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A B S T R A C T

Recent studies have reported significant advances in the differentiation of human pluripotent stem cells to
clinically relevant cell types such as the insulin producing beta-like cells and motor neurons. However, many of
the current differentiation protocols lead to heterogeneous cell cultures containing cell types other than the
targeted cell fate. Genetically modified human pluripotent stem cells reporting the expression of specific genes
are of great value for differentiation protocol optimization and for the purification of relevant cell populations
from heterogeneous cell cultures. Here we present the generation of human induced pluripotent stem cell (iPSC)
lines with a GFP reporter inserted in the endogenous NKX6.1 locus. Characterization of the reporter lines de-
monstrated faithful GFP labelling of NKX6.1 expression during pancreas and motor neuron differentiation. Cell
sorting and gene expression profiling by RNA sequencing revealed that NKX6.1-positive cells from pancreatic
differentiations closely resemble human beta cells. Furthermore, functional characterization of the isolated cells
demonstrated that glucose-stimulated insulin secretion is mainly confined to the NKX6.1-positive cells. We
expect that the NKX6.1-GFP iPSC lines and the results presented here will contribute to the further refinement of
differentiation protocols and characterization of hPSC-derived beta cells and motor neurons for disease mod-
elling and cell replacement therapies.

1. Introduction

Human embryonic and induced pluripotent stem cells (hESC and
hiPSC, together hPSC) provide a novel avenue for the generation of
disease-relevant cell types such as pancreatic beta cells and motor

neurons useful for disease-modelling, drug screening and cell replace-
ment therapy (Cohen and Melton, 2011; McNeish et al., 2015). In
diabetes, the insulin-producing beta cells of the pancreas are either of
insufficient numbers to meet the required metabolic demand, dys-
functional or selectively destroyed (Christoffersson et al., 2016; Yang
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and Chan, 2016). Unfortunately, human beta cells can only be isolated
in limited numbers from cadaveric donor pancreas, and are of varying
quality. Thus, research in development, progression and treatment of
diabetes could greatly benefit from novel sources of human beta cells. A
similar issue persists for cellular models of neurodegenerative dis-
orders, like amyotrophic lateral sclerosis and spinal muscular atrophy,
where the motor neurons affected by the disease can only be derived
from post mortem patient sources.

Recent advances in the development of differentiation protocols for
hPSC now allow for the derivation of beta-like cells and motor neurons
that share many of the functional and molecular characteristics that
define their in vivo counterpart (Rezania et al., 2014; Pagliuca et al.,
2014; Russ et al., 2015; Wichterle et al., 2002; Di Giorgio et al., 2008;
Amoroso et al., 2013). Despite these advances, it is becoming clear that
the hPSC-derived beta-like cells have shortcomings compared to human
beta cells (Kushner et al., 2014; Johnson, 2016) and the efficiency of
the differentiation protocols can be variable depending on the hPSC
lines used (Osafune et al., 2008; Nostro et al., 2015; Nishizawa et al.,
2016; Boulting et al., 2011). This indicates that further development
and refinement of the differentiation protocols for deriving relevant cell
types from hPSC are needed. Genetically modified hPSCs designed to
express a fluorescent reporter gene under the control of cell-type spe-
cific promoters facilitate identification and isolation of relevant cell
types in otherwise heterogeneous cultures (Giudice and Trounson,
2008). Thus, generation of hPSC lines reporting the expression of genes
important for beta cell and motor neuron development has the potential
to greatly aid future efforts aimed at improving and characterizing the
differentiation of hPSC towards these cell types, as well as allow for
their purification.

NK6 homeobox 1 (NKX6.1) is expressed broadly in the pancreatic
epithelium during development and subsequently becomes restricted to
the beta cells, where it is required for the expression of genes critical for
beta cell function and identity (Pedersen et al., 2005, 2006; Jorgensen
et al., 2007; Jennings et al., 2013; Taylor et al., 2013). NKX6.1 is also
expressed in other non-pancreas tissues during embryonic development
and has been shown to be involved in the specification of motor neu-
rons in the developing nervous system (Sander et al., 2000), as sup-
ported by reports of NKX6.1 expression during directed differentiation
of hESC into motor neurons (Salehi et al., 2009; Gonzalez-Garza et al.,
2013).

