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Differentiation of human pluripotent stem
cells into two distinct NKX6.1 populations
of pancreatic progenitors
Idil I. Aigha1†, Bushra Memon1†, Ahmed K. Elsayed1,2 and Essam M. Abdelalim1*

Abstract

Background: The expression of a specific combination of transcription factors (TFs) in the multipotent progenitor
cells (MPCs) is critical for determining pancreatic cell fate. NKX6.1 expression in PDX1+ MPCs is required for functional β
cell generation. We have recently demonstrated the generation of a novel population of human pluripotent stem cell
(hPSC)-derived MPCs that exclusively express NKX6.1, independently of PDX1 (PDX1−/NKX6.1+). Therefore, the aim of
this study was to characterize this novel population to elucidate its role in pancreatic development.

Methods: The hPSCs were exposed to two differentiation protocols to generate MPCs that were analyzed using
different techniques.

Results: Based on the expression of PDX1 and NKX6.1, we generated three different populations of MPCs, two of them
were NKX6.1+. One of these NKX6.1 populations coexpressed PDX1 (PDX1+/NKX6.1+) which is known to mature into
functional β cells, and an additional novel population did not express PDX1 (PDX1−/NKX6.1+) with an undefined role
in pancreatic cell fate. This novel population was enriched using our recently established protocol, allowing their
reorganization in three-dimensional (3D) structures. Since NKX6.1 induction in MPCs can direct them to endocrine
and/or ductal cells in humans, we examined the coexpression of endocrine and ductal markers. We found that the
expression of the pancreatic endocrine progenitor markers chromogranin A (CHGA) and neurogenin 3 (NGN3) was
not detected in the NKX6.1+ 3D structures, while few structures were positive for NKX2.2, another endocrine progenitor
marker, thereby shedding light on the origin of this novel population and its role in pancreatic endocrine
development. Furthermore, SOX9 was highly expressed in the 3D structures, but cytokeratin 19, a main ductal marker,
was not detected in these structures.

Conclusions: These data support the existence of two independent NKX6.1+ MPC populations during human
pancreatic development and the novel PDX1−/NKX6.1+ population may be involved in a unique trajectory to generate
β cells in humans.
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Background
Diabetes is a metabolic disorder characterized by chronic
hyperglycemia due to progressive loss or impaired function
of pancreatic β cells. Type 1 diabetes (T1D) is characterized
by a β cell loss due to autoimmune inflammatory-mediated
β-cell apoptosis with the subsequent loss of insulin
secretion. The hyperglycemia in type 2 diabetes (T2D) is a

consequence of β-cell failure in the setting of insulin resist-
ance in the peripheral tissues [1, 2]. Pancreatic β-cell trans-
plantation therapy has great potential for treating T1D and
advanced cases of T2D. To date, transplantation of whole
pancreas or isolated islet cells from cadavers remains the
most effective approach for reversing hyperglycemia in
diabetic patients. However, this approach has limitations in
terms of the necessity of immunosuppressive drugs and the
availability of matching donors [3, 4]. Generation of pancre-
atic β cells from human pluripotent stem cells (hPSCs) has
recently attracted much attention. hPSCs, including human
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embryonic stem cells (hESCs) and human induced PSCs
(hiPSCs) can provide an unlimited supply of pancreatic β
cells in vitro, which have great potential to be used for
transplantation therapy and to generate in vitro models for
studying diabetes (see reviews [5, 6]).
During human development, all adult pancreatic cells

originate from the same multipotent pancreatic progeni-
tor cells (MPCs) that express a group of transcription
factors (TFs), including PDX1, SOX9, FOXA2, NKX6.1,
HNF6, and PTF1a [7, 8]. NKX6.1 and PTF1a are
expressed specifically in the pancreas, but other TFs
(PDX1, SOX9, FOXA2, and HNF6) are not limited to the
pancreas as they are also expressed in the duodenum,
stomach, and liver [9]. The coexpression of PDX1 and
NKX6.1 in the MPC stage determines the maturation and
functionality of pancreatic β cells [10–13]. Based on the
expression of key TFs, there are two types of MPCs that
appear during development: 1) MPCs expressing both
TFs, PDX1 and NKX6.1, which can differentiate into
monohormonal (glucose-responsive) β cells; and 2) MPCs
expressing only PDX1, which can differentiate into poly-
hormonal (glucose-unresponsive) endocrine cells. Gener-
ation of the two different MPC populations in vitro has
been demonstrated using hPSCs [10, 11, 14]. It has
also been shown that transplantation of MPCs
(PDX1+/NKX6.1+) can reverse diabetes in animal
models [11, 12, 15]. hESC-derived PDX1+/NKX6.1+

