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“Not only to know but also to transform knowledge;
not only to experience but also to construct:
this is the standard for the genuine man of science.”

“Saber, pero transformar, conocer, pero obrar:
tal es la norma del verdadero hombre de ciencia.”

Santiago Ramón y Cajal
Advice for a Young Investigator
Reglas y Consejos sobre Investigación Científica
1941

To my family
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ABSTRACT
Pancreatic beta-cell dysfunction is the ultimate cause behind all forms of diabetes. Decades of
research with different animal and cellular models have expanded the knowledge on the
heterogeneous molecular mechanisms causing the disease. However, they present important
limitations that may significantly affect the way these findings can be translated into new approaches
to combat diabetes in humans. Rodent pancreatic islet development and physiology display speciesspecific particularities when compared to human. Similarly, rodent and human insulinoma cell lines
are a convenient research tool but do not recapitulate faithfully the functionality of adult human betacells. To validate if the findings obtained with these models extrapolate to humans, diabetes
researchers have traditionally used cadaveric donor human islets. Primary islets are scarce, highly
variable in their composition and functionality and difficult to manipulate for certain experiments.
As an alternative, human pluripotent stem cells (hPSC) constitute a renewable source of beta-cells.
Stem cell-derived beta-cells can be generated by directed differentiation and used as a model to study
pancreatic beta-cell development and disease in vitro. They can also be transplanted into
immunocompromised mice, generating humanized models where in vivo beta-cell function can be
closely evaluated in a systemic context.
The goal of this thesis work was to demonstrate the use of human pluripotent stem cells as a tool to
investigate monogenic diabetes disease mechanisms. For this purpose, improved hPSC differentiation
protocols to the beta-cell lineage were generated utilizing 3D suspension culture approaches.
Transplantation procedures were devised to create humanized mouse models that allow proper
evaluation of beta-cell function in vivo. Novel CRISPR-Cas9-based techniques were established and
utilized to edit the genome of hPSC and control gene transcription. Precise genome editing made
possible the generation of isogenic, mutation-corrected patient-derived induced PSC, enabling the
disease modeling of monogenic diabetes cases.
Using these approaches, an activating mutation in STAT3 gene was found to cause neonatal diabetes
by inducing pancreas endocrinogenesis prematurely, via direct induction of master endocrine
transcription factor NEUROG3. In a similar way, INS gene mutations causing proinsulin misfolding
were found to impair developing beta-cell proliferation due to increased endoplasmic reticulum
stress. Taken together, this thesis work highlights the versatility of hPSC combined with genome
editing and transplantation as a useful approach to better elucidate and understand human diabetes.

8

LIST OF ORIGINAL PUBLICATIONS
This thesis work is based on the following original publications (I-II) and a submitted manuscript
(III), referred in the text by their Roman numerals:

I.

Balboa, D.*, Weltner, J.*, Eurola, S., Trokovic, R., Wartiovaara, K. and Otonkoski, T.
Conditionally Stabilized dCas9 Activator for Controlling Gene Expression in Human Cell
Reprogramming and Differentiation. (2015).
Stem Cell Reports 5, 448–459. DOI: 10.1016/j.stemcr.2015.08.001
*Co-first authors.
This work was included in the PhD thesis of Jere Weltner, 2018, University of Helsinki.

II.

Saarimäki-Vire, J.*, Balboa, D.*, Russell, M. A., Saarikettu, J., Kinnunen, M., Keskitalo, S.,
Malhi, A., Valensisi, C., Andrus, C., Eurola, S., Grym, H., Ustinov, J., Wartiovaara, K.,
Hawkins, RD., Silvennoinen, O., Varjosalo, M., Morgan, NG., Otonkoski, T.
An Activating STAT3 Mutation Causes Neonatal Diabetes through Premature Induction of
Pancreatic Differentiation. (2017).
Cell Rep. 19, 281–294. DOI: 10.1016/j.celrep.2017.03.055
*Co-first authors.

III.

Balboa. D., Saarimäki-Vire, J., Borshagovski, D., Survila, M., Lindholm, P., Galli, E., Eurola,
S., Ustinov, J., Grym, H., Huopio, H., Partanen, J., Wartiovaara, K., Otonkoski, T.
Insulin mutations impair beta-cell development in a patient-derived iPSC model of neonatal
diabetes. (2018)*
*Submitted.

In addition, some unpublished results are presented.

9

ABBREVIATIONS
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Basic leucine zipper family of transcription factors
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crRNA

CRISPR RNA

dCas9

Catalytically inactive Cas9, “dead” Cas9

DCG
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DSB

Double strand break

dsDNA
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from Latin exempli gratia, “for example”

EGF, EGFR Epidermal growth factor, receptor
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Endoplasmic-reticulum-associated protein degradation

et al.

from Latin et alii, “and others”
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Glucagon-like peptide-1
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PAM
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PC1/3, PC2

Proconvertase 1/3, 2
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Polymerase chain reaction

PDI

Protein disulfide isomerase
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Pancreatic and duodenal homeobox 1

PFA

Paraformaldehyde
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PKA, PKC

Protein kinase A, protein kinase C
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qRT-PCR
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RA
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SNAP (Soluble NSF-sensitive factor Attachment Protein) REceptor

SOX2, 9, 17 SRY (sex determining region Y)-box 2, 9, 17 transcription factor
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SSEA
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STAT3

Signal transducer and activation of transcription 3

STZ
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T1D, T2D

Type 1/2 diabetes mellitus

TALEN

Transcription activator-like effector nuclease

TCA
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TF

Transcription factor

TGF-beta

Transforming growth factor beta

TNDM

Transient neonatal diabetes mellitus

tracrRNA

Trans-activating CRISPR RNA
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Urocortin 3

VDCC

Voltage-dependent calcium channels

WNT3A

Wingless-Type MMTV integration site family, member 3A

WT

Wild type

ZFN

Zinc Finger Nuclease
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INTRODUCTION
Diabetes is a major global healthcare problem. Affecting more than 422 million people worldwide,
its incidence is raising at an alarming rate. There is an urgent clinical need to improve prevention and
diagnostic strategies, as well as novel therapeutic approaches.
Diabetes disease is diagnosed when blood glucose levels are abnormally elevated (hyperglycemia).
Glucose is the main energy source for the cells in the body, and evolution has provided animals with
exquisite mechanisms to regulate its availability. By promoting glucose uptake by the cells in the
body, insulin is the main endocrine hormone regulating glucose homeostasis. The only source of
insulin in the body is the beta-cells located in the pancreatic islets. Any circumstance perturbing their
normal function will result in dysregulated glycemic control and diabetes. Understanding the
pathological processes that alter beta-cells is therefore critical to devise effective treatments.
In addition to insulin replacement and antidiabetic drugs treatments, diabetes can also be treated by
transplantation of cadaveric donor pancreatic islets. Although this intervention has achieved good
efficacy results, it is highly limited by the availability of donor islets.
An alternative source of material for transplantation is the derivation of beta-cells from stem cells.
Human pluripotent stem cell (hPSC) technologies have blossomed thanks to exciting scientific
developments in the last twenty years. Stem cell derived cellular products have sparked the field of
regenerative medicine by making cell replacement therapies a possibility, also for diabetic patients.
Furthermore, the derivation of induced pluripotent stem cells (hiPSC) from diabetic patients enables
the generation of disease models. Using stem cells that preserve genetic background of the patient,
including the disease-causing mutations, the disease can be recapitulated and studied in vitro upon
differentiation into the affected cell type. A remarkable improvement in the generation of better
models is the correction or introduction of mutations in hPSC using genome editing tools.
This thesis work has explored the possibilities of using hPSC to dissect the pathogenetic mechanisms
of particular cases of monogenic neonatal diabetes. By combining improved hPSC-beta-cell
differentiation protocols with precise CRISPR-Cas9 genome editing, new in vitro models of diabetes
were generated that enabled the dissection of disease molecular culprits. The set of tools developed
in this thesis facilitates the generation of hPSC-based diabetes disease models, the further
improvement of differentiation protocols and the detailed characterization of hPSC-derived beta-cells
in vitro and in vivo.
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REVIEW OF THE LITERATURE

1. Pancreas development
Understanding the details of pancreatic beta-cell life cycle is a necessary step to develop better
treatments for diabetes. In order to efficiently generate stem cell-derived beta-cells that can be used
for regenerative medicine purposes, we need first to understand how they are formed during human
pancreatic development and how they work in health and disease.

1.1.

Pancreas anatomy and physiology

The pancreas is a mixed glandular organ of the gastrointestinal system. It is located behind the
stomach in humans and its anatomy is divided in head (adjacent to the duodenum), neck, body and
tail. Its exocrine compartment is organized in a ductal tree system that collects the secretions of the
acinar cells and drains them into the duodenum. The main pancreatic ductus of Wirsung joins the bile
duct at the ampulla of Vater. This opens into the intestine through the major duodenal papilla. A few
centimeters above it, the secondary pancreatic ductus of Santorini drains through the minor papilla,
although it is not present in all individuals. Acinar cell secretions are composed of digestive enzymes
(trypsin, amylase, elastase, lipase, nucleases, etc.), bicarbonate ions (Kierszenbaum, 2007) and
mucins. In this manner, the exocrine pancreas contributes to the digestion and assimilation of the food
digested by the stomach (chyme) upon its arrival to the duodenum.
The pancreatic endocrine compartment is formed by the islets of Langerhans, highly vascularized
miniorgans formed by endocrine cells scattered throughout the pancreas (Langerhans, 1869). These
endocrine cells secrete different peptide hormones that control glucose metabolism, maintaining
appropriate levels of glucose in blood (i.e. normoglycemia).

1.1.1. Cytoarchitecture of the human pancreatic islets
Pancreatic islets account for 2-4% of the total pancreas volume. They have a mean size of 100 µm in
diameter. In an adult human pancreas, islet morphology and size are highly heterogeneous and range
from a few islet cells to big islets of 300 µm in cross section diameter. The number of cells per islet
is estimated in about 1500 cells in an islet-equivalent, which is considered the volume of a sphere
with 150 µm in diameter. The number of islets is estimated in one to three million, adding up to about
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0.5 to 2.2 grams of total islet weight per individual (Bonner-Weir et al., 2015; Brissova and Powers,
2008; In’t Veld and Smeets, 2015; Ionescu-Tirgoviste et al., 2015; Pisania et al., 2010)
Pancreatic islets are composed of five major endocrine cells that secrete different hormones. Human
islet endocrine cell subtype proportions are highly variable across islets. Beta-cells secrete insulin
and constitute about 50-60% of the human islets cells (ranging from 25% to 75% across different
islets) (Brissova et al., 2005; Cabrera et al., 2006; Ionescu-Tirgoviste et al., 2015; Wang et al., 2016a).
Estimations calculate that the beta-cell has a volume of 1000 µm3, a diameter of about 12 µm and
about 109 beta-cells can be found in a human pancreas (Dean, 1973; Pisania et al., 2010). Alpha-cells
secrete glucagon and represent about 30% of the total (ranging from 10% to 65%), with an alpha-cell
estimated volume of 400 µm3. Delta-cells secrete somatostatin and account for 10% of the total
(ranging 1.2% to 22%). Delta-cells are the pancreatic endocrine cells most closely resembling
neurons, with long processes that connect each other to create an interconnected delta-cell network
in the islet (Brereton et al., 2015). Pancreatic polypeptide-secreting gamma-cells constitute less than
5% of endocrine cells and ghrelin-secreting epsilon-cells are only found in fetal and neonatal human
islets (Brissova et al., 2005; In’t Veld and Smeets, 2015; Wang et al., 2016a).
The islet endocrine cell composition varies remarkably depending on the islet size and location in the
pancreas, across individuals and ages. Alpha-cells predominate in the islets located in the body and
tail of the pancreas (about 20% of the cells), which are derived from the dorsal pancreatic bud. In
contrast, gamma-cells constitute up to 80% of the cells in islets found in the pancreatic head, which
is derived from the ventral bud (In’t Veld and Smeets, 2015; Malaisse-Lagae et al., 1979; Rahier et
al., 1979; Wang et al., 2016a; Wierup et al., 2014).
In contrast to the traditional rodent animal models, human islets have less beta-cells (around 60% in
human vs 80% in mouse) and are more heterogeneous in composition. Human beta and alpha-cells
have been reported to be more intermingled than in mouse islets. Mouse alpha and beta-cells present
a characteristic mantle-core disposition, with beta-cells in the core and alpha cells in the periphery
(Brissova et al., 2005; Cabrera et al., 2006; Ionescu-Tirgoviste et al., 2015; Wang et al., 2016a). These
differences might be the result of higher heterogeneity in human islets and their ultimate
consequences remain to be determined (Bonner-Weir et al., 2015).
Islet cytoarchitecture is also diverse among vertebrates (e.g. horses present alpha-cells in the core and
beta-cells in the mantle), suggesting that there might be different developmental mechanisms across
species. Furthermore, islet structure is not static, but it adapts to changes metabolic requirements and
physiological conditions (e.g. pregnancy, obesity, diabetes). Thus, islet adaptation to different
15

metabolic requirements across vertebrates species and in given physiological conditions could also
explain the variation observed in their structure and composition (Steiner et al., 2010).
Interestingly, the usual size of islets in mammals is between 100 to 200 µm, while the number of
islets and size of the pancreas increases with the size of the species (e.g. pancreas weighs about 0.3 g
in mice, 65 g in humans) (In’t Veld and Smeets, 2015). This lack of scaling in the islet size suggests
that there is an optimal size for the islet function. An upper limit size might be imposed to maintain
the required paracrine and electrical gap-junction coupling interactions between the different
endocrine cell types (Henderson, 1969; Jo et al., 2007). The dispersion of the islets throughout the
pancreas might respond to endocrine-exocrine pancreas interplay, as pointed out by Henderson. This
hypothesis suggests that islet-secreted hormones regulate exocrine pancreas growth and function, as
well as the exocrine secretions influence the endocrine cells. Supporting this, type 1 and type 2
diabetics present reduced pancreatic mass, with acinar cell atrophy and impaired exocrine function in
some type 1 diabetics (Henderson, 1969; Saisho, 2016).
Islet are profusely vascularized, with a blood perfusion of 5-15% of the total pancreas, despite being
small percentage of the organ volume (Jansson and Carlsson, 2002). Several arterioles penetrate the
islets, branching into capillaries that generate a microvascular network that provides the endocrine
cells with nutrients and oxygen, to then coalesce into efferent venules. Beta-cells are shaped as
truncated pyramids organized in rosettes, with their bases facing an arteriole that surrounds the
rosette, and their apical side facing a venule. Beta-cells are polarized, concentrating in the apical
portion insulin secretory granules, glucose transporters, calcium channels and other functional
proteins important for beta-cell function. This results in the targeting of the insulin secretion towards
the vasculature (Bonner-Weir, 1988; Geron et al., 2015). Innervation of human islets is limited to the
blood vessels, synaptic connections with the endocrine cells have not been observed. Sympathetic
fibers innervate smooth muscle cells of central islet capillaries and it is suggested that their effect on
insulin secretion inhibition is mediated by vasoconstriction and reduction of islet blood flow
(Rodriguez-Diaz et al., 2011). Therefore, islet cytoarchitecture is crucial for the function,
heterogeneity and plasticity of the beta-cell (Roscioni et al., 2016).

1.2.

Evolutionary origin of the endocrine pancreas

Blood glucose level regulation mechanisms likely evolved to provide energy homeostasis to animals,
enabling in turn the evolution of more complex and sophisticated body plans, nervous systems and
brains (Madsen, 2007). Insulin-like proteins are present in prokaryotes and unicellular eukaryotes,
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hinting that they probably evolved as part of an intercellular signaling mechanism. The evolution of
pancreatic endocrine cells is particularly ligated to the development of complex nervous systems. In
the fly D. melanogaster, insulin is produced by a subset of brain neurons, while in the nematode C.
elegans both the nervous and gut system contain cells that produce insulin. The endocrine cells are
found lining the gut in more primitive animals. Crustaceans like the lobster H. gammarus present
insulin producing cells in the hepatopancreas (Arntfield and van der Kooy, 2011).
Organ evolution can be retraced by comparing ontogeny of primitive and modern species. Endocrine
cells likely evolved before the islet organ, as a receptor-secretor cell type located in the gut mucosa,
open to the intestinal lumen. Then, they transformed into a cell type embedded within the gut
epithelia, no longer contacting the lumen, to later migrate out and proliferate as follicles extramurally
(Epple and Brinn, 1987). Some of these steps are recapitulated in the development of the lamprey.
Lampreys and hagfish, primitive jawless fish of the Agnatha class, are the first to present a separate
conglomerate of islet-like cells. This separation is not yet complete, with beta and delta cells having
left the gut mucosa but glucagon-gastrin polyhormonal cells still lining it.
Cartilaginous fish like the shark are the first animals in the evolutionary history to present a proper
endocrine pancreatic gland, with beta, alpha, delta and gamma-cells forming an islet parenchyma
associated with the pancreatic duct or disseminated as cells in the exocrine pancreas (Bonner-Weir
and Weir, 1979). Teleost bony fishes present the endocrine cells clustered in several big isletresembling structures named Brockmann bodies, which are separated from the exocrine tissue and
have regeneration capabilities. Brockman bodies are therefore easy to isolate, reason why they have
been studied as a potential source for xenograft tissue for transplants (Wright and Yang, 1997). In
addition, some smaller islets are found scattered in the exocrine tissue. Reptilian and avian endocrine
cells are found in islets dispersed in the exocrine pancreas, with different distribution of cell types
across the islets of distinct pancreatic domains, similar to what found in mammals (Bonner-Weir and
Weir, 1979).
Many of the genes controlling endocrine cell development and function are also critical for neuronal
development. The striking similarities of neurons and endocrine cells in terms of physiology,
function, gene expression and signaling pathways suggest they have evolved through convergence.
In this hypothesis, the gene regulatory network specifying primitive neurons had already evolved
when, in a particular ancestor organism, some endoderm-derived gut cells co-opted it. This was likely
the result of a mutation in regulatory regions of a neuronal master transcription factor (Arntfield and
van der Kooy, 2011).
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1.3.

Pancreatic islet development

Pancreas complexity is the result of a highly intricate developmental process. Pancreas development
has been elucidated mostly from studies in rodent animal models. This gathered knowledge has been
extrapolated to what is known about human pancreatic development, finding several subtle
differences between species that might have important functional consequences. A comprehensive
review on human pancreas development is presented here (Figure 1).

1.3.1. Early human development
During the first two weeks of development, human embryos undergo remarkable changes. The
fertilized oocyte, also known as zygote, starts cleaving in rapid mitotic divisions without cell growth.
The resulting daughter cells, called blastomeres, divide until the embryo consists of 16-32 cells on
day four, forming a structure called morula. After this stage, individual blastomeres express adhesion
molecules leading to their compaction. This process results in the establishment of an inside-outside
polarity that will result in the first lineage restriction, with the inner cell mass (ICM) cells in the center
and the trophoblast cells in the outside. The morula will then develop a fluid filled cavity (blastocoel),
achieving the embryonic blastocyst stage. By day five, the blastocyst hatches from the zona pellucida,
the glycoprotein layer that encased the original oocyte, and implants into the uterine wall. The
trophoblast cells develop to form placental structures while the ICM will form the embryo and other
embryonic membranes. On the second week, the ICM first forms a bilaminar embryonic disc,
composed by epiblast and hypoblast (Schoenwolf et al., 2014).
The epiblast will undergo gastrulation on the third week: epiblast cells start to ingress, gastrulate,
between epiblast and hypoblast through the primitive streak formed along the caudal midline of the
bilaminar disc. This forms two new layers, the definitive endoderm and the mesoderm, resulting in a
trilaminar embryo that will proceed to organogenesis. The resulting three germinal layers give rise to
all the embryo organs: ectoderm (nervous system, skin, etc.), mesoderm (vascular system, muscle,
bones, etc.) and endoderm (respiratory and gastrointestinal systems, etc.). The definitive endoderm
will form the gut tube and its derived internal organs disposed along it: pharynx, trachea and lungs,
esophagus, stomach, liver, gall-bladder, pancreas and intestine (Schoenwolf et al., 2014).
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1.3.2. Pancreas organogenesis
Pancreatic development has been extensively studied in rodent animal models (Gittes, 2009;
Jørgensen et al., 2007; Murtaugh, 2007; Pan and Wright, 2011; Pictet et al., 1972; Slack, 1995; Zorn
and Wells, 2009). The scarcity of tissues from aborted fetuses limits the studies on human embryonic
pancreatic development. Despite this, careful analysis of the available material has made possible to
compare it with mouse pancreatic development and understand some of the similarities and
differences between both species (Jennings et al., 2015).
The developing human primitive gut tube folds at the beginning of week four, forming cranial and
caudal endodermal pockets that further elongate to converge forming the anterior intestinal portal,
that still opens ventrally to the yolk sac. The primitive gut tube gets regionalized in a cranial-caudal
axis by events at the end of gastrulation. This patterning gets refined by constant interaction of the
gut tube with the adjacent tissues and the dynamic changes in signaling cues (Schoenwolf et al.,
2014). Multiple signaling pathways have been shown to be involved in orchestrating pancreatic
development, being the best characterized FGF, TGF-beta, retinoic acid, BMP, EGF and Notch.
Human pancreas develops from two independent primordia in the gut tube. At the end of the week
four, the posterior foregut region of the dorsal endoderm gets specified into the dorsal pancreatic
anlage (i.e. primordium). This is possibly the result of sonic hedgehog (SHH) signaling inhibition
induced by FGF2 and Activin B secreted by the adjacent notochord, as seen in other species (Hebrok
et al., 2000; Kim et al., 2000). Dorsal pancreatic bud induction also requires retinoic acid signaling
(RA) (Martín et al., 2005). On the ventral side, caudal to the developing gall bladder, the ventral
pancreatic anlage is specified possibly by signals secreted by the nearby vitellin veins and
mesodermal septum transversum (Larsen and Grapin-Botton, 2017).
The earliest pancreatic marker detectable in both buds is the pancreatic duodenal homeobox gene 1
(PDX1). PDX1 is the master transcription factor controlling pancreas development, a central node in
the pancreatic gene regulatory network. It is expressed together with SOX9, GATA4 and FOXA2,
other transcription factors required for human pancreatic development (Jennings et al., 2013).
After specification, the pancreatic endodermal buds start proliferating and thickening, forming
stratified epithelia that expand into the apposed mesenchyme. Some of the cells within the buds
become stochastically polarized apico-basally, generating epithelial rosettes surrounding a
microlumen (Kesavan et al., 2009; Villasenor et al., 2010). Microlumens expand and coalesce to form
an interconnected tubular plexus. This network of lumens will further branch and organize to form
the pancreatic ductal tree. At the beginning of the gestational week six, gut tube rotation brings the
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ventral pancreatic buds adjacent to the dorsal pancreatic bud, fusing to form the definitive pancreas
(Jennings et al., 2013).
At this stage, the cells forming the developing pancreas have the potential to give rise to the three
major pancreatic lineages: exocrine, endocrine and ductal. These multipotent pancreatic progenitor
cells (MPCs) proliferate extensively establishing the ductal structure of the pancreas and express the
TFs PDX1, FOXA2, GATA4, GATA6, SOX9, NKX6-1, MNX1 and PTF1A (Jennings et al., 2013,
2017). From week 7 to 10, MPCs organize in two domains with different properties. The MPCs
located in the “tip” domain of the forming ducts receive signals from the adjacent mesenchyme and
get restricted to differentiate into exocrine acinar cells. This is marked in human developing pancreas
by the exclusion of NKX6-1 and SOX9 from the proacinar tips and increased expression of GATA4.
The MPCs located in the “trunk” plexus domain give rise to endocrine and ductal cells, and are
marked by NKX6.1 and SOX9 and the exclusion of GATA4 expression (Jennings et al., 2013).
MPCs are highly proliferative at week 7, and as the organ grows, the proliferative cells are more
abundant in the peripheral regions than in the central ones (Bouwens et al., 1997; Piper et al., 2004;
Polak et al., 2000). Human pancreatic progenitors have a remarkable developmental potential,
expanding several hundred times from embryogenesis to term (Castaing et al., 2001; Stefan et al.,
1983). From 8 to 21 weeks, the embryonic pancreatic mass expands approximately 35-folds, from 9
to 340 mg approximately (Lyttle et al., 2008). The mesenchyme that surrounds the growing pancreas
plays a crucial role in regulating its growth. For example, fibroblasts growth factors 7 and 10 (FGF7
and FGF10) expressed by the human pancreatic mesenchyme induce pancreatic progenitor
proliferation (Ye et al., 2005). Although not well established in humans, studies in mouse have
identified several other signaling molecules regulating pancreatic progenitor growth, like epidermal
growth factor (EGF), WNT, RA, Notch and BMP (Jennings et al., 2015; Jørgensen et al., 2007; Pan
and Wright, 2011). Hippo-signaling pathway has been shown to control pancreatic progenitor
proliferation via TEAD1 and its coactivator YAP binding to regulatory areas of crucial pancreatic
signaling mediators (FGFR2, JAG1, CDC42EP1, etc.) and transcription factors (SOX9, NKX6-1,
GATA4, etc.) (Cebola et al., 2015). Similarly, stabilization of YAP via sphingosine-1-phosphate
signaling, together with Notch signaling attenuation was reported to regulate pancreatic progenitor
allocation and specification in mouse (Serafimidis et al., 2017).
To understand the transcriptional networks governing pancreatic development, researchers have
combined global transcriptomic and epigenetic profiling of pancreatic lineages at different stages
with the knowledge from mutant animal models, lineage tracing, and biochemical studies (Arda et
al., 2013; Bonal and Herrera, 2008; Cano et al., 2014). Potentially important novel pancreatic lineage
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determinants may be identified by determining the chromatin epigenetic status of critical regulatory
regions and the combination of enzymes and transcription factors that mediate those epigenetic
changes (Ho and Crabtree, 2010; Perino and Veenstra, 2016). The expression levels of non-protein
coding genes and alternative RNA species, like long intergenic non coding RNAs (lincRNAs)
(Akerman et al., 2017; Morán et al., 2012) or microRNAs are also critical for pancreatic development
(Rieck et al., 2012). Similarly, different epigenetic mechanisms control the expression of pancreatic
developmental regulators, as for example polycomb group-mediated repression (Xie et al., 2013).
Cebola et al. generated an atlas of active transcripts and enhancers in human pancreatic progenitors,
identifying the binding sites of critical pancreatic transcription factors genome wide (Cebola et al.,
2015). About half of the pancreatic progenitor active enhancers were also active in human islet
(Pasquali et al., 2014). Pancreatic gene regulatory networks are complex and involve a broad number
of transcription factors whose regulatory interactions have not been deciphered yet. For example,
little is known about the transcription factors that directly activate PTF1A, NKX6-1, NKX2-2 or
MNX1 (Servitja and Ferrer, 2004).

1.3.3. Endocrinogenesis
Differentiation of pancreatic progenitor cells to the endocrine lineage has been observed in humans
as early as gestational week 7.5 (Jennings et al., 2013). At that time point, the first insulin positive
beta-cells differentiate, becoming the most abundant endocrine cell type during the first trimester.
Glucagon positive alpha-cells and somatostatin positive delta-cells are detected on week 8, followed
by gamma and epsilon-cells on week 9 (Piper et al., 2004; Riedel et al., 2012).
By studying the expression of neurogenin 3 (NEUROG3), the master bHLH transcription factor
regulator of endocrine differentiation, human endocrine formation appears to happen in a single longterm wave that spans from gestational week 8 to 21, peaking at weeks 10 to 14 (Salisbury et al.,
2014). This contrasts with the two waves observed in mice, the primary transition around E8.5 and
the secondary transition around E15.5 (Larsen and Grapin-Botton, 2017). NEUROG3 is required
transiently for the specification of pancreatic progenitors into the endocrine lineage, as shown in
studies on mice (Gradwohl et al., 2000; Gu et al., 2002) and human (McGrath et al., 2015; Pinney et
al., 2011a; Rubio-Cabezas et al., 2011). The expression of PDX1, FOXA2, SOX9, HNF6, GLIS3,
and HNF1B in MPCs is required for the induction of NEUROG3 (Jacquemin et al., 2000; Kim et al.,
2012; Lee et al., 2001; Pan and Wright, 2011; Seymour et al., 2008; De Vas et al., 2015). Moreover,
different signaling pathways have been shown to regulate NEUROG3 expression, including NOTCH,
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TGF-beta, apical polarity, planar cell polarity and STAT3 (Baeyens et al., 2014; Cortijo et al., 2012;
Harmon et al., 2004; Kesavan et al., 2009; Saarimäki-Vire et al., 2017). Notch downstream effector
Hes1 promotes proliferation of MPCs, whereas Notch inhibition results in NEUROG3 upregulation
and endocrine differentiation, a process that is regulated via Notch mediated-lateral inhibition (Afelik
and Jensen, 2013; Jensen et al., 2000b, 2000a). NEUROG3 expression levels appear to be low in the
MPCs, and different mechanisms have been proposed to trigger its upregulation via reduction of
NOTCH signaling. In particular, the role of cell cycle progression has been carefully investigated by
Wright and colleagues in mouse models (Bankaitis et al., 2015; Bechard and Wright, 2017; Bechard
et al., 2017). Polak et al. reported that human fetal pancreas from gestation weeks 7 to 11 presented
most of the endocrine cell differentiation in the central pancreatic ducts. They also showed that the
progenitors located in the periphery of the expanding pancreas proliferate more rapidly than the ones
located centrally (Polak et al., 2000). Krentz et al. showed that indeed cell cycle lengthening in MPCs
during pancreatic development results in NEUROG3 induction. This was attributed to the
accumulation of NEUROG3 protein due to reduced phosphorylation and degradation during the
prolonged G1 phase (Krentz et al., 2017), a process mediated by cyclin-dependent kinases (CDK) 2
and 4/6 that in fast dividing cells. This finding was further confirmed in an independent
simultaneously published study (Azzarelli et al., 2017). These observations suggest that the allocation
of endocrine cells is regulated in coordination with the trunk domain progenitor proliferation to
generate the right amount of islet precursors while the whole pancreas expands.
NEUROG3 expression induces cell cycle exit and the endocrine precursors are mainly lowproliferating (Castaing et al., 2005; Meier et al., 2010; Piper et al., 2004), until the perinatal stages,
when a burst of proliferation occurs (Gregg et al., 2012; Wang et al., 2016a). Endocrine precursor
cells are unipotent, giving rise to only one of the endocrine subtypes (Desgraz and Herrera, 2009).
They delaminate from the ductal plexus, stay closely associated with the epithelia temporarily, to
later migrate and cluster, forming polyclonal fetal islets (a process termed cell-cluster delamination)
(Scharfmann et al., 2008). This delamination and migration process is regulated by partial epithelialto-mesenchymal transition dependent on Snail2 and directional guidance signaling cues from the
pancreatic mesenchyme (Pauerstein et al., 2017; Rukstalis and Habener, 2007). In addition to these,
islet assembly is also regulated by endocrine intercellular communication via secreted factors, like
EGF, and cell-to-cell interactions (Miettinen et al., 2000).
The expression dynamics of NEUROG3 suggest that human endocrine cell allocation is completed 1
to 3 months before birth. Together with their low mitotic rate, this indicates that islet cell neogenesis
from MPCs is the main contributor to fetal islet formation. For this reason, the control of NEUROG3
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expression is a process that determines the number of endocrine cells at birth. This implies that adult
beta-cell mass is the result of a balance between postnatal beta-cell replication and apoptosis of the
precursors allocated during fetal development (Bouwens et al., 1997; Desgraz and Herrera, 2009).
Several transcription factors (TFs) expressed in endocrine precursors have been shown to be crucial
for their differentiation, including NEUROG3 direct targets NEUROD1, NKX2-2, RFX6 and other
downstream genes like PAX6 (Flanagan et al., 2014a; Letourneau and Greeley, 2018). Endocrine
precursors give rise to the five endocrine subtypes. How this divergent differentiation is regulated is
poorly understood in humans. Johansson et al. elegantly showed in mouse that there is a temporally
controlled competence window for the specification of the different cell types using a Neurog3 addback strategy. Induction of Neurog3 at the primary transition stage resulted in mainly alpha-cell
differentiation, while induction at the secondary transition resulted in beta and gamma-cells
formation, followed by delta formation. Intriguingly, this appeared to be intrinsic to the pancreatic
epithelium as reconstitution experiments with different stages mesenchyme showed no differences
(Johansson et al., 2007). Using differentiated human embryonic stem cells, Zhu et al. explored this
temporal competence window concept in an analogous approach, although no significant differences
were observed in the allocation to different endocrine subtypes (Zhu et al., 2016b).
The outcome of endocrine cell differentiation is probably influenced by signals present in the
pancreatic epithelia, implying that there is a cellular heterogeneity in the trunk domain progenitors
(Desgraz and Herrera, 2009). Using embryonic pancreas explant cultures, Huotari et al. showed that
ligands of the EGF family can influence mouse endocrine lineage determination at least ex vivo. They
reported that betacellulin (BTC) increased beta-cell differentiation via EGF receptor (EGFR), while
neuroregulin 4 (NRG-4) increased delta cell differentiation via erbB-4 receptor (Huotari et al., 2002).
EGFR signaling controls pancreatic morphogenesis and endocrine cell differentiation by modulating
apical polarity. BTC-induced EGFR signaling via PI3K/AKT and Rac1 results in apical polarity
inhibition, NOTCH signaling reduction and increase of NEUROG3 expression, enabling beta-cell
commitment of mouse and human endocrine progenitors (Löf-Öhlin et al., 2017).
The transcriptional regulation behind endocrine subtype determination have been studied in mouse
knockout (KO) models for transcription factors Pax4 and Arx, both downstream of Neurog3
(Collombat et al., 2006; Napolitano et al., 2015). PAX4 controls beta-cell lineage specification and it
works in a mutually antagonistic way with ARX, which in turn controls alpha-cell lineage
determination. Knocking out any of them results in the depletion of the correspondent endocrine
lineage and the double KO results in massive expansion of the delta-cell lineage (Collombat et al.,
2003, 2005).
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Endocrine cells immunoreactive for multiple hormones have been observed in human fetal pancreas
from 8 to 21 weeks. The presence of this population peaks at weeks 11 to 13, declining after week
21, with about 30% of the cells positive for insulin or glucagon expressing both hormones, (Jeon et
al., 2009; de Krijger et al., 1992; Riedel et al., 2012; Riopel et al., 2014). The role of these
polyhormonal cells during development has not been clearly established. They are also observed
during differentiation of pluripotent stem cells to endocrine cells in vitro, and it has been reported
that they terminally differentiate into alpha cells after transplantation in vivo (Kelly et al., 2011;
Rezania et al., 2013).

Pancreatic bud formation
Week 4
Dorsal bud

Endocrinogenesis
Weeks 8 to 21

Microlumens

Adult human pancreas

Acinar cells

Mesenchyme

Ventral bud

Endocrine clusters

Delaminating
NEUROG3+
cells

Ductal cells

Vascularized
adult human islets

Figure 1. Human pancreatic development. Pancreatic endoderm gets specified in the posterior
foregut region of the gut tube by the expression of PDX1. The epithelium starts to proliferate and
stratify generating the pancreatic primordial buds. Cell polarization within the epithelia results in the
formation of microlumens that expand and converge to form a pancreatic plexus. Expansion and
maturation of the pancreatic plexus will eventually give rise to the ductal pancreatic tree, with the
acinar cells in the tips. NEUROG3 expression in the trunk domain cells induces endocrinogenesis,
resulting in cell delamination and clustering to form the precursors of the future islets.

