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M Abstract

Embryonic stem (ES) cells have been shown to recapitulate
normal developmental stages. They are therefore a highly
useful tool in the study of developmental biology. Profiling of
ES cell-derived cells has yielded important information about
the characteristics of differentiated cells, and allowed the
identification of novel marker genes and pathways of differ-
entiation. In this review, we focus on recent results from pro-
filing studies of mouse embryos, human islets, and human
ES cell-derived differentiated cells from several research
groups. Global gene expression data from mouse embryos
have been used to identify novel genes or pathways involved
in the developmental process, and to search for transcription
factors that regulate direct reprogramming. We introduce
gene expression databases of human pancreas cells (Beta
Cell Gene Atlas, EuroDia database), and summarize profil-
ing studies of islet- or human ES cell-derived pancreatic
cells, with a focus on gene expression, microRNAs, epige-
netics, and protein expression. Then, we describe our gene

expression profile analyses and our search for novel endo-
derm, or pancreatic, progenitor marker genes. We differen-
tiated mouse ES cells into mesendoderm, definitive endo-
derm (DE), mesoderm, ectoderm, and Pdxl-expressing
pancreatic lineages, and performed DNA microarray analy-
ses. Genes specifically expressed in DE, and/or in Pdx1-
expressing cells, were extracted and their expression pat-
terns in normal embryonic development were studied by in
situ hybridization. Out of 54 genes examined, 27 were ex-
pressed in the DE of E8.5 mouse embryos, and 15 genes
were expressed in distinct domains in the pancreatic buds of
E14.5 mouse embryos. Akricl9, Aebp2, Pbxipl, and Creb3i1
were all novel, and none has been described as being ex-
pressed, either in the DE, or in the pancreas. By introducing
the profiling results of ES cell-derived cells, the benefits of
using ES cells to study early embryonic development will be
discussed.

Keywords: diabetes - embryonic stem cell - differentiation -
beta-cell - Pdx1 - Ngn3 - Sox - gene profiling - microRNA

1. Introduction

3 ndoderm gives rise to respiratory and diges-
£ tive organs, such as pancreas, liver, lung,

o stomach, and intestine. Multipotent endo-
derm has the potential to be used in tissue repair.
However, despite the importance of definitive en-
doderm (DE)-derived tissues, not much is known
about how they emerge from the primary gut tube.
Fate mapping studies suggest that the DE fate be-
gins to segregate at embryonic day 6-6.5 (E6-E6.5),
and that the progenitors fated to become specific
tissues of the gut tube appear shortly after the
completion of gastrulation [1, 2]. The expression of
the region-specific transcription factors has pro-
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vided clues as to how the endoderm is patterned
into different organ domains. Pancreatic and duo-
denal homeobox gene 1 (Pdxl) expression is the
first clear sign of pancreatic differentiation, and is
detected at E8.5 in the dorsal endoderm of the gut.
Pdx1 is expressed before the buds become evident,
and is required for the progression of pancreatic
and rostral duodenal development [3]. Genetic
lineage tracing studies have shown that Pdx1-
expressing cells give rise to all three cell lineages
in the pancreas: endocrine, exocrine, and duct cells
[4].

Recent advances in the analysis and identifica-
tion of early endodermal or pancreatic genes has
been remarkable [5-9]. Several reports have dem-
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onstrated the identification of novel endodermal
genes using early embryos. Progress in embryonic
stem (ES) cell studies has demonstrated that ES
cells provide a good system for studying develop-
mental biology. In particular, the human ES cell
differentiation system is a useful tool to study the
molecular mechanisms of human embryonic pan-
creas development, most notably from germ layer
specification to pancreatic endocrine cell differen-
tiation [10, 11].

Here, we first summarize gene profiling studies
using mouse embryo and mouse/human ES cell-
derived cells. Then, we describe our in vitro differ-
entiation method and gene expression profile
analyses of mouse ES cell-derived DE and Pdx1-
expressing cells.

2. Profiling studies of mouse early
embryos

Analyses of individual genes have defined criti-
cal stages in the development of the endocrine
pancreas. Global gene expression analyses provide
fundamental information on the processes that
regulate the normal development of the endocrine
pancreas.

2.1 Finding genes that regulate pancreatic de-
velopment

Gene profiling analyses of E7.5 endoderm and
mesectoderm, E10.5 GFP+ and GFP- cells from
Pdx1/GFP-transgenic mice, E13.5 GFP+ and GFP-
cells from Neurogenin3 (Ngn3)/GFP-transgenic
mice, and adult islets, have been described [12]. In
this study, Myelin transcription factor 1 (Mytl)
was identified as a candidate gene expressed in
E13.5 Ngn3/GFP-positive cells, and an investiga-
tion of its loss-of-function revealed that Mytl is a
downstream effector of NGN3 [12]. The function of
Mytl was further confirmed by a mutant mouse
study [13]. Sherwood and coworkers carried out
gene expression analysis of the E8.5 DE and vis-
ceral endoderm using Sox17/GFP-transgenic mice
and cell surface markers, such as epithelial cell
adhesion molecule (EpCAM) and dolichos biflorus
agglutinin (DBA) [7]. By developing an early endo-
derm gene expression signature, they character-
ized the transcriptional similarities and differ-
ences between DE and visceral endoderm [7]. Also,
they performed profiling analyses on several early
endodermal organ domains, such as the mouse
E11.5 esophageal, lung, distal tracheal, stomach,
hepatic, and pancreatic regions, using cell surface
markers, such as EpCAM, Liv2, and Rae [8]. An
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endoderm transcription factor map at E9.5 was
constructed, and anterior-posterior patterning dy-
namics were revealed [8]. Hoffman et al. per-
formed serial analysis of gene expression (SAGE)
of £10.5-E18.5 pancreas, adult duct, and islets. Af-
ter extracting candidate genes by SAGE, the
GenePaint database was used to validate their re-
sults [9]. Selective isolation of cells is necessary for
profiling analysis of specific cell types. Fagman et
al. employed laser capture microdissection and mi-
croarray analysis, to define genes expressed in the
mouse £10.5 thyroid and lung. They found a regu-
latory pathway involving the anti-apoptotic gene
Bel2 that controls cell survival in early thyroid de-
velopment [14]. These studies indicated that global
gene expression analyses of the mouse embryo are
useful at the molecular level to characterize the
similarities and differences between the various
developmental domains, stages, or lineages, and to
identify novel genes or pathways involved in de-
velopmental processes.

2.2 Finding genes related to reprogramming

Gene expression profiling is also useful to iden-
tify candidate genes that regulate reprogramming.
Zhou et al. performed a genome-wide transcrip-
tion-factor expression analysis of mouse E14.5
pancreas. The expression pattern of 1,100 mouse
transcription factors was confirmed by whole
mouse in situ hybridization. There are at least 20
transcription factors expressed in mature p-cells
and their precursors or endocrine progenitors.
Mutagenesis of 9 of these genes resulted in g-cell
developmental phenotypes [5]. Reprograming from
exocrine cells to pancreatic g-cells was attempted
by overexpressing these 9 genes, including 3 tran-
seription factors (Ngn3, Pdx1, and Mafa) found to
reprogram pancreatic exocrine cells into cells
closely resembling pancreatic B-cells [15]. This re-
port demonstrated the possibility of direct cell re-
programing into other lineages [16].

3. Profiling studies of human islets

Profiling studies of mature human pancreatic g-
cells and islets were performed, with a focus on
gene expression [17, 18], microRNAs [19-21], epi-
genetics [22-24], and protein expression [25].

3.1 Gene expression profiling of human islets

The Beta Cell Gene Atlas
(http://www.t1ldbase.org/page/AtlasHome) is a use-
ful resource that contains detailed information on
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the gene expression profiles of pancreatic p-cells,
islets, and insulin-producing cell lines. A ‘mas-
sively parallel signature sequencing (MPSS)
analysis’ of human pancreatic islet samples and
microarray analyses were performed with purified
rat pancreatic g-cells, a-cells, and INS-1 cells. The
results were compared with array data available
in literature [17]. Another database, EuroDia da-
tabase (http:/eurodia.vital-it.ch), was established
to build a unique collection of gene expression
analyses performed on B-cells of the human,
mouse, and rat. The EuroDia database is now
available to the entire diabetes research commu-
nity to ensure continuous access to this valuable
data collection after the formal end of the project
[18].

3.2 microRNA profiling of human islets

Joglekar and coworkers performed microRNA
profiling of human pancreatic islet cells [20]. Islets
were isolated from 55 human fetal pancreata dur-
ing 8-37 weeks of gestation, from neonatal pan-
creas and human fetal liver. Skin and muscle tis-
sues were used for comparison. It showed that
miR-375 might be involved in human pancreatic
islet development. Cell sorting based on immu-
nostaining with antibodies against intracellular
molecules is possible because microRNAs remain
stable after fixation. Based on this technique, mi-
croRNA profiling of glucagon+ a«-cells, and C-
peptide+ B-cells from a human pancreas, were per-
formed [21].

3.3 Epigenetics of human islets

Analyses, using human pancreatic islets, were
performed to characterize epigenetic regulation.
DNase I hypersensitive sites, histone H3 lysine
methylation modifications (H3K4mel, H3K4me3,
and H3K79me?2), and CCCTC factor (CTCF) bind-
ing in human islet cells were examined [24]. An-
other group mapped the genome-wide location of 4
histone marks (H3K4mel, H3K4me2, H3K4me3,
and H3K27me3) [23]. Gaulton and colleagues pro-
filed chromatin, using formaldehyde-assisted isola-
tion of regulatory elements coupled with high-
throughput sequencing (FAIRE-seq), to identify
regulatory DNA sites active in human pancreatic
islets. A comparison of FAIRE-seq data from hu-
man islets with data from 5 non-islet cell lines re-
vealed ~3,300 physically linked clusters of islet-
selective open chromatin sites, which typically en-
compassed genes that showed islet-specific expres-
sion [22].
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These data provided insight into pancreatic B-
cell function and the molecular mechanisms caus-
ing diabetes. The results are also useful for the
validation of ES cell-derived pancreatic §-cells.

4, Human ES cells

Profiling studies of human ES cell-derived cells
have been performed to examine the characteris-
tics of the differentiated cells, identify novel
marker genes, and understand embryonic devel-
opment.