progenitors are currently being used in clinical trials
for T1D patients [16, 17]. Recently, only a few studies
have successfully demonstrated the ability of hPSCs
to differentiate into functional pancreatic β cells in vitro
[13, 18, 19]. However, differentiation efficiency of the in
vitro protocols and maturity of the generated β cells
remain the main problems facing this field (see
reviews [6, 20]). Therefore, extensive studies are
required to further dissect signaling pathways and
transcriptional regulatory networks governing human
pancreas development to be able to establish a reproducible
differentiation system for generation of functional β cells in
vitro [20].
There is accumulating evidence indicating that NKX6.1

is necessary during pancreas development and later be-
comes required and restricted to β cells [20–22]. NKX6.1
expression has not been detected in glucagon-secreting α
cells of the human adult pancreas [22] as well as those
generated from the hPSC-derived PDX1+ MPCs [14].
Previous studies have consistently reported that NKX6.1
expression in hPSC-derived MPCs is exclusively coloca-
lized with PDX1 expression [10, 13, 15, 18, 19], suggesting
the existence of only one type of NKX6.1+ MPC
population. However, we recently reported the in vitro
generation of a novel population of MPCs that express
NKX6.1 in the absence of PDX1. Herein, we
characterize this novel population suggesting that at

least some of the unique PDX1−/NKX6.1+ MPC population
may be precursors for endocrine pancreatic cells. The data
presented here set the bar for defining new roles for
NKX6.1, which is one of the key TFs involved in
human pancreatic β-cell development.

Methods
Culture of human pluripotent stem cells
hESC (H1) and hiPSC (IMR90) lines were obtained from
WiCell Research Institute (Maddison, USA). Both cell
lines were cultured and maintained in 5% CO2 at 37 °C
in chemically defined mTesR1 medium (Stem Cell Tech-
nologies, Canada) on cell culture plates previously
coated with 1:80 dilution of Matrigel (Corning, USA).
Cells were passaged when the confluence reached about
60–70% as the cells were dissociated by incubation with
ReLeSR (Stem Cell Technologies, Canada) for 2–4 min
or until detachment of the colony borders, and then the
cells were collected and resuspended in mTesR1
medium supplemented with 10 μM Y-27632 (Rock in-
hibitor) (Stemgent, USA) for first 24 h of passaging.

Differentiation of human pluripotent stem cells into
pancreatic progenitors
The differentiation of hPSCs into pancreatic progenitors
was performed using two different protocols. Differenti-
ation was started when hPSCs reached 80% confluence.
After removal of mTeSR1 media, the cells were washed
with DPBS and then were treated with the differentiation
media. We used two protocols as described in Fig. 1a.
Protocol 1 was performed as previously described by
Nostro et al. [10] with some modifications (Fig. 1a).
These modifications were as follows: 1) MCDB 131 basal
media (ThermoFisher Scientific, USA) was used for
stages 1 and 2 instead of RPMI; 2) 2 μM CHIR99021
(Stemgent, USA) was used instead of Wnt3a for day 1 of
differentiation; 3) 50 ng/ml NOGGIN (R&D Systems,
USA) was used instead of dorsomorphin for stage 2; and
4) 0.25 μM SANT-1 (Sigma, USA) was used instead of
KAAD-Cyclopamine for stage 3. Protocol 2 has recently
been established in our laboratory [23]. In protocol 2, on
day 4 of differentiation the cells were dissociated and
replated at a density of 1.0–3.5 × 105 cells/cm2 in the
same media as in protocol 1 with the addition of 10 μM
Y-27632 for 24 h and stage 3 was extended to 4 days
(Fig. 1a) [23]. At the indicated time points cells were
harvested and analyzed by reverse transcription poly-
merase chain reaction (RT-PCR) and immunostaining.

RT-PCR and real-time PCR
The total RNA was isolated from the differentiated cells
using the pure link™-RNA Minikit (ThermoFisher Scien-
tific, USA) following the manufacturer’s instructions.
The cDNA was synthesized using the superscript™ IV,
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First strand synthesis system kit (ThermoFisher Scien-
tific). The genes were amplified by conventional PCR
using PCR-Master mix (2×) (ThermoFisher Scientific)
following the manufacturer’s protocol. The primer de-
tails are listed in Table 1. The RT-PCR products were
analyzed by agarose gel electrophoresis. For quantitative
RT-PCR (qRT-PCR), SYBR Green-based detection sys-
tem (GoTaq qPCR Master Mix, Promega, USA) was
used to quantify the expression level of mRNAs for
PDX1, NKX6.1, and SOX9. Cycle threshold (CT) value
was detected for each transcript and then normalized to
the endogenous control β-Actin. Relative quantification
was performed using the comparative ΔΔCT method for
each transcript. The experiment was performed using

the QuantStudio 7 Flex system (Applied Biosystems,
CA, USA).

