1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Cell Metab. 2013 December 3; 18(6): . doi:10.1016/j.cmet.2013.08.010.

New opportunities: harnessing induced pluripotency for
discovery in diabetes and metabolism

Adrian Kee Keong Teol, Amy J. Wagers!:2, and Rohit N. Kulkarnil”

1Section of Islet Cell and Regenerative Biology, Joslin Diabetes Center, Department of Medicine,
Brigham and Women's Hospital, and Harvard Medical School, Boston, MA 02215, USA

?Howard Hughes Medical Institute, Department of Stem Cell and Regenerative Biology, Harvard
University, Harvard Stem Cell Institute, Cambridge, MA 02138, USA, and Joslin Diabetes Center,
Boston, MA 02215, USA

Abstract

The landmark discovery of induced pluripotent stem cells (iPSCs) by Shinya Yamanaka has
transformed regenerative biology. Previously, insights into the pathogenesis of chronic human
diseases have been hindered by the inaccessibility of patient samples. However, scientists are now
able to convert patient fibroblasts into iPSCs and differentiate them into disease-relevant cell
types. This ability opens new avenues for investigating disease pathogenesis and designing novel
treatments. In this review, we highlight the uses of human iPSCs to uncover the underlying causes
and pathological consequences of diabetes and metabolic syndromes, multi-factorial diseases
whose etiologies have been difficult to unravel using traditional methodologies.

Types of Diabetes and Metabolic Syndromes

Diabetes is a multi-faceted, multi-factorial disease whereby the body is unable to secrete
adequate amounts of biologically active insulin to maintain euglycemia. Clinical diagnosis
of diabetes is evident when a patient exhibits persistent hyperglycemia [fasting blood
glucose = 7.0 mM or 126 mg/dl, blood glucose level 2 hours after a glucose load [oral
glucose tolerance test (OGTT)] = 11.1 mM or 200 mg/dl, or when glycated hemoglobin
(HbALc) is = 6.5 %]. There are various types of diabetes and metabolic syndromes that can
be modeled using induced pluripotent stem cells (iPSCs). These can be categorized into
monogenic forms [maturity onset diabetes of the young (MODY), neonatal diabetes (Steck
and Winter, 2011), mitochondrial diabetes and syndromes of insulin resistance (Doria et al.,
2008)], Type 1 diabetes (T1D) and Type 2 diabetes (T2D) (Figure 1). Each of these subtypes
is briefly discussed.

Maturity onset diabetes of the young (MODY)

MODY is characterized by early (<25 years of age) onset of non-ketotic, non-insulin
dependent diabetes and commonly presents as mild, asymptomatic hyperglycemia (fasting
blood glucose 6-7 mM or 108-126 mg/dl), although some patients have varying degrees of
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glucose intolerance (OGTT blood glucose 7.8-11 mM or 140-198 mg/dl; seldom > 11.1 mM
or 200 mg/dl) that develop into persistent fasting hyperglycemia. MODY exhibits an
autosomal dominant mode of inheritance and thus only one copy of the abnormal gene from
either parent is required for the inheritance (Fajans et al., 2001). To date, 11 MODY s have
been described (Supplementary Table 1) and MODY 1-5 are relatively better understood.
Although most MODY s result from heterozygous mutations, homozygous mutations have
been identified for MODY2 and MODY4 (Njolstad et al., 2001; Stoffers et al., 1997).

MODY1 occurs consequent to a mutation in the hepatocyte nuclear factor 4 alpha gene
(HNF4A) (Yamagata et al., 1996a) and patients are characterized by hyperglycemia after an
OGTT as compared to MODY2 (Pearson et al., 2001). They develop progressive
hyperglycemia and commonly require oral hypoglycemic medications or even insulin
(Fajans et al., 2001).

MODY?2 is the first MODY to be described (Froguel et al., 1993). Homozygous mutations in
the glucokinase gene (GCK) result in permanent neonatal diabetes due to complete GCK
deficiency whereas heterozygous mutations result in MODY2 (Osbak et al., 2009). To date,
more than 100 mutations have been found in GCK, and all result in a similar phenotype
(Miller et al., 1999). Heterozygous GCK mutations often result in mild non-progressive
hyperglycemia (fasting blood glucose 6.1-8.1 mM or 110-145 mg/dl) which responds to diet
therapy (Pearson et al., 2001). Impaired glucose tolerance in MODY 2 patients can be
detected even at birth and insulin levels are usually normal. Eventually, less than 50 % of
MODY2 patients present overt diabetes and have a lower prevalence of diabetic
microvascular complications as compared to other MODYSs.

MODY3 (Yamagata et al., 1996b) is the most common MODY, with more than 120
mutations identified to date in the hepatocyte nuclear factor 1 alpha gene (HNF1A) (Fajans
etal., 2001). Similar to MODY1, MODY 3 patients develop hyperglycemia that deteriorates
over time. In some instances, patients may be sensitive to oral hypoglycemics
(sulfonylureas) (Sovik et al., 1998). Ultimately, ~40 % of these patients require insulin
(Fajans et al., 2001). MODY 3 is relatively serious compared to other MODY's because of a
high frequency of diabetic complications (Fajans et al., 2001; Isomaa et al., 1998).

MODY4 (Stoffers et al., 1997) patients who are heterozygous for mutations in the pancreatic
homeobox domain gene (PDX1) exhibit a severe impairment of insulin secretion and thus
hyperglycemia (fasting blood glucose ~9.2 mM or 165 mg/dl) (Clocquet et al., 2000).
However, diabetes may develop at a later age as compared to other MODY patients. Some
patients can be treated with oral sulfonylureas whilst others require insulin.

MODYS5 patients manifest mutations in the hepatocyte nuclear factor 1 beta gene (HNF1B)
(Horikawa et al., 1997) and commonly exhibit a low birth weight. Dorsal pancreatic
agenesis occurs (Haldorsen et al., 2008) and insulin therapy is required. Besides diabetes,
MODYS5 patients exhibit severe non-diabetic renal dysfunction (Bingham et al., 2001).
Given that hypoplastic glomerulocystic kidney disease can be diagnosed before glucose
intolerance and diabetes occurs in these patients, it is likely that the kidney disease develops
independent of the diabetic state. Renal dysfunction can occur as a result of renal cyst
formation (Bingham et al., 2001), impaired creatinine clearance (<80-120 ml/min) (due to
compromised glomerular filtration), proteinuria and chronic renal failure (Horikawa et al.,
1997).

Several rare types of MODYSs including MODY6 (NEUROD1) (Malecki et al., 1999),
MODY7 (KLF11) (Neve et al., 2005), MODY8 (CEL) (Raeder et al., 2006), MODY9
(PAX4) (Plengvidhya et al., 2007), MODY10 (INS) (Molven et al., 2008) and MODY11
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(BLK) (Borowiec et al., 2009) have been reported and their features are briefly tabulated in
Supplementary Table 1.

Neonatal diabetes

Besides MODY, neonatal diabetes is the other main form of monogenic diabetes
(Supplementary Table 2) and occurs in the first six months of life (Aguilar-Bryan and
Bryan, 2008). It is diagnosed when infants exhibit persistent hyperglycemia (blood glucose
> 8.3-11.1 mM or 150-200 mg/dl) due to insufficient insulin production leading to
ketoacidosis (an excess of acid in the body). Permanent and transient neonatal diabetes each
make up 50 % of the cases.

Permanent neonatal diabetes is more commonly caused by mutations in the ATP-sensitive
potassium channel KCNJ11 (KIR6.2) and ABCCS8 (SUR1) (Edghill et al., 2010), and insulin
gene (INS) (Stoy et al., 2010). Infants with KCNJ11 mutations present clear correlations
between genotype and phenotype compared to those with ABCC8 mutations (Edghill et al.,
2010). Infants with KCNJ11 and ABCCB8 mutations can be treated with oral sulfonylureas
(Pearson et al., 2006). Interestingly, some patients with KCNJ11 mutations also develop a
neurologic condition called DEND syndrome (developmental delay, epilepsy and neonatal
diabetes). Transient neonatal diabetes is primarily caused by mutations/defects in ZAC/
HYMAI (6g24) (Mackay and Temple, 2010). Diabetes occurs in the first six weeks of life,
resolves by 18 months, may recur and usually requires insulin treatment.

It should be noted that patients with neonatal diabetes may suffer from secondary
complications such as diabetic ketoacidosis and hypoglycemia, and over time retinopathy
and nephropathy may also develop. Other less common mutations which lead to neonatal
diabetes are highlighted in Supplementary Table 2.