Several lines of evidence suggest that NKX6.1 also plays a critical
role in the specification of pancreatic endoderm, and subsequently of
beta cells during the differentiation of hPSC towards the pancreatic
lineage. Many studies have demonstrated that hESC-derived pancreatic
endoderm expressing NKX6.1 and pancreatic and duodenal homeobox
1 (PDX1) had the competence to differentiate into functional beta cells
and other pancreas lineages following transplantation into im-
munocompromised mice (Russ et al., 2015; Nostro et al., 2015; Kroon
et al., 2008; Rezania et al., 2012; Kelly et al., 2011; Rezania et al.,
2013). Furthermore, the recently described differentiation protocols for
the derivation of beta-like cells were developed by focusing on pro-
moting endocrine differentiation from NKX6.1-expressing pancreatic
endoderm (Rezania et al., 2014; Pagliuca et al., 2014; Russ et al., 2015).
Thus, future studies aimed at optimizing the differentiation protocols
for deriving fully functional beta cells from hPSC are likely to revolve
around promoting and maintaining the expression of the transcription
factor NKX6.1.

Here we describe the generation and validation of NKX6.1-green
fluorescence protein (GFP) reporter lines in a hiPSC line derived from a
healthy donor. The expression of GFP protein is driven by the en-
dogenous NKX6.1 promoter, and the reporter construct does not in-
terfere with endogenous NKX6.1 expression levels, thus eliminating the
risk of a haploinsufficiency phenotype. Furthermore, we demonstrate
that these reporter lines are useful for monitoring, isolation and char-
acterization of hiPSC-derived NKX6.1-expressing cell types, including
beta-like cells and motor neuron lineage. These reporter lines will be

made available to the scientific community through the Innovative
Medicine Initiative (IMI) sponsored, private-public partnership project
StemBANCC and could provide a valuable resource for deriving and
characterizing pancreas and motor neuron progenitors as well as
functional pancreatic beta cells for disease modelling and drug dis-
covery studies.

2. Material and methods

2.1. Gene editing of iPSC lines

The Wild type SBAD03-01 and SBAD03-04 iPSC (both lines referred
to as SB AD3 (WT) in manuscript) were obtained through the IMI/EU
sponsored StemBANCC consortium via the Human Biomaterials
Resource Centre, University of Birmingham (http://www.birmingham.
ac.uk/facilities/hbrc). SBAD03-01 iPSC line was used for generation of
NKX6.1-GFP reporter lines. SBAD03-01 cells were harvested at passage
P12 using TrypLE and 300.000 cells/well of a 12-well plate were
transfected with targeting plasmid vector and CRISPR/Cas9 plasmid
vector DNA using Lipofectamine LTX (ThermoFisher). Transfected cells
were passaged once confluence and selection with G418 (0.1mg/ml)
was performed after 24 h. When G418-resistant colonies expanded,
single cell cloning was performed through serial dilution in 384 well
plates to identify pure clone. Correctly targeted clones were identified
by junction PCR and ddPCR and confirmed by Sanger sequencing
analysis as described in the supplemental material and methods.

2.2. Directed differentiation of iPSC lines

Cells were differentiated to the pancreatic lineage according to
protocol developed by Rezania et al. (Rezania et al., 2014). Briefly,
iPSCs were seeded as a single cell solution onto Corning CellBind sur-
faces (Corning) coated with growth factor reduced matrigel (Corning
#356230) in TeSR1-E8 medium with 5uM Rock Inhibitor (Tiger, Sigma-
Aldrich #Y0503). Cells were seeded at 0.3–0.35× 106 cells pr. cm2 and
differentiation was started 24 h post seeding of cells. Cells were rinsed
once in PBS (with calcium and magnesium, PBS+/+) immediately
before starting the differentiation. Cells were differentiated in the cul-
ture plates for all stages of the differentiation and medium was re-
plenished every 24 h. Details on compounds and medium formulation
used for the differentiation to the pancreatic lineage as well as details
for differentiation to the motor neuron lineage are listed in the Sup-
plemental material and methods and key resource table.

2.3. Immunofluorescence imaging and flow cytometry

Immunofluorescence and flow cytometry analysis of cells was car-
ried out essentially as described in (Honore et al., 2016) and described
in detail in the Supplemental material and methods and key resource
table.

2.4. Fluorescence-activated cell sorting (FACS)

For cell sorting, pancreas stage 7 cells were dissociated to a single
cell solution using TrypLE select and washed once. Cells were re-
suspended in differentiation medium (MCDB131-3, without factors)
containing 0.1 μg/ml DAPI solution (BD Biosciences, #564907). Cells
were sorted on a BD FACSAria Fusion cell sorter (BD Biosciences) using
a 100uM nozzle.

2.5. Dynamic glucose stimulated insulin secretion assay

Dynamic glucose stimulated C-peptide, human insulin and glucagon
release was investigated using the Biorep Perifusion system 4.2 ac-
cording to manufacturer's guidelines. Clusters and human islets were
loaded into columns; to ensure proper loading, clusters were enclosed
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