4.1 Gene profiling of human ES cell-derived
cells

By microarray analysis, Cxcr4 was identified as
a gene that encodes CXCR4, which can be used as
a cell surface marker specifically expressed in DE,
but not in visceral endoderm [11]. Wang et al. es-
tablished a Sox17/GFP knock-in human ES cell
line, and carried out gene expression analysis of
Sox17/GFP+ cells that were differentiated based
on the procedure established by the D’Amour
group. The results of their gene expression analy-
sis, in vitro differentiation, and transplantation-
based assays showed that CD49e+CD141+CD238+
cells are primitive gut tube endoderm cells [26].
Human ES cell lines were established, with a
Sox17/GFP or Pdx1/GFP transgene introduced via
BAC vectors. These cells are useful resources for
the identification of novel cell surface markers. G
protein-coupled receptor 50 (GPR50) and tumor-
associated calcium signal transducer 2 (TROP2)
were identified as cell surface proteins that were
highly enriched in pancreatic progenitor cells [27].
The identification of cell surface marker genes en-
abled the isolation of DE [11, 28], primitive gut
tube endoderm [26], and pancreatic progenitor
cells [27], without genetic manipulation of ES
cells. This method represents a powerful tool for
future characterization of similar cell populations.

Recently, a pancreatic differentiation protocol
was developed by sequentially exposing human ES
cells to different growth factors and small mole-
cules. However, the resultant differentiated cells
are immature, and are mostly polyhormonal cells
[10, 29]. Using a modified procedure, Basford et al.
established Insulin/GFP knock-in human ES cells
for prospective isolation and the study of gene ex-
pression profiles by microarray analysis to charac-
terize human ES cell-derived pancreatic cells, both
functionally and molecularly [30]. Genomic analy-
ses revealed that Insulin/GFP+ cells collectively
resemble immature endocrine cells [31]. These
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findings suggest that additional effort is required
to derive fully mature B-cells from human ES cells.

Gene expression profiling of ES cell-derived
cells was also performed for other lineages, includ-
ing neural cells [32], intestinal cells [33], adipo-
cytes [34], or myoblasts [35]. For hepatocyte differ-
entiation, expression profiling was performed to
estimate the maturation state of ES cell-derived
hepatic cells in comparison with adult hepatocytes
[36, 37]. Similarly, ES cells bearing fluorescent re-
porter genes were used for microarray analyses of
hepatic differentiation. Chiao et ol. used a lentivi-
ral vector containing the alpha fetoprotein pro-
moter to drive enhanced green fluorescent protein
expression (AFP:eGFP) [38], and our group estab-
lished albumin/mKO1 knock-in human ES/iPS
cells [39].

4.2 MicroRNA profiling of human ES cell-
derived cells

MicroRNAs are endogenous small non-coding
RNAs that play important roles in embryogenesis,
cell fate, growth control, and apoptosis, and are
also targets of profiling studies. Human ES cell-
derived pancreatic islet-like clusters showed very
high expression of the microRNAs miR-186, miR-
199a, and miR-339, which downregulate the ex-
pression of LIN28, PRDM1, CALBI, GCNTZ2,
RBM47, PLEKHH1, RBPMS2, and PAK6 [40]. Wei
et al. also reported that miR-34a was expressed
during pancreatic progenitor differentiation from
endoderm cells, and that miR-146a, miR-7, and
miR-375 were specifically expressed during differ-
entiation from pancreatic progenitors to insulin-
positive cells. Overexpression of miR-375 down-
regulated Hnfl1g and Sox9 expression [41]. Al-
though these microRNA approaches are promising,
further research is required to utilize microRNA
for in vitro maturation of ES cell-derived pancre-
atic cells.

4.3 Epigenetics of human ES cell-derived cells

As described above, embryonic development
and ES cell differentiation are characterized by
dynamic changes in genome-wide gene expression.
Yet, the roles of epigenetic modifications remain
elusive in these events. Recently, two groups re-
ported the profiling of histone modifications using
ES cell-derived pancreatic cells. Gutteridege per-
formed 3 types of genome-wide profiling (mRNA
expression, microRNA expression, and histone 3
lysine 4 trimethylation (H3K4me3)), to identify
novel pancreatic endocrine maturation pathways.

Rev Diabet Stud (2014) 11:102-114
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mediated repression of endo-
crine-specific genes, such as in-
sulin, GLP1, and UCN3, which
are thought to contribute to
maturation [43]. Epigenetic
profiling of ES cell-derived cells
to date has suggested future
strategies for manipulating epi-
genetic signatures to improve
cell differentiation in vitro.
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, 5. Mouse ES cells
Pdx1+
Pancreas In the next sections, we de-
scribe the in vitro differentia-
Intestine tion method and gene expres-

sion profile analysis of mouse
ES cell-derived DE and Pdx1-
expressing cells performed by
| our group.

Figure 1. A schematic drawing of M15 cell-mediated signaling events. Signal-
ing molecules involved in the in vitro differentiation process mediated by M15
are shown. Abbreviations: BIO - 6-bromoindirubin-3'-oxime; BMP7 - bone

5.1 Pancreatic differentiation
of mouse ES cells using M15
cells

morphogenetic protein 7; DAPT - N-(N-(3,5-difluorophenacetyl)-L-alanyl)-S-

phenylglycine t-butyl ester; Dex - dexamethasone; ES - embryonic stem; FGF -
fibroblast growth factor; HGF - hepatocyte growth factor; Pdx1 - pancreatic

and duodenal homeobox 1.

H3K4me3 is found at all active transcriptional
start sites. Undifferentiated ES (day 0), mesendo-
derm (day 1), DE (day 2), primitive foregut (day 5),
pancreatic progenitor (day 8), and pancreatic en-
docrine (day 11) cells were used for this profiling
study. Data analysis suggested the involvement of
novel gene networks, such as NEU-
ROG3/E2F1/KDM5B and SOCS3/STAT3/IL-6, in
endocrine cell differentiation. Finally, they showed
that the addition of IL-6 increased Nkx2.2 and
NEUROGS3 expression [42].

Other groups performed RNA-seq and CHIP-
seq profiling to identify the gene targets for
H3K27me3 and H3K4me3 in ES cell-derived cells.
H3K27me3 is enriched in genes that are repressed
by polycomb (PcG) proteins. Cells differentiated in
vitro (gut tube, posterior foregut, pancreatic endo-
derm, and polyhormonal cells) and functional en-
docrine cells produced by further differentiation in
vivo in mice were used for these analyses. They
demonstrated that in vivo, but not in vitro, differ-
entiated endocrine cells exhibit close similarity to
human islet and endocrine cells produced in vitro,
but that they do not fully eliminate the PcG-

Rev Diabet Stud (2014) 11:102-114

The embryonic endoderm
requires signals from the adja-
cent germ layers for subsequent
regionalization into specific en-
doderm organs [44]. The re-
quirement to induce signals from the mesoderm
led to the idea that coculture of ES cells with a
feeder cell line would induce the ES cells to differ-
entiate into DE cells. This led to the discovery of
M15, a mesonephros-derived cell line, which has
been shown to be an excellent endoderm inductive
source [45]. The M15 system efficiently and repro-
ducibly supports ES cells to give rise to the DE
and PdxI-expressing cells. The use of a Pdx1/GFP-
expressing ES cell line (SK7), cultured on M15
cells, has allowed a close examination of the differ-
entiation processes. The differentiation of ES cells
to Pdx1/GFP-expressing cells is a multistep proc-
ess. In the early phase, ES cells are first differen-
tiated into mesendoderm (MES) or ectoderm (ECT)
cells. In the next phase, the bipotential mesendo-
derm differentiates into mesoderm or DE. Finally,
in the late phase, DE gives rise to region-specific
tissue of the endoderm. The molecular bases of the
signaling events involved in each step of the proc-
ess are summarized in Figure 1.

Activin and basic fibroblast growth factor
(bFGF) both promote ES cell differentiation at all
phases of induction. Therefore, activin and/or
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bFGF were added
throughout the entire
process of ES differentia-
tion. The simultaneous
treatment of activin and
bFGF resulted in a dra-
matic increase of
Pdx1/GFP+ cells, from
2% to 31%. When ES
cell-derived  Pdx1/GFP
cells were grafted under
the kidney capsule of
mice with SCID (severe
combined immunodefi-
ciency), they differenti-
ated into all 3 pancreatic
lineages: endocrine, exo-
crine, and duct -cells.
Therefore, the ES cell-
derived Pdx1/GFP+ cells
we obtained had the po-
tential to differentiate
similarly into embryonic
Pdx1/GFP cells.

52 Non-pancreatic
endoderm, ectoderm,
and mesoderm differ-
entiation of mouse ES
cells using M15 cells

The M15 cell line was

s3
17
Wd1|
wvd|
SIW

1a sa

aza)

(-)1xpd 3a 84 -
(+)1xpd 3 84

Figure 2. Microarray analyses of ES cell-derived cells. (A) ES cells and ES cell-derived
cells were isolated based on the expression of cell surface antigens, as previously de-
scribed [48]. We isolated ES cells (ES), ectoderm (ECT), mesendoderm (MES), lateral
plate mesoderm (LPM), paraxial mesoderm (PAM), and DE at day 5 (D5), day 7 (D7),
and day 8 (D8, DE Pdx7-, DE Pdx7+). (B) Clustering of gene expression in ES, ECT,
LPM, PAM, MES, D5 DE, D7 DE, D8 DE Pdx1-, and D8 DE Pdx7+ cell lineages. Each
line indicates an individual gene. Red lines indicate genes with high expression and
green lines indicate genes with low expression in the DE lineages. The y-axis repre-
sents normalized values of the expression levels. Abbreviations: D - day; DE - defini-
tive endoderm; ES - embryonic stem; ECT - ectoderm; LPM - lateral plate mesoderm;
MES - mesendoderm; PAM - paraxial mesoderm; Pdx1 - pancreatic and duodenal
homeobox 1.

later proved as an induc-

ing source for pancreatic

differentiation, for he-

patic and intestinal dif-

ferentiation [46, 47], and for induction of the ecto-
derm and mesoderm cell lineages [48]. Pancreatic
differentiation was at the expense of hepatic dif-
ferentiation. The withdrawal of activin and bFGF
induced alpha-fetoprotein (AFP) expression. The
addition of hepatocyte growth factor (HGF) and
dexamethasone (Dex) promoted hepatic differen-
tiation [46]. ES cells were differentiated into DE
and challenged with various growth factors or
chemicals that affect certain signaling pathways at
a late stage (Figure 1) to establish optimal condi-
tions for differentiation into intestinal cell line-
ages. Among these tested growth factors and
chemicals, we found that intestinal differentiation
was efficiently induced through:

1. Activation of the Wnt/B-catenin and inhibi-
tion of the Notch signaling pathways.

www.The-RDS.org

2. Simultaneous application of 6-
bromoindirubin-3’-oxime (BIO), a glycogen
synthase kinase (GSK)-38 inhibitor, and
DAPT, a known y-secretase inhibitor [47].

