hematopoietic TF expression in engineered ESC suggests 

decreased differentiation toward the hematopoietic lineage occurs after Scl 

expression in developing EB and prior to expression of Runx1 and Gata1.  

Quantification of frequency of CD41+ cells in engineered ESC could further 

discriminate of stages of hematopoietic development dependent on expression of 

these AM.   

 

Hematopoietic TF are important for hematopoietic colony generation in culture75-

78.  The reduction in TF expression during intermediate hematopoietic 

development in Kd-Cldn4 and Kd-Cx43 was paralleled with a decrease in the 

number of CFU, particularly CFU-M.  CFU-M are myeloid progenitors which give 

rise to macrophage cells (Figure 23).  These data suggest reduced expression of 

Cldn4 and Cx43 block myeloid differentiation between developmental stages of 

CFU-GM and CFU-M.  Lymphoid commitment was evaluated by culturing ESC 

on OP-9 and OP-9-Delta cells in the presence of lineage-specific cytokines which 

drive differentiation toward T-cell and B-cell lineages, respectively79.  
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Unfortunately, lymphoid differentiation was not detected under our culture 

conditions through analysis of CD3 and CD9 expression to quantify frequency of 

T-cells and B-cells, respectively.  The reduction in hematopoietic commitment in 

Kd-Cx43 is consistent with previous observations of reduced hematopoiesis, 

particularly CFU-GM and BFU-e, in fetal liver of Cx43-/- embryos80.  Currently, 

Cldn4-/- mice have not been generated, although inhibition of Cldn4 and Cldn6 

inhibits blastocyst development81, suggesting a role in early embryonic 

development.  Overall, our ESC data suggest that Cldn4 and Cx43 do not play 

substantial roles in early hematopoietic commitment prior to the Flk-1+ progenitor 

stage, but are involved in differentiation of Flk-1+ expressing cells.  These data 

are depicted schematically in Figure 24.   

 

In addition to hematopoietic differentiation, Flk-1+ cells are capable of 

differentiating to endothelial cells9, 13, 22.  Therefore, we evaluated AM mediated 

modulation of endothelial lineage commitment.  ESC propagated in a collagen 

matrix containing endothelial-specific cytokines differentiate along the endothelial 

lineage, forming EB with endothelial sprouts that invade the matrix.  Invasion is 

used as a surrogate endpoint for angiogenesis51.  Activators of angiogenesis, 

VEGF and FGF-2, increase the number of EB with endothelial sprouts, while 

inhibitors of angiogenesis decrease the number and length of endothelial sprouts 

on EB51.  We showed that reduced Cldn4 and Cx43 expression increased the 

frequency of EB with endothelial sprouting and number of sprouts on each EB.  

Reduced expression of Cldn4 and Cx43 resulted in minimal effect on average 
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sprout length which may be a result of the large variation in length of individual 

sprouts quantified on the EB.  Quantification of sprouts expressing CD31, a pan-

endothelial marker, may reduce the heterogeneity of sprout length due to 

quantification of non-endothelial sprouts51.  Overall, these endothelial sprouting 

data suggest that reduced Cldn4 and Cx43 expression induces endothelial 

differentiation.  Interestingly, expression of endothelial genes, Tie1 and Tie2, was 

not consistently altered in Kd-Cldn4 and Kd-Cx43.  Tie2 was up-regulated in Kd-

Cldn4; whereas Tie1 was unchanged and Tie1/2 levels in Cx43 were similar to 

controls.  Tie1 expression inhibits and Tie2 expression promotes angiogenesis82.  

The observed increase in Tie2 in Kd-Cldn4 was consistent with increased 

endothelial sprouting.  The Tie1 results, which were not consistent with inhibition 

of angiogenesis, may be complicated by expression in lineages other than 

endothelial cells present in the EB83, 84.  Overall, however, the hematopoietic and 

endothelial data suggest that Cldn4 and Cx43 expression influence lineage 

commitment at the point of endothelial and hematopoietic divergence (Figure 24).  

