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ABSTRACT OF THE THESIS 

 

Using Human Embryonic Stem Cells to Model Maturity-Onset Diabetes of the Young Type 1 
(MODY1) 

by 

Hu-An Lin 

 

Master of Science in Biology 

University of California San Diego, 2019 

 

Professor Maike Sander, Chair 
Professor Randolph Hampton, Co-Chair 

 

 

Maturity-onset diabetes of the young type 1 (MODY1) is a form of monogenic diabetes 

caused by single base pair mutation in the hepatocyte nuclear factor-4-alpha (HNF4a) gene that 

results in neonatal hyperinsulinemic hypoglycemia, macrosomia, and early onset diabetes. 

Although many HNF4a mutations have been identified in patients and their families, the molecular 

mechanism of MODY1 progression remains unknown. This study aims to understand the 

mechanism underlying HNF4a R141X mutations in pancreatic beta cells using human embryonic 

stem cell (hESC)-derived beta cells and genome editing CRISPR/Cas9 technology. By 



 x 

differentiating hESCs into insulin-producing beta cells using a stepwise protocol, we found that in 

vitro generated beta cells carrying the R141X mutation show phenotypes similar to clinical 

presentation of MODY1. At the immature stage, which is likely equivalent to the neonatal stage 

in vivo, mutant beta cells hypersecrete insulin at low glucose, which can be reduced by treatment 

of the potassium channel activator diaxozide. At the stage when wild-type (WT) beta cells become 

functionally mature and secrete insulin in response to glucose levels, HNF4a mutants hypersecrete 

insulin in both low and high glucose conditions. At both stages, mutant beta cells consistently 

secrete higher insulin in response to KCl-induced depolarization than WT. Furthermore, RNA 

sequencing of immature beta cells revealed upregulation of genes involved in cell cytotoxicity in 

R141X mutants. This is validated by an increase in cleaved Caspase-3 in mutants, suggesting that 

HNF4a-mutated cells might be prone to cell death. Overall, our results show that hESC-generated 

R141X mutant beta cells behave similarly to beta cells from MODY1 patients and this mutation 

may induce apoptosis in beta cells. 
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INTRODUCTION 
 
Diabetes Mellitus 

Diabetes mellitus is a metabolic disease characterized by hyperglycemia, insulin resistance, 

and abnormal insulin secretion [1]. In 2017, the Centers of Disease Control and Prevention (CDC) 

named it as the 7th leading cause of death in the United States, affecting approximately 30.3 million 

people in the United States and 387 million worldwide [2,3]. Patients with diabetes mellitus often 

suffer short-term complications such as polyuria, weight loss, blurred vision, ketoacidosis, and 

long-term complications such as retinopathy, nephropathy, peripheral neuropathy, and 

cardiovascular symptoms [1].  

Diabetes mellitus is classified into several categories based on clinical presentation and 

physiological cause of symptoms. Diabetes mellitus can be classified as into two broad categories: 

type I diabetes, type II diabetes; however, there are other less prevalent forms of diabetes that 

cannot be classified as either type 1 or type 2 diabetes.  

The first classification, type I diabetes (T1D), is commonly caused by autoimmune 

responses that result in the destruction of beta cells, pancreatic endocrine cells located in the islets 

of Langerhans in the pancreas that produce insulin to maintain glucose homeostasis [4]. Due to 

beta cell loss, the body experiences insulin deficiency, leading to disruption in glucose homeostasis 

and resulting in hyperglycemia. Patients with T1D are required to supply the body with exogenous 

insulin regularly and maintain glucose monitoring [5]. While T1D patients have insulin injection 

as an option for symptom treatment, there is currently no cure for the disease. Current research for 

T1D focuses on expanding treatment options and developing ways to achieve early diagnosis to 

prevent beta cell loss [4].  
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Type II diabetes (T2D), on the other hand, accounts for 90-95% of all diabetes cases and 

is characterized by insulin resistance, relative insulin deficiency, and dysregulation of 

carbohydrate, lipid, and protein metabolism [1,2,6]. T2D is mainly due to progressive beta cell 

dysfunction that is accompanied by insulin resistance in skeletal muscle, liver, and adipose tissue 

[5]. Furthermore, DeFronzo and colleagues established the “ominous octet”, which identifies 

major dysfunctions in insulin secretion, glucagon secretion, neurotransmitter secretion, peripheral 

glucose uptake, renal glucose excretion, hepatic glucose output, and incretin secretion as core 

causes of hyperglycemia and insulin resistance [6]. Insulin resistance in these tissues requires beta 

cells to hyper-secrete insulin to compensate for this condition, leading to prolonged cell stress that 

gradually leads to beta cell dysfunction or apoptosis. T2D patients are advised to maintain a healthy 

low-fat diet and moderate exercise, which have been proven to improve glycemia [8]. The 

complexity of T2D often requires patients to use multiple medications to manage individual 

conditions. Most antidiabetic medications target specific parts of the insulin release pathway. 

These antidiabetic medications include, but are not limited to, metformin, sulfonylureas, 

thiazolidinediones (TZD), dipeptidyl peptidase 4 (DPP4) inhibitors, sodium-glucose cotransporter 

2 (SGLT2) inhibitors, a-glucosidase inhibitors (AGIs), glucagon-like peptide 1 (GLP1) receptor 

agonists, and insulin injection [9]. 

Other types of diabetes that do not match the diagnosis of T1D and T2D include various 

less prevalent subtypes of diabetes. These types of diabetes may be caused by genetic defects in 

beta cells, genetic defects in insulin action, exocrine pancreas damage, endocrinopathies, external 

drugs or chemicals, infection, and pregnancy [1]. Some examples include Rabson-Mendenhall 

syndrome and maturity on-set diabetes of the young (MODY). The former caused by genetic 

defects in the insulin receptor and latter caused by genetic defects of specific genes expressed in 



 3 

beta cells. This heterogeneity of diabetes presents challenges for scientists to study diabetes as a 

single disease but also poses issues for clinicians to diagnosis the disease correctly for proper 

treatment. 

