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Abstract: Directed differentiation of human pluripotent stem cells (hPSCs) into functional insulin-producing cells
(IPCs) holds great promise for cell therapy for diabetic patients. Despite recent advances in developing beta cell
differentiation protocols, it is becoming clear that the hPSC-derived beta-like cells are functionally immature, and
the efficiencies of differentiation can be variable depending on the hPSC lines used. Therefore, advanced method-
ologies are highly desirable for the development and refinement of beta cell differentiation protocols from hPSCs.
In this report, we first derived and validated a Pdx1-mRFP/insulin-hrGFP dual-reporter cell line from MRC5-iPSCs.
Then, using this dual-reporter cell line, we developed and optimized an in vitro beta cell differentiation protocol
through real-time monitoring expression of Pdx1 and insulin. We demonstrated that DNA demethylation could in-
crease the efficiency of beta cell differentiation. Furthermore, three-dimensional induction not only significantly
increased the efficiency of pancreatic progenitor specification and the yield of IPCs, but also produced more mature
IPCs. The current study indicates that this dual-reporter cell line is of great value for developing and optimizing the
beta cell differentiation protocols. It will facilitate the development of novel protocols for generating IPCs from hPSCs
and the investigation of beta cell differentiation mechanisms.
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Introduction

Establishment of induced pluripotent stem
cells (iPSCs) holds great promise for generating
replacement cells and tissues that could be
used for disease modeling, drug development,
and regenerative medicine [1-3]. Moreover,
generation of iPSCs from human somatic cells
enables production of patient-specific cells for
autologous transplantation. Recent research
has shown the possibility to generate cells that
would otherwise be difficult to obtain, like neu-
rons, retinal cells, or cardiomyocytes, from plu-
ripotent stem cells (PSCs) through development
of strategies [4-6]. These cells have also been
transplanted into animal models, and in some
cases have demonstrated beneficial effects
such as functional motor improvement in non-

human primate model of Parkinson’s disease
[4], improved vision after transplantation of reti-
nal tissue into the end-stage retinal-degenera-
tion model [5], or regeneration of infarcted non-
human primate hearts [6].

One of the most rapidly growing diseases that
may be treatable by stem-cell-derivatives is dia-
betes, affecting more than 400 million people
worldwide according to the World Health Or-
ganization. Arising from autoimmune destruc-
tion of the pancreatic beta cells, type 1 diabe-
tes (T1D) manifests itself when less than
10-20% of functional beta cells remain in the
islets [7]. Type 2 diabetes is characterized by
the development of beta cell dysfunction and
the progressive reduction of beta cell mass via
reduced proliferation and increased apoptosis
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[8]. Diabetic patients, particularly those suffer-
ing from T1D, could potentially be cured through
transplantation of beta cells. However, its large
scale application is hampered by a shortage of
beta cells for transplantation and requirement
of life-long immune suppression [9]. PSCs, with
their potential to differentiate into a diverse
array of specialized cells, provide high hopes
for curing diabetes through beta cell replace-
ment therapy. Tremendous progress has been
made to derive insulin-producing cells (IPCs)
from PSCs [10-12]. Research on pancreatic
development in model organisms identified
genes and signals important for the pancreatic
lineage, and these have been effectively em-
ployed to derive beta cells in vitro from human
PSCs (hPSCs) [13, 14].

In general, IPCs can be acquired from both
human ESCs (hESCs) and iPSCs (hiPSCs) using
similar differentiation protocols [15, 16]. How-
ever, significant variation in the efficiencies of
differentiation has been observed between dif-
ferent hPSC lines, with some lines more readily
differentiating into a particular cell type than
others [17-19]. This variation might occur due
to differences in genetic, epigenetic, and cell
cycle patterns [20, 21]. Owing to these differ-
ences in differentiation propensity, directed dif-
ferentiation protocols often need labor-inten-
sive and time-consuming optimization for spe-
cific hPSC lines. Thus, generation of hPSC lines
reporting expression of key genes for beta cell
development has the potential to greatly facili-
tate future efforts aimed at improving and char-
acterizing the differentiation of hPSC towards
beta cells. In this report, we describe the gen-
eration and validation of a Pdx1-mRFP/insulin-
hrGFP dual-reporter cell line in a hiPSC line
derived from MRC5 cells. Furthermore, we
demonstrate that this dual-reporter cell line is
of great value for optimizing the differentiation
protocols since it allows real-time monitoring
expression of the key beta cell molecular mark-
ers during beta cell differentiation.

Materials and methods
Cell culture

Insulinoma INS-1 cells were cultured as previ-
ously described [22]. MRC5- iPSCs were gener-
ated and fully characterized by our laboratory.
MRC5-iPSCs were cultured on inactivated CF1
mouse embryonic fibroblasts (MEFs) (China
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Infrastructure of Cell Line Resources)-coated
6-well plates with iPSC medium: DMEM/F12
supplemented with 20% KSR, 1% glutamax, 1%
non-essential amino acids (NEAAs), 1% penicil-
lin/streptomycin (P/S), 0.1 mM B-mercapto-
ethanol, and 10 ng/ml bFGF (Gibco). The medi-
um was changed every day.