Mitochondrial diabetes

Mitochondria DNA (mtDNA) which makes up ~3-5 % of human cellular DNA encodes
tRNAs and several metabolic enzymes. Often, mtDNA accumulate mutations with time,
leading to diabetes. The most common mutation linked to diabetes is 3242A>G in the MT-
TL1 gene which encodes tRNALeUUUR) (Maassen et al., 2005). Mitochondrial mutations are
maternally inherited and are commonly associated with neurosensory hearing impairment.
The syndromes related to diabetes are maternally inherited diabetes and deafness (MIDD)
(Maassen et al., 2005) and mitochondrial encephalopathy, lactic acidosis and stroke-like
episodes (MELAS) (Sproule and Kaufmann, 2008). MELAS has a broad range of clinical
manifestations and requires early treatment with insulin.

Syndromes of insulin resistance

Insulin resistance is a common feature of both obesity and Type 2 diabetes (Petersen and
Shulman, 2006). Here, monogenic defects in the insulin signaling pathway, lipoatrophic

diabetes and monogenic forms of obesity, all of which lead to insulin resistance, will be

discussed (Tsigos et al., 2002).

Monogenic defects in insulin signaling pathway—Insulin can be defective at two
levels: a) proinsulin or b) insulin gene. Impaired processing of proinsulin (R65H) results in
familial hyperproinsulinemia (Gruppuso et al., 1984). High circulating levels of proinsulin
affects glucose homeostasis, resulting in mild to moderate diabetes. Mutations in INScan
also cause diabetes (Steiner et al., 1990). Patients present with high circulating levels of
insulin due to increased insulin half-life and reduced receptor-mediated insulin clearance.
Many INS mutations are heterozygous and there is only a mild impact on glucose
homeostasis.
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Defects in the insulin receptor can lead to extreme insulin resistance (Taylor, 1992).
Syndromes of insulin resistance include Donohue syndrome, Type A syndrome and Rabson-
Mendenhall syndrome (Semple et al., 2011). Donohue syndrome is the most severe form of
insulin resistance caused either by homozygous mutations or compound heterozygous
mutations. Patients with these mutations manifest developmental abnormalities including
intrauterine and neonatal growth retardation. A high rate of early death occurs during
infancy or in children less than 2 years of age. Type A syndrome of insulin resistance and
Rabson-Mendenhall syndrome are usually caused by heterozygous mutations and the
patients present with severe insulin resistance, acanthosis nigricans and
hyperandrogenization with polycystic ovarian disease. Hyperandrogenism occurs due to
hyperinsulinemia and insulin resistance (Semple et al., 2011).

Other monogenic forms of insulin resistance resulting in lipoatrophic
diabetes—Besides defects in the insulin signaling pathway, monogenic defects in several
other genes also result in insulin resistance (Hegele, 2003). Many of these mutations result
in obesity but the severe insulin resistance is not caused by obesity. Mutations in nuclear
membrane protein LMNA (lamin A/C) (Shackleton et al., 2000) and peroxisome proliferator
activated receptor gamma (PPARy) cause familial partial lipodystrophy, and mutations in
AGPAT2 (1-acylglyerol-3-phosphate O-acyltransferase) and seipin (BSCL2) (Magre et al.,
2001) cause congenital generalized lipodystrophy.

Monogenic forms of obesity—Genes involved in genetically determined obesity
include leptin (LEP), leptin receptor (LEPR), pro-opiomelanocortin (POMC), prohormone
convertase 1 (PC1) and the MC4 receptor (MC4R). Mutations in these genes affect
neurological behavior, appetite and satiety control, leading to a predisposition to obesity.
Leptin signaling is important for the regulation of energy homeostasis. Patients with
congenital leptin deficiency due to AG133 frameshift mutation (Montague et al., 1997)
respond to leptin therapy. A leptin receptor mutation has also been reported (Clement et al.,
1998). Although mutations in LEP or LEPR have been reported, the more common defect in
leptin metabolism occurs as a result of leptin resistance, which is still poorly understood.

In the hypothalamus, leptin activates catabolic POMC and switches off anabolic
neuropeptide Y/agouti-related protein neurons. A loss-of-function mutation in catabolic
POMC which possibly acts as a dietary fat sensor thus results in obesity (Krude et al., 1998).
PC1 is also important for energy homeostasis in humans and a heterozygote for PC1 has
been reported (Jackson et al., 1997). MC4R is a G-protein-coupled receptor for two peptide
derivatives of POMC (a- and f-melanocyte-stimulating hormone (MSH)) that are
synthesized in the hypothalamus. Patients with MC4R mutation have increased fat and lean
mass. Accordingly, mutations in MC4R are quite common as compared to other human
monogenic diseases (Farooqi et al., 2003) and commonly result in haploinsufficiency.

Type 1 diabetes (T1D)

Type 1 diabetes (T1D) accounts for 5-15 % of all diabetes cases, can occur at any age and is
common before the age of 40. T1D occurs when pancreatic  cells are destroyed by an
autoimmune response in the presence of autoantigens such as insulin, ZnT8, GAD65, 1A-2
(Winter and Schatz, 2011), and others, thereby leading to absolute insulin deficiency (van
Belle et al., 2011). T1D is a complex disease resulting from both genetic predisposition as
well as environmental triggers. The autoimmune attack may be triggered by environmental
factors such as diet, which affects the intestinal microbiome (Mathis and Benoist, 2012), and
viral infections (Coppieters et al., 2012) in people who are genetically predisposed (Baker
and Steck, 2011). Lack of insulin (little or none) in T1D disturbs glucose homeostasis and
results in ketoacidosis. The constant exposure to hyperglycemia contributes to complications
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such as neuropathy, ischemic stroke, retinopathy, diabetic foot ulcer, cardiovascular disease
and nephropathy. There is an absolute requirement for daily insulin injections in T1D
patients.

Type 2 diabetes (T2D)

Type 2 diabetes (T2D) accounts for 85-95 % of the patients with diabetes. It usually occurs
after the age of 40 when the peripheral tissues (skeletal muscle, adipose and liver) are unable
to respond to insulin normally, a condition known as insulin resistance. In addition,
pancreatic f cells are unable to respond to glucose stimulation and manifest defects in
secretion (B cell dysfunction) (Kahn, 1994), leading to a relative insulin deficiency. Insulin
resistance (commonly caused by obesity) (Petersen and Shulman, 2006) often occurs before
glucose intolerance is detectable (Martin et al., 1992). By the time diabetes is diagnosed,
more than 80 % of pancreatic 3 cells have failed. T2D is a complex disease arising from
complicated interactions between genetics (probably multiple genes) and environmental
factors (obesity, diet, lack of exercise) (Franks, 2011). It is often associated with obesity and
is the most common metabolic disorder. Some genes that have been reported to be involved
in T2D include insulin-receptor substrate-1 (IRS-1), glycogen synthase, glucagon receptor,
ras-related protein associated with diabetes (RAD), histocompatibility antigens HLA locus-
DR4, glycoprotein PC-1 and intestinal fatty acid binding protein (Kahn et al., 1996).
Treatments include exercise, dietary changes, oral anti-diabetic medications and insulin
injections.

Diabetic Complications

Diabetes is a severe chronic disease that has widespread impact on health. Often, patients
with diabetes suffer from numerous co-morbidities collectively termed diabetic

complications. Chronic hyperglycemia in these patients results in debilitating neuropathy,
ischemic stroke, retinopathy, diabetic foot ulcer, cardiovascular diseases and nephropathy.

Diabetic neuropathy is caused by imbalance in metabolites of glucose and lipids (Vincent et
al., 2011). Peripheral sensory neurons are damaged, resulting in abnormal or loss of
sensation. Patients with diabetes have twice the risk of developing ischemic stroke and the
hyperglycemia possibly affects recanalization after ischemic damage (Luitse et al., 2012).
Diabetic retinopathy occurs as a result of microvascular complications in the retina and
appears to be partly mediated by vascular endothelial growth factor (VEGF) (Abbate et al.,
2011). Laser surgery is commonly required to retard disease progression (Antonetti et al.,
2012). Diabetic foot ulcer occurs partly due to damaged nerves. Diabetic neuropathy is
correlated with muscle weakness. Eventually, muscle atrophy occurs and the increased skin
pressure results in foot ulcers (Andersen, 2012). Macro- and microvascular diabetic
complications also impede wound healing that often results in gangrene and amputations,
and an economic burden on society.