 

 

Maturity-Onset Diabetes of the Young (MODY) 

 Much of our early understandings of diabetes mechanisms came from studies of monogenic 

diabetes, or diabetes caused by mutations in a single gene [14]. One such form is called MODY, a 

monogenic diabetes that accounts for 1-4% of all diabetes [10]. MODY is an autosomal-dominant 

disease that is characterized by hyperglycemia before the age of 25 and insulin secretion defects 

[11]. According to Online Mendelian Inheritance in Man (OMIM), there are currently 14 variants 

of MODY identified, each caused by a specific gene [12]. Each type of MODY can have a different 

clinical presentation, which includes neonatal hyperinsulinism, pancreas agenesis, pancreas 

hypoplasia, and diabetes in infancy or early adulthood [12]. Of the 14 variants, four genes account 

for majority of the MODY cases: hepatocyte nuclear factor-4-alpha (HNF4a)/MODY1, 

glucokinase (GCK)/MODY2, hepatocyte nuclear factor-1-alpha (HNF1a)/MODY3, and 

hepatocyte nuclear factor-1-beta (HNF1b)/MODY5 [13]. Studies on MODY have aided our 

understanding of the molecular mechanisms of diabetes. For example, it has been shown that 

homozygous mutation in GCK impairs glucose-dependent ATP production and inhibition of KATP 

channel closure, suggesting GCK as a key glucose sensor [15]. Early studies in pancreatic and 

duodenal homeobox 1 (PDX1)/MODY4 have found that single base pair deletion in PDX1 results 

in pancreatic agenesis, a congenital malformation of the pancreas that results in a failure of the 

dorsal pancreas to develop, suggesting PDX1 is a critical regulator of pancreatic development [16]. 
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Clearly, while MODY has relatively low prevalence comparing to T2D, it provides extremely 

valuable models to study diabetes.  

 Compared to other major MODY genes, much less is known about HNF4a mutations and 

its mechanism. This is likely due to its relatively low prevalence, as only 103 mutations and 174 

families with the disease have been identified to date [17]. MODY1 is characterized by 

heterozygous point mutation in HNF4a with clinical features of neonatal hyperinsulinemic 

hypoglycemia (HH), macrosomia, and early onset diabetes [18]. Patients with neonatal HH are 

treated with diazoxide, a potassium channel activator that inhibits insulin release from beta cells, 

ranging from 3 months to 8 years of life [19]. In their mid-20s, most HNF4a carriers develop 

MODY and are commonly treated with sulfonylurea, a drug that closes ATP-sensitive potassium 

channels in beta cells to initiate insulin release. However, studies have shown that it is an effective 

treatment for only 75-80% of the patients and patients develop unresponsiveness after 3-25 years 

of treatment [20,21]. In addition, there is no report of patients’ health in between these two 

treatments, presenting a gap of knowledge. 

 HNF4a is a transcription factor in the nuclear receptor (NR) superfamily with conserved 

DNA-binding domains and ligand-binding domains [22,23]. It encodes two isoforms from two 

different promoters, P1 and P2. P1 variant is expressed in the kidney, intestine, colon, and liver. It 

is the most abundant DNA-binding protein in liver, binding to more than 40% of actively 

transcribed genes, suggesting its vital role in hepatocyte differentiation and function [24]. The 

second variant, P2 is mainly expressed in the pancreas, intestine, and colon. Transfection assays 

with various deletions and mutations of the P2 promoter have shown that this isoform is a master 

regulator of pancreas gene expression, interacting with many other MODY transcription factors 

such as HNF1b, HNF1a, and PDX1 [25,26]. Specifically, studies have shown that HNF4a 



 5 

regulates beta cell replication in response to increased metabolic demand via the Ras/ERK pathway 

and endoplasmic reticulum (ER) calcium ion homeostasis via X-box binding protein-1 (Xbp1) 

[27,28]. Many familial studies have confirmed that mutations in HNF4a lead to MODY in humans 

[29-31]. However, while beta cell-specific HNF4a-null mice exhibit impaired glucose-stimulated 

insulin secretion, these mice do not develop diabetes like their human counterpart [32]. The 

discrepancy between the mouse model and clinical presentation of MODY1 patients makes the 

mouse model a less reliable resource to study how HNF4a mutation causes MODY1, highlighting 

the importance to develop a human in vitro model to study MODY1. 

 

Beta Cell Differentiation from Human Embryonic Stem Cells (hESCs) 

 There has been great interest in the field to generate beta cells from human embryonic stem 

cells (hESCs) and human induced-pluripotent stem cells (iPSCs) as a potential therapy for diabetes. 

While patients have the option to receive islet transplantation, it is limited by the availability of 

donors. Islet transplantation also presents many health risks, as patients are required to take 

immunosuppressant drugs for as long as the transplanted islets are functional. As a result, much 

effort has been placed to generate functional beta cells from hESCs and iPSCs as an alternative 

and renewable source of islet transplantation. In addition to transplantation, in vitro derived beta 

cells can be utilized for drug screening and disease modeling.  

 The major approach in the last decade is to model the path pluripotent cells take during 

embryogenesis to become mature beta cells. In vitro, hESCs are exposed to growth factors that 

resemble developmental cues in vivo, allowing the cells to go through developmental stages from 

definitive endoderm (DE), primitive gut tube (GT), posterior foregut (PF), pancreatic endoderm 

(PE), endocrine progenitor (EP), immature beta cell (IMB) 1 and 2, to finally functionally mature 



 6 

beta cell (FMB) [33-37]. Despite rigorous effort to perfect the protocol, researchers face many 

challenges in generating mature glucose-responsive beta cells in vitro. Studies have shown that 

multiple factors other than growth factor cues affect beta cell development and function. For 

instance, isolated beta cells have compromised GSIS as oppose to intact islets, suggesting cell-cell 

communication with other islet endocrine cells plays a role in insulin secretion regulation [38]. In 

addition, other non-endocrine cells such as endothelial cells, perivascular cells, neuronal cells, and 

mesenchymal cells have also been suggested to play a role in beta cell function. For example, 

endothelial cells have been suggested to be a critical modulator of beta cell growth, survival, and 

function, as it synthesizes islet basement membrane to maintain islet vasculature [39]. Despite 

many limitations of the hESC-derived beta cell model, it serves as an extremely valuable tool to 

study diabetes such as MODY1, where the phenotype is different between humans and rodents. 