1.3.4. Beta-cell specification and maturation
In addition to PAX4, other TFs control the specification and maturation of beta-cells. Some of them,
already expressed at the pancreatic progenitor stage, are critical for beta-cell differentiation and
functionality, like FOXA2 (Bastidas-Ponce et al., 2017), PDX1 (Gannon et al., 2008), NKX6-1
(Schaffer et al., 2013) and MNX1 (Pan et al., 2015). Endocrine lineage specific-TFs also play
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important roles in keeping beta-cell identity and function, as for example RFX6 (Piccand et al., 2014),
PAX6 (Swisa et al., 2016), NEUROD1 (Gu et al., 2010) or FEV (Ohta et al., 2011).
Human fetal islets are immature, presenting increased basal insulin secretion, with a minimal earlyphase response to glucose. They develop biphasic insulin response only postnatally (Hrvatin et al.,
2014; Otonkoski and Hayek, 1995; Otonkoski et al., 1988) In comparison with mature beta-cells,
immature beta-cells are characterized by a set of physiological deficits, including reduced response
to glucose and other secretagogues, increased anaerobic glycolysis and baseline oxygen consumption
and poor increase in oxidative metabolism in response to high glucose (Benitez et al., 2012). This is
associated with the expression of genes, termed disallowed genes, that are detrimental to proper betacell functioning and whose expression is repressed upon maturation. These genes include low affinity
hexokinases (HK1, HK2, HK3), monocarboxylate acid transporters (MCT1), lactate dehydrogenase
(LDHA) and NPY, an inhibitor of adenyl-cyclase (Quintens et al., 2008). On the contrary, genes
involved in insulin secretion are expressed at much lower levels in immature beta-cells than in mature
ones. For example, in newborn rat islets, Ins2, Glut2, Gck and Pcsk1/3 were expressed at about 10%
of levels in adult mature islets (Aguayo-Mazzucato et al., 2011).
Blum et al. showed that postnatal beta-cell functional maturation in mice is characterized by an
increase in glucose threshold for insulin secretion, together with increased beta-cell specific
expression of urocortin 3 (Ucn3) gene (Blum et al., 2012). Ucn3 released by beta-cells acts on deltacells, inducing somatostatin secretion, which in turn inhibits insulin secretion. Therefore, the glucose
threshold increase could be explained by the role of Ucn3 as mediator of this paracrine negative
feedback loop (van der Meulen et al., 2015). Despite Hrvatin et al. reported no significant increase in
UCN3 expression from fetal to adult human beta-cells, this increase has been observed by two other
groups at mRNA and protein level in hPSC-derived beta and alpha-cells and adult human islets
(Hrvatin et al., 2014; van der Meulen et al., 2012; Rezania et al., 2014).
TFs of the basic leucine zipper (bZIP) family MAFA/B are critical for the functional maturation of
beta and alpha-cells. In fetal human islets, MAFB expression increases from 9 weeks onwards in both
beta and alpha-cells. MAFA has been detected transiently by immunohistochemistry on weeks 9 to
13, but not on week 21, and MAFA mRNA expression was undetectable or really low from 7 to 21
weeks (Jeon et al., 2009; Riedel et al., 2012; Sarkar et al., 2008). It is not clearly established at which
point of the human beta-cell development MAFA protein starts to be expressed, in part due to the
lack of reliable commercially available human MAFA-specific antibodies.
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In mice, MAFA is controlled by essential beta-cell TFs PDX1, NKX6-1, NKX2-2, FOXA2 and PAX6
(Raum et al., 2006, 2010) and it regulates essential genes for the proper function of beta-cells like
INS, PDX1, NKX6-1, SLC30A8 (zinc transporter 8, ZnT8) and GLUT2 (Hang et al., 2014; Wang et
al., 2007). KO mice for MafA develop diabetes (Zhang et al., 2005; Zhao et al., 2005) and mutations
in MAFA have been found in patients with insulinomatosis and diabetes mellitus (Iacovazzo et al.,
2018). Furthermore, overexpression of MAFA in fetal human islets using adenoviruses resulted in
increased insulin secretion (Aguayo-Mazzucato et al., 2015).
Acquisition of aerobic oxidative metabolism neonatally is also a critical step in beta-cell maturation.
Yoshihara and colleagues reported that estrogen-related receptor gamma (ESRRG) is necessary for
mitochondrial oxidative metabolism in mouse beta-cells and showed that its overexpression induced
functional maturation in stem-cell derived beta-cells (Yoshihara et al., 2016).
Arda et al. compared the transcriptome and epigenetics of juvenile and adult human beta-cells and
found hundreds of genes whose expression changed with age. Among those, MAFA, SIX2 and SIX3
were shown to increase with age and are responsible in part for the maturation of the beta cells in
terms of enhanced insulin secretion (Arda et al., 2016). Human beta-cell maturation is a little
understood process that is not restricted to the neonatal period, but rather spans from fetal stages into
adulthood (see Figure 2).

Immature
Fetal/Neonatal
Beta-cell

Mature
Adult
Beta-cell

Functional
maturation
mechanisms
Proliferative
Increased basal insulin secretion
Poor stimulated insulin secretion
Low oxygen consumption
Expression of disallowed genes
Electrically uncoupled
Low MAFA, UCN3,
GLUT1, G6PC2 expression

Quiescent
Biphasic insulin secretion
Responsive to high glucose
Active oxidative metabolism
Silenced disallowed genes
Coupled via gap junctions
Expression of maturation
markers

Figure 2. Characteristics of immature and functionally mature beta-cells.
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1.3.5. Neonatal beta-cell proliferation
Beta-cell self-replication is the primary reason for human beta-cell mass expansion postnatally, with
a peak of proliferation right after birth that declines rapidly during the first two years of life (Gregg
et al., 2012; Lam et al., 2018; Meier et al., 2008; Wang et al., 2016a). How human beta-cell maturation
and proliferation are coordinated during the neonatal period is not completely understood. In mice,
different regulators of proliferation have been implicated in neonatal beta-cell proliferation: cyclindependent kinases (CDK), D-type cyclins, CDK inhibitors, TFs FOXM1 and ISL1, Survivin and
Ezh2 (Benitez et al., 2012). PDGF signaling regulates age-dependent human beta-cell proliferation
via induction of EZH2, a polycomb group protein that inhibits cell cycle inhibitor CDKN2A (i.e. p16)
(Chen et al., 2011b).
Single-cell transcriptomic approaches have been utilized to unravel the details of neonatal beta-cell
maturation (Qiu et al., 2017; Zeng et al., 2017). Zeng et al. showed that neonatal proliferative
immature mouse beta-cells are characterized by high amino acid metabolism, mitochondrial
membrane potential and expression of nutrient responsive factors. They reported that postnatal
proliferation is regulated by i) reactive oxygen species, associated with the higher mitochondrial
activity; and ii) and amino acid availability, which in turn controls nutrient responsive immediate
early transcription factors expression of genes Srf, Fos, Egr1 and Jun (Zeng et al., 2017).
Nutrition changes occurring during weaning, from a fat-rich to a carbohydrate-rich diet, were shown
to induce mouse beta-cell maturation (Stolovich-Rain et al., 2015). Nutrient availability elicits
activation of mTOR signaling, a central pathway to anabolic processes and proliferation that has been
shown to be of critical importance for postnatal beta-cell development. While mTORC1 complex
seems to be responsible for beta-cell maturation and function, mTORC2 defects affect islet mass
(Sinagoga et al., 2017). Mice mutant for Raptor, an adaptor component of mTORC1 complex,
presented impaired postnatal beta-cell growth, function and mitochondrial activity, suggesting that
indeed mTORC1 signaling is crucial for beta cell maturation (Ni et al., 2017).
Beta-cell proliferation does not seem to be compatible with a mature beta-cell phenotype. Forcing
proliferation of mouse beta-cells by overexpression of non-oncogenic levels of c-Myc resulted in
acquisition of an immature phenotype (Puri et al., 2018), whereas removal of transformation genes
(SV40 large T antigen) in immortalized beta-cell lines derived from human fetal beta cells resulted
in increased insulin expression and secretion, a more mature phenotype (Benazra et al., 2015;
Scharfmann et al., 2014). Along these lines, different studies link beta-cell proliferation to
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endoplasmic reticulum (ER) stress levels caused by insulin synthesis. These observations will be
discussed below.

1.3.6. Differences between human and rodent pancreatic development
About 65 million years of evolutionary history separate mice and humans (Mestas and Hughes, 2004).
The different physiological needs of both species have modulated the evolution of the developmental
processes (Nair and Hebrok, 2015). For example, the patterning of pancreatic endoderm, together
with the expression of some transcription factors (GATA4, SOX17, NKX2-2, NEUROG3, MAFB,
MAFA) are slightly different. Transcriptomic analysis of the different islet endocrine subtypes in
mouse and human has also revealed remarkable differences in gene expression across both species
(Baron et al., 2016; Benner et al., 2014). These differences were reviewed elsewhere (Balboa and
Otonkoski, 2015).
One notable difference is the insulin gene. Murine rodents have two insulin genes: Ins2, the
orthologue found in other mammals and Ins1, which originated via retrotransposition before the
separation of mouse and rat species. It has been hypothesized that the fixation and preservation of
Ins1 retrogene resulted from a positive selection pressure under ancient life conditions, where food
sources were scarce and energy intake needed to be maximized (Shiao et al., 2008). Interestingly,
Ins1 and Ins2 genes are differentially regulated during development and different culture conditions
of glucose and cell density (Ins1 transcription increases in high glucose) (Roderigo-Milne et al.,
2002). This could be in part regulated via NeuroD1 transcription factor, since NeuroD1 KO in beta
cells results in reduced Ins1 expression but Ins2 is not affected, or other glucose responsive factors
(Gu et al., 2010; Ling et al., 1998).
These differences need to be considered when extrapolating findings from animal models to
understand human pancreatic development. In particular, this might be important when trying to
obtain and characterize beta-cells derived from human pluripotent stem cells or interpret the results
from animal models of diabetes mellitus.

2. Physiology of the beta-cell
The role of beta-cells is to maintain blood glucose homeostasis by secreting insulin in response to
elevated glucose. Fasting human blood glucose levels considered normal for general health (i.e.
normoglycemia) are around 5 mM (in the range 4.2 to 6.4 mM) (World Health Organization, 1999)
(Kratz et al., 2004). The beta-cell constitutes a sophisticated glucose sensor with refined machinery
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that convert small deviations in blood glucose levels into fine-tuned changes in insulin secretion. The
physiology of the beta-cell is summarized in Figure 3.

2.1.

Beta-cell glucose stimulated insulin secretion

Glucose is the prime secretagogue for insulin. Beta-cells couple glucose glycolytic and oxidative
metabolism to insulin secretion (Henquin, 1980). Circulating blood glucose enters the beta-cell via
glucose transporters. Human beta-cells have been shown to express primarily glucose transporters 1
and 3 (GLUT1/3 = SLC2A1/3), while rodent beta-cells utilize mainly glucose transporter 2 (GLUT2,
SLC2A2) (McCulloch et al., 2011; De Vos et al., 1995). Since transporters GLUT1/3 have higher
affinity for glucose, these differences in glucose transporter expression may explain the increased
sensitivity of human islets to glucose, presenting an insulin secretion threshold for glucose
concentration of 3-5 mM, lower than in mouse islets. It also explains the specific sensitivity of mousebeta-cells to chemical diabetogenic agents alloxan and streptozotocin, uptaken preferentially via
GLUT2 (Elsner et al., 2003; Henquin et al., 2006; Lenzen, 2008; Pingitore et al., 2017). Even though
GLUT2 seems to be expressed at lower levels in human beta-cells, it could still have an important
functional role, since it has been found mutated in patients suffering from neonatal diabetes and is
associated with T2D risk (Sansbury et al., 2012).
Once imported into the cytoplasm, glucose is rapidly converted into glucose-6-phosphate by a betacell specific hexokinase, the hexokinase isoform 4 also known as glucokinase (GCK, Km ≈ 8 mM)
(Matschinsky, 1996). Phosphorylated glucose cannot leave the cell. This is the key step in metabolic
flux generation and the relative high Km of glucokinase is critical for this process. Glucokinase activity
seems to be similar in human and rodent beta-cells (Matschinsky et al., 1993; Takeda et al., 1993; De
Vos et al., 1995). The other hexokinases (HK1, 2 and 3; Km < 170 μM glucose) with higher affinity
for glucose are expressed at low levels human beta-cells, constituting disallowed genes that otherwise
would increase the glycolytic flux (Wilson, 2003). This is indeed the case in models where high
affinity hexokinases are overexpressed in rodent beta-cells (Becker et al., 1994; Epstein et al., 1992)
or in patients with hyperinsulinemia due to abnormally high expression of hexokinase 1 (Henquin et
al., 2013). Glucokinase expression is regulated by mature beta-cell transcription factors like MAFA,
and low expression levels in fetal and neonatal beta-cells have been associated with their lack of
functionality (Aguayo-Mazzucato et al., 2013; Taniguchi et al., 2000). Illustrating how important
glucokinase function is for setting blood glucose levels, mutations disrupting GCK activity lead to
monogenic diabetes in humans (Osbak et al., 2009). On the contrary, individuals with GCK gain of
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function mutations suffer from hyperinsulinemic hypoglycemia and present lower insulin secretion
threshold (Glaser et al., 1998).
Phosphorylated glucose enters the glycolytic pathway, generating small amounts of ATP and
pyruvate as final products. Mitochondrial oxidative metabolism of pyruvate is essential for glucose
stimulated insulin secretion (GSIS), as mitochondrial respiratory chain inhibitors and uncouplers
inhibit insulin secretion (Henquin et al., 2006). Pyruvate enters the tricarboxylic acid cycle (TCA)
mainly in the form of acetyl-CoA after decarboxylation catalyzed by pyruvate dehydrogenase. The
alternative entry point mediated by pyruvate carboxylase, which generates oxaloacetate from
pyruvate, is relatively less used by human islets than rodent islets (MacDonald et al., 2011).
Progression of the glucose-derived pyruvate carbons in the TCA results in the generation of abundant
reduced intermediates in the form of NADH and FADH2. The mitochondrial electron transport chain
complexes oxidize them to generate a proton (H+) gradient across the inner mitochondrial membrane.
This gradient is then turned into chemical energy in the form of ATP by ATP synthase. Other
metabolites feeding into the TCA can also stimulate insulin secretion: aminoacids, in particular
glutamine and leucine, and fatty acids. Arginine is a positively charged aminoacid that is not
metabolized, but it potentiates GSIS by increasing depolarization of the membrane upon import via
the CAT2 transporter (SLC7A2) (Henquin et al., 2006; Lu and Li, 2018; Nicholls, 2016; Smith et al.,
1997).
Beta-cells are electrical excitable, and their membrane potential is approximately -70 mV. High levels
of ATP derived of glucose metabolism work as a signal to depolarize the beta-cell. This is mediated
by K+ channels sensitive to ATP concentration (KATP channels). They conduct the outflow of K+ ions
from the cytoplasm to the extracellular space down their electrochemical gradient, which is generated
by Na+/K+ ATPase pumps (Ashcroft et al., 1984; Henquin, 1978; Misler et al., 1989). The KATP
channel is formed by 4 subunits of KCNJ11/KIR6.2 forming a tetrameric pore, and 4 regulatory
subunits of ABCC8/SUR1 around it. ATP binding to KCNJ11 inhibits the channel, while Mg-ADP
binding to ABCC8 activates the channel. Sulphonylureas, a class of antidiabetic drugs, bind to
ABCC8/SUR1 and induce closing of the channel, whereas binding of the drug diazoxide forces
channel opening. Different mutations affecting KCNJ11 or ABCC8 activity result in neonatal
diabetes or congenital hyperinsulinism (Rorsman and Ashcroft, 2018; Tarasov et al., 2004).
Closure of KATP channels in response to high glucose causes depolarization of the cell membrane.
This triggers the opening of T and L-type Ca2+ channels, followed by Na+ channels, which contribute
further to membrane depolarization and generate an action potential. When the membrane potential
reaches -20 mV, P/Q-type Ca2+ channels open and the increase in cytoplasmic Ca2+ triggers the
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exocytosis of insulin secretory granules. Ca2+ influx via these voltage-dependent calcium channels
(VDCC) results in turn in the opening of K+ channels that contribute to the repolarization of the betacell membrane (Rorsman and Braun, 2013). This constitutes what is known as the triggering pathway
in insulin exocytosis (see Figure 3).
Insulin granule exocytosis molecular machinery is similar to the one involved in neurotransmitter
secretion found in neurons. SNARE proteins regulate fusion of insulin granules with the plasma
membrane. Secretory vesicle membrane VAMP-2 SNARE protein interacts with the plasma
membrane SNAREs SNAP-25 and SYNTAXIN-1 forming a complex that docks the vesicle to the
plasma membrane. Different proteins regulate tightly the exocytosis process, including the plasma
membrane ion channels. Synaptotagmins 5 and 7 are the Ca2+ sensors of exocytosis and trigger the
fusion of vesicle and plasma membrane. Since VDCC are present in low density in the plasma
membrane, is suggested that the Synaptotagmins Ca2+ sensors require close association with them in
other to respond to the local high Ca2+ influx (Leung et al., 2007; Renström and Rorsman; Rorsman
and Ashcroft, 2018).
Secretion of insulin occurs in a pulsatile manner, being all human islets synchronized to secrete
insulin with a period of about 5 min (Song et al., 2000). This is important for the effect of insulin on
its receptors: insulin is more effective for achieving normoglycemia if delivered in pulses than at a
constant rate (Paolisso et al., 1988). Insulin secretion pulsatility is the result of oscillations in Ca2+
influx caused by bursts of electrical activity. However, it is not entirely clear how this rhythmicity
arises. Different models have been proposed integrating metabolic-driven oscillations, explained by
glycolytic enzymes regulatory feedback loops, with Ca2+-driven oscillations, which affect ATP
generation (e.g. Ca2+ activates pyruvate dehydrogenase) and consumption (e.g. Ca2+ pumps in
endoplasmic reticulum). In addition to insulin, beta-cells secrete a number of substances, such as
ATP, Zn2+, GABA, IAPP, nitric oxide, serotonin and dopamine. All of them could contribute to the
generation of oscillations by positive and negative autocrine regulatory feedback loops (Bertram et
al., 2018; Gylfe and Tengholm, 2014) (summarized in Figure 4).
Part of the synchronized oscillatory insulin secretion is mediated by the electrical coupling among
beta-cells within an islet. This is explained by the presence of gap junctions between beta-cells. Gap
junctions are formed by connexons, ion-permeant pores formed by 6 subunits of connexin 36 (GJD2),
which enable the exchange of current-carrying ions between cells. Blocking or disruption of the GAPjunctions results in electrical uncoupling of the beta-cells, loss of pulsatile insulin secretion and
impaired GSIS (Meda et al., 1990; Serre-Beinier et al., 2009). Interestingly, GJD2 connexin
expression increases during post-natal beta-cell maturation (Carvalho et al., 2010). Using an elegant
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optogenetic approach, Briant and colleagues induced with light the depolarization of beta-cells
expressing light-gated channelrhodopsin-2 channel, which in turn resulted in somatostatin secretion.
They attributed this phenomenon to the presence of gap junctions between beta and delta-cells, further
underscoring the importance of electrical coupling via gap junctions among islets cells (Briant et al.,
2018).

2.2.

Incretins and intra-islet regulation of insulin secretion

Triggered by the absorption of food, intestinal enteroendocrine cells secrete multiple hormones that
coordinate the responses to nutrient storage in different tissues. Some of these hormones play an
important role in potentiating GSIS, receiving the name of incretins. They are mainly represented by
glucagon-like peptide-1 (GLP-1) and gastric inhibitory polypeptide (GIP). Both GLP-1 and glucagon
are derived from the preproglucagon molecule. Alternative proteolytical processing of
preproglucagon results in the different hormones: proconvertase 2 (PC2) expressed by islet alphacells result in glucagon generation, while proconvertase 1/3 (PC1/3) catalyzes GLP-1 formation in
enteroendocrine L-cells. GIP is the product of preproGIP processing by PC1/3 in enteroendocrine Kcells (Campbell and Drucker, 2013).
Binding of GLP-1 and GIP to their respective G-protein-coupled receptors in the beta-cell results in
the generation of cyclic AMP (cAMP). Intracellular cAMP levels elevation results in stimulation of
protein kinase A (PKA) pathway and cAMP sensor EPAC2. PKA activation leads to enhanced KATP
channel inhibition, increased Ca2+ influx and increased Ca2+-dependent exocytosis, resulting in overall
potentiation of GSIS (Chepurny et al., 2010; Gromada et al., 1998). This is also known as the
amplifying pathway of insulin secretion. Of note, incretins also exert other non-glycemic effects in
multiple tissues that impact general metabolism.
Long-acting GLP-1 receptor agonists are widely used as antidiabetic agents in type 2 diabetes (T2D)
patients, as for example the synthetic versions of the exendin-4 peptide isolated from Gila monster
venom (Thorens et al., 1993). Following the rationale of increasing the half-life of GLP-1, inhibitors
of the GLP-1 degrading enzyme dipeptidyl peptidase 4 (DPP4) are also used as antidiabetic agents
(Mulvihill and Drucker, 2014).
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Figure 3. Physiology of the beta-cell. Oxidative metabolism of glucose imported into the beta-cell
results in increased ATP generation. This inhibits KATP channels, resulting in membrane
depolarization, Ca2+ influx and granule exocytosis. Incretins increase cAMP levels, which in turn
potentiate insulin secretion. Disallowed genes (in grey) must be silenced in order to avoid insulin
secretion in response to other metabolites.

The particular cytoarchitecture of human islets in terms of islet endocrine cell composition,
vascularization and innervation enables the coordination of insulin secretion across all the islets. The
different endocrine cell subtypes engage in paracrine interactions that contribute to fine-tune islet
hormone secretion in response to glycemic changes. Insulin inhibits glucagon secretion by alphacells, but glucagon paradoxically induces insulin secretion via GCG receptor-mediated elevation of
cAMP in beta-cells. Human alpha-cells also secrete acetylcholine, a neurotransmitter that activates
muscarinic receptors in beta-cells inducing depolarization and potentiating GSIS. Alpha-cells
regulate in this way the glycemic set point determined by insulin secretion, which is different across
species (Gylfe and Tengholm, 2014; Rodriguez-Diaz et al., 2018; Rorsman and Ashcroft, 2018;
Rorsman and Braun, 2013). Delta-cells secrete somatostatin in phase with insulin secretion.
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Somatostatin exerts an inhibitory effect on beta and alpha-cells by hyperpolarizing the membrane via
SSTR2 receptor (Kailey et al., 2012). Beta and alpha-cells co-secrete with insulin and glucagon the
hormone urocortin 3 (UCN3), which stimulates delta-cell somatostatin secretion by activating the
corticotropin releasing hormone receptor 2 (CRHR2). This negative feedback loop ensures that
insulin and glucagon secretion are attenuated properly (van der Meulen et al., 2015). Interestingly,
delta-cells are the only islet subtype expressing growth hormone secretagogue receptor (GHSR),
which responds to the insulinostatic hormone ghrelin. This reported effect seems to be mediated by
inducing delta-cell somatostatin secretion, indicating the role of ghrelin-secreting epsilon cells in
enabling delta-cell mediated feedback in the islet (Dezaki et al., 2006; DiGruccio et al., 2016). Epsilon
cells, found in neonates but rare in adult islets, are responsible for ghrelin secretion. Thus, it is
tempting to speculate that epsilon cells could have a role in the establishment of appropriate islet
paracrine interactions neonatally, in agreement with its differential abundance between neonatal and
adult islets. Along the same line, UCN3 expression increases in maturing beta-cells. It is therefore
possible that beta-cell functional maturation is coupled to the establishment of perinatal paracrine
control in the islet.
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Figure 4. Intra-islet regulation of insulin secretion. Islet cells orchestrate multiple autocrine and
paracrine feedback regulatory loops to fine tune hormone secretion.
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2.3.

Insulin synthesis and processing

Insulin is the only hormone in the body capable of reducing blood glucose levels. Banting, Best and
Collip spearheaded research on insulin after achieving reliable isolation and purification of insulin
from pancreatic extracts. They demonstrated its therapeutic potential in 1921 after injecting it to
diabetic dogs (Banting et al., 1922). These studies were awarded with the Nobel prize in Physiology
or Medicine in 1923. Insulin was the first protein whose aminoacid composition was elucidated, a
milestone accomplished by Sanger in 1951, also leading to the Nobel Prize in Chemistry in 1958
(Sanger and Tuppy, 1951). Insulin crystalline structure was determined by Dorothy Hodgkin, pioneer
of protein crystallography and winner of the Nobel prize in Chemistry in 1964. Production of
recombinant insulin in E. coli bacteria was achieved by Riggs and Itakura in collaboration with
Genentech in 1978 (Goeddel et al., 1979). Human insulin gene was cloned in 1980 by Bell and
colleagues (Bell et al., 1980). These breakthroughs paved the way for widely available antidiabetic
therapies with recombinant insulins, first commercialized by Genentech in 1982.
Insulin transcript is the most abundant in human beta-cells, accounting for up to 50% of the total
transcripts (Segerstolpe et al., 2016). Insulin gene expression is regulated by transcription factors
binding to insulin gene promoter, including PDX1, NEUROD1, MAFA, GLIS3 and PAX6 (Arda et
al., 2013). Glucose and cAMP levels also regulate INS gene transcription levels (Artner and Stein,
2008). INS mRNA coding for preproinsulin is initially translated in the cytoplasm. Preproinsulin
contains a N-term signal peptide that is immediately bound upon translation by the signal recognition
particle (SRP), directing the nascent polypeptide to the endoplasmic reticulum (ER) translocon
complex. Upon the translocation of the preproinsulin polypeptide to the ER, the signal peptide is
cleaved by a membrane-bound peptidase. Proinsulin molecule is formed by 87 residues composing
A and B chains, which are connected by the C-peptide chain that will be eventually cleaved.
Proinsulin is folded quickly by the action of molecular chaperones and protein disulphide isomerases
(PDI) that catalyze the formation of 3 disulphide bonds between cysteines: 2 intercatenary between
A and B chain (between A7-B7 and A20-B19 cysteines) and 1 intracatenary in the A chain (between
A6-A11 cysteines). Correct disulphide bridge formation is essential for the proper folding and full
bioactivity of the insulin molecule (Chang et al., 2003). Proinsulin transits within 10-20 minutes into
the Golgi apparatus (GA), where it is further packaged for secretion. Proinsulin is concentrated in
clathrin-coated immature vesicles within the trans-Golgi network (TGN). After budding, immature
secretory vesicles undergo extensive maturation events. Acidification of the vesicle lumen to a pH of
5.5 augments the activity of prohormone proconvertases. Proconvertase PCSK1 (PC1/3) cleaves
initially at the basic arginine residue on the B-chain-C-peptide junction, followed by PCSK2 (PC2)
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that cleaves at the arginine on the A-chain-C-peptide junction. The basic residues are promptly
removed by carboxypeptidase E (CPE), finalizing the proteolytic processing of proinsulin and
yielding insulin and c-peptide in equimolar amounts. Missorted proteins and other excess components
bud off, together with removal of water and further acidification. This results in condensation and
crystallization of insulin into a dense core of tightly packed hexamers. Zinc transporter 8 (ZnT8,
SLC30A8) imports Zn2+ into the maturing vesicles, required for insulin complexing and
crystallization. Different mutations on SLC30A8 have been associated with increased and decreased
risk of T2D, and SLC30A8 protein is a common autoantigen in T1D (Lemaire et al., 2012). Mature
vesicles, also known as dense core granules (DCGs), are characterized by a compact core of
rhombohedral insulin crystals surrounded by an aqueous halo that contains c-peptide. In addition,
DCGs contain islet amyloid polypeptide (IAPP), exocytosis regulators (e.g. SNARE proteins) and
granins (chromogranin A and B, CHGA/B) (Benitez et al., 2012).
Insulin biosynthesis in the beta-cell can represent up to 50% of total protein synthesis in 10 mM
glucose conditions (Schuit et al., 1988), with important consequences for the protein folding and
secretory cell mechanisms.

2.4.

Beta-cell endoplasmic reticulum stress

Beta-cells are a prime example of specialized secretory cells. The high quantities of translated
proinsulin impose a remarkable demand to the endoplasmic reticulum (ER) in terms of disulphide
bond formation, protein folding and quality control. Beta-cell ER is extensive, occupying about 20%
of the beta-cell volume (mouse beta-cell volume is estimated in 1434 µm3: nucleus 12%, secretory
granules 12% and mitochondria 4%) (Dean, 1973). ER possesses an evolutionary conserved quality
control system to avoid that misfolded proteins do not accumulate, the unfolded protein response
(UPR). This pathway acts to attenuate protein translation and increase protein folding capacity when
misfolded proteins are detected. It is composed of three different branches controlled by ER-stress
transducer proteins embedded in the ER membrane: PERK, IRE1 and ATF6. Accumulation of
misfolded proteins sequester the chaperone protein BiP (HSPA5) available in the ER, in an attempt
to rescue their proper folding. This results in BiP dissociation from PERK, IRE1 and ATF6, leading
to their activation and starting the ER-stress signaling. PERK kinase activation results in the
inhibition by phosphorylation of translation initiation factor eIF2alpha, leading to general translation
attenuation. Activation of IRE1 endonuclease leads to alternative splicing of XBP-1 mRNA,
generating a shorter version with functional TF activity, as well as degradation of ER-associated
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mRNAs, reducing protein synthesis load. ATF6 transcription factor is released from the ERmembrane upon activation, travelling to the Golgi apparatus (GA) where it is proteolitically processed
into a functional TF. Both short XBP-1 and cleaved ATF6 TFs induce the expression of folding and
chaperone proteins, ER-association degradation (ERAD) machinery and expansion of the ER (Cnop
et al., 2017; Ortsäter and Sjöholm, 2007).
UPR is highly efficient in beta-cells in order to adjust rapidly the ER protein folding capacity to
insulin secretion demands (Back and Kaufman, 2012; Vander-Mierde et al., 2007). UPR is critical
for correct beta-cell function and resilience, constituting one of the molecular pathways that become
dysregulated both in T1D and T2D (Brozzi and Eizirik, 2016; Cnop et al., 2017; Herbert and Laybutt,
2016). Beta-cells express relatively high levels of UPR components, suggesting they are well
equipped to sense ER-stress (Cnop et al., 2017). This is likely due to the elevated insulin protein
translation rate, which generates a chronic sub-threshold ER-stress. Elevated ER-stress has been
associated with the regulation of beta-cell proliferation, as a cell-autonomous mechanism to adapt
beta-cell mass to meet the body insulin demands (Sharma et al., 2015b). Similarly, in neonatal mouse
beta-cells, ER-stress levels are increased in proliferative immature beta-cells, which also present
higher levels of reactive oxygen species (ROS) that regulate, at least in part, their proliferation (Zeng
et al., 2017). On the other hand, an interesting study on adult mice showed that ER-stress levels were
drastically reduced after knocking out all insulin genes in adult mouse beta-cells. This resulted in
restarting of beta-cell cycle, suggesting that elevated ER-stress acts as proliferation brake in a cellautonomous manner (Szabat et al., 2015). These divergences warrant further studies to understand
the role of ER-stress in regulating beta-cell proliferation and function.
Overall, all these findings indicate that ER homeostasis is critical for beta-cell function and beta-cell
mass acquisition and therefore, beta-cells are highly sensitive to any environmental perturbation
affecting ER.

2.5.

Beta-cell heterogeneity and plasticity

Heterogeneity in the function and phenotype of beta-cells have been extensively documented in
rodent and human islets (Roscioni et al., 2016). Within the human islets, differences between betacells have been reported in terms of insulin secretion amount, INS and PDX1 staining levels, nuclear
DNA content (i.e. di-, tetra- and octaploid cells) and their disposition within the islet and beta-cellblood vessel interaction (Cabrera et al., 2006; Ehrie and Swartz, 1976; Johnson et al., 2006; Szabat
et al., 2009; Wojtusciszyn et al., 2008). Analyses of adult beta-cells at the single-cell level have also
37

shown differential expression in certain genes between subpopulations, like for example ST8SIA1,
CD9, RBP4, FFAR4/GPR120, ID1, ID2, and ID3 (Dorrell et al., 2016; Segerstolpe et al., 2016). In
line with the putative role of ER-stress in beta-cell function and proliferation, single-cell RNA
sequencing studies have identified beta-cell subpopulations that are characterized by differential
expression of genes involved in ER and oxidative stress (Baron et al., 2016; Muraro et al., 2016).
Similar heterogeneity was detected at the protein level, when human islets from different age donors
were analyzed using single-cell mass cytometry (CyTOF). In this pioneer study, Wang et al. observed
3 different subpopulations of beta-cells, including a proliferative one (Wang et al., 2016a).
Islet cell heterogeneity arises during development, but it is also generated postnatally in the attempt
of beta-cells to adapt to physiological and pathological changes. Endogenous and exogenous stimuli
trigger a plastic behavior in beta-cells, in what constitutes a critical response to maintain glucose
homeostasis. For example, beta-cell mass increases 1.4 to 2.2 fold during pregnancy, although the
mechanisms (e.g. increased proliferation or neogenesis) are not completely clear (Van Assche et al.,
1978; Butler et al., 2010). Studies in rodents have shown that placental lactogen, prolactin and growth
hormone are involved in the induction of beta-cell proliferation, via the stimulation of JAK2/STAT5,
PI3K/AKT and MAPK pathways (Baeyens et al., 2016). Similarly, non-diabetic obesity induces a
compensatory beta-cell mass expansion in humans (Butler et al., 2003; Saisho et al., 2013). Human
islets transplanted to mice in a high-fat diet resulted in beta-cell mass expansion. The obesogenic
environment resulted in higher beta-cell volume, despite no clear increase in beta-cell proliferation
(Gargani et al., 2013). Unfortunately, the exact mechanisms behind human obesity-induced beta-cell
plasticity have not been yet elucidated, and the results from obese animal models do not extrapolate
well to human (Butler et al., 2003; Linnemann et al., 2014; Saisho et al., 2013; Wortham and Sander,
2016).
Another important process impacting on beta-cell heterogeneity and maturity is aging. Aging has
been associated with an increase in beta-cell functionality both in mouse and humans, in part as a
result of the senescence process that induces lasting epigenetic changes in chromatin histone
modifications and DNA methylation that affect gene expression (Arda et al., 2016; Enge et al., 2017;
Helman et al., 2016; Mezza and Kulkarni, 2014). However, senescence processes also result in
increased basal insulin secretion in the old age, associated with age-dependent heterogeneous
expression of markers IGF1R, p16Ink4a and p53BP1 (Aguayo-Mazzucato et al., 2017).
Multiple mouse studies have demonstrated that pancreatic cells can display remarkable plasticity in
response to certain perturbations, resulting in the generation of new beta-cells in vivo via
transdifferentiation from ductal, acinar or alpha cells (Puri et al., 2014). The work of Herrera and
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colleagues has shown that selective, near-complete ablation of beta-cells using a diphtheria-toxin
beta-cell sensitive transgenic model results in transdifferentiation of alpha and delta cells into betacells (Chera et al., 2014; Thorel et al., 2010). In another paradigm of beta-cell transdifferentiation via
transgenic manipulation, Collombat and colleagues have shown that overexpression of PAX4 in
alpha-cells leads to their conversion to beta-cells and the induction of alpha-cell neogenesis in the
ductal epithelium (Al-Hasani et al., 2013; Collombat et al., 2009). By studying the mechanism behind
this conversion, GABA signaling was shown to be involved in this process. GABA administration
led to ARX expression downregulation in alpha-cells, causing conversion into beta-cells, both in vitro
and in vivo in mouse and human islets (Ben-Othman et al., 2017; Li et al., 2017a). Although these
interconversion processes have been described and intensively researched in rodents, it is unknown
if similar mechanisms operate in humans and the extent of their possible functional consequences.
The possibility of exploiting endogenous human beta-cell mass adaptation in the quest of finding new
therapeutic approaches for diabetes clearly incentivizes additional research.

