
 

 
 
 

© Copyright 2016 
 

Wendy Yang 
  



 

 
Role for cell-to-cell communication in stem cell specification toward pancreatic 

progenitors: relevance to the design of novel therapies for diabetes. 
 
 

 

Wendy Yang 
 
 
 

A dissertation 
 

submitted in partial fulfillment of the 
 

requirements for the degree of 
 
 
 

Doctor of Philosophy 
 
 
 

University of Washington 
 

2016 
 
 
 

Reading Committee: 
 

Vincenzo Cirulli, Chair 
 

Laura Crisa 
 

Paul D. Lampe 
 
 
 

Program Authorized to Offer Degree:  
 

Pharmacology 
  



 

 

University of Washington 
 
 

Abstract 
 
 

Role for cell-to-cell communication in stem cell specification toward pancreatic progenitors: 
relevance to the design of novel therapies for diabetes. 

 
 

Wendy Yang 
 
 

Chair of the Supervisory Committee: 
Vincenzo Cirulli 

Metabolism, Endocrinology & Nutrition 

 

Pancreatic islets of Langerhans, responsible for the production of hormones such as 

insulin and glucagon, develop from pluripotent pancreatic progenitors following their 

specification toward an endocrine phenotype. Based on the established role of cell-to-cell 

communication as an important mechanism regulating developmental decisions during 

embryonic life, I investigated the expression pattern of Connexins (Cxs), the building blocks of 

Gap Junction channels, in the developing human pancreas, and in an in vitro model of pancreatic 

progenitor differentiation from human embryonic stem cells (hESC). I also investigated the role 

of β1 integrins and an associated downstream effector, integrin-linked kinase (ILK), on islet 

development in mice. 

In a first series of experiments, I investigated the expression pattern of Cxs in the 

developing human pancreas. Results from these studies revealed that while Cx32 is 

predominantly expressed in the acinar tissue, Cx36 is primarily expressed in developing islet β-

cells. Cx43 exhibited the most interesting expression pattern, being primarily detected in putative 

islet cell progenitors that delaminate from the pancreatic ductal epithelium and aggregate with 

developing islet cell clusters. Building on these exciting findings, and based on the growing 

interest in defining mechanisms that drive islet cell progenitor development from populations of 



 

progenitors and stem cells, I decided to focus my subsequent studies primarily on the role of 

Cx43 during stem cell differentiation toward the islet cell lineage. 

Consequently, I focused on the analysis of Cx43 expression and function in stem cells 

during their differentiation along the pancreatic cell lineage, with a specific emphasis on its 

functional requirement for the induction of early pancreatic islet progenitors, as defined by the 

acquisition of the transcription factor Pdx1 (Chapter 3). The results from these experiments 

showed that Cx43 is expressed at high levels in Definitive Endoderm (DE) cells, as defined by 

expression of E-cadherin, FoxA2, and Sox17. Building on these results, I adopted a gain-of-

function approach using AAP10, a Cx43 specific peptide that promotes Cx43 phosphorylation and 

causes constitutive activation (i.e. opening) of Cx43-Gap Junction channels. 

Results from these experiments show that AAP10 treatment positively affects the 

propensity of hESCs to adopt a DE phenotype. Gene expression analysis revealed significantly 

higher levels of FoxA2 and Sox17 transcripts in DE populations treated with AAP10, compared to 

untreated controls. This effect was correlated with larger Cx43 Gap Junction plaques. Finally, to 

investigate the developmental consequences of increasing Cx43 Gap Junction plaques by AAP10 

treatment, I monitored the expression of Pdx1 and Nkx6.1, two transcription factors required for 

islet cell development and differentiation, at the end of the differentiation protocol. My results 

indicated that AAP10 treatment during the early stages of hESC differentiation lead to a robust 

increase in the number of Pdx1+ pancreatic progenitors, when compared to untreated cells. 

Collectively, these results demonstrate that the purposeful activation of Cx43 Gap Junction 

channels at the early stages of hESC commitment toward DE cells leads to higher yields of 

pancreatic progenitors during the directed differentiation of hESCs toward pancreatic cell 

lineages. 

My next set of experiments focused on the knockdown of Cx43 in the derivation of 

pancreatic progenitors from hESCs (Chapter 4). Since gain-of-function studies showed a role of 

Cx43 in increasing the derivation of DE cell types, I hypothesized that knockdown of Cx43 would 

have the opposite effect. A targeted siRNA approach did show knockdown of Cx43, however, I 

observed multiple off target effects in mock and scramble transfections with this approach. 

Therefore, I moved to an shRNA approach specifically targeting Cx43. In these studies, I observed 



 

that targeted knockdown of Cx43 led to inhibition of Pdx1, Nkx6.1 and Insulin gene expression. 

Hence, these studies validated the requirement for Cx43 expression at the DE and PGT stages for 

hESC to effectively progress toward pancreatic endocrine progenitors. 

In parallel studies, based on the notion that Cx43 can also affect integrin-mediated cell 

adhesion and migration1, and building on our laboratory’s established experience on the role of 

integrin receptors as regulators of pancreatic progenitors cell adhesion, growth and 

differentiation2, I studied the role of β1 integrins in islet cell development and function (Chapter 

5). For these investigations, I focused on a loss-of-function approach using a Cre-lox strategy that 

made use of an insulin promoter-driven DNA Cre recombinase, cross-bred to β1 integrin-floxed 

mice3. The results of these studies showed that ablation of the β1 integrin gene in developing β-

cells resulted in a dramatic reduction of the pancreatic β-cell mass. Based on the observation that 

ablation of β1 integrin caused a reduced expression of genes regulating cell cycle progression, 

we interpreted these results as being caused by a defective β1 integrin signaling which in turn 

negatively impacted β-cell expansion. Surprisingly, these mice were not diabetic, and their islet 

clusters showed normal architectural organization, and normal expression of mature β-cell 

markers. Collectively, these results demonstrated that β1 integrin receptors function as crucial 

positive regulators of β-cell expansion. 

Building on these results, I investigated the role of downstream effectors of β1 integrin 

signaling, and focused my efforts on the function of integrin linked kinase (ILK) on pancreatic 

development (Chapter 6). The first set of experiments determined the localization of ILK within 

pancreatic cells. Immunostaining showed co-expression of ILK and β1 integrins in the pancreatic 

epithelium. Next, I examined the impact of ILK inhibition by Cpd22 on pancreatic ductal cell 

proliferation using the G3LC and SU86 cell lines. ILK inhibition by Cpd22 resulted in a dramatic 

decrease in BrdU incorporation. Interestingly, inhibition of ILK by Cpd22 positively impacted the 

gene expression levels of insulin, Pdx1, and Cx36. Next, I conducted in vivo experiments focusing 

on the generation of knockout mice in which I targeted the ablation of ILK to early pancreatic 

progenitors using a Pdx1-Cre transgenic mice crossed with ILK-floxed mice. Preliminary results 

from these studies revealed that deletion of ILK in Pdx1+ pancreatic progenitors phenocopied our 

earlier animal model of β1 integrin deletion in β-cells3. I noticed that Pdx1-Cre/ILK-/- mice had a 



 

significantly reduced islet cell mass. Interestingly, Pdx1-Cre/ILK-/- mice exhibited a mild glucose 

intolerance in spite of a dramatic reduction in β-cell mass. This is at variance with the β1 integrin 

mutant mice which did not show a diabetic phenotype. These results open up an avenue to 

investigate if the Pdx1-Cre/ILK-/- phenotype is to be attributed to the reduced islet cell mass, or 

to a direct effect of loss on ILK function on insulin secretion. 

Together, these studies illuminate an important role for mechanisms of cell-to-cell 

communication in the development and function of pancreatic islet cells. Furthermore, the new 

approaches tested in our experiments of stem cell differentiation toward islet cells may 

contribute a significant improvement of current protocols for the derivation of islet β-cells to be 

used as a possible cell replacement therapy for type 1 diabetes. 
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Chapter 1.  

INTRODUCTION 

1.1 OVERVIEW 

This chapter provides a literature review on studies that have defined basic mechanisms 

of cell-to-cell communication as crucial regulators of cell fate specification and maturation during 

development. Specifically, I will focus on the role of Connexins, the building blocks of Gap 

Junctions, as regulators of an exquisite form of direct cell-to-cell communication, both in the 

developing pancreas and in stem cell differentiation toward the pancreatic islet cell lineage.  

Topics covered also include the role of integrins and their downstream effectors in pancreatic 

development and an overview of Type 1 Diabetes as a disease model that could one day benefit 

from stem cells as a source of insulin-producing cells for transplantation. 

1.2 GAP JUNCTION CONNEXINS 

1.2.1 Gap Junctions Lifecycle 

Gap junctions (GJs) form channels between contacting cells that allow for a direct route 

of cell-to-cell exchange of biochemical signals, providing a specialized mechanism for adjacent 

cells to communicate with one another while bypassing the lipid bilayer and the extracellular 

space4,5. GJs are made up of connexins (Cxs), a family of proteins which regulate the assembly 

and function of these channels. Cxs are highly conserved across species6, with 20 types found in 

mice and 21 in humans7. 

Cxs are synthetized in the endoplasmic reticulum as monomers. Distinct Cxs are named 

after their molecular weight (e.g. Cx32, Cx36, Cx43 have molecular weights of 32kDa, 36kDa and 

43kDa, respectively). Cxs monomers have a structure of 4 transmembrane domains, with both 

the N and C terminal tails in the cytoplasm8. The C-terminal tail harbors multiple phosphorylation 

sites that are important for the regulation of internal signaling cascades such as PKC, MAPK, and 

Src kinase9, whereas the N-terminal tail is the site of the gap junctional voltage sensor10 



 

important for voltage gating of the channel (i.e. opening and closing of the channel). Upon 

synthesis, Cxs monomers assemble into hexameric hemichannels termed Connexons with 

oligomerization occurring in the Golgi/trans-Golgi network11. Connexons from adjacent cells dock 

together to form full homomeric GJ channels7. Building further, individual GJ channels can 

subsequently dock together in a cis fashion and form clusters of channels referred to as 

“plaques”. Through these tertiary and quaternary levels of protein assembly, GJ plaque size, 

determined by the number of GJ channels in cis aggregation, determines the amount of signal 

that can be exchanged between contacting cells12. The size of the channel itself can also 

determine what kind of signals may pass between cells13,14. 

Fully formed GJs can have a turnover time of between 2 and 4 hours15–19. Cxs are pulled 

as full GJs into one cell or the other as opposed to adjacent cells pulling apart the gap junction 

into hemichannels again20. They are then degraded within multivesicular endosomes21 by 

proteasomes and lysosomes18. 

 



 

 
Figure 1-1 Connexins lifecycle 

Cxs are synthesized in the endoplasmic reticulum as monomers. They mature and oligomerize 

into connexon hemichannels. These hemichannels are transported to the plasma membrane 

where they are then available to dock with hemichannels from adjacent cells in a homomeric 

fashion. Fully formed Gap Junctions are able to aggregate into plaques in a cis manner. When 

GJs are recycled, they are engulfed as a whole into one of the adjacent cells and internalized 

and broken down by multivesicular lysosomes (adapted from Evans 20065). 

 

1.2.2 Gap Junctions Function and Expression 

GJs are expressed throughout the body in virtually all tissues in tissue-specific spatio-

temporal patterns. Table 1-1 summarizes tissue specific localization of Cxs 26, 32, 36, and 43 

which are most important for pancreatic development. 



 

 

Table 1-1 Pancreatic specific Cxs cell type expression, functions, and related diseases 

Cx Cell Type Function Disease 

26 Keratinocyte22,23, Hepatocyte24, 
Parietal cell, Acinar cell, Alveolar cell, 
Pinealocyte, Neuron, Thyrocyte 

Exocrine secretion, 
Peptide hormones, 
Glycoproteic 
hormones, blood-
transported 
molecules 

Deafness, Skin disease25 

32 Hepatocyte24, Schwann cells26, Acinar 
tissue27, Parietal cell, Alveolar cell, 
Pinealocyte, Neuron, Thyrocyte 

Enhances secretion 
of amylase from 
exocrine pancreas27, 
exocrine secretion, 
peptide hormones, 
amine hormones, 
blood-transported 
molecules 

X-linked Charcot-Marie-
Tooth28, acute 
pancreatitis/reduced 
acinar cell apoptosis29 

36 Retina30, Neurons31 -cells32 -cell 
synchronization32,33, 
amine hormones 

Inhibition can protect 
against glaucoma34 

43 Keratinocyte, Cardiomyocyte, 
Astrocyte, Endothelial cells, 
Undifferentiated embryonic stem 
cells15, Leydig cells, Sertoli cell, 
Spongiocyte, Chief cell, C cells, 
Basophil cell, Acidophil cell, Neuron, 
Granulosa cell, Luteal cells, Alveolar 
cell 

Maintenance of 
pluripotency35, 
Cardiac 
synchronicity36, 
Steroid hormones, 
peptide hormone 
glycoproteic 
hormone 

Cardiac arrythmia37, 
Oculodentodigital 
dysplasia38 

(adapted from Serre-Beinier et al 200239) 

 

Intercellular channels formed by Cxs allow for the passage of many signals between cells, 

including ions, cell survival and death signals40, as well as siRNAs and small peptides41,42. Some 

GJs are also highly selective for charged particles43. For example, Cx36 in the pancreas and Cx46 

in Xenopus appear to have high selectivity for cations44,45. 

A number of Cxs mutations have been linked to tissue dysfunction. Specific examples 

demonstrating the integral importance of Cxs’ function in different cell type development, 

survival, and function include Cx46 and Cx50 in which single point mutations can lead to 

cataracts46, Cx26 in which loss of function leads to deafness25, and Cx43 in which defects lead to 



 

cardiac arrythmias47. Overexpression of Cxs can be equally problematic. Overexpression of Cx26 

in melanoma cells may lead to increased levels of metastasis48 and overexpression of Cx43 in 

glioma cells can lead to suppression of tumor growth. 

Interestingly, Cx43 function has also been linked to the maintenance of a pool of 

dividing cells during fin regeneration in zebra fish49. Finally, of significance of the subject of 

study of my thesis project, Cx43, and to a lesser degree Cx45, have been shown to be required 

for the maintenance of stem cell pluripotency50. 

 

1.2.3 Gap Junction Manipulation 

Cxs function can be manipulated in a multitude of fashions. However, many of these 

approaches (e.g. knock-down) present significant challenges due to either redundancy in 

polypeptide sequences in multiple Cxs, and/or non-specific reactivity with other regulatory 

proteins. Consequently, beyond gene knock-out approaches, the use of chemicals such as oleic 

acid and arachidonic acid have been successfully used to change voltage gating of Cxs51,52. 

rhetinic acid, carbenoxolone, and heptanol53 can be used as global 

Cxs inhibitors54. Another example is Tamoxifen which can be used as an inhibitor of gap junctions 

in a reversible manner, although some off target effects on other types of channels have been 

noted55. 

On the other end, significant attention has been devoted to the identification of “gain of 

function” reagents that could be used to promote GJ function. These reagents include 

rotigaptides56, anti-arrythmic peptides57, and Cx mimetic peptides58–60. Among them, the AAP10 

peptide has been shown to positively regulate Cx43 phosphorylation, and Gap Junction channel 

opening, thus enhancing cell-to-cell communication and increasing Cx43-mediated 

cardiomyocyte synchronization (Figure 1-2). Thanks to these properties, this peptide has been 

used with success as an anti-arrhythmic drug. These applications have led to the notion that the 

purposeful manipulation of Cxs function in various cell types can be exploited to modulate cell 

function. Thus, it has been observed that these peptides can influence adoption of specific cell 

fates during development, survival and differentiation40,61. Conversely, pharmacological 



 

blockade of Cxs leads to de-synchronization of cells and apoptosis62,63. Other examples include 

experimental conditions in which blockade of Cxs can also have cell protective effects in cells 

during mechanical injury64. In this case, blocking Cxs from passing death signals between coupled 

cells lead to greater cell survival. Thus, it appears that the spatio-temporal expression pattern of 

select Cxs plays important roles in supporting the correct development, survival, and functional 

maturation of a number of cell types. 

 

 
Figure 1-2 AAP10 structure and function 

The AAP10 sequence is H-Gly-Ala-Gly-Hyp-Pro-Tyr-NH(2). Its effects can be visualized by 

Western Blot with clear phospho-laddering seen in the peptide treated sample. AAP10 works 

via a PKC mechanism that leads to phosphorylation of Cx43 channel at S368 residue resulting 

in constitutive channel opening. (Adapted from De Vuyst et al 201157, Easton et al 200965) 

 

1.2.4 Non-Conventional Gap Junction Assembly and Functions 

Although for the most part, Cxs assemble into GJ channels in a homomeric fashion, (i.e. 

each channel is made by a single Cx type), there are some examples of heterotypic GJ formation. 

Examples of these rare instances include chimeric heterotypic channels41,66–68 in a number of cell 



 

types, such as Cx30/Cx32 in the brain69, Cx26/Cx32 in the liver70, Cx26/Cx30 in the cochlea71, and 

Cx46/Cx50 channels in lens cells72. 

Also, just recently recognized, is the ability of some Cxs hemichannels (CxHcs) to mediate 

intracellular signaling prior to their assembly into fully functional Gap Junction channels. For 

example, CxHcs have been shown to be indispensable for the proper growth, differentiation, and 

functional maturation of many cell types in different tissues, both during embryonic 

development and in postnatal life40,61. CxHcs have also been shown to play an important role in 

the facilitation of intracellular ATP concentration and in cell decisions between apoptosis versus 

necrosis73,74. Finally, CxHcs have been shown to be activated by ATP depletion which could lead 

to transference of apoptotic signals across cells75. 

