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ABSTRACT
Embryonic stem (ES) cell technology may serve as a platform for the

discovery of drugs to treat diseases such as diabetes. However, because

of difficulties in establishing reliable ES cell differentiation methods and

in creating cost-effective plating conditions for the high-throughput

format, screening for molecules that regulate pancreatic beta cells and

their immediate progenitors has been limited. A relatively simple and

inexpensive differentiation protocol that allows efficient generation of

insulin-expressing cells from murine ES cells was previously established

in our laboratories. In this report, this system is characterized in greater

detail to map developmental cell stages for future screening experi-

ments. Our results show that sequential activation of multiple gene

markers for undifferentiated ES cells, epiblast, definitive endoderm,

foregut, and pancreatic lineages was found to follow the sequence of

events that mimics pancreatic ontogeny. Cells that expressed enhanced

green fluorescent protein, driven by pancreatic and duodenal homeobox

1 or insulin 1 promoter, correctly expressed known beta cell lineage

markers. Overexpression of Sox17, an endoderm fate-determining

transcription factor, at a very early stage of differentiation (days 2–3)

enhanced pancreatic gene expression. Overexpression of neurogenin3,

an endocrine progenitor cell marker, induced glucagon expression at

stages when pancreatic and duodenal homeobox 1 message was present

(days 10–16). Forced expression (between days 16 and 25) of MafA, a

pancreatic maturation factor, resulted in enhanced expression of insulin

genes, glucose transporter 2 and glucokinase, and glucose-responsive

insulin secretion. Day 20 cells implanted in vivo resulted in pancreatic-

like cells. Together, our differentiation assay recapitulates the pro-

ceedings and behaviors of pancreatic development and will be valuable

for future screening of beta cell effectors.

INTRODUCTION

E
mbryonic stem (ES) cell technology is a promising tool for

drug discovery, because of the ability of ES cells to indefinitely

self-renew and differentiate into many cell lineages.1 Recent

studies utilizing ES cell technology as a platform for chemical

screening have identified molecules implicated in the maintenance or

cytotoxicity of undifferentiated ES cells as well as those that direct the

commitment of ES cells toward very early endodermal, mesodermal, or

ectodermal progenitor cells.2–5 This progress has occurred because

techniques used to maintain ES cells in vitro have become relatively

standard and are now widely available to many laboratories. In con-

trast, screening for molecules that influence more differentiated line-

age-specific cell types is limited because of the difficulties in

establishing appropriate and reliable lineage-specific cell culture

methods for ES cell differentiation and in creating cost-effective plating

conditions for the high-throughput screening (HTS) format. The reports
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on HTS of chemicals administered to early pancreatic progenitor6 and

neuronal7 cells are only recently emerging. For example, a prior well-

defined human ES cell to early pancreatic endoderm differentiation

system8-10 has enabled the success of the chemical screening reported

by Chen and coworkers.6 However, challenges remain for screening of

effectors that regulate the more mature pancreatic beta-like cells be-

cause glucose-responsive insulin-secreting cells cannot yet be robustly

generated in vitro.9 In addition, the expansive use of a number of

recombinant proteins, such as Activin, wingless-int, fibroblast growth

factor (FGF)10, and insulin-like growth factor, may be cost prohibitive

for large-scale HTS projects.

The pancreas derives from the definitive endoderm and its de-

velopment is governed by the sequential activation of a number of

cell-autonomous transcription factors and noncell autonomous

growth factors.11 For example, Sox17, a high mobility group box-

containing transcription factor, is critical for definitive endoderm

formation.12 Ectopic expression of XSox17 can force naive Xenopus

ectoderm to become endoderm,13 demonstrating a cell fate conver-

sion capability. Pancreatic and duodenal homeobox 1 (Pdx1), a

homeodomain-containing transcription factor, is important for both

the commitment of early pancreatic progenitors and the maintenance

of mature beta cells.14–17 Neurogenin3 (Ngn3), a basic helix-loop-

helix–containing transcription factor, was originally discovered in

neural crest cells and then found to be present in pancreatic endo-

crine progenitors.14,18 It is initially expressed at low levels at E9.5 in

pancreatic buds, then peaks at E13.5, and is reduced greatly by

E17.5.19 Ngn3 is necessary for pancreatic endocrine differentiation,

as demonstrated by Ngn3-deficient mice that do not develop pan-

creatic endocrine cells and die immediately following birth.20 MafA

is a member of the basic leucine zipper family of transcription factors

and is a direct regulator of insulin production in mature beta cells.21–23

During pancreatic development, MafA is differentially expressed in

insulin-expressing cells.21–23 Mice that lack MafA have normal islet

architectures with a normal beta/alpha cell ratio at birth but pro-

gressively become diabetic at 8 weeks of age,24 which suggests that

MafA is required for beta cell maturation. The diabetes phenotype of

these MafA-mutant mice is associated with reduced levels of insulin

1, insulin 2, Pdx1, and glucose transporter 2 (Glut2).24 In addition,

MafA has a potent direct effect on the transcription of insulin 2

promoter in alpha-like cells, as stable transfection of MafA alone

in an alpha cell line, aTC6, induces insulin 2 expression.22 The

growth factor FGF10 is also required for the expansion of early Pdx1-

expressing progenitors in the developing pancreas.25

Our laboratories are interested in screening of regulators that may

affect proliferation and/or maturation of the later pancreatic insulin-

producing beta cells and their immediate progenitors. We have previ-

ously established a relatively simple and inexpensive differentiation

protocol that allows efficient generation of the pancreatic-like, insulin-

expressing cells from murine ES cells.26,27 The present study sought to

characterize this assay system in greater detail, first, to verify whether

pancreatic-lineage cell types properly developed in vitro according to

what is expected from current developmental biology literature and,

second, to define appropriate target cell stages before our further in-

vestment in HTS. Four different experimental strategies were employed.

