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B Abstract

Type 1 diabetes (T1D) is a devastating disease precipitated
by an autoimmune response directed at the insulin-
producing beta-cells of the pancreas for which no cure ex-
ists. Stem cell-derived beta-cells show great promise for a
cure as they have the potential to supply unlimited numbers
of cells that could be derived from a patient’s own cells, thus
eliminating the need for immunosuppression. Current in
vitro protocols for the differentiation of stem cell-derived
beta-cells can successfully generate pancreatic endoderm
cells. In diabetic rodents, such cells can differentiate further
along the beta-cell lineage until they are eventually capable
of restoring normoglycemia. While these observations dem-
onstrate that stem cell-derived pancreatic endoderm has the
potential to differentiate into mature, glucose-responsive

beta-cells, the signals that direct differentiation and matura-
tion from pancreatic endoderm onwards remain poorly un-
derstood. In this review, we analyze the sequence of events
that culminates in the formation of beta-cells during embry-
onic development, and we summarize how current protocols
to generate beta-cells have sought to capitalize on this onto-
genic template. We place particular emphasis on the current
challenges and opportunities which occur in the later stages
of beta-cell differentiation and maturation of transplantable
stem cell-derived beta-cells. Another focus is on the question
how the use of recently identified maturation markers such
as urocortin 3 can be instrumental in guiding these efforts.

Keywords: type 1 diabetes - insulin - stem cell - pancreatic
beta-cell - pancreas development - transplantation - uro-
cortin 3 - UCN3 - CRF receptor - CRH receptor

1. Introduction

#ype 1 diabetes (T1D) affects an estimated 3
¥ million people in the US alone. The incidence
J of the disease is on the rise, while the average
age “of onset is decreasing [1, 2]. T1D was invaria-
bly lethal until the landmark discovery of insulin
by Banting and Best [3]. From the early twenties,
insulin was widely available to T1D patients,
which starkly improved clinical outcomes. Despite
considerable progress in the treatment and man-
agement of the disease in the decades that fol-
lowed, insulin remains the standard of care for
T1D as a cure has proven elusive.

Strategies designed to cure T1D often involve a
two-pronged approach in which the ongoing im-
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mune attack is suppressed, followed by the restora-
tion of beta-cell mass. A diverse array of strategies
to restore functional beta-cell mass have been in-
vestigated. These include the replication of existing
beta-cells, the activation of beta-cell neogenesis
from endogenous pancreatic progenitors, the
transplantation of islet or pancreas tissue of either
human or animal origin, and the regeneration and
transplantation of beta-cells from stem cells. Hu-
man pancreatic beta-cell replication peters out af-
ter the neonatal expansion of beta-cell mass [4, 5],
and unlike in mice, does not increase under obese
or pregnant conditions [6, 7].

To date, the difficulties in promoting human
beta-cell proliferation have prevented its use as a
feasible strategy to restore beta-cell mass in T1D
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patients, although recent work shows promise in
promoting human beta-cell proliferation by target-
ing cyclins [8]. Several non-beta-cell types within
the pancreas (duct, acinar, and alpha cells) and
outside the pancreas (hepatocytes) have been dem-
onstrated to possess the capacity to differentiate
into beta-cells under different experimental condi-
tions and/or following genetic manipulations in
mice [9]. While these strategies hold promise, the
translation of neogenesis into the clinic has not
been made [10, 11]. With respect to transplanta-
tion, a clinical trial by Living Cell Technologies™
using encapsulated porcine islets in human sub-
jects is underway [12]. These islets have already
shown longevity potential in humans. Human pan-
creas [13] and islet transplantations [14] result in
varying degrees of insulin independence, with 5-yr
independence rates >50% [15, 16]. Nevertheless,
the application of human tissue transplantation
approaches to a large majority of T1D patients is
hampered by the limiting supply of donor tissue
[17]. In addition, in the absence of perfect histo-
compatibility, life-long immune suppression of islet
transplant recipients is necessary.

Stem cell-based therapy has gained momentum
as a viable alternative, with the potential to over-
come or circumvent many of the drawbacks associ-
ated with transplantation, and other approaches
that aim to harness any endogenous regenerative
potential of the pancreas. Potentially, stem cells
derived from induced pluripotent stem (iPS) cells
obtained from the individual patient, could supply
unlimited numbers of cells for transplantation. For
these reasons, the generation of stem cell-derived
beta-cells has been the subject of intense study in
the last decade.

Efforts to generate beta-cells from stem cells
have come a long way since the first reports of in-
sulin-positive stem cell-derived cells in the early
2000s [18-21]. These initial attempts employed a
variety of approaches for the differentiation of
beta-cells. However, after publication of a land-
mark study by D’Amour and co-workers [22], the
focus shifted toward systematically recapitulating
in the dish, the developmental sequence of events
necessary to generate beta-cells in vivo, by means
of a regimen of successive treatments with differ-
ent media and growth factors. Beta-cell precursor
cells generated according to such protocols can be
transplanted, proceed to mature in vivo, and cure
diabetes in pre-clinical T1D models. While these
results are promising, the challenge of generating
glucose-responsive, functional beta-cells in vitro
capable of maintaining glucose homeostasis with-
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Abbreviations:

ARX - aristaless-related homeobox

Brn4 - brain 4

CHGB - chromogranin-B

CRF - corticotropin releasing factor

CRFR2 - corticotropin-releasing factor receptor 2
CRH - corticotropin releasing hormone

CX36 - connexin36

CXCR4 - chemokine (C-X-C motif) receptor 4
DAPI - 4',6-diamidino-2-phenylindole

DE - definitive endoderm

E - embryonic day

EMT - epithelial-to-mesenchymal transition

ESC - embryonic stem cell

FACS - fluorescence-activated cell sorting

FGF4 - fibroblast growth factor 4

FOXAZ2 - forkhead box A2

GCG - glucagon

GLP1 - glucagon-like peptid 1

GLUT1, 2 - glucose transporters 1, 2

GSIS - glucose stimulated-insulin secretion
GSK3-beta - glycogen synthase kinase 3 beta
HEPES - N-(2-Hydroxyethyl)piperazine-N'-(2-
ethanesulfonic acid)

hESC - human embryonic stem cell

HLXB9 - homeobox HB9

HNF1B - hepatocyte nuclear factor 1 beta

IDE - inducer of definitive endoderm

iPS - induced pluripotent stem

Irx - Iroquois homeobox transcription factor
ISLET1 - insulin gene enhancer protein 1 (aka ISL1)
KIR6.2 - inwardly rectifying potassium channel 6.2
MAFB - v-maf musculoaponeurotic fibrosarcoma oncogene
homolog A

MMTYV - mouse mammary tumor virus
NEURODLI - neuronal differentiation 1

NGNS3 - neurogenin 3

NKX2.2 - NK2 homeobox 2

NKX6.1 - NK6 homeobox 1

Oct-4 - octamer binding transcription factor 4
PAX4 - paired box 4

PC1/3 - proprotein convertase 1

PCR - polymerase chain reaction

PCSK1, 2 - proprotein convertase subtilisin/kexin types 1, 2
PDX1 - pancreatic and duodenal homeobox 1

