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Introduction

For over two decades now, studies into pancreatic
development have relied largely on the mouse as
a model organism. These studies have generated a
wealth of information into the genetic regulatory
networks involved in pancreas formation, identifying
key transcription factors involved in early pancreatic
differentiation, endocrine cell specification, and mature
hormone-producing cell production [reviewed recently
in (1)]. Many of these genes have been confirmed to play
a role in B-cell development in humans as well, with
some factors linked to monogenic forms of diabetes,
while others through Genome-Wide Association Studies
(GWAS) have been linked to increased risk of developing
either type 1 or type 2 diabetes mellitus.

In order to examine human pancreatic B-cell
development and differentiation, Gonzdlez and
colleagues (2) previously developed a human embryonic
stem cell (hESC) system containing a doxycycline-
induced Cas9 expression, allowing for inducible gene
editing. This same group then utilized these inducible
Clustered regularly interspaced short palindromic repeats
(iCRISPR) cells as a human model system of pancreatic
B-cell differentiation (3). Using this system, they were
able to examine the effects of both knocking out and
overexpressing key genes identified in mouse studies, and
examining their effects in human cells. We will discuss
these findings here, as well as the broader implications
of using human stem cell differentiation as a model for
human development and disease.
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Mouse models on pancreatic differentiation
provide a wealth of information

Embryonic development of the mouse pancreas is generally
broken up into two stages, referred to as the primary and
secondary transition. During the primary transition, the
pancreatic epithelium undergoes changes in morphology,
while maintaining high levels of proliferation. It begins
in the mouse embryo around embryonic day (e)9.5, with
an outgrowth of dorsal and ventral pancreatic buds from
the dorsal foregut endoderm. These cells express the
transcription factor Pdx-1, one of the earliest markers of
primitive pancreas, without which the pancreas is unable
to form. This phenotype in mice is mimicked in humans,
with homozygous loss of PDX-1 responsible for pancreatic
agenesis (4,5). Subsequent expression of Ptfla is necessary
for further development of both the endocrine and exocrine
pancreas in mice as well as humans (6,7). While Rfx6 is
also expressed during these early time points in mice,
it only appears to be required for endocrine pancreatic
development, a phenotype shared in humans with mutations
in RFX6 (8,9). Mnxl, formerly known as Hlbx9 or Hb9,
is expressed early, but unlike the previously mentioned
transcription factors, MnxI1-null mice fail to develop a
dorsal pancreas, and the resulting pancreas has fewer
and dysfunctional islets. Similar phenotypic results were
observed in humans with mutations in MNX1 (10). Hesl is
a notch signaling pathway component, and its loss in mice
disrupts normal development of the pancreas, yet still allows
for formation of both exocrine and endocrine cells (11).
During the primary transition, the only hormone-
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positive endocrine cells produced are a small number
of glucagon+ cells. Whether these cells play a role in
development and postnatal function (and what that role
might be) is not currently understood. Starting at ~e13.5,
the pancreas enters the secondary transition, where Ngn3
expression marks endocrine progenitor cells that will
differentiate into the mature, hormone producing cells of
the Islets of Langerhans. Ngn3 is only highly expressed
prior to hormone expression, and loss of Ngn3 prevents the
development of endocrine progenitor cells and consequently
pancreatic islets. Arx is specific to the glucagon-producing
a-cell lineage, and its loss prevents development of a-cells
specifically, with a concomitant increase in B- and d-cells (12).
Glis3 was the most recent addition to this list, with loss of
functional Glis3 leading to a severe reduction in both B- and
pp-cell number postnatally, as well as formation of cystic
pancreatic ducts (13). Ngn3, Arx, and Glis3 represent the
relatively “late actors”, as their expression is restricted to
the establishment of defined endocrine progenitor cells [or,
in Glis3’s case, endocrine and ductal cells (14)].

Taken together, these genes play critical roles at
multiple stages of pancreatic development, from epithelial
rearrangement to lineage determination to maturation,
and their loss leads to a variety of pancreatic phenotypes.
Additionally, most of these genes have been associated with
clinical manifestations of impaired pancreas development or
diabetes in humans (i.e., PDX-1, RFX6, PTF1A, MNX1,
NGN3, and GLIS3). It should be noted, however, that
these genes represent only a fraction of those involved in
mouse pancreatic development, as well as those involved in
the development of Diabetes.