1.3 A ROLE FOR CONNEXINS IN THE PANCREAS 

Significant evidence has demonstrated that Cxs 26, 32, 36, and 43 are important for 

proper development toward a fully mature pancreas, and for its secretory functions32,33,76 (Figure 

1-3). For example, Cx32 has been shown to control proper secretion in exocrine cells76. 

Accordingly, Cx32 knockout mice were shown to exhibit increased basal levels of amylase 

secretion from acinar tissue27. It has also been shown that mice deficient in Cx32 experienced a 

severe form of acute pancreatitis and exhibited a decreased sensitivity to apoptotic signals in 

acinar tissue29. These results suggest that Cx32 regulates growth in acinar tissue. 

 

 

 



 

 
Figure 1-3 Connexins allow for direct communication between secretory cells. 

Gap Junctions are able to bypass extracellular space. Connexins mediate this communication 

by linking the surfaces of adjacent cells. Adapted from Serre-Beinier et al 200239. 

 

In yet another set of experiments, Cx32 was overexpressed in mice using an RIP driven 

transgene76. Transgenic mice expressed Cx32 in islet cells and showed increased coupling of 

pancreatic β-cells. However, these mice also showed decreased output of glucose stimulated 

insulin secretion compared to normal mice despite similar numbers of islets between groups. 

These results suggested that Cx32 may positively regulate islet cell expansion during the first two 

weeks of perinatal life. This also suggests that Cxs are tightly and delicately regulated within the 

pancreas to control β-cell secretion. 

Previous work in Dr. Cirulli’s lab has established that Cxs 26, 32, 36, and 43 can all be 

found expressed in adult pancreatic tissue. Of special interest is the expression of Cxs 36 and 43 

in islet cells, representing only ~2% of total pancreatic cell mass (Figure 1-4). Research has shown 

that Cx43 is expressed in α-cells77 and Cx36 is expressed in β-cells78, pointing to the cell type 

specificity of Cxs expression. 

 



 

 

Figure 1-4 Cxs expression in adult tissue 

Different cell types exhibit distinct Cxs expression patterns. Islet cells harbor a distinct Cxs 

expression profile when compared to total pancreas. Cx43 is expressed in islet cells as well as 

other cell types which populate the pancreas such as endothelial cells (Adapted from Serre-

Beinier et al 200978). 

 

These results show that Cx36 is the most prominently expressed GJ protein in islet β-

cells79 (Figure 1-5). Cx36 has also been shown to control secretion in endocrine cells33,80 and is 

required for synchronization of islet β-cells78,81. Other studies have reported that overexpression 

of Cx36 can protect islet β-cells against toxic insult82. In these experiments WT rats and rats 

overexpressing Cx36 were treated with streptozotocin (STZ), a drug that shows a selective uptake 

and toxicity in islet β-cells and is therefore used to generate a surrogate model of insulin-

dependent diabetes. Rats expressing a higher copy number of Cx36 were able to survive the toxic 

insult and maintain normal levels of insulin production. It has been suggested that this is due, in 

part, to survival signals passed between β-cells via Cx3682. In agreement with these properties 

attributed to Cx36, it has also been shown that this GJ protein can exert anti-apoptotic and 

regenerative functions in models of β-cell toxicity and pancreatic injury83. These results 

demonstrate that Cx36 regulates important functions in pancreatic β-cell biology. 



 

 

 

Figure 1-5 Islet β-cells are connected by Cx36 

The left panel shows a TEM image of islet β-cells side by side. The arrows point to the ‘gaps’ 

that gap junctions are named for. The right panel shows a cryo-fracture SEM image of Cx36 

in β-cells. The arrows point to gap junction plaques in a top down view. Courtesy of Paolo 

Meda, Geneva, Switzerland. 

 
Building on these observations, previous work in Dr. Cirulli’s lab has also shown that 

overexpression of Cx32 and Cx36 have significant effects on pancreatic hormonal expression. 

Thus, in human fetal pancreas, lentiviral-mediated overexpression of Cx32 and Cx36 revealed 

distinct functional involvement in the regulation of insulin and glucagon gene expression. While 

overexpression of Cx32 led to a decrease in islet hormone expression, overexpression of Cx36 led 

to a significant increase in these hormone specific transcripts (Figure 1-6). These results point to 



 

divergent functions of these two Cxs as regulators of the acquisition and maintenance of an 

endocrine phenotype in immature pancreatic progenitors. 

 

 
Figure 1-6 Lentiviral overexpression of Cx32 and Cx36 in human fetal pancreatic progenitors 

Human fetal pancreatic progenitors were infected with lentiviruses expressing either Cx32 or 

Cx36. Overexpression of these two Cxs had distinct effects on islet hormone expression. Thus, 

while Cx32 led to a decrease in insulin, glucagon specific transcripts, Cx36 led to an increase 

in these hormones. 

 

Beyond the aforementioned effects of Cxs found expressed in select pancreatic cell 

lineages, Cx43 is perhaps the most interesting, as our laboratory has found that it is primarily 

expressed in pancreatic islet progenitors that appear to delaminate from the pancreatic ductal 

epithelium79. Intriguingly, following endocrine differentiation, these islet progenitors down-

regulate Cx43 and acquire Cx36. Equally interesting is the fact that Cx43 expression increases 



 

during pancreatic cancer progression84. Collectively, these observations point to an important 

role of Cx43 in the development, delamination and possibly the migration of islet cell progenitors 

from ductal domains into the surrounding mesenchyme, where they proceed with their 

differentiation toward an endocrine cell phenotype upon acquisition of Cx36. Figure 1-7 shows 

examples of the distinct expression patterns of Cx32, primarily detected in acinar tissue (Figure 

1-7A); Cx36 found mostly in developing islet b-cell clusters (Figure 1-7B, arrowheads); and Cx43 

detected in putative islet progenitors as soon as they arise from the ductal epithelium and 

associate with developing islet clusters (Figure 1-7C). 

 

 
Figure 1-7 Cx32, 36, and 43 expression in human fetal pancreas 

Cxs are labeled in green, Insulin in red, Glucagon in blue. (A) Cx32 is expressed in acinar tissue 

and not in islet cells. (B -cells (arrowheads). Cx36 

expression becomes progressively restricted to insulin producing cells with maturation. (C) 

Cx43 is detected in hormone-negative islet progenitors either delaminating from the ductal 

epithelium or associated with developing islet clusters (arrowheads).  

 



 

1.4 OTHER CELL ADHESION AND COMMUNICATION MOLECULES 

Besides Cxs, the developing pancreatic epithelium expresses a number of other cell 

surface proteins that regulate homotypic and heterotypic cell interactions and communication 

with the tissue microenvironment. Of particular interest to our lab are integrins which comprise 

a family of α/β heterodimeric receptors (Figure 1-8) that mediate the recognition of ECM 

components and elicit the activation of bidirectional signaling from both the inside and the 

outside of cells. ‘Inside-out’ signaling occurs when intracellular biochemical signals induce 

integrins to bind to their matrix ligands85,86, whereas ‘outside-in’ signaling results from the 

binding of a given ECM component by cognate integrin receptors87. This ECM binding, in turn, 

promotes integrin association with the actin cytoskeleton and activates signaling pathways inside 

the cell88. While the α subunit regulates specificity for the recognition of ECM ligands, the β 

subunit functions as a signal transduction module85,87–90. Through this dual partnership of ligand 

specificity and signaling properties, each α/β integrin heterodimer transduces extracellular cues 

into distinct cellular responses as diverse as cell adhesion, migration, proliferation, differentiation 

and cell survival88,89,91,92. 

 

 
Figure 1-8 Integrin receptors and cognate ECM ligands expressed in epithelial tissues 



 

 

1.4.1 Role of Integrins Within the Developing Pancreas 

Several in vitro studies using embryonic pancreatic epithelium have shown that integrins 

regulate cell adhesion and migration2,93–95, cell differentiation and proliferation93,96,97, as well as 

secretory functions in pancreatic endocrine cells97,98. Specifically, whereas integrins αvβ3, αvβ5 

and α6β4 regulate cell attachment to specific ECMs and the migration of undifferentiated 

pancreatic epithelial cells from ductal compartments2,94, β1 integrin functions encompass 

regulation of cell proliferation and differentiation93,95,97,99. A few studies have addressed the 

function of β1 integrins in the developing pancreas in vivo by targeting either collagen type I-

producing cells100 or acinar cells101. However, virtually nothing is known about the requirement 

of β1 integrins in the development of the endocrine cell lineage, as represented by the islets of 

Langerhans102 (P. Langerhans, PhD thesis, Friedrich-Wilhelms Universität, Berlin, Germany, 

1869). Development of the endocrine compartment of the pancreas occurs through a series of 

highly regulated events involving branching of the pancreatic epithelium, specification and 

delamination of islet progenitors from ductal domains, followed by their differentiation, 

expansion, and three-dimensional organization into islet clusters103. Among these processes, 

mechanisms regulating islet cell expansion are crucial for the establishment of a suitable β-cell 

mass that will ensure adequate insulin secretion in response to normal and modified metabolic 

demands throughout life. 

1.4.2 Downstream Effectors of Integrin Signaling 

Integrin adhesion complexes function as signaling platforms that transduce biochemical 

information from the extracellular environment into the cell. Many elements of this outside-in 

signaling network have been identified87,104 including integrin linked kinase (ILK). 

ILK (Figure 1-9) is perhaps one of the most interesting effectors of integrin signaling. It is 

a protein that plays a major role as a signaling scaffold at sites of integrin adhesion, with a 

significant and preferential interaction with β1 integrins105–110. ILK forms a heterotrimeric 

complex with the LIM-domain protein PINCH and the actin- and Paxillin-binding protein Parvin. 



 

This complex serves as a “hub” in integrin signaling networks and, in mammalian cells, 

formation of this complex precedes, and is required for, correct targeting of its components to 

integrin-mediated adhesions. ILK-integrin complex formation also protects its components from 

proteosomal degradation105–107, thus making this signaling module a spatially and temporally 

stable transducer of integrin signaling. ILK also contains an N-terminal Ankyrin-repeat domain 

that mediates protein interactions with PINCH1 or PINCH2, and a C-terminal kinase domain that 

supports interactions with α-, β- or γ-Parvin, Paxillin and β integrin tails110,111. Importantly, 

while ILK signaling can be activated by a number of adhesion receptors, growth factors, and 

RTKs, its ability to directly interact with β1 integrins105–107,112 allows this kinase to function as a 

critical switch of “outside-in” growth and survival signals mediated by this class of adhesion 

receptors88,90. 

 

 
Figure 1-9 Integrin-linked kinase (ILK) is a downstream effector of β1 integrin signaling. 

Adapted from Legate et al 2006109. 

 

Although lacking the catalytic residues that are normally conserved among protein 

kinases, ILK plays a central role in integrin signaling and cytoskeletal connections. Hence, ILK 

activity can be placed directly downstream of ECM-integrin initiated functions such as adhesion, 



 

migration, proliferation, differentiation and survival105–107, including regulation of pancreatic 

development. 

1.5 TYPE 1 DIABETES AS A DISEASE MODEL FOR THE TRANSLATIONAL APPLICATION OF 

MECHANISMS OF CELL ADHESION AND COMMUNICATION 

1.5.1 Type 1 Diabetes Pathology and Treatment Options 

Type 1 diabetes (T1D), also referred to as insulin-dependent diabetes, is a metabolic 

disease that affects about 3,000,000 children in the U.S. alone. On average, ~20,000 new cases 

diagnosed every year. Collectively, beyond the devastating toll on the quality of life, there is a 

staggering economic burden that has been estimated at about $174B per year113. 

T1D results from an autoimmune destruction of insulin-producing β-cells found within the 

pancreatic islets of Langerhans. Loss of insulin producing cells leads to an inability to manage 

blood glucose, a critical homeostasis necessary for living a normal life. Without tight control, this 

can lead to acute life-threatening complications such as severe hyperglycemia leading to 

ketoacidosis and coma, or episodes of lethal hypoglycemia resulting from insulin injection 

overdoses. In addition, a large number of patients with T1D, despite tight metabolic control will 

eventually develop long-term complications that include an increased risk for cardiovascular 

disease114,115, retinopathy116,117, nephropathy118, and peripheral neuropathies119. 

Islet β-cells have a very limited regenerative capability120 which is one reason that T1D 

persists throughout an entire lifetime. Currently, the most widely used effective treatment is 

multiple daily injections of insulin. However, recent advances also consider the use of smart 

insulin patches121 and even a bionic pancreas122. 

Islet transplant is another option for replacing lost β-cell function123,124. Some of the 

earliest islet transplant recipients were able to achieve insulin independence for up to 3 years125, 

with a modest yearly increase in success rate since the establishment of the Edmonton protocol 

in 2000126. However, of all the patients thusly treated, so far only 58% have been able to attain 

insulin independence during the trials. These results have been attributed to fraft failure, and 

76% of subjects had to restart insulin therapy after 2 years127. In addition, 5 year follow-ups 



 

showed that while many patients maintained the presence of C-peptide (~80%), indicating 

endogenous insulin production by remnant islet β-cells, few (~10%) were actually insulin 

independent. Overall, this data suggests that many transplants will have to be repeated within 2-

5 years of the original surgery128 leading to an increased demand on the already strained donor 

supply of islet cells for transplant. 

Considering the limited supply of organ donors and variability in quality129 of donor tissue 

for transplantation, recent progress in stem cell biology and regenerative medicine has fueled 

renewed enthusiasm for the development of cell-based tissue replacement therapies. Hence, 

significant efforts are currently being devoted to optimized ex vivo conditions that are suitable 

for the generation of an unlimited number of insulin producing cells from either embryonic stem 

cells (ESC), induced pluripotent stem cells (iPSC), and/or expansion of tissue derived progenitor 

cell populations130–134. 

1.5.2 Stem Cells as a Possible Cell-based Therapy for the Treatment of Type I Diabetes 

The key to stem cell therapy for T1D is the concerted differentiation of pluripotent stem 

cells towards a given cell fate. The idea to develop a stem cell-based treatment of diabetes was 

first proposed in the 1990s135–137. More recently, the use of mesenchymal stem cells to generate 

islet cells in vitro has been shown to reverse insulin-dependent diabetes131,138,139. Another 

strategy has been to reprogram duct cells to replenish the endogenous β-cell mass in rodent 

animal models140. Realistically, however, there are not enough donors of ductal tissue for this to 

be a viable process. Therefore, the majority of efforts are currently focusing on strategies to 

promote the de novo derivation of islet cell types from embryonic stem cells (ESC), or induced 

pluripotent stem cells (iPSC). 

At present, differentiation protocols based on the use of embryonic or pluripotent stem 

cells aim to recapitulate the in vivo signaling pathways of normal pancreatic development by 

adding growth factors or transcription factors to stem cell growth media. This development is 

induced in a step-wise fashion where cells progress from undifferentiated cells through 

mesendoderm, definitive endoderm (DE), primitive gut tube (PGT), pancreatic progenitors (PP) 

and finally endocrine progenitors (EP)141–144 stages. Progression through these stages can be 



 

followed by monitoring the expression of stages specific surface markers and transcription 

factors145–150. Although effective, most differentiation protocols remain inefficient, leading to 

only ~25% derivation of insulin producing cells145,151–155. In addition, many of these cells prove to 

be polyhormonal and non-glucose responsive, rendering them still unusable as a functional 

transplant for the effective treatment of diabetes. 

 

 

Figure 1-10 Stage specific markers of differentiation 

Each stage of differentiation can be identified by the presence of specific cell markers. Some 

representative markers are shown in the figure. The stages are as follows: embryonic stem 

cell (hESC), definitive endoderm (DE), primitive gut tube (PG), posterior foregut (PF), 

pancreatic progenitors (PP), endocrine progenitors (EP), and β-cells (EC) (adapted from Liu et 

al 2014150). 

 
From these initial studies, most recent efforts have focused on discovering additional 

molecular cues that may increase the percentage of useable cells. Some methods to increase 

differentiation efficiency may include culture conditions such as optimizing media, growth factor 

combinations, co-culture with feeder cell types, supplementation of select extracellular matrices, 

and replacement of animal-derived fetal bovine serum (FBS) with xeno-free reagents such as 

recombinant serum replacements (KSR)156. An additional option that has recently been used with 

significant success is exploitation of 3D culture set ups, a configuration favorable to the growth 

and endocrine differentiation of islet like cell clusters157–162. Our lab has a long-standing interest 

in the study of mechanisms that regulated cell-to-cell communication mechanisms and its 

function in hastening development of differentiating stem cells. In this regard, a specialized form 

of intercellular communication is the one mediated by Gap Junction (GJ) channels. GJ channels 



 

are unique in that they allow for the rapid exchange of biochemical signals between cells in 

contact bypassing the extracellular space. 

Building on these notions, a major tenet of my thesis work is that Connexins (Cxs), the 

building blocks of GJ channels, contribute to stem cell differentiation toward select cell lineages. 

Specifically, my work tested the hypothesis that the targeted manipulation of select Cxs at 

specific stages of stem cell differentiation may be exploited to enhance the ex vivo derivation of 

the pancreatic islet cell types.  

1.6 THESIS AIMS 

The studies presented here summarize our findings on the role of cell-to-cell 

communication and their impact on pancreatic development and function with a primary focus 

on Connexins, and corollary studies on the role of integrin-mediated cell adhesion and signaling. 