3. Diabetes mellitus
Diabetes mellitus is a heterogeneous group of disorders characterized by persistent abnormally
elevated blood glucose levels (hyperglycemia). Etymologically, its name is formed by the ancient
greek word diabetes, meaning “passer through”, and the latin word mellitus, meaning “sweet”. This
is in reference to the excessive excretion of urine (polyuria) rich in glucose associated with the
disease. Diabetes common symptoms also include excessive thirst and hunger, fatigue and weight
loss. Sustained hyperglycemia leads to increased protein glycosylation and hyperlipidemia, as well
as long-term complications associated with the disease such as increased risk of heart disease and
stroke. Ketoacidosis and microvascular-related complications, like retinopathies leading to blindness,
renal failure and peripheral neuropathy are also common.
Global prevalence of diabetic disease in the adult population has increased up to 8.5% by 2014, from
4.7% in 1980, and it is predicted to increase specially in low- and middle-income countries. In 2012,
diabetes caused 1.5 million deaths and higher-than optimal blood glucose caused additional 2.2
million deaths due to increased risk of cardiovascular and other diseases. This constitutes one of the
leading causes of death in the world. The cost of diabetes and its complications also places a severe
economic burden on individuals and healthcare systems, estimated in annual $827 billion globally
(NCD Risk Factor Collaboration (NCD-RisC), 2016; World Health Organization, 2016).

39

Diabetes is a disorder with multiple etiologies, classified in different forms. Type 1 diabetes (T1D)
has an autoimmune origin, type 2 diabetes (T2D) is often triggered by lifestyle factors and monogenic
diabetes is caused by mutations in single genes important for beta-cell development and function
(American Diabetes Association, 2010; Ashcroft and Rorsman, 2012).

3.1.

Type 1 Diabetes: beta-cells under autoimmune attack

T1D is caused by the autoimmune destruction of beta-cells and manifests usually during childhood.
Hyperglycemia is detected when a significant part of the beta-cell mass has been wiped out, estimated
in a reduction ranging from 40 to 80% dependent on severity of the autoimmune attack, age of
diagnosis and periods of remission (Chen et al., 2017a; Weir and Bonner-Weir, 2013). T1D patients
are dependent on exogenous insulin administration for survival. The main hallmark of T1D is the
presence of beta-cell autoantibodies against insulin (IAA), glutamate acid decarboxylase
(GADA65A), protein tyrosine phosphatase islet antigen-2 (IA2) and zinc transporter 8 (ZnT8). T1D
represents about 10% of total diabetes cases globally, but the geographic variation in incidence is
enormous. It ranges from 1/100 000/year in East Asian and American populations to >60/100
000/year in Finland, the region with highest T1D incidence, with Sweden (47) and Sardinia (40)
following closely. The incidence of T1D is increasing worldwide rapidly, at 3-4% per year (e.g.
incidence in Finland has increased 5 times since the 1950s) (Tuomilehto, 2013).
The ultimate causes of T1D are not completely determined although it is clear they are multifactorial,
with environmental, genetic and epigenetic components contributing to the increased risk. Several
environmental factors have been associated with T1D, including: 1) viral infections, both intrauterine
and during later life; 2) nutrition, particularly during infantile early feeding, where the role of vitamin
D, cow milk and probiotics have been explored in different clinical trials; and 3) immune education,
both fetally and postnatally, with interesting findings in the study of intestinal microbiota showing
that certain bacterial species could influence negatively the immune system education and therefore
increase susceptibility to autoimmune disease. The latter is part of the hygiene hypothesis, which
suggests that reduced microbial exposure during childhood results in increased risk of autoimmune
and allergic diseases. Decreased microbial exposure could be the result of an agricultural to urban
society transition, where everyday life conditions are more hygienic (Knip et al., 2017).
More than 50 genetic loci have been associated with increased predisposition to T1D. Among those,
the ones with greater influence in T1D risk are variants in the HLA class II genes that form the major
histocompatibility complex, accounting for 40-50% of the susceptibility. After these, two other T1D40

associated loci are insulin-linked variable number of tandem repeats (INS-VNTR) and CTLA-4,
accounting together for no more than 15% of inherited risk (Anjos and Polychronakos, 2004). Insulin
is the most transcribed gene and proinsulin the most translated protein in the beta-cell and these high
levels can conduce to translation mistakes. An alternative open reading frame in insulin mRNA
conducing to the translation of highly immunogenic polypeptide has been reported to be targeted by
cytotoxic T cells in T1D patients. The authors showed that these T cells are capable of beta-cell
destruction, suggesting that aberrant antigenic peptides could contribute to trigger autoimmunity in
type 1 diabetes (Kracht et al., 2017).
In addition to childhood T1D, autoimmune diabetes can also develop later in life, in what is known
as latent autoimmune diabetes in adults (LADA). LADA progresses slowly and can be easily
misclassified as T2D, especially if autoantibodies and other clinical parameters are not carefully
examined (Tuomilehto, 2013).

3.2.

Type 2 Diabetes: exhausted beta-cells

T2D is the most common form of diabetes, accounting for about 90% of the cases. T2D has a complex
etiology, strongly influenced by lifestyle factors, with genetic, epigenetic and environmental risk
components. The highest risk factor for T2 is obesity. Most T2D patients are obese and obesity in
itself leads to some degree of insulin resistance. The increased global T2D incidence is primarily due
to the global increase in obesity (American Diabetes Association, 2010; Ashcroft and Rorsman,
2012). The prevalence of T2D increases with age, in line with obesity and more sedentary lifestyle,
being highest in the age group 45 to 64 years. It is worrying the increased incidence in children,
clearly associated with the rampant levels of obesity in that age group (Tuomi et al., 2014).
The increased weight and insulin resistance will prompt beta-cells to secrete more insulin and
compensate, causing an increase in beta-cell mass (Saisho et al., 2013). Their capacity to adapt to this
elevated demand will determine if the individual develops or not diabetes. Failure to adapt results in
dysfunction of the beta-cell, also termed beta-cell exhaustion, resulting in reduced insulin secretion
and molecular defects (Ashcroft and Rorsman, 2012; Del Guerra et al., 2005). Different mechanisms
contribute to T2D beta-cell dysfunction, for example gluco- and lipotoxicity, ER stress, increased
ROS generation and oxidative stress (Alejandro et al., 2015). These can impact in the stability and
function of beta-cell key TFs MAFA, NKX6-1 and PDX1 (Guo et al., 2013a). If these stresses prolong
in time, beta-cell mass degenerates, as it has been observed in T2D cadaveric pancreases (Butler et
al., 2003; Wang et al., 2013b). However, the extent of beta-cell mass loss is highly heterogeneous
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across individuals, with a broad range of 30-70% remaining beta-cell mass compared to non-diabetic
controls (Leibowitz et al., 2011; Rahier et al., 2008). In summary, defective beta-cell function is
primary and central to the pathophysiology of T2D.
Beta-cell susceptibility to compensatory failure during prediabetic stages might be determined by
genetic, epigenetic or environmental factors (Bernstein et al., 2017; Prentki and Nolan, 2006).
Geneticists have identified over 120 genetic loci associated with T2D over the last decades using
genome wide association studies (GWAS), requiring hundreds of thousands DNA samples from T2D
patients. This underscores the complexity of T2D genetic etiology as a polygenic disease (Morris et
al., 2012; Prasad and Groop, 2015). T2D phenotypes are also highly heterogeneous, making diagnosis
and selection of adequate treatment challenging. New approaches to better classify the different
subtypes of T2D using multiple clinical and molecular parameters are being explored to provide better
precision medicine treatments (Ahlqvist et al., 2018). Among all the T2D susceptibility genes, a
variant in TCF7L2 has the strongest association with T2D in most populations (Tuomi et al., 2014).

3.3.

Monogenic diabetes

Mutations in single genes affecting pancreas and beta-cell development or function can result in
diabetes. Monogenic diabetes that is diagnosed in the 6 first months of life is classified as neonatal
diabetes (ND). It can develop as a permanent condition, permanent neonatal diabetes mellitus
(PNDM), or it can present transiently (TNDM), resolving after a few months and frequently relapsing
in the teenage years (Murphy et al., 2008). On the other hand, monogenic diabetes can also manifest
later in life, in what is known as maturity onset diabetes of the young, usually diagnosed before age
25 years (MODY). The spectrum of clinical parameters, severity and age of onset for these diabetes
cases is quite wide, since they are caused by mutations in different genes, each with a particular
disease mechanism. Furthermore, ND and MODY are usually misdiagnosed as T1D and T2D,
underscoring the importance of precise genetic analysis.

3.3.1. Neonatal Diabetes
The global incidence of PNDM is less than 2 in 100 000 (4.4 in 100 000 in Finland). PNDM is
genetically heterogeneous, with more than 20 causal genes identified so far (see Figure 5).
Intrauterine growth retardation is common among these patients if the genetic defect affects prenatal
beta-cell function and islet autoantibodies are rarely detected. The most common causes for PNDM
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are mutations in KATP channel genes KCNJ11 and ABCC8, accounting for about 40% of all the
diagnosed cases. Gain of function mutations in these genes result in reduced KATP channel closure,
resulting in impaired insulin secretion and hyperglycemia. Most mutations affect KCNJ11 and occur
spontaneously, presenting as heterozygous dominant mutations (Huopio et al., 2016; Murphy et al.,
2008; Rubio-Cabezas and Ellard, 2013). The discovery of the causal role of KATP channel mutations
in PNDM led to a change in diabetes treatment, with more than 90% of these patients being able to
transfer from insulin injections to high-dose sulphonylureas (Pearson et al., 2006).
Coding mutations in the proinsulin gene are the second most common cause of PNDM, representing
about 20% of the cases. More than 50 different INS mutations have been reported. They have been
found throughout the gene, including promoter and untranslated regions, the sequence coding for the
proinsulin signal peptide and its cleavage sites, the proinsulin B-chain, C-peptide and A-chain, the
disulphide bridge-forming cysteine residues and the proconvertases PC1/2 and PC2 cleavage sites.
In addition to the mutations disrupting native cysteines, some mutations generate new cysteines in
other positions of the proinsulin polypeptide, all of them resulting in impaired disulphide bridge
formation and proinsulin misfolding. The accumulation of mutant misfolded proinsulin causes an
increase in ER-stress that leads to early onset diabetes. About 80% of INS mutations are dominantly
inherited and most of them result in PNDM, also known as Mutant INS-gene Diabetes of Youth
(MIDY) (Liu et al., 2010). In addition, some mutations affect proinsulin ER-translocation, trafficking,
proconvertase processing or binding to insulin receptor, and they can manifest in adult life, being
easily mistaken with T2D (Liu et al., 2015b; Støy et al., 2007, 2010). PNDM caused by INS mutation
C96R was modeled using patient-derived induced pluripotent stem cells in work III (Balboa et al.
2018).
Additional mutations in genes regulating beta-cell ER-stress lead to syndromic conditions that include
neonatal or early-infancy congenital diabetes, for example EIF2AK3 (encoding PERK), IER3IP and
WFS1 (Cnop et al., 2017). Mutations in GLUT2 and GCK have been reported, although they are
extremely rare. They impair glucose uptake and metabolism, resulting in impaired GSIS (Osbak et
al., 2009; Sansbury et al., 2012).
Other rare PNDM cases are caused by mutations in transcription factor genes important for pancreas
development. These may lead to pancreatic hypoplasia (PDX1, (Stoffers et al., 1997)) or agenesis
(PTF1A, (Sellick et al., 2004)) and impaired endocrine-cell formation (NEUROG3, (Rubio-Cabezas
et al., 2011)). Pancreatic and beta-cell defects can also present with extrapancreatic features, as has
been documented in patients carrying mutations in GLIS3, GATA4, GATA6, HNF1B, NEUROD1 or
RFX6 (Allen et al., 2012; Haumaitre et al., 2006; Letourneau and Greeley, 2018; Rubio-Cabezas et
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al., 2010; Senée et al., 2006; Shaw-Smith et al., 2014; Smith et al., 2010). Flanagan and colleagues
detected new PNDM-causing mutations by systematically sequencing genes known to be involved in
mouse pancreatic development. They identified homozygous mutations in NKX2-2 and MNX1 as a
novel etiology for PNDM (Flanagan et al., 2014a).
Despite all the progress in genetic characterization of PNDM, the etiology remains unknown in about
40% of the cases (Rubio-Cabezas and Ellard, 2013). The key might be in non-coding mutations
affecting regulatory elements controlling important developmental genes, which have not been
detected yet since sequencing efforts are usually focused in the coding genome. This possibility was
elegantly illustrated by Weedon, Cebola and colleagues, who detected mutations in a distal PTF1A
enhancer resulting in pancreatic agenesis (Weedon et al., 2014). Moreover, monogenic defects in
FOXP3, STAT3, STAT1, AIRE, IL2RA and LRBA have been associated with neonatal beta-cell
autoimmune attack, together with other autoimmune problems (Flanagan et al., 2014b; Letourneau
and Greeley, 2018; Rubio-Cabezas et al., 2009). Although islets autoantibodies might be detected
neonatally, some of these patients are born with pancreatic abnormalities, suggesting these genes
mutations could have pleiotropic effects, including an important role in pancreatic development. This
is indeed the case for the particular mutation K392R in STAT3, which results in premature
NEUROG3 induction during pancreatic development leading to abnormal endocrine differentiation,
as showed in work II (Saarimäki-Vire et al., 2017).
PNDM-associated genes can also present mutations that result in MODY, T1D or T2D, in an overlap
with a wide spectrum of clinical parameters in terms of diabetes severity and age of onset. Many
MODY genes overlap with PNDM including INS, KATP channel genes ABCC8 and KCNJ11, GCK,
and transcription factors PDX1, HNF1B and NEUROD1. Certain mutations in RFX6 have also been
reported to cause MODY with low penetrance (Patel et al., 2017). Different mutations in the same
gene might manifest with different diabetes phenotype severity. Overall, this highlights the
importance of molecular characterization to identify diabetes genetic etiology and improve its
treatment (Figure 5) (Yang and Chan, 2016).
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Figure 5. Genes associated with ND, MODY, T1D risk and T2D risk and their overlap. Genes
that are critical for the function of the beta-cell can have mutations leading to different types of
diabetes.

3.4.

Limitations of animal models of diabetes

Although T1D is an autoimmune disease with multiple environmental and genetic factors, it is well
established that MHC genes are responsible for a significant part of the susceptibility to the disease
(Fernando et al., 2008). One of the most widely used models of T1D is the NOD mouse, discovered
in 1974 in Japan after inbreeding of the Cataract Shionogi (CTS) strain from the outbred Jcl:ICR mice
(Makino et al., 1980). NOD mice present similar clinical symptoms as T1D patients (hyperglycemia,
glycosuria, polydipsia and polyuria) and also develop autoantibodies to INS, GAD and IA-2, together
with other autoimmune manifestations. However, there are important differences in the development
of the disease. Insulitis kinetics is faster than in humans, with the first lymphocytes surrounding the
islets around 4-5 weeks of life. This precedes a remarked infiltration leading to onset of diabetes
about 24-30 weeks, when about 90% of beta-cell mass is already destroyed (Sherry et al., 2006).
There is also a strong sexual dimorphism, since NOD female mice develop diabetes at much higher
frequency (90%) than males (50-60%) (Young et al., 2009).
Despite this, NOD mice have been extensively used to study genetic susceptibility and testing of
possible T1D therapies. Most interventions have focused in the tolerization of T-cells that recognize
beta-cell autoantigens and non-antigen specific strategies to induce immunological tolerance (Driver
et al., 2011). Immunosuppression regimens, treatment with metabolic agents, antibodies, cytokines
and antigens were firstly tested in NOD mice (Shoda et al., 2005). While some of these treatments
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led to slight positive results in a few patients, not all the patients respond similarly. Many of these
clinical trials have failed to show any clinical benefit (Herold et al., 2013; Pescovitz et al., 2009).
Dissimilarities in both adaptive and innate immune systems of NOD mice and humans, and the
underlying pathogenetic mechanisms, might explain the discrepancies in the therapeutic results
(Mestas and Hughes, 2004).
Among the T2D animal models, the widely used KO mice for leptin (ob/ob) and leptin receptor
(db/db) are useful because the disruption of leptin satiety signaling leads to hyperphagia, obesity and
eventually to T2D-like symptoms. Although mutations in leptin or its receptor have been found in
humans, these individuals present less severe endocrine disturbances than the leptin-deficient rodents
(Farooqi et al., 2007; Montague et al., 1997). Ob/ob and db/db mice become obese early on life, with
severe hyperinsulinemia and insulin resistance, while obesity in human T2D patients has a variable
onset, with hyperinsulinemia presenting just before the onset of diabetes (Lindström, 2007). These
models do not develop spontaneous atherosclerosis and only a mild nephropathy, which are key
complications, together with neuropathy and retinopathy, in T2D patients (Tesch and Lim, 2011).
Another popular model of diabetes is the Akita mouse, a non-obese mutant C57BL/6 that carries the
C96Y mutation in the Ins2 gene (Yoshioka et al., 1997). This disrupts an intercatenary disulphide
bridge in proinsulin, resulting in misfolding and accumulation in the ER, leading to ER-stress and
beta-cell dysfunction (Izumi et al., 2003). Consequently, these mice present a gradual loss of betacell mass and insulin secretion, leading to diabetes onset at weaning (Izumi et al., 2003; Oyadomari
et al., 2002; Wang et al., 1999). A similar phenotype is presented by the Munich mouse model
carrying an INS C95S mutation (Herbach et al., 2007). The Akita mouse model has been mistakenly
used as a T1D model, when indeed is a PNDM model in which beta-cells are impaired by ER-stress.
Mouse transgenic technologies have enabled the generation of models to unravel the details on
transcriptional control of pancreatic cell determination and ontogeny. Many of these genes are also
found mutated in patients with PNDM and MODY, highlighting the conservation of transcriptional
control mechanisms (See Table 1). However, not all the transgenic mouse models faithfully reproduce
the human monogenic diabetic disease, limitations that were reviewed elsewhere (Balboa and
Otonkoski, 2015).
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Table 1 – Summary of transgenic null mouse models with pancreatic developmental defects
Gene

Pancreatic null mouse phenotype

Reference

Diabetes patient phenotype

Reference

FOXA1

Hypoglycemia due to decreased
glucagon secretion

(Kaestner et al., 1999)

-

-

FOXA2

Hypoglycemia due to increased
insuilin secretion *

(Sund et al., 2001)

-

-

GATA4

Ventral pancreas agenesis*

(Watt et al., 2007)

Pancreatic agenesis**

(Shaw-Smith et al., 2014)

GATA6

Pancreatic agenesis*

(Decker et al., 2006)

Pancreatic agenesis**

(Allen et al., 2012)

GLIS3

ND due to impaired islet
development

(Watanabe et al., 2009)

HES1

Pancreatic hypoplasia due to loss
of pancreatic progenitors

(Apelqvist et al., 1999)

-

-

HHEX

Failure of ventral pancreas
specification

(Bort et al., 2004)

-

-

HNF1A

Hyperglycemia due to impaired
insulin secretion

(Pontoglio et al., 1998;
Shih et al., 2001)

MODY and T2D, hyperglycemia

(Yamagata et al., 1996a)

HNF1B

Pancreatic hypoplasia*

(Haumaitre et al., 2005)

ND: pancreatic hypoplasia and
MODY: hyperglycemia**

(Haldorsen et al., 2008;
Horikawa et al., 1997)

HNF4A

Hyperinsulinemia and impaired
insulin secretion*

(Gupta et al., 2005)

MODY and T2D, hyperglycemia

(Yamagata et al., 1996b)

INSM1

Impaired endocrine cell differentiation

(Gierl et al., 2006)

-

-

ISL1

Pancreatic hypoplasia

(Ahlgren et al., 1997)

-

-

MAFA

Impaired insulin secretion and
hyperglycemia

(Zhang et al., 2005)

-

-

MAFB

Reduced alpha- and beta-cell
differentiation

(Artner et al., 2007)

-

-

MNX1

Pancreatic hypoplasia

(Harrison et al., 1999;
Li et al., 1999)

ND, normal exocrine function **

(Bonnefond et al., 2013;
Flanagan et al., 2014a)

NEUROD1

Impaired endocrine cell differentiation

(Naya et al., 1997)

ND, normal exocrine function and
pancreas size**

(Rubio-Cabezas et al., 2010)

NEUROG3

Impaired endocrine cell differentiation (Gradwohl et al., 2000)

ND, malabsorptive diarrhea**

(Pinney et al., 2011a; RubioCabezas et al., 2011)

NKX2-2

Impaired endocrine cell differentiation (Sussel et al., 1998)

ND: pancreatic beta-cell dysfunction, (Dimitri et al., 2011; Senée et
exocrine insuficiency**
al., 2006)

ND, normal exocrine function**

(Flanagan et al., 2014a)

NKX6-1

Impaired beta-cell differentiation

(Sander et al., 2000)

-

-

ONECUT1

Impaired endocrine cell differentiation

(Jacquemin et al.,
2000)

-

-

PAX4

Lack of beta- and delta-cells and
increased number of alpha-cells

(Sosa-Pineda et al.,
1997)

-

-

PAX6

Decreased number of endocrine
cells

(Sander et al., 1997; StOnge et al., 1997)

ND, normal pancreas size**

(Solomon et al., 2009)

PDX1

Pancreatic agenesis

(Ahlgren et al., 1996;
Jonsson et al., 1994)

Pancreatic agenesis

(Stoffers et al., 1997)

PTF1A

Lack of exocrine pancreas

(Krapp et al., 1998)

Pancreatic agenesis

(Sellick et al., 2004)

RFX6

Impaired endocrine cell differentiation

(Smith et al., 2010)

ND, hypoplastic pancreas and
MODY**

(Patel et al., 2017; Smith et
al., 2010)

SOX9

Pancreatic hypoplasia

(Seymour et al., 2008)

-

-

* Null mice are embryonic lethal. Floxed mice have been generated to study their role in pancreas.
** Extrapancreatic features. ND: Neonatal Diabetes.
Adapted from Collombat et al. 2006 and Flanagan et al. 2014.
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3.5.

Therapies for the treatment of diabetes

Current therapies for diabetes are tailored to the severity of the disease and the functionality of the
remaining beta-cell mass. Different oral antidiabetic drugs have been developed: i) Sulphonylureas,
insulin secretagogues acting by blocking KATP channels, used in some PNDM, MODY and T2D cases;
ii) Metformin, a biguanide compound with multiple targets in different tissues that reduces liver
glucose output and is used for T2D treatment; iii) Incretin mimetics, modified GLP-1 analog peptides
like Exendin-4, and inhibitors of GLP-1 degrading enzyme dipeptidyl peptidase-4 (DPP4), both used
to treat T2D; iv) other agents like Pioglitazone, a PPARgamma agonist that promotes glucose
metabolism in the beta-cells, and SGLT-2 inhibitors, glycosurics that act by blocking reuptake of
glucose in the renal tubules, also used for T2D (Boland et al., 2017). For more severe cases of
diabetes, the only option is recombinant insulin therapy, available in different formulations, half-life
and bioactivity. Diabetics self-administer insulin by multiple daily injections or using an insulin
pump. Closed loop systems, also known as artificial pancreas, combining an implanted glucose sensor
with an insulin pump are being explored to improve patients’ glycemic control.
In addition, transplantation of cadaveric donor islets has been a possibility for the treatment of T1D
since the development of the Edmonton protocol in the 2000s. Using an improved
immunosuppression regime, this protocol resulted in the first cases of total long-term insulin
independence (Shapiro et al., 2000). By 2017 over 1500 patients have received an islet transplant, 5070% of them achieving complete insulin independence at 5 years. Automated processes for islet
purification from cadaveric donors were developed to recover highly pure islets fractions to use in
transplantation. The islets are delivered intraportally, grafting in the liver. Over 5000 islets
equivalents per kg of body weight are required to achieve significant improvement in glycemic
control after transplantation. This means that usually more than one pancreas donor is required per
transplant, which makes transplantation material procurement challenging. The glycemic control
achieved by islet transplantation is much better than what can be obtained with recombinant insulin
therapy, therefore reducing the long-term complications associated with diabetes. However, donor
scarcity and the required stringent immunosuppression regime, with multiple side-effects, limit the
widely applicability of islet transplantation (Shapiro et al., 2017).
A possible alternative source for islets is the derivation of pancreatic endocrine cells from human
pluripotent stem cells. The company Viacyte has pioneered the development of pancreatic
differentiation protocols and since 2014 has launched two clinical phase 1/2 clinical trials to treat T1
diabetic patients. Their approach consists in transplanting subcutaneously a macroencapsulation
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device loaded with stem-cell derived pancreatic progenitors. The device is permeable only to
nutrients, oxygen and insulin and gets vascularized upon transplantation. In their first clinical trial
(VC-01, NCT02239354), the device is vascularized by the host blood vessels externally. This
obviously imposes a barrier to glucose and insulin diffusion, which probably impacts in the fine
adjustment of insulin secretion kinetics. In their second clinical trial (VC-02, NCT03163511), the
device contains pores through which blood vessels can access and vascularize directly the pancreatic
progenitors. This reconstitutes the beta-cell-endothelial interface, likely critical for proper insulin
secretion and glycemic control. Although this stem-cell derived beta-cell replacement therapy is in
its early steps, it holds great promise for the development of a widely available permanent curative
diabetes treatment (Espes et al., 2017).

4. Human pluripotent stem cells
Stem cells are defined by two intrinsic properties: self-renewal and differentiation to multiple cell
types. Depending on the developmental stage, we can distinguish between embryonic stem cells and
adult stem cells. They are further classified according to their potential to form different cell types.
The fertilized oocyte, the zygote, and its subsequent divisions up to the blastocyst stage are all cells
with totipotency. They give rise to all embryonic and extraembryonic (i.e. placenta) tissues required
for the full development of the organism.
Totipotency is lost after the first lineage restriction occurring at the blastocyst stage, in which the
inner cell mass and the trophoblast are formed. The inner cell mass-derived epiblast is formed by
embryonic stem cells with pluripotent potential: they give rise to all the tissues in the embryo proper.
The organism develops to adulthood maintaining a small population of tissue-specific resident adult
stem cells. Adult stem cells are multipotent, they give rise to a few cell types within a particular
lineage, or unipotent, only to a single cell type. Adult stem cells are crucial for tissue homeostasis,
maintaining them in a constitutive fashion (e.g. intestinal epithelium, hematopoiesis, etc.) or
regenerating them in a facultative way upon injury (e.g. a skin wound, a lung viral infection, etc.)
(Weissman, 2000).
Embryonic stem cells are the key to understand organism development, cellular differentiation and
tissue maintenance. Their properties have attracted scientists’ attention for over a century. The first
pluripotent stem cell lines were derived from mouse teratocarcinomas, a pioneer work that paved the
way to the derivation of the first mouse embryonic stem cells (mES) (Evans and Kaufman, 1981;
Martin, 1981; Stevens, 1958). Derived from mouse blastocysts, mES are immortal non-transformed
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cells that can be propagated in vitro indefinitely. Refinement of mES derivation and culture methods
enabled the derivation of ES cells from other species and, ultimately, humans.

4.1.

Derivation of human embryonic pluripotent stem cells

Thomson and colleagues derived the first human embryonic pluripotent stem cell (hESC) lines in
1998. They generated five hESC lines by plating in vitro fertilized (IVF) surplus human blastocysts
on a feeder layer of irradiated mouse embryonic fibroblasts. Presenting high telomerase activity, these
cells maintain telomere length after cell division, enabling virtually unlimitedly propagation while
being karyotypically stable. hESC differentiated into tissues from the three germinal layers upon
transplantation and formation of teratomas in vivo, a hallmark of pluripotency (Thomson et al., 1998).
This feat sparked the human stem cell biology field, with the promising potential of stem cell-based
regenerative medicine therapies. However, research with hESC has been challenging in some
countries due to controversial ethical and legal concerns associated with the derivation of hESC from
human blastocysts.

4.2.

Induced pluripotent stem cells: reprogramming cell identity

An alternative source of human pluripotent stem cells is reprogramming. Pioneering studies by
Gurdon demonstrated that Xenopus toad somatic cell identity can be reprogrammed to pluripotency
by transferring the somatic cell nucleus to an oocyte, resulting in the generation with low efficiency
of whole normal Xenopus tadpoles (Gurdon, 1962). These experiments indicated that: i) the genetic
information necessary to form the whole organism is contained in the nucleus of somatic cells; ii) the
cytoplasmic environment of the oocyte can reprogram the somatic cell to pluripotency. Somatic cell
nuclear transfer (SCNT) was then showed to work in mammals, with the landmark study describing
sheep cloning (Campbell et al., 1996). After years of SCNT technique refinement with primates,
Mitalipov and colleagues reported for first time the generation of karyotipically normal hESC lines
derived from human blastocysts obtained by SCNT (Tachibana et al., 2013).
Somatic cell identity can also be reprogrammed by overexpression of particular transcription factors
(TF). This concept was first demonstrated by Weintraub and colleagues, who showed that
overexpressing TF MYOD in mouse fibroblasts turned them into myoblasts (Davis et al., 1987).
Yamanaka and Takahashi followed this rational to reprogram mouse fibroblast to pluripotent ES cells
in 2006. They analyzed mouse ES cells to determine which expressed genes were responsible for
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their characteristics and compiled a list of 24 individual candidates. Using retrovirus delivery, they
overexpressed in mouse fibroblasts the 24 genes individually and all together. They observed for first
time mES-like colonies forming in the condition with the 24 genes. After narrowing down the
minimal set of genes required, they determined that a combination of OCT4, SOX2, KLF4 and MYC
(OSKM) was sufficient to reprogram mouse fibroblasts to pluripotency. The reprogrammed cells
presented all characteristics of mouse pluripotent stem cells and therefore they were termed induced
pluripotent stem cells, iPSC (Takahashi and Yamanaka, 2006).
OSKM represents a bona fide set of reprogramming factors that works robustly and reproducibly
across different cell types and species. This was clear soon after, when Yamanaka and colleagues
reported the generation of human induced pluripotent stem cells (hiPSC) from reprogrammed
fibroblasts (Takahashi et al., 2007). Similar results were shown by Thomson and colleagues using a
different set of factors: OCT4, SOX2, NANOG and LIN28 (Yu et al., 2007). Both set of factors and
their combinations are now globally used to derive hiPSC (Takahashi and Yamanaka, 2016).
The reprogramming field has progressed at a high pace in the last decade, leading to rapid evolution
of iPSC technology. The original retroviral vectors have been substituted by safer, more efficiency
non-integrative approaches like Sendai virus or plasmid episomes, now widely adopted (Fusaki et al.,
2009; Nishimura et al., 2011; Okita et al., 2011; Schlaeger et al., 2015). The understanding of the
reprogramming process mechanism has also increased substantially. Although several
reprogramming models have been proposed, it seems now well established that two distinct phases
can be identified in the reprogramming process. The reprogramming early phase is characterized by
the stochastic genome wide binding of OSKM. OSK possess pioneer factor activity, being able to
bind to inaccessible chromatin areas and remodel their epigenetic status, activating or repressing gene
expression. This results in the induction of early pluripotency associated genes and the repression of
the somatic cell transcriptional program. Being highly inefficient, epigenetic remodeling is
considered a barrier to reprogramming, leading to high numbers of partially reprogrammed cells that
will not progress to pluripotency (Chronis et al., 2017; Soufi et al., 2012). It can be partially alleviated
by modulating the activity of endogenous epigenetic modifiers, by altering their expression or
inhibiting its activity using small molecules. For example, the use of histone deacetylase inhibitors
like sodium butyrate increases reprogramming efficiency (Feng et al., 2009). The late phase of
reprogramming is more deterministic and is characterized by the progressive activation of late
pluripotency genes and the acquisition of the full pluripotency by activation of the endogenous gene
regulatory network (Theunissen and Jaenisch, 2014).
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Since pluripotent reprogramming is in essence the result of global epigenetic remodeling, numerous
studies in the early years of the field looked into the persistence of epigenetic features from the cell
of origin in the reprogrammed cells. This phenomenon, termed epigenetic memory, was reported in
hPSC derived from different cell types (fibroblasts, blood cells, beta-cells, etc.) and was suggested to
impact the differentiation potential of hiPSC in comparison with hESC (Bar-Nur et al., 2011; Jiang
et al., 2011; Kim et al., 2010; Ortmann and Vallier, 2017; Polo et al., 2010). However, more recent
studies using improved reprogramming technologies have not observed the persistence of an
epigenetic memory after the early passages, concluding that hiPSC and hESC are transcriptionally
similar. Isogenic hiPSC and hESC lines were shown to have identical differentiation potential, which
is determined by the cells genetic background (Choi et al., 2015; Kyttälä et al., 2016). This might
have implications when performing disease modeling studies comparing hiPSC or hESC from
different genetic backgrounds, since subtle differences in the differentiation potential could mask the
disease phenotype.
Overall, hESC and hiPSC are considered of equivalent characteristics and properties and they are
used simultaneously for multiple research purposes. The widely used term human pluripotent stem
cell (hPSC) refers to both hESC and hiPSC.

4.3.

Characterization and culture of human pluripotent stem cells

Upon derivation of new hPSC lines, a battery of characterization assays is performed on the cells to
determine that they are bona-fide pluripotent stem cells. Morphologically, hPSC present scant
cytoplasm and prominent nucleoli. They form tightly packed colonies with defined borders. Several
different hPSC-specific expressed genes are frequently used as markers of pluripotency, usually
examined at the mRNA and protein level. These include surface markers SSEA3, SSEA4, TRA1-60
and TRA1-81 and nuclear transcription factors OCT4, SOX2, NANOG and LIN28A. Chromosomal
distribution is characterized soon after hPSC derivation to determine if the cells are karyotipically
normal. This is important since derivation and reprogramming processes can alter the genomic
stability of the cells (Blasco et al., 2011; Hussein et al., 2011). Similarly, extended in vitro culture
might result in acquisition of chromosomal abnormalities or mutations (e.g. in TP53) that confer
growth advantage (Baker et al., 2007; International Stem Cell Initiative et al., 2011; Merkle et al.,
2017). The differentiation potential of hPSC to generate cell types of the three germ layers is
evaluated by spontaneous differentiation in embryoid body assay in vitro or by teratoma formation
after in vivo transplantation (De Los Angeles et al., 2015).
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Optimal environment is crucial for the culture of hPSC. Their growth depends on signaling by TGFbeta, Activin, FGF2 and ERK1/2, necessary for proliferation and pluripotency maintenance (Hanna
et al., 2010). Originally, hPSC were derived and cultured on feeder layers of mouse mitotically
inactivated fibroblasts, which secrete these required growth factors and provide an optimal surface
culture. In order to avoid the use of feeder layers, different culture conditions have been optimized to
eliminate animal components from the culture medium, known as xeno-free conditions, and make the
culture of stem cells more robust. Current hPSC culture media are chemically defined, formulated
with specific concentrations of the growth factors required for optimal expansion of hPSC. For
example, E8 medium is composed of only 8 elements, including TGFB1 and FGF2 as growth factors
(Chen et al., 2011a). hPSC do not attach directly to plastic and they require surface coatings or a
feeder layer. Different coatings are extensively used, based in extracellular matrix preparations
derived from tumor cell lines (e.g. Matrigel or Geltrex derived from EHS mouse sarcoma cells, JAR
matrix from human choriocarcinoma cells, etc.) or recombinant proteins like laminins, E-Cadherin or
vitronectin (Rodin et al., 2014; Sun et al., 2009; Vuoristo et al., 2013).
hPSC are really sensitive to single cell dissociation, quickly triggering apoptosis when they lose
contact with other cells, a process denominated anoikis. This made splitting, freezing, thawing and
single cell cloning of hPSC inefficient, with high amounts of cell death in each of these procedures.
Sasai and colleagues described the use of a small molecule inhibitor of ROCK, Y-27632, that
inhibited the apoptotic process and improved the survival of single cell dissociated cells. This enabled
multiple important applications, as for example, efficient electroporation, single cell cloning of
genome edited cells and expansion in suspension cultures (Lei and Schaffer, 2013; Watanabe et al.,
2007).
The improvement of hPSC culture conditions has made stem cell technology more accessible to a
broader research community. It also enabled more robust cell expansion, being able to scale up the
amount of hPSC generated in a lab as well as the derivation of clinical grade GMP cell lines that can
be used for regenerative medicine purposes.