SB203580, a p38 MAPK inhibitor, increased the
neuroectodermal population (Figure 1). These
SB203580-treated cells were multipotent neuronal
progenitors able to give rise to astrocytes, oli-
godendrocytes, neurons, and dopaminergic neu-
rons [48]. Bone morphogenetic protein (BMP) an-
tagonized activin and resulted in the potentiation
of mesodermal differentiation (Figure 1). Further
differentiation into lineage-specific cells was
achieved by subjecting ES cell-derived mesodermal
cells to adipogenic or osteogenic differentiation
conditions. Differentiation into Alizarin red S-

Rev Diabet Stud (2014) 11:102-114
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DYDE/DSDE>S D8 DE
Pdx1+ / Pdx1. > 2

DEDE>5 D3 DE

Pdx1/GFP+ » 5

Numbers of genes expressed in £8.5 gut tube

Numbers of genes expressed in £14.5
pancreas bud or the adult islets

Figure 3. Numbers of endoderm-specific candidate genes. Summary of the numbers of
genes selected for further analyses by whole mount in situ hybridization (top). The num-
bers of genes expressed in gut endoderm at E8.5 (middle) or the pancreatic bud at E14.5
{(bottom) are shown. Blue circle: genes expressed at >5-fold in D5 DE. Red circle: genes

A Genes expressed in E8.5 gut tube,
but not in E14.5 pancreas bud:

DAF1/CD55, Foxql, Nptx2 and Pga5

B Genes expressed in E8.5 AIP and
E14.5 pancreas bud
(bold indicate genes expressed in £14.5):

Al464131, Akr1c19, Parm1,

Tmem184, C2Cd4b, Foxp4,

Hipk2, Pbxip1, Pcbd1, Sox4,
Tcf712, Aebp2, Creb311, Pedh1

from D5 to D7 DE,
and thereafter (Fig-
ure 2B). Comparison
between ES  cell-
derived cells and em-
bryonic tissue, such
as E7.5 embryonic
endoderm [12], E8.25
endoderm [7], and
E10.5 PdxI+ cells
[12], suggested that
gene expression pro-
files in D5, D7, and
D8 DE were similar to
E7.5, E8.25, or E10.5
embryonic Pdx1+
cells, respectively.
These analyses show
that ES cell-derived
DE cells or Pdxi+
cells mimic cells in
normal developmental
processes.

expressed at >5-fold in D8 DE Pdx7+. Green circle: genes expressed at >5-fold in D7

DE versus D5 DE. Brown circle, genes expressed at >2-fold in D8 DE Pdx7+ versus D8
DE PdxT. (A, B) The names of genes expressed only in E8.5 gut tube, but not in E14.5
pancreas bud are listed in (A). The names of genes expressed in both E8.5 AlP and E14.5
pancreas bud are listed in (B). More information is detailed in Tables 1 and 2.

positive osteogenic cells or oil red O-positive adi-
pogenic cells was observed at day 20 [48].

5.8 Microarray analysis of mouse ES cell-
derived cells

We isolated mouse ES cell-derived differenti-
ated cells for microarray analysis using the proce-
dure described above, by tracking the expression of
specific cell surface antigens using flow cytometry.
The cell types and cell surface markers (or GFP)
used for prospective cell isolation were: SSEA1-
Flk1-PDGFRa- (ES cell-derived ectoderm (ECT)),
E-cadherin+PDGFRa+ (mesendoderm (MES)), E-
cadherin-PDGFRo+Flk1+ (paraxial mesoderm
(PAM)), E-cadherin-PDGFRa-Flkl+ (lateral plate
mesoderm, LPM), and E-cadherin+CXCR4+ (DE)
populations (Figure 2). DE cells at D5, D7, or D8
were collected. DE at D8 was further subdivided
into Pdx1/GFP-negative and -positive populations
(D8 DE Pdx1- and PdxI+). A remarkable transi-
tion in the gene expression profile was observed

Rev Diabet Stud (2014) 11:102-114

5.4 Identification of
DE-specific genes in
ES cell-differentia-
tion

Gene  expression
profiles of undifferen-
tiated ES cells and ES

cell-derived differentiated cells of the 3 germ lay-
ers (ECT, LPM, PAM, MES, D5 DE, D7 DE, PdxI-
D8 DE, and Pdx1+ D8 DE) were compared. Figure
3 and Tables 1 and 2 show the summary of the
numbers of genes analyzed and indicate the genes
expressed in the gut endoderm at E8.5 and/or the
pancreatic bud at E14.5. Thus, these results indi-
cate that ES cell-derived differentiated cells served
as a good model cellular system for studying the
gene expression of normal developmental stages.
Decay accelerating factor (DAF1/CD55), a gene
found to be highly expressed in ES cell-derived
DE, was detected in the DE and mesoderm in early
embryos at E8.5 [49]. Flow cytometry analysis of
ES cell-derived differentiated cells revealed that
DAF1+ cells also expressed CXCR4 on the cell sur-
face. Moreover, DAF1 expression is maintained
until differentiation day 12 in ES cell-derived DE
cells. Analysis of the Pdx1/GFP+ cells in E9.5 em-
bryos and ES cell-derived cells with anti-DAF1 re-
vealed that most Pdx1/GFP+ cells expressed
DAF1. These results suggest that DAF1, when
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Table 1. Summary of genes upregulated in definitive endoderm at days 5, 7, and 8

Microarray analysis Gene Genbank In situ hybridization Publication on gut or pancreas
E8.5 endoderm E14.5 pancreas Expression or Reference
unction
d5DE>5andd8 DE>  AI464131 BG063189 Whole gut  Epithelium Mesenchyme
5, d with ES,
ECT LM PAM. Akrici9 BG073853 AIP Epithelium
MES, d5 DE DAF1/CD55 ~ NM_010016  AIP, lateral gut Bndoderm — Shirad ol 2010
49
Foxql NM_008239 AIP Stomach Verzi ft a]1. 2008
50
Nptx2 NM_016789 Whole gut Pancreatic cancer Brune [et .;ld 2008
60
Parml NM_145562  Anterior endo- Tip E10.5 pancreas Svensson et al.
derm 2007 [6]
Pga5 NM_021453 lateral gut -
Tmem184a BC019731  AIP, lateral gut Epithelium E12.5, pancreas  Best and Adams
exocrine 2009 [58]
d7DE /d5DE > 5 Aebp2 BB667191 whole gut  Epithelium -
Barhl2 NM_001005477 lateral gut
d8 DE, Pdx1(GFP)+ Kisslr NM_053244 lateral gut Mouse islets ~ Hauge-Evans et al

/Pdx1(GFP)-> 2 2006 [70]

Legend: Enlisted are genes upregulated (>5-fold) in d5 DE or d7 DE, or upregulated (>2-fold) in d8 DE, and their expression patterns ob-
served in E8.5 endoderm or E14.5 pancreatic buds. Data include gene, genbank number, expression patterns in E8.5 endoderm and E14.5
pancreatic buds, and original publication. Table created based on [80}. Abbreviations. Aebp2 - adipocyte enhancer-binding protein 2; A1464131
- expressed sequence Al464131; AIP - anterior intestinal portal; Akrlcl9 - aldo-keto reductase family 1, member C19; d - day; Barhl2 - Barh-
like homeobox 2 (Drosophila); DAF1 - decay-accelerating factor 1 (aka CD55); DE - definite endoderm; E - embryonic day; ECT - ectoderm;
ES - embryonic stem cell; Foxql - forkhead box transcription factor Q1; GFP green fluorescent protein; Kisslr - Kissl receptor; LPM - lateral
plate mesoderm; MES - mesendoderm; Nptx2 - neuronal pentraxin 2; PAM - paraxial mesoderm; Parm1 - prostate androgen-regulated mucin-
like protein 1 (Riken cDNA 9130213B05 gene); Pdx1 - pancreatic and duodenal homeobox 1; PGA5 - pepsinogen 5, group I (pepsinogen A);
Tmem184a - transmembrane protein 184A.

used in combination with E-cadherin, is useful for
the prospective identification of DE cells.

We found for the first time that the following 4
genes are expressed in the E8.5 endoderm or E14.5

Among the genes whose expression is increased  pancreas:
in the ES cell-derived DE population, Foxql [50],
CpM [51-53], Foxp4 [54, 55], Pcdhl [56], and 1. Aldo-keto reductase family 1 member C19
Zmizl [57] were found to be expressed in the fore- (Akrlcl9)
gut, hindgut, or whole gut at E8.5. Parmli [6], 2. AE binding protein 2 (Aebp2)
Tmem184 [58], HIPK-2 [59], Nptx2 [60, 61], Tcf712 3. Pre B cell leukemia transcription factor in-
[62-65], C2Cd4b [66], Sox4 [67-69], and KissIr [70- teracting protein 1 (Pbxip1)
72] were revealed for the first time to be expressed 4. cAMP responsive element binding protein

at this early stage of E8.5 and E14.5. Hipk2 was
co-expressed with glucagon, but not insulin, impli-

3-like 1 (Creb3i1)

cating that it might be associated with B-cell dif-
ferentiation (Figure 4). C2cd4b, a gene expressed
in the trunk, was co-expressed with insulin, but
not glucagon, implicating its function in endocrine
B-cell differentiation (Figure 4). It is of interest
that genes responsible for B-cell maturation are
expressed at early stages of development. Future
studies examining the functions of these genes
should reveal their role in B-cell replication or dif-
ferentiation of the pancreas.

www.The-RDS.org

Akrlcl19 was reported to be highly expressed in
the liver and gastrointestinal tract [73]. Aebp2 en-
codes a zinc finger protein that interacts with the
mammalian polycomb repression complex 2
(PRC2) [74]. Its Drosophila homolog, jing, is a
zine-finger transcription factor that interacts with
the fly polycomb group (PcG) protein complexes,
and plays an essential role in controlling CNS mid-
line and tracheal cell differentiation [75]. Pbxipl is
a PBX interacting protein, also known as HPIP,
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Table 2. Summary of genes upregulated in definitive endoderm at day 8

Microarray analysis Gene Genbank In situ hybridization Publication on gut or pancreas
E8.5 endoderm E14.5 pancreas Expression or Reference
function
d8 DE, Pdx1(GFP)+ » ApoE AK019319 Visceral endoderm Vascular -
5, compared with ES,
ECT, LPM, PAM, C2cd4b AK014341 AlP, posterior gut Trunk Associated with §- Boesgaard et al.
MES, d5 DE cell function 2010 [66]
Chi3ll BCO005611 AIP - -
CpM AK004327 AIP, lateral gut Lung Nagae[et <ii]. 1993
51
Creb3l1 BC016447 Epithelium Mesenchyme
Fam188b BB667136 AIP
Fhi2 NM_010212 AIP, anterior gut
Foxp4 BQ286886 AlIP, lateral gut  Epithelium E9.5~, pulmonary, Lu et al. 2002 [54]
gut
Hipk2 NM_010433 AIP Epithelium E12.5~, pancreas  Boucher et al.
2009 [59]
Irf6 NM_016851 Anterior gut, hind- -
gut
Lbh NM_029999 AIP
Palld NM_001081390 Dorsal gut
Pbxip1 AV220340 AIP Trunk
Pcbdl NM_025273 AIP Epithelium
Pcdhl AKO008111 Tip Mesenchyme E12.5blood ves- Redies et al. 2008
sels of the gut [56]
Sox4 Al428101 AIP, lateral gut  Epithelium E12.4~, pancreas Liozzxgti)rés%(i L}f al.
67
Tef712 BM218908 AIP, lateral gut  Epithelium Mesenchyme diabetes risk gene Grant ft a]l. 2006
62
Zmizl NM_183208 AIP, lateral gut