Reverse transcription-polymerase chain reac-
tion (RT-PCR) and quantitative PCR (qPCR)

Total RNA was purified with TRIzol reagent
(Invitrogen) and digested with DNase to remove
genomic DNA contamination. 1 pg of total RNA
was used for reverse transcription reaction
with Superscript IV first-strand synthesis sys-
tem (Invitrogen), according to the manufactur-
er’'s instructions. PCR was performed with Taq
DNA polymerase (Invitrogen). The PCR condi-
tions were as follows: initial denaturation at
94°C for 3 min followed by 30 cycles of dena-
turation at 94°C for 30 s, annealing at 56°C for
30 s, extension at 72°C for 1 min, and a final
extension at 72°C for 10 min. gPCR reactions
were performed in triplicate on an ABI 7900HT
(Applied Biosystem, AB) with SYBR Green PCR
Master Mix (AB). Expression data were normal-
ized relative to GAPDH transcript level. The fold
change for each gene was calculated using the
285¢ method. Results were confirmed using
cDNA from at least three independent experi-
ments. The qPCR conditions were as follows:
initial denaturation at 95°C for 1 min followed
by 40 cycles of 5 s at 95°C, 10 s at 60°C, and
15s at 72°C. Primer sequences are shown in
Table 1.

Immunofluorescence (IF) analysis

Cell cultures on plates or cytospins were used
for IF analysis. In addition, parental iPSCs with-
out Pdx1/insulin dual-reporter were induced in
parallel using the corresponding protocols and
subsequently subjected to IF analysis for beta
cell markers. Briefly, cells were first fixed with
4% paraformaldehyde for 30 min at 4°C. Next,
cells were permeabilized and blocked with 10%
calf serum and 0.1% Triton X-100 in PBS.
Subsequently, cells were stained with primary
antibodies overnight at 4°C and finally incubat-
ed with fluorochrome-labeled secondary anti-
bodies. The primary antibodies used were anti-
Sox17 (R&D Systems) and anti-Foxa2 (Pro-
teintech) for endoderm detection; and anti-
Pdx1 (R&D Systems) and anti-insulin (Pro-
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Table 1. Primers for PCR and qPCR

Genes Accession Forward Reverse Size Tm  Cycles
GAPDH NM_002046 cgagatccctccaaaatcaagt tgaggctgttgtcatacttctcat 196 56 30
Sox17 NM_022454 acgctttcatggtgtgggctaag gtcagcgcecttccacgacttg 112 60 40
Foxa2 NM_021784 attgctggtegtttgtigtg tacgtgttcatgecgttcat 187 60 40
Nkx6.1 NM_006168 tettetggeccggagtgatg ggaaaaagtgggtetegtgtgtt 125 66 30
Ngn3 NM_020999 ttcgcccacaactacatc gacagacaggtcctttcac 282 56 30
Nkx2.2 NM_002509 cttctacgacagcagcegaca tgtcattgtccggtgacteg 155 56 30
Geg NM_002054 aagttcccaaagagggcettg agctgecttgtaccageatt 126 56 30
Sst NM_001048 acgcaaagctggetgecaaga gggggcgagggatcagaggt 100 56 30
Ppy NM_002722 aatgccacaccagagcagat cgtaggagacagaaggtgge 192 56 30
MAFA NM_201589 cttcagcaaggaggaggtcatc tctegetcteccagaatgtgece 119 60 30
PC1 NM_000439 gtgacggatgctattgagge tgatggagatggtgtagatgcet 262 56 30
PC2 NM_002594 tgccgaagcaagttacgact aacttctcctgcacateggg 103 56 30
Kir6.2 NM_000525 ggacccaggtggaggtaagg ctecteggtgggeaccttcte 103 56 30
Surl NM_001287174  gaggctacttcacgtggace ctatctcgctgtcaggaagge 198 56 30
Glut2 NM_000340 gtcactgggaccctggtttt gtcatccagtggaacacccaa 141 56 30
Pdx1 NM_000209 atgaagtctaccaaagctcacge tcteteggtcaagticaacatga 201 60 40
Ins NM_000207 acgaggcttcttctacacaccca tgttccacaatgccacgette 147 60 40

teintech) for beta cell detection. The secondary
antibodies used were donkey anti-mouse AF-
488, goat anti-rabbit AF488, and donkey anti-
goat AF594 (Invitrogen). Nuclei were stained by
DAPI (Sigma Aldrich). Negative staining controls
were carried out by replacing the primary anti-
body with goat, rabbit, and mouse sera, respec-
tively. Images were captured using Nikon Ec-
lipse Ti-U microscope, and images were pro-
cessed using Adobe Photoshop CS5.

In addition, the differentiated cells at day 34
were dissociated for preparing cytospins to cal-
culate the percentages of Pdx1* and Pdx1‘/
insulin* cells. Nuclei were stained by DAPI. Then
images were captured using Nikon Eclipse Ti-U
microscope and the percentage of the cells
was accounted using Adobe Photoshop CS5.