In vitro differentiated stem cells offer a possible
treatment for type 1 diabetes

Understanding human B-cell differentiation took two large
steps forward in 2005 and 2006, with the development of
protocols to differentiate first definitive endoderm (15), and
then insulin secreting B-cells from hESC (16). This initial
protocol was developed from knowledge gleaned from
mouse development, and attempted to recreate this step-like
pathway in human cells. Further refinements in this protocol
in 2014 (17) has led to efficient means to differentiate large
numbers of hESC [or induced pluripotent stem cells (iPSC)]
into functional B-cells capable of transplantation. However,
comparison of these in vitro differentiated p-cells to normal
human islet B-cells indicated significant differences in gene
expression, and while they displayed glucose-responsive
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insulin secretion, levels of insulin secretion were still below
that of endogenous islet B-cells. While Pagliuci et /. (17)
suggest that these differences may represent artifacts of
the isolation procedure used to obtain human islets from
cadaveric donors, it also remains possible that these “f-like”
cells may represent an immature or even dysfunctional
status, and not a stable population capable of long-term
treatment.

To distinguish between these possibilities, however,
requires a far more in-depth understanding of human B-cell
development than we currently possess. While studies in the
mouse model organism continue to be the most promising
avenue for discovery, validation and comparison to human
B-cell development will be necessary in the future as
differences between human and mouse have been reported.
For example, heterozygous mutations in the GATA6
gene in humans can lead to pancreatic agenesis or severe
pancreatic hypoplasia (18), while mutations or deletions of
GATA4 have been linked to diabetes but the mechanism
remains unclear (19). Yet pancreas-specific knockout of
Gata4 or Gata6 in mice produced only a mild phenotype
that was resolved after birth (20,21), suggesting functional
redundancy between Gata4 and Gata6 in mice, but not in
humans. This highlights the shortcomings of translating
mouse studies to human disease: when looking at the
mouse studies alone, one may have assumed that GATA4
or GATA6 mutations in humans would have little effect
on pancreas development. It also highlights the need for a
better model of human pancreatic development, in order
to further test hypotheses generated from mouse models in
human systems.

Utilizing CRISPR in a human model system

CRISPR has opened the door to extensive study of the
genome (both mouse and human). CRISPR utilizes the
Cas9 endonuclease and specific RNA targeting sequences to
create double stranded DNA breaks at the desired genomic
site, which are repaired via a mechanism of nonhomologous
end joining, an error-prone method of DNA repair causing
random insertions or deletions at the site of the DNA
break. In addition, more than one targeting sequence can be
used to create multiple DNA breaks, allowing for removal
of a specific sequence from the genome, or subsequent
replacement with a new DNA sequence of choice via
homology directed repair. In this manner, CRISPR allows
for the direct manipulation of the genome not only to
disrupt genes by deletions, but also to rewrite the genomic
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code itself. This is particularly advantageous for the study
of the human genome, as specific point mutations or
deletions associated with disease can be studied for their
effects in vitro.

This technique is not without its own set of technical
issues. The plasmids used to allow genetic rewriting must
include the Cas9 endonuclease, possible selection markers
for enrichment of affected cells, as well as the guide RINAs.
The resulting ~10 kB plasmid is often difficult to transfect,
leading to an overall reduction in the efficiency of the
process, and increased amount of screening for mutations
and deletions. In order to address these issues, Gonzilez
and colleagues developed an inducible CRISPR (iCRISPR)
system (2). They used transcription activator-like effector
nucleases (TALENS) to insert a doxycycline-inducible Cas9
sequence into the AAVS1 locus, a locus allowing robust
expression similar to the Rosz26 locus in mice. Using this
system, Gonzidlez and colleagues could focus on transfecting
only the guide RNA (~100 bp) targeting a specific locus,
which allowed for much higher transfection efficiency
with less cellular toxicity. After transfection, the cells
could be treated with doxycycline for inducible deletion of
the targeted gene. In addition, they show that instead of
inserting inducible Cas9 into the AAVSI locus, they can
insert a transgene as well, allowing for study of an inducible
gene overexpression/misexpression. This allows for studies
on human gene function following differentiation of hESC
into different cell types.