PE - pancreatic endoderm

POU - Pit-Oct-Unc

POU3F4 - POU class 3 homeobox 4

PP - pancreatic polypeptide

PTF1A - pancreas-specific transcription factor 1a
Sox17 - sex-determining region Y (Sry) box 17
SST - somatostatin

SURL1 - sulfonylurea receptor 1

T1D - type 1 diabetes

TDGF1 - teratocarcinoma-derived growth factor 1
TGF-beta - transforming growth factor beta

TPB - ((2S,5S)-(E,E)-8-(5-(4-(trifluoromethyl) phenyl)-2,4-
pentadienoylamino) benzolactam

UCNS3 - urocortin 3

Wnt3a - wingless-type MMTYV integration site family mem-
ber 3a

ZNT8 - zinc transporter 8
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out the requirement for exogenous insulin admini-
stration has not yet been met.

Here, we review the key sequence of events re-
quired for proper pancreas formation during em-
bryonic development. We emphasize the gene ex-
pression patterns marking different stages in de-
velopment. Then, using this ontogenic template, we
discuss the significant progress that the stem cell
field has made towards the generation of functional
beta-cells in a dish since the first reports of in vi-
tro-derived insulin-positive cells. Finally, we dis-
cuss some of the major challenges to be overcome
before we can generate potentially unlimited pools
of mature beta-cells, with the goal of curing T1D.

2. Pancreas ontogeny

The pancreas is a glandular organ whose endo-
crine cells are organized in small clusters, the is-
lets. The two main endocrine cell types that make
up the islets are the insulin-producing beta-cells
and the glucagon-producing alpha-cells, whose
tightly coordinated and opposing actions are essen-
tial for the maintenance of normoglycemia. The is-
lets contain several smaller populations of endo-
crine cells, including somatostatin-producing delta-
cells, ghrelin-producing epsilon-cells, and pancre-
atic polypeptide (PP) cells. The islets of Langer-
hans are located amidst a large mass of exocrine
cells, grouped in terminal acini that secrete diges-
tive enzymes into a branched pancreatic ductal
tree opening onto the duodenum.

The pancreatic anlage first appears around E9,
and is derived principally from definitive endo-
derm, which arises through the actions of nodal.
The latter is a transforming growth factor beta
(TGF-beta) family member, and wingless-type
mouse mammary tumor virus (MMTYV) integration
site family member 3a (WNT3a) via a mesoderm
intermediate [23-25]. Definitive endoderm (DE) is
marked by the combined expression of chemokine
(C-X-C motif) receptor 4 (CXCR4) [26], forkhead
box A2 (FOXA2) [27], SRY (sex determining region
Y)-box 17 (SOX17), and the absence of SOX7 [28].
DE next forms the primitive gut tube. The pan-
creas forms from Cerberus [29], hepatocyte nuclear
factor 1 beta (HNF1B), and HNF4-expressing fore-
gut endoderm [30, 31]. Intermediate levels of fibro-
blast growth factor 4 (FGF4) signaling effectively
induce pancreas specification in the posterior fore-
gut, as defined by the expression of pancreatic and
duodenal homeobox 1 (PDX1) [32], which is the
earliest marker of the dorsal and ventral anlagen
of the pancreas in the posterior foregut [33]. While
PDX1 is essential for pancreas development [34,
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35], some early hormone-positive cells do develop,
and the initial budding out of the two pancreatic
anlagen still occurs in the absence of PDX1 [35].
Subsequent development of the pancreas is of-
ten characterized as consisting of three transitions
in which the pancreas undergoes rapid changes in
gross and ultrastructural morphology, with
changes in enzyme and hormone production [36,
37]. During primary transition (~E8.5-E10.5 in the
mouse), the pancreas is defined as an organ, and
several pancreas-specific proteins are present in
low amounts at the end of the transition. The first
wave of endocrine cells is formed and consists of
glucagon-positive cells, followed by some early in-
sulin-positive cells. The secondary transition
(~E13.5-E16.5) is marked by the generation of cells
with high levels of pancreas-specific proteins and
little proliferation [38]. The third transition en-
compasses the perinatal period when islets form
and endocrine cells further mature into adult type
cells that release hormones to regulate blood glu-
cose in response to appropriate metabolic cues [37].

2.1 Primary transition

Following the expression of PDX1 in the pan-
creatic anlage, the basic helix-loop-helix protein
pancreas-specific transcription factor la (PTF1A)
becomes expressed. While it was discovered as an
activator of acinar cell-specific genes [39], at this
stage it helps define exocrine, endocrine, and duc-
tal cell types within the pancreas by binding to and
activating the PDX1 promoter [40]. Shortly after
the specification of the pancreatic buds, further dif-
ferentiation into pancreatic endoderm (PE) and
subsequent endocrine cells is initiated by the ex-
pression of NK2 homeobox 2 (NKX2.2) [41] and
NK6 homeobox 1 (NKX6.1) [42]. An early function
of NKX6.1 is to specify endocrine identity by re-
pressing the acinar cell specifying activity of
PTF1A [43].

At this time of PE development, the basic helix-
loop-helix transcription factor neurogenin 3
(NGN3) becomes expressed. Its expression defines
the endocrine niche within the PE (reviewed by
Rukstalis and Habener [44]), concluded by the ob-
servation that NGN3-deficient mice completely
lack endocrine cells [45]. NGN3 induces the ex-
pression of several transcription factors that locate
to the islet cells within the pancreas. These tran-
scription factors are important for development of
some or even all lineages of endocrine cells. Down-
stream targets of NGN3, important for proper en-
docrine cell formation, include insulin gene enhan-
cer protein (ISLET1) (all islet cells) [46], paired box

Rev Diabet Stud (2014) 11:115-132
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Figure 1. UCNS3 expression as a late stage maturation marker for human al-
overview of the
(dis)appearance of notable markers that are expressed at key intermediate
stages from early endocrine progenitor cells towards the alpha- and beta-cell
lineage. UCNS3 expression in beta-cells appears later than any of the other
markers listed here, with the possible exception of the loss of MafB expression
in mouse beta-cells. Note that the appearance of UCN3 in mature alpha-cells
is unique for primate alpha-cells and does not occur in rodents islets.

pha- and beta-cells. The figure provides a general

4 (PAX4) (beta- and delta-cells) [47], neuronal dif-
ferentiation 1 (NEURODL1) (beta-cells) [48], paired
box 6 (PAX6) (alpha-cells) [49], and aristaless-
related homeobox (ARX) (alpha-cells) [45, 50].