First, detailed time course analysis for endogenous gene expression

during culture was analyzed using quantitative reverse transcription

(RT)–polymerase chain reaction (PCR) with TaqMan� Probes. Second,

cells that expressed enhanced green fluorescent protein (EGFP), driven

by Pdx1 or insulin 1 promoter, were sorted and analyzed for their

expression of known beta and progenitor cell markers. Third, specific

key transcription (such as Sox17, Ngn3, and MafA) or growth (such as

FGF10) factors were forced expressed or added exogenously in various

stages of differentiation to test whether pancreatic genes were activated

accordingly. Finally, differentiated cells were transplanted and graft

morphology was evaluated at 5 weeks posttransplantation. In each

method, we found gene expression patterns of the in vitro differentiated

or induced cells consistent with what has been reported regarding

pancreatic developmental biology. Further, grafts in vivo contained

cells that displayed characteristics consistent with pancreatic histology.

In summary, the data validated our culture system as a suitable cellu-

lar tool to target pancreatic beta cells, or their immediate progeni-

tors, for screening of molecules that affect their proliferation and/or

maturation.

MATERIALS AND METHODS
Growth and Differentiation of ES Cells

Maintenance and differentiation of mouse ES lines R1, Pdx1-

EGFP,28 mouse insulin promotor (MIP)-EGFP,29 Ngn3-EGFP,27 AinV-

Sox17, AinV-Ngn3, and A2lox-MafA were performed as previously

described26,27 (summarized in Fig. 1A). Briefly, embryoid bodies (EBs)

were grown in the presence of selected batches of fetal calf serum (FCS)

(Gemini BioProducts, West Sacramento, CA; Tissue Culture Biologi-

cals, Seal Beach, CA) for 6 days. Serum lots were selected based on their

ability to support the differentiation of EBs toward insulin 1, glucagon,

and amylase A2 gene expression in the later stage (days 18–20). From

day 0 to 2 and 2 to 6 of EB culture, 6 and 0.6 mM of monothioglycerol

(Sigma, St. Louis, MO) was added to culture, respectively. Whole day 6

EBs were washed, counted, and plated (75 or 80 EBs/well) in six-well

attachment tissue culture plates (Corning Incorporated, Corning, NY).

The attachment culture medium contained Dulbecco’s modified

Eagle’s medium/F-12 (1:1) (Mediatech, Herndon, VA) and 15%

knockout serum replacement (Invitrogen, Carlsbad, CA). From day 6 to

10 of attachment culture, 5% serum was added to basic media to hasten

EB attachment. On day 13 of the culture, 10mM nicotinamide (N)

(Sigma), 10ng/mL human recombinant activin bB (A) (R&D Systems,

Minneapolis, MN), and 0.1 nM exendin-4 (E) (Sigma) were added. The

media were changed every 3–4 days. Human recombinant FGF10

(R&D Systems) was used together with 1 unit/mL of heparin sodium

(APP Pharmaceuticals, Schaumburg, IL) and was added on day 10 cells.

RNA Isolation, RT-PCR, and Quantitative PCR Analysis
Procurement of cells, extraction of total RNA, and RT-PCR anal-

ysis were preformed as previously described26 with minor modifi-

cations. Briefly, undifferentiated ES cells were dissociated into a

single-cell suspension by incubation with 0.25% trypsin–ethylene-

diaminetetraacetic acid (3 min). Cells from attachment culture were
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detached by incubation with 0.25% trypsin–ethylenediaminete-

traacetic acid (3min, 378C), washed, and then dissociated with 4mg/mL

collagenase B (Roche Diagnostics, Indianapolis, IN) and 1,000 U/mL

deoxyribonuclease I (Calbiochem, Gibbstown, NJ) (30 min, 378C) to

produce a single-cell suspension. Total RNA was extracted from cells

using RNeasy Mini Kit (Qiagen, Valencia, CA), and genomic DNA was

digested with deoxyribonuclease I (Invitrogen). Equal amounts (1 mg)

of RNA were used for reverse transcription (Invitrogen or Qiagen).

One-twentieth of the cDNA mixture was used for PCR amplification

of each gene, and commercially available predesigned primers and

TaqMan Probes (Applied Biosystems, Foster City, CA) were used to

analyze gene expression. Either cyclophilin G (Fig. 1B, C) or b-actin

(all other figures) was used as the internal control. Data for quanti-

tative PCR analysis were expressed as relative expression to internal

control among the samples analyzed on the same run of PCR. Thus, it

should be noted that levels of gene expression between the left and

right panels shown in Figure 1D cannot be directly compared. Taq-

Man Probes used were undifferentiated ES cells (Oct-4, Rex1, Cp2-

related transcriptional repressor-1 [CRTR-1]), epiblast (Fgf5, Lefty2),

ectoderm (Pax6), mesendoderm (Brachyury, Cerberus), definitive

endoderm (Sox17, CXCR4, Foxa2, Cerberus), visceral endoderm

(Sox7), endothelial progenitors (Flk-1), cardiac progenitors (Nkx2.5),

gut tube hepatocyte nuclear factor (HNF1b, HNF4a), early pancreatic

progenitors (Pdx1, Sox9, Ngn3, HNF6, Hlxb9, Nkx6.1), and later

pancreatic (insulin 1, insulin 2, glucagon, somatostatin, amylase 2A,

cytokeratin 7 [CK7]) and hepatic (albumin) cells.

Culture of Dissociated Cells in Semisolid Media
Day 16 culture was dissociated into a single-cell suspension

and placed in a semisolid media (5 · 104 cells/0.5 mL/well) as

previously described.27 In short, cells were mixed thoroughly with

cold culture mixture before subsequent incubation at 378C in 5%

CO2 air. One microliter of culture mixture contained 1% 1,500

centipoise (high-viscosity) methylcellulose (Sinetsu Chemical,

Tokyo, Japan), 5% Matrigel�, 50% day 16 conditioned media, 5%

FCS, 1 ng/mL vascular endothelial growth factor-A, 10 mmol/L

nicotinamide, 0.1 nmol/L exendin-4, and 10 ng/mL human re-

combinant activin bB. Day 16 conditioned media were obtained

by adding the Dulbecco’s modified Eagle’s medium/F-12 media

containing 15% serum replacement, nicotinamide, exendin-4, and

activin bB on day 13 culture and collecting the medium on day

16 culture.