Recent studies have placed emphasis on generating mono-hormonal insulin positive beta cells with 

glucose-stimulated insulin secretion (GSIS) and have successfully generating FMB in vitro, 

providing a promising future for diabetes cellular therapies [40,41] 

 

Generating a Model to Study MODY1 Using hESC-Derived Beta Cells 

 It is well established that monogenic heterozygous mutations in HNF4a causes MODY1, 

with the clinical presentation of neonatal HH, macrosomia, and early onset diabetes [18]. However, 

the underlying cause of how HNF4a mutation causes this phenotype remains unclear. With beta 

cell-specific HNF4a-null mice not presenting clinical features observed in humans, the hESC 

model becomes an extremely valuable tool to study MODY1 [31,32]. Studies have identified 103 

mutations in HNF4a that result in MODY1, including heterozygous R141X (also termed R154X) 

mutation, a nonsense point mutation at Arg 141 that results in a truncated protein [17,30]. The 
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mutation is found in the E domain, which is involved in ligand-binding and dimerization. Studies 

done in human embryonic kidney 293 cells (HEK 293T) have shown that while the mutation does 

not affect its DNA binding ability and nuclear localization, the mutant loses 30-100% of its 

transactivation activity, including impairment in coactivator p300 recruitment [42-44]. To 

investigate how a single base pair substitution in HNF4a is able to cause MODY1, this study aims 

to construct a hESC-based model for MODY1 with R141X mutation to provide a tool to 

investigate the underlying cause of HNF4a mutation-mediated diabetes and shed light on potential 

targets of HNF4a 

.  
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RESULTS 

 
Transfection with dual donors is more efficient in generating R141X heterozygous clones 

 In order to study the effect of HNF4α mutation on beta cells, we attempted to generate a 

human-embryonic stem cell (hESC) line carrying the HNF4α R141X mutation using the H1 cell 

line (Figure 1A). We designed, validated, and inserted a guide RNA (gRNA) that has a binding 

site near the R141X locus into the plasmid pX458, which already contains Cas9 construct for 

CRISPR/Cas9 editing and green fluorescent protein (GFP) gene for selection (Table 1). To 

introduce the mutation, we first performed homology directed repair (HDR)-based CRISPR/Cas9 

editing by co-transfecting pX458 with one single-stranded DNA (ssDNA) donor carrying two 

single base changes (mR141X): one for the R141X mutation and one for the protospacer adjacent 

motif (PAM) sequence mutation. PAM is a short DNA sequence that allows Cas9 nuclease to cut 

the DNA. By mutating PAM, the allele is protected from further excision by Cas9 nuclease. 

However, this approach had low efficiency of obtaining truly heterozygous clones, with 

approximately 0.5% success rate. While we were able to see R141X mutation successfully 

introduced in one allele, we often found in-dels, or unexpected random insertions or deletions, in 

the second allele.  

To improve this process, we designed and introduced an additional ssDNA donor that 

contains only the PAM mutation (R141X) (Table 1). We co-transfected pX458 with mR141X 

ssDNA donor and R141X ssDNA donor in the hopes that this will protect the wild-type allele from 

addition excision and random in-dels. With this dual donor system, the efficiency for generating 

the HNF4α R141X heterozygous clone increased to 2% (data not shown (Figure 1B)).  

 

HNF4α expression decreases in HNF4αR141X mutants 
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 Many studies have shown that HNF4α plays a crucial role for endodermal organogenesis. 

During development, HNF4α is first expressed at the gut tube stage. It is involved in crosstalk with 

other transcription factors that are important in islet differentiation, such as HNF1α and FOXA 

[45,46]. It remains expressed in adult beta cells to mediate insulin secretion, gluconeogenesis, and 

lipid metabolism [47-49]. In order to assess the expression level of HNF4α protein in wild-type 

and mutant beta cells at different developmental stages, we differentiated hESCs into beta cells 

using a stepwise protocol (Figure 1C). We first wanted to verify HNF4α expression in these 

genotypes by immunofluorescent staining (IF) and Western blot. Using an antibody that recognizes 

the HNF4a C-terminus domain, we detected HNF4a signal at the PE stage in the nucleus in wild-

type and HNF4aR141X/+ cells, but not in HNF4aR141X/R141X cells (Figure 2A-B). In HNF4aR141X/+ 

cells, HNF4α signal intensity was lower than in wild-type cells (Figure 2A-B). It is important to 

note that there is a clonal difference between HNF4aR141X/+ clone 1 and HNF4aR141X/+ clone 2. 

With both methods, HNF4aR141X/+ clone 1 had lower HNF4α expression than HNF4aR141X/+ clone 

2.  

 We then assessed the expression level of HNF4α protein in our cells at different 

developmental stages. We observed a similar pattern of HNF4α expression levels in HNF4aR141X/+ 

relative to the wild-type at the EP and IMB1 stages (Figure 2A, C-D). In wild-type cells, HNF4α 

protein levels decreased as beta cells was further differentiated from the PE stage to the IMB1 

stage (Figure 2B-D). However, the level of reduction was more severe in HNF4αR141X/+ mutants 

compared to wild-type cells (Figure 2E). Moreover, the levels of HNF4α of HNF4αR141X/+ clone 

1 resembled that of HNF4αR141X/R141X mutants at the IMB1 stage (Figure 2D). While HNF4a 

expression is reduced in HNF4aR141X clones, the cell aggregate morphology between the wild-type 

and the clones are similar throughout GT, PF, PE, and IMB1 stages (Figure 3). These data 
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indicated that while HNF4α mutation exacerbates HNF4α protein reduction during beta cell 

differentiation, the mutations do not affect morphogenesis during pancreatic induction. 

 

The INS+/NKX6.1+ cell population is transiently reduced in HNF4αR141X cells 

 We next examined whether HNF4α R141X mutation affects pancreatic induction by using 

immunofluorescence (IF) staining and fluorescence-activated cell sorting (FACS) to check 

expression of PE-specific markers. We found that there was no difference in pancreatic and 

duodenal homeobox 1 (PDX1) and NKX6 homeobox 1 (NKX6.1) expression between HNF4a 

mutants and WT control (Figure 4). Quantification data by IF staining combined with image 

analysis and FACS show similar results, despite the fact that image analysis showed a slightly 

higher percentage of NKX6.1+, which was due to different sensitivities of the two antibodies used 

in the two methods (Figure 4B-C). These quantification data further suggest that HNF4α R141X 

mutations do not affect pancreas induction. 