 

Responses in cellular behavior are believed to occur via binary (on/off) or graded 

expression of genes85.  We evaluated the relationship between perturbations in 

hematopoietic and endothelial commitment and levels of reduction in E-cad and 

ZO-1 expression to determine whether these commitment decisions were 

concentration dependent or binary.  Fok, et al reported that levels of E-cadherin, 

in heterozygous and homozygous knockout ESC, correlated with EB size86.  

Similarly, ZO-1 knockdown in mouse morulas reduced blastocyst formation in a 
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concentration dependent manner87.  E-cad and ZO-1 expression were 2.5-5 fold 

lower in Kd-E-cad-Hi and Kd-ZO1-Hi ESC than in Kd-E-cad and Kd-ZO1, 

respectively.  The frequency of Flk-1+ progenitors in EB was unaffected by E-cad 

and ZO-1 levels.  However, hematopoietic commitment was reduced and 

endothelial differentiation was increased in both Kd-E-cad and Kd-E-cad-Hi ESC.  

Since the reduction and increases were comparable in both Kd lines, these data 

suggest that E-cad modulation of lineage commitment at the point of 

hematopoietic and endothelial divergence is independent of a 2-5 fold reduction 

in level, implying that a 50% decrease in E-cad level is sufficient to induce these 

phenotypic changes.  Endothelial sprouting in EB is similar with reduction in ZO-1 

levels from 2-9 fold (Figure 21), even though the block in hematopoietic 

differentiation seen with lower levels of ZO-1 reduction was abrogated with 

further reductions in ZO-1 levels (Figure 16 and 17).  Interestingly, disruption of 

ZO-1 patterning in human ESC has been reported to increase vasculogenesis in 

EB37.  These data suggest that hematopoietic and endothelial commitment is 

influenced by ZO-1 levels; whereas, E-cad negatively regulates endothelial 

commitment from Flk-1+ cells in a non-concentration dependent manner (2-5 fold 

range).  In contrast, the hematopoietic block in ESC differentiation seen with 2 

fold reduction in ZO-1 levels was bypassed with further reduction in ZO-1 and 

retained the increased endothelial commitment.  

 

We demonstrated that ZO-2 levels are important for maintenance of early, 

intermediate and late stages of hematopoietic and endothelial differentiation in 
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ESC.  Kd-ZO2 ESC generated fewer Flk-1+ progenitors and hematopoietic cells 

than D3-ESC.  Although endothelial sprouting in Kd-ZO2 ESC was similar to 

control ESC, there was a less than 2 fold increase in number of sprouts on the 

EB which was statistically significant compared with D3-ESC, suggesting minimal 

increased endothelial differentiation.  These data suggest that low ZO-2 levels 

induce a block in ESC differentiation to Flk-1+ cells, but minimally perturb 

endothelial commitment (Figure 24).  Although Flk-1 expression is necessary for 

hematopoietic and endothelial differentiation, expression has been observed in 

smooth muscle cells88, cardiomyocytes89, retinal progenitors90 and other neural 

lineages91.  Thus, a reduction in the frequency of Flk-1+ cells without alterations 

in endothelial commitment may suggest that endothelial cells can be generated 

through alternative non-Flk-1+ populations.  Perhaps activation of alternate 

VEGF receptors, such as Flt-1 and Flt-4, are responsible for the endothelial 

commitment in these cells. 

