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B Abstract

Diabetes, type 1 and type 2 (T1D and T2D), are diseases of
epidemic proportions, which are complicated and defined by
genetics, epigenetics, environment, and lifestyle choices.
Current therapies consist of whole pancreas or islet trans-
plantation. However, these approaches require life-time im-
munosuppression, and are compounded by the paucity of
available donors. Pluripotent stem cells have advanced re-
search in the fields of stem cell biology, drug development,
disease modeling, and regenerative medicine, and impor-
tantly allows for the interrogation of therapeutic interven-
tions. Recent developments in beta-cell differentiation and

genomic modifications are now propelling investigations into
the mechanisms behind beta-cell failure and autoimmunity,
and offer new strategies for reducing the propensity for im-
munogenicity. This review discusses the derivation of endo-
crine lineage cells from human pluripotent stem cells for the
treatment of diabetes, and how the editing or manipulation
of their genomes can transcend many of the remaining chal-
lenges of stem cell technologies, leading to superior trans-
plantation and diabetes drug discovery platforms.

Keywords: diabetes - beta-cell - islet - CRISPR - pluripotent
stem cell - GWAS - autoimmunity - allograft rejection - HLA
molecules - custom-engineered nuclease

1. Introduction

uman pluripotent stem cell (hPSC) therapy
ss22 Nas been envisioned for use in regenerative
4¥l4% medicine since its conception as a surrogate
source of beta-cells [1, 2]. Scientists have consid-
ered the potential of PSCs for the treatment of
diabetes for nearly two decades, but until recently
the inability to achieve a functional and enriched
beta-cell mass stymied advancement in the field.
Recent progress in deriving functional beta-cells
[3, 4] from human PSCs significantly advances the
goal of achieving an effective, transplantable beta-
cell mass for the many patients with insulin-
dependent diabetes closer to reality. Additionally,
hPSC-beta-cells provide a unique and valuable
platform for drug screening and studying human
pancreatic beta-cell biology. Beyond improved
functionality, challenges remain in fulfilling the
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clinical and scientific potential of hPSC-beta-cells,
such as those related to the control of heterogene-
ity, tumorigenicity, and immunogenicity of the fi-
nal cell product, which could potentially be sur-
mounted through genome engineering. For exam-
ple, efficient drug screening platforms require re-
producible, standardized cell populations and
rapid, simple reporter assays. In addition, using
cells to study pancreatic beta-cell development and
function requires genetic manipulation to alter
gene product expression. The ability to perform
controlled genetic modifications, such as inserting
a gene reporter, replacing a normal gene with a
mutated gene, inserting a selectable marker or
eliminating HLA antigens, has enormous potential
to amplify the power of hPSC-beta-cells for both
clinical and scientific applications, but until re-
cently, manipulation depended labor-intensive and
inefficient standard transfection and homologous
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Abbreviations:

APC antigen-presenting cell

APM antigen-processing machinery

ARX aristaless related homeobox

g2m beta-2-microglobulin deficient

CDKAL1 cyclin-dependent kinase 5 regulatory sub-

unit associated protein 1

ChlP chromotin immunoprecipitation

CNVs copy number variants

CRISPR clustered regularly interspaced short pal-
indromic repeats

CRISPR associated (Cas)

CTLA-4 cytotoxic T lymphocyte associated-4

dCas9 catalytically inactive Cas9

DCs dendritic cells

DCregs DC regulatory

ESCs embryonic stem cells

GLIS3 GLI-similar 3

GWAS genome-wide association studies
HDR homology-directed repair

HES1 hairy enhancer of split

HLA human leukocyte antigens

hPSC human pluripotent stem cell
HSV-TK herpes simplex virus - thymidine kinase
iPSCs induced pluripotent stem cells

JINK c-Jun N-terminal kinase

MafA muscloaponeurotic fibrosacrcoma A
MNX1 motor neuron and pancreas homeobox 1
MODY maturity diabetes of the young

MSC mesenchymal stem cell

MT metallothionein

NEUROD1 neurogenic differentiation 1

NEUROG3 neurogenin 3

NHEJ non-homologous end joining

NOD non-obese diabetic

PD-1/PD-L1 programmed cell death

PDX1 pancreatic and duodenal homeobox 1

PTPN22 protein tyrosine phosphatase non-receptor
type 22

PTF1A pancreas transcription factor 1A

RFX6 regulatory factor X6

STz streptozotocin

TALEN transcription activator-like effector nucle-
ases

TCR T cell receptor

TNFAIP3 TNF-induced protein 3

Treg regulatory T cell

T1iD type 1 diabetes

T2D type 2 diabetes

ZFN zinc-finger nucleases

recombination techniques. Recent progress in ge-
nome editing [5, 6] renders genetic modification
much more efficient and multiplexable, yielding
modified cells in as fast as several weeks (Figure
1).