Legend: Enlisted are genes upregulated (>5-fold) at d8 DE, and their expression patterns observed in E8.5 endoderm or E14.5 pancreatic
buds. Data include gene, genbank number, expression patterns in E8.5 endoderm and E14.5 pancreatic buds, and original publication. Table
created based on [80]. Abbreviations. AIP - anterior intestinal portal; ApoE - apolipoprotein E; C2cd4b - C2 calcium-dependent domain contain-
ing 4B; cAMP - cyclic adenosine monophosphate; Chi3ll - chitinase 3-like 1; CpM - carboxypeptidase M; Creb3l1 - cAMP-responsive element-
binding protein 3-like 1 (aka OASIS); ECT - ectoderm; ES - embryonic stem cell; Fam188b - family with sequence similarity 188, member B
(RIKEN cDNA C330043M08 gene); Fhi2 - four and a half LIM domains 2; Foxp4 - forkhead box P4; Hipk2 - homeodomain-interacting protein
kinase 2; HMG-box - high mobility group box; Irf6 - interferon-regulatory factor 6; MES - mesendoderm; Lbh - limb-bud-and-heart; LIM - Lin-
11, Isl-1, Mac-3; LPM - lateral plate mesoderm; Palld - palladin, cytoskeletal associated protein (2410003B16Rik, immunoglobulin domain pala-
din); PAM - paraxial mesoderm; Pbxipl - pre-B-cell leukemia transcription factor interacting protein 1; Pcbdl - Pterin 4 alpha carbinolamine
dehydratase/dimerization cofactor of hepatocyte nuclear factor 1 (TCF1); Pcdhl - PUrotocadherin 1; Sox4 - SRY-box-containing gene 4;
Tcf712 - transcription factor 7-like 2, T-cell-specific, HMG-box; Zmiz1 - zinc finger, MIZ-type-containing 1.

which inhibits the binding of Pbx1-Hox complexes
to DNA [76]. Creb3i1, also known as OASIS, is a
ZIP (basic leucine zipper) transcription factor,
which is a member of the CREB/ATF family and
has been identified as an ER stress transducer
[771.

There are genes whose expression we could not
detect in Pdx1+ cells during normal pancreatic de-
velopment. This might be due to their low expres-
sion levels and/or technical limitations of our ex-
perimental setup. In addition, some of the genes
show expression patterns that are difficult to be

Rev Diabet Stud (2014) 11:102-114

catalogued at E14.5, since pancreatic differentia-
tion undergoes a secondary transition at this
stage, and many genes show a dramatic change in
their expression patterns after this transition.

6. Conclusions

We reviewed gene expression profiling studies
using mouse embryo, islets, and ES cell-derived
cells, and described our in vitro differentiation
method that used feeder cells and growth factors.
Then, we described our gene expression profile
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analyses. These analyses revealed that ES
cell-derived cells mimic cells that arise
during normal development. Profiling of
ES cell-derived cells yielded important in-
formation about the characteristics of dif-
ferentiated cells, identified novel marker
genes, and revealed novel pathways of dif-
ferentiation. Currently, several groups
have reported the generation of pancreatic
B-cell like cells. Although these cells were
immature human pancreatic progenitor
cells, they matured into functional 8-cell
after transplantation [10, 29].

Multi-level genome-wide profiling as-
sessing gene expression, microRNAs ex-
pression, proteome composition, me-
tabolome makeup, DNA methylation pat-
terns, and histone modifications might
provide us with useful information to in-
duce in vitro maturation of ES cell-derived
pancreatic cells. During the last decade,
high-throughput techniques have been de-
veloped, including microarray and next-
generation sequencing, together with pub-
lic databases, such as Gene Expression

Omnibus (GEO)
(http://www.ncbi.nlm.nih.gov/geo/), the
RIKEN FANTOM project

(http://fantom.gsc.riken.jp/), Genepaint [78, 79],
and the Mouse Atlas Website
(http://www.mouseatlas.org/). In the near future,
profiling studies using the aforementioned new
technologies will lead to the identification of novel
signaling molecules which may promote pancreatic

Merged

C2cd4b

Figure 4. The co-expression of candidate genes with insulin,
glucagon, or Pdx1 in the E14.5 pancreatic bud. C2cd4b was
co-expressed with insulin, but not glucagon, in the trunk (upper
panels). Hipk2 was co-expressed with glucagon, but not insu-
lin, in the epithelium. Akr1c19 was co-expressed with Pdx1 or
insulin in the epithelium. Scale bar: 700 pm.

development, and which may offer novel targets
for the treatment of diabetes.

Disclosures: The authors do not have any conflict of
interests. There are no financial, institutional, corpo-
rate, or patent-licensing arrangements associated with
this paper.

M References

1. Tremblay KD, Zaret KS. Distinct populations of endo-
derm cells converge to generate the embryonic liver bud and
ventral foregut tissues. Dev Biol 2005. 280(1):87-99.

2. Lawson KA, Meneses JJ, Pedersen RA. Clonal analysis
of epiblast fate during germ layer formation in the mouse
embryo. Development 1991. 113(3):891-911.

3. Offield MF, Jetton TL, Labosky PA, Ray M, Stein
RW, Magnuson MA, Hogan BL, Wright CV. PDX-1
is required for pancreatic outgrowth and differentiation of
the rostral duodenum. Development 1996. 122(3):983-995.

4. Gu G, Brown JR, Melton DA. Direct lineage tracing
reveals the ontogeny of pancreatic cell fates during mouse
embryogenesis. Mech Dev 2003. 120(1):35-43.

5. Zhou Q, Law AC, Rajagopal ], Anderson W], Gray
PA, Melton DA. A multipotent progenitor domain guides
pancreatic organogenesis. Dev Cell 2007. 13(1):103-114.

6. Svensson P, Williams C, Lundeberg ], Ryden P, Ber-
gqvist I, Edlund H. Gene array identification of
Ipfl/Pdx1-/- regulated genes in pancreatic progenitor cells.
BMC Dev Biol 2007. 7:129.

7. Sherwood RI, Jitianu C, Cleaver O, Shaywitz DA,

www.The-RDS.org

Lamenzo JO, Chen AE, Golub TR, Meiton DA. Pro-
spective isolation and global gene expression analysis of de-
finitive and visceral endoderm. Dev Biol 2007. 304(2):541-
555.

8. Sherwood RI, Chen TY, Melton DA. Transcriptional
dynamics of endodermal organ formation. Dev Dyn 2009.
238(1):29-42.

9. Hoffman BG, Zavaglia B, Witzsche ], Ruiz de Algara
T, Beach M, Hoodless PA, Jones SJ, Marra MA, Hel-
gason CD. Identification of transcripts with enriched ex-
pression in the developing and adult pancreas. Genome Biol
2008. 9(6):R99.

10. D’Amour KA, Bang AG, Eliazer S, Kelly OG, Agul-
nick AD, Smart NG, Moorman MA, Kroon E, Car-
penter MK, Baetge EE. Production of pancreatic hor-
mone-expressing endocrine cells from human embryonic
stem cells. Nat Biotechnol 2006. 24(11):1392-1401.

11. D’Amour KA, Agulnick AD, Eliazer S, Kelly OG,
Kroon E, Baetge EE. Efficient differentiation of human
embryonic stem cells to definitive endoderm. Nat Biotechnol
2005. 23(12):1534-1541.

12. Gu G, Wells JM, Dombkowski D, Preffer F, Aronow
B, Melton DA. Global expression analysis of gene regula-

Rev Diabet Stud (2014) 11:102-114

— 109 —



112 Special Edition

The Review of DIABETIC STUDIES

Shiraki et al.

Vor.11-No. 12014

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

tory pathways during endocrine pancreatic development.
Development 2004. 131(1):165-179.

Wang S, Zhang ], Zhao A, Hipkens S, Magnuson
MA, Gu G. Loss of Mytl function partially compromises
endocrine islet cell differentiation and pancreatic physiologi-
cal function in the mouse. Mech Dev 2007. 124(11-12):898-
910.

Fagman H, Amendola E, Parrillo L, Zoppoli P, Ma-
rotta P, Scarfo M, De Luca P, de Carvalho DP, Cec-
carelli M, De Felice M, Di Lauro R. Gene expression
profiling at early organogenesis reveals both common and
diverse mechanisms in foregut patterning. Dev Biol 2011.
359(2):163-175.

Zhou Q, Brown ], Kanarek A, Rajagopal J, Melton
DA. In vivo reprogramming of adult pancreatic exocrine
cells to beta-cells. Nature 2008. 455(7213):627-632.
Vierbuchen T, Wernig M. Direct lineage conversions:
unnatural but useful? Nat Biotechnol 2011. 29(10):892-907.
Kutlu B, Burdick D, Baxter D, Rasschaert ], Flamez
D, Eizirik DL, Welsh N, Goodman N, Hood L. De-
tailed transcriptome atlas of the pancreatic beta cell. BMC
Med Genomics 2009. 2:3.

Liechti R, Csardi G, Bergmann S, Schutz F, Sengstag
T, Boj SF, Servitja JM, Ferrer J, Van Lommel L,
Schuit F, et al. EuroDia: a beta-cell gene expression re-
source. Database (Oxford) 2010. 2010:baq024.

Joglekar MV, Parekh VS, Mehta S, Bhonde RR,
Hardikar AA. MicroRNA profiling of developing and re-
generating pancreas reveal post-transcriptional regulation of
neurogenin3. Dev Biol 2007. 311(2):603-612.

Joglekar MV, Joglekar VM, Hardikar AA. Expression
of islet-specific microRINAs during human pancreatic devel-
opment. Gene Expr Patterns 2009. 9(2):109-113.

Klein D, Misawa R, Bravo-Egana V, Vargas N,
Rosero S, Piroso ], Ichii H, Umland O, Zhijie J, Tsi-
noremas N, et al. MicroRNA Expression in Alpha and
Beta Cells of Human Pancreatic Islets. PLoS One 2013.
8(1):e55064.

Gaulton K], Nammo T, Pasquali L, Simon JM, Giresi
PG, Fogarty MP, Panhuis TM, Mieczkowski P, Sec-
chi A, Bosco D, et al. A map of open chromatin in hu-
man pancreatic islets. Nat Genet 2010. 42(3):255-259.
Bhandare R, Schug ], Le Lay J, Fox A, Smirnova O,
Liu C, Naji A, Kaestner KH. Genome-wide analysis of
histone modifications in human pancreatic islets. Genome Res
2010. 20(4):428-433.