2.2 Development of alpha-cells

Towards the end of the primary transition,
NGN3 expression is temporarily reduced [51]. The
preceding early wave of NGN3 expression mostly
results in alpha-cell differentiation, notwithstand-
ing the generation of a few insulin-positive cells
[52]. The early glucagon-positive alpha-cells can be
seen in the dorsal bud at E9.5 and slightly later in
the ventral bud; they are the first endocrine cells to
develop. In addition to their signature hormone
glucagon, alpha-cells express ARX, FOXAL,
FOXA2, PAX6, POU class 3 homeobox 4 (POU3F4

Rev Diabet Stud (2014) 11:115-132

Mature ¢ cell

or BRN4), ISLET1, V-Maf mus-
culoaponeurotic fibrosarcoma on-
cogene homolog B (MAFB), and
proprotein  convertase subtil-
isin/kexin type 1 (PCSK2) (re-
viewed by Bramswig and Kaest-
ner [53]). ARX maintains the

glucagon apha-cell phenotype, and drives
0 beta-cells towards an alpha-cell
. fate, if misexpressed in beta-cells
MafB [54]. As the alpha-cells mature,

they lose PDX1, NKX6.1, and
PCSK1 expression [55-59], which
continue to mark beta-cells in the
adult (Figure 1).

2.3 Development of insulin-

and glucagon-co-expressing

Mature § cell cells

3 (rodent and primate;

insulin In mice, early insulin-positive
Nt cells appear around E10.5 [60-
ot 62]. These cells often co-express
NeuroD glucagon [38, 61]. Also, they may
oo be found in the developing hu-
e o M man pancreas, where more than

one quarter of the total insulin-
and glucagon-positive cell popu-
lation co-expresses both hor-
mones early in development [63].
These double-positive cells share
some of the developmental path-
ways for both alpha- and beta-
cells. They are absent in NKX2.2-
deficient [41], NGNB3-deficient
[45], and MAFB-deficient mice
[64]. They lack PDX1 and
NKX6.1 expression, which are classical beta-cell
markers [58, 59, 63], and indeed persist in PDX1-
deficient [58] and NKX6.1-deficient mice [42].

It has been proposed that the double-hormone-
positive cells do not contribute to mature islet cells
[65]. However, while insulin- and glucagon-double-
positive cells disappear as such after E14.5 [55,
61], the possibility that they contribute to the adult
alpha-cell pool after losing insulin expression, as
suggested by stem cell differentiation and trans-
plantation experiments, cannot be excluded [66,
67].

2.4 Secondary transition

At E12.5, the dorsal and ventral pancreatic
primordia fuse to become a single organ. During
the secondary transition (E13.5-E16.5), the pan-

Copyright © by Lab & Life Press/SBDR
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Figure 2. Expression of UCN3 in mouse and human islets. In mouse islets, UCN3 (labeled in green) is expressed exclu-
sively in beta-cells labeled in red for insulin (A). UCN3 is not expressed in mouse alpha-cells (arrows) or delta-cells (as-
terisks), labeled for glucagon in red and somatostatin in white, respectively (B). In contrast, UCN3 in human islets is
expressed by both beta- and alpha-cells, as indicated by its co-localization with insulin (C) and glucagon (D), both in
red. These panels were reprinted from [56] under the terms of the Creative Commons Attribution License (CCAL),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source

are credited.

creas undergoes rapid growth and branching. A
second wave of NGN3-positive cells occurs, which
differentiates into a second wave of endocrine cells
[44]. NGN3-positive cells that appear towards the
end of the first wave (E10.5), and during the sec-
ond wave increasingly acquire the competence to
generate beta-cells and PP cells, in addition to al-
pha-cells. NGN3-positive cells can also differenti-
ate into somatostatin-producing delta-cells which
develop even later, after E12.5 [52]. The contribu-
tion of NGN3-positive cells towards the alpha-cell
lineage is greatly reduced in cells appearing after
E14.5.

2.5 Development of insulin-single-positive beta-
cells

Beta-cells, generated from the second wave of
NGN3-positive cells, populate the mature pan-
creas, and in common with alpha-cells express
NKX2.2, ISLET1, PAX6, and MAFB. The expres-
sion of homeobox HB9 (HLXB9), PDX1, and
NKX6.1 is retained in beta-cells, while PAX4,
NEUROD, and ISLET1 are expressed in beta-cells
downstream of NGN3 [42, 45, 55, 68-70] (Figure
1). In fact, PAX4 and the alpha-cell transcription
factor ARX repress each other’'s expression, sug-
gesting they help to establish stable beta- vs. al-
pha-cell identity [50].

At this stage, NKX6.1 plays a key role as it is
both necessary and sufficient to specify insulin-
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producing beta-cells by repressing alternative en-
docrine cell fates after the onset of NGN3 expres-
sion [71]. The expression of the basic-leucine zipper
transcription factor MAFB in beta-cells precedes a
surge in PDX1 expression [72], which in turn pre-
cedes insulin expression [55, 70]. Following the on-
set of insulin expression, beta-cells initiate the ex-
pression of the basic-leucine zipper transcription
factor MAFA [72]. Both MAFA and MAFB induce
transcription of insulin. In MAFB-deficient mice,
insulin expression is greatly reduced and delayed
until the onset of MAFA expression [64].

2.6 Tertiary transition - late prenatal period
(E16.5-parturition)

By the end of the secondary transition, the ma-
jor pancreatic islet hormone-containing cells are
present as single hormone-positive cells. During
the tertiary transition, typical islet organization is
achieved, with the individual endocrine cells form-
ing discrete clusters within the exocrine cell mass.
In mice, islets consist of a core of insulin-
containing beta-cells surrounded by a mantle of
mostly glucagon-containing alpha-cells, in combi-
nation with somatostatin-containing delta-cells
and PP cells (Figure 2). In humans, the different
cell types are more intermingled throughout the
islet (Figure 2).

The tertiary transition entails the maturation of
pancreatic cells to achieve regulated synthesis and

Rev Diabet Stud (2014) 11:115-132
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pressed in the beta-cell
lineage. These factors
have been demonstrated
as necessary for beta-cell
development and/or func-
tion [42, 46-48, 73-75].
The genes listed here pro-
vide merely a small sam-
ple. Substantially more
proteins are required for,
or contribute to, these
functional traits that col-
lectively define mature
beta-cell identity [76].
Expression of many of
these genes, and the pro-
teins they encode, starts

Figure 3. A beta-cell-centric view of the onset of expression of key genes involved in
beta-cell development and maturation. Many of the genes required for normal beta-
cell function are already expressed prior to the tertiary transition in which beta-cells
mature and acquire glucose responsiveness. Initial expression for UCN3 [56, 77],
ZNT8 [126], MAFA [73], Cx36 [127], PCSK1 and PCSK2 [128], MAFB [129], PAX4

well before birth to pre-
pare the beta-cells for the
independent regulation of
glucose homeostasis that
follows parturition (Fig-
ure 3).