Cardiovascular disease risk doubles in patients with diabetes and the defects include diabetic
cardiomyopathy leading to heart failure (Dhingra and Vasan, 2012) and atherosclerotic
coronary artery disease (CAD) which leads to heart attacks (Bornfeldt and Tabas, 2011).
Diabetic nephropathy is the most common cause of end-stage renal disease (ESRD). One
hypothesis by which diabetes results in nephropathy is the stimulation of tubular growth and
supranormal glomerular filtration rate (GFR), leading to injury and nephropathy (Vallon and
Thomson, 2012).
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Classical Strategies and Challenges for Studying Mechanisms Underlying
Human Diabetes

Traditionally, approaches for investigating the molecular mechanisms underlying human
diabetes have ranged from the popular use of naturally occurring and genetically engineered
rodent models to population-based human genetics studies to small-scale cell explants
obtained from diabetic patients. Each of these strategies will be briefly discussed.

Rodent models of diabetes

Diabetic animal models have been widely used to study human diabetes (King, 2012;
Kulkarni and Zisman, 2003). This ranges from transgenic mice for MODY to the well
studied non-obese diabetic (NOD) mouse for T1D (Driver et al., 2011). Rodent models have
also been used to study T2D (Lee and Cox, 2011). An alternative type of rodent model
involves experimental induction, including the use of streptozotocin (STZ), alloxan, partial
pancreatectomy and diet induced obesity (DI10O) (Islam and Loots du, 2009). Different rodent
strains have been used in exercise physiology to study effects on obesity and diabetes
(Ghosh et al., 2010). Obesity and hyperinsulinemia have also been modeled with animals
including the obese Zucker rat, spontaneously hypertensive rat (SHR), the Koletsky rats
(obese SHR), the Goto-Kakisaki (GK) rat and the Wistar Ottawa Karlsburg W rats
(Aleixandre de Artinano and Miguel Castro, 2009).

In general, the inbred Bio-Breeding Zucker diabetic rat (BBZDR)/Wor rat has been used to
study diabetic complications (Tirabassi et al., 2004). Other rodent models have also been
developed to study diabetic retinopathy (DR) (Robinson et al., 2012), diabetic
cardiomyopathy (Bugger and Abel, 2009) and atherosclerotic coronary artery disease (CAD)
(Wu and Huan, 2007). Transgenic animals and the db/db mice have been used to study
diabetic nephropathy (DN) (Brosius et al., 2009). The Akita and OVE26 mice which exhibit
T1D, BTBR ob/ob mice with T2D, and two mouse models that lack endothelial nitric oxide
synthase (eNOS) are among the well studied models which replicate late stages of DN
(Alpers and Hudkins, 2011).

Although rodents have been extensively used to study metabolic disease and while
considerable advances have been made to understand their pathophysiology, several
limitations are evident. For example, the genetic background of mice plays a role in
modifying the outcome of a phenotype even when the same mutation is expressed in mice
with different genetic backgrounds. Further, rodent models do not fully recapitulate the
disease phenotype present in humans. This is exemplified by the lack of a suitable rodent
model which can replicate all stages of DN. It is also known that studies from rodents do not
always translate to humans. In an attempt to overcome this barrier, humanized mice have
been generated to study T1D (King et al., 2008). Non-human primates are also potentially
suitable models for diabetes research as they may “replicate” (additional studies required to
substantiate this claim) the pathology in humans (Harwood et al., 2012). However, the
recent focus on limiting animal usage for research precludes this as a viable alternative.

Human genetics studies

Human genetics studies in the 1990s first involved genome-wide linkage studies. The human
genome project in the 20t century then mapped the whole human genome and began the era
of genome-wide association studies (GWAS). Analysis of single nucleotide polymorphisms
(SNPs) aimed to understand how genetic variations amongst different individuals contribute
to susceptibility towards a disease such as diabetes (Collins and Mansoura, 2001). However,
to date, it has been difficult to ascribe a single variant that can fully account for the
pathophysiology of T2D (Barker et al., 2012). GWAS is currently limited in its ability to
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identify variants in genes which are strongly associated with diabetes and metabolic
disorders. Thus, it is not as straightforward to translate these studies and pinpoint genetic
determinants of diabetes (Visscher et al., 2012). More recent high-throughput “~omics” data
gave rise to systems biology, which is proving also to be limited for analyses and
interpretation due to the complex biological networks that regulate mammalian physiology.
In summary, human genetic studies to date have been informative but do not provide a
complete understanding of the mechanisms underlying these complex disorders (Doria et al.,
2008; Polychronakos and Li, 2011).

Cell explants

One approach to directly study human diabetes has been to isolate primary cells from
subjects and study their properties in vitro. Thus, fibroblasts from skin biopsies have been
derived from both diabetic and normal patients to determine the mechanisms underlying DN
(Millioni et al., 2012). However, it is still uncertain whether physiological changes observed
in skin fibroblasts truly mimic those occurring in renal fibroblasts.

Lymphoblasts have also been obtained from diabetic patients with DN (Davies et al., 1995).
Recently, primary endothelial cells (ECs) have been obtained from humans to uncover
potential defects that may promote various diabetic complications (Onat et al., 2011).
Current limitations which preclude widespread use of human cell explants for diabetes
research include the lack of donor availability, limited lifespan of primary cells in in vitro
cultures, and the limited number of accessible and relevant cell types for study.

iIPSCS Represent a New Model for Studying Human Diabetes

Induced pluripotent stem cells (iPSCs), generated by transcription factor-dependent nuclear
reprogramming of differentiated somatic cells, are pluripotent stem cell lines that can be
propagated indefinitely in culture and maintain the potential to differentiate into any cell
type in the body. As iPSCs retain the same genetic make-up as the somatic cell targeted for
reprogramming, these cells hold tremendous promise for uncovering novel genetic and
biochemical factors that underlie diseases with complex and poorly understood genetic
influences, such as diabetes. In addition, human iPSCs (hiPSCs) may one day provide a
source of patient-specific “replacement” cells for  cells lost to diabetes, although realizing
this possibility will also require effective strategies to block the underlying autoimmunity (in
TA1D) or insulin resistance (in T2D).

Strategies for producing iPSCs for experimental use

Tremendous progress has been made in generating iPSCs. Remarkably, delivery of genes
encoding only three or four transcriptions factors, including Oct3/4, Sox2, KIf4, c-Myc,
Lin28 and/or Nanog, or even a single microRNA cluster (miR302/367), is sufficient to
reprogram mouse and human fibroblasts, as well as other adult somatic cells, into
pluripotent cells (Takahashi and Yamanaka, 2006; Yu et al., 2007). These reprogrammed
cells appear to be functionally equivalent to embryonic stem cells (ESCs) although a
minority of iPSC lines may have distinct immunological properties (Zhao et al., 2011).
Currently the greatest success in reprogramming is observed with the delivery of cDNAs
contained within retroviral or lentiviral vectors into somatic cells. In some cases, these viral
vectors have been modified to include flanking loxP elements, enabling transgene excision
via transient delivery of Cre recombinase (Chang et al., 2009), and limiting the impact of
integrational mutagenesis. An important goal for the long-term application of iPSCs in
research and therapy is the ability to produce these cells without genotoxic events. Advances
toward this goal have been made through the demonstration that target cells can be
reprogrammed by transient transfection, non-integrating adenoviral or Sendai virus vectors,
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transposons, purified proteins, modified RNAs and miRNAs (see (Gonzalez et al., 2011) for
references) (Figure 2); however, as yet, the low efficiency and high cost of many non-
integrating methods have made their use in iPSC generation infrequent (Bellin et al., 2012).
Although hiPSCs were first derived from skin fibroblasts, a cell type that is still commonly
used, iPSCs also can be derived from keratinocytes, melanocytes, neural stem cells, mature
B cells, renal tubular cells, adipose stem cells, liver and stomach cells, blood cells, as well as
pancreatic f cells (see (Gonzalez et al., 2011; Robinton and Daley, 2012) for references)
(Figure 2). Interestingly, some studies suggest that the cell type chosen for reprogramming
may influence subsequent iPSC differentiation potential. Particularly at early passages,
blood cell-derived iPSCs seem predisposed for differentiation along the hematopoietic
lineage (Polo et al., 2010); while  cell-derived iPSCs show a predilection for producting B-
like cells (Bar-Nur et al., 2011). Yet, this apparent “epigenetic memory” appears to be lost
during extended in vitro passage (Polo et al., 2010) and has not been observed for all
reprogrammed cell types (Tan et al., 2011).