Immunofluorescence
Differentiated cells derived from hESCs and/or hiPSCs
were washed two times with phosphate-buffered saline
(PBS; ThermoFisher Scientific) and fixed in 4% parafor-
maldehyde in 0.1 M PBS (pH 7.4; Santa Cruz Biotech-
nology, USA) for 20 min. The cells were permeabilized
for 15 min with 0.2% Triton X-100 (Sigma, USA) in PBS
(PBST), and blocked for at least 2 h with 6% bovine
serum albumin (BSA) in PBST at room temperature.
The cells were then incubated at 4 °C overnight with the
primary antibodies as described in Table 2. The cells

Fig. 1 Generation of human pluripotent stem cell (hPSC)-derived multipotent pancreatic progenitors (MPCs). a Schematic summary of the protocols
used to generate MPCs from hPSCs. hPSCs were differentiated through four stages, including definitive endoderm (DE), primitive gut tube (PGT),
pancreatic foregut (PFG), and MPCs. b RT-PCR analysis of MPCs derived from human embryonic stem cells (hESCs) and induced hPSCs (hiPSCs) at the
end of stage 4 (S4) using protocol 1 showing the expression of the MPC and early endocrine progenitor markers (PDX1, NKX6.1, SOX9, NKX2.2, GATA6,
PAX6, NGN3, and HNF6). +RT indicates samples with reverse transcriptase, and –RT indicates samples without reverse transcriptase. c Real-time PCR
analysis of MPCs differentiated using protocol 1 and protocol 2. Differential gene expression analysis was performed for the main MPC genes (PDX1,
NKX6.1, and SOX9). Fold-expression for each TF obtained for protocol 2 was normalized to that of protocol 1. d Flow cytometry analysis for the
expression of NKX6.1 at the end of stage 4 of differentiation. All data shown are representative results from at least three independent experiments
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were washed three times with tris-buffered saline with
0.3% Tween 20 (TBST) and then incubated with the
following secondary antibodies: Alexa Fluor 488-
labeled anti-guinea pig IgG, Alexa Fluor 568-labeled
anti-mouse IgG, Alexa Fluor 488-labeled anti-rabbit
IgG, or Alexa Fluor 568-labeled anti-rabbit IgG (1:
500; ThermoFisher Scientific). Nuclei were counter-
stained with Hoechst 33,342 (1 μg/ml) (ThermoFisher
Scientific). The plates were examined by Olympus
IX53 inverted fluorescence microscopy (Japan).

Flow cytometry
Cells at stage 4 of differentiation were fixed with 70%
ethanol overnight. The fixed cells were blocked in 6%

BSA in PBST for at least 2 h. The cells were incubated
with mouse anti-NKX6.1 (1:100; DSHB) for 4 h at room
temperature. The cells were incubated with Alexa-fluor
488 secondary antibody (1:200; ThermoFisher Scientific)
for 40 min at room temperature. The analysis was per-
formed using the BD Accuri C6 flow analyzer and the
results were processed using FlowJo.

Statistical analysis
All data shown are representative results from at least
three independent experiments. Statistical significance
was assessed by two-tailed Student’s t tests. Values of P
< 0.05 were considered significant.

Results
Efficient differentiation of hPSCs into different
populations of MPCs
Before starting the differentiation, the pluripotency of
hPSCs was confirmed by examining the expression of
SOX2 and OCT4 (Additional file 1: Figure S1A). To
evaluate the formation of definitive endoderm (DE), we
examined the expression of the specific markers for DE
(SOX17 and FOXA2) using immunofluorescence at day 4
of differentiation. Furthermore, the pluripotency markers
OCT4 and SOX2 were also examined to determine the
differentiation efficiency. The differentiated cells showed
relatively high expression of SOX17 and FOXA2
(Additional file 1: Figure S1B, C). On the other hand, the
expression levels of OCT4 and SOX2 were dramatically
reduced in the DE (Additional file 1: Figure S1B, C), indi-
cating that the majority of cells had differentiated into DE
and had lost their undifferentiated characteristics.
To further differentiate the DE into the pancreatic

lineage, we applied two protocols as described in
Methods (Fig. 1a). Following a monolayer-culture proto-
col (protocol 1) and a cell dissociation-based protocol
(protocol 2), we successfully produced pancreatic