 Next, we assessed whether HNF4α R141X mutation affect beta cell specification by 

staining the differentiated cells at EP, IMB1, and IMB2 stages with NKX6.1 and insulin (INS). At 

the EP stage, we observed the cells began to express INS and the percentage of NKX6.1+ cells 

increased by 30% compared to PE cells (Figure 4B-C, 5A, D, E).  The quantification data shows 

that the percentage of INS+ cells were relatively similar between the wild-type control and the 

HNF4αR141X clones, which was around 50-70% across all genotypes and quantification methods 

(Figure 5D-E). In addition, there was a slight reduction of NKX6.1+ cells and INS+/NKX6.1+ 

cells at the EP, IMB1, and IMB2 stages in the mutants compared to wild-type cells at each 

corresponding stage, although statistical significance was not observed consistently between the 

two methods of quantification. 
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 At the IMB1 stage, we expected to see an increase in INS+ cells and INS+/NKX6.1+ cell 

populations compared to the EP stage. Across all genotypes, we observed a visible increase in 

INS+ cells and INS+/NKX6.1+ cells (Figure 5A-B). The quantification data showing the 

difference in NKX6.1+ and INS+/NKX6.1+ cell populations between wild-type and the mutant 

clones became more obvious when comparing IMB-staged cells to cells at the EP stage (Figure 

5D-G). HNF4a-mutated clones had significantly less NKX6.1+ and INS+/NKX6.1+ cells than 

wild-type controls, with the homozygous clones exhibiting a lower percentage of these cells than 

their heterozygous counterparts (Figure 5D-G). This raised the question whether this reduction in 

INS+/NKX6.1+ population may lead to developmental defects in beta cells at the later stages. We 

questioned whether this difference is maintained as the cells are matured further to the IMB2 stage 

[37, 51-53]. At the IMB2 stage, the difference between HNF4aR141X/+ clones and wild-type 

controls in terms of NKX6.1+ and NKX6.1+/INS+ populations decreased slightly (Figure 5C). 

Similarly, the significance in the difference between INS+/NKX6.1+ populations in wild type and 

mutant cells was not consistently observed with both quantification methods (Figure 5H-I). 

Altogether, this data suggests that while HNF4aR141X/+ clones have a lower percentage of 

INS+/NKX6.1+ cells at the IMB1 stage, these cells at the later stage are then recovered, suggesting 

that this difference is only transient and may not affect beta cell differentiation. 

 

HNF4αR141X mutant cells hypersecrete insulin and are responsive to diazoxide treatment 

To determine whether the hESC-derived mutant beta cells exhibit the hyperinsulinism 

phenotype and responsiveness to diazoxide treatment observed in newborn patients, we performed 

a perfusion assay on IMB2 cell aggregates. It is well established that at low glucose levels, the 

KATP channel remains opened and beta cells are repolarized; therefore, insulin secretion is limited 
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at a minimal level [54]. However, HNF4αR141X beta cells had a higher basal level of insulin 

secretion than wild-type cells (Figure 6A). The phenotype was more severe in HNF4αR141X/R141X 

mutants than in the HNF4αR141X/+ cells. Since diazoxide has been used to treat patients with 

hyperinsulinism, we next tested if diazoxide treatment could reduce insulin basal levels in 

HNF4αR141X mutant cells [19]. We found that while diazoxide treatment had no effect on wild-

type cells, insulin secretion dropped sharply 10 minutes after diazoxide treatment in HNF4aR141X 

clones (Figure 6A). This would indicate that the KATP channels in mutant cells are leaky and cells 

are partially depolarized.  

We next asked whether the leakage of KATP channels might exacerbate KCl-induced insulin 

secretion. When perfused with 30 mM KCl to induce cellular depolarization, WT beta cells 

released approximately 0.5% of the cell’s total insulin pool. The total insulin released was elevated 

in all HNF4αR141X mutants to as high as 6.6 fold higher compared to the wild-type (Figure 6B). 

These results suggest that HNF4aR141X mutants recapitulate the insulin hypersecretion and 

diazoxide-responsiveness in MODY1 patients.  

 

Functionally mature HNF4αR141X mutant cells hyper-secrete insulin  

Although hESC-derived HNF4aR141X beta cells at the IMB2 stage have shown 

hyperinsulinemia, a phenotype normally observed in MODY1 patients, lack of glucose 

responsiveness in these IMB2 cells indicates their immaturity. This is due to the fact that the 

differentiation protocol used to generate IMB2 cells does not produce mature beta cells. Therefore, 

we next tested whether HNF4αR141X mutation affects mature beta cells by adapting a recently 

published protocol that showed that by reducing cell aggregate size at later differentiation stages 

and culturing the cells in a serum-free and factor-rich environment, the cells are able to increase 
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glucose-responsiveness without reducing beta cell marker expression [40]. Since homozygous 

R141X mutation is not found in patients, we only advanced the study with wild-type and 

HNF4aR141X/+ differentiated cells. In addition, to carefully and stringently evaluate the phenotype 

in HNF4aR141X/+, we chose to carry only the HNF4aR141X/+ clone 2 since sequencing data of these 

2 clones showed that similar transcriptome changes observed in clone 2 was also observed in 

clone1, but not vice versa (data not shown). To mature the differentiated beta cells, we dissociated 

and re-aggregated IMB1 cells and cultured the newly-formed aggregates in factor-free media for 

additional 11-18 days. Wild-type cells at day 11-18 post-reaggregation exhibited similar INS+, 

NKX6.1+, and INS+/NKX6.1+ percentages as IMB2 staged day 24 aggregates, demonstrating that 

beta cell markers are maintained with the new adapted protocol (Figure 5C, H, 7A-C). In addition, 

INS+, NKX6.1+, and INS+/NKX6.1+ percentages were similar between wild-type and 

HNF4αR141X mutants, supporting our earlier conclusion that the INS+/NKX6.1+ cell population 

difference at the IMB1 stage was only a transient effect (Figure 7C).  

It is well established that adult beta cells secrete insulin in response to elevated glucose 

levels with two distinct phases – the first phase with a rapid insulin secretion response, and the 

second phase with a gradual increase in insulin secretion [55]. We first wanted to test whether 

wild-type beta cells matured with the new protocol could acquire glucose-responsiveness. In the 

perfusion assay, we observed that wild-type beta cells only secreted 0.005% of total insulin pool 

and rapidly increased insulin secretion by 5-6 fold within 4-10 minutes after glucose stimulation, 

resembling the first phase of glucose-stimulated insulin secretion (GSIS) (Figure 7D). 

Furthermore, 20 minutes after glucose stimulation, a minor increase of insulin secretion was 

observed, resembling the second phase of GSIS. With HNF4aR141X/+ clone 2, we observed a 

consistent increase in insulin basal secretion while maintaining first and second phases of glucose 
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responses. Although HNF4aR141X/+ beta cells responded to glucose similarly to wild-type, these 

cells continued to hyper-secrete insulin during glucose stimulation, suggesting that the mutation 

causes hypersecretion of insulin (Figure 7D). In addition, insulin secretion failed to return to basal 

level prior to glucose stimulation. Similar to beta cells at the IMB2 stage, KCl-induced insulin 

secretion was elevated in HNF4aR141X/+ cells compared to the wild-type cells (Figure 7E). Taken 

altogether, these data suggest that HNF4aR141X/+ mutant cells hypersecrete insulin, which 

resembles the phenotypic symptoms of newborn patients.  