Production and uses of hiPSCs from diabetic patients

The generation of hiPSCs from humans with defined genetic susceptibilities and well-
documented medical histories presents exciting new opportunities for understanding the
complex processes that underlie disease initiation and pathology. A great diversity of human
disorders have now been modeled using iPSCs, including amyotrophic lateral sclerosis
(ALS), spinal muscular atrophy (SMA), familial dysautonomia (FD)/Riley-Day syndrome,
Rett syndrome, schizophrenia, Parkinson 's disease, Hutchinson-Gilford progeria syndrome
(HGPS), dyskeratosis congenita, Fanconi anaemia, LEOPARD syndrome, long QT
syndrome, Timothy syndrome, alphal-antitrypsin deficiency, familial hypercholesterolemia
and glycogen storage disease type 1A (Bellin et al., 2012; Robinton and Daley, 2012).

hiPSCs have also been generated from patients with diabetes (Hua et al., 2013; Kudva et al.,
2012; Maehr et al., 2009; Ohmine et al., 2012; Park et al., 2008; Teo et al., 2013; Thatava et
al., 2012), although the small number of lines currently available does not represent the
broad spectrum of phenotypes and genotypes seen in the clinic. Successful generation of
diabetic iPSCs (DiPSCs) obviates one widely-held concern regarding the use of this
technology for generating patient-specific cells and studying diabetes pathogenesis — that
underlying genetic abnormalities or effects of systemic dysregulation of glucose
homeostasis in diabetic patients might preclude effective reprogramming of their cells to
generate fully competent iPSCs. Indeed, while the reprogramming efficiency of cells from
diabetic patients may not be identical to that of healthy individuals, studies in several labs
clearly establish the feasibility of deriving hiPSCs from these individuals. Nonetheless, there
remains the real concern that the process of reprogramming which fundamentally alters the
global epigenetic profile of the reprogrammed cells (Polo et al., 2010), may “erase” some
key disease-contributing changes in gene regulation and expression. Loss of such disease-
specific alterations, which may accumulate over many years in vivo, could complicate
efforts to accurately model diabetes pathogenesis ex vivo using the reprogrammed cells.

DiPSCs have also been considered as a new and arguably inexhaustible source of
“replacement cells” for transplantation approaches to restore 3 cell mass and reverse insulin
dependency in diabetes. One advantage of this approach is the potential in certain situations
to utilize autologous cells (derived from the same patient into whom they are ultimately re-
implanted). However, if § cell dysfunction arises in whole or in part from cell intrinsic
alterations, then correction of the disease-causing mutations will be necessary prior to
differentiation and re-introduction into patients of iPSC-derived p cells. In these cases,
allogeneic (non-self) cells may have some advantages, particularly in settings where the full
spectrum of disease-contributing mutations are unknown and probably numerous (e.g.,
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T2D); however, the use of allogeneic cells raises another challenge in that immunological
tolerance to the transplanted cells must be achieved, traditionally through the use of
immunosuppressive agents and/or encapsulation devices, which have their own respective
limitations. Establishing immune tolerance will be particularly critical for using iPSC-
derived cells to replace B cells lost to T1D, as the disease-instigating autoimmunity that
remains in these patients will likely mediate prompt rejection of transplanted autologous
cells. Thus, for T1D patients, transplantation-based approaches utilizing iPSC cell products
may require replacement of both the diseased hematoimmune system [through production of
engraftable hematopoietic stem cells (HSCs) from iPSCs] and the generation of glucose-
responsive mature 3 cells (discussed further below).

Given the significant (though certainly not insurmountable) hurdles facing transplantation-
based applications of iPSCs for the treatment of diabetes, it may be argued that the greatest
near-term utility of these cells will be in their use as screening tools for identifying new
genes and pathways that contribute to diabetes pathogenesis in humans and novel drugs that
target these pathways. In this regard, patient-specific hiPSCs carrying mutations previously
implicated through genome wide association studies (GWAS) in diabetes pathogenesis (see
(McCarthy, 2010) for review), may be “corrected” [e.g., using sequence-specific zinc finger
nuclease (ZFN), transcription activator-like effector nuclease (TALEN) or clustered
regularly interspaced short palindromic repeat (CRISPR) technology] by introduction of
“wild-type” sequence at the locus in question in order to evaluate the subsequent impact on
cellular activities. Conversely, disease-associated polymorphisms can be introduced into the
genomes of iPSCs from healthy donors (Ding et al., 2013a; Ding et al., 2013b). These
approaches provide a much-needed functional test for the involvement of candidate diabetes
loci in the disease (Merkle and Eggan, 2013), and an important alternative to mouse models,
which can produce results that are not perfectly translatable to the human system (Odom et
al., 2007; Tiscornia et al., 2011). However, such approaches will depend on the production
of disease-relevant differentiated target cells in vitro — an ongoing challenge discussed
further below.

In the long-term, in vitro studies using large panels of hiPSC-derived target cells may
provide an early stage assessment of the toxicity and efficacy of new candidate
pharmaceuticals, and allow correlation with human genetic diversity to specifically inform
the design of subsequent clinical trials and ensure testing on the most relevant human
populations. Indeed, published studies using iPSCs from SMA and FD patients have
employed cell-level readouts (e.g. nullification of MRNA splicing errors) to identify
compounds that reverse disease-associated phenotypes (Ebert et al., 2009; Lee et al., 2009).
Similarly, a recent study testing the impact of small molecules on patient-derived motor
neurons, differentiated in vitro from ALS-hiPSCs, actually predicted the failure of two
compounds that indeed proved ineffective in recent ALS clinical trials (Yang et al., 2013).

In addition to neurological diseases, hiPSCs from patients with cardiovascular disease have
also been used for drug screening. Cardiomyocytes from Type 1 long QT syndrome-hiPSCs
could be treated with -adrenergic receptor blockers (Moretti et al., 2010), and iPSC-derived
cardiomyocytes have also been tested for compounds that might exacerbate disease
(Kannankeril et al., 2010). Similar analysis of cardiomyocytes derived from Type 2 long QT
syndrome-hiPSCs have identified classes of molecules either aggravate or ameliorate
disease phenotype (Itzhaki et al., 2011).

Thus, cells derived from patient-specific hiPSCs have identified drugs that are beneficial, as
well as those that may be ineffective or even detrimental, providing a novel means for
predicting drug efficacy and toxicity against particular cell types in a disease-specific
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manner. The use of similar approaches with DiPSCs may discover new drugs for
intervention in diabetes and its complications.

Human Induced Pluripotent Stem Cells as a Tool to Model Diabetes In Vitro

Conventional models for studying diabetes frequently involved the use of inbred rodents.
Since humans are genetically diverse, this could partly account for some clinical trial
failures when translating rodent findings to humans. Indeed, use of human cells where
available, is probably the most fitting model for studying human diseases. Therefore,
DiPSCs serve as a valuable resource for studying diabetes mechanisms. Cells derived from
DiPSCs can be used to understand the developmental events that have gone awry during
pancreatic organogenesis, or development of diabetic complications or insulin resistance. As
discussed above, since diabetes is a complex disease resulting from alterations in both genes
and environment, modeling diabetes using hiPSCs can be most easily achieved in
monogenic forms of diabetes followed by efforts aimed at understanding T1D and T2D.
Among the monogenic forms of diabetes, hiPSCs have only been reported for MODY and
mitochondrial diabetes (Fujikura et al., 2012; Hua et al., 2013; Teo et al., 2013). hiPSCs
from T1D patients (Kudva et al., 2012; Maehr et al., 2009; Park et al., 2008; Thatava et al.,
2012) and T2D patients (Kudva et al., 2012; Ohmine et al., 2012) have also been generated.