This article surveys the many opportunities for
merging hPSC-beta-cell and genome engineering
technologies to capitalize on the full potential of
hPSCs and overcome current bottlenecks in clini-
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cal and scientific applications (Figure 1). This re-
view will not focus on the pitfalls or technical as-
pects of genome editing, which can be found in
several other excellent reviews [7, 8].

2. Programmable modification

through endonucleases

The development and introduction of program-
mable site-specific and custom-engineered nucle-
ases has propelled and facilitated genome editing
to new levels. The first site-specific endonuclease
applied successfully in hPSC genome editing was
zinc-finger nuclease (ZFN) [9, 10]. However, ZFNs
are difficult to engineer, and they are technically
challenging to design and construct, causing the
production to be expensive. Transcription activa-
tor-like effector nucleases (TALEN) and the clus-
tered regularly interspaced short palindromic re-
peats (CRISPR)/CRISPR associated (Cas) systems
are the most widely used customized nuclease
technologies, which have been developed recently
[7]. The nucleases induce double strand breaks in
DNA at loci of interest, thereby triggering the en-
dogenous DNA repair machinery through the er-
ror-prone non-homologous end joining (NHEJ) or
the precise homology-directed repair (HDR). These
endogenous cellular repair mechanisms are har-
nessed to facilitate the introduction or repair of
mutations or insertion of DNA elements. The
CRISPR/Cas9 system is a simpler, more efficient,
and cost-effective approach, which utilizes se-
quence-specific single short-guide RNAs to direct
the Cas9 endonuclease to virtually anywhere in
the genome. Almost any cell type can be targeted,
but most commonly stem cells, including human
and murine pluripotent stem cells, are modified for
in vitro studies and animal model production.
These developments have made the process of ma-
nipulating the genome much easier and applicable
to a wide range of cell types and organisms [11-13].

3. Lineage reporters for purification
and drug discovery platforms

A feared complication of the transplantation of
PSC-derived immature or mature therapeutic cell
populations, including PSC-derived beta-cells is
the development of a teratoma or benign tumor
containing primitive cell types derived from all
three germ layers. Malignant transformation of
the transplanted cells is also a possibility, though
considered rarely. It is widely thought that the
more differentiated a cell population the lower the
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Figure 1. Genome engineering technologies. Intersection of powerful genome engineering technologies and stem cells will
likely contribute to better diabetes drug discovery assays and transplantable stem cell-derived beta-cells. Abbreviations: ZFN:
zinc-finger nucleases; TALEN: transcription activator-like effector nucleases; CRISPR: clustered regularly interspaced short pal-
indromic repeats; Cas: CRISPR associated; ESCs: embryonic stem cells; iPSCs: induced pluripotent stem cells; T2D: type 2

diabetes.

number of residual undifferentiated PSCs remain-
ing in the transplanted cell population and the
lower the teratoma risk, since studies have shown
that teratoma formation is related to the residual
dose of undifferentiated cells [14, 15]. Interest-
ingly, studies have also documented that a malig-
nant potential may arise because of the selection of
aneuploid clones and other mutations that can ac-
cumulate during suboptimal growth conditions
[16-18]. Antibody-based negative selection meth-
ods [14, 15] and chemical ablation methods [16, 19,
20] have been devised to reduce tumorigenicity by
removing undifferentiated cells from immature cell
populations. However, these methods are cumber-
some as they generally rely on multiple steps and
potential off target effects, and it is not clear
whether these approaches are applicable in vivo
for removing cells in a patient. Even if undifferen-
tiated residual teratomatous cells are removed
prior to transplantation, the other mechanisms of
malignant transformation remain at play [21], and
cancer development in the transplanted cell popu-
lation is still a risk.