[47], NEUROD [48], Isletl [46], NGN3 [52], NKX6.1 [42], GLUT2 [130], and Pdx1

[58] is shown.

secretion of pancreas-specific proteins in response
to feeding [37]. While insulin is the sine qua non of
the beta-cell, insulin expression alone does not suf-
fice to convey mature beta cell identity. Additional
traits are required to transform a mere insulin-
expressing cell into a mature, functional beta-cell
capable of responding appropriately to changes in
ambient glucose levels by starting or arresting in-
sulin exocytosis. These traits include the ability to
engage in the following actions:

1. Glucose-sensing (requiring glucokinase and
glucose transporters (GLUT2 in mice,
GLUT1 in humans))

2. Cell excitability (sulfonylurea receptor 1
(SUR1), inwardly rectifying potassium
channel 6.2 (KIR6.2), and others)

3. Beta-cell coordination (e.g. the gap junction
protein connexin36 (CX36))

4. Insulin processing (PCSK1 and PCSK?2)

5. Packaging (zinc transporter 8 (ZNT8))

6. Secretion (chromogranin-B (CHGB), uro-
cortin 3 (UCN3))

A network of transcription factors underlie the
regulation of a number of genes required for these
functional traits, including NEUROD, ISLET1,
NKX6.1, PAX4, and MAFA, which are all ex-

Rev Diabet Stud (2014) 11:115-132

2.7 Postnatal period

The postnatal matura-
tion period is characterized by substantial physio-
logical transitions that shift demand on glucose
metabolism and consequently the regulation of
beta-cell output. Newborns are no longer able to
rely on maternal regulation of blood glucose. The
newborn beta-cells have to adapt to maintaining
glucose homeostasis from the moment of parturi-
tion onwards. Meal quality and pattern also shift
over the course of the first weeks of life, with ini-
tially frequent intake of mother’s milk, and subse-
guently gradual supplementation with increasing
amounts of solid food at more discrete diurnal in-
tervals. These changes probably necessitate grad-
ual maturation of beta-cell function until glucose
sensitivity and insulin output, required for the
maintenance of normoglycemia in the adult, have
been achieved. These changes include an elevation
of the glucose threshold required for full glucose-
stimulated insulin secretion [77], and thus an ele-
vation of blood glucose levels around birth [77-79].
In mice, the gradual perinatal increase in blood
glucose indeed correlates with a drop in blood insu-
lin levels [79]. Therefore, beta-cells can be consid-
ered mature when they are able to maintain blood
glucose at normal levels in response to intermittent
feeding and fasting, a state which is gradually ac-
quired and only fully achieved after weaning [76,
77].

Copyright © by Lab & Life Press/SBDR
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While it is evident that a full
complement of genes is required to
direct proper maturation of the
beta-cell [76], our understanding
of the sequence of events that
takes place in the initial days and
weeks following birth is incom-
plete. The expression of the tran-
scription factors MAFA and MAFB
changes markedly during the early
postnatal period: MAFA expres-
sion is activated in most beta-cells
perinatally, followed by the grad-
ual loss of MAFB expression in the
first postnatal weeks [80]. This
shift from MAFB to MAFA expres-
sion is considered a defining tran-
sition for beta-cell maturation in
mice [80], as MAFA is an impor-
tant transcription factor for the
generation and maintenance of

MafB / Ucn 3 / DAPI

Postnatal day 2 Adult

MafB / Ucn 3 / DAPI

mature beta-cell phenotype and
normal islet architecture [74, 75].
Enhanced postnatal expression of
MAFA plays a crucial role in the
acquisition of glucose-responsive
insulin secretion [75]. In an inter-
esting example of specie differ-
ences between mouse and human
islets, MAFB expression is not lost
during human beta-cell matura-
tion [81]. While expression of
many genes combined is required

Figure 4. UCN3 expression follows the onset of MafA and MafB expres-
sion in mouse development. UCN3 expression overlaps with the expres-
sion of MafA (A) and MafB (B) at postnatal day 2 (indicated by arrows),
when mouse beta-cells express both MafA and MafB. Note that MafB is
also expressed in a number of UCN3-negative cells located at the periph-
ery of the islet, indicated by asterisks. These cells are possibly alpha-cells,
which retain MafB expression. In adult mouse islets, UCN3 and MafA ex-
pression in beta-cells continue to overlap (C, arrows), while MafB expres-
sion has been lost from beta-cells, and now labels only a UCN3-negative
population of presumptive alpha-cells (D, asterisks). UCN3 was stained by
a guinea pig anti-UCN3 antiserum (#44) developed in house. MafA and
MafB were stained by rabbit anti-MafA and rabbit anti-MafB (both Bethyl
Labs), using standard antigen retrieval, as described in detail in [56].

for maturity, individual genes

whose expression marks mature

beta-cells can facilitate their rec-

ognition, both in vivo and in vitro. One prime ex-
ample of such a gene is UCN3, which was recently
described as marking mature rodent and human
primary and embryonic stem (ES) cell-derived
beta-cells [56, 77].

2.8 UCNS3 as an islet cell maturation marker

UCNS is a peptide hormone of the corticotropin-
releasing hormone family. It is expressed abun-
dantly and exclusively in mouse beta-cells [82]
(Figure 2). Recently, it was reported to be ex-
pressed relatively late in the beta-cell lineage dur-
ing mouse development [55, 77]. In an effort to
identify traits that distinguish mature beta-cells
from their immature counterparts in early postna-
tal life, the Melton group conducted a microarray
experiment comparing gene expression in islets
isolated at p10 and pl [77]. The select number of
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genes was significantly increased in expression in
the more mature (p10) islets included UCNS3 [77].
Also, we have recently reported on the expression
of UCN3 during mouse embryonic development; we
found sporadic UCN3 in beta-cells from E17.5 on-
wards. Nevertheless, it takes two weeks post par-
turition before all beta-cells have acquired UCN3
expression [56]. UCNS3 expression follows the onset
of MAFA expression in most beta-cells, and pre-
cedes the postnatal loss of MAFB in mouse beta-
cells (Figure 4).

These observations further establish UCNS3 as a
late marker for beta-cell maturation, and suggest
that UCN3 can be used to monitor beta-cell matu-
ration from human embryonic stem cells (hESCs).
Indeed, the onset of UCN3 expression in human
pancreas occurs towards the end of the first tri-
mester, and appears notably later than the expres-
sion of insulin and glucagon (Figure 5). Interest-
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Figure 5. UCNS3 expression follows the onset of insulin and glucagon expres-
sion in human pancreas development. At 55 days post coitus (dpc) humerous
cells positive for insulin (red) and glucagon (white) can be readily observed,
while there is only faint UCN3 immunoreactivity (A, green). Note the insu-
lin/glucagon co-positive bi-hormonal cell in the circle. At 76 dpc (B) and 94
pdc (C), UCNS is evidently expressed, and co-localizes with beta-cells (arrows)
labeled for insulin (red) and with alpha-cells (asterisks) labeled for glucagon
(white). While beta-cells, which do not yet co-express UCN3, can be observed
at each of these three developmental stages, their frequency appears to go
down as development progresses. Antisera and methods are as previously de-
scribed in detail in [56]. Human fetal pancreas tissue sections were generously
provided by Dr. Ruiyu Xie of the University of California, San Diego, who ob-
tained them from the Birth Defects Research Laboratory of the University of
Washington. The use of this material was certified as exempt from IRB approval