Stitzel ML, Sethupathy P, Pearson DS, Chines PS,
Song L, Erdos MR, Welch R, Parker SC, Boyle AP,
Scott L], et al. Global epigenomic analysis of primary hu-
man pancreatic islets provides insights into type 2 diabetes
susceptibility loci. Ceil Metab 2010. 12(5):443-455.
Waanders LF, Chwalek K, Monetti M, Kumar C,
Lammert E, Mann M. Quantitative proteomic analysis of
single pancreatic islets. Proc Natl Acad Sci U S A 2009.
106(45):18902-18907.

Wang P, Rodriguez RT, Wang ], Ghodasara A, Kim
SK. Targeting SOX17 in human embryonic stem cells cre-
ates unique strategies for isolating and analyzing developing
endoderm. Cell Stem Cell 2011. 8(3):335-3486.

Fishman B, Segev H, Kopper O, Nissenbaum ],
Schulman M, Benvenisty N, Itskovitz-Eldor ], Kits-
berg D. Targeting pancreatic progenitor cells in human
embryonic stem cell differentiation for the identification of

Rev Diabet Stud (2014) 11:102-114

— 110 —

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

novel cell surface markers. Stem Cell Rev 2012. 8(3):792-
802.

Yasunaga M, Tada S, Torikai-Nishikawa S, Nakano
Y, Okada M, Jakt LM, Nishikawa S, Chiba T, Era T,
Nishikawa S. Induction and monitoring of definitive and
visceral endoderm differentiation of mouse ES cells. Nat Bio-
technol 2005. 23(12):1542-1550.

Kroon E, Martinson LA, Kadoya K, Bang AG, Kelly
OG, Eliazer S, Young H, Richardson M, Smart NG,
Cunningham J, et al. Pancreatic endoderm derived from
human embryonic stem cells generates glucose-responsive
insulin-secreting cells in vivo. Nat Biotechnol 2008.
26(4):443-452.

Nostro MC, Sarangi F, Ogawa S, Holtzinger A, Cor-
neo B, Li X, Micallef S], Park IH, Basford C,
Wheeler MB, et al. Stage-specific signaling through
TGFbeta family members and WNT regulates patterning
and pancreatic specification of human pluripotent stem cells.
Development 2011. 138(5):861-871.

Basford CL, Prentice K], Hardy AB, Sarangi F, Mi-
callef SJ, Li X, Guo Q, Elefanty AG, Stanley EG,
Keller G, et al. The functional and molecular characterisa-
tion of human embryonic stem cell-derived insulin-positive
cells compared with adult pancreatic beta cells. Diabetologia
2012. 55(2):358-371.

Li W, Sun W, Zhang Y, Wei W, Ambasudhan R, Xia
P, Talantova M, Lin T, Kim ], Wang X, et al. Rapid
induction and long-term self-renewal of primitive neural
precursors from human embryonic stem cells by small mole-
cule inhibitors. Proc Nat! Acad Sci U S A 2011.
108(20):8299-8304.

Spence JR, Mayhew CN, Rankin SA, Kuhar MF, Val-
lance JE, Tolle K, Hoskins EE, Kalinichenko VV,
Wells SI, Zorn AM, et al. Directed differentiation of hu-
man pluripotent stem cells into intestinal tissue in vitro. Na-
ture 2011. 470(7332):105-109.

Billon N, Kolde R, Reimand ], Monteiro MC, Kull
M, Peterson H, Tretyakov K, Adler P, Wdziekonski
B, Vilo ], Dani C. Comprehensive transcriptome analysis
of mouse embryonic stem cell adipogenesis unravels new
processes of adipocyte development. Genome Biol 2010.
11(8):R80.

Barberi T, Bradbury M, Dincer Z, Panagiotakos G,
Socci ND, Studer L. Derivation of engraftable skeletal
myoblasts from human embryonic stem cells. Nat Med 2007.
13(5):642-648.

DeLaForest A, Nagaoka M, Si-Tayeb K, Noto FK,
Konopka G, Battle MA, Duncan SA. HNF4A is essen-
tial for specification of hepatic progenitors from human
pluripotent stem cells. Development 2011. 138(19):4143-
4153.

Si-Tayeb K, Noto FK, Nagaoka M, Li ], Battle MA,
Duris C, North PE, Dalton S, Duncan SA. Highly effi-
cient generation of human hepatocyte-like cells from in-
duced pluripotent stem cells. Hepatology 2010. 51(1):297-
305.

Chiao E, Elazar M, Xing Y, Xiong A, Kmet M, Mil-
lan MT, Glenn JS, Wong WH, Baker ]. Isolation and
transcriptional profiling of purified hepatic cells derived from
human embryonic stem cells. Stem Cells 2008. 26(8):2032-
2041.

Umeda K, Suzuki K, Yamazoe T, Shiraki N, Higuchi
Y, Tokieda K, Kume K, Mitani K, Kume S. Albumin

Copyright © by Lab & Life Press/SBDR



Embryonic Stem Cell Differentiation

The Review of DIABETIC STUDIES
VoLr. 11-No. 1- 2014

STEM CELLS AND PANCREAS REGENERATION 113
Special Edition

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

gene targeting in human embryonic stem cells and induced
pluripotent stem cells with helper-dependent adenoviral vec-
tor to monitor hepatic differentiation. Stem Cell Res 2013.
10(2):179-194.

Chen BZ, Yu SL, Singh S, Kao LP, Tsai ZY, Yang
PC, Chen BH, Shoei-Lung Li S. Identification of mi-
croRNAs expressed highly in pancreatic islet-like cell clus-
ters differentiated from human embryonic stem cells. Cell
Biol Int 2011. 35(1):29-37.

Wei R, Yang ], Liu GQ, Gao M], Hou WF, Zhang L,
Gao HW, Liu Y, Chen GA, Hong TP. Dynamic ex-
pression of microRINAs during the differentiation of human
embryonic stem cells into insulin-producing cells. Gene
2013.

Gutteridge A, Rukstalis JM, Ziemek D, Tie M, Ji L,
Ramos-Zayas R, Nardone NA, Norquay LD, Brenner
MB, Tang K, et al. Novel pancreatic endocrine matura-
tion pathways identified by genomic profiling and causal rea-
soning. Plos One 2013. 8(2):e56024.

Xie R, Everett L], Lim HW, Patel NA, Schug ],
Kroon E, Kelly OG, Wang A, D’Amour KA, Robins
AJ, et al. Dynamic chromatin remodeling mediated by
polycomb proteins orchestrates pancreatic differentiation of
human embryonic stem cells. Cell Stem Cell 2013.
12(2):224-237.

Wells JM, Melton DA. Early mouse endoderm is pat-
terned by soluble factors from adjacent germ layers. Develop-
ment 2000. 127(8):1563-1572.

Shiraki N, Yoshida T, Araki K, Umezawa A, Higuchi
Y, Goto H, Kume K, Kume S. Guided differentiation of
embryonic stem cells into Pdx1-expressing regional-specific
definitive endoderm. Stem Cells 2008. 26(4):874-885.
Yoshida T, Shiraki N, Baba H, Goto M, Fujiwara S,
Kume K, Kume S. Expression patterns of epiplakinl in
pancreas, pancreatic cancer and regenerating pancreas. Genes
Cells 2008. 13(7):667-678.

Ogaki S, Shiraki N, Kume K, Kume S. Wnt and notch
signals guide embryonic stem cell differentiation into the in-
testinal lineages. Stem Cells 2013. 31(6):1086-1096.

Shiraki N, Higuchi Y, Harada S, Umeda K, Isagawa
T, Aburatani H, Kume K, Kume S. Differentiation and
characterization of embryonic stem cells into three germ lay-
ers. Biochem Biophys Res Commun 2009. 381(4):694-699.
Shiraki N, Harada S, Ogaki S, Kume K, Kume S.
Identification of DAF1/CID55, a novel definitive endoderm
marker. Cell Struct Funct 2010. 35(2):73-80.

Verzi MP, Khan AH, Ito S, Shivdasani RA. Transcrip-
tion factor foxql controls mucin gene expression and gran-
ule content in mouse stomach surface mucous cells. Gastro-
enterology 2008. 135(2):591-600.

Nagae A, Abe M, Becker RP, Deddish PA, Skidgel
RA, Erdos EG. High concentration of carboxypeptidase M
in lungs: presence of the enzyme in alveolar type I cells. Am
J Respir Cell Mol Biol 1993. 9(2):221-229.

Fujiwara N, Ikeda M, Hirabayashi S, Mori H,
Shirasawa M, Kansaku A, Sunamori M, Hata Y.
Monoclonal antibody 7F9 recognizes rat protein homolo-
gous to human carboxypeptidase-M in developing and adult
rat lung. Respirology 2007. 12(1):54-62.

Tamplin O], Kinzel D, Cox B], Bell CE, Rossant ],
Lickert H. Microarray analysis of Foxa2 mutant mouse em-
bryos reveals novel gene expression and inductive roles for
the gastrula organizer and its derivatives. BMC Genomics

www.The-RDS.org

— 111 —

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

2008. 9:511.

Lu MM, Li S, Yang H, Morrisey EE. Foxp4: a novel
member of the Foxp subfamily of winged-helix genes co-
expressed with Foxpl and Foxp?2 in pulmonary and gut tis-
sues. Mech Dev 2002. 119(Suppl 1):5197-S202.

Chokas AL, Trivedi CM, Lu MM, Tucker PW, Li S,
Epstein JA, Morrisey EE. Foxp1/2/4-NuRD interactions
regulate gene expression and epithelial injury response in the
lung via regulation of interleukin-6. [ Biol Chem.
285(17):13304-13313.

Redies C, Heyder ], Kohoutek T, Staes K, Van Roy
F. Expression of protocadherin-1 (Pedhl) during mouse de-
velopment. Dev Dyn 2008. 237(9):2496-2505.
Rodriguez-Magadan H, Merino E, Schnabel D, Ra-
mirez L, Lomeli H. Spatial and temporal expression of
Zimp7 and Zimpl0Q PIAS-like proteins in the developing
mouse embryo. Gene Expr Patterns 2008. 8(3):206-213.

Best D, Adams IR. Sdmgl is a component of secretory
granules in mouse secretory exocrine tissues. Dev Dyn 2009.
238(1):223-231.

Boucher M], Simoneau M, Edlund H. The homeodo-
main-interacting protein kinase 2 regulates insulin promoter
factor-1/pancreatic duodenal homeobox-1 transcriptional
activity. Endocrinology 2009. 150(1):87-97.