Modification of Pdx1/insulin dual-reporter vec-
tor and lentiviral production

The pTiger-Pdx1-mRFP/insulin-EGFP vector (a
gift from Dr. James Johnson, University of Bri-
tish Columbia, Vancouver, Canada) was modi-
fied as follows [23]. First, the hPKG promoter
and coding sequence for the Puromycin resis-
tant gene was amplified by PCR from the
pLKO.1 vector (Addgene) and inserted into the
pTiger vector directly downstream of rat Insl
promoter-EGFP gene using the Pmel/Notl
restriction sites. Second, the coding sequence
for Ins1-hrGFP (646 bp Insl promoter) was
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amplified by PCR from the plns1-hrGFP vector
(a gift from Dr. Shiwu Li, University of Florida,
FL, USA), and the original rat Ins1-EGFP (410 bp
Ins1 promoter) of the pTiger vector was replaced
by the Ins1-hrGFP coding sequence using the
Nhel/Pmel restriction sites. Third, lentiviruses
were produced as previously described [24].
Finally, functional expression of the new pTi-
ger-Pdx1-mRFP/insulin-hrGFP/hPGK-Puro vec-
tor was tested and confirmed in INS-1 cells.

Generation of Pdx1/insulin dual-reporter-
expressing cell lines

MRC5-derived iPSCs were first adapted to the
feeder-free culture system. iPSCs were cultured
on vitronectin (0.5 pg/cm?, Invitrogen)-coated
6-well plates in Essential 8 (E8) medium (In-
vitrogen), and the passaged cells were used for
the derivation of dual-reporter cell lines. Then,
iPSCs were transduced with lentiviruses carry-
ing Pdx1/insulin dual-reporters when the cells
reached 60-70% confluency. Two days after the
transduction, the cells were selected using 1
pug/ml puromycin dihydrochloride (Sigma Al-
drich) for 7 days. Thereafter, the cells were
maintained with 0.5 yg/ml puromycin to ensure
the maintenance of the transgene.

In vitro differentiation of iPSCs

iPSCs were directed through key stages of pan-
creatic development, including definitive endo-
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derm (stage 1), primitive gut tube (stage 2),
pancreatic progenitors (stage 3), endocrine pro-
genitors (stage 4), and insulin-producing cells
(stage 5). The following is the final protocol
developed for beta cell differentiation.

Stage 1: Definitive endoderm (DE). Undiffe-
rentiated iPSCs were cultured until 50-60%
confluency, washed with PBS once and treated
with 100 ng/ml Activin A (R&D), 4 uM
CHIR99021 (Stemgent), and 100 nM PI-103
(Selleckchem) in either medium 1 (M1) or M2
for day 1 only. For the next 2 days, the cells
were cultured in either M1 or M2 supplemented
with 100 ng/ml Activin A. To increase the effi-
ciency of differentiation, iPSCs were pretreated
with 2 uM 5-Azacytidine (5Aza, Sigma Aldrich)
for 18 hrs before the initiation of induction. For
three-dimensional (3D) induction, iPSCs were
first treated with 0.5 mM EDTA and transferred
onto 24-well ultra low attachment plates (Co-
rning) in E8 medium supplemented with 1X
RevitaCell supplement (RVC, Gibco) for embry-
onic bodies (EBs) formation. Three days later,
EBs were harvested and transferred onto new
wells of ultra low attachment plates for the fol-
lowing induction.

Stage 2: Primitive gut tube (PGT). Stage 1 cells
were treated with 50 ng/ml KGF (Peprotech) for
2 days in M3.

Stage 3: Pancreatic progenitors (PP1 and PP2).
Stage 2 cells were treated with 50 ng/ml KGF,
250 nM SANT1 (Sigma), 2 uM Retinoic acid (RA,
Sigma), 200 nM LDN193189 (only Day 6,
Selleckchem), and 500 nM PDBu (Calbiochem)
in M4 for 2 days. Then the cells were exposed
to 50 ng/ml KGF, 250 nM SANT4, and 2 uM RA
in M4 for another 5 days.

Stage 4: Endocrine progenitors (EP). Stage 3
cells were treated with 250 nM SANTZ1, 100 nM
RA, 1 uM XXI (Calbiochem), 10 uM AIk5i I
(Calbiochem), 1 uM L-3,3’,5-Triiodothyronine
(T3, Calbiochem), and 20 ng/ml Betacellulin
(R&D) in M5 for 4 days.