is similar to that of insulin, and
that it requires the closure of
Kir6.2 potassium channels to
enable the opening of calcium
channels triggering exocytosis.
Indeed, increasing concentra-
tions of blocking antiserum or
peptide antagonist to the cog-
nate receptor of UCN3 in pri-
mary rodent islets suppresses
insulin secretion stimulated by
high glucose or the glucagon-
like peptide receptor 1 (GLP-1
receptor) agonist exendin-4.
This suggests that UCN3 is re-
quired for full glucose- and in-
cretin-stimulated insulin secre-
tion [82, 83]. The fact that
blockade of UCN3 actions in
vitro in isolated islets inhibits
insulin secretion suggests that
UCN3 acts in an islet-
autonomous fashion. Indeed,
we demonstrated the expres-
sion of the corticotropin-
releasing factor receptor 2
(CRFR2, the cognate receptor
for UCNS3) in MING6 insulinoma
cells, and in both mouse and
human islets [84]. Despite the
contribution of endogenous
UCN3 to insulin secretion,
mice null for UCN3 are normal
and healthy. They even appear
to retain glucose tolerance in
high-fat diet and aging para-

by UCSD.

ingly, the expression pattern of UCN3 differs con-
siderably between rodent and primate islets. While
mouse UCNS3 is restricted to beta-cells [56, 82], its
expression in macaque (Macaca nemestrina) and
human islets extends to the alpha-cell [56] (Fig-
ures 1 and 2).

2.9 The physiological role of UCN3 in the islet

The physiological function of UCNS3, and how it
correlates to beta-cell maturity, is not completely
understood. UCN3 secretion from MING6 insuli-
noma cells is stimulated by glucose, and is blocked
by the potassium channel activator diazoxide [82].
This suggests that the mechanism of UCN3 release
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digms of insulin resistance

[83]. Islets of UCN3-null mice

appear normal upon gross his-
tological observation beyond the lack of UCN3 ex-
pression [56]. UCNS3-null islets display normal
basal insulin secretion, and are deficient in glu-
cose-stimulated insulin secretion following stimu-
lation with high (16.8 mM), but not intermediate
(8.4 mM), glucose concentrations. This is in line
with the effects of acute blockade of endogenous
UCNS actions [83].

Collectively, these observations indicate that
UCN3 promotes glucose-stimulated insulin secre-
tion in an islet-autonomous fashion. Also, they
suggest that the constitutive absence of UCN3 does
not prevent the development of (or can be compen-
sated for to achieve) relatively normal beta-cell
function across a range of low to intermediate glu-
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cose concentrations. It will be interesting to inves-
tigate the physiological contribution of UCN3 to
the endocrine output of human islets, where the
expression of UCN3 in alpha- and beta-cells may
foreshadow a somewhat different physiological role
for UCN3 in the regulation of insulin secretion.

3. Stem cells: unlimited potential and
practical limitations

Following the overview of beta-cell generation
during embryonic development, we now review ef-
forts to regenerate mature beta-cells from stem
cells, and how current protocols attempt to reca-
pitulate the ontogenic template described above
and summarized in Figure 1. We will discuss
some of the challenges towards the ultimate goal of
generating mature, glucose-responsive beta-cells in
a dish. Over the last decade, stem cells as a source
of transplantable beta-cells have become a major
focus of research efforts oriented at a cure for dia-
betes. Stem cells could potentially supply unlim-
ited numbers of cells for transplantation, thereby
overcoming the shortage of donor material. iPS
cells hold the promise of regenerating beta-cells
from a patient’s own cells, thus eliminating poten-
tial histocompatibility issues.

Despite their potential, stem cell-derived islet
cells currently present several limitations. Tradi-
tionally, embryonic stem cells are derived from the
inner cell mass of surplus embryos generated for in
vitro fertilization purposes. Their use continues to
be associated with ethical concerns. Moreover,
transplantation of cells or tissues derived from ES
cells would still require immune suppression simi-
lar to immunosuppression required following donor
islet or pancreas transplantations. Alternatively,
parthenogenetic stem cells, taken from blastocysts
that result from activated but unfertilized oocytes
[85], carry fewer of the immunogenic epitopes that
regular stem cells, thereby decreasing the chance
that they are histo-incompatible to transplant re-
cipients.

A patient’s own somatic cells (e.g. skin cells) can
be used for the induction of pluripotency prior to
their differentiation into beta-cells. Such iPS cells
would circumvent host vs. graft rejection of the
grafted beta-cells. A major drawback of early pro-
tocols to induce pluripotency is that they rely on
viral injection to deliver the Yamanaka factors (oc-
tamer-binding protein 3/4 (Oct3/4), Sox2, kruppel
like factor 4 (KIf4), and myelocytomatosis viral on-
cogene homolog (c-Myc)) [86]. This permanently in-
tegrates the necessary DNA elements in the ge-
nome of their target cells, and could lead to unde-
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sirable side effects such as increased risk of tumor
formation. Several approaches are being consid-
ered to induce pluripotency without introducing
novel DNA elements, including the use of non-
integrating protein treatments to induce the pluri-
potent state [87, 88].

iPS approaches avoid the histocompatibility is-
sues potentially associated with the use of hES
cells. However, the introduction of cells and tissues
derived from a pluripotent stem cell population (ES
or iPS) is associated with the risk that undifferen-
tiated cells remain at some frequency in the trans-
planted material. Upon transplantation, such un-
differentiated stem cells could potentially give rise
to all three germ layers and their derivatives, re-
sulting in teratoma formation. The general strat-
egy for stem cells of either ES or iPS origin is to
coach these pluripotent and undifferentiated cells
past numerous fate decisions along the beta-cell
lineage to generate mature, functional beta-cells.

In essence, one aims to recapitulate the incre-
mental process responsible for successful beta-cell
formation during development in a dish. There is a
lot of commonality in the plethora of protocols now
in use across the scientific community, especially
for the initial steps of differentiation leading up to
PDX1-positive posterior foregut endoderm [89]. In
the following sections, we discuss some of the re-
cent advances the field has made since the initial
report of in vitro generated, stem cell-derived hor-
mone-positive cells that made use of the embryonic
template [22]. Also, we take a look at the potential
for further improvements in current protocols.

3.1 Generation of definitive endoderm

The generation of in vitro stem cell-derived in-
sulin-positive cells by D’Amour and colleagues [22]
heralded the potential for success of stepwise dif-
ferentiation protocols that mimic embryonic devel-
opment for the generation of pancreatic beta-cells.
Many groups have now developed such protocols
[22, 90-95] for a variety of starting stem cell popu-
lations that include human ES cells [22, 90], hu-
man iPS cells [95], and human parthenogenetic
stem cells (generation of DE only) [96]. In these
protocols, the first step is to differentiate the stem
cells into DE. As noted above, DE is characterized
by the combined expression of the general endo-
derm markers CXCR4, FOXA2, and SOX17, but
not SOX7, which marks extra-embryonic endo-
derm.