Fig. 1. Kinetics studies of endogenous gene expression in our ES cell differentiation assay. (A) Protocol for differentiation of murine ES cells
to pancreatic-like lineages in vitro. (B–E) R1 ES cells were differentiated and gene expression was analyzed by quantitative RT–PCR with
Taqman probes. Data represent the mean and standard deviation from duplicated samples. ES, embryonic stem; PCR, polymerase chain
reaction.
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Fig. 1. (Continued).
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Flow Cytometric Analyses and Sorting
On designated days, cultures were dissociated into a single-cell

suspension and analyzed or sorted by flow cytometry. Events were

acquired and analyzed by either a CyAn� ADP 9 color (Beckman

Coulter, Brea, CA) with FlowJo software (TreeStar, Ashland, OR) or an

Accuri Cytometer and software (Accuri Cytometers, Ann Arbor, MI).

All events were gated with forward scatter (cell size) and side scatter

(cell granularity) profiles. Cells were also stained with 4’,6-diamidino-

2-phenylindole (DAPI; 1mg/mL) to discriminate dead cells. Un-

differentiated ES cells (labeled as D0 in Fig. 2) were used for negative

Fig. 2. Flow cytometric and gene expression analyses of in vitro differentiated Pdx1- or insulin 1-expressing cells. Differentiated EGFPþ and
EGFP� cells, derived from Pdx1-EGFP (A) or MIP-EGFP (B) ES line, were analyzed by flow cytometry and subsequently sorted (left panels).
Undifferentiated ES cells were used for negative gating of EGFP expression. Gene expression in various populations of cells was analyzed
for designated markers by quantitative RT-PCR (right panels). Data represent the mean and standard deviation from duplicated samples.
*Expression of the gene is different at P< 0.01, compared with presort control. Pdx1, pancreatic and duodenal homeobox 1; EGFP,
enhanced green fluorescent protein. Color images available online at www.liebertonline.com/adt
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control gating. Cell sorting was performed on a MoFlo� MLS

(Beckman Coulter).

Generation of Inducible AinV-Sox17, AinV-Ngn3,
and A2lox-MafA ES Cells

Using gene-specific PCR primers and the TOPO TA Cloning kit

(Invitrogen), full-length murine Sox17 and Ngn3 cDNA was isolated

from R1 ES-derived day 526 and 1627 cells, respectively. The fidelity

of Sox17 and Ngn3 cDNAs was confirmed by sequencing. Sox17,

Ngn3, and mouse MafA30 were cloned into the multicloning site of

pLox targeting vectors, which contain a PGK promoter followed by a

loxP site for genomic integration into a doxycycline-inducible lo-

cus31 or wild-type and mutant loxP sequences for cassette exchange

recombination at the same locus.32 The targeting vector with the

cDNA of interest and a cyclization recombinase expression vector

were electroporated into AinV or A2lox ES cells; clones resistant to

G418 selection were hand-picked, expanded, and cryopreserved for

further characterization and experimentation.

Glucose-Stimulated C-Peptide Release In Vitro
Thirty day 6 EBs were plated per well in 24-well plates. On day

16, cells received either 0 or 0.2 mg/mL of doxycycline. On day 25,

cells were incubated overnight with Krebs-Ringer solution (KRBH;

129 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM

MgSO4, 5 mM NaHCO3, 10 mM HEPES, 0.1% bovine serum albu-

min) containing 10% FCS and 2.5 mM d-glucose (glucose). The

next day, cells were washed thrice with KRBH containing 2% FCS

and 2.7 mM d-glucose and then sequentially incubated with

2.7 mM, 16.7 mM, and 2.7 mM d-glucose, followed by 16.7 mM

glucose plus 10 mM theophylline (378C, 0.5 mL/well; 2 h for ES-

derived cells, *250,000 cells/well; 30 min for murine islets, 15

islets/well). Cells were washed thrice when the solution was

changed from 16.7 to 2.5 mM glucose to eliminate carryover. The

C-peptide concentration in the buffer was measured using the

murine C-peptide enzyme-linked immunosorbent assay kit,

U-Type (Shibayaji Co., Gunma, Japan), which has a detection limit

of 30 pg/mL. Normal adult islets were used as positive controls.

The stimulation was expressed as the fold change of C-peptide

concentrations from the second to the fourth treatments, com-

pared with the first treatment of the same well.

Transplantation of ES-Derived Cells
Ten- to 16-week-old SCID-beige male mice (Taconic, Hudson, NY)

were used as recipients. At least 5 days prior to transplantation, mice

were injected intraperitoneally with 200 mg/kg of freshly dissolved

streptozotocin (STZ; Sigma) in citrate buffer (pH 5.5). On the day of

transplantation, only those mice with two sequential measurements

of daily blood glucose >200 mg/dL (Glucometer Elite XL monitoring

system; Bayer Corporation, Pittsburgh, PA) were used as recipients.

Day 20 cells (from 180 EBs/mouse) were scraped from the tissue

culture wells and placed under the kidney capsule. Five weeks after

transplantation, mice were sacrificed and grafts were cut (5 mm),

fixed in phosphate-buffered saline containing 4% formalin (pH 7.5,

24 h), embedded in paraffin, sectioned, and processed for hematox-

ylin and eosin (H&E) and immunohistological staining.

Immunohistology
Immunofluorescent staining was performed as previously de-

scribed.26 Guinea pig anti-swine insulin serum (1:100) was obtained

from Dako (Carpinteria, CA), rabbit anti-human amylase antibody

(1:100) from Sigma, rabbit anti-human C-peptide antibody (1:200)

from Cell Signaling Technology (Danvers, MA), and mouse anti-

porcine glucagon antibody (1:100) from Sigma. When indicated,

sections were counterstained with DAPI for nuclei.

Statistical Analysis
Student’s t-test was used to determine statistical significance.