Stage 5: Insulin-producing cells (IPCs). Stage 4
cells were treated with 25 nM RA, 1 uM XXI, 1
UM T3, 10 uM AIK5Si I, and 20 ng/ml Betacellulin
in M5 for 3 days. Then the cells were cultured in
M6 supplemented with 10 uM AIk5i [l and 1 uM
T3 for 15 days.
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Media used for directed differentiation were as
follows [12, 25]: M1: MCDB131 (Gibco) + 8 mM
D-Glucose (Sigma) + 2.46 g/L NaHCO, (Sigma)
+ 2% BSA (Calbiochem) + ITS-X (Gibco)
1:50,000 + 2 mM Glutamax (Gibco) + 0.25 mM
Vitamin C (Sigma Aldrich). M2: 50% IMDM
(Gibco) + 50% F12 (Gibco) + 0.1% BSA + 1% v/v
chemically-defined lipid concentrate (Gibco) +
450 pyM monothioglycerol (Sigma Aldrich) +
ITS-X 1:200. M3: MCDB131 + 8 mM D-Glucose
+1.23 g/L NaHCO, + 2% BSA + ITS-X 1:50,000
+ 2 mM Glutamax + 0.25 mM Vitamin C. M4:
MCDB131 + 8 mM D-Glucose + 1.23 g/L
NaHCO, + 2% BSA + ITS-X 1:200 + 2 mM
Glutamax + 0.25 mM Vitamin C. M5: MCDB131
+20 mM D-Glucose + 1.754 g/L NaHCO, + 2%
BSA + ITS-X 1:200 + 2 mM Glutamax + 0.25
mM Vitamin C. M6: CMRL medium 1066 (Gibco)
+ 10% FBS (HyClone).

Flow cytometry analysis

Differentiated cells were dissociated with tryp-
sin (HyClone) for 5 min, followed by pipetting to
separate the cells. After washing with PBS,
cells were fixed and permeabilized with Fixation
and Permeabilization Solution (BD Biosciences)
for 20 min. After washing with Perm/Wash
Buffer (BD Biosciences), cells were incubated
with APC-conjugated goat anti-Sox17 (R&D
Systems) and PE-conjugated mouse anti-Foxa2
antibodies (BD Biosciences) diluted in Perm/
Wash Buffer for 1 hr at 4°C. After washing with
PBS, cells were analyzed by flow cytometry. The
corresponding isotype-matched antibodies
were used as negative controls. Cells (20,000
events per sample) were acquired on a FACS
Calibur flow cytometer (BD Biosciences) and
data were analyzed using FCS express 4 plus
software.

Insulin secretion assay

For static insulin secretion, differentiated cells
at day 34 were washed 5 times and incubated
for 1 hr in Krebs-Ringer bicarbonate (KRB) buf-
fer containing 2 mM glucose, after which super-
natants were collected by centrifugation. The
cells were then washed 3 times and incubated
in KRB buffer containing 25 mM glucose or 2
deoxy-D-glucose (2-DG) for 1 hr. After incuba-
tion, cells were removed by centrifugation and
supernatants were frozen at -80°C for subse-
quent insulin assay. The insulin assay was
performed with an Insulin ELISA kit (Alpco
Diagnostics) according to the manufacturer’'s
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Figure 1. Modification of Pdx1/insulin dual-reporter vector and dual-reporter cell lines. A. Map of new dual-reporter
gene expression vector. mRFP expression was driven by the mouse Pdx1 promoter, hrGFP by the rat insulin 1 pro-
moter, and Puromycin resistant gene by the hPGK promoter. B. Functional validation of the dual-reporter vector. INS-
1 cells co-expressed RFP and GFP after being infected with the dual-reporter vector. Bar is 100 pym. C. Pdx1/insulin
dual-reporter-expressing cell lines. iPSCs were transduced with dual-reporters and selected using 1 ug/ml puro-
mycin dihydrochloride for 7 days. Thereafter, the cells were maintained with 0.5 pg/ml puromycin. Bar is 200 ym.

instructions. Total cell protein was measured
using the BCA Protein Assay Kit (Pierce Bio-
technology) to normalize the amount of insulin
secretion. Each experiment was repeated inde-
pendently three times.

Statistical analysis

All the experiments were carried out at least
three times. Data were displayed as mean *
SD. To assess statistical significance, two-
tailed, unpaired Student’s t test was perform-
ed and P < 0.05 was considered significant.

Results

Pdx1/insulin dual-reporter construction and
generation of dual-reporter-expressing cell
lines

A pTiger-Pdx1-mRFP/insulin-EGFP vector was
modified in order to generate the dual-reporter-
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expressing cell lines. First, the hPGK-Puromy-
cin resistant gene was inserted into the vector
to add a drug selection marker. Second, the
original rat insulin 1 (Ins1)-EGFP (410 bp Ins1
promoter) of the pTiger vector was replaced by
the Insl1-hrGFP (646 bp Insl promoter) for
increasing the Ins1 promoter expression effi-
ciency (Figure 1A). Finally, the function of the
new pTliger-Pdx1-mRFP/insulin-hrGFP/hPGK-Pu-
ro vector was confirmed as demonstrated by
co-expression of RFP/GFP in INS-1 cells trans-
duced with the vector (Figure 1B).

To generate dual-reporter-expressing cell lines,
iPSCs were first cultured using the feeder-free
culture system to remove feeder cells. Then,
the cells were transduced with lentiviruses car-
rying Pdx1/insulin dual-reporters. Two days
after the transduction, stably transduced cells
were selected using 1 pg/ml puromycin dihy-
drochloride. After 3-4 days of selection, the
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control group cells (parental iPSCs) were all
dead, and the puromycin-resistant clones em-
erged approximately 5-7 days after selection in
the transduced iPSCs group (Figure 1C). The
resulting cell lines were used for the following
beta cell differentiation.