In a study by Zhu ez al. (3), the same investigators
utilized their iCRISPR system to study the function of
a number of transcription factors involved in pancreatic
B-cell differentiation, including PDX-1, PTFIA, MNXI,
RFX6, HES1, NGN3, ARX, and GLIS3. These genes
were selected for their differing roles across pancreatic and
B-cell differentiation (as described above), and for their
association with human disease, specifically diabetes. In
order to study their effects, they used a model of B-cell
differentiation based on the protocols published previously
(16,17). They then utilize iCRISPR to study overexpression
of NGN3, deletion of each of the above-mentioned genes,
and to further characterize NGN3 function by mimicking a
point mutation found in a human patient. Not surprisingly,
NGN3 is shown to be important for the development of
glucose-responsive B-cells, similar to its role in mice. Yet
in the absence of NGN3 a small number of endocrine
cells are still able to form, including insulin-producing
cells. This is in direct contrast to murine models, where
insulin+ cells are never observed in Ngn3 knockouts
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(22,23). This raises interesting questions about the time
course of mouse endocrine development, and how it relates
to human development. In mice, only a small number of
glucagon+ cells are produced prior to Ngn3 expression,
and it remains unclear whether these cells are functional
in the adult. Zhu and colleagues show that a small number
of both insulin+ and glucagon+ cells are produced in in
the absence of NGN3, suggesting an extended first wave
of pancreatic differentiation in humans that may have
functional importance. This demonstrates that while the
developmental timing of stem cell systems is significantly
different than normal human development, important
information can still be discovered.

Additionally, Zhu and colleagues showed that PTFIA,
MNX1, and GLIS3 knockout stem cells still produce insulin+
cells at the roughly the same rate as normal stem cells. This is
in contrast to knockout mouse models of these factors, which
show reduced numbers of B-cells. These differences may
be due to the endpoint examined, as only ~7% of cells are
differentiated into insulin+ cells, and the relative maturity
of these cells was not extensively examined. Indeed, mouse
studies of these factors have indicated defects in mouse
B-cell differentiation may arise relatively late, and that
early embryonic differentiation may only be minimally
affected. However, in contrast to the GATA4/GATA6
example mentioned earlier, it remains possible that there
is functional redundancy of these factors in the human
pancreas that is absent in the mouse, highlighting the need
for further research in this area. Future studies into the role
of these factors in humans will undoubtedly be aided by the
1CRISPR system.

The future of differentiated stem cells looks
CRISPR

Looking to the future, CRISPR should allow for direct
manipulation of the human genome for a variety of
purposes. One such purpose, illustrated by Zhu and
colleagues, is for the study of specific point mutations
implicated in disease, in order to characterize their effect
using an iz vitro human model system. Another intriguing
possibility is that, in the near future, a patient with a specific
disease-causing mutation could have induced pluripotent
stem cells made from their own tissue, the mutation
corrected via CRISPR, and stem cells re-differentiated
into the necessary tissue. Indeed, the differentiated p-cells
from the 2014 protocol (17) are already being examined
for use in possible clinical trials, using a newly developed
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encapsulation device (24). Over the next few decades, we
will likely see a dramatic increase in the use of differentiated
stem cells for the treatment of a number of diseases.

Therefore, it has become imperative to determine
whether the function of specific disease related genes in
mice is preserved in humans. CRISPR provides a significant
step forward, not only for the aforementioned treatment
options, but also because it will allow researchers to
determine the function of individual genes and mutations.
Zhu er al. demonstrate that their iCRISPR system can be
used for both gain of function and loss of function studies
of individual genes or multiple genes simultaneously, as
well as allowing for the inducible expression of genes
during stem cell differentiation. This will allow researchers
to confirm information obtained from mouse models in
a therapeutically relevant model of B-cell development,
and relate it back to diabetes in humans. Future studies
should seek to further clarify apparent differences between
mouse and human pancreatic development, such as the
maintenance of MAFB expression in human B-cells (whereas
it is largely silenced in mouse B-cells at 2-3 weeks), the
apparent non-redundancy of GATA4 and GATAG, or to
compare the differences between first-wave and second-
wave endocrine cells in the two systems. Information
gained from these experiments should prove critical in
understanding the role of these factors in the development
of diabetes and therapeutic strategies.
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