Moreover, despite the fact that recent beta-cell
and islet-like cluster protocols appear to have a
very low “reported rate” of forming cancers or tera-
tomas [3, 4, 22], the risk is likely heightened when
considering the aim of a long-term therapeutic ef-
fect. Thus, it may be necessary to physically or ge-
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netically construct a failsafe means of Kkilling
hPSC-derived cells should a benign or malignant
tumor arise. Insertion of a suicide gene, such as
herpes simplex virus thymidine kinase (HSV-TK),
which would make cells vulnerable to ganciclovir,
would be a way to insure an ability to kill all
hPSC-derived cells, while leaving normal mam-
malian somatic cells unaffected (which do not ex-
press HSV-TK) should cells go rogue in a particu-
lar patient. This approach has been applied suc-
cessfully in experimental systems [23]. Ganciclovir
is well tolerated by patients; its safe clinical use
has been extensively documented. Another suicide
gene approach is the elimination of hPSCs and
their progeny by the inducible expression of a Cas-
pase-9 suicide gene that is activated by a specific
chemical inducer of dimerization [24, 25]. Al-
though these strategies do not use genome editing
to achieve expression, either CRISPR/Cas9 or
TALEN-mediated editing can be used to insert
these genes under constitutive promoters into the
safe harbor AAVSL1 locus or into an endogenous lo-
cus using a specific promoter. Moreover, the ease
of achieving multiple modifications with genome
editing facilitates insertion of more than one sui-
cide failsafe mechanism.

Another issue with current protocols of stem
cell-derived islet-like clusters is that other un-
wanted cell types may be present due to inefficient
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and asynchronous differentiation. A means to en-
rich populations of interest which has been repeat-
edly used in the derivation of myriad cell types, in-
cluding pancreatic endocrine lineage cells, is based
on the concept of using beta-cell transcription fac-
tor and insulin-based lineage reporters [26-29].
Genome editing makes genetic transformations,
which involve homologous recombination-mediated
insertion of a transcription factor or endocrine
gene promoter linked to a reporter, readily achiev-
able.

To date, single reporters are used primarily in
pancreatic and other lineages within the stem cell
field, which limits their experimental utility. For
example, during the differentiation process of
hPSCs to endocrine lineages, one commonly ob-
tains a subpopulation of polyhormonal cells ex-
pressing both insulin and glucagon, contaminating
more mature monohormonal cells. Thus, a single
reporter would select both monohormonal cells and
the less desirable polyhormonal cells, and would
not be suitably discriminatory. The multiplexabil-
ity of CRISPR/Cas9 affords the opportunity to in-
sert multiple reporters, which could allow for more
specific positive and negative selection strategies.
Reporter molecules have been based on fluorescent
proteins (e.g. eGFP) or ectopic expression of cell
surface proteins that can be recognized by well-
characterized antibodies [30] or expression of anti-
biotic resistance genes. Each has advantages and
disadvantages for clinical applications. In the ex-
perimental situation, however, these considera-
tions are generally less germane, and so reporter-
based enrichment or selection techniques could be
used to enhance the study of specific cell types in
developmental, drug discovery, and drug toxicity
studies, among others.

Most reporters select cells based on the produc-
tion of a protein, or what is referred to as pheno-
typic selection. A novel functional cell reporter sys-
tem was recently devised and illustrated by Burns
et al. [31]. This ingenious reporter system linked
the luciferase gene to the C-peptide portion of the
proinsulin gene. After stably transfecting this con-
struct into a mouse insulinoma cell line, they com-
prehensively demonstrated the ability to measure
functional responses to secretagogues and glucose
as well as insulin secretory inhibitors in culture in
a highly quantitative manner using a biolumines-
cence assay on culture supernatant. Such a sys-
tem, if employed in hPSCs, potentially using ge-
nome editing to efficiently transform cells, would
provide a nearly ideal high-throughput readout
method for measuring functional hPSC-derived
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beta-cells and insulin secretory responses to new
and existing drugs.