In Chapter 3, we report on the role of Cx43 in human embryonic stem cell development toward 

pancreatic progenitors. We used gain-of-function strategies to assess the role of this Cx in 

fostering the development of stem cells toward pancreatic progenitors. Chapter 4 describes a 

loss-of-function strategy probing at Cx43 function throughout development toward pancreatic 

progenitors. Chapter 5 reports on integrins and their impact in proper pancreatic islet 

development. Chapter 6 

pancreatic development and glucose control in mice. 

Together, this body of work provides evidence that both connexins and integrins can 

positively regulate the development of pancreatic cell types. Furthermore, a corollary resulting 

from these studies supports the concept that the purposeful manipulation of proteins regulating 

cell-to-cell communication and cell interaction with the microenvironment may provide 

innovative strategies to recapitulate in vivo-like conditions that can be exploited to develop more 

efficient protocols for the derivation of pancreatic islet cell types from stem cells. Hence, we 

anticipate that this work may have significant implications for the future development of cell-

based therapy for Type 1 Diabetes. 

 



Chapter 2.  

MATERIALS AND METHODS 

2.1 STEM CELL EXPERIMENTS 

Cell differentiation experiments were carried out using the H1 cell line (WiCell Alias 

WA01) and a modified version of the D’Amour 2005141 protocol, as shown in Table 2-1 and Table 

2-2. Undifferentiated cells were passaged as cell rafts using Dispase (ThermoFisher Scientific) and 

grown in mTeSR1 media (Stem Cell Technologies). H1 cells were plated on Matrigel Matrix (BD) 

coated plates and grown to 80% confluency before beginning differentiation. Initial expansion 

and differentiation were carried out in hypoxic incubators at 37oC. 

 
Table 2-1 Protocol for Stem Cell Differentiation for AAP10 experiments 

Stage Medium Factors 

Day 1 
Mesendoderm 

RPMI (NO Serum) Activin A (100 ng/ml) 
Wnt3a (30 ng/ml) 

Day 2-3 
Def. Endoderm 

RPMI (0.2% SR) Activin A (100 ng/ml) 
 

Day 4-6 
Primitive Gut Tube 

RPMI (2% SR) KGF (50 ng/ml) 
 

Day 7-9 
Posterior Foregut 

DMEM (1% B27) KAAD Cyclopamine (0.25 μM) 
All-trans Retinoic Acid (2μM) 
Noggin (50 ng/ml) 

Day 10-12 
Endocrine Precursor 

DMEM (1% B27) Noggin (50 ng/ml) 
KGF (50 ng/ml) 
EGF (50 ng/ml) 

Day 13-16 
Endocrine Progenitor 

DMEM (1% B27) No growth factors 

 

 

 

 

Table 2-2 Protocol for Stem Cell Differentiation for shRNA experiments 

Stage Medium Factors 



 

Days 1-2 
Mesendoderm 

RPMI (NO Serum) Activin A (100 ng/ml) 
Wnt3a (25 ng/ml) 

Days 3-5 
Def. Endoderm 

RPMI (0.2% SR) Activin A (100 ng/ml) 

Days 6-9 
Prim. Gut Tube 

RPMI (2% SR) KGF (25 ng/ml) 

Days 10-12 
Post. Foregut 

DMEM (1% SR) KAAD Cyclopamine (0.25 μM) 
All-trans Retinoic Acid (2μM) 
Noggin (50 ng/ml) 

Days 13-15 
Panc. Progenitors 

DMEM (1% SR)  

Days 16-19 
Endocrine 
Progenitors 

DMEM (1% SR) Exn4 (10nM) 

 

2.1.1 Generation of Embryoid Bodies 

H1 cells were expanded as undifferentiated cells for 5 days. Cells were then lifted using 

0.01% Trypsin (Gibco) and cultured overnight in mTESR media (Stem Cell Technologies) in non-

adherent plates in the presence of 5M Rock Inhibitor (Stem Cell Technologies). The next day, 

cell aggregates were harvested and replated in media containing F12/DMEM (Gibco), 16.67% 

SR (Thermo Scientific), and 1x each of Penstrep (Gibco), Sodium Pyruvate (Gibco), and NEAA 

(Gibco), plus 0.1mM βME. Embryoid bodies (EBs) were further grown up to 3 weeks to observe 

spontaneous differentiation. EBs were collected and mounted in Histogel (Thermo Scientific) as 

cell pellets and processed into paraffin blocks for histologic analysis. 

2.1.2 AAP10 Peptide and Non-peptide Experiments 

Non-peptide controls were grown following the protocol for stem cell differentiation 

(Table 2-1). For peptide experiments, AAP10 (H-Gly-Ala-Gly-Hyp-Pro-Tyr-CONH(2)) was 

obtained from Genscript, reconstituted in 10mM HEPES, 0.2% BSA. Media changes were made 

daily, with factors added fresh that day. For “Peptide Thru” experiments, 400nM AAP10 was 

added daily during media changes. For “Peptide Stop” experiments, 400nM AAP10 was added 

daily during media changes for Days 1-3. 



 

2.1.3 Targeted shRNA Infection Against Cx43 

AAV-sh43 with a GFP reporter, Ad-GFP-U6-hGJA1-shRNA, was obtained from Vector 

Biolabs (shAAV-209911). The shRNA sequence is as follows: CCGG-

GCCCAAACTGATGGTGTCAAT-CTCGAG-ATTGACACCATCAGTTTGGGC-TTTTTG (VBLKO#059773). 

Cells were grown to PGT and then lifted with 0.01% Trypsin (Gibco) and replated into 6-

well plates at 500k cells per well. Cells were infected with 0.1 MOI and left to continue growth 

following the differentiation protocol. Cells were monitored for GFP expression by fluorescence 

microscopy to determine time of shRNA expression and determine frequency of successfully 

infected cells within the cultures. 

2.1.4 qPCR of Markers of Stem Cell Differentiation 

RNA was isolated from pelleted cells collected at the end of each stage of differentiation 

using the AurumTM total RNA Mini Kit (Biorad), and transcribed into cDNA using the iScriptTM 

cDNA synthesis kit (Biorad). RNA was incubated at 25° for 5 minutes, 42° for 25 minutes, and 

85° for 5 minutes. Specific transcripts were amplified using the primers listed in Table 2-3 and 

iTaqTM Universal SYBR® Green Supermix (Biorad). qPCR was carried on at 95°C 3’, (95°C 15s, 

57°C 30s, 72°C 20s)x39 cycles, 95°C 15s, melt curve 55°C -> 95°C using a Biorad CFX96 machine 

and associated software (Biorad). Gene expression was normalized to 18s levels. Changes in the 

transcript level were calculated as fold change compared to undifferentiated cells. 

 

 

 

 

 

 

 

Table 2-3 Primers Used for qPCR in stem cell experiments 

Target Forward Reverse 

18s CCTGCGGCTTAATTTGACTC GACAAATCGCTCCACCAACT 

Cx26 CAAACCGCCCAGAGTAAAGA CTTTCCAATGCTGGTGGAGT 



 

Cx32 TGAGACCATAGGGGACCTGT TCATCACCCCACACACTCTC 

Cx36 GCAGCAGCACTCCACTATGA AAGCAAAGACTGGGGGTACA 

Cx43 GTGCCTGAACTTGCCTTTTC CCCTCCAGCAGTTGAGTAGG 

CxCR4 CCGTGGCAAACTGGTACTTT GACGCCAACATAGACCACCT 

Ecad GAACGCATTGCCACATACAC ATTCGGGCTTGTTGTCATTC 

FoxA2 ATTGCTGGTCGTTTGTTGTG TACGTGTTCATGCCGTTCAT 

Glucagon AAGTTCCCAAAGAGGGCTTG AGCTGCCTTGTACCAGCATT 

GSC GAACCTCTTCCAGGAGACCA CGTTCTCCGACTCCTCTGAT 

Hnf1b CAACCAGACTCACAGCCTGA TGCCATGGTGACTGATTGTT 

Hnf4a GAATGCGACTCTCCAAAACC TGAGGTTGGTGCCTTCTGAT 

Hnf6 AACCCTGGAGCAAACTCAAA GAGTTCGACGCTGGACATCT 

Insulin CTACCTAGTGTGCGGGGAAC GCTGGTAGAGGGAGCAGATG 

MafA GCGGAGAACGGTGATTTCTA AGGAAAGGGAGGCTGAGAAG 

Nanog GCCGAAGAATAGCAATGGTG ACTGGATGTTCTGGGTCTGG 

Ncad AGCCAACCTTAACTGAGGAGT GGCAAGTTGATTGGAGGGAT 

Ngn3 CCCTCTACTCCCCAGTCTCC CCTTACCCTTAGCACCCACA 

Nkx2.2 TCTACGACAGCAGCGACAAC TTGTCATTGTCCGGTGACTC 

Nkx6.1 CCCGGGCTCTACTTCAGC TCTTCCCGTCTTTGTCCAAC 

Oct4 TGCTCCAGCTTCTCCTTCTC CGCCGTATGAGTTCTGTGG 

Pdx1 CCTTTCCCATGGATGAAGTC TTCAACATGACAGCCAGCTC 

Sox17 AGCAGAATCCAGACCTGCAC TTGTAGTTGGGGTGGTCCTG 

 

2.1.5 FACS Analysis for H1 Cells at Definitive Endoderm 

H1 cells were differentiated to Definitive Endoderm (Days 1-3 of diff protocol) in plates 

coated with Matrigel Matrix (BD). Cells were collected using non-enzymatic cell dissociation 

buffer (Sigma-Aldrich) and stained with CXCR4 and ECad. If continuing with nuclear staining, 

cells were then fixed using cytofix/cytoperm buffer and perm buffer from the BD Pharmingen 

BrdU Flow kit (BD), then stained with Sox17 and FoxA2. Antibodies used for FLOW are listed in 

Table 2-4. Cells were then analyzed using FACSCalibur (BD) or sorted at a FACS ARIA. Analysis 

was completed using FlowJO software. 

 

Table 2-4 Antibodies used for Flow Cytometry 

Target Fluorophore Vendor Cat # 

CD184 (CXCR4) PE Biolegend 306506 

CD324 (Ecad) PerCP/Cy5.5 Biolegend 324114 



 

 Alexa Fluor ®488 R&D Systems IC2400G 

Sox17 PE R&D Systems IC19241P 

 

2.1.6 Western Blotting 

Cells were collected by scraping at the end of each stage of differentiation and lysed in 

RIPA buffer (150mM sodium chloride, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 

50mM Tris, pH8.0) with protease inhibitors (Complete mini tab, Sigma) and phosphatase 

inhibitors (2mM orthovanadate, 5mM NaF, 1mM PMSF) for 30’ on ice. Alternatively, the NE-

PERTM Kit (Thermo Scientific), with inhibitors added, was used for extraction of cytoplasmic and 

nuclear fractions for western blot. Protein concentration of cell extracts was determined using 

a micro BCA kit (Thermo Scientific). Lysates were boiled in 2x SDS loading buffer and 7-20ug 

were loaded into gels (Biorad). Gels were transferred to Immuno-Blot® PVDF membranes 

(Biorad). Blots were developed using Lumigen substrate (Lumigen, Inc.). Antibodies used for 

Western Blot are listed in Table 2-5. 

 

Table 2-5 Antibodies used for Western Blot 

Antigen Host Vendor cat # 

Cx36 Rabbit U.S. Biological C7855-14 

Cx43 373 Rabbit Paul Lampe  

Cx43 CT1 Mouse Paul Lampe  

Cx43 NT1 Mouse Paul Lampe  

Hnf3β/FoxA2 Goat R&D Systems AF2400 

p44/42 MAPK (ERK1/2) Rabbit Cell Signaling #4695 

phospho p44/42 MAPK (ERK1/2) Rabbit Cell Signaling #9101S 

Sox17 Goat R&D Systems AF1924 

α-Tubulin Mouse ABCAM AB7291 

β-catenin Mouse BD Transduction Laboratories 610153 

CT1, NT1, 373 generously donated by Paul Lampe. Secondary HRP conjugated antibodies were 

obtained from Jackson Immunoresearch. 

 



 

2.1.7 Immunofluorescence Staining in H1 Cells 

H1 cells were seeded and differentiated on glass coverslips coated with Matrigel Matrix 

(BD). Coverslips were fixed at the end of each stage of differentiation in 4% PFA for 10’ at room 

temperature and stored in PBS at 4° until ready for staining. Cells were post-fixed in frozen        (-

20°C) MeOH/Acetone, blocked in 50mM glycine, than blocked in blocking solution (1xPBS with 

1% BSA, 5% Donkey Serum). Coverslips were then stained with primary antibodies, washed with 

1xPBS + 0.1% BSA and stained with secondary antibodies for 1 hour at room temperature, then 

mounted in ProLong® (ThermoFisher Scientific). Rhodamine-donkey anti-rabbit and anti-mouse, 

FITC-donkey anti-guinea pig, and Cy5-donkey anti-guinea pig antibodies were from Jackson 

ImmunoResearch. 

Paraffin slides underwent antigen retrieval via boiling in citrate buffer for 30’, and cooled 

to room temperature. Staining followed as above starting from blocking in 50mM Glycine. 

Stained slides were imaged on a fluorescence microscope (Nikon Eclipse 800) using NIS-

Elements AR software. Measurements of Nkx1, Pdx1, or Sox9 positive cells were counted in GNU 

Image Manipulation Program, and expressed as a percentage of DAPI positive cells. 

 

Table 2-6 Primary antibodies used for IHC 

Antibody Host Vendor cat # 

Cx43 IF1 Mouse Paul Lampe  

E-cadherin Mouse BD Transduction Labs 610182 

FoxA2 Goat R&D Systems AF2400 

Glucagon Rabbit Cell Signaling #2760s 

Insulin Guinea pig DAKO A0564 

Nanog Rabbit Stemgent 09-0020 

Oct 4 Rabbit Stemgent 09-0023 

PCNA Mouse Santa Cruz sc-56 

Pdx1 Goat BCBC  

pH3 Rabbit MILLIPORE 06-570 

Sox17 Goat R&D Systems AF1924 

Sox9 Rabbit Millipore AB5535 

 



 

2.2 ANIMAL STUDIES 

2.2.1 Mouse Genotyping 

The use of animal subjects was reviewed and approved by the University of Washington 

Institutional Animal Care and Use Committee. RIP-Cre (RIP, rat insulin 2 promoter) transgenic 

mice163 were crossed with β1-integrinflox/flox mice164 to generate conditional knockout mice 

lacking β1 integrin in pancreatic β-cells. Genotyping was performed by PCR using primers as 

previously described163,164 (Table 2-7).  

 

Table 2-7 Primers used in Animal Studies 

Primer Forward Reverse 

loxP5’ CGCAGAACAATAGGTGCTGAAATTAC CTGACACTGAGAACCACAAACGGC 

loxP3’ CGGCTCAAAGCAGAGTGTCAGTC CCACAACTTTCCCAGTTAGCTCTC 

Ag2 CTGCTAACCATGTTCATGCCT  

Cre1 CCTGTTTTGCACGTTCACCG  

Cre3 ATGCTTCTGTCCGTTTGCCG  

P21 TTGTCGCTGTCTTGCACTCT AATCTGTCAGGCTGGTCTGC 

Cyclin D1 TCGTGGCCTCTAAGATGAAGGA CCATTTGCAGCAGCTCCTC 

GAPDH GTGGAAGGGCTCATGACCA GGATGCAGGGATGATGTTCT 

ILK CCAGGTGGCAGAGGTAAGTA CAAGGAATAAGGTGAGCTTCAGAA 

 

2.2.2 BrdU Proliferation Studies 

For proliferation studies, adult mice were injected intraperitoneally with BrdU (Sigma-

Aldrich) at 0.1 g/kg body weight every other day for 1 week before harvesting the pancreas. The 

glucose tolerance test was performed after an overnight fast by intraperitoneal injection of 

glucose (1 mg/kg body weight) and blood samples were obtained from the tail vein at different 

time points. Blood glucose was measured with a glucometer (LifeScan) and plasma insulin levels 

were measured by ELISA (Alpco Diagnostic). 



 

2.2.3 Embryonic Pancreas Dissection and Collagenase Digestion 

E14.5–E15.5 embryos were obtained from time-dated pregnant WT females. Embryonic 

pancreatic tissue was dissected and digested for 1 hour at 37°C in HBSS+0.1% collagenase A+20 

µg/ml DNase. Tissue was pipetted at 15 minute intervals during digestion to facilitate 

dissociation of the mesenchyme from the epithelial component of the pancreas. Resulting 

epithelial clusters were separated from the mesenchymal fraction via 3 rounds of gravity 

sedimentations in sterile medium. This procedure consistently resulted in >80% enrichment of 

epithelial cells, as measured by immunostaining and flow cytometric analysis of cell suspensions 

for the epithelial marker E-cadherin. Resulting clusters were grown on Matrigel Matrix (BD) 

coated plates. 

2.2.4 Generation of ILK Transgenic Mice 

ILKflox/flox mice165 provided by Dr. R. St-Arnaud (McGill University, Montreal, Canada) were 

bred with Pdx1-Cre mice (obtained from Dr. Doug Melton, Harvard University, Cambridge, MA) 

to study the functional requirement of ILK in the development of the pancreatic epithelium. The 

progeny from this first cross, Pdx1-Cre/ILKflox/-, was backcrossed to ILKflox/flox mice to generate 

homozygous Pdx1-Cre/ILK-/- mutants. Genotyping was performed by PCR on tail DNA using 

primers specific for Cre and ILK-floxed sequences, as described165,166 (Table 2-7). KO mice were 

selected to undergo a glucose tolerance test, pancreata was then dissected out for tissue 

analysis. 