4.4.

Applications of human pluripotent stem cells

As a model of human biology in a dish, numerous different aspects of stem cell biology and
differentiation have been dissected using hPSC. They constitute a powerful tool to unravel the
mechanisms at the cellular, transcriptomic, epigenetic and biochemical level controlling cell
behavior. Similarly, they have enabled the expansion of our understanding on human development
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by allowing precise interrogation of the cues and signaling pathways involved in the formation of the
different cell types (Warmflash et al., 2014). Consequently, numerous directed differentiation
protocols have been devised to obtain in vitro particular cell types of interest: diverse neuron types,
contracting cardiomyocytes, retinal pigmented epithelial cells, hepatocytes, beta-cells, etc. (Cohen
and Melton, 2011).
The great promise of hPSC is in making regenerative medicine approaches a reality. The development
of reliable differentiation protocols has enabled that different hPSC-derived cell therapies entered
clinical trials. Using hESC as a source, differentiated dopaminergic neurons for Parkinson disease
and oligodendrocytes for spinal cord injuries are now in clinical phase I. hESC-derived
cardiomyocytes are under trial for myocardial infarction, while Viacyte beta-cell macroencapsulation
device is in phase I/II trials (discussed above) (Trounson and DeWitt, 2016). A phase I clinical trial
using hESC-derived retinal pigmented epithelial (RPE) cells reported positive outcomes in two agerelate macular degeneration (AMD) patients, who gained visual acuity and reading capabilities (da
Cruz et al., 2018).
Pioneer work by Takahashi and colleagues in deriving RPE cells from AMD patients hiPSC
crystalized in the first clinical trial using autologous transplantation (Mandai et al., 2017). Although
it was a safety study and only one patient was treated, the outcomes were positive, warranting future
clinical trials with iPSC. However, an obstacle for autologous iPSC-derived cell therapies is the
elevated cost of each individual therapy tailor-made to the patient. To overcome this and enable
scalability of these therapies, the transplantation of HLA-matched allogeneic hiPSC-derived cells is
being explored. The starting cells would be provided by banks that derive hiPSC lines from the most
common haplotypes, in clinical-grade conditions and with careful characterization using the most
stringent tests (Morizane et al., 2017; Turner et al., 2013).
Patient specific hiPSC derivation has made possible a whole new area of research devoted to the
understanding of the pathogenetic disease mechanisms. Disease modeling consists in the replication
of the patient disease in vitro, by differentiating the patient-iPSC into the particular diseased cell type
(Wu and Hochedlinger, 2011). This enables detailed studies of the cellular machinery involved in the
disease development and the testing of possible treatments as the differentiated cells can be used in
drug screening assays (Bellin et al., 2012). These possibilities have sparked many initiatives dedicated
to the generation of patient-iPSC banks of a given disease (e.g. CIRM, StemBANCC, HiPSCi) (Avior
et al., 2016).
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An interesting approach is to establish hiPSC lines collections of individuals carrying a particular
genetic variant conferring some disease risk and a control population. These disease modeling studies,
termed “humanity in a dish” by Cowan and colleagues, allow population genetic studies by
differentiating dozens of hiPSC to particular cell types to determine the role of a particular risk variant
(Warren and Cowan, 2017; Warren et al., 2017).

5. Diabetes disease modeling using pluripotent stem cells
The combination of hPSC culture progresses with the establishment of efficient pancreatic
differentiation protocols makes now possible the derivation of pancreatic beta-cells in vitro. Decades
of pancreatic development studies in rodents led to the understanding of the signaling environment
required for pancreas specification, endocrine cell commitment and beta-cell formation (Larsen and
Grapin-Botton, 2017; Pan and Wright, 2011). Pancreatic differentiation protocols attempt to
recapitulate development in vitro by mimicking those signaling cues (Collombat et al., 2006; Loo et
al., 2018). Optimal cocktails of growth factors and small molecules have been determined empirically
to modulate the required signaling pathways. These are applied sequentially in an attempt to
reproduce in vitro each of the pancreatic developmental stages (Balboa and Otonkoski, 2015).

5.1.

How to make a beta-cell? Pancreatic differentiation of hPSC

The first attempts to generate beta-cell from stem cells were conducted with mESC, using
differentiation of embryoid bodies (Ku et al., 2004; Kubo et al., 2004; Soria et al., 2000). Similar
approach was used soon after in hESC (Assady et al., 2001; Schuldiner et al., 2000). A few PDX1
and insulin expressing cells were derived using these protocols, but in some cases the insulin
immunoreactivity was reported to be an insulin uptake artifact, highlighting the need of proper
characterization of the differentiated cells, by for example staining for proinsulin c-peptide chain
(Hansson et al., 2004; Rajagopal et al., 2003).
Baetge and colleagues from the company CyThera (later Novocell, nowadays Viacyte) were the first
to describe a combination of Activin A and Wnt3A to induce definitive endoderm reliably from hESC
(D’Amour et al., 2005), a principle that has been widely established in many laboratories. The same
group of researchers developed the first pancreatic differentiation protocol reproducing known
pancreatic developmental cues (D’Amour et al., 2006). It consisted in a 5-stage monolayer culture
that induced the cells to sequentially progress from the stem cell stage, into definitive endoderm,
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posterior foregut endoderm, pancreatic endoderm and finally, endocrine cells. These endocrine
hormone-expressing cells included abundant insulin positive cells. Later on, they showed these
endocrine cells rescued diabetes upon transplantation into mice rendered diabetic with streptozotocin.
Once transplanted in vivo, the cells further developed into monohormonal functional endocrine cells
(Kroon et al., 2008). These studies initiated a whole new area of research focused in the establishment
of pancreatic differentiation protocols that would produce beta-cells more efficiently. A summary of
some of the studies reporting improvements in the differentiation protocols is presented in Table 2.

Table 2 - Summary of protocols for directed differentiation of hPSC to beta-cells
Reference

Cell lines

Summary of work

Functionality
(response to)

INS+ cell
yield

Transplantation

(D’Amour et al.,
2005)

hESC

Definitive endoderm differenitaiton with ActA and Wnt3a

-

-

-

(D’Amour et al.,
2006)

hESC

First directed differentiation protocol using step-wise growth
factors

KCl, TOL,
IBMX

7.3%

(Phillips et al.,
2007a)

hESC

EB differentiation + growth factors. Transplanted into SCID
mice

-

12%

INS+ cells in graft

(Jiang et al.,
2007b)

hESC

Chemically defined medium. Transplanted into STZed mice.

Marginal to Hi
Glu

16.9%

Diabetes rescue in
30% of grafts

(Jiang et al.,
2007a)

hESC

Differentiation in 3D after definitive endoderm. Islet-like
clusters.

Marginal to Hi
Glu

8%

-

(Kroon et al.,
2008)

hESC

Detailed characterization of pancreatic progenitor derived
grafts

-

-

Glucose responsive
grafts, rescued
diabetes

(Cho et al.,
2008)

hESC

Betacellulin and nicotinamide to induce beta-cell differentiation

-

20%

-

(Zhang et al.,
2009)

hESC,
hiPSC

EGF improved PDX1 expression and cell proliferation

Marginal to Hi
Glu

25%

-

(Chen et al.,
2009)

hESC

Chemicals screening found PKC agonists as inducers of PDX1

Marginal to Hi
Glu

0.8%

-

(Thatava et al.,
2011)

hiPSC

Endocrine induction using HGF, IGF, DAPT and GLP1

Hi Glu

1.3%

-

(Mfopou et al.,
2010)

hESC

BMP inhibition at earlier stages to block hepatic differentiation.
Significant variation between cell lines.

-

-

-

(Nostro et al.,
2011)

hESC

Inhibition of BMP and TGF-beta at different stages to block
hepatic differentiation and induce endocrine differentiation

KCl

25%

-

(Kelly et al.,
2011)

hESC

Enrichment of pancreatic endoderm (CD142) or endocrine cells
(CD200, CD318) using surface markers

-

Enriched by
FACS

CD142 enriched
cells resulted in
glucose responsive
grafts

(Kunisada et
al., 2012)

hiPSC

Small molecules used to increase INS+ differentiation from
hiPSC

KCl, TOL,
IBMX, BayK,
Carbachol

10%

-

KCl

Enriched by
FACS

Sorted cells into
mammary fat pad
resulted in GCG+
cells

(Basford et al., INS-hESC Functional characterization of hESC-derived INS+ cells: they
2012)
reporter
resemble immature beta-cells
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(Schulz et al.,
2012)

hESC

Scalable system to generate 3D pancreatic progenitor
aggregates in suspension rotational culture

-

-

Glucose response
grafts mature in
vivo

(Rezania et al.,
2012)

hESC

Rescue of pre-existing STZ-induced diabetes by transplanting
pancreatic progenitors. Detailed characterization of
transplanted cells.

-

12%

Glucose responsie
grafts at 30 w

(Sui et al.,
2013)

hESC

Comparison of hESC-derived pancreatic endoderm
transplanted in the epididymal fat pad or subcutaneously.

-

-

Subcutaneously
transplanted cells
differentiated better

(Bruin et al.,
2013)

hESC

Pancreatic progenitors transplanted in a macroencapsulation
device. Revised protocol to reduce off-target differentiation.

-

-

Encapsulated cells
rescued diabetes at
12 w

(Rezania et al.,
2013)

hESC

Transplantation of NKX6-1 high expressing pancreatic
progenitors results in more insulin positive cells and better graft
functionality.

-

-

Encapsulated
NKX6-1 high grafts
rescued diabetes at
12 w

(Gage et al.,
2013)

hESC

Initial high cell seeding density is critical for pancreatic
differentiation.

-

1.5%

-

(Guo et al.,
2013b)

hESC

TGF-beta secreted by mesenchyme is important for pancreatic
progenitor formation and endocrine specification.

KCl

15%

Monohormonal
insulin cells at 4 m

(Bruin et al.,
2014)

hESC

Characterization of polyhormonal cells showed several defects
explaining their lack of response to glucose.

KCl

10%

-

(Takeuchi et
al., 2014)

hESC,
hiPSC

Generation of islet-like aggregates by aggregating adherent
pancreatic progenitor cultures in suspension

Hi Glu

10%

-

(Rezania et al.,
2014)

hESC,
hiPSC

Generation of partially functional beta-cells using a sevenstage protocol in adherent and air liquid interphase cultures.
Induction of mature marker MAFA in vitro using T3.

Hi Glu, KCl

(Pagliuca et al.,
2014)

hESC,
hiPSC

Partially functional beta-cells using a seven-stage protocol.

Hi Glu, KCl

(Russ et al.,
2015)

hESC

Premature induction of endocrine commitment results in nonfunctional polyhormonal cells. Differentiation in suspension in
3D-aggregates .

Hi Glu

(Toyoda et al.,
2015)

hESC,
hiPSC

Aggregation of pancreatic progenitors induces NKX6-1
expression.

-

-

Aggregates mature
in vivo

(Nostro et al.,
2015)

hESC,
hiPSC

Optimization of culture conditions to increase NKX6-1+% and
reduce polyhormonal cells

-

-

Cells mature in vivo
at 18 w

(Agulnick et al.,
2015)

hESC

Transplantation of macroencapsulated islet-like cell aggregates

-

50%

In vivo GSIS
response at 8 w

(Millman et al.,
2016)

hiPSC

Partially functional beta-cells derived from T1D patients hiPSC.

Hi Glu

(Vegas et al.,
2016)

hESC

Long-term glycemic control with hESC-derived beta-cells
microencapsulated in modified alginate beads

-

(Ameri et al.,
2017)

hESC

GP2 identified by transcriptomics using a PDX1-GFP reporter
line. Isolated GP2+ give rise to marginally functional beta-cells.

(Cogger et al.,
2017)

hESC,
hiPSC

(Löf-Öhlin et
al., 2017)

hESC

40%
Diabetes rescued in
INS+NKX6-1+
40 days
33%
INS+NKX6-1+
20%
INS+NKX6-1+

25%
INS+NKX6-1+
47%

Diabetes rescued in
Akita mice
Reduced
hyperglycemia in
diabetic mice

Grafts prevented
alloxan induced
diabetes

INS+NKX6-1+

Rescue of STZinduced diabetes

Hi Glu, KCl

GP2+ enriched

-

GP2 identified by proteomics as a marker to of NKX61+PTF1A+ human pancreatic progenitors. GP2+ cells give rise
to bona fide beta-cells.

KCl

GP2+ enriched

-

BTC induces EGFR signaling that results in Rac1 mediated
aPKC inhibition, apical constriction and reduction of Notch
signaling, resulting in beta-cell commitment.

-

-

-
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Characterization of the beta-like cells generated with these protocols is key to understand how similar
they are to bona-fide beta-cells. Basford et al. purified differentiated INS+ cells using an INS-GFP
reporter hESC line (Micallef et al., 2012). After characterizing this population in detail, they
concluded the cells were frequently polyhormonal, with impaired GSIS, resembling immature
endocrine cells at the transcriptional level and with high heterogeneity between them (Basford et al.,
2012).
Xie et al. carried out transcriptomic and epigenetic characterization of the pancreatic differentiation
stages in vitro and after in vivo transplantation. They showed how chromatin epigenetic marks are
remodeled during the differentiation process and how transcriptional repression mediated by
polycomb group is important to regulate developmental transcription factors. Intriguingly, genes that
were not properly induced during differentiation were found with aberrant histone modifications,
indicating that the used differentiation protocol did not recapitulate faithfully the signaling required
for the epigenetic changes to occur normally (Xie et al., 2013).
A common limitation of hPSC-derived beta-like cells has been their poor functionality, as well as the
fact they are frequently polyhormonal. Compared with human islets, polyhormonal beta-like cells did
not express GLUT1 at the protein level and presented imbalanced expression of KATP channels
subunits, which could explain their lack of GSIS in perifusion assay (Bruin et al., 2014). Direct
transcriptomic comparison of sorted hPSC-derived beta-cells, human fetal and adult beta-cells by
RNA-sequencing showed that the beta-like cells generated in vitro indeed resembled more closely
fetal beta-cells than adult ones. They also presented poor GSIS in vitro (Hrvatin et al., 2014).
The beta-cell programming transcription factor NKX6-1 is key for beta-cell development and
functionality, as has been shown in transgenic mouse models (Schaffer et al., 2013). Extrapolated to
the differentiation protocols, the expression of NKX6-1 in the PDX1 positive pancreatic progenitors
seems to be crucial in the generation of monohormonal beta-cells (Rezania et al., 2013). Although
the mechanisms regulating NKX6-1 expression are not well established, different strategies have
enhanced its expression in pancreatic progenitors: i) addition of EGF and Nicotinamide, together with
BMP inhibitor Noggin, in the pancreatic progenitor stage (Nostro et al., 2015); ii) aggregation of
pancreatic progenitor in suspension with Noggin, EGF and FGF7 (Toyoda et al., 2015) and iii)
inhibition of ROCK with small molecules in the pancreatic progenitor stage (Ghazizadeh et al., 2017;
Toyoda et al., 2017).
Interestingly, ROCK inhibition has been shown to improve GSIS, a beneficial effect that impacts
beta-cell cytoskeleton dynamics which in vivo might be induced by extracellular matrix in the beta-
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cell niche or other soluble signals like GLP-1 (Hammar et al., 2009; Kong et al., 2014; Liu et al.,
2014b).
Improved differentiation protocols were reported in 2014 by two different groups (Pagliuca et al.,
2014; Rezania et al., 2014). They had in common the use of 6-7 differentiation stages with similar
growth factors and small molecules, reporting the generation of monohormonal beta-like cells that
presented certain functionality. The protocols yielded abundant PDX1+NKX6-1+ pancreatic
progenitors with reduced expression of NEUROG3 endocrine TF. This prevented premature
endocrine induction before NKX6-1 upregulation, increasing the efficiency of directing endocrine
cells to the beta-cell lineage. Endocrinogenesis was induced by simultaneous ALK5 and NOTCH
signaling inhibition, together with the EGFR ligand betacellulin, which increases beta-cell
specification (Huotari et al., 2002).
The culture format was different: while Pagliuca et al. utilized an agitated bioreactor, with cells
forming aggregates in suspension from the beginning, Rezania et al. used adherent culture
differentiation and, after endocrine induction, air-liquid-interphase (ALI) culture. ALI culture in filter
inserts was meant to improve oxygen transfer to the cells, in an attempt to mimic the highly
vascularized and oxygen rich beta-cell environment.
To increase maturation of the beta-like cells, thyroid receptor signaling was stimulated using
triiodothyronine (T3), shown to induce mature beta-cell TF MAFA expression (Aguayo-Mazzucato
et al., 2015). Transcriptomic characterization showed these beta-like cells closely resemble human
beta-cells (Pagliuca et al., 2014).
GSIS was assayed both in static conditions, showing a moderate response to glucose not different
from human islets, and in dynamic perifusion assay, which revealed minimal responses to glucose.
Further analysis of Ca2+ fluxes highlighted the immature function of the hPSC-derived beta-like cells
(Rezania et al., 2014).
Transplantation of these beta-like cells into immunocompromised mice resulted in efficient grafting
and further maturation in vivo, as evidenced by the secretion of human c-peptide in glucose tolerance
tests and by morphological and ultrastructural studies of the grafts (Pagliuca et al., 2014; Rezania et
al., 2014; Yoshihara et al., 2016). See Figure 6 for a summary of the growth factors and small
molecules commonly utilized in the pancreatic differentiation of hPSC.
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Stage 1

Stage 2

hPSC
3 days
Activin A
Wnt

OCT4+
SOX2+

3 days
FGF7
Vit C

FOXA2+
SOX17+
CXCR4+

Stage 3

Primitive
gut tube

Definitive
endoderm

FOXA2+
GATA4+

Stage 4

Posterior
foregut
2 days
FGF7
Vit C
RA
SANT
LDN

PDX1+
SOX9+

Stage 5

4 days
FGF7
Vit C
RA
SANT
LDN
EGF
Nic
Activin A

4 days

PDX1+
NKX6.1+

Stage 6

Endocrine
progenitors

Pancreatic
progenitors

7-15 days

Stage 7
Maturing
beta-cells

Immature
beta-cells
7-15 days

RA
LDN
ALK5i
SANT
ALK5i
GC1/T3
LDN
GSiXX
Trolox
PDX1+
PDX1+
PDX1+
ALK5i
JNKi
NKX6.1+ GC1/T3 NKX6.1+
NKX6.1+
GSiXX
RSV
NEUROD1+ R428 NEUROD1+
BTC NEUROG3+
INS+
INS+
GC1/T3
NAC

MAFA+

Figure 6. Differentiation of hPSC to beta-cells in vitro. Overview of the stages of a pancreatic
differentiation protocol, indicating the marker genes expressed and the cocktail of growth factors and
small molecules used to mimic each sequential developmental stage.

5.2.

Dissecting human pancreatic development through hPSC differentiation

The understanding of human pancreatic development is based on a few studies conducted on scarce
fetal tissues (Jennings et al., 2013, 2017; Otonkoski, 1988; Otonkoski et al., 1988; Salisbury et al.,
2014). This knowledge, combined with the abundant information from studies on human adult islets,
can be now exploited to understand better the process beta-cell differentiation from hPSC in vitro.
For example, Ramond and colleagues characterized human fetal pancreatic cells from different
developmental stages by flow cytometry and compared them with in vitro derived beta-cells (Ramond
et al., 2017).
Novel single-cell analytic technologies applied to human islets are revealing that beta-cells do not
form a homogeneous cell population (Baron et al., 2016; Carrano et al., 2017; Muraro et al., 2016;
Roscioni et al., 2016; Segerstolpe et al., 2016; Wang et al., 2016a, 2016b). The application of these
novel analytic technologies to hPSC cultures differentiating towards beta-cells might result in better
understanding of the human pancreatic development (González, 2016). It could also lead to the
discovery of new useful marker molecules that could be exploited to derive better beta-cells. The
concept of using surface markers to isolate particular pancreatic progenitor or endocrine cell
populations has been significantly explored since it would enable purification of the cells of interest
from heterogeneous differentiation cultures (Dorrell et al., 2008, 2011; Hald et al., 2012; Kelly et al.,
2011; Liu et al., 2014a). Using a novel approach to elucidate putative surface markers, Cogger et al.
performed N-glycome mass spectrometry analysis on hPSC-derived pancreatic progenitors,
identifying the surface protein GP2 as a marker of a subpopulation that gives rise to monohormonal
beta-like cells (Cogger et al., 2017). These findings were similarly reported by Ameri and colleagues,
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who found that GP2+ progenitors differentiated into functional beta-cells in vitro (Ameri et al., 2017;
Ramond et al., 2017).
The current differentiation protocols make possible the interrogation of mechanistic questions in
hPSC-derived pancreatic cells that hitherto could only be studied in mouse models. Löf-Öhlin and
colleagues found that pancreatic progenitor polarity is regulated differently by EGFR signaling at
subsequent stages of mouse development. They utilized hPSC-derived pancreatic progenitors to
validate their findings in human cells, using what constitutes a useful human pancreatic development
model.

5.3.

Modeling of diabetes with hPSC

Current differentiation protocols have enabled modeling different cases of monogenic diabetes in
vitro to some extent, especially those forms in which pancreatic development or beta-cell function
are severely affected. A list of studies reporting the disease modeling of different types of diabetes
using hPSC is presented in Table 3 (reproduced from Balboa et al. 2018).
Table 3 - Summary of human pluripotent stem cell-based diabetes disease models
Type of
diabetes

Genes mutated

Key findings

Cell lines used

Differentiation

Transplantation

References

PNDM

WFS1

Increased ER-stress,
reduced insulin content,
processing and GSIS.

Patient and control
hiPSC

Monolayer

Kidney capsule.
NSG mice. 12
weeks.

Shang et al.
2014

NEUROG3

Abrogated endocrine cell
differentiation.

Genome edited hESC
(H1)

Monolayer

Kidney capsule,
splenic lobe. NSG
mice. 6 weeks.

McGrath et
al. 2015

PDX1, RFX6,
PTF1A, GLIS3,
MNX1,
NEUROG3

Impairment of pancreatic
progenitor and endocrine
cell differentiation.

Genome edited hESC
(HUES8)

Monolayer +
Air-Liquid
Interphase

NA

Zhu et al.
2016

KCNJ11

Impaired insulin secretion in
vitro and in vivo

Genome edited hESC
(HES3-INS-GFP)

Monolayer +
Air-Liquid
Interphase

Kidney capsule.
SCID-beige mice +
STZ. 2 to 10 weeks

Zeng et al.
2016

STAT3

Premature endocrine cell
differentiation via
NEUROG3 induction

Mutation corrected
patient-hiPSC, control
iPSC, hESC

Monolayer +
Suspension

Kidney capsule.
NSG mice. 12
weeks.

SaarimäkiVire et al.
2017

GATA4, GATA6

GATA6 and GATA4
dosages are critical for
pancreatic differentiation

Genome edited hESC
(HUES8, H1)

Monolayer +
Air-Liquid
Interphase

Kidney capsule.
SCID-beige mice. 4
to 16 weeks

Shi et al.
2017

GATA6

Impaired definitive
endoderm differentiation
and beta-cell function in
vitro

Mutation corrected
patient-hiPSC,
genome edited hESC
(MEL1-INS-GFP)

Monolayer

NA

Tiyaboonchai
et al. 2017

INS

Increased ER-stress,
reduced insulin content,
beta-cell proliferation, size
and mTORC1 signaling.

Mutation corrected
patient-hiPSC

Monolayer +
Suspension

Kidney capsule.
NSG mice. 4 to 24
weeks.

Balboa et al.
submitted
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MODY

T1D

T1D
(cont.)

T2D

CHI

Other

HNF1B
(MODY5)

Compensatory increase in
endoderm and pancreatic
progenitor markers and
decrease in PAX6

Patient and control
hiPSC

Monolayer

NA

Teo et al.
2016

HNF4A
(MODY1)

No differences on HNF4A
mutant differentiated betacells

Patient and control
hiPSC

Monolayer +
Air-Liquid
Interphase

NA

Vethe et al.
2017

NA

No differences on T1D
differentiated beta-cells

Patient and control
hiPSC

Suspension

NA

T1D differentiated showed
increased Caspase 3 after
cytokines treatment.
Differential expression of
immune-related genes

Patient and control
hiPSC

Monolayer

NA

Hosokawa et
al. 2017

NA

No differences on T1D
differentiated beta-cells

Nuclear transfer
hESC, hESC and
hiPSC

Monolayer +
Suspension

Subcutaneous and
kidney capsule.
NSG mice + STZ. 2
to 12 weeks.

Sui et al.
2018

Genome edited hESC
(HES3-INS-GFP)

Monolayer +
Air-Liquid
Interphase

Kidney capsule.
SCID-beige mice +
STZ. 2 to 10 weeks

Zeng et al.
2016

CDKAL1,
Impaired insulin secretion in
KCNQ1, KCNJ11
vitro and in vivo. CDKAL
KO cells sensitive to
glucolipotoxicity

Kidney capsule.
Millman et al.
SCID-beige mice +
2016
Alloxan. 2-20 weeks

CDKAL1

CDKAL KO downregulates
metallothionein genes,
causing increased ERstress

Genome edited hESC
(HES3-INS-GFP)

Monolayer +
Air-Liquid
Interphase

Kidney capsule.
SCID-beige mice +
STZ. 6 weeks

Guo et al.
2017

ABCC8

Increased insulin secretion
in vitro

Genome edited hESC
(H1)

Monolayer

NA

Guo et al.
2017

ABCC8

Increased insulin secretion
in vitro and in vivo

Mutation corrected
patient-hiPSC and
control iPSC

Monolayer +
Suspension

Kidney capsule.
NSG mice. 4 to 24
weeks.

Lithovius et
al. In
preparation

ARX

Reduced beta, alpha and
gamma cell differentiation
and increased delta cell
differentiation

Genome edited hESC
(CA1)

Monolayer

NA

Gage et al.
2015

HES1, ARX

HES1 knockout increased
endocrine cell
differentiation. ARX
knockout reduced beta-cell
and abrogated alpha cell
differentiation

Genome edited hESC
(HUES8)

Monolayer +
Air-Liquid
Interphase

NA

Zhu et al.
2016

Several cases of monogenic diabetes have been modeled by comparing differentiated cells from
patient-derived iPSC, carrying the mutation of study, with differentiated healthy-donor control iPSC.
The first example of using hiPSC to model monogenic diabetes was reported by Shang and colleagues
(Shang et al., 2014). They used iPSC-derived from patients carrying a mutation in WFS1 gene
(Wolfram syndrome). WFS1 mutant iPSC-derived beta-cells presented elevated ER-stress and
unfolded protein response. These disease features could be rescued in vitro by treatment with
chemical chaperones or by overexpression of WT WFS1. MODY-causing mutations have been also
interrogated using similar approaches. Modeling of an HNF1B mutation showed that it caused
compensatory increase in endoderm and pancreatic markers and reduced PAX6 expression (Teo et
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al., 2016). Likewise, several hiPSC derived from members of a family affected by mutations in
MODY gene HNF4A were compared with healthy control iPSC. Differentiated beta-like cells were
analyzed by quantitative proteomics, although no significant differences were found between mutant
and control cells (Vethe et al., 2017). This could be explained if the particular mutation mechanism
is manifested beyond the differentiation stage that can be achieved in vitro.
Autoimmunity against beta-cells is the cause behind T1D. Different studies have generated hiPSC
and SCNT-hES from T1D patients and differentiated them to beta-cells. Some of them found no
significant differences in the beta-cells derived from T1D and control hPSC (Millman et al., 2016;
Sui et al., 2018), including no differences is response to a cytokine cocktail used to mimic an
autoimmune attack (Millman et al., 2016). On the contrary, a study using hiPSC derived from a
patient with fulminant T1D, common in Japanese population, reported increased sensitivity to
cytokines in the T1D beta-like cells (Hosokawa et al., 2018). Overall, it is evident that T1D is a
challenging type of diabetes to model with iPSC-derived beta-cells alone. Therefore, a model in
which the interaction of the immune system with the beta-cells is reproduced would be required to
study the immune attack process. Several strategies could be explored to achieve this goal, for
instance, co-culturing immune cells and iPSC-derived beta-cells from the same patient or, generating
a humanized mouse with the immune system reconstituted from T1D patient hematopoietic cells and
grafted with iPSC-derived beta-cells (Walsh et al., 2017).
One major problem in disease modeling is the variation in differentiation propensity across hiPSC
lines. Sui and colleagues clearly illustrated this issue by comparing 12 different iPSC, SCNT-hESC
and hESC lines and showed a range of 8-75% efficiency in c-peptide+ cell generation using the same
protocol (Sui et al., 2018). This challenge can nowadays be partially solved by generating isogenic
cell lines: by means of genome editing, a particular mutation to study can be corrected in the patientderived hPSC line or introduced in a control hPSC line.
Genome editing can be also used to generate knock-out (KO) cell lines for a gene involved in
pancreatic development and dissect its role. Using this approach, Gage and colleagues generated an
ARX KO hESC line using Zinc Finger Nucleases. They showed that the KO cell line had reduced
propensity to differentiate into alpha, beta and gamma-cells, and formed more delta cells (Gage et al.,
2015). In the same way, NEUROG3 gene was shown to be required for human endocrinogenesis by
generating NEUROG3 KO hESC using CRISPR-Cas9 (McGrath et al., 2015). Allelic series of
GATA6 and GATA4 hetero and homozygous KO cell lines were used to demonstrate the importance
of these genes dosage for human pancreatic development and beta-cell function (Shi et al., 2017;
Tiyaboonchai et al., 2017). In an elegant study by Zhu and colleagues, an inducible Cas9 HUES8
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hESC line was used to generate KOs for PDX1, RFX6, PTF1A, GLIS3, MNX1, NEUROG3, HES1
and ARX. They showed how many of these genes are essential at different stages of pancreatic
development (Zhu et al., 2016b).
A pioneer attempt in modeling T2D risk genes KCNJ11, KCNQ1 and CDKAL1 was reported by
Zeng and colleagues in 2016 (Zeng et al., 2016). They engineered knockout hESC-lines for those
genes with CRISPR-Cas9, differentiated them to beta-cells and transplanted them to
immunocompromised mice. KO of KCNJ11 and KCNQ1 resulted in impaired in vitro and in vivo
GSIS. CDKAL1 KO beta-cells presented increased sensitivity to glucolipotoxicity. In a follow-up
study, the same group reported that CDKAL1 KO leads to metallothionein gene downregulation and
increased sensitivity to ER-stress (Guo et al., 2017c).
Precise correction of the diabetes causative point mutation in patient-derived hiPSC cells results in
the generation of isogenic cell lines that preserve the genetic background of the diabetic patient. Using
genome editing tools like CRISPR-Cas9, pairs of isogenic cell lines carrying or not the mutation can
be efficiently generated. In this way, reliable interrogation of the mutation pathogenetic mechanisms
is facilitated. Following this approach, a rare STAT3 mutation found in a neonatal diabetes patient
was modeled. This revealed an unexpected mechanism based on premature differentiation of
pancreatic progenitors via induction of NEUROG3 caused by the mutation (work II (Saarimäki-Vire
et al., 2017)). Similarly, a GATA6 mutation was corrected in hiPSC from a patient with pancreatic
agenesis, demonstrating the essential role of GATA6 in pancreatic development and beta-cell
function (Tiyaboonchai et al., 2017). Another example is the correction of an insulin gene mutation
in monogenic diabetes patient hiPSC. These cell lines were used to dissect the impact of mutations
causing proinsulin misfolding in beta-cell development and proliferation (work III). See Figure 7.
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Figure 7. Disease modeling approaches to study diabetes.
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Diabetic patient

Moreover, these approaches can also be utilized to model mutations causing congenital
hyperinsulinism (CHI). Since there are not really effective drugs for many CHI patients, relevant
models are needed to study the mutation-associated disease mechanisms. If the disease phenotype
can be recapitulated effectively in differentiated beta-cells, it could provide an attractive platform for
drug screening purposes (Guo et al., 2017a).

5.4.