RESULTS
Kinetic Studies of ES, Epiblast, Germ Layer, and Early
Lineage Cell Markers During EB Differentiation

In previous studies, we established a stepwise culture system that

induces murine ES cells to commit to early endocrine pancreas.26,27

In summary (Fig. 1A), ES cells were differentiated in suspension

culture (6 days) to form EBs, which were then allowed to attach and

further differentiate into cells that express Pdx1, insulin 1, insulin 2,

glucagon, and amylase 2A, a set of markers that suggests pancre-

atic specification. A population of cells that resembles the primi-

tive first wave33,34 of pancreatic endocrine differentiation that

simultaneously expressed insulin/C-peptide and glucagon, as de-

tected by double immunofluorescent staining, could be found in

day 17 culture.11 Insulinþ cells that do not express glucagon, that is,

the definitive second-wave–like cells, were also generated by *day

19 in culture, after the addition of a combination of beta cell speci-

fication and differentiation factors: nicotinamide, exendin-4, and

activin bB.26

To further characterize the developmental kinetics of EBs in detail,

quantitative RT-PCR was performed in two ES cell lines, R1 and Pdx1-

EGPF, using a panel of TaqMan probes (Fig. 1 and Supplementary

Fig. S1, respectively; Supplementary Data are available online at

www.liebertonline.com/adt). Within the Oct-4þ pluripotent cell pop-

ulation, Rex1 and CRTR-1 are highly expressed in the inner cell mass

(ICM) and downregulated upon differentiation toward epiblast.35,36

During the first 3 days of differentiation, the expression levels of Oct-4

were maintained, whereas the levels of Rex1 and CRTR-1 were sig-

nificantly downregulated by day 2 or 3 (Fig. 1B), suggesting that ES

cell differentiation was occurring in these early EBs.

Markers for epiblast (Fgf5 and Lefty2) were then examined. Fgf5 is

undetectable in the ICM until epiblast formation, and its expression is

maintained during gastrulation.36–38 Expression of Fgf5 gradually

increased during the first 3 days of differentiation, was maintained

from days 3 to 5, and was downregulated on day 6 (Fig. 1C). Lefty2

has been reported to be enriched in mouse epiblast-derived stem

cells.39 There was a biphasic expression of Lefty2: it was first detected

in undifferentiated ES cells, downregulated during 16–24 h of dif-

ferentiation, upregulated on day 2, and then downregulated on days
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3–6 (Fig. 1C). These results suggest that epiblast-like cells were

formed at least by days 2–3 of EB culture.

Markers for the three germ layers and lineage-specific progenitors

were then examined. The ectoderm marker, Pax6,40 was expressed as

early as 2 h (not shown) and until day 4 (Fig. 1C, D). Ngn3, which

when expressed at a later stage may represent pancreatic endocrine

differentiation,14 was upregulated in days 1–2 EBs (Fig. 1D); its ex-

pression may also reflect ectoderm differentiation at this early

stage.18 The mesendoderm markers, Brachyury41 and Cerberus,42 were

detectable as of day 3 (not shown), and their levels increased dra-

matically during days 4–5 of EB differentiation (Fig. 1D). Levels of the

definitive endoderm markers, Sox17, CXCR4,43 Cerberus,44 and

Foxa2,45 increased at day 5 (Fig. 1D). By day 6, an increase in ex-

pression of markers for visceral endoderm (Sox7),12 endothelial pro-

genitor (Flk-1),46 cardiac progenitor (Nkx2.5),47 gut tube (HNF1b48 and

HNF4a),49 and early pancreatic progenitors (Pdx114-17 and Sox9)50

was observed (Fig. 1D). Protein expression of Sox17 and Foxa2 was

further tested by flow cytometric and/or immunohistological analyses.

Consistent with quantitative RT-PCR analysis (Fig. 1D), undifferenti-

ated ES cells did not express Sox17, whereas 15%, 9%, and 7% of total

cells were Sox17þ in days 5, 6, and 16 cultures, respectively (Sup-

plementary Fig. 2A). Sox17 (Supplementary Fig. 2B, C) or Foxa2

(Supplementary Fig. 2D) staining coincided with the DAPIþ nuclei

staining, as anticipated for transcription factors. These results con-

firmed protein expression of Sox17 or Foxa2 during differentiation.

Overall, these results suggest that waves of cells that resembled ecto-

derm, epiblast, mesendoderm, definitive endoderm, gut tube, early

pancreatic endoderm, and other lineage progenitors were formed

during EB differentiation.

Kinetic Studies of Later Lineage Cell Markers
During Attachment Culture

Kinetic expression of pancreatic-lineage genes during the later

attachment culture stage was determined (Fig. 1D, E). Between days 6

and 10, levels of the pancreatic endoderm and progenitor cell markers,

HNF1b, HNF4a, Pdx1, and Sox9, were relatively unchanged (Fig. 1D).

In contrast, starting from *day 11 culture, expression of these genes

significantly increased (Fig. 1D). Concurrently, expression of other

pancreatic progenitor markers, HNF6,51 Hlxb9,52 and Nkx6.1,53 were

also enhanced after day 11 (Fig. 1E). Upregulation of endocrine (in-

sulin 1, insulin 2, glucagon, and somatostatin), exocrine (amylase 2A),

and ductal (CK7) genes began later, starting between days 13 and 20,

as assessed in two independent cell lines (Fig. 1E and Supplementary

Fig. 1B). Overall, the kinetics of genes of the later stage culture ap-

peared to be more variable than the earlier EB culture among the two

cell lines. However, expression of most of the late lineage-specific

genes had an upward trend toward day 20 culture (Fig. 1E and Sup-

plementary Fig. 1B), suggesting that cells may continue to differen-

tiate or mature beyond this time point. Interestingly, expression of the

hepatocyte marker, albumin, was present as of day 12 (Fig. 1E),

whereas expression of the visceral endoderm marker, Sox7, and the

endothelial cell marker, Flk-1, decreased over time (Fig. 1D), sug-

gesting that our culture system preferentially supports the develop-

ment of definitive endoderm-like lineages during attachment culture.