4. Genome-editing strategies for im-
mune intervention

A major obstacle in the development of alterna-
tive approaches for repair or replacement of organs
and tissues is immunogenicity. The therapeutic
potential of hPSCs for deriving cells and organs for
regenerative medicine has driven intense research
over the last 20 years [32, 33]. PSCs broadly com-
prise either embryonic stem cells (ESCs) or in-
duced pluripotent stem cells (iPSCs) [34, 35], and
relative to an intended recipient, PSCs can either
be allogeneic (ESCs or iPSCs) or syngeneic
(iPSCs). iPSCs have the attribute of being patient-
specific, thereby avoiding, potentially, many of the
immunogenic properties that allogeneic trans-
plants hold. However, whether autologous iPSC-
based therapies would escape immune recognition
and destruction by a recipient’s immune system is
still an unanswered question that needs further
investigation in long-term studies [36-38]. As the
field progresses, combining iPSC technologies with
genomic modification to ensure success in trans-
plantation without the need for immunosuppres-
sion brings these types of therapies closer to a
clinical reality.

4.1 Genetic editing of HLA types to broaden
the application

It is now well established in many laboratories
that human pluripotent stem cells (hPSC) can be
directed in vitro to differentiate into beta-like insu-
lin-secreting cells. However, until recently, the ma-
jority of these insulin-positive cells appeared to be
phenotypically and functionally immature (i.e.,
they have dual hormone expression, low MafA ex-
pression, and low insulin secretion in response to
glucose) [1, 3, 39-41]. The recent derivation of more
mature glucose-responsive beta-cells from hPSCs
in vitro [3, 4] brings stem cell-based therapy for
diabetes one step closer to a clinical reality, and
would rapidly solve the clinical problem of insuffi-
cient donor supply for the millions of patients with
type 1 diabetes (T1D). Yet, a significant clinical
challenge is in front of, namely to overcome allo-
and autoimmunity, thereby potentially eliminating
the need for chronic immunosuppression, which is
associated with significant beta-cell dysfunction
and diabetogenicity, among other risks such as in-
creased probability of infection and malignancy.

Copyright © by Lab & Life Press/SBDR
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Autologous human iPSCs derived from a T1D pa-
tient’s blood or skin could provide a cell source that
would potentially avoid allograft rejection once
transplanted. However, several studies have dem-
onstrated that syngeneic iPSC may indeed be re-
jected based on the expression of neoantigens
and/or epigenetic changes, which could alter the
differentiation capacity and/or immunogenicity
[42-45]. Thus, the full range of the immune re-
sponses to iPSC-derived beta-cells has not been re-
solved in the context of auto- and alloimmunity.

4.2 Modifying HLA to disrupt immune reac-
tion

Matching human leukocyte antigens (HLA) be-
tween a donor and a transplant recipient is desir-
able, yet due to the large number of polymor-
phisms associated with the HLA loci, it is difficult
to find an exact match [46]. Undifferentiated
hESCs express very low levels of HLA class I
(HLA-A, -B, and -C in humans), class Il (HLA-DR,
-DQ, and -DP in humans), and co-stimulatory
molecules CD80 and CD86. Because of the obser-
vation in older studies that undifferentiated ESCs
fail to elicit an immune response in immune com-
petent mice, ESCs were considered immune privi-
leged [47-51]. In contrast to low class | expression
on undifferentiated hESCs, HLA class | protein is
expressed by most somatic cells [49]. HLA class |
molecules expressed on somatic cells engage the T
cell receptor (TCR) on CD8" cytotoxic T effector
cells leading to graft damage. Ligation of the T cell
TCR to MHC class | in mice was shown to be re-
quired for islet allograft destruction, as wild-type
allogeneic islets transplanted into beta-2-
microglobulin-deficient (32m) mice were not re-
jected. This result was due to the absence of cell
surface expression of HLA class | (32m is required
for class | cell surface expression) and CD8+ T
cells due to failure of proper thymic selection dur-
ing T cell development [52]. Furthermore, probing
the opposite experiment, several groups showed
that 82m” islets transplanted into wild-type al-
logeneic mice exhibited prolonged graft survival
and minimal islet destruction [53, 54].