In DE formation in the embryo, TGF-beta fam-
ily signaling by nodal and WNT3A plays an impor-
tant role. Most stem cell protocols make use of the
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TGF-beta family member activin A instead of
nodal. Frequently, this is in combination with
WNT3a, under low or no serum conditions, to gen-
erate DE that can be successfully differentiated
into insulin-positive cells in vitro and glucose-
responsive insulin-positive cells in vivo (reviewed
by Hosaya et al. [89]). WNT3A signaling is impor-
tant for the generation of mesendoderm, and is
used only on the first day of differentiation. Activin
A treatment continues for two more days to gener-
ate DE. Nodal and activin A activate very similar
pathways, but they respond in opposite ways to
teratocarcinoma-derived growth factor 1 (TDGF1
or cripto) [97], which is present in pre-gastrulation
embryos [98] and is enriched in ES cells [99]. This
suggests that the choice for either activin A or
nodal is perhaps not without consequences for the
successful induction of DE and the development of
beta-cells downstream of that. Indeed, a recent re-
port demonstrates that the use of nodal instead of
activin A results in a greater frequency of mouse
ES cell-derived beta-cells, despite only modest ini-
tial differences in global gene expression at the DE
stage [100].

3.2 Generation of primitive gut and posterior
foregut tissue

Intermediate fibroblast growth factor (FGF)
signaling in the embryo inhibits sonic hedgehog
signaling in DE, allowing pancreas specification.
From stem cell-derived DE, the use of fibroblast
growth factor proteins and cyclopamine is a com-
mon strategy to generate primitive gut-like tissue.
These factors continue to be applied for further dif-
ferentiation into posterior foregut-like tissue.
Cyclopamine is a plant-derived alkaloid that inac-
tivates the sonic hedgehog signaling pathway by
binding and inactivating Smoothened [101]. Also, it
is a general component of stem cell differentiation
protocols towards a posterior foregut phenotype
(reviewed by Hosoya et al. [89]). Once the cultures
have acquired primitive gut tube markers such as
HNF1b, the addition of retinoic acid is used to ini-
tiate PDX1 expression (reviewed by Hosoya et al.
[89]), thereby defining the pancreatic region of the
posterior foregut. In addition, FGF10 continues to
be applied for proliferation of PDX1-positive cells
[102, 103]. These steps are reminiscent of the de-
velopmental steps necessary for the dorsal, but not
necessarily the ventral pancreas.

The induction of PDX1 expression is a hallmark
of both the dorsal and ventral pancreatic bud for-
mation. However, the inductive pathways leading
up to the PDX1 expression are disparate and may
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result in slightly different outcomes. This is similar
to the induction of DE in vitro by activin A versus
nodal [100]. Indeed, during early development, the
ventral pancreas exhibits a predominance of PP
cells and peptide YY-positive cells over other endo-
crine cell types [38]. Also, there appears to be a re-
gional diversification of the mature human pan-
creas, where islets in the posterior part of the
splenic head (which originates from the ventral
pancreas) contain up to 80% PP cells [63, 104] that
are ultrastructurally distinct from the 1% PP cells
observed elsewhere in the pancreas [105]. Follow-
ing the inductive pathways for dorsal pancreas
may prevent the development of PP cells, and favor
differentiation along the beta-cell lineage.

One way to enhance PDX1 expression without
adding new growth factors or other stimuli is to re-
seed ES cell-derived DE cells at low densities be-
fore the application of retinoic acid. This triplicates
the relative number of PDX1-expressing cells [90].
It suggests that fewer cell-to-cell contacts are bene-
ficial for the induction of PDX1. This consideration
is in line with the preferential generation of PDX1-
positive cells in the extreme periphery of embryoid
bodies, where cells lack neighbors on one side
[106].

3.3 Generation of pancreatic endoderm

Next, pancreatic endoderm (PE) is generated
from posterior foregut endoderm. PE continues to
express PDX1, and additionally expresses NKX2.2,
NKX6.1, NGN3, and PAX4. From this point for-
ward in the differentiation protocols, there is little
consensus on the question what factors are impor-
tant for the differentiation of PE- and hormone-
positive cells downstream of PE. At this stage too,
subtle variations introduced earlier in the differen-
tiation protocol begin to show their full effects. For
example, the use of nodal versus activin A results
in highly similar DE with respect to general gene
expression profile. However, it leads to a higher
frequency of cells with high levels of PDX1, which
in turn have a greater propensity to become insu-
lin-positive cells [100]. PDX1-high cells derived via
either method do not appear to differ in their abil-
ity to generate beta-cells in vivo, but the fraction of
PDX1 cells that differentiate along the beta-cell
lineage varies, based on the prior use of nodal vs.
activin A for DE induction [100]. In another exam-
ple, the addition of retinoic acid was not necessary
for PDX1 induction per se, but without retinoic
acid, no appreciable NGN3 was observed in PE, nor
was insulin or glucagon gene expression activated
upon further differentiation [22].
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3.4 Generation of hormone-positive cells

Early in vitro protocols to differentiate stem
cells into beta-cells yielded low numbers of insulin-
positive cells (4-7.3%) [22, 91]. More recently, these
numbers have been increased to 12% by increased
NKX6.1 and sustained NEUROD expression [107].
In vitro-derived insulin-positive cells often co-
express other hormones, like glucagon and soma-
tostatin [22, 91, 107, 108], and lack important
transcription factors like NKX6.1 [22]. The lack of
sustained NKX6.1 expression in ES cell-derived
beta-cells may explain the expression of additional
hormones, as NKX6.1 suppresses the expression of
non-beta-cell hormones [71]. NKX6.1 expression in
PE cultures is augmented by omission of HEPES, a
common pH-buffering agent, from the culture me-
dium. However, expression of NKX6.1 alone is in-
sufficient to completely suppress non-beta-cell
hormone expression, as the insulin-positive cells
that were obtained in these cultures frequently
still co-expressed glucagon [107]. Interestingly,
when cultures enriched for insulin and glucagon-
co-positive cells are transplanted, the grafts prin-
cipally develop into glucagon-single-positive cells
[56, 66, 67] that are mature, as suggested by ex-
pression of UCN3 [56] and indicated by secretion of
fully processed, biologically active glucagon in re-
sponse to physiological stimuli [66].