Table 1 The primer sequence list used for reverse transcription
polymerase chain reaction analysis
Gene Sequence Product size

GAPDH Forward: ACGACCACTTTGTCAAGCTCATTTC
Reverse: GCAGTGAGGGTCTCTCTCTTCCTCT

132

PDX1 Forward: CGTCCAGCTGCCTTTCCCAT
Reverse: CCGTGAGATGTACTTGTTGAATAGGA

178

NKX6.1 Forward: CTTCTGGCCCGGAGTGATG
Reverse: GAAGAGAAAACACACGAGACCC

114

NKX2.2 Forward: CTTCTACGACAGCAGCGACAACCCG
Reverse: CCTTGGAGAAAAGCACTCGCCGCTTT

221

SOX9 Forward: GACTACACCGACCACCAGAACTCC
Reverse: GTCTGCGGGATGGAAGGGA

154

PAX6 Forward: CGAATTCTGCAGGTGTCCAA
Reverse: ACAGACCCCCTCGGACAGTAAT

207

HNF6 Forward: GGACCTCAAGATAGCAGGTTTAT
Reverse: CAGAATGCAGGTGAGCTAAGT

99

GATA6 Forward: AAGCGCGTGCCTTCATCA
Reverse: TCATAGCAAGTGGTCTGGGC

157

NGN3 Forward: AGACGACGCGAAGCTCACC
Reverse: AAGCCAGACTGCCTGGGCT

286

FOXA2 Forward: GGGAGCGGTGAAGATGGA
Reverse: TCATGTTGCTCACGGAGGAGTA

89

Table 2 The details of the primary antibodies used for immunostaining

Antibody Company Catalog no. Dilution

Rabbit anti-Chromogranin A ThermoFisher Scientific MA5-14536 1:4000

Rabbit anti-FOXA2 Cell Signaling Technology 3143 1:500

Rabbit anti-OCT4 Cell Signaling Technology C30A3 1:500

Mouse anti-NKX6.1 DSHB F55A12 1:2000

Mouse anti-NKX2.2 DSHB 74.5A5 1:2000

Guinea pig anti-PDX1 Abcam Ab47308 1:1000

Mouse anti-SOX2 Cell Signaling Technology L1D6A2 1:500

Mouse anti-SOX17 OriGene Technologies CF500096 1:2000

Goat anti-NKX6.1 LifeSpan Biosciences LS-C124275 1:2000

Goat anti-SOX9 R&D Systems AF3075 1:500

Sheep anti-NGN3 R&D Systems AF3444 1:1000

Mouse anti-cytokeratin 19 Merck Millipore CBL198 1:500
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progenitors with robust expression of PDX1+/NKX6.1+

cells, a vital characteristic that favors the differentiation
of pancreatic progenitor cells into functional mature β
cells (Fig. 1b–d, Fig. 2). The induction of pancreatic
progenitors from hESC-H1 and hiPSC-IMR90 cell lines
was confirmed by examining their gene expression pro-
file with RT-PCR for stage-specific markers, including
PDX1, NKX6.1, SOX9, FOXA2, HNF6, NKX2.2, GATA6,
NGN3, and PAX6 (Fig. 1b). Real-time PCR analysis for
the main pancreatic progenitor markers showed a
dramatic upregulation of NKX6.1, PDX1, and SOX9 in
the progenitors generated using protocol 2 [23] in com-
parison to protocol 1 (Fig. 1c) [10]. Similarly, flow cy-
tometry analysis showed that the percentage of NKX6.1-
positive cells was considerably higher in our protocol 2
(~86.5%) in comparison with protocol 1 from Nostro et
al. (~64%) (Fig. 1d). These findings indicate the high effi-
ciency of protocol 2. Furthermore, immunocytochemical
analysis showed the presence of three distinct

populations of pancreatic progenitors in terms of PDX1
and NKX6.1 expression (Fig. 2). The majority of the cells
coexpressed the two TFs (PDX1+/NKX6.1+) (Fig. 2a, d).
This PDX1+/NKX6.1+ population was evident in protocol
1 when stage 3 was shortened to 2 days (Fig. 2a, d). On
the other hand, a subset of PDX1-expressing cells did not
express NKX6.1 (PDX1+/NKX6.1−), which is a feature
known for cells that favor the polyhormonal pancreatic
lineage. This PDX1+/NKX6.1− population was observed
largely in MPCs generated using protocol 1 [10], when
stage 3 duration was prolonged to 4 days (Fig. 2b, e). The
expression levels of both TFs varied between the two cell
lines. Interestingly, there was a subset of NKX6.1+ cells
that, unusually, did not coexpress PDX1 (Fig. 2c, f ). This
third population (PDX1−/NKX6.1+) was noticed in MPCs
generated from both cell lines. Following protocol 1, we
noticed that this specific population of NKX6.1+ cells was
often associated with the PDX1+ population. Sometimes it
was sandwiched between PDX1+/NKX6.1− populations