2.2.5 Glucose Tolerance Test 

Mice were given a bolus of glucose (300mg/kg) via IP injection and blood glucose was 

measured at 15’, 30’, 60’, 90’, and 120’ using a glucometer (LifeScan). 

2.2.6 FACS Analysis for Pancreatic Islets 

Pancreatic islets were dissociated into a cell suspension, fixed, permeabilized, and stained 

by two-color immunofluorescence with PE-conjugated anti-β1 integrin (Biolegend) and Alexa 



 

488-conjugated sheep anti-insulin antibodies, and analyzed using a FACSVantage cell sorter 

(Becton Dickinson). 

2.2.7 Adhesion and Proliferation Assays 

Islets were isolated by intraductal injection of 0.5 mg/ml Liberase (Roche), purified on a 

Ficoll gradient and either cultured overnight in RPMI containing 10% fetal bovine serum (Gibco) 

or dissociated into a single-cell suspension with a non-enzymatic dissociation medium (Sigma-

Aldrich) and plated onto different ECMs as previously described93. After 1 hour, cells were fixed 

then stained for insulin or glucagon by indirect immunocytochemistry and positive cells counted 

under the microscope. For in vitro proliferation assessment, whole islets or single-cell 

suspensions were plated onto 804G-coated coverslips in RPMI with 10% FBS supplemented with 

20 ng/ml hepatocyte growth factor [HGF; also known as scatter factor (SF)]167,168. 48 hours after 

plating, cells were pulsed with 10 μM BrdU (SigmaAldrich) and cultured for an additional 24 

hours. After staining for BrdU and insulin, double-positive cells (BrdU+/insulin+) were counted 

under a fluorescence microscope and results expressed as a percentage of total β-cells. 

2.2.8 Immunofluorescence Staining and Morphometric Analysis of Pancreatic Islets 

Two- and three-color immunofluorescence and confocal analysis were performed on 

paraffin sections of fetal and adult mouse pancreas or isolated mouse pancreatic islet cells, as 

previously described94. Primary antibodies are listed in Table 2-8. The species-specific 

fluorophore-labeled F(ab)2 secondary antibodies LRSC donkey anti-rabbit and anti-mouse IgGs, 

FITC-donkey anti-rat and anti-sheep IgGs, and Cy5-donkey anti-sheep IgGs were from Jackson 

ImmunoResearch. Stained sections were viewed on a Zeiss Axiovert 35M microscope equipped 

with a laser scanning confocal attachment (MRC1024, Bio-Rad) or on a fluorescence microscope 

(Nikon Eclipse 800), and morphometric measurement performed using Image Pro Plus software 

(Media Cybernetics). Measurements of insulin- and glucagon-positive areas were measured as a 

percentage of total pancreatic area. At least 50 non-consecutive sections (5 μm) at intervals of 

100 μm were analyzed per adult pancreas (~5% of the pancreas), collected from five to eight 

animals per group. For P4 pancreas, we analyzed 30 sections at intervals of 50 μm (~10% of the 



 

pancreas), collected from six animals per group. For E17.5 pancreas, we analyzed 20 sections at 

intervals of 25 μm (~20% of the pancreas), collected from eight embryos per group. 

 

Table 2-8 Antibodies used In Animal Studies 

Target (host) Vendor Application and dilution 

PE-anti-
(rat) 

Biolegend, #102207 FACS, 1:50 

Alexa 488 anti-insulin (sheep) Conjugated in house FACS, 1:100 

Anti-  Millipore, #MAB1997 IHC, 1:50 

Anti-
(mouse) 

BD Transduction Laboratories, 
#610467 

WB, 1:1000 

Anti-insulin (sheep) Binding Site, #PC059.X IHC, 1:1000 

Anti-glucagon (rabbit) Millipore, #AB932 IHC, 1:200 

Anti-BrdU (mouse) Sigma-Aldrich, #8434 IHC, 1:100 

Anti-phospho ERK1/2 (rabbit) Cell Signaling, #4370 WB, 1:500 

Anti-phospho S473-AKT 
(rabbit) 

Cell Signaling, #4060 WB, 1:500 

Anti- -tubulin (rabbit) Santa Cruz, #sc-5546 WB, 1:500 

Anti-PTEN (rabbit) Cell Signaling, #9552 WB, 1:200 

Anti- -actin Sigma-Aldrich, #A1978 WB, 1:1000 

FACS: fluorescence activated cell sorting, IHC: immunohistochemistry, WB: western blot 
 

2.2.9 Western Blotting, Quantitative PCR (qPCR) and Microarray Analysis  

Protein extracts from mouse islet lysates were resolved by PAGE, transferred to a PDVF 

membrane, blocked and incubated with the antibodies described in Table 2-8. Membranes were 

incubated with HRP-conjugated secondary antibody and visualized by ECL (Pierce). 

Total RNA from sorted β-cells was extracted using TRIzol reagent (Life Technologies) and 

1μg total RNA was reverse transcribed using random primers and SuperScript III reverse 

transcriptase (Life Technologies) following the manufacturer’s instructions. SYBR Green qPCR 

was performed using the ABI Prism 7900HT system (Life Technologies) and the primers listed in 

Table 2-7. For microarray analysis the Illumina mouse-6 v2 Expression BeadChip array was used 

as previously described93. Briefly, biotinylated cRNA was prepared using the Illumina RNA 

Amplification Kit (Thermo AMIL1791) according to the manufacturer’s directions starting with 

100 ng total RNA. Hybridization of labeled cRNA to the BeadChip, and washing and scanning were 



 

performed according to the Illumina BeadStation 500× manual. The arrays were scanned on the 

Illumina BeadArray Reader, a confocal-type imaging system with 532 (cye3) nm laser 

illumination. Data analysis and QC was carried out using the BeadStudio software (Illumina). Data 

presented are MIAME compliant and raw data have been deposited in the EBI ArrayExpress 

Database (accession number: E-MEXP-3736). 

 

2.3 ILK INHIBITION WITH CPD-22 

2.3.1 Cell Culture 

SU86 and G3LC were grown in normoxia in RPMI (Lonza) with 10% FBS (Gibco), 2.5 g/L 

glucose (22mM), and 1% each of Penstrep (Gibco), NEAA (Gibco), and NaPy (Gibco). SU86 and 

G3LC cells were grown for 2 days before being exposed to the Cpd-22 ILK inhibitor (EMD 

Millipore) for 24 hours at 1 or 2M concentration before harvest. 

Min6 cells were cultured in DMEM, 15% FBS, 1x each Sodium Pyruvate, Sodium 

Bicarbonate, β-me, Glutamate, PenStrep (Gibco). Cells were pulsed overnight with 1 or 2M 

Cpd22 or BrdU. Cells were analyzed by FACS for BrdU incorporation. Another subset of cells was 

collected for RNA extraction and qPCR. 

2.3.2 BrdU Incorporation 

Cells were pulsed with BrdU 6-8hrs prior to collection. Cells were collected as described 

in the included protocol from the BD Pharmingen BrdU Flow Kit. Cells were analyzed using a 

FACSCalibur (BD) and FlowJO software. 

2.4 STATISTICS 

The statistical significance of differences in data values was validated by analysis of 

variance (ANOVA) followed by Bonferroni’s multiple comparison test, analysis of p-trend, or by 

two-tailed Student’s t-test, using the Prism 4 statistical package (GraphPad), with significance 

limit set at P<0.05. 



Chapter 3.  

CX43 ACTIVATION ALLOWS FOR GREATER INDUCTION OF DEFINITIVE 

ENDODERM AND PANCREATIC ISLET PROGENITORS FROM HUMAN 

EMBRYONIC STEM CELLS 

3.1 OVERVIEW 

This chapter explores the role of Cx43 in stem cell differentiation toward pancreatic 

progenitors. Experiments were carried out using a novel peptide, AAP10, to constitutively 

activate Cx43 channels during stem cell differentiation. My results show that addition of AAP10 

to the culture media during the directed differentiation of stem cells toward pancreatic cell 

lineages leads to an increased yield of derived Definitive Endoderm (DE) cells, and subsequently 

Pdx1+ and Nkx6.1+ cells, as well as Pdx1+/Sox9+ co-expressing cells. In addition, it appears that to 

achieve this enhanced differentiation of stem cells toward DE, and later into pancreatic 

progenitors, treatment with AAP10 is only required during the early stages of differentiation (i.e. 

up to DE stage), when Cx43 expression levels are most prominent. These studies reveal a novel 

method for increasing the yields of pancreatic cell types from undifferentiated stem-cell 

preparations, a milestone that will have significant implications for perfecting protocols for the 

derivation of insulin-producing cells from stem cells for the treatment of Type 1 Diabetes.  

3.2 INTRODUCTION 

3.2.1 A stem cell based therapy for the treatment of Type 1 Diabetes 

Recent advancements in stem cell biology have renewed enthusiasm for the design of 

innovative cell-based replacement therapies that would no longer depend on the isolation of 

cells of interest from organ donors In the case of type 1 diabetes, recent success in the derivation 

of insulin-producing cells from human embryonic stem cells (hESCs) has the potential to generate 

an unlimited number of insulin-producing cells that could be used for trasplantation133,134. 



 

Current protocols of directed differentiation of hESCs are designed to recapitulate in vivo 

signaling pathways that have been shown to be important for normal pancreatic islet 

development141–144,148. However, for this strategy to be clinically relevant, the efficiency of these 

protocols of hESC differentiation must significantly improve above the current yields of 25% of 

islet cells in a typical differentiation procedure145,151–154. In addition, about 15% of these cells will 

still form teratomas post transplantation169. Thus, the critical problem with de novo generation 

lies in the heterogeneity of the finished product. The studies presented in this section seek to 

identify strategies to increase the homogeneity of stem cell preparations differentiated along the 

islet cell lineage. Hence, increasing the homogeneity of islet cell preparations that can be used 

for transplantation is a key milestone for the establishment of a stem cell-based therapy for 

diabetes. 

3.2.2 Exploiting the function of Cxs for driving pancreatic islet cell differentiation 

One method to overcome heterogeneity of stem cell derived cells may lie in studying cell-

to-cell communication methods to drive stem cell differentiation toward the cell types of 

interest. Mechanisms of cell-to-cell communication allow for the exchange of signaling molecules 

which may restrict cell development toward specific cell types. 

One specialized form of direct cell communication between adjacent cells is mediated by 

Connexins (Cxs), the building blocks of Gap Junctions. There are 21 different types found in 

humans and they are named for their molecular weight (kDa) size of each monomer7. These 

channels can allow for direct cytoplasmic exchange between cells as well as the passage of 

growth and survival factors between them4,5,170. Cxs can impart functional and developmental 

cues in their tissue types, and contribute to controlling cell growth61. 

Of particular interest to my thesis work is Cx43, which was found to be expressed at high 

levels in early stages of stem cell differentiation and later in pancreatic islet progenitors. In 

addition, Cx43 has been shown to play an important role in the maintenance of pluripotency in 

human embryonic stem cells49. Earlier studies have also shown that Cx43 plays a pivotal role in 

the maturation of β-cells in the pancreas. My work identifies Cx43 as the most prominent Cx 

found in putative islet cell progenitors delaminating from ductal epithelium, followed by a 



 

significant downregulation during β-cell maturation79. Together, these studies provide evidence 

that proper expression of Cx43 throughout development is crucial for forming islet cell 

progenitors.  

The studies presented here aimed to uncover the role of specific Cxs during stem cell 

differentiation toward pancreatic progenitors. First, we defined the temporal dynamics of Cxs 

expression during stem cell differentiation, and then we tested whether manipulation of Cxs 

expression and function at distinct stages of differentiation affected the propensity of stem cells 

to adopt a pancreatic progenitor phenotype, and eventually insulin production. Specifically, 

herein, we describe the manipulation of Cx43 via a Cx43 activating peptide through stem cell 

differentiation using a stepwise protocol for development towards pancreatic progenitors. 

3.3 RESULTS 

3.3.1 Cxs Expression in the Developing Human Pancreas 

We first set out to determine the distribution of Cxs expression in the developing human 

pancreas. To survey Cxs expression patterns by PCR, we isolated specific cell types from cryo-

sections of human embryonic pancreas at 18 weeks of gestation using laser capture 

microdissection. In these experiments we isolated ductal tissue, developing islet clusters, blood 

vessels, acinar cells, whole pancreas, and pancreatic epithelium. This revealed unique expression 

profiles of Cxs 32, 36, and 43 segregated by cell types (Figure 3-1A). We found that Cx32 was 

expressed in ducts, acinar cells and whole pancreas. Cx36 expression was readily detected in 

developing islet clusters, whole pancreas, and faintly in acinar cells. Conversely, Cx43 was mainly 

detected in developing islet clusters, blood vessels, whole pancreas, and cultures of pancreatic 

epithelium. We further investigated Cx43 immunoreactivity in human fetal pancreatic sections. 

As shown in Figure 3-1B, Cx43-specific immunoreactivity identified a discrete population of cells 

that appeared to delaminate from ductal domains. Cx43 appeared to also be expressed near 

developing islet cell clusters. The association of these Cx43 positive cells with the ductal 

epithelium and developing endocrine cells suggests that they may represent a population of islet 

progenitors. 

 



 

 

Figure 3-1 Distribution of Cxs expression in the developing human pancreas 

(A) Isolation by laser-capture microdissection of distinct cell types from the embryonic human 

pancreas (18 weeks of gestation) reveals unique Cxs expression profiles. Note that Cx43 is the 

most prominent zcx expressed in developing islet cell clusters. (B) Cx43-specific 

immunoreactivity identifies a discrete population of cells that appear to delaminate from 

ductal domains (*), and cluster into developing islet cell clusters (arrowheads). The association 

of these Cx43+ cells with the ductal epithelium and developing endocrine cells suggests that 

they may represent a population of islet progenitors. 

 

3.3.2 Cx43 Expression Pattern in Developing hESC 

We next sought to determine the expression pattern of Cx43 in embryoid bodies (EBs), 

an in vitro model of hESCs spontaneous differentiation into the three main embryonic germ 

layers: Endoderm, Mesoderm and Ectoderm. Three-color immunostaining for E-cadherin, FoxA2, 

and Sox9 allowed for the identification of Neuro/Ectoderm (ECad-/Sox9+), DE (ECad+/FoxA2+), and 



 

Mesoderm (Ecad-/FoxA2-/Sox9-) cells (Figure 3-2A and B). Serial sections of EBs were 

immunostained for Cx43, Sox17, and Vimentin and revealed enriched expression of Cx43 in DE 

cells, as defined by the co-expression of E-cadherin with FoxA2, Sox9, and Sox17 (Figure 3-2C and 

E). Significant Cx43 specific immunoreactivity was also detected in ME cells, identified in a 

sequential section by expression of E-cadherin and Sox9, but not Sox17 (Figure 3-2C and D). 

Interestingly, although at later stages of embryonic development Cx43 was found prominently 

expressed in Mesoderm derivatives such as cardiomyocytes, early Mesoderm did not express 

significant levels of Cx43, as defined by Vimentin expression and lack of E-cadherin 

immunoreactivity. 

 

 

 

 

 
Figure 3-2 Cx43 is preferentially expressed in Mesendoderm and Definitive Endoderm 

developing from hESC in vitro 



 

Embryoid Bodies (EBs), used as an in vitro model of spontaneous hESC differentiation, and 

immunostained for E-cadherin (red), FoxA2 (green), and Sox9 (blue) identified all three germ 

layers: Ectoderm (A, arrowheads), Endoderm (A, dotted line) and Mesoderm (A, cells 

negative for E-cadherin). (B) Monochromatic imaging from the microscopic field shown in 

panel A allows better identification of E-cadherin+ cells. (C) Serial sections from the same EBs 

immunostained for Cx43 (red), Sox17 (Green) and Vimentin (blue) revealed that Cx43 

expression was enriched in Definitive Endoderm cells, as defined by the co-expression of E-

cadherin, FoxA2, and Sox9 (A, dotted line), and Sox17 (C and E, green). Significant Cx43-

specific immunoreactivity was also detected in ME cells, identified in a sequential section by 

the expression of E-cadherin and Sox9, but not Sox17 (C and D, arrowheads). Panels E and F 

show higher magnification of Definitive Endoderm cells identified in C and D. Note that 

immunoreactivity specific for Cx43 is not detected at significant levels in Mesoderm cells, 

identified by Vimentin expression and lack of E-cadherin immunoreactivity. Images are 

representative of n=12 fields (Cx43-Sox17-Vimentin) and n=10 fields (Ecad-Foxa2-Sox9). 

 

To determine the expression profile of Cx43 in stem cell development toward pancreatic 

progenitors, we profiled Cx43 transcript and protein in stem cells collected at specific stages of 

differentiation. hESCs were developed into pancreatic cell lineages following a step-wise protocol 

for directed differentiation (Figure 3-3A). We found that gene expression of Cx43 steadily rose 

throughout the first three stages of differentiation: Mesendoderm (ME), Definitive Endoderm 

(DE), and Primitive Gut Tube (PGT). After these stages, e.g. Posterior Foregut (PF), Cx43 gene 

expression sharply declined (Figure 3-3B). Western blot for Cx43 showed a large increase in 

expression during the first three stages of differentiation followed by a drop off at later stages. 