 

HNF4aR141X/+ could cause MODY1 by increasing cell stress and apoptosis 

 We next sought to understand why the HNF4aR141X/+ mutation leads to MODY1. A recent 

study has suggested that lack of HNF4a function in MODY1 patients result in Ca2+ signaling and 

insulin release disruption in beta cells by altering endoplasmic reticulum (ER) Ca2+ homeostasis 

[28].  Many studies have linked increased ER stress, a condition in which the cell is producing 

proteins at a rate that exceeds its capacity and has unfolded or misfolded protein accumulation, 

with many diseases such as T2D, cystic fibrosis, and Alzheimer’s disease [56-57]. ER stress is 

even more relevant due to the high engagement of beta cells in insulin production. Several studies 

have shown that ER stress could induce apoptosis in beta cells [58-59]. Therefore, we hypothesized 

that insulin hypersecretion could subject HNF4aR141X/+ cells to increased ER stress, which in turn 

leads to apoptosis and eventual beta cell loss. To test this hypothesis, we stained IMB2 cell 

aggregates with cleaved-caspase 3 (c-CAS3), a marker for the apoptosis pathway, to determine 

whether HNF4aR141X/+ beta cells are more prone to apoptosis than the wild-type cells. We observed 

a 2-3-fold increase of c-CAS3+ and INS+/c-CAS3+ cells in HNF4aR141X/+ beta cells compared to 
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their wild-type counterparts (Figure 8A-B). These results suggest that HNF4aR141X/+ mutation 

may result in MODY1 due to increased cell stress and beta cell death. 
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Figure 1. Generation of hESC-derived beta cells carrying HNF4αR141X mutation. 

 

 

 

(A) Schematic used to generate HNF4αR141X mutation in hESCs using CRISPR/Cas9 technology. (B) Chromatogram 
showing wild-type (WT), homozygous R141X mutant (HNF4αR141X/R141X), and heterozygous R141X (HNF4αR141X/+) 
genotype. The R141X point mutation is highlighted in red, PAM sequence in purple, PAM point mutation in green. (C) 
Stepwise protocol to differentiate hESCs into beta cells in vitro. The differentiation stages include embryonic stem cells 
(ES), definitive endoderm (DE), primitive gut tube (GT), posterior foregut (PF), pancreatic endoderm (PE), endocrine 
progenitor (EP), immature beta cells (IMB), and functionally-mature beta cells (FMB). 

;;; 
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Figure 2. HNF4α expression decreases in HNF4αR141X mutants. 

 

 
  

(A) Immunofluorescence (IF) staining of HNF4α at different stages of differentiation, including pancreatic endoderm 
(PE), endocrine progenitor (EP), immature beta cell stage 1 (IMB1), and immature beta cell stage 2 (IMB2). Red stains 
for HNF4α, blue stains for DAPI. Upper right-hand corner is a 3x magnification of the yellow window. (B-D) Western 
blot analysis of HNF4α protein at (B) PE, (C) EP, and (D) IMB1 stages. GAPDH is the loading control. (E)  
Quantification of western blot.  
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Figure 3. Representative images of hESC-derived beta cell morphology at different stage of 
differentiation. 
Phase contrast images of wild-type (WT) and HNF4αR141X mutant aggregates at embryonic stem cells (ES), primitive 
gut tube (GT), posterior foregut (PF), pancreatic endoderm (PE), endocrine progenitor (EP), immature beta cells (IMB) 
stages 
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Figure 4. HNF4αR141X mutation does not affect pancreatic induction. 

 
 
 
 
 
 

 

(A) IF staining of hESC-derived beta cells at PE stage. Green stains for PDX1, red stains for NKX6.1, blue stains for 
DAPI. (B) IF staining quantification and (C) FACS quantification of PDX1+, NKX6.1+, and PDX1+/NKX6.1+ cells 
at PE stage. 
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Figure 5. HNF4αR141X mutation results in a transient decrease in insulin+/NKX6.1+ cell 
population at immature beta cell stage 1 (IMB1). 
(A-C) IF staining of hESC-derived beta cells at (A) EP, (B) IMB1, (C) IMB2 stages. Green stains for insulin (INS), red 
stains for NKX6.1, blue stains for DAPI. (D,F,H) IF staining quantification of (D) PE, (F) IMB1, and (H) IMB2 cells. 
(E,G,I) FACS quantification of (E) EP, (G) IMB1, and (I) IMB2 stages. *P<0.05, **P<0.01. ***P<0.001 
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Figure 6. HNF4aR141X mutants exhibit hyperinsulinism and diazoxide-responsiveness at the 
immature beta cell stage 2 (IMB2). 

 
 

  

(A-B) Perfusion results of IMB2 cell aggregates with (A) low glucose level and diazoxide treatment (DZ), and (B) KCl 
treatment.  
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Figure 7. HNF4aR141X/+ mutant cells secrete more insulin in response to high glucose levels 
at the functionally mature beta cell stage (FMB). 

 

  

(A-B) IF staining of functionally mature beta cells (FMB) for (A) wild-type and (B) HNF4aR141X/+ clone 2. 
Green stains for INS, red stains for NKX6.1, blue stains for DAPI, purple stains for HNF4a. (C) IF 
quantification of INS+, NKX6.1+, INS+/NKX6.1+ cells at FMB stage. (D-E) Perfusion results of FMB cell 
aggregates at (D) low and high glucose levels and (E) KCl stimulation.   
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Figure 8. HNF4aR141X mutants may more prone to cell death. 

 
 
 
 
 
 
 
 
  

(A) IF staining of hESC-derived beta cell aggregates at IMB2 stage. Blue indicates DAPI, green indicates insulin 
(INS), pink indicates cleaved-caspase 3 (c-CAS3). (B) IF staining quantification of c-CAS3+ and c-CAS3+/INS+ cells. 
*p<0.05, **p<0.01. 
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DISCUSSION 

 

Diabetes mellitus is an emerging global epidemic that affects over 387 million people 

worldwide [3]. It is a heterogeneous metabolic disease that has many subtypes, each with a 

different underlying molecular cause and clinical presentation. One such subtype, MODY1, is a 

form of monogenic diabetes caused by single base pair mutation in HNF4α. While it has been 

identified in patients and families, the underlying mechanism of MODY1 remains largely 

unknown. In addition, the phenotype observed in patients cannot be replicated in rodents by 

introducing HNF4α deletion [29,30,31,32]. The lack of understanding for MODY1 mechanism 

and the discrepancy between the human and rodent phenotype makes a MODY1 human in vitro 

model invaluable. Our studies show that through utilizing CRISPR/Cas9 technology in hESCs and 

a stepwise differentiation protocol to differentiate these cells into beta cells, our system provides 

a promising in vitro disease model to study MODY1.  