In vitro differentiation of iPSCs towards beta
cells

To examine the function of the Pdx1l/insulin
dual-reporter cell lines for real-time monitoring
of cell differentiation, the cells were differenti-
ated into beta cells by growth factors and small
molecules (Figure 2A). To generate DE, the
cells were first treated with Activin A, CHIR-
99021, and PI-103 in M1 for 1 day. Then, the
cells were exposed to Activin A in M1 for anoth-
er 2 days. After 3 days of treatment, gPCR anal-
ysis showed that expression levels of Sox17
and Foxa2 were significantly upregulated com-
pared to the untreated control (Figure 2B).
When continuing the induction, from day 4 on,
we unexpectedly observed many cells died.
Previous reports have determined that expo-
sure to a high concentration of activin A dra-
matically increased cell apoptosis and reduced
cell viability during the induction of DE, and
optimization of induction conditions could
maintain cell viability [26, 27]. To increase the
cell survival rates, we replaced M1 with M2 at
stage 1. At day 3, qPCR analysis showed com-
parable expression levels of Sox17 and Foxa2
between the M2 and M1 groups (Figure 2B).
Sox17 and Foxa2 double positive cells in the
M2 group were around 90% as demonstrated
by flow cytometry (Figure 2C). The expression
of Sox17 and Foxa2 were further confirmed by
IF analysis (Figure 2D). Of note, we found
replacement of M1 with M2 could greatly
decrease cell death which occurred previously
during the induction process. These results
suggest iPSCs were successfully differentiated
into DE.

Next, PGT and PPs were sequentially induced
from DE by a combined treatment of KGF,
SANT1, Retinoic acid (RA), LDN193189, and
PDBu, and expression of Pdx1-mRFP/insulin-
hrGFP were used as indicators for monitoring
the PP specification (Figure 1A). We could not
observe Pdx1-mRFP expression until day 9,
indicating delayed Pdx1 expression (Figure 2E),
and the Pdx1 expression was confirmed by IF
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analysis (Figure 2F). Furthermore, the expres-
sion level of Pdx1 was not markedly increased
over time as shown by gqPCR analysis (Figure
2G). Considering the delayed and poor expres-
sion of Pdx1, these results suggest that the
protocols still require optimization.

Effects of demethylation on beta cell differen-
tiation

DNA methylation plays important roles on cell
fate conversion [28, 29]. Pretreatment with
5Aza could markedly promote the conversion of
T1D patients-derived iPSCs into IPCs [29]. To
efficiently derive PPs, iPSCs were pretreated
with 5Aza for 18 hrs before the initiation of
induction based on the above protocol. At day
3, expression levels of Sox17 and Foxa2 in the
S5Aza-pretreated M2 group were significantly
upregulated compared to the untreated con-
trol, but comparable to the untreated M2 group
(Figure 3A). Sox17 and Foxa2 double positive
cells were also around 90% in the b5Aza-
pretreated M2 group as demonstrated by flow
cytometry (Figure 3B), similar to the untreated
M2 group. These results revealed that 5Aza
pretreatment had little influence on DE induc-
tion. Next, we continued to monitor the specifi-
cation of PPs. As expected, Pdx1-mRFP positive
colonies emerged at day 7, two days earlier
than those in the untreated M2 group, suggest-
ing the efficient specification of PPs (Figure
3C). At day 16, we observed Pdx1-mRFP/insu-
lin-hrGFP double positive colonies emerge, indi-
cating the cells expressed both Pdx1 and insu-
lin (Figure 3C). Thereafter, the Pdx1/insulin
double positive colonies gradually grew over
time, and the percentages of Pdx1* and Pdx1*/
insulin* cells were 20-25% and 15-20% at day
34, respectively (Figure 3C). At day 34, we also
performed IF analysis and confirmed the Pdx1
and insulin expression (Figure 3D).