Fig. 2 Differentiation of hPSC-derived definitive endoderm into different populations of MPCs using protocol 1. Immunofluorescence images of
hPSC-derived MPCs showing expression of PDX1 (green) and NKX6.1 (red). MPCs generated from human embryonic stem cells (hESCs) (H1) (a–c)
and human induced pluripotent stem cells (hiPSCs) (IMRI90) (d–f) showing three types of MPCs: a, d co-localization of PDX1 and NKX6.1 in MPCs
(PDX1+/NKX6.1+), b, e expression of PDX1 in the absence of NKX6.1 (PDX1+/NKX6.1−), and c, f appearance of a novel NKX6.1 population lacking PDX1
expression (PDX1−/NKX6.1+). Squares indicate cells magnified in the insets to the right (a, c, d, f). Note clear distinction between the PDX1−/NKX6.1+

population and the other populations (PDX1+/NKX6.1+ and PDX1+/NKX6.1−). Arrowheads in (a, d) indicate PDX1+/NKX6.1+ cells and in (c, f) indicate
PDX1−/NKX6.1+ cells. All data shown are representative results from at least three independent experiments. Scale bars = 50 μm
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(Fig. 2c) or the two populations were next to each other
with clear segregations between both populations (Fig. 2f)
in a monolayer arrangement of MPCs. Additionally, there
were clear demarcations between PDX1−/NKX6.1+ and
PDX1+/NKX6.1− populations (Fig. 2). This population
was noticed more in hiPSC-IMR90-derived MPCs
compared to the H1-derived MPCs. These findings
indicate that we could successfully generate a large
number of PDX1+/NKX6.1+ MPCs. Moreover, we
generated a novel population of PDX1−/NKX6.1+ cells
that did not coexpress PDX1, a major marker for
MPCs.

Induction of cellular aggregations enhanced the PDX1−/
NKX6.1+ population
It was previously reported that the formation of cellular
aggregations could enhance the number of PDX1+/
NKX6.1+ pancreatic progenitors [24]. Thus, we have
recently established our own protocol based on cellular
dissociation to obtain a large number of MPCs that can
express both PDX1 and NKX6.1 [23]. The endodermal
cells were dissociated on day 4 (beginning of stage 2)
(Fig. 1a) during pancreatic progenitor differentiation and
replated on new Matrigel-coated plates at a density of 1.
0–3.5 × 105 cells/cm2 [23]. Afterwards, we proceeded
with the differentiation into pancreatic progenitors using
the same media and components as used for protocol 1
[10] with the extension of stage 3 to 4 days instead of 2
days [23]. The replated cells formed cellular aggregates
and, at the end of day 13 of differentiation, cells were
evaluated for the expression of MPC stage-specific
markers. Protocol 2 achieved a further increased expres-
sion of PDX1+/NKX6.1+ MPCs. Immunostaining
showed a high number of cells coexpressing PDX1 and
NKX6.1 (Fig. 3a). Using protocol 2, we were able to
enrich the PDX1−/NKX6.1+ population; however, its
distribution pattern was different. PDX1−/NKX6.1+ cells
were notably distributed inside protruding three-
dimensional (3D) aggregates that were surrounded by
PDX1+/NKX6.1+ cells (Fig. 3b, c). Most of the 3D
aggregates showed robust expression of NKX6.1 without
expressing PDX1 (PDX1−/NKX6.1+) (Fig. 3b, c). However,
moderate intensity of NKX6.1 expression was noticed in
the surrounding population (PDX1+/NKX6.1+) (Fig. 3b, c).
H1-hESCs showed a higher efficiency of differentiation
than hiPSCs using protocol 2. Obtaining the 3D aggre-
gates expressing PDX1−/NKX6.1+ was reproduced in our
laboratory and the data presented here are a representative
of more than ten independent differentiation experiments.