 Using a CRISPR/Cas9 dual-donor system, we were able to increase efficiency in obtaining 

HNF4aR141X/+ mutant clones. To validate our hESC-based MODY1 model, we investigated the 

ability of HNF4α R141X mutants to express HNF4α and to undergo pancreatic induction and beta 

cell differentiation. We found that HNF4a expression decreases over time during beta cell 

differentiation course, with a more drastic decrease in HNF4aR141X/+ clones than the wild-type. 

This is explained by the auto-regulation loop of HNF4a, in which HNF4a binds to its own P2 

promoter to enhance expression [50]. The morphology of HNF4aR141X mutated cells resembled 

that of the wild-type cells with similar populations of PDX1+, NKX6.1+, and PDX1+/NKX6.1+ 

cells at the PE stage, suggesting that the mutation did not affect pancreatic induction. Furthermore, 

while HNF4aR141X mutants had a lower percentage of NKX6.1+/INS+ cells comparing to the wild-
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type cells at the IMB1 stage, this phenomenon was not observed in EP and IMB2 stages, suggesting 

that the difference was only transient. Our data suggests that beta cell differentiation was not 

greatly affected by HNF4aR141X mutations.  

 Patients with MODY1 are characterized with neonatal HH, macrosomia, and early onset 

diabetes [18]. Similar to clinical presentation of MODY1 patients, the HNF4aR141X mutants at the 

IMB2 stage, which likely corresponds to the neonatal stage in vivo, consistently exhibited elevated 

insulin secretion at low glucose and 30mM KCl-stimulation. At the age of 3 months to 8 years, 

patients are often treated with diazoxide for neonatal hyperinsulinemia [19]. At the IMB2 stage, 

HNF4aR141X mutants also showed a drastic decrease in insulin secretion in response to diazoxide, 

as opposed to the negligible insulin secretion decrease as seen in wild-type cells. At the FMB stage 

in vitro, both wild-type cells and HNF4aR141X/+ mutant cells displayed glucose responsiveness, an 

indicator of beta cell functional maturity. Importantly, HNF4aR141X/+ mutant cells consistently 

hypersecrete insulin in a low glucose environment, upon glucose-stimulation, and with KCl 

stimulation. Altogether, these results show that in vitro-generated HNF4aR141X/+ beta cells not only 

exhibit functional maturity, but also present phenotypes that closely resemble clinical phenotypes 

of MODY1 patients.  

 A number of recent studies have suggested ER stress as a possible cause of diabetes due to 

the huge burden on the ER to synthesize insulin [60]. When the level of secretion exceeds the 

ability of the cell to maintain ER homoeostasis, the unfolded protein response (UPR) is normally 

activated to restore ER homeostasis. However, when the UPR is insufficient to restore ER 

homeostasis, apoptosis is normally activated [61]. A recent study has also demonstrated that lack 

of HNF4a function in MODY1 patients results in Ca2+ signaling and insulin release disruption in 

beta cells by altering ER Ca2+ homeostasis [28]. We found that HNF4aR141X/+ mutants had elevated 
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number of cells expressing c-CAS3. Increased beta cell death has been linked to ER stress, 

suggesting the possibility that increased ER stress eventually leads to elevated beta cell death and 

early onset diabetes observed in MODY1 patients. To confirm this connection between ER stress, 

altered Ca2+ signaling, and the MODY1 phenotype, in future studies we plan to examine whether 

elevated levels of apoptosis markers is observed in later stages of differentiation. We also plan to 

transplant our hESC-derived beta cells into the mouse kidney capsule to see whether the same 

effect is observed in vivo. While we were able to generate an in vitro model to study HNF4aR141X/+- 

mediated MODY1, many questions still remain unanswered. We hope that by using the MODY1 

in vitro model we generated in this study, we will have the tool to investigate the underlying 

molecular cause of MODY1.  
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MATERIALS AND METHODS 
 

hESC Cell Culture 

 The H1 hESC line was obtained from WiCell Research Institute, Inc. (Madison, WI). It 

was cultured on 1:100 diluted growth factor reduced Matrigel matrix. The cells were cultured in 

mTeSR with 1% penicillin-streptomycin (p/s) and the medium was changed daily. The culture was 

grown in an open system incubator at 37°C and 5% CO2.  

 

DNA Transfection with CRISPR/Cas9 and Clone Selection 

 Unless otherwise indicated, cell culture dissociation was achieved by the following: cells 

were washed with 1x DPBS and treated with Accutase for 3-5 minutes at 37°C and quenched with 

DMEM/F12 (with glutamine and HEPES). The cell suspension was centrifuged for 5 minutes at 

400xg. The supernatant was removed and the cell pellet was suspended in mTeSR with Y-27632 

(1:1000). Cell count was obtained by diluting 1:10 in DPBS and counted with Scepter cell counter.  

1.5 x 106 cells per well of a 6-well plate was seeded 18~20 hours before transfection. Prior 

to transfection, pX458 Cas9/sgRNA plasmid containing the desired gRNA was prepared using 

Golden-Gate sgRNA cloning protocol. X-tremeGENE HP DNA Transfection Reagent was used 

to perform transfection. 2µg of R141X donor template, 6µg mR141X donor template, 2µg pX458 

Cas9/sgRNA plasmid, 6µl XtremeGENE9 Transfection Reagent were combined with enough 

volume of OptiMEM to make the final mixture to 100µl before being incubated together at room 

temperature for 20 minutes (Table 1). The transfection mixture was added to culture with fresh 

mTeSR, Y-27632 (1:1000), and SRC7 (1:10000) and incubated overnight at 37°C.  

The transfected culture was then dissociated with Accutase, suspended in 0.5% bovine 

serum albumin (BSA) in DPBS, run through a 35µm cell strainer, and sorted by fluorescence 
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activated cell sorting (FACS). 5000-7000 green fluorescence protein (GFP) positive cells were 

sorted into each well of a 6-well plate. Colonies were picked 4-7 days after sorting and sequencing 

was obtained through polymerase chain reaction (PCR) with appropriate primer pairs (Table 1). 