These findings suggest that these polyhormonal
cells can give rise to mature alpha-cells, but that
other populations contained within the PE are
more likely to be mature beta-cell precursors [67].
These double hormone-positive cells are reminis-
cent of the first wave of immature insulin-positive
endocrine cells that occur in development. It has
been suggested that these double-hormone-positive
cells may facilitate the development of mature
beta-cells by generating and secreting GLP-1
through processing of proglucagon by PCSK1 [57].
In fact, in conditions of beta-cell stress, mature al-
pha-cells produce GLP-1 as well. It is thought that
this response serves to protect the remaining beta-
cells (reviewed in [109]). Indeed, the addition of
GLP-1 to stem cell cultures has been reported to
improve beta-cell development from human iPS
cell-derived PDX1-positive precursors in vitro to
the extent that some glucose responsiveness is
generated [110].

4. Challenges for the immediate fu-
ture

The generation of beta-cells in a dish has come
a long way in a relatively short period of time. By
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recapitulating steps necessary to generate beta-
cells in vivo, it is now possible to generate insulin-
positive cells with insulin secretion in response to
several stimuli. Nevertheless, several challenges
remain:

- Maturation of stem cells into functionally
mature glucose-responsive beta-cells before
transplantation.

- Low overall efficiency of differentiation
which increases the risk of teratoma forma-
tion.

- High cost of growth factors used in the dif-
ferentiation.

- Undefined factors associated with animal
sera and feeder cells.

- Lack of a master protocol that applies to all
stem cell lines equally well.

4.1 Islet cell maturation

To date, in vitro protocols have not succeeded in
generating mature, glucose-responsive beta-cells.
Indeed, the expression of the maturation marker
UCNS3 at several key intermediate stages towards
the differentiation of beta-cells is marginal as de-
termined by quantitative polymerase chain reac-
tion (PCR), and only a handful of faintly UCN3-
positive cells exist in the differentiating cultures or
in cultures containing insulin-positive cells [56,
77]. This suggests that we have not fully deci-
phered the cocktail of signals derived from soluble
factors within the islet microenvironment that
supports beta-cell maturation.

Nevertheless, transplantation and in vivo
maturation of ES cell-derived pancreatic endoderm
cells that co-express PDX1, FOXA2, HNF6, and
NKX6.1 has successfully cured diabetic mice from
their disease [93]. Stem cell-derived pancreatic en-
doderm cells were also transplanted into diabetic
mice and allowed to mature over time, while the
mice were treated with exogenous insulin, until the
grafts were able to successfully take over regula-
tion of blood glucose [107]. When such transplants
were analyzed, they were found to contain beta-
cells that co-express PDX1, NKX6.1, MAFA, and
UCN3 with insulin [56, 77, 93, 107].

These findings are encouraging as they illus-
trate that stem cell-derived PE can differentiate
into mature, glucose-responsive beta-cells fully ca-
pable of curing diabetes. They also correlate the
acquisition of UCN3 expression with the ability of
grafted hESC-derived pancreatic endoderm to re-
store normoglycemia to diabetic mice [93, 107], and
provide support for the idea that UCNS3 expression
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is correlated with beta-cell maturation. Closer in-
spection of these UCN3-positive cells revealed that
they fall into one of two populations of endocrine
cells. On the one hand, UCN3 is expressed in ma-
ture beta-cells, as the expression of UCN3 trails
the onset of expression of both insulin and PCSK1,
and is expressed in insulin-positive cells that re-
tain expression of NKX6.1 and PDX1. Also, there is
a population of UCNS3-positive cells that does not
express any of these established beta-cell markers,
and instead co-expresses UCN3 with glucagon [56].

Nevertheless, despite the fact that UCN3 in
human islets and human ES cell-derived popula-
tions is not restricted to beta-cells, UCNS3 has great
utility as a marker to instruct our efforts towards
the differentiation of mature, functional beta-cells
in a dish, provided that other markers for alpha-
and beta-cell identity (i.e. insulin and glucagon)
are incorporated in the experimental design. When
glucose-responsive grafts of PE following in vivo
maturation are analyzed for the expression of
UCNS3, only a subset of insulin-positive cells has
acquired this maturation marker [56]. If only these
UCNS3 and insulin-co-positive cells are responsible
for normalizing hyperglycemia and curing diabetes
in these pre-clinical models, it follows that sub-
stantial improvements can still be made regarding
the fraction of PE that will go on to differentiate
into mature beta-cells, as suggested by the acquisi-
tion of the maturation marker UCN3. More effi-
cient induction of beta-cell maturity, prior to or fol-
lowing grafting, would reduce the number of cells
or cell-containing devices required to cure a T1D
patient.

A major challenge going forward will be to iden-
tify the nature of the signal(s) that can promote
beta-cell maturation, and to subsequently harness
their potential in vitro in beta-cell differentiation
and maturation protocols. As shown in several
models of beta-cell differentiation, ambient glucose
levels are important. For example, fetal rat islets
only demonstrate a mature biphasic pattern of
GSIS when cultured under high glucose conditions
[111]. In addition, while glucose did not alter the
differentiation frequency of either PDX1-positive
cells or NGN3-positive endocrine precursor cells, in
cultured E13.5 rat pancreas, NeuroD expression as
well as the insulin and glucagon cell masses were
increased under high glucose conditions [112]. A
postnatal increase in MAFA expression is a crucial
aspect of beta-cell maturation [75], and MAFA ex-
pression in differentiating cultures could poten-
tially be increased by glucose [113] to enhance the
maturation process.
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Current protocols often use high glucose media
throughout differentiation. It may be necessary to
start at lower glucose at stages preceding the gen-
eration of hormone-positive cells to allow for an in-
crease in ambient glucose to potentially stimulate
beta-cell differentiation and maturation. An excit-
ing recent finding implicates thyroid hormone sig-
naling in the in vivo upregulation of MAFA expres-
sion during beta-cell maturation. Thus, thyroid
hormone could constitute a potential new compo-
nent of differentiation protocols [114]. With the
finding that beta-cell maturation can be monitored
by following expression of UCN3, combined with
insulin expression, we now have a valuable tool to
further refine culture conditions in order to obtain
mature beta-cells in a dish [56, 77].

4.2 Low overall efficiency of differentiation

Ideally, differentiation protocols should be op-
timized to yield pure populations of exclusively dif-
ferentiated cells. This requires perfection in the
composition of inducing factors, the timing of their
addition to the cultures, and the culture conditions
per se. Unfortunately, such uniform differentiation
is far from being achieved across any of the various
differentiation steps currently employed to differ-
entiate ES cells along the beta-cell lineage. In an
attempt to mechanically enhance DE differentia-
tion and purification, a culturing system was de-
signed to mimic the developmental process of mi-
gration through the primitive streak, where cells
migrate through pores of the membrane on which
they are cultured. Treatment of the culture in-
duced an epithelial-to-mesenchymal transition
(EMT), which allowed cells to migrate through the
pores, away from unresponsive stationary cells.
They next differentiate into highly pure DE, with
no contamination of undifferentiated OCTA4-
expressing cells [115].