The relationship between the PDX1−/NKX6.1+ population
and other pancreatic markers
To understand and characterize the unique PDX1−/
NKX6.1+ population, we examined the expression of

NKX2.2 TF during pancreatic and endocrine development.
In humans, it has been found that NKX2.2 is expressed in
endocrine precursor cells, but is not expressed at earlier
stages [7, 25]. Double immunostaining of PDX1 and NKX2.
2 showed that a few 3D structures (obtained through
protocol 2) that were constantly positive for NKX6.1
were also positive for NKX2.2 and negative for PDX1
as expected (Fig. 3d). We confirmed our findings by
performing double-immunostaining for NKX6.1 and
NKX2.2. As expected, the 3D structures were consist-
ently positive for NKX6.1 and some cells within the
structures were copositive for NKX2.2 (Fig. 3e). Since
only a few 3D structures were positive for NKX2.2, it
indicates that not all PDX1−/NKX6.1+ structures
express NKX2.2 at this stage.
Next, we examined the expression of chromogranin A

(CHGA), which is an early endocrine marker. Double
immunostaining of CHGA and NKX6.1 showed that the
areas that constantly express PDX1 and NKX6.1 were
positive for CHGA (Fig. 4a, b). Although CHGA expres-
sion was detected in the same areas that expressed
NKX6.1, we could not observe a clear colocalization of
CHGA with NKX6.1 (Fig. 4b). In contrast, all 3D struc-
tures were negative for CHGA (Fig. 4c, d). Some
CHGA-positive cells were noticed in the same areas that
expressed NKX6.1 and NKX2.2 around the 3D struc-
tures (Fig. 4c, d). Furthermore, our results showed that
the expression of NKX6.1 in the 3D structures was not
colocalized with neurogenin 3 (NGN3) expression, the
main marker for pancreatic endocrine progenitors
(Fig. 4e). Double immunostaining of CHGA and PDX1
showed that CHGA was often expressed in the same areas
that expressed PDX1 and some PDX1+ cells were positive
for CHGA (Fig. 4f). These findings indicate that PDX1−/
NKX6.1+ cells do not express the endocrine markers
CHGA and NGN3.
Next, we investigated whether the PDX1−/NKX6.1+

population expressed ductal markers. Our results
demonstrated that SOX9 was expressed in the 3D
structures (protocol 2) as well as the area surrounding
this population (Fig. 5a). Since SOX9 is not exclusive for
pancreatic duct cells, we also examined cytokeratin 19,
which is a specific marker for differentiated ductal cells
(Fig. 5b, c). For pancreatic progenitors (protocol 2)
arranged in monolayer sheets, NKX6.1 expression was
noted in the vicinity of cytokeratin 19-positive cells but
was not colocalized in the same cells (Fig. 5b). However,
the 3D structures (protocol 2) that were positive for
NKX6.1 were completely negative for cytokeratin 19
(Fig. 5c). These results indicate that the PDX1−/NKX6.1+

population is not involved in the development of
pancreatic ductal epithelium.
The specificity of the antibodies used in this study has

previously been confirmed in several studies [13, 26, 27].
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In addition, we have used control experiments to con-
firm the specificity.

Discussion
The eminent shortage of pancreatic islet donors is a sig-
nificant obstacle for islet transplantation therapy and for
studying human pancreatic development. hPSC technol-
ogy is considered a promising approach that can be used
to provide an unlimited supply of human pancreatic
cells. However, generation of a large number of fully
functional pancreatic β cells responding to glucose in
vitro still requires further studies. To improve the differ-
entiation efficiency, it is crucial to study the molecular
characteristics specifying each type of pancreatic lineage
during human pancreatic development. In an attempt to
understand the pancreatic endocrine specification in
humans, we differentiated hPSCs into different

populations of MPCs expressing specific TFs. We found
that there are two distinct populations of NKX6.1+ cells
that can be generated in hPSC-derived MPCs in vitro.
One of these NKX6.1 populations coexpressed PDX1
(PDX1+/NKX6.1+) which has also been generated by
other groups [10, 18, 19] and is known to be the
precursor of the functional insulin-secreting cells [28,
29]. The other novel NKX6.1 population which has re-
cently been discovered by our team [23] did not express
PDX1 (PDX1−/NKX6.1+). Interestingly, we noticed that
the PDX1−/NKX6.1+ population was uniquely
surrounded by PDX1+/NKX6.1+ cells. These
observations may suggest that the existence of two
different populations of NKX6.1+ MPCs during human
pancreas development, in contrast to the single
previously reported population (PDX1+/NKX6.1+). The
fate of this novel population is still unknown.