3D induction enhances the efficiency of beta
cell differentiation

During the specification of PPs, we noticed that
Pdx1-mRFP/insulin-hrGFP double positive cells
tended to form clusters or 3D structures, but
few scattered cells were observed. This sug-
gests that cell-cell interactions may play pivotal
roles on beta cell differentiation. Therefore, we
hypothesized that the 3D induction method
might further increase the efficiency of cell dif-
ferentiation. In order to distinguish from the 3D
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Figure 2. In vitro directed differentiation from iPSCs into IPCs. A. Schematic diagram of directed differentiation from iPSCs into IPCs by growth factors and small mol-
ecules. The dual-reporter cell line was differentiated into IPCs through five stages: DE, definitive endoderm; PGT, primitive gut tube; PP, pancreatic progenitors; EP,
endocrine progenitors; and IPCs, insulin-producing cells. Act A, Activin A; CHIR, CHIR99021; RA, Retinoic acid; LDN, LDN193189; PDBu, Phorbol-12,13-dibutyrate;
XXI, y-secretase inhibitor; T3, L-3,3’,5-Triiodothyronine; BTC, Betacellulin; Alk5i, Alk5 receptor inhibitor Il. B. Analysis of DE gene expression by gPCR. Expression
levels of Sox17 and Foxa2 were analyzed in M1, M2, and untreated control groups at the end of stage 1. Expression data are normalized to GAPDH transcript level.
Each experiment was repeated independently three times. *P < 0.05. C. Flow cytometric analysis. Representative dot plots of undifferentiated iPSCs (left) and dif-
ferentiated cells (Day 3) in M2 group (right) co-stained with anti-Sox17 and anti-Foxa2. Percentage in the upper right quadrant indicates the percentage of Sox17
and Foxa2 double positive cells. D. IF analysis of DE markers. Differentiated cells were stained by anti-Sox17 (1:100) and anti-Foxa2 (1:50) antibodies. Nuclei were
highlighted with DAPI staining. Bar is 200 ym. E. Real-time monitoring expression of Pdx1 and insulin. The differentiated cells were checked every day under fluo-
rescence microscope for RFP/GFP expression. Pdx1-mRFP expression was observed at day 9. Bar is 100 uym. F. IF analysis. Parental iPSCs (without dual-reporter)
were induced in parallel using the corresponding protocols and stained by anti-Pdx1 (1:100) antibody at day 9. Nuclei were highlighted with DAPI staining. Bar is
100 um. G. Analysis of Pdx1 expression by qPCR. Expression level of Pdx1 was analyzed in M2 and control groups at days 7 and 9. Expression data are normalized
to GAPDH transcript level. Each experiment was repeated independently three times. *P < 0.05.
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Figure 3. Effects of 5Aza on beta cell differentiation. A. Analysis of DE gene expression by qPCR. Expression levels of Sox17 and Foxa2 were analyzed in M2, M2 +
5Aza, and untreated control groups at the end of stage 1. Expression data are normalized to GAPDH transcript level. Each experiment was repeated independently
three times. *P < 0.05; **P < 0.01. B. Flow cytometric analysis. Representative dot plots of undifferentiated iPSCs (left) and differentiated cells (Day 3) in M2 + 5Aza
group (right) co-stained with anti-Sox17 and anti-Foxa2. Percentage in the upper right quadrant indicates the percentage of Sox17 and Foxa2 double positive cells.
C. Real-time monitoring expression of Pdx1 and insulin. Pdx1-mRFP expression was first observed at day 7. Bar is 100 ym. Then Pdx1-mRFP/insulin-hrGFP double
positive colonies emerged at day 16. Bar is 100 um. And these double positive colonies gradually grew over time (Day 34). Bar is 200 um. D. IF analysis. Parental
iPSCs (without dual-reporter) were induced in parallel using the corresponding protocols and co-stained by anti-Pdx1 (1:100) and anti-insulin (1:50) antibodies at
day 34. Nuclei were highlighted with DAPI staining. Bar is 100 ym.
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induction, the above optimized protocol was
designated as 2D induction thereafter. For 3D
induction, we first derived embryoid bodies
(EBs) from iPSCs, and RevitaCell supplement
(RVC) was used to increase cell survival rates.
Next, EBs were subjected to beta cell differen-
tiation by the above optimized protocol. At the
end of stage 1, expression levels of Sox17 and
Foxa2 were comparable between 3D and 2D
inductions (Figure 4A). The percentage of
Sox17 and Foxa2 double positive cells showed
a slight increase, approximately 95% in 3D
induction, but no statistical significance com-
pared to 2D induction (Figure 4B). The expres-
sion of Sox17 and Foxa2 were further confirmed
by IF analysis (Figure 4C). These results reveal
that 3D induction could not further increase
the efficiency of DE formation. The reason for
this might be that the efficiency of DE induction
was already very high in 2D induction. Similar to
2D induction, Pdx1-mRFP positive colonies
began to emerge at the end of stage 3, howev-
er, the efficiency increased significantly com-
pared to 2D induction (Figure 4D). At day 16,
we observed Pdx1-mRFP/insulin-hrGFP double
positive colonies emerge with high efficiency
(Figure 4D). These Pdx1/insulin double positive
colonies rapidly grew over time, and the per-
centages of Pdx1* and Pdx1*/insulin* cells were
50-60% and 30-40% at day 34, respectively
(Figure 4D). At day 34, we also performed IF
analysis and confirmed the Pdx1 and insulin
expression (Figure 4E).