Humanized mice and other approaches to improve diabetes modeling

Since the first pancreatic differentiation protocols were established, a crucial assay to determine the
functionality of the generated beta-like cells has been to transplant them into immunocompromised
mice (Kroon et al., 2008; Phillips et al., 2007b). The cells can be grafted in different anatomical
locations (subcutaneously, in the epididymal fat pad, intramuscular, intraocular, etc.), although the
most commonly used and best characterized is the transplantation to the renal subcapsular space
(Rezania et al., 2014; Speier et al., 2008; Sui et al., 2013).
Once placed under the kidney capsule, the cells will be vascularized, their cytoarchitecture rearranged
and their functionality mature (Bruin et al., 2015; Rezania et al., 2014). The grafted mice can then be
assayed for the secretion of human c-peptide in intraperitoneal or oral glucose tolerance test. If the
animal has been rendered diabetic by treatment with streptozotocin or alloxan, its glycemic control
will depend on the graft, which can be directly verified by extirpating the grafted kidney. hPSCderived pancreatic progenitor and endocrine cells have been also successfully transplanted within
macroencapsulation devices (Agulnick et al., 2015; Bruin et al., 2013; Robert et al., 2018) and
microencapsulated in modified alginate beads (Vegas et al., 2016).
Although a few immunocompromised mouse strains have been traditionally used (e.g. SCID-beige,
NSG, NOG, etc.), alternative models do exist. For instance, the Akita mouse C96Y Ins2 mutation has
been backcrossed into the NOD Rag1-Il2r null strain to generate NRG-Akita mice that spontaneously
develop hyperglycemia and can be transplanted with human islets and hPSC-derived beta-cells
(Brehm et al., 2010; Pagliuca et al., 2014). Further, these NRG mice can be also grafted with
mobilized human hematopoietic stem cells (Shultz et al., 2005). Thus, for the study of T1D, an ideal
humanized mouse model can be envisioned based on the NRG-Akita strain in which: i) the immune
system is reconstituted from T1D patient hematopoietic stem cells, mobilized or iPSC-derived; ii)
iPSC-derived thymic epithelium is grafted and iii) iPSC-derived beta-cells are grafted under the
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kidney capsule. This could potentially enable detailed dissection of the mechanisms behind T1D
pathogenesis (Walsh et al., 2017).
Humanized mouse models could also be utilized to unravel the role of T2D risk or protective alleles,
by exposing the grafted mice to different environmental stressors and perturbations (e.g. induced
obesity, endocrine disruption with toxins, etc.). Classical mice strains used to study T2D could be
crossed onto an immunocompromised background to generate new transplantable models.
An alternative to the use of transplanted mouse models, is the generation of better in vitro models
resembling more closely the original islet cytoarchitecture. This could be achieved by co-culture of
endocrine cells with endothelial and other supporting cells, as has been shown for liver in the
interesting work of Takebe and colleagues (Takebe et al., 2013, 2015, 2017). Generation of 3D
organoids composed of multiple cell types represent an exciting research avenue that is yielding
interesting results, despite its own limitations.
Pancreatic organoids can be derived from embryonic and adult mouse and human pancreatic tissues
and cultured in 3D conditions embedded on supporting matrices. Different groups have reported their
expansion capability and the maintenance of a phenotype similar to pancreatic progenitors, although
induction of endocrine differentiation has not been yet robustly achieved (Bonfanti et al., 2015;
Hohwieler et al., 2017; Huch et al., 2013; Lee et al., 2013; Loomans et al., 2018). Pancreatic organoids
can also be derived from hPSC-derived pancreatic endoderm (see Results section).
Technology development in the field of microfluidics has made possible the engineering of organson-a-chip. These are small perifused devices where cells can be grown on particular interfaces and
exposed to distinct environmental stimuli, being continuously monitored in detail. Different
microengineered organ models have been generated using this approach, including lung (with an airliquid-interphase to enable gas exchange), liver, gut, kidney and brain. This technology makes also
possible to connect via microfluidics chips of different organs to study their interactions, in what has
been named human-on-a-chip (Bhatia and Ingber, 2014; Huh et al., 2011). Beta-cells-on-a-chip could
be utilized to study their interaction with endothelial cells, other islet cells, reproduce an autoimmune
attack with T cells or investigate their communication with hepatocytes.
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6. Genome editing and the CRISPR-Cas9 revolution
Genetic engineering of mammalian cells was developed in the 80s, based on gene targeting
approaches previously shown to work in eukaryotic yeast cells. Gene targeting exploits the
homologous recombination of chromosomal DNA with exogenous DNA delivered to the cell.
Landmark studies in gene targeting of mES cells by Capecchi and colleagues ignited the field of
mouse transgenesis, facilitating the generation of countless genetically modified mouse stains for
research in all fields of biology (Capecchi, 2005; Thomas et al., 1986; Urnov, 2018). However, the
success in mES gene targeting has not been extrapolated efficiently to other cell types. This might be
in part due to mES cell-intrinsic high activity of homologous recombination machinery.
In 1994, Jasin and colleagues reported for first time that double strand breaks (DSB) introduced in a
mammalian chromosome by site-specific endonuclease in mitotically dividing cells is efficiently
repaired. This occurs via two mechanisms: homology directed repair (HDR) or non-homologous end
joining (NHEJ). HDR is remarkably enhanced by the DSB, increasing several orders of magnitude
the recombination efficiency of the chromosomal targeted sequences with ectopic DNA. On the other
hand, NHEJ is a competing repair pathway that results in small deletions and insertions (INDEL)
after rejoining the cleaved DNA strands, which occurs by blunt-ended ligation or annealing of short
regions of terminal homology (microhomology-mediated end joining, MMEJ). These findings set the
stage for the development of the genome editing field.
Genome editing consists in the use of site-specific endonucleases, usually described as “molecular
scissors”, to introduce a DSB in a target genomic sequence in order to disrupt it (exploiting NHEJ,
an error prone process) or to modify by inducing recombination with exogenous DNA (exploiting
HDR, a highly faithful process). Robust endonucleases are needed in order to achieve efficient
genome editing. Researchers have developed a toolbox of targetable endonucleases, starting in the
2000s with the development of meganucleases (Smith et al., 2006) and zinc finger nucleases (ZFN).
ZFN were the first generation of genome editing tools that have been widely used for multiple
applications, like gene disruption, correction and addition, in plant and mammalian cells of different
species, including mouse and human pluripotent stem cells (Hockemeyer et al., 2009; Lombardo et
al., 2007; Soldner et al., 2011; Urnov et al., 2010). ZFN architecture consists in two parts: i) a zincfinger protein (ZFP) array of 3 to 6 Cys2-His2 zinc-finger domains fused in tandem, each domain
binds to 3 nucleotides, resulting in a specificity that varies between 9 and 18 bp; ii) a FokI
endonuclease domain fused with an intervening linker to the ZFP. Since the FokI endonuclease works
as a dimer, a pair of ZFN is necessary, so that upon binding to the target DNA the proximity of FokI
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domains will result in dimerization, activation and cleavage of the immediate nearby DNA (See
Figure 8). Although different protocols to generate ZFN and more specific architectures were devised,
they are still technically cumbersome to engineer, limiting its adoption as a practical research tool
(Maeder et al., 2009; Miller et al., 2007). They are also relatively big proteins and therefore, it is
difficult to deliver the pair of ZFN to some cell types. Despite this, some companies have effectively
developed highly active ZFN and are now conducting clinical trials with them to, for instance, render
HIV patients immune cells resistant to the virus by CCR5 receptor disruption and treat hemophilia or
lysosomal storage diseases (e.g. Sangamo Biosciences (Sharma et al., 2015a; Tebas et al., 2014)).
Transcription activator-like effector nucleases (TALEN) are mechanistically similar to ZFN,
employing a FokI endonuclease fused to a DNA binding domain. In this case, this domain is derived
from TALE proteins, originally found in the plant parasite bacteria Xanthomonas sp. (Boch et al.,
2009; Moscou and Bogdanove, 2009). In the TAL effector architecture, each domain interacts with a
single nucleotide. A specific DNA binding fusion protein can be created by arraying TALE domains
that recognize each target base pair (see Figure 8). This feature expanded the possibilities of targeting
to virtually any region in the genome. TALEN technology was rapidly implemented in many labs,
with an incredible surge of publications in the early 2010s: develop of Golden Gate methods for
custom assembly (Cermak et al., 2011), efficient genome editing in mouse zygotes (Wang et al.,
2013a) and human cells (Cong et al., 2012; Hockemeyer et al., 2011; Sanjana et al., 2012), including
hPSC (Ding et al., 2012). Although TALEN are slightly easier to engineer and more flexible in their
targeting, they are still bulky proteins and need to work as a dimer, making their delivery to some
cells a bottleneck for its application.
Genome editing field was revolutionized in 2013, when the first CRISPR-Cas9 system was
engineered to work in mammalian cells (Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013a).
CRISPR-Cas9 supposes a game-changer in the way genomic DNA can be modified. Its robustness
and ease of use, intrinsic to its architecture, has democratized the access to genome editing.
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Figure 8. Comparison of different Genome Editing technologies

6.1.

Domestication of CRISPR-Cas9 systems

The journey in the discovery, understanding and engineering of CRISPR-Cas9 systems is a beautiful
example of how basic research findings might hold the key for the development of incredibly useful
new technologies (Lander, 2016; Mojica and Montoliu, 2016).
In the late 80s, different groups reported the presence of a repetitive array of sequences in the genomes
of some bacteria species (Hermans et al., 1991; Ishino et al., 1987; Nakata et al., 1989). Soon after,
Mojica and colleagues described similar findings in the genome of the archaea Haloferax
mediterranei, isolated from the salt marshes of Santa Pola, in Alicante, Spain (Mojica et al., 1993).
Intrigued by this finding, they suggested these sequences could be involved in replicon partitioning
(Mojica et al., 1995). Mojica termed these sequences CRISPR, Clustered Regularly Interspaced Short
Palindromic Repeats. CRISPR arrays were found to be associated with several coding genes located
adjacent to them (CRISPR-associated, cas genes) (Jansen et al., 2002). In a pioneer study, Mojica et
al. reported that the intervening sequences present in the CRISPR arrays were derived from foreign
DNA elements. For first time, they suggested CRISPR were involved in adaptive bacterial immunity
against extraneous genetic elements like bacteriophages and conjugative plasmids (Mojica et al.,
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2005). This was later confirmed by other groups (Barrangou et al., 2007; Marraffini and Sontheimer,
2008) and raised the interest in understanding CRISPR systems, leading to the characterization of
their different parts: the crRNA (CRISPR RNA), as the RNA-based guide driving the antiviral
defense (Brouns et al., 2008), the endonuclease activity of different effector proteins involved in
acquiring (Cas1) and cleaving the foreign invader DNA (Cas5, later Cas9) (Garneau et al., 2010;
Wiedenheft et al., 2009) and the tracrRNA (trans-activating crRNA), as the other RNA component
critical for the system to work (Deltcheva et al., 2011). The inflection point for the CRISPR field
occurred in 2012. Two landmark studies showed the reconstitution of a CRISPR system (Cas9 +
crRNA + tracrRNA) in vitro, showing it could generate a DSB in a sequence of DNA complementary
to the crRNA and thus demonstrating the potential of CRISPR as a RNA-guided programmable
genome editing tool (Gasiunas et al., 2012; Jinek et al., 2012). Shortly afterwards, engineered Cas9
was shown to introduce targeted DSB efficiently in mammalian cells, highlighting its multiplexing
(several targets cleaved simultaneously) and HDR stimulation possibilities (Cong et al., 2013; Jinek
et al., 2013; Mali et al., 2013a) (see Figure 8 for details on CRISPR-Cas9 system components). It is
perplexing that Cas9 had evolved during billion years in bacteria and then, in 2012, worked efficiently
in a mammalian cell on a chromatin template, a completely different environment in which they did
not evolve in.
Bacteria acquire adaptive immunity against foreign DNA in two steps. In the acquisition or
immunization phase, DNA sequences of the invading agents are incorporated in the CRISPR array
as spacers, mediated by Cas1-2 proteins. After this, in the interference or immunity phase, the crRNA
transcribed from the CRISPR array are loaded together with the tracrRNA in the Cas9 protein (Mali
et al., 2013b). This ribonucleoprotein complex seeks and cleaves DNA sequences (protospacers) that
present full complementarity to the crRNA (derived from the spacers), with the requirement that they
contain a protospacer adjacent motif (PAM), a short sequence next to the protospacer required for
target recognition (Mojica et al., 2009).
CRISPR systems have been found in many different bacteria and archea species (Makarova et al.,
2015). They are classified in Class I, if they use multi-subunits effectors, or Class II, if they have
single protein effectors. Within Class II, we can find five different types. CRISPR systems found in
Streptococcus pyogenes (Sp), Staphylococcus aureus (Sa), Streptococcus thermophilus and Neisseria
meningitidis (Nm) belong to type II systems and use Cas9 single protein as an effector. Cas9 from Sp
and Sa are currently the best characterized, engineered and most widely used in genome editing. They
generate blunt ended cuts. SaCas9 is of particular interest since it is smaller than other Cas9 and fits
in AAV vectors, enabling direct in vivo delivery (Ran et al., 2015). New CRISPR systems are actively
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characterized and developed. For instance, a Class II type V system was found in different archea
species that uses Cpf1 single-protein effector and a single component gRNA. Cpf1 has two
endonuclease domains that produce staggered cuts and possess its own RNA endonuclease activity
used to process the pre-crRNA transcript from the CRISPR-array into individuals crRNA (Fonfara et
al., 2016). Cpf1 has been also engineered to work in mammalian cells efficiently, representing an
alternative to Cas9 systems (Zetsche et al., 2015a, 2016). All these different systems are orthogonal,
meaning they can be used simultaneously since each of them possess a specific crRNA-tracrRNA
that does not work or interfere with the others (Esvelt et al., 2013).
SpCas9 was originally engineered to work in mammalian cells by performing human codon
optimization and adding N-term and C-term nuclear localization signals (NLS) to enable nuclear
import. Moreover, the crRNA and tracrRNA were successfully fused into a chimeric efficient
synthetic single guide RNA (sgRNA, gRNA) so that only one RNA component is required. SpCas9
contains two distinct endonuclease domains that cut each DNA strand. Introducing specific mutations
in either the HNH (H840A) or RuvC (D10A) nuclease domain renders them catalytically inactive,
turning Cas9 into a nickase (nCas9). Mutating both domains generates a dead Cas9 (dCas9), without
endonuclease activity but retaining its RNA-guided ability to bind DNA (Cong et al., 2013; Mali et
al., 2013a). Similar engineering steps have been used for SaCas9 and Cpf1 (Ran et al., 2015; Zetsche
et al., 2015a).
Multiple approaches have been applied to dissect how Cas9 (and Cpf1) proteins find and cleave the
DNA complementary to the guide RNA. These include crystallography of the effector proteins (Jinek
et al., 2014; Nishimasu et al., 2014, 2015; Sternberg et al., 2014; Yamano et al., 2016), biochemical
studies of the Cas9 conformational changes (Gong et al., 2018; Yang et al., 2018) and single molecule
imaging in vitro and in vivo (Ma et al., 2016a; Shibata et al., 2017; Singh et al., 2016).
With these data, the current models suggest that Cas9 apoprotein gets activated upon binding of the
gRNA (this protects the gRNA from degradation), suffering a conformational change that enables
DNA interrogation. Cas9-gRNA ribonucleoprotein complex binds randomly to the DNA in the 3D
space, increasing its dwelling time if a PAM site sequence is recognized (SpCas9 PAM is NGG,
SaCas9 PAM is NNGRRT).
The interaction of Cas9 with the PAM site in the DNA permits the enzyme to interrogate the adjacent
DNA by matching it with the gRNA spacer sequence, using Watson-Crick pairing. If the pairing is
correct, the target DNA strand starts binding with the gRNA forming a heteroduplex. This is mediated
by Cas9 ATP-independent helicase activity. The DNA is then sequentially unwinded, a process
71

facilitated by the stabilization of the non-targeted strand by interactions with Cas9. When base pairing
progresses successfully beyond the 10 nt proximal to the PAM (the seed region), it induces a
conformational change within Cas9, reaching an active state when the full gRNA-DNA is paired.
This enables cleavage of both DNA strands by HNH and RuvC endonuclease domains. After
cleavage, Cas9 stays tightly bound to the target DNA until is displaced by other factors (Jiang and
Doudna, 2017).
Elucidation of CRISPR-Cas9 system mechanics has enabled further engineering to allow multiple
different applications, from genome editing to transcriptional regulation. An important concern has
been the specificity of Cas9 in recognizing and cleaving DNA. gRNA length determining the target
DNA is relatively short, about 20 nt, and the mismatches in the gRNA-DNA pairing might be well
tolerated and result in cutting. The possibility of off-target activity was recognized and characterized
early on (Fu et al., 2013; Hsu et al., 2013; Kuscu et al., 2014), prompting further refinement of
CRISPR-Cas9 systems.
In an attempt to improve specificity and reduce off-targets, alternative strategies for using Cas9 were
explored, including paired nickase Cas9 (Ran et al., 2013) or FokI-Cas9 fusions (Tsai et al., 2014).
Since 2015, the original WT Cas9 aminoacid composition has been optimized for increased
specificity using rational design based on crystallography data or by directed evolution, resulting in
improved versions with high fidelity like HiFi-Cas9 (Kleinstiver et al., 2016), enhanced eSpCas9
(Slaymaker et al., 2016), hyper-accurate hypaCas9 (Chen et al., 2017c), evolved evoCas9 (Casini et
al., 2018) or sniperCas9 (Lee et al., 2017a). Also, truncated sgRNA have been shown to be more
specific (Fu et al., 2014; Tsai et al., 2015).
Better in silico methods have been developed, in order to design more active and specific gRNAs
with predicted reduced off-targets, easily available via web-based software (Doench et al., 2016; Hsu
et al., 2013; Moreno-Mateos et al., 2015; Perez et al., 2017). Further on, besides exome and wholegenome sequencing, novel sequencing methods to detect possible off-targets in unbiased ways are
now available (e.g. Digenome-seq, BLISS, GUIDE-Seq, etc.) (Kim et al., 2015; Tsai et al., 2015; Yan
et al., 2017; Zhang et al., 2015; Zischewski et al., 2017).
Delivery methods have been also extensively optimized to increase genome editing efficiency
(Komor et al., 2017a). The most common is the delivery of DNA plasmids expressing Cas9 and
gRNA. mRNA and ribonucleoprotein complexes (RNPs) are also used to deliver CRISPR-Cas9 in
vitro and in vivo, representing a good alternative with increased delivery efficiency.
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Besides, Cas9 protein can be produced tagged with cell-penetrating domains (Ramakrishna et al.,
2014; Staahl et al., 2017), gRNAs can be chemically modified to increase its stability (Hendel et al.,
2015) and the RNPs can be complexed with different chemistries (e.g. cationic lipids, gold
nanoparticles, etc.) further increasing delivery efficiency to cells both in vitro and vivo (Gao et al.,
2017; Lee et al., 2017b; Zuris et al., 2015). Viral delivery is also widely used, in particular for in vivo
applications, utilizing as vectors adenovirus (dsDNA), adeno-associated virus (AAV) (ssDNA) or
lentivirus (RNA).
All these improvements have enabled precise clean genome editing of in vitro cultured cells, direct
in vivo editing in animal models, as well as modification of patients’ cells ex vivo, paving the way
for clinical trials treating inherited genetic diseases (DeWitt et al., 2016; Hendel et al., 2015; Long et
al., 2016; Nelson et al., 2016; Schiroli et al., 2017; Senís et al., 2014; Shen et al., 2014; Yang et al.,
2016).

6.2.

CRISPR-Cas9 genome editing of hPSC

The potential of generating better research models based on genome-edited hPSC has attracted lot of
attention with the surge of CRISPR-Cas9 technology. Genetic modification of hPSC has been
traditionally challenging compared with mESC. This has been attributed to lower hPSC single-cell
survival rate (Watanabe et al., 2007), increased activity of DSB repair mechanisms in hPSC cells
(Bañuelos et al., 2008) and distinct developmental stage (mESC are in a naïve ICM-like stage, while
hPSC represent a later epiblast stage) (Buecker et al., 2010; Gafni et al., 2013).
First reports using CRISPR-Cas9 in hPSC showed efficient targeted gene mutagenesis, increased
homologous recombination by stimulation of HDR (Mali et al., 2013a) and better performance than
TALENs on the same targets sites (Ding et al., 2013). Gonzalez and colleagues generated Cas9
doxycycline inducible hPSC lines, showing mono- and biallelic gene disruption with high efficiency
after delivery of in vitro transcribed gRNA (González et al., 2014). They also showed the possibility
of multiplexing, disrupting up to 3 genes (6 alleles) simultaneously, and the introduction of point
mutations by HDR using a single stranded DNA oligo (ssDNA). This system was later used to disrupt
several important pancreatic development transcription factors (Zhu et al., 2016b). CRISPR were also
shown to facilitate the generation of reporter cell lines (Krentz et al., 2014).
The main applications of CRISPR-Cas9 in hPSC can be summarized in: i) generation of gene
knockouts, either by generating small INDELs with a single gRNA, or bigger deletions (even long
chromosomal rearrangements) using pairs of gRNAs (Byrne et al., 2015; Park et al., 2015); ii) the
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correction and introduction of point mutations using stimulated HDR with ssDNA or dsDNA donor
templates; and iii) the targeted knock-in of different sequences of interest, including fluorescent
protein sequences for the generation of reporter cell lines (Balboa et al., 2017a, 2017b) or loxP/FRT
recombination sites to generate conditional alleles (Chen et al., 2015).
Gene disruption by generating INDELs (or longer deletions) relies on the NHEJ-mediated repair of
DSB (Lieber, 2010). The overall gene disruption efficiency depends on several parameters, including
the expression level of Cas9 protein (Hsu et al., 2013), the sequence and quality features of the gRNA
(Doench et al., 2014; Wang et al., 2014a) and the proper selection of gRNA target site. To generate
a knockout reliably, gRNA should be designed to target all the splice variants of the gene of interest,
being most efficient the targeting of essential functional domains (Shi et al., 2015). Targeting regions
directly downstream of the start codon is also used, but it might result in hypomorphic alleles due to
alternative start sites (González, 2016). Noncoding or regulatory elements can be disrupted by
complete excision of the genomic region by using pairs of gRNAs to generate a large deletion (Han
et al., 2014).
On the other hand, point mutation modifications or larger knock-in modifications depend on HDR.
NHEJ competes directly with HDR to resolve a DSB (Chapman et al., 2012; Heyer et al., 2010). HDR
usually takes place during the synthesis S and G2 premitotic phases of the cell cycle, when the sister
chromatids are available for recombination. In order to bias the repair choice towards HDR, different
strategies have been used such as i) inhibition of NHEJ machinery components (with small molecules
Scr7, L755507, Brefeldin A or by overexpressing proteins inhibiting 53BP1) (Canny et al., 2017;
Cells et al., 2015; Maruyama et al., 2015; Paulsen et al., 2017); ii) induction of HDR components
activity (e.g. increasing Rad51 activity using small molecule RS-1) (Pinder et al., 2015); iii)
delivering Cas9 to cells with the cell-cycle synchronized using nocodazol (Lin et al., 2014) or iv)
reducing NHEJ events during G1 by fusing Cas9 to geminin, which gets degraded at that phase of
the cell cycle (Howden et al., 2016).
Donor templates used for HDR-mediated genome editing can be short ssDNA/dsDNA fragments or
plasmid templates with long homology arms including selection markers (e.g. puromycin). Single
stranded DNA oligos (ssODN) are easy to synthetize, they recombine efficiently in the cut site and
are commonly used to correct or introduce point mutations or sequences of a few nucleotides (e.g.
restriction sites). ssODN highest recombination efficiencies are achieved when the distance from the
cut site to the nucleotide to recombine are less than 10 bp, the ssODN has an optimal size of 70 nt
(Paquet et al., 2016; Yang et al., 2013), the ssODN sequence is complementary to the gRNA and it
is positioned asymmetrically to favor complementarity with the strand released first upon Cas9
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cutting (Kan et al., 2017; Richardson et al., 2016). An alternative to ssODN are short dsDNA
fragments (200 bp). They are easily generated by PCR and recombine over a longer conversion tract.
To increase the efficiency of seamless recombination, it is important to avoid cutting of the free or
recombined donor template by introducing PAM-disrupting base changes, which must create
synonymous codon changes if the region is coding (Paquet et al., 2016). See Figure 9 for a summary
of DNA repair alternatives of a DSB generated by Cas9. Progresses in genome editing of hPSC using
CRISPR-Cas9 make now possible the straight-forward and efficient generation of new cell lines
highly useful for differentiation and disease modeling studies.

CRISPR-Cas9
Cas9

gRNA

PAM

Double Stand Break (DSB)

Homology directed repair (HDR)
Highly-faithful repair

Nonhomologous End Joining (NHEJ)
Error-prone repair

R
R

Point mutation repair
Targeted insertion (KI)

INDEL generation
Targeted mutagenesis (KO)

Figure 9. CRISPR-Cas9 induced double strand breaks repair alternatives.

6.3.

Transcription regulation using dCas9 effectors

Catalytically dead CRISPR effectors (dCas9, dCpf1) cannot cut DNA but retain their RNA-guided
DNA binding properties (Jinek et al., 2012). They constitute RNA-programmable DNA binding
proteins with multiple interesting applications. For instance, dCas9 interferes with gene transcription
by sterically blocking polymerase II (Pol II) binding or elongation, when targeted downstream of the
transcription start site with gRNAs complementary to the non-template strand. This CRISPR
interference (CRISPRi) system has been used successfully to inhibit gene expression in mammalian
cells (Gilbert et al., 2013; Larson et al., 2013; Qi et al., 2013).
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dCas9 can be fused N- and C-terminally with other proteins, making possible the recruitment of
different effectors to a particular targeted genome region. Multiple transcriptional activators and
repressors have been created this way, constituting artificial programmable transcription factors that
are powerful tools to modulate gene expression. Fusion of transcriptional repressor domain Krüppelassociated box (KRAB) to dCas9 has been used to repress gene transcription (Gilbert et al., 2013,
2014). KRAB interacts with KAP1 that in turn recruits histone deacetylases, histone lysine-methyl
transferases and chromatin remodelers (NuRD complexes) that result in gene silencing (Groner et al.,
2010; Lupo et al., 2013; Reynolds et al., 2012). CRISPRi and dCas9-KRAB might be a more specific
way of repressing transcription than RNAi, and they have been shown to work also for non-coding
and regulatory regions like lincRNA and enhancers (Gao et al., 2014; Gilbert et al., 2014; Kearns et
al., 2015; Sanjana et al., 2016; Thakore et al., 2015).
On the contrary, dCas9 activators use fusions with transcriptional activator domains, being the most
popular repeats of VP16. Derived from herpes simplex virus, VP16 is an acidic domain that recruits
the mediator complex, histone acetyltransferases and general transcription factors, robustly inducing
transcription (Baron et al., 1997; Uhlmann et al., 2007). To induce higher transcriptional activation,
dCas9 has been fused with increasing amounts of VP16, from VP64 (4×) (Gilbert et al., 2013; Maeder
et al., 2013), VP160 (10×) (Cheng et al., 2013), VP192 (12×) (Balboa et al., 2015) or fused with a
SunTag peptide tail that can recruit up to 24× scFV-VP64 (Tanenbaum et al., 2014). Recruiting of
dCas9 activator to a promoter region using multiple non-overlapping gRNAs also results in
remarkably enhanced transcriptional activation, possibly through a synergistic effect (Balboa et al.,
2015; Cheng et al., 2013; Hu et al., 2014; Maeder et al., 2013; Mali et al., 2013c; Perez-pinera et al.,
2013). Additional transactivator domains used for fusion with dCas9 are p65 from NKFB TF (Gilbert
et al., 2013; Konermann et al., 2014), heat shock factor 1 (HSF1) (Konermann et al., 2014) and Rta
transactivator from Epstein-Barr virus. They are particularly effective when fused in combination
with VP64, like VP64-p65-HSF1 (VPH) or VP64-p65-Rta(VPR) (Chavez et al., 2015; Konermann
et al., 2014). Effector domains can be also recruited using RNA aptamers, in which the gRNA is
modified to include additional loops recognized by MS2 protein fused with the effector of interest
(Konermann et al., 2014; Mali et al., 2013c; Shechner et al., 2015). The magnitude of the
transcriptional activation achieved using these systems depends on the combination of effectors used
and the efficiency and number of targeting gRNAs (Chavez et al., 2016), being inversely correlated
with the basal expression level of the gene (Chavez et al., 2015).
Similarly, several epigenetic dCas9 modulators have been engineered by fusing dCas9 with: i) DNA
methyltransferases like DNMT3A, DNMT3L or MQ1 (Amabile et al., 2016; Lei et al., 2017; Vojta
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et al., 2016); ii) TET methylcytosine dioxygenase, which initiates DNA demethylation (Liu et al.,
2016b; Xu et al., 2016); iii) histone methyltransferase LSD1 (Kearns et al., 2015); iv) histone
acetyltransferase p300 (Hilton et al., 2015) or v) histone deacetylase HDAC3 (Kwon et al., 2017).
Overall, dCas9-mediated recruitment of effectors to particular genome locations opens a whole new
field of possibilities to study transcriptional regulation and epigenetics. Function of noncoding
elements can now be studied using dCas9-targeting of transcriptional modulators or epigenetic
modifiers, as has been shown for enhancers and lincRNAs (Dominguez et al., 2016; Gilbert et al.,
2014; Hilton et al., 2015; Kearns et al., 2015; Klann et al., 2017; Konermann et al., 2014; Korkmaz
et al., 2016; Lopes et al., 2016; Sanjana et al., 2016; Thakore et al., 2015). In the context of stem cell
research, dCas9-based effectors have been exploited to promote directed differentiation and transdifferentiation of one cell-type into another (Balboa et al., 2015; Black et al., 2016; Chavez et al.,
2015; Guo et al., 2017b; Kearns et al., 2014). Multiplexing possibilities make dCas9-mediated
transcriptional activation particularly interesting for pluripotent reprogramming, where several genes
and regulatory regions might be targeted simultaneously with the goal of activating a whole new gene
regulatory network more efficiently (Chakraborty et al., 2014; Gao et al., 2014; Liu et al., 2018;
Weltner et al., 2018).

6.4.

CRISPR-Cas9 applications: a whole new research frontier

CRISPR-Cas9 system simplicity is the key to its versatility. Cas9 protein can be easily engineered to
suit different purposes. The limitations in targeting imposed by the species-specific PAM motif in
SpCas9 have been overcome by finding alternative orthologous CRISPR systems (SaCas9, Cpf1) and
rational engineering of the Cas9 proteins. Versions with broader PAM specificities were created by
altering the residues recognizing the PAM (Anders et al., 2016; Hirano et al., 2016; Hu et al., 2018;
Kleinstiver et al., 2015b, 2015a). These can be exploited both in genome editing and transcriptional
and epigenetic regulation set-ups. Cas9 and Cpf1 are relatively big proteins. Rationally engineered
smaller truncated versions were shown to maintain DNA binding ability even when nuclease domains
are deleted (Ma et al., 2018a).
A promising application is the development of base editors that modify DNA bases without cleaving
the DNA. These effectors are composed of a nickase Cas9 fused with a cytidine deaminase
(converting C to T) or an adenine deaminase enzyme (converting A to Inosine, read as G by
polymerases) (Gaudelli et al., 2017; Kim et al., 2017; Komor et al., 2016, 2017b; Li et al., 2018; Rees
et al., 2017; Zafra et al., 2018). Base editors can be used to efficiently repair or introduce point
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mutations avoiding the risks of generating DSB on and off-target, paving the way to safer and more
precise genome editing therapies.
Hypothesis-driven reverse genetics experiments are now straightforward to perform thanks to
targeted gene disruption approaches facilitated by CRISPR-Cas9. In contrast, a remarkable
conceptual advance has been the development of forward genetics experimental set ups where
unbiased whole-genome screenings are performed simultaneously in millions of cells (Doench,
2017). These discovery-driven experiments exploit the fact that libraries of gRNAs targeting the
whole genome can be easily produced via massive arrayed oligonucleotide synthesis. Guide RNA
libraries are then cloned in lentiviral vectors used to infect cells that express Cas9 in a constitutive or
inducible manner.
In this way, genome-wide CRISPR-based screenings have used gRNA libraries to KO genes (KoikeYusa et al., 2013; Shalem et al., 2014; Wang et al., 2014b), repress transcription using CRISPRi or
dCas9-KRAB (Adamson et al., 2016; Liu et al., 2017a), activate transcription with dCas9-activators
(Gilbert et al., 2014; Konermann et al., 2014), or elucidate genetic regulatory elements making use
of dCas9 fused with p300 or other epigenetic modifiers (Klann et al., 2017). These screenings are a
powerful unbiased tool to dissect biological mechanisms. For instance, they have been utilized to
study details of diverse biological processes like flavivirus infection pathways (i.e. ebola), the
regulatory networks of immune cells, the branches of the unfolded protein response or the genes
involved in cancer progression in vivo using AAV-mediated delivery of the gRNA library (Adamson
et al., 2016; Chow et al., 2017; Marceau et al., 2016; Parnas et al., 2015; Zhang et al., 2016).
Moreover, genome-wide screenings combined with single-cell RNA sequencing offer exciting
unprecedented possibilities to dissect regulatory circuits and signaling pathways at the molecular
level (Datlinger et al., 2017; Dixit et al., 2016; Jaitin et al., 2016). Interestingly, CRISPR-Cas9 cutting
activity has been exploited in animal models to perform lineage tracing using the genetic scar
generated by Cas9 cut as a way to infer the developmental tree of differentiation (Alemany et al.,
2018; Junker et al., 2016; Raj et al., 2018).
Other interesting applications of dCas9 targeting include genomic imaging of chromosomal regions
(Chen et al., 2013; Dambournet et al., 2014; Ma et al., 2016b; Tanenbaum et al., 2014), dCas9mediated capture of chromatin (Fujita and Fujii, 2013) and proximity proteomic studies mediated by
dCas9 fused BirA biotin ligase and APEX2 peroxidase (Liu et al., 2017b; Myers et al., 2018;
Schmidtmann et al., 2016).
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CRISPR-Cas9 technology has opened a whole new scenario of experimental possibilities to unravel
and dissect biological mechanisms in ways that were not approachable before. These methods are
gaining remarkable momentum in all areas of biology, highlighting the robustness and versatility of
CRISPR-Cas9. Despite the limited set of CRISPR-Cas9 systems characterized and engineered so far,
the amount of new techniques and applications developed in just a few years is astonishing. In
summary, CRISPR-Cas9 has revolutionized biology and medicine in a way unlikely to have been
foretold, underscoring the importance of basic research in all areas of knowledge to foster radical
paradigm shifts in science.
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AIMS OF THE STUDY
Human pluripotent stem cells can be differentiated in vitro efficiently to the pancreatic lineage. This
constitutes a renewable source of human pancreatic cells than can be utilized for regenerative
medicine purposes, as a model of human pancreatic development or to dissect the pathogenetic
mechanisms behind diabetes.
The general aim of this thesis was to develop better systems to model diabetic disease by combining
improved differentiation protocols, 3D culture methods and humanized mouse models, together with
genome editing of human pluripotent stem cells.
The specific aims of this thesis work were:
1. To establish and optimize differentiation protocols to obtain pancreatic beta-cells from human
pluripotent stem cells, including the development of 3D culture approaches.
2. To develop CRISPR-Cas9 tools to enable genome editing and gene transcriptional regulation
in human pluripotent stem cells.
3. To elucidate the pathogenetic mechanism of an activating STAT3 mutation causing neonatal
diabetes.
4. To investigate the impact of mutations causing proinsulin misfolding in the development of
human beta-cells.
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MATERIAL AND METHODS
1. Ethical considerations (I, II, III)
All the human induced pluripotent stem cell lines used in this thesis work were generated after
informed consent from the patients, as approved by the Coordinating Ethics Committee of the
Helsinki and Uusimaa Hospital District (decision Nro 423/13/03/00/08).
Animal care and experiments were conducted in Biomedicum Helsinki animal facility as approved
by

the

National

Animal

Experiment

Board

in

Finland

(ESAVI/9978/04.10.07/2014,

ESAVI/5411/04.10.07/2016 and ESAVI/9299/04.10.07/2017).

2. Cell culture (I, II, III)
HEK293 cell line, primary fibroblasts from patients’ skin biopsies and human foreskin fibroblasts
(HFF, ATCC #CRL-2429) were cultured in mouse embryonic fibroblasts (MEF) medium: DMEM
(SIGMA, #6546) containing 10% fetal bovine serum (FBS) (Life Technologies, #10270-106), 2 mM
GlutaMAX (Life Technologies, #35050-038), and 100 µg/ml penicillin-streptomycin (Life
Technologies, #15140-122).
Human pluripotent stem cells were cultured on plates coated with Growth Factor Reduced Matrigel
(Corning, #356231) diluted 1:200 (about 45 µg/mL) in DMEM/F12 (Life Technologies, #31331028). Culture medium E8 (Life Technologies; A1517001) was changed every 24 or 48 h depending
on cell culture density. Cells were passaged with 5 mM EDTA (Life Technologies; 15575-038).
ROCK inhibitor Y-27632 2HCL (Selleckchem, #S1049) was used at 5-10 µM upon thawing. All cells
were cultured at 37 °C and 5% CO2 in a humidified incubator. See Table 4.