Fig. 3 Differentiation of hPSCs into different populations of MPCs using protocol 2. Immunofluorescence analysis of MPCs generated using
protocol 2 showing the generation of a large number of PDX1+/NKX6.1+ cells (a). Further investigation of the PDX1−/NKX6.1+ structures, which
were generated after dissociation of the differentiated cells, showed that this population rearranged in 3D rounded structures (arrowheads)
enclosed and surrounded by PDX1+/ NKX6.1+ expressing cells (b, c). These centrally located cellular 3D aggregates displayed an expression of
NKX2.2 (arrow) in contrast to the surrounding cells that showed little or almost no NKX2.2 expression (d). NKX2.2 was expressed in some NKX6.1
expressing cells (arrowhead) in a 3D structure (e). The square indicates cells magnified in the insets on the right. All data shown are
representative results from at least three independent experiments. Scale bars = 100 μm
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The relationship between NKX6.1 and the endocrine
progenitor marker NGN3 in the MPC stage during
pancreatic differentiation determines the endocrine cell
fate. It is known that PDX1+ MPCs can generate all
types of pancreatic lineages [30] and NKX6.1 induction
in those progenitors (PDX1+/NKX6.1+) directs them
into endocrine and/or ductal cells only [31]. It has been
reported that the expression of NGN3 at the early MPC
stage in the absence of NKX6.1 leads to their
differentiation into polyhormonal endocrine cells
(insulin+/NKX6.1−). In contrast, the existence of NKX6.
1 before starting the expression of NGN3 leads to their
differentiation into monohormonal β cells (insulin+/

NKX6.1+) [13]. Interestingly, transplantation of hPSC-
derived MPCs containing a low number of NKX6.1+

cells (25%) and a high number of cells expressing
endocrine progenitor markers (60%) have differentiated
into α cells and immature β cells in vivo [14]. However,
MPCs containing a high number of NKX6.1 (80%) and
only 11% endocrine progenitor cells differentiated
mainly into functional glucose-responsive β cells [14]. In
agreement with these findings, our data showed the ab-
sence of NGN3 and CHGA expression (endocrine
markers) in the PDX1−/NKX6.1+ population, indicating
that the NKX6.1 expression is inversely proportional to the
expression of the early endocrine markers at the MPC

Fig. 4 Characterization of endocrine markers in hPSC-derived MPCs. Immunofluorescence images of hPSC-derived MPCs using protocol 2 showing
the expression of chromogranin A (CHGA; green) and NKX6.1 (red) in monolayer culture (a, b) and 3D aggregates (c). High magnification images
showed that CHGA and NKX6.1 (arrowheads) were not colocalized in the same cells (b). The 3D aggregates showed no expression of CHGA, an early
endocrine marker (c). d Immunofluorescence images of hPSC-derived MPCs showing expression of CHGA (green) and NKX2.2 (red). NKX2.2 was
noticed in the 3D aggregates in the absence of CHGA, but both were expressed in the area surrounding the 3D aggregates. e Immunofluorescence
images of hPSC-derived MPCs showing expression of neurogenin 3 (NGN3; green) and NKX6.1 (red). Note the absence of NGN3 in NKX6.1+ cells
(arrowheads). f Immunofluorescence images of hPSC-derived MPCs showing expression of CHGA (red) and PDX1 (green). Note the presence of CHGA
in the same areas expressing PDX1. All data shown are representative results from at least three independent experiments. Scale bars (a, c) = 100 μm
and (b, d, e, f) = 50 μm
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stage. Moreover, the absence of the early endocrine marker
in the NKX6.1+ structures in the MPCs may allow those
progenitors to differentiate into functional pancreatic β
cells.
Furthermore, our results showed that some 3D struc-

tures that are consistently positive for NKX6.1 (PDX1−/
NKX6.1+) expressed NKX2.2 in the absence of PDX1
expression. This further provides evidence that at least
some of this uncharacterized population may be mature
endocrine progenitors. NKX2.2 has been shown to act
downstream of the key endocrine regulator NGN3, for
which the structures stained negative [32]. In contrast to
NKX6.1 expression, NKX2.2 is not expressed at early
stages of pancreatic progenitors but rather during the late
endocrine stage in humans [7, 25]. It has been reported
that NKX2.2 is required for all four endocrine cell types in
human fetal endocrine cells and its expression level
defines α- and β-cell identities [22, 33, 34]; however,
NKX6.1 is exclusive and specific to β cells [21, 22]. The
fact that no PDX1 expression was noticed in the PDX1−/
NKX6.1+ population is comparable with the temporary
loss of PDX1 expression noticed during human pancreatic
endocrine cell maturation as it has been revealed that
PDX1 is re-expressed in the mature β cells [22]. This
strongly suggests that at least some of the unique PDX1−/
NKX6.1+ population may be precursors for β cells and are
not specified towards the other endocrine cell lineages.
Despite the combination of some TFs coexpressed by

our uniquely generated MPC population defining them
as β-cell precursors, the absence of PDX1 allows debate
on the origin of this progenitor population and its fate.