Cx36 protein was upregulated at DE and slowly dropped off from there (Figure 3-3C). 

 

 



 

 

Figure 3-3 Expression profile of Cx43 in hESC directed to differentiate towards pancreatic cell 

lineages. 

(A) Schematic of step-wise protocol for the directed differentiation of hESC into pancreatic cell 

lineages. (B) Gene expression of Cx43 throughout all stages of hESC differentiation (n=4). 

Expression of Cx43, normalized to levels present in undifferentiated hESC, progressively 

increases during early stages of differentiation into ME, DE, and PGT, followed by a sudden 

decline following the specification of downstream cell lineages (i.e., PF). (C) Gene expression 

data for Cx43 was validated at the protein level by Western blotting using α-tubulin and Hsp90 

as a loading control. 

 

3.3.3 Cx43 Gain of Function using AAP10 

To determine the effects of Cx43 gain-of-function in hESCs differentiation, we applied 

AAP10, a Cx43 activating peptide, to enhance Cx43 conductance throughout stem cell 

differentiation. AAP10 was originally reported as an antiarrhythmic peptide due to its ability to 

constitutively open Cx43 channels and synchronize beating heart cells. We utilized this 



 

functionality as a gain-of-function manipulation in our experiments of hESCs differentiation 

toward pancreatic cell lineages. 

To determine the effects of AAP10, we conducted gene expression analysis of DE markers 

FoxA2 and Sox17 (Figure 3-4A). Gene expression of FoxA2 and Sox17 was significantly increased 

at the DE and PGT stages in cultures treated with 400ng/mL AAP10 compared to untreated cells 

(p<0.01). FoxA2 and Sox17 steadily declined through the later stages of differentiation. This result 

was recapitulated by western blotting where there was an induction of Sox17 in DE nuclear 

lysates of cells treated with peptide (Figure 3-4D). This indicated a greater induction of DE cells 

as a result of Cx43 activation by AAP10. 

To determine the percent population of DE cells generated in culture, cells were 

differentiated to DE and then analyzed by FACS based on the expression of E-cadherin and CXCR4. 

E-cad+/CXCR4+ co-expression marks the DE population, while CXCR4+/E-cad- cells characterizes a 

mesoderm population141. In these experiments we observed that addition of AAP10 to cell 

culture increased the percentage of DE cells from an average of 36% to 51.5% (i.e. a 52% increase 

in DE cells) (Figure 3-4B). The induction of DE with AAP10 was further quantified by 

immunostaining cells fixed at the DE stage. Cells were stained using intracellular markers for DE 

such as FoxA2 and Sox17 in combination with Cx43 and Nanog. In these experiments, we 

observed that cells treated with AAP10 displayed a marked increase in FoxA2 nuclear 

immunoreactivity demonstrating an induction of DE type cells. In addition, while AAP10 did not 

increase total protein content of Cx43, peptide treated cells were found to exhibit much larger 

Cx43 plaques (Figure 3-4C). 

 



 

 

Figure 3-4 Induction of Definitive Endoderm is enhanced by the Cx43 agonist AAP10 peptide. 

(A) Gene expression of FoxA2 and Sox17 throughout all stages of differentiation. Gene 

expression is significantly increased at DE and PGT stages in cultures treated with 400ng/ml 

AAP10 (p < 0.01), followed by a decline during subsequent stages. This indicates a greater 

induction of DE cells as a result of Cx43 activation by the AAP10 peptide. (No peptide n=4, 

Peptide Thru n=3) (B) FACS analysis of DE cells. Cells were differentiated to the DE stage and 

stained for E-cadherin and CXCR4. Addition of AAP10 resulted in a marked increase of 

double positive cells from 𝑥̅ = 36% to 𝑥̅ = 51.5% double positive cells (i.e., 52% increase). 

(FACS is representative of n=4) (C) Corresponding immunostaining of H1 cells at DE with and 

without peptide treatment. Cells treated with AAP10 show a marked increase in frequency 

and levels of expression of FoxA2 demonstrating an induction of DE cells. In addition, while 

AAP10 did not increase total protein content of Cx43, peptide treated cells were shown to 

have much larger Cx43 plaques (insets, arrowheads). (Staining is representative of n=3 

fields). (D) Western blot in differentiated H1 cells showed a greater induction of Sox17 with 

addition of peptide compared to untreated cells at the DE stage. 



 

 

3.3.4 AAP10 is only necessary during early stages of differentiation 

To determine the effects of AAP10 on later stages of differentiation, we surveyed end-

stage (e.g. Endocrine Progenitors (EP)) cells for expression of endocrine progenitor specific 

transcription factors Pdx1, Sox9, and Nkx6.1. Cells grown on coverslips were fixed at the end of 

differentiation and then immunostained by two-color immunofluorescence for Pdx1/Nkx6.1 and 

Sox9/Pdx1. In these studies we observed that AAP10-treated cells were significantly enriched for 

pancreatic progenitors as defined by co-expression of Pdx1 and Sox9. Interestingly, while 

treatment with AAP10 throughout the entire duration of the differentiation resulted in a 

significant increase in the number of Pdx1+ pancreatic progenitors, compared to control cultures 

(i.e., no peptide), when AAP10 treatment was applied only up to the DE stage (referred to as 

Pepstop) we observed a higher number of cells co-expressing Pdx1 and Sox9 (One way ANOVA p 

= 0.0664, post test for linear trend p =0.0069), with a concomitant increase of the total number 

of Sox9+/Ecadherin+ cells (One way ANOVA p = 0.0048, post test for linear trend p= 0.0007) 

(Figure 3-5A). Collectively, there was a significant increase in Pdx1+ cells in later stages of 

differentiation in both peptide-treated conditions compared to no peptide (One way ANOVA p = 

0.0246, post test for linear trend p = 0.0017) (Figure 3-5B). These results indicated that activation 

of Cx43 gap junction channels by AAP10 was an effective treatment for the derivation of a 

significantly larger number of Pdx1+ progenitors compared to conventional protocols of 

differentiation. Furthermore, based on the observation that AAP10 treatment was effective in 

producing significantly higher numbers of Pdx1+/Sox9+ progenitors when applied up to the DE 

stage of differentiation (Pepstop), we speculated that these results may be explained by the 

requirement of Cx43-mediated cell-to-cell communication, or signaling, during early induction of 

DE cells that holds a higher propensity to further differentiate toward pancreatic progenitors. 

Hence, our results suggest that AAP10 drives the specification of a larger number of DE cells 

toward pancreatic progenitors. We conclude that cell-to-cell communication through Cx43 gap 

junctions is required to recruit heterogeneous hESC populations into differentiation programs 

toward Definitive Endoderm and Pancreatic Progenitors. 



 

 



 

Figure 3-5 Addition of AAP10 during early stages results in greater induction of Pdx1+ cells. 
(A) Immunostaining of end-stage cells (i.e. Endocrine Progenitors; EP) for Pdx1/Nkx6.1 and 

Sox9/Pdx1. In “no peptide” condition (n=3), there is very little Pdx1 and a greater number of 

Nkx6.1 and Sox9 indicating a possible pancreatic population but few cells that will further 

develop into endocrine cells. In samples treated with AAP10 throughout the duration of the 

differentiation (n=3), there is a greater induction of Pdx1 cells compared to no peptide. 

Interestingly, when the AAP10 peptide was added to the cultures only up to the DE stage (i.e., 

Peptide stop @ DE) (n=2), we observed an even higher induction of Pdx1 positive cells, 

suggesting that the purposeful activation (i.e., phosphorylation) of Cx43 by AAP10 during 

stages of highest Cx43 expression (see Figures 2 and 3) plays an important role in early 

commitment towards islet cell lineage, as opposed to a steady activation of Cx43 throughout 

all stages of differentiation. This possibility is suggested not only by a significant increase in 

the number of Pdx1 positive cells, (B) but also by the higher frequency of Sox9/Pdx1 co-

expressing cells, known to represent endocrine-committed progenitors likely to further 

develop into beta cells. There is also a significant difference in the number of Sox9 cells. 

 

 
Figure 3-6 Flow for FoxA2 in DE cells with and without peptide. 

Addition of peptide led to 50% increases in expression of FoxA2 as analyzed by Flow. This 

enrichment in cell markers for DE indicates that addition of peptide increases the 

population of DE cells found in culture. 

 



 

3.4 DISCUSSION 

Cx43 is one of the most ubiquitously expressed Cxs found in the human body. 

Importantly, it functions to help maintain stem cell pluripotency, but is also found in newly 

developing pancreatic cells. Our studies followed a gain-of-function strategy to determine the 

importance of Cx43 throughout development. 

With addition of the Cx43-activating peptide AAP10 we found much larger gap junction 

plaques between DE type cells. These larger gap junction plaques may allow for greater 

communication between cells allowing for more growth-promoting signals to be transferred 

between adjacent cells, leading to the derivation of desired cell types. This interpretation is 

supported by the observation that AAP10 induced phosphorylation of Cx43 in our cultures, 

compared to non-treated cells, as determined by Western blotting for phospho-Cx43. 

Interestingly, this protein was found in the nuclear fraction rather than the cytosolic. One 

explanation for this is that the phospho-protein may be anchored in the cytoskeleton and was 

pulled down into the nuclear fraction. The enrichment of Cx43 at the DE stage also indicated a 

prominent role for this Cx during the development of this cell lineage.  

Our observation that addition of AAP10 resulted in larger gap junction plaque size is 

consistent with previous studies showing that AAP10 reduces ischemia-induced internalization 

of Cx43171. Thus, while AAP10 phosphorylation at S368 leads to opening of the channel, 

phosphorylation at S297 or S330 leads to internalization of the channel57. AAP10 works via a PKC 

mechanism coupled with a hypothesized GPCR as evidenced by less activity in culture with GPCR 

inhibitors172. 

Experiments showing that addition of AAP10 led to enrichment for DE markers FoxA2 and 

Sox17 are also very interesting as these two transcription factors have been shown to regulate 

Sox9 expression173. Therefore, it is possible that DE cells developing from cultures containing 

AAP10 may have an enhanced propensity to proceed toward a Pdx1+/Sox9+ pancreatic progenitor 

cell phenotype. This is further supported by evidence demonstrating that Pdx1 and Sox9 both 

cooperatively regulate pancreatic lineage induction, and that their co-expression identifies cells 

endowed with a higher ability to develop into endocrine cells. 

 



 

In further stages of differentiation, we noticed an upregulation of Pdx1, Sox9, and Nkx6.1 

in peptide treated samples. Sox9 has been shown to be required for maintenance of pancreatic 

progenitor cell pools174 as well as coordinating the transcriptional network in pancreatic 

progenitor cells173. It has also been shown to have a dosage dependent requirement for 

pancreatic endocrine cell formation175. In addition, the cooperation of Sox9 and Pdx1 is necessary 

for the lineage allocation of posterior foregut cells176. Given the importance of Sox9 in regulating 

the development and homeostasis of pancreatic lineages, our results support the concept that 

cells treated with AAP10 have a higher propensity of becoming pancreatic islet cells. 

Although significant advances have been made in the generation of islet-like cells from 

hESCs, most stem cell preparations still yield heterogeneous cell preparations. These results 

point to the need of identifying strategies that can promote higher homogeneity in endocrine 

cell content, a requirement that remains a high priority before these stem cell-derived cell 

preparations can be used for clinical applications. Collectively, our results demonstrate that the 

activation of Cx43 during early stages of hESC commitment towards DE leads to higher yields of 

pancreatic progenitor cells that are likely to further differentiate into islet cells. Hence, our 

approach provides a significant improvement of current protocols for the derivation of islet 

cells to be used as a possible cell replacement therapy for type 1 diabetes. 

 
 



Chapter 4.  

CXS KNOCKDOWN IN STEM CELL DIFFERENTIATION TOWARD 

PANCREATIC PROGENITORS 

4.1 OVERVIEW 

In this chapter, I present evidence that further supports an important role of Cx43 in stem 

cell development towards pancreatic progenitors. Specifically, results presented here 

demonstrate that by using a “loss of function” approach for Cx43 using an adeno-associated virus 

expressing a targeted shRNA against Cx43, hESCs lose their ability to develop into pancreatic 

progenitors. These studies were designed as a logical series of experiments following the results 

described in Chapter 3, in which a “gain-of-function” approach of Cx43 function was shown to 

enhance the derivation of DE cell types and downstream pancreatic progenitors. Therefore, we 

hypothesized that loss-of-function of Cx43 would have the opposite effect on stem cells. 

Effectively, we expected that knockdown of Cx43 would lead to an inability to generate DE cell 

types or other stages within the pancreatic cell lineage. Results from these studies suggest that 

Cx43 is required for the development of pancreatic progenitors. 

4.2 INTRODUCTION 

In the developing pancreas, Cx43 is found abundantly expressed in newly developing islet 

progenitors delaminating from the ductal epithelium. Subsequently, as these progenitors acquire 

hormone expression, Cx43 is down-regulated while Cx32 and Cx36 are acquired by exocrine and 

endocrine lineages, respectively177. Building on these notions, and on my observation that 

activation of Cx43 by AAP10 fosters the development of DE and subsequently pancreatic 

progenitors, I pursued a “loss-of-function” approach to establish the requirement of Cx43 for 

these developmental outcomes in protocols of stem cell differentiation toward the pancreatic 

cell lineage. The underlying hypothesis for this experimental strategy was that knocking down 



 

the expression of Cx43 would have the opposite effect as AAP10, and lead to a reduced ability of 

hESCs to differentiate into pancreatic progenitors. 

4.3 RESULTS 

4.3.1 Expression of αV integrins in H1 cells 

As a first step for the implementation of the aforementioned experimental strategy 

making use of an adeno-associated virus (AAV) expressing a targeted shRNA against Cx43, we 

determined the expression levels of the integrin subunit αV, which in association with a β3 and 

β5 subunit forms the αVβ3 and αVβ5 integrins known to function as a receptors for Adeno 

viruses entry into cells178,179. These studies revealed that undifferentiated hESC H1 cells cannot 

be infected with AAV because they do not express significant levels of these integrin receptors. 

However, αV expression became readily detected in Mesendoderm cells, and increased through 

the DE stage, followed by a progressive downregulation from PGT toward PF and subsequent 

stages (Figure 4-1). 

 

Figure 4-2 Levels of αV integrins in stem cells differentiating toward pancreatic progenitors 

αV integrins are upregulated in the DE and PGT stages of cell differentiation. The expression 

of this family is essential for AAV infection. 
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4.3.2 Knockdown of Cx43 in stem cell culture using AAV-shRNA-Cx43 

Based on the results presented on the expression of αV integrin, we performed 

experiments in which the AAV expressing an shRNA against Cx43 was added to differentiating 

hESC cultures at the PGT stage and left to continue their differentiation program from there on 

(Figure 4-3A). We reasoned that at this stage, there would still be enough residual Cx43 to see a 

functional effect of Cx43 knockdown. Infected cells, identified by expression of a GFP reporter, 

were seen starting 3 days post infection and throughout to the end of differentiation (Figure 

4-3B). 

 

 

Figure 4-3 Schematic of protocol for AAV infection during stem cell differentiation toward 

pancreatic cell lineages. 

(A) Cells were infected with virus after being fully grown through the PGT stage. (B) Cells begin 

to express GFP as soon as 3 days post infection, indicating viral infection. (C) Cells show 

increased expression of GFP up through the end of differentiation. 

 



 

To determine the effects of Cx43 knockdown on the derivation of pancreatic progenitors 

from stem cells, we evaluated gene expression data for pancreatic markers. Infected cells 

showed reductions in Pdx1, Nkx6.1 and Insulin gene expression (Figure 4-4).  

 

 

Figure 4-4 Gene expression analysis for markers of endocrine differentiation in AAV-

shRNA/Cx43-infected cells. 

Infected cells showed a marked decrease of expression of Pdx1, Nkx6.1, and Insulin gene 

expression throughout the last 3 stages of differentiation. This is likely due to prevention of 

induction rather than a knockdown. 

 
Cultures of hESCs infected with AAV-shRNA-Cx43 showed a marked decrease of Pdx1, 

Nkx6.1, and Insulin gene expression throughout the last 3 stages of differentiation, indicating 

that Cx43 played a positive regulatory role in the induction of the islet cell lineage. Western 

blotting analysis of Cx43 protein levels in these AAV-shRNA-Cx43-infected cells confirmed the 

efficient downregulation of Cx43, thus validating the notion that Cx43 is required for efficient 

development of the islet cell lineage. Interestingly, infected cells also revealed decreased levels 

of pERK1/2 and cyclinD1, especially at the Pancreatic Progenitor (PP) stage, suggesting that Cx43 

may also function as a positive regulator of signaling pathways and expression of genes that are 

involved in the proliferation and survival of cell lineages developing from DE. Importantly, these 

effects appeared to be fairly selective since other important genes regulating cell-to-cell 

interactions such as E-cadherin and β-catenin were not affected (Figure 4-5).  

 



 

 
Figure 4-5 Western Blotting in AAV-shRNA Treated Cells 

Western blot of total cell lysates showed that AAV-shRNA-Cx43-infection was able to 

effectively knockdown Cx43. Infected cells showed a reduction of phospho-ERK1/2 and 

CyclinD1, suggesting a positive regulatory role of Cx43 in cell growth. Importantly, the 

expression level of E-cadherin and β-catenin, two other proteins regulating cell-cell 

interactions, was not affected. 