 

Overall, our data suggest regulation of ESC commitment decisions between 

hematopoietic and endothelial lineages through expression of junction molecules 

and their downstream components.  Reduced expression of transmembrane 

junction molecules, E-cad, Cldn4 and Cx43 increased endothelial commitment 

and decreased hematopoietic development, suggesting that these AM influence 

a common progenitor and activate divergent pathways towards lineage 

commitment (Figure 24).  Intracellular components, ZO-1 and ZO-2 possibly 

regulate differentiation decisions through their intracellular interactions (Figure 2).  
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For example, ZO-1 associates with components of adherens, gap and tight 

junction pathways, including direct interactions with α-catenin and connexins44, 92 

as well as claudins, ZO-2, JAM1, ZONAB, occludens and actin43.  Therefore, 

reduced expression of E-cad, Cldn4 and Cx43 may guide cell fate decisions 

between hematopoietic and endothelial lineages through activation/inhibition of 

ZO-1 signaling pathways.  Additionally, modulation of ZO-1 expression beyond a 

threshold level, in Kd-ZO1-Hi ESC, may influence additional intracellular 

signaling pathways, increasing endothelial commitment without influencing 

hematopoiesis.  ZO-2 interactions have not been as well characterized; although 

ZO-2 has been shown to interact with α-catenin92.  The expression of ZO-2 may 

be necessary for commitment to Flk-1+ progenitors; whereas, ZO-1 expression 

regulates later development decisions through ZONAB and α-catenin 

interactions.  Further analysis is necessary to identify downstream targets of 

these AM pathways in regulation of hematopoietic and endothelial cell fate 

decisions. 

 

Finally, our data also suggest the AM may provide additional discriminants of 

transitional subpopulations defined by Bry, Flk-1 and Scl expression (Figure 6).  

Undifferentiated ESC express E-cad, Cldn4, Cx43, ZO-1 and ZO-2.  As Bry 

transcription was up-regulated in mesoderm cells, E-cad, Cldn4 and ZO-2 

expression was down-regulated in the Bry+ cells, while Cx43 and ZO-1 levels 

were constant with the Bry- population of cells.  Flk-1+ hematopoietic and 

endothelial progenitors had higher levels of ZO-1 and ZO-2, retained similar 
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levels of Cx43 and reduced levels of E-cad and Cldn4 than Flk-1- subpopulation.  

Scl+ cells, which have committed to the hematopoietic lineage, expressed ZO-1 

in addition to the up-regulation of E-cad, Cx43 and ZO-2, while continuing to 

express reduced levels of Cldn4.  These data not only suggest that E-cad, Cldn4, 

Cx43, ZO-1 and ZO-2 expression is associated with commitment decisions, but 

also that these markers identify subpopulations within the Bry+, Flk-1+ and Scl+ 

populations.   

 

Evidence of the importance of AM expression during development is found 

multiple human diseases in which AM expression levels are dysregulated.  For 

example, oculodentaldigital dysplasia and cardiac malformations, familial 

hypercholanemia and Williams-Beuren Syndrome are associated with deletions 

in Cx43, ZO-2 and Cldn4, respectively93-95.  Although hematopoietic or 

endothelial defects are absent in these diseases, in vivo interactions may 

compensate for hematopoietic/endothelial fate decisions during embryonic 

development.  Cancer progression in various tissues has been linked with 

decreased expression of E-cad96-98, Cldn499, Cx43100, ZO-1101 and ZO-2102.  

Decreased expression of junction molecules is associated in tumor development 

with metastatic invasion and has been shown to occur in multiple tumors, 

including pancreatic102, breast98, 100-102 and colon cancer96, 99.  Decreased 

adhesion is necessary for individual tumor cells to mobilize for colonization of 

other tissues97  and evidence of increased tumor growth has been reported with 

decreased expression of E-cad103 and Cx43104.  It may be speculated that 
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decreased AM expression increases endothelial development, contributing to 

vascularization of tumors which is necessary for tumor growth and 

development105.  Additionally, E-cad and Cx43 expression have been associated 

with human leukemia.  The E-cad promoter is hypermethylated resulting in 

decreased expression in forms of acute myelogenous leukemia and chronic 

myelogenous leukemia (AML and CML, respectively)106.  AML chromosomal 

translocation t(8; 21) results in increased expression of Cx43, due to activation of 

the JNK signaling pathway107.  Although ZO-1 is not directly implicated in 

leukemia, it binds AF-6 which is fused to ALL-1 in acute lymphocytic leukemia 

(ALL) translocation t(6; 11).  These studies suggest a role for E-cad, Cx43 and 

ZO-1 in normal hematopoietic development with dysregulation associated with 

abnormal hematopoeitic development observed in leukemia. 