However, differentiation to pancreatic lineages
results in increased expression of HLA class I, and
it is also well known that exposure to an inflam-
matory environment (in vivo or in vitro) increases
class | expression. Thus, the possibility that these
influences would promote the upregulation of
these molecules rendering them vulnerable to im-
mune-mediated damage such as acute rejection is
raised [48, 50, 55-58]. Van der Torren et al. re-
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cently investigated the immunogenicity of stem
cell-derived beta-cells and their progenitors to
adaptive immune responses. They demonstrated
that when hESCs are differentiated towards pan-
creatic endoderm cells, they maintain low levels of
HLA class | proteins. This means that these pro-
genitor cells maintain a hypoimmunogenic state
when protected from exposure to cytokines, such
as IFNy, i.e., in a non-inflammed environment.
However, when these cells are further differenti-
ated towards endocrine cells, HLA antigens were
upregulated, thereby making these cells targets for
destruction by cytotoxic T lymphocytes and anti-
body-dependent cellular toxicity. These results un-
derline the importance of protecting transplanted
grafts through encapsulation and further suggest
that the hypoimmunogenicity found in pancreatic
endoderm can be manipulated to induce graft-
specific tolerance [51].

4.3 Inducing tolerance through genomic edit-
ing

Immune intervention via controlling the ex-
pression of HLA class | and Il genes through ge-
nomic modifications is therefore an interesting ap-
proach for providing a graft with the ability to es-
cape immune recognition and destruction. As men-
tioned above, hESCs exhibit low immunogenicity,
but investigating the mechanisms that regulate
HLA gene expression is a necessary step in devel-
oping strategies to induce tolerance. Suarez-
Alvarez et al. presented data on investigating ex-
pression levels of classical and non-classical MHC
class 1 and Il molecules, as well as antigen-
processing machinery (APM) components through
bisulfate sequencing and chromotin immunopre-
cipitation (ChIP) assays for the analysis of post-
translational modifications placed on the histones
[50]. They observed that the absence or low level of
MHC expression in hESC was due to a lack of
APM gene expression. During the differentiation
process, these genes were upregulated, which led
to an increased presence of MHC class I. They con-
cluded that these processes were regulated by
modifications in chromatin remodeling, specifically
in H3K4me3 in HLA-B and 32m. This study dem-
onstrated evidence for the role of epigenetic modi-
fications in the regulation and control of MHC
class I and Il in hPSCs and iPSCs. If the mecha-
nisms can be further understood, then hPSCs and
iPSCs could be manipulated to induce tolerance
[50].

Genome editing techniques enable the explora-
tion of the hypothesis that removal of all HLA an-
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tigen expression from hPSCs could significantly
retard or prevent the allorecognition of, and adap-
tive immune responses to transplanted allogeneic
stem cell-derived cells. Using ZFN to modify HLA
expression, Torikai et al. sought to modify hemato-
poietic stem cells (HSC) to broaden and improve
transplants in patients with hematologic disor-
ders. By eliminating expression of HLA-A complex,
they demonstrated that these cells maintained the
ability to engraft in immunocompromised mice.
Furthermore, there was an increased chance of
finding HLA-matched donors by deleting these re-
gions [59]. These results highlight the possibility
for generating applications which avoid immune
recognition by nature Killer cells.

4.4 Dendritic cells and regulatory dendritic
cells

The cells of the innate immune system (includ-
ing neutrophils, macrophages, dendritic cells, and
monocytes) provide us with the first line of defense
against pathogens and infections through interac-
tion with the adaptive immune system. These cells
do not express antigen-specific receptors. However,
activated dendritic cells (DCs) stimulate the adap-
tive immune system through release of cytokines
and by acting as costimulatory antigen-presenting
cells (APCs) for T cells. There are several interest-
ing facets to the use of PSCs, such as the recogni-
tion that a key factor with these hPSC-derived tis-
sues is that endogenous DCs, normally found in
transplanted organs, are absent, which could po-
tentially reduce the occurrence of allosensitization
[60]. However, it has been shown that autologous
tolerogenic DCs can induce Tregs, Th2, and regu-
latory B cells to promote tolerance [61, 62]. There-
fore, combining hPSC-derived tissue, typically
lacking DCs, with toleragenic DCs is a potential
immunotherapeutic means to induce donor-specific
unresponsiveness and prevent rejection. Recently,
Cai et al. generated DC regulatory (DCregs) cells
from murine iPSCs, and demonstrated that donor-
type iPSC-derived DCregs triggered TGF3 secre-
tion, which caused naive CD4 T cells to differenti-
ate into donor-specific Tregs instead of T effector
cells [63]. It is clear that innate immune cells play
a role in the development and propagation of im-
mune tolerance and in autoimmune processes [64].