  

in vitro Differentiation of hESCs 

 The H1 culture was dissociated with Accutase, seeded at 0.65 x 106 cells per well in 6-well 

Matrigel-coated plate, and maintained in mTeSR with penicillin streptomycin (p/s) (1:100). 72 

hours after seeding, the H1 culture was dissociated with Accutase for 4 minutes and 5.5 x 106 cells 

were placed in 5.5 ml of mTeSR with Y-27632 (1:1000) in 6-well ultra-low attachment plates. The 

culture suspension was then placed on an orbital shaker at 100 rpm in a 37°C incubator for 24 

hours. Cell aggregates were washed with Stage 1 basal media (see below), then submerging into 

5.5 ml Stage 1 media with growth factors and placed on orbital shaker at 100 rpm. The culture in 

suspension was maintained with following basal media conditions: Stage 1-2 (D0-5): MCDB131 

with 1x Glutamax, 15mM glucose, 1.5g/l NaHCO3, and 0.5% BSA. Stage 3-4 (D6-10): MCDB131 

with 1x Glutamax, 15mM glucose, 2.5g/l NaHCO3, and 2% BSA. Stage 5-6 (D11-20): MCDB131 

1x Glutamax, 20mM glucose, 1.5g/l NaHCO3, and 2% BSA. Stage 7 (D21-39): MCDB131, 1x 

Glutamax, 5.5mM glucose, 1.5g/l NaHCO3, and 2% BSA. In addition to the basal media, growth 

factors and conditions were added at each stage as follows: Stage 1 (D0-2): 100ng/ml activin A 

(AA) and 25ng/ml wnt3α for one day followed by 100ng/ml AA for 2 days. Stage 2 (D3-5): 

50ng/ml FGF7 and 0.25mM ascorbic acid (VitC). Stage 3 (D6-7): insulin-transferrin-selenium 

ethanolamine (ITS-X) (1:200), 50ng/ml FGF7, 0.25mM VitC, 0.25µM SANT-1, 1µM retinoic acid 

(RA), 100nM LDN193189, and 200nM TPB. Stage 4 (D8-10): ITS-X (1:200), 2ng/ml FGF7, 

0.25mM VitC, 0.25µM SANT-1, 0.1µM RA, 200nM LDN193189, 100nM TPB, and rotation 
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speed increased to 118rpm. Stage 5 (D11-14): ITS-X (1:200), 1µM T3, 10µM ALK5 inhibitor II 

(ALK5i), 0.25µM SANT-1, 0.05µM RA, 100nM LDC193189, 10µM ZnSO4, and 10µg/ml heparin. 

Stage 6 (D14-20): ITS-X (1:200), 1µM T3, 10µM ALK5i, 100nM LDN193189, 100nM gamma 

secretase inhibitor XX (GSiXX), and 10 µg/ml heparin. Stage 7 (D21-24 without resize): ITS-X 

(1:200), 1µM T3, 10µM ALK5i, 10µM ZnSO4, 1nM N-acetyl cysteine (N-Cys), 10µM Trolox, 

and 2µM R248.  

 To improve beta cell maturation, aggregates were resized at D21 by dissociating with 

Accutase, 3x106 cells were placed in each well at 100rpm with S7 basal media, CloneR (1:100), 

10µg/ml heparin, 10µM ZnSO4, 1x MEM nonessential amino acids, Trace Elements A (1:1000), 

and Trace Elements B (1:1000). Media was changed daily with the described composition without 

CloneR after first day of resuspension. 24 hours after re-aggregation, the rotation speed was 

increased to 118rpm and cultured until D39 for endpoint analysis.  

 

Cryosection of hESC-Derived Beta Cells 

 Cell aggregates were collected from suspension culture, washed with 1x DPBS twice, and 

then fixed with 4% paraformaldehyde (PFA) at room temperature for 20 minutes. The sample was 

washed with 1x DPBS twice then submerged in 30% sucrose at 4°C overnight for cryoprotection. 

The sample was embedded in optimal cutting temperature compound (O.C.T.) and kept in -80°C 

until sectioning. hESC-derived beta cell samples embedded in OCT were cryosectioned using 

Leica CM3050 S research cryostat with 10µm thickness and kept at -80°C until use. 

 

Immunofluorescence Staining and Quantification 



 31 

 Immunofluorescence (IF) staining was achieved by washing the sample sections with 

1xDPBS for 10 minutes twice, permeabilizing with 0.15% Triton-X 100 in PBS for 30 minutes, 

and blocking with blocking buffer (1% natural donkey serum (NDS) in 0.15% Triton-X 100) for 

1 hour. The sections were then incubated with monoclonal primary antibodies (see Table 2) for 2 

hours at room temperature or overnight at 4°C. The sections were then washed with blocking 

buffer for 10 minutes twice and incubated with secondary antibodies (1:200) and DAPI (1:1000) 

for 1 hour at room temperature (Table 2). After two washes of 1xDPBS for 10 minutes, the 

fluorescence was preserved with Vectashield mounting medium. Images of IF stained slides were 

taken with ZEISS Apotome and processed with Zeiss Zen 2. The images were quantified using 

HALO image analysis software.  

 

Flow Cytometry 

 Differentiated cell aggregates were dissociated with Accutase for 5 minutes at 37°C, 

resuspended, and incubated for another 5 minutes. A short spin was performed to collect the 

supernatant while fresh Accutase was added to the remained aggregates for incubation. Incubation 

and suspension were repeated until all aggregates were dissociated into a single cell suspension. 

The cell suspension was then quenched with 1xDPBS and spun down. Unless otherwise specified, 

all centrifuging was done at 5000rpm for 5 minutes at 4°C. Cell pellets were resuspended in 250µl 

BD Cytofix/Cytoperm Solution and incubated on ice for 20 minutes. Samples were spun down and 

washed twice with BD Perm/Wash buffer then incubated in conjugated antibodies for 1 hour on 

ice (Table 3). After incubation, cells were spun down and washed twice with BD Perm/Wash 

buffer. Cell pellets were resuspended in 500µl of BD Perm/Wash buffer and processed through a 

cell strainer. The results were gated by the corresponding isotype (Table 3). 
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Western Blot 

 Differentiated cell aggregates were collected and washed with 1x DPBS twice. Cell 

aggregates were incubated on ice in RIPA buffer (10mM Tris, pH 8; 100mM NaCl, 1mM EDTA, 

1mM EGTA, 10% NP-40, 0.1% SDS, 0.5% deoxycholate, 1x proteinase inhibitor, 1mM PMSF) 

for 30 minutes. The aggregates were sonicated with Diagenode Bioruptor for 10 cycles, 30 seconds 

on and 30 seconds off. Cell pellets were removed by centrifuging at max speed at 4°C for 10 

minutes. Protein concentration was quantified using a Micro BCA Assay (Thermo Fisher). Equal 

amounts of protein were mixed with 3x Laemmli buffer and boiled for 5 minutes to ensure 

complete denaturation. The samples were electrophoresed on a 5% stacking gel and 12.5% 

separation gel, then transferred to PVDF membranes. Blocking was performed with PBST with 

5% dry milk for 1 hour at room temperature. Membranes were then incubated with primary 

antibody overnight at 4°C, followed by 1 hour secondary antibody incubation at room temperature. 