FACS purification based on lineage-specific cell
surface markers has been suggested as an alterna-
tively strategy to purify only appropriately differ-
entiated cells for subsequent use in downstream
differentiation of transplantation steps, and has
been applied at several steps in current protocols.
For example, the DE cell surface marker CXCR4
has been used to enrich DE to near homogeneity by
FACS from ES cell-derived DE cultures [90, 116]
prior to re-plating and differentiating these cul-
tures further with improved efficiency [90]. En-
richment of PE cells, a later stage in the develop-
ment of beta-cells, can be obtained by FACS purify-
ing for CD142 (the cell surface glycoprotein coagu-
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lation factor I1l) [67] or discoidin domain receptor
tyrosine kinase 1 [117].

CD142 is a marker for PDX1-positive, NKX6.1-
positive, and chromogranin A-negative PE cells.
These sorted cells are able to generate all major
cell types of the pancreas upon transplantation
[67]. While FACS purification incurs some losses in
cell recovery, the transplanted CD142-enriched PE
cells did not show teratoma formation in the seven
mice with surviving grafts. This supports the no-
tion that enrichment of differentiated stem cells
may reduce the risk of teratomas [67]. Expression
of the maturation marker UCNS3 can help to guide
efforts to differentiate insulin-positive cells into
mature beta-cells. However, its intracellular local-
ization precludes its use for live cell sorting in an
effort to purify mature beta-cells from a mixed
population of cells that are differentiating along
the beta-cell lineage. The slow replication rate of
beta-cells, compared to their progenitors earlier in
the lineage, discourages any attempts to collect
mature beta-cells to further expand their number.

Nevertheless, collection of mature stem cell-
derived beta-cells could be a desirable strategy to
purify mature beta-cells prior to grafting. Cell sur-
face markers or marker combinations for beta-cells
exist, but they will also label immature insulin-
positive cells early in development [117-119]. At
the moment, there are no cell surface markers that
specifically label mature beta-cells.

4.3 High cost and undefined chemical composi-
tion of animal sera and growth factors

The use of animal serum in differentiation pro-
tocols introduces an unknown variation, as serum
is not chemically defined, and growth factor con-
tent may vary from batch to batch. Also, stem cells
are often grown on mouse feeder cells which se-
crete unknown factors that influence cell behavior.
Chemically defined growth and differentiation me-
dia that allow stem cells to grow without the use of
other cells decreases the risk of cross-species
transmission of infectious agents.

The high cost of these chemically defined media
derives in large part from the different growth fac-
tors added. The use of small molecules could re-
duce the cost. Also, small molecules may have a
more narrowly defined effect on specific signaling
pathways, allowing for a more precise tuning of ef-
fects. Finally, small molecules are easily adaptable
to large scale screens for the optimization of proto-
cols. Several groups have found small molecules
that are able to replace growth factors in their pro-
tocol, and to generate correctly specified differen-
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tiation intermediates. Sometimes, their efficiency
surpasses the replaced growth factor. For example,
two compounds, termed IDE1 (2-((6-carboxy-
hexanoyl)-hydrazonomethyl)-benzoic acid) and
IDE2 (7-(2-cyclopentylidenehydrazino)-7-oxohepta-
noic acid), which activate the TGF-beta signaling
pathway through an unknown mechanism, had the
ability to differentiate stem cells into DE [120].
WNT3a activity could be partially mimicked by a
small molecule inhibitor of glycogen synthase
kinase 3 beta (GSK3-beta) called CHIR99021.
Treating stem cells with activin A and CHIR99021
enhances the co-expression of SOX17 and FOXA2
in hiPS cell-derived DE to levels well above of
those seen for the combined treatment of activin A
and WNT3A [121].

For the induction of PDX1 expression in poste-
rior foregut, retinoic acid is used. One of the ways
in which retinoic acid affects cells is by activating
protein kinase C, substituting its natural phosphol-
ipid cofactor for phosphatidylserine [122]. Addition
of small molecule protein kinase C activators like
(-)-Indolactam V or ((2S,5S)-(E,E)-8-(5-(4-
(trifluoromethyl)  phenyl)-2,4-pentadienoylamino)
benzolactam (TPB) to cultures of posterior foregut
endoderm after retinoic acid treatment increases
the frequency of PDX1-expressing cells [107, 110,
123]. Even without retinoic acid treatment, these
compounds were able to induce PDX1 expression in
primitive gut endoderm, but combined treatment
with retinoic acid yielded optimal results [123].
Thus, small molecules are already able to replace
growth factors in several of the steps of differentia-
tion. It is hoped that small molecules can contrib-
ute more to reproducible and affordable protocols
for beta-cell differentiation [124].

4.4 The lack of a master protocol

A final issue worth mentioning is the difficulty
associated with the application of a single protocol
to different stem cell lines yielding similar results
[125]. Even the application of the same protocol, in
the same lab, to different cell lines reveals signifi-
cant variation with respect to the induction of the
different stages of differentiation towards beta-cell
identity [22]. These difficulties are likely to be the
result of as yet unspecified intrinsic differences be-
tween cell lines that may originate from chromatin
structure, rather than the genetic variation be-
tween cell lines. Even iPS clones derived from the
same donor vary considerably in their differentia-
tion capacity [110]. This implies that protocols
have not been consistently applied across different
cell lines or between different laboratories, which
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hampers a direct comparison of the efficiency of
differentiation between different studies and labs.
This is particularly important when iPS cells are
used as starting material for the generation of spe-
cific beta-cell lines to each individual patient. The
prospect of empirically optimizing the differentia-
tion protocol for each new iPS cell line would not be
appealing. Therefore, the challenge is to achieve a
similar state of pluripotency across different iPS
cell lines, a state considered optimal for pancreas
differentiation, such that differentiation can be
started across many different iPS cell lines using
essentially the same protocol for beta-cell differen-
tiation.

5. Concluding remarks

In the past decade, we have observed the gen-
eration of stem cell-derived beta-cells, and we have
witnessed their ability to cure diabetes in preclini-
cal models. Current protocols are able to differenti-
ate a larger fraction of early progenitors towards
an endocrine fate compared to normal embryonic
development. However, our ability to generate ma-
ture functional beta-cells from stem cells is want-
ing. We have only a rudimentary understanding of
the factors that may promote beta-cell maturation
from insulin-positive but immature precursors.

The recent discovery of the mature beta-cell
marker UCNS3 can aid in the development of proto-

cols that generate mature beta-cells in a dish.
Transplantation of these mature cells will reduce
the number of cells necessary to maintain normo-
glycemia. Also, transplantation of fully differenti-
ated beta-cells further reduces the risk of teratoma
formation. Because stem cells have the potential to
generate unlimited numbers of cells, one could
imagine periodical replacement of a stem cell-
derived graft when the graft function declines over
time, similar as in many patients following islet
transplantation. Nevertheless, while it is clear that
challenges remain, considering the relatively short
period of time in which all of these advances have
been achieved, there is reason to be cautiously op-
timistic about the prospects of generating trans-
plantable, mature, glucose-responsive beta-cells as
a cure for T1D.
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