 

4.4 DISCUSSION 

We initially set out to study knockdown of Cx43 using a targeted siRNA approach. Using 

this model, we discovered that hESCs are extremely sensitive to transfection reagents used for 

siRNA interference. In addition, we also noted that multiple siRNA reagents for Cx43 exhibited a 

series of “off target” effects. Therefore, we moved to an AAV approach expressing shRNAs 

specific for Cx43. This approach, although more compatible with cell viability, could only be 

used to infect hESCs at either the DE stage, or PGT stages, since undifferentiated hESCs and 

Mesendoderm did not express sufficient levels of the αVβ3 and αVβ5 integrins known to 

function as a receptors for AAVs. Despite this limitation, since PGT cells express relatively high 

levels of Cx43 (see Figure 3-3C), we reasoned that knockdown of Cx43 at this later stage of 

differentiation would still be informative in determining the function of this gap junction 

protein in the specification of downstream cell lineages. As anticipated, in these studies I was 

able to effectively downregulate Cx43 protein levels, and analyze the developmental propensity 

of PGT cells at later stages of differentiation. Results from these experiments revealed that 



 

Cx43 is required for PGT cells to acquire a pancreatic progenitor phenotype, as determined by 

the expression levels of Pdx1, Nkx6.1, and ultimately insulin (Figure 4-4). Interestingly, the effect 

of Cx43 knockdown on PGT developmental propensity can be detected as early as the PF stage, 

suggesting that Cx43 is required for the commitment of these early gut tube progenitors to 

acquire Pdx1 and commit toward a pancreatic epithelium. In addition, the observation of a 

reduced expression of CyclinD1 may be consistent with previous data showing that Cx43 may 

have a role in helping cells enter the cell cycle49. 

Infected cells also showed a reduced phosphorylation of ERK1/2 in AAV-shRNA-Cx43-

infected cells. In the pancreas, blockade of ERK1/2 activation partially impairs Pdx1 stimulated 

proliferation180. Therefore, the lower expression of phospho-ERK1/2 suggests that Cx43 may 

also be required for cell expansion, an event that is equally important for the emergence of PF 

and PP from the in vitro directed differentiation of hESC cultures.  

Together, the reduced expression levels of CyclinD1 and reduced pERK1/2 indicate that 

knockdown of Cx43 is negatively impacting the ability of stem cells to proliferate. Furthermore, 

the reduced availability of Cx43 may also impair the responsiveness of stem cells to our in vitro 

differentiation protocol and lead to a stochastic differentiation toward multiple cell lineages 

rather than toward the islet cell lineage.  
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Chapter 5. Β1 INTEGRINS AS REGULATORS OF Β-CELL MASS 

5.1 OVERVIEW 

This chapter discusses the importance of β1 integrins as regulators of β-cell mass during 

pancreatic development. Cellular interactions with the extracellular matrix (ECM) mediated by 

receptors of the integrin family are postulated to regulate key functions in endocrine 

development processes. In this chapter, we show that ablation of the β1 integrin gene in 

developing pancreatic β-cells reduces their ability to expand during embryonic life, during the 

first week of postnatal life, and thereafter. Mice lacking β1 integrin in insulin-producing cells 

exhibit a dramatic reduction of the number of β-cells to only ~18% of wild-type levels. Despite 

the significant reduction in β-cell mass, these mutant mice are not diabetic. A thorough 

phenotypic analysis of β-cells lacking β1 integrin revealed a normal expression repertoire of β-

cell markers, normal architectural organization within islet clusters, and a normal ultrastructure. 

Global gene expression analysis revealed that ablation of this ECM receptor in β-cells inhibits the 

expression of genes regulating cell cycle progression. Collectively, our results demonstrate that 

β1 integrin receptors function as crucial positive regulators of β-cell expansion. 

5.2 INTRODUCTION 

Many types of cell surface signaling receptors contribute to proper growth and 

development in the pancreas. Specifically, development of the islet cell lineage depends on a 

series of highly regulated processes that include proliferation, delamination, migration and 

differentiation of trunk ductal progenitors into the surrounding mesenchyme where they 

organize into cell clusters. Cellular interactions with the extracellular matrix (ECM) are of critical 

importance during development and in postnatal life as they affect a variety of events including 

mitogenesis, differentiation, cell type-specific functions, and survival88,91,92,104,181. Over the past 

two decades it has become clear that the extracellular matrix (ECM) represents an important 

“informational unit” affecting a large spectrum of cellular functions through the interaction with 

cell surface receptors of the integrin family91,92,104,181,182. These cellular responses to the 



 

extracellular microenvironment are imposed not only by the type of ECM presented to the cell, 

but also by cell adhesion receptors of the integrin family that mediate the recognition of distinct 

ECMs. 

In this study, we investigated the function of β1 integrins in developing islet β-cells by 

targeting the deletion of exon 3 of the mouse β1 integrin gene (Itgb1) using a Cre-lox approach. 

Accordingly, we demonstrated that ablation of β1 integrin gene in developing pancreatic β- cells 

results in a dramatic reduction of the number of β-cells, down to about 18% of that measured in 

wild type littermates. Despite the significant reduction in β-cell mass, these mutant β-cells harbor 

a normal repertoire of β-cell markers, proper architectural organization within islet clusters, and 

a normal ultrastructure. Global gene expression analysis reveals that ablation of this ECM 

receptor in β-cells negatively affects expression of genes regulating cell cycle progression. Our 

results demonstrate that this class of integrin receptors is required for proper β-cell expansion 

during development and in postnatal life. 

5.3 RESULTS 

5.3.1 Cre-mediated deletion of β1 integrin in pancreatic β-cells 

In the pancreas, β1 integrin has been documented to mediate important functions 

spanning from adhesion and migration of progenitor cell populations, to cell survival and 

secretory functions of adult islet cells 93–97,100,111. In situ immunolocalization reveals that the β1 

integrin subunit is broadly expressed in both the developing and postnatal pancreas (Figure 5-1). 

In E17.5 pancreas, the brightest levels of β1 integrin- specific immunoreactivity are in ductal cells 

(Figure 5-1A-D, cyan arrows) and in vascular structures colonizing developing islet cell clusters 

(Figure 5-1A-D, cyan arrowheads). Significant β1 integrin- specific immunoreactivity is readily 

detected at cell-cell and cell- matrix boundaries of developing β-cells (Figure 5-1A-D, yellow 

arrowheads). This expression pattern remains relatively unaltered in postnatal life at P4 (Figure 

5-1E-H), when β1 integrin remains expressed at high levels in the ductal epithelium (cyan arrows) 

and in endothelial cells (cyan arrowheads), and at lower levels in β-cells (yellow arrowheads) and 

in acinar cells, as determined by both qualitative assessment (Figure 5-1A-H) and quantitative 

measurement of the pixel intensity of β1 integrin-specific immunoreactivity (Figure 5-1I). 



 

 

 
Figure 5-1 Expression pattern of β1 integrin in the developing and postnatal mouse pancreas. 

(A-H) Immunolocalization of β1 integrin and insulin in E17.5 (A-D) and P4 (E-H) pancreas. 

(B,D,F,H) Monochromatic images to better visualize cell-cell and cell-matrix boundaries 

immunostained for β1 integrin. The brightest β1 integrin-specific immunoreactivity is 

detected in ductal cells (cyan arrows) and in endothelial cells (cyan arrowheads). Significant 



 

β1 integrin expression is also detected at cell-cell and cell-matrix boundaries of developing β-

cells (yellow arrowheads). (I) Quantitative assessment of the pixel intensity of β1 integrin-

specific immunoreactivity in E17.5 and P4 pancreas. Values are presented as mean±s.e.m. 

Scale bars: 50 μm in B,F; 25 μm in D,H. 

 

Due to the relative lack of fidelity and/or temporal expression of Cre in pancreatic cell 

types used in these earlier studies, it had remained unclear whether β1 integrin is also important 

for β-cell development and function. We addressed this question using a Cre-lox approach to 

delete β1-integrin in β-cells3. We investigated the functional requirement of β1 integrin during 

β- cell development by means of a conditional gene knockout approach. We chose RIP-Cre mice, 

which have been used previously to successfully target floxed DNA sequences in pancreatic β-

cells163. Figure 5-2A shows X-Gal staining of islets of Langerhans in a pancreas from a 

heterozygous RIP- Cre;129S-Gt(ROSA)26Sortm1Sor/J mouse183. Following this control 

experiment demonstrating Cre activity in islet cells, we crossed RIP-Cre mice with homozygous 

B6;129- Itgb1tm1Efu/J mice that harbor loxP sites flanking exon 3 of the β1 integrin gene164. 

Figure 5-2B shows the PCR genotyping of β1 integrin heterozygous/RIP-Cre+ (ht/Cre+) and β1 

integrin homozygous/RIP-Cre+ (hm/Cre+, henceforth referred to as RIP-Cre/β1KO). RIP-

Cre/β1KO mice were viable and were used for biochemical and morphological characterization. 

Western blotting analysis of islet protein extracts from RIP-Cre/β1KO mice demonstrates 

efficient ablation of β1 integrins (Figure 5-2C), with only a faint β1 integrin-specific 

immunoreactive band in the RIP-Cre/β1KO sample, which is likely to be due to the non-insulin-

expressing endocrine cells or other non-endocrine cells present within the islets. Fig. 3D shows 

immunofluorescent staining of isolated islet cells for β1 integrin (red) and insulin (green). Note 

that whereas significant β1 integrin-specific immunoreactivity is detected in wild-type (WT) 

insulin-positive and insulin-negative cells (Figure 5-2D, left), in RIP-Cre/β1KO mice the β-cells 

(green) lack β1 integrin-specific staining (Figure 5-2D, right). Flow cytometry analysis on islet cells 

immunostained for insulin and β1 integrin demonstrates ~95% recombination in RIP-Cre/β1KO 

mice (Figure 5-2E,F). Collectively, these experiments demonstrate that β1 integrin is efficiently 

deleted in islet β-cells of RIP-Cre/β1KO mice. 



 

5.3.2 Defective β-cell adhesive properties in RIP- Cre/β1KO mice 

The ability of integrin receptors to support cell adhesion depends on the recognition of 

specific ECM ligands present in the extracellular environment. To determine whether pancreatic 

β- cells from RIP-Cre/β1KO mice exhibit impaired cell adhesion properties, intact islet clusters or 

isolated islet cells were tested for their ability to adhere to a cell-assembled basal membrane-like 

matrix (804G)167,168 or to select ECM components. We found that islet cell clusters isolated from 

WT mice promptly adhered and spread onto 804G matrix, and established monolayer colonies 

within 72 hours in culture (Figure 5-2G, top left). By contrast, RIP-Cre/β1KO islet cells, cultured 

under the same conditions, remained loosely attached to the 804G matrix and failed to establish 

cell monolayers (Figure 5-2G, top right). When islets were dissociated into a single-cell 

suspension and plated on the 804G matrix, WT islet cells adhered and established small colonies 

(Figure 5-2G, bottom left), whereas islet cells isolated from RIP-Cre/β1KO mice were unable to 

do so (Figure 5-2G, bottom right).  

To examine the adhesive property of β-cells and non-β-cell types present in islet cell 

preparations, islet cells isolated from either WT or RIP-Cre/β1KO mice were tested for their ability 

to adhere to select ECM proteins using a short-term adhesion assay under serum- free conditions, 

as previously described93,94. At the end of the assay, adherent cells were fixed, stained for insulin 

or glucagon by immunocytochemistry to identify α- and β-cells, respectively, and counted. Fewer 

β-cells from RIP-Cre/β1KO islets adhered to collagen IV and fibronectin when compared with WT 

cell preparations (Figure 5-2H). By contrast, β-cell adhesion to laminin and vitronectin was 

unaffected, which was likely to be due to the ability of other integrin receptors, such as α6β4 and 

αvβ5, to mediate cell adhesion to these ECMs2,184. Glucagon-producing α-cells, which were not 

targeted in RIP-Cre/β1KO mice, displayed comparable adhesion to all ECM substrates tested in 

both animal groups (Figure 5-2I). 

 



 

 
Figure 5-2 Efficient deletion of β1 integrin in pancreatic β- cells. 

(A) Whole-mount of X-Gal-stained (blue) adult pancreas from a RIP-Cre/ROSA26 mouse 

demonstrating targeting of Cremediated recombination to pancreatic islet clusters (arrows). 

(B) PCR genotyping of tail DNA showing the presence of the loxP sequences flanking exon 3 of 

Itgb1 (lox 5 and lox 3); Cre3-Cre1 primers were used to detect the presence of the Cre gene 

band and Ag2-Cre1 to detect the correct integration of the Cre gene with the RIP sequence. 

(C) Western blot analysis of isolated pancreatic islets from WT or RIP-Cre/β1KO mice probed 

for β1 integrin. β-actin was used as loading control. (D) Immunofluorescence analysis of 

dissociated islet cells from WT or RIP-Cre/β1KO pancreas stained for β1 integrin (red) and 

insulin (green). (E) Flow cytometry analysis of islet cells isolated from WT or RIP-Cre/β1KO 



 

pancreas. (F) Levels of β1 integrinspecific immunoreactivity in insulin-positive cells from the 

R1 gate in E. (G) Long-term adhesion and spreading assay of whole islets (top row) or 

dissociated islet cells (bottom row). (H,I) Quantitative assessment of β-cell and α-cell adhesion 

to the ECM proteins collagen IV (Coll-IV), fibronectin (FN), laminin (LN) and vitronectin (VN). 

Values are expressed as a percentage ± s.d. of total number of cells seeded. (H) n=5, *P<.001, 

** P<.05. 

 

Reduced β-cell numbers in RIP-Cre/β1KO mice Pancreatic sections from 8-week-old WT 

or RIP-Cre/β1KO mice were used for immunofluorescence and morphometric studies to 

determine whether the deletion of β1 integrin affected the phenotype and architecture of the 

islets of Langerhans. These experiments revealed that islet clusters are significantly smaller in 

RIP- Cre/β1KO mice when compared with WT (Figure 5-3A-D). A representative example of this 

phenotype is shown in Figure 5-2A, where immunostaining for insulin and glucagon identifies 

islet clusters. Within islets of RIP-Cre/β1KO mice, β1 integrin-specific immunoreactivity is only 

detected in α-cells (red) and in capillary endothelial cells (red arrows), but not in β-cells. Extensive 

morphometric measurements revealed that the area occupied by β- cells is reduced by ~80% in 

RIP-Cre/β1KO mice compared with either WT or control RIP-Cre transgenics (Figure 5-3B), 

whereas the number of α-cells is unaffected (Figure 5-3C). In addition, analysis of the islet size 

distribution revealed that whereas the frequency of small islet clusters (50-100 cells) does not 

differ significantly between WT and RIP-Cre/β1KO mice, the number of larger islets (>100 cells) 

is dramatically reduced in RIP-Cre/β1KO mice, suggesting that β-cells, following their 

specification and differentiation, are unable to expand in the absence of β1 integrin (Figure 5-3D). 

Morphometric assessment of apoptotic events as a possible mechanism for the reduction in β-

cell numbers revealed no differences between RIP-Cre/β1KO and WT pancreata (data not 

shown). Further phenotypic characterization revealed that β-cells from RIP-Cre/β1KO mice 

exhibit a normal expression pattern of the transcription factors MAFA, PAX6, NKX6.1 and PDX1 

(Figure 5-3E), suggesting that loss of β1 integrin does not affect their ability to express these 

markers of endocrine differentiation. 

 



 

 

Figure 5-3 Characterization of β1 integrin-deficient pancreatic islets. 

(A) Representative confocal images of pancreatic sections from 8-week-old WT (top row) and 

RIP-Cre/β1KO mice (bottom row) immunostained for β1 integrin (green), glucagon (red) and 

insulin (blue). Red arrows in monochromatic images point to intra-islet endothelial cells 



 

strongly immunoreactive for β1 integrin. (B,C) Quantification of insulin-positive (B) and 

glucagon-positive (C) area in WT (n=5), RIP-Cre (n=3) and RIP-Cre/β1KO (n=5) pancreas. 

Values are expressed as a percentage of total pancreatic area ± s.d. ***P<0.001. (D) Islet cell 

number and size distribution in WT and RIP-Cre/β1KO mice. Values are expressed as mean ± 

s.d. of the number of islets per section (n=3 animals). *P<0.05. (E) Immunolocalization of 

transcription factors MAFA, PAX6, NKX6.1 and PDX1 in WT and RIP-Cre/β1KO pancreas. Scale 

bars: 50 μm in A; 70 μm in E. 

 

5.3.3 Loss of β1 integrin does not affect the differentiation or function of β-cells 

To fully define the phenotype of RIP-Cre/β1KO β-cells we performed ultrastructural 

studies by transmission electron microscopy (TEM). Representative TEM images of β-cells from 

WT (Figure 5-4A,C) and RIP-Cre/β1KO (Figure 5-4B,D) mice show morphologically normal insulin 

granules in both cell preparations, thus demonstrating that ablation of β1 integrin does not 

negatively affect the cellular machinery responsible for the biosynthesis of these subcellular 

compartments. Interestingly, despite previous evidence indicating that β1 integrin plays 

important roles in the assembly and maintenance of basal membranes86,185, we find that β-cells 

from RIP-Cre/β1KO mice exhibit electron-dense basal membrane structures that are 

indistinguishable from those observed in WT (Figure 5-4D versus C, brackets). In addition, 

microcapillary endothelial cells lining basal membranes adjacent to RIP-Cre/β1KO β-cells exhibit 

normal fenestrations (Figure 5-4C,D, arrowheads), suggesting that ablation of β1 integrin in β-

cells has no functional consequences for the morphology of the adjacent vascular endothelium. 