 

Understanding the influence both intrinsic (gene expression) and extrinsic 

(microenvironment) interactions have in ESC fate decisions is necessary to 

accurately direct differentiation for use in transplantation.  Regenerative medicine 

is a cell based therapy for repairing damaged tissue or replacing cells with 

inherited or degenerative disorders1, 2.  Embryonic and adult stem cells are both 

viable sources in generating material for tissue repair.  Unfortunately, the 

difficulty in isolation and limited number of adult stem cells in a tissue reduces 

their clinical value3, 108, 109 and the expansion of adult stem cells in vitro is 

challenging as the cells often differentiate in the absence of signals from the 

supporting niche environment109, 110.  ESC evade these obstacles through their 
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ability to differentiate into multiple cell types of the body and expand in culture to 

unlimited numbers109.  However, transplantation of undifferentiated ESC results 

in the formation of teratomas2.  Although, ESC can be efficiently differentiated to 

multiple cell types, the inability of these cells to function at physiological levels5 

suggests incomplete understanding of the differentiation process.  To completely 

harness the potential of ESC for clinical use, reliable and reproducibly 

differentiation must be achieved prior to transplantation.
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Figure 22.  Hematopoietic associated genes are temporally expressed 

during EB development.  Expression of transcription factors and extracellular 

proteins associated with hematopoietic development is temporally regulated in 

EB development.  Hematopoietic/endothelial progenitors express Flk-1 in day 5 

EB.  Flk-1 expression is followed by expression of the transcription factor Scl in 

both hematopoietic and endothelial lineages, CD41 expression occurs only in 

hematopoietic cells and the transcription factor, Runx1, is expressed primarily in 

hematopoietic cells and at low levels in early endothelial cells.  Finally, 

expression of the transcription factor, Gata1, occurs only in early hematopoietic 

cells. 
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Figure 23.  Hematopoietic development progresses through discrete 

transitional stages.  Adult HSC give rise to common myeloid and lymphoid 

progenitors (CMP and CLP, respectively).  Myeloid progenitors differentiate into 

cells of the myeloid lineage, including: megakaryocytes, erythrocytes, 

granulocytes and macrophages.  Lymphoid progenitors give rise to B-cells, T-

cells and natural killer cells (NK-cells).  Progenitors are defined functionally 

based on classification of colony forming units (CFU) in culture.  Reduced 

expression of E-cad, Cx43 and ZO-2 inhibit hematopoietic commitment between 

the stages of CFU-GM and CFU-M
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Figure 24.  Model of adhesion molecule influence in hematopoietic and 

endothelial differentiation.  Reduced expression of junction molecules, ZO-1, 

Cx43, Cldn-4 and E-Cad, in murine ESC, results in increased commitment to 

differentiate along the endothelial lineage with concurrent loss of commitment to 

hematopoietic cells.  Increased knockdown of ZO1 (Kd-ZO1-Hi) influences 

endothelial commitment only.  These fate decisions occur after the emergence of 

Flk-1 precursors in EB.  Knockdown of ZO-2 in mouse ESC reduces the 

commitment along both hematopoietic and endothelial lineages possibly due to 

the decrease in Flk-1 progenitor population in day 5 EB.  
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Chapter 6: Future Directions. 

The data we have generated implicating AM expression in cell commitment along 

hematopoietic and endothelial lineages is not without its limitations.  For 

example, expression of AM is reduced 2-9 fold in ESC; however, silencing of AM 

is not complete and the affects of reduced expression of AM in vivo have not 

been addressed.  Additionally, identification and manipulation of signaling 

pathways directing cell fate decisions along hematopoietic and endothelial 

lineages in ESC is necessary to drive differentiation without genetic modification 

of ESC.  Addressing these limitations and applying results to human ESC can 

further enlighten research efforts in guiding cell fate decisions for use in 

transplantation medicine. 