Table 4. hPSC cell lines used in this thesis work.
Cell line

Description

Work

Reference

H1

hESC derived from a human embryo

-

(Thomson et al., 1998)

H9

hESC derived from a human embryo

I, II

(Thomson et al., 1998)

II

(Saarimäki-Vire et al., 2017)

HEL72.1

hiPSC derived from patient carrying a STAT3
mutation using Sendai virus
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HEL47.2

HEL24.3

HEL46.11

HEL71.4

HEL48.2

HEL107.2

HEL38.4

HEL118.3

HEL113.5

hiPSC derived from 83 years old control donor skin
fibroblasts using Sendai virus
hiPSC derived from human neonatal foreskin
fibroblasts using Sendai virus
hiPSC derived from human neonatal foreskin
fibroblasts using Sendai virus
hiPSC derived from patient carrying an INS mutation
using retroviruses
hiPSC derived from patient carrying an INS mutation
using Sendai virus
hiPSC derived from patient carrying an INS mutation
using Sendai virus
hiPSC derived from patient with PNDM of unknown
etiology using Sendai virus
hiPSC derived from patient carrying a RFX6 mutation
using Sendai virus
hiPSC derived from patient carrying an ABCC8
(SUR1) mutation using Sendai virus

II

(Trokovic et al., 2015a)

II

(Trokovic et al., 2015b)

II

(Achuta et al., 2017)

III

(Balboa et al., 2018)

III

(Balboa et al., 2018)

III

(Balboa et al., 2018)

-

See Results

-

See Results

-

See Results

MEL1-INS

hESC GFP reporter cell line for INS

-

(Micallef et al., 2012)

HES3-NKX6-1

hESC GFP reporter cell line for NKX6-1

-

(Nostro et al., 2015)

3. Pluripotent reprogramming (I, II, III)
Fibroblasts derived from skin biopsies were reprogrammed into pluripotency using retroviral
(Toivonen et al., 2013a) or Sendai-virus mediated (Trokovic et al., 2015b) delivery of reprogramming
factors OCT4, SOX2, MYC and KLF4. Resulting hiPSC colonies were characterized by qRT-PCR
and immunohistochemistry (Balboa et al., 2017a; Toivonen et al., 2013a; Trokovic et al., 2015b).
Potential to contribute to all germinal layers was assayed by embryoid body generation. hiPSC were
single-cell dissociated by 10 min incubation with 5 µM EDTA in PBS and centrifuged at 200 rcf for
2 min. Cells were reaggregated overnight by resuspending them in E8 medium containing 10 µM
ROCKi, seeding them at 106 cells/mL in an Ultra-Low attachment plate (Corning, #3471) placed in
an orbital rotation platform (InforsHT, Celltron). Next day, aggregates were washed once with PBS
and Embryoid Body (EB) medium was added (DMEM/F12 with GlutaMAX (Life Technologies,
#31331-028), 20% KnockOut Serum Replacement (Life technologies, #10828-028), 0.0915 mM 2mercaptoethanol (Life technologies, #31350-010), 1× Non-Essential Amino Acids (NEAA) (Life
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technologies #11140-035)). EB-medium was replaced every two or three days. After two weeks of
culture in suspension, embryoid bodies were plated in Matrigel coated plates, let to attach and cultured
in the plates for additional two weeks. Plated embryoid bodies were then fixed for
immunocytochemistry. Chromosomal abnormalities were ruled out by performing chromosomal Gbanding karyotyping (Yhtyneet Medix Laboratories, Helsinki, Finland).

4. Plasmid construction (I, II, III)
Efficient genome editing in hPSC requires high expression of Cas9 protein. To achieve this, Cas9T2A-EGFP-ires-puromycin plasmid was generated by restriction enzyme based cloning humanized
Cas9 from PX330 plasmid (Addgene plasmid #42230) to an expression backbone with a constitutive
strong CAG promoter, EGFP as a reporter and puromycin antibiotic resistance cassette as a selection
marker (plasmid deposited on Addgene, plasmid #72950).
To generate the dCas9 activator CAG-dCas9VP192-T2A-GFP-Puro construct (deposited on
Addgene, plasmid #69534), H840A mutation was introduced by PCR into nickase Cas9 from pX334
(hSpCas9n(D10A), Addgene plasmid #42333), fused to 12 repeats of the VP16 transactivation
domain and cloned into a CAG-driven expression backbone. An episomal replicating plasmid
(pCXLE-dCas9VP192-T2A-EGFP-shP53, deposited on Addgene, #69535) was derived from this
one, by cloning dCas9-VP192-T2A-EGFP into pCXLE-hOCT3/4-shp53-F backbone (Addgene
plasmid #27077). PiggyBac (PB) transposon constructs were generated by cloning dCas9-VP192T2A-EGFP between PiggyBac recombination sites in pPB-R1R2-NeoPheS (Yusa et al., Nature,
2011).
A destabilized dCas9 activator version was created by cloning the DHFR(DD) domain from pBMN
DHFR(DD)-YFP (Addgene plasmid #29352) and fusing it N-terminally to dCas9 (CAGDDdCas9VP192-T2A-EGFP-ires-puro, deposited on Addgene, plasmid #69534).
Different PB tetON responsible vectors were prepared by cloning cDNA or dCas9 activator
sequences into PB-tight backbones, delivered to the cells with PB-CAG-rtTA-ires-neomycin
expression vector and the PiggyBac transposase expression vector CAG-PBase to mediate efficient
transposition.
The Golden Gate destination vector GGdest-ready was generated by PCR-cloning Esp3I destination
cassette from pCAG-T7-TALEN(Sangamo)-Destination (Addgene plasmid #37184) into pGEM-4Z
(Promega)(deposited on Addgene, plasmid #69538).
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Donor templates for the different reporter cell lines generated were cloned using PCR and Gibson
assembly (New England Biolabs, E2611S). Homology arm of 200 to 800 bp in length were cloned
using touchdown PCR from H9 hPSC genomic DNA. tdTomato sequence was cloned from
pCSCMV:tdTomato

(Addgene

plasmid

#30530).

EmGFP

sequence

was

cloned

from

pcDNATM6.2/N- EmGFP-DEST vector (V35620, Thermo Fisher). Donor template plasmids were
deposited on Addgene, https://www.addgene.org/Timo_Otonkoski/ )

5. Guide RNA assembly by PCR (I, II, III)
CRISPR-Cas9 guide RNA (gRNA) need to be custom designed for each particular approach. gRNA
expression cassettes can be generated in a single PCR reaction containing: (i) a 59 nt long
oligonucleotide which comprises the 20 nt of gRNA spacer of interest; (ii) a dsDNA U6 promoter
PCR product; and (iii) a dsDNA tracRNA-terminator PCR product. Instead of cloning gRNAs by
hybridization of Fw and Rv oligos and ligation in the BbsI site of an opened destination plasmid
(Cong et al., 2013), which is time and reagent consuming, PCR amplification enables the generation
of short products that include the U6 promoter, the gRNA sequence and the terminator, in high
concentrations and ready to use (work I, Figure 10)

Figure 10. PCR-gRNA transcription cassette preparation by PCR

The gRNA oligo contains: 19 bp matching U6 promoter, an extra G nucleotide (to increase RNA
transcription), 20 bp gRNA (NN….N) and 19bp matching tracrRNA (making a 59 nt long oligo).
5’-GTGGAAAGGACGAAACACCgNNNNNNNNNNNNNNNNNNNNgttttagagctagaaatag-3’
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To design the targeting gRNAs, online CRISPR designing tools were used (e.g. http://crispr.mit.edu/,
https://benchling.com). A list of gRNAs sequences used in this work are presented in Table 5.
The dsDNA pieces containing U6 and terminator can be amplified from a plasmid containing an U6
promoter (e.g. PX335), using the following PCR reaction:
5×HF buffer
dNTP (2,5 mM)
U6 prom Fw (10 µM)
U6 prom Rv (10 µM)
Phusion (Thermo Scientific)
U6 template (20 ng)
H2O
Total

4 µl
1,6 µl
1 µl
1 µl
0,2 µl
x
×(up to 20 µl)
20 µl

Thermal cycle:
1×
98 °C - 3’
35x 98 °C - 10’’
60 °C - 30’’
72 °C - 9’’
1x
72 °C - 8’

Oligo sequences:
U6promFw:

GAGGGCCTATTTCCCATGATTC

U6promRv:

GGTGTTTCGTCCTTTCCAC

Amplicon size = 249 bp
The resulting PCR product was run on a gel and purified.
To reduce possible PCR misamplifications, U6-dsDNA fragment was tailed by another PCR step:
To amplify the U6 tailed promoter part, the following reaction was performed using: as the template,
previously PCRed U6 promoter 20 ng; as primers 5p tailed U6 prom Fw (100 µM), U6 prom Rv (100
µM).
To amplify the tailed terminator part, the following reaction was performed: as the template, Long
reverse oligo TermRv80bp (1 µM); as primers Term 80bp Fw (100 µM) and 3p tailed term 80 bp Rv
(100 µM).
5×HF buffer
dNTP (2,5 mM each)
X Primer Fw (100 µM)
X Primer Rv (100 µM)
Template (U6 or TermRv80bp)
Phusion (Thermo Scientific)
H2O
Total

20 µl
8 µl
0.5 µl
0.5 µl
X µl
1 µl
X (up to 100 µl)
100 µl

Thermal cycle:
1×
98 °C - 3’
35x 98 °C - 10’’
60 °C - 30’’
72 °C - 9’’
1x
72 °C - 8’

PCR products were loaded on 1 % agarose, the bands were cut and purified.
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Oligo sequences:
5pTailedU6promFw: GTAAAACGACGGCCAGTGagggcctatttcccatgattc
U6promRv: GGTGTTTCGTCCTTTCCAC
TermRv80bp:
AAAAAAAgcaccgactcggtgccactttttcaagttgataacggactagccttattttaacttgctaTTTCtagctctaaaac
3pTailedTerm80bpRv: AGGAAACAGCTATGACCATGAAAAAAAgcaccgactcggtgccac
Term80 Fw: gttttagagctaGAAAtagcaag

Resulting PCR product sequences:
U6 promoter TAILED on 5’ (266 bp):
GTAAAACGACGGCCAGTgagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattggaa
ttaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatg
gactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttGTGGAAAGGACGAAACACC
Terminator TAILED on 3’ (103 bp):
GTTTTAGAGCTAGAAATAGcaagttaaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttCAT
GGTCATAGCTGTTTCCT
Generation of gRNA-PCR products from gRNA 60bp oligos
5×HF buffer
dNTP (2,5 mM)
gRNA (1uM)
1aggc Fw (100 µM)*
1aggc Rv (100 µM)*
U6 prom Tailed (5 ng)
Term tailed (5 ng)
Phusion (Thermo Scientific)
H2O**
Total

20 µl
8 µl
2 µl
0,5 µl
0,5 µl
x µl
x µl
1 µl
x (up to 100 µl)
100 µl

Thermal cycle:
1×
98 °C - 3’
35x 98 °C - 10’’
52 °C - 30’’
72 °C - 12’’
1x
72 °C - 8’

*Different positional primers be used to enable posterior Golden Gate cloning. **Since these PCR
reactions are easily contaminated it is critical to include proper water controls.
The PCR products were checked by electrophoresis (expected size of 455 bp). After purification they
are ready to use for transfection or electroporation. The sequences used for gRNA-PCR amplification
are: 1_aggc_Fw (incorporates EcoRI-BamHI-XhoI for cloning of gRNA transcriptional unit into
different vectors):
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actgaattcggatcctcGAGCGTCTCACCCTGTAAAACGACGGCCAGT
1_aggc_Rv (incorporates NotI-SalI-BglII sites):
catgcggccgcgtcgacagatctCGTCTCACATGAGGAAACAGCTATGACCATG
If necessary, the following sequencing primer can be used to demonstrate the correct sequence of the
desired gRNA-PCR: CRISP_Seq_Fw: AGGGCCTATTTCCCATGATTC
Additional positional primers for Golden Gate concatenation:
2_aggc_Fw: actgaattcggatcctcGAGCGTCTCACATGGTAAAACGACGGCCAGT
3_aggc_Fw: actgaattcggatcctcGAGCGTCTCAGGACGTAAAACGACGGCCAGT
4_aggc_Fw: actgaattcggatcctcGAGCGTCTCACCAGGTAAAACGACGGCCAGT
5_aggc_Fw: actgaattcggatcctcGAGCGTCTCATGTTGTAAAACGACGGCCAGT
2_aggc_Rv: catgcggccgcgtcgacagatctCGTCTCAGTCCAGGAAACAGCTATGACCATG
3_aggc_Rv: catgcggccgcgtcgacagatctCGTCTCACTGGAGGAAACAGCTATGACCATG
4_aggc_Rv: catgcggccgcgtcgacagatctCGTCTCAAACAAGGAAACAGCTATGACCATG
5_aggc_Rv: catgcggccgcgtcgacagatctCGTCTCACGTTAGGAAACAGCTATGACCATG

7. Golden Gate concatenation of multiple guide RNA transcriptional

cassettes (I)
Up to five PCR-amplified gRNA transcriptional units were concatenated in a single-step cloning
reaction using Golden Gate assembly (Cermak et al., 2011). A custom destination vector was cloned
for this purpose, GGdest-ready (work I). Assembly reactions contained:
150 ng of GGdest-ready vector,
50 ng of each gRNA-PCR product,
1 µL Esp3I (ThermoFisher, ER0451),
1 µL T4 DNA ligase (ThermoFisher, EL0011);
2 µL T4 ligase buffer and
2 µL DTT (10mM, Promega, V3151)
20 µL final volume
Thermal cycle consisted of 50 cycles of restriction/ligation (2 min at 37 °C, 5 min at 16 °C) followed
by enzyme inactivation step (20 min at 80 °C). Ten microliters of the reaction were transformed into
DH5alpha or Stbl3 chemical competent bacteria and plated on LB agar containing ampicillin.
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Concatenation of the gRNA-PCR products was validated by plasmid restriction with EcoRI and NotI:
backbone 2597 bp band, 5 gRNAs cassette = 1984 bp band, 4 gRNAs cassette = 1567 bp band, 3
gRNAs cassette = 1177 bp band.

8. Cell transfection and electroporation (I, II, III)
Chemical transfection was performed using Fugene HD transfection reagent (Promega) according to
manufacturer instructions using ratios of 1 µg DNA to 5 or 6 µL Fugene.
Cell electroporation was performed using Neon Transfection system (Life Technologies). Human
fibroblasts were electroporated using 1 million single cells resuspended in 100 µL buffer R, loaded
in 100 μl tips and treated with 1650 V, 10 ms and 3×pulse settings.
For electroporation of hPSC, cells were dissociated by washing once with PBS, incubating at 37 °C
for 5 min with Accutase (Life Technologies, #A1110501) and resuspended in 5% FBS-containing
PBS. 2 million cells were resuspended in 100 µL buffer R and electroporated with Neon Transfection
system using 1100 V, 20 ms and 2×pulses. Cells were plated onto a Matrigel-coated plates with E8
medium containing 5 µM ROCK inhibitor.

9. CRISPR-Cas9 genome editing of hPSC (II, III)
Guide RNAs were designed using http://crispr.mit.edu/ or https://benchling.com, selecting gRNAs
cutting as close as possible to the mutation site, having the least possible number of predicted offtargets and maximal predicted on-target activity.
Table 5. Guide RNAs used for genome editing in this thesis work. Sequences of the 20 nt guide RNA,
PAM sequence is not included.

Name

Spacer sequence

Use

STAT3.1

AGGGGAACAATCAACTATGT

Mutation correction

STAT3.2

CTCTGCAGAATTCAAACACT

Mutation correction

STAT3.3

TTCCCCTGTGATTCAGATCC

Mutation correction

INS8

CTGGTAGAGGGAGCAGATGC

Mutation correction

C4ORF22.2 patient

CTTGTATGTAGAGTTCTGTC

Mutation correction

RFX6.2

ATAACAGGATTTTCGAGCAG

Mutation correction
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SUR1.2 mutant

TCGTGGAGGTCAATGTCATC

Mutation correction

PROX1 1 to 4

GCTCAAGAATCCCGGGACCC;
ATCTTCAAAAGCTCGTCAGC;
CCTGAGAGCAAAGCGCGCCC;
CGGGTTGAGAATATAATTCG

KO generation

ERBB2 1 and 4, 3 and 6

GGGCCTGATCCTACTGCCCT and
GAGGTCAGGTTTCACACCGC;
TAAGGACCCTCCCTTCTGCG and
AGACCGTTGGACTCACGAGT;

KO generation

MANF 1 to 4

GTCGGCCGCTGATTGAACCC;
TCAGCGGCCGACAACTGTCT;
GAGCGGTAACCTCTAGATGG;
AGAGGTTACCGCTCCCCGTT

KO generation

SOX9.4

CCTCCCACGAAGGGCGAAGA

Reporter generation

NEUROG3.2

TGAAAGGACCTGTCTGTCGC

Reporter generation

OCT4 stop codon

CCTGTCCCCCATTCCTAGAA

Reporter generation

SOX2 end (SaCas9)

AAATGGGAGGGGTGCAAAAGAG

Reporter generation

MAFA.cut1

CACGGCCGACTTCTTCCTGT

Reporter generation

INS6

CATCTGCTCCCTCTACCAGC

Reporter generation

GCG.1

CCAGTTTATAAAGTCCCTGG

Reporter generation

gRNA transcriptional cassettes were prepared by PCR (as described above) and tested first in
HEK293 cells by FENE transfection. After 72 hours, transfected cells were collected and DNA
samples prepared using Direct PCR lysis buffer (VIAGEN). gRNA targeting region was amplified
using specific primers and touchdown PCR with Phusion polymerase (Thermo Fisher Scientific):
5×HF buffer
dNTP (2,5 mM each)
DMSO 100%
Fw primer (10 µM)
Rv primer (10 µM)
Phusion (Thermo Scientific)
Betaine 5M
DNA
H2O
Total

4 µl
1,6 µl
0,2 µl
1 µl
1 µl
0,2 µl
4 µl
1 µl
x (up to 20 µl)
20 µl

Thermal cycle:
1×
98 °C - 3’
8x
98 °C - 10’’
down 0.5 °C/cycle - 30’’
72 °C - 26’’
30x 98 °C - 10’’
X °C - 30’’
72 °C - 26’’
1x
72 °C - 8’

Cutting activity was evaluated by T7 assay. Briefly, 18 µl of purified PCR product were taken, 2 µl
of NEB2 buffer 10×(New England Biolabs) added, and hybridized using following thermal cycle:
95 °C 10’, 85 °C 1’ 20’’, 75 °C 1’ 33’’, 65 °C 1’ 33’’ >(-10 °C each step for 1’33’’)> 25 °C 1’ 33’’
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400 ng of hybridized DNA was incubated with 0.5 µL T7 endonuclease (New England Biolabs,
#M0302S) for 30–45 min at 37 °C. Samples were run on 2.5 % TBE agarose gel at 70/80 V. gRNAs
showing highest cutting activity by T7 assay were selected and use for genome editing experiments.
Templates for correction or introduction of point mutations were designed to incorporate synonymous
nucleotide changes to i) create new restriction sites for the screening of the recombinant events and,
ii) disrupt the PAM sequence NGG to avoid further cutting of the Cas9 in the recombinant allele.
This strategy enables rapid screening by PCR (followed by restriction enzyme treatment) and
increases the efficiency of recombinant clone recovery. ssODN were ordered as desalt oligos
(SIGMA) and dsDNA was assembled by PCR of 2x100-120 nt long oligos (SIGMA).

Table 6. Correction templates used for genome editing in this thesis work. DNA oligos used to generate
dsDNA templates by PCR or used directly as ssDNA.

Correction templates
dsDNA_202bp_STAT3_Fw

CTGGGATCCTCTCAGAGGGTAAGTTCAGCCTAGAGGCTTCCTT
TTGTTCCGTTTAACCTAACTTCATCCTCCGGCTACTTGGTCACC
TACATAGTTGATTGTTCCCCTGTGATTCAGATC

dsDNA_202bp__STAT3_Rv

CTGTGTACACAAGTGTTTGAATTCTGCAGAGAGGCTGCCGTTG
TTGGATTCTTCCATATTCATCACCTTGGTGTTTGTGCCCAGAAT
GTTAAATTTGCGGGATCTGAATCACAGGGGAAC

ssODN_STAT3_120b

ATTCTGCGGAGAGGCTGCCGTTGTTGGATTCTTCCATGTTCATC
ACTTTTGTGTTTGTGCCCAGAATGTTAAATTTCCGAGATCTGAA
TCACAGGGGAACAATCAACTATGTAGGTGACC

ssODN_Ins8_BsrGI

GCAGAAGCGTGGCATTGTGGAACAATGCTGTACAAGCATCTGC
TCCCTCTACCAGCTCGAGAACTACTGC

C4orf22_dsDNA_XbaI_Fw

GACTTGACTAACAATGTAATTTATGTATTTTAGGCGCAGCCAGG
TGACAACTCTACTAGAATCACTATTCTGACAGAACTCTACGTAC
AAGCTGTCATTTTTGACCACATTTCTAGAAGA

C4orf22_dsDNA_XbaI_Rv

TATTCTAATTTGCTCTGTCTACGGAATTTATTTAAATTTAGCAAA
TTATTAGGAAATTAACATGTTGGTACTTAAGTCTTTCTTCTAGAA
ATGTGGTCAAAAATGACAGCTTGTACGTAG

RFX6_dsDNA_Lsp_200bp_F
w

TATTATATATACTTTCATGTTCTGTTCTTAATGAGTTCATGTTAAA
GAAAAAAATCTTAACATACTTTTTACTCTGCAACTAGATCCAGCA
TTTTTTGCTGCACTTTTGG

RFX6_dsDNA_Lsp_200bp_Rv

TACCTTATAAAGAATTGAGTCACAAACACAGAAAATATCAATGAT
AACAGGATTTTCCAATAAGGGAAGCAAGTGATCAGGCATTCCTT
GCCAAAAGTGCAGCAAAAAAT
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dsDNA_ABCC8_HincII_
200bp_Fw

TTTGTCAAGTTCTTGGACCACGCCATCGGCTTCTCGCAGCTAC
GCTTCTGCCTCACAGGGCTGCTGGTGATCCTCTATGGGATGCT
GCTTCTCGTGGAGGTCAACGTCAT

dsDNA_ABCC8_HincII_
200bp_Rv:

GGTGGGGGCCTGAACCCAGGGCAGGACAGAGGCCAGAGCCT
CTGCTTCCCACCCCACCCTGGCCCAGGTGGCCTGCTTACCCTC
ACTCTGATGACGTTGACCTCCACGAG

hPSC cells were electroporated with 6 µg of CAG-Cas9-T2A-EGFP-ires-puro, 500 ng of gRNA-PCR
product and 6 µg of dsDNA PCR product or 2 µg of ssDNA correction templates. This resulted in
high expression of Cas9 as reported by EGFP expression 24 to 72 h after electroporation. Efficiently
electroporated cells were then single-cell sorted for EGFP+ or selected by transient treatment with
Puromycin (0.15 - 0.5 µg/mL overnight).
Alternatively, complexed ribonucleoprotein (RNPs) were used for genome editing. Firstly, a crRNAtracRNA hybrid (100 µM) was prepared by incubating 2.5 µL of a 200 µM solution of the synthesized
crRNA of interest (IDT, Alt-R® CRISPR-Cas9 crRNA) with 2.5 µL of a 200 µM solution of Atto550 labelled tracRNA (IDT, Alt-R® CRISPR-Cas9 tracrRNA, ATTO™ 550) for 5 min at 95 °C in a
thermocycler, and then cooled down at room temperature, to enable the formation of the crRNAtracrRNA hybrid. RNP complex was prepared by incubating 1 µL of the crRNA-tracrRNA hybrid
(100 µM) with 1 µL of recombinant Cas9 (equivalent to 10 µg) (IDT, Alt-R® S.p. Cas9 Nuclease
3NLS, 100 µg (10 µg/µL), #1074181) and 1 µL of electroporation R buffer (Life Technologies). This
was incubated in the bottom of a PCR tube, protected from light, for 10 to 20 min at RT to enable
complex formation. For delivery to hPSC, 2 million hPSC dissociated cells were electroporated as
described before with 3 µL of the RNP complex, 2 µL of a 100 µM solution of electroporation
enhancer (IDT, Alt-R® Cas9 Electroporation Enhancer), 2 µg of pCXLE-mp53DD plasmid
(Addgene #41859) and 2 µg of the correspondent of donor template (ssDNA/dsDNA/plasmid).
Electroporated cells were single-cell sorted 24 or 48 h later using Atto550+ signal.
Expanded colonies were sampled for DNA and screened using PCR, followed by restriction of the
PCR amplicon with the corresponding restriction enzyme. Recombinant colony clones were further
validated using Sanger sequencing. Established clones were checked for chromosomal abnormalities
by G-banding karyotyping. Putative individual off-targets predicted by http://crispr.mit.edu/ or
http://guidescan.com/ were sequenced to rule out additional editing events. A workflow for genome
editing of hPSC using CRISPR is presented in Figure 11.
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Figure 11. Workflow outline for genome editing of hPSC.

10.

hPSC single cell sorting (II, III)

FACS-sorter assisted single cell deposition enables the generation of homogeneous clonal colonies
arising from a single cell. The cells to be single-cell sorted were preincubated for at least 4 h with 10
µM ROCKi in fresh E8 medium. Cells were dissociated with Accutase (Thermo Fisher, A1110501)
and resuspended in 5% FBS-containing PBS, centrifuged 3 min at 200 rcf and resuspended in 500
µL sorting buffer. Sorting Buffer was composed of 1×HBSS (Life Technologies, 14175-053), 1 mM
EDTA, 25 mM HEPES (Life Technologies, 15630-056), 10% FBS (Life Technologies, 10270-106)
and 10 µM ROCKi. Propidium iodide (2.5 μg /mL) was added as viability stain. EGFP+ or Atto550+,
alive, single cells were sorted 1 per each well of a 96 well plate containing E8 + 5 µM ROCKi with
sorter SONY SH800 in targeted mode. Sorted plates were centrifuged at 70 rcf for 3 min and placed
in the incubator for 48 h. E8 + ROCKi medium was refreshed after 48-72 h, and then every 2-3 days
until colonies contained 40-50 cells, when it was replaced by plain E8. Addition of CloneR cloning
supplement (used at 10%, Stem Cell Technologies, 05888) for the first 4-6 days improved
significantly cloning efficiency in some hPSC lines.

11.

Transcriptional activation with dCas9 effectors (I)

Guide RNAs used for transcriptional activation were designed to target the -50 to -500 bp from the
transcriptional start site in the promoter of the gene of interest. Five gRNAs were selected, amplified
by gRNA-PCR and tested on HEK293 by transfecting 500 ng of CAG-dCas9-VP192-T2A-GFP-irespuro and 50 ng of each gRNA-PCR product using FuGENE. After 72h, cells were fixed for
immunostaining with antibodies against the targeted gene or collected for RNA extraction and qRT92

PCR for the targeted gene. If gRNAS activated the targeted gene efficiently, the five gRNA-PCR
products were concatenated using Golden Gate reaction approach.
Fibroblasts with inducible dCas9 activators were generated by electroporating 1μg of PB-transposase,
2 μg of PB-CAG-DDdCas9VP192-GFP-IRES-Neo, 1.5 μg of PB-OCT4-SOX2-guides-PGK-Puro
and 1.5μg of PB-NANOG-LIN28A-guides-PGK-Puro plasmids. Electroporated fibroblasts were
plated on gelatin-coated plates and selected with G418 and puromycin. Inducible dCas9 activator
hESC lines were created by electroporating H9 cells with 2 μg of PB-CAG-DDdCas9VP192-GFPIRES-Neo, 1 μg PB-FOXA2-SOX17-guides-PGK-Puro, 1 μg PB-PDX1-NKX6-1-guides-PGK-Puro
and 1 μg of PB-transposase using Neon Transfection system (1100 V, 20 ms, 2×pulses). Cells were
plated onto Matrigel coated plates in E8+ROCKi medium and selected with G418 and puromycin.
Activation of the targeted genes was verified by immunostaining and qRT-PCR.

12.

Pancreatic differentiation of hPSC (I, II, III)

During this thesis work, several differentiation protocols have been tested and optimized. Out of the
different attempts and iterations to improve the differentiation protocol, it is presented here the
version that has yielded most reliably high numbers of monohormonal beta-cells (work II and III).
hPSC cultures were dissociated by 10 min incubation with 5 mM EDTA at 37 °C. Single cells were
seeded at 1.5-2 million cells/3.5 cm well on Matrigel-coated plates with E8 medium containing 5 μM
ROCKi. Differentiation was started 24 h later and proceeded through a 7-stage differentiation
protocol: stages 1 to 4 in adherent culture and stages 5 to 7 in suspension culture:
- Definitive endoderm induction (3 days): cells were washed 1xPBS(without Ca2+/Mg2+) and 2
mL medium/3.5 cm well of differentiation media was added: MCDB131 (Life Technologies, #10372019) + 2 mM Glutmax (Life Technologies, 35050038) + 1.5 g/L NaHCO3 (Biowest, P2060) + 0.5%
BSA fraction V Fatty acid free (Sigma-Aldrich, A7030) + 10 mM final glucose (Sigma-Aldrich,
G8769) + 100 ng/ml ActA (Hyvönen lab, University of Cambridge) + 3 μM CHIR (Selleckchem,
S2924). CHIR concentration was reduced to 0.3 μM and 0 μM on day 1 and day 2 respectively.
- Stage 2, posterior foregut induction (for 3 days, medium changed daily): MCDB131 + 2mM
Glutmax + 1.5 g/L NaHCO3 + 0.5% BSA + 10 mM final glucose + 0.25 mM Ascorbic acid (SigmaAldrich, #A4544) + 50 ng/mL FGF7 (Genscript, #Z03047).
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- Stage 3, pancreatic endoderm induction (for 2 days, medium changed every day): MCDB131
+ 2 mM Glutmax + 2.5 g/L NaHCO3 + 2% BSA + 10 mM final glucose + 0.25 mM Ascorbic acid +
50 ng/mL FGF7 + 0.25 μM SANT1 (Sigma-Aldrich, #S4572), 1 μM RA, 100 nM LDN, 1:200 ITSX (Life Technologies, #51500-056), 200 nM TPB (Santa Cruz Biotechnology, #sc-204424).
- Stage 4, pancreatic progenitor induction (4 days, medium changed every day): MCDB131 + 2
mM Glutmax + 2.5 g/L NaHCO3 + 2% BSA + 10 mM final glucose + 0.25 mM Ascorbic acid + 2
ng/mL FGF7 + 0.25 μM SANT1 + 0.1 μM RA + 200 nM LDN + 1:200 ITS-X + 100 ng/mL EGF
(Peprotech, AF-100-15) + 10 mM Nicotinamide (Sigma-Aldrich, N0636).
- Stage 5, endocrine progenitor induction: Cells were washed 2×with EDTA, treated with TrypLE
for 10 min at 37 °C using 1 mL/3.5 cm well. Cells were dislodged by pipetting and centrifuged for 3
min at 200 rcf. Cells were resuspended in S5 medium with 10 µM ROCKi at a density of one million
cells/mL, in a volume of 5 mL. Cell suspension was plated in ultra-low attachment 6-well plates
(Corning, #3471) and placed in a rotating platform (InforsHT, Celltron) at 95 rpm in the incubator.
After 24h, cells formed round aggregates and medium was changed to S5 without ROCK inhibitor:
stage 5 medium (for 4 days, changed every day): MCDB131 + 2 mM Glutmax + 1.5 g/L NaHCO3 +
2% BSA + 20 mM final Glucose + 1:200 ITS-X + 10 µg/mL Heparin (Sigma-Aldrich, #H3149) +
0.25 μM SANT1 + 0.05 μM RA + 100 nM LDN + 10 μM ALK5inhII (Selleckchem, #S7233) + 1
μM GC1 (Tocris, #4554) + 10 μM Zinc Sulfate (Sigma-Aldrich, #Z0251) + 20 ng/mL Betacellulin
(Peprotech, #100-50) + 100 nM GSiXX (Millipore, #565789).
- Stage 6 media, endocrine cell induction (7 to 14 days, change every second day): MCDB131 +
2 mM Glutmax + 1.5 g/L NaHCO3 + 2% BSA + 20 mM final glucose + 1:200 ITS-X + 10 µg/mL
Heparin + 100 nM LDN + 10 μM ALK5inhII + 1 μM GC1 + 100 nM GSiXX + 10 μM Zinc Sulfate.
- Stage 7 media, endocrine cell maturation (7 to 14 days, changed every second day): MCDB131
+ 2 mM Glutmax + 1.5 g/L NaHCO3 + 2% BSA fV + 20 mM final glucose + 1:200 ITS-X + 10
µg/mL Heparin + 10 μM ALK5inhII + 1 μM GC1 + 10 μM Trolox + 1 mM N-Acetylcysteine (SigmaAldrich, A9165) + 75 μM Resveratrol (Sigma-Aldrich, R5010) + 20 μM JNK inhibitor (SP600125,
Tocris, #1496) + 2 μM R428 (Selleckchem, #S2841).

To improve reproducibility and standardize the differentiation, small molecule compounds can be
prepared in batches of stage-specific supplements, enabling rapid differentiation media preparation
and consistency between experiments:
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- S3 supplement preparation, 2500X stock
SANT1 (2.5 mM)

100 μL

200 μL

RA (10 mM)

100 μL

200 μL

LDN (1 mM)

100 μL

200 μL

TPB (2.5 mM)

80 μL

160 μL

DMSO

20 μL

40 μL

TOTAL

400 μL

800 μL

LDN (1mM)

200 μL

400 μL

SANT1 (2.5 mM)

100 μL

200 μL

TPB (2.5 mM)

40 μL

80 μL

RA (10 mM)

10 μL

20 μL

DMSO

50 μL

100 μL

TOTAL

400 μL

800 μL

RA (10 mM)

5 μL

10 μL

SANT1 (2.5 mM)

100 μL

200 μL

LDN (1 mM)

100 μL

200 μL

GC1 (10 mM)

100 μL

200 μL

GSiXX (1 mM)

100 μL

200 μL

ALK5inhII (50 mM)

200 μL

400 μL

DMSO

61.6 μL

123.2

TOTAL

666.6 μL

1333.2 μL

ALK5inhII (50 mM)

200 μL

400 μL

LDN (1 mM)

100 μL

200 μL

GC1 (10 mM

100 μL

200 μL

100 μL

200 μL

500 μL

1000 μL

- S4 supplement preparation, 2500X stock

- S5 supplement preparation, 1500X stock

- S6 supplement preparation, 2000X stock

GSiXX

(1mM)

TOTAL
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At the end of stage 7, islet-like aggregates were collected and characterized routinely by cytometry,
qRT-PCR and immunohistochemistry. Response to glucose stimulation was studied in static and
perifusion conditions. Stage 7 aggregates were also grafted to immunocompromised mice to evaluate
its functionality in vivo.

13.

Flow cytometry for surface and intracellular antigens (I, II, III)

Cells for flow cytometry were prepared by incubation with TrypLE (Life Technologies, #12563029)
for 2 to 10 min (depending on the differentiation stage) at 37 °C until complete single cell dissociation
was achieved. After this, cells were resuspended in 5% FBS-containing PBS. For definitive endoderm
marker CXCR4 cytometry, one million cells were suspended in 20 µL PE-CXCR4 antibody and
incubated in room temperature protected from light for 30 min, then washed 3×with 5%FBScontaining PBS and analysed. For cytometry of intracellular antigens, single cell dissociated cells
were spun at 250 rcf, 5 min in 4 °C cold centrifuge and resuspended in 250 µL Cytofix/Cytoperm
(BD Biosciences, #554714), vortexed briefly and incubated on ice for 20 min. Cells were washed
twice with 1 mL Perm/Wash buffer (10×stock diluted with MQ water to 1X: 5 mL in 45 ml MQ
water; BD Biosciences, #554714). Cells were resuspended in 100 µL Blocking Perm/Wash
(Perm/was buffer containing 4% FBS as a blocking agent) with the correspondent dilution of
conjugated or primary antibody. Cells were incubated overnight at 4 °C, protected from light. Next
day, cells were washed twice with 1 mL Perm/Wash buffer and incubated for 1 h at room temperature
with correspondent secondary antibody if needed. After final washing steps, cells were transferred to
cytometry tubes and analysed using FACSCalibur cytometer (BD Biosciences) and FlowJo software
(Tree Star Inc.). The list of antibodies used for flow cytometry is presented in Table 7.

14.