In these studies we also observed that β-cells from RIP-Cre/β1KO mice appear to contain an 

increased number of insulin granules. 

 



 

 
Figure 5-4 Ultrastructural analysis of WT and RIP-Cre/β1KO pancreatic islets. 

(A,B) Transmission electron microscopy (TEM) of β-cells in WT (A) and RIP-Cre/β1KO (B) islets 

showing insulin-containing granules with their typical electron-dense core. (C,D) Higher 

magnification TEM images of WT (C) and RIP-Cre/β1KO (D) islets identifying the presence of 

a basal membrane (BM, bracket) at the interface between endothelial cells (EC) and β-cells. 

Normal endothelial cell fenestrae (C,D, arrowheads) can be identified in both WT and RIP-

Cre/β1KO samples. Scale bars: 1 μm in A,B; 0.3 μm in C,D. 

 



 

This observation was validated biochemically by the demonstration that β-cells in RIP-

Cre/β1KO mice contain close to 3-fold more insulin than in WT (Figure 5-5A). Despite the 

significant reduction in β-cell numbers (Figure 5-3), adult RIP-Cre/β1KO mice did not display 

abnormal fasting glycaemia, nor altered response in a glucose tolerance test (Figure 5-5B). These 

results are not surprising in consideration of the fact that, in most rodent models, overt diabetes 

occurs only upon loss of more than 80% of the total pancreatic β-cell number186. The only 

functional difference we observed in RIP-Cre/β1KO mice is a reduced insulin output in response 

to glucose, although both the first and second phases of insulin release are preserved (Figure 

5-5C). RIP-Cre/β1KO β-cells also display a normal membrane-targeted expression of the glucose 

transporter GLUT2 (SLC2A2 – Mouse Genome Informatics) (Figure 5-5D,E), and Glut2 expression 

appears significantly upregulated in RIP-Cre/β1KO β- cells when compared with WT (Figure 5-5F). 

These results indicate that RIP-Cre/β1KO β-cells harbor a functional glucose-sensing machinery 

that allows for sufficient insulin secretion to maintain normoglycemia. It is possible that, despite 

the reduced β-cell mass and decreased levels of circulating insulin (Figure 5-5C), RIP-Cre/β1KO 

mice may develop peripheral insulin hypersensitivity as an adaptive counter-regulatory 

mechanism to maintain normoglycemia. 

 



 

 
Figure 5-5 Insulin secretory function of WT and RIP-Cre/β1KO pancreatic islets. 

(A) Insulin content measured in WT and RIP-Cre/β1KO β-cells (n=4). *P<0.001 (B,C) Blood 

glucose (B) and plasma insulin (C) quantification during a glucose tolerance test in 4-month-

old WT and RIP-Cre/β1KO mice. Values are expressed as mean ± s.e.m. (n=5 animals for each 

genotype). **P<0.05. (D,E) GLUT2-specific immunoreactivity detected in RIP-Cre/β1KO (E) β-

cells. (F) mRNA expression le -cells isolated from WT and 

RIP-Cre/β1KO pancreas. Scale bars: 70 m. 

 

5.3.4 β1 integrin is required for β-cell expansion 

Based on the evidence that β1 integrins may function as positive regulators of cell cycle 

progression and survival187,188, we postulated that the reduced number of β-cells in RIP-Cre/β1KO 

mice might result from defective β-cell expansion and/or survival during the developmental and 

neonatal periods. Indeed, immune-morphometric assessment of pancreata stained for markers 

of cell proliferation demonstrated that at E17.5 numerous proliferating β-cells can be identified 



 

in the pancreas of WT but not RIP-Cre/β1KO mice (Figure 5-6A, arrowheads). This analysis 

revealed a significant reduction of the number of proliferating β-cells, as determined by double 

immunostaining for insulin and phospho-histone H3 (Figure 5-6B), or double staining for insulin 

and PCNA (Figure 5-6C). These results correlated with a reduction of β-cell area already at this 

relatively early stage of islet cell cluster expansion (Figure 5-6D). This phenotype becomes even 

more striking by P4, when the number of proliferating β-cells increases dramatically in WT but 

not in RIP-Cre/β1KO mice (Figure 5-6E-G), an effect that correlates with a dramatic reduction of 

the β-cell area (Figure 5-6H). Eventually, by 8 weeks of age, although occasional proliferation of 

β-cells can still be detected in WT mice, BrdU+ (or PCNA+) β-cells become extremely rare in RIP-

Cre/β1KO mice (Figure 5-6I-K). Accordingly, RIP-Cre/β1KO mice exhibit a β-cell area that is only 

~18% of that measured in WT or in RIP-Cre transgenic mice used as additional controls (Figure 

5-6L). 



 

 
Figure 5-6 Defective β-cell expansion in RIP-Cre/β1KO mice during pancreas development. 

(A) Representative images of pancreatic sections from WT and RIP-Cre/β1KO E17.5 embryos 

immunostained for phospho-histone H3 (p-H3) and insulin. (B-D) Frequency of p-H3+ (B) and 

PCNA+ (C) β-cells and measurement of β-cell area (D) in WT and RIP-Cre/β1KO E17.5 

pancreas. (E) Pancreatic sections of P4 WT and RIP-Cre/β1KO mice immunostained for pH3 

and insulin. (F-H) Frequency of p-H3+ (F) and PCNA+ (G) β-cells and measurement of β-cell 

area (H) in P4 WT and RIP-Cre/β1KO mice. (I) Adult pancreatic sections from WT and RIP-

Cre/β1K mice stained for BrdU and insulin. (J-L) Frequency of BrdU+ (J) and PCNA+ (K) β-cells 

and measurement of β-cell area (L) in pancreatic sections from adult WT and RIP-Cre/β1K 

mice. (M-O) Immunostaining for BrdU and insulin in cultures to assess the induction of β-cell 

proliferation by 804G matrix and HGF in WT whole islets (M), partially dissociated WT (N) or 

RIP-Cre/β1KO (O) islet cells. Insets in A,E,I,N,O show higher magnification of islet cells. 



 

Arrowheads in A,E,I,M,N indicate nuclei of proliferating -cells. Arrows in O indicate 

proliferating insulin-negative cells. (P) Quantification of BrdU+ β-cells measured for WT and 

RIP-Cre/β1KO islet cell preparations. (A-D) n=8 pancreata for each genotype; (E-L) n=5 

pancreata for each genotype; (M-P) representative of n=4 independent experiments using 

both WT and RIP-Cre/β1KO pancreatic islets. Values in graphs represent mean±s.e.m. (B) 

***P<0.001. 

 

To investigate whether β-cells from RIP-Cre/β1KO mice can be induced to proliferate in 

vitro, we isolated islets from both WT and RIP-Cre/β1KO mice, and cultured them on 804G 

extracellular matrix-coated coverslips in the presence of HGF as previously described168. WT islets 

established colonies that comprised numerous BrdU-incorporating insulin+ cells over a 3- day 

culture period (Figure 5-5M). By contrast, islets isolated from RIPCre/β1KO mice failed to adhere, 

spread or generate colonies (Figure 5-2F) and did not show any significant cell proliferation (not 

shown). In similar experiments, plating of partially dissociated islets onto the 804G extracellular 

matrix gave similar results, with numerous BrdU-incorporating β-cells detected in WT (Figure 

5-6N,P) but not in RIP-Cre/β1KO islet cell preparations (Figure 5-6O,P). Hence, ablation of β1 

integrin in β-cells severely impacts on their ability to respond to mitogenic stimuli provided by 

ECM cues and by growth factors such as HGF. 

 

5.4 DISCUSSION 

It is well established that β1 integrin receptors regulate multiple functions, encompassing 

cell adhesion, migration, differentiation, growth and survival85,88,189. In this study, we provide 

original evidence for a crucial role of the β1 integrin subunit in the in vivo expansion of pancreatic 

β-cells following their endocrine specification. Our results indicate that ‘pro-proliferative’ 

signaling cues transduced by β1 integrins in pancreatic β-cells are uncoupled from ‘pro-

differentiative’ signals attributed to these receptors in other cell types, suggesting that 

alternative integrins, and cell-cell adhesion receptors, are likely to be responsible for mediating 



 

the interaction of β-cells with their extracellular microenvironment and with neighboring cells, 

and for regulating the maintenance of their differentiated endocrine phenotype.  

The signaling properties of integrin receptors are dictated primarily by their state of 

activation resulting from ECM ligand occupancy and/or cis-transactivation through interaction 

with growth factor receptors harboring tyrosine kinase functions, rather than by their levels of 

expression85,88,189–194. Nevertheless, it is reasonable to infer that the levels of β1 integrin 

expression detected in different pancreatic epithelial cell types correlate with cell type-specific 

proliferative capabilities. Accordingly, ductal cells expressing high levels of β1 integrin exhibit a 

higher propensity to respond to mitogenic stimuli than islet cells and acinar cells195–199. 

Conversely, acinar cells, which we find to express low levels of β1 integrin, are unable to undergo 

significant proliferation unless they enter an acinar-to-ductal transdifferentiation200–202. Islet cells 

have been reported to undergo epithelial-to mesenchymal transition when replicating99,203, a 

phenomenon that has been described in many epithelial cell types and that is associated with 

significant upregulation of β1 integrin204,205. This provides a possible mechanism by which cells 

about to enter the cell cycle can enhance their propensity to use this integrin subunit to respond 

to microenvironmental cues and activate pro-proliferative signaling cascades. 

Following their endocrine specification and insulin expression, pancreatic β-cells enter a 

spatiotemporally regulated expansion that starts to become evident at ~E17.5, continues to 

increase during the last week of embryonic life, reaches a plateau during the first 2 weeks of 

postnatal life206,207, and gradually declines thereafter208–210. Based on this well-established 

timeline of islet cell mass development, and on the established pro-proliferative functions of β1 

integrin described in other epithelia, our finding that RIP-Cre/β1KO mice exhibit significantly 

reduced numbers of β-cells led us to postulate that the ablation of β1 integrin in β-cells might 

negatively impact on their replication and/or survival. Accordingly, our analysis of RIP-Cre/β1KO 

pancreas reveals that the frequency of proliferating β-cells is significantly decreased already at 

E17.5, a defect that becomes even more dramatic during the first week of postnatal life, and in 

adult mice. This proliferative defect leads to a severe reduction in β-cell numbers in adult RIP-

Cre/β1KO pancreas as compared with WT mice. Collectively, these results clearly demonstrate 



 

that β1 integrin functions as a crucial positive regulator of β-cell expansion during development 

and in postnatal life. 

A detailed phenotypic analysis of β-cells from RIP-Cre/β1KO mice revealed that, despite 

defective cell adhesion to fibronectin and collagen type IV, they retain all of the essential 

hallmarks of endocrine differentiation, normal architectural organization within islet clusters, 

and glucose-stimulated secretory function. Accordingly, we found that the expression pattern of 

the transcription factors PDX1, PAX6, NKX6.1 and MAFA appears indistinguishable from that of 

WT β-cells. Interestingly, the insulin content of β-cells from RIP-Cre/β1KO mice is increased 3-

fold, suggesting that maintenance of endocrine differentiation might be regulated by alternative 

mechanisms of cell-cell and/or cell-matrix interaction. Notably, we found that the expression of 

the canonical cadherins Cdh1 and Cdh2 (E-cadherin and N-cadherin), which are the primary 

adhesion receptors responsible for cell-cell aggregation of islet cells211, is unaffected in β-cells 

from RIP-Cre/β1KO, suggesting that their pro-differentiative function is preserved in the absence 

of β1 integrin. 

Previous work has proposed that laminins produced by endothelial cells play an important 

role in regulating insulin gene expression, and that blockade of β1 integrin laminin receptors in 

β- cells interferes with insulin secretion98,167,212. At variance with these earlier in vitro studies, we 

find that the genetic ablation of β1 integrin in β- cells in vivo does not affect their insulin 

production or secretion in response to glucose. These results suggest that, in the absence of β1 

integrin, β-cells might activate alternative mechanisms of ECM recognition that support their 

endocrine phenotype and function Hence, our findings might be explained by the fact that 

pancreatic islet cells express not only β1 but also β3, β4 and β5 integrins2,93–97,99,100,213. These 

integrins might provide alternative mechanisms of cell-matrix recognition and might 

contribute/transduce pro-differentiative signaling cues allowing for the development and 

functional maturation of β-cells. In support of the possible compensatory function of these 

alternative integrins, there is evidence that β3 and β5 integrins (i.e. αvβ3 and αvβ5) mediate a 

number of functions ranging from stationary cell adhesion to motility and invasion, as well as cell 

proliferation or differentiation depending on the cellular context. In addition, it was 

demonstrated that β1, β3 and β5 integrins share a reciprocal regulatory cross-talk at the 



 

transcriptional, translational and posttranslational levels, such that significant β3 and/or β5 

compensatory functions can be elicited when β1 is either blocked or genetically ablated, resulting 

in the maintenance or enhancement of cell differentiation programs214–218. Further supporting a 

compensatory function by alternative integrins, the β4 subunit, partnering with α6 to form the 

α6β4 laminin 5 receptor, has been shown to support a multitude of signaling pathways 

depending on the cellular context and the complement of other adhesion receptors88,94,219–225. 

Our full-genome Illumina array shows that β- cells from RIP-Cre/β1KO mice exhibit significant 

upregulation of ECM components, such as vitronectin (Vtn) and laminin 5 β-chain (Lamb3), that 

serve as ligands for αvβ3 and α6β4, respectively. Among other genes upregulated in β-cells as a 

result of β1 integrin deletion are those that encode netrin 1 and netrin 4 (Ntn1 and Ntn4), two 

proteins that share significant homology with laminins and that we have previously reported to 

be expressed in the developing pancreas in distinct cellular compartments, where they support 

cell adhesion, migration and endocrine differentiation93,94,226. Based on evidence demonstrating 

that netrins may also contribute to signaling that supports β-cell survival227, it is possible that 

ablation of β1 integrin might trigger counter-regulatory mechanisms that protect β-cells from 

apoptosis. 

Maintenance of cell differentiation is constantly at balance with mechanisms regulating 

cell proliferation. This is achieved through the interplay between positive and negative regulators 

of the cell cycle that are controlled by both cell-autonomous and nonautonomous mechanisms 

of gene expression206,207,228. Integrins provide an example of multimodular receptors that, 

depending on their αβ heterodimeric composition, can function as highly specialized transducers 

of extracellular cues capable of activating outside-in signaling pathways ultimately affecting 

cellular decisions. Our experiments clearly demonstrate how ablation of β1 integrin in β- cells can 

dramatically alter their ability to respond to growth stimuli provided by ECMs and growth factors, 

both in vivo and in vitro. Thus, our full-genome microarray analysis shows that whereas positive 

regulators of the cell cycle are downregulated, genes that prevent or interfere with cell 

replication, and thus foster cell differentiation, are upregulated (Fig. 8). The upregulation of 

genes promoting cell cycle arrest might be explained by mechanisms of derepression invoked as 

a result of the ablation of β1 integrin, whereas the upregulation of genes supporting cell cycle 



 

progression might reflect an attempt to overcome the proliferative defect caused by the loss of 

β1 integrin signaling. Accordingly, loss of β1 integrin signaling is supported by the observed 

downregulation of some of the cyclins or cyclin kinases, as well as of MAPK activity, which are 

known downstream effectors of β1 integrin signaling213,229–232. Also of interest is the 

downregulation of Ovol2 and Tuba1. Ovol2 downregulation has been shown to interfere with c-

MYC and NOTCH1 activity, thus causing cell cycle arrest in G1/G0 phase233. Similarly, blockade of 

α- tubulin has been reported to inhibit cyclin B accumulation and ERK2 activation, leading to 

arrest in interphase234. Both ERK and AKT are known to be directly regulated by integrins213,229, 

and their activity has been shown to regulate cell proliferation and survival235,236. Hence, reduced 

activation of the ERK and AKT pathways may impact negatively on the regulation of cyclin D1 

transcription. Based on evidence that c-MYC, NOTCH1 and ERK2 are regulated by β1 integrin 

activation, our results suggest that Ovol2 and Tuba1 might function as novel effectors of β1 

integrin utilization in islet β-cell expansion. 

Collectively, mounting evidence points to an important role of β1 integrins in the 

regulation of pancreatic cell interactions with the extracellular microenvironment and in 

directing crucial developmental decisions such as growth and/or differentiation. To exploit this 

in regenerative strategies, the availability of β1 integrins agonists would be ideal. However, while 

pharmacological treatments aiming to negatively regulate integrins’ ligand binding has made 

significant progress, strategies to activate integrin function remain limited. In contrast, 

modulation of downstream effectors of integrins’ activation is gaining significant traction for 

therapeutic interventions 105–107,237. Building on this notion, future studies will be built to 

investigate developmental stage specific effects of ILK-mediated function(s) that have been 

placed immediately downstream of β1 integrins signaling. 
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Chapter 6.  

INTEGRIN LINKED KINASE: A DOWNSTREAM EFFECTOR OF B1 INTEGRIN 

SIGNALING IN PANCREATIC DEVELOPMENT 

6.1 OVERVIEW 

This chapter presents data supporting the importance of integrin linked kinase (ILK), a 

downstream effector of β1 integrin signaling, in pancreatic development. We report the 

preliminary results on the generation of ILK knockout mice and characterization of their 

pancreatic phenotype and glucose homeostasis. Specifically, we investigated the effects of ILK 

ablation in Pdx1+ pancreatic progenitors and found an islet phenotype that, in part phenocopies 

the loss of β1 integrin function, as shown by the development of a reduced islet cell mass. 