 

AM expression levels 

Expression level of proteins influence cell fate decisions during embryonic 

development.  For example, activin over a 20 fold range of expression directs at 

least 5 different cell fate outcomes, including epidermis, mesoderm and 

notochord, in Xenopus embryos111.  Since knockout mice only address binary 

(on/off) expression, we utilized RNAi technology to assess the effects of 

incomplete knockdown of the expression of adhesion molecules in murine ESC 

on hematopoietic and endothelial commitment.  To determine whether these 

effects are binary or concentration dependent, we analyzed up to 2 levels of 

reduced AM expression.  Additional levels of expression are necessary to 

complete the predictive modeling of concentration dependence of AM in guiding 
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hematopoietic and endothelial cell fate decisions in ESC, including complete lack 

of expression.  This may be addressed using ESC from knockout mice, available 

for E-cad112, Cx43113 and ZO-2114 to generate data for null expression.  We 

propose additional transductions of Kd-ESC lines to generate varying levels of 

AM expression elucidating whether a concentration gradient of AM expression 

influences hematopoietic and endothelial differentiation in ESC.  Compilation of 

hematopoietic and endothelial commitment potential over multiple transcript 

expression concentrations will elucidate the dependence of cell fate decisions as 

binary or gradient mechanisms.  

  

In vivo analysis 

Although in vitro analysis of the effect of modulating AM expression on 

hematopoietic and endothelial differentiation of ESC mimics in vivo development 

events, development in vivo is orchestrated by numerous intracellular and 

extracellular interactions which drive the differentiation decisions of each cell.  

For example, in vitro experiments in which expression of desmin, a structural 

protein expressed in muscle cells, is blocked in murine ESC resulted in loss of 

myogenic differentiation; whereas, desmin knockout mice have normal myogenic 

differentiation115.  The inconsistency of these results may be due to 

compensating pathways in vivo or extracellular interactions that do not occur in 

vitro.  We have analyzed the effect of reduced expression of AM under defined 

conditions in culture.  It is necessary to correlate in vitro results with in vivo 

interactions which occur in the presence of the additional stimuli encountered in 
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the organism.  This may be addressed through generation of conditional 

knockout and knockdown mice.  Conditional knockout mice are generated by 

engineering expression of a site-specific recombinase, such as Cre, which 

excises regions of DNA flanked by LoxP sites under the control of a tissue 

specific promoter116.  Since our AM influence hematopoietic and endothelial 

commitment decisions after the expression of Flk-1 in progenitor cells, Cre 

expression under control of the Flk-1 promoter will result in AM knockout 

exclusively in cells differentiating through the Flk-1+ transitional stage.  Flk-1-Cre 

mice, generated by Licht, et al117, bred with mice engineered with LoxP sites 

flanking alleles of E-cad118, Cldn4, Cx43119, ZO-1 and ZO-2 will result in deleted 

expression of these genes in Flk-1+ cells and their progeny.  However, since the 

concentration of AM expression may influence early hematopoietic and 

endothelial development it may be necessary to generate conditional knockdown 

mice using similar methods.  Flk-1-Cre mice bred with mice engineered with 

LoxP sites flanking stop codons downstream of the shRNA sequences used in 

this study will result in mice with reduced expression of AM in lineages post-Flk-1 

expression.  Temporal quantification of hematopoietic and endothelial cells 

during embryonic development in conditional knockout/knockdown mice will 

determine the role of AM expression in Flk-1+ lineages in vivo.   