4.5 CTLA-4

Transplantation biology has studied numerous
cell surfaces and secreted molecules in order to
find mechanisms to elude immune-mediated rejec-
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tion and promote long-term engraftment of alloge-
neic cells. A non-HLA gene also associated with
T1D is cytotoxic T lymphocyte-associated 4 (CTLA-
4). The costimulatory blockade has emerged as a
critical mechanism of antigen-specific T cell unre-
sponsiveness, which is mediated through negative
signaling via the T cell receptor CTLA-4. CTLA-4
encodes a costimulatory protein, which is ex-
pressed on the surface of activated T cells, and
competes with CD28 to bind B7 molecules found
on APCs providing so-called “signal 2” completing
T cell activation [65]. However, CTLA-4 has a
higher affinity for B7 than does CD28, which leads
to inhibition of T cell function by blocking CD28-
mediated activation via ligation to CD80 and CD86
(aka B7-1 and B7-2, respectively). Therefore,
CTLA-4 plays an important role in T-cell-mediated
autoimmunity related to autoimmune diseases
such as T1D [66].

4.6 PD-1/PD-L1 pathway

Another major receptor-ligand network is the
programmed cell death (PD-1/PD-L1) pathway,
which is an immune inhibitory pathway that re-
strains T cell activity when activated [67, 68]. PD-
L1 on APCs and tumor cells binds to PD-1 receptor
expressed on T cells, thereby inhibiting T cell ac-
tivity [69, 70]. Recent experimental results by
Rong et al. suggest that constitutive dual PD-L1
and CTLAA4Ig overexpression in hPSC downregu-
lates immune responses to undifferentiated cells
and other differentiated progeny such as hPSC-
derived cardiomyocytes and fibroblasts [71]. More-
over, El Khatib et al. overexpressed a PD-L1-
CTLAA4Ig fusion polyprotein in human islets using
adeno-associated viral-mediated gene delivery un-
der control of the insulin promoter, and found that
PDL1-CTLA4Ig-expressing islets were protected
from rejection. They also found that delivery of the
fusion protein gene to NOD mice prevented the
development of diabetes [72].

4.7 Zinc-finger protein

A20 is a zinc finger protein that is upregulated
by cytokines (IL-138 and TNF«) in beta-cells in an
NF-KB dependent manner. A20 has been shown to
protect beta-cells from cytokine-mediated apop-
tosis. This anti-apoptotic effect is mediated
through inhibition of NF-kB and nitric oxide pro-
duction [73], and via inhibition of the c-Jun N-
terminal kinase (JNK) and augmentation of the
Akt survival pathways [74]. The study by Fukaya
et al. employed genome-wide association studies,
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and identified the gene TNF-induced protein 3
(TNFAIP3), encoding for A20, as a susceptibility
locus for T1D, providing clinical evidence for the
development of T1D [74].

4.8 Benefits of modulating the expression of
molecules on hPSC-derived endocrine cells

Using genome editing techniques to produce
specific changes to the expression of immunomodu-
latory molecules expressed on the hPSC-derived
endocrine cells would allow researchers to study
the effects of specific perturbations, which, in com-
bination with humanized mice, could provide im-
portant guideposts to ultimately reducing the im-
munogenicity of the transplanted cells in humans.
The generation of hypoimmunogenic and univer-
sally compatible cells lines for the generation of
tissues and organs for regenerative medicine will
be a critical hurdle to clear in order to attenuate
the T cell-mediated rejection of transplanted stem
cell-derived tissue grafts.

5. Modification of the genome to
study the genetic basis of diabetes
and beta-cell dysfunction in disease
and development

5.1 Neurogenin 3

In the field of diabetes, the use of genome edit-
ing techniques is being used to better understand
pancreatic development using in vitro hPSC differ-
entiation models. For example, the role of neuro-
genin 3 (NEUROG3), a known essential endocrine
commitment transcription factor in murine sys-
tems implicated in the commitment of pancreatic
progenitor to islet endocrine cell fates [75-77], has
recently been interrogated wusing inducible
CRISPR-Cas9 technology. Inducible NEUROGS3
overexpression in hPSC increased the numbers of
beta-cells [78], and NEUROG3" cells could not ma-
ture into endocrine lineages [79]. RFX6 is another
key transcription factor in pancreatic lineage
specification, which causes neonatal and child-
hood-onset diabetes [80-82]. A recent study using
CRISPR-Cas9 to knockout RFX6 in hESCs showed
delayed pancreatic progenitor formation from stem
cells in vitro through PDL1 induction [78].