These observations point to an in vivo function of ILK as a “master switch” of pancreatic β-cell 

growth, survival, and function. 

6.2 INTRODUCTION 

In recent years, ILK has become the target of intense drug discovery efforts that have 

already lead to clinical trials in which ILK-blocking compounds are being tested to halt cancer cell 

growth and metastasis 105–107. Conversely, other efforts are focusing on the identification of drugs 

that can selectively activate ILK to promote cell survival, as well as to foster cell growth and 

regeneration in damaged tissues 238–240. More recently, significant alterations in ILK signaling have 

been reported to be associated with gestational diabetes, both in rodents and humans 241, and 

in models of β-cell injury 242. Current knowledge indicates that ILK function(s) may be cell context-

specific 105,109,110,243–246. This notion underlines the importance of defining the function of ILK in 

the β-cell lineage, and specifically at distinct developmental and functional stages. These studies 

raise important questions on the role of ILK as a possible regulator of β-cell development and 

homeostasis. 



 

The purpose of these studies were two-fold: First, our studies aimed to dissect ILK 

function in developing β-cells, and determine if this signaling effector of β1 integrin is required 

for their differentiation, expansion, survival, and function. Second, we aimed to assess whether 

ILK regulates the establishment of a functional β-cell mass in postnatal life. 

6.3 RESULTS 

6.3.1 ILK expression within pancreas 

To determine the localization of ILK expression within the pancreas, we dissected 

embryonic pancreatic epithelium from E14.5 embryos. We found that ILK was expressed within 

embryonic pancreatic epithelium and that it co-localized with β1 integrin (Figure 6-1, Yellow 

arrows). β-cells delaminating from ductal domains also co-expressed ILK and β1 integrin (Figure 

6-1, White arrowheads).  

 

 

Figure 6-1 Co-expression of ILK and β1 integrin in the E14.5 pancreas. 

These panels show expression of ILK within embryonic pancreas. The yellow arrows 

correspond to areas of the pancreatic epithelium that show both ILK and β1 integrin 

expression. The white arrowheads point to β-cells delaminating from ductal domains as 

evidenced by Insulin-positive staining. 

 

6.3.2 ILK inhibition by Cpd-22 in ductal cell proliferation 

To determine if ILK function is required for ductal cell proliferation, we cultured two 

pancreatic ductal cell lines in the presence of a well characterized ILK-specific inhibitor, i.e. Cpd-



 

22108. For these experiments, we used a moderately differentiated and slow-growing pancreatic 

ductal line called SU86247, and a subclone of this line (G3LC) that exhibits a more rapidly growing 

phenotype (Dr. L. Crisa, personal communication), and applied Cpd-22 after 2 days of growth. 

Flow cytometric analysis of cells pulsed with BrdU demonstrated that treatment with the Cpd-22 

ILK inhibitor decreases BrdU incorporation in a dose-dependent manner in both cell lines (Figure 

6-2). No toxic effects of this inhibitor were noted at the concentrations used under these 

experimental conditions. 

 

 

Figure 6-2 Impact of ILK inhibition by Cpd-22 on pancreatic ductal cell proliferation. 

Inhibition of ILK by Cpd-22 decreased BrdU incorporation in pancreatic ductal cell lines. This 

is seen across both SU86 and G3LC cell lines. Note the dose dependent decrease in 

proliferation. 

 



 

6.3.3 ILK inhibition by Cpd-22 in embryonic pancreatic epithelial cells 

To determine whether ILK regulates the proliferation of primary embryonic pancreatic 

epithelial cells, embryonic pancreatic epithelium (E15.5) was isolated and cultured on matrigel-

coated plates to foster proliferation in response to ECM and HGF/SF (10ng/ml). These culture 

conditions elicited significant BrdU incorporation over 18 hours (Figure 6-3B). Again, addition of 

the ILK inhibitor Cpd-22 resulted in a dose-dependent inhibition of BrdU incorporation (Figure 

6-3C). 

 

 
Figure 6-3 Impact of ILK inhibition by Cpd-22 on the proliferation of the pancreatic epithelium at 

E15.5. 

Compared to control treated pancreas, ILK inhibition resulted in a decrease in BrdU 

incorporation. This effect was dose-dependent for the inhibitor and mirrored results from 

SU86 and G3LC ductal cell line tests. 

 

6.3.4 ILK as a regulator of β-cell proliferation 

To establish preliminary proof of principle on the function of ILK in β-cell proliferation, we 

performed similar ILK-inhibition studies using the mouse β-cell line Min6. We found that the ILK 

inhibitor Cpd-22 caused a significant decrease in BrdU incorporation, demonstrating that ILK 

functions as a positive regulator of β-cell proliferation. Cpd-22 suppressed ILK-mediated 

phosphorylation of Akt at Ser473 site, thereby down-regulating the downstream targets, such as 



 

GSK-3β and myosin light chain. ILK also caused a transcriptional repression of the transcription 

factor Y-Box binding protein 1. 

 

 
Figure 6-4 ILK inhibition by Cpd-22 negatively regulate β-cell (Min6) proliferation. 

 

6.3.5 Effects of ILK inhibition on the expression pancreatic islet genes 

To further determine if ILK inhibition affects the expression of genes regulating the 

endocrine phenotype of β-cells, Cpd-22-treated and vehicle-treated Min6 cells were analyzed by 

qPCR for the expression of insulin, the transcription factor Pdx1, and Cx36, a gap junction protein 

whose expression has been linked to the acquisition of a functional β-cell phenotype78,80,248. ILK 

blockade resulted in a significant upregulation of Insulin, Pdx1, and Cx36 (Figure 6-5).  

 

 
Figure 6-5 ILK inhibition by Cpd-22 positively impacts islet-specific gene expression.  

Gene expression analysis for endocrine markers showed enrichment of Insulin, Pdx1, and 

Cx36 with inhibition of ILK in a dose dependent manner. N=3. 

 



 

6.3.6 In vivo function of ILK studied in a mouse model 

To gain knowledge on the in vivo function of ILK during the development of the pancreatic 

epithelium, we conducted preliminary studies focusing on the ablation of a floxed ILK allele in 

Pdx1+ pancreatic progenitors. Preliminary analysis of these recombinant mice revealed a 

significant reduction of the islet cell mass (Figure 6-6A-B), and mild glucose intolerance at 

weaning age. We also found that ablation of ILK in Pdx1+ pancreatic progenitors lead to a 

redistribution of the β-catenin pool normally restricted to cell-cell contacts to the cytosol (Figure 

6-6D). 

 

 
Figure 6-6 Pancreatic islet phenotype in Pdx1Cre/ILK-/- mice.  

Morphometric analysis of Pdx1Cre/ILK-/- pancreata (A) revealed a significant reduction of the 

β-cell mass compared to WT mice (B; n=4). This phenotype resulted in a mild glucose 

intolerance, as determined by glucose tolerance test, by the time they reached weaning age 

(C; n=4). Islet cells in Pdx1Cre/ILK-/- mice also exhibited a redistribution of β-catenin from cell-

cell domains to the cytosol (D). 

 

6.4 DISCUSSION 

Our previous work has demonstrated the importance of β1 integrins for the proper 

development and expansion of the pancreatic β-cell mass3. Building on this work, we studied 

the effects of integrin linked kinase (ILK), a downstream effector of β1 integrin. We first showed 

that ILK is co-expressed with β1 integrin within the embryonic pancreatic epithelium as well as 

delaminating ductal cells (Figure 6-1). This expression pattern suggests a functional partnership 

between these two molecules during processes of β-cell development. 



 

Our next experiments explored the role of ILK in proliferation. By studying ILK inhibition 

in ductal cell lines, SU86 and G3LC (Figure 6-2), as well as in embryonic pancreatic epithelium 

(Figure 6-3), we were able to observe a marked decrease in BrdU incorporation with inhibition 

of ILK by Cpd-22. These results indicate a role for ILK-mediated signaling in the proliferation of 

pancreatic type cells. Specifically, our results suggest that there is a functional requirement for 

ILK in the expansion of the pancreatic epithelium, and support our hypothesis that ablation of 

ILK in Pdx1+ pancreatic progenitors in vivo may affect the growth potential of the pancreatic 

epithelium. 

We further studied the effects of ILK inhibition in Min6 cells. The results from these 

experiments clearly show a significant up-regulation of Insulin, Pdx1, and Cx36 gene expression 

indicating that blockade of ILK function enhances endocrine-specific gene expression networks 

that regulate the acquisition and/or maintenance of β-cell identity (Figure 6-5). Interestingly, 

these results are consistent with the increased insulin content that we reported in the studies of 

β1 integrin ablation in β-cells3. Importantly, in all cases (experiments presented in Figure 6-2 

through Figure 6-5), cell surface levels of β1 integrin were not altered by the treatment with the 

ILK inhibitor Cpd-22, indicating that the effects on cell proliferation and on endocrine gene 

expression depends on the functional blockade of ILK signaling rather than on secondary effects 

linked to a down-regulation of β1 integrin expression. 

Interestingly, in agreement with the reported function of ILK as a signaling effector of β-

catenin stabilization105–107,239,249, ILK inhibition resulted in a redistribution of the pool of β-catenin 

seen in the islet cells of ILK-KO mice. Although this morphological evidence remains to be 

validated biochemically, it suggests that loss of ILK signaling negatively impacts the β-

catenin/Wnt pathway. Since previous studies demonstrated that the purposeful stabilization of 

β-catenin, or disruption thereof, can have distinct effects on pancreatic cell growth and 

differentiation depending on the stage of development187,238,239,250, our observations underline 

the importance of investigating ILK function at select time points in β-cells, i.e. during their 

development as well as during their functional maturation in postnatal life. 
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Chapter 7. CONCLUSIONS AND FUTURE DIRECTIONS 

7.1 FUTURE WORK WITH CXS RESEARCH 

My work has shown that manipulation of Cxs can be useful tools to foster the 

differentiation of stem cells toward pancreatic progenitors. So far, we have shown that addition 

of AAP10 can enrich the development of Pdx1 positive cells during stem cell differentiation. In 

addition, we have shown that addition of AAP10 is only necessary during the early stages of 

differentiation to foster this growth. However, addition of AAP10 is still not sufficient to drive 

derivation of insulin producing cells. 

For future work studying Cxs in pancreatic development, it would be important to define 

the exact stage that is most responsive to manipulation of Cx43 activation. For these studies, I 

plan to complete experiments of differentiation in which the addition of the AAP10 peptide will 

be monitored at distinct stages of maturation toward the pancreatic islet cell lineage. By this 

strategy, we will be able to determine if the efficacy of the AAP10 treatment can be enhanced by 

selecting specific stages of differentiation (e.g. at DE, or PGT stages). 

A second set of experiments will focus on the maturation of peptide treated cells. In this 

case, it will be important to test multiple growth conditions, including optimizing media or 

suspension culture, to determine if these changes can affect the propensity of cells to 

differentiate toward insulin-producing cells. Based on evidence that a number of stem cell lines 

can efficiently differentiate into insulin-producing cells, we will test new lines, such as the 

MEL1INS-GFP cells143, to determine if alternative protocols of differentiation based on 3-

dimensional aggregation of stem cells during the entire duration of the differentiation protocol 

can enhance the yield of insulin-producing cells upon treatment with the AAP10 peptide. Finally, 

we will also determine if implantation of AAP10-treated stem cell preparations into NOD/SCID 

mice will improve their in vivo functional maturation into glucose responsive insulin-producing 

cells.  



 

A parallel study should also look at whether mice transplanted with these AAP10-treated 

cells will be able reverse a model of diabetes in mice. These steps are of crucial importance for 

the translation of our in vitro studies to the eventual clinical application to treat type 1 Diabetes.  

I would also like to further explore Cx43 knockdown using a CRISPR/Cas9 approach. This 

would allow us to knockdown Cx43 at earlier stages of differentiation, an experimental approach 

that has been impossible to implement with siRNAs or shRNAs in undifferentiated stem cells. 

7.2 FUTURE WORK WITH ILK 

For studies aimed at completing the work on the function of ILK in the developing 

pancreas, we would like to target ILK ablation to the islet β-cells using Ins1-Cre mice. Completion 

of these studies will address a significant gap in knowledge on the function(s) of this signaling 

partner of ECM-integrin interactions in β-cells, both during development and in postnatal life. For 

this new series of experiments two new Cre knock-in mouse models have been recently 

generated. The first one allows for the constitutive expression of Cre in β-cells as soon as they 

activate the Ins1 gene (Ins1-Cre mice), whereas the second model is based on an inducible 

strategy that allows for the induction of Cre activity upon administration of Tamoxifen (Ins1-

CreERT2)166. Hence, while the Ins1-Cre model will useful for the generation of a constitutive ILK 

ablation in β-cells during embryonic life, the Ins1-CreERT2 mice will be useful to investigate the 

functional requirement of ILK in post-natal β-cells.   

The rationale for conducting these studies is that by restricting Cre-mediated ablation of 

ILK to β-cells we will be able to determine possible cell autonomous mechanisms of ILK function 

versus possible effects of heterotypic cell-cell interactions with other islet cell types (i.e., α, δ, γ, 

ε) contributing to the islet architecture and function. We also anticipate that ablation of ILK in β-

cells will not entirely phenocopy our previous results obtained in the RIP-Cre/β1-/- mice in which 

all signaling downstream of β1 integrin is abrogated since the receptor itself is no longer 

expressed3. Thus, deletion of ILK may result in a more measured phenotype, since the proposed 

approach targets a selective “signaling node” downstream of β1 integrin. This view is supported 

by the notion that some level of β1 integrin signaling may still take place through alternative 

signaling pathways such as those initiated by growth factors receptor tyrosine kinases (RTKs) that 



 

we have previously reported to also regulate the balance between islet cell replication and 

differentiation through the PI3K251. Based on the notion that the repertoire of pancreatic β-cell-

specific genes continue to change as they transition from fetal to adult life103,252, it is possible 

that the impact of ILK loss-of-function on cell survival, expansion and differentiation will be 

different depending of their stage of development and/or competency to functionally respond 

to the metabolic milieu of the postnatal life. There are many other precedents for this, where 

loss-of-function of a given molecule has very different outcomes depending on the cell type 

and/or developmental stage at which deletion occurs239,250,253. In addition, opposing effects of 

ILK ablation (i.e., poor anti-proliferative) have been linked to cell context-specific 

microenvironments165,240,243–246. 

A second set of experiments will focus on the conditional ablation of the floxed ILK allele 

by crossing Ins1-CreERT2 knock-in mice with ILKflox/flox mice to generate Ins1-CreERT2/ILK-/- animals. 

These studies would allow for selecting the time window of postnatal life when the most 

significant expansion of -cells is known to occur. We postulate that targeting the ablation of ILK 

to β-cells during the first two weeks of life using a drug inducible conditional approach (i.e. Ins1-

CreERT2 mice) may impact β-cells’ ability to expand, and/or survive. A corollary to this hypothesis 

is that Ins1-CreERT2/ILK-/- mutant β-cells may be unable to maintain a functional phenotype in face 

of increasing metabolic stress, and/or fail to regenerate following toxic injury. The experiments 

proposed with the inducible Ins1-CreERT2 mice will address the important question of ILK function 

in postnatal β-cells, a time when these endocrine cells must adapt to increased metabolic 

demands and acquire their fully functional competency. 

We anticipate that ablation of ILK in β-cells during the first two weeks of postnatal life 

may lead to a defective β-cell expansion. This phenotype may become evident by weaning age, 

when, under a normal conditions, a fully functional β-cell mass should be established. As a result 

of significant reduction in β-cell mass, we may observe that Ins1-CreERT2/ILK-/- will exhibit glucose 

intolerance. Alternatively, it is possible that in the context of the β-cell machinery or 

microenvironment present in perinatal life, ablation of ILK will primarily affect insulin secretion 

rather than β-cell expansion. This is because ILK is known to regulate the activity of Akt and ERK 

signaling 111,254, two pathways that we and others have shown to positively regulate insulin 



 

production and secretion95–97. Similarly, given the evidence that Akt can be phosphorylated by 

ILK107, and that an active Akt pathways positively regulate β-cell survival in addition to 

proliferation238,254–257, it is likely that the removal of ILK signaling in Ins1-Cre/ILK-/- mice will render 

postnatal β-cells more prone to undergo apoptosis, and more sensitive to metabolic stressors, 

which in turn may decrease their ability to maintain proper homeostatic functions. 

After generation, these mice will be tested for their ability to compensate metabolic 

demands following exposure to metabolic stressors such as high fat diet, and ability to regenerate 

cells following -cells injury by STZ. We anticipate that the proposed studies will uncover novel 

mechanisms of islet cell neogenesis, growth and differentiation, as well as homeostasis and 

regeneration, and may ultimately contribute to the identification of novel “signaling nodes” that 

could be pharmacologically targeted to promote β-cell survival and/or elicit regeneration. We 

postulate that ablation of ILK in β-cells during embryonic life will negatively impact on their 

expansion, differentiation and functional maturation. Results from these studies have significant 

translational implications as they provide the groundwork for pharmacologically targeting this 

signaling module to elicit β-cell expansion, survival and/or regeneration, or to expand stem cell-

derived progenitors ex vivo. 
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