Brune K, Hong SM, Li A, Yachida S, Abe T, Griffith
M, Yang D, Omura N, Eshleman J, Canto M, et al.
Genetic and epigenetic alterations of familial pancreatic can-
cers. Cancer Epidemiol Biomarkers Prev 2008. 17(12):3536-
3542.

Zhang L, Gao ], LiL, Li Z, Du'Y, Gong Y. The neu-
ronal pentraxin I gene (NPTX2) inhibit proliferation and
invasion of pancreatic cancer cells in vitro. Mol Biol Rep
2011. 38(8):4903-4911.

Grant SF, Thorleifsson G, Reynisdottir I,
Benediktsson R, Manolescu A, Sainz ], Helgason A,
Stefansson H, Emilsson V, Helgadottir A, et al. Vari-
ant of transcription factor 7-like 2 (TCF7L2) gene confers
risk of type 2 diabetes. Nat Genet 2006. 38(3):320-323.

Jin T, Liu L. The Wnt signaling pathway effector TCF7L2
and type 2 diabetes mellitus. Mol Endocrinol 2008.
22(11):2383-2392.

Shu L, Sauter NS, Schulthess FT, Matveyenko AV,
Oberholzer J, Maedler K. Transcription factor 7-like 2
regulates beta-cell survival and function in human pancreatic
islets. Diabetes 2008. 57(3):645-653.

da Silva Xavier G, Loder MK, McDonald A, Tarasov
Al, Carzaniga R, Kronenberger K, Barg S, Rutter
GA. TCFT7L2 regulates late events in insulin secretion from
pancreatic islet beta-cells. Diabetes 2009. 58(4):894-905.
Boesgaard TW, Grarup N, Jorgensen T, Borch-
Johnsen K, Hansen T, Pedersen . Variants at
DGKB/TMEM195, ADRAZ2A, GLIS3 and C2CD4B loci
are associated with reduced glucose-stimulated beta cell
function in middle-aged Danish people. Diabetologia 2010.
53(8):1647-1655.

Lioubinski O, Muller M, Wegner M, Sander M. Ex-
pression of Sox transcription factors in the developing mouse
pancreas. Dev Dyn 2003. 227(3):402-408.

Ragvin A, Moro E, Fredman D, Navratilova P, Driv-
enes O, Engstrom PG, Alonso ME, de la Calle
Mustienes E, Gomez Skarmeta JL, Tavares M], et al.
Long-range gene regulation links genomic type 2 diabetes
and obesity risk regions to HHEX, SOX4, and IRX3. Proc

Rev Diabet Stud (2014) 11:102-114



114 Special Edition

The Review of DIABETIC STUDIES

Shiraki et al.

Vor. 11 No. 12014

69.

70.

71.

72.

73.

74.

75.

Natl Acad Sci U S A 2010. 107(2):775-780.

Goldsworthy M, Hugill A, Freeman H, Horner E,
Shimomura K, Bogani D, Pieles G, Mijat V, Arkell
R, Bhattacharya S, et al. Role of the transcription factor
sox4 in insulin secretion and impaired glucose tolerance.
Diabetes 2008. 57(8):2234-2244.

Hauge-Evans AC, Richardson CC, Milne HM,
Christie MR, Persaud S], Jones PM. A role for kis-
speptin in islet function. Diabetologia 2006. 49(9):2131-2135.
Funes S, Hedrick JA, Vassileva G, Markowitz L, Ab-
bondanzo S, Golovko A, Yang S, Monsma F],
Gustafson EL. The KiSS-1 receptor GPR54 is essential for
the development of the murine reproductive system. Biochem
Biophys Res Commun 2003. 312(4):1357-1363.

Bowe JE, King A], Kinsey-Jones ]S, Foot VL, Li XF,
O’Byrne KT, Persaud SJ, Jones PM. Kisspeptin stimula-
tion of insulin secretion: mechanisms of action in mouse is-
lets and rats. Diabetologia 2009. 52(5):855-862.

Ishikura S, Horie K, Sanai M, Matsumoto K, Hara A.
Enzymatic properties of a member (AKR1C19) of the aldo-
keto reductase family. Biol Pharm Bull 2005. 28(6):1075-
1078.

Kim H, Kang K, Kim J. AEBPZ as a potential targeting
protein for Polycomb Repression Complex PRC2. Nucleic
Acids Res 2009. 37(9):2940-2950.

Sedaghat Y, Miranda WF, Sonnenfeld M]. The jing

Rev Diabet Stud (2014) 11:102-114

— 112 —

76.

7.

78.

79.

80.

Zn-linger transcription factor is a mediator of cellular differ-
entiation in the Drosophila CNS midline and trachea. Devel-
opment 2002, 129(11):2591-2606.

Abramovich C, Shen WF, Pineault N, Imren S,
Montpetit B, Largman C, Humphries RK. Functional
cloning and characterization of a novel nonhomeodomain
protein that inhibits the binding of PBX1-HOX complexes
to DNA. J Biol Chem 2000. 275(34):26172-26177.
Murakami T, Saito A, Hino S, Kondo S, Kanemoto
S, Chihara K, Sekiya H, Tsumagari K, Ochiai K, Yo-
shinaga K, et al. Signalling mediated by the endoplasmic
reticulum stress transducer OASIS is involved in bone for-
mation. Nat Cell Biol 2009. 11(10):1205-1211.

Visel A, Thaller C, Eichele G. GenePaint.org: an atlas of
gene expression patterns in the mouse embryo. Nucleic Acids
Res 2004. 32(Database issue):1D552-556.

Visel A, Carson |, Oldekamp J, Warnecke M, Jakub-
cakova V, Zhou X, Shaw CA, Alvarez-Bolado G,
Eichele G. Regulatory pathway analysis by high-
throughput in situ hybridization. Plos Genet 2007.
3(10):1867-1883.

Ogaki S, Harada S, Shiraki N, Kume K, Kume S. An
expression profile analysis of ES cell-derived definitive en-
dodermal cells and Pdxl-expressing cells. BMC Dev Biol
2011. 11:13.

Copyright © by Lab & Life Press/SBDR



Journal of Molecular Cell Biology Advance Access published July 3, 2014

doi:10.1093/jmcb/mju029 Journal of Molecular Cell Biology (2014), 0(0), 1-15 | 1

Article

Generation of insulin-producing B-like cells from
human iPS cells in a defined and completely
xeno-free culture system

Hussain Md. Shahjalal*?, Nobuaki Shiraki®, Daisuke Sakano®?, Kazuhide Kikawa*>3, Soichiro Ogaki?,
Hideo Baba*, Kazuhiko Kume®, and Shoen Kume®%%*

Department of Stem Cell Biology, Institute of Molecular Embryology and Genetics, Kumamoto University, Honjo 2-2-1, Chuo-Ku, Kumamoto 860-0811, japan
Global-Center of Excellence (G-COE), Kumamoto University, Honjo 2-2-1, Chuo-ku, Kumamoto 860-0811, Japan

Department of Pediatrics, Graduate School of Medical Sciences, Kumamoto University, Honjo 1-1-1, Chuo-Ku, Kumamoto 860-8556, Japan

Department of Gastroenterological Surgery, Graduate School of Medical Sciences, Kumamoto University, Honjo 1-1-1, Chuo-Ku, Kumamoto 860-8556, Japan
Department of Neuropharmacology, Graduate School of Pharmaceutical Sciences, Nagoya City University, 3-1 Tanabe Street, Mizuho, Nagoya 467-8603, Japan
Program for Leading Graduate Schools ‘HIGO (Health Life Science; Interdisciplinary and Glocal Oriented) Program,” Kumamoto University, Honjo 2-2-1, Chuo-ku,
Kumamoto 860-0811, Japan

* Correspondence to: Shoen Kume, E-mail: skume@kumamoto-u.ac.jp

1
2
3
4
5
6

Human induced pluripotent stem (hiPS) cells are considered a potential source for the generation of insulin-producing pancreatic
B-cells because of their differentiation capacity. In this study, we have developed a five-step xeno-free culture system to efficiently dif-
ferentiate hiPS cells into insulin-producing cells in vitro. We found that a high NOGGIN concentration is crucial for specifically inducing
the differentiation first into pancreatic and duodenal homeobox-1 (PDX1)-positive pancreatic progenitors and then into neurogenin 3
(NGN3)-expressing pancreatic endocrine progenitors, while suppressing the differentiation into hepatic or intestinal cells. We also
found that a combination of 3-isobutyl-1-methylxanthine (IBMX), exendin-4, and nicotinamide was important for the differentiation
into insulin single-positive cells that expressed various pancreatic B-cell markers. Most notably, the differentiated cells contained en-
dogenous C-peptide pools that were released in response to various insulin secretagogues and high levels of glucose. Therefore, our
results demonstrate the feasibility of generating hiPS-derived pancreatic 3-cells under xeno-free conditions and highlight their poten-

tial to treat patients with type 1 diabetes.

Keywords: diabetes, pancreas, cell therapy, hiPS cells, xeno-free differentiation, -cells

Introduction

Diabetesis a life-long disease characterized by chronic hypergly-
cemia. Type 1 diabetes is caused by autoimmune destruction of
insulin-producing B-cells in the pancreas and its treatment is
solely dependent on insulin administration. Islet transplantation
from cadaveric donors is a promising therapy for type 1 diabetes;
however, due to difficulties such as the scarcity of cadaveric
donors compared with the large number of diabetic patients, the
low yield of transplantable islets from cadaveric pancreas, and
the necessity of chronic immunosuppression (Shapiro et al.,
2006; Shapiro, 2011), alternative cell sources for the generation
of insulin expressing B-cells are needed.