5.2 GATA4 and GATAG6

Haploinsufficiency is recognized as an impor-
tant factor in human diseases such as diabetes.
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GATAG6 haploinsuffiency is implicated in neonatal
and adult-onset diabetes, but it is not well-
understand so far how GATAG6 affects human pan-
creatic development. In contrast, mice harboring
GATAG heterozygous mutations have normal pan-
creatic function [83]. To resolve these differences,
Shi et al. have generated isogenic GATA6 and
GATA4 mutant hPSC lines using CRISPR-Cas9
technology to investigate the role of this gene in
pancreatic differentiation. They compared wild-
type to mutant hPSC lines in their ability to dif-
ferentiate into islet-like cells [84], and found that
GATAG6 and GATA4 were expressed during human
endoderm and pancreas differentiation, while
GATAG6 was required for efficient formation of de-
finitive endoderm and pancreatic progenitor speci-
fication as well as in glucose-responsive beta-cells.
Furthermore, GATA4 gene dosage was also impli-
cated in the formation of pancreatic progenitors
[85]. In another recent publication by the same
group, they used CRISPR-Cas9 and TALEN gene
editing on differentiated hPSC to study the role of
pancreatic transcription factors like PDX1, RFX6,
PTF1A, GLIS3, MNX1, NGN3, HES1, and ARX in
T2D. This analysis has helped to elucidate the role
of RFX6 in the regulation of pancreatic progeni-
tors, a dosage-sensitive requirement for PDX1 in
pancreatic endocrine development, and a poten-
tially different role of NGN3 between humans and
mice [78]. These studies illustrate how combining
stem cell-derived beta-cells and genome editing
provides a powerful model system to better under-
stand the human pancreas development. Further
studies analogous to these focusing on additional
genes are likely to reveal additional novel informa-
tion for the field.

5.3 Diabetes and animal models — mesenchy-
mal stem cells and CRISPR/Cas9

T2D, maturity diabetes of the young (MODY),
and monogenic forms of diabetes are incompletely
understood, genetically and mechanistically. While
mouse models have provided key insights, they do
not fully capture the spectrum of the diseases in
humans, and in many cases, the human phenotype
is discordant to that seen in mouse models. The
use of genome engineering in hPSCs is revolution-
izing human genetics, and permitting scientists to
determine whether disease associated genetic mu-
tations are causative or correlative [83].

Human clinical trials to treat T1D are currently
in progress involving the infusion of mesenchymal
stem cells (MSCs) and MSC-derived insulin-
producing cells. This approach is postulated to be
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effective because of the differentiation capabilities
and immunomodulatory properties of MSCs. In
fact, MSCs have been shown to be effective as an
immunomodulatory therapy, and corrected diabe-
tes in both NOD and streptozotocin (STZ) mouse
models [86-88]. Findings in these models suggest
that MSCs can migrate to areas of pancreatic in-
jury, and modify the microenvironment, promoting
survival and regeneration of the remaining beta-
cells, while inhibiting autoimmunity targeting re-
generating beta-cells [89]. In addition, it is plausi-
ble that insulin-producing cells generated from
MSCs could retain some MSC properties, and
regulate the immune response. A recent review
proposed the use of CRISPR and short guide RNAs
to target endogenous activation of pancreatic de-
velopment transcription factors (PDX1, Neurodl,
MafA, etc.) and MSC chemokine receptors in MSC-
derived insulin-producing cells. If possible, this
strategy would allow MSC-derived insulin-
producing cells to maintain some immunomodula-
tory properties in vitro and in vivo, which could
enhance the potency of MSCs in T1D therapies
[90].

Another study highlighted a way to activate in-
sulin expression in cells that normally do not ex-
press it, using CRISPR/Cas9 to modulate epige-
netic marks such as chromatin remodeling, DNA
methylation, and histone modifications associated
with gene activation, which are relevant to the
pathogenesis of diabetes [91, 92]. This group fo-
cused on whether CRISPR technology can be ap-
plied to all cell types, paying attention to the me-
thylation status of the target promoter, and ability
to modulate the chromatin state. The study fo-
cused on the endogenous human insulin (INS)
gene, which is a silenced gene when the promoter
is fully methylated. They utilized an expression
plasmid consisting of dCas9 (catalytically inactive
Cas9) and the transcriptional activator VP160 to
drive expression of endogenous genes [93]. They
could activate the endogenous human INS gene
and drive expression in diverse cell lines, regard-
less of the methylation status of the INS promoter
[91]. In summary, using genome-editing tech-
niques, it may be possible to target genes impli-
cated in T1D and beta-cell function.