Differentiation into diabetes-relevant cells types (neural, retinal, and dermal cells,
cardiomyocytes, endothelial cells, kidney cells, skeletal myocytes, adipocytes and
hepatocytes) is essential to fully harness the potential of DiPSCs for understanding the
pathogenesis of the various types of diabetes and their complications. hiPSCs derived from
MODY patients and infants with neonatal diabetes can be used to understand the importance
of causal genes in human pancreas development and islet/p cell function. hiPSCs derived
from patients with mitochondrial diabetes can be differentiated into § cells to understand the
mitochondrial defect that leads to diabetes. Similarly, hiPSCs derived from patients with
monogenic defects in the insulin gene can be differentiated into  cells to understand the
impact of the specific mutation. hiPSCs from patients with insulin receptor defects and
monogenic forms of insulin resistance can be differentiated into 3 cells, myocytes,
adipocytes or hepatocytes to understand the pathogenesis of insulin resistance whereas
hiPSCs from patients suffering from monogenic forms of obesity can be differentiated into
adipocytes to study obesity and the initiation of insulin resistance. T1 D-hiPSCs can be used
to model the immune attack on B cells or islet progenitors in vitro whilst T2D-hiPSCs can be
used to study mechanisms underlying insulin resistance. Efficient and reproducible
differentiation protocols are urgently required in order to carry out the afore-mentioned in
vitro disease modeling approaches. To date, most protocols have been developed by
mimicking developmental events: modifying the dose and timing of activators, repressors
and growth factors (Murry and Keller, 2008). Many of these protocols have been initially
designed for human embryonic stem cells (hESCs) and subsequently applied to hiPSCs,
collectively known as human pluripotent stem cells (hPSCs). These will be highlighted and
further elaborated in the following sections focusing on the differentiation of DiPSCs into
pancreatic cells as well as cell types involved in diabetic complications and insulin
resistance.

Differentiating hiPSCS from Diabetic Patients Into Pancreatic Cells to Study
The “Disease Phenotype” In Vitro

There have been numerous attempts to derive pancreatic cells from hPSCs to treat diabetes
and, as a corollary, to study human pancreas development in vitro (see Supplementary Table
3 for references). These efforts have frequently been based on a stepwise differentiation of
hPSCs towards definitive endoderm, primitive gut tube, foregut, ventral and dorsal
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pancreatic endoderm, pancreatic progenitors and ultimately to insulin producing p-like cells.
Indeed, the ability of islet transplantation via the Edmonton protocol to render diabetic
patients insulin-independent (Shapiro, 2011) suggests a potential for hPSC-derived
pancreatic B-like cells to treat T1D (see Supplementary Table 3 for reviews).

ViaCyte was among the first to demonstrate the ability of hESC-derived pancreatic
progenitors to mature in vivo after ~5 months, into glucose-responsive insulin-secreting -
like cells (Kroon et al., 2008). Further, they recently succeeded in scaling their protocol
towards a typical manufacturing process. This manufacturing scale could eventually make
the derivation of these cells feasible for clinical use (Schulz et al., 2012). Alternatively, in
order to produce large quantities of differentiated p-like cells, endodermal progenitor cells
can be established from hPSCs (Cheng et al., 2012). Nonetheless, all protocols established to
date are only able to produce immature “B-like” cells at best. That said, although the
generation of mature and fully functional hPSC-derived 3 cells in vitro is far from reality,
the significant progress made by these approaches can be effectively translated to DiPSCs in
order to better understand diabetes disease mechanisms which are still poorly understood. In
addition to f cells, hPSC-derived a cells are also significant in the context of diabetes given
its importance in regulating glucose homeostasis (Rezania et al., 2011), as well as the
emerging evidence that a cells can transdifferentiate into B cells (see Supplementary Table 3
for references). Notwithstanding, both cell types can be derived to investigate how their
direct interaction regulates insulin versus glucagon secretion. In the following section, we
will briefly discuss the relevance of DiPSC-derived pancreatic cells for each type of
diabetes.

Monogenic forms of diabetes

HNF4A (MODY'1) mutations affect the secretory function of p (Byrne et al., 1995), a and
PP cells (llag et al., 2000), leading to low basal and stimulated insulin secretion, and severe
diabetes which often requires insulin therapy (Fajans et al., 2001). The availability of

MODY 1-hiPSC-derived 3 cells provides an opportunity to specifically investigate the role
of HNF4A in human pancreas development and 3 cell function. GCK (MODY2 and neonatal
diabetes) controls the rate of glucose entry into the glycolytic pathway (glucose
phosphorylation) and the rate of its subsequent metabolism (Matschinsky et al., 1998). The
majority of GCK mutations render 3 cells insensitive to normal extracellular glucose levels
(glucose-sensing defect; glucose blindness; decreased glycolytic flux), causing modest
hyperglycemia, an increase in blood glucose threshold that triggers insulin secretion (insulin
secretion impairment) (Velho et al., 1992) and glucose intolerance, leading to a mild form of
diabetes. MODY 2-hiPSC-derived pancreatic 3 cells would be important in unraveling the
impact of specific GCK mutations on pancreatic f cell function (Hua et al., 2013). MODY3
(HNFZ1A) has an extremely similar p cell phenotype to MODY1 likely because HNF4A
regulates HNF1A gene expression (Ferrer, 2002). The major function of HNF1A is probably
to ensure that the machinery required by  cells to respond to glucose and other stimuli is in
place. B cell dysfunction in MODY 3 patients is hypothesized to be caused by dominant
negative effects (Yamagata et al., 1998) or loss-of-function mechanisms such as reduced
DNA binding, impaired transcriptional activation, and defects in subcellular localization
(Bjorkhaug et al., 2003). This is still to be determined for each specific mutation. Pdx1
(MODY4 and neonatal diabetes) is an extremely important gene required for embryonic
development of pancreatic islets, without which near complete pancreatic agenesis occurs
(Jonsson et al., 1994). The impact of various PDX1 mutations on pancreas development and
B cell function is yet to be determined. HNF1B (MODY5 and neonatal diabetes) is a member
of the complex transcriptional regulatory network that includes HNF1A and HNF4A.
HNF1B and HNF1A proteins share a high degree of sequence homology (Mendel et al.,
1991), accounting for common pathophysiological mechanisms between 3 cells of MODY5
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and MODY3. Hnf15~~ mice rescued by tetraploid complementation do not form the ventral
bud and exhibit pancreatic agenesis by E13.5 (Haumaitre et al., 2005). Interestingly, some
MODYS5 patients exhibit dorsal pancreatic agenesis (Haldorsen et al., 2008). Mechanisms
underlying HNF1B mutation and diabetes remain to be thoroughly explored.

Neurogenic differentiation 1 (NEUROD1)/beta cell E-box transactivator 2 (BETA2)
(MODY6 and neonatal diabetes) is involved in regulating pancreatic endocrine
development. NeuroD1™~ mice exhibit abnormal pancreatic islet morphogenesis (reduced
number of endocrine cells and no formation of islets) and decreased expression of insulin
gene (Naya et al., 1997). The impact of NEUROD1 mutations on human pancreatic function
is to be further studied. Little is known about the role of Sp1/KrUppel-like factor 11
(KLF11) (MODYT) in pancreas development and 3 cell function except that it regulates
PDX1 gene expression (Fernandez-Zapico et al., 2009). KIf11~/~ mice are surprisingly
normal (Song et al., 2005). Pancreatic cells differentiated from MODY 7-hiPSCs will
certainly shed light on the mechanism by which KLF11 mutation causes diabetes. Carboxyl
ester lipase (CEL) (MODY?8) or bile salt-dependent lipase (BSDL) is a major component of
pancreatic juice and is responsible for duodenal hydrolysis of cholesterol esters. Cel '~ mice
exhibit normal glucose metabolism and do not seem to exhibit MODY8 phenotype
(Vesterhus et al., 2010). MODY 8 patients exhibit pancreatic exocrine disease before
diabetes and the exocrine disturbance is linked to an abnormal structure of the pancreas.
How mutations in the quantity of variable number of tandem repeats (VNTR) result in
diabetes is yet unclear (Raeder et al., 2006). Thus, differentiation of MODY8-hiPSCs into
pancreatic exocrine tissue could shed light on the disease mechanisms. Although there has
been relatively less interest in differentiating hPSCs into pancreatic exocrine tissue, an EB
differentiation protocol has been recently reported (Shirasawa et al., 2011). Pax4 (MODY9)
regulates gene expression patterns in pancreatic endocrine progenitors. Pax4~/~ mice exhibit
a loss of p (Collombat et al., 2005) and & cells (Prado et al., 2004). MODY 9-hiPSCs serve to
explore the impact of mutations affecting the function of PAX4 in pancreatic f cells. Insulin
(INS) (MODY10 and neonatal diabetes) is a hormone produced by pancreatic f cells to
regulate carbohydrate and fat metabolism, thereby maintaining euglycemia.