To fully characterize the IPCs from 3D induc-
tion, we preformed qPCR to analyze dynamic
expression of Pdx1l and insulin. The data
showed that expression levels of Pdx1 and
insulin were statistically higher in 3D induction
than those in 2D induction at different time
points (Figure 5A). Expression level of Pdx1
increased from day 7 to day 14 and maintained
a high expression level up to day 34 in 3D
induction (Figure 5A). Also, expression level of
insulin increased greatly over time in 2D and
3D inductions, but the increase in 3D induction
was more significant than that in 2D induction
from day 16 to day 34 (Figure 5A). In addition,
RT-PCR analysis showed that IPCs from 3D
induction expressed beta cell-specific genes
Nkx6.1, Ngn3, Nkx2.2, and MAFA, and beta cell
function-related genes PCSK1 (PC1), PC2,
Kir6.2, Surl, and glucose transporter 2 (Glut
2), indicating the cells acquired a more mature
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function (Figure 5B). We also observed expres-
sion of other pancreatic islet hormone genes,
i.e. glucagon (Gcg), somatostatin (Sst), and
pancreatic polypeptide (Ppy) (Figure 5B), sug-
gesting that the derivatives of 3D induction
were still a mixture of different islet cell types.
One of the most critical beta cell phenotypes is
the capacity to synthesize and process insulin
(immature beta cells), and to secrete insulin in
response to glucose challenge (mature beta
cells). IPCs from 2D and 3D inductions at day
34 post-directed differentiation were chal-
lenged with 25 mM glucose for 1 hr, and insulin
secretion was measured by ELISA. As shown in
Figure 5C, glucose-stimulated insulin secretion
increased significantly in cells from 3D induc-
tion compared to those in 2D induction (P <
0.001), and there was only a slight elevated
trend in cells from 2D induction (P > 0.05). To
exclude the effect of osmolarity, a non-metabo-
lizable glucose analog, 2-DG, at the same con-
centration as glucose (25 mM) was used as a
control and failed to trigger insulin secretion.
These results suggest that IPCs from 3D induc-
tion had acquired beta cell function, as they
were capable of glucose-stimulated insulin
secretion via a process coupling glucose sens-
ing, uptake, and metabolism with insulin syn-
thesis, processing, and release, consistent
with the aforementioned RT-PCR analysis
(Figure 5B).

Discussion

Pancreatic beta cell replacement therapy is
considered one of the most promising appro-
aches for treating and curing T1D. Directed
differentiation of hPSCs into functional IPCs
holds great promise for cell replacement thera-
py for patients suffering from diabetes. Despite
recent advances in the development of beta
cell differentiation protocols from hPSCs, it is
becoming clear that the hPSC-derived beta-like
cells have shortcomings compared to human
beta cells [30, 31], and the efficiencies of dif-
ferentiation can be variable depending on the
hPSC lines used [19, 32, 33]. Therefore, ad-
vanced methodologies are highly desirable for
assisting efforts to develop and refine beta cell
differentiation protocols from hPSCs. Pdx1 and
insulin are key beta cell specific markers at dif-
ferent stages of beta cell development. Pdx1, a
homeodomain transcription factor, plays cru-
cial roles in early embryonic pancreatic forma-
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Figure 4. 3D induction enhances the efficiency of beta cell differentiation. A. Analysis of DE gene expression by qPCR. Expression levels of Sox17 and Foxa2 were
analyzed in 2D + 5Aza, 3D + 5Aza, and untreated control groups at the end of stage 1. Expression data are normalized to GAPDH transcript level. Each experiment
was repeated independently three times. *P < 0.05; **P < 0.01. B. Flow cytometric analysis. Representative dot plots of undifferentiated iPSCs (left) and differenti-
ated cells (Day 3) in 3D + 5Aza group (right) co-stained with anti-Sox17 and anti-Foxa2. Percentage in the upper right quadrant indicates the percentage of Sox17
and Foxa2 double positive cells. C. IF analysis of DE markers. Differentiated cells were stained by anti-Sox17 (1:100) and anti-Foxa2 (1:50) antibodies. Nuclei were
highlighted with DAPI staining. Bar is 200 uym. D. Real-time monitoring expression of Pdx1 and insulin. Pdx1-mRFP positive colonies began to emerge at day 7 and
the efficiency increased significantly. Bar is 500 um. Pdx1-mRFP/insulin-hrGFP double positive colonies then emerged with high efficiency at day 16. Bar is 500
um. These double positive colonies rapidly grew over time (Day 34). Bar is 200 ym. E. IF analysis. Parental iPSCs (without dual-reporter) were induced in parallel
using the corresponding protocols and co-stained by anti-Pdx1 (1:100) and anti-insulin (1:50) antibodies at day 34. Nuclei were highlighted with DAPI staining. Bar
is 100 um.
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Figure 5. Characterization of IPCs. A. Analysis of Pdx1 and insulin expression by qPCR. Expression levels of Pdx1
and insulin were analyzed in 2D + 5Aza, 3D + 5Aza, and untreated control groups. Expression data are normalized
to GAPDH transcript level. Each experiment was repeated independently three times. *P < 0.05; **P < 0.01; ***P
< 0.001. B. Beta cell-related gene expression by RT-PCR. Total RNA was extracted from differentiated cells at days
0, 14, 21, and 34 following beta cell differentiation. C. ELISA for insulin secretion. The differentiated cells from 2D
and 3D inductions at day 34 were analyzed for secretion of insulin upon exposure to 2 and 25 mM glucose or 25
mM 2DG. Secreted insulin in the culture medium was assayed by ELISA and expressed as amount per mg of total
protein. Data represent the means + SD of triplicate wells. Each experiment was repeated independently three
times. ***P < 0.001.