Human pluripotent stem cells, e.g. human embryonic stem (hES)
cells and human induced pluripotent stem (hiPS) cells, possess the

Received February 5, 2014. Revised April 28, 2014. Accepted May 14, 2014.
© The Author (2014). Published by Oxford University Press on behalf of Journal of
Molecular Cell Biology, IBCB, SIBS, CAS. All rights reserved.

capacity for unlimited replication and the potential to differentiate
into all major somatic cell lineages (Thomson et al., 1998;
Takahashi et al., 2007). Therefore, they have great potential for
use in cell therapy and drug discovery. Many studies reported the
generation of pancreatic endocrine cells (ECs) in vitro from hES/
iPS cells in feeder-cell culture systems (D’Amour et al., 2006;
Kroon et al., 2008; Chen et al., 2009; Kunisada et al., 2012) or
feeder-free culture systems (jiang et al., 2007a, b; Zhang et al.,
2009; Rezania et al., 2012). Studies on the differentiation of hES
or iPS cells into endodermal or pancreatic cell lineages have
shown that activin A, fibroblast growth factor (FGF), stimulation
with retinoic acid (RA), and inhibition of hedgehog, bone morpho-
genetic protein (BMP), and transforming growth factor (TGF)-B sig-
naling promote the differentiation into endodermal or pancreatic
lineages (D’Amour et al., 2006; Kroon et al., 2008; Chen et al.,
2009; Mfopou et al., 2010; Kunisada et al., 2012; Rezania et al.,
2012). Stepwise differentiation protocals were designed to mimic
pancreatic differentiation and to successfully generate insulin
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(INS)-expressing cells from hES or iPS cells. However, to date,
pancreatic B-like cells generated from hES/iPS cells in vitro are
largely polyhormonal and exhibit limited capacity of glucose-
stimulated insulin secretion (GSIS), a characteristic of functionally
mature B-cells (0’Amour et al., 2006; Chen etal., 2009; Zhang et al.,
2009; Kunisada et al., 2012; Bruin et al., 2014). Moreover, most of
the current differentiation protocols utilize a variety of undefined
animal-derived products that may have unknown effects on cell
characteristics and differentiation. The potential consequences of
transplanting human cells exposed to animal-derived products
into patients include an increased risk of graft rejection, immunor-
eactions, and microbial infections, prions, and yet unidentified
zoonoses (Cobo et al., 2005; Martin et al., 2005; Skottman and
Hovatta, 2006). Some reports describe protocols that involved
the use of xeno-free components to generate pancreatic ECs from
human pluripotent stem cells (Micallef et al., 2012; Schulz et al.,
2012). Micallef et al. (2012) used xeno-free media; however, they
also used mouse embryonic fibroblasts for passaging. Schulz
et al. (2012) expanded hES cells in xeno-free media without
feeder cells but they used fetal bovine serum during differentiation.
Therefore, the establishment of a defined and completely xeno-free
culture system with which functional and terminally differentiated
endocrine cell types can be generated from hiPS cells is needed for
future research and clinical applications.

To address these issues, we established for the first time a
defined and completely xeno-free culture system to derive INS-
expressing B-like cells from hiPS cells using a synthetic scaffold
and serum-free media containing humanized and/or recombinant
supplements and growth factors. We demonstrated that combined
use of NOGGIN and 3-isobutyl-1-methylxanthine (IBMX) enhanced
and directed hiPS-derived cells to differentiate into INS-expressing
B-like cells. The differentiated cells secreted C-peptide in vitro in

y 1:3 . 13 1:3 .

4-5 days

response to various insulin secretagogues and high glucose
levels and expressed several pancreatic B-cell markers.

Results
Self-renewal and maintenance of undifferentiated hiPS cells
under xeno-free conditions

We found that the levels of N-glycolylneuraminic acid (Neu5Gc),
an indicator of xenogeneic contamination in human pluripotent
stem cell cultures (Martin et al., 2005), markedly decreased to an un-
detectable level in hiPS cells grown under xeno-free conditions after
passage 2 (P2) (Figure 1B). In addition, hiPS cells grown under xeno-
free conditions (P3) maintained their self-renewal capacity and pluri-
potency, as confirmed by positive alkaline phosphatase staining and
the expression levels of octamer-4 (OCT4), NANOG, SRY box-2 (SOX2),
tumor rejection antigen 1-81 (TRA1-81), and stage-specific embryonic
antigen-4 (SSEA-4), which were similar to those of hiPS cells grown
under xenogeneic conditions (Supplementary Figure S1A). There
was no detectable expression of stage-specific embryonic antigen-1
(SSEA-1), a marker associated with hES cell differentiation, suggest-
ing that hiPS cells maintained the undifferentiated state under xeno-
free conditions. HiPS cells grown under xeno-free conditions also
exhibited a distinctive morphology of sharp-edged, flat, and
tightly packed colony structures (Supplementary Figure S1B), char-
acteristic of pluripotent stem cells. Therefore, our xeno-free system
is effective for keeping hiPS cells free of contamination from
non-human-derived factors, while maintaining their pluripotency.

Differentiation into pancreatic progenitor cells at high NOGGIN
concentrations

We developed a five-step protocol for the differentiation of hiPS
cells into pancreatic hormone-expressing cells under xeno-free con-
ditions (Figure 2A) by optimizing the protocol in a stepwise fashion.

3-4 days 34 days 3.4 days
P26 P27 P28 P29
Xenogeneic Xeno-free (P1) Xeno-free (P2) Xeno-free (P3)
B P26 P27 P28 P29
Xenogeneic Xeno-free (P1) Xeno-free (P2) Xeno-free (P3)
== (-} Ab
= control Ab

Counts

== anti-NeusGc Ab

Neu5Gc

Figure 1 Maintenance of undifferentiated hiPS cells under xeno-free conditions. HiPS cells grown under xeno-free conditions showed a decreased
expression of Neu5Gc after two passages. (A) Schematic drawing of the xeno-free culture system for proliferation and re-plating of undifferentiated
hiPS cells. (B) The expression of Neu5Gc, a marker of xenoantigenic contamination, in undifferentiated hiPS cells grown under xenogeneic or xeno-
free conditions by flow cytometry. Cells were exposed to an anti-Neu5Gc antibody (orange), a control antibody (blue), or incubated without a
primary antibody (red), and then stained with a secondary antibody for analysis. P, passage; Ab, antibody.
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Figure 2 In vitro xeno-free differentiation of hiPS cells into DE, PG, and PP cells. The protocol was optimized to ensure hiPS cell differentiation into
DE, PG, and PP cells. High concentrations of NOGGIN directed the differentiation into pancreatic lineages while suppressing differentiation into
other lineages. (A) Schematic of the differentiation procedure into DE cells (stage 1), PG cells (stage 2), PP cells (stage 3), EP cells (stage 4),
and ECs (stage 5). (B) SOX17/FOXA2-positive cells (i), and relative mRNA expression of DE markers (fi) at the end of stage 1. mRNA expression
was compared with that of undifferentiated hiPS cells. (C) HNF4a/FOXA2-positive cells () and relative mRNA expression of PG markers (ii) at
the end of stage 2. mRNA expression was compared with that of the stage-1 cells. (D) Percentages of PDX1-, PDX1/HNF6-, PDX1/NKX6.1-,
PDX1/SOX9-, CDX2-, and AFP-positive cells generated with NOGGIN 100, 200, and 300 ng/ml (Nog 100, Nog 200, and Nog 300) (i), and relative
mRNA expressions of pancreatic, intestinal, and hepatic progenitor markers (if) at the end of stage 3. (E) Immunocytochemistry showing the ex-
pression patterns of PDX1- (red, pancreatic), HNFé- (green, pancreatic), NKX6.1- (green, pancreatic), SOX9- (green, pancreatic), CDX2- (green, in-
testinal), and AFP (green, hepatic)-positive cells generated with NOGGIN 200 ng/ml at stage 3. Cells were counterstained with DAPI (blue). The
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcript was used as internal RNA control. Results of both immunocytochemistry and
quantitative RT-PCR are presented as mean + SEM of three independent experiments (n = 3). Student’s t-tests were performed against the
values of Nog 100 or between two discrete data sets, *P < 0.05, **P < 0.01. Scale bar, 100 pm.
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At stage 1, hiPS cells were cultured in the presence of activin
A (Act, a member of the TGF-B superfamily) and CHIR99021 (a
GSK3@-specific inhibitor) for 2 days, followed by an additional
3 days of culture in the presence of activin A alone to induce differ-
entiation into definitive endoderm (DE) cells. At the end of stage 1,
most cells differentiated into SRY box-17 (SOX17)/forkhead box
protein A2 (FOXA2)-double positive cells (71.7% + 2.8% of total
cells) and expressed the transcript of the DE marker gene SOX17,
whereas the expression level of the marker gene of undifferenti-
ated hiPS cells, OCT4, was markedly decreased (Figure 2B).

At stage 2, fibroblast growth factor 10 (FGF10) and a sonic hedge-
hog signaling inhibitor, KAAD-cyclopamine (cyc), were added to
allow the transition into primitive guttube (PG) cells. We detected
a large proportion of hepatocyte nuclear factor 4a (HNF4a)/
FOXA2-double positive cells (77.7% + 2.3% of total cells) and
upregulation of gut-tube marker genes FOXA2, HNF1b, and HNF4a
at the end of stage 2 (Figure 20).

At stage 3, combined treatment with retinoic acid (RA), KAAD-
cyclopamine, SB431542 (SB, a TGF-B type | receptor kinase in-
hibitor VI), and NOGGIN (Nog, a BMP signaling inhibitor) induced
differentiation into pancreatic and duodenal homeobox-1 (PDX1)-
positive pancreatic progenitor (PP) cells. A considerable proportion
of alpha-fetoprotein (AFP)-positive hepatic, and caudal-related
homeobox 2 (CDX2)-positive (mainty PDX1/CDX2-double positive)
intestinal progenitors appeared when cells were treated with
100 ng/ml NOGGIN; their number was significantly reduced when
cells were treated with 200-300 ng/ml NOGGIN (Figure 2D,
upper panels). Quantitative reverse transcription-polymerase
chain reaction (RT-PCR) analysis also revealed that the expression
of CDX2 and AFP was significantly reduced at higher concentrations
of NOGGIN. However, the expression of the posterior foregut genes
PDX1, hepatocyte nuclear factor-6 (HNF6), and NK-related homeo-
box 6.1 (NKX6.1) (Jacquemin et al., 2003; Habener et al., 2005)
and that of the pancreatic dorsal bud gene homeobox HB9
(HLXB9) {Li et al., 1999) was significantly upregulated (Figure 2D,
lower panels). These results suggest that BMP signaling is inhibitory
forthe differentiation into pancreatic lineages and high NOGGIN con-
centrations resulted in the differentiationinto a high proportion of PP
cells. Approximately 75% of the cells were PDX1-positive, 62% were
PDX1/HNF6-double positive, 63% were PDX1/NKX6.1-double posi-
tive, and 59% were PDX1/S0X9-double positive, whereas only 8% of
the cells were CDX2-positive and 4% cells were AFP-positive among
all 4,6-diamidino-2-phenylindole (DAPI)-positive cells when
200 ng/ml NOGGIN was added to stage-3 media (Figure 2D,
upper panels and E), suggesting that high NOGGIN concentrations
efficiently directed the differentiation into PP cells.