 

Identification of intracellular signaling mechanisms 

The regulation of intracellular signaling pathways via extracellular interactions 

drives commitment decisions of ESC.  Activation of signaling pathways such as 
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Wnt, TGF-β, Jak/STAT, Hedgehog and Notch have been implicated in stem cell 

proliferation and differentiation upon activation of extracellular niche 

components120.  Unfortunately, specific targets of these pathways directly guiding 

hematopoietic and endothelial commitment have not been defined.  We have 

shown that AM expression influences early hematopoietic and endothelial 

commitment of ESC; however, we have not identified specific signaling pathways 

which are activated through AM interactions during this commitment process.  To 

address this issue, we have generated primers for genes expressed in MAPK, 

Wnt, Jak/STAT, TGF-β and Notch pathways, stem cell maintenance, 

hematopoiesis, endothelial development and AM intracellular signaling pathways.  

Transcriptional profiling of genes expressed in intracellular signaling pathways 

will be quantified using RT-qPCR in ESC lines with reduced expression of E-cad, 

Cldn4, Cx43, ZO-1 and ZO-2 to determine activation/inhibition of pathways 

directly associated with AM expression.  Subsequently, chromatin 

immunoprecipitation (ChIP) can be performed to identify promoter regions of 

target genes which bind transcription factors up-regulated as a result of activation 

of intracellular signaling pathways through AM expression.  Identification of 

intrinsic factors associated with hematopoietic and endothelial differentiation of 

ESC will illuminate mechanisms regulating commitment decisions of ESC for 

efficient guidance of differentiation for use in clinical applications. 

 

Clinical applications 
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ESC are potential targets for clinical applications as replacement for diseased or 

damaged tissues1, 2.  Since transplantation of undifferentiated ESC results in the 

formation of teratomas2, efficient and reliable differentiation of human ESC is 

necessary for potential benefits in transplantation therapy.  We have shown that 

reduced expression of AM drives commitment decisions between hematopoietic 

and endothelial lineages without the supplementation of exogenous cytokine in 

murine ESC; however, these studies must be performed in human ESC before 

clinically relevant therapy can be addressed.  Human ESC have been shown to 

respond differently to external stimuli than mouse ESC in culture.  For example, 

mouse ESC rely on the presence of LIF to remain in an undifferentiated state, yet 

LIF does not sustain pluripotency in human ESC lines121.  Therefore, it is 

mandatory that influence of AM expression in regulating hematopoietic and 

endothelial differentiation of human ESC is evaluated.  To address this issue, 

human ESC lines can be generated which constitutively express shRNA 

sequences specific to E-cad, Cldn4, Cx43, ZO-1 and ZO-2 under the control of 

the human H1 promoter54.  Quantification of hematopoietic and endothelial 

commitment in human EB, through phenotypic, genotypic and functional 

analysis, will determine the influence of these AM on early cell fate decisions 

toward hematopoietic and endothelial lineages.   

 

It is preferable to regulate AM expression and/or activation of signaling pathways 

guiding hematopoietic and endothelial commitment without genetic modification 

of human ESC.  Safety concerns over mutagenic potential of genetically modified 
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cells in cell therapy have resulted in the suggestion that genetic modification 

should be avoided when possible for clinical therapy122.  To avoid genetic 

modification in guiding hematopoietic and endothelial differentiation of human 

ESC, we suggest differentiating ESC on a matrix of AM or antibodies, such as E-

cad and Cldn4, to induce or inhibit activation of intracellular signaling pathways 

which regulate hematopoietic and endothelial commitment.  Additionally, 

combination of AM and/or antibodies at varying concentrations may be used to 

drive differentiation without genetically modifying ESC lines.  Alternatively, small 

molecule libraries can be screened for activation of AM intracellular signaling 

pathways involved in hematopoietic and endothelial commitment decisions.  The 

purpose of understanding the developmental processes that drive cell fate 

decisions in ESC is to achieve the ability to drive the differentiation of ESC along 

a single lineage in vitro for cell based applications in vivo in a clinical setting.  

Regulation of cell fate commitment decisions between hematopoietic and 

endothelial lineages in human ESC brings us closer to realization of our goal to 

guide ESC fate decisions for clinical applications. 
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