tion, specification of different endocrine lineag-
es, and later maturation of beta cell function
[34, 35]. Pdx1 expression is observed as early
as embryonic day 8.5 (E8.5) in mouse [36] and
around gestational week 4 (G4w) in human
[37]. In rodents, Pdx1 is required for early
embryonic development of the pancreas, and
null mice do not develop a pancreas and die
within a few days after birth [38, 39]. Pdx1 is
also required for the subsequent differentiation
of the pancreatic lineage. During the formation
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of endocrine cells, elevated expression level of
Pdx1 is pivotal for the commitment and differ-
entiation of beta cells [40, 41]. In adulthood,
Pdx1 ultimately becomes restricted to beta and
delta cells in the islets, and it maintains beta
cell identity and function through the regulation
of genes involved in glucose homeostasis [42].
During pancreas morphogenesis, at E10, a
small number of insulin-expressing cells first
arise in rodents, most of them co-expressing
glucagon (primary transition) [43]. However,
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these few early scattered cells that produce
both insulin and glucagon will not contribute to
the mature endocrine compartment [44]. At
approximately E13-15, the fully differentiated
insulin-expressing beta cells appear during the
secondary transition. In humans, the first endo-
crine cells that appear in pancreas are insulin-
expressing cells in G7.5w, and they remain the
most prevalent endocrine cell type during the
first trimester [37, 45]. The vast majority of
alpha, beta, and delta-cells in the fetal human
pancreas appear to express a single hormone
[45]. However, there are a considerable num-
ber of bi-hormonal cells that express both insu-
lin and glucagon (20-40% of alpha and beta-
cells) between GO9w and G16w, and they signifi-
cantly decline thereafter [45, 46]. These bi-hor-
monal cells are rarely found by the end of the
late stage of prenatal pancreas development
[47]. Therefore, monitoring expression of Pdx1
and insulin will greatly aid the establishment of
beta cell differentiation protocols. This idea is
supported by recent studies that genetically
modified PSCs reporting expression of specific
genes are of great value for differentiation pro-
tocol optimization and for the purification of rel-
evant cell populations from heterogeneous cell
cultures, such as Pdx1-GFP reporter mouse
iPSCs, Nkx6.1 hiPSC lines, and INS¢”* hESCs
[48-50].

In the current study, we constructed a novel
highly efficient Pdx1-mRFP/insulin-hrGFP dual
reporter vector where the expression of RFP
and GFP were driven by Pdx1 and insulin pro-
moters, respectively. The function of the dual-
reporter vector was validated in INS-1 cells as
demonstrated by co-expression of RFP and
GFP in these cells. Finally, we transduced iPSCs
with the dual-reporter vector and generated a
dual-reporter iPSC line.

To investigate the functionality of dual-reporter
cell lines for real-time monitoring of cell differ-
entiation, the cells were directed to differenti-
ate into beta cells by growth factors and small
molecules. During the DE induction, we found
remarkable cell loss after 3-day induction,
which might be due to activin A-induced cell
apoptosis and reduced cell viability [26, 27].
After optimization of the basal induction medi-
um at stage 1, the cell survival rates were dra-
matically increased. Then the cells were direct-
ed into PGT and PPs by a combined treatment
of KGF, SANT1, RA, LDN193189, and PDBu.
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The delayed RFP expression indicated Pdx1
expression was inefficient and the protocol
required further refinement. When pretreated
with 5Aza before the initiation of induction, the
cells expressed RFP two days earlier than
before, suggesting the efficient specification of
PPs. This result is consistent with reports that
epigenetic regulation plays important roles in
cell differentiation [28, 29]. In the process of
optimizing the protocols, we observed RFP and
RFP/GFP positive cells tended to aggregate 3D
structures. Therefore, we speculated that 3D
induction would further enhance the efficiency
of beta cell differentiation. As expected, 3D
induction not only significantly increased the
efficiency of PP specification, but also enhanced
the yield of IPCs, compared to 2D induction.
The proliferation rates of Pdx1/insulin double
positive cells in 3D induction were also faster
than those in 2D induction. Furthermore, the
differentiated cells of 3D induction were more
mature and capable of glucose-stimulated
insulin secretion. Several reports showed that
the 3D differentiation culture system was supe-
rior to the traditional 2D culture system [10,
11]. The 3D induction system could increase
the efficiency of cell differentiation and pro-
duce more mature IPCs [12, 29], which is in line
with our results. The reason for this improve-
ment is that, during embryogenesis, the devel-
oping cells are arranged in 3D clusters, which
support cell-cell paracrine signaling [51, 52].
3D differentiation of hiPSCs has also been
used to derive functionally and morphologically
superior tissues, such as cerebral organoids
[51] and liver buds [52].

Taken together, our results demonstrate that
Pdx1/insulin dual-reporter hiPSC lines are a
valuable resource for implementing and opti-
mizing differentiation protocols towards the
pancreatic lineage. Using the dual-reporter line,
we established a novel and efficient beta cell
differentiation protocol from MRC5-dervied
iPSCs by simultaneously real-time monitoring
the expression of Pdx1 and insulin, which dem-
onstrated the advantages of time-saving and
cost-effectiveness. Furthermore, the dual-re-
porter cell line will also be a useful tool for
investigating the mechanisms of beta cell dif-
ferentiation by isolating different populations of
Pdx1 and Pdx1/insulin positive cells. We hope
this study will facilitate the development of
novel protocols for generating IPCs from hPSCs.
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