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B 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. Akrlc19, Aebp2, Pbxipl, and Creb3l1
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

ndoderm gives rise to respiratory and diges-
tive organs, such as pancreas, liver, lung,
oo~ 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 (Pdx1) 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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Abbreviations:

Aebp2 - AE-binding protein 2

AFP - alpha-fetoprotein

Akrlcl9 - aldo-keto reductase family 1 member C19
bFGF - basic fibroblast growth factor

BIO - 6-bromoindirubin-3'-oxime

BMP - bone morphogenetic protein

CALBA1 - calbindin 1

cAMP - cyclic adenosine monophosphate

CHIP-Seq - chromatin immunoprecipitation DNA-
sequencing

Creb3l1- cAMP responsive element binding protein 3-like 1
CTCF - CCCTC-binding factor

Cxcr4 - chemokine (C-X-C motif) receptor 4

DBA - dolichos biflorus agglutinin

DE - definitive endoderm

Dex - dexamethasone

E - embryonic day

ECT - ectoderm

EpCAM - epithelial cell adhesion molecule

ES - embryonic stem

FAIRE - formaldehyde-assisted isolation of regulatory ele-
ments

GCNT2 - glucosaminyl (N-acetyl) transferase 2

GFP - green fluorescence protein

GLP1 - glucagon-like peptid 1

GPR50 - G protein-coupled receptor 50

GSK - glycogen synthase kinase

H3K4me3 - histone 3 lysine 4 trimethylation

HGF - hepatocyte growth factor

Hnflbeta - hepatocyte nuclear factor 1beta

IL-6 - interleukin 6

iPS - induced pluripotent stem

KDMS5B - lysine (K)-specific demethylase 5B

LPM - lateral plate mesoderm

Mafa - v-maf musculoaponeurotic fibrosarcoma oncogene
homolog a

MES - mesendoderm

MPSS - massively parallel signature sequencing
mRNA - messenger ribonucleic acid

Mytl - myelin transcription factor 1

NEUROGS3 - neurogenin 3

Ngn3 - neurogenin 3

PAM - paraxial mesoderm

PAK® - p21-activated kinase 6

Pbxip1 - pre B cell leukemia transcription factor interacting
protein 1

PcG - polycomb

Pdx1 - pancreatic and duodenal homeobox 1

Plekhh1 - pleckstrin homology domain-containing hl
PRDML1 - positive regulatory domain I-binding factor 1
Ptfla - pancreas transcription factor 1 subunit alpha
Rae - RNA export factor

RbmA47 - RNA-binding motif protein 47

RBPMS2 - RNA-binding protein with multiple splicing 2
SAGE - serial analysis of gene expression

SCID - severe combined immunodeficiency

SOCS3 - suppressor of cytokine signaling 3

Sox17 - sex-determining region Y (Sry) box 17

SSEAL1 - stage-specific embryonic antigen 1

STATS - signal transducer and activator of transcription 3
TROP2 - tumor-associated calcium signal transducer 2
UCNS3 - urocortin 3

Wnt - wingless-type MMTYV integration site family
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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 E10.5-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 E10.5 thyroid and lung. They found a regu-
latory pathway involving the anti-apoptotic gene
Bcl2 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 B-cells
and their precursors or endocrine progenitors.
Mutagenesis of 9 of these genes resulted in -cell
developmental phenotypes [5]. Reprograming from
exocrine cells to pancreatic 3-cells was attempted
by overexpressing these 9 genes, including 3 tran-
scription factors (Ngn3, Pdx1, and Mafa) found to
reprogram pancreatic exocrine cells into cells
closely resembling pancreatic g-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 -
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.tldbase.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 p-cells, «-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 p-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+ «-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 | hypersensitive sites, histone H3 lysine
methylation modifications (H3K4mel, H3K4me3,
and H3K79me2), 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].

Copyright © by Lab & Life Press/SBDR
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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 g-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 al. 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/mKO21 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, CALB1l, GCNT2,
RBM47, PLEKHH1, RBPMS2, and PAKG6 [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 Hnflg 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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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
NEUROG3 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 Pdx1-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.

785259988
S22 gg9o0o0o

m m m m
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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),

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

The M15 cell line was
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:

homeobox 1.

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

www.The-RDS.org

and day 8 (D8, DE Pdx1-, DE Pdx1+). (B) Clustering of gene expression in ES, ECT,
LPM, PAM, MES, D5 DE, D7 DE, D8 DE Pdx1-, and D8 DE Pdx1+ 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

2. Simultaneous application of 6-
bromoindirubin-3’-oxime (BIO), a glycogen
synthase kinase (GSK)-3g 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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D5DE>5 D8DE D7DE/D5DE>5 D8DE
Pdx1/GFP+>5 Pdx1+ / Pdx1- > 2

Numbers of genes expressed in E8.5 gut tube
Numbers of genes expressed in E14.5
pancreas bud or the adult islets

@OO

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 £8.5 AIP and
E14.5 pancreas bud
(bold indicate genes expressed in E14.5):

Al464131, Akrlc19, Parml,

Tmem184, C2Cd4b, Foxp4,

Hipk2, Pbxip1, Pcbd1, Sox4,
Tcf712, Aebp2, Creb3l1, Pcdhl

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 Pdxl1+ 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 Pdxl+
cells mimic cells in
normal developmental
processes.

expressed at >5-fold in D8 DE Pdx1+. Green circle: genes expressed at >5-fold in D7

DE versus D5 DE. Brown circle, genes expressed at >2-fold in D8 DE Pdx1+ versus D8
DE Pdx1. (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 AIP 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].