Loss of insulin is the main cause of diabetes. MODY10-hiPSCs can be used to study insulin
structural defects caused by mutations in the INSgene (Molven et al., 2008). Similarly,
hiPSCs derived from infants with neonatal diabetes can be used to study how mutations
result in preproinsulin or proinsulin structural abnormalities. B lymphocyte kinase (BLK)
(MODY11) is a non-receptor tyrosine-kinase of the src family of proto-oncogenes (Dymecki
et al, 1990) expressed in f cells. It is yet unknown why BLK mutations result in diabetes. No
metabolic phenotype was reported in BIk™'~ mice (Texido et al, 2000) although BLK is
involved in upregulating Pdx1 and Nkx6.1 gene expression to enhance insulin synthesis and
secretion (Borowiec et al, 2009).

KCNJ11 and ABCC8 (neonatal diabetes) encode for ATP-sensitive inward rectifier
potassium channel 11 (Kir6.2) and ATP-binding cassette transporter sub-family C member 8
(SUR1) respectively, components of the § cell Katp channel. In infants with KCNJ11 or
ABCC8 mutation, the Katp channels are dysfunctional and cannot close properly. The
intracellular ATP is unable to close the Katp channel due to reduced ATP sensitivity. The
resulting increased Katp current hyperpolarizes the § cell membrane, thereby suppressing
Ca?* entry. As a result, glucose-stimulated insulin secretion (GSIS) cannot occur (Hattersley
and Ashcroft, 2005). DiPSCs derived from these infants could be differentiated into  cells
to study their electrophysiology and to determine how each mutation affects the
conformational change of the Katp channel. The MT-TL1 gene (mitochondrial diabetes)
transfers leucine during polypeptide synthesis. It is involved in synthesizing proteins which
participate in oxidative phosphorylation reactions and ATP production in the mitochondria.
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The A3243G mutation leads to impaired insulin secretion in the presence of normal insulin
sensitivity as cells are unable to produce sufficient ATP (Maassen et al., 2005). It is still
unclear how the mutation specifically impairs pancreatic  cells and causes age-dependent
loss of B cell function.

Type 1 diabetes (T1D) and Type 2 diabetes (T2D)

T1 D-hiPSCs can be used for differentiation into pancreatic f cells and various immune cells
to determine the specific mechanisms of autoimmune attack. The severity of attack by each
type of immune cell, the cytotoxic cytokines secreted by the cells and whether there is
synergism between different types of immune cells acting on the pancreatic f cells can be
explored. T2D-hiPSC-derived pancreatic  cells would be useful for modeling mechanisms
of secretory dysfunction and the effects of insulin resistance. Potential areas of study include
stimulus-secretion coupling, mitochondrial function, growth factor (e.g. insulin, IGF-I)
signaling and for testing inducers of T2D-pancreatic f cell failure.

Concluding remarks

Modeling monogenic forms of diabetes with the use of DiPSC-derived pancreatic 3 cells can
potentially inform us about human pancreas development. Correction of the mutations with
the use of ZFNs, TALENSs or CRISPRs will provide ideal isogenic controls for such studies.
Similarly, T1D- and T2D-hiPSC-derived pancreatic {3 cells will provide unprecedented
access into mechanisms of 3 cell failure and diabetes disease progression. Eventually, these
hiPSC-derived 3 cells can also be subjected to treatment with pharmaceutical compounds to
identify drugs that can effectively 1) stimulate GSIS in these defective B cells and 2)
stimulate  cell proliferation.

Differentiation Of DiPSCS into Non-Pancreatic Lineages (Involved in
Complications of Diabetes and Insulin Resistance)

Prolonged hyperglycemia affects many other cell types in the body besides pancreatic 3
cells. In most instances these human cells are inaccessible for investigation. Therefore,
hiPSCs derived from patients with diabetes due to diverse etiologies can be used to study the
disease progression in cell types involved in complications (neural, retinal and dermal cells,
cardiomyocytes, endothelial cells, and kidney cells including mesangial cells and podocytes)
as well as cell types involved in insulin resistance (skeletal myocytes, adipocytes and
hepatocytes) (Figure 3).

Neural cells for diabetic neuropathy and ischemic stroke

Diabetic neuropathy is a pathophysiological condition which generally affects all peripheral
nerves and the autonomic nervous system. This condition is partly attributed to
microvascular complications since reduced blood flow results in neuronal ischemia.
Mechanisms underlying diabetic neuropathy are poorly understood. Co-culture of
endothelial cells (discussed below) with sensory/motor/inter-neurons derived from DiPSCs
can potentially be used to study the impact of hyperglycemia on blood vessel cells and
neurons in conditions of diabetic neuropathy.

Ischemic stroke is a severe complication in patients with diabetes whose occurrence in the
cerebral cortex, cerebellum and brain stem can result in varied symptoms due to the
specialized functions of the central nervous system. The area of the brain which is affected
probably loses its function. Thrombosis (blood clot obstruction) or arterial embolism results
in blood flow blockade, thereby affecting brain function. Thrombosis occurs gradually and
thus the onset of ischemic stroke is slow. However, the blockade of an artery by a moving
clot (embolus) is sudden, resulting in a severe and immediate onset of ischemic stroke.
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Occlusion of blood vessels in the brain depletes oxygen and glucose necessary for aerobic
metabolism and cell survival. Neuronal death subsequently occurs and neural circuits are
disrupted.

Neural cells in the brain include neurons, astrocytes and oligodendrocytes. The majority of
the neurons in the brain are either glutamatergic (release glutamate; excitatory in general) or
GABAergic (release gamma aminobutyric acid (GABA); inhibitory in general). Other types
include cholinergic (release acetylcholine), dopaminergic (release dopamine) and
serotonergic (release serotonin). Neural differentiation from hPSCs (Erceg et al., 2009) has
advanced considerably due to its relative ease as compared to deriving other cell types of the
body. hPSCs can be differentiated into neural precursors readily (see Supplementary Table 3
for references) and even more specifically to neural cells such as motor neurons (Boulting et
al., 2011), dopaminergic neurons (Swistowski et al., 2010) and glutamatergic neurons (Zeng
et al., 2010). hPSC-derived neural precursors have been reported to engraft in the rodent
forebrain and promote recovery after a stroke (Oki et al., 2012). Although neural
differentiation is relatively advanced, the differentiation of hPSCs into more specialized
neuronal subtypes is still needed in order to study mechanisms underlying diabetic
neuropathy in vitro.

Retinal cells for diabetic retinopathy

Retinopathy is a leading cause of blindness and occurs when blood vessels of the retina are
damaged, leading to vascular leakage in patients with diabetes. Vascular leakage can lead to
macular edema, retina ischemia and neovascularization followed by vitreous hemorrhage
and retinal detachment. DiPSCs can be differentiated into retinal cells and endothelial cells
(discussed below), and the interactions between these two cell types can be studied in vitro.
Besides using DiPSCs primarily for understanding mechanisms underlying diabetic
retinopathy, hiPSCs can also potentially be a source of cells for stem cell therapy in retinal
diseases (Rowland et al., 2012).

Significant progress has been made in the differentiation of hPSCs into progenitor cells with
a retinal cell fate (see Supplementary Table 3 for references), and hPSC-derived retinal cells
have been reported to integrate into rodent retina, demonstrating survivability and
compatibility (Hambright et al., 2012). Swine-iPSC-derived photoreceptors can integrate
into the subretinal space of pigs (Zhou et al., 2011), thereby establishing a larger animal
model for cell transplantation. One can now distinguish between the various types of retinal
cells derived from hPSCs due to their unique transcriptional profile (Siegert et al., 2012).

Dermal cells for diabetic foot ulcer

Diabetic foot ulcer occurs due to diabetic neuropathy as well as macro/microvascular
complications. Peripheral neuropathy (loss of feeling in extremities) and muscle atrophy
initially occurs, leading to foot ulcers. The wound healing process is impaired, thereby
leading to gangrene and amputation. DiPSCs can be differentiated into neural cells and
myocytes (discussed in other sections) to investigate how neuropathy affects skeletal muscle
integrity and function. Specific to dermal cells, DiPSCs can be differentiated into
keratinocytes and fibroblasts to study the relationship between extracellular matrix (ECM)
replacement and prolonged inflammatory process in diabetic wounds.

Dermal cells derived from DiPSCs are valuable for studying ultrastructural components such
as endoplasmic reticulum, changes in secreted ECM proteins as well as tissue remodeling
enzymes. They also have the potential to be used in skin grafts (Pellegrini and De Luca,
2010). hESCs have been reported to differentiate into keratinocyte precursors and
keratinocytes, and into structures resembling the skin (see Supplementary Table 3 for
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references). Once keratinocytes and fibroblasts are obtained, a three-dimensional human
skin reconstruction (Li et al., 2011) could potentially be developed to model diabetic foot
ulcer.