Taken together, the time course data were consistent with our prior

studies26,27 and suggest that our differentiation protocol supports the

development of endoderm and pancreatic-lineage–like cells in vitro.

Gene Expression Patterns from Sorted Insulin 1
or Pdx1 Promoter-Driven EGFPþ Cells

Pdx1 is expressed not only in early multipotential pancreatic

progenitors but also in terminally differentiated insulin-expressing

beta cells.14–17 We investigated whether Pdx1- or insulin 1-expres-

sing cells, isolated from our late stage culture, expressed known

pancreatic markers. Two preestablished reporter murine ES cell lines

(Pdx1-EGFP28 and MIP-EGFP)29 were differentiated using our pro-

tocol. On day 16 or 20, cells were dissociated, sorted, and gene ex-

pression of the EGFPþ cells was analyzed by quantitative RT-PCR

(Fig. 2). Day 16 Pdx1-EGFPþ cells expressed higher levels of Pdx1,

insulin 1, insulin 2, glucagon, Ngn3, Sox9, HNF1b, Foxa2, and CK7,

compared with the presort cells, suggesting that this population of

cells contained a mixture of committed beta-like cells, pancreatic

progenitors, and ductal-like cells. In contrast, sorted day 20 MIP-

EGFPþ cells (EGFP driven by murine insulin 1 promoter) expressed

higher levels of insulin 1 and insulin 2, but not other markers,

compared with the presort cells. These results suggest that insulin

1-EGFPþ cells were enriched for the committed beta-like cells, but

not the endocrine progenitors or other lineage cells. Thus, ES-derived

Pdx1 or insulin 1 promoter-driven EGFP-expressing cells correctly

expressed markers for beta cell lineage.

Effects of Overexpression of Sox17, Ngn3, or MafA
at Specific Time During Differentiation

Several transcription factors are shown to affect endoderm or

pancreas development when expressed ectopically.11 Endogenous

gene expression analyses shown in Figures 1 and 2 do not necessarily

predict that our ES-derived cells would behave similarly to their

in vivo counterparts. We therefore designed gain-of-function ex-

periments to test the effects of overexpression of key transcription

factors in a time- and dose-dependent manner, during differentia-

tion. Inducible AinV-Sox17, AinV-Ngn3, and A2lox-MafA ES

lines were generated using Tet-On murine ES cell technology.31,32

Characterization of the inducible AinV-Sox17, AinV-Ngn3, and

A2lox-MafA ES lines (undifferentiated clonal cells) is presented in

Supplementary Figure 3. All of the selected clonal lines maintained

undifferentiated states (unchanged levels of Oct-4 or Rex1 and lack

of spontaneous expression of germ layer markers) and expressed high

levels of their respective gene of interest after doxycycline (1 mg/mL),

the inducer, was added to the culture media for 24 h.

Consistent with the cell fate determination effects demonstrated in

Xenopus,13 stable expression of Sox17 in undifferentiated human ES

cells leads to a homogenous population of definitive endoderm

progenitor-like cells that can be cultured over 50 passages and is

capable of further differentiation into endodermal lineages, includ-

ing hepatic- and pancreatic-like cells in vitro.54 Human ES cells

are thought to resemble murine epiblasts.39 We therefore tested the
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hypothesis that overexpression of Sox17 in epiblasts may result in

enhanced pancreatic differentiation in the later culture. Our days 2–3

EBs expressed both ectoderm (Pax6) and epiblast (Fgf5 and Lefty2)

markers (Fig. 1C, D). Graded doses of doxycycline (inducer) were

therefore added to day 2 EBs for 24 h, and the resulting day 20 cells

were analyzed by quantitative RT-PCR for insulin 1, insulin 2, so-

matostatin, pancreatic polypeptide, glucagon, ghrelin, Pdx1, and

amylase 2A (Fig. 3A). Expression of all of these genes was increased,

compared with the noninduced controls, when doses of 0.2 or 1mg/mL

doxycycline were used, suggesting that both endocrine and exocrine

Fig. 3. Timed overexpression of Sox17, Ngn3, or MafA and their consequences in pancreatic gene activation in culture. (A) Gene expression
analyzed by quantitative RT-PCR of day 20 AinV-Sox17 ES cells after doxycycline-induced expression of Sox17 between days 2 and 3 of culture.
Data represent the mean and standard deviation from duplicated samples. (B) Gene expression analyzed by quantitative RT-PCR of day 20 AinV-
Ngn3 ES cells after doxycycline-induced expression of Ngn3 at designated time points. (C–E) Effects of forced expression of MafA in A2lox-MafA
ES cells. (C) Gene expression analyzed by quantitative RT-PCR of cultures initiated with dissociated day 16 cells that were incubated in semisolid
media with designated doses of doxycycline. (D) In vitro glucose challenge assay. Data were expressed as the fold change of C-peptide
concentration compared with the basal level (first low glucose incubation) in each well examined. Fold change is different between analyzed sets
of samples at P< 0.01 or 0.001, as indicated. (E) As in D, average C-peptide concentrations after the first 16.7 mM D-glucose stimulation was
compared between noninduced (n¼ 3) or MafA-induced (n¼ 5) cells. The error bars represent standard deviation. Ngn3, neurogenin3.
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pancreas were enhanced. It should be noted that no enhancement of

pancreatic gene expression was observed following addition of

doxycycline to day 2 or 4 EBs for 48 h (data not shown), suggesting

that cellular context and duration of induction at this early stage are

important to exert a positive effect on subsequent pancreatic dif-

ferentiation. Consistent with this notion, a recent study demonstrates

that overexpression of Sox17 in the common progenitors of bile duct

and pancreas (E8.5 Pdx1þ domain) inhibits pancreatic potential.55

Together, these results demonstrate that a short 24-h overexpression

of Sox17 between days 2 and 3, but not later EBs, resulted in en-

hanced pancreatic differentiation.