Transplantation experiments (II, III)

Stage 7 differentiated cells were transplanted under the kidney capsule of male NOD-SCID-gamma
(NSG) (Jackson Laboratories; 005557) mice aged 3 to 12 months. Mice were maintained on a 12 h
light/dark cycle with food ad libitum. Aggregates equivalent to approximately 5 million cells were
loaded on a PE-50 tubing connected to a needle, by gentle aspiration using a screw-driven Hamilton
syringe. The tubing was folded, clamped with a plastic tip and placed inside a 15 mL Falcon tube.
Tubes were centrifuged at 200 rcf for 3 min to pellet the aggregates inside the tubing, forming a tight
pellet that facilitates delivery under the kidney capsule.
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Mice were anesthetized using inhaled isoflurane. Carprofen (Rimadyl, 5 mg/kg, subcutaneously,
Prizer, Helsinki, Finland) and Buprenorphine (Temgesic, 0.1 mg/kg, subcutaneously, RB
pharmaceuticals Lmt, Berkshire, UK) were administered as analgesics during the operation and in
the following day. An incision of about 2 cm was practiced on the mouse left flank with surgical
scissors through the skin and peritoneum, above the presumed location of left kidney. Placing the
mouse on top of a 10 mL plastic syringe facilitated the whole procedure, easing the recognition of
the kidney through the skin and its extraction out of the peritoneal cavity. Once kidney was exposed,
it was kept moist using a cotton swab soaked in saline solution. A nick was practiced in the kidney
capsule using a needle, creating an opening that was widened into a channel pocket using a pulled
bent glass rod. This operation generated a subcapsular space in which the islet-like aggregates were
delivered by introducing the PE-50 tubing and ejecting them by operating a Hamilton syringe
connected to the other end of the tube. After delivery, the opening was carefully cauterized and the
kidney placed back in the peritoneal cavity. Peritoneum was sewed using reabsorbible silk and the
skin was stapled. Topical antibiotic Terramycin spray was applied on the wound.
Mouse blood samples were collected monthly from the saphenous vein using heparinized capillary
tubes. Blood plasma was separated by centrifugation at 5000 rcf, 5 min, RT and plasma supernatant
samples were collected and stored at -80 °C for further analysis. Mouse plasma levels of human cpeptide and proinsulin levels were measured from plasma samples with Ultrasensitive C-PEPTIDE
ELISA (Mercodia) and PRO-INSULIN (Mercodia) according to manufacturer instructions.

15.

Static glucose stimulated insulin secretion and intraperitoneal

glucose tolerance test (IPGTT) (II, III)
To evaluate the functionality of Stage 7 islet-like aggregates, static glucose stimulated insulin
secretion (GSIS) assay was performed. About 100 aggregates were transferred to 1.5 mL tubes,
washed twice with Krebs buffer (128 mM NaCl, 5 mM KCl, 2.7 mM CaCl2, 1.2 mM MgCl2, 1 mM
Na2HPO4, 1.2 mM KH2PO4, 5 mM NaHCO3, 10 mM HEPES, 0.1% BSA in deoinized water)
containing no glucose and then transferred to 12-well plates placed in a rotating platform for
incubation in 3.3 mM glucose-containing Krebs buffer for 1 hour (low glucose condition). Aggregates
were washed with Krebs-0 mM glucose twice and placed on Krebs-3.3 mM glucose for another hour.
After this wash out of 2 h, aggregates were incubated sequentially in i) 3.3 mM glucose; ii) 20 mM
glucose; iii) 20 mM glucose + 100 μM tolbutamide; and iv) 3.3 mM + 30 mM KCl, for a period of
30 min, with two washes with 1 mL Krebs buffer containing no glucose between treatments. About
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500 μL of supernatant from each incubation treatment were collected, centrifuged to remove possible
cells in suspension and stored at -80 °C. Cells were retrieved after the last treatment incubation, and
lysed in acid ethanol for determination of total insulin and DNA content. Human insulin concentration
was determined by ELISA (Mercodia).
Mice were fast for 6-8 h before IPGTT. A solution of 30% glucose solution in water (sterile-filtered)
was injected intraperitoneally to deliver 2 g glucose/kg of body weight. Blood glucose levels were
measured (Glucometer OneTouch Ultra, Lifescan, Milpitas; USA) at 0, 20, 40 and 60 min after
glucose injection. Blood samples were collected at 0 and 40 min after glucose injection as described
above.

16.

Immunofluorescence, microscopy and morphometry (I, II, III)

Adherent culture cells were fixed for immunocytochemistry (ICC) in 4% PFA for 15 min, washed 3×
with PBS, permeabilized with 0.5% Triton-X100 in PBS, washed 3×with PBS and blocked with
UltraV block (ThermoFisher) for 10 min. Fixed cells were incubated at 4 °C overnight with primary
antibodies diluted in 0.1% Tween in PBS. After several PBS washes, cells were incubated with
secondary antibodies diluted in 0.1% Tween in PBS at RT for 30 min. Same procedure was used for
whole-mount staining of Stage 7 cell aggregates, extending fixation, permeabilization, washing and
incubation times.
Stage 7 cell aggregates were fixed with 4% PFA at RT overnight and briefly stained with Eosin. They
were then embedded in low-melting agarose (Sigma-Aldrich) and transferred to paraffin blocks.
Retrieved grafted kidneys were dissected and fixed with 4% PFA at RT overnight, and then processed
for tissue transfer and paraffin embedding. Paraffin blocks were cut in 5 μm sections. To perform
immunohistochemistry, slides were deparaffinised and boiled in either in 1 mM EDTA or 0.1 M
citrate buffer to enable antigen retrieval. Blocking and incubation with primary and secondary
antibodies were done as described for fixed cells above.
Imaging was performed using EVOS inverted microscope (LifeTechnologies) or Zeiss Axio Observer
Z1 with Apotome 2. Apotome images were processed with ZEN2 software blue edition. Image
quantifications were performed blindly using Fiji software (Schindelin et al., 2012).
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Table 7. List of

antibodies used in this thesis work for immunocytochemistry (ICC),

immunohistochemistry (IHC) and flow cytometry (FC).
Antibody

Dilution

Company Cat # and RRID

Method

Rabbit anti-OCT4

1:500

Santa Cruz Biotechnology Cat# sc-9081,
RRID:AB_2167703

ICC

Rabbit anti-OCT4

1:500

Cell Signaling Technology Cat# 2840,
RRID:AB_2167691

ICC

Goat anti-OCT4

1:500

Santa Cruz Biotechnology Cat# sc-8628,
RRID:AB_653551

ICC

Rabbit anti-SOX2

1:500

Cell Signaling Technology Cat# 3579,
RRID:AB_2195767

ICC

Rabbit anti-LIN28

1:500

Cell Signaling Technology Cat# 3695,
RRID:AB_2135033

ICC

Rabbit anti-NANOG

1:500

Cell Signaling Technology Cat# 4903,
RRID:AB_10559205

ICC

Goat anti-FOXA2

1:500

Santa Cruz Biotechnology Cat# sc-9187,
RRID:AB_2104886

ICC

Goat anti-SOX17

1:500

R and D Systems Cat# AF1924,
RRID:AB_355060

ICC

Goat anti-GATA4

1:500

Santa Cruz Biotechnology Cat# sc-1237,
RRID:AB_2108747

ICC

Mouse anti-TRA1-81

1:50

Thermo Fisher Scientific Cat# MA1-024,
RRID:AB_2536706

ICC

Mouse anti-TRA1-60

1:50

Thermo Fisher Scientific Cat# MA1-023,
RRID:AB_2536699

ICC

Rat anti-SSEA3

1:70

Millipore Cat# MAB4303, RRID:AB_177628

ICC

Rabbit anti-AFP

1:500

Dako Cat# A0008, RRID:AB_2650473

ICC

Mouse anti-SMA

1:400

Sigma-Aldrich Cat# A2547,
RRID:AB_476701

ICC

Mouse anti-TUJ1

1:500

R and D Systems Cat# MAB1195,
RRID:AB_357520

ICC

Goat anti-PDX1

1:200

R and D Systems Cat# AF2419,
RRID:AB_355257

ICC,
IHC

Mouse anti-NKX6-1

1:200

DSHB Cat# F55A10, RRID:AB_532378

ICC,
IHC

Rabbit anti-SOX9

1:500

Millipore Cat# AB5535, RRID:AB_2239761

ICC

Mouse anti-NEUROG3

1:500

DSHB Cat# f25a1b3, RRID:AB_528401

ICC

Sheep anti-NEUROG3

1:500

R and D Systems Cat# AF3444,
RRID:AB_2149527

ICC

Mouse anti-NKX2-2

1:200

DSHB Cat# 74.5A5, RRID:AB_531794

ICC

Guinea pig anti-INS

1:1000

Dako Cat# A0564, RRID:AB_10013624

ICC,
IHC

Rabbit anti-C-peptide

1:150

Cell Signaling Technology Cat# 4593S,
RRID:AB_10691857

IHC

Mouse anti-ProINS

1:200

DSHB Cat# GS-9A8, RRID:AB_532383

IHC

Mouse anti-GCG

1:1000

Sigma-Aldrich Cat# G2654,
RRID:AB_259852

IHC

Rabbit anti-CHGA

1:500

Dako Cat# A0564

IHC
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Rabbit anti-SST

1:1000

Dako Cat# A0566, RRID:AB_10013726

IHC

Goat anti-PPY

1:1000

Sigma-Aldrich Cat# SAB2500747,
RRID:AB_10611538

IHC

Goat anti-GHRL

1:300

Santa Cruz Biotechnology Cat# sc-10368,
RRID:AB_2232479

IHC

Mouse anti-KI67

1:500

Leica Microsystems Cat# NCL-Ki67p,
RRID:AB_442102

IHC

Rabbit anti-BIP

1:250

Cell Signaling Technology Cat# 3177S,
RRID:AB_2119845

IHC

Rabbit anti-GRP170

1:200 Abcam Cat# ab124884, RRID:AB_10973544

IHC

Goat anti-MANF

1:300

Santa Cruz Biotechnology Cat# sc-34560,
RRID:AB_670934

IHC

Mouse anti-CDH1

1:500

BD Biosciences Cat# 610181,
RRID:AB_397580

IHC

Rabbit anti-pS6

1:400

Cell Signaling Technology Cat# 4858,
RRID:AB_916156

IHC

Mouse anti-MT-CO1

1:200

Abcam Cat# ab14705, RRID:AB_2084810

IHC

Rabbit anti-MT-CO2

1:100

Abcam Cat# ab79393, RRID:AB_1603751

IHC

Rabbit anti-TOM20

1:250

Santa Cruz Biotechnology Cat# sc-11415,
RRID:AB_2207533

IHC

Rabbit anti-Caspase3

1:250

Cell Signaling Technology Cat# 9664,
RRID:AB_2070042

IHC

Mouse Anti-CD184 (CXCR4) Monoclonal Antibody,
Phycoerythrin Conjugated, Clone 12G5

1:1

BD Biosciences Cat# 555974,
RRID:AB_396267

FC

Mouse IgG2a, kappa Isotype Control, Phycoerythrin
Conjugated, Clone G155-178

1:1

BD Biosciences Cat# 563023

FC

Insulin (C27C9) Rabbit Antibody Alexa Fluor 647
Conjugate

1:80

Cell Signaling Technology Cat# 9008,
RRID:AB_2687822

FC

Rabbit IgG Isotype Control Alexa Fluor 647
Conjugate

1:40

Cell Signaling Technology Cat# 3452S,
RRID:AB_10695811

FC

Mouse Anti-NKX6-1 Phycoerythrin Conjugated

1:40

BD Biosciences Cat# 563023,
RRID:AB_2716792

FC

Mouse IgG1, kappa Isotype Control, Phycoerythrin
Conjugated, Clone MOPC-21 antibody

1:40

BD Biosciences Cat# 555749,
RRID:AB_396091

FC

Mouse Anti-NKX6-1 Alexa Fluor 647 Conjugated

1:40

BD Biosciences Cat# 563338

FC

Mouse IgG1 kappa isotype control Alexa 647
Conjugated

1:40

BD Biosciences Cat# 557714,
RRID:AB_396823

FC

Mouse Anti-PDX1 Phycoerythrin Conjugated

1:40

BD Biosciences Cat# 562161,
RRID:AB_10893589

FC

Donkey anti-Rabbit IgG (H+L) Highly CrossAdsorbed Secondary Antibody, Alexa Fluor 350

1:500

Thermo Fisher Scientific Cat# A10039,
RRID:AB_2534015

IHC

Donkey anti-Mouse IgG (H+L) Highly CrossAdsorbed Secondary Antibody, Alexa Fluor 350

1:500

Thermo Fisher Scientific Cat# A10035,
RRID:AB_2534011

IHC

Donkey anti-Rabbit IgG (H+L) Highly CrossAdsorbed Secondary Antibody, Alexa Fluor 488

1:500

Thermo Fisher Scientific Cat# A-21206,
RRID:AB_2535792

ICC,
IHC

Donkey anti-Mouse IgG (H+L) Highly CrossAdsorbed Secondary Antibody, Alexa Fluor 488

1:500

Thermo Fisher Scientific Cat# A-21202,
RRID:AB_141607

ICC,
IHC

Goat anti-Guinea Pig IgG (H+L) Highly CrossAdsorbed Secondary Antibody, Alexa Fluor 594

1:500

Thermo Fisher Scientific Cat# A-11076,
RRID:AB_2534120

ICC,
IHC

Donkey anti-Sheep IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 594

1:500

Thermo Fisher Scientific Cat# A-11016,
RRID:AB_2534083

ICC,
IHC

100

17.

Donkey anti-Goat IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 594

1:500

Thermo Fisher Scientific Cat# A-11058,
RRID:AB_2534105

ICC,
IHC

Donkey anti-Goat IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488

1:500

Thermo Fisher Scientific Cat# A-11055,
RRID:AB_2534102

ICC,
IHC

Donkey anti-Mouse IgG (H+L) Highly CrossAdsorbed Secondary Antibody, Alexa Fluor 594

1:500

Thermo Fisher Scientific Cat# A-21203,
RRID:AB_2535789

ICC,
IHC

Donkey anti-Rabbit IgG (H+L) Highly CrossAdsorbed Secondary Antibody, Alexa Fluor 594

1:500

Thermo Fisher Scientific Cat# A-21207,
RRID:AB_141637

ICC,
IHC

Goat anti-Rat IgM Heavy Chain Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488

1:500

Thermo Fisher Scientific Cat# A-21212,
RRID:AB_2535798

ICC,
IHC

Donkey anti-Mouse IgG (H+L) Highly CrossAdsorbed Secondary Antibody, Alexa Fluor 594

1:500

Thermo Fisher Scientific Cat# A-21203,
RRID:AB_2535789

ICC,
IHC

Donkey anti-Goat IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 594

1:500

Thermo Fisher Scientific Cat# A-11058,
RRID:AB_2534105

ICC,
IHC

Quantitative RT-PCR (I, II, III)

Total RNA was isolated using NucleoSpin Plus RNA kit (Macherey-Nagel). SimpliNano (General
Electric) spectrophotometer was used to measure RNA quality and concentration. A total of 1.5 µg
RNA was denatured at 65 °C for 1 min and reverse transcribed (RT) with 0.5 µL Moloney murine
leukemia virus (MMLV) reverse transcriptase (M1701, Promega), 0.2 µL Random Primers (C1181,
Promega), 1 µL Oligo(dT)18 Primer (SO131, ThermoFisher) and 0.5 µL Ribolock RNAse inhibitor
(EO0382, ThermoFisher) for 90 min at 37 °C. qRT-PCR reactions were prepared with 50 ng of
retrotranscribed RNA, and were amplified with 5 µL of forward and reverse primer mix at 2 µM each
using 5× HOT FIREPol EvaGreen qPCR Mix Plus (no ROX) in a final volume of 20 µL. QIAgility
(Quiagen) liquid handing system was used for pipetting the reactions into 100 well discs that were
subsequently sealed and run in Rotor-Gene Q (Qiagen) with a thermal cycle of 95° C for 15 min,
followed by 40 cycles of 95 °C, 25 s; 57 °C, 25 s; 72 °C, 25 s, followed by a melting step. Relative
quantification of gene expression was analysed using ddCt method, with cyclophilin G (PPIG)
expression as endogenous normalization control. RT-reaction without template was used as negative
control. An exogenous positive control composed of a mixture of RNA samples obtained from stem
cells, embryoid bodies, differentiated cells and human islet preparations (Golden control) was used
as a calibrator across qRT-PCR runs. The list of primers used for qPCR is presented in Table 8.
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Table 8. List of primers used for qRT-PCR in this thesis work.
Amplicon

Gene

Reference

Forward primer

Reverse primer

CYCLOG

NM_004792

TCTTGTCAATGGCCAACAGAG

GCCCATCTAAATGAGGAGTTG

84

OCT4 (POU5F1)

NM_002701

TTGGGCTCGAGAAGGATGTG

TCCTCTCGTTGTGCATAGTCG

91

SOX2

NM_003106

GCCCTGCAGTACAACTCCAT

TGCCCTGCTGCGAGTAGGA

85

NANOG

NM_024865.2

CTCAGCCTCCAGCAGATGC

TAGATTTCATTCTCTGGTTCTGG

94

LIN28

NM_024674

AGGAGACAGGTGCTACAACTG

TCTTGGGCTGGGGTGGCAG

74

KLF4

NM_004235.4

CCGCTCCATTACCAAG

CACGATCGTCTTCCCCTCTT

80

CDH1

NM_004360

ATGAGTGTCCCCCGGTATCT

GGTCAGTATCAGCCGCTTTC

91

FOXA2

NM_021784

AAGACCTACAGGCGCAGCT

CATCTTGTTGGGGCTCTGC

93

SOX17

NM_022454

CCGAGTTGAGCAAGATGCTG

TGCATGTGCTGCACGCGCA

103

GATA4

NM_002052

GAGGAAGGAGCCAGCCTAGCAG

CGGGTCCCCCACTCGTCA

83

PDX1

NM_000209.3

AAGTCTACCAAAGCTCACGCG

CGTAGGCGCCGCCTGC

52

NKX6-1

NM_006168

TATTCGTTGGGGATGACAGAG

TGGCCATCTCGGCAGCGTG

91

NKX2-2

NM_002054

GAAGGCGAGATTTCCCAGAAG

CCTGGCGGCAAGATTATCAAG

113

SOX9

NM_001024598.3

CCGACATCCTGGAGTTGAGCG

GGAAGCCCGACGGTTGCT

102

NEUROG3

NM_006168

TATTCGTTGGGGATGACAGAG

TGGCCATCTCGGCAGCGTG

91

INS

NM_020999

GACGACGCGAAGCTCACCAA

TACAAGCTGTGGTCCGCTAT

98

GCG

NM_000207

CAGAAGCGTGGCATTGTGGA

GCTGCGTCTAGTTGCAGTAG

82

CHGA

NM_001275.3

AACCGCAGACCAGAGGACCA

GTCTCAGCCCCGCCGTAGT

102

BIP (HSPA5)

NM_005347.4

TGGCTGGAAAGCCACCAAGATGCT

GGGGGAGGGCCTGCACTTCCAT

116

sXBP1

NM_001079539.1

CTGCTGAGTCCGCAGCAGGTGCA

GGTCCAAGTTGTCCAGAATGC

129

CHOP (DDIT3)

NM_001195053.1

GCACCTCCCAGAGCCCTCACTC

CCCGGGCTGGGGAATGACCA

120

ATF3

NM_001206488.2

AGAAAGAGTCGGAGAAGC

TGAAGGTTGAGCATGTATATC

103

ATF4

NM_001675.2

AAGGCGGGCTCCTCCGAATGG

CAATCTGTCCCGGAGAAGGCATCC

89

ATF6

NM_001675.2

ACCTGCTGTTACCAGCTACCACCCA GCATCATCACTTCGTAGTCCTGCCC

120

MANF

NM_006010.4

GRP170 (HYOU1) NM_001130991.2
NEUROG3

NM_006168

size (bp)

GGCGACTGCGAAGTTTGTAT

TTGCTTCCCGGCAGAACTTT

121

GTCCAAGGGCATCAAGGCTC

TTCTGCGCTGTCCTCTACCA

103

TATTCGTTGGGGATGACAGAG

TGGCCATCTCGGCAGCGTG

91

102

18.

Single-cell RNA sequencing (III)

Single-cell RNA sequencing was performed using the InDrop method (Klein et al., 2015; Zilionis et
al., 2016). Stage 7 islet-like aggregates were incubated in a 1:1 solution of TrypLE Express and
Trypsin-EDTA for 10 min at 37 °C. Dissociated cells were strained using a 30 µm strainer to eliminate
cell clumps. Single cells were encapsulated together with barcoded hydrogel beads and reverse
transcription and lysis reagents. After cDNA generation, droplet emulsion was broken, and DNA
libraries further processed and prepared for sequencing using NextSeq Illumina platform in pairedend mode using a high-yield 75 cycle kit. Read processing and data analysis was conducted as
described in work III.

19.

Statistical analyses (I, II, III)

Statistical analyses of the data in this thesis work was conducted using Excel, SPSS Statistics (IBM,
version 22) and GraphPad Prism (GraphPad Software, version 7.0c) softwares. Statistic significant
differences were tested using unpaired two-tailed Student’s t test (for samples with equal variance),
unpaired two-tailed t test with Welch’s correction (for samples with unequal variance) or one-way
ANOVA with multiple comparison post-hoc Tukey test. F-test was used to test the equality of
variances. P-values under 0.05 were considered statistically significant (* p < 0.05, ** p < 0.01, ***
p<0.001).
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RESULTS AND DISCUSSION

1. Optimization of hPSC pancreatic differentiation protocols (II, III)
Initial attempts to obtain beta-cells from hPSC in this thesis work were based on published
differentiation protocols using adherent hESC cultures on MEF feeder layers (Mfopou et al., 2010).
Although a few INS+ cells were detected using these conditions, the differentiation efficiency was
low (5-10%). In order to increase differentiation efficiency, several improvements were introduced
into the protocol: i) culture of hPSC in feeder-free conditions, using more-defined stem cell culture
medium (StemPro at first, Essential 8 (E8) later) and Matrigel-coated plates; ii) adjustment of
definitive endoderm induction step, as described in work II; and iii) incorporation of additional TGFbeta and BMP inhibitors to enhance endocrine differentiation (Nostro et al., 2011). These
modifications were sequentially implemented and systematically tested resulting in a series of
improved differentiation protocols that yielded consistent numbers of endocrine cells across cell lines
(Saarimäki-Vire et al., 2017; Toivonen et al., 2013b). This adherent culture protocol was utilized to
model neonatal diabetes caused by a STAT3 mutation, as shown in study II.

1.1.

Beta-like cells differentiate efficiently in a 3D suspension culture system (II,
III)

Adherent culture differentiation protocols are difficult to scale up and they do not resemble properly
the 3D cytoarchitecture of the developing pancreas. Several reports showed the feasibility and
benefits of differentiating hPSC to beta-cells in 3D conditions (Pagliuca et al., 2014; Russ et al., 2015;
Schulz et al., 2012; Toyoda et al., 2015). Moreover, improved protocols with additional
differentiation stages and small molecules and growth factors were published in 2014, where authors
presented beta-like cells with some degree of functionality in vitro (Pagliuca et al., 2014; Rezania et
al., 2014). The previous adherent differentiation protocol was optimized with some of these findings.
As a result, an improved protocol was established that combines adherent culture (from the definitive
endoderm to the pancreatic progenitor stages), with the dissociation, reaggregation and culture in
suspension from the pancreatic progenitor stage onwards.
Critical steps that required fine tuning were the dissociation and seeding density of hPSC at the
beginning of the protocol, and upon transferring to suspension at the end of Stage 4. The initial
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seeding density was critical for optimal differentiation of PDX1+NKX6-1+ pancreatic progenitors,
as has been previously described (Gage et al., 2013). Similarly, the incorporation of FGF7, EGF,
LDN and Nicotinamide was important to induce high levels of NKX6-1 expression (Nostro et al.,
2015; Toyoda et al., 2015).

Figure 12. hPSC differentiated to beta-cells in a 3D suspension culture. (A) Pancreatic
differentiation protocol outline (See details in Materials and Methods). (B) Stage 7 cell aggregates
composed of cells express pancreatic and endocrine cell markers PDX1, NKX6-1, INS and GCG. (C)
Gene expression profile of Stage 7 aggregates (n=6) compared with human islets (n=7).

Reaggregation in suspension at the end of Stage 4 was implemented using ultra-low attachment 6well plates placed in a rotational platform, optimizing the dissociation conditions, seeding cell density
and rotational speed to achieve homogeneous 3D clusters of about 150 µm in size (Schulz et al.,
2012). The establishment of intracellular antigen flow cytometry was crucial to quality control the
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overall efficiency of the differentiation protocol (See details in Material and Methods). In addition to
the reported new cues improving beta-cell differentiation (BTC, ALK5i, T3, GSiXX, Trolox, NAC,
R428, etc.), some few more were introduced: i) T3 was substituted by the more stable thyromimetic
GC1 (Vegas et al., 2016); ii) JNKi was added on Stage 7 to increase MAFA expression and overall
cell viability (Vanderford et al., 2008) and iii) RSV was added on Stage 7 to increase PDX1 and INS
expression (Pezzolla et al., 2015).
Using this optimized protocol, multiple hPSC cell lines were differentiated robustly towards beta-like
cells, obtaining about 40% of INS+ cells at the end of Stage 7, with about 15-20% expressing both
NKX6-1 and INS, a sign of monohormonal bona-fide beta-cells (Nostro et al., 2015; Rezania et al.,
2014). However, when compared with adult human islets, the S7 cells do not express mature betacell markers at the same level (MAFA, INS) and do not present proper GSIS in in vitro (see Figures
2 and 12). Overall, these results indicate that beta-like cells can be efficiently derived in high numbers
using this protocol from hPSC, but they are still immature, most likely representing a fetal or neonatal
stage.

1.2.

hPSC-derived beta-like cells functionally mature after transplantation into
immunocompromised mice (II, III, unpublished results)

Several studies have shown the maturation of hPSC-derived beta-like cells upon transplantation into
immunocompromised mice (Kroon et al., 2008; Phillips et al., 2007b; Rezania et al., 2014; Speier et
al., 2008; Sui et al., 2013). To demonstrate that the beta-like cells produced with the optimized
suspension protocol were able to mature in vivo, a transplantation protocol was established in the lab
(See Materials and Methods). After testing multiple different approaches, it was clear the most
efficient way to deliver reliably Stage 7 islet-like aggregates under the kidney capsule was to pack
them tightly by centrifugation in a saline-filled plastic tubing. Once placed under kidney capsule, the
pellet of aggregates can be easily released by displacing using a Hamilton syringe. Continued
optimization of the transplantation procedure (inhaled anesthesia, incision closure by stapling, etc.)
and development of the operator skills made possible transplantation of up to 19 mice in a single 6 h
session. This setup made possible the generation of dozens of humanized mice transplanted with
hPSC-derived beta-like cells for the modeling of neonatal diabetes caused by monogenic mutations
in STAT3 and INS (work II and III).
Graft function was monitored by sampling blood from random-fed transplanted mice. Human cpeptide circulating in the mouse blood can be detected as early as 2 weeks after transplantation, but
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it increases significantly from 1 to 3 months. IPGTT performed at 3 months clearly demonstrated that
grafted hPSC-derived beta-cells acquire glucose responsiveness that was not present in vitro. It is
also evident from the immunohistochemistry on retrieved grafts that the endocrine cells reorganize
its disposition (see Figure 13, work II and III).
What are the mechanisms mediating the in vivo maturation? Answering this question would pave the
way to recapitulate the functional maturation in vitro, a long-term quest for the field (Liu and Hebrok,
2017). The putative factors controlling maturation can be divided in three categories depending on
the scale (see also Figure 2).
At the systemic level, there are important circulating soluble factors present in the circulating blood
that might induce beta-cell maturation. Once connected to the vascular system, grafted beta-cells will
be exposed to hormones and growth factors not produced in the culture system, like estrogens, thyroid
hormones and gut incretins (Aguayo-Mazzucato et al., 2015; Bruin et al., 2015; Pinney et al., 2011b;
Saber et al., 2018). Moreover, oscillations in nutrient availability, like glucose and aminoacids, and
other circadian rhythm cues, might prompt the grafted beta-cells to mature in response to these
periodic demands (Perelis et al., 2015; Rakshit et al., 2018). How all these factors mediate correct
metabolic maturation of the beta-cells is also an open important question (Nicholls, 2016; Yoshihara
et al., 2016).
At the niche level, the cytoarchitecture and organization of the endocrine cells once grafted could
improve their functionality by enabling proper gap junction formation (Briant et al., 2018; Carvalho
et al., 2010), paracrine communication between endocrine cells and extracellular matrix signaling.
Vascularization most likely plays a crucial role in this regard, as well as providing higher
oxygenation, critical for oxidative metabolism (Gylfe and Tengholm, 2014; Heinis et al., 2010; Kao
et al., 2015; Otonkoski et al., 2008). These interactions could potentially be recapitulated in vitro once
identified their critical role in beta-cell maturation.
At the cell level, the supporting graft environment, together with all the factors previously described,
could trigger transcriptomic and epigenetic changes resulting, for example, in silencing of disallowed
genes and upregulation of metabolic and functional maturation genes (Xie et al., 2013; Yoshihara et
al., 2016).
Novel approaches to identify the missing cues to achieve beta-cell maturation could exploit unbiased
screenings on differentiating beta-cells using drug libraries (Ghazizadeh et al., 2017; Zhu et al.,
2016a) or CRISPR-Cas9 genome-wide (or targeted) gene disruption, transcriptional activation or
repression (Doench, 2017). Ultimately, further refinement of the differentiation protocols to produce
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bona-fide beta-cells, either by pure empirical determination or by following developmental cues
gathered from basic research, will require detailed functional characterization and benchmarking
against high-quality primary beta-cells (Chen et al., 2017a).
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1.3.

Pancreatic progenitor organoids derived from hPSC expand for long-term
in vitro (unpublished results)

During fetal development, pancreatic progenitors expand dramatically by coordinating active
proliferation with differentiation to the three pancreatic lineages. In comparison, differentiation
protocols generating beta-cells from hPSC have only short stages (4 to 12 days) in which pancreatic
progenitors can actively proliferate before endocrine induction. Therefore, it would be highly
interesting to devise conditions for optimal expansion and maintenance of pancreatic progenitors,
with the aim of generating higher amounts of endocrine cells. Besides, differentiation protocols are
lengthy and prone to inter-experimental variability. An expandable population of pancreatic
progenitors would circumvent the need of starting from stem cells every time.
Clevers and colleagues have shown how endodermal epithelial organs like gut, stomach, liver and
pancreas can be expanded unlimitedly in 3D conditions that generate organoid structures (Barker et
al., 2010; Huch et al., 2013; Sato et al., 2009). Inspired by these works, and reports showing that
hPSC-derived gut epithelia could be expanded in similar conditions (Spence et al., 2011; Tamminen
et al., 2015), the generation of pancreatic organoids from hPSC was explored.
Pancreatic endoderm cells differentiated from hPSC were embedded in 3D drops of Matrigel and
cultured in a medium containing R-Spondin1, EGF, FGF10 and Nicotinamide. After a few days, the
cells formed small cystic structures of about 75 μm in diameter. These cystic structures expanded
giving rise to more condensed and convoluted structures. They contained microlumens that resemble
the cytoarchitecture of the fetal pancreatic epithelium (Jennings et al., 2013; Kesavan et al., 2009).
Pancreatic organoids expressed PDX1, NKX6-1, SOX9, FOXA2 and GATA4, similar to the
pancreatic progenitor TF expression profile, a phenotype that was preserved for over 20 population
doublings. They were also frozen for long-term and thawed, maintaining their morphology and
expansion capabilities. A summary of the results is presented in Figure 14 (manuscript in
preparation).
Similar findings have been reported by others, showing the generation and expansion of pancreatic
organoids derived under similar conditions from human pancreatic tissue and hPSC (Bonfanti et al.,
2015; Hohwieler et al., 2017; Lee et al., 2013; Loomans et al., 2018). Thus, the generation of
expandable progenitor constitutes an interesting approach for the study of human pancreatic
development and the generation of new sources of beta-cells.
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Figure 14. hPSC-derived pancreatic organoids can be expanded in vitro for long-term periods.
(A) Brightfield images of pancreatic organoids growing embedded in Matrigel for over 2 months at
different days and passages. Scale bars = 100 µm. (B) Immunohistochemistry for pancreatic and
proliferation markers on pancreatic organoids at passage 2. Scale bars = 100 µm. Asterisk denote
microlumen structures. (C) Cumulative growth curve for over 100 days and 20 population doublings
of organoids established from 3 different hPSC lines. Mean doubling time 5.2 days +/- 0.05, n=3
independent experiments.

2. Genome editing of hPSC using CRISPR-Cas9 (II, III and

unpublished results)
Genetic manipulation of hPSC makes possible the generation of modified cell lines that can be useful
for different research purposes. During this thesis work, several genome editing tools were explored
with the initial goal of correcting point mutations causing neonatal diabetes in patient-derived hiPSC.
First attempts in using ZFN nucleases were not successful. When TALEN technology was available,
several TALEN pairs were generated using Golden Gate cloning using the assembly tools describe
by Cermak and colleagues (Addgene, Golden Gate TALEN and TAL Effector Kit 2.0 # 1000000024)
(Cermak et al., 2011). This system was implemented into a robotic pipetting platform to increase
accuracy and reproducibility of the Golden Gate reaction set up. Preliminary tests of the different
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TALEN pairs in HEK293 showed that at least one of the pairs had detectable cutting activity in the
INS locus. However, despite multiple attempts to achieve the same in hPSC using this TALEN pair,
editing activity was not detected. This could be due to inefficient delivery by electroporation to the
hPSC, since two big plasmids needed to be expressed at similar levels simultaneously in the same
cell.
After the first publications describing the use of Cas9 in mammalian cells, the plasmids from Zhang
lab were obtained and several gRNA targeting INS locus were tested (Cong et al., 2013). Initial
experiments in HEK293 showed remarkable efficient in INDEL generation using T7 assay but the
same approached failed to work in hPSCs. Reasoning that this could be due to poor transcription
efficiency of the original plasmid promoter, Cas9 coding sequence was cloned into an expression
plasmid driven by the strong promoter CAG, in frame with an EGFP reporter and ires-Puro selection
marker (CAG-Cas9-T2A-EGFP-ires-Puro plasmid, deposited on Addgene, plasmid #72950). Indeed,
some of the most widely used promoters have been shown to perform poorly in hPSC, a phenomenon
that is attributed to actively silencing in hPSC (Norrman et al., 2010). The problem of appropriate
use of strong promoters in hPSC for genome editing has been also reported by others (Krentz et al.,
2014). CAG promoter enabled strong expression of the Cas9 after electroporation into hPSC, as
judged by EGFP expression and robust genome editing in the targeted locus. Once these technical
issues were solved, multiple different gRNAs were designed, tested in HEK293 cells and then applied
to hPSC, with over 90% of them showing detectable editing efficiency (See table of gRNAs in
Material and Methods).
CRISPR-Cas9 delivery in the form of DNA plasmids is extensively used, usually by chemical
transfection or electroporation to cultured cells. However, DNA constructs have always the risk of
random integration in the genome, and the long-lasting persistence of plasmid DNA and Cas9
expression results in higher off-target activity when compared with mRNA or protein Cas9 delivery
(Kim et al., 2014; Liang et al., 2015). RNA-guided endonucleases (RGEN) composed of complexed
recombinant Cas9 with gRNA (ribonucleoprotein, RNPs) are transfected more efficiently, even to
cells difficult to transfect like hPSC. RNPs are less toxic than DNA transfection, they cut immediately
upon delivery and they can be titrated easily to achieve optimal dosage. All these properties result in
better genome editing results overall, making them a good alternative, not only for research but also
in biomedical and biotechnological applications (Liu et al., 2015a). In this thesis work, different
recombinant Cas9 proteins and RNPs complexing and delivering approaches were tested. The overall
results suggest that RNPs delivery to hPSC results in higher genome editing efficiency and better cell
survival, in particular in hPSCs sensitive to dissociation and electroporation. See tables 8, 9 and 10.
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It has been reported that hPSCs are particularly sensitive to Cas9-generated DSB, which lead to
activation of p53 and cell cycle arrest. Inhibition of p53 activity in hPSC upon CRISPR-Cas9 cutting
results in better cell survival and higher genome editing efficiency (Haapaniemi et al., 2018; Ihry et
al., 2018). p53 inhibition using a plasmid expressing p53 dominant negative protein was tested
together with RNPs electroporation in hPSC, resulting in increased cell survival and overall higher
genome editing frequencies.
The generation of reliable genome edited hPSC lines require that they are derived from a single
genome editing event. Otherwise, there is a risk of working with non-clonal populations of cells,
which would present different genotypes. This is particularly challenging when working with hPSC,
since dissociated hPSC cells cluster and grow in colonies upon seeding. Therefore, it is crucial to
implement a reliable method of single cell cloning after genome editing, like for example single cell
deposition into a 96-well plate using flow cytometry sorting. Different protocols for sorting, recovery
and single cell culture were tested and optimized, resulting in a procedure that allows streamlined
cloning of CRISPR-Cas9 treated hPSC lines (see Material and Methods). The cloning efficiency
using single cell sorting varies dramatically between hPSC lines, ranging from empty 96-plates to
50% efficiency. This most likely depends on intrinsic cell adhesion properties, the proliferation and
well-being of the hPSC and the brevity of the combined dissociation plus sorting procedure.
The combination of all these technical advances enabled successful generation of multiple genome
edited hPSC in this thesis work, as described below.