A high proportion of cells differentiated into neurogenin 3-positive
pancreatic endocrine progenitor cells

Next, we optimized stage-4 medium by exploring the effect of
indolactam V (ILV, a protein kinase C activator), Alk5i (@ TGF-B
type | receptor kinase inhibitor II), and different doses of NOGGIN
on the induction of neurogenin 3 (NGN3)-positive endocrine pro-
genitor (EP) cells in our xeno-free system. Results of quantitative
RT-PCR showed that the expression of the NGN3 transcript was

significantly upregulated, whereas those of AFP and CDX2 did not
change compared with stage-3 cells, when 300 nM of ILV, 5 pM
of Alk5i, and 200 ng/ml of NOGGIN were added to stage-4
medium (Figure 3A). Immunostaining results also showed that in-
creasing the dose of NOGGIN up to 200 ng/ml resulted in an in-
crease in NGN3-positive cells (up to 77% of total cells) and
suppression of the reappearance of AFP- and CDX2-positive cells
(Figure 3A). Therefore, NOGGIN at a higher dose (200 ng/ml) is in-
dispensable to direct the differentiation of PP cells into EP cells.
Atstage 4, the expression levels of other EP genes such as neuro-
genic differentiation 1 (NEUROD1) and paired box 4 (PAX4) were also
significantly increased (Figure 3B). Immunostaining showed that
most of the NGN3-positive cells co-expressed NEUROD1 and PAX4
when treated with ILV, Alk5i, and 200 ng/ml NOGGIN (Figure 3B),
reflecting the commitment to differentiate into EP lineages.

IBMX-induced EP cells to differentiate into INS-positive cells

We next examined the differentiation of EP cells into INS-
expressing cells. First, we checked the effect of exendin-4 (Ex-4, a
peptide agonist of the glucagon-like peptide 1 (GLP-1) receptor),
and nicotinamide (NA), at stage 5; and observed that exendin-4
and nicotinamide together increased differentiation efficiency of
EP cells into INS-expressing cells (data not shown). Therefore, we
added both exendin-4 and nicotinamide to the stage-5 medium
for the subsequent experiments. Then, we tested the effect of
IBMX (a phosphodiesterase inhibitor), and forskolin (FRKL, an ad-
enylate cyclase activator) at stage 5 (Figure 4A). Quantitative
RT-PCR showed that /NS expression was significantly up-regulated
in the differentiated cells when IBMX or FRKL or both were added
to the culture media containing exendin-4 and nicotinamide
(Figure 4B). Under all conditions glucagon (GCG) transcript level
was very low in the differentiated cells compared with that of
INS. Somatostatin (SST) transcript was also significantly upregu-
lated when FRKL or IBMX plus FRKL were added to the culture
media, whereas addition of IBMX did not significantly increase
SST expression in the differentiated cells. Immunostaining showed
that ~6%—-9% of cells of the total population were hormone-positive
and 5%-8% cells were C-peptide (CP)-positive, demonstrating the
de novo synthesis of insulin in differentiated cells (Rajagopal
et al., 2003; Hansson et al., 2004; Sipione et al., 2004) (Figure 4C
and D). The proportions of CP single-positive cells among the cells
treated with IBMX, FRKL, or both were significantly higher than
that treated with control (DMSO) (Figure 4C and D). The proportion
of GCG-positive (mostly CP/GCG-double positive) cells was very
low under all conditions, but relatively lower in IBMX-treated cells
and significantly lower in FRKL- and IBMX plus FRKL-treated cells
thanin DMSO-treated cells (Figure 4C and D). In contrast, the propor-
tion of SST-positive (CP/SST double- and SSTsingle-positive) cellsin
FRKL- and IBMX plus FRKL-treated cells was significantly higher than
in DMSO-treated cells (Figure 4C and D). Under all applied culture
conditions, only very few cells were positive for pancreatic polypep-
tide and amylase, which was confirmed by the very low expression
levels of their transcripts in each experiment (data not shown).

Next, we evaluated the mRNA expression levels of the pancreatic
B-cell markers NKX6.1, MAF-A, islet-1 (ISL-1), glucokinase (GCK),
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Figure 3 Differentiation from PP cells into EP cells. NOGGIN at high concentrations is crucial for an efficient induction of NGN3-positive EPs and the
suppression of differentiation into other lineages. (A) Relative mRNA expression levels of NGN3, AFP, and CDX2 of stage-4 cells, which were gen-
erated in media containing NOGGIN 0, 100, 200 ng/m! (Nog 0, Nog 100, Nog 200) in addition to 5 pM Alk5i and 300 nM ILV, were analyzed by
quantitative RT-PCR and compared with those of stage-3 cells (i). (il) Immunocytochemistry showing expression patterns of NGN3-positive
EPs (red) cells with AFP-positive hepatic progenitor cells (green) and CDX2-positive intestinal progenitor cells (green). (jii) Percentages of
NGN3-positive cells among the total population generated with Nog 0, Nog 100, and Nog 200 at stage 4. (B) Relative mRNA expression of
other EP cell markers generated with Nog 200 at stage 4. The mRNA expression was compared with that of stage-3 cells (i). (i)
Immunocytochemistry showing co-expression of NGN3-positive cells (green or red) with NEUROD1 (red) and PAX4 (green) generated with Nog
200 at stage 4. Cells were counterstained with DAPI (blue). The GAPDH transcript was used as internal RNA control. Results are presented as
mean + SEM of three independent experiments (n = 3). Student’s t-tests were performed against the values of stage-3 cells or between two dis-
crete data sets, *P < 0.05, **P < 0.01. Scale bar, 100 pwm.

urocortin-3 (UCN3), islet amyloid polypeptide (IAPP), and inIBMX-induced differentiated cells than in DMSO-induced cells
SLC30A8 (ZnT8), in cells cultured under all four conditions by  (Figure 5A). Then, C-peptide secretion in response to glucose
quantitative RT-PCR. The results showed that the expression  was assessed in differentiated cells. Only marginal amounts of
levels of these pancreatic B-cell genes were significantly higher  C-peptide were detected at an extracellular glucose level of

— 117 —

$10T ‘8T AInf U0 AIeIqr] ANSISAIU[] OJOWBWINY 18 /F10°S[eUInofpiojxo-gatuly/:dny woly papeojumod



6 | Shahjalal et al.

A Stages B g2
DMEM/F12, @%’ 15 ©DMSO
1% B27, Ex-4, NA 39 10 21BMX
DMSO 3 'p BFRKL
IBMX g2 5 = IBMX+FRKL
FRKL og o .
IBMX+FRKL INS GCG SST
c. DMSO IBMX FRKL
" FRKL
1.
D = Hormone-positive = CP-positive 0 SST-positive CP-positive
g (Total) 0w S (Single + Double) & GCG-positive (Single only)
@« 810 o 83 10 10
o] 8. * "?‘\ a R
Co 8 =0 8
Q= ge
£ 6 o8 8
8L £Le
To 4 go 4
w e T o
<2’ I
g 0 4 * E’ 0 O & o o
= E NG L Gt
e Feae
& &

Figure 4 Differentiation from EP cells into pancreatic ECs. IBMX is crucial to increase the efficiency to induce INS single-positive cells. (A) Factors
added to stage-5 basal medium (DMEM/F12, 1% B27, Ex-4, and NA) to promote differentiation into pancreatic ECs were evaluated for the following
parameters. (B) Relative mRNA expression levels of the endocrine hormones insulin (INS), glucagon (GCG), and somatostatin (SST) in cells gen-
erated at the end of stage 5 were determined by quantitative RT-PCR. (€) Immunocytochemistry showing hormone-positive cells generated at the
end of stage 5. C-peptide (CP, red)-, GCG (green; i)-, and SST (green; ii)-positive cells are shown. Cells were counterstained with DAPI (blue). (D)
Percentages of hormone-, CP-, GCG-, and SST-positive cells among the total cell population at the end of stage 5. The GAPDH transcript was used as
internal RNA control. Expression levels of human adult pancreas genes were calculated and defined as 100. Results of both immunocytochemistry
and quantitative RT-PCR are presented as mean 4 SEM of three independent experiments (n = 3). Student’s t-tests were performed against the
values of DMSO treatment unless specifically indicated, or between two discrete data sets, *P < 0.05, **P < 0.01. AP, adult pancreas. Scale bar,
100 pm.
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2.5 mM (Figure 5B). In contrast, C-peptide secretion was sig-
nificantly increased under all culture conditions in response to
20 mM glucose (~2.06-, 2.74-, 2.46-, and 2.13-fold over basal
level in DMSO-, IBMX-, FRKL-, and IBMX plus FRKL-induced
cells, respectively). We also detected endogenous C-peptide
in cells under all four conditions; the levels of endogenous
C-peptide were significantly higher in IBMX-induced and FRKL-
induced cells than in DMSO-induced cells (Figure 5C), confirming
the presence of C-peptide pools in differentiated cells. We also
added NOGGIN to stage-5 culture media and examined whether
addition of NOGGIN could further enhance the differentiation ef-
ficiency of EP cells into INS-expressing cells (Supplementary
Figure S2A). Both quantitative RT-PCR and immunostaining
demonstrated that addition of NOGGIN to stage-5 culture media
decreased the expression of INS, GCG, and SST transcripts
(Supplementary Figure S2B), and also the differentiation efficiency

Xeno-free in vitro system for B-cell generation | 7

into pancreatic endocrine-positive (CP-, GCG-, or SST-positive) cells
(Supplementary Figure S2C), respectively. Moreover, C-peptide se-
cretion was not significantly increased in response to 20 mM
glucose over basal level under these conditions (Supplementary
Figure 52D). Therefore, we excluded NOGGIN from stage-5 culture
media.

In vitro-generated INS-expressing cells exhibited pancreatic
B-cell characteristics

To further confirm the pancreatic B-cell characteristics of the
derived INS-expressing cells, we assessed the C-peptide secretion
of differentiated cells (Supplementary Figure S3A) in response
to various insulin secretagogues (Supplementary Figure S3B).
Direct depolarization of the cells by addition of potassium chloride
(KCD to the medium or treatment of the cells with a Karp channel
blocker, tolbutamide, or with an L-type voltage-dependent Ca**
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Figure 5 Gene expression profile and glucose-stimulated C-peptide secretion. Expression levels of pancreatic B-cell markers and
glucose-stimulated C-peptide secretion were determined in the derived ECs. (A) Relative expression levels of B-cell marker genes in differentiated
cells generated at the end of stage 5 were determined by quantitative RT-PCR. (B) /n vitro glucose-stimulated C-peptide secretion of differentiated
cells at the end of stage 5 was determined by ELISA. C-peptide secretion levels under stimulation with 20 mM glucose were compared with those
detected under treatment with 2.5 mM glucose. Fold increases are shown on the top of each pair of bars. (C) C-peptide contents in differentiated
cells at the end of stage 5. The GAPDH transcript was used as internal RNA control. Expression levels of human adult pancreas genes were calcu-
lated and defined as 100. Results of both quantitative RT-PCR and ELISA are presented as mean + SEM of three independent experiments (n = 3).
Student’s t-tests were performed against the values of DMSO unless specifically indicated, or between two discrete data sets for both gene ex-
pression and C-peptide level analyses, *P < 0.05, **P < 0.01. For glucose-stimulated C-peptide secretion, t-tests were performed against the
values of 2.5 mM glucose treatment, *P < 0.05, **P < 0.01. AP, adult pancreas.
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