5.3 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-
FIk1-PDGFRa- (ES cell-derived ectoderm (ECT)),
E-cadherin+tPDGFRa«+ (mesendoderm (MES)), E-
cadherin-PDGFRa+FIk1+ (paraxial —mesoderm
(PAM)), E-cadherin-PDGFR«-FIk1+ (lateral plate
mesoderm, LPM), and E-cadherin+tCXCR4+ (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 Pdx1+). A remarkable transi-
tion in the gene expression profile was observed
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5.4 ldentification 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, Pdx1-
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
function
d5DE>5and d8 DE>  Al464131 BG063189 Whole gut  Epithelium Mesenchyme
5, compared With ES, B
ECT, LPM, PAM, Akrlc19 BG073853 AlIP Epithelium
MES,d5DE ™ DAF1/CD55 NM_010016  AIP, lateral gut Endoderm Shiraki et al. 2010
49
................... Foqu NM_ 008239 e Stomach Vot oral 5608
[50]
Nptx2 NM_016789 Whole gut Pancreatic cancer Brune et al. 2008
60
"""""""""" Parml NM_145562  Anterior endo- Tip E10.5 pancreas Svensson et al.
____________________________________________________________ derm 2007 [6]
Pga5 NM_021453 lateral gut -
""""" Tmemi84a  BC019731 AIP, lateral gut Epithelium E12.5, pancreas  Best and Adams
exocrine 2009 [58]
d7DE/d5DE>5 Aebp2 BB667191 whole gut  Epithelium -
................... S NML_001005477 Tataral gut
d8 DE, Pdx1(GFP)+ Kisslr NM_053244 lateral gut Mouse islets Hauge-Evans et al.

/PAX1(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; Al464131
- 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; Foxgl - forkhead box transcription factor Q1; GFP green fluorescent protein; Kisslr - Kiss1 receptor; LPM - lateral
plate mesoderm; MES - mesendoderm; Nptx2 - neuronal pentraxin 2; PAM - paraxial mesoderm; Parm1l - prostate androgen-regulated mucin-
like protein 1 (Riken cDNA 9130213B05 gene); Pdx1 - pancreatic and duodenal homeobox 1; PGAS5 - pepsinogen 5, group | (pepsinogen A);
Tmem184a - transmembrane protein 184A.

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

Among the genes whose expression is increased
in the ES cell-derived DE population, Foxgl [50],
CpM [51-53], Foxp4 [54, 55], Pcdhl [56], and 1.
Zmiz1 [57] were found to be expressed in the fore-
gut, hindgut, or whole gut at E8.5. Parml [6],
Tmem184 [58], HIPK-2 [59], Nptx2 [60, 61], Tcf712
[62-65], C2Cd4b [66], Sox4 [67-69], and Kisslr [70-
72] were revealed for the first time to be expressed 4,
at this early stage of E8.5 and E14.5. Hipk2 was
co-expressed with glucagon, but not insulin, impli-

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

Aldo-keto reductase family 1 member C19
(Akrlc19)

AE binding protein 2 (Aebp2)

Pre B cell leukemia transcription factor in-
teracting protein 1 (Pbxipl)

CAMP responsive element binding protein
3-like 1 (Creb3l1)

2.
3.

cating that it might be associated with g-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
g-cell differentiation (Figure 4). It is of interest
that genes responsible for g-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

Akrlcl9 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
zinc-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 AKO019319 Visceral endoderm Vascular
5, compared with ES, - - -
ECT, LPM, PAM, C2cd4b AKO014341 AIP, posterior gut Trunk Associated with 8- Boesgaard et al.
MES, d5 DE cell function 2010 [66]
Chi3ll BC005611 AIP -
CpM AK004327 AIP, lateral gut Lung Nagae et al. 1993
[51]
Creb3I1 BC016447 Epithelium Mesenchyme -
Fam188b BB667136 AIP
Fhi2 NM_010212 AIP, anterior gut
Foxp4 BQ286886 AIP, 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]
1rf6 NM_016851  Anterior gut, hind- -
gut
Lbh NM_029999 AIP
Palld NM_001081390 Dorsal gut
Pbxipl AV220340 AIP Trunk
Pcbdl NM_025273 AIP Epithelium
Pcdhl AKO008111 - Tip Mesenchyme E12.5 blood ves- Redies et al. 2008
sels of the gut [56]
Sox4 Al428101 AIP, lateral gut  Epithelium E12.4~, pancreas Lioubinski et al.
2003 [67]
Tcf712 BM218908 AIP, lateral gut  Epithelium Mesenchyme diabetes risk gene Grant et al. 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; Chi3l1 - 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); FhlI2 - four and a half LIM domains 2; Foxp4 - forkhead box P4; Hipk2 - homeodomain-interacting protein
kinase 2; HMG-box - high mobility group box; 1rf6 - 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, M1Z-type-containing 1.

catalogued at E14.5, since pancreatic differentia-
tion undergoes a secondary transition at this

which inhibits the binding of Pbx1-Hox complexes
to DNA [76]. Creb3l1, 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
[77].

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

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 Merged
cell-derived cells mimic cells that arise C2cddb
during normal development. Profiling of :

ES cell-derived cells yielded important in- ¥ 47
formation about the characteristics of dif- s v
ferentiated cells, identified novel marker
genes, and revealed novel pathways of dif-
ferentiation. Currently, several groups Hipk2 .
have reported the generation of pancreatic o
g-cell like cells. Although these cells were >3
immature human pancreatic progenitor . A
cells, they matured into functional g-cell
after transplantation [10, 29].

Multi-level genome-wide profiling as- Akriclo [ Ins/GEP

sessing gene expression, mMicroRNAs 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

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. Akrlc19 was co-expressed with Pdx1 or
insulin in the epithelium. Scale bar: 100 um.

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.
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