2.1.

Efficient gene KO generation in hPSC (unpublished results)

There are several different ways to achieve gene disruption using CRISPR-Cas9 in hPSC. Using a
single gRNA, INDELs can be introduced in the beginning of the gene coding sequence with the goal
of causing a frameshift mutation. However, this approach could result in hypomorphic alleles due to
the use of alternative promoters. Another alternative is to disrupt sequences coding for enzymatic or
structural domains that are of crucial importance for the protein function. This is usually more
efficient (Shi et al., 2015). One possibility is to use a pair of gRNAs flaking an important gene
sequence. When two separated DSB are introduced in a genomic region, NHEJ machinery will
resolve it by ligating the loose ends, creating a deletion with certain efficiency. This phenomenon can
be exploited in the generation of gene knockouts (KO) in hPSC, presenting two clear advantages: the
deletion removes an important part of the gene coding sequence, reducing the possibilities of
alternative start codon usage or productive frameshift mutations, and it makes the screening of deleted
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clones straightforward, a simple PCR spanning the deleted region is sufficient to determine if the
hPSC clone contains or not a deletion in one or both alleles. This approach was used to generate gene
knockouts in hPSC, as shown in Figure 15 and Table 9.
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Figure 15. Generation of MANF KO cell lines. H1 cell line was genome edited to generate MANF
gene knockouts by targeting the first coding exons with different pairs of gRNAs (colorful
arrowheads, gRNAs 1 to 4). CRISPR-Cas9 treated clones were single cell sorted and screened by
PCR spanning the exon 1 (black arrowheads). Homozygous deleted clones F8, G2 and G11 presented
shorter PCR bands than non-edited clones.

Table 9 - Summary of gene KO generated in hPSC
Targeted gene

Strategy

Efficiency*

PROX1

Deletion of coding exon 1, 2 different pairs of gRNAs, CAG-Cas9

2/23 (8.6%)

NDNF

Deletion of coding exon 1, 2 different pairs of gRNAs, CAG-Cas9

9/18 (50%)

ERBB2

Deletion of coding exon 15, 2 different pairs of gRNAs, Cas9 RNPs

7/38 (18.4%)

MANF

Deletion of coding exon 1, 2 different pairs of gRNAs, Cas9 RNPs

20/36 (55.5%)

* Editing efficiency = deleted clones / monoclonal screened clones (%)
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2.2.

Precise point mutation correction in patient-derived hiPSC (II, III)

Disease modeling relies in the comparison of particular cell types differentiated from hPSC with
different origin, usually healthy-control cell lines compared with patient-derived ones. A challenge
for these comparisons is the variability in differentiation efficiency across cell lines, reported to be
determined by the genetic background of the cells (Choi et al., 2015; Kyttälä et al., 2016). To
overcome this obstacle, genome editing makes possible the derivation of isogenic cell lines (see
Figure 16). This permits correction of the disease-causing mutation in the patient-derived hiPSC,
preserving the genetic background of the patient. It also allows the introduction of mutations of
interest in a healthy control hPSC line, of particular interest when patient-derived hiPSC are not
available.

Figure 16. Generation of isogenic cell lines for disease modeling.

Multiple point mutations were corrected in hiPSC derived from patients carrying mutations causing
monogenic neonatal diabetes or congenital hyperinsulinism (see Table 10). The genomic regions of
the mutations were carefully studied to determine which possible gRNAs could be used to cut as
possible to the mutation. It has been demonstrated that recombination with small ssDNA and dsDNA
templates is more efficient closer to the cut site (Paquet et al., 2016; Yang et al., 2013). The design
of these gRNAs for mutation correction need to consider the number of alleles where the mutation is
present and how this can affect gRNA binding. In some occasions, a particular mutated allele-specific
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gRNA was needed, since the gRNA overlapped the mutated sequence. All the possible gRNAs near
the targeted mutations were tested in HEK293 and its efficiency evaluated by T7 assay. Alternative
assays to measure genome editing efficiency have been reported to be more sensitive and reliable
than T7 assay (Sentmanat et al., 2018). These include high depth next generation sequencing, which
is slow and costly but accurate, and TIDE (Tracking of INDELs by DEcomposition), a method that
evaluates Sanger sequencing chromatograms to infer the percentage of INDELs (Brinkman et al.,
2014, 2018).
Best performing gRNAs were selected to be used on hPSC. Correction donor templates were designed
accordingly. If the gRNA was cutting less than 10 bp away from the mutation to correct, ssODN of
70-80 bases were used. If not, dsDNA fragments of about 200 bp assembled by PCR were used.
PAM-disrupting synonymous changes were carefully designed in the correction templates to avoid
cutting of the donor and the recombined alleles. Synonymous changes that creating a novel restriction
site not present in that region were also introduced to enable rapid screening of the recombinant clones
by using PCR amplification of the targeted region followed by restriction (Paquet et al., 2016). The
pattern of cleaved bands quickly identifies homozygous or heterozygous recombination in a particular
clone, which was later confirmed by Sanger sequencing of that region (see work II and III).
The efficiency of point mutation correction depends on the activity of the gRNA used and the
sequence targeted. Correction efficiency is inversely correlated with the distance between the cut site
and the mutation to correct. For the cases here presented, the efficiency levels are in line to what
reported elsewhere (Ding et al., 2013; Paquet et al., 2016).

Table 10 - Summary of point mutations corrected in patient-derived hiPSC
Targeted gene

Strategy

Editing efficiency*

INS

Heterozygous mutation correction, ssODN 70 b, CAG-Cas9

17/22 (77%)

STAT3

Heterozygous mutation correction, dsDNA 202 bp, CAG-Cas9

12/225 (5.3%)

C4ORF22

Homozygous mutation correction, dsDNA 200 bp

1/65 (1.5%)

RFX6

Homozygous mutation correction, dsDNA 200 bp, CAG-Cas9 and RNPs

4/586 (0.6%)

ABCC8/SUR1

Homozygous mutation correction, dsDNA 200 bp, Cas9 RNPs

8/72 (11.1%)

* Editing efficiency = mutation corrected clones / monoclonal screened clones (%)

115

2.3.

Generation of hPSC reporter cell lines (unpublished results)

Reporter cell lines are useful tools to study hPSC differentiation to a given cell type. Genome editing
has been utilized to stimulate HDR and mediate the recombination of fluorescent protein sequences
in frame with the coding sequence of the gene of interest.
Multiple reporter cell lines for important pancreatic developmental genes have been reported: INS,
NKX6-1, NEUROG3, PDX1, SOX17, FOXA2, NEUROD1, MAFB and PAX6 (Cai et al., 2014; Liu
et al., 2014a; Löf-Öhlin et al., 2017; Micallef et al., 2012; Nostro et al., 2015; Petersen et al., 2017).
During this thesis work hPSC reporter cell lines for NEUROG3, SOX9, OCT4, SOX2, MAFA, INS
and GCG have been generated using CRISPR-Cas9 genome editing (see Table 11) (Balboa et al.,
2017a, 2017b).
Bright fluorescent proteins like Emerald GFP (EmGFP) and tdTomato were used to allow
fluorescence detection even if the gene expression was low. Furthermore, fluorescent proteins were
tagged with a nuclear localization signal (NLS) that concentrated the fluorescence signal in the
nucleus.
To enable equimolar protein synthesis of independent targeted gene and reporter fluorescent peptides,
a ribosome skipping 2A sequence was used. Donor templates were designed to knock-in the 2Afluorescent reporter cassette in frame by integrating it before the stop codon of the targeted gene. The
reporter cassette included a puromycin resistance gene that enabled selection of the recombinant
clones. Correct integration was detected by genomic PCR of the resistance clones. Reporter cell lines
were validated by differentiating them to the pancreatic lineage and performing immunostaining for
the targeted gene protein (see Figure 17).
These set of reporter cell lines can be utilized to investigate the mechanisms controlling beta-cell
development and maturation. It enables the purification of particular differentiation intermediates
(SOX9 for pancreatic progenitors, NEUROG3 for endocrine progenitors) as well as endocrine cells
(INS and GCG) in different stages of maturation (MAFA).
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Figure 17. Generation of SOX9 reporter cell line. (A) Gene targeting strategy of NLS-tdTomato
reporter cassette into SOX9 locus. Red arrowheads depict gRNA cutting site in SOX9 STOP codon.
Black arrowheads indicate PCR primers binding sites for screening. (B) Immunohistochemistry of
Stage 3 differentiated cells showing overlap of pancreatic progenitor markers SOX9, PDX1 and
NKX6-1 together with tdTomato. Scale bars = 100 µm.

Table 11 - Summary of hPSC reporter cell lines generated
Targeted gene

Strategy

Efficiency*

SOX9

N-terminal knock-in of T2A-NLS-tdTomato, CAG-Cas9, H9 cell line

11/47 (23.4%)

NEUROG3

N-terminal knock-in of T2A-NLS-tdTomato-ires-Puro, CAG-Cas9, H9 cell line

12/48 (25%)

SOX2

N-terminal knock-in of T2A-NLS-tdTomato-F2A-Puro, CAG-Cas9, HEL24.3 cell line

6/9 (66%)**

OCT4

N-terminal knock-in of T2A-NLS-EmGFP-P2A-Puro, CAG-Cas9, HEL24.3 cell line

2/4 (50%)**

MAFA

N-terminal knock-in PQR-NLS-tdTomato-P2A-Puro, Cas9 RNPs, MEL-INS cell line

2/6 (33%)

INS

N-terminal knock-in T2A-NLS-tdTomato-P2A-Puro, Cas9 RNPs, H1 cell line

12/40 (30%)

GCG

N-terminal knock-in T2A-NLS-EmGFP-P2A-Puro, Cas9 RNPs, H1-INS cell line

25/48 (52%)

* Editing efficiency = correctly targeted clones / puromycin resistant clones (%). ** Only fluorescent hPSC colonies were screened
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3. Transcriptional activation with dCas9 effectors (I)
CRISPR-Cas9 systems present an architecture which makes them relatively easy to engineer (Komor
et al., 2017c). Cas9 protein versatility relies in the modifications performed to disrupt its
endonuclease activity and the possibility of fusing effector proteins to both N- and C-terminus. The
realization that Cas9 protein could be easily modified to create a gRNA-programmable DNA binding
protein prompted the development of transcriptional activators and their applications in this study.

3.1.

Development of dCas9-activator systems (I)

The original working hypothesis was that a viral transactivator domain fused to dCas9 could activate
gene transcription if targeted to a promoter region with efficient gRNAs. To test it, dCas9 was cloned
by introducing H840A mutation in a nickase Cas9 version (Cong et al., 2013) and fused with VP48
(3xVP16) cloned from rtTA tetracycline responsible transactivator. Targeting of this dCas9-VP48
activator with a specific gRNA to the control region of an inducible promoter driving GFP
transcription, resulted in increased GFP expression and fluorescence, demonstrating this approach
was functional. These observations were confirmed as well by different studies using a similar
approach (Cheng et al., 2013; Perez-pinera et al., 2013).
Next, the potency of the activator was improved by cloning additional VP16 repeats, up to VP192
(12× repeats). dCas9-VP192 was shown to activate efficiently the transcription of multiple
endogenous promoters of pluripotency and pancreatic genes in different cell types. How many VP16
repeats can be fused together to further activate transcription? Although strategies to recruit up to
24×VP64 domains using Suntag system have been reported (Tanenbaum et al., 2014), transcriptional
activation using only additional VP16 repeats might get saturated at some point. Combination of
VP16 repeats with different transactivator domains might be a more effective way of further
activating transcription, as shown by several studies (Chavez et al., 2016; Konermann et al., 2014).
Of note, highly repetitive multimeric VP16 domains (VP192 and VP256) impaired dCas9-activator
expression and stability in plants, resulting in reduced transcriptional activation compared with
VP128, a mechanism that could also operate in mammalian cells (Li et al., 2017b).
Robust dCas9-mediated transcriptional activation requires functional gRNAs that target the promoter
of interest efficiently (Horlbeck et al., 2016a). In order to find optimal gRNAs, it was critical to
develop the gRNA-PCR cloning system that enabled rapid testing of dozens of them. This is
important since targeting of several gRNAs per promoter is required to achieve significant activation
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(Maeder et al., 2013). Furthermore, the real power of dCas9 activators lies in their multiplexing
possibilities. Concerted induction of the critical genes controlling a particular cell type identity
enables efficient reprogramming and differentiation of cell types (work I, (Weltner et al., 2018)). The
bottleneck to achieve this was and still is the simultaneous delivery of all the required gRNAs to the
same cell type. This was partially solved by concatenating the gRNA-PCR transcriptional cassettes
using Golden Gate cloning. However, the DNA delivery efficiency drops dramatically for plasmids
of big size, imposing a limit of 15 to 20 concatenated gRNAS with this system. A possible solution
for this would be to use tRNA of autocatalytical ribozyme sequences flanking concatenated gRNA,
creating a single transcript transcribed by a strong PolII promoter (Gao and Zhao, 2014; Nissim et
al., 2014; Xie et al., 2015). Other alternative would be to use dCpf1 activators and exploit its intrinsic
RNA endonuclease activity to process gRNAs out of a long CRISPR-array transcript (Tak et al.,
2017; Zetsche et al., 2016).

3.2.

Pluripotent reprogramming using dCas9 activators (I)

OCT4 transcriptional activation using dCas9-VP192 replaced transgenic OCT4 expression in
pluripotent reprogramming (work I). This highlighted the potential to implement new gene regulatory
network in somatic cells using dCas9-activators. Pluripotent reprogramming of human somatic cells
using only dCas9-VP192 activation was achieved by further devising a minimal set of gRNAs that
activated efficiently OCT4, SOX2, KLF4, MYC, NANOG and LIN28 and concatenating them in only
two plasmids to facilitate simultaneous activation (Weltner et al., 2018).
Interestingly, in many of the pluripotency factor promoters only 2 to 3 gRNAs out of the 5 tested
showed significant gene activation individually. This could be explained by distinct quality of the
gRNAs, intrinsic to their sequence (Doench et al., 2014; Horlbeck et al., 2016a), or by the promoter
epigenetic status, which could condition how accessible is the chromatin. In fact, dCas9 binding to
DNA has been found to be impeded by nucleosomes, a detail to have into account when designing
efficient gRNAs (Horlbeck et al., 2016a, 2016b; Isaac et al., 2016). Conversely, it has been also
shown that dCas9 binding can induce nucleosome displacement and increase chromatin accessibility
(Barkal et al., 2016; Chen et al., 2017b). The affinity of Cas9 by the targeted DNA and its residence
time seems to be much higher (5 min to 3 h) than common TFs (around 10-15 seconds for OCT4 and
SOX2) (Chen et al., 2014; Ma et al., 2016a). These findings suggest that dCas9 binding to DNA could
have important sterical effects, affecting binding of other TFs and proteins, impacting transcription
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and chromatin structure, and potentially other cellular processes when constantly expressed.
Inducible dCas9-activator systems could alleviate these problems (see below).
These results demonstrate that combination of a potent dCas9-activator with a set of efficient gRNAs
can highjack the cells endogenous transcription machinery and implement a defined gene regulatory
network, resulting in cell state conversion. Since optimal combination of gRNAs seems to be critical
for this to happen, it is easy to envision unbiased screening approaches (genome-wide or targeted)
testing multiple gRNAs per promoter to determine sets mediating efficient cell reprogramming (e.g.
different somatic cells to pluripotency) or transdifferentiation (e.g. fibroblasts to neurons) (Black et
al., 2016; Doench, 2017).

3.3.

Induction of pancreatic differentiation with a conditionally stabilized
dCas9-activator (I, unpublished data)

Inducible Cas9 systems have been developed to precisely control Cas9 activity temporally and
quantitatively. Doxycycline inducible systems to control Cas9 expression are commonly used,
usually integrated in the genome via lentiviral delivery, PiggyBac transposition or insertion in a safe
harbor locus like Rosa26 in mice or AAVS1 in human (Genga et al., 2016; González et al., 2014;
Kearns et al., 2014). Expression of gRNA can be also controlled using doxycycline responsible TetR
repressor system (Bertero et al., 2016).
Control of Cas9 protein activity can also be achieved using fusions with degradative motifs (Kleinjan
et al., 2017; Maji et al., 2017; Senturk et al., 2017), cytoplasmic retention using tamoxifen responsive
ERT2 fusion (Liu et al., 2016a; Nguyen et al., 2016) and split Cas9 strategies that use light, rapamycin
or other inducers to bring together Cas9 domains or Cas9 and effector domains (Nihongaki et al.,
2015; Polstein and Gersbach, 2015; Wright et al., 2015; Zetsche et al., 2015b).
In order to demonstrate the applicability of dCas9-activators in directing hPSC differentiation, an
dCas9-VP192 inducible hPSC cell line was generated. The goal was to enable temporal control of
gene transcription activation, which is crucial to guide differentiation. dCas9-VP192 was fused to an
engineered dihydrofolate reductase (DHFR) destabilization domain. This fusion protein is actively
degraded by ubiquitination unless is stabilized by Trimethoprim (TMP) addition. The system was
used to induce expression of pancreatic genes FOXA2, SOX17, PDX1, and NKX6-1 in differentiation
experiments. hPSC differentiated to the pancreatic lineage upon induction of this gene set, with the
concomitant upregulation of genes that are downstream of them (see work I).
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Similar set up could be utilized to explore the mechanisms mediating maturation of hPSC-derived
beta-like cells in vitro. As presented in Figure 18, dCas9-mediated activation of individual genes (or
a set of genes) known to be involved in beta-cell maturation would be useful to dissect which of them
are regulating this process.

Figure 18. CRISPR dCas9-activators can be used to upregulate endogenous gene expression.
Immature beta-cells lack the expression of certain genes associated with beta-cell functional
acquisition. Activating the transcription of these genes using dCas9 activator might induce beta-cell
maturation.

4. Disease modeling of neonatal diabetes caused by an activating

STAT3 mutation (II)
This study was sparked by the observation of a neonate born with diabetes, exocrine insufficiency
and pancreatic hypoplasia that presented beta-cell autoantibodies (Otonkoski et al., 2000). Although
this was originally attributed to a gestational viral infection, whole exome sequencing of the patient’s
DNA identified a mutation in STAT3 gene, K392R, which was later shown to be highly activating
(Flanagan et al., 2014b). Since STAT3 had been involved in different pancreatic development
(Kostromina et al., 2010; Lee and Hennighausen, 2005) and regeneration processes, a disease model
was generated to investigate the putative role of STAT3 K392R mutation in pancreatic differentiation.
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4.1.

STAT3 K392R mutation induces premature endocrine differentiation

Patient-derived hiPSC were differentiated to the pancreatic lineage and compared with healthycontrol hiPSC. Analysis of the differentiated cells showed that STAT3K392R cell lines induced
NEUROG3 expression much earlier than the controls, resulting in abnormal premature endocrine
differentiation. The causative role of the mutation was further confirmed by generating isogenic
corrected cell lines using CRISPR-Cas9, which resulted in complete normalization of the disease
phenotype. These results were generated by establishing a platform that enables the disease modeling
of neonatal diabetes, combining efficient differentiation of multiple hPSC lines with precise genome
editing using CRISPR-Cas9.
STAT3 signaling had been reported to play a role in the differentiation of hPSC to the pancreatic
lineage (Gutteridge et al., 2013). Moreover, premature NEUROG3 induction in pancreatic
differentiation has been carefully studied since it results in more polyhormonal endocrine cells and
reduced formation of monohormonal beta-cells (Nostro et al., 2015; Rezania et al., 2013; Russ et al.,
2016), consistent with the phenotype presented by the STAT3K392R cells. Besides, premature induction
of NEUROG3 expression results in pancreatic progenitor depletion in a transgenic mouse model
(Apelqvist et al., 1999), in line with the patient’s phenotype. This underscores the importance of
controlled induction of endocrinogenesis, which has to be tightly coordinated with the developmental
expansion of the pancreas.
Pancreatic plasticity leading to the conversion of pancreatic exocrine into endocrine cells can be
induced by activating STAT3 signaling. Using different ligands like CNTF, IL6 and LIF, all signaling
through JAK/STAT3, the expression of Neurog3 is induced in injured mouse pancreas (Baeyens et
al., 2006, 2014), triggering endocrine conversion. These regeneration mechanisms seem to be
conserved in humans cells, as reported using in vitro assays (Valdez et al., 2016). If similar
phenomena could occur in humans in vivo remains to be elucidated. A possible approach to
investigate this in more detail would be to use humanized mouse models. By transplanting hPSCderived pancreatic progenitor cells orthotopically in the mouse pancreas (Ma et al., 2018b), the
plasticity of human grafted exocrine and ductal cells could be studied.
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4.2.

Increased nuclear shuttling of mutant STAT3 activates NEUROG3

To dissect the STAT3 K392R mutation mechanism, mutant differentiated cells were studied using
transcriptomics, proteomics, DNA binding and reporter assays. All these experiments led to the
conclusion that the pathogenetic mechanism is based on the increased nuclear shuttling of mutant
STAT3. This in turn results in abnormal binding to the NEUROG3 promoter. Although STAT3
mutations have been extensively studied in the hematopoietic system, it is clear that is important for
many other cell types. In fact, the patient also presented autoimmunity-associated features and
developed leukemia later in life (Haapaniemi et al., 2015), as well as severe growth plate defects.
This particular STAT3 K392R mutation is extremely rare, and only two other STAT3 mutations
causing PNDM have been described. Whether they share the same pathogenetic mechanism or a
different one, remains to be elucidated (Flanagan et al., 2014b).
In summary, this study is a good example on how disease modeling can be utilized to dissect organspecific pathogenetic mechanisms. It is tempting to speculate that rare genetic diseases, particularly
syndromic ones, could be triggered by rare mutations that cause subtle but pleiotropic effects,
especially if the affected gene is involved in the development of different cell types. This could
explain, together with mutations in genomic regulatory regions, a part of the PNDM cases with
unknown genetic etiology.

5. Disease modeling of neonatal diabetes caused by misfolded

proinsulin (III)
Mutations in INS gene are the second most common cause of PNDM. The mechanisms of diabetes
caused by INS mutations had been extensively studied in mouse models of diabetes. This study was
conceived as a proof of concept to demonstrate the possibilities of hPSC-based disease modeling.
The goal was to investigate if the disease mechanisms in human cells are similar to the ones reported
in the mouse models.

5.1.

Misfolded proinsulin increases ER-stress in hPSC-derived beta-cells

hiPSC were derived from patients carrying INS mutations disrupting cysteines involved in disulfide
bridge formation. Families with these inherited dominant mutations develop diabetes 3-4 months after
birth. CRISPR-Cas9 genome editing was used to correct one of these mutations, generating an
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isogenic cell line that enable reliable comparison. INS mutant differentiated beta-cells presented clear
signs of ER-stress in vitro when compared with corrected ones, like elevated HSPA5 (BIP) and
MANF expression. Similar features were observed at different time points after in vivo
transplantation. Interestingly, the number of INS+ cells present in the islet-like aggregates at the later
stage of differentiation was significantly reduced for the INS mutant cell lines, as well as the total
INS content. INS mutant cells were also more sensitive to chemically induced ER-stress (see work
III).
Since the expected disease phenotype is beta-cell specific, it was challenging to study only the betalike transcriptome out of a heterogeneous islet-like aggregate population. To overcome this hurdle,
single-cell RNA sequencing was performed on mutant and corrected islet-like aggregates.
Transcriptomic results at the single-cell level showed that ER-stress markers and INS transcripts were
elevated specifically in the mutant INS-expressing cells. Interestingly, the reconstruction of the
differentiation trajectory using pseudotime inference also showed alterations in the INS mutant betalike cells.
Single-cell RNA sequencing is a powerful tool to understand the heterogeneity in hPSC-derived
populations, yielding more informative analysis than bulk-RNA methods. Furthermore, it enables
direct comparison with other data sets generated with human adult tissues, useful to determine
precisely cell types identity and how closely they resemble the real functional counterpart.
Intriguingly, pseudotime analysis identified two different pancreatic progenitor populations giving
rise to the beta-like cells. These two populations expressed different levels of endocrine cell markers.
Similarly, Petersen et al. have reported the identification of two different pancreatic progenitor
populations by studying the different stages of hPSC-differentiation towards beta-cell by single-cell
qRT-PCR. They showed that the upregulation of NKX6-1 expression in the cells differentiating to
beta-cells can occur before or after the onset of NEUROG3 expression (Petersen et al., 2017). This
finding would imply there are alternative differentiation routes towards monohormonal beta-cells.
Whether this heterogeneity is something that has an in vivo counterpart or represents merely an in
vitro artifact remains to be demonstrated (Jennings et al., 2017).
Single-cell RNA sequencing of differentiating hPSC is an interesting approach to elucidate the
differentiation trajectories giving rise to mature beta-cells. This could be achieved by dissecting the
cues and signaling pathways involved in maturation of hPSC-derived beta-like cells by studying the
transcriptomic changes occurring at the single-cell level.
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5.2.

ER-stress impairs proliferation in developing beta-cells

Increased ER-stress caused by misfolded proinsulin is suggested to lead to beta-cell apoptosis in
animal models. However, increased apoptosis was not detected in the INS mutant beta-like cells in
vitro or in vivo. Conversely, a marked reduction in proliferation was observed. This was further
confirmed by increased expression of cell-cycle inhibitor CDKN1C. INS-mutant beta-like cells
presented defects in the expression of mitochondrial genes and altered mitochondrial morphology, a
known feature of Akita mice (Mitchell et al., 2013). ER-stress signaling via the PERK branch has
been reported to impair mitochondria morphology and function (Lebeau et al., 2018). Mitochondrial
defects and impaired bioenergetics could negatively impact proliferation.
Also, smaller INS mutant beta-cell size and decreased mTORC1 signaling were detected. mTOR
signaling pathway is critical for neonatal beta-cell proliferation and maturation, and its deficiency
could explain some of the defects observed (Ni et al., 2017; Sinagoga et al., 2017). Akita mouse
model also presents reduced mTORC1 signaling in neonatal beta-cells. Transgenic manipulation to
artificially maintain mTORC1 signaling rescues their diabetes phenotype (Leibowitz and colleagues,
personal communication).
How misfolded proinsulin triggers ER-stress and impairs mTOR signaling is an interesting
mechanistic question. Adult beta-cells present elevated ER-stress due to high insulin synthesis levels,
which results in negative regulation of AKT signaling by induced Trib3 (Szabat et al., 2015). AKT
signaling is involved in beta-cell proliferation and regulates mTORC1. In line with this, AKTmTORC1 signaling is reduced in Akita mouse beta-cells (Leibowitz and colleagues, personal
communication). Whether Trib3 or other AKT-mTORC1 negative regulators are induced by
misfolded proinsulin induced ER-stress remains to be elucidated, but it is certainly possible that
similar ER-stress response signaling pathways operate in human beta-cells.
All together, these results indicate that in hPSC-derived beta-cells, misfolded proinsulin results in
exacerbated ER-stress impairing the proliferation developing beta-cells via reduced mTORC1
signaling. These findings are relevant, since increased ER-stress due to environmental causes could
result in impaired neonatal beta-cell proliferation. In turn, acquisition of an appropriate beta-cell mass
could be compromised, therefore increasing the risk of future diabetes susceptibility (Bouwens et al.,
1997; Butler et al., 2007).

125

CONCLUSIONS AND FUTURE PERSPECTIVES
Diabetes is a serious global health problem with pandemic proportions. It is predicted that one in
every ten individuals globally will suffer from diabetes in the near future. Although insulin therapy
and other antidiabetic agents enable relatively efficient control of hyperglycemia, these are not
curative treatments and long-term diabetic complications are still an important cause of death.
A better understanding of the molecular mechanisms behind diabetes susceptibility and development
is key to devise novel prevention strategies, more effective treatments and curative therapies to
combat the disease.
Biomedical research has powerful new tools that can be exploited to target diabetes. Therefore, the
goals of this thesis work were to explore the feasibility of generating disease models of diabetic
disease utilizing human pluripotent stem cells.
The major conclusions from this thesis work are:
1. In vitro differentiation of human pluripotent stem cells using optimized 3D culture protocols
resulted in the generation of beta-like cells that resemble immature neonatal beta-cells. This
differentiation setup can be exploited to model in vitro pancreatic developmental defects.
Transplantation of these cells into immunocompromised mice induced their final differentiation
and functional maturation. Grafted humanized mice are useful models to study defects on betacell development and physiology.
2. CRISPR-Cas9 systems were established to enable efficient genome editing of human
pluripotent stem cells. This facilitated the generation of multiple cell lines with gene knockouts, corrections of disease-causing point mutations and knock-ins of fluorescent reporter
alleles. Transcriptional activators based on CRISPR-Cas9 were engineered to induce
differentiation of human pluripotent stem cells to the pancreatic lineage.
3. Activating STAT3 K392R mutation causes neonatal diabetes through premature endocrine
differentiation. The mutation leads to increased STAT3 nuclear translocation, which results in
binding to NEUROG3 promoter and its transcriptional activation, resulting in abnormally early
endocrinogenesis induction.
4. Neonatal diabetes-associated INS gene mutations resulting in proinsulin misfolding lead to
defective developmental beta-cell proliferation. Misfolded proinsulin induces ER-stress,
together with reduced mTORC1 signaling and altered mitochondria, resulting in impaired betacell proliferation without increased apoptosis.
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Research efforts focused on improving hiPSC technology have enabled the robust derivation of
thousands of hiPSC lines from patients’ somatic cells, enabling in vitro disease modeling as a new
approach to study the genetic determinants of human development and disease.
A good disease model based on hPSC requires a reliable differentiation protocol to generate the cells
of interest, together with robust controls. The latter has been remarkably facilitated by the generation
of isogenic corrected cell lines using genome editing. CRISPR-Cas9 represents a revolution in the
way we manipulate mammalian cell genomes, transcriptomes and epigenomes. Even though this
technology is still in its early steps, the breadth of useful applications is astonishing. Further
improvement of CRISPR-Cas9 will enable more efficient and safer genome editing, both for in vitro
and in vivo applications. hPSC genome can be efficiently edited to create knock-outs, reporter cell
lines or repair mutations, as presented here. Proper gRNA design and testing, effective delivery and
single cell cloning are critical requirements for genome editing success. Transcriptional control using
dCas9 activators are also useful tools to study cell reprogramming and stem cell differentiation. It
enables the interrogation of the biological function of gene regulatory networks by simultaneous
multiplexed gene transcriptional activation, a novel approach that will shed light on aspects of cell
identity transcriptional control and plasticity.
Pancreatic differentiation protocols have successfully combined the knowledge from developmental
biology with empirical approaches and technological developments to yield beta-like cells closely
resembling the adult counterpart. Improved differentiation protocols relying in 3D cultures, reliably
produce monohormonal beta-cells from different cell lines. Although still functionally immature,
these beta-like cells can be effectively used in transplantation experiments and also to model certain
developmental defects, as presented here for STAT3 and INS mutations.
STAT3 signaling has not been carefully studied in human pancreatic development but the data
presented in work II indicates that abnormal nuclear translocation of STAT3 results in direct
NEUROG3 transcription activation. Whether normal STAT3 signaling plays a more significant role
in vivo during human pancreatic development remains to be determined. Similarly, STAT3 putatively
regulates beta-cell neogenesis in damaged pancreas in rodent models, an interesting phenomenon that
could hold important implications for beta-cell regenerative therapies. Moreover, the STAT3 example
illustrates how particularly damaging rare mutations could be behind neonatal diabetes cases by
interfering with normal pancreatic development processes.
Insulin synthesis and ER-stress are closely intertwined in the beta-cell. Insulin production induces
ER-stress signaling pathways which are responsible for the adaptation of the beta-cell to its highly
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specialized secretory function. Failure to adapt or other stresses, like misfolded proinsulin, result in
chronically high ER-stress levels that impact on the physiology and functionality of the beta-cell. In
this way, elevated ER-stress is associated with T1D, T2D and some cases of ND. As presented in
study III, abnormally high ER-stress interferes with normal neonatal beta-cell replication. This is
interesting since it has been proposed as a mechanism by which beta-cells control, in a cell
autonomous manner, their own proliferation and adaptation to higher insulin demand. Further
understanding of the role of ER-stress in beta-cell homeostasis and how to modulate it might lead to
new therapeutic approaches.
In the quest for generating hPSC-derived functional beta-cells, the next crucial milestone is to
decipher the mechanisms behind beta-cell maturation and reproduce them in vitro. Based on the
quality and utility of the data generated using single cell RNA sequencing presented here, it is clear
that a similar approach could be utilized to study this problem. For example, by RNA sequencing
single cells before

and after transplantation, and comparing them with adult beta-cells

transcriptomes. Combination of single-cell transcriptomic, epigenetic and metabolic data would
facilitate to infer which genes and signaling pathways are involved directly in beta-cell functional
maturation. Moreover, the generation of engineered hPSC lines can be useful in this endeavor, for
instance, reporter cell lines for maturation markers or cell lines enabling transcriptional regulation of
target genes using dCas9-activators. Importantly, advanced large-scale drug screenings performed on
functional hPSC-derived beta-cells will facilitate the development of new pharmacological
treatments.
Attempting to model complex genetic variants associated with diabetes might require the creation of
more sophisticated disease models. Humanized mouse models are a good alternative to integrate
hPSC-derived beta-cells in a systemic environment, where experimental real-life conditions can be
reproduced more faithfully (e.g. systemic obesity, insulin resistance, etc.).
In summary, the results presented in this thesis work demonstrate the applicability of hPSC-based
disease modeling to unravel molecular causes of diabetes. In the near future, refinement of these
methods will enable modeling of more complex and common forms of diabetes. The lessons learnt
in the generation of these in vitro models certainly paves the way to crafting better beta-cells in vitro.
Pioneering clinical trials using hPSC-derived pancreatic progenitors are already ongoing and
improved hPSC-derived beta-cells will be used in the future. This will eventually enable efficient cell
replacement therapies to combat diabetes, a highly needed and long-sought goal of the stem cell field
that is steadily becoming a reality.
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