When driven by the Pdx1 promoter in a transgenic mouse model,

Ngn3 has been demonstrated to induce endocrine cell differentiation

at E12.5, as shown by the large numbers of glucagon-expressing

cells.19 Thus, we tested the hypothesis that overexpression of Ngn3

may enhance glucagon gene expression. Doxycycline (1 mg/mL) was

Fig. 3. (Continued).
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added to either day 10, 13, or 16 cultures differentiated from AinV-

Ngn3 ES cells for 24 h; cells were analyzed on day 20 by quantitative

RT-PCR. We found that forced expression of Ngn3 consistently led to

higher expression levels of glucagon, but not amylase 2A, compared

with untreated controls (Fig. 3B). These results are consistent with

gene expression analyses (Figs. 1 and 2) and suggest that days 10–16

cultures contain pancreatic-like progenitor cells that could respond

to overexpression of Ngn3 in glucagon induction.19

MafA is implicated in beta cell maturation.24 We then tested the

hypothesis that forced expression of MafA in our late stage culture

could increase the levels of beta cell maturation markers, such as

insulin 1, insulin 2, Glut2, and glucokinase. Dissociated day 16 cells

derived from A2lox-MafA ES cells were incubated with graded doses

of doxycycline and in semisolid media that support further differen-

tiation.27 Gene expression patterns were analyzed at 9 days after in-

duction. Levels of insulin 1, insulin 2, glucokinase, and Glut2, but not

amylase 2A, were enhanced when 0.008–0.2mg/mL, but not 1–5

mg/mL, of doxycycline was added to the culture (Fig. 3C). In contrast to

the 30.6- and 78.8-fold enhancement of insulin 1 and 2 genes, re-

spectively, expression of glucagon was increased to a significant albeit

lesser degree (1.6-fold) in response to 0.2mg/mL doxycycline. Insulin 1

expression reached nearly maximal levels when as little as 0.008

mg/mL doxycycline was added, whereas the pattern for insulin 2 gene

enhancement closely mimicked MafA induction between doses of

0.008 and 0.02mg/mL doxycycline. We speculate that these differences

may be due to different activation mechanisms by MafA at the pro-

moter regions of these two insulin genes. Consistent with other reports

that suggest that MafA lies downstream and interacts with NeuroD1 to

induce insulin 2 gene expression,23,56 overexpression of MafA did not

enhance NeuroD1 messages (Fig. 3C). Together, these results demon-

strate that MafA specifically enhances the expression of genes for

endocrine, but not exocrine-lineage cells.

To further confirm whether endocrine cells were the target popu-

lation for the action of MafA, day 16 cells were sorted into Ngn3-

EGFPþ and Ngn3-EGFP� cells, as previously described,27 and then

incubated (8 days) with an adenoviral vector expressing MafA. We

previously reported that sorted day 16 Ngn3-EGFPþ cells are enriched

for gene expression of insulin and glucagon, but not amylase 2A.27

Ngn3-EGFPþ, but not EGFP�, cells responded to overexpression of

MafA and resulted in enhanced expression of insulin 1 and insulin 2,

as expected (Supplementary Fig. 4). Glucagon expression was again

enhanced. Although MafA can bind to the glucagon promoter,56 it

does not activate its expression in alpha or beta cell lines or in E18.5

pancreata.56,57 It is not clear presently whether the MafA-induced

glucagon expression in our system represents an indirect effect sec-

ondary to the production of other genes, a nonspecific binding to

glucagon promoter due to overexpression, or a direct binding of MafA

to glucagon promoter in other ES-derived cells. However, the data

suggest that only endocrine-like cells may respond to MafA over-

expression.

The enhanced expression of insulin 1, insulin 2, glucokinase, and

Glut2 in MafA-induced cells raised the possibility that these cells

may also have enhanced glucose-responsive insulin secretion. To test

this, nondissociated day 16 cells were incubated with or without

doxycycline (0.2 mg/mL) for 9 days. Cells were then subjected to

sequential incubation of low (2.7 mM), high (16.7 mM), and low

and then high concentrations of d-glucose plus theophylline

(10 mM), a cyclic adenosine monophosphate potentiator for maximal

Fig. 3. (Continued).
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stimulation of insulin secretion.58 C-peptide was used as a surrogate

marker to indicate de novo synthesized insulin and to rule out ex-

ogenous insulin uptake from culture media.59 Secreted C-peptide

concentration in buffer from each well after treatment was deter-

mined using enzyme-linked immunosorbent assay. We found that

both noninduced and MafA-induced cells responded to high-glucose

stimulation in C-peptide secretion (Fig. 3D), although 3 of 5 induced

wells had similar levels of insulin release compared with the non-

induced cells. This could be due to different degrees of MafA over-

expression in individual wells or suboptimal time for MafA to exert

its maturation programs. Importantly, C-peptide secretion returned

to basal levels when the buffer was changed to low concentrations of

glucose, suggesting a capability of dynamic response to glucose

stimulation in these cells. The lack of C-peptide secretion from cells

when exposed to low concentrations of glucose for the second time

was not due to cell death, because they secreted C-peptide after in-

cubation with high concentrations of glucose and theophylline.

Average concentrations of secreted C-peptide in buffer after stimu-

lation with 16.7 mM glucose differed between noninduced

(143.28 – 7.98 pg/mL) and MafA-induced cells (337.53 – 13.88 pg/

mL) (P< 0.05) (Fig. 3E), suggesting that MafA overexpression in day

16 cells enhanced glucose-stimulated insulin secretion.

Exogenous FGF10 Enhances Pdx1 Expression
FGF10 was shown to expand early pancreatic Pdx1-expressing

cells.25 To test if our culture system could respond to exogenous

regulators, recombinant FGF10 was added to day 10 cultures derived

from Pdx1-EGFP ES cells, at a time when Pdx1 message was rela-

tively low but soon to be upregulated (Fig. 1D and Supplementary

Fig. 1A). Cells were analyzed by flow cytometry and quantitative RT-

PCR analysis at 3 days postincubation. There was a dose-dependent

effect of FGF10 on enhancing the percentage of Pdx1-EGFP–

expressing cells (Fig. 4A), consistent with what has been reported.6

Quantitative RT-PCR analysis also confirmed that messages for Pdx1

and Sox9, both of which are early pancreatic progenitor markers,

were enhanced by addition of FGF10 (Fig. 4B). These results dem-

onstrate that exogenous growth factor can enhance the development

of pancreatic-like progenitors in our culture.