During embryogenesis, NKX6.1+ cells can generate
pancreatic ductal epithelium and endocrine precursors
[25]. Previous studies reported that pancreatic endocrine
cells often appear adjacent to duct-like structures during
pancreatic development [35–37], and the endocrine islet
cells may originate from the pancreatic duct at a certain
stage [38]. This suggests that it is possible that our
PDX1−/NKX6.1+ cells are a subpopulation of ductal
epithelium, supported by the expression of SOX9 in the
3D structures. However, our data showed that cytokeratin
19, a ductal marker, was not coexpressed with NKX6.1 in
the 3D structures. These findings indicate that the
PDX1−/NKX6.1+ population obtained in this study may
not be involved in the development of pancreatic ductal
epithelium.
The data presented here indicate that the role of NKX6.1

during human pancreatic development is still unclear and
that further studies are needed. Discovery of a novel MPC
population suggests that not all data obtained from animal
models can be applied to humans since there are several
differences in TFs and genes regulating pancreatic develop-
ment between humans and animals [39–42]. Studies on the
human embryo at early stages of development are rare due
to the shortage of pancreatic samples and ethical concerns;
thus, most of the available data have been generated from
samples taken after 7–8 weeks during embryogenesis,
suggesting the stages after MPCs have already been devel-
oped [22, 43–47]. Therefore, our work supports the hy-
pothesis that hPSCs may be a possible alternative approach
to study early human pancreatic development since they
allow research directly on human cells without the ethical

Fig. 5 Characterization of ductal markers in hPSC-derived MPCs. a Immunofluorescence images of hPSC-derived MPCs showing the
expression of SOX9 (green) and NKX2.2 (red) in 3D aggregates generated using protocol 2. Note the expression of SOX9 in the 3D aggregates.
b, c Immunofluorescence images of hPSC-derived MPCs showing expression of cytokeratin 19 (green) and NKX6.1 (red). The NKX6.1 expression was
noticed in the cells adjacent to cytokeratin-positive cells in a monolayer arrangement of pancreatic progenitors (b); however, cytokeratin 19 was
completely absent in the 3D aggregates which were positive for NKX6.1 (arrowheads) (c). All data shown are representative results from at least three
independent experiments. Scale bars (a, c) = 100 μm and (b) = 50 μm
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concerns. Therefore, our future studies will continue to
completely characterize this novel population and identify
its fate and role in pancreatic development. Purification
and characterization of each subpopulation of NKX6.1+

MPCs through identifying surface markers coupled with
genomic assays would help in identifying the regulatory
network associated with each type of NKX6.1 population.

Conclusions
To conclude, we have shown here for the first time that
hPSCs can be differentiated into two distinct MPC pop-
ulations of NKX6.1+ cells that may have the potential to
generate endocrine islet cells. Strikingly, in this study we
noticed that all PDX1−/NKX6.1+ cells were surrounded, in
between, or adjacent to other MPC populations, indicating
that these two populations may normally develop close to
each other during pancreas development in humans. While
the paradigm still classifies PDX1+/NKX6.1+ cells as the
main progenitor population that can differentiate into
monohormonal insulin-secreting cells [10, 18, 19, 28, 29], it
is noteworthy to gauge the developmental potential of this
novel PDX1−/NKX6.1+ MPC population to generate
insulin-secreting cells in order to determine their clinical
relevance and application for transplantation therapy. Our
findings presented here may contribute to improve our
understanding of human pancreas development and open
new avenues toward identifying new roles for NKX6.1
during pancreatic development.

Additional file

Additional file 1: Figure S1. Expression of endodermal markers in
hPSC-derived definitive endoderm (DE). (A) Immunofluorescence images
showing the expression of SOX2 (red) and OCT4 (green) in hESCs before
starting the differentiation process. Representative images of hESC-derived DE
expressing high levels of SOX17 (B) and FOXA2 (C) at stage 1 of differentiation.
Note the dramatic reduction in the expression of the main pluripotency
markers (OCT4 and SOX2) after differentiation. Nuclei are labeled with Hoechst.
All data shown are representative results from at least three independent
experiments. Scale bars = 50 μm. (JPEG 1645 kb)
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