Cardiomyocytes for diabetic cardiomyopathy

Cardiovascular complications in patients with diabetes include cardiomyopathy which
commonly occurs in the presence of hypertension and atherosclerotic coronary artery
disease (CAD). Cardiomyopathy is initiated with some form of left ventricular dysfunction
followed by cardiomyocyte hypertrophy and an eventual long QT interval indicative of
fibrosis. In the face of constant hyperglycemia, cardiomyocytes develop metabolic
abnormalities, denervation due to neuropathy and dysregulated Ca*, Na* and K* ion
homeostasis. Usually, the heart obtains up to 70 % of the total required ATP via oxidation of
fatty acids. However, this is increased to 100 % (Oliver and Opie, 1994) due to a decrease in
glucose metabolism as the cardiomyocytes down regulate insulin-dependent glucose
transporter GLUT4 to protect themselves from hyperglycemia. The increased lipid uptake
translates to triacylglyceride (TAG) synthesis and these metabolic changes ultimately lead to
diabetic cardiomyopathy.

Cardiomyocytes can now be derived from hPSCs with relative ease (see Supplementary
Table 3 for reviews). Thus, DiPSCs can be differentiated into cardiomyocytes (see
Supplementary Table 3 for references) to study the impact of hyperglycemia on
cardiomyocytes themselves. This approach is useful since it is virtually impossible to access
human cardiomyocytes to study disease mechanism(s).

Endothelial cells for various diabetic complications

Persistent extracellular hyperglycemia results in endothelial cells (ECs) lining the blood
vessels to be exposed to intracellular hyperglycemia as they are unable to regulate glucose
uptake in contrast to myocytes or hepatocytes. This leads to endothelial dysfunction and
blood vessel damage (angiopathy) (Brownlee, 2005). Complications in patients with
diabetes arising from impaired ECs can be categorized into macrovascular (arteries) or
microvascular (small blood vessels: arterioles and capillaries) complications. Macrovascular
complications implicate ischemic stroke, diabetic foot ulcer and atherosclerotic coronary
artery disease (CAD) whereas microvascular complications lead to diabetic neuropathy,
retinopathy, cardiomyopathy and nephropathy.

In macroangiopathy, endothelial dysfunction affects blood flow, and possibly capillary
occlusion. Thus, all cells which depend on blood vessels for glucose and oxygen potentially
suffer from ischemia and eventually die. CAD is a severe cardiovascular disease which
occurs as a result of narrowing of the lumen of artery due to plaque accumulation. The
restriction of blood flow to the myocardium results in myocardial ischemia and ultimately
myocardial infarction (tissue death; heart attack). Hyperglycemia also results in basement
membrane thickening and changes in blood vessel permeability. This condition of
microangiopathy results in leakage of fluid and protein, edema, and decreased blood flow to
tissues and cells. The impact of hyperglycemia on EC function is variable in the various
diabetic conditions. Thus, it would be fruitful to differentiate DiPSCs into endothelial cells
and cell types which are location and condition-specific to determine the specific
dysfunctions in ECs. hPSCs can be differentiated into vascular endothelial cells. See
(Supplementary Table 3) for reviews and references to protocols involving the
differentiation of ECs from hPSCs.
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Kidney cells for diabetic nephropathy

Diabetic nephropathy occurs when blood vessels in the kidney glomeruli suffer from
microangiopathy. The glomeruli thicken and leak serum albumin in the urine
(microalbuminuria), and this defect progresses to macroalbuminuria and proteinuria. Often,
these patients have increased serum creatinine and decreased estimated glomerular filtration
rates (eGFR). Untreated diabetic nephropathy may progress towards end-stage renal disease
(ESRD) whereby the kidney fails to function. The mechanisms underlying diabetic
nephropathy have been difficult to study in humans due to inaccessibility of the renal
corpuscle (which filters the blood) during disease progression. The renal corpuscle is made
up of the glomerulus and the Bowman 's capsule. Fluid from the blood passes through the
endothelial cells of the glomerulus, the mesangial cells (pericytes) around the blood vessels
and the podocytes lining the Bowman 's capsule. Thus, the reconstitution of these
components in vitro with the use of DiPSC-derived cells may provide insights into the
mechanisms underlying disease progression.

Unfortunately, thus far there has been little success in deriving kidney cells from hPSCs.
Three reports suggest the feasibility of deriving renal progenitors from hESCs (Batchelder et
al., 2009; Lin et al., 2010; Narayanan et al., 2013). To understand the interactions between
endothelial cells, mesangial cells and podocytes, these renal progenitors need to be derived
in vitro. While mesangial cells are known to communicate with the endothelial cells (Kida
and Duffield, 2011), additional efforts are required to derive these cell types in order to
model diabetic nephropathy.

Skeletal myocytes for diabetic foot ulcer and insulin resistance

Skeletal myocytes can potentially be derived from DiPSCs to study the progression of
diabetic foot ulcer, as well as mechanisms underlying insulin resistance. How diabetic
neuropathy and damaged innervation result in muscle weakness and atrophy is not well
understood in diabetic foot ulcer. In patients with insulin resistance, skeletal myocytes do
not respond appropriately to insulin to absorb glucose and convert it to glycogen. Less
glucose is absorbed from the blood and less glycogen is produced.

Skeletal muscle contains a resident stem cell population (satellite cells) that supports
regenerative myogenesis, and several groups have attempted to derive these cells as well as
differentiated skeletal myoblasts from hPSCs. Skeletal myocytes derived from hPSCs may
be useful to study the initiation and development of insulin resistance in vitro. However, the
establishment of robust protocols for deriving such cells from hPSCs has proved
challenging. One report described skeletal myocyte derivation from human embryonic germ
cells (Kim et al., 2005). Most published protocols to date typically rely on enforced
expression of myogenic transcription factors or inclusion of an intermediate step in which
hPSCs are first differentiated into multipotent mesenchymal stromal cells (MSCs), which
must be further cultured to allow differentiation into myocytes (see Supplementary Table 3
for additional references).

Adipocytes for monogenic diabetes and insulin resistance

Various gene mutations affect adipocyte development/function and result in syndromes of
insulin resistance. Indeed, insulin resistance in T2D also affects adipocytes. Thus, one new
exciting area of research is to differentiate DiPSCs into adipocytes to study mechanisms of
development of insulin resistance. Adipocytes normally respond to insulin by taking up
glucose and converting it into triacylglycerides (TAGs), and by taking up excess lipids for
storage. In states of insulin resistance, dysfunctional adipocytes exhibit reduced lipid uptake
and increased hydrolysis to TAGs, increasing circulating free fatty acids (FFA). The
inability to store excess lipids in fat leads to lipid accumulation in myocytes and
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hepatocytes. Adipocyte growth and expansion also results in inflammation. Cytokines are
produced, leading to the recruitment of macrophages. Macrophage accumulation leads to
further production of cytokines and ultimately the promotion of inflammation in tissues
including the islets (insulitis). All these cumulative events may contribute to insulin
resistance. Several of these pathways could be investigated at early stages of differentiation
of DiPSCs into adipocytes. Primate ESCs, similar to hPSCs, can be differentiated into
adipocytes (see Supplementary Table 3 for references). Alternatively, hPSCs can be
differentiated into multipotent MSCs and subsequently to preadipocytes via BMP4 (see
Supplementary Table 3 for references).

Hepatocytes for monogenic diabetes and insulin resistance

HNF4A (MODY1) plays a critical role in liver development (Hayhurst et al., 2001) besides
pancreatic development. MODY1 patients exhibit lower levels of serum protein, TAG
concentrations (Shih et al, 2000) and esterified cholesterol (Pramfalk et al, 2009). GCK
(MODY?2) is also expressed in hepatocytes besides pancreatic § cells (Iynedjian et al, 1989).
In fact, most of the GCK in the body is found in hepatocytes. GCK has f cell and
hepatocyte-specific promoters which can produce different GCK isoforms (Stoffel et al,
1992). Clearly, the role of GCK in hepatocyte and  cell is different as GCK in the liver
generally processes all available glucose whereas it is a glucose sensor in the pancreas.