Antibodies included HNF4a (Santa Cruz, sc-6556, 1:1000) and GAPDH (Ambion, AM4300, 

1:4000). Western blot quantification is done using an Image Studio Lite. Band intensity was first 

normalized using GAPDH, then by band intensity of corresponding PE stage. 

 

GSIS Perfusion  

 To access the GSIS response of hESC-derived beta cells, 75 aggregates were collected 

from suspension culture and used to perform perfusion using the Biorep Perfusion System. Day 

24 samples were starved with Krebs-Ringer-Bicarbonate solution (KRB) with 2.8 mM glucose for 

90 minutes, then treated with 100mM diazoxide for 20 minutes, followed by KRB with 30mM 

KCl (Table 4). Day 39 samples were starved at 2.8mM glucose in KRB for 2 hours, followed by 
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1 hour of 16.8mM glucose, 1 hour of 2.8mM glucose, then 30 minutes of 30mM KCl. The 

aggregates were sonicated in KRB with a Diagenode Bioruptor for 10 cycles, 30 seconds on and 

30 seconds off. 

 

C-peptide Quantification 

 C-peptide quantification of the perfusion samples were done using the STELLUX Chemi 

Human C-peptide ELISA kit. C-peptide reading was normalized using total C-peptide from cell 

aggregate lysates.  

 

Data Analysis 

 All data presented in the figures were representative of at least 3 replicates, with the 

exception of FACS and perfusion data. All averages, standard deviations, and p-values of student’s 

t-test were all calculated and graphed using Microsoft Excel. Statistical significance was indicated 

with *p<0.05, **<0.01, ***<0.001. All images were processed with Adobe Photoshop CC 2017 

and assembled with Adobe Illustrator CC 2017. 
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 Table 1. List of Plasmids and Primers 

 
 

  

Name Sequence 
PCR forward primer CCAGCTGAGTTAGAGGCCAT 
PCR reverse primer AAACTGGGCCATGTGAAACC 
PAM mutation donor plasmid GTGTGGGGGATCCCTGGGTGGGTGGCAGGATCAC 

CCCGGTACCTGTCGGGACAGCACCTCCGCCTGCA 
GGAGCGCATTGATGGAGGGCAGGCTGCTGTCC 

PAM & R141X mutation 
donor plasmid 

GTGTGGGGGATCCCTGGGTGGGTGGCAGGATCAC 
CCCGGTACCTGTCAGGACAGCACCTCCGCCTGCA 
GGAGCGCATTGATGGAGGGCAGGCTGCTGTCC 

R141X gRNA forward primer caccgACCCCGGTACCTGTCGGGAC 
R141X gRNA reverse primer aaacGTCCCGACAGGTACCGGGGTc 
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Table 2. List of Antibodies for Immunofluorescence Staining 

   

Primary Antibodies 
Name Isotype Company Catalogue # Dilution 
Cleaved Caspase-3 
(Asp175) (5A1E) 

Rabbit 
monoclonal IgG 

Cell Signaling 
Technology, Inc 9664s 1:250 

HNF-4a (C-19) 
Goat polyclonal 
IgG Santa Cruz sc-6556 1:1000 

Insulin 
Guinea pig 
polyclonal IgG DAKO A0564 1:500 

NKX6.1 
Mouse 
monoclonal IgG DSHB F55A10 1:300 

PDX1 
Goat polyclonal 
IgG Abcam ab47383 1:500 

Secondary Antibodies 
Name Isotype Company Catalogue # Dilution 
Alexa Fluor® 488 
AffiniPure Donkey 
Anti-Goat IgG (H+L) 

Goat polyclonal 
IgG 

Jackson Immuno 
Research 705-545-147 1:200 

Alexa Fluor® 488 
AffiniPure Donkey 
Anti-Guinea Pig IgG 
(H+L) 

Guinea pig 
polyclonal IgG 

Jackson Immuno 
Research 706-545-148 1:200 

Alexa Fluor® 647 
AffiniPure Donkey 
Anti-Mouse IgG 

Mouse 
polyclonal IgG 

Jackson Immuno 
Research 715-605-151 1:200 

Cy™3 AffiniPure 
Donkey Anti-Goat IgG 
(H+L) 

Goat polyclonal 
IgG 

Jackson Immuno 
Research 705-165-147 1:200 

Cy™3 AffiniPure 
Donkey Anti-Mouse 
IgG 

Mouse 
polyclonal IgG 

Jackson Immuno 
Research 715-165-151 1:200 

Cy™3 AffiniPure 
Donkey Anti-Rabbit 
IgG (H+L) 

Rabbit 
polyclonal IgG 

Jackson Immuno 
Research 711-165-152 1:200 

Hoechst 33342, 
trihydrochloride, 
trihydrate  

MP (Molecular 
Probes) H3570 1:1000 
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Table 3. List of Flow Cytometry Antibodies 

 
  

Name Isotype Company Catalogue # Dilution 
Insulin Alexa Fluor® 647 
rabbit conjugate 

Rabbit IgG 
 

Cell Signaling 9008S 1:50 

NKX6.1 PE mouse 
conjugate 

Mouse IgG1, κ 
 

BD 563023 1:25 

PDX-1 Alexa Fluor® 488 
Mouse conjugate 
 

Mouse IgG1, κ 
 

BD Pharmingen 562274 1:25 

Alexa Fluor® 488 Mouse 
IgG1 κ Isotype Control 

Mouse IgG1, κ 
 

BD Pharmingen 557782 1:25 

Alexa Fluor® 647 rabbit 
IgG XP® Isotype Control 

Rabbit IgG 
 

Cell Signaling 2985S 1:50 

PE Mouse IgG1, κ Isotype 
Control 

Mouse IgG1, κ 
 

BD 556650 1:25 
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Table 4. Krebs-Ringer-Bicarbonate Solution for Perfusion Assay 

 
  

Component Low glucose High glucose High KCl 
NaCl 130 mM 130 mM 130 mM 
KCl 5 mM 5 mM 30 mM 
CaCL2 1.2 mM 1.2 mM 1.2 mM 
MgCl2 1.2 mM 1.2 mM 1.2 mM 
KH2PO4 1.2 mM 1.2 mM 1.2 mM 
Hepes: pH7.4 20 mM 20 mM 20 mM 
NaHCO3 25 mM 25 mM 25 mM 
BSA 0.10% 0.10% 0.10% 
Glucose 2.8 mM 16.8 mM 2.8 mM 
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