5.4 Genome-wide association studies

Genome-wide association studies (GWAS) have
increased our knowledge of loci associated with
diabetes. However, in many cases, these are sim-
ply associations of which we have a poor mechanis-
tic understanding. Some variants are single nu-
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cleotide polymorphisms (SNPs), whereas others
are insertions/deletions or copy number variants
(CNVs). As a consequence, it is sometimes difficult
to find out which gene in a determined locus is
causative for the disease [94]. To illustrate the po-
tential of combining GWAS-identified susceptibil-
ity genes for T2D information with hESCs, Zeng et
al. focused on gaining some insight into the
mechanisms underlying the genetic variants and
disease phenotype. They focused on 3 genes, iden-
tified in GWASs, CDKAL1, KCNQ1, and KCNJ11
to systematically examine the role of these genes
in the development of T2D. These mutations did
not impair the stepwise in vitro differentiation to
insulin-producing cells, but demonstrated defects
in insulin secretion, both in vitro and in vivo, gen-
erating defective glucose homeostasis rather than
insulin resistance [95]. In correlation with these
results, Zeggini et al. indicated that their findings
further demonstrated the association of CDKAL1
(cyclin-dependent kinase 5 regulatory subunit as-
sociated protein 1), as a high-risk locus in T2D
[96]. These studies suggest that CDKALL1, a mem-
ber of the methylthiotransferase family, is an at-
tractive candidate for a therapeutic target in T2D
due to the identification of SNPs from GWAS stud-
ies.

The FOS/JUN pathway is a key regulator in
cell growth, and is highly upregulated in the ab-
sence of CDKALL. T52244, a small molecule in-
hibitor of the FOS/JUN activator complex AP1,
was shown to prevent apoptosis in CDKAL1 null
cells. The inhibition of this pathway either through
CRISPR-mediated technology or by using 1752244,
rescued the inability of CDKAL1-deficient cells to
correct glycemia in streptozotocin-diabetic mice
[97]. A similar study also focused on CDKAL1, and
found that inhibition of CDKAL1l in hESCs-
derived insulin-producing cells was implicated in
the downregulation of metallothionein (MT) gene
products, genes that are also linked to diabetes de-
tected by GWAS studies. The overexpression of
MTL1E in knockout CDKALZ1 cells rescued the hy-
persensitivity to glucolipotoxicity, and improved
pancreatic beta-cell function in vitro and in vivo
[98].

Another interesting study probed the potential
role of protein tyrosine phosphatase non-receptor
type 22 (PTPN22) in autoimmune diabetes.
PTPN22 is expressed in hematopoietic cells, but
through GWAS a minor allelic form of this gene
PTPN22**" was found to be associated with an in-
creased risk of diabetes in humans. The introduc-
tion of this gene in the NOD mouse model using
CRISPR/Cas9 technology showed increased insulin
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autoantibodies concomitantly with an earlier onset
and higher penetrance of T1D [99]. The knowledge
from GWAS in combination with hESC-derived
beta-cells is an invaluable tool to define the spe-
cific mechanistic role of genes associated with hu-
man diabetes. Furthermore, this combination pro-
vides a unique resource to determine the function
of disease-associated loci as well to elucidate the
molecular mechanism controlling pancreatic beta-
like cell function and survival. Extending this con-
cept, it is possible that in the future genome edited
hPSCs targeting multiple different GWAS-derived
diabetes gene associations could make up a com-
prehensive drug screening platform to identify new
candidate drugs for treating diabetes.

6. Conclusions

The field of beta-cell replacement therapies has
been an exciting direction to move in as an alter-

native to insulin replacement therapy and trans-
plantation through cadaveric means. Some of these
advances in cell therapies have entered clinical
trials [100]. The ability to combine human pluripo-
tent stem cell-based technology with state-of-the-
art gene editing technology brings the field to an
intersection that is influencing basic and applied
biology research by generating better in vitro dis-
ease models, chemical screens, and cell-based
therapies.
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