Hepatocyte-like cells have been derived from hPSCs (see Supplementary Table 3 for
references). MODY 1-hiPSC-derived hepatocytes can be used to investigate the importance
of HNF4A in hepatocyte development and function. Given that GCK is largely expressed in
hepatocytes, the differentiation of MODY2-hiPSCs into hepatocytes is a good model to
study the effect of GCK mutations on hepatocyte glucose metabolism. In addition, the same
GCK mutant protein can be compared in MODY 2-hiPSC differentiated pancreatic  cells
versus hepatocytes. Mutant GCK results in impaired insulin secretion and abnormal liver
glucose metabolism (Velho et al., 1996). It will be important to understand the impact of
mutant GCK on pancreatic {3 cell and hepatocyte function, independent of their
physiological cross-talk. The differentiation of T2D-hiPSCs into hepatocytes would allow
the creation of a useful in vitro model to study insulin resistance in hepatocytes, independent
of whole body physiology.

Using hiPSC Derivatives to Investigate (Metabolic) Signaling Pathways
Relevant to Maintenance of Pluripotency and Differentiation

Traditional metabolic signaling pathways such as the insulin/IGF-I signaling pathway are
emerging as important in iPSC biology due to their diverse roles in growth, metabolism and
relevance throughout the developmental stages of cellular differentiation. The pathways
regulated by insulin/IGF-I and their downstream proteins PI3K/Akt and Raf/Mek/Erk
(MAPK) signaling will be briefly discussed.

Insulin/IGF-1 signaling

Insulin and insulin-like growth factors (IGF-I and IGF-I1) are ubiquitous growth factors that
modulate growth as well as glucose and lipid metabolism. They bind to insulin receptor (IR)
and/or insulin-like growth factor 1 receptor (IGF1R), both receptor tyrosine kinases (RTKS),
leading to autophosphorylation of the IR/IGF1R. This initiates a chain of signaling events,
including the phosphorylation of insulin receptor substrate (IRS) proteins, recruitment of
adaptor molecules and activation of 1) PI3BK/Akt/PKB or 2) Raf/Mek/Erk (MAPK) signaling
pathways (Taniguchi et al., 2006) (discussed below).
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Insulin/IGF-I signaling has been suggested to play important roles in both the maintenance
of hPSC pluripotency (Chen et al., 2011) as well as cell metabolism in adult tissues (Rask-
Madsen and Kahn, 2012). IGF-I regulates hESC pluripotency (Wang et al., 2007) whereas
IGF-11 promotes hESC proliferation, expansion and prevention of apoptosis (Bendall et al.,
2007). In using DiPSCs to study disease mechanisms, one can also investigate the role of
insulin/IGF-I signaling from the pluripotent state of hiPSCs, during directed differentiation,
as well as in specific cell types involved in glucose and lipid metabolism. In this respect,
how the requirement for insulin/IGF-I signaling in maintaining pluripotency (McLean et al.,
2007) tapers and transits towards early differentiation can provide new insights into energy
usage. Furthermore, in defined cell types such as myocytes and adipocytes, one can
investigate the switch in insulin/IGF-I signaling pathway in the regulation of glucose uptake.

PI3K/Akt signaling pathway—Phosphoinositide 3-kinase (P13K), a lipid kinase, consists
of a p85 regulatory subunit and a p110 catalytic subunit. Activation of PI3K signaling
pathway results in phosphorylation of phosphatidylinositol (4,5) bisphosphate
(PtdIns(4,5)P5), formation of Ptd(3,4,5)P3 and activation/phosphorylation of serine/
threonine kinase Akt/protein kinase B (PKB). Akt then phosphorylates and inhibits glycogen
synthase kinase 3 (GSK-3) and induces glycogen synthesis. Activated Akt also participates
in cell survival, inhibition of pro-apoptotic signals, cell proliferation, cell growth and protein
synthesis (Cantley, 2002).

Insulin signaling via P13K signaling pathway can increase epiblast cell number (Campbell et
al., 2012), suggesting the importance of this pathway in hPSC proliferation. In addition,
P13K signaling is also important for the maintenance of pluripotency of hPSCs as its
suppression by LY294002 and/or AKT1-11 is required for the transition from pluripotency to
differentiation (McLean et al., 2007). A decrease in PI3K/Akt signaling pathway has been
reported following hESC differentiation (Armstrong et al., 2006). Given that PI3K/Akt
signaling mediates stem cell fate (Welham et al., 2007), the dynamics of PI3K/Akt signaling
can be studied upon differentiation of hiPSCs into diverse cell types.

Raf/Mek/Erk (MAPK) signaling pathway—Mitogen-activated protein kinases
(MAPKS) are serine/threonine protein kinases and their signaling pathway involves adaptor
proteins, guanine nucleotide exchange factors and small GTP binding proteins. These then
activate MAPK kinase kinase (MAPKKK)/Raf which phosphorylates MAPK kinase
(MAPKK)/MEK1/2, which in turn phosphorylates MAPK/ERK1/2. This signaling cascade
is important for cell growth, cell proliferation, cell movement, cell differentiation and cell
death (Keshet and Seger, 2010).

Insulin/IGF-I signaling pathway activation activates the MAPK signaling pathway. FGF2,
an important component required to maintain pluripotency of hPSCs, activates FGFR2 and
also stimulates MAPK signaling (Eiselleova et al., 2009). FGF2 reinforces the pluripotent
state, self-renewal and survival, and it has been reported that a high basal level of MAPK
signaling pathway maintains pluripotency in hESCs, in contrast to mESCs (Li et al., 2007).
Also, upon hESC differentiation, there is a decrease in MAPK signaling pathway
(Armstrong et al., 2006). Since both insulin/IGF-1 and FGF2 independently activate MAPK
signaling in hPSCs, it would be interesting to determine their relative roles in the
maintenance of pluripotency. MAPK signaling also regulates developmental cell fate
specification (Craig et al., 2008) and stem cell lineage commitment (Binetruy et al., 2007).
Given that insulin/IGF-1 and FGF2 are also known to play mitogenic roles during
differentiation of hiPSCs, this signaling network can be actively studied during the
differentiation of DiPSCs into the various cell types.
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Future Directions and the Road to Therapy

In conclusion, hiPSCs derived from patients with diabetes or various types of metabolic
syndromes can be effectively derived and used to study disease development and pathology
invitro. In this regard, the study of monogenic diabetic or metabolic diseases may be more
straightforward to model with hiPSCs compared to complex diseases such as T1D and T2D,
as the lengthy evolution and ever-changing genetic-environmental interactions that occur in
T1D and T2D are potentially harder to decipher using cell-based systems. Understanding the
significance of MODY genes in the differentiation and maturation of pancreatic islet cells
may be particularly illuminating for enhancing ex vivo strategies to produce mature,
functional B cells. Likewise, small molecule screening using DiPSC-derived cells may
identify patient-specific susceptibilities to therapy and advance personalized approaches to
diabetes treatment. It must be cautioned, however, that considerable progress is still
necessary to achieve accurate specification of fully mature cells from differentiating hiPSCs,
and to enable delivery of hiPSC-derived cells to appropriate target organs in vivo. Continued
progress on these fronts will be critical in uncovering new mechanisms underlying diabetes
pathology and advancing treatment options for diabetes patients.
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Figure 1. Types of diabetes and metabolic syndromes

The various types of diabetes and metabolic syndromes that can be modeled using induced
pluripotent stem cells (iPSCs) include monogenic forms of diabetes, Type 1 diabetes (T1D)
and Type 2 diabetes (T2D). T1D occurs as a result of immune attack by immune cells such
as macrophages and T cells whereas T2D occurs as a result of insulin resistance in the
pancreas, muscle, fat and liver. Square represents male subjects whereas circle represents
female subjects. Filled symbols denote subjects with diabetes.
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Figure 2. Schematic of derivation of hiPSCsfrom patient somatic cells

Types of human somatic cells which are relatively more accessible for reprogramming
include keratinocytes, dermal fibroblasts, adipocytes and peripheral blood cells. Current
reprogramming methods include the use of retroviruses, lentiviruses, plasmids,
adenoviruses, Sendai viruses, transposons, protein, modified RNA and miRNA.
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Figure 3. Differentiation of diabetic hiPSCsinto various cell typesforin vitrodisease modeling
Each type/source of diabetic hiPSCs can be differentiated into relevant cell types of interest
for investigating disease mechanisms. Cell types of interest include pancreatic cells, cells
involved in diabetic complications and cells involved in insulin resistance.

Cell Metab. Author manuscript; available in PMC 2014 December 03.