Further Development of Pancreatic-Like Cells
In Vitro and In Vivo from Day 20 Culture

Gene expression analysis from Figure 1 suggests that in vitro

generated cells might continue to mature after day 20. To test this, R1

ES cells were allowed to differentiate further to day 30 and gene

expression was analyzed (Fig. 5A). We found that expression of in-

sulin 1 and insulin 2 was significantly higher between days 26 and 30

compared with day 20 (Fig. 5A). This result was also supported by the

use of MIP-EGFP ES cells (Fig. 5B), in which an increase of the

percentage of insulin 1-EGFPþ cells was observed after day 20 in

culture. Expression of glucagon was higher between days 24 and 26,

but by day 30, its expression was reduced, similar to day 20 levels

(Fig. 5A). Amylase expression was reduced after day 20. These results

Fig. 4. Effects of exogenous FGF10 on Pdx1 expression. Pdx1-EGFP ES cells were differentiated. (A) Fluorescent flow cytometric analysis of
Pdx1-EGFP expression after addition of designated doses of FGF10 to day 10 culture for a total of 3 days. (B) Gene expression analysis by
quantitative RT-PCR. Data represent the mean and standard deviation from duplicated samples. FGF, fibroblast growth factor. Color images
available online at www.liebertonline.com/adt
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suggest that endocrine cells before day 20 are still at an relatively

early phase of differentiation, which may have contributed to the

variability of the RT-PCR data before day 20 for insulin 1 and insulin

2 (Fig. 1E and Supplementary Fig. 1A) because of low abundance of

these messages.

We next tested whether day 20 cells could further differentiate in

an in vivo microenvironment by transplanting them into the renal

capsule of STZ-treated diabetic SCID-beige mice. The STZ injury

model was chosen because it was shown to support the in vivo for-

mation of pancreatic-like cells from undifferentiated ES cells.60 We

found that clusters of organized pancreatic-like tissues were readily

recognizable in H&E-stained sections prepared from grafts at 5 weeks

posttransplantation in two different experiments and from either

noninduced or Sox17-induced (1 mg/mL doxycycline added on day 2

for 24 h) day 20 cells. Figure 5C shows photomicrographs of those

clusters. To confirm that these pancreatic-like clusters expressed

amylase and insulin, double immunofluorescent staining was per-

formed. Exocrine-like cells identified in the H&E sections stained

positive for amylase (Fig. 5D). Insulinþ cells were interspersed within

the acinar-like clusters but did not overlap with the amylaseþ cells

(Fig. 5D). Quantification (from H&E staining) of acinar-like clusters

showed that Sox17-induced cells gave rise to higher numbers of

these clusters, compared with the noninduced controls (Fig. 5E),

consistent with the results from in vitro experiments (Fig. 3A). Thus,

although not supported in vitro (Fig. 5A), acinar-like cells from our

day 20 culture could further differentiate in vivo.

Finally, double immunostaining for C-peptide and glucagon was

performed to discern whether first- or second-wave–like endocrine

cells were generated. We found that none of the C-peptideþ cells co-

expressed glucagon in the grafts (Fig. 5F), suggesting that second-wave

Fig. 5. Further development of pancreatic-like cells in vitro and in vivo from day 20 culture. (A) R1 ES cells were differentiated for up to day
30, and cells at the designated age were analyzed by quantitative RT-PCR. Data represent the mean and standard deviation from duplicated
samples. (B) MIP-EGFP ES cells were differentiated, and cells at the designated age were analyzed by flow cytometry for EGFP expression.
(C–F) In vivo development of grafts at 5 weeks posttransplantation. (C) Representative clusters derived from a day 20 culture of AinV-Sox17
ES cell origin and treated with 1mg/mL doxycycline between days 2 and 3 are shown. (D) Sections adjacent to those in C were examined by
double staining for amylase (green) and insulin (red). Control slides with only secondary antibody showed negative staining (not shown).
(E) Average number of acinar-like clusters, as identified by H&E staining, per square centimeter of graft area examined was determined.
Data represent the mean and standard deviation from quadruplicated samples. *Number of clusters is different at P< 0.01, compared with
control. (F) Double staining for C-peptide (green) and glucagon (red) from representative grafts derived from Sox17-induced cells showed
single-hormone–positive cells (upper panels). H&E, hematoxylin and eosin.
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beta-like cells were generated. It should be noted

that all of the recipient mice remained hypergly-

cemic (data not shown), suggesting that the total

mass of the endocrine cells transplanted was not

sufficient to revert diabetes, and further enrich-

ment of beta-like cells before transplantation

would be required.

DISCUSSION
In the drug discovery field, the ‘‘bottom-up’’

approach, based on structural considerations of

known targets, has not been as fruitful as was

once promised; in 2008, only 21 new drugs (i.e.,

small molecule) were approved by the United

States Food and Drug Administration and 19 in

2009. Until recently, transformed human cell lines

were used as the major cellular platform for

pharmaceutical drug screening, sometimes re-

ferred to as the ‘‘top-down’’ approach. The major

concern with the use of transformed cell lines is

that compounds identified as ‘‘hits’’ may not have

direct relevance to the normal biological pro-

cesses being targeted; as a result, false leads

consume resources set aside for the subsequent

testing on animal models and in clinical trials. Use

of normal primary human somatic cells for large-

scale screening is not currently feasible because of

the limited number of cells obtained from biopsy

and subsequent propagation in vitro. Thus, there

is a great need to develop large-scale screening

platforms using nontransformed cell lines.

ES cells offer a potential solution to this

bottleneck. ES cells can be grown in large

numbers and maintained in a pluripotent state

in vitro. They can also be induced in culture to

differentiate into cells from all three germ layers

in a relatively normal fashion that is faithful to

development in vivo. Three properties make ES

cells an ideal platform for drug discovery. First,

ES cells can provide virtually inexhaustible

quantities of target cells, which is necessary for

screening of large numbers of molecules. Sec-

ond, ES cells can differentiate into mature cells

with phenotypes that mimic their counterparts

in vivo. Third, compared with immortalized cell

lines, ES cells and their derivatives will provide a

much more accurate platform for the ‘‘top-

down’’ drug screening approach.

Type 1 or 2 diabetes is caused by destruction

of pancreatic insulin-secreting beta cells as a

result of autoimmunity or functional loss from

peripheral insulin resistance, respectively. Cur-

rently, relatively little is known about the cell
Fig. 5. (Continued).
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nonautonomous regulations for beta cell proliferation and matura-

tion. Using an ES cell platform to screen and identify growth factors,

peptides or small molecule effectors that direct beta cell proliferation

or maturation from their immediate progenitors has the potential to

significantly impact diabetes therapy. To date, attempts to perform

large-scale screening of small molecules for pancreatic-lineage cells

from ES cells have only yielded chemicals that enhance the prolif-

eration or commitment of the very early Pdx1-expressing progeni-

tors from definitive endoderm.6 This is partially

due to a lack of reliable and cost-effective assays to

generate the later glucose-responsive insulin-ex-

pressing cells from ES cells.

In this study, we demonstrate that our ES cell to

pancreatic differentiation protocol can provide a

reproducible and cost-effective cellular assay for

screening of beta cell effectors. Pancreatic-like

cells derived from our system not only have correct

gene expression patterns and glucose-responsive

insulin secretion in vitro, but they also respond as

expected in gain-of-function studies, suggesting

our culture protocol produces committed beta-like

cells and their immediate progenitors, which could

serve as screening targets.

An important goal of the present study was to

define target cell stages for future screening. The

diagram in Figure 6 correlates the sequential timed

gene activation of murine ES cells in our in vitro

differentiation protocol (upper box) to develop-

ment in vivo (lower box). Undifferentiated ES cells

(equivalent to ICM at *E3.5) became committed to

epiblast-like cells around culture days 2–3. This

was followed by the formation of mesendodermal

progenitors around days 3–5. Definitive endo-

derm-like cells were formed around in vitro day 5

(equivalent to *E8.5). From day 6 to 10 of culture

(equivalent to *E9.5 to 12.5), gut tube and pan-

creatic endoderm-like cells were present. Starting

from in vitro day 11 (equivalent to *E13.5 and

thereafter), pancreatic progenitor cells emerged,

followed by the appearance of various lineage-

committed cells, such as exocrine, endocrine, and

ductal cells (culture days 13–20).

To screen beta cell effectors, day 16 and later

culture would be appropriate targets, because cells

at this stage are amenable for further maturation.

This is supported by the observations that cells at

this stage displayed an upward trend for a number

of pancreatic genes, including those for endocrine,

exocrine, ductal, and pancreatic transcription

factors (Fig. 1 and Supplementary Fig. 1). Ad-

ditionally, insulin messages and percentage of in-

sulin 1-EGFPþ cells continued to increase after day

20 in vitro (Fig. 5A, B). Finally, day 20 cultures

gave rise to well-organized pancreatic-like cells in vivo (Fig. 5C–F).

As well, cells from this stage responded to MafA induction in ex-

pressing maturation markers (Fig. 3C) and had increased secretion of

C-peptide in response to glucose stimulation in vitro (Fig. 3D, E).

Together, these data demonstrate that the function of beta-like cells

developed in our later stage of culture can be further enhanced by

maturation factors and that these cells could be suitable targets for

screening of beta cell effectors.

Fig. 5. (Continued).
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Published protocols9,61–63 for in vitro differentiation of beta-like cells

utilize several recombinant growth factors and expensive chemicals to

stimulate the formation of definitive endoderm, gut endoderm, and

pancreatic cells. Compared with these protocols, our ES cell differen-

tiation system offers several advantages for screening experiments.

First, our protocol utilizes EB formation in the early differentiation stage

(first 6 days), which can be easily scaled-up for a lower cost, in contrast

to the adhesion monolayer culture with microcarrier technologies,

which needs to be further investigated. Second, during the specific

differentiation stages, relatively inexpensive chemicals or factors were

used sequentially to induce endoderm and pancreatic development,

including monothioglycerol (from day 0 to 6), exendin-4, and nico-

tinamide (used at day 13 and thereafter). The only relatively expensive

item is the recombinant activin bB (used at day 13 and thereafter), and

we are currently testing whether activin bB can be omitted or replaced

by small molecules in this assay system. Third, compared with the

human ES cell platform, the murine differentiation system provides a

shorter project turnover time and ultimately offers advantages in cost-

effectiveness, because glucose-responsive insulin-secreting cells from

human ES cells require a longer time period to differentiate and mature

in vitro (unpublished results). In addition, in some countries, the use of

the human ES cell platform carries patent issues and political concerns

that may inevitably affect the progress of research. Lastly, our culture

protocol generates beta-like cells that

do not coexpress glucagon (Fig. 5F)

and respond dynamically to glucose

stimulation in vitro (Fig. 3D), sug-

gesting that functional beta-like cells

were generated. Our data strongly

suggest that the use of these cultures as

targets for screening will result in a

high likelihood of identifying positive

hits for bona fide beta-cell regulators.

We recognize that the use of murine

cells is a limitation of our system, gi-

ven that the positive hits may not

necessarily translate to a similar

function in human cells. However, this

may be overcome by a secondary

screening assay using human cells in

vitro. In conclusion, our ES cell dif-

ferentiation assay is a valuable tool

that can be used as a primary screen-

ing platform, which has the potential

to significantly expedite the produc-

tivity of drug discovery in the treat-